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Abstract

:

Within the scope of ecological development planning in China, afforestation is highly valued. However, the scientific planning of afforestation still has inadequacies. There are few studies on the spatial distribution of urban forests targeted at air quality improvement. Here, we implemented a virtual experiment to evaluate whether different tree planting distribution plans with the same afforestation scale would have a significant effect on fine particulate matter (PM2.5) removal. As a case study of Wuhan, this paper identified the statistical regularity between PM2.5 concentration and adsorption of representative trees through field sampling and measurement, simulated the influence of different afforestation plans on PM2.5 concentration based on Geographic Information System (GIS), judged the significance of the difference of the plans, and proposed a greening distribution strategy. The results show that different forest layouts had no significant impact on PM2.5 in the administrative region, and the concentration reduction rate was only 1–2%. Targeted planting of trees in heavily polluted areas in the city center would have achieved better air quality improvement, with a reduction rate of 3–5%. In Wuhan construction areas, trees should be planted to increase the forest coverage rate to 30%. The edge of the urban metropolitan development zone needs to be strengthened with trees to form a forest belt 10 km–20 km wide, with a forest coverage rate of at least 60%. In general, the capability of trees to reduce PM2.5 concentration is weak. The fundamental way to improve air quality is to reduce emissions; planting trees is only an auxiliary measure. More ecological forest functions should be considered in city-wide afforestation distribution.
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1. Introduction


The concentration of populations in large cities and intensive human production activities have introduced heavy air pollution—characterized by particulate matter (PM) and other ecological problems—in the process of China’s rapid urbanization [1,2,3]. PM, including inhalable particulate matter (PM10) and fine particulate matter (PM2.5), is harmful to human health [4]. In particular, PM2.5 has a greater negative impact on human health. PM2.5 can float in the atmosphere for a long time and spread on a large scale via atmospheric circulation [5]. Moreover, the large specific surface area of PM2.5 can easily adsorb heavy metals and toxic organic compounds, enter the human respiratory system, penetrate the alveoli via blood, and subsequently cause various illnesses, such as cardiovascular disease, respiratory disease, lung cancer, or other diseases [6,7]. For every 10 μg m−3 increase in PM2.5, the death rate from cardiovascular disease and lung cancer increases by 6–8% [8]. Afforestation can play an important role in mitigation of PM pollution [9,10,11], in addition to reducing emissions at the source [12,13]. Improving air quality is one of the most important ecological service functions of urban forests. In particular, large areas of high-quality evergreen vegetation have good adsorption and blocking effects on PM, which can directly alleviate PM pollution [14,15,16,17].



As a metropolis in central China, Wuhan faces problems related to population growth and urban development, including air pollution and low forest coverage [18]. As of the end of 2018, annual PM2.5 concentration was 49 μg m−3, and 30% of the days of the year were still not up to the air quality standard. (Correspondingly, annual PM10 concentration was 73 μg m−3, approaching the national Ambient Air Quality Standard grade II, i.e., 70 μg m−3 [19].) For susceptible groups such as children, the outpatient consultation rate reaches the highest value after 5 days of heavy pollution in autumn or winter, and the total consultation rate for children’s respiratory diseases can increase by 1.8% to 6.6% [20]. In recent years, the municipal government has vigorously promoted afforestation and invested 2 billion CNY in afforestation every year to extensively carry out planting activities and construction projects [21]. However, after communicating with the staff of Wuhan Garden and Forestry Bureau, we found that the afforestation process was somewhat lacking in scientific planning. Tree planting is usually done according to second-type forest inventory (In China the second-type investigation of forest inventory is relative to the first- and third-type. It refers to the investigation to find out the types, distribution, quantity, and quality of forests, trees, and woodlands; and to objectively reflect the status of regional forest management in a forest management unit or administrative region.) and annual dynamic sampling of forest cover (The dynamic sampling is an investigation performed by the local government in order to realize the annual assessment of forest resources. It is based on “one map of a forest” and calculates forest coverage rates by combining satellite images, the data for the forestry operation, and field surveys. The dynamic monitoring only calculates the areas of arbor and bamboo forests with canopy densities above 0.2 and the shrub areas specified by the country, but does not include farmland tree cover or other scattered forests.), combined with the workload set by the higher authorities. Regarding the limited land space available, and the goal of maximizing the ecological service function of trees to improve air quality, there is a lack of comprehensive analysis on how many trees to plant and where to plant them. Such problems are prevalent throughout China [22,23].



Research on urban forest spatial distribution focuses on landscape management and urban planning [24,25,26]. Developed countries have a long history of thinking about green space layout. The ideal of a “garden city” has been an important part of city construction, but early green space distribution planning was often subjective [27]. Contemporary scholars generally discussed the layouts of urban forests and green spaces from different perspectives of functional requirements: (1) Considering the relationship between social factors and green spaces, the accessibility and equity of urban green space to the population are frequently studied [28,29]. Fan et al. [30] used Cook County, Illinois, United States, as an example and found that land use and socio-economic factors were more correlated with canopy coverage and stem density than species diversity. (2) From the perspective of ecological safety and environmental protection, Chen [31] studied the disaster avoidance green space in the central urban area of Shenyang, China. Escobedo and Nowak [32] discussed the heterogeneity of urban forests in removing air pollutants as a case study of the city of Santiago, Chile. Chen et al. [33] analyzed the influences of various green space patterns on PM2.5 in five Chinese cities. For example, increasing the main green space area, the connection between green spaces, and the length of green spaces can effectively reduce PM2.5 concentration. (3) Some researchers considered comprehensive factors, including natural and social factors. Elements such as rain flood management, social vulnerability, green space openings, air quality, heat island relief, and landscape connectivity were used for comprehensive and coordinated planning of green space facilities, and to obtain a green space plan that was conducive to multi-functional services [34,35].



These studies provide various references for urban green space distribution. As many cities are facing serious air pollution, it is an urgent priority to develop a scientific plan for afforestation to reduce PM. Rules for urban afforestation correlated with PM2.5 removal have been proposed [14,17,33,36]. However, there is still scarce research on urban or regional green space planning or optimization measures to reduce PM2.5. As a case study of Wuhan city, we assume that the urban forest coverage rate should reach 30%, and ask whether different tree planting spatial plans would have a significant effect on PM2.5 concentration mitigation. If so, how much can results be improved using the optimized plan for reducing PM2.5? If not, is it necessary to plan the optimal layout of new forests? What are the probable forest planting strategies? In this study, the regularity between leaf PM2.5 adsorption and the related concentration will be identified through sampling and measuring. Then, different afforestation plans will be proposed, and the effect of the planting plans on PM2.5 concentration will be analyzed to explore the above problems, based on Geographic Information System(GIS) analysis. Finally, the optimized distribution strategy for new forests will be explored.




2. Materials and Methods


2.1. Study Area and Data


Wuhan, the capital of Hubei province, is located in central China, where the Yangtze river meets the Han river. The city has a total administrative area of 8569 km2 (Figure 1), a metropolitan development area of 3261 km2, and had a population of 11.08 million as of 2018 [19]. It has a prominent strategic position in China. Building a healthy, green, livable city is the long-term goal for Wuhan’s future development [37].



Some key data for the study needed to be collected, including: Wuhan Landsat 8 remote-sensing images, PM2.5 concentration data in 2016 from ground monitoring stations, PM2.5 concentration distribution data over 12 months in 2016 (1 km × 1 km grid), 1-year statistical height data for atmospheric mixing layers, Wuhan forestry and gardening reports, and green space planning and projects lists.



Data show that the forest coverage rate in Wuhan is low (including artificial and natural forests), with poor forest quality and scattered spatial distribution. According to the remote sensing images from 2016, the forest coverage rate was 22.98% (1970 km2), which is very close to the data showing 22.88%, reported in the 4th second-type forest inventory. Regarding the target of 30% (2570 km2) forest coverage, an additional 600 km2 of forest will be added to urban administrative area. The days of heavy PM2.5 pollution in Wuhan are usually concentrated in autumn and winter, thus, effective distribution of the new forest to reduce PM2.5 is a concern for urban development.




2.2. Leaf Sample Collection


Leaf sample collection was aimed at analyzing the relationship between PM2.5 concentration and adsorption on leaves per time unit, which is the key to support the subsequent simulation of impact on PM2.5 of forest spatial distribution.



In general, evergreen leaves have greater PM adsorption than fallen leaves [17,38]. According to a survey of plant diversity in Wuhan city [39], two kinds of evergreen broad-leaved trees (Cinnamomum Camphor (L.) Presl and Magnolia Grandiflora L.), being the most popular trees and the easiest to collect, were selected as the research subjects. Elements such as weather, location, time, duration, and tree type were considered in sample collection.



(1) Location and time of sampling. We chose non-street trees in Huazhong University of Science and Technology (Figure 1). The trees were chosen far away from the influence of road dust to better reflect the PM2.5 adsorption ability of leaves from the overall pollution background during a period of 20 days, 11–30 May 2019.



(2) Leaf quantity collection. About 20 Cinnamomum Camphor leaves (2–3 branchlets) were collected each time, and groups of 10 leaves were taken as one sample, for a total of 2 samples. Four leaves of Magnolia Grandiflora were collected, and groups of 2 leaves were taken as a sample, for a total of 2 samples. The leaves were gently placed in a plastic bag for storage. The amount of leaves met the requirements of the experiment.



(3) Measurement of leaves’ floated PM. The PM was observed to be floated PM and deposited PM on the leaves. Floated PM refers to the PM that has been recently attached to the leaf surface and is easy to wash off with water. In contrast, the deposited PM has been attached to the leaf surface for a long time and cannot be easily washed away.As deposition is a time-related and complex process, it was hard to know how long the deposited particles had been attached, but we tried to analyze the duration of the floated PM.



The floated PM was filtered with filter paper during gentle washing of the PM on the leaves. Then, the filter paper was dried and weighed with electronic analysis balance (precision 0.1 mg). The weight difference between the filter paper after drying (W1 is the weight of filter paper and PM) and filter paper before filtering (W0 is the filter paper only weight) is the PM adsorption (W1–W0).




2.3. Analysis between PM2.5 Concentration and Adsorption by Leaves


PM2.5 adsorption was estimated at half of the measurement of floated PM [40,41]. Thus, analysis between PM2.5 concentration and its adsorption was conducted accordingly.



(1) Correlation between PM2.5 concentration for different durations and leaf PM2.5 adsorption. The higher the concentration, the higher the PM2.5 adsorption on the leaves [42,43]. However, the retention period was vague [44]. Therefore, we analyzed the correlation between hourly, daily, 2-day, and 3-day background concentration of PM2.5 and the PM2.5 adsorption to identify how long the floated PM on the leaf remained.



(2) Estimation of the amount of PM2.5 adsorbed by green leaves per area unit. Equation (1) was adopted to estimate the PM2.5 adsorption by trees’ hourly per area unit. The reason why the hourly PM retention was determined is that the concentration value was measured once per hour, and the daily or the yearly value is the 24-h or 365-day average value, which is a mean instantaneous value. Thus, the retention, no matter if it is a day or a few days, is a cumulative amount, and the two factors (concentration and adsorption) should scale corresponding to time duration.


   M    PM   2.5     =    W    PM   2.5     × n × H  D   



(1)




where W is PM2.5 adsorption by sample leaves (g), M is the amount of PM2.5 adsorption per area unit (g m2 h−1), H is the effective height of tree leaf quantity (m), n is a multiple of sample leaf quantity per cubic meter (1 m−3), and D is the duration of PM retention by sample (h).



(3) Statistic regularity between PM2.5 concentration and adsorption. With PM2.5 concentration as the independent variable (X) and the corresponding adsorption per area unit of green leaves as the dependent variable (Y), the scattered diagram of “concentration–adsorption” was drawn (Equation (2)). Then, we calculated the regression coefficient to establish the equation and test the regression equation.


  Y = a X + b  



(2)







The expected result in this part is that the PM2.5 adsorption should decrease with the decrease of background PM2.5 concentration, and the fitted regression curve should reflect the statistical feature. If an apparent exception appears, possible problems in sample processing should be examined and data with significant differences should be excluded.




2.4. Tree Planting Range


The urban forest coverage rate refers to the ratio of forest coverage area to urban administrative area. Forest coverage area includes arbor and bamboo forest areas with canopy densities of 0.2 or above (Canopy density is defined as the proportion of the forest floor covered by the vertical projection of the tree crowns. It is a major factor in evaluation of forest status and is an important indicator of possible management interventions.), shrub forest areas specified by the country, farmland, forest network, and the forest cover of the trees on the edges of villages, roadsides, waterways, and houses. As such, forest areas are distributed on all kinds of land, except water. At present, the forest coverage rate in Wuhan is 22.98%, or 1970 km2. To reach the desired rate of 30%, 600 km2 of forests should be added. According to the current land use classification (GB/T 21010-2017) [45], the afforestation area for trees (including the potential plantable area) includes all kinds of land, except rivers, lakes, pit surfaces, ditches, reservoirs, and existing forest areas.




2.5. Tree Planting Plans


Firstly, the current forest cover status was mapped using satellite remote sensing images in a 1 km × 1 km grid display. Then, we proposed (1) the basic plan. This plan for planting was based on the 13th five-year forestry development plan and greening project of Wuhan [46], and was implemented in a 1 km × 1 km grid by combining the afforestation plan, forest land use situation, and actual labor ability for planting, giving a total new forest area of 600 km2. Comparatively, (2) the optimized plan was a targeted approach. This followed the principle of “planting where the PM2.5 concentration is high”. This plan arranges trees in corresponding grids, with the highest average concentration up to 600 km2 according to the PM2.5 concentration spatial distribution data for the first quarter (January to March) of 2016.




2.6. Effect of Planting Plan on PM2.5 Concentration


Here, we estimate the effect of new trees on PM2.5 concentration.



The PM2.5 adsorption capability by forest area per square kilometer corresponding to the PM2.5 concentration was calculated using Equation (2). Then, the accurate height of the mixed layer in Wuhan was acquired from the weather bureau. Inspired by Nowak’s study [47], the PM2.5 concentration change in every grid and the monthly average PM2.5 concentration in Wuhan was calculated using Equations (3) and (4), with the ratio of the change in concentration of PM2.5 compared to the initial concentration being the PM2.5 concentration decrease rate (Equation (5)).


  Δ  C  i j   =   Δ  k j  × P    (  B  L i  ×  A j   )     



(3)






  Δ  C i  =  1 m    ∑   j = 1  m  Δ  C  i j    



(4)






   r i  =   Δ  C i     C  0 i      



(5)




where ΔC is the change of PM2.5 concentration, Δk is the forest coverage increment rate in 1 km2, P is PM2.5 adsorption amount by trees over 1 km2, i is the count of months, j is the count of grids, and m is Wuhan’s effective grid number. A refers to a 1 km2 area, BL is he atmospheric mixed layer height (m), and C0 is the monthly average initial concentration of PM2.5.




2.7. Plan Evaluation of Significance


(1) Samples of evaluation. Each plan corresponded to 12 change rates, r1, r2, ..., r11, r12. The two samples were denoted as R1 and R2, respectively.



(2) Parameter estimation. The general distribution of two samples was unclear, but these samples were influenced by many accidental factors, and no one factor played a leading role, hence the probable model or these samples was approximately a normal distribution. The mean value and standard deviation of a small sample can be estimated using Equations (6) and (7), respectively.



(3) Hypothesis testing. Since the variance was unknown and the sample size was small, the T test was adopted. The change rate of for the basic plan was the null hypothesis (Ha), μ = μ0. Correspondingly, the rate or the optimized plan as the alternative hypothesis (Hb). To judge whether Hb was significantly better than Ha a right side test was used, μ > μ0. If Hb is significantly better, then the statistic T is located in the rejection domain W (Equation (8)), the null hypothesis is abandoned, and the alternative hypothesis accepted. If it is not significantly better, the null hypothesis is accepted, and the alternative one is dropped. During the test, alpha significance levels were set at 0.05 and 0.01, respectively.


  μ =  1 n    ∑   i = 1  n   r i   



(6)






   S 2  =  1 n    ∑   i = 1  n     (   r  i −    r ¯   )   2   



(7)






  W =  (  T =    X ¯  −  μ 0     S   n      >  u α   )   



(8)




where μ is the sample mean value and S2 is the sample variance. Here, i is the month (from the period January to December), T is test statistics, W is the rejection domain, and alpha is the significance level.




2.8. Spatial Strategy of Afforestation


If the optimized plan is significantly better than the basic plan in the administrative region of the city and the urban metropolitan development area, the optimized plan should be adopted. If there is no significant difference between the two plans in the administrative region, but the optimized plan in the urban metropolitan development area has the advantage of PM2.5 removal compared to the basic, the two plans should be taken into account and the planting in the urban metropolitan development area should be strengthened. If there is no significant difference between the plans in the two ranges, it is judged that there may not be an optimal forest layout, and that different forest cover patterns have little effect on PM2.5 removal.





3. Results


3.1. Regularity between PM2.5 Concentration and Adsorption by Leaves


Leaves were not collected on 12, 15, 25, 26, or 30 May due to rainy weather. The PM2.5 adsorption by two kinds of trees (W-PM2.5) was estimated as half of the measured sample weight [48], and the W-PM2.5 of overall sample was the mean value of the two kinds of leaves. The results of PM2.5 adsorption on leaves are shown in Table 1.



Based on Equation (1), the adsorption per area unit and time unit (M-PM2.5) can be calculated by W-PM2.5. (1) Cinnamomum camphor. The newly planted trees are young and small. The tree height is 5 m (up to the quality standard of third types of arbor trees) [49], the effective height of the tree canopy is 3 m, and the leaf quantity per cubic meter is 10 times that of the sample. (2) Magnolia grandiflora. The tree height is 5 m, the effective height of the canopy is 3 m, and the leaf quantity per cubic meter is 15 times that of the sample. M-PM2.5 can be calculated accordingly (Table 1). For example, the sample adsorption weight of PM2.5 in Cinnamomum camphor leaves is 0.0023 g. Because it is the cumulative amount of one day, 0.0023 g is divided by 24 (h), which corresponds to the time unit for PM2.5 concentration monitoring. Then, according to the volume of leaves, the sample size is multiplied by 30 to get 0.0029 g m−2, which represents the PM2.5 capacity of Cinnamomum camphor leaves, with canopy cover per area unit (1 m2) per time unit (1 h).



From Table 1, the correlation between the average PM2.5 of the overall sample (M-PM2.5) and the PM2.5 concentrations over the last 3 days, the last 2 days, the given day, and the given hour were 0.6914, 0.7338, 0.7951, and 0.5265, respectively. The adsorption of overall samples showed a strong positive correlation with PM2.5 concentration on the given day, indicating that the higher probability of floated PM on the leaf surface was accumulated on one day (within 24 h), and the longer or shorter the time, the lower the correlation was.



On this basis, a linear correspondence of concentration–adsorption can be obtained. According to Equation (2), the linear regressions of Cinnamomum camphor, Magnolia grandiflora, and the overall level are shown in Figure 2, respectively. Intercept b is 0, a = 0.0001, and the regression of the overall adsorption level per area unit is y = 0.0001x. This indicates that the higher the concentration, the greater the PM2.5 adsorption amount is. This important regularity will be used to analyze the influence of new forests on PM2.5 concentration in the cell grid.




3.2. Plans of Planting


(1) Basic Plan. According to Wuhan’s forestry plan and ecological control red line, tree planting projects mainly include cross-axis landscape greening, periphery urban ecological landscape zone construction, “into the city” demonstration projects for green wedges, greening action across the city and barren hill greening, and the city green way, increasing total forest cover by 600 km2. Distribution of new trees is in the administrative region, mainly in the city periphery area. The corresponding forest growth ratios for the construction area (1700 km2), ecological development area (219 km2), future development area (1177 km2), and ecological protection area (3998 km2, excluding surface water area) (Figure 3a) are 1%, 4.5%, 5.1%, and 13.2%, respectively, and growth proportion areas are 17, 10, 60, and 513 km2 (Figure 3b), respectively.



(2) Optimized Plan. Based on the PM2.5 concentration distribution in the first quarter (January to March), the 600 km2 forest was planted in the cell grid, in which concentration is from high to low. The upper limits of planting in the construction area, ecological development area, future development area, and ecological protection area are 30%, 40%, 50%, and 70%, respectively. Regarding the low tree coverage in the current built-up area, the newly added trees, totaling 600 km2, are concentrated in the urban metropolitan development area (Figure 3c).



The spatial distribution of the forest coverage rate under the two plans is shown in Figure 4. As shown, Figure 4a is the distribution of current forest coverage rate, while Figure 4b,c illustrate the forest coverage rate under the basic plan and optimized plan.




3.3. Effects of Plans on PM2.5 Concentration


The added forests have a certain improvement effect on PM2.5 concentration reduction from January to December. The simulated results for different plans are as follows. (1) In the basic plan, the monthly PM2.5 concentration in Wuhan’s administrative region decreased by 2.55, 1.72, 1.45, 0.82, 0.93, 0.63, 0.47, 0.58, 0.92, 0.75, 1.33, and 2.70 μg m−3, and the decrease rates were 2.38%, 2.15%, 1.73%, 1.74%, 2.12%, 2.03%, 1.94%, 1.72%, 2.05%, 2.14%, 2.18%, and 2.90%, respectively. In the metropolitan development area, the concentration decrement amounts were 2.01, 1.32, 1.18, 0.68, 0.73, 0.49, 0.36, 0.46, 0.72, 0.59, 1.08, and 2.16 μg m−3, respectively, and the decrease rates were 2.18%, 1.84%, 1.57%, 1.55%, 1.76%, 1.57%, 1.28%, 1.27%, 1.63%, 1.59%, 1.87%, and 2.23%, respectively (Figure 5a). (2) In the optimized plan, the PM2.5 concentration in Wuhan’s administrative region decreased by 2.55, 1.67, 1.48, 0.86, 0.93, 0.61, 0.44, 0.57, 0.90, 0.74, 1.36, and 2.72 μg m−3, and the corresponding PM2.5 decrease rates were 2.38%, 2.08%, 1.76%, 1.83%, 2.11%, 1.97%, 1.83%, 1.67%, 1.99%, 2.12%, 2.24%, and 2.92%, respectively. In the metropolitan development area, the concentration decrement amounts were 5.65, 3.69, 3.30, 1.91, 2.06, 1.35, 0.97, 1.25, 1.98, 1.64, 3.02, and 6.03 μg m−3, and the PM2.5 decrease rates were 6.14%, 5.14%, 4.38%, 4.34%, 4.92%, 4.31%, 3.46%, 3.47%, 4.51%, 4.41%, 5.21%, and 6.19%, respectively (Figure 5b).



The results for the two plans were compared in the administrative region, and the hypothesis test (T test) was conducted with the PM2.5 concentration change rate as the sample. The concentration reduction rate for the basic plan was regarded as the null hypothesis (Ha), and the optimized plan was regarded as the alternative hypothesis (Hb). The test results showed that the T test probability value was 0.2128, higher than the significance levels of 0.05 or 0.01, indicating that there was no significant difference in PM2.5 concentration reduction rate between the two types of tree planting schemes in Wuhan. Therefore, it is believed that when analyzing the average PM2.5 removal level of the whole city, the advantages of concentrated PM2.5 removal in the optimized plan are weak compared to the basic plan.



Figure 3c shows that the added trees are mainly concentrated in the range of the urban metropolitan development area. We further analyzed the significance difference between the two plans in this region. The T test was performed again, and the concentration reduction rate of the basic plan was used as the null hypothesis (Ha), while the optimized plan was regarded as the alternative hypothesis (Hb). The test results show that the t-test probability value is only 6.776×10−10, which is less than the significance levels of 0.05 and 0.01, indicating that the two plans have significant differences in PM2.5 removal for added trees in the metropolitan development area.




3.4. Planting Spatial Pattern


In the administrative region, there is no significant difference in PM2.5 concentration reduction in the planting of forests over an area of 600 km2. However, focusing on the urban metropolitan development area, the differences can be seen. Optimized planting has a better PM2.5 improvement effect. Therefore, aiming at air quality improvement, the optimized plan still has its advantages.



The distribution of further tree planting space in Wuhan can be seen in Figure 3c and Figure 4c. These figures illustrate the following. (1) The urban ring forest belt should be formed around the boundary of the metropolitan development area (or between the outer ring road and the fourth ring road), with a width of 10 km–20 km. Main greening areas include: the south of Hanjiang river to surrounding Houguan wetlands, Junshan bridge to Dongfeng road, the north of Lu Lake to Qingling Lake, Tangxun Lake surrounding to Liangzi Lake, Great East Lake scenic area and its eastern part, Wu Lake peripheral area and the south to the Yangtze River, the west of Fu River, and south to Dongxihu district. Forest coverage in these areas is at least 60%. (2) In the urban construction area, the following districts need improved greening: Wuchang, Hongshan, Qingshan, East Lake High-Tech zone, Jianghan, Jiang’an, Qiaokou, Hanyang, Zhuankou economic development zone, Dongxihu, Tianhe international airport surroundings, east and south of Huangpi district, and the Yangtze river demonstration district. The greening must be strengthened as much as possible, and the forest coverage rate must be increased to reach 30% (Figure 6).





4. Discussion


4.1. Afforestation Strategy and Policy Implications


The scale of afforestation and the forest coverage rate will be further improved in the future as the Chinese government vigorously promotes ecological civilization construction and green development strategies, with priority placed on ecological protection along the Yangtze river. Wuhan’s master plan (in preparation) shows that it is necessary to build a green space model with six green wedges, namely, Fuhe, Houguan Lake, Qingling, Tangxun Lake, Great East Lake, and Wu Lake wedges, forming the country park group. This requires a development strategy for a three-ring ecological zone and a suburban ecological ring. In line with the policy background, this study explores the spatial patterns of urban forest planting that are conducive to PM2.5 removal. Similar studies are rare.



The most direct ecological service function of urban forests is air improvement and micro-climate regulation. Because forests in this area are young, ecological diversity is insufficient, and soil formation, water conservation, flood storage, habitat provision, and landscape entertainment are also weak (primitive forests or secondary forests can effectively realize these functions). PM2.5 pollution is a large-scale and regional atmospheric environmental problem. At the city scale or larger, most afforestation is far away from urban centers and cannot provide deep coverage over parks and streets. The research determines the distribution of afforestation at the macro scale, and also has some abstract value at the micro scale, which does not affect the flexibility of planting in a small space. It provides a beneficial supplement for scientific afforestation planning.



This paper is a virtual experiment, with the forest coverage rate increased to 30% and the area increased to 600 km2. The greening result is basically the same as the green space development in the Wuhan master plan. In terms of quantity and area, our simulation further emphasizes that tree planting should be strengthened to form a forest belt in the “suburban ecological ring”, which is also an area where industrial production is concentrated, in order to strengthen the isolation function and improve the environmental benefit. The improvement effect of PM2.5 in the metropolitan development area is significant. The 5300 km2 periphery should also be considered, meaning this is not a complete forest strategy for the city.



The results also showed that different tree planting plans had no significant effect on PM2.5 removal in the administrative region. The ΔC value under the two plans is small. It is a significant point that improvement in air quality depends on emission reduction, not on planting trees. Thus, another significant point of this study reveals that the significance of the tree planting layout when only considering PM2.5 removal is limited in terms of the whole planting strategy.




4.2. Evaluation of the Methods in This Paper


4.2.1. Sample Selection


There are many tree species in Wuhan, 53% of which are deciduous trees [39]. On one hand, deciduous trees usually shed their leaves in the heavily polluted autumn and winter, and lose the positive effects of PM retention. On the other hand, the scale of prevalence trees in Wuhan is second only to Cinnamomum camphor trees. We found that the leaf surface of sycamore trees would adhere to a large number of villi instead of PM, which has been confirmed in the literature [48]. Therefore, we did not consider sycamore trees in leaf selection. Among the common evergreen trees, we only selected the two most common trees for experimental analysis. From the results, the regularity between PM2.5 concentration and its adsorption is clear.




4.2.2. Measuring Method


The methods for measuring PM included weighing, scanning electron microscopy (SEM), and particle size analysis [48]. Studies [50,51,52] show that the weighing method is a widely used method, but may lead to a low accuracy result. The SEM image is very clear, but the sample size selected is small, with a high cost and slow scanning speed. If the laser particle size analyzer is used, the water-soluble substances on the leaf surface particles are washed away, thus causing errors in the results. In addition, SEM and particle size analysis interpret the adsorption capacity of a leaf from the number of particles, and it is difficult to determine how long the PM takes to attach. Using the weighing method, one can evaluate the trends and meet the research needs at low cost.




4.2.3. GIS-Based Forest Spatial Distribution


Pollution sources can be transferred. The analysis of the influence of trees on PM2.5 concentration adopted in this paper may be incomplete and static. However, we think that pollution discharge is closely related to the processes of human activities. Large-scale human activities will not transfer effects in a short time. Thus, in the short and medium term, PM2.5 concentration distribution within a month or year still presents a relatively stable trend, and PM2.5 concentration is significantly higher in places close to built-up areas. Moreover, the source of PM2.5 and its formation process is very complex, involving human activities, climate, and meteorological factors. If a comprehensive analysis was conducted, it would be necessary to use more data and more sophisticated scientific research methods, with higher operating costs. However, the analysis effect is not proportional to the cost of work and is difficult to carry out in practice. If a large-scale study on urban development and environmental protection were carried out, it could be based on big data for human activities, emissions, and meteorological factors, and could use enhanced analysis of air quality model and agent based model, so as to obtain more comprehensive and dynamic analysis results. Considering current limitations, the optimal planting scheme based on historical data in this paper has strong relevance and operability, providing a reference for spatial patterns for urban greening.





4.3. Limitations and Prospects


Inevitably, the adsorption results will have errors. As working time was restricted, valid samples were only collected for 15 days (excluding rainy days). The sample of two species were limited by the time, batches, tree species, collection location, and other aspects. Also, the statistical relationship of concentration–adsorption of PM2.5 is worth an in-depth study. Moreover, although the ecological function of newly added trees is mainly PM retention, in the long run, once trees are planted, they are generally not replanted. When trees grow, they will have more ecological value. Therefore, tree planting should also consider the multiple ecological services they can offer [53], such as accessibility, recreation, soil and water conservation, flood prevention, among others.



In view of the limitations mentioned above, subsequently, sample collection can be increased in terms of vegetation types, batch number, and duration to enhance the accuracy and reliability of the statistical analysis of samples [54]. In addition, tree planting should also consider the multiple functional elements of their ecological services. This is also the research content that is expected to be further carried out in the study of forest distribution. Meerow and Newell [34] have explored this area. The aim going forward is to constantly improve the scientific nature of forest planning.





5. Conclusions


Air pollution in China’s big cities is a serious issue, especially PM2.5, which can be harmful to human health. In recent years, China has promoted ecological development planning, with priority placed on ecological protection along the Yangtze river. Afforestation is highly valued, but its planning is subjective. There are few studies yet on the distribution of forest planting for reducing PM2.5. Therefore, as a case study of Wuhan, this paper investigates whether different afforestation spatial arrangements can significantly reduce PM2.5 when the same amount of trees are planted. For urban environmental problems, either in China or elsewhere, it is of practical significance to improve the scientific quality of planning, in order to provide a reference for planning and construction.



Conclusions are as follows. (1) The amount of PM retained on leaves is proportional to the concentration, and floated and deposited PM are found on the leaves. Floated PM can be washed off, while the deposited PM is adsorbed in the leaf. (2) Through correlation analysis, there is a high positive correlation between the floated PM2.5 and the average PM2.5 concentration on one day. Therefore, a linear regression of “concentration (X)–adsorption (Y)” is conducted; that is, Y = 0.0001X. This provides support for the simulation of leaf PM2.5 capacity under the change of PM2.5 concentration. (3) On a city-wide scale, different forest layouts have no significant impact on PM2.5 concentration, with only a 1–2% reduction rate. However, in the scope of the metropolitan development area (central city), the optimized plan has a significant improvement effect on PM2.5 concentration compared with the basic plan, with a reduction rate of 3–5%. Therefore, it is of limited significance to consider the forest distribution in the city’s whole region with the same scale of afforestation. Targeted tree planting should be implemented in the city’s central area, which has heavy air pollution. (4) In the urban center (built-up area), trees should be planted in plantable places as much as possible to increase the forest coverage rate to 30%. At the edge of the Wuhan metropolitan development area (the outer ring road, or “suburban ecological ring”), the land is relatively abundant and the industrial production is concentrated. It is necessary to strengthen tree planting to form a forest belt with a width of 10 km–20 km for ecological isolation and air improvement. The forest coverage rate needs to reach at least 60%. (5) It should be recognized that the improvement of PM2.5 concentration using trees is generally small. The fundamental way to improve air quality is to reduce emissions, and tree planting is only an auxiliary means. If afforestation is on a city-wide scale, not only should the function of air quality improvement be taken into consideration, but also more ecological forest functions should be involved, including leisure tourism, accessibility, soil and water conservation, flood storage, and other functions.
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Figure 1. Study area, leaf sample collection location, and the fine particulate matter (PM2.5) concentration distribution (January to March). 
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Figure 2. Regularities between PM2.5 concentration and adsorption by leaves. 
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Figure 3. (a) The Wuhan eco-control red line range, (b) the basic plan based on forestry developing planning, and (c) the optimized plan to mitigate PM2.5 pollution. 
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Figure 4. Distribution of forest cover in different schemes: (a) The current forest cover, (b) the basic plan, and (c) the optimized plan. 
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Figure 5. PM2.5 concentration change and reduction rate for (a) the basic plan and (b) the optimized plan. The Δc and r in the upper right in every sub-figure illustrate the change in the metropolitan development area, while in the lower right represent the change in Wuhan’s administrative region. 
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Figure 6. Afforestation spatial pattern for PM2.5 removal in Wuhan city. 
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Table 1. PM2.5 adsorption by sample leaves with different durations of PM2.5 concentration.
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PM2.5 Concentration (μg m−3)

	
Cinnamomum Camphor

	
Magnolia Grandiflora

	
Overall Sample






	
Time

	
3 day

	
2 day

	
1 day

	
hour

	
W-PM2.5

	
M-PM2.5

	
W-PM2.5

	
M-PM2.5

	
W-PM2.5

	
M-PM2.5




	
11 May

	
42

	
48

	
45

	
31

	
0.0023

	
0.0029

	
0.0032

	
0.0060

	
0.0028

	
0.0045




	
13 May

	
55.6

	
61

	
58

	
33

	
0.0018

	
0.0023

	
0.0040

	
0.0075

	
0.0029

	
0.0048




	
14 May

	
64.3

	
64.5

	
71

	
68

	
0.0030

	
0.0037

	
0.0071

	
0.0134

	
0.0051

	
0.0086




	
16 May

	
46

	
33.5

	
41

	
44

	
0.0011

	
0.0014

	
0.0023

	
0.0043

	
0.0017

	
0.0028




	
17 May

	
36.3

	
41.5

	
42

	
45

	
0.0010

	
0.0012

	
0.0055

	
0.0104

	
0.0033

	
0.0058




	
18 May

	
40.6

	
40.5

	
39

	
25

	
0.0009

	
0.0011

	
0.0031

	
0.0058

	
0.0020

	
0.0034




	
19 May

	
35.3

	
32

	
25

	
20

	
0.0007

	
0.0008

	
0.0034

	
0.0064

	
0.0020

	
0.0036




	
20 May

	
28.3

	
23.5

	
22

	
16

	
0.0006

	
0.0007

	
0.0023

	
0.0044

	
0.0015

	
0.0026




	
21 May

	
29.6

	
32

	
42

	
60

	
0.0033

	
0.0041

	
0.0040

	
0.0075

	
0.0036

	
0.0058




	
22 May

	
40

	
49

	
56

	
96

	
0.0012

	
0.0015

	
0.0034

	
0.0063

	
0.0023

	
0.0039




	
23 May

	
48

	
51

	
46

	
46

	
0.0007

	
0.0009

	
0.0023

	
0.0044

	
0.0015

	
0.0026




	
24 May

	
50.6

	
48

	
50

	
49

	
0.0008

	
0.0010

	
0.0045

	
0.0083

	
0.0026

	
0.0047




	
27 May

	
19.6

	
16

	
20

	
16

	
0.0005

	
0.0007

	
0.0007

	
0.0013

	
0.0006

	
0.0010




	
28 May

	
17

	
19.5

	
19

	
29

	
0.0004

	
0.0005

	
0.0013

	
0.0023

	
0.0008

	
0.0014




	
29 May

	
20.3

	
20.5

	
22

	
36

	
0.0014

	
0.0018

	
0.0016

	
0.0029

	
0.0015

	
0.0023








Note: W unit is g, M unit is g m−2.
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