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Abstract

:

Low-impact development (LID) measures are crucial for solving water environment problems during sponge city construction. Optimizing LID measures to meet multi-objective demands is essential for achieving low-carbon and green operation of sponge cities under the goal of ‘dual carbon’. To select the optimal rain garden plants suitable for the construction of a coastal sponge low-carbon city, a set of AHP-TOPSIS applicability assessments was constructed. The assessment index system comprises three main categories of indices: economic cost, ecological benefit, and environmental adaptability. The hierarchical analysis method (AHP) was used to construct a plant evaluation system from three decision-making levels and eleven criterion levels. This system assigned weights to each index in the index system. Subsequently, the distance between the superior and inferior solutions (TOPSIS) was used to evaluate the overall performance of 14 tree species, 10 shrub species, and 12 herbaceous plant species commonly found in rain gardens in a coastal city in China, so as to identify the optimal plants to meet the target demand of low-carbon rain garden construction.
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1. Introduction


China’s rapid urbanization has created serious water and environmental problems. To address these issues, the Chinese government launched a program in 2015 to build sponge cities, which can contribute to a more conducive and sustainable future. Implementing low-impact development measures is crucial in creating sustainable and resilient sponge cities by effectively managing stormwater, protecting water resources, improving water quality, enhancing urban biodiversity, and combating climate change [1]. Policy-makers, urban planners, and communities must recognize the importance of LID measures and prioritize them in their urban development strategies. While sponge city-building initiatives are attracting attention and spreading rapidly across the country, a number of challenges and risks remain. First, to curb global climate change, “carbon emission reduction” has become a major concern worldwide [2]. The Paris Agreement that came into effect in 2016 [3,4] and China’s “dual carbon” target in 2020 [5,6] indicate that global attention to low carbon development is increasing, and development is getting more and more attention. Carrying out sponge city construction based on low carbon is the focus of low-carbon ecological construction and the way to solve the risk of urban flooding. Secondly, the current focus of sponge city construction focuses on the perspective of gradually changing from pure hydrological processes to advocating the ecohydrological restoration of all-around multi-objective needs [7].



Based on the above background, multi-objective optimization is needed when developing LID measures. In addition to considering ecological benefits, economic and environmental benefits should be adequately considered [8]. Rain gardens are one of the LID measures that are designed and constructed through the design and construction of artificial gardens or landscapes, usually consisting of vegetation, permeable soils, and drainage facilities, with the aim of reducing stormwater runoff, improving water quality, increasing urban green space, and enhancing the resilience of urban ecosystems [9]. Current research on rain gardens focuses on hydrologic simulation studies [10], soil infiltration studies [11], pollutant retention capacity studies [12], hydrologic effects of different plant applications [13], and studies on low-carbon construction and application of rain gardens [14]. Due to the strong territoriality of rain garden plants, the current research on plant selection and design of rain gardens is weak, and there are few quantitative studies under multi-objective requirements. Therefore, this paper intends to apply the AHP (Analytic Hierarchy Process)-TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution) method to optimally screen rain garden plants in a coastal city in China, and establish the ecological benefits, economic costs, and environmental adaptability for the three main indicators required by the method at the decision-making level. The objective is to provide technical support for the local government departments and enterprises of a coastal city in China to identify the appropriate plant species according to the multi-objective needs of regional rain gardens.




2. Methods and Techniques


Differences in the objective needs of trees, shrubs, and herbaceous plants lead to different emphases on different metrics. Both AHP and TOPSIS models are commonly used multi-criteria decision-making methods. Using these two models in combination can compensate for some of the deficiencies of a single model.



The AHP method assigns weights to the decision and criterion layers [15,16,17], relying on expert judgment to determine the weights of the criteria, which is somewhat subjective. The TOPSIS model, on the other hand, evaluates and ranks the programs, mainly considering the comprehensive performance of objective indicators. By combining the two models, both subjective and objective factors can be taken into account, thus better reflecting the will of decision makers and the actual situation, and thus establishing a more complete and accurate decision-making index system. Therefore, on the basis of AHP empowerment, in order to judge which specific plants can achieve the target demand of constructing low-carbon rain gardens, the TOPSIS method can be considered for further evaluation and assignment of the criterion layer [18,19].



2.1. Construction of the Assessment Indicator System


To optimize plants for rain gardens in coastal cities, we considered three aspects of the decision-making level of the evaluation index system. Firstly, the economic costs were considered, secondly the ecological benefits to the local area after the rain garden was constructed, and lastly, the environmental capacity of the plants to adapt to the climate and soil of the coastal city was also considered. At the same time, the social benefit level for the neighboring residents after the construction of the rain garden was not considered, such as the residents’ satisfaction with the designed landscape, the degree of ecological and environmental education awareness enhancement, and the aesthetic value of the design and other indicators. Because these indicators are often more subjective, it is difficult to transform them into quantitative indicators for evaluation. Therefore, taking into account the experts’ opinions, the construction of indicators at each level is as follows:



Economic cost level: Both the cost of purchasing the various types of plants at the beginning of the rain garden construction and the costs incurred during the maintenance process at a later stage should be taken into account.



Eco-efficiency level: Rain gardens are inherently a type of green infrastructure that utilizes plants and soil to treat and manage stormwater runoff, and therefore need to focus first on runoff control capabilities. Urban precipitation runoff pollutants are suspended solids (SS), total nitrogen (TN), total phosphorus (TP), and other pollutants, requiring plants to have a strong decontamination ability to achieve rapid decontamination in the process of water accumulation and infiltration [20]. In addition, rain garden plants can fully create carbon sink benefits, which is a very important carbon reduction facility for sponge city construction, so the carbon sink benefits from plant carbon sequestration also need to be considered. There are many ways to evaluate the carbon sink benefits of plants, and, in this study, by investigating the research literature related to the carbon sink capacity of common plants in southern China, especially in coastal cities, we used the amount of CO2 per year fixed by a single plant as an indicator for evaluating plant carbon sinks. In addition to the above indicators, the ecological benefits of ecological diversity and soil quality improvement are also worth considering. However, as the effects of ecological diversity and soil quality improvement require long-term field trials and studies, which are statistically difficult, the eco-efficiency of this study focuses only on the benefits of runoff control capacity, decontamination capacity, and carbon sink.



Environmental adaptability level: after a discussion of expert opinions, it was concluded that climatic factors and growing soil conditions influence important considerations for plant environmental adaptation, and therefore the screening of environmental adaptation indicators focused on these two aspects.



Coastal cities usually have a mild climate with few high- or low-temperature extremes, so cold or heat tolerance is not considered in this study. Coastal cities are often subjected to sea winds, so it should be taken into account that the plants need to have strong wind resistance, especially trees; coastal cities usually have high humidity, which requires the selection of plant species with good humidity tolerance, especially herbaceous plants. At the same time, drought tolerance should be considered, able to withstand the spring, fall, and winter micro-drought of China’s coastal cities with short-term waterlogging in the summer.



As infiltrative permeable rain gardens need to ensure groundwater recharge [21], the soil is required to have a high water permeability. This leads to a relatively poor ability to retain fertilizer and water, so plant materials need to have a certain ability to withstand barren conditions. Plant maintenance costs are also related to the ability to resist pests and diseases; strong resistance to pests and diseases of plants not only relates to environmental adaptability but also reduces the cost of maintenance. At the same time, coastal cities have a variety of soil types and are often subject to seawater erosion or saline and alkaline soils; acid and alkaline soils coexist, which requires that the plants have a certain degree of acid and alkali resistance.



The above indicators are summarized to form the following diagram of the evaluation indicator system at the goal, decision, and guideline levels (Table 1):




2.2. Comprehensive Technology Performance Assessment


The two main models have certain application drawbacks: one is that the AHP model is subjective and requires experts or decision makers to provide subjective weights for the criteria and factors, and different experts may give different weights to the same criteria, which affects the final decision results. The TOPSIS model requires standardization of the evaluation indicators to ensure that the indicators have the same weights and metrics. However, different standardization methods may lead to different results with higher sensitivity.



To address these shortcomings, the AHP model, first, ensures representativeness and diversity and balances individual subjective bias, as much as possible, by inviting many experts from different industries to make joint decisions; second, it also uses consistency testing methods to exclude the influence of subjective factors and to improve the objectivity and consistency of the decision-making results. The indicators of the TOPSIS model adopt objective data as much as possible and use a hierarchical scoring system for the indicators for which objective data are temporarily unavailable, to ensure that the weighting of the indicators and the metrics will not have a large impact on the results.



2.2.1. AHP Construct


	(1)

	
Establishment of a hierarchical structure: Based on the analysis of the problem, the factors included in the problem are clarified, the correlation and affiliation between the factors are identified, and the factors are divided into several levels, including the objective level, the decision-making level, and the guideline level, according to the common characteristics of the factors, as mentioned above.




	(2)

	
Creation of a judgment matrix and calculation







Step 1: Construct the judgment matrix through the form of expert scoring. The number of experts should be large enough to ensure representativeness and diversity, while at the same time not being excessive, thereby complicating the decision-making process and leading to inefficiencies. So, we invited environmental professionals and scholars, experts from the environmental protection industry municipal design industry, landscape design industry, and plant ecological protection industry for decision-making, and the weights obtained from the scoring matrix obtained by the 9 experts were added and then averaged. The scale value of the comparison between the elements was determined, and the judgment matrix was established. We used MATLAB R2020a software to calculate the eigenvector, Wi, of the matrix and test the consistency of the matrix. Among them, the judgment matrix, A–B, between the target layer and the criterion layer, and the judgment matrix, B–C, between the criterion layer and the program layer, are shown in Table 2 (only the table of expert 1 is shown as an example, and the other 8 experts’ scoring tables are referred to in the Supplementary Materials (Tables S1–S8). The matrix can be calculated by:


   d  i j   =  1   d  i j     ( i , j = 1 ,   2 ,   … ,   n )    



(1)







The dij in the judgment matrix is generally scaled on a nine-point scale (see Table 3 for details), and the values were determined by a combination of nine experts weighting the coastal city’s municipal government website, government work reports, statistics, and their own experience.



Step 2: Solve the eigenvalues of A–B and B–C moments. From the formula, we have CI = (λmax − n)/(n − 1) and CR = CI/RI; the consistency test is performed on the matrix, the CR (stochastic consistency ratio) is computed, and we get CR = 0.0913 < 0.1. All of them pass the consistency test, which indicates that the judgment matrix has satisfactory consistency, and its eigenvectors can be used for the quantitative description of the weights. See the detailed relationships between n and RI in Table 4:



	(3)

	
Since the scoring matrices of the 9 experts passed the consistency test, indicating that each expert’s opinion is valid, the weights obtained from each expert’s scoring matrix are considered to be of equal importance. Therefore, the weights of the 9 experts’ scoring matrices (see Tables S9–S11 in the Supplementary Material) assigned by the AHP method are summed and averaged directly, and the formula is shown below.


   W  A i   =    ∑   W  i j      9     



(2)




where WAi is the average weight of an item, i; and Wij is the weight given by the jth expert for a given item, i, j = 1,2,3,.… 9; the resulting average weights of the evaluation indicators for trees, shrubs, and herbaceous plants are as follows (Table 5):







Taken as a whole.



	①

	
From the feature vector of the decision-making layer to the target layer, the environmental adaptability weight > ecological benefit weight > economic benefit weight, indicating that for the construction of rain gardens in sponge cities, the environmental adaptability of the plants and the ecological benefits brought by the plants should be emphasized, and the economic cost is an indicator that should be weakened.




	②

	
In terms of the weighting of the guideline case layer to the decision-making layer:







At the economic cost level, the maintenance cost weights are all high, indicating that the main concern in the economic cost of rain garden plants is the expense associated with subsequent maintenance.



At the eco-efficiency level, for trees and shrubs, the focus needs to be on the carbon sink benefit and pollutant reduction capacity. For herbaceous plants, the focus needs to be first on runoff control capacity and second on carbon sink capacity.



For building sponge city rain gardens, the focus itself needs to be on runoff control capacity. Herbaceous communities have the simplest structure, the smallest plant volume, the weakest root system, and the least total amount of rainwater retained and absorbed. Plus, herbaceous plants are sparsely branched, making it difficult to slow down the impact of rainwater, which can easily lead to surface runoff and soil erosion. Therefore, the herbaceous community’s ability to retain rainwater is weak. The structure of tree and shrub communities is more complex, the plant volume is larger, and the root systems are more developed, which can effectively retain and absorb rainwater. In addition, the canopy and branches of trees and shrubs can shield and slow down the impact of rainwater, reducing the formation of surface runoff. Therefore, for herbaceous plants with weak runoff control ability, it is more important to focus on selecting species with better runoff control ability. Trees and shrubs generally have better runoff control, so the focus should be on carbon sink benefits and pollutant reduction.



At the environmental adaptation level, all the plants are weighted higher for moisture tolerance, and all need to be focused on.



For the indicator of environmental adaptability of the guideline layer, the priority of trees is wind resistance > moisture resistance > pest resistance > drought resistance > acid and alkali resistance > barrenness resistance; the priority of shrubs is barrenness resistance > moisture resistance > acid and alkali resistance > pest resistance > wind resistance > drought resistance; and the priority of herbaceous plants is moisture resistance > pest resistance > drought resistance > barrenness resistance > acid and alkali resistance > wind resistance. It can be seen that moisture tolerance is a priority for all plants. A coastal city always has a humid climate, so drought tolerance is not a major concern for rain garden plants. The wind resistance priority is trees > shrubs > herbs, which is related to the biomorphology, with taller plants being relatively more wind resistant. The highest weighting of wind resistance in the tree criterion layer is due to the consideration of the climatic characteristics of coastal cities, which have high perennial wind values.



Barrenness resistance was given the highest weight in the shrub criterion layer. Shrub plants have generally become the main vegetation type in some barren areas, which is due to the fact that shrub plants generally have the characteristics of a well-developed root system, fast growth, and strong adaptability, which gives them strong barrenness resistance. The above findings also reflect that maintenance costs should be emphasized when building rain gardens in low-carbon cities. Focusing on the barrenness resistance of shrubs can also reduce maintenance costs. For herbaceous plants, the growing environment at the soil surface is closer to the changes in the natural environment, so the growing environment is unstable and susceptible to mechanical damage and invasion by pathogenic bacteria. Disease-prone herbaceous plants not only fail to deliver ecological benefits properly but also increase maintenance costs. Therefore, the herbaceous plant guideline layer indicators need to focus on disease and pest resistance in addition to moisture tolerance.




2.2.2. TOPSIS Build


	(1)

	
Since the indicators include very small indicators and very large indicators, it is necessary to convert all the technical indicators to very large indicators in a uniform manner, i.e., indicator normalization. The lower the value of a technical indicator, the better its performance, so if the indicator is a very small indicator, it needs to be converted into a very large indicator using the method of very small indicators (Table 6).


  x =  x  m a x   − x  



(3)




where x is the converted very large value; xmax is the maximum value of the very small indicator; and xi is the value of the technical indicator.




	(2)

	
Standardize the indicators after normalization to eliminate the effect of the scale between different indicators.


   z  i j   =  x  i j   /     ∑  i = 1  n     x 2    i j       



(4)




where j is each technology; xij is the normalized value of each technology indicator; and zij is the normalized value of the technology indicator.


  Z =  [       z  11      ⋯     z  1 j        ⋮      ⋮       z  i 1      ⋯     z  i j        ]     



(5)








	(3)

	
Construct the normalization matrix, Z, by combining the normalized values.




	(4)

	
Solve for the positive ideal solution, Z+, and the negative ideal solution, Z−, of the normalized matrix.


   Z +  =  [   Z 1 +    , ⋯ ,    Z m +   ]  =  [  m a x  {   z  11       , ⋯ ,      z  i 1    }  , ⋯ , m a x  {   z  1 j     , ⋯ ,    z  i j    }   ]       



(6)






   Z −  =  [   Z 1 −    , ⋯ ,    Z m −   ]  =  [  m i n  {   z  11       , ⋯ ,      z  i 1    }  , ⋯ , m i n  {   z  1 j     , ⋯ ,    z  i j    }   ]         



(7)




where m is the number of technologies; Z+ is the value of the indicator with the best technical performance among the technical indicators; and Z− is the value of the indicator with the worst technical performance among the technical indicators.




	(5)

	
Combine the technical indicator weights and calculate the distance, Di+ and Di−, of


   D i +  =     ∑  j = 1  m    w j    (  Z j +  −  z  i j   )  2           



(8)




the technique from the positive and negative ideal solutions.




	(5)

	
Calculate the closeness of the technique to the ideal solution (Si) and normalize it to get       S i    ~   .


   D i −  =     ∑  j = 1  m    w j    (  Z j −  −  z  i j   )  2         



(9)






   S i  =    D i −     D i +  +  D i −       



(10)






      S i    ~  =  S i  /   ∑  i = 1  n    S i   (      ∑  i = 1  n       S i    ~    = 1  )           



(11)











Table 7, Table 8 and Table 9 show the comprehensive scores and rankings of trees, shrubs and herbs obtained through our final analysis of AHP-TOPSIS model.



In order to assess the effect of the plants optimized by the AHP-TOPSIS model on the low-carbon construction of rain gardens in this coastal city, a rain garden in a local residential area was selected as an example of the assessment of the enhancement effect after a field visit. As shown in Figure 1 (left), the area of the rain garden in this residential area is about 60 m2, and there are 6 kinds of plants in total, including 1 Bauhinia variegata L., 1 Chukrasia tabularis A. Juss, 5 Codiaeum variegatum var. pictum, 5 Allamanda cathartica Linnaeus, and about 400 herbaceous plants, including roughly 500 Axonopus compressus (Sw.) Beauv and 80 Monstera deliciosa Liebm. According to the previous optimization results, the herbaceous plants of Axonopus compressus (Sw.) Beauv and Monstera deliciosa Liebm have high scores, but the other plants are not ranked as high in the overall score. It is assumed that all the existing plants are replaced with the best plants, and the number of plants has not changed. As shown in Figure 1(right), the total number of plant types in the rain garden after optimization is also 6, including trees such as Ficus altissima Blume and Bischofia javanica B, shrubs such as Pittosporum tobira and Ficus microcarpa ‘Golden Leaves, and herbaceous plants such as Axonopus compressus (Sw.) Beauv and Philodendron bipinnatifidum Schott ex Endl.



Using the carbon sink benefit data obtained from the previous statistics and the carbon sink calculation formula shown below, the initial total carbon sink was 7936.63 kg CO2/a, while the total carbon sink after the replacement was 10,533.11 kg CO2/a, an increase of 32.72% compared with the same period of the previous year. This indicates that the carbon sinks were significantly increased after most of the plants were replaced. It shows that increasing carbon sinks through plant species optimization not only shortens the time to neutralize the carbon impacts of rain garden construction but also improves the carbon reduction effect in a more long-term operation process. This example only analyzes the low-carbon emission reduction effect brought by the optimization, but the optimization has not yet taken into account the enhancement effect of pollution control ability, the environmental adaptability of plants, as well as biodiversity, the aesthetic value brought to society, and other aspects, which are also benefits that need to be considered in depth in the future research.


   C T  =  ∑   T i    ⋅  B i  +  ∑   S j    ⋅  B j  +  ∑   H k    ⋅  B k   



(12)




where CT is the total carbon sink, i.e., total fixed CO2 in CO2 kg/year; Ti is the total number of trees of species i; Bi is the amount of CO2 fixed per plant in kg CO2/a/plant for the ith trees; Sj is the total number of shrubs of species j; Bj is the amount of CO2 fixed per plant in kg CO2/year/plant for the jth shrubs; Hk is total number of herbaceous plants of species k; and Bk is the amount of CO2 fixed per plant in kg CO2/year/plant for the kth herbaceous plants.






3. Conclusions


In this paper, the AHP-TOPSIS model was used to construct an evaluation model to support plant selection for the construction of low-carbon rain gardens in a coastal city in China. In this paper, the investigated rain garden plants are classified into three major categories: trees, shrubs, and herbs: the top three best trees are Bischofia javanica Bl, Ficus altissima Blume, and Larch; the top three best shrubs are Pittosporum tobira, Ficus microcarpa ‘Golden Leaves, and Spider orchid; and the top three best herbs are Axonopus compressus (Sw.) Beauv, Philodendron bipinnatifidum Schott ex Endl, and Monstera deliciosa Liebm.



As mentioned above, the AHP-TOPSIS model can be somewhat subjective. For example, the pollutant reduction capacity of plants is evaluated more objectively using fieldwork data.



Therefore, in future research, on the one hand, we could consider intensifying fieldwork, such as conducting rain garden plant tracking surveys and plant physiological and ecological experiments, as well as the screening of wild native plants, to provide more objective data to support the selection of rain garden plants in China’s coastal areas. On the other hand, optimization of the model could be considered. For example, fuzzy theory can be introduced into the AHP model to take into account the uncertainty of the decision makers about the relationship between the guidelines and improve the ability to deal with more qualitative information, such as social benefits, so that the evaluation index system can be enriched. The TOPSIS model could also be extended to analyze the relevance of the evaluation index system, which could avoid the problem of distortion of the evaluation results under the influence of multiple indicators and improve the practicability of the evaluation model.
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Figure 1. Comparison of CO2 fixation before and after optimization of a rain garden in a community in the coastal city. 
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Table 1. Evaluation index system for optimal rain garden plants.






Table 1. Evaluation index system for optimal rain garden plants.





	
Target Layer A

	
Decision-Making Level B

	
Guideline Layer C






	
Best trees A1/shrubs A2/herbs A3

	
Economic cost B1

	
Sapling price C1




	
Conservation costs C2




	
Eco-efficiency B2

	
Carbon sink benefits C3




	
Pollutant reduction C4




	
Runoff control C5




	
Environmental adaptation B3

	
Moisture resistance C6




	
Acid and alkali resistance C7




	
Drought tolerance C8




	
Wind resistance C9




	
Barrenness resistance C10




	
Pest and disease resistance C11











 





Table 2. Tree A–B, B–C judgment matrix (Expert 1, from the municipal design industry).






Table 2. Tree A–B, B–C judgment matrix (Expert 1, from the municipal design industry).





	
Tree A–B Judgment Matrix

	
Tree B1–C Judgment Matrix

	
Tree B2–C Judgment Matrix

	
Tree B3–C Judgment Matrix




	
A

	
B1

	
B2

	
B3

	
B1

	
C1

	
C2

	
B2

	
C3

	
C4

	
C5

	
B3

	
C6

	
C7

	
C8

	
C9

	
C10

	
C11




	
B1

	
1

	
1/2

	
1/2

	
C1

	
1

	
1/2

	
C3

	
1

	
4

	
6

	
C6

	
1

	
4

	
1/4

	
2

	
5

	
6




	
C7

	
1/4

	
1

	
1/6

	
1/3

	
2

	
3




	
B2

	
2

	
1

	
1/2

	
C4

	
1/4

	
1

	
3

	
C8

	
4

	
6

	
1

	
5

	
7

	
8




	
C2

	
2

	
1

	
C9

	
1/2

	
3

	
1/5

	
1

	
4

	
5




	
B3

	
2

	
2

	
1

	
C5

	
1/6

	
1/3

	
1

	
C10

	
1/5

	
1/2

	
1/7

	
1/4

	
1

	
2




	
C11

	
1/6

	
1/3

	
1/8

	
1/5

	
1/2

	
1




	
λmax = 3.0536, CR = 0.05 < 0.10

	
λmax = 2, CR = 0 < 0.10

	
λmax = 3.0536, CR = 0.05 < 0.10

	
λmax = 6.2964, CR = 0.05 < 0.10




	
Shrub A–B judgment matrix

	
Shrub B1–C judgment matrix

	
Shrub B2–C judgment matrix

	
Shrub B3–C judgment matrix




	
A

	
B1

	
B2

	
B3

	
B1

	
C1

	
C2

	
B2

	
C3

	
C4

	
C5

	
B3

	
C6

	
C7

	
C8

	
C9

	
C10

	
C11




	
B1

	
1

	
1/3

	
1/5

	
C1

	
1

	
1/5

	
C3

	
1

	
3

	
6

	
C6

	
1

	
4

	
2

	
8

	
6

	
7




	
C7

	
1/4

	
1

	
1/3

	
5

	
2

	
4




	
B2

	
3

	
1

	
1/4

	
C4

	
1/3

	
1

	
4

	
C8

	
1/2

	
3

	
1

	
7

	
6

	
5




	
C2

	
5

	
1

	
C9

	
1/8

	
1/5

	
1/7

	
1

	
1/3

	
1/2




	
B3

	
5

	
4

	
1

	
C5

	
1/6

	
1/4

	
1

	
C10

	
1/6

	
1/2

	
1/6

	
3

	
1

	
2




	
C11

	
1/7

	
1/4

	
1/5

	
2

	
1/2

	
1




	
λmax = 3.0536, CR = 0.08 < 0.10

	
λmax = 2, CR = 0 < 0.10

	
λmax = 3.0536, CR = 0.05 < 0.10

	
λmax = 6.2085, CR = 0.03 < 0.10




	
Herbaceous plant A–B judgment matrix

	
Herbaceous plant B1–C judgment matrix

	
Herbaceous plant B2–C judgment matrix

	
Herbaceous plant B3–C judgment matrix




	
A

	
B1

	
B2

	
B3

	
B1

	
C1

	
C2

	
B2

	
C3

	
C4

	
C5

	
B3

	
C6

	
C7

	
C8

	
C9

	
C10

	
C11




	
B1

	
1

	
1/6

	
1/4

	
C1

	
1

	
1/3

	
C3

	
1

	
2

	
1/3

	
C6

	
1

	
2

	
5

	
3

	
9

	
6




	
C7

	
1/2

	
1

	
4

	
2

	
7

	
3




	
B2

	
6

	
1

	
3

	
C4

	
1/2

	
1

	
1/5

	
C8

	
1/5

	
1/4

	
1

	
1/3

	
4

	
1/2




	
C2

	
3

	
1

	
C9

	
1/3

	
1/2

	
3

	
1

	
6

	
7




	
B3

	
4

	
1/3

	
1

	
C5

	
3

	
5

	
1

	
C10

	
1/9

	
1/7

	
1/4

	
1/6

	
1

	
1/5




	
C11

	
1/6

	
1/3

	
2

	
1/7

	
5

	
1




	
λmax = 3.0536, CR = 0.05 < 0.10

	
λmax = 2, CR = 0 < 0.10

	
λmax = 3.0037, CR = 0.0036 < 0.10

	
λmax = 6.5842, CR = 0.09 < 0.10











 





Table 3. Nine-point scale and its definition.
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	Scale bij
	Define





	1
	Factor i is as important as factor j



	3
	Factor i is slightly more important than factor j



	5
	Factor i and factor j are clearly important



	7
	Factor i is much more important than factor j



	9
	Extreme importance of factor i and factor j



	2, 4, 6, 8
	Importance scales for factor i and factor j, conclusion between the two neighboring scales mentioned above.



	The reciprocal of the scale value
	Inverse comparison of factor i with factor j, bij = 1/bij










 





Table 4. Average random consistency index query table.
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	n
	2
	3
	4
	5
	6
	7
	8
	9
	10





	RI
	0
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
	1.49










 





Table 5. Mean values assigned to the judgment matrix of the best plant-type indicators.






Table 5. Mean values assigned to the judgment matrix of the best plant-type indicators.





	
Target Level

	
Decision-Making—Weights

	
Guideline Layers—Weights






	
Selection of the best trees A1

	
Economic cost B1

	
0.1107

	
Sapling price C1

	
0.1779




	
Conservation costs C2

	
0.8221




	
Eco-efficiency B2

	
0.4231

	
Carbon sink benefits C3

	
0.5073




	
Pollutant reduction C4

	
0.3074




	
Runoff control C5

	
0.1854




	
Environmental adaptation B3

	
0.4661

	
Moisture resistance C6

	
0.2057




	
Acid and alkali resistance C7

	
0.1417




	
Drought tolerance C8

	
0.1464




	
Wind resistance C9

	
0.2347




	
Barrenness resistance C10

	
0.0956




	
Pest and disease resistance C11

	
0.1760




	
Selection of the best shrubs A2

	
Economic cost B1

	
0.0989

	
Sapling price C1

	
0.2222




	
Conservation costs C2

	
0.7778




	
Eco-efficiency B2

	
0.4331

	
Carbon sink benefits C3

	
0.4516




	
Pollutant reduction C4

	
0.2899




	
Runoff control C5

	
0.2585




	
Environmental adaptation B3

	
0.4680

	
Moisture resistance C6

	
0.1913




	
Acid and alkali resistance C7

	
0.1863




	
Drought tolerance C8

	
0.1072




	
Wind resistance C9

	
0.1494




	
Barrenness resistance C10

	
0.2129




	
Pest and disease resistance C11

	
0.1530




	
Selection of the best herbs A3

	
Economic cost B1

	
0.1319

	
Sapling price C1

	
0.2012




	
Conservation costs C2

	
0.7988




	
Eco-efficiency B2

	
0.3974

	
Carbon sink benefits C3

	
0.3700




	
Pollutant reduction C4

	
0.2128




	
Runoff control C5

	
0.4172




	
Environmental adaptation B3

	
0.4707

	
Moisture resistance C6

	
0.2490




	
Acid and alkali resistance C7

	
0.1272




	
Drought tolerance C8

	
0.1824




	
Wind resistance C9

	
0.0780




	
Barrenness resistance C10

	
0.1614




	
Pest and disease resistance C11

	
0.2020











 





Table 6. Explanation of the score assigned to each indicator.
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Indicator Name

	
Basis of Assignment

	
Type of Indicator






	
Sapling price C1

	
Subject to the actual price in the local market/unit (yuan/plant)

	
Miniaturized indicators




	
Conservation costs C2

	
Using a point system, high conservation costs are given 3 points, average costs are given 2 points, and low costs are given 1 point.




	
Carbon sink benefits C3

	
Carbon sink benefits are measured by the amount of CO2 fixed by a single plant, in kg/year/plant [22,23,24,25,26,27,28,29,30,31,32,33,34]

	
Very Large Indicators




	
Acid and alkali resistance C7

	
The greater the acid and alkali resistance, the greater the pH range.




	
Pollutant reduction capacity C4

	
Adoption of the scoring method, with 3 points for high capacity, 2 points for average capacity, and 1 point for low capacity of the corresponding indicator.




	
Runoff control capacity C5




	
Moisture resistance C6




	
Drought tolerance C8




	
Wind resistance C9




	
Barrenness resistance C10




	
Pest and disease resistance C11











 





Table 7. Table of AHP-TOPSIS evaluation results for trees.
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	Serial Number
	Tree Name
	Price of Sapling
	Maintenance Costs
	Carbon Sink Benefits
	Pollutant Reduction
	Runoff Control
	Humidity Resistance
	Acid and Alkali Resistance
	Drought Resistance
	Wind Resistance
	Barrenness
	Pest-Resistance
	TOPSIS Valuation
	Ranking





	1
	Hainan Portuguese peach
	180
	2
	214.70
	2
	1
	2
	6~7.5
	2
	3
	1
	3
	0.0679
	7



	2
	Ficus altissima Blume
	200
	2
	565.18
	3
	2
	3
	6~7.5
	2
	3
	3
	2
	0.1046
	2



	3
	Banyan Tree
	100
	2
	429.43
	2
	2
	3
	6~7.5
	2
	3
	2
	2
	0.0916
	5



	4
	Bischofia javanica Bl.
	220
	2
	694.00
	3
	3
	2
	5.5~7
	1
	2
	3
	3
	0.1051
	1



	5
	Larch
	260
	2
	608.05
	2
	3
	3
	6~8.5
	3
	2
	3
	1
	0.1033
	3



	6
	Beautiful Iso-Cottonwood
	150
	2
	141.29
	3
	2
	1
	6~6.5
	1
	2
	1
	3
	0.0607
	9



	7
	Koelreuteria paniculata
	180
	2
	123.28
	2
	2
	2
	6.5~8
	2
	3
	3
	3
	0.0682
	6



	8
	Erythrina variegata
	150
	1
	277.00
	3
	3
	1
	6~7.5
	2
	3
	2
	2
	0.093
	4



	9
	Chinese violet
	50
	3
	226.00
	1
	1
	1
	6.5~8.0
	2
	2
	1
	2
	0.0413
	14



	10
	Bauhinia variegata L.
	43
	3
	332.00
	1
	1
	1
	6.5~8.0
	2
	1
	2
	2
	0.0475
	13



	11
	Chukrasia tabularis A. Juss.
	98
	3
	135.20
	2
	2
	2
	6~8
	3
	3
	3
	3
	0.0614
	8



	12
	petit-leaf olive
	200
	3
	363.33
	1
	2
	1
	6~7.5
	1
	3
	2
	1
	0.05
	11



	13
	Pineapple
	60
	3
	269.75
	2
	2
	1
	5.5~7
	2
	2
	1
	1
	0.0475
	12



	14
	Fake betel nut
	160
	3
	225.70
	2
	2
	1
	6~8
	3
	3
	3
	2
	0.0578
	10










 





Table 8. Shrubs: AHP-TOPSIS evaluation results table.
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	Serial Number
	Shrub Name
	Price of Sapling
	Maintenance Costs
	Carbon Sink Benefits
	Pollutant Reduction
	Runoff Control
	Humidity Resistance
	Acid and Alkali Resistance
	Drought Resistance
	Wind Resistance
	Barrenness
	Pest-Resistance
	TOPSIS Valuation
	Ranking





	1
	Cape jasmine
	1
	3
	14.570
	3
	2
	3
	6.5~5
	2
	3
	2
	3
	0.0995
	4



	2
	Codiaeum variegatum var. pictum
	0.3
	2
	4.345
	3
	1
	2
	5.5~6.5
	1
	2
	1
	2
	0.0834
	8



	3
	Pittosporum tobira
	0.3
	2
	222.041
	2
	1
	1
	4.5~8
	2
	1
	2
	2
	0.1727
	1



	4
	Ficus microcarpa ‘Golden Leaves
	1
	2
	108.345
	2
	1
	1
	6~7.5
	2
	1
	2
	3
	0.1149
	2



	5
	Cold water flower
	0.3
	2
	25.029
	2
	3
	2
	5~6.5
	2
	2
	2
	3
	0.0968
	5



	6
	Coral with lyre leaf
	0.3
	3
	60.366
	3
	2
	1
	6~7.5
	2
	1
	2
	1
	0.0932
	7



	7
	Allamanda cathartica Linnaeus
	0.3
	3
	12.709
	2
	2
	1
	5.5~6.5
	2
	1
	2
	1
	0.0631
	10



	8
	Kidney fern
	0.3
	2
	8.992
	1
	3
	1
	6~7.5
	3
	1
	3
	2
	0.0808
	9



	9
	Bamboo, used in Chinese medicine
	2
	1
	14.524
	1
	2
	2
	6~7.5
	3
	3
	1
	3
	0.0948
	6



	10
	Spider orchid
	0.5
	1
	71.382
	
	2
	1
	6~7.5
	3
	1
	3
	1
	0.1007
	3










 





Table 9. Table of results of AHP-TOPSIS evaluation of herbal plants.
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	Serial Number
	Herbal Name
	Price of Sapling
	Maintenance Costs
	Carbon Sink Benefits
	Pollutant Reduction
	Runoff Control
	Humidity Resistance
	Acid and Alkali Resistance
	Drought Resistance
	Wind Resistance
	Barrenness
	Pest-Resistance
	TOPSIS Valuation
	Ranking





	1
	Philodendron bipinnatifidum Schott ex Endl.
	0.2
	3
	19.855
	2
	3
	2
	6~7.5
	2
	2
	2
	3
	0.1134
	2



	2
	Axonopus compressus (Sw.) Beauv.
	0.1
	2
	15.084
	2
	3
	2
	6~7.5
	2
	3
	2
	3
	0.1239
	1



	3
	Fleabane
	0.28
	2
	0.047
	2
	3
	2
	6~77
	2
	3
	2
	3
	0.0758
	8



	4
	Monstera deliciosa Liebm.
	0.3
	3
	16.882
	3
	1
	1
	6~7.5
	3
	2
	3
	1
	0.1026
	3



	5
	Giant taro
	0.3
	3
	11.157
	3
	2
	2
	5.5~7
	1
	1
	1
	2
	0.0769
	7



	6
	Indian arrowroot
	0.25
	1
	0.076
	3
	3
	2
	5.5~7
	1
	2
	1
	3
	0.0838
	4



	7
	Asparagus
	0.2
	1
	0.128
	1
	3
	1
	6~7.5
	1
	2
	1
	3
	0.0774
	5



	8
	Silver-bordered steppe
	0.4
	2
	0.025
	2
	3
	1
	6~7.5
	1
	1
	3