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Abstract

:

Infrastructures (public constructions) are necessary for people’s lives, but large infrastructures can be harmful to local ecosystems and wildlife. The ecological mitigation practices of more than 5000 public construction projects in Taiwan were reviewed. Among these cases, the reduction practices were 38%–58%, and the avoiding, minimizing, and compensation measures were nearly 20%. However, the number of statistical measures did not reflect the actual performance. This study developed a quick and operational assessment framework to assess ecological mitigation measures. The four indicators were ecological concern areas, number of ecological conservation measures, number of ecological conservation objects, and habitat quality. The assessment indicators were applied to 54 construction cases, and their performance was classified into excellent, good, fair, and qualified. The developed assessment indicators were proven capable of serving as a preliminary tool to determine the performance of ecological mitigation practices, and the criteria standard can be adjusted as cases are updated.
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1. Introduction


Many countries have adopted biodiversity protection policies to offset natural losses, and mitigation measures have been implemented to reduce the impacts on ecosystems and wildlife habitats since 1970. These protective policies and actions were initiated in environmental impact assessments to analyze and predict the ecological and environmental impacts of development projects [1]. In the 1980s, the United States proposed ecological no net loss (NNL), and the concept of NNL has been accepted in over 80 countries and aims to offset biodiversity loss [2,3,4]. The objective of biodiversity offset policy is to offset the impacts of an ecosystem with alternative options with the goal of NNL. In biodiversity offset policy, the related information and data should be transparent to the public. Access to available open information about the offset policy helps the public better understand the content of measures and the need to protect the target habitat and species [5,6]. In addition to offsetting the ecological impacts, the United States applied mitigation measures to reduce the possible impacts. For example, the Federal Water Pollution Control Act (FWPCA) used mitigation measures to protect wetland and river systems [7]. The original mitigation measures were avoiding, minimizing, rectifying, reducing, and compensating. After the NNL concept, the five mitigation measures transformed into avoiding, minimizing, reducing, and compensation. These four types formed a mitigation measure hierarchy (MH) and had an order from the strongest mitigation level to the weakest mitigation level. The MH is now a basic framework for managing and controlling the risk and impacts of biodiversity and ecological systems [8]. Avoiding is the most substantial mitigation type; an example is changing the location of artificial constructions to avoid any possible impacts on the natural ecosystem [8,9]. Compensation is the least effective mitigation measure and is suggested for use after the other three options. Compensation measures might be complex, expensive, and uncertain. This measure cannot ensure that the offset will be successful for an ecosystem. Therefore, using the MH is helpful to review the mitigation measures and prioritize the first three types of measures [8].



Although there is worldwide consensus regarding the need to protect nature and various mitigation measures have been implemented, quantitative assessment tools to evaluate the effectiveness of the actions are lacking, and an applicable approach is needed. Rapid assessment methods (RAMs) for wetlands and rivers were developed in the 1980s [10]. These RAMs were developed to assess fish status and wildlife habitats. With the need for resource management, more features have been included in RAMs. In recent decades, more technology and data have become available, and RAMs integrated with geographic information systems (GISs) are usually applied. There are many RAMs for wetland systems. The wetland evaluation technique was built very early in the US in response to the FWPCA [11]. Other wetland evaluation methods have used hydrogeography factors to determine the wetland function and have used the performance relative to the original wetland status [10,12]; examples include WESPUS [13], ABWRET-A [14,15], OWES [16], and NovaWET 3.0 [17]. These assessment methods combined with the technique can provide quick assessments of wetland systems and can contribute to evaluating the relationship between human activity and the ecosystem [18]. However, no RAMs are useful for every case. The use of RAMs outside of the intended regions may be difficult because of different ecosystem types and external stressors [19]. The development of RAMs is based on opinions and knowledge from local experts and residents. Moreover, the performance of an ecosystem is always based on the difference between the current status and the original status. This assessment is very specific. For example, the RAMs developed in North America might not be appropriate for use in European and Asian areas because the definition of the ancient or original conditions is different [20].



It is difficult to evaluate the performance of an ecosystem; however, it is more challenging to assess the effectiveness of an ecological mitigation measure. Many mitigation and protective measures have been implemented, but their results still need to be evaluated. The quantitative data of the MH framework are limited, and only a few applications of MH have been presented for local-scale cases [21,22,23], projects [24,25], or habits and species [26,27,28]. Gelot and Bigard (2021) [1] surveyed the biodiversity database in France and discussed 2588 cases and their MH measures. The results showed that the quantitative tools for assessing the effectiveness of ecological mitigation measures and the MH framework needed to be improved. Hunter (2021) [29] investigated 50 reports in UK cases and found that over half of the cases did not have empirical evidence, and only 13 mitigation measures had been shown to be effective. Reeves et al. (2016) [30] measured habitat variables and compared the restored wetlands and reference wetlands in central Iowa, USA, to advance the understanding of amphibian conservation. With increasing mitigation measures, an approach to evaluate the effectiveness of MH is urgent and essential [31].



In Taiwan, the government announced a guideline in 2017 that required public construction projects to evaluate their ecological impacts. All public construction has received 50%, and a higher budget from the central government is required to implement ecological detection and adopt mitigation measures to conserve the ecosystem, which might be influenced by construction. Ecological detection follows the life cycle of a construction project and includes the design, construction, and maintenance stages. The ecosystem is investigated before, during, and after construction. In this guideline, the rapid ecological assessment (REA) [32,33] developed by The Nature Conservancy was used to guide the ecological data survey methods. Ecological conservation measures were outlined in the SC43-23 documents from the Ramsar Convention [34]. Although this guideline aimed to clarify the ecosystem around public construction and enhance conservation measures, the effectiveness of these conservation methods is still not known. For this reason, the objective of this study was to design a quick and operational assessment method to determine the performance of mitigation measurements. The assessment method was then applied to Taiwanese cases to test its feasibility.




2. Case Study


Public construction projects in Taiwan were used as study cases. All construction projects required to perform ecological detection work must upload the relevant data to the public information platform, and every month, the government updates and releases the data [35,36,37]. We collected four years of data from 2018 to 2021. The number of total public construction with ecological detection was 5025, occupying 6.9% of the total public construction cases. These case studies were mostly located upstream in reservoir watersheds and rural areas, which have rich natural ecosystems. Among these cases, 5269 ecological mitigation practices were implemented, and most were reduction practices, accounting for 38–58%. The mitigation types are summarized in Figure 1a. Avoiding ecological impacts is the most protective method, and its proportion was approximately 20%, which was close to that of the other two measures, minimizing and compensation. The administration agency (Figure 1b), the Environmental Protection Administration (EPA), performed the most avoidance actions, and the avoidance and minimization actions accounted for more than half. Moreover, the Forestry Bureau was responsible for less than one-third of avoidance and minimization actions. This might be because the construction projects developed by the Forestry Bureau are specific to certain places and cannot be changed.



There were more than one thousand cases in Taiwan, but not all documents had enough information to perform further assessment. In this study, a total of 54 construction cases that had relatively sufficient data from the Water Resources Agency [38] and Forest Bureau [39] documents were used. The 54 study cases are distributed throughout Taiwan, and they are located in upper-stream watersheds, not in urban areas. That is also why these construction projects need to implement ecological mitigation. They are located in natural areas, not developed areas. The construction types were separated into natural ecosystem conservation, slope area conservation, stream conservation, river and reservoir dredging, and structure improvement [40]. The ecological mitigation practices of the 54 cases were analyzed (Figure 2). The construction projects were classified into five types: river conservation (n = 17), slope land conservation (n = 11), river and reservoir dredging (n = 8), structure improvement (n = 6), and others (n = 12). The results showed that reducing practices were the dominant mitigation strategies used in these construction projects, and the percentage was 33.6–68.5%, with an average of 51.2%. According to the MH, the strongest conservation measure is avoiding. An average of 23.9% of cases used avoiding practices. Minimizing and offsetting measures were observed in 14.2% and 10.8% of projects, respectively. The results indicated that avoiding and reducing conservation were adopted frequently among Taiwanese cases. It is interesting that the percentage of avoiding practices was similar in different kinds of construction. Almost one-fifth of construction tried to avoid ecological impacts and reconsidered the location or boundary of construction. However, the tradeoff of the MH was found in minimizing and reducing practices. River conservation had few minimizing practices, at 7.5%, but had 60.2% reducing practices. A similar distribution was observed in river and reservoir dredging and other construction. This result implied that when it was hard to minimize the area of construction, more reducing practices were implemented.



It was good to see that different MH practices were implemented with public construction projects. However, the next question is that of how these conservation practices perform. Although ecological conservation was implemented with public construction, there is no objective assessment method to evaluate the performance of the practices.




3. The Developed Ecological Performance Assessment Framework


The ecological performance assessment framework proposed in this study contains four quantitative indicators, which can be assessed quickly and reveal the effectiveness of MH practices. The four indicators include ecological concern areas (Ia), number of ecological conservation measures (Im), number of ecological conservation objects (Io), and habitat quality (Ih). Each indicator has 10 points, and the total number of points in the assessment framework is 40. The four indicators are linked to ecosystem service functions. Costanza et al. [41] summarized 17 ecosystem service functions, including provisioning services, regulating services, supporting services, and cultural services. These functions also indicate the features of ecosystems; therefore, the assessment framework built in this study is related to these functions and can be used to assess the impacts on ecosystem functions. The linkages of the four quantitative indicators and the ecosystem functions are listed in Table 1.



Each indicator was addressed as follows:



1. Ecological concern areas (Ia)



Avoiding is the most prioritized choice of the MH method and is suggested by the Ramsar Convention [34] and the Council on Environmental Quality in the US. Avoiding is used to protect ecologically sensitive areas, and the measures are related to the location of construction. It is recommended to avoid ecological impacts and to change the location of construction. Therefore, when ecological detection of a public construction project is performed, the location and boundary of the construction should be confirmed in the beginning and design stages. The design of construction should be reviewed by ecological professionals to check if the boundary overlaps with ecological protection areas. The ecological protection areas are defined based on the national legal areas. In Taiwan, the legal ecological protection areas include six categories: National Park, National Natural Park, Natural Reserve, Wildlife Refuge, Wildlife Habitat, and National Protected Area. The six legal ecological areas each have their own laws. For example, national parks are defined in the National Park Law, and natural protected areas are defined in the Forest Law.



The administration agency publicly provides the locations and boundaries of these special areas. With the assistance of digital maps, we can clearly identify the areas of construction and the ecological protection areas. The indicator of ecological concern area (Ia) is then calculated using the area of construction (Ac) and the area of the overlapped area with ecological protection areas (Ao). If the ratio is large, the points of this indicator are few. We designed an evaluation scale for this indicator. The total score is 10 points, and the scale is 5. The scale of 5 and the associated points were also used for the other indicators (Table 2). The choice of the scale and points were based on intuitive and simple uses. For example, the 3 scale is too rough and the 10 scale might be too complex. The 5 scale is moderate. The points could be 1–5, 1–10, or others. In this study, a score of 10 points indicates full performance, and 0 indicates no actions. The values of 3, 5, and 8 refer to the other three middle scales. One might use 2.5, 5, and 7.5, or different points. Moreover, the scale and points could be decided by questionnaire survey or expert consulting. In this study, a simple and easily used scale and points were designed.



2. Number of ecological conservation measures (Im)



This indicator is used to check the ecological conservation measures along with the public construction project. The measures were checked by ecological professionals, and the number of completed measures was counted. More completed and effective measures have more points in this indicator. The evaluation scale is the same as that of Ia; the total number of points is 10, and the scale is 5. Because ecological detection was launched in 2017, there are no previous reference data. The objective is to implement conservation measures, but there are no requirements regarding the numbers or scales of the measures that should be used. Therefore, if it has at least one conservation measure, the construction could obtain 3 points. In the future, with more cases, the scale and points can be adjusted.



3. Number of ecological conservation objects (Io)



Unlike the previous indicators, which focused on whether conservation measures were taken, this indicator focuses on conservation objects, which might be plants or animals. If construction projects survey and list the objects that need to be protected and implement the specific protection for these objects, the indicator, Io, could gain a high number of points. The indicator implies the need for ecological surveys and the need to pay detailed attention to ecological species. The ecological conservation objects in Taiwan are listed in the Wildlife Conservation Act and the Cultural Heritage Preservation Act. The former lists conserved animals, and the latter lists conserved plants. The evaluation scale is consistent with that of Im, and this can be adjusted once more data are collected in the future.



4. Quality of habitat (Ih)



Due to uncertain factors in the field, such as season, day and night, temperature, weather, water level, and random activity, species investigations require intensive and long-term continuous monitoring to obtain more objective and stable investigation results. Ecological assessments are often limited by the large number of items and the scarcity of investigation resources, and there are few cases of rigorous and long-term species monitoring and investigation plans. In contrast, habitat assessment indicators have the advantages of rapid assessment, objective quantification, and indicator-based evaluation (distinguishing excellent, good, fair, and poor levels), and they can objectively evaluate the physical changes in the habitat before and after construction. Assessing the quality of the habitat and comparing the differences before and after construction could provide a quick and objective evaluation. The change in habitat quality is quicker than the change in wild species. It takes long-term and frequent monitoring efforts to investigate the impacts on wild species.



In Taiwan, the guideline of ecological detection for public construction in reservoir watersheds [40] provides two habitat assessment indicators: river habitat and slope land habitat. The indicator of habitat quality, Ih, in this study was cited from the official guideline, and the scale scores were given by this study to have the overall detection evaluation results (Table 3). The river habitat assessment indicator was built from the Rapid Bioassessment Protocol (Plafkin et al., 1989) [42] and the amended version (Barbour et al., 1999) [43]. To assess the quality of river habitat, the protocol suggested 10 parameters that could be used to quickly determine the characteristics of a river habitat. Although these parameters represent the habitat quality, there are no weighting factors to provide a total evaluation result for Taiwan. Therefore, in this study, we simply compared the change in these parameters before and after construction. If the total parameters performed better than before, 10 points were awarded. If the state of the parameter worsened after construction, points were subtracted. If there was no evaluation parameter, which means no investigation, zero points were awarded. The other habitat indicator was for slope land habitat assessment, in which five parameters were included: the percentage of woody plant coverage (%), the number of plant species (number/100 m2), the native plant coverage (%), the structure layers of the plant community, and the succession stage. The details of the slope land assessment parameters and their definitions are listed in Table A2 [44]. The score of each parameter was 4, and the full score of slope land habitat would be 20. If the score obtained after construction was better than that before construction, the Ih was awarded 10 points. If the score after construction was equal to that before construction, the habitat did not change, and the Ih was 9 points. A value of 5 points was given if the construction did affect the habitat assessment parameters even though the score worsened. If a construction project did not survey the habitat assessment and had no related values, it had a value of 0 because there were no actions. However, if the construction project conducted a survey of these parameters, they could obtain a value of at least 5 points for this indicator.




4. Results and Discussion


4.1. The Results of Assessment Indicators


The results of the 54 cases are shown in Figure 3. The points ranged from 10 to 37. Six projects received fewer than 10 points, and 7 received more than 30 points. The cases with few points missed some investigation of the assessment indicators and received zero points for some features. The assessment framework not only assessed the performance of the MH methods but also served as a checking tool to help construction agencies perform ecological investigations. Among the 54 cases, 10 cases did not provide protection areas and received zero points for Ia. The other 44 cases checked the protection areas and avoided certain practices, implying that the assessment indicator helped the construction agency better understand the ecological impacts and helped to design mitigation measures.



The evaluation results are shown in Table A1 and summarized in Table 4 and Figure 4. River and reservoir dredging had slightly better performance than other construction types, and slope land conservation had fewer points. This result implies that the Water Resource Agency, which is the authority for dredging, performed better in terms of ecological protection than other administrations in Taiwan. This might be because ecological detection is initiated by this agency, and thus, it performed better. However, the performances of different construction types were not significantly different. The results showed that high assessment scores were obtained for Ia and Im, with averages of 7.67 and 9.50 points, respectively. In particular, the Im almost had the highest possible score. This showed that conservation measures were commonly involved in public construction, and those engaging in public construction checked the protection areas before construction and sought to avoid impacts. However, the other indicators, Io and Ih, achieved low performance, with an average of approximately 2 points. This result means that more attention should be given to wild species, and the habitat quality should be increased.



The Ia results showed that river conservation had a lower point value (5.88), and the other four construction types had point values greater than 7. This result is because two river conservation cases did not investigate the ecological protection area map and received zero points. Four cases were located in highly ecologically sensitive areas, and the associated ecological impacts could not be avoided; thus, these areas also received zero points. Therefore, the average value was lower than that of other construction types. Aside from these 6 cases, the other 11 river conservation cases had more points for this indicator.



The high Im scores for each case and all river conservation and slope land conservation cases obtained the full point value of 10. The indicator was evaluated by the number of conservation practices, and the implementation of more than four practices resulted in a value of 10 points. Most construction projects implemented several ecological conservation practices and received the full mark for this indicator. The performance of these conservation practices is expected to affect other indicators, such as habitat quality.



The Io received low scores, 1.18–3.83, for two reasons. One is that the investigation of wild species requires budgets, and most cases use reference data to list the conservation species. Thus, the value might be less than the actual value. Few conservation species resulted in this indicator having a low point value. The other reason is that the cases did not list fish or aquatic species. Plants and protected forests are listed in all construction types, and they are easier to identify than other species. The conservation objects in the 54 cases are summarized in Table 5. The conserved objects in river conservation cases included one bird (Pitta nympha), four mammals (Muntiacus reevesi micrurus, Sus scrofa taivanus, Herpestes urva formosanus, and Melogale moschata), four plants (Camphora officinarum, Cordia dichotoma, Calocedrus macrolepis, and Begonia bouffordii C.I Peng), and two protected forests. The conserved objects in slope land conservation cases and river and reservoir dredging cases only had protected forests and no specific wild species. In structure improvement cases, Pitta nympha, Machilus zuihoensis, Mallotus paniculatus, Bredia hirsute, and Begonia ravenii C.I Peng and Y.K. Chen were listed. In other cases, four mammals (Paguma larvata, Muntiacus reevesi micrurus, Macaca cyclopis Swinhoe) and five plant species (Trema orientalis, Phoebe formosana, Turpinia formosana, Magnolia compressa, and Lagerstroemia subcostata) were listed.



The Ih indicator had several subparameters, and the point value was dependent on the changes in these subparameters. If the value of the subparameters did not perform as well as that before construction or if the status of these parameters was not checked, the Ih would have a low point value. Among the 54 cases, the Ih had the lowest scores, 0–4.69. Only 18 cases completed all the subparameters and received points. In the 17 slope land habitat evaluation cases, the 170 subparameters performed worse after construction. However, in the 16 river habitat evaluation cases, 68 of 160 subparameters performed better after construction than before. This result implied that considering ecological protection in construction design would make it possible to conserve and even repair river habitats. The other 92 subparameters performed worse after construction, including riparian vegetative zone width, embeddedness, and epifaunal substrate. The results reflected that the current construction might damage the sediment characteristics and reduce vegetation zones. The protection of the sediment layer and riparian zone should be improved.




4.2. Development of the Evaluation Standard for Ecological Performance


The developed assessment indicator framework aimed to quantitatively assess the effectiveness of MH practices in public construction. However, the level of performance is unknown. With sufficient cases, the ranking information would be provided. We found that the scores of the 54 cases were near a normal distribution. Then, the values were separated into excellent, good, fair, and qualified levels according to the distribution. There may be different scales, but in the beginning of the framework, a simple rank scale is preferred. Because four levels were defined, a direct way is using one-third as the category. Therefore, if the score was larger than 90%, which was the scenario for 32 points, the case was classified as having excellent performance. If the case had at least 10 points, it was regarded as qualified. The percentages of 30% and 60% were used to determine good and fair performance levels, and the scores were 18 and 23, respectively. With the standard, the cases could be classified into different levels and were easily compared.



Such an evaluation standard has an adaptative feature. If more cases are obtained in the future, the criteria score can be adjusted. Thus, if more cases are collected and the cases improve, the distribution might be shifted as shown by the gray dotted line in Figure 5. Once the distribution shifts to the right, the scale score will become stricter at the same performance level. For example, a case of 25 is regarded as good performance in the first distribution, but it might become fair if the distribution shifts to the right. With a new distribution, cases should improve to reach comparable performance. The shifted score distribution is also a signal of ecological improvement.




4.3. Comparison of the Proposed Framework to Existing Assessment Methods


The developed assessment framework used four indicators to assess the performance of ecological mitigation measures of public construction. The four indicators considered the area, the species, and the habitat changes. The existing assessment methods, such as WET, NovaWET3.0, WESPUS, OWES, and ABWRET-A, focus on the quality of the ecosystem rather than on the performance of ecological mitigation. WET first provided a procedure to assess wetland function, and NovaWET 3.0 is the revised version and has been applied in Nova Scotia, Canada. WESPUS is the Wetland Ecosystem Services Protocol for the United States and is a standardized method to rapidly assess the ecological services of all types of wetlands in North America. OWES is the Ontario Wetland Evaluation System. Finally, ABWRET-A (the Alberta Wetland Rapid Evaluation Tool—Actual) includes ecological services and human values to evaluate the category of wetlands. The process of ABWRET-A was the basis of this study. The existing methods comprised detailed features of an ecosystem, such as a wetland. They considered the various aspects of ecological functions to determine the soundness of an ecosystem. However, the proposed framework in this study focused on the impact on the ecosystem due to construction and the performance of the applied ecological mitigation measures. Therefore, the major difference is this method uses features related to the construction characteristics. Although the major target is different, the features in the previous methods were considered, and the important features were selected as the assessment indicators in this study. The features of the existing assessment methods are summarized in Table 6.





5. Conclusions


Ecological protection actions are more accepted than before, and now they are required to be included in public construction in Taiwan. Although there are ecological protection actions, there is a lack of assessment of the performance of these mitigation measures. The four detection indicators suggested in this study could provide a quick and objective assessment of these MH actions. The 54 real cases have proven that the assessment indicators are capable of revealing the effectiveness of the MH measures. In addition, an evaluation standard of this method was built, and the performance was ranked. The 54 studied cases were classified based on the results, and the cases were classified as having excellent, good, fair, and qualified performance. Once the number of pooled data increases, the evaluation standard can be adjusted and result in new scores for classification. The method can be used in any country or region to develop its own standard.



The ecological detection indicators in this study are particularly useful for assessing mitigation measures along with construction. The goal is not to assess the natural ecological status; rather, the objective is to assess the impacts of construction imposed or mitigated on the ecosystem. Therefore, the indicators chosen in this study should be able to clearly evaluate the difference before and after construction. The four indicators can quickly assess performance but are not used by ecological professional staff. However, data confidentiality needs to be confirmed with experts. The four indicators represent the protected areas, the measures, the species, and the habitats. The results of each indicator help to identify the vulnerable parts of the construction projects. We also found that the high score in the habitat indicator resulted in the good performance of the other three indicators. The results indicated that good habitat quality might be fundamental to ecosystem protection. Thus, measures of rehabilitation or habitat enhancement are suggested to be included in construction.



In Taiwan, an ecological assessment process has been required for public construction since 2017, and ecological mitigation measures must be included in construction projects. This is significant progress. Detection helps construction agencies evaluate the possible impacts on ecosystems from the design stage to the construction stage and pushes agencies to implement adequate measures. With the open data of these cases, the assessment indicators of this study were tested. The proposed framework was approved as an objective and applicable tool, but it is not finalized. Future research is needed to improve the soundness of indicators, scales, and points. In addition, the method relies on field investigation, and a simple and effective survey methodology is thus required.
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Table A1. Performance Evaluation of Mitigation Measures in 54 Case Studies.






Table A1. Performance Evaluation of Mitigation Measures in 54 Case Studies.





	Number
	Construction Types
	Ia
	Im
	Io
	Ih
	Total Points





	1
	River conservation
	10
	10
	0
	0
	20



	2
	River conservation
	10
	10
	0
	0
	20



	3
	River conservation
	8
	10
	0
	0
	18



	4
	River conservation
	8
	10
	0
	0
	18



	5
	River conservation
	10
	10
	3
	0
	23



	6
	River conservation
	10
	10
	10
	0
	30



	7
	River conservation
	0
	10
	0
	0
	10



	8
	River conservation
	0
	10
	0
	0
	10



	9
	River conservation
	10
	10
	0
	5.75
	25.75



	10
	River conservation
	8
	10
	0
	5.25
	23.25



	11
	River conservation
	0
	10
	3
	5.25
	18.25



	12
	River conservation
	10
	10
	3
	0
	23



	13
	River conservation
	0
	10
	0
	8.25
	18.25



	14
	River conservation
	8
	10
	10
	5.75
	33.75



	15
	River conservation
	8
	10
	0
	5.5
	23.5



	16
	River conservation
	0
	10
	3
	6.5
	19.5



	17
	River conservation
	0
	10
	3
	8.25
	21.25



	18
	Slope land conservation
	10
	10
	5
	0
	25



	19
	Slope land conservation
	8
	10
	0
	0
	18



	20
	Slope land conservation
	10
	10
	0
	0
	20



	21
	Slope land conservation
	10
	10
	3
	0
	23



	22
	Slope land conservation
	10
	10
	0
	0
	20



	23
	Slope land conservation
	10
	10
	0
	0
	20



	24
	Slope land conservation
	10
	10
	0
	0
	20



	25
	Slope land conservation
	8
	10
	0
	0
	18



	26
	Slope land conservation
	8
	10
	5
	0
	23



	27
	Slope land conservation
	0
	10
	0
	0
	10



	28
	Slope land conservation
	0
	10
	0
	0
	10



	29
	River and reservoir dredging
	8
	5
	0
	0
	13



	30
	River and reservoir dredging
	10
	8
	5
	0
	23



	31
	River and reservoir dredging
	8
	8
	0
	0
	16



	32
	River and reservoir dredging
	10
	10
	0
	9.5
	29.5



	33
	River and reservoir dredging
	8
	10
	8
	6
	32



	34
	River and reservoir dredging
	10
	10
	0
	9
	29



	35
	River and reservoir dredging
	10
	10
	5
	6.5
	31.5



	36
	River and reservoir dredging
	10
	10
	8
	6.5
	34.5



	37
	Structure improvement
	10
	10
	5
	0
	25



	38
	Structure improvement
	10
	10
	5
	0
	25



	39
	Structure improvement
	10
	10
	5
	0
	25



	40
	Structure improvement
	10
	10
	5
	0
	25



	41
	Structure improvement
	10
	10
	0
	0
	20



	42
	Structure improvement
	10
	8
	3
	0
	21



	43
	Others
	10
	8
	0
	0
	18



	44
	Others
	10
	5
	0
	0
	15



	45
	Others
	10
	10
	8
	0
	28



	46
	Others
	10
	10
	5
	9
	34



	47
	Others
	10
	10
	3
	9
	32



	48
	Others
	0
	10
	0
	0
	10



	49
	Others
	0
	10
	0
	0
	10



	50
	Others
	10
	3
	0
	0
	13



	51
	Others
	10
	8
	0
	0
	18



	52
	Others
	10
	10
	0
	8.75
	28.75



	53
	Others
	8
	10
	10
	9
	37



	54
	Others
	8
	10
	0
	6
	24
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Table A2. Rapid assessment table for sloping land [40,44].






Table A2. Rapid assessment table for sloping land [40,44].





	
Assessment Indicators

	
Description






	
Percentage of woody plant coverage (%)

	
The percentage of the sample area covered by trees and shrubs in the assessment area. Woody plants are generally considered to take longer to grow than herbs, and areas with dense woody plant growth are often considered to be at a later stage of succession and in good vegetative condition.




	
Optimal (4 points)

	
Sub-optimal (3 points)

	
Fair (2 points)

	
Unsatisfactory (1 point)




	
55 or more

	
15~55

	
0~15

	
0
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Number of plant species (number/100 m2)

	
The more diverse the vegetation species are, the higher the plant diversity of the area is.




	
Optimal (4 points)

	
Sub-optimal (3 points)

	
Fair (2 points)

	
Unsatisfactory (1 point)




	
30 or more

	
20~30

	
15~20

	
15 or less
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Native plant coverage (%)

	
The percentage of the sample area covered by all native species in the sample area represents the percentage of the sample area covered by all native species in the sample area.




	
Optimal (4 points)

	
Sub-optimal (3 points)

	
Fair (2 points)

	
Unsatisfactory (1 point)




	
65 or more

	
30~65

	
10~30

	
10 or less
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Structure layers of plant community

	
More layers cause a more complex phytosocial composition, and it is more likely to be a natural forest environment.




	
Optimal (4 points)

	
Sub-optimal (3 points)

	
Fair (2 points)

	
Unsatisfactory (1 point)




	
With more than four-layer structure

	
With three-layer structure

	
With two-layer structure

	
With one-layer structure or exposed
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Succession stage

	
The stage representing the change of flora with environmental and temporal changes is the process from early to late succession.




	
Optimal (4 points)

	
Sub-optimal (3 points)

	
Fair (2 points)

	
Unsatisfactory (1 point)




	
Mid- to late-stage species advantage

	
Pioneer species advantage

	
Advantages of initial herb species

	
Exposed or exotic seed advantage
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Figure 1. (a) The distribution of ecological mitigation practices in Taiwanese public construction in 2018–2021. The total number is 5269. (b) The mitigation actions classified by authority agencies. 
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Figure 2. The ecological mitigation practices of the 54 studied cases. 
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Figure 3. The results of ecological performance of the 54 cases. 
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Figure 4. The distribution of the four assessment indicators of the 54 cases. 
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Figure 5. The suggested score scale of the ecological detection indicator. 
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Table 1. The linkages of ecological detection indicators and ecosystem services.
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Indicators

	
Ecosystem Services






	
Ecological concern areas (Ia)

	
Gas regulation




	
Climate regulation




	
Water regulation




	
Disturbance regulation




	
Water supply




	
Erosion control and sediment retention




	
Refugia




	
Pollination




	
Genetic resources




	
Recreation




	
Number of ecological conservation measures (Im)

	
Refugia




	
Genetic resources




	
Soil formation




	
Nutrient cycling




	
Waste treatment




	
Cultural




	
Number of ecological conservation objects (Io)

	
Biological control




	
Refugia




	
Genetic resources




	
Cultural




	
Quality of habitat (Ih)

	
Gas regulation




	
Climate regulation




	
Water regulation




	
Soil formation




	
Nutrient cycling




	
Disturbance regulation




	
Water supply




	
Erosion control and sediment retention

Refugia




	
Genetic resources
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Table 2. The evaluation scale of the ecological detection assessment indicators, Ia, Im, and Io.
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	Indicator
	Points
	10
	8
	5
	3
	0





	Ecological concern areas
	   I a  =    A o     A c      (%)
	0
	0–25
	26–50
	51–75
	76–100



	Number of ecological conservation measures
	Im
	≥4
	3
	2
	1
	0



	Number of ecological conservation objects
	Io
	≥4
	3
	2
	1
	0
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Table 3. The evaluation scale of ecological detection assessment indicator, Ih, and its subparameters.
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Indicator of Habitat Quality (Ih)

	
Subparameters

	
Definition

	
Points






	
River habitat

	
1. Epifaunal Substrate/Available Cover

2. Embeddedness

3. Velocity/Depth Regime

4. Sediment Deposition

5. Channel Flow Status

6. Channel Alteration

7. Frequency of Riffles (or bends)

8. Bank Stability (score each bank)

9. Vegetation Protection (score each bank)

10. Riparian Vegetative Zone Width (score each bank riparian zone)

	
All parameter values after construction ≥ parameter value before construction

	
10




	
N parameter values after construction < parameter value before construction

	
10–0.5 N *




	
All parameter values after construction < parameter value before construction

	
5




	
Slope land habitat

	
1. Percentage of woody plant coverage (%)

2. Number of plant species (number/100 m2)

3. Native plant coverage (%)

4. Structure layers of plant community

%. Succession stage data

	
The total score after construction > the total score before construction

	
10




	
The total score after construction = the total score before construction

	
9




	
The total score after construction < the total score before construction

	
5








* N is the number of subparameters performing better than those before construction. It means that the ecological mitigation measures help to improve the habitat.
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Table 4. Detailed results of the assessment indicators. The average and standard deviation.
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Indicators

	
n

	
Ia

	
Im

	
Io

	
Ih

	
Total Points




	
Construction

Types

	






	
River conservation

	
17

	
5.88 ± 4.55

	
10.00 ± 0.00

	
2.06 ± 3.29

	
2.97 ± 3.35

	
20.91 ± 5.54




	
Slope land conservation

	
11

	
7.64 ± 3.88

	
10.00 ± 0.00

	
1.18 ± 2.09

	
0.00 ± 0.00

	
18.82 ± 4.85




	
River and reservoir dredging

	
8

	
9.25 ± 1.04

	
8.88 ± 1.81

	
3.25 ± 3.65

	
4.69 ± 4.07

	
26.06 ± 7.91




	
Structure improvement

	
6

	
10.00 ± 0.00

	
9.67 ± 0.82

	
3.83 ± 2.04

	
0.00 ± 0.00

	
23.50 ± 2.35




	
Others

	
12

	
8.00 ± 3.81

	
8.67 ± 2.35

	
2.17 ± 3.59

	
3.48 ± 4.37

	
22.31 ± 9.55




	
Total

	
54

	
7.67 ± 3.78

	
9.50 ± 1.41

	
2.28 ± 3.10

	
2.40 ± 3.54

	
21.85 ± 6.93
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Table 5. The number of conserved objects in the study cases.
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Species

	
Fish

	
Birds

	
Mammals

	
Plants

	
Protected

Forests




	
Construction

Types

	






	
River conservation

	
0

	
1

	
4

	
4

	
2




	
Slope land conservation

	
0

	
0

	
0

	
0

	
2




	
River and reservoir dredging

	
0

	
0

	
0

	
0

	
3




	
Structure improvement

	
0

	
1

	
0

	
4

	
1




	
Others

	
0

	
0

	
3

	
5

	
3
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Table 6. The comparison of different assessment methods.
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	Method
	Features
	Reference





	WET
	
	
Ground water recharge



	
Ground water discharge



	
Flood flow alteration



	
Sediment stabilization



	
Sediment/toxicant retention



	
Nutrient removal/transformation



	
Production export



	
Aquatic diversity/abundance



	
Wildlife diversity/abundance for breeding



	
Wildlife diversity/abundance for migration and wintering



	
Recreation and uniqueness/heritage





	[11,18]



	NovaWET 3.0
	
	
Watershed characteristics



	
Site description and wetland character



	
Condition and integrity of adjacent land



	
Identification of exceptional features



	
Hydrologic condition and integrity



	
Water quality



	
Groundwater interactions



	
Shoreline stabilization/integrity



	
Plant community



	
Fish and wildlife habitat/integrity



	
Community use/value





	[17]



	WESPUS
	
	
Hydrologic and water quality maintenance functions:




	
Water storage and delay



	
Water cooling



	
Sediment retention and stabilization



	
Phosphorus retention



	
Nitrate removal and retention



	
Carbon sequestration



	
Organic nutrient export








	
Habitat functions:




	
Fish habitat



	
Aquatic invertebrate habitat



	
Amphibian and reptile habitat



	
Waterbird habitat



	
Songbird, raptor, and mammal habitat



	
Wildfire barrier



	
Pollinator habitat



	
Native plant habitat










	[13]



	ABWRET-A
	
	
Biodiversity




	
Fish habitat



	
Invertebrate habitat



	
Amphibian habitat



	
Waterbird habitat



	
Songbird, raptor, and mammal habitat



	
Native plant and pollinator habitat








	
Water quality improvement




	
Water cooling



	
Sediment retention and stabilization



	
Phosphorus retention



	
Nitrate removal and retention



	
Organic nutrient export








	
Flood reduction




	
Water storage and delay



	
Stream flow support








	
Human value




	
Human value










	[14,15]



	OWES
	
	
Biological component




	
Productivity



	
Biodiversity



	
Size (biological component)








	
Social component




	
Economically valuable products



	
Recreational activities



	
Landscape aesthetics



	
Education and public awareness



	
Proximity to areas of human settlement



	
Ownership



	
Size (social component)



	
Aboriginal values and cultural heritage








	
Hydrological component




	
Flood attenuation



	
Water quality improvement



	
Carbon sink



	
Shoreline erosion control



	
Groundwater recharge








	
Special features component




	
Rarity



	
Significant features and habitats



	
Ecosystem age



	
Great lakes coastal wetland










	[16,28]



	This study
	
	
Ecological concern areas (Ia)



	
Number of ecological conservation measures (Im)



	
Number of ecological conservation objects (Io)



	
Quality of habitat (Ih)
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