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Abstract: Conventional stormwater management infrastructures show low levels of sustainability
owing to the consistent impact of urbanization and climate change, and the green stormwater
infrastructure (GSI) has been identified as a more sustainable alternative approach. According to a
systematic review, the articles and papers concerning GSI planning are fragmented, especially those
discussing the planning steps; thus, an integrated framework of GSI planning is developed here to
guide forthcoming planning. In the facility aspect, the research status and prospects of four critical
planning steps (i.e., objective formulation, type/scenario evaluation, quantity /scale determination,
and site selection) are discussed, and a method of quantifying the relationship between GSI and
ecosystem services is given. In the ecosystem aspect, ecosystem resilience promotion is regarded as an
approach to guarantee the interaction between hydrological processes and ecological processes, which
maintains the sustainable provision of ecosystem services produced by GSI in diverse disturbances.
Proposals for future GSI planning research are put forward as comprehensive consideration of the
two abovementioned aspects to harvest ecosystem services from GSI directly and to promote the
anti-disturbance ability of the ecosystem to guarantee the stable provision of ecosystem services
indirectly, which are conducive to the social, economic, and environmental sustainability of GSI.

Keywords: green stormwater infrastructure; stormwater management; planning; eco-hydrology;
ecosystem resilience

1. Introduction

In the past several decades, the appearance and functions of the urban environment
have been altered tremendously by human behavior [1]. Urbanization leads to the ex-
pansion of cities and suburbs into rural areas and hence the fragmentation of natural
resources [2]. Meanwhile, a series of environmental problems follow, e.g., the rapid expan-
sion of impervious surfaces in urban areas, an increase in surface runoff, changes in soil
conditions, a deterioration in water and air quality, and a negative impact on urban hydro-
logical functions [1-4]. Moreover, urbanization intensifies human activities that directly
affect the Earth’s climate system through nonlinear processes [5], and climate change leads
to a variety of precipitation patterns [6] and an increase in the frequency and intensity of
storm events [7]. Under these circumstances, the feasibility of conventional stormwater in-
frastructures (e.g., gutters, tunnels, storm sewers, pipes, and channels) is reduced, because
they are designed for transporting runoff to downstream areas as soon as possible [8] and
may lead to insufficient groundwater recharge and the deterioration of water quality [1,9],
although they minimize runoff accumulation and overflow problems. Urban floods are
becoming more frequent [10-12], and the expansion of conventional infrastructures to
cope with this problem has proven to be costly and unsustainable, especially in devel-
oped urban areas [13]. As a result, in the past century, stormwater management measures
have gradually shifted focus from the rapid removal of rainfall from buildings and roads,
without considering downstream effects, to minimizing impervious surfaces and adopting
facilities that promote infiltration and evaporation [14]. As a more sustainable alternative
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approach, and differing from the conventional ones, green infrastructure (hereafter GI)
focuses on decentralized units and the control of runoff near the source by imitating the
natural hydrology and promoting the infiltration, evaporation, and retention of urban
watersheds [15]. GI ensures that the hydrological conditions after development remain
close to the natural conditions before development [3], which is conducive to returning
runoff to the natural water cycle, groundwater recharge, reducing stormwater runoff, im-
proving water quality, and reducing implementation and maintenance costs [15,16]. Since
Prince George’s County, Maryland, first pioneered GI in 1997, it has not yet been ascribed
a precise and unified definition but instead has different definitions based on the actual
research status and needs in respective fields. Among them, the definition given by the
EPA [17] is cited most frequently: “a cost-effective, resilient approach to managing wet
weather impacts that provides many community benefits ... ”. To date, the research field
of GI has focused on stormwater management and the common development of social and
economic well-being, e.g., mental health, aesthetic value, and property improvement, for
which the research has increased gradually. It has been pointed out that the ambiguity of
the definition of GI has promoted its expansion in many fields, on the one hand, but, on
the other hand, due to the scattered research and the irregular use of terms, the theoretical
research and practical implementation of Gl is hindered to a certain extent; therefore, this
ambiguity is a double-edged sword [18].

Common consensus has been reached regarding GI on several grounds, the most
important of which is that the function of GI is to provide multiple ecosystem services
(hereafter, ESs) sustainably, with sustainability and multifunctionality. Scholars [18-20]
integrated GI and ES to clarify their relationship. This paper is not dedicated to seek-
ing a clear definition of GI but focuses on its planning and application in stormwater
management; therefore, Gl is regarded as an approach that provides various stormwater
management ES, e.g., runoff reduction [21,22], water quality improvement [23,24], tem-
perature regulation [25], biodiversity [26], habitat services [27], and aesthetic quality [28],
and the most widely used types are green roofs, grassed swales, rain barrels, permeable
pavements, bio-retention cells, and infiltration trenches. In recent years, ES has become
the focus of decision-making processes to achieve sustainable development [29]. Urban
stormwater management planning is one of the areas that strongly facilitates the integration
of ES knowledge [30]. GI planning involves evaluating multiple ESs and also needs to
reduce the complexity of the evaluation process and allow the comparison of different
scenarios and the monitoring of implementation effects [31].

To emphasize the benefits of stormwater management, we use the green stormwater
infrastructure (GSI) as the main term in this paper. At present, water quantity regulation
and water quality regulation services for stormwater are the major objectives of GSI
planning. Specifically, water quantity regulation services mainly include runoff volume
reduction, peak flow reduction, and time-to-peak delay, while water quality regulation
services are mainly the removal of TN, TP, COD, TSS, etc. Nevertheless, relevant GSI
planning research involves disparate planning steps, e.g., Koc et al. [32] evaluate GSI
scenarios to select the best one based on identifying the planning objective as runoff
reduction; in contrast, Zhang et al. [33] directly assess the suitability of GSI construction
without clearly setting out the planning objective, while Li et al. [34] put forward the
planning objectives clearly as a 20% annual comprehensive runoff coefficient, evaluated
the scenarios through SWMM and SUSTAIN, and calculated the construction area of GSI.
Therefore, GSI planning may involve objective formulation, type/scenario evaluation, site
selection, etc., which are given different considerations in different planning strategies.
Even for the same step, such as objective formulation, a discrepancy in concrete methods
exists; Koc et al. [32] simply describe the benefits of GSI in runoff reduction, without
setting specific quantitative targets, while Li et al. [34] put forward the planning objectives
quantitatively, as previously mentioned, and there are even some studies that do not
mention the planning objective at all [35,36]. GSI planning is extensive and fragmented,
without standard planning steps or methods, which limits its development. Moreover,
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given that GSI is a concept of ecological planning, researchers have realized that the
success of GSI planning depends on the facilities themselves, but it is also restricted by
the ecosystem. A system with high resilience can absorb changes and remain in the same
state in a series of disturbances and management actions; on the contrary, one with low
resilience may react strongly and move to another state [37], so different ecosystem states
may lead to differences in the performance of the GSI system, and even failure. A feasible
solution is to promote ecosystem resilience through optimization measures, so as to ensure
the stable operation and interaction of ecological processes and hydrological processes,
and indirectly promote the sustainable provision of ESs [38,39].

In accordance with the review of existing studies, we found that GSI planning research
is extensive and fragmented, and there is still a lack of detailed instructions for the GSI
planning steps; in addition, there is no review of GSI planning that integrates the facility
aspect and ecosystem aspect simultaneously. Therefore, the objectives of this paper are
to (1) review and synthesize the published literature and identify the research gaps, and
(2) make suggestions for future GSI planning to harvest stormwater management ES in
terms of both facility and ecosystem, which will aid planners and managers in managing
stormwater sustainably.

2. Methods

We searched the related literature via Web of Science, and the results showed that GSI
research involves multiple terms (i.e., green infrastructure, green stormwater infrastructure,
low-impact development, best management practice, ecosystem services, water-sensitive
urban design, sustainable urban drainage system, sponge city, ecosystem resilience, green-
way, greenbelt, and ecological infrastructure). In fact, these terms are similar and inter-
changeable in most cases, without clear separation. For the convenience of research, this
review used GSI as an alternative. We searched all the terms and checked the abstracts
of the papers that contributed to this review. A total of 158 papers were reviewed, 67 of
which were searched and checked with the terms and planning as keywords. We sum-
marized the four critical steps of GSI planning through the abovementioned 67 planning
articles, i.e., objective formulation, type/scenario evaluation, quantity/scale determination,
and site selection, which were considered frequently. It should be noted that a list of
the 67 consulted articles is provided in the Supplementary Materials. Furthermore, we
calculated statistics for the planning steps considered in these planning articles to illustrate
the current situation of GSI planning, which are discussed in Sections 3 and 4. The other
91 papers were consulted to illustrate the effect of ecosystem resilience promotion on
GSI planning, and we discussed the approaches to promoting ecosystem resilience; some
experiment or review papers were also taken into consideration, such as the evaluation of
GSI performance to indicate the ES that it may provide, which helped us to understand the
topic more comprehensively.

In fact, the review of this literature was only a starting point, through which we
proposed an integrated framework (Figure 1) for GSI planning to discuss possible research
directions for future GSI planning in terms of both facility and ecosystem to improve sus-
tainability. Regarding the facility aspect, four key steps of GSI planning were summarized
based on the published literature, and the possible directions for future research were
discussed based on the analysis of the current research status of each step. In order to
obtain the stormwater management ES from the GSI facilities directly and efficiently, we
discussed how to formulate the objectives, how to evaluate the GSI types/scenarios, how
to determine the quantity/scale, and how to select the sites. Regarding the ecosystem
aspect, we analyzed the benefits of ecosystem resilience promotion to the ES based on
the literature and put forward the research directions of future GSI planning in terms of
promoting ecosystem resilience, which contributes to strengthening the stable interaction
between ecological and hydrological processes, and ensures that the GSI system can still
operate in response to disturbances with the sustainable supply of ES. This integrated
framework can provide a reference for GSI planners and stakeholders.
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Figure 1. The GSI planning framework.

3. Results
3.1. Overview of the Planning Articles Reviewed

Among the 67 planning articles reviewed, the number of articles that contained
objective formulation, type/scenario evaluation, quantity /scale determination, and site
selection is 60, 58, 14, and 20. It is known that objective formulation and type/scenario
evaluation are the hotspots of GSI planning at present, while the planning approaches that
considered quantity/scale determination or site selection are less than one-third of the
articles. In addition, there were only 3 articles that contain all planning steps, and 16 articles
with consideration of 3 steps, while most (43) articles included 2 steps, 33 of which dealt
with the objective formulation and the type/scenario evaluation. The remaining five
articles only carried out a single step. Therefore, the current GSI planning is fragmented
and the planning steps considered are not consistent and comprehensive in articles, which
may limit the development of GSI planning and construction. It is therefore insightful to
identify the research gaps of the planning steps from the facility perspective. A detailed
description of the distribution of planning steps considered in these articles, and a detailed
discussion of each planning step, are carried out in Sections 3.2-3.5.

3.2. Objective Formulation

Among the selected 67 planning-related articles, there were 60 studies that con-
tained objective formulations, which mainly addressed water quantity regulation services
(e.g., runoff volume reduction, peak flow reduction, and combined sewer overflow) and
water quality regulation services (i.e., the removal of runoff pollutant), as well as referring
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to greenhouse gas emissions (1), temperature regulation (3), biodiversity enhancement (5),
cultural services (2), and social and economic benefits (5). The planning objectives were
formulated as one or more of the abovementioned ES, and 56 articles (93%) formulated their
objectives as the water quantity regulation or water quality regulation services; these two
types of ES are still the dominant objectives of GSI planning. Only 3 articles put forward
clear quantitative objectives, and the other 57 articles briefly summarized the planning
goals in a qualitative way based on the functions confirmed by the relevant research of
GSI. Another 7 studies did not mention the concept of planning objectives and directly
proceeded to other steps in planning. This may be attributed to the fact that the authors
utilized the relevant functions of GSI that were widely confirmed, and therefore, there was
no need to specifically propose the objective. Current planning objectives lack quantitative
and precise considerations, which may be caused by two reasons: Firstly, researchers are
accustomed to directly providing qualitative planning objectives that may be feasible in
explaining the functions of GSI. However, the ambiguous expression of such objectives
may induce a decrease in the interest of investors and stakeholders, thus hindering the
development of GSI. Secondly, the quantitative research on the function of GSI is still im-
mature. For example, in the literature review, as regards the runoff volume reduction using
strategies such as bioretention (BR), green roof (GR), infiltration trench (IT), permeable
pavement (PP), rain barrel (RB), and vegetative swales (VS), the research results show high
spatial heterogeneity, as shown in Table 1.

Table 1. Runoff volume reduction, implementation cost, and annual maintenance costs of six types of GSI.

Main Function Runoff Reduction Implementation Cost Annual Maintenance
Rate (%) (USD/m?) [40] Cost (USD/m?) [40]
‘ . Inflltra’Flon 50 [41]
Bioretention (BR) Retention 109-227 6
o >60 [42]
Purification
772 [43] Extensive: 112; Extensive: 4.84;
Green roof (GR) Retention 62.2 [44] Semi-intensive: 147; Semi-intensive: 8.78;
’ Intensive: 409 Intensive: 6.37
. . . . 33-61 [45]
Infiltration trench (IT) Infiltration 16-70 [46] 97-149 4.54
43 [47]
Permeable pavement (PP) Infiltration 4.2-10.5 [48] 53-81 0.91
80 [49]
7.4 [50]
Rain barrel (RB) Retention 18-40 [51] 191 0.02
2-12 [52]
Transportation 17153]
Vegetative swale (VS) Inﬁﬁra . 5.11-13.46 [54] 0.20 0.01
40-75 [55]

Since a quantitative relationship between GSI and ES cannot be clearly known, it
is formidable to determine an appropriate clear objective based on existing studies or
to determine whether the GSI planning objective can be achieved after it is formulated
quantitatively. Moreover, based on the literature review regarding water quality regulation,
the initial conditions (e.g., climate, geology, and the composition and number of pollutants
in stormwater runoff) of different study areas are inconsistent, which makes even a certain
type of GSI show different water quality regulation capabilities, as shown in Table 2.
Researchers adopt a variety of facility configurations in actual operations, such as filler
and plants. Furthermore, GSI planning is increasingly inclined to address a combination of
different types of facilities, which makes objective formulation more complicated.
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Table 2. The runoff reduction and pollutant removal performances of bioretention.
Function Performance (%) Reference Location
Runoff reduction 50 [41] Cincinnati, USA
>60 [42] Kyoto, Japan
16.1-99.8 [56] Nanning, China
75 [57] Guangzhou, China
COD: 94.6; . .
Pollutant removal TP- 93.7 [58] Xian, China
NO™3-N: 73.8-100; .
Ammonium: 80.5-97.4 [591 Beijing, China
Nitrate nitrogen: 70-90;
TN: 75-90;
TN: 90; [60] Xian, China
ammonia nitrogen: 80;
COD: 25-50
TSS: 94,
Ammonia: 85; [61] Potland, USA

total copper: 59;
total zinc: 80

3.3. Type/Scenario Evaluation

Among the reviewed articles, there were 58 articles that addressed GSI type or sce-
nario, 23 studies of which are directly based on local conditions and existing research results
of GSI facility types for selecting one or more type(s) of GSI, while the other 35 articles are
based on a number of preliminary alternatives from which the best solution is selected
by evaluating multiple criteria. We do not deny the efforts of the former in terms of re-
search caliber but endorse the reliability of the latter for reducing the weight of subjective
judgments in decision making. When considering the infiltration function, for example,
BR, IT, and PP may all be appropriate choices, if a solution is directly determined by a
planner or institution; thus, strong subjective factors may be inevitable. The type/scenario
evaluation process incorporates criteria from multiple dimensions of society, economy, and
environment comprehensively, which makes the corresponding GSI planning more likely
to be adopted and implemented. In addition, the evaluation of multiple alternatives is
also in line with the trend in GSI planning of choosing combined facilities, as it can help
to distinguish the functional differences between diverse facility types themselves and
their combinations, and to broaden the research field of GSI. Hua et al. [62] simulated the
two-dimensional runoff routing processes under different GSI scenarios and storm patterns
via a hydrological model; they used an evaluation system consisting of life cycle cost anal-
ysis, analytic hierarchy process, and regret decision theory, the criteria of which covered
technology, economy, environment, and operational aspects; lastly, the best strategy was
determined as the combined use of bioretention, infiltration trenches, and rain barrels.
Similarly, Kourtis et al. [63] proposed a framework for evaluating stormwater management
measures in urban basins; they included hydrological, hydraulic, and economic criteria,
aiming to quantify the impact of alternatives on mitigating urban flood, and evaluated the
construction, operation, and maintenance costs of all scenarios based on a typical life cycle
(30 years). Comparing the conventional scheme (offline detention tanks, sewer enlarge-
ment) and GSI (GR, PP) with no stormwater management measures, the results showed
that the GSI solution performed more effectively when traffic congestion, noise, construc-
tion difficulty, and the impacts of coordination downstream are taken into comprehensive
consideration. Accurate quantities of ES provided by GSI cannot be obtained currently;
therefore, the values of evaluation criteria of water quality and quantity regulation services
are not accurate enough. Consequently, the credibility of the best type/scenario through
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this evaluation is still low, and therefore, it is urgent to quantitatively identify the values of
ES provided by GSI.

3.4. Quantity/Scale Determination

Among the 67 planning studies reviewed, only 14 included the step of quantity/scale
determination. However, most of these studies simply designated the areas where GSI,
entirely or in part, can be built as planned areas; thus, the selected quantity or scale was not
calculated and evaluated in detail, which means large randomness and subjectivity. In these
articles, providing enough expected ES cannot be guaranteed, and the interest of stakehold-
ers cannot be enhanced by minimizing GSI investment either. There are also studies that
made efforts to attain the quantity or scale via calculation or evaluation. Men et al. [64] com-
bined and optimized the SWMM model by using the preference-inspired co-evolutionary
algorithm using goal vectors (PICEA g) in accordance with the maximum buildable area of
PP, and GR, compared with the study area, and calculated the optimal construction areas of
GSI regarding four objectives, i.e., total runoff reduction, peak flow reduction, the removal
of suspended solids (SS), and total cost. Guerrero et al. [21] constructed a decision-support
system to simulate the runoff volume reduction performance of different construction
areas with porous concrete pavement, bioretention, and bioswales, which can be used
to determine the construction areas of GSI according to the objective of runoff volume
control. It is worth noting that most of these quantitative studies refer to the relevant GSI
water quality and quantity regulation capabilities given by existing studies, such as the
runoff coefficient of various types of facilities [34], or the default GSI performance that is
calculated by parameter settings with large uncertainties in the hydrological model [64,65].
A method supporting the idea that GSI can provide the same amount of ES in different
planning scenarios is bound to be flawed, as the discussion regarding performance dis-
crepancy in different studies in Sections 3.2 and 3.3 revealed. Fundamentally speaking,
a considerable amount of uncertainty between GSI and ES results in these shortcomings.
On the one hand, the ambiguity of the number of ES that GSI can provide leads to the
ambiguity of objective formulation, which makes the quantity/scale determination lack
accurate objective constraints. On the other hand, even if a certain quantitative objective
is given, the planning is still subject to uncertainty and unable to determine the precise
quantity or scale. An increasing number of studies [20,66] point to a consensus that the
function of GSI is ES production, and they agree that it is necessary to quantify the rela-
tionship between the two, as they believe quantification will help incorporate GSI into
relevant environmental policies more widely and enhance the interest of stakeholders, so
as to understand and implement effective GSI practices; however, they have not achieved
breakthrough results yet.

3.5. Site Selection

Among the 67 reviewed articles, 20 articles included the criterion of site selection.
The location of GSI is often regarded as a significant factor affecting the effectiveness
of planning [67]. Therefore, identifying high-priority construction areas for various GSI
types is always a research hotspot. The appropriate sites contribute to the reduction in
the vulnerability of the study area (e.g., floods, climate change), and the acceleration of
the production of a wider range of ES [68]. Taylor et al. [69] integrated GIS with e-tools,
and identified the potential GSI areas based on the determination of the existing GSI, and
the principles of its site selection were as follows: vegetation height < 1.5 m; 10 m buffer
zone for cemeteries, playgrounds, and railways; exclusion of impervious surface areas,
golf courses, historical sites, water bodies, and wetlands; polygons > 9.29 m?. Martin-
Mikle et al. [70] identified hydrologically sensitive areas by extracting land-use types to
calculate the topographic index and selected 140 priority GSI sites after the identification
of land use, spatial scale, and the applicability of constructing GSI in impervious areas.
Li et al. [71] evaluated priority sites for GSI to mitigate floods in Ghent, Belgium, through
runoff coefficient, socially sensitive groups, road sensitivity, building sensitivity, and
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environmental justice. Langemeyer et al. [72] discussed six types of ESs, i.e., heat regulation,
runoff control, habitat, food production, entertainment and leisure, and social cohesion
through multi-criteria decision analysis (MCDA) to select priority areas for green roofs
in Barcelona, while Song et al. [73] selected eight criteria in three dimensions—social,
hydrologic, and physical-geometric—to construct the MCDA framework to evaluate the
performance of infiltration trench and permeable pavement in eight sub-catchments in
Seoul, South Korea, then ascertained the best location.

4. Discussion
4.1. Facility Aspect
4.1.1. Objective Formulation

We affirm the significance of objective formulation, as it affects all subsequent plan-
ning steps. If the objective is always described qualitatively, not only will the interest of
stakeholders and investors become lower and lower, it will also lead to loopholes in all
subsequent planning steps (i.e., type/scenario evaluation, quantity /scale determination,
and site selection) and considerable hidden dangers. A feasible solution is according to
the ES (i.e., water quantity regulation and water quality regulation services in this review)
that GSI can provide, and building an integrated framework of GSI and ES to fully identify
the functions of GSI, so as to accomplish the multifunctionality of GSI to obtain maximum
benefits. However, the ES concept is rarely used explicitly in planning objectives, which
may be caused by the fact that it is not clear how ES provides guidance for decision-making
information and whether ES concepts should be introduced in the objective formulation
step [74,75], while others argue that the ES concept is not clear enough among planning
practitioners and has not reached a broad understanding [76,77]. In fact, urban stormwater
management planning is one of the areas that strongly facilitates the integration of ES
knowledge [66], and GSI planning affects ES in multiple ways at different decision-making
levels [78]. Future GSI planning needs to reduce the complexity of the evaluation process
to attract more stakeholders’ attention to understand the ES concept. ES assessment has
been increasingly conducted as an imperative source of knowledge to support decision
making [79]. Meanwhile, incorporating ES assessment results into decision-making pro-
cesses usually means a significant increase in the amount of information that needs to be
considered [80]. In complex decision-making problems, proper knowledge synthesis is a
basic step to reduce the burden of information and support evidence-based decision mak-
ing. Therefore, how to effectively integrate multiple ES assessments is a problem that needs
to be solved in the objective formulation step in future GSI planning [66], which means
the trade-off among ES should be taken into account, e.g., increase in aquifer storage and
groundwater pollution, water purification, and water flow temperature management [20].

In addition, similar or different GSI facility types in different studies perform different
functions, which impedes a quantitative objective formulation, as shown in Tables 1 and 2.
A viable method is that the authorities summarize various water quantity and water qual-
ity regulation capacities of different GSI facility types based on as many existing studies
as possible, taking the spatial heterogeneity into account, and then formulate reference
values, with reasonable ranges that are based on social, economic, and environmental
conditions of specific study areas, which may be more suitable than fixed values, as the
latter may affect the rationality of planning objectives. Xu et al. [81] set the water quan-
tity regulation objective according to the Urban Flood Control Engineering Disciplines,
China (GB/T50805-2012), while the water quality regulation objective was set based on the
water quality volume criterion of BMPs developed by the US Environmental Protection
Agency (USEPA); nevertheless, the planning area was Shanghai, China. This method
of randomly setting objectives with reference to different standards is obviously flawed.
Reference standards should consider regional differences, and provide the best reference
range for water quantity and quality regulation objectives such as pollutant reduction rate
and total runoff control rate; for example, Zheng et al. [44] integrated 75 GR studies and
quantified the average runoff retention rate that reached 62.2%. There are already authori-
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tative references—the USEPA has set an objective for retaining the 95th percentile rainfall
event [82]; China’s Technical Guide for Sponge City Construction (Trial) [83] proposed
70-90% annual runoff control rate targets for different regions, which sets different runoff
control objectives for different subareas and is in line with real-world scenarios to guide
the objective formulation in planning areas with different conditions. In line with Rog-
gero [84], highlighting the benefits of policy instruments for GSI planning, these policies
have leading roles in planning. However, as shown in the literature we reviewed, there is
no clear quantitative objective reference for water quality control or other aspects of water
quantity control, and studies only qualitatively proposed factors such as pollutant removal,
runoff peak reduction, and time-to-peak delay, without accurate values. Moreover, as
relevant studies are increasingly inclined to investigate comprehensive GSI scenarios with
multiple facility type combinations, the synergy of facilities in the future should also be
taken into consideration.

4.1.2. Type/Scenario Evaluation

The type/scenario evaluation should set up preliminary, optional GSI scenarios based
on the actual situation of planning areas after determining the ES requirements during
the objective formulation step. These options may involve a combination of various types
of GSI, where the opinions of experts who are familiar with related fields and planning
areas are instrumental. The key to this planning step lies in the selection of evaluation
criteria and their weight determination. The evaluation involves multiple dimensions,
so the adopted and feasible approach is to build frameworks of MCDA [32,62,85] to
integrate the selected criteria and their weights for evaluating the performance of the
GSI types or scenarios and determining the best one. As an alternative to conventional
methods, GSI makes up for their low level of sustainability [10], and the entire life cycle
of GSI, i.e., planning, implementation, operation, and maintenance, is related to multiple
dimensions of society, economy, and environment; thus, we recommend that the criteria
system of evaluation frameworks should cover the three dimensions of social sustainability,
economic sustainability, and environmental sustainability, so that the most favorable
option for the comprehensive sustainability encompassing the above three dimensions
can be identified, which is feasible and advantageous. Based on the reviewed articles,
we enumerate reference evaluation criteria (Table 3) for social sustainability, economic
sustainability, and environmental sustainability, which can provide guidance for related
planning. Actual planning may assign the criteria subjectively and objectively; for example,
the environmental and operational criteria in the planning of Hua et al. [62] are assigned by
subjective judgments of the authors, while other indicators are assigned through simulation
or calculation, which does not mean that these values are accurate enough. When assigning
ES criteria in the evaluation system, the inability to accurately quantify the relationship
between GSI and ES reduces its accuracy, which is similar to the defects pointed out in
the step of objectives formulation and also emphasizes the urgency of quantifying the
relationship between GSI and ES.

Table 3. Example criteria to evaluate the social, economic, and environmental sustainability of the alternative scenarios.

Social Economic Environmental
Aesthetic Initial investment cost Runoff volume reduction
Community resistance Operational cost Peak runoff reduction
Employment probability Operational feasibility Time-to-peak delay
Social acceptability Implementation cost Removal of TSS, COD, TN, TP, etc.
Maintenance cost Annual runoff volume control

Runoff duration time
Impact on flora and fauna
Greenhouse gas emission

Groundwater recharge
Rainwater usage
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As regards the determination of criteria weights, analytical hierarchy process (AHP) or
AHP-based integrated methods are often used [32,62,85], which have been widely utilized
to evaluate decision criteria for various topics [86]. AHP is a simple tool for MCDA but
with a certain degree of subjectivity. Conventional AHP cannot provide decision making
for uncertain issues based on subjective judgment; therefore, scholars have made some
efforts to remedy this, such as using improved AHP to cope with the subjectivity inherent
in human judgment [32,85]. In addition, the decision of the type/scenario evaluation
still needs to be verified to ensure that it can be conducted in practice, which means the
options should be verified through case studies and communication with decision makers
in the future.

4.1.3. Quantity/Scale Determination

In order to make up for the existing shortcomings, it is essential to analyze the
mechanism of how GSI provides ES. The dominant features covered in this review are
water quantity regulation and water quality regulation ESs that GSI provides by making
full use of natural elements, especially vegetation (e.g., BR, GR, VS), to carry out stormwater
infiltration, retention, transmission, evapotranspiration, and purification processes; this is
exactly the essential difference between GSI and conventional methods; in other words,
GSI planning can introduce ecological processes (mainly related to vegetation), and as
there are complex interactions between ecological and hydrological processes, changes
in hydrological processes will occur, thus the production of various ESs such as water
quantity and quality regulation. There are mutual influences (Figure 2) between ecological
and hydrological processes. On the one hand, the evapotranspiration process of vegetation
transports water to the atmosphere; the growth of vegetation roots affects the structure
of soil porosity, thereby changing the distribution of surface and deep soil moisture [87];
the existence of rhizosphere microorganisms and vegetation absorption facilitates the
removal of heavy metals, nitrogen, phosphorus, bacteria and other pollutants in the water
body; the increase in vegetation cover with the canopy interception contributes to the
redistribution of precipitation; compared with other land cover types, vegetation cover
generally has a lower runoff coefficient, which helps reduce the peak runoff and delay
the peak time [88]. Conversely, hydrological elements, such as flow volume, flow velocity,
water quality, and water level, affect the structure, dynamics, distribution, and succession
of vegetation communities; hydrological processes such as infiltration, abortion, and
confluence affect the flow of nutrients, pollutants, minerals, and organic matter in the
ecosystem and its distribution in soil and water bodies; moreover, hydrological processes
contribute to improving hydrological connectivity, recharging watershed water volume,
making hydrological gradients smoother at the large scale (e.g., watershed and country),
and the integrity of ecosystems [89]. The water cycle takes the atmosphere, vegetation, and
soil as basic media for the migration and conversion of water, while the material circulation
and energy flow of the ecosystem driven by the water cycle maintain its critical structure
and function.

There are many differences in hydrological, ecological, and other features of society,
economy, and environment among the study areas, so different responses between hy-
drological and ecological processes are bound to be involved, which leads to different
performances of GSI. The above-mentioned idea of referring to the default values given
by existing research or hydrological models [70,90,91] is still dedicated to obtaining the
direct quantitative relationship between GSI and ES, which ignores the discrepancy of
the hydrological and ecological process responses in different planning scenarios, and it
should be amended. We suggest an indirect method to determine the quantity or scale, i.e.,
exploring the interaction mechanism between local hydrological and ecological processes
in each planning area, then identifying the response and variation of hydrological processes
driven by the ecological processes that are introduced by GSI, so as to determine the extent
of ESs that these responses and variations can produce, as shown in Figure 3. We are not
committed to obtaining a simple quantitative relationship between GSI and ES once and
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for all, proven to be unattainable, but to provide an indirect quantitative approach that
can be used for the future GSI planning step of quantity/scale determination, where the
identification of the interaction mechanisms between local hydrological and ecological
processes in each planning is encouraged.
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Figure 2. The interaction between hydrological processes and ecological processes [80-82].
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Figure 3. The method of quantifying the relationship between GSI and ES by eco-hydrological
coupling model.

The eco-hydrology proposed by the United Nations Conference on Water and En-
vironment [92] in 1992 provides an understanding of the complex interaction between
hydrology and ecological processes quantitatively. The method that has been adopted is
to construct a coupling model of hydrology and ecology, where the two-way feedback
of hydrological and ecological processes can proceed. Specifically, numerous variables
and parameters in hydrological and ecological models are used to simulate the hydro-
logical and ecological processes, and the variables and parameters that exist in the two
types of models at the same time support the feedback. Related research on the coupling
of these two systems has been extensively carried out. Marshall et al. [93] applied the
Simultaneous Heat and Water (SHAW) model, loosely coupled with the Geophysical
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Institute Permafrost Laboratory (GIPL) model to simulate the soil moisture dynamics.
Cristiano et al. [94] used an eco-hydrological streamflow model for urban areas (EHSMu),
taking into consideration water and soil dynamics, vegetation types, evapotranspiration
fluxes, and aquifer recharge, and simulated the runoff formation, evapotranspiration, and
aquifer recharge on an hourly scale. These studies are helpful to analyze the migration of
water in the soil-plant-atmosphere continuum (SPAC) [95]. Under the drastic process of
climate change and urbanization, it is inevitable to consider climatic and social disturbance
factors. Yu et al. [96] coupled the vegetation interface processes (VIP) model with the China
AgroSys model to simulate eco-hydrological processes, such as crop yield, evapotranspira-
tion, and runoff yield, and discussed the human impact on hydrology and ecology within
the basin and region. Li et al. [97] coupled an eco-hydrological model (GBEHM-HEIFLOW)
with a socio-economic model (WEM-HRB), taking into account the impact of the socio-
economic system, and developed a watershed system to simulate the coevolution of natural
and social systems with water-land-air-plant-human nexus. Among the coupling models,
there are differences in the degree of simplification of eco-hydrological processes, the use
of empirical equations, and the choice of parameterization schemes. However, it is still
possible to use the same equation formula, such as the soil temperature diffusion equation
for calculating soil temperature [98], the Richard equation for calculating water movement
of unsaturated soil [99], and the Farquhar and Collatz photosynthesis models for simu-
lating vegetation photosynthesis [100,101]. Eco-hydrological models may involve many
variables [102], e.g., meteorological variables (rainfall, radiation, and evaporation, etc.),
hydrological variables (water level, water discharge, and flow velocity, etc.), and ecolog-
ical variables (vegetation and its net primary productivity, plankton, and benthos, etc.).
Existing studies mainly focus on experimental observation, mechanism exploration, and
numerical simulation toward ecosystems to discuss carbon flux, soil water transfer, evapo-
ration, and soil water-related parameter observation at a point or field scale [102], but the
interaction mechanism of eco-hydrological processes at the watershed and even the global
scale is worthy of more exploration. For future research on coupling models, we suggest
the following:

1. Models should contain sufficient ecological and hydrological processes and their in-
teractions. The continuity and heterogeneity of ecological and hydrological processes
should be comprehensively revealed through site monitoring, laboratory experiments,
or numerical simulation methods [102], as well as the multi-scale and multi-variable
simulations, to comprehensively identify eco-hydrological processes in a changing
environment. To clarify the migration and transformation of rules and the evolution
characteristics of variables in the SPAC interface, and to explore the spatiotemporal
distribution of key eco-hydrological variables, it is helpful to comprehensively ana-
lyze eco-hydrological evolution characteristics and driving mechanisms. However,
this means more parameters and variations, increasing the complexity of the model,
and therefore, the trade-off should be considered.

2. The selected processes need to be simulated as accurately as possible. Appropriate
equations should be selected based on the conditions of planning areas to improve
the accuracy of the selected parameters, and the redundancy or overlap of parameters
should be observed. Models should be combined with local, social, economic, and
environmental conditions because future research on coupling models is not so much
to obtain a number of ESs, generally provided by the GSI, that can be used directly
in all planning areas, but a way to encourage planners to adjust the models and
re-simulate them to identify a balanced response between ecological and hydrological
processes for each planning. Meanwhile, improving the resolution of the model
simulation as much as possible is significant, then the number of ESs provided by GSI
can be identified locally. Furthermore, the coupling study of hydro-ecological models
is affected by inherent data uncertainty, and ignoring the uncertainty will lead to
errors in model parameters, unreliable predictions, and vicious management decision
making [103]. The sources of uncertainty can be roughly divided into uncertainties
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related to model input, model structure, parameters, and observations used for model
calibration [104]. It is estimated that the sources of uncertainty in complex models
are still in the initial stage, and more experimental research and summary can be
conducted to reduce the uncertainty.

3.  The basic framework, theoretical system, and technical methods of eco-hydrology
should be improved. The mismatch of spatial and temporal scales between eco-
hydrological processes is always a challenge for coupling research. Theoretically,
the small-scale simulation is closer to the actual situation, but the current small-
scale research conclusions are difficult to be extended to watersheds or other large-
scale systems [105]. Hydrological models usually use a daily scale, while ecological
models usually use an hourly scale, and downscaling or upscaling approaches can be
used to achieve the dynamic calculation of exchange variables and scale conversion
among modules.

4. The response of eco-hydrological mechanisms to global changes, such as climate
change and human impact, should be considered. Interfaces with socio-economic
models and climate change models should be constructed in eco-hydrological cou-
pling models, so as to identify the necessary response mechanisms of eco-hydrological
processes under the common influence of climate change and urbanization.

4.1.4. Site Selection

Site selection by means of remote sensing is a widely used method; the most common
approach is to generalize the planning area via the Geographic Information System (GIS)
and to construct a GSI evaluation system suitable for construction with the MCDA frame-
work to obtain the evaluation results, then to select the sites based on economic, social, and
ecological conditions in areas with higher suitability. Similar to the studies in type/scenario
evaluation, site selection also involves multi-standard evaluation. MCDA can logically
structure complex issues and specify various uncertainties; therefore, all specifications
for the site selection of GSI involve MCDA [73]. AHP is also widely used in the index
weight determination process [33,106]. The layer-cake theory proposed by McHarg [107]
guides the site selection plan. Although planners select different numbers and types
of social, economic, and environmental indicators, the overlay analysis of construction
suitability indicators is evaluated on land grids of different resolutions essentially. It is
worth mentioning that related studies use different terms, such as suitability, sensitivity,
or vulnerability. We do not make a distinction because these terms are similar; planners
are all committed to choosing the most vulnerable areas with the highest demand for GSI
construction. GIS provides convenience to visualize the evaluation results of the suitability
of GSI construction. It is worth noting that most of the existing suitability studies still focus
on the environment dimension, and therefore, the evaluation framework for suitability may
only deal with environmental indicators (e.g., slope, elevation, water body, and ecological
land). However, GSI should never be separated from human society with the exclusive
consideration of the environment. Although the objective of GSI planning is water quantity
and water quality regulation services, the complex interaction of hydrological and ecolog-
ical processes existing in GSI in the social-ecological system makes the comprehensive
consideration of hydrological, ecological, and social benefits indispensable. The key to site
selection is to harvest more potential benefits on the basis of achieving planning objectives.
Researchers have begun to incorporate GSI into the social-ecological system, considering
the interaction of multiple processes of ecology, hydrology, and social economy involved
in GSI, with more attention paid to public participation. Therefore, both the construction
suitability indicators (slope, elevation, land use type, etc.) and the requirement indicators
of hydrological, ecological, and social benefits (runoff coefficient, ecological sensitivity,
social sensitivity, etc.) all need to be considered in the evaluation framework. In addition,
for the site selection of different types and scales of GSI, the evaluation should be further
adjusted in each planning to ensure that the sites of GSI are located in the most suitable
and most needed areas.
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4.2. The Ecosystem Aspect
4.2.1. Ecosystem Resilience

Disturbances such as urbanization and climate change affect the GSI facility as well
as the entire ecosystem where GSI operates. As previously discussed, GSI is influenced
by the interaction of ecological and hydrological processes in the ecosystem of the GSI
planning framework; therefore, it is necessary to consider the ecosystem aspect, to which
the concept of ecosystem resilience greatly contributes. The concept of resilience was
introduced into the field of ecology in 1973 by Holling [108], who defined it as “a measure
of the persistence of systems and of their ability to absorb change and disturbance and
still maintain the same relationships between populations or state variables”. Since then,
many scholars have been devoted to clarifying the definition of resilience [109-111]. A clear
formulation and application of ecological resilience can provide a basis for improving the
ability of an ecosystem to cope with stressors and disturbances and help them tide over the
reorganization period [37]. Systems with high resilience can absorb changes and maintain
the same state in a series of disturbances and management actions [112]; these systems
may possess favorable environmental conditions, strong multi-scale feedback, and a high
level of diversity and redundancy [37]. As a comparison, systems with low resilience may
react strongly to disturbances and move to another state [112], and these systems may
contain poor environmental conditions, insufficiency of species or functional groups, and
disturbances exceeding the range of historical changes [37]. Managers coping with the
latter type of systems face the greatest challenge because they usually need to manage
the systems actively. After management behavior improves the conditions, systems with
high adaptability may be reorganized and restored to their original state [37]. Therefore,
regarding the ecosystem aspect, if resilience is high enough, the ecosystem can absorb
disturbances and return to the state before the disturbances, and the processes in the
system can still operate normally; that is, ecological and hydrological processes can interact
continuously and steadily. As a result, the management and promotion of ecosystem
resilience is the guarantee for the stable operation of GSI. Therefore, the different purposes
of facility and ecosystem aspects are obvious—the former is to harvest various ES from
facilities directly, while the latter is to ensure that hydrological and ecological processes can
maintain stable interaction in response to disturbances to indirectly support the continuous
provision of ES.

Thus far, most studies have focused on theories, definitions, and conceptualizations
to understand ecological resilience, focusing on the response of species diversity and
functions to stress and disturbance on a small (i.e., local) scale [37]. In fact, integrating
the concept of ecosystem resilience with landscape patterns provides an approach to un-
derstanding how ecosystem attributes and processes interact with landscape structure to
affect ecosystem responses to disturbances and how the ecosystem supports resources,
habitats, and species [37]. In the context of landscape, this integration provides a way
of understanding the aforementioned processes within the ecosystem. Resilience-based
management uses a spatially clear approach and contributes to selecting the type of man-
agement action that is most likely to succeed [37]. Ahern [113] explained the relationship
of landscape composition, structure, and dynamics with resilience, and pointed out that
a reasonable landscape pattern plays a significant role in buffering risks and helps the
system to recover from disturbances. Therefore, landscape pattern optimization based
on the interaction of spatial pattern and ecological processes can be an approach to the
management and promotion of ecosystem resilience, as it provides a “spatial language”
for concretely describing the interrelationship and the dynamics of spatiotemporal scales
between landscape structure and function. Landscape patterns can be summarized as
the shape, proportion, and spatial distribution of landscape elements. Patches, corridors,
and matrices are the basic elements of landscape patterns, which are related to ecological
processes in the landscape and affect the distribution and layout of resources and the
physical environment. Landscape pattern optimization is essential to adjust the spatial
structure of the landscape, with the goal of enhancing the integrity and connectivity of the



Sustainability 2021, 13, 13942

15 of 22

ecosystem and building a spatial pattern that maintains the regional ecological processes.
The “patches—corridor-matrix” theory in landscape ecology is often used in landscape
pattern optimization to identify and reorganize the key components of landscape patterns
(i.e., patches, corridors, nodes, and matrices), which guide the protection and restoration of
these components that are vital to the provision of expected ESs. The optimization process
helps improve the integrity, connectivity, and diversity of landscape patterns, build ecolog-
ical networks, enhance regional ecosystem resilience, protect or restore biodiversity, and
sustainably provide multiple ESs [114]. Fu et al. [114] used InVEST software to evaluate
two typical ecosystem services (water production and habitat quality) to identify ecological
sources, and selected the minimum cumulative resistance model to identify ecological
corridors; the landscape pattern was optimized by the improvement and reorganization of
ecological sources to strengthen the material and energy flow between ecological sources
and provide channels for species migration.

4.2.2. Quantitative Assessment of Ecosystem Resilience

Obviously, a quantitative assessment of resilience is a way to visually express the
results of resilience promotion management, but there is no single measurable variable
that can represent ecosystem resilience. Relevant studies mostly evaluate urban resilience
from the aspects of infrastructure, society, economy, and ecology [115]. Liu et al. [116]
built an index system including diversity, connectivity, decentralization, and ecosystem
service provision to assess the resilience of Shenyang, China, and established a link be-
tween resilience and landscape characteristics to guide the planning practice. Yi et al. [38]
divided the existing quantitative assessment studies of resilience into three categories
—forest resilience, soil microbial community resilience, and hydrological resilience; they
found that many variables (e.g., tree-ring width, NDVI, microbiome mass, and catchment
evapotranspiration index) can be used as indicators of system state variables, but it is hard
to tell which one is better, as it depends on the objective and data availability in each study.
They also pointed out that the measurement of resilience is not actually measuring itself,
but its components, such as resistance, recovery, or combinations of them, i.e., elasticity.
Dynamic system theory is a fundamental base of resilience research [38]. The uncertainty
of resilience is based on the complexity of the nonlinear system, which contains many
positive and negative feedback loops. Resistance, recovery, and resilience are the results
of competition and cooperation between these feedback loops. Therefore, policymakers
should understand the feedback structure of the nonlinear social-ecological system, and
manage the related feedback loops to reduce disturbances or accelerate recovery, or to
prevent the system from entering a new stable steady state [38]. In the future, it is necessary
to grasp how to manage the dominant feedback to avoid catastrophic disasters.

As a matter of fact, the management of ecosystem resilience can bring many benefits,
not just in terms of the ESs discussed in this review, but also the benefits of resources,
habitats, and populations, etc. [37]. We focus on the effect of resilience promotion on the in-
teraction between ecological and hydrological processes within the ecosystem. Future GSI
planning should integrate facility and ecosystem aspects to explore the specific quantitative
benefits of ecosystem resilience to the GSI system, and take more types of ESs into consider-
ation. We recommend managing ecosystem resilience to ensure the stable operation of the
GSI system through landscape pattern optimization. Exploring the interaction between the
two aspects is also a point that needs to be considered in the future, for example, whether
an ecosystem with high resilience can reduce GSI investment. We hold the assertion that
the consideration of the two aspects in the GSI planning framework is equally crucial,
and planners should strive to take into account both facility and ecosystem aspects when
developing an overall understanding of the conditions in the study areas, so as to obtain
ES in a comprehensive and sustainable manner. The quantitative assessment of ecosystem
resilience also deserves more in-depth discussions in the future. A feasible solution is to
select the indicators that can characterize the landscape pattern in view of the affirmation
of landscape pattern optimization as an approach to enhancing ecological resilience, then
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to determine the weights of selected indicators through appropriate methods, finally to
form an evaluation system following the interaction mechanism of the eco-hydrological
processes. In addition, the effective cooperation among managers, planners, scholars, and
stakeholders helps to develop resilience-based management measures to strengthen and
restore the ecosystem.

4.3. Limitations

This review included only 158 articles, although they help to identify the current
research status of GSI planning regarding both facility and ecosystem aspects, and are the
basis for us to predict future research directions, the papers that were not contained may
contradict this review, which means the scope of follow-up studies needs to be expanded.
We focused on water quality and water quantity regulation, but GSI practice has been
extended to many areas of society, economy, and ecology. Therefore, it is inevitable for
future research to explore more types of ESs in the social-ecological system, which is
attached to greater complexity. In addition, the GSI planning framework we proposed
may not be detailed enough, as some default planning steps were omitted. The objective
formulation also includes steps such as collecting information on the conditions of the
study areas; further, we did not describe the types of information required in detail, which
may need to be discussed in forthcoming research.

In addition, most of the evaluation studies analyzing the performances of GSI were
carried out in the laboratory or monitored conditions after the implementation of GSI
planning. We do not deny the contribution of these evaluation articles to GSI and even agree
with its positive effects. Although feedbacks can be given to GSI planning by evaluating
its performances, the evaluation should be accomplished by the researcher through a
long period of monitoring, and there are still many deficiencies in the pre-planning steps
(i.e., objective formulation, type/scenario evaluation, quantity/scale determination, and
site selection); therefore, the related articles regarding the performance evaluation of GSI
were not considered as a planning step of the GSI planning framework in this review. It is
worth mentioning that although we did not discuss the evaluation of GSI’s performances in
detail, we reviewed and quoted some relevant papers in the steps of objective formulation
and type/scenario evaluation to support our arguments.

5. Conclusions

We developed a GSI planning framework that integrates the aspects of facility and
ecosystems and made suggestions for future GSI planning to harvest stormwater manage-
ment ESs through reviewing and synthesizing the literature. Regarding the facility aspect,
quantitative and clear objectives are decisive for the entire GSI planning, since the social,
economic, and environmental characteristics between study areas are discrepant; therefore,
it is recommended that relevant authorities provide references to planning objectives that
can vary with regional characteristics. It is foreseeable that these references should be
scopes rather than a fixed value, thus allowing the actual planning to formulate clear
objectives based on the trade-off of multiple anticipated ESs. Integrating indicators of
multiple dimensions of social, economic, and environmental sustainability to evaluate GSI
types/scenarios via MCDA and reinforce the sustainability of the GSI planning is the future
research focus of type/scenario evaluation. Developing coupling models of hydrology and
ecology to explore the quantitative relationship between the GSI type/scenario and the
planning objective is the focus of future research; moreover, difficulty in difficulty in the
determination of quantity/scale and finding the appropriate quantity /scale will receive
much attention from stakeholders, which is helpful to the development of GSI. However,
improving the completeness and accuracy of the coupling models will definitely increase
the complexity in the meantime, and therefore, this trade-off needs to be considered in
depth. A key factor in site selection is to evaluate the construction suitability of pixels in
the study area based on the layer-cake theory, through which multiple considerations of
social, economic, and environmental criteria should be covered.
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In addition, the success of GSI planning is determined by the GSI facilities themselves
as well as, the ecosystem, which also has a critical influence. Therefore, regarding the
ecosystem aspect, in order to ensure that the ecosystem can withstand disturbances and
still maintain the stable interaction of ecological and hydrological processes, and indirectly
guarantee continuous ES production, we discussed the benefits of promoting ecosystem
resilience. We suggested adopting landscape pattern optimization as an approach to re-
silience promotion, while it is necessary to consider more comprehensive and specific ways
in the future. In addition, Future GSI planning should integrate facility and ecosystem
aspects to explore the specific quantitative benefits of ecosystem resilience to the GSI
system, and take more types of ESs into consideration. The quantitative assessment of
ecosystem resilience also deserves more in-depth discussions. A feasible solution is to
select the indicators that can characterize landscape patterns resulting from landscape
pattern optimization as an approach to enhancing ecological resilience, then to determine
the weights of selected indicators through appropriate methods, and finally, to form an
evaluation system following the interaction mechanism of eco-hydrological processes. Ex-
ploring the interaction between these two aspects is also a point that needs to be considered
in the future, for example. whether an ecosystem with high resilience can reduce GSI
investment. We hold the assertion that the consideration of the two aspects in the GSI
planning framework is equally crucial, and planners should strive to take into account both
facility and ecosystem aspects when developing an overall understanding of the conditions
in the studied areas. In addition, effective cooperation among managers, planners, scholars,
and stakeholders helps to develop resilience-based management measures to strengthen
and restore the ecosystem.

The most critical part that needs to be explored in detail urgently in this framework is
the determination of quantity /scale. To advance the research in this area, we developed
an indirect quantitative approach, where the relationship between GSI and ES is quanti-
fied precisely and operationally through a deep understanding, resulting from accurate
simulations, of the interaction mechanism of ecological and hydrological processes. We en-
courage generating hydrological and ecological coupling simulations based on local social,
economic, and environmental conditions in each planning scenario, then understanding
the interaction mechanism between hydrological and ecological processes and identifying
the interactions and changes in eco-hydrological processes caused by the ecological pro-
cesses introduced by GSI. As a result, the number of ESs can be analyzed in accordance
with these interactions and changes, as well as the quantitative relationship between GSI
and ES that will instruct other steps of GSI planning. This approach is consistent with
the spatiotemporal heterogeneity of the performance of GSI facilities. Furthermore, GSI
planning using explicit data will be advantageous for its promotion, construction, and the
reduction in the planners” and investors” concerns about selecting GSI as an alternative.
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