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Barbara Vojvodı́ková, Iva Tichá and Anna Starzewska-Sikorska

Implementing Nature-Based Solutions in Urban Spaces in the Context of the Sense of Danger
That Citizens May Feel
Reprinted from: Land 2022, 11, 1712, doi:10.3390/land11101712 . . . . . . . . . . . . . . . . . . . . 213
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Preface

‘Nature-based solutions’ (NbS) is an umbrella term for ecosystem-based approaches. It

includes several actions in harmony with natural principles to achieve development goals and

addressing challenges while benefitting human livelihoods and the environment. The NbS approach

encompasses actions that are carried out in a participatory manner, in collaboration with diverse

stakeholders, such as local communities and policy makers, focusing on key elements such

as protection, restoration or management of ecosystems and ecosystem services; sustainable

management of water systems, coastal areas, arable, grassland, and forest areas; and the creation of

green zones in and around urban and peri-urban areas. In this multidisciplinary topic, 18 review,

research and data papers have been published covering a variety of topics including, inter alia,

(a) natural and green infrastructures, (b) ecosystem-based management approaches, (c) ecosystem

and biodiversity conservation, (d) ecosystem-based adaptation and climate change adaptation,

and (e) nature-based recreational activities. As humanity faces two interdependent crises, i.e., the

climate-biodiversity nexus, nature-based solutions are seen as the way forward in transformative

change, implemented at the local, national and international level.

Panayiotis Dimitrakopoulos, Mario A. Pagnotta, Miklas Scholz, and Arshiya Noorani

Editors
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Bibliometric Analysis and Comprehensive Review of
Stormwater Treatment Wetlands: Global Research Trends and
Existing Knowledge Gaps

Nash Jett D. G. Reyes, Franz Kevin F. Geronimo, Heidi B. Guerra and Lee-Hyung Kim *

Civil and Environmental Engineering Department, Kongju National University,
Cheonan City 31080, Republic of Korea
* Correspondence: leehyung@kongju.ac.kr

Abstract: Stormwater treatment wetlands are widely recognized as efficient and cost-effective so-
lutions to growing stormwater problems. This study presented a new approach to evaluating the
current status and trends in stormwater treatment wetlands research. The annual scientific pro-
ductivity of different states was identified using a bibliometric analysis approach. The number of
publications related to stormwater treatment wetlands has exhibited an increasing trend since the
earliest record of publication. USA and China were among the states that had the most number
of stormwater treatment wetlands-related publications and international collaborations. In terms
of the population-to-publication ratio, Australia, Canada, and South Korea were found to have a
higher level of scientific productivity. Analysis of frequently used keywords and terms in scientific
publications revealed that the efficiency of stormwater treatment wetlands and the processes involved
in the removal of nutrients and trace elements were adequately investigated; however, inquiries
on the removal of organic micropollutants and emerging pollutants, such as pharmaceuticals and
personal care products, microplastics, and industrial compounds, among others, are still lacking.
Through the comprehensive review of related scientific works, the design, components, and primary
factors affecting the performance of stormwater treatment wetlands were also identified. Future
works that address the aforementioned knowledge gaps are recommended to optimize the benefits of
stormwater treatment wetlands.

Keywords: bibliometrics; constructed wetland; nature-based solution; stormwater management

1. Introduction

Stormwater management is an essential component of land-use planning and develop-
ment. Over the past decades, stormwater-related disasters have continued to aggravate due
to the conversion of natural land cover into impermeable areas and other forms of land-use
changes [1]. Flooding is a natural disaster that affects the largest number of people. In the
year 2014, it was estimated that approximately 16 billion USD and 1500 casualties were
recorded due to flooding incidents [2]. Despite being a natural phenomenon, flood risks
may also be influenced by land use and land-use changes. Urban areas experience higher
flood risks since urban areas are characterized by a high percentage of impervious land
cover or built-up zones that facilitate increased rainfall-to-runoff conversion and greater
overland flow. Moreover, deforestation and the loss of vegetative cover stimulate runoff
formation in headwater locations [3].

Stormwater is also an imminent threat to the environment and human health. Stormwa-
ter runoff contains a complex mixture of pollutants from natural and anthropogenic sources.
A number of studies have indicated that stormwater runoff serves as a major source of
water pollution and toxicity. Heavy metals are among the most toxic compounds that can
be found in stormwater. Ma et al. (2016) developed a hazard index to identify the heavy
metal species present in stormwater that can pose the highest risk to human health. The

Sustainability 2023, 15, 2332. https://doi.org/10.3390/su15032332 https://www.mdpi.com/journal/sustainability
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results indicated that chromium (Cr), manganese (Mn), and lead (Pb) were among the most
toxic heavy metals that pose adverse effects to human health despite their relatively low
concentrations in stormwater [4]. Apart from heavy metals, xenobiotic organic carbons,
including pesticides and polycyclic aromatic hydrocarbons (PAHs), may also have detri-
mental effects on the environment [5]. Pesticides are associated with aquatic toxicity and
biodiversity loss, whereas PAHs are known to possess human health and environmental
toxicity [6,7].

The characteristics and amounts of pollutants in stormwater greatly depend on the
land use and potential sources of pollution within the catchment. In the study conducted
by Yang and Toor (2018), non-point phosphorus pollution in urban catchments originated
from stormwater runoff [8]. Lee et al. (2020) reported the presence of pathogenic bacteria,
protists, and fungi in stormwater that can potentially trigger an increase in water-borne
disease outbreaks [9]. In urban areas, high vehicular traffic and anthropogenic activities
may increase the pollutant concentrations in stormwater. Variable concentrations of toxic
compounds (i.e., heavy metals, PAHs, pesticides, etc.) were observed by Zgheib et al. (2012)
in the stormwater samples collected from densely populated urban areas [10]. In a more
recent study, Pramanik et al. (2020) identified different emerging pollutants, such as per-
and polyfluorinated substances and microplastics, in urban runoff [11]. The stormwater
from agricultural areas also contains a considerable amount of pollutants that can poten-
tially degrade the quality of receiving water bodies. Specifically, agrichemicals and organic
materials that are incorporated in stormwater can be the primary drivers of water quality
degradation. Generally, insufficient or inappropriate stormwater management schemes
can lead to severe economic, environmental, and human health consequences.

Constructed wetlands (CWs) are increasingly utilized as efficient and effective stormwa-
ter treatment technologies. These engineered systems were designed as nature-based fa-
cilities that utilize biological and physico-chemical mechanisms to improve water quality.
Additionally, CWs also provide provisioning, cultural, supporting, and other ecosystem
services that benefit humans and the environment [12]. The effectiveness of CWs in treating
stormwater runoff was widely reported in different scientific publications. Stefanakis (2019)
highlighted the importance of CWs in urban stormwater and wastewater management [13].
The performance of CWs as stormwater runoff intervention facilities in the upstream re-
gions of a watershed was investigated by Kabenge et al. (2018). It was found that vegetated
microcosm wetlands effectively reduced pollutant concentrations in the stormwater by
up to 76% [14]. Alihan et al. (2017) recommended the use of CWs for treating urban
stormwater runoff. The CWs, which treat runoff from impervious roads and parking lots,
effectively reduced the total runoff volume and pollutant concentrations by up to 37% and
81%, respectively [15]. Studies regarding the applicability of CWs in agricultural runoff
treatment were also conducted by several authors. The horizontal subsurface flow CW
evaluated by Grinberga and Lagzdins (2017) exhibited a considerably reduced concen-
tration of nutrients in the stormwater runoff from an agricultural farmyard [16]. Apart
from nutrients, McMaine et al. (2019) reported that constructed wetlands were capable of
reducing the concentration of pesticides in plant nursery runoff by more than 79% [17]. The
valuable contribution of constructed wetlands as sediment traps was highlighted in the
study conducted by Ockenden et al. (2014). It was estimated that small CWs can intercept
up to 70 tons of sediment from agricultural runoff over the period of three years, thus
significantly reducing the sediment loads to waterways [18].

Review papers also provided considerable information regarding treatment efficiency,
design, and other factors that affect the performance of constructed wetlands in manag-
ing stormwater. The removal pathways of heavy metals in constructed wetlands were
reviewed by Headley and Tanner (2006), whereas Sharma et al. (2021) summarized the
constructed wetland mechanisms involved in the effective removal of heavy metals and
nutrients in stormwater [19,20]. Ingrao et al. (2020) compiled different studies related to
the environmental and operational issues of constructed wetlands [21]. In the synthesis
conducted by Li et al. (2018), several scientific publications regarding the performance of

2
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constructed wetlands in treating non-point source (NPS) pollution were highlighted [22].
Despite a large number of studies and review papers, there are currently no bibliometric
analyses conducted to determine the current status of publication about the application of
constructed wetlands in stormwater management. Therefore, this study was conducted
to establish the trends of scientific publications focused on constructed wetlands used for
stormwater management through a bibliometric analysis approach. The data from the
extensive collection of published research works were used to determine the scientific
productivity of various authors, institutions, and states in terms of the number of publi-
cations and citations. A comprehensive review was also conducted to create a detailed
summary of the facility and catchment area characteristics, pollutant concentrations, the
effectiveness of stormwater treatment wetlands in improving water quality, and other
pertinent information contained in relevant scientific publications. Ultimately, the major
research hotspots, knowledge gaps, and future research directions were also identified in
this review.

2. Materials and Methods

2.1. Data Collection and Bibliometric Analysis

The Web of Science (WoS) platform is one of the most reliable and comprehensive
scientific databases that is commonly used for bibliometric analysis [23]. A standard doc-
ument search was conducted in the Science Citation Index Expanded (SCI-Expanded)
and Emerging Sources Citation Index (ESCI) collections of the WoS platform. The terms
(“constructed wetland*” OR “treatment wetland*” OR “engineered wetland*” OR “artificial
wetland*”) AND (“stormwater*” or “storm water*”) were used to retrieve all documents
related to the search term. In the analysis field, all documents containing the search
terms in the title, abstract, keywords, keywords plus, and publications from the earliest
records available in WoS (1 January 1990) up to 31 December 2021 were considered. The
bibliographic information exported from the database includes authors, titles, sources,
abstracts, author keywords, affiliations, and cited references. Initial query results re-
turned a total of 452 documents. Among the list, 414 documents were classified as articles,
34 were review papers, seven were proceedings papers, and seven documents were classi-
fied as editorial materials, corrections, and news items. The list was further downsized to
articles written in English, thus resulting in a total of 413 documents used in the analysis.
The detailed process of data collection and the processes associated with the bibliometric
analysis were illustrated in Figure 1.

Figure 1. Data collection and analysis flowchart.
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2.2. Data Visualization and Science Mapping

Aside from determining the trends and status of research, the bibliometric analysis
approach also provides an overview of the interrelationships among the terms, authors,
and other pertinent information that can be obtained from large volumes of bibliographic
information [24]. Science mapping tools were utilized to generate accurate visualizations
of bibliographic information. Co-authorship networks and keyword co-occurrence maps
were created using the VOSviewer software, whereas contingency matrices were generated
in the Cortext platform (www.cortext.net). VOSviewer is commonly used as a tool for
generating maps or networks from an extensive collection of bibliographic information
from different scientific databases. This software can be used to create visualizations
of co-authorships, keyword co-occurrences, and co-citations, among others, in order to
analyze the relationships or interrelationships among different variables. Cortext is an
online platform that provides tools for textual analysis, text mining, and science mapping.
It can also be used to generate diagrams that effectively show the frequency, correlation,
and evolution of terms used in different scientific publications.

Prior to mapping, bibliographic entries were inspected to remove duplicates and
erroneous items. Manual inspection and correction were also conducted to standardize the
terms used in the analysis. The network map generated through VOSviewer provides infor-
mation regarding the frequency, relatedness, and co-occurrence of keywords. Larger circles
and labels indicate that the terms were used more frequently in different publications. The
distance between the terms and the curved lines that connect the keywords indicate their
relatedness based on co-occurrences. Terms are also grouped into clusters, as represented
by the color groups, to signify a relatively higher degree of relations. The Cortext platform
enables users to generate contingency matrices that show interrelationships among the
different variables contained in a bibliographic dataset. A contingency matrix expresses the
degree of correlations and anti-correlations between two selected parameters. Cells that
are highlighted in red describe a positive relationship or a high degree of co-occurrence be-
tween the two parameters. On the other hand, blue-colored cells indicate anti-correlations
or lower co-occurrences as compared to the expected number of co-occurrences. The white
cells represent items that do not show any correlation. The Chi2 score expresses the ratio
between the square of the difference between the number of co-occurrences between A(i)
and B(j) and its expected number of observations and the expected number of observa-
tions [25,26]. The data inputs and methods of analysis employed in the science mapping
software were summarized in Table 1.

Table 1. Data inputs and methods of analyses used in VOSviewer and Cortext.

Software Parameter Inputs/Method of Analysis

VOSviewer
(Network map)

Bibliographic database file WoS plaintext file
Type of analysis Co-occurrence
Unit of analysis Author keywords
Counting method Full counting (terms have the

same weight)
Minimum number of co-occurrences 5

Cortext
(Contingency matrix)

Bibliographic database file WOS plaintext file

Field values

Author keywords—
Country/State

Author keywords—
Year of publication

Contingency analysis measure Chi2 score
Number of nodes 10 (Default software value)

2.3. Comprehensive Review

A comprehensive review was performed to summarize important information pro-
vided in relevant scientific publications. From the downsized list of 413 research articles,

4
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only 282 documents were accessible or contained pertinent data. In order to limit the re-
view to real-world application scenarios, studies that utilize computer models or simulate
runoff events were excluded from the review. Inquiries that investigated combined sewer
inflows or utilized mesocosms, lab-scale facilities, or synthetic stormwater runoff were also
excluded to reflect the actual performance of stormwater treatment wetlands in reducing
runoff pollutant concentrations. A total of 108 scientific publications were considered
for the comprehensive review. Essential information, such as the size and characteristics
of study areas, the types and components (i.e., filter media and plants) of stormwater
treatment wetlands, and the investigated water quality parameters, were compiled from
each of the valid documents.

3. Results and Discussion

3.1. Bibliometric Analysis and Science Mapping
3.1.1. Trend of Scientific Productivity and Characteristics of Published Literature

The annual scientific productivity or number of published documents related to
stormwater treatment wetlands was exhibited in Figure 2. Based on the records of the WoS
database, papers that focused on constructed wetlands used for stormwater management
were first published in the year 2012. The annual scientific productivity exhibited an
increasing trend until the year 2017, when the maximum number of articles was reached
(57 articles). Despite the relatively lower number of publications from the year 2018 to
2021, the number of documents published within this period was 10% to 55% higher
than the number of publications in the year 2012. In terms of the number of citations,
a continuously increasing trend was observed from 2012 to 2021. The initial number
of citations in the year 2012 only amounted to 11, whereas the maximum number of
citations, amounting to 1268, was observed in 2021. The number of citations proportionally
increased alongside the surge in the number of publications since the network of researchers
specializing in constructed wetlands and stormwater management also expanded over the
years. Generally, the observed growth in the number of scientific publications and citations
indicated that constructed wetlands have become an important component of stormwater
management strategies.

Figure 2. Annual number of published documents and cumulative number of citations.
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The contribution of various states to the total number of publications was illustrated
in Figure 3. Researchers from 51 different states contributed to the total number of indexed
publications. Authors from the USA had the largest contribution to scientific publication
with a total of 165 articles and an average annual scientific productivity of 17 articles.
The second-most productive state in terms of the number of publications was Australia,
with a total of 71 documents. China (62 articles) and South Korea (31 articles) were the
leading Asian states in stormwater treatment wetlands research, whereas France was found
to be the most active European state in terms of the number of published papers in this
particular field of research (31 articles) in this area of study. The scientific productivity of
different states was also evaluated in terms of the population-to-publication ratio. This
ratio is indicative of the state’s contribution to a specific research field in relation to its
total population. Australia, Canada, and South Korea were found to have the highest level
of scientific productivity, with corresponding population-to-publication ratios of 36,000:1,
1,530,000:1, and 1,669,000:1. Despite having the largest number of scientific publications in
the Asian Region, China had the lowest population-to-publication ratio, with approximately
23,000,000 people per article in the WoS database.

Figure 3. Annual scientific productivity of different states.

3.1.2. Journal Publications and Related Subject Areas

The research on constructed wetlands used for stormwater management covers a wide
range of subject areas and specializations. The major subject areas related to stormwater
treatment wetlands research was listed in Table 2. A total of 32 subject areas were identified
among the list of publications. This indicated that studies on constructed wetlands and
stormwater management are multi-faceted and established through complex collabora-
tions among professionals and researchers from various fields of expertise. Among the
32 subject areas identified, approximately 81% of the published literature was directly
relevant to “Environmental Sciences Ecology.” Constructed wetlands are widely-used tech-
nologies for environmental preservation and restoration, and thus, most of the analyzed
published literature is related to “Environmental Sciences Ecology.” Publications that fall
under “Engineering” (49%) and “Water Resources” (35%) were also found to be abundant.
Despite being considered nature-based facilities, constructed wetlands are built systems
that integrate advanced engineering techniques and natural processes to achieve water
quality goals, mitigate flooding conditions, and support water resource conservation efforts.
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Generally, it was observed that individual documents can be classified into multiple subject
areas, implying that most scientific publications are multi-disciplinary in nature.

Table 2. Major subject areas relevant to constructed wetlands and stormwater management research.

Subject Area Number of Documents % of Total

Environmental Sciences Ecology 334 81%
Engineering 204 49%

Water Resources 146 35%
Geology 19 5%

Marine Freshwater Biology 19 5%
Science Technology Other Topics 16 4%

Meteorology Atmospheric Sciences 11 3%
Others a 68 16%

a Subject areas with less than 10 documents.

The journals having the most publications related to stormwater treatment wetlands
were summarized in Table 3. The 413 articles retrieved in the query were published in
116 journals. The Ecological Engineering journal contains the largest number of publica-
tions, amounting to 83, followed by Science of the Total Environment with 26 and Water
with 22 articles. Journal impact factors are commonly used to evaluate the quality of
journals or the research articles published in a specific journal. Despite the opposition from
several researchers and institutions, this metric is still widely used for journal rankings due
to the lack of alternatives and ease of use [27,28]. Four of the most productive journals in
stormwater treatment wetlands research have impact factors greater than three. Moreover,
three of the journals on the list belong to Q1 (top 25%) in the ranking of Environmental
Engineering journals.

Table 3. List of most productive journals in terms of the number of publications.

Journal
Impact Factor

(as of 2020)
Number of
Documents

% of Total

Ecological Engineering a 4.035 83 20%
Science of the Total Environment a 7.963 26 6%

Water 3.103 22 5%
Water Science and Technology 1.915 21 5%

Desalination and Water Treatment 1.254 17 4%
Water Research a 11.24 14 3%

Journal of Environmental Engineering 1.746 11 3%
Others b - 219 53%

a Q1 journals in the field of Environmental Engineering. b Journals with less than 10 publications.

3.1.3. Frequently Cited Research Works on Constructed Wetlands

Four out of the five most-cited articles presented results on the effectiveness of con-
structed wetlands in treating nutrients and heavy metals in stormwater. As listed in Table 4,
the study conducted by Xu et al. (2017) received the highest number of citations. This
study explored the mechanisms involved in the removal of nitrogen and phosphorus in
stormwater. Specifically, the nutrient uptake capabilities of two wetland macrophytes (i.e.,
Iris pseudacorus and Thalia dealbata) were evaluated to determine their contribution to the
nutrient removal process. A systematic plant harvesting strategy was also recommended to
optimize the performance of the constructed wetland [29]. The second-highest number of
citations was noted in the paper by Winston et al. (2013) about the conversion of stormwater
ponds into floating treatment wetlands. While there were no significant statistical differ-
ences in pollutant removal observed after retrofitting the ponds, results suggested that
the addition of plants to the system contributed to beneficial treatment mechanisms [30].
The article published by White and Cousins (2013) received a total of 80 citations within a
period of eight years. This inquiry focused on the evaluation of the season-long nutrient
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removal efficiency of a floating treatment wetland. The nutrient assimilation rates of two
macrophytes (i.e., Canna flaccida and Juncus effuses) and the changes in physico-chemical
characteristics of the wetland effluent were also documented in this study [31]. The papers
published by Borne et al. (2013) and Payne et al. (2014) were also among the most cited
literature related to constructed wetlands and stormwater. Borne et al. (2013) explored
the heavy metal treatment performance of floating treatment wetlands, whereas Payne
(2014) highlighted the fate and dominant processes involved in the removal of nitrogen
from stormwater [32,33].

Table 4. List of highly cited publications.

Title Author/s Journal (Year)
Number of
Citations

Improving Urban Stormwater
Runoff Quality by Nutrient
Removal through Floating
Treatment Wetlands and
Vegetation Harvest [29]

Xu, Bing, Xue Wang,
Jia Liu, Jiaqiang Wu,
Yongjun Zhao, and

Weixing Cao

Scientific Reports
(2017) 101

Evaluation of floating
treatment wetlands as retrofits
to existing stormwater
retention ponds [30]

Winston, R. J., Hunt,
W. F., Kennedy, S. G.,

Merriman, L. S.,
Chandler, J., &

Brown, D.

Ecological
Engineering

(2013)
97

Floating treatment wetland
aided remediation of nitrogen
and phosphorus from
simulated stormwater
runoff [31]

White, S. A., &
Cousins, M. M.

Ecological
Engineering

(2013)
80

Floating treatment wetland
retrofit to improve stormwater
pond performance for
suspended solids, copper and
zinc [32]

Borne, K. E., Fassman,
E. A., & Tanner, C. C.

Ecological
Engineering

(2013)
77

Temporary Storage or
Permanent Removal? The
Division of Nitrogen between
Biotic Assimilation and
Denitrification in Stormwater
Biofiltration Systems [33]

Payne, G., Fletcher, T.,
Russel, D., Grace, M.,

Cavagnaro, T.,
Evrard, V., Deletic, A.,

Hatt, B., & Cook, P.

PloS ONE (2014) 67

3.1.4. Co-Occurrence of Keywords and International Research Collaborations

Keywords are one of the most essential pieces of bibliographic information since
they represent the important contents of a scientific publication [34]. Overall, 1120 unique
keywords were identified from the 413 articles considered in this study. Keywords that
were used at least two times in different documents only amounted to 268. Increasing the
minimum number of keyword occurrences to three further limited the list to 127 unique
terms. The considerable decrease in the number of unique keywords as the minimum
number of occurrences increased implied that most studies were focused on a specific
topic. In order to extract the terms most relevant to stormwater treatment wetlands, the
minimum number of occurrences of a unique keyword should be increased. The network
map shown in Figure 4a represents the most frequently used terms in publications related
to stormwater treatment wetlands. The keywords exhibited in the figure were derived
by setting the minimum number of occurrences to five. Among the initial 1120 unique
keywords, only 67 terms met the threshold.
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Figure 4. (a) Network map of keyword co-occurrence; (b) collaboration network among different states.

Excluding the terms used in the query, the most frequently used keywords in related
documents were phosphorus (n = 37), water quality (n = 26), best management practice
(n = 24), nutrient (n = 23), and nitrogen (n = 22). The frequently used keywords reflected the
primary role of constructed wetlands in water quality improvement. Specifically, the ability
of constructed wetlands to treat nutrients (i.e., nitrogen and phosphorus) incorporated in
stormwater runoff was extensively studied. The application of constructed wetlands as
a valuable stormwater best management practice can also be deduced from the map. In
terms of co-occurrence, constructed wetlands had high relations with best management
practices and stormwater management, whereas water quality exhibited considerable
relations with stormwater control measures and nutrients. Phosphorus and nitrogen also
had strong links, indicating that the two nutrient compounds are commonly studied jointly
in scientific publications. There were seven clusters identified based on the relatedness of
terms. The clusters represent the main topics associated with the research on stormwater
treatment wetlands. Moreover, these groups also suggest topics that have been extensively
investigated by past inquiries or publications.

Aside from the co-occurrence of keywords, the status of international collaboration
can also be visualized through a network map. As illustrated in Figure 4b, the USA had the
highest number of networks or co-authorships with other states. Aside from being the top
publishing state, the USA established international collaboration networks that resulted in
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high scientific productivity. The highest link strength was observed between the USA and
China, indicating that the two states had the most co-authored publications. The number
of co-authored papers among European states, including France and Germany, was also
relatively high; however, the collaboration among European and Asian states was found to
be limited.

3.1.5. Shifts in Research Interest and State-Specific Research Trends

Research trends change over time due to the changes in the policy of a specific state, the
degree of saturation or number of current studies for a certain topic, and the advancements
in analysis procedures that can significantly affect data acquisition, among others. It is also
important to note the shifts in research interests to determine the existing knowledge gaps
or potential research directions. The contingency matrix exhibited in Figure 5a shows the an-
nual trend of keyword use. In the early year of research on stormwater treatment wetlands
(2012), “stormwater runoff” and “phosphorus” were the most dominant keywords used in
scientific publications. The terms “stormwater” and “floating treatment wetlands” emerged
as the most commonly used keywords in the succeeding years, alongside the growth in the
number of publications from different states. “Constructed wetland” and “water quality”
became the most relevant terms in the years 2018 and 2019. Except for the year 2016, it
was observed that there was a shift from using the term “floating treatment wetland” to a
more general term, “constructed wetland.” This also highlighted the developments in the
design of engineered systems used for stormwater management. Aside from free-water
surface wetlands, other variants of engineered wetlands (i.e., subsurface flow constructed
wetlands and hybrid constructed wetlands) became available, thereby resulting in changes
in the frequency of keywords used in publications. More recent studies published in the
years 2020 and 2021 utilized the terms “nitrogen” and “stormwater management” more
frequently. Generally, shifts or changes in the pattern of keyword use created a general idea
of the current status of research in a particular subject area.

State-specific use of terms also provides significant information that can be useful for
the development of policies and environmental management strategies. The contingency
matrix of the most relevant keywords used by the researchers from the top publishing
states is shown in Figure 5b. The term “phosphorus” had the highest correlation with
the USA, implying that stormwater treatment wetlands in the USA were primarily used
for treating phosphorus in stormwater. “Stormwater” and “stormwater runoff” were the
dominant terms used in the publications from South Korea, China, Spain, and Australia.
This suggested that constructed wetlands were extensively used as a tool for stormwater
management in the aforementioned states. Publications from Canada and France have
increased usage of the term “sediment”, whereas Germany and India frequently used
the keyword “constructed wetland.” The term “nutrient” was highly associated with
publications from the United Kingdom (UK), indicating that the function of stormwater
treatment wetlands as nutrient sinks was of particular interest in the state.
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Figure 5. Contingency matrix of (a) keywords and year of publication and (b) keywords and state.

3.2. Data Synthesis and Comprehensive Review
3.2.1. Land Use Types and Catchment Area Characteristics

Land use and catchment area characteristics are among the primary factors that affect
the quality of stormwater runoff. The extent of anthropogenic activities and the intensity
of development may also exhibit direct and indirect relationships with the distribution of
pollutants within the catchment area. The list of typical land use types frequently investi-
gated in different studies is summarized in Table 5. Most scientific inquiries focused on
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the application of stormwater wetlands to treating runoff from urban catchments. Con-
structed wetlands emerged as cost-effective and socially acceptable stormwater treatment
technologies due to their multiple benefits fit for an urban setting [35]. Wetlands designed
for agricultural pollution mitigation were also extensively investigated. Treatment wet-
lands are commonly used as low-energy and low-cost alternatives for abating polluted
agricultural runoff. Specific wetland components, such as plants and microorganisms, also
contribute to efficient nutrient cycling to prevent the excessive deposition of pollutants in
natural waterways [36]. The review of published literature also suggested that wetlands
are extensively utilized to treat stormwater runoff from residential areas, parking lots,
highways, and mixed land use catchments.

Table 5. Drainage areas (in ha) of dominant land use types in reviewed scientific publications.

Land Use Type Agricultural Highway Mixed Parking lot Residential Urban Others a

Frequency, n 41 10 25 7 12 54 5
Minimum 0.81 0.13 3.60 2.31 2.00 0.04 0.09
Maximum 86000 13.07 3139 2.37 572 2060 2.30

Median 42.70 1.70 320 2.37 5.40 95 0.45
Average 7876.51 3.01 781.30 2.35 76.51 271.86 0.82

Standard Deviation 24704.92 4.14 1059.91 0.03 176.99 465.53 0.90
a Land use types with a frequency of less than five (i.e., suburban, grassland, municipal, etc.).

The size of catchment areas investigated in previous studies varied greatly. As ex-
hibited in Table 5, treatment wetlands were applied to site-specific or catchment-scale
treatment of stormwater runoff. Parking lots, highways, and residential areas consti-
tuted relatively small catchment areas, with mean values ranging from 3.01 ha, 2.35 ha, and
76.61 ha, respectively. One major factor limiting the application of CWs is spatial constraints;
however, recent developments have allowed the installation of CWs despite the limited
space availability. The concept of “pocket wetlands” can be applied to small drainage
basins to provide additional stormwater treatment or achieve water quality goals. The size
of pocket wetlands is more restricted as compared to their catchment-scale counterparts,
and thus, these systems are often used for stormwater runoff polishing [37,38]. Among
the identified land uses where stormwater treatment wetlands were applied, the highest
drainage area was recorded in an agricultural catchment (86,000 ha) located in a section
of the Everglades agricultural area, South Florida, United States. With an approximate
treatment area exceeding 27,000 ha, the Everglades Stormwater Treatment Areas (STAs) are
considered the world’s largest and most complex constructed wetlands. The construction
of STAs was implemented through the Everglades Forever Act, which aims to reduce the
TP loads discharged from predominantly agricultural areas upstream of the Everglades
Protection Area [39–41].

3.2.2. Types and Sizes of Stormwater Treatment Wetlands

The choice of design and components of stormwater treatment wetlands can be in-
fluenced by the climate, availability of materials, influent pollutant concentrations and
water quality targets, public perception, and existing environmental regulations, among
others [42–45]. Based on the reviewed literature, free water surfaces (FWS) (n = 40) and
floating treatment wetlands (FTW) (n = 26) were commonly employed for stormwater
treatment. FWS wetlands are commonly used as stormwater management facilities due
to their high volume capacities. Apart from the intrinsic capability of FWS wetlands
to attenuate flooding, these systems can also provide efficient treatment of stormwater
due to the prolonged retention time in the system [46,47]. FTW systems were also ex-
tensively studied due to their potential for increasing the ecosystem benefits of existing
stormwater infrastructure. Unlike other types of treatment wetlands with considerable
space requirements for field-scale applications, FTW systems can be incorporated into
existing stormwater ponds to improve their general function. In the study conducted by

12



Sustainability 2023, 15, 2332

Borne et al. (2013), retrofitted stormwater ponds with FTWs showed higher treatment
efficiencies as compared to conventional detention ponds [32]. Winston et al. (2013) and
Tirpak et al. (2022) also reported improvements in the pollutant removal performance of
stormwater ponds retrofitted with FTWs; however, the treatment contributions provided
by FTWs were found to be limited or highly influenced by the pond design [30,48]. Studies
regarding other wetland designs, including hybrid, horizontal subsurface flow (HSSF),
and vertical subsurface flow (VSSF) stormwater treatment wetlands, were relatively scarce,
with reporting frequencies of five, four, and seven times, respectively.

The size of stormwater treatment wetlands from the compiled data ranged from
7 m2 to more than 270 km2. Small facilities were specifically designed to treat runoff
from site-specific sources, whereas treatment wetlands with relatively large surface areas
were designated for catchment-scale runoff management. The surface area-to-catchment
area (SA/CA) ratios of stormwater treatment wetlands applied in various land use types
were illustrated in Figure 6. The typical SA/CA ratios of FWS and hybrid treatment
wetlands were approximately 0.5% to 3%, whereas HSSF treatment wetlands exhibited
higher SA/CA ratios ranging from 1.65% to 12.78%. It can be noted that FTWs had low
SA/CA ratios (0.07% to 0.38%), since these are compact and modular facilities that are used
as additional features to a stormwater detention pond. Nature-based facilities, including
stormwater treatment wetlands, usually have small surface areas relative to the drainage
area. In the study conducted by Hong et al. (2016), low-impact development facilities with
SA/CA ratios of 1% to 5% were capable of reducing runoff volume by more than 40% [49].
Choi et al. (2018) also indicated green stormwater infrastructures with SA/CA ratios of 1%
to 2% can provide adequate pollutant removal from stormwater [50].

Figure 6. SA/CA ratio of stormwater treatment wetlands in different land uses.

3.2.3. Choice of Filter Media and Substrates

Treatment wetlands that contain subsurface structures are equipped with filter media
that help enhance the facilities’ filtration and pollutant retention functions. In the case
of FTWs, the platforms or modules where the treatment units are mounted also contain
substrates that support the growth of plants. The summary of the usage rates of various
filter media and substrates reported in relevant scientific publications is shown in Figure 7.
Sand and gravel were the most common filter media used for HSSF, hybrid, and VSSF
stormwater treatment wetlands. The high usage rate of sand (18% to 36%) and gravel
(27% to 50%) can be attributed to their relative abundance as construction materials and
effective pollutant removal performance [51,52]. Marine-grade foam (48%) and recycled
plastic fibers (31%) were the most common compositions of FTWs. These materials provide
buoyancy and bond the platform carrying the substrates and plants [19,53]. Other types
of filter media, such as laterite, rubber mulch, pebbles, woodchips, volcanic rock, and
bioceramic, were also utilized as filter media for stormwater treatment wetlands. The
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treatment wetland presented in the study conducted by Adyel et al. (2016) utilized laterite
aggregates to enhance phosphorus removal in stormwater. It was found that laterite acted
as an important phosphorus sink due to the ligand exchange reaction that prompted
effective phosphorus adsorption [54]. Packed rubber mulch and pebbles were primarily
used to enhance the physico-chemical and biological processes in the filter bed. Han and
Tao (2014) attributed the enhanced industrial runoff treatment to the effective biosorption
and adsorption of pollutants in the packed rubber mulch and pebbles [55]. The tradeoff
of using woodchip filter materials for treating stormwater was reported by Niu et al.
(2018) [56]. Zhang et al. (2020) cited high adsorption capacity, porous properties, and
resistance to degradation as the major advantages of using volcanic rock and bioceramics
as filter media [57]. Woodchips serve as additional carbon sources for enhancing the
denitrification process in a filtration system but may also lead to elevated chemical oxygen
demand (COD) concentrations in the effluent. Based on the information presented in the
reviewed articles, the choice of filter media or substrates was found to be influenced by the
availability and properties of the materials.

Figure 7. Usage rate of filter media and substrates used in stormwater treatment wetlands.

3.2.4. Plants in Stormwater Treatment Wetlands

Plants are considered essential components of stormwater treatment wetlands. The
vegetative components of wetlands directly contribute to the efficient management of
nutrients, the removal of toxic pollutants through plant uptake and assimilation, and the
carbon storage functions of the system [58–60]. Plants can also enhance the treatment
properties of wetlands by prompting efficient sedimentation of particulates in the wetland
bed, providing favorable conditions for the growth of microorganisms, and preventing
internal algal blooms through shading. A total of 94 genera and 160 species of wetland
plants were identified from the reviewed articles (see Table S1). As exhibited in Figure 8,
the five most common plant genera used in stormwater treatment wetlands include Typha,
Juncus, Carex, Phragmites, and Schoenoplectus, with reporting frequencies of 45, 38, 29, 18,
and 16 times, respectively.
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Figure 8. Distribution of the most commonly used plants in stormwater treatment wetlands.

Typha is widely used in treatment wetlands due to its high pollutant uptake capabilities
and extremely resilient properties. Typha is known to be an important nutrient sink, making
it suitable for managing eutrophication [61]. Chandra and Yadav (2011) emphasized that
Typha can be used for heavy metal phytoremediation since these plants can accumulate
Cd, Cr, Cu, Fe, Ni, and Pb in their roots [62]. These plants also have a high phytotoxic
tolerance, making them suitable components of wetlands receiving highly contaminated
runoff [63]. Juncus is also a typical wetland plant known for its high ecosystem value. It
was previously reported that different Juncus species have promising phytoremediation
potential and high biomass yield [64–66]. Plants of the genus Carex are commonly applied
on FTWs due to their adaptability, ability to uptake heavy metals, and ease of harvest-
ing [20,67]. Phragmites are wetland plants known for being potent hyperaccumulators of trace
elements [68–70]. Phragmites species are often planted in treatment wetlands to increase pol-
lutant remediation; however, these plants are also considered ubiquitous, highly invasive,
and phytotoxic due to the production of allelochemicals detrimental to the growth of other
plant species [71]. Wetland plants belonging to the genus Schoenoplectus are leafless species
with large underwater surface areas. These plants are commonly utilized in treatment
wetlands due to their remarkable tolerance to physicochemical changes in water quality
(i.e., pH, temperature, and salinity) and high nutrient-regulating properties [72,73].

3.2.5. Runoff Water Quality and Treatment Performance of Stormwater Wetlands

A complex mixture of chemicals and compounds can be incorporated into stormwater
as a factor of land use, geomorphological characteristics, and the patterns of pollutant
deposition in the catchment area. Stormwater treatment wetlands are usually employed
in different catchments due to their versatility in treating a wide range of pollutant com-
pounds with substantially varying concentrations. A total of 91 unique water quality
parameters and constituents were identified from the collection of reviewed articles con-
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cerning stormwater treatment wetlands. As shown in Figure 9, total phosphorus (TP) and
total nitrogen (TN) were the most commonly investigated runoff constituents. Various
nitrogen forms, including total Kjeldahl nitrogen (TKN) and nitrate-nitrogen (NO3-N), were
also typically included in inquiries related to stormwater treatment wetlands. Nutrients are
primary stormwater pollutants that can trigger eutrophication and algal blooms. Treatment
wetlands are associated with the treatment of nutrients in stormwater runoff since these sys-
tems perform mechanisms that effectively remove different nitrogen and phosphorus forms
in stormwater. Wetlands remove nitrogen from stormwater through the combination of
physico-chemical and biological processes (i.e., adsorption, plant uptake, ammonification,
etc.) involved in the transformation of nitrogen compounds. The removal of phosphorus in
CWs can also be influenced by biological processes, such as biodegradation and plant up-
take, but sedimentation and soil retention are considered the main pathways for long-term
phosphorus removal in treatment wetlands [74]. Suspended solids (SS) concentration is
also a well-represented water quality parameter in the reviewed articles since stormwater
is a major transport route of sediments and particulates to waterways. The high reporting
frequencies of SS in published literature can also be attributed to the relative simplicity
of experimental methods for quantifying sediments or particulates in stormwater [75,76].
Heavy metals, such as calcium (Ca), copper (Cu), and zinc (Zn), and dissolved organic
carbon (DOC) were also widely investigated, with reporting frequencies of more than 10.
The presence of emerging stormwater pollutants, including pesticides, polycyclic aromatic
hydrocarbons, and microplastics, was also documented in some studies, but the reporting
frequencies of these compounds were relatively low [77–79].

Figure 9. Typical water quality parameters investigated in stormwater treatment wetlands research.
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The concentrations of the three most frequently reported water quality parame-
ters were summarized in Figure 10. The highest concentration of TP, amounting to
700 mg/L, was reported in the runoff from an agricultural catchment, whereas maximum
TN (54 mg/L) and SS (1953 mg/L) concentrations were observed from a predominantly
urban catchment. Phosphorus loads may originate from various natural or anthropogenic-
related processes; however, agricultural activities are known as the principal sources of
excessive phosphorus loads in water bodies [80]. In urban areas, SS and TN concentrations
are mostly influenced by the disturbance of natural features and the accumulation of pollu-
tants on impermeable surfaces. Elevated SS concentrations in urban areas usually originate
from construction activities, road and highway maintenance, traffic-related activities, and
wet and dry atmospheric deposition [81,82]. High nitrogen concentrations in urban runoff
were also reported, considering its diverse sources. The dominant sources of nitrogen
in urban runoff include fertilizers applied to lawns, wastewater, atmospheric deposition,
and combustion [83]. Among the different land use types identified in the review, park-
ing lot and highway runoff had the lowest mean TP (0.17 mg/L), TN (1.64 mg/L), and
SS (42 mg/L) concentrations. Highways and parking lots are usually maintained through
sweeping or the removal of accumulated detritus. Since various pollutants are bound to par-
ticles, reducing the sediment build-up also resulted in a significant decrease in stormwater
pollutant concentrations [84,85].

Stormwater treatment wetlands are capable of reducing pollutant concentrations to
a certain extent. As seen in Figure 9, effluent pollutant concentrations were considerably
lower than the observed concentrations in the inflow. The treatment wetland investigated
by Byeon and Nam (2020) exhibited a pollutant removal performance of up to 99%, in-
dicating that the facility is fit for mitigating the negative impacts of NPS pollution [86].
Li et al. (2020) also reported removal efficiencies exceeding 90%, citing the contribu-
tion of effective microorganisms in improving the overall performance of wetlands in
treating nutrients in runoff [87]. The stormwater treatment wetlands monitored by Grin-
berga et al. (2021) showed relatively lower mean pollutant removal efficiencies, ranging
from 17% to 80%. It was highlighted that the poor pollutant removal performance of the
system can be attributed to the low influent pollutant concentrations caused by stormwa-
ter dilution [88]. Some studies also reported negative removal efficiencies or higher
outflow concentrations after receiving treatment from stormwater treatment wetlands.
Walaszek et al. (2018) recorded a negative removal of PAHs and heavy metals in a stormwa-
ter treatment wetland due to the resuspension of solids containing particulate heavy metal
fractions in the system [78]. Howitt et al. (2014) emphasized the effect of external factors,
including wind mixing, fine sediment resuspension, and external pollutant loading, on
the performance of treatment wetlands [89]. The information compiled from the reviewed
scientific literature clearly indicated that stormwater runoff management is essential in
mitigating environmental degradation. Studies also suggested that treatment wetlands
are effective green stormwater infrastructures, but the design of facilities should also be
adapted to the stormwater characteristics and catchment area conditions.
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Figure 10. Synopsis of pollutant concentrations in the runoff and stormwater treatment
wetlands effluent.
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3.3. Knowledge Gaps and Future Research Directions

Stormwater contains various types of pollutants derived from natural and anthro-
pogenic sources. The typical pollutants in stormwater include sediments, nutrients (nitro-
gen and phosphorus), organics, and heavy metals; however, the occurrence of micropollu-
tants and other emerging pollutants in stormwater was also identified in recent inquiries.
Piñon-Colin et al. (2020) detected the presence of plastic particles smaller than 5 mm,
known as microplastics, in stormwater. Furthermore, it was found that stormwater is the
primary mode of microplastic deposition in water bodies [90]. In the year-long survey
conducted by Wicke et al. (2021), different organic micropollutants, such as plasticiz-
ers, flame retardants, and PAHs, were identified in stormwater. It was estimated that
the stormwater collected from the catchment composed of different land uses contained
24 μg/L of an organic micropollutant mixture [91]. Recent advancements in analysis and
instrumentation methods have also enabled the detection of compounds present in minute
concentrations. The stormwater samples analyzed by Tran et al. (2019) were contaminated
by compounds used in the synthesis of pharmaceuticals and personal care products [92].
Similarly, Fairbairn et al. (2018) reported the presence of 123 different compounds, classified
as emerging pollutants, in stormwater. The analysis also revealed that emerging pollutant
loads from stormwater may exceed the treated wastewater effluent loads to receiving
water bodies [93]. The detection of emerging pollutants and other organic micropollu-
tants in stormwater raised major environmental concerns; however, studies that explore
the feasibility of using constructed wetlands as potential treatment systems for the new
suites of pollutants are still limited. Based on the analysis of terms, most studies related to
stormwater treatment wetlands only focused on the treatment of trace elements (i.e., heavy
metals) and nutrients in stormwater. It is, therefore, necessary to conduct inquiries on the
applicability of stormwater treatment wetlands in the treatment of emerging pollutants to
maximize their water quality treatment benefits.

International collaborations open the platform for scientific productivity. The bib-
liographic information extracted from published literature revealed that only selected
states (i.e., the USA and China) have a well-established network of authors that collaborate
on scientific publications. Furthermore, European states were found to be more active
in terms of publication as compared to states from other regions. It is recommended
to promote knowledge sharing through international collaboration in order to increase
scientific productivity and improve the functions, design, and benefits of stormwater
treatment wetlands.

4. Conclusions

The number of publications related to stormwater treatment wetlands has considerably
increased over the years, indicating that green stormwater infrastructures and NBS have
become relevant approaches in stormwater management. USA and China were found
to be the most productive states in terms of the number of scientific publications and
research collaborations; however, further analyses revealed that Australia, Canada, and
South Korea had the highest level of scientific productivity in terms of population-to-
publication ratio. The typical design and components of stormwater treatment wetlands
in different regions were identified through a comprehensive review of related scientific
literature. FWS and FTW were the most common types of CWs used for stormwater
treatment, and the size of facilities varied from 7 m2 to more than 270 km2. Sand and gravel
were typically used as filter media for HSSF, VSSF, and hybrid treatment wetlands since
these materials are abundant and have high pollutant removal performance. The most
common plant genera used in CW systems include Typha, Juncus, Carex, Phragmites, and
Schoenoplectus. These plants are considered hyperaccumulators of pollutants with high
biomass yields and high resistance to toxic environments. Generally, studies on water
quality parameters, including nutrients and heavy metals, were the most established field
in stormwater treatment wetlands research; however, inquiries regarding the treatment of
micropollutants and emerging pollutants by stormwater treatment wetlands are still lacking.
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This study identified the need for future works that focus on addressing the aforementioned
research gaps that are necessary to optimize the benefits of stormwater treatment wetlands.
Strengthening the collaboration among different states can also promote greater scientific
productivity and new paradigms for the utilization of nature-based systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15032332/s1, Table S1: List of plants used in stormwater
treatment wetlands.
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Abstract: Ecosystem services provide regulation, provisioning, support, and cultural benefits for
human survival, but it needs to be clarified how the trade-off/synergy relationships can be used to
optimize function. Based on the Web of Science (WOS) and China National Knowledge Infrastructure
(CNKI) databases, we collected 254 articles on the ecosystem trade-offs/synergies and functional
optimization. Through a systematic review of the literature, this paper summarized the research
progress and landmark achievements from three aspects: trade-offs/synergies, functional optimiza-
tion, and evaluation methods. The results indicated the following: (1) In terms of the number of
articles published, there were no reports before 2005; from 2006 to 2022, the annual number of
published papers increased from 1 to 72, showing an overall growth trend year by year. This mainly
includes three stages: initial (1970–2005), slow development (2005–2014), and rapid development
(2014–2022). (2) In terms of research areas, focus was placed mainly on Asia, North America, and
Europe, accounting for 40.47%, 25.55%, and 15.07% of all regions, respectively. (3) In the future,
it is necessary to focus on scientific issues such as the improvement of forest ecosystem functions,
the trade-off/synergy relationships between services, the scale of spatiotemporal research, and the
driving factors and evaluation methods for the management of rocky karst desertification. The aim is
to provide a theoretical basis to optimize the forest ecosystem service functions.

Keywords: desertification control; ecosystem services; forests; functions; trade-offs/synergies

1. Introduction

Ecosystem services, as the term of a scientific period, began in 1970 with the publication
of the UN University’s report on “Human Impact on the Global Environment” [1]. Since
then, Costanza [2] has proposed that ecosystem services are benefits derived directly or
indirectly by human beings from the ecosystem, which are used to maintain the natural
environmental conditions and utilities on which human beings depend for survival and
development. Since the concept was proposed, it has attracted extensive attention from the
academic community, and ecosystem services have been classified. People have widely
accepted the classification of ecosystem services established by the Millennium Ecosystem
Assessment, which is divided into provision, regulation, support, and cultural services [3].
Various factors regulate the services, and there are differences and overlaps in handling
different services. This leads to complex interrelationships between other ecosystem
services [4], manifesting as synergies and trade-offs between mutual gains and losses.

Trade-offs, as a fundamental concept, first appeared in economics and were defined
as opportunity costs. Where resources are scarce, an individual or group must give up a
certain amount of additional scarce resources to obtain more of the scarce resources [5].
Begong believes that a “trade-off” is a relationship between two life history traits. Due to
the imbalance in the distribution of resources, an increase in the payoff from one feature
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is associated with a decrease in the payoff from the other feature [6]. Synergy was first
introduced by the German theoretical physicist Haken in 1971 [7]. He considered “synergy”
as the joint action and collective behavior of the parts of a system that collaborate or
cooperate, leading to a new structure and characteristics of the whole system. In 2005,
the Millennium Ecosystem Assessment (MA) [3] defined ecosystem service trade-offs
as follows: within a particular spatial and temporal scale, when the supply level of an
ecosystem service is enhanced, it is at the cost of reducing the resilience of its ecosystem
and the supply function of other ecosystem services. in contrast, a synergistic relationship
is manifested as a joint increase or decrease in various service supply capabilities [8]. It is
clear from this line of development that the study of ecosystem service trade-offs/synergies
is still a hot topic for future research.

Karst desertification refers to the land degradation phenomenon caused by the dis-
turbance and destruction of unreasonable human social and economic activities under
the fragile karst environment in the subtropical zone, which is manifested by soil ero-
sion, gradual rock exposure, land productivity degradation, and a desert-like landscape
on the surface [9]. Karst landscapes are widely distributed around the world, covering
22 million km2, accounting for 12–15% of the land area [10,11]. They are mainly distributed
in the Mediterranean region, the east and central of North America, and southern China.
Due to the fragile ecological environment and unreasonable human activities in these
areas, karst desertification is a major problem, which threatens the security of ecological
environment and restricts the development of the economy and society [9]. In order to
reduce land degradation and promote ecological and economic development, scholars
regard forest as the preferred goal of ecological restoration in this area [11,12]. The re-
sults of management over the years show that forests, as the main provider of ecosystem
services, have the functions of water conservation, soil and water conservation, carbon
sequestration, and climate change mitigation [13]. In particular, they play an irreplaceable
role in managing karst desertification. However, as time has passed, the problems of forest
ecosystems in karst rocky desertification areas have become more and more prominent
such as the competition between communities, leading to a reduction in biodiversity and
the weakening of service functions. To promote the sustainable development of forest
ecosystems in karst desertification areas, it is necessary to review studies related to the
trade-offs and synergies of forest ecosystem services.

In recent years, studies on ecosystem service trade-offs/synergies have mainly focused
on watershed [14], wetland [15], and vulnerable functional areas [16], and have achieved
good results. The karst rocky desertification forest ecosystem is an important part of the
terrestrial ecosystem, but its trade-offs/synergies are rarely reported, which hinders the
research on functional optimization strategies. In order to solve this problem, based on
a systematic review of the literature, this study summarizes the progress and landmark
achievements of global ecosystem service trade-offs/synergies. It summarizes the key
scientific questions about the function of forest ecosystems in managing karst rocky deserti-
fication, the trade-off/synergy relationships, the spatial research scale, driving factors, and
evaluation methods. It aims to enlighten future research directions on optimizing forest
ecosystem service functions in stone desertification management and provide theoretical
references to enhance its service supply capacity.

2. Materials and Methods

This study was based on platforms such as the CNKI (China National Knowledge
Infrastructure) and the Foreign Journal Resource Service System of Guizhou Normal Univer-
sity Library (Web of Science) (http://lib.gznu.edu.cn/data/weibu/waiwen/waiwen.htm,
accessed on 22 October 2022). The search period was the maximum time range of both
databases, and the search time was up to 22 October 2022 (Figure 1). First, we searched
the WOS database by entering “ecosystem service” and “trade-offs/synergy”, and again
by entering “forest ecosystems” and “function optimization.” A total of 234 documents
were retrieved. Second, the CNKI database was searched by entering “ecosystem service”,
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“trade-offs/synergy”, “forest ecosystems”, and “function optimization”, and a total of
399 Chinese documents were retrieved. After the manual screening, a total of 564 docu-
ments were obtained. Finally, the articles’ titles, abstracts, and keywords were screened
based on the research themes related to trade-offs/synergies and functional optimization
of ecosystem services. Following this, we further combined the literature for ecosystem
services, trade-offs/synergies among services, functional optimization, and assessment
methods. After, the full text of the alternative literature was browsed, and a total of
254 articles were screened. Among them, 93 papers were obtained from the WOS database
(92 articles and one conference paper), and 161 papers were obtained from the CNKI
database (109 journal papers, 42 master’s theses, five doctoral dissertations, and three
conference papers).

Figure 1. The process of the literature search.

3. Results

3.1. Annual Distribution of the Literature

From the annual distribution of the literature (Figure 2), the research related to ecosys-
tem service trade-offs/synergies and functional optimization started in 2005 and reached
its peak in 2022. This can be roughly divided into three stages. The first stage was from
2006 to 2014, when there were few studies on ecosystem service trade-offs/synergies and
functional optimization, with only three literature articles in total; this was the starting
stage. The second stage was from 2014 to 2018, and the literature showed a fluctuating
growth trend, which was 16.3 times that of the first stage. In addition, there were already
articles related to karst ecosystem research in this stage, but the number of types of litera-
ture was small; this is the development stage. The third phase was from 2017–2022, with a
surge in the number of types of literature, 4.12 times more than in the second phase, but
there were only 12 articles on the ecosystem service trade-offs/synergies and functional
optimization of karst rocky desert ecosystem services. The overall trend shows that the
number of articles on this topic will continue to grow.
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Figure 2. Annual distribution of the literature. The dark green is the first half of the year (January–
June); the light green is the second half of the year (July–December).

3.2. Content Distribution of Documents

This paper classified and summarize all of the reviewed literature according to the
classification method. It was also divided into studies related to ecosystem service trade-
offs/synergies, the optimization of ecosystem service functions, and assessment methods
according to the content of the studies. Ecosystem service trade-offs/synergies account
for 61% of the literature, dominated by theoretical studies such as trade-offs/synergies,
spatiotemporal characteristics, and relationship identification. In addition, in this litera-
ture, studies related to wetlands, oceans, watersheds, and fragile functional areas were
dominant, and there were fewer studies on forest ecosystems in karst stone desert areas.
The ecosystem service functional optimization literature accounts for 20%, which contains
strategies for forest service functional optimization such as strategies for ecological corridor
construction applied in northeast China, and ecological restoration and compensation
strategies used in karst stone desertification areas in southern China. Assessment methods
and other literature accounted for 11% and 8%, respectively, of which the assessment
methods included both ecosystem services and trade-offs/synergies. The proportion of this
literature indicates that the study of ecosystem service trade-offs/synergies is becoming
more mature. However, the optimization of ecosystem service functions and assessment
methods is still in the exploration and development stage.

3.3. Distribution of Research Institutions Publishing Documents

The regional distribution of the literature shows that China, the United States, and
Germany dominate the research on ecosystem service trade-offs/synergies and functional
optimization. The unique landscapes in China such as the northwest desert belt, fragile
functional areas, and southern karst have attracted more Chinese scholars to study these
areas and publish their research results. Thus, the overall number of publications was the
highest. Next, developed countries such as Canada, France, Spain, Finland, Sweden, and
Australia also had more relevant studies. In addition, Brazil, South Africa, Singapore, and
other countries such as Iran had few studies. In terms of the overall publication volume, Asia
had the highest number of publications, followed by North American states, Europe, Oceania,
South American states, and Africa, accounting for 40.47%, 25.55%, 15.07%, 8.3%, 5.58%, and
5.03% of all regions, respectively. This correlated more significantly with each region’s natural
resources, social environment, policy support, and management experience.

The distribution of institutions publishing literature related to trade-offs/synergies
and the functional optimization of ecosystem services was deciphered and analyzed. The
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acquired institutions were divided into four categories: higher education institutions, re-
search institutions (centers), business units, and grassroots organizations, with percentages
of 77.1%, 13.50%, 5.7%, and 3.5%, respectively. The rates showed that higher education
institutions and research institutes (centers) have paid more attention to research related to
trade-offs/synergies and the functional optimization of ecosystem services. However, due
to the limited space of the figure, only institutions with a higher number of publications
are marked in Figure 3.

Figure 3. Distribution of countries and institutions studied in the literature. The different color bands
and numbers at the bottom indicate the number of publications; the darker green the color, the higher
the number of publications.

3.4. Research Stage Division

Ecosystem services appeared as a technical term in the Human Impact on the Global
Environment report published by the United Nations University in 1970. Ecosystem
service trade-offs/synergies emerged from the 2005 Millennium Ecosystem Assessment [3].
Ecosystem services are the basis, and an essential part, of the ecosystem service trade-
off/synergy research. Thus, the first stage began in 1970 when ecosystem services were
proposed. According to the research background of the changes in the theoretical studies,
classification systems, and assessment methods, the development stages of ecosystem
service trade-off/synergy and functional optimization were divided into the initial stage,
the slow development stage, and the rapid development stage (Table 1).

Table 1. Division of the research stages.

Research
Stages

Research Content Background Main Characteristics

Starting stage
(1970–2005)

Conceptual and
theoretical study of
ecosystem services.

The relevant theoretical
research was still at the

beginning stage, and the
depth of research was

insufficient.

There were more
qualitative studies,
lacking systematic

research and a single
research method.

Slow growth
stage

(2005–2014)

The research
methodology was

diverse, using mainly
statistical, spatial,

model, and scenario
analysis.

As the economy
developed, attention
begun to be paid to
research related to

trade-offs/synergies in
ecosystem services and
functional optimization.

The results were
verified by the

experiments, the
classification system

and evaluation
method were

gradually improved.

29



Forests 2023, 14, 88

Table 1. Cont.

Research
Stages

Research Content Background Main Characteristics

Rapid growth
stage

(2014–2022)

The mechanism of
trade-offs/synergies

and functional
optimization of forest

ecosystem services has
been further clarified,

and quantitative
studies have gradually

increased.

Ecosystem service
trade-off/synergy

research is developing
rapidly, with an

increasing number of
cross-disciplinary studies

and relatively mature
technical approaches in

China.

A variety of
trade-off/synergy
analysis methods.

The research system
presents a “pattern–

process–service–
sustainability”

system.

3.5. Research Progress and Landmark Results
3.5.1. Ecosystem Service Trade-Off/Synergy

1. Spatial and temporal characteristics of ecosystem service trade-off/synergy

The trade-off/synergy among ecosystem services is spatial and temporal scale-dependent
and nonlinear, and the trade-off and synergistic relationships of ecosystem services may
change at different spatial and temporal scales [17]. Current studies on the time scale of the
trade-offs and synergies of ecosystem services rarely use continuous time series and usually
choose years with certain time intervals. For example, Niu et al. [18] analyzed the trade-
off/synergistic relationships of ecosystem services in the Songhua River basin in China during
2000–2018. They concluded that there was a synergistic relationship between water harvesting,
soil conservation, biodiversity, and carbon sequestration, and a trade-off relationship between
broadleaf forests, coniferous forests, and crops. Schroder et al. [19] found a short-term trade-off
and long-term synergistic relationship between national forest fire risk management (logging)
and owl habitat protection and water quality regulation in the United States. Chen et al. [20]
found an increasing trend in net primary productivity, water production, and soil retention
capacity from 2000 to 2018 during their study in a karst watershed. Still, the ecosystem
synergy in the region was poor, and the trade-offs were particularly pronounced in karst stone
desertification areas.

At the spatial scale, Zhang et al. analyzed the trade-off/synergistic effects of forest
ecosystem services in the Fuyu Mountain region. They found that the synergistic relation-
ship between services was better on the south slope than on the north slope, and that the
best synergistic relationship between services was found in the middle mountain deciduous
broadleaf forest belt on the south slope. The worst synergistic relationship was found in the
low mountain deciduous broadleaf forest belt on the north slope [21]. Han et al. studied
the trade-off and synergistic relationships between ecosystem services and land use change
in the karst region response, finding synergistic relationships between soil water yield and
soil retention, soil water yield and carbon storage, and soil retention and carbon storage. In
contrast, most of the relationships between other crops were trade-offs [22]. In summary,
the trade-off/synergistic relationships among services showed significant differences at
different temporal and spatial scales due to the natural recovery status and the selectivity
of human use of the services.

2. Drivers of ecosystem service trade-off/synergy

The drivers of changes in the ecosystem service trade-offs and synergies are mainly
divided into anthropogenic and natural factors [23]. As one of the typical fragile ecosys-
tems in the world, the generation of trade-off/synergistic relationships between services
in karst ecosystems mainly comes from the coupling effect of two significant factors:
anthropogenic and natural. Scholars have studied the causes of the changes in the
synergistic relationships of service trade-offs in karst ecosystems. For example, Han
et al. suggested that climate is the leading natural factor for the transformation of service
trade-off/synergistic relationships, which changes the temperature and precipitation in-
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tensity in karst regions through climate change, thus affecting the distribution pattern of
plants, causing competition for species’ ecological niches, and indirectly changing the re-
lationship between services [24]. Chen et al. found that lithology is also one of the factors
influencing the trade-off/synergistic relationships, and that karst areas dominated by
dolomite and limestone, where limestone is more susceptible to dissolution by running
water, have a poorer soil retention capacity. Therefore, the trade-off relationship between
soil conservation and services such as water production is more significant in this re-
gion [25]. In addition, some scholars also believe that factors such as soil erosion [10],
vegetation degradation [9], and reduced biodiversity [26] have a more significant impact
on the trade-off/synergistic relationship between services. With the rapid development
of society, the economy, and urbanization, many karst ecosystems such as agricultural
land, forests, and wetlands have been occupied by human activities. This approach has
not only changed the land use pattern and disrupted the material and energy balance
of the karst soil–vegetation system [27], but also induced the reverse evolution of the
soil–vegetation system. In addition, the supply capacity of karst ecosystem services
will also be reduced, directly affecting the relationship between the benefits of the karst
ecosystem [28]. In addition, to meet the needs of human survival and development, a
large amount of scrub was reclaimed for cultivation, which contributed to the loss of
organic carbon from the surface layer of karst limestone soils and the intensification of
surface erosion, resulting in the weakening of soil carbon and nitrogen sequestration
capacity, which affected the relationship between the services to some extent [29]. Thus,
it is clear that human activities are a key factor in the structural and functional changes
of karst ecosystems.

3. Synergistic relationship of forest ecosystem service trade-offs

Forest ecosystems provide vital ecological services to the Earth’s ecological environ-
ment, and the conservation of biodiversity and the development of forest industries are
necessary ecological safeguards [12]. Karst forests are a special type of forest ecosystem
developed on karst landscapes in the context of forest climate conditions [30]. However,
long-term anthropogenic disturbances have exacerbated the problem of stone desertifica-
tion in karst regions, reducing the stability of existing forest structures and leaving them in
a state of fragmentation or secondary degradation succession. This significantly reduces
the capacity of karst forest ecosystems in terms of water containment, soil conservation, bio-
diversity, and ecological product supply [31], creating trade-offs or synergistic relationships
among services (Figure 4).

In recent years, some scholars have carried out studies related to the service relation-
ships of karst forest ecosystems. For example, Wang et al. found that the relationship
between the services in karst fallow forest areas (Grain for Green) was a trade-off between
soil and water conservation and net primary productivity and water connotation, and
a synergistic relationship between net primary productivity and water connotation [32].
Chen et al. found that the forest cover area in the karst area could enhance the forest’s
net primary productivity and soil erosion resistance. Still, expansion of the forest cover
area will increase the uptake of water resources by vegetation, causing a decrease in sur-
face water production service capacity so that the net primary productivity and water
production form a trade-off relationship [33]. In turn, the trade-offs between services may
impact the supply capacity of each service and hinder the ecological restoration process [9].
Therefore, based on the trade-offs between services, taking corresponding measures to
optimize the service functions to maintain the structure and function of forest ecosystems
is a critical way to achieve a “win–win” situation for economic development and ecological
conservation [34].
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Figure 4. Trade-offs/synergies between forest ecosystem services.

3.5.2. Optimization of Ecosystem Service Functions

4. Ecological compensation

Ecological compensation and payment are differentiated regulation strategies for the
interaction between ecosystem services and human welfare, which should be adapted to
the current ecological environment and social and economic system. As a mechanism to
stimulate ecological construction and environmental protection, ecological compensation
can realize the effect of internalizing the external ecological benefits [35]. Through the
analysis of the spatial flow of supply, demand, and trade-offs, the key benefits and losses
of ecosystem services are obtained, and the conditional payment transaction from service
users to service providers is facilitated [36]. In general, a combination of remote sensing
data and location-based observations is used to measure the profit and loss of supply,
regulation, support, and cultural services. Complementary compensation strategies have
been developed based on matching supply, demand, and trade-offs/synergies of ecosystem
services. For example, Sun analyzed ecosystem service processes in crucial ecological func-
tion areas in Xinjiang. According to the total value of ecosystem services, all counties in the
autonomous region can be divided into three compensation levels: priority compensation,
secondary compensation, and potential compensation areas [37]. Thus, the efficiency of the
ecological compensation mechanism can be improved. It was more difficult to compensate
for the particular habitat of the karst desert region, and further funds were used. However,
certain shortcomings in financial compensation can result in poor compensation outcomes.
As a result, alternative ways to precisely refine and structure economic compensation meth-
ods exist such as improving the ecosystem structure stabilization and enhancing ecosystem
service functions.
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5. Enhance forest ecosystem service functions based on site conditions

A fragile ecological environment, fragmented surface morphology, and severe soil
erosion and desertification characterize karst regions. The essence is the destruction of the
ecosystem structure, which leads to a decline in and loss of ecosystem functions [38]. Given
the uneven spatial distribution of forest ecosystem services and the selectivity of human
use, the ecosystem service cascade framework was developed to increase the stability
of the forest ecosystem structure, improve the function of forest ecosystem services, and
promote regional synergies (Figure 5). According to the trade-off/synergy differentiation
of the services, some scholars have proposed that plant communities can be adjusted and
configured through functional groups to enhance the overall ecosystem service capacity [39].
Chen [40] offered optimal control strategies for the forest, irrigation, and grass communities
in different rock desertification classes, considering the growth traits, adaptation strategies,
ecological niches, and functional group types of tree species. Zhang [12] constructed a
model for the ecological restoration of forests of different stone desertification classes with
species adaptation strategies and ecological service functions. Zhang [41] proposed plant
community optimization techniques by studying the plant species diversity, leaf functional
traits of established species in plant communities, spatial patterns of plant communities,
and interspecific correlations in the rocky desertification succession of different grades.
Yu [39] took the upper reaches of the Chishui River as the study area, divided 32 water
resource conservation forest tree species into seven water resource conservation function
groups, and proposed optimization and adjustment strategies for the different function
groups on this basis. Therefore, the conservation strategies for forest ecosystems in karst
areas should be more targeted and specific.

 
Figure 5. Forest ecosystem services.

3.5.3. Assessment Methods

Ecosystem service assessment is a complex process that needs to be refined and quanti-
fied. Currently, the main ecosystem service assessment methods include economical meth-
ods, plant functional traits, biophysical models, energy value conversion techniques [42],
quality methods [43], modeling methods, and value quantity methods [44].

Several scholars have explored the spatial and temporal characteristics and the relation-
ship between trade-offs and synergies of the forest ecosystem services. From the research
perspective, the content mainly involves the expression form, dynamic change, scale effect,
and scenario simulation of ecosystem service trade-off/synergy relationships [45]. The
research scale includes country, region, and river basin [46]. The main research methods
are statistical analysis [47], spatial analysis [48], scenario analysis [49], and service mobility
analysis [50,51] (Table 2).
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Table 2. Research methods of ecosystem service trade-offs/synergies.

Research Method Principles

Ecosystem service
trade-off/

synergy research
methods

Statistical methods
Mathematical models are used to study the
quantitative relationships among various

forest ecosystem services.

Spatial analysis methods

GIS, spatial statistics, and other methods
are used to characterize the spatial patterns

of forest ecosystem service trade-offs at
specific spatial and temporal scales.

Scenario analysis methods

Spatial mapping and regression analysis
are used to analyze the dynamics of forest

ecosystem service trade-offs and seek
optimal scenarios.

Service mobility analysis

“Source” and “sink” regions are identified
by analyzing single ecosystem service

supply, transport, and utilization processes.
The impact of human activities on the

supply and demand of forest ecosystem
services is measured.

4. Discussion

4.1. Trade-Offs/Synergies and Functional Optimization of Annual Posting Volume Differences

The number of publications related to ecosystem service trade-offs/synergies and
functional optimization is increasing rapidly with annual changes (Figure 2). For the
forestry sector, this is both a challenge and an opportunity. Since the rise in ecosystem
service trade-off/synergy research, the number of published articles has been increasing,
accounting for 74.4% of the total articles published, which will continue to grow in the
future. Studies on the trade-off/synergy relationships are mainly related to river basins,
watersheds, and mountains. There needs to be more relevant studies on forests, as there is
currently a lack of articles on karst stone desertification forests. It is speculated that the
complex environment of karst desertification zones, with significant differences in different
karst environments (canyons, depressions, rocky slopes, rocky forests, rocky troughs) [11], is
more difficult for scholars to study, resulting in a low number of publications in these areas.
Regarding functional optimization, there are relatively few studies on forest ecosystem
service functions, accounting for only 25.6%. The current studies on functional optimization
focus on the optimization of single services or the optimization of overall services, and there
needs to be more studies on the optimization of services based on trade-off relationships. It
is assumed that the concept and connotation of functional optimization need to be clearly
defined [52], leading scholars to ignore the trade-offs between services in studying the
functional optimization strategies in forest ecosystems. The characteristics of trade-off
relationships and the driving mechanisms need to be better understood. The optimization
methods for transforming trade-off relationships into synergistic relationships cannot be
easily explored.

4.2. Differences in the Distribution of Study Areas

Regional differences in the natural conditions and social situations have led to the
uneven development of research on ecosystem trade-offs/synergies and functional opti-
mization (Figure 4). Regarding the number of publications, Asia has the highest number,
with 40.47% of the total. Among the countries in Asia, China had the highest number of
publications, with a total share of 86.97%, which may be related to the attention of national
policies and research institutions [53], and possibly the use of the CNKI database. The
emergence of a series of global problems such as resource and environmental degrada-
tion has made people deeply aware of the importance of the sustainable development
of ecosystems [54,55]. As a result, there is a growing interest in the benefits provided by
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ecosystems, and the number of publications is increasing. South America had the second
highest number of publications, with a total share of 25.55%. The region is advanced in
education, science, and technology, but may have focused its research horizon on ecosystem
function, biodiversity, and other related aspects, with less research on trade-offs/synergies
and functional optimization. The lowest number of publications was found in Africa,
accounting for 5.03% of the total number of publications. Compared with the Asian region,
this region is poor in resources and lagging in education, science, and technology. More
attention should be paid to the research on ecosystem trade-offs/synergies and functional
optimization, and there were fewer relevant studies.

4.3. Key Scientific Questions to Be Addressed

1. Severe soil erosion, weak stability of vegetation communities, and deteriorating
ecosystems in karst stone desertification areas. Karst systems have a unique, binary,
three-dimensional spatial structure. However, due to their structural peculiarities, this
exacerbates the water and soil leakage condition, making the soil layer in the area thin,
causing challenges in retaining nutrients, along with a poor soil quality. In addition, to
meet people’s survival and development needs, the original vegetation in karst rocky
desertification areas has been destroyed, so the existing forests are mostly planted and sec-
ondary forests. However, most planted and secondary forests have simple structures, poor
biodiversity, low primary productivity, and poor soil and water retention functions. The
vegetation shows a tendency to retreat, reducing the stability of the forest ecosystems [56]
(Figure 6).

  
(a) (b) 

Figure 6. (a) Degradation of vegetation in karst desertification; (b) karst rocky desert landscape.

2. Karst stone desertification forest ecosystem services present trade-off/synergy
relationships. This region has cultivated large areas of mature and overgrown forests using
methods such as closed forestry and plantation, which have reached a certain high level of
service capacity in terms of water content, net primary productivity, species diversity, and
material production. However, the bias in human demand for forest ecosystem services and
the tendency of forest communities to compete for ecological niche occupation [48] has led
to trade-off/synergy relationships among services. Thus far, there are fewer studies on the
trade-off/synergy of karst forest ecosystem services. During future research, understanding
ecosystem services such as the water content and net primary productivity of karst forests
should be enhanced to clarify the trade-off/synergistic relationships among services.

3. The spatial scale of forest ecosystem service trade-off/synergy studies is limited
to large scales or single factors. Due to the successful development of 3S (remote sensing,
geographic information systems, and global positioning systems) technologies, based on
their ability to access spatial data quickly, the existing results of ecosystem service trade-
offs/synergies are large-scale studies such as watersheds [57] and functional areas [58].
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However, these studies typically use a single research scale, and the results cannot be
verified. Especially in karst areas, the topographic conditions are complex, with numerous
plateau mountains, peaks, and valleys, and the information identified by remote sensing
needs to reflect the actual conditions. Therefore, in the future, we should strengthen the
research on a small scale and obtain experimental data through the combination of field
monitoring and 3S technology to clarify the process and mechanism of each ecosystem service.

4. The unclear trade-off/synergistic driving mechanisms of karst forest ecosystem
services. The influences on ecosystem services arise from natural and socioeconomic
systems, covering topography, soil, biology, climate, land use, socioeconomics, and human
activities [59]. Due to regional differences in development, the uneven regional distribution,
and diversification of socioeconomic factors such as population, education, social class,
policies and regulations, religion and culture, urbanization, and economic level, local
people develop preferences for ecosystem services. Additionally, in the selection process,
they indirectly or directly influence ecosystem services, creating trade-off/synergistic
relationships. Therefore, in the future, it is essential to explore what factors play a dominant
role at the spatial and temporal scales, the relevance of driving mechanisms at the spatial
and temporal scales, and to clarify the coupling of various factors at different spatial and
temporal scales [60].

5. Given the multitude of ecosystem service assessment methods, there needs to be
more certainty in the results of trade-off/synergy studies among karst forest ecosystem
services. Ecosystem service assessment involves many aspects including forestry, econo-
metrics, management, and ecology. There are more indicators of each service function and
complex mechanisms of the action process. Additionally, there are significant differences
among regions, research scales, and assessment methods. Especially in karst stone desertifi-
cation areas, the ecological environment is special, and multiple processes can be selected
for comparative studies to enhance the scientific nature of the research methods.

4.4. Enlightenment on the Optimization of Forest Ecosystem Service Functions for Karst
Desertification Control

Good social, economic, and ecological benefits have been achieved in participating
forest ecosystems in managing karst rock desertification [61]. However, the fragility of the
karst rock desertification ecological environment [62] makes the forest ecosystem in this
area less able to resist external disturbances and less stable [63]. Once unreasonable human
activities occur and exacerbate the fragility of stone desertification habitats, they will change
the forest ecosystem’s structural configuration and species composition [64] and affect the
service provisioning capacity and trade-off/synergistic relationships. Therefore, the work
summarized and reviewed in this paper on the above ecosystem trade-off/synergy and
functional optimization was synthesized. Insights into the optimization of forest ecosystem
service functions in karst rock desertification management were provided regarding the
forest ecosystem structure–function and trade-off relationships among services.

For the ecological structure–function, the karst stone desertification area has a shallow
soil layer, discontinuous soil, high rock exposure rate, and rich soil calcium and magnesium
content [56]. The suitability for small habitats should be considered when selecting restora-
tion species, and drought-tolerant, calcium-loving, rocky, fast-growing, widely applicable,
ecologically and economically valuable trees, bushes, vines, and grasses should be selected
for ecological restoration such as species of any bean, cedar, and lady’s mantle [65]. Second,
we should adjust the cultivation methods of natural forests and plantations, which are
sound ecological construction systems and natural gene pools with strong regulation and
restoration abilities. The conservation of natural forests is mainly based on “no access
to protected forest areas” measures to preserve their species and genetic diversity and
maintain the community structure and function [66]. For natural secondary forests in poor
health, we adopted the measure of “managing the forest closed and adjusting the structure
of the trees”, and promoted better plant growth through artificial support measures such as
replanting, nurturing, and inter-logging. For the planted plantations in natural forest areas,
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measures that support a “change of management approaches while protecting the forest in
culturing” were adopted. Through the nurturing of mixed conifer and broadleaf forests,
and the regular replanting of native species, we can induce succession in native forests and
optimize the community structure and function [31]. Regarding the trade-offs between
services, the trade-offs between forest ecosystem services in karst stone desertification areas
resulted from a combination of natural and human factors.

Due to the poor soil in this area, plants compete with other species spatially to occupy
more ecological niches during growth, leading to trade-off relationships between some
services such as water connotation and soil conservation, nutrient netting, etc. [67]. Natural
restoration or scientific fertilization can enhance soil quality in the stone desertification area
and promote the balance of nutrient supply and demand. In addition, the appropriate stand
density and planting depth need to be determined during planting to provide a wider space
for plants to grow. The competition between plants for ecological niches should be reduced
and the service capacity of water connotation and carbon sequestration and oxygen release
should be improved while optimizing their trade-off relationship. The most important
point is to reduce human interference in the forest ecosystem in stone desertification areas.
The impact on the service function can be minimized by prohibiting deforestation, stepping
on the protected forest area, reclaiming scrubland for cultivation, and planning the land for
urban construction and highway construction in a reasonable way, in order to maintain the
original state of the service function and reduce the formation of trade-off relationships.

5. Conclusions

This paper conducted a literature search for the trade-offs/synergies and functional
optimization of forest ecosystem services through two databases, the Web of Science and
CNKI. This study analyzed and reviewed 254 selected papers. The following conclusions
were drawn. (1) The number of publications has shown a rapid growth trend since 2014,
and the research process has gone through three stages: start (1970–2005), slow develop-
ment (2005–2014), and rapid development (2014–2022). (2) Research regions are mainly
concentrated in Asia, North America, and Europe, accounting for 40.47%, 25.55%, and
15.07% of all regions, respectively. (3) In the research, the content trade-off/synergy rela-
tionships were the most abundant, accounting for 61% of the total, followed by functional
optimization and assessment methods, accounting for 20% and 11% of the total, respec-
tively. (4) The following are future scientific questions to focus on and ideas for solutions:
1© Given the severe soil erosion, weak stability of vegetation communities, and deterio-

rating ecosystems in karst stone desertification areas, a combination of forest sealing and
artificial planting could enhance the vegetation cover, strengthen the ability to fix soil and
retain water, and improve the system’s stability. 2© Given that karst stone desertification
forest ecosystem services present trade-off/synergistic relationships, the reasons for the
formation of inter-service trade-offs can be explored, and the trade-offs can be mitigated by
enhancing the capacity of individual and multiple services. 3© Given that the spatial scale
of forest ecosystem service trade-off/synergy studies is limited to large scales or single
factors, the diversity of research dimensions should be increased, and a combination of
remote sensing images and field monitoring should be used for research and validation.
4© Given the unclear trade-off/synergistic driving mechanisms of karst forest ecosystem

services, the human-made and natural factors that cause trade-offs between services should
be fully explored, and their specific drivers should be identified. 5© Given the multitude of
ecosystem service assessment methods, there is a problem of uncertainty in the results of
trade-off/synergy studies among karst forest ecosystem services. The research should be
conducted using methods applicable to small watersheds such as habitat monitoring and
analysis to enhance the scientific validity of the research results.

Author Contributions: Conceptualization, methodology, data curation, writing—original draft
preparation, X.D.; Formal analysis, K.X.; Writing—review and editing, X.D., Y.Y. and S.Z.; Supervision,
Y.Z.; Funding acquisition, K.X.; Software L.K. All authors have read and agreed to the published
version of the manuscript.

37



Forests 2023, 14, 88

Funding: This research was supported by the Key Science and Technology Program of Guizhou
Provence: Poverty alleviation model and technology demonstration for eco-industries derivated from
the karst desertification control (No. 5411 2017 Qiankehe Pingtai Rencai); the Science and Technology
Research Project of Higher Education Institutions in Hebei Province: Comparative study of model
and technology for characteristic high efficiency forestry from the karst desertification control in
North and South China Karst (No. QN2021412); the Scientific Foundation of Tangshan Normal
University: Comparative analysis on vegetation restoration and characteristic high-efficiency forestry
in the desertification of South and North China Karst (No. 2021A07) and the project of Guizhou
Geographical Society: Research on characteristic high efficiency forestry from vegetation restoration
of the karst desertification control (No. 2020HX05).

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: The authors would like to thank Liyang Fu, Mingjun Feng, and Dong Chen for
their help with the grammar, translation, and revision of the drawings.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Daily, G.C. Nature’s Service: Societal Dependence on Natural Ecosystem; Island Press: Washington, DC, USA, 1997; pp. 20–25.
2. Costanza, R.; d’Arge, R.; De Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; O’neill, R.V.; Paruelo, J.; et al.

The value of the world’s ecosystem services and natural capital. Nature 1997, 387, 253–260. [CrossRef]
3. Millennium Ecosystem Assessment. Ecosystems and Human Well-Being; Island Press: Washington, DC, USA, 2005; Volume 5,

p. 563.
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Abstract: Along the migration route between East Asia and Australia, numerous migratory birds
use the Momoge Internationally Important Wetland as a habitat. Human activities and climate
variability cause salinization and meadowization. We developed the “Quality-Pressure-Pattern-
Service” remote assessment framework for ecosystem integrity, using a three level approach (TLA).
The model was used to assess ecosystem integrity, identify improper wetland development, and
provide spatial optimization strategies. The research region was dominated by wetlands, followed by
dry fields. Wetlands continued to decrease between 1965 and 2019, as arable land and construction
land continued to increase. Over the course of 54 years, ecosystem integrity declined. In 2019, around
half of the areas had poor or extremely poor ecosystem integrity. Because the eastern study area
contained many pristine inland beaches, the eastern study area displayed greater ecosystem integrity
than the central and western areas. Priority should therefore be given to wetland restoration in the HJ
core area (one of the three core areas of the reserve), where most of the herb marsh has been converted
to arable land. This study revealed the integrity and authenticity of wetland ecosystems. Our results
can aid in the protection of wetland habitats, encourage sustainable development, and help in the
building of a national park in northeastern China.

Keywords: CORONA; environmental indicators; land use; national nature reserve; remote sensing

1. Introduction

The historical legacy of nature reserves is one of China’s most significant environmen-
tal issues. In China’s 474 national nature reserves, there are currently 29 urban built-up
areas, 531 built-up areas consisting of formed townships, and 779 administrative villages [1].
Over the past three decades, scholars have created a variety of frameworks for assessing
ecosystem integrity to characterize the natural and wilderness states of unaltered nature
reserves. Initially, ecosystem integrity was recommended as a scientific evaluation criterion
for ecosystem management in national parks in Canada [2]. Traditional frameworks for as-
sessing ecosystem integrity and authenticity include the Index of Biotic Integrity (IBI) [3–5],
the Ecosystem Integrity Assessment Framework (EIAF) [6], and the Ecosystem Integrity
Assessment System Based on Essential Ecosystem Characteristics (EECs) [7]. In general,
local and international scholars have centered their evaluations of ecosystem integrity on
environmental stress, ecological processes, and biodiversity [8].

Wetlands exhibit some combined functions with those of terrestrial and aquatic ecosys-
tems and they are among the most critical ecosystems [9–13]. However, the global wetland
area has decreased by 35% during the past 50 years (https://www.global-wetland-outlook.
ramsar.org/ (accessed on 17 December 2021)). Land use and development contribute signif-
icantly to the loss of wetland habitats. Various reports have discussed the loss of wetlands
as a result of land use change, such as the extensive and rapid transformation of natural
wetlands in Asia [14], the loss of 33% of the total domestic wetland in China between 1978
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and 2008 [15], and the extensive conversion of marshland to construction and arable land in
China [16]. The conventional methodology used for assessing ecosystem integrity requires
very high-altitude survey data and is challenging to apply to complex wetland habitats.
The remote evaluation framework of the Three Level Approach (TLA) has established a
number of evaluation indicators that can be evaluated through remote sensing [17,18]. On
this basis, numerous evaluations of ecosystem integrity have been performed through the
adoption of a Geographic Information System (GIS) analysis [19,20].

There is an urgent need to develop ecosystem integrity assessment frameworks that
can be applied more frequently and repeatedly to nature wetlands to evaluate, monitor, and
report on the condition of the region’s ecosystems. Natural wetland parcels are generally
fragmented, and delineating multiple natural land use types at fine scales is a limited
process. Wetland data from the Third National Land Survey of China (2019) and the Second
National Wetland Survey (2013) provide more fine-scale wetland vector data. However, it
is difficult to obtain sufficient vector data for most wetland studies. Therefore, few previous
studies have studied wetland changes over periods longer than 50 years and studies have
failed to explore the more primitive wetland landscapes in history.

Several research findings have emphasized the viability of employing CORONA
images to gain information on fine wetland types [21,22]. However, it has been noted
that CORONA images have certain deficiencies in terms of both feature identification and
band calculation [23]. In this study, we gathered historical information on the research
area, such as county records, almanacs, and reports outlining the distribution of wetlands
and hydrothermal conditions, to address this issue. In addition, we employed a human
visual interpretation technique to adjust the land use change data piece by piece, which
dramatically enhanced our ability to identify natural wetland types with precision.

Managing wetland areas with historical legacies is essential in order to safeguard core
wetland areas and repair degraded wetlands. In response to numerous unknown factors
concerning the degradation and development of wetland areas in the study area [24,25],
an area of inappropriate development was identified, and the spatial pattern of the wet-
land areas was modified to meet ecological requirements to the greatest extent possible.
In addition to the basic functions of natural wetland systems, wetlands with historical
legacies are typically tightly linked to the production activities and living situations of
humans [26–28]. Consequently, resolving historical legacy issues in wetland nature re-
serves plays a crucial role in fostering high-quality economic development and high-level
ecological environmental protection through synergistic means.

On the basis of RS and GIS technologies, we developed a framework for assessing
the integrity of ecosystems that is less expensive and requires less time. Such a framework
will not replace assessment methods based on rigorous field surveys, but it will aid in
the constant monitoring of changes in ecosystem integrity and provide essential data for
addressing legacy concerns in nature reserves. In this study, we investigated the spatial and
temporal aspects of a wetland from 1965 to 2019, utilizing the Momoge National Nature
Reserve as a case study. On the basis of the “Quality-Pressure-Pattern-Service” ecosystem
integrity remote assessment methodology, wetland ecosystem integrity was assessed. The
optimization of the spatial pattern in the reserve was also performed to assist in providing
fine control over the wetland’s ecology.

2. Materials and Methods

2.1. Study Area

The Momoge Internationally Important Wetland is situated in Baicheng City, in the
western portion of Jilin Province (Figure 1). The research area encompasses 144,000 ha
and has a semi-humid, temperate continental monsoon climate. It sits at the western
boundary of the Sonnen Plain, which was produced by the second northern subsidence
zone of the Neocathasia tectonic structure. This structure is the Yingtai structure, which
faces north-northeast. In the reserve, swamps have evolved in lakefront depressions,
river floodplains, and low-lying places. The primary soil types of the reserve include
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meadow soil, chernozem soil, and alluvial soil. There are as many as 55 different varieties
of vegetation in the Momoge wetland, which belongs to the Eurasian steppe region. The
major plant communities consist of a Phragmities australis community, a Deyeuxia angusrifolia
community, a Carex spp community, etc. It is one of the three greatest soda saline land
distribution zones in the world and is a crucial stopover for 90 percent of the world’s large
waterfowls and wading birds, such as Grus leucogeranus, migrating between Siberia and
Oceania. The area was Established as a natural reserve in 1981 and designated as a globally
significant wetland in 2013.

Figure 1. Location of Momoge Internationally Important Wetland.

2.2. Data Sources and Data Processing
2.2.1. Ecological Assessment Unit

To balance the time- consumption of land use modeling and the richness of picture
information, a 1 km × 1 km grid was used as the assessment cell size. First, all variable
data were transformed to single-precision TIF images with the same raster size, and then
1 km grid cells were counted.

2.2.2. Basic Geographic Data

In this study, we utilized meteorological data, DEM data, and land use data as the
basic forms of geographic data. Meteorological data and some data on vegetation cover
were collected from the National Earth System Science Data Center, National Science and
Technology Infrastructure of China (http://www.geodata.cn/ (accessed on 9 December
2021)). For the years 1965, 2015, and 2019, the monthly precipitation and annual mean
temperature of China were computed with a 1 km resolution. Since it was difficult to collect
data on the vegetation cover in 1965, we used Landsat 3 images of the Momoge Nature
Reserve from 1981 for our calculations. The geospatial data cloud (http://www.gscloud.cn/
(accessed on 10 May 2020)) provided the ASTERG DEMv2.0 data with a spatial resolution
of 30 m. In this study, we made use of the 2013 wetland survey data from the forestry
department, the 2013 land use change data from the Second National Land Survey, and the
2019 data from the Third National Land Survey.
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2.2.3. Remote Sensing Images

The Third National Land Survey utilized satellite remote sensing images with a
resolution of over 1 m and classified wetlands in detail, whereas the Second National Land
Survey utilized SPOT-5 satellite images with a resolution of 2.5 m and did not classify
wetland types. To differentiate wetland types using the 2013 land use change data, this
study should be complemented with by the use of additional remote sensing data with a m
resolution. We chose the 1965 KH-4A satellite and the 2015 ZY-3 satellite as remote sensing
information sources (Table 1).

Table 1. ZY-3 satellite and KH-4A satellite specification information.

Satellite Year Day/Month Resolution (m) Image Type Source

ZY-3 2015 09/December 2.1 panchromatic Satellite Environmental Application Center of the
Ministry of Ecology and Environment

(http://www.secmep.cn/
(accessed on 25 February 2020))

ZY-3 2015 2 6/October 2.1 panchromatic

KH-4A 1965 23/September 2.7 panchromatic the USGS (https://www.usgs.gov/
(accessed on 9 December 2019))

Coronal images have panoramic aberrations. We used corrected ZY-3 satellite data as a
reference for calibration. The root-mean-square error of the geometric correction results was
less than 1.0. The 1965 and 2015 land cover vector data in the research region were finally
generated by changing the 2013 land use change data patches. To maintain consistency
in the classification accuracy of the data, we analyzed the 2019 land use vector data and
combined road and ditch patches with widths of less than 2 m into adjacent land classes.
In addition, industrial and mining land patches were eliminated from the land use map.
We evaluated the accuracy of the 2015 and 2019 classification results using high-resolution
Google Earth images. Due to the paucity of historical geographic data, we validated the
correctness of the 1965 classification by creating a pseudo-color composite image of the
Corona image using the density segmentation function. The results demonstrated that the
overall accuracy of the secondary image classification reached 90%.

2.3. Method

The selection of 1965, 2015, and 2019 as the years for our analysis of land use type data
was based on three main considerations:

1. The accessibility of meter resolution remote sensing images;
2. The avoidance of years of extreme flooding and drought; and
3. The accessibility of the wetland vector database.

This paper is structured as the follows (Figure 2). First, we merge several meter-
resolution remote sensing photographs to obtain land use type data for 1965, 2015, and
2019 in the research area. Then, we model land use dynamics and discuss land use changes.
We present the final version of the " Quality-Pressure-Pattern-Service " ecosystem integrity
remote assessment framework based on the TLA remote assessment framework. Finally,
by evaluating the ecosystem integrity and authenticity of the study area, we identify
the inappropriate development areas within the reserve and make recommendations for
optimizing its spatial pattern.
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Figure 2. Flowchart of the study.

2.3.1. Land Classification System

We determined the land classification system employed in this work by referring to
prior wetland classification studies, such as the Ramsar Convention, the Third National
Land Survey Classification, and the National Forestry Administration wetland survey
classification (Table 2). Our analysis focused on wetlands and we divided them into narrow
wetlands and water.
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Table 2. The land classification system used in this study.

Class 1 Class 2 Class 3

Wetland Narrow wetland
Inland beach

Salt marsh
Herb marsh

Water —

Non-wetland

Arable land Paddy field
Dry field

Woodland —
Grassland —

Construction land —
Saline land —
Other land —

2.3.2. Land Use Dynamic Model

The single land use change rate is the rate of a specific land use or cover change in the
research region, and it is computed as follows [29]:

V =
B1 − B0

B0
× 1

T
× 100% (1)

In Equation (1), B0 and B1 are the area of a certain land use type at the beginning and
conclusion of the study period, respectively, and T = 54 is the length of the study period.

2.3.3. Ecosystem Integrity Evaluation Index System

Ecosystem integrity can be understood in terms of the quality of the ecosystem, the
stability of the landscape, the ecological services supplied by the ecosystem, and its capacity
to withstand less external pressure. Consequently, we developed a “Quality-Pressure-
Pattern-Service” ecosystem integrity remote assessment framework (Figure 3) by referring
to the three-level approach (TLA).

Figure 3. “Quality-Pressure-Pattern-Service” ecosystem integrity remote assessment framework.

The evaluation framework consists of four factors: ecosystem quality, ecological stres-
sors, ecosystem patterns, and ecosystem services. The indicators were chosen based on
the characteristics of wetland ecosystems and the concepts of comprehensiveness, repre-
sentativeness, practicality, accessibility, and measurability. Table 3 displays the indicator
system used to evaluate the ecosystem integrity of the Momoge Internationally Important
Wetland. We selected 24 variables relevant to the integrity of wetland ecosystems, including
7 natural attribute variables, 5 spatial density variables, 3 landscape pattern variables, and
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9 functional value variables, based on previous research. We did not select socio-economic
characteristics in consideration of the reserve’s real population and economic growth.

Table 3. “Quality-Pressure-Pattern-Service” ecosystem integrity evaluation factor table.

Level 1 Level 2 Level 3 Calculation Methods Indicator Sources

Ecosystem
quality

Shade condition
DEM - Evaluation of waterfowl habitat suitability

[30,31].Slop Slop tool in ArcGIS 10.8

Water source
status

River density Kernel density analysis in
ArcGIS 10.8

The PCFAEI and EECs evaluation
frameworks both contain indicators of

hydrology and plant life [7,32].

Lake density

Hydrological
function TWI [33,34]

Vegetation cover NDVI [35]

Ecosystem
stress

Climate change
WI

[36] Climate change indicators under the PCFAEI
and EECs assessment frameworks [7,32].HI

Land
development

Ecosystem
comprehensive
anthropogenic

disturbance index
(ECADI)

[37]

Principal stressors in the evaluation
frameworks of the PCFAEI, EIAF, and EECs

[6,7,32].Road density

Kernel density analysis in
ArcGIS 10.8

Ditch and dyke
density

Density of residential
land

Ecosystem
pattern

Advantage type LPI
The index was computed in
Fragstats 4.2 employing the

moving window method with
a 1000 m window size

Indicators of landscape pattern in the
PCFAEI assessment framework [19,32].

Landscape
diversity SHDI

Indicators of ecosystem quality within the
EECs assessment system [7]Landscape

fragmentation CONTAG

Ecosystem
service

Regulation service

Gas regulation

Details of the method are
provided in Section 2.3.4.

Xie et al. improved China’s ecological
valuation process for terrestrial ecosystem

services [38,39].

Climate regulation

Waste disposal

Water conservation

Support service
Soil conservation

Biodiversity
conservation

Supply service
Food production

Raw material
production

Culture service Aesthetic landscape

2.3.4. Ecosystem Service Indicators

Using the global ecosystem service function evaluation model [40], Gao et al. de-
termined the ecosystem service values per unit area in China [41]. Their findings estab-
lished one standard equivalence factor for the net profit of food production per unit area
of a farmland ecosystem. For research and comparison purposes, the 2007 grain price
(449.1 CNY/hm2) was used as 1 ecological service value equivalent factor.

To make the evaluation model more regionally applicable, we revised the ecological
service value per unit area of Chinese ecosystems (2007) [41]. The biomass factor in Jilin
Province was 0.96 [3], compared to a national average biomass factor of 1. First, we used
this factor to adjust the value of ecological services per unit area of the ecosystem and
obtained an initial value factor appropriate for the Momoge Nature Reserve. The ecological
value coefficients of farmland were then adjusted using the equivalence factors of paddy
fields and drylands (Table 4) [38]. Finally, the ecological service value per unit area suited
to the actual conditions of the research region was determined (Table 5).
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Table 4. Equivalent value per unit area of cropland ecosystem services in China (2011).

Ecological Service Types Paddy Field Dry Field

Gas regulation 1.11 0.67
Climate regulation 0.57 0.36

Headwater conservation 2.72 0.27
Waste treatment 0.17 0.1

Soil formation and protection 0.01 1.03
Biodiversity protection 0.21 0.13

Food production 1.36 0.85
Raw materials 0.09 0.4

Cultural and recreation 0.09 0.06
Total 6.33 3.87

Table 5. Nature Reserve ecological service values per unit area (CNY/haa−1).

Ecological Service Types
Paddy
Field

Dry Field Woodland Grassland Water Wetland
Saline
Land

Gas regulation 344.56 207.98 1862.51 646.70 219.88 1039.04 25.87
Climate regulation 238.38 150.55 1754.73 672.58 888.14 5841.90 56.04

Headwater conservation 902.98 89.63 1763.35 655.32 8092.43 5794.46 30.18
Waste treatment 101.88 59.93 741.55 569.10 6402.37 6208.36 112.10

Soil formation and protection 6.34 652.79 1733.16 965.74 176.76 857.96 73.30
Biodiversity protection 92.35 57.17 1944.42 806.23 1478.79 1590.89 172.45

Food production 586.34 366.47 142.27 185.39 228.50 155.21 8.62
Raw materials 35.31 67.26 1284.79 155.21 150.90 103.47 17.24

Cultural and recreation 6.60 4.40 896.76 375.09 1914.24 2022.03 103.47
Total 2314.73 1656.17 12,123.54 5031.36 19,552.02 23,613.32 599.28

2.3.5. Weighting and Standardization of Evaluation Indicators

The Decision-making Trial and Evaluation Laboratory (Dematel) was used to calculate
the degree of influence of each element on the other elements and the degree of influence to
determine the causal relationship between the indicators and the weight of each indication
in the system [42]. Table 6 displays the relative importance of the ecosystem integrity indi-
cators used in this study. The min–max normalization approach was used to standardize
the evaluation indexes to make them comparable [43].

2.3.6. The Integrity Index and Grading Standards for Ecosystems

The ecosystem integrity index is a composite score that evaluates the significance
and influence of each evaluation index on ecosystem integrity [20,44]. In this study, we
used the comprehensive index method to calculate the Momoge Internationally Important
Wetland’s ecosystem integrity index. The ecosystem integrity index is determined by the
following formula:

EI =
n

∑
i=1

ωi Ai (2)

In Equation (2), EI is the ecosystem integrity index, n is the number of indicators, ωi
is the weight value of the ith indicator, and Ai is the normalized value of the ith indicator.
The higher the EI, the more intact the ecosystem is.

To examine the relative levels of ecosystem integrity in various regions, in this study,
we constructed the Momoge Internationally Important Wetland Ecosystem Integrity Evalu-
ation Scale based on the natural breakpoint method (Table 7).
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Table 6. “Quality-Pressure-Pattern-Service” ecosystem integrity evaluation factor weighting table.

Level 1 Weight Value Level 2 Weight Value Level 3 Weight Value
Indicator

Orientation

Ecosystem
quality 0.306

Shade condition 0.040 DEM 0.014 −
Slop 0.026 −

Water source
status 0.137 River density 0.084 +

Lake density 0.053 +

Hydrological
function 0.027 TWI 0.027 +

Vegetation cover 0.102 NDVI 0.102 +

Ecosystem
stress 0.371

Climate change 0.052 WI 0.025 −
HI 0.027 +

Land
development 0.319

ECADI 0.068 −
Road density 0.092 −

Ditch and dyke
density 0.057 −

Density of
residential land 0.102 −

Ecosystem
pattern 0.109

Advantage type 0.026 LPI 0.026 +

Landscape
diversity 0.039 SHDI 0.039 −

Landscape
fragmentation 0.044 CONTAG 0.044 +

Ecosystem
service 0.214

Regulation
service 0.117

Gas regulation 0.025 +
Climate regulation 0.023 +

Waste disposal 0.035 +
Water conservation 0.034 +

Support service 0.049
Soil conservation 0.022 +

Biodiversity
conservation 0.027 +

Supply service 0.028
Food production 0.019 +

Raw material
production 0.009 +

Culture service 0.020 Aesthetic
landscape 0.020 +

Table 7. Evaluation and grading of Ecosystem Integrity results.

Level Index Ecosystem Integrity Status

Excellent >0.8
Ecosystem structure, composition, and function all shift within the range of
natural disturbance. There are no or few ecological issues, and the
anthropogenic disturbance pressure is minimal.

Good 0.6–0.8
The structure, composition, and function of ecosystems fluctuate within the
range of natural disturbances. There are mild ecological concerns and low
anthropogenic disturbance pressure.

Medium 0.4–0.6
The structure, composition, and function of the ecosystem vary within the
range of natural disturbances, with certain ecological concerns and human
disturbance pressure.

Poor 0.2–0.4
Changes in ecosystem structure, composition, and function of the ecosystem
are beyond natural disturbance. There are serious ecological problems and
high pressures from human interference.

Extremely poor 0–0.2

Changes in the structure, composition, and function of ecosystems beyond the
scope of natural disturbances. There are serious ecological problems, high
pressure from anthropogenic disturbance, and ecological processes that are
difficult to reverse.
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2.3.7. Spatial Pattern Optimization Method

Based on the above ecosystem integrity remote assessment framework and the mea-
surement method presented by Wei et al. [45], the integrated ecological function assessment
value was subdivided into four degrees to illustrate the strength of the ecological function
in different regions.

For the classification of the levels, we took into account the probability distribution of
the values under all grids and established a, b, and c as the cut-off values for the integrated
ecological functioning of the district, ranging from the lowest to the highest. Then, with
reference to the functional area border of the Nature Reserve designated by the State
Environmental Protection Administration (SEPA) in 2007, the principle of establishing
the important ecological protection area as the area with the highest expected value of
ecosystem integrity was chosen. According to the system integrity index distribution of all
units assessed, the expected value of the core area was designated a a, and the expected
value of the pilot area was designated a d (the minimum value of ecosystem integrity for
the pilot area). The expected value for the buffer zone decreased with increasing distance
from the core zone (divided into 25 classes with a value range of d–a). Finally, the actual
value of the comprehensive evaluation of wetland ecological functioning was subtracted
from the expected value, and if the result was less than a predetermined threshold value
(we set this threshold value to −0.04), this indicated that the proposed development of the
wetland was disproportionate.

The ultimate purpose of assessing ecosystem integrity is to provide scientific evidence
for the transformation of future land use in a sensible manner. We assumed the following
conditions for the future restoration of wetland areas:

• Built-up construction land would be maintained;
• The built-up wetland types in the pilot area and buffer zone of the reserve would not

go back to their original state; and
• Any occasional changes to the land were ignored.

3. Results

3.1. Land Use Change Analysis of the Momoge Internationally Important Wetland
3.1.1. Land Use Structure Investigation

The real spatial distribution of Momoge Internationally Important Wetland in 1965,
2015, and 2019 is depicted in Figure 4. The wetland maps for different years had comparable
spatial distributions. The main land cover type in the research region was always wetland,
followed by dry field.

The dominant species of wetland was inland beaches, followed by water. Inland
beaches and water were primarily distributed along the Nengjiang River in the east and
the Tao’er River in the south; salt marshes were primarily distributed in the northwest,
where the terrain was slightly elevated; and herb marshes were primarily distributed in the
low-lying regions of the south-central portion of the study area. The middle portion of the
research region was dominated by arable land. The majority of saline land was found in
the depressions surrounding the western lakes and marshes.

3.1.2. Analysis of Wetland Change Spatial Patterns

We focused on two degraded regions, which showed wetlands changed in protected
areas, in order to investigate the spatial features of wetland at the regional scale during
different years. The first area shown in Figure 5, was one of the places where wetland loss
is the worst, and inland beaches were the most common type of wetland there.

This typical region was considered agricultural terrain. The government carried out
agricultural reclamation in the reserve between 1965 and 2015 for the purpose of increasing
food production. For instance, the southern herb marsh was almost entirely converted to a
mixture of arable land and grassland, whereas the western salt marsh was also reclaimed
and even degraded to saline land. From 2015 to 2019, the government converted dry
fields to paddy fields in an effort to increase the productivity of arable land use. This
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measure slowed the encroachment of agricultural space on wetland ecosystems. However,
in general, degradation continued to dominate the spatial change of narrow wetlands.

The second location was chosen to illustrate the evolution of water in the western
portion of the research area (Figure 6). A sufficient water supply is required to prevent the
salt marsh from degrading into saline land. From 1965 to 2019, the amount of water in this
region decreased before increasing. From 1965 to 2015, the conversion of huge dry areas to
paddy fields in the study area led to a dramatic increase in water demands for agricultural
irrigation, resulting in a substantial decrease in the area of water. Between 2015 and 2019,
the area of water in the research region increased by 6344.70 ha, or 31.21 percent. Different
hydraulic engineering methods were employed to make sure that there was enough water
to keep the wetland ecosystem healthy and to stop the wetland from becoming more salty
and growing meadows.

Figure 4. Map of land use types in the Momoge Internationally Important Wetland.
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Figure 5. Maps of typical water area changes from 1965 to 2019.

Figure 6. Maps of typical narrow wetland changes from 1965 to 2019.

3.1.3. Analysis of Wetland Changes throughout Time

To investigate the temporal aspects of wetland changes, we computed the changes
in wetland area from 1965 to 2019 (Figure 7). Over the two time periods, the areas of
both arable land and construction land increased continuously. Wetlands were the only
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land type of which proportion of the area continued to decline, falling from 75.06 per-
cent to 45.62 percent. The area of every subcategory of wetland except water and salt
marsh dropped.

Figure 7. Momoge Internationally Important Wetland dynamic land use change map.

From 1965 to 2019, land use in the Momoge Internationally Important Wetland changed
greatly (Figure 8), and the rates of change for different types of land were very different.

 

Figure 8. Momoge Internationally Important Wetland dynamic land use degree map.

From 1965 to 2019, the area of paddy fields expanded by 24,936.17 ha at the highest
yearly growth rate. This was followed by construction land, which increased by 142.67 per-
cent with an annual growth rate of 2.64 percent. With an annual growth rate of 0.69 percent,
the amount of saline land grew by 37.49 percent. The area of a narrow wetland was reduced
by 53.43 percent, at a rate of 0.99 percent per year. It is likely that non-wetland areas such
as arable land, construction land, grassland, and saline land grew at the expense of wetland
in the research area.

3.2. Analysis of the Ecosystem Integrity Index

The Momoge Nature Reserve can be separated into three types of areas. The pilot area,
buffer area, and core area are listed in descending order of the degree of human activity
allowed in each area. The core area consists of the HJ core area, the HR core area, and the
HL core area.

In terms of ecosystem integrity rating (Figure 9), the majority of the Momoge Interna-
tionally Important Wetland was in a relatively pristine and untouched state in 1965, with
31.64 percent, 38.83 percent, and 7.81 percent of the territory receiving excellent, good, and
medium ratings, respectively. In 2015, 17.95 percent, 23.62 percent, and 13.86 percent of
the research area received excellent, good, and medium ratings for ecosystem integrity.
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Ecosystem integrity was broken in some places, as 36.79% of the areas were rated as having
low ecosystem integrity and 7.78% as having extremely poor ecosystem integrity. The 2019
assessment revealed that over half of the study area had an ecosystem integrity rating of
poor or extremely poor. Notably, the number of places with excellent and good ratings for
ecosystem integrity increased by 0.42 percent and 1.45 percent, respectively.

Figure 9. Momoge Internationally Important Wetland ecosystem integrity index map.

Figure 9 shows that the ecosystem integrity of the eastern part of the Momoge Interna-
tionally Important Wetland was much higher than those of the middle and western parts.
Affected by the zoning of the nature reserve, the pilot area in the center of the research area
contained the majority of the regions with low ecosystem integrity in 2015 and 2019. This
was mostly due to the extensive conversion of herb marsh into paddy field. Secondly, the
northwest region of the research area had poor ecosystem integrity. This region was more
susceptible to wetland salinization. The regions with a moderate level of environmental
integrity were primarily located near dry field and salt marsh. Most of the places with
exceptional ecosystem integrity were located near the Nengjiang and Tao’er Rivers, which
are very important for conservation.
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The analysis of stacked single indicators revealed that elevation and hydrological
conditions influence ecosystem quality components. Rare ducks were able to find better
places to breed and grow in the HR core area near the water source. The overall distribution
of ecological pressure in the research area exhibited a pattern of high pressure in the center,
low pressure in the east and west, high pressure in the north, and low pressure in the south.
The areas of high ecological pressure were centered on densely populated rural settlements
and arable land, and were distributed in points and clusters. We determined that the central
and western regions had a high intensity of human disturbance, a high degree of landscape
fragmentation, and poor connectivity between wetland patches. Human activities are
were weaker in the eastern zone, and wetland patches exhibited positive clustering and
extension trends.

3.3. Identification of Unreasonably Developed Areas in the Momoge Internationally
Important Wetland

The irresponsible overexploitation of the historical Momoge region ultimately resulted
in the rapid degeneration of wetland ecological processes. The results of this study can be
used to effectively diagnose historically overdeveloped areas (Figure 10).

Figure 10. Ecosystem integrity assessment and identification of unreasonable development areas for
the Momoge Internationally Important Wetland in 1965, 2015, and 2019.
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First, we separated the integrated ecological function evaluation value into four grades
for the three years to demonstrate the strength of ecological function in different portions of
the Momoge Internationally Important Wetland, with the ecological function being stronger
the higher the ecological function value. We found that the inappropriate development
area in 2015 and 2019 was primarily concentrated in the HJ core area and the adjoining
paddy fields within the HR core region that were closer to the buffer zone.

3.4. Delineation for Projects Converting Arable Land to Wetland in the Momoge Internationally
Important Wetland

To determine the future boundaries for converting arable land to wetland in the
Momoge Internationally Important Wetland, we focused primarily on the identification of
the historically over-exploited wetland regions in 2019 and the distribution of wetlands in
the area’s original state in 1965. Figure 11 depicts the precise spatial pattern distribution.

Figure 11. Momoge Internationally Important Wetland conservation spatial pattern optimization
for 2019.
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Since agricultural land in the pilot area of the Momoge Internationally Important
Wetland has already been acquired on a large scale, it would not be possible to convert the
arable land to inland beach in the foreseeable future. Therefore, we proposed to maintain
the area of arable land in the pilot region and further improve ecological function by
converting dry fields to paddy fields (refer to 2015, where areas of dry field have changed
to areas of paddy field).

The Momoge Internationally Important Wetland, arable land, woodland, grassland,
construction land, and saline land will be adjusted to 72,565.84 hectares, 8332.43 hectares,
4564.55 hectares, 3115.80 hectares, 8389.77 hectares, and 6979.55 hectares, respectively.
Based on our assessment of the ecosystem’s integrity and the nature reserve’s future
development trends, we drew the wetland control development boundaries of the research
area to conserve wildlife-habitat wetlands. Both the eastern and western halves of the
nature reserve contain sufficient wetland habitats. In addition, in the pilot area, moderately
developed for agricultural purposes could be permitted. For the inappropriate development
area in the southern HJ core region, the project of converting arable land to wetland was
given priority.

4. Discussion

4.1. Comparative Analysis of the Results

Taking the Momoge National Nature Reserve as an example, the main objective of
this study was to evaluate the ecosystem integrity of the study area in 1965, 2015, and
2019. On this basis, unreasonable developed regions were identified, and the restoration
of wetland habitats was prioritized. First, we presented a framework for the remote
assessment of the integrity and authenticity of ecosystems. Land use data were used to
assess the dynamic changes of wetlands. Using the framework provided in this article, we
investigated the spatial and temporal trends of ecosystem integrity. Based on the ecosystem
integrity index, we identified inappropriately developed regions and determined wetland
restoration boundaries.

Most previous studies have concentrated on a single aspect of a wetland’s historical
evolution or ecological function evaluation [46,47]. However, few studies have been
conducted on wetland restoration through the evaluation of ecosystem integrity and
authenticity. Ecosystem authenticity and integrity are mutually integrated and holistic
concepts, and integrity is more widely discussed in ecology than authenticity.

Land use change is the primary cause of wetland degradation [48–50]. Agriculture,
the most common cause of land use change, has destroyed more than 50 percent of the
internationally significant wetland habitats worldwide [51,52]. Dong, Z. et al. and Wang,
Z. et al. researched the processes and causes underlying wetland fragmentation and
contraction, and they discovered that agricultural growth in the context of climate change
was the primary cause of the massive loss of wetland in the western Sonnen Plain [53,54].

The simultaneous stress of climate change and human disturbance has destabilized
the wetland’s basic ecological structure and constitutes a grave threat to the ecosystem [55].
The lack of water in wetlands is the primary cause of the considerable decline in ecosystem
integrity in Momoge National Nature Reserve. Changes in land use type were spatially
concentrated in the HJ core and the central pilot area, where wetland development has
historically been more intense. Jilin Province’s 14th Five-Year Plan for Ecological Protection
projected a 60 percent effective rate of wetland protection by 2035.

In environmental integrity and authenticity evaluations, one may use an undisturbed
or slightly disturbed ecosystem as a reference standard. In the current context of human
growth, few ecosystems remain untouched by human activity. As a result, the natural state
(e.g., the state closest to the natural habitat in a regional ecosystem) is typically used as the
benchmark in studies. In 1965, the study region had relatively few human disturbances.
Therefore, the spatial pattern of the study area was optimized using the level of ecosystem
integrity in 1965 as a standard. In this study, the restoration boundary and protection
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boundary of the wetland was not limited by those of the three original types of functional
areas of protected areas.

4.2. Sustainable Development Measures

The following suggestions are provided for the future development of the Momoge
Internationally Important Wetland.

(1) Promoting the project of converting arable land to wetland and increase the quality of
arable land. From 1965 to 2019, the population density of the study region increased
from 16 to 29 people per square kilometer, resulting in an increase in the local popula-
tion’s demand for food. In this setting, if managers continue to increase the amount
of arable land by reclaiming wetland, woodland, and grassland to fulfill increased
agricultural production needs, the study area’s ecology will be affected by even more
dire problems. Several studies have suggested that measures such as “rewetting” and
water penetration can be used to mitigate the adverse effects of overexploitation on
wetland ecosystems [56,57]. Wetland managers must give the ecological environment
the highest priority. The project of converting arable land to wetland is executed
gradually in historically overexploited areas, with farmers receiving compensation
for the loss of land, in compliance with national legislation. Farmers are also urged to
enhance the quality of arable land through reclamation or preparation.

(2) Enhancing the hydrological connectivity of wetlands and restoring wildlife habitats.
In the past 50 years, climate-related droughts and human activities have contributed
to a diminishing supply of water in the Momoge wetland. To restore the quality
of waterfowl habitats, we can, on the one hand, execute water system penetration
projects and remove unneeded ditches to restore the hydrological system in the study
area to its original state. Alternatively, we should conserve the natural reed belt
surrounding the habitats of waterfowls, such as whooping cranes, to separate human
activity from the birds’ breeding grounds. These techniques will aid in maintaining the
stability of the wetland ecosystem to restore these habitats for birds and other animals.

4.3. Uncertainties and Prospects

There are numerous unknown factors relating to the deterioration and development
of wetlands in the research area, including policy shifts, population expansion, and climate
change. The objective of wetland spatial pattern optimization is not to predict the future
exactly, as there are innumerable uncertainties involved, but to explore the potential of
the restoration of wetlands in the future in a way that meets biological needs as much
as possible.

The remote evaluation approach provides quick assessments of ecosystem integrity,
although the framework has some shortcomings. First, the data processing methods
used for certain indicators must be enhanced. Due to the limited availability of data,
we did not consider many variables that are strongly related to biodiversity. Secondly,
the accounting technique for ecological service values must be enhanced. Thirdly, the
assessment framework did not effectively take into account the indicators that are used to
judge how pristine an ecosystem is. In future research, we will thus consider introducing
the spatial and temporal distributions of rare species such as Grus leucogeranus, utilizing
the InVEST model to address the effects of climate change or anthropogenic disturbances
on ESV [57], and introducing remote metrics aimed at characterizing the authenticity of
ecosystems.

5. Conclusions

In this study, we combined the EIAF, TLA, and PCFAEI models to develop a “Quality-
Pressure-Pattern-Service” remote assessment framework, investigating the ecosystem in-
tegrity pattern of the study area, and identifying wetland restoration boundaries and
wetland development control boundaries. This framework is an efficient tool for assessing
the environmental impact of complex ecosystems. Our research was less costly and appli-
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cable on a broader regional scale than conventional methods. In general, the framework
can be easily updated and repeated regularly, providing additional data for continued
adaptive-management.

The “Quality-Pressure-Pattern-Service” ecosystem integrity remote assessment frame-
work can be broken down into four indices: the ecosystem qualityindex, the ecosystem
stress index, the ecosystem pattern index, and the ecosystem service value index. These
indices can be used as a set of indicators for natural resource agencies and organizations to
monitor the condition of ecosystems. The information gathered to create these indexes can
be used to create databases and atlases depicting the condition and trends of important
nature reserves. The framework can also be used to identify areas of unreasonable develop-
ment that need to be prioritized for ecological restoration, while highlighting areas that
need to be protected. It can help managers to improve spatial patterns and create ecological
restoration targets for entire ecosystems.

In future studies, this remote evaluation system will be integrated with a spatial
pattern simulation model. The consequences of land use changes on ecosystem integrity
will be investigated under several scenarios based on future simulations.
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Abstract: The identification of forest community types is essential for prioritizing choices and targets
in species and community conservation purposes amid climate change impacts on forest community
dynamics. Here, we determined the tree species composition, species diversity, and the forest
community types across contrasting topographic and edaphic conditions in Htamanthi Wildlife
Sanctuary (HWS), Myanmar. All tree species with diameter at breast height (DBH) ≥10 cm were
recorded in 66 plots (625 m2), from which the species diversity, density, frequency, dominance, and
importance value (IV) of each tree species were measured. The soil hardness (Hd), bulk density
(BD), moisture content (MC), organic matter content (OM), texture, pH, total N, and available P, K,
Ca, Na, and Mg concentrations were also analyzed. The elevation (ELV) and slope (SLP) were also
measured as the topographic factors. Cluster analysis resulted in five distinct forest communities
and the soil Ca, Mg, clay proportion, soil hardness, and elevation were the major influencing factors.
The species diversity in HWS ranged from low to very high relative values, with 209 tree species
belonging to 119 genera and 55 families. Identification of these community types and understanding
the diversity levels and major factors influencing the community structure may play a key role in the
planning, prioritization, and implementation of species and community conservation strategies amid
the unpredictable impacts of climate change on forest community dynamics.

Keywords: edaphic factors; forest communities; Htamanthi; Myanmar; soil hardness; species diver-
sity; topographic factors

1. Introduction

Climate change has been altering the structure and functions of forest ecosystems
worldwide. The unprecedented rise in global temperature may lead to the modification of
various environmental variables and, thus, may shift in species composition and alterations
in forest community structure at the local scale. Even minor changes in microclimatic
conditions with elevation may also result in unusual changes in local diversity [1,2]. Envi-
ronmental gradients, which refer to variations in site characteristics (i.e., edaphic, climatic,
and physiographic variables), influence the patterns of tree species composition and dis-
tribution of forest communities [3]. Many interacting biotic and abiotic factors, including
changes in elevation, slope, soil properties, and site index, affect species richness [4]. Cli-
matic factors vary with elevation and exert a strong influence on plant distribution across
ecosystems [5]. Thus, understanding the pattern of tree species composition and the types
of forest communities across contrasting environmental conditions may play a key role in
the planning, prioritization, and implementation of species and community conservation
strategies amid the unpredictable impacts of climate change on forest community dynamics.
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The pattern in tree species composition and forest community may vary among
groups of plants and from one area to another due to differences in resource availability,
plant life-history traits, and adaptive strategies of plants, as influenced by the prevailing
environmental conditions [6,7]. Soil nutrient and moisture availability, for instance, can
influence natural regeneration, seedling establishment, and species dominance depending
on elevation [8–10]. Climatic factors, such as air temperature and precipitation, have an
interactive role in the effects of soil nutrients on species dominance [6]. A study reported
that a high soil nutrient supply, particularly nitrogen and phosphorus, can lead to a lower
species richness and high soil moisture can result in a higher species richness [11]. It has
also been suggested that soil pH exerts a strong influence on species composition at the
local scale [12] by limiting the number of species that can adapt to the extreme ends of the
pH gradient [13]. While numerous studies have focused on large geographical areas, there
are fewer studies about tree species composition and distribution of forest communities
along environmental gradients conducted in smaller landscapes or mountains. Because
global changes in environmental conditions have a direct impact on local ecological systems,
localized studies may contribute to global biodiversity conservation programs through
prioritization of habitats and conservation strategies.

Htamanthi Wildlife Sanctuary (HWS), an ASEAN heritage park in Myanmar and
probably the largest contiguous forest landscape in Asia, lies in a transition zone of three
biodiversity hotspots [14]. The sanctuary is globally important because of its proximity
to the Northern Forest Complex (NFC), one of the largest remaining contiguous forests
in Southeast Asia. Despite the ecological importance of HWS, most earlier studies dealt
with faunal resources and less attention was given to the floral resources, particularly
trees. By knowing the patterns of tree species composition and types of forest commu-
nities along environmental gradients in this biodiversity hotspot, we could advance our
understanding of the local forest communities and how the environmental variables affect
these communities.

The identification of forest community types can play a key role in prioritizing con-
servation choices in biodiversity hotspots since nature-based solutions are emerging as
an integrated approach to conserving biodiversity and ecosystem services [15]. One of
the practical strategies in biodiversity conservation is the identification of priority areas
featuring exceptional need for immediate conservation, particularly biodiverse areas experi-
encing high degree of habitat loss and risks [16]. This is because one of the major challenges
commonly encountered by conservation practitioners is how to efficiently allocate limited
resources to many focal ecosystems or forest plant communities needing conservation [17].
Thus, information on forest community types in Htamanthi Wildlife Sanctuary can sub-
sequently be useful for the development of more efficient ecosystem-based conservation
approaches amid limited resources.

Consequently, we determined the tree species composition, species diversity, and the
forest community types along environmental gradients in HWS. The role of the environmen-
tal factors in shaping forest communities in HWS remains poorly studied. Identification
of species and community structure is very relevant to understanding the status of tree
populations, natural regeneration for species, and community conservation purposes amid
climate change impacts on forest community dynamics [18].

2. Results

2.1. Forest Community Assemblages

In this study, the Bray–Curtis dissimilarity cluster analysis grouped the evergreen
forest in Htamanthi Wildlife Sanctuary into five distinct forest communities (Figure 1). The
biggest group is Vatica maingayi forest (VMF) with 36 plots, Quercus glauca forest (QGF),
Nothaphoebe condensa forest (NCF), and Diospyros toposia forest (DTF) are intermediate, with
5–13 plots, and the smallest group is the bamboo forest (BF), with only two plots.
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Figure 1. Dendrogram of all plots based on Bray–Curtis Distance complete linkage showing the
five distinct forest communities of evergreen forest ecosystem in Htamanthi Wildlife Sanctuary in
Myanmar. Forest communities: Bamboo forest (BF), Vatica maingayi forest (VMF), Quercus glauca
forest (QGF), Nothaphoebe condensa forest (NCF), and Diospyros toposia forest (DTF).

2.2. Species Diversity and Importance Values among Forest Communities

In this study, we identified 209 tree species belonging to 119 genera and 55 families
across the five forest communities (Table S1). The VMF and BF forest communities have
very high (3.965) and very low (0.086) Shannon (H) diversity values, respectively (Table 1).
The same pattern was observed in Evenness (J’) values for these two forest communities.
The QGF has a high diversity value of H = 3.25. The other forest communities (NCF
and DTF) have moderate H values (2.659–2.807). The VMF is a major forest community
composed of a higher number of species, genera and family, followed by NCF, QGF, DTF,
and BF (Table S1). In terms of IV, the most dominant tree species is Vatica maingayi in VMF,
Nothaphoebe condensa in NCF, Quercus glauca in QGF, and Diospyros toposia in DTF (Table 1
and Table S1).

Table 1. Species diversity values among forest community types in Htamanthi Wildlife Sanctuary in
Myanmar. Values in parenthesis are the importance values of the dominant tree species.

Forest
Communities

Richness
(S)

Shannon-Wiener
Diversity Index (H)

Evenness
(J′)

Dominant Species and
Importance Values (IV)

BF 10 0.086 0.037 Aglaia perviridis (17.3%)
DTF 51 2.659 0.676 Diospyros toposia (25.2%)
NCF 95 2.807 0.616 Nothaphoebe condensa (26.2%)
QGF 65 3.254 0.780 Quercus glauca (30.9%)
VMF 174 3.965 0.769 Vatica maingayi (35.9%)

2.3. Variations in Topography and Soil Characteristics among Forest Communities

There was a significant difference in the elevation and slope across the four forest
communities (Table 2). The highest elevation was in DFT, intermediate in NCF, and the
lowest value was found in both QGF and VMF. In terms of slope, DFT is the steepest among
the forest communities.
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Table 2. Topographic factors in the identified forest community types in Htamanthi Wildlife Sanctuary
in Myanmar. Values in parenthesis are the standard deviations from the mean. Different lowercase
letters indicate statistical significance between community types at α = 0.05.

FC n Elevation (masl) Slope (◦)

DTF 5 274 (57) a 29 (19) a

NCF 10 188 (32) ab 8 (6) b

QGF 13 179 (24) b 16 (12) ab

VMF 36 177 (31) b 16 (14) ab

At 0–15 cm soil depth, the MC, sand, and clay proportions varied significantly across
forest communities (Table 3 and Table S2). The soil moisture (MC) in NCF and VMF
were higher than DTF and QGF. Further, DTF and QGF have similarly high sand and clay
proportions compared the other forest communities. At 15–30 cm soil depth, the Hd, MC,
and clay proportion were significantly different across sites. Both DTF and NCF have a
higher Hd than QGF or VMF. The DTF and QG have similarly higher MC than the other
forest community types and a similar pattern was observed in clay proportions.

Table 3. Soil physical properties in the Diospyros toposia forest (DTF), Nothaphoebe condensa forest
(NCF), Quercus glauca forest (QGF), and Vatica maingayi forest (VMF). Values in parenthesis are
the standard deviations from the mean. Different lowercase letters indicate statistical significance
between forest community types at α = 0.05. Values in parenthesis are the standard deviations from
the mean.

Soil
Depth
(cm)

Forest
Community

n
Soil

Hardness
(kg/cm2)

Moisture
Content

(%)

Bulk
Density

(%)

Organic
Matter

(%)

Sand
(%)

Silt
(%)

Clay
(%)

0–15

DTF 5 2.50 (0.55) a 10.30 (3.19) a 1.18 (0.06) a 6.00 (1.87) a 54.2 (4.2) c 29.0 (4.2) a 16.2 (3.5) a

NCF 10 2.79 (0.88) a 20.10 (4.32) b 1.18 (0.14) a 7.30 (2.11) a 39.4 (13.1) a 30.3 (7.6) a 29.2 (7.3) b

QGF 13 3.31 (0.72) a 17.89 (8.04) ab 1.10 (0.09) a 6.69 (1.25) a 50.0 (5.3) bc 29.8 (3.7) a 19.1 (3.8) a

VMF 36 3.00 (1.11) a 20.10 (9.80) b 1.19 (0.14) a 6.00 (1.87) a 46.6 (6.7) ab 27.6 (5.0) a 24.5 (6.1) b

15–30

DTF 5 3.06 (1.18) a 12.00 (2.95) a 1.13 (0.09) a 6.20 (1.48) a 46.8 (4.3) a 27.0 (3.2) a 22.6 (3.0) a

NCF 10 2.89 (0.87) a 21.80 (3.50) b 1.16 (0.11) a 7.70 (1.34) a 42.1 (2.5) a 28.9 (8.2) a 32.6 (5.9) b

QGF 13 3.94 (0.48) b 16.30 (2.52) a 1.05 (0.10) a 7.15 (1.14) a 46.2 (2.2) a 28.8 (3.7) a 23.1 (4.3) a

VMF 36 3.05 (1.02) ab 19.80 (4.63) b 1.13 (0.09) a 6.97 (1.13) a 42.3 (1.3) a 26.6 (4.8) a 27.9 (6.8) ab

In terms of soil chemical characteristics, the available phosphorus (AP) was higher in
DDT than those in the other forest communities at 0–15 cm soil depth (Table 4 and Table S3).
An almost similar pattern was observed in Ca and Mg concentrations for both DDT and
NCF. At 0–15 cm soil depth, the AP, Ca, and Mg were also significantly higher in DDT
and/or NCF than the other forest community types (Table 4).

2.4. Redundancy Analysis (RDA) Biplot and Important Topographic and Edaphic Variables

To provide an additional quantification of the proportion of the variance in the data
set and confirm that environmental variables influence the structure and classification of
forest communities, we performed an RDA. At 0–15 cm soil depths, the relationship among
the variables is significant (p = 0.001, Table S4). The first RDA axis and second axis explain
34.38% and 22.81% of the total variance, respectively (Figure 2). RDA1 is strongly and
positively associated with ELV, Ca, and Mg, which are well represented in DTF community
or D. toposia (DioTop)-dominated forests (Figure 2b). RDA1 is also strongly and negatively
associated with clay proportion in VMF. RDA2 was highly associated with Hd in QGF
community or Q. glauca (QurcGl)-dominated forests (Figure 2b).
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Table 4. Soil chemical properties in the Diospyros toposia forest (DTF), Nothaphoebe condensa forest
(NCF), Quercus glauca forest (QGF), and Vatica maingayi forest (VMF). Values in parenthesis are
the standard deviations from the mean. Different lowercase letters indicate statistical significance
between forest community types at α = 0.05. Values in parenthesis are the standard deviations from
the mean. Abbreviations: TN—total nitrogen, AP—available phosphorus, K—extractable potassium,
Ca—extractable calcium, Na—extractable sodium, Mg—extractable magnesium.

Soil
Depth
(cm)

Forest
Community

n pH
TN

(g/kg)
AP

(mg/kg)
K

(mg/100 g)
Ca

(mg/100 g)
Na

(mg/100 g)
Mg

(mg/100 g)

0–15

DTF 5 5.12 (0.19) a 0.590 (0.136) a 80.0 (7.10) a 8.40 (3.78) a 63.80 (6.44) a 0.30 (0.07) a 154.40 (144.0) a

NCF 10 4.94 (0.09) a 0.657 (0.285) a 47.0 (35.0) b 5.20 (3.52) a 10.20 (6.25) b 0.32 (0.09) a 21.60 (28.7) ab

QGF 13 4.85 (0.23) a 0.611 (0.189) a 55.4 (13.9) b 4.15 (1.57) a 5.15 (3.63) b 0.22 (0.15) a 18.77 (18.2) ab

VMF 36 4.89 (0.11) a 0.663 (0.141) a 50.0 (20.6) b 5.14 (3.09) a 7.36 (8.59) b 0.28 (0.14) a 12.19 (18.0) b

15–30

DTF 5 4.98 (0.12) a 0.622 (0.955) a 80.0 (21.5) a 8.80 (4.32) a 13.60 (12.60) a 0.24 (0.11) a 72.40 (49.0) a

NCF 10 4.97 (0.09) a 0.572 (0.174) a 44.0 (32.4) b 5.00 (3.56) a 7.60 (3.92) ab 0.34 (0.18) a 19.80 (29.8) b

QGF 13 5.08 (0.84) a 0.600 (0.129) a 45.4 (32.4) b 4.08 (1.93) a 3.15 (2.61) b 0.19 (0.13) a 19.46 (21.6) b

VMF 36 4.94 (0.13) a 0.618 (0.172) a 42.8 (16.1) b 5.28 (3.09) a 6.39 (7.53) ab 0.26 (0.16) a 19.19 (54.7) b

Figure 2. Redundancy analysis (RDA) biplot showing the (a) relationship among environmental
variables and forest communities and (b) relationship among environmental variables and dominant
tree species at 0–15 cm soil depth in Htamanthi Wildlife Sanctuary. Abbreviations: ELV—elevation,
Hd—soil hardness, Mg—extractable magnesium, Ca—extractable calcium; forest communities: Vatica
maingayi forest (VMF), Quercus glauca forest (QGF), Nothaphoebe condensa forest (NCF), and Diospyros
toposia forest (DTF). The number after the abbreviated name of the forest community in panel
(a) indicates the plot number. In panel (b), the black lowercase letters indicate the abbreviated
scientific names of dominant tree species (Table S1).

At 15–30 cm soil depth, the relationship among topographic factors, the properties
of soil at 15–30 cm soil depths, and ecologically important tree species and five forest
communities is significant (p = 0.001, Table S4). The first two RDA axes accounted for
68.14% of the variations in the data set (Figure 3). Specifically, RDA1 accounted for 37.49%
of the variation and was highly and positively related to Ca and ELV in DTF community.
RDA2 accounted for 30.65% of the variation and was positively related to Hd in QGF and
negatively to BD in VMF community.
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Figure 3. Redundancy analysis (RDA) biplot showing the (a) relationship among environmental
variables and forest communities and (b) relationship among environmental variables and dominant
tree species at 15–30 cm soil depth in Htamanthi Wildlife Sanctuary in Myanmar. Abbreviations:
ELV—elevation, Hd—soil hardness, Mg—extractable magnesium, Ca—extractable calcium; forest
communities: Vatica maingayi forest (VMF), Quercus glauca forest (QGF), Nothaphoebe condensa forest
(NCF), and Diospyros toposia forest (DTF). The number after the abbreviated name of the forest
community in panel (a) indicates the plot number. In panel (b), the black lowercase letters indicate
the abbreviated scientific names of dominant tree species (Table S1).

Further, the forward selection approach revealed Ca (p = 0.001), clay proportion
(p = 0.01), and Hd (p = 0.05) as the most contributive factors affecting the composition of
tree species and classification of forest communities in the study area at 0–15 cm soil depth
(Table S5). At 15–30 cm soil depth, the ELV, Hd, and Ca were the major factors affecting the
classification of forest communities in Htamanthi Wildlife Sanctuary (Table S6).

3. Discussion

In this study, the identified forest community types showed a significant variation
in their tree species richness, diversity, and evenness. Results revealed that the VMF and
QGF have high to very high Shannon (H) diversity and Evenness (J’) values compared
with the other community types. This variation could be ascribed to the differences in the
communities in terms of topographic and edaphic factors through their influence on the
dispersion behavior of tree species [19]. From a community ecology perspective, results
suggest that VMF and QGF community types are more stable and resilient to natural
disturbances and accelerating rates of environmental change than the other types of forest
communities. Under a range of environmental disruptions that could occur in the future
amid climate change, VMF and QGF may be able to provide essential forest ecosystem
functions for the region. However, the impacts of environmental disruptions on ecosystem
functions depend on the characteristics of forest communities that are related to resilience,
including species diversity, relative abundance, and ability of the dominant species to
resist regime shifts and recover functions following disturbance [20]. Here, the RDA biplot
shows that the clay proportion and soil bulk density (BD) are highly associated with VMF,
suggesting that any significant disturbance in these factors could potentially influence the
community structure and functions. This is supported by the presence of the dominant
species, V. maingayi, which is a dipterocarp tree species, typical of clay soil in lowland
dipterocarp forests [21]. Two of the important factors influencing clay formation are the
effects of soil moisture and temperature on weathering processes, which are the important
aspects of regional climate change impacts on soil [22,23]. Similarly, the elevated global
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temperature may increase soil BD via climate change stresses (e.g., drought) and forest
management activities [24]. Thus, our results suggests that, as climate change worsens,
monitoring the changes in clay formation or weathering processes and soil bulk density is
essential for the maintenance of VMF community structure and functions. Dealing with
these two major factors influencing VMF community may represent a crucial step for
determining priorities in plant community conservation.

The RDA biplot shows that the QGF community is highly associated with soil hardness
(Hd), which is a good indicator of soil compaction and strength. This result suggests that
HD may be an important factor controlling the plant community in QGF through either
detrimental effects on subsequent natural regeneration in the area or enhancement of plant
growth and accumulation of soil nutrients. The growth and survival of tree saplings can
significantly decrease in compacted soil [25] through a reduction in root cell size, root
penetration and, thus, acquisition of essential elements [26]. This may explain the observed
negative correlation between Hd and Ca availability in soil. Contrarily, a study found
that moderate-level soil compaction improved the plant uptake of P, K, Mg, Ca, and other
elements, suggesting that soil compaction effects may vary depending on the severity [26].
Moreover, because soil hardness or soil compaction increases with decreasing soil moisture,
the QGF may be more vulnerable to drought than the other forest communities, especially in
years with little rainfall. The abundance of the slow-growing and drought-tolerant species,
Q. glauca, can further explain the high association between Hd and the QGF community.
As a drought-tolerant species, Q. glauca can thrive and flourish in low-resource and harsh
environments, including those which are poorly drained and have tight soil spaces [27]. It
has been projected that climate change will increase the frequency of drought and, thus,
the effects on the plant community structure [28]. Results suggest that it is necessary to
manage and prevent the causes of either surface or subsurface hardness constraints in the
QGF community.

The DTF and NCF have moderate diversity values. This can be attributed to the
possible effects of elevation (ELV) and soil nutrient availability, particularly Ca and Mg.
The RDA biplot shows that the DTF community is highly associated with ELV, Ca, and
Mg. The DTF has the highest ELV among the identified forest communities and the value
is nearly similar to that of NCF. Results support the findings of Ohdo and Takahashi [29],
who reported that the number of tree species decreased at high elevations and the pattern
was attributed to soil nutrient availability. In the Himalaya Mountains, it was observed
that soil nutrients (N, P, K, and Mg) decreased significantly with elevation [30]. In this
study, the concentrations of Ca and Mg were higher in both DTF and NCF communities
compared with the other community types. Higher elevation in the two communities may
have influenced the concentration of exchangeable cations present in O and/or A horizons,
i.e., Ca and Mg may have increased as elevation increased. Such an increase may be due to
the decline in tree species composition as elevation increases. Fewer plants may decrease
the demand for Ca and Mg ions, resulting in a greater number of ions left in the soil. This
can be supported by the presence of the dominant species, D. toposia, which is typical of
undisturbed forests with high amounts of nutrients [31]. D. toposia is also an evergreen
tree species and evergreen plants usually exhibit a more conservative strategy, resulting in
greater resource conservation.

4. Materials and Methods

4.1. Study Site and Sampling Method

The study was conducted in Htamanthi Wildlife Sanctuary (HWS, 25◦45′52′′ N to
25◦45′15′′ N, 95◦16′55′′ E to 95◦ 56′ 55′′ E), which is a part of Himalaya biodiversity hotspot
area in the northern part of Myanmar (Figure 4a). It was declared a protected area in
1974 with the extent of 215,073 hectares and, recently, it was declared the newest ASEAN
heritage park. It is a dense forest comprising different habitats, including evergreen and
semi-evergreen forests, swamp forests, and upper mixed dry deciduous forests. Some
unique and ecologically important flora can also be found in the area, including Tectona
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grandis, Xylia xylocarpa, and Shorea robusta. The heritage park is generally pristine because
of the minimal disturbance and absence of tourism-related activities. The annual air
temperature and annual rainfall in the study site ranged from 17.7 to 34.3 ◦C and 343 mm,
respectively, based on the 10-year climatic data from the local meteorological station near
the HWS. The soil types in the study area are generally yellowish red, derived from acrisol
parent material.

Figure 4. (a) Location of study site (Htamanthi Wildlife Sanctuary) and (b) distribution of sam-
ple plots.

Sixty-six plots having a size of 25 m × 25 m were established in the study site by employ-
ing a systematic sampling (Figure 4b). The distance between plots was 5.7 km × 5.7 km. All
adult trees with diameter at breast height (DBH) ≥ 10 cm were recorded in 25 m × 25 plots.
The vegetative inventory was conducted from November to February in 2019 and 2021.

4.2. Determination of Topographic and Edaphic Variables

The physiographical variables, namely, geographic coordinates, elevation (ELV), slope
(SLP), and aspect (ASP) were recorded for each plot using a GPS (Garmin GPSMAP 62s)
device. The ALOS PALSAR RTC DEM (12.5 m) images were obtained from the Alaska
Satellite Facility (UAF). Thereafter, ELV, SLP, and ASP of the sample plots were extracted
from images and processed using ArcMap software (version 10.8, Esri, CA, USA).

Soil samples were collected from the three pre-determined points (10 m apart) in the
25 × 25 m plot using soil core sampler (5.0 cm in diameter). Three samples (c.a. 100 g) were
collected from each soil depth (0–15 m and 15–30 cm) in each point and then composited
into one bag. There was a total of 132 bags of soil (i.e., 1 bag × 2 soil depths × 66 plots = 132).
The soil hardness (Hd) was measured at each soil depth and plot using a penetrometer. The
soil bulk density (BD), the content of moisture content (MC), organic matter composition
(OM), texture (sand, silt, clay), and seven chemical properties of soil; pH, total N, Available
P, exchangeable K, Ca, Na, and Mg, were also analyzed using c.a. 100 g of composited soil
sample at the Forest Soil Laboratory, Forest Research Institute (FRI), Yezin, Myanmar.
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4.3. Data and Statistical Analyses

In this study, the species density, dominance, and frequency were calculated for all
trees identified in each plot using the formulae in Table 5. The importance value (IV in %) of
tree species encountered in the sampled plots were computed by obtaining the summation
of the relative values of stem density, dominance, and frequency. The IV measures a given
species’ dominance in a forest area based on species and stand structure. In this study, the
IV was determined to describe the ecological significance of the species in HWS.

Table 5. Ecological/biotic parameters measured in Htamanthi Wildlife Sanctuary. Abbreviations:
SDen—species density; RDen—relative density; SFre—species frequency; RFre—relative frequency;
SDom—species dominance; RDom—relative dominance; IV—importance values; BA—basal area;
AS—area sampled; DBH—diameter at breast height.

Parameters Description Formula

Species density
The actual size or number of

individuals of one species per unit
area.

Den = No. of individuals of
each species/AS

Relative density
The density of one species as a

percent of the total density of all
species.

RDen = (Den for a
species/total density for all

identified species) × 100

Species frequency
The number of times a plant species

is present in a given number of
plots or quadrats.

Fre = No. of plots in which
species occur/ total number of

plots sampled

Relative frequency
The frequency of one species as a

percent of the total frequency of all
species.

RFre = (Fre for a species/total
frequency for all identified

species) × 100

Dominance
A species that is most commonly

found or dominant based on basal
area or percent coverage.

Dom = BA of one species/AS

Relative dominance
The dominance of one species as a

percent of the total dominance of all
species.

RDom = (Dom for a
species/total dominance for
all identified species) × 100

Importance values
The IV is a measure of how

dominant a species is in a given
forest area.

IV = RDen + RFre + RDom

The Bray–Curtis cluster analysis was performed in RStudio software (version 4.2.0)
using the vegan package to classify the vegetation into distinct forest community types.
The similarity and dissimilarity among forest community types were determined using
the Jaccard similarity index based on the species abundance data. The Jaccard’s similarity
index formula is: J (i, j) = a/(a + b + c), where a = number of species in common between the
communities; b = number of species unique to the first community; c = number of species
unique to the second community.

The species richness (S), evenness (J), and Shannon–Wiener diversity index (H’) were
computed using the R software. The Shannon diversity index (H’) was computed from
the equation: H = −Σpi × ln(pi), where H is Shannon–Wiener diversity index, pi is the
proportion of individual tree species.

Kruskal–Wallis test was applied to assess the significant differences in topographic
and physico-chemical characteristics across the different forest communities. Pairwise
comparisons among the different forest communities were conducted by Dunn–Bonferroni
post hoc test method.

Here, redundancy analysis (RDA) ordination was used in describing the relationship
between forest communities, topographic factors, and physico-chemical properties of soil.
The global model test with permutations = 4999 was conducted to test for significance.
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The forward selection of variables was conducted to select the driving variables of as-
semblage of forest communities as well as to explain the variation in species with highly
correlated variables. Monte Carlo test was applied to prove the significant correlation with
4999 permutations. Plot × species matrices and the estimation of IV were conducted in
Microsoft Office Excel and all the statistical analyses were processed in RStudio software
(version 4.2.0) at a 95% confidence level.

5. Conclusions

The present study revealed that there are four major evergreen forest communities, i.e.,
Vatica maingayi forest (VMF), Quercus glauca forest (QGF), Nothaphoebe condensa forest (NCF),
and Diospyros toposia forest (DTF), and one minor forest community, i.e., bamboo forest (BF),
in Htamanthi Wildlife Sanctuary (HWS). Based on Shannon diversity index estimation,
three of the five communities have high to very high species diversity, while the other two
communities have low to moderate species diversity. Here, the soil Ca, Mg, clay proportion,
soil hardness, and elevation were identified as the major factors in classifying the forest
community types. Identification of these community types and understanding of the major
factors influencing their structure is an important nature-based solution in biodiversity
conservation for a biodiversity hotspot like HWS. The present work will enhance our
understanding on how to efficiently implement an ecosystem-based conservation approach
through conservation prioritization.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11162180/s1, Table S1: List of tree species surveyed in
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properties across soil depths and forest communities; Table S3: p values estimated by Kruskal–Wallis
test for soil chemical properties across soil depths and forest communities; Table S4: Significance of
test of the global model with all explanatory variables of topographic factors and soil properties; Table
S5: Selection of important variables of topographic factors and soil properties at 0–15 cm depth of
soil; Table S6: Selection of important variables of topographic factors and soil properties at 15–30 cm
depth of soil.
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Abstract: Coexistence between species within plant communities is a key issue in the practice of
revegetation, forest management, and biodiversity conservation. Vegetation restoration is critical
to control soil erosion and improve the ecological environment on the Loess Plateau. Here, we
investigate the interspecific relationships of dominant plants during natural vegetation succession on
the Loess Plateau. The results suggest that, under the ecological process of environmental filtering,
species within communities can reduce interspecific competition and promote species coexistence via
spatial heterogeneity and temporal asynchronous differences. The ecological niche overlap index (Oik)
significantly and positively correlated with the strength of interspecific associations. Most species
pairs had weak competition and more stable interspecific relationships. The results of the χ2 test
showed that 317 species pairs were positively associated and 118 were negatively associated. The
community is in a positive succession process, and the interaction relationship between species tends
to be neutral. We should enhance the protection of positively associated species and pay attention to
negatively associated species during forest management. Results revealed that Carex lanceolata Boott
and Lespedeza bicolor Turcz coexisted easily with other species for mutual benefit, which could help
build artificial forestland of native species to improve the ecological function.

Keywords: ecological niche; overlap; plant communities; interspecific relationship; biodiversity
conservation; spatial heterogeneity

1. Introduction

Coexistence between species has long been a central question in community ecology
research [1,2]. Investigating coexistence relationships can objectively reflect species distri-
bution in a community and the degree of species adaptation to the environment, reveal
community structure, type, and plant substitution mechanisms, and predict population
extinction [3–5]. Modern coexistence theory suggests that the causes of species coexistence
in communities depend on the balance of niche overlap and competitive asymmetry [6].
Therefore, such interspecific relationships are often quantified by species’ ecological niches
and interspecific association characteristics [7]. Ecological niches are the sum of all re-
sources available to various organisms in a community and their functional relationships
with related populations, describing the role played by organisms in the community [8].
Under the pressure of ecological processes, species change their characteristics through trait
evolution, and this may lead to changes in species interactions and their “ecological niche”
in the community. This affects species coexistence and changes in community stability [9].
Interspecific associations represent the interconnectedness of the spatial distribution of
different species, reflecting the differences in adaptation to different habitats among species
in the community [10]. Analysis of interspecific relationships can provide insight into
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the competitive exclusionary effects between species. In general, positive interspecific
correlations indicate similarity in resource use by species; negative correlations indicate dis-
advantages for one or both parties, such as interspecific competition and disturbance [11].
This is essential to reveal the formation and evolution of communities [12]. Ultimately,
this may help us control interspecies relationships and maintain the stability of ecosystem
biodiversity [13,14].

The Loess Plateau of China is a global hotspot of land degradation with a fragile
ecological environment and extremely serious soil erosion [15,16]. To change this situation,
the Chinese government implemented the Grain for Green (GFG) Project in 1999, in which
artificial planting was the main practice [17]. Nowadays, the GFG project area has reached
3.33 × 105 km2, and the vegetation cover of the Loess Plateau has increased from about
49% in 1998 to 63% in 2018 [18,19]. The ecological environment has been greatly improved.
Soil erosion decreased to 595 t/km2/year during 2011–2015, and the amount of sediment
entering the sea from the Loess Plateau between 2005–2015 was only 8.9% of that in the
1950s [20,21]. Vegetation restoration is regarded as a fundamental measure to combat soil
erosion [22]. However, in the processes, irrational plantation and monoculture planting
presented negative impacts, such as vegetation degradation, soil dryness, groundwater
drought, and more than a 50% reduction in runoff, posing a serious challenge to the
sustainability of vegetation growth and the stability of ecological functions [23–27]. Thus, it
is important to figure out how native species can live together and work together, because
mixed forests of native species can make a region more resistant to drought, help plants
survive, and keep ecosystem functions stable [28,29].

Ziwuling is located in the Loess Plateau’s hinterland after a 150-year natural restora-
tion period, making it an ideal site for researching the Loess Plateau’s vegetation succession
law [30–32]. Vegetation succession refers to the process by which a plant community
evolves when one type of vegetation is replaced by another, and qualitative changes
occur [33,34]. It is demonstrated through the interdependence and competition of co-
existing species within the community, as well as through the interaction and influence
of habitats [12]. This provides an excellent natural template to reveal plant coexistence
relationships; however, reports related to the coexistence of species in the local area are rare.
The research objectives of this study were to (1) identify the dominant species of herbs and
woody plants in the process; (2) analyze the ecological niche and interspecific association
characteristics of dominant species; (3) determine reliable species coexistence relationships
and mechanisms through holistic analysis. Answers to these questions might help build
local plantation forests, protect biodiversity, manage forests, conservation of rare species,
the control of biological invasions, the forecasting of climate change impacts, and improve
the ecosystem [14].

2. Materials and Methods

2.1. Study Area

Ziwuling Nature Reserve is located in the temperate zone of the Loess Plateau, China
(34◦50′–36◦50′ N, 107◦30′–109◦40′ E) (Figure 1). The study area is approximately 200 km
long from north to south and 95 km wide from east to west, covering a total area of
approximately 3.79 × 104 km2. Its altitude range is 553–1856 m above sea level, with a
relative height difference of 400 m. It has an East Asian monsoon climate with an average
annual precipitation of 588 mm, which is unevenly distributed throughout the year, and
70% of precipitation occurs from July to September. The average annual temperature of
the area is 7.4–8.5 ◦C, with a minimum recorded temperature of −27.7 ◦C and a maximum
recorded temperature of 36.7 ◦C [35]. The soil layer in the mountains is shallow, bedrock is
exposed in some areas, and zonal soil is grayish brown with a pH value of 7.5–8.2. The soil
is primary or secondary loess, loose and easy to wet, and sinks because of its poor erosion
resistance [36]. The ground zone vegetation is a warm temperate deciduous broad-leaved
forest with Quercus mongolica Fisch. Ex Ledeb as the dominant species and a temperate
coniferous forest with Pinus tabuliformis Carrière as the dominant species [37].
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Figure 1. Ziwuling study area on the Chinese Loess Plateau.

2.2. Experimental Design and Investigation

Since 1899, ecologists have commonly used a “space-for-time” substitution method
for vegetative succession studies to predict vegetation chronosequence change [38,39]. This
study adopted a “space for time” approach to select 48 sites. Then, based on the results of
the relevant forestry department and a comprehensive analysis based on related reports by
Zou et al. [35], Fan et al. [36], Deng et al. [40], Zhao et al. [41], and Liu et al. [42], standard
sample plots of typical vegetation types in eight different restoration periods, with six sites
for each period, were set up from 2020 to 2021 with essentially identical environmental
conditions and similar soil texture. Standard sample plots of 20 × 20 m (trees), 10 × 10 m
(shrubs), and 1 × 1 m (grasses) were established, and the names and numbers of species
occurring in each sample plot were recorded. The Latin names of the species were cross-
checked using The Plant List (http://www.theplantlist.org, accessed on: 20 December 2021)
with reference to the Flora of China [43]. A total of 128 species of seed plants, 79 herbs, and
49 woody species were found during this process. The specific information is shown in
Table 1.

Table 1. Vegetation survey sample site information at the Ziwuling study area on the Chinese
Loess Plateau.

Restoration
Age (Year)

Succession Stage
Numbers
of Sites

Representative Plants

0 Agricultural land 6 Viola collina Besser; Agropyron cristatum (L.) Gaertn.

10 Natural restoration of
10 years of grass 6 Bothriochloa ischaemum (L.) Keng; Artemisia chamaemelifolia Vill;

Lespedeza bicolor Turcz.
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Table 1. Cont.

Restoration
Age (Year)

Succession Stage
Numbers
of Sites

Representative Plants

20 Natural restoration of
20 years of grass 6 Artemisia codonocephala Diels; Agrimonia pilosa Ledeb;

Lespedeza bicolor Turcz.

40 Shrub stage 6 Sophora davidii (Franch.) Pavol; Lespedeza bicolor Turcz;
Agropyron cristatum (L.) Gaertn; Anemone chinensis Bunge.

70 Pioneer arbor stage 6 Betula platyphylla Sukaczev; Spiraea salicifolia L.; Lespedeza bicolor
Turcz; Carex lanceolata Boott.

120 Sub-top stage 6 Pinus tabuliformis Carrière; Lespedeza bicolor Turcz;
Carex lanceolata Boott.

135 Sub-top to top
transition stage 6 Pinus tabuliformis Carrière; Quercus mongolica Fisch. Ex Ledeb;

Lespedeza bicolor Turcz; Carex lanceolata Boott.

150 Top Stage 6 Quercus mongolica Fisch. Ex Ledeb; Lespedeza bicolor Turcz;
Carex lanceolata Boott.

2.3. Statistical Analyses

Competition theory suggests that interspecific associations can change depending on
external conditions and that different environments may exhibit different associations [44].
To ensure the reliability of the results, this research combined data from eight major succes-
sional stages during 150 years of natural vegetation restoration for the overall analysis.

2.3.1. Species Selection

The plants identified in the vegetation survey were classified as herbaceous or woody
plants. The top 15 plants of each category were ranked according to importance value (IV)
and identified as the dominant plants [45].

IV =

(
ai

∑S
i=1 ai

+ fi

∑S
i=1 fi

)

2
(1)

where ai is the number of individuals in population i, fi is the number of quadrats in which
the population i appears, and S is the total number of species.

2.3.2. Ecological Niche Features

To calculate ecological niche breadth (Bi), the weighted modified Levins index method
described by Colwell and Futuyma [46] was used

Bi =
1

r ∑r
j=1 P2

ij
(2)

where Pij is the ratio of the number of individuals of species i at resource site j to the total
number of individuals of species i at all resource sites; r is the total number of sample
squares, and each sample square represents one resource site.

To determine the ecological niche overlap index (Oik), the Pianka index was used [47]

Oik =
∑N

j=1

(
Pij·Pkj

)
√

∑N
j=1 P2

ij·∑N
j=1 P2

kj

(3)

where Oik is the ecological niche overlap value of species i and species k, where Pij and
Pkj are the importance value shares of species i and species k, respectively, in resource
niche j, and the value range is [0, 1]; the larger the value, the higher the ecological niche
overlap degree.
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2.3.3. Overall Association

The variance ratio method (VR) was used, and the statistic W was calculated to test
the significance level of the overall association [48]

VR =
s2

T
δ2

T
=

1
N ∑N

j=1
(
Tj − t

)2

∑S
l=1 Pi(1 − Pi)

. (4)

W = VR × N (5)

where Pi is the frequency of species i, N is the total number of samples, S is the total number
of species, Ti is the total number of species occurring in sample j, and t is the average
number of species in the sample. When VR > 1, the overall species are positively associated,
and when VR < 1, the overall species are negatively associated. The interspecific association
is significant if χ2

(0.95, N) < W < χ2
(0.05, N); otherwise, the association is not significant.

2.3.4. Interspecific Association

Based on a 2 × 2 column table [49], the χ2 statistic was used for qualitative analysis.
The continuous correction factor of Yates was used to correct for the sampling discontinu-
ities, which can cause biased underestimation, with the formula [50]

χ2 =
N[|ad − bc| − 0.5N]2

(a + b)(a + c)(c + d)(b + d)
(6)

V =
[(a + d)− (b + c)]

a + b + c + d
(7)

where a indicates the number of samples in which both species occur, b indicates the num-
ber of samples in which species B occurs, but species A does not, c indicates the number of
samples in which species A occurs but species B does not, and d indicates the number of
samples in which neither species occurs. Generally, interspecific associations were consid-
ered highly significant when χ2 > 6.635, i.e., p < 0.01; significant when 3.841 ≤ χ2 < 6.635,
i.e., 0.01 < p < 0.05; and insignificant when χ2 < 3.841, i.e., p > 0.05. The indicator of V was
constructed to show the interspecific association. V < 0 indicated negative associations,
and V > 0 indicated positive associations [51].

2.3.5. Strength of Associations

The χ2 statistic can only qualitatively describe whether the association between species
is significant, but it cannot determine the strength of interspecific associations. Therefore,
the association coefficient (AC) and percentage co-occurrence (PC) are commonly used
to express the strength of association [52]. PC is more accurate than AC for reflecting the
positive association strength and avoiding the effects of high AC due to high d values
or low AC due to low a values. Therefore, PC and AC are usually analyzed together to
improve the accuracy of the results.

The AC calculation formula is as follows

AC =
ad − bc

(a + b)(b + d)
(ad ≥ bc) (8)

AC =
ad − bc

(a + b)(a + c)
(ad < bc, d ≥ a) (9)

AC =
ad − bc

(b + d)(d + c)
(ad < bc, d < a) (10)

The value of AC is in the range of [−1, 1]: the closer AC is to 1, the stronger the positive
association of interspecific association; the closer AC is to −1, the stronger the negative as-
sociation of interspecific association; when AC = 0, each species is completely independent.
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The PC calculation formula is as follows

PC =
a

a + b + c
(11)

The PC value is [0, 1]. The closer the PC value is to 1, the stronger the degree of
interspecies association, and a PC value of 0 indicates that interspecies association does
not exist.

This research used Excel 2019 for data preparation (Microsoft Corp., Redmond, WA,
USA) and R 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria; program
packagesspaa and corrplot) for statistical analysis [53,54]. Mapping was done by ArcGIS
10.5 (Esri, Redlands, CA, USA) and Origin 2021b (OriginLab, Northampton, MA, USA).

3. Results and Analysis

3.1. Importance Values and Ecological Niche Breadth of Dominant Plants

A total of 128 species in 99 genera and 39 families of seed plants, 79 species of herba-
ceous plants, and 49 species of woody plants were identified during the vegetation suc-
cession in our survey. The sum of the importance values of the top 15 herbaceous species
accounted for 65.85% of all herbaceous plants, and the sum of the importance values of
the top 15 woody species accounted for 79.56% of all woody plants (Table 2). Therefore,
these 30 species were suitable as the main plants for researching species interrelationships
in this process. The ecological niche breadth ranged from [1.07, 12.8] for herbaceous plants
to [1.43, 9.42] for woody plants. Among herbaceous plants, C. lanceolata had the highest
importance value at 14.43%, while among the woody plants, L. bicolor had the highest
importance value at 20.98%. These two plants also had the largest ecological niche breadth
values (Table 1). The order of the dominant species importance values and the sizes of their
ecological niches were not always the same.

Table 2. Importance value and ecological niche breadth of selected 30 species at the Ziwuling
study area on the Chinese Loess Plateau. Abbreviations: IV—importance value; Bi—ecological
niche breadth.

No. Herb IV/% Bi No. Woody IV/% Bi

1 Carex lanceolata Boott 14.43 12.80 16 Lespedeza bicolor Turcz 20.98 9.42

2 Artemisia argyi H.Lév. & Vaniot 8.7 1.07 17 Quercus mongolica Fisch.
Ex Ledeb 11.41 5.25

3 Agrimonia pilosa Ledeb 7.53 1.07 18 Sophora davidii (Franch.) Pavol 5.67 4.36
4 Miscanthus sinensis Andersson 5.77 3.01 19 Spiraea salicifolia L. 5.55 2.11
5 Artemisia chamaemelifolia Vill. 5.17 3.49 20 Pinus tabuliformis Carrière 5.37 7.61

6 Viola philippica Cav 4.41 1.70 21 Acer tataricum subsp. ginnala
(Maxim.) Wesm 4.34 3.68

7 Potentilla chinensis Ser 3.1 3.48 22 Ostryopsis davidiana Decne 4.32 2.67
8 Bothriochloa ischaemum (L.) Keng 2.67 2.27 23 Betula platyphylla Sukaczev 4 5.96
9 Aster hispidus Thunb 2.54 2.69 24 Cotoneaster multiflorus Bunge 3.63 3.34
10 Artemisia lancea Vaniot 2.21 3.81 25 Lonicera japonica Thunb 3.23 6.21

11 Viola collina Besser 2.18 3.38 26 Campylotropis macrocarpa
(Bunge) Rehder 2.97 5.48

12 Cyperus compressus L. 1.84 1.45 27 Koelreuteria paniculata Laxm 2.75 1.43
13 Sophora flavescens Aiton 1.83 2.45 28 Periploca sepium Bunge 1.98 3.73
14 Anemone chinensis Bunge 1.76 2.23 29 Rubus parvifolius L. 1.84 2.29
15 Agropyron cristatum (L.) Gaertn 1.71 3.77 30 Rhamnus utilis Decne 1.52 1.54

3.2. Niche Overlap

The Oik ranged from 0 to 0.9996. In general, 56 pairs (12.87% of the total) had Oik ≥ 0.5,
and these pairs were subject to intense competition when environmental resources were
limited. Another 127 pairs (29.2% of the total) had Oik between 0.1 and 0.5, and these pairs
were subject to a certain degree of competition but could still coexist when resources were
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sufficient. The remaining 252 pairs (57.93% of the total) had Oik < 0.1, and competition
among these pairs was weak (Figure 2).

Figure 2. The ecological niche overlap index. The numbers represent the plants in Table 1. The
numbers of 1 to 15 represent herbaceous plants, and 16 to 30 indicate woody plants. The larger the
square or sector, the darker the color, the larger the Oik.

Sorted by life form, 37 pairs of herbs had Oik ≥ 0.5, accounting for 35.24% of the
total number of pairs of herbs; 29 pairs of herbs had Oik between 0.1 and 0.5, accounting
for 27.62% of the total; and 39 pairs of herbs had Oik < 0.1, accounting for 37.14% of the
total. A. pilosa and A. argyi had the largest Oik value at 0.9996. Among the woody plants,
11 species pairs had Oik ≥ 0.5, accounting for 10.47% of the total; 49 pairs had Oik between
0.1 and 0.5, accounting for 46.67% of the total; and 45 pairs had Oik < 0.1, accounting for
42.86% of the total. L. japonica and R. parvifolius had the largest Oik value at 0.6875 (Figure 2).

3.3. Overall Association Analysis

As shown in Table 3, the VR of herbaceous and woody plants as a whole, herbaceous
and woody plants during vegetation succession were 1.20, 2.40, and 2.49, respectively. The
VRs of all three scenarios vegetation is greater than 1, indicating a positive association
among the dominant species in general. The χ2 table was checked according to the degrees
of freedom, and the test statistics (W) did not fall under χ2 critical values, indicating that
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the interspecies association was significant (p < 0.05). Therefore, the overall association
between the dominant species in this succession was significantly positive.

Table 3. Overall association of the 30 dominant species at the Ziwuling study area on the Chinese
Loess Plateau.

Life Form Variance Ratio (VR) Test Statistics (W) χ2
(0.95,N), χ2

(0.05,N) Test Results

Herb 2.40 115.20 33.10, 65.17 Significant association
Woody 2.49 119.52 33.10, 65.17 Significant association

Herb + Woody 1.20 57.82 33.10, 65.17 Not a significant association

Note: Herb + Woody denotes all associations formed by herbaceous and woody plants in this study.

3.4. Species Association Analysis
3.4.1. Test of Species Associations

The results of the χ2 tests (Figure 3, Supplementary Materials) showed that, the χ2

statistic was less than 3.841 for more than 90% of the species pairs in all three scenarios.
There were 25 significantly associated species pairs. Meanwhile, Table 4 shows that the
strongest positive linkage among herbaceous species pairs, followed by woody plants, and
the weakest herb + woody in the three scenarios. There were 16 pairs of significantly posi-
tively associated species pairs and 9 pairs of significantly negatively associated species pairs.

Figure 3. Results of χ2 test of significantly association. The numbers represent the plants in Table 1.

Table 4. V values of interspecific association among the 30 species at the Ziwuling study area on the
Chinese Loess Plateau.

Life Form Positive Association (p) Negative Association (N) p/N

Herb 85 20 4.25
Woody 78 27 2.89

Herb + Woody 317 118 2.69

3.4.2. Strength of Species Associations

The results of the association coefficient (AC) and percentage co-occurrence (PC) of
dominant species demonstrate the strength of association between species (Figure 4 and
Table 5). The number of positive association species pairs was 61, 63, and 211, with

82



Forests 2022, 13, 1456

corresponding positive and negative species pair association ratio values of 1.39, 1.54, and
0.95 in the Herb, Woody, and Herb + Woody Scenarios, respectively, based on the AC results
(Table 5).

Figure 4. Interspecific associations strength. Lower is AC values, upper is PC values. The numbers
represent the plants in Table 1. The larger the circle, the redder the color and the larger the value; the
smaller the circle, the bluer the color and the smaller the value.

Table 5. Interspecific associations strength analysis among the 30 species at the Ziwuling study area
on the Chinese Loess Plateau.

Index Type Strength
of Association

Herb Woody Herb + Woody

Species Pair Number % Species Pair Number % Species Pair Number %

AC

Positive
association

AC ≥ 0.6 12 11.43 13 12.38 38 8.74
0.2 ≤ AC < 0.6 31 29.52 30 28.57 74 17.01
0 < AC < 0.2 18 17.14 20 19.05 99 22.76

No association AC = 0 0 0.00 1 0.95 3 0.69

Negative
association

−0.2 ≤ AC < 0 8 7.62 18 17.14 59 13.56
−0.6 ≤ AC < −0.2 23 21.91 21 20.00 93 21.38

AC < −0.6 13 12.38 2 1.91 69 15.86

PC
0.5 ≤ PC < 1 6 5.71 11 10.48 22 5.06
0 < PC < 0.5 88 83.81 93 88.57 360 82.76

PC = 0 11 10.48 1 0.95 53 12.18

Among the three scenarios, the woody scenario had the largest proportion of species
pairs with a high degree of positive interspecific association (AC ≥ 0.6) at 12.38%; the
Herb + Woody scenario had the largest proportion of species pairs with a high degree of
negative interspecific association (AC ≥ 0.6) at 15.86%; the degree of association coeffi-
cient was average (0.2 ≤ AC < 0.6 and −0.6 ≤ AC < −0.2) and tended to be independent
(0 < AC < 0.2 and −0.2 ≤ AC < 0) ranged from about 30% to 50% and 25% to 35%, respec-
tively; there were three and one pair of species pairs with Herb + Woody and Woody
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scenarios with complete independence (AC = 0). The number of species pairs with weak
connectivity (0 < PC < 0.5) for all three scenarios exceeded 80%. The largest percentage
of species pairs with a high degree of linkage (0.5 ≤ PC < 1) was 10.48% for the Woody
scenario. The number of species pairs with no association (PC = 0) between Herb, Woody,
and Herb + Woody scenarios was 11, 1 and 53, respectively (Table 5).

3.5. Regression Analysis between Association Strength and Niche Overlap

The regression analyses of interspecific association coefficients and ecological niche
overlap index during vegetation succession in this research are shown in Figure 5. The
p-values were less than 0.05 for interspecific association coefficients and Oik of the dominant
species in the three scenarios. Also, the slopes of the plots were all greater than 0, indicating
that a significant linear positive correlation existed between them. Thus, the stronger the
positive interspecific association is, the more likely it is for interspecific pairs to live together
and the larger the Oik. Conversely, the stronger the negative interspecific association is, the
more independent the pairs are and the smaller the Oik.

Figure 5. Regression analyses between the interspecific association coefficients (AC and PC) and Oik

for herbs, woody plants and, herbs + woody plants. The dark color lines indicate the fits of the linear
model, while the ribbon are the 95% confidence intervals of these linear models.

4. Discussion

4.1. Importance Values and Ecological Niches of Dominant Plants

C. lanceolata and L. bicolor were the most important species in the process and had a
highly functional position in the community. They are strongly competitive, use resources
efficiently, adapt to a wide ecological range, and have a strong storage effect on generalized
species [55]. This may be because both species are temperate and fit the local climatic
characteristics [43]. In addition, they are positively associated with each other, are engaged
in symbiosis and synergistic evolution, and serve as a basis for community construction,
playing important roles in promoting positive succession and maintaining community
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stability [56]. However, other plants with high importance values and relatively narrow
ecological niche breadth indicate that they are sensitive to environmental changes, have a
poor adaptive capacity, play important roles in only a few stages of succession, are more
likely to be specialized (for a particular habitat), and are vulnerable to elimination and
replacement during the development of the community [57].

Ecological niche overlap is an important indicator of differences in the ability of species
to use environmental resources and engage in competitive relationships. A relatively large
overlap of ecological niches indicates that two species have similar life forms and ecological
needs for environmental resources and that there may be fierce competition between them.
At the same time, species can also adjust their resource use and competitive ability to
cope with different ecological and evolutionary pressures through adaptive changes in
traits [9,58,59]. Species exhibit feedback effects between ecological processes and evolution
to drive community succession development [9]. The degree of overlap of ecological
niches among dominant species was found to be generally low in this research, which
indicates that there is strong competition among a few species pairs and weak competition
among most species pairs and that interspecific relationships are stable. The degree of
ecological niche overlap for herbaceous plants was greater than that for woody plants,
indicating a greater similarity in environmental resource requirements among dominant
herbaceous plant species. Meanwhile, A. Pilosa—A. argyi, and L. japonica—R. parvifolius
interspecies pairs showed non-significant positive associations. These species have the
potential to co-occur in the community as companion species, thus enhancing the utilization
of resources.

4.2. Interspecific Association Strength and Niche Overlap Relationships

Interspecific associations reflect species interactions and community dynamics. A
positive correlation means that they have the same or similar needs for environmental re-
sources, strong complementarity between species, fuller use of resources, and an ecological
compensation effect [12,60]. Contrary of that, negative correlations indicate an adaptation
of species pairs to environmental heterogeneity due to large differences in biological charac-
teristics, leading to exclusion and ecological niche separation [9]. The results of the overall
association analysis and the results of χ2 test in this research were consistent, showing
that most species pairs were positively associated in all three scenarios. This suggests that
dominant species in the community weaken interspecific competition and help each other
during this process. The community structure stabilizes and adapts to the environment,
with the community moving toward top succession [61,62].

However, the overall non-significant positive associations between herbaceous and
woody plants suggest that species pairing between different life forms may still enhance.
This effect is in line with the forest secondary succession pattern, developing from a single
herbaceous community with simple structural functions to an advanced multifunctional
community with multiple life forms that coexist to maximize resource environment uti-
lization [63,64]. This finding suggests that vertical spatial complementation of plants with
different functional traits is an important mechanism for species coexistence [65].

χ2 tests showed that the dominant species pairs were mostly non-significantly as-
sociated in all three scenarios, with weak interspecific associations and relatively strong
independence. This is mainly because the environment experienced by plants during the
150-year natural restoration period was highly heterogeneous, and habitat filtering may
still be an important ecological process for species to achieve coexistence patterns at each
stage. This finding supports those of Tilman [66], Pedersen et al. [67], and Wu et al. [68]
that, when vegetation is restored, competition tends to decrease, and interactions between
species tend to be neutral.

In this research, the significant positive correlations were found between the interspe-
cific association coefficients (AC and PC), and Oik among dominant species, which showed
that the degree of Oik is greater among positively associated species pairs. This reflects
the consistency of habitat requirements for these species. By comparing Tables 2 and 4,
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we also found that the species pairs are negatively associated, but their Oik values are not
necessarily small (e.g., C. lanceolata—A. lancea). The causes of negative associations are
complex. The associativity between species pairs correlates with the species’ ecological
niches and with the frequency of distribution, habitat, and resource utilization capacity
of the species pairs, which may explain these findings. This conclusion has also been
confirmed in many studies on ecological niches and interspecific associations [69,70].

4.3. Inspirations and Prospects

Past two decades, the introduced species black locust (Robinia pseudoacacia L.) is widely
monocultured on the Loess Plateau due to its rapid growth and high tolerance to drought
and poor soils [71,72]. Nevertheless, its high-water consumption makes it difficult for native
plantations to survive, with an unbalanced community structure and lower plant diversity
than natural secondary forests [73–76]. As future droughts intensify [77,78], the rising risk
of decline and mortality of R. pseudoacacia stands could severely impact sustainability of
ecological functions [72,76,79].

As shown in Table 1 and Supplementary Materials, our findings provide a good
template for plantation forest construction and theoretical support for local ecosystem
function restoration. This research demonstrates that, under the ecological process of
environmental filtering, species within communities can ultimately reduce interspecific
competition and promote species coexistence through storage effects via the use of spatial
heterogeneity and temporal asynchronous differences. This is consistent with the findings
of Usinowicz et al. [80] and Levine et al. [2]. We also find weak associations among
dominant species during the 150 years of natural vegetation restoration succession. The
communities were all in a positive and healthy development period. So, we should continue
to protect the native environment, prevent anthropogenic disturbance, and enhance the
protection of not significantly positively associated species, such as A. chamaemelifolia
and A. tataricum subsp. ginnala. Among herbaceous plants, P. chinensis, A. hispidus, and
A. lancea formed the most significant negative associations with woody plant species in
pairs, suggesting that they are susceptible to replacement by woody plant influences on the
microenvironment, such as light resources, during community formation. The status of
these negatively associated species should be given attention when the plantation forest
is constructed.

Meanwhile, we can consider adding C. lanceolata and L. bicolor, two plants that gener-
ally coexist easily with other species for mutual benefit, to enhance the community function
and stability of the plantation forest. Thus, in the reconstruction and restoration of a com-
munity, it is important to fully understand the ecological and biological traits of each tree
species, take into account how different habitats affect the relationships between species at
different times, and choose tree species that can adapt well to their environment and coexist
well with other species for collocation planting, which will prevent extreme interspecific
competitive exclusion.

5. Conclusions

During 150 years of natural vegetation restoration succession, species within the
community reduced interspecific competition and promoted coexistence through spatial
heterogeneity and temporal asynchronous differences with storage effects. The ranges of
ecological niche breadth variation in this research are [1.07, 12.80] for herbaceous plants
and [1.43, 9.42] for woody plants. C. lanceolata and L. bicolor are the most important
species in this process. Local plantation forest construction can consider adding these two
plants to enhance ecological functions, maintain community stability, and promote the
healthy development of the community. Overall, 379 pairs of ecological niche overlap
index Oik < 0.5 were identified, accounting for 87.13% of the total, and most of the pairs
had weak interspecific competition and stable interspecific relationships. The similarity
in environmental resource requirements among dominant species of herbaceous plants is
greater than that of woody plants. The overall positive association among the 30 dominant
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plants indicates that the community is in a positive succession process. Plant coexistence
relationships in Supplementary Materials can provide a reference for plantation forest
construction. The results of the AC, PC, and χ2 tests were essentially consistent, all showing
that the dominant species pairs were mostly insignificantly associated. The degree of
association between species pairs was weak, while independence was relatively strong.
Meanwhile, a significant positive correlation was found between AC, PC, and Oik.

Habitat filtering is an important ecological process for species at each stage to achieve
coexistence patterns. With vegetation restoration, competition tends to lessen in intensity,
and interactions between species tend to be neutral. In the future, we should enhance
the protection of positively associated species and pay attention to negatively associated
species during forest management. Then, to get more complete analysis results, the soil,
topography, climate, and vertical structure of the forest should be considered.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13091456/s1, Figure S1. Half matrix graph of the interspecific
association χ2 test among the 30 plant species at the Ziwuling study area on the Chinese Loess Plateau.
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Abstract: The nature-based breakwater of floating emergent vegetation (BFEV) provides protec-
tion for water banks and various engineering structures from wave erosion. Compared with the
convenient hard breakwater, the BFEV is beneficial to the resilient and sustainable development of
rivers, lakes, coasts, and marine areas because it is free of new pollution. As a new breakwater, the
unrevealed effect and efficiency of the BFEV on wave attenuation are to be investigated through a set
of 312 physical tests in a rectangular indoor water flume in the present study. Results show that the
wave height attenuates by 38–62%. Based on statistical methods, the main influencing factors of the
wave transmitted coefficient (Ct) are found to be closely dependent on three conventional and newly
proposed dimensionless parameters (λ1, λ2, λ3, λ4). Three conventional parameters include the
wave orbital velocity, wave period, and the BFEV-width and stem spacing-based parameter (λ1, λ2),
and the ratio of stem spacing to wave height (λ3). The newly proposed parameter (λ4) is the ratio
of gravity to wave orbital acceleration, which is significantly positively related to the wave height
attenuation. A multiple linear regression formula for Ct based on these four parameters is obtained
with a high correlation coefficient of 0.958. This study is expected to supplement the wave attenuation
data of this new breakwater and provide fundamental theory for the design and construction of
the BFEV.

Keywords: breakwater of floating emergent vegetation; wave attenuation; wave transmitted
coefficient; multiple linear regression

1. Introduction

Wave erosion has endangered the stability of the banks of rivers, lakes, coasts, and ma-
rine areas for a long time [1,2]. Further, the possible wave resonance would increase wave
load and induce rapid growth of the motion response of coastal and offshore engineering
structures [3–6], which would cause the failure of these structures. The breakwater of float-
ing emergent vegetation (BFEV) has been used as a new nature-based breakwater to prevent
water banks from wave erosion, and its further application potential to the protection of
engineering structures is huge due to its predominant ecological benefit. Compared with
various hard breakwaters of concrete, stone, or metal, the BFEV is more habitat-adaptive
for rare birds, more scenery-pleasant, more economy-saving, more construction-convenient,
and less polluting. Further, compared with ecological macrophytes including the mangrove
forest, the salt marsh, and the water-bed-growing emergent vegetation, the BFEV is more
site-adaptive and more exclusive of the limitation of water depth. Therefore, it is beneficial
to the resilient and sustainable development of rivers, lakes, coasts, and marine areas and
is thus expected to be a good alternative to hard breakwaters.

The vegetative strip, including kelp farms, salt marsh, mangrove forests, reed or reed-
like emergent macrophyte aquatic vegetation, and even the novel Bragg breakwater, has
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been found to significantly affect the dissipation of wave energy and thus the attenuation
of wave height at certain wave and vegetation conditions [7–11]. Zhu et al. [12] found in
a physical experimental case that over a kelp farm, the wave energy is dissipated up to
29–43% at the incident wave height of 1 m and the wave period of 6 s. Van Rooijen et al. [13]
reported in experiments that the submerged vegetation canopy attenuated the wave height
by up to 40% when the wave orbital excursion length was greater than the characteristic
length of canopy drags. Huang et al. [14] found in a series of indoor experiments that
the rigid emergent vegetation of various lengths and porosities caused the solidary wave
height to attenuate by 18–62%. Cassidy and Tomiczek [15] observed in a 1:10 geometric
scale physical model that the wave heights were attenuated by up to 65% in the mangrove
forest. Cao et al. [16] investigated the mangrove field on the south China sea coast and
found that wave attenuation occurred over the 100 m width of the mangrove. Massel [17]
computed that over 50 m wide in a dense mangrove forest, the wave height was attenuated
even by 99%. Zhou et al. [18] observed that the mangrove field caused the attenuation of
wave height by nearly 58.33% over a transport distance of 275 m and approximately 80%
over a transport distance of 1000 m.

Wave attenuation has been observed to be closely dependent on multiple vegetation
characteristics. Cassidy and Tomiczek [15] observed that the attenuation increased with veg-
etation distribution density and the row width of the mangrove forest. Augustin et al. [19]
conducted 46 experimental case tests involving various stem densities and wave properties
under emergent and near-emergent vegetation conditions. They found the wave height
attenuated by 10.1–24.9% over the first 3 m wide of vegetation with higher density and
then further attenuated by 5.7–17.4% over the last 3 m wide with lower density. They
also found that emergent vegetation led to higher wave attenuation than near-emergent
vegetation. Lee et al. [20] experimentally observed the wave attenuation during a storm
event and found the density and width of mangroves were positively correlated to the wave
height attenuation. They compared roots, trunks, and canopies and found that mangrove
roots contributed more to wave height attenuation. Their observation found no statistical
differences between mangrove types, incident wave heights, or water levels.

Simultaneously, wave properties are also reported as important factors influencing
wave attenuation. Jadhav et al. [21] found that wave attenuation increased with wave
height due to increased orbital wave particle velocities. Cao et al. [16] discovered by spectral
analysis that wave energy dissipation depended on wave frequency. Sun et al. [22] modeled
vegetation with rigid cylinders physically and numerically under 15 wave conditions of
various wave heights, wave periods, and wavelengths, establishing that wave energy
dissipation decreases with the increase in wave period. Gao et al. [11] found the Bragg
breakwater can utilize the Bragg reflection to significantly alleviate harbor resonance and
thus protect the coast for the first time. They investigated the influence of incident wave
height on floating box moments. They found the ratios of the second-order components to
the corresponding first-order ones around the resonant frequency are normally larger than
those at the frequencies far from the resonant frequency, and the larger the incident wave
height is, the larger the ratios around the resonant frequency become [4]. Gao et al. [5]
further found that the transient gap resonance affected the reflection and energy loss of
waves significantly.

The multiple characteristics of vegetation and waves are usually integral to two simple
factors, drag force and inertia force, in various analytical and computational models of
wave attenuation. Drag force caused by the viscous effect and form drag around the stem
is positively related to square velocity and is therefore usually more significant in value
compared with inertia force, which is caused by the acceleration of the surrounding fluid
and is positively related to a relatively minor accelerated velocity. Consequently, the inertia
effect is usually considered a small constant or neglected. Wu and Marsooli [23] numerically
simulated long waves over rigid vegetation with various drag coefficients and a constant
inertia coefficient of 2.0, finding that the wave height attenuation was positively related to
vegetation density. Ozeren et al. [24] experimentally observed the linear and regular waves.
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They derived the drag coefficient by attributing the wave-damping effect of vegetation only
to drag force and thus neglecting inertia force.

Vuik et al. [25] (cited by Veelen et al. [26]) found that in salt marsh flows, the drag co-
efficient ranged from 0.13 to 5.75, differing by a factor of 44. This suggested the influencing
factors of drag force were complex. Zhou et al. [18] calculated the wave attenuation by
integrating the effects of vegetation into a drag coefficient, finding that young trees of nearly
0.55 m high were more effective in attenuating wave energy than the stem part of grown
trees of nearly 1.2 m high. This suggested that the variations in the inundation of trees
induced by water level fluctuations might affect wave damping. Van Veelen et al. [26] found
that the best fit for the drag coefficient is a function of the KC number, and the velocity
attenuation inside the vegetation is a function of the ratio of wave excursion to stem spacing
and the ratio of stem spacing to stem diameter. Different exponents and constants under
rigid and flexible vegetation conditions were successfully fitted for the analytical expres-
sion of the drag coefficient, including the KC number proposed by Kobayashi et al. [27].
Jadhav et al. [28] confirmed an inverse relationship between the KC number and the drag
coefficient based on measurements in a Spartina alterniflora marsh. Ozeren et al. [24] found
the drag coefficient was dependent on the KC number when KC < 10, increasing with the
decrease in KC value.

The complexity of vegetated waves causes uncertainty in estimating drag effects and,
thus, in the prediction of energy dissipation and wave height attenuation. Work has been
conducted to include more parameters of vegetation and waves to obtain more accurate
drag estimation and wave dissipation prediction. Tanino and Nepf [29] found in their
experiments that the cross-sectionally averaged drag coefficient decreased with the increase
in cylinder Reynolds number and increased with the increase in solid volume fraction, and
viscous drag per unit cylinder length is independent of solid volume fraction in the range of
0.15–0.35. Stone and Shen [30] replaced the apparent velocity with a cross-sectional velocity
dependent on the stem diameter and the lateral spacing of vegetation stems and obtained
a more accurate drag coefficient. He et al. [31] estimated the drag coefficients proposed
by Dalrymple et al. [32] and Kobayashi et al. [26] based on 112 sets of indoor experiments
and further proposed a semi-empirical analytical equation for wave attenuation. They
predicted a transmitted wave coefficient ranging from 0.21 to 0.83 due to vertically non-
uniform vegetation properties in the root, stem, and canopy. However, differences in the
prediction of wave height attenuation are still present. The dimensionless parameters
involving multi-characteristics of vegetation, flow, and wave, which include the stem
Reynolds number, Froude number, and vegetation volume fraction, have been introduced
and applied successfully. While comparison of numerical models using different drag
coefficient formulae based on these three dimensionless parameters showed inconsistent
wave height attenuation.

It has been found that some new factors might also be important in the prediction of
wave attenuation. Jadhav et al. [28] found that regardless of whether KC or Re is used, there
is a reduction in drag coefficient for increased orbital wave particle velocities associated
with higher waves. Gao et al. [4] found that both the vertical and horizontal wave forces on
the floating body were closely related to the incident wave height and the resonant wave
frequency. Augustin et al. [19] numerically simulated the wave attenuation by integrating
the effect of vegetation into a bulk drag coefficient. Interestingly, the ratio of numerical to
observed transmittance was lower than 1, at 0.91–0.97 over the first 3 m width of denser-
distributed vegetation, while it was higher than 1, reaching 1.01–1.04 over the last 3 m width
of sparser vegetation. They explained that this error and bias could result from the inherent
error in the empirical equations for friction factor, missing two-horizontal-dimension terms
in these equations, or some neglected turbulent or vertically varying physics not captured
by the Boussinesq simulation.

The previous study discovered the critical influence of various parameters on wave
dissipation. However, a more accurate prediction of wave height attenuation still needs
more attempts with new parameters. As a new vegetated breakwater, the BFEV’s effect
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and efficiency on wave attenuation still need to be revealed. The influencing parameters
applied for the previous breakwaters need to be tested, and new parameters are worthy
of attempting. The limitation is mainly due to the availability of data. Therefore, aiming
at supplementing data, selecting appropriate parameters for the BFEV, and attempting
new parameters that might influence wave attenuation significantly, the present study
will conduct a series of indoor physical experiments under various BFEV and wave
conditions. Based on these experiments, the dependence of wave height attenuation
on multiple parameters, including the previous and newly proposed ones, will be
analyzed. The results are expected to provide some new parameters for wave height
attenuation and provide a fundamental guide for the design and construction of the
BFEV in application.

2. Theoretical Background and Methodology

Wave dissipation over the vegetation strip and the BFEV is affected by the physical and
geometric properties of the vegetation strip, including strip width, vegetation density, and
stem spacing, as well as the wave and water features, including incident wave height, wave
period, and water depth. Other parameters, including submergence ratio, stem diameter,
biomass, and flexibility of the vegetation, remained constant in all the experimental tests,
and thus they were found to have no significant relationship with wave height attenuation.

The drag force and inertia force, and thus the wave height attenuation, are under the
combined effects of the complex features of vegetation and waves. Based on the previous
study and the observed data of this study, four combined dimensionless parameters are
found to be monotonically related to the transmitted coefficient of wave and thus are used
to predict the wave height attenuation in regressive analysis.

The Keulegan–Carpenter (KC) number represents the contrast effect of drag force
and inertia force. In this study, the width of the BFEV (B) is used in the KC number as
the characteristic length of a solid since it is the largest length scale of the BFEV, which is
defined as

λ1 = KC =
VT
B

(1)

where λ1 is the first dimensionless parameter that will be used in the regressive analysis in
this study; V is the horizontal orbital velocity of the incident wave; T is the wave period.

As the second largest length scale of the BFEV, the stem spacing also affects the drag
force and the inertia force, which composes the second parameter

λ2 =
VT
D

(2)

where λ2 is the second dimensionless parameter chosen by the authors, which is related to
the stem density of the BFEV; D is the stem spacing of the vegetation.

The third dimensionless parameter, the ratio of wave height and the stem spacing of
vegetation, is also closely related to wave height attenuation, which is expressed as

λ3 =
H
D

(3)

where H is wave height.
And a new dimensionless parameter was found closely related to wave height attenu-

ation, which is defined as

λ4 =
g

(V/T)
=

1
F2

r

VT
h

(4)

where Fr is the wave Froude number (Zhu et al. [12]); h is the water depth in a still state.
The transmission coefficient is expressed as the ratio of transmitted wave height to

incident wave height,

Ct =
Ht

H
(5)
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where Ht is the transmitted wave height.
In this study, the dependent relationships of Ct and the four dimensionless parameters

(λ1, λ2, λ3, λ4) are represented through physical experiments. Further, a prediction
formula for Ct is to be regressed based on these relationships.

3. Experimental Setup

Experiments were conducted in a rectangular cross-sectional water flume with two
glass side walls in the laboratory of harbor, coastal, and hydraulic engineering at Shanghai
Jiaotong University. The flume is 20 m long, 1.0 m wide, and 0.8 m high. A swaying wave
generator was installed at the upstream end of the flume to generate two-dimensional
regular waves (Figure 1). Three rectangular steel plates with uniformly punched holes
were set at a slope of 1:4 at the downstream end of the flume, which were parallel to each
other to dissipate wave energy and avoid the reflection effect of waves (Figure 1).

Figure 1. Side view of the water flume.

The BFEV model was installed in the middle part, 10 m from the upstream end of the
water flume. Two hollow cylinders with a diameter of 5 cm were installed under the BFEV
as floaters. Two mooring chains with a stiffness of 1.8 KN/m were designed to anchor the
BFEV to meet the requirements of the real application as well (Figure 1). The BFEV emerged
from the water surface, with its submerged part deeper than the experimental wave height.
Corresponding to the two-dimensional waves in the water flume, the BFEV was installed,
occupying the full cross width of the flume (Figure 2). The individual vegetation model
used the real foliage branch of a plant with a uniform stem diameter (d) of 0.006 m. The scale
of the model vegetation diameter to the prototype was selected at 1:10. The height of BFEV
was 35 cm, with 20 cm emerging under and 15 cm emerging above the still water surface.
The baseboard of the BFEV was 18 cm below the water surface. The modulus of elasticity in
the bending of a single vegetation stem was 0.98 × 1010 Pa and thus was considered rigid.
Morinda citrifolia L. was used to model the coastal bush vegetation. Vegetation models were
in alignment in both lines and rows (Figure 3). The vegetation models of foliage branches
were fixed on a bottom board made of Perspex, and the bottom board was moored on the
bottom of the water flume (Figure 4). Both the width of the BFEV (B) and the stem spacing
(D) vary in different experimental cases.
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Figure 2. Horizontal planer view of the water flume.

Figure 3. Arrangement of vegetation stem.

 
Figure 4. Camera photo of the BFEV and the baseboard.

The incident wave height (H), wave period (T) and horizontal wave orbital velocity
(V) varied in the experiments, but the water depth was constant at 0.35 m for all the
experiments. A total of 312 sets of experimental cases were designed by cross-combination
of different BFEV and wave conditions, including five BFEV widths, eight stem spaces,
two incident wave heights, four wave periods, and four wave propagating velocities. The
parameters of different experimental conditions are summarized in Table 1.

Table 1. Parameters of the FBEF and wave.

B (m) D (m) d (m) H (m) T (s) V (m/s)

0.45, 0.35, 0.25,
0.20, 0.15

0.0214, 0.0237, 0.0268, 0.0306,
0.0355, 0.0428, 0.0538, 0.0713 0.006 0.06, 0.08

0.881 1.192
0.784 1.084
0.693 1.082
0.64 1.016

The SDA100 system of wave sensors and data collection was used to observe the wave
parameters. Six wave gauges were set along the wave direction to obtain the wave height.
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Guages 1 to 4 were set 8.35 m, 3.25 m, 3 m, and 0 m upstream of the BFEV, and gauges 5
and 6 were set 0 m and 0.3 m downstream of the BFEV. Gauges 2 and 3 were used to obtain
the incident wave height by the two-point separation method of Goda and Suzuki [33].
Gauge 6 was used to obtain the transmitted wave height. Gauges 1, 4, and 5 were used to
monitor the variation of wave height along the wave direction.

A control test was conducted to estimate the effects of flume walls, the baseboard, and
the installation devices of the BFEV on the wave attenuation. It shows that these effects
account for less than 1% of the total attenuation of the wave.

4. Results

A control experiment without the floating emergent vegetation was conducted to test
the influence of the framework of the BEFV and the water flume, and the results show
that their influence on wave attenuation is less than 0.15%, so they are not considered in
the analysis.

Among the total experimental set of 312 tests, the wave height attenuation ranges
from 22.6% to 71.5%, with the transmitted coefficient Ct ranging from 0.285 to 0.774
(Figures 5–8), which validates the significant effect of the BFEV on wave attenuation.
To further understand the influencing mechanism of BFEV on wave attenuation, the
dependences of Ct on λ1, λ2, λ3, and λ4 are analyzed, respectively. Then, to predict the
wave height attenuation over the BFEV, the regression function of Ct is analyzed based
on these four dimensionless parameters.

H

H

Figure 5. Cont.
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H

H

H

Figure 5. Dependence of the wave transmitted coefficient (Ct) on the first conventional parameter
(λ1 = KC = VT

B ) under eight stem spacing conditions (D = 0.0214 m, 0.0237 m, 0.0268 m, 0.0306 m,
0.0355 m, 0.0428 m, 0.0535 m and 0.0713 m). Four subfigure pairs (a) and (b), (c) and (d), (e) and (f),
and (g) and (h) are at λ4 =

g
(V/T) = 7.25, 7.09, 6.28 and 6.18, respectively, with each subfigure pair

corresponding to the wave height H = 0.06 m and 0.08 m.
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H

H

Figure 6. Dependence of the wave transmitted coefficient (Ct) on the second conventional param-
eter (λ2 = VT

D ). Four subfigure pairs (a) and (b), (c) and (d), (e) and (f), and (g) and (h) are at
λ4 =

g
(V/T) = 7.25, 7.09, 6.28 and 6.18, respectively, with each subfigure pair corresponding to the

wave height H = 0.06 m and 0.08 m. Subfigure pair (a) and (b) are at λ1 = VT
B = 6.993, 5.263, 4.202,

3.003 and 2.331; Subfigure pair (c) and (d) are at λ1 = 5.682, 4.255, 3.401, 2.427 and 1.890; Subfigure pair
(e) and (f) are at λ1 = 5.000, 3.745, 3.003, 2.141 and 1.667; Subfigure pair (g) and (h) are at λ1 = 4.329,
3.247, 2.597, 1.859 and 1.445.
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Figure 7. Cont.
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Figure 7. Dependence of the wave transmitted coefficient (Ct ) on the third conventional parameter
(λ3 = H

D ). Subfigure (a) is at λ4 =
g

(V/T) = 7.25, λ1 = VT
B = 6.993, 5.263, 4.202, 3.003 and 2.331;

Subfigure (b) is at λ4 = 7.09, λ1 = 5.682, 4.255, 3.401, 2.427 and 1.890; Subfigure (c) is at λ4 = 6.28,
λ1 = 5.000, 3.745, 3.003, 2.141 and 1.667; Subfigure (d) is at λ4 = 6.18, λ1 = 4.329, 3.247, 2.597, 1.859
and 1.445.
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B
H
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Figure 8. Dependence of the wave transmitted coefficient (Ct) on the newly proposed parameter
(λ4 =

g
(V/T) = 1

F2
r

VT
h ) under seven or eight stem spacing D conditions (D = 0.0214 m, 0.0237 m,

0.0268 m, 0.0306 m, 0.0355 m, 0.0428 m, 0.0535 m and 0.0713 m), with Subfigure (a) showing seven D
conditions and sugbfigures (b–j) showing eight D conditions. Five subfigure pairs (a) and (b), (c) and
(d), (e) and (f), (g) and (h), and (i) and (j) are at the BFEV’s length B = 0.15 m, 0.2 m, 0.25 m, 0.35 m
and 0.45 m, respectively, with each subfigure pair corresponding to the wave height H = 0.06 m and
0.08 m.

4.1. Dependence of Ct on λ1

The relationship of Ct and λ1 at four λ4, two H, and eight D conditions is shown
in Figure 5a–h with each subfigure under a given combination of λ4 and H conditions.
Figure 5 shows that, in general, Ct increases with the increase of λ1, that is, the wave
attenuation decreases with the increase of λ1. It is reasonable since both the increase in
wavelength and the decrease in the width of BFEV, which increase the value of λ1 can lead
to a decline in wave attenuation and thus an increase in Ct. A comparison of eight lines
in each subfigure shows that a smaller D corresponds to a smaller value of Ct, indicating
denser stem spacing causes more significant wave attenuation.

Comparisons of Figure 5a and b, c and d, e and f, and g and h show that at given λ4
and D, the value of Ct is smaller at the higher wave height (H = 0.08 m) than at the lower
wave height (H = 0.06 m). The difference between these two wave height conditions is
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more significant at sparser stem spacing. The largest difference of 0.132 occurs at λ4 = 6.18
and D = 7.13, with the value of Ct at H = 0.08 m being smaller than that of H = 0.06 m
by 20.6%. This indicates the efficiency of wave attenuation over the BFEV is improved at
higher wave heights, and this is more significant under sparser stem spacing conditions.

4.2. Dependence of Ct on λ2

The relationship of Ct and λ2 at four λ4, two H and five λ1 conditions is shown
in Figure 6a–h with each subfigure under a given combination of λ4 and H conditions.
Figure 6 shows that, in general, Ct decreases with the increase of λ2, that is, the wave
attenuation increases with the increase of λ2. The main reason is that the decrease in
stem spacing, which increases the value of λ2 can lead to improved wave attenuation and
thus a decrease in Ct. This suggests that the effect of stem spacing might be relatively
important compared with that of the wavelength under the experimental conditions. A
comparison of five lines in each subfigure shows that the smaller value of λ2 corresponds
to a smaller value of Ct and thus leads to a more significant attenuation of the wave, which
is in agreement with that of Figure 5.

Comparisons of Figure 6a and b, c and d, e and f, and g and h show that at given λ4
and λ1, the value of Ct is smaller at the higher wave height (H = 0.08 m) than that of the
lower wave height (H = 0.06 m). The difference ranges from 0.011 to 0.072. The largest
difference of 0.072 occurs at λ4 = 7.25, λ1 = 2.33 and λ2 = 49.06, with the value of Ct at
H = 0.08 m being smaller than that of H = 0.06 m by 17.3% (Figure 6a,b). This indicates
the efficiency of wave attenuation over the BFEV is improved at the higher wave height
condition, which is consistent with that of Figure 5.

4.3. Dependence of Ct on λ3

The relationship of Ct and λ3 at four λ4, two H and five λ1 conditions is shown
in Figure 7a–d, with each subfigure under a given combination of λ4 and H conditions.
Figure 7 shows that, in general, Ct decreases with the increase of λ3, indicating the wave
attenuation is improved with the increase of λ3. The main reason is that the increase in
wave height and the decrease in stem spacing, which increase the value of λ3 can lead to
an improvement in wave attenuation and thus a decrease in Ct. A comparison of five lines
in each subfigure shows that the smaller value of λ1 corresponds to the smaller value of Ct
and thus leads to a more significant attenuation of the wave, which is in agreement with
that of Figures 5 and 6.

4.4. Dependence of Ct on λ4

The relationship of Ct and λ4 at five B, two H, and eight D conditions is shown
in Figure 8a–j with each subfigure under a given combination of B and H conditions.
Figure 8 shows that, in general, Ct increases with the increase of λ4, which indicates the
wave attenuation is improved with the increase of λ4. This suggests that the increase in
horizontal inertia of waves might cause an improvement in wave attenuation over the
BFEV. Comparison of the seven (Figure 8a,b) or eight lines (Figure 8c–j) under different D
conditions in each subfigure shows that the value of Ct decreases with the decrease of D.
This is consistent with that of Figure 5, indicating the wave attenuation over the BFEV is
improved under denser vegetation conditions.

In consistency with that of Figures 5–7, comparisons of Figure 8a and b, c and d, e
and f, and g and h also show that the incident wave height affects the wave attenuation
significantly. The wave attenuating efficiency over the BFEV is improved at the higher
wave height (H = 0.08 m) than at the lower wave height (H = 0.06 m).

4.5. Regression Analysis of Ct on λ1, λ2, λ3, and λ4

Figures 5–8 indicate that the wave height attenuation is closely dependent on the four
dimensionless parameters of λ1, λ2, λ3, and λ4 (Equations (1)–(4)). Therefore, a multiple
linear regression analysis of Ct on these four predominant parameters is conducted.
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Let
Ct = f (λ1, λ2, λ3, λ4) (6)

where f is a function.
Choose a nonlinear multiplication model for the function f , obtaining:

Ct = β(λ1)
x1(λ2)

x2(λ3)
x3(λ4)

x4 (7)

where β, x1, x2, x3 and x4 are regression coefficients of the function f .
Then, based on the total set of 312 experimental cases, the regressed formula of Ct

is obtained.
Ct = 0.133(λ1)

0.508(λ2)
−0.016

(λ3)
−0.207(λ4)

0.488 (8)

with the correlation coefficient R = 0.958.
The calculated and observed Ct shown in Figure 9 indicate they are in good agreement.

The agreement is better at the smaller Ct, and the deviation is relative larger at the higher
Ct. The possible reason might be that the wave attenuation was more affected by the bulk
swaying motion of the frame of BFEV when the effect of the four dimensionless parameters
was relatively smaller at the higher Ct.

Figure 9. The calculated wave transmitted coefficient (Ct) versus the observed ones.

5. Discussion

Although the regressed Formula (8) agrees with the observed value Ct, there is still
one point that needs to be noted. The two parameters λ1 and λ2 have the same form, but
they have an inverse effect on wave attenuation and the transmitted coefficient Ct. The
underlined mechanism is that the width of the BFEV (B) is a characteristic length positively
related to the resistant force of the BFEV, but the stem spacing (D) is negatively related to
the resistant force.

For a group of cylinder-conceptualized rigid vegetation stems, the forces, includ-
ing the drag and inertia effects acting on vegetation, can be estimated by the Morison
equation [23,34] (Fi = 1

2 ρCD Nν AνUνi
√

UνiUνi + ρCM NνVν
∂Uνi

∂t , where Uνi is the apparent
velocity acting on the vegetation elements in the ith direction, CD is the drag coefficient, CM
is the inertia coefficient, Nν is the vegetation density defined as the number of vegetation
elements per unit horizontal (bed) area, Aν is the projected area defined as the frontal area
of a vegetation element projected to the plane normal to the stream-wise flow direction,
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and Vν is the volume of a vegetation element). Stone and Shen [30] proposed an alternative
drag coefficient CDm based on the constricted cross-sectional apparent flow velocity Uνm
with Uν = Uνm(1 − d/D). The modified CDm is more accurate because it is closer to the
drag coefficient of a single cylinder and has less variation for a wide range of values for
vegetation density, stem size, and cylinder Reynolds number in comparison with CD. The
Morison equation and CDm have been validated by many researchers [15,19,20,23]. In the
present study, the width B is positively related to the total projected area of vegetation
Aν, and the stem spacing D is negatively related to Uν and Nν, therefore λ1 and λ2 have
inverse effects on the bulk resistance of the BFEV.

6. Conclusions

A series of 312 experimental tests were conducted in an indoor water flume to in-
vestigate the effect of the BFEV on wave attenuation, which supplements the data on
this new nature-based type of breakwater. Three conventional and one newly proposed
dimensionless parameters λ1, λ2, λ3, and λ4 are found to have a significant effect on wave
height attenuation, with the transmitted coefficient Ct being positively related to λ1 and λ4,
while negatively related to λ2 and λ3.

A regressed formula of the transmitted coefficient Ct on the four parameters is obtained
based on the 312 experimental tests, with a correlation coefficient reaching up to 0.958.
The calculated and observed Ct are in good agreement. The relationship between Ct and
the four predominant parameters, as well as the regression formula of Ct, obtained in this
study, are expected to provide fundamental support for the design and construction of
the BFEV for bank and structure protection from wave erosion in rivers, lakes, coasts and
marine environments.
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Abstract: To increase the organic potato yield, it is necessary to provide the crop with sufficient
nutrients and effective means of biocontrol the diseases. The research goal was to characterize the
biorationals’ efficacy to achieve competitive organic potatoes’ yield under various weather conditions.
A 4-year trial was carried out in the Leningrad region using Udacha variety potatoes. The tests
used liquid forms of new polyfunctional biologicals Kartofin based on highly active Bacillus subtilis
I-5-12/23 and organic fertilizer BIAGUM obtained from poultry manure by aerobic fermentation in a
closed biofermenter. Significant stimulation in plant growth and development to the flowering phase
regardless of the hydrothermal conditions of the growing season was noted. The stimulating effect
was determined by the combined use of biorationals pro rata to BIAGUM dose. Kartofin biologicals
and BIAGUM almost doubled the potato tubers’ yield compared to the control, regardless of the
growing season conditions. At the flowering phase, the biological efficacy in potato fungal diseases
incidence and development was near 90% under optimal and 50–75% under drought hydrothermal
conditions. At the end of vegetation, the efficiency in fungal diseases incidence and development
made up 45–65% under optimal and 45–70% under dry conditions. BIAGUM effectiveness in reducing
disease development reached 45–50% regardless of growing season conditions.

Keywords: polyfunctional biologics; biorationals; compost; potato diseases management; organic
potatoes; weather conditions; stimulating biologic effect

1. Introduction

The potato (Solanum tuberosum L.) is the fourth most important food crops for human
nutrition, after maize, wheat and rice. In addition, a significant amount of potato is used
for livestock feed and for seed purposes [1]. Russia, producing about 20 million tons of
potatoes annually, is among the top 5 countries with the largest potato production. Given
the great diversity of natural and climatic conditions for growing potatoes in Russia, as well
as the large number cultivated varieties of Russian and foreign breeding, in recent years,
various technologies for growing potatoes have been developed [2]. In the Northwestern
region of Russia, extensive research has been carried out into potato cultivation. The result
of these studies has been to develop zonal technologies [3]. In the near future, the world’s
growing population will require more and more food resources, which inevitably leads to
the intensification of agriculture. However, intensive agriculture consumes more and more
natural resources, causing significant and often irreparable damage to the environment [1].
Data compiled by a team of authors [4] on the global supply of food, feed and other
industrial uses of agricultural products suggest that potato-based agri-food systems provide
significant opportunities for food security and income generation in the face of anticipated
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trends in population growth, climate change, conflict, migration, inequality and the recent
effects of the COVID-19 crisis.

Currently, organic farming is quite actively developing in Russia [5–7]. If the require-
ment for the production of organic crop products is observed, environmental conditions
are significantly improved and natural biodiversity in agroecosystems is preserved [8].
The same requirements pose new challenges in the production of organic potatoes, which
must be solved in order to obtain a high yield that competes with intensive production [9].
Organic potato growers face two major challenges—disease control and providing plants
with sufficient nutrients [10,11].

It should be noted that biological control is one of the most promising approaches to
organic and sustainable agriculture to protect crop plants from disease, increase yields and
improve food quality [12–14]. Currently, organic production for plant protection against
disease is increasingly focused on biologicals [15]. As biologicals in a broad sense, both
living cultures of microorganisms and biologically active compounds synthesized by them
can be used as biocontrol agents [13,15].

Biorationals as natural, environmentally non-toxic products obtained from non-microbial
sources (activators, adjuvants, elicitors, organic materials, soil improvers, phytohormones,
extracts from biomass and plants, waste, special composts, etc.) have direct and indirect
effect on plants, accelerating their growth and development, thereby increasing produc-
tivity [16–18]. Such biorationals form a large heterogeneous group of biotechnological
products called biostimulants [19–22]. Biological products produced using living microor-
ganisms’ cells have both direct and indirect multifactorial effects on plants, leading to a
stable increase in productivity and yield [23–25]. Such biologicals have a positive effect on
the yield [26,27]. Beneficial microorganism strains that form the basis of biologicals are the
part of the soil microbiome, rhizosphere, rhizoplane, as well as the phyllosphere, including
the phylloplane, of cultivated crops [28–30]. The introduction of microbial strains into the
agroecosystem of a cultivating crop can affect the biocenotic interactions between plants,
phytopathogenic species and the environment and lead to significant changes in agroe-
cosystems. This requires a comprehensive assessment of the possible effects of biocontrol
agents. The authors [31] point out that the philosophy of plant disease control needs to
shift from a concept that deals only with crop productivity to a multifaceted paradigm
that includes an environmental impact study, social acceptability and the availability of
biocontrol technologies.

Microorganisms of biologicals secrete hormones and also change the concentration of
phytohormones secreted by the plant, affecting root and root hair growth, shoot develop-
ment, flowering and seed growth, aging, various physiological processes, including cell
division, gene expression and response to abiotic and biotic stresses [32–36].

The indirect effect of biopesticides, whether they are biorationals and/or biologicals
based on microbes’ living cells is to control plant pathogens, which reduces crop losses from
their development [37,38]. Microbe-antagonist strains possess the ability to synthesize and
secrete as secondary metabolites a lot of biologically active substances (BAS) of various na-
ture (antibiotics, siderophores, hydrolytic enzymes, volatile organic compounds, hydrogen
cyanide, etc.). This ability has been called polyfunctionality, which determines the various
target activity of biologicals’ producer strains [13,14,39]. Producer strains’ BAS suppress
the phytopathogens development on plants, reducing their virulence and aggressiveness,
thereby saving the crop [40–43]. The producer strains polyfunctionality provides antago-
nism to the phytopathogens together with inducing the plant systemic resistance [44–47].
Due to the producer strain polyfunctionality modern biologicals combine the properties of
biofertilizers, biostimulants and biopesticides in their formulations, providing a sustainable
increase in crop yields when used [48–52]. In addition, polyfunctional biologics application
improves the crop quality contributing to carbohydrates, proteins, vitamins, macro- and
microelements accumulation in agricultural products [53–55]. In particular, this applies to
the quantitative and qualitative indicators of the potato harvest [56–59].
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Biologicals based on microorganisms’ living cells that have a direct stimulating effect
on the plants development and provide an increase in their productivity are combined into
a group of biofertilizers [60–63]. Bacterial inoculants directly increase the availability of N,
P, K, Zn, S and other nutrients for plants, which leads to the accelerated growth of roots
and shoots and increased yields [48,64–66].

Aerobic composting technologies developed in recent years in closed-type biofer-
menters can significantly reduce the processing time, improve the quality of the resulting
compost and reduce the negative impact on the environment [67]. Regulating the aeration
regime has a positive effect on the viability of mesophilic and thermophilic microorgan-
isms, which decontaminate and change the physical and chemical conditions of manure
into forms accessible to plants [68,69]. Under Russian geographical conditions, drum
biofermenters are of the greatest preference. They provide a short processing time (up to
3–4 days) and high preservation of nutrients, which compensates for the higher capital
costs of implementation. The ability to automate the recycling process relatively easily
leads to lower operating costs, which ultimately increases the profitability of compost
production [70,71].

Our research goal is to characterize the efficacy of new polyfunctional biologicals and
special organic compost to provide maximum possible yields in organic potatoes under the
preponderant weather conditions.

To achieve this goal, the following objectives were established:

• To develop the experimental batches of polyfunctional biologics liquid formulations
(Kartofin, SC; Kartofin MR, SC) and organic fertilizer BIAGUM (special organic compost);

• To evaluate the effect of polyfunctional biologics liquid formulations (Kartofin, SC;
Kartofin MR, SC) and organic fertilizer BIAGUM application on biometric indicators
of the organic potato plants development during optimal and dry growing seasons
(by hydrothermal conditions);

• To estimate the biological efficacy of polyfunctional biologics and special organic
compost BIAGUM application in organic potatoes’ (plants and tubers) protection
from diseases;

• To estimate the effect of new polyfunctional biologics and special organic compost
BIAGUM in organic potatoes’ healthy yield formation and its productivity during
various vegetation periods.

2. Materials and Methods

The research work was carried out in the Microbiocontrol Laboratory (ML) FSBSI
VIZR, its edible mushrooms’ pilot farm and in the production potato plantings at the
IEEP branch Experimental Station of the FSBSI FSAC VIM. The IEEP branch Experimental
Station of the FSBSI FSAC VIM is the long-term site for biological farming development
and improvement. Its cultivable land has not been treated with chemicals (fungicides,
insecticides, herbicides, etc.) for about 20 years. This is a complex system of multi-field
organic crops rotation. For phytosanitary optimization and increasing the yield on these
lands, only biorationals are used. Such a long absence of chemical pesticides’ in the topsoil
makes it possible to obtain completely organic agricultural products of all crops cultivated
on the site. The crop rotations at this long-term site are used in field trials of the biorationals
efficacy for their use in organic crop production.

2.1. Materials

The research materials were semi-synthetic and natural nutrient media such as dried
nutrient medium (DNM): pancreatic sprat hydrolysate—15 g L−1; NaCl—4.59 g L−1;
microbiological agar—20 g L−1; H2O—1 L; pH = 7.2 (Microgen Co. Ltd., Moscow, Rus-
sia); corn-molasses nutrient medium (CMNM): molasses—15 g L−1; corn extract—30 g L−1;
H2O—1 L; pH = 7.8 (Research and Production Association “ALTERNATIVE”,
Moscow, Russia).
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Another research material was natural nutrient medium, based on multirecycled
(MR) spent mushroom substrates’ (SMS) aqueous extracts. Such nutrient medium is
obtained by multirecycling of industrial and agricultural waste from commercial substrates
(CS) for cultivating Lentinula edodes (Berk.) Pegler (CSLe)—shiitake mushroom. CSLe in
a noninvolved state has the following percentage composition per weight of substrate
having 70% moisture content: oak sawdust—88.9%; wheat bran—10%; CaCO3—0.1%;
CaSO4 × 2H2O—1%. For industrial edible mushrooms cultivating the commercial spawns
L. edodes 4080 and Pleurotus ostreatus (Jacq.) P. Kumm. HK-35 (Sylvan, Inc.; Moscow, Russia)
were used. Shiitake mushrooms were grown on sterilized CSLe by the industrial method
of low-volume solid-phase fermentation in the FSBSI VIZR pilot farm for 3 months at
18–23 ◦C and 85–95% air humidity. Shiitake basidiomata and spent shiitake mushroom
substrate (SMSLe) were obtained. SMSLe: Once recycled/spent CSLe containing fungal
protein as L. edodes 4080 mycelium derivate. There were used multirecycled (MR) SMS
left after double edible macromycetes cultivation on the same substrate. When preparing
SMSLe for double recycling, the substrates components were crushed to 0.5–2.5 cm pieces
and soaked in water for 20–24 h to complete moisturizing. The prepared SMSLe having
70–80% moisture content and stabilized acidity pH = 7.0–7.5 were packed in 1500 g each
in 1 l polypropylene bags. The bags were sealed up and sent for 1 h steam sterilization
at 133 ◦C (202.7 kPa) in autoclave 5075ELVPV D (Tuttnauer Europe BV, Netherlands) for
subsequent inoculating by P. ostreatus HK-35—oyster mushroom. SMSLePo was obtained
by 2-fold biorecycling of CSLe. Firstly, basidiomata as food product was obtained by
L. edodes 4080 for consumers and spent substrate (SMSLe), and then P. ostreatus HK-35 was
sequentially obtained in turn from the fruit bodies and spent substrate: double fermented
SMSLe containing L. edodes 4080 and P. ostreatus HK-35 mycelium’s derivates of these
2 fungi [14,72]. There was a nutrient medium developed for biological producer strains
cultivated based on double spent SMS (MR SMS)–SMSLePo aqueous extracts. The SMSLePo
was preliminarily milled and boiled in the amount of 200 g l−1 for 1 h, filtered and restored
to the previous 1 l volume, thus obtaining MR SMS-extract: double spent SMS—200 g L−1;
H2O—1 L; pH = 6.5–7.5 (FSBSI VIZR, St. Petersburg, Russia).

Sterilization modes for the nutrient media were 30–60 min at 50.7–81.1 kPa [14,73].
Organic material for the special compost BIAGUM was bedding poultry manure

supplied by Leningrad Region poultry farm [74].

2.2. Objects

The research objects were the experimental batches of polyfunctional biologicals liquid
formulations and special organic compost BIAGUM.

Experimental batches of polyfunctional biologicals liquid formulations (suspension
concentrates–SC) under the names Kartofin, SC; Kartofin MR, SC were developed using
highly active producer strain Bacillus subtilis (Ehren.) Cohn I-5 12/23. The producer strain
is certified, deposited and maintained at FSBSI VIZR State Collection of Microorganisms
Pathogenic for Plants and Their Pests registered on 28.01.1998 No. 760 in the World
Federation for Culture Collections, World Data Center for Microorganisms (WFCC WDCM,
Japan). Biologicals from Kartofin-series (titer not less than ×1010 colony forming units
(CFU) mL−1) are intended to protect agricultural crops from fungal and bacterial diseases
during vegetation and harvest storage. The active biologicals’ ingredients are the cells
(spores) and the complex of B. subtilis I-5 12/23 metabolites.

The Kartofin, SC and Kartofin MR, SC experimental batches were developed in ac-
cordance to FSBSI VIZR-approved regulations and specifications. The biologicals’ exper-
imental batches were prepared in submerged cultivating using liquid inoculums in the
ML FSBSI VIZR. The producer strain inoculum was preliminarily stored and developed
in test tubes on DNM. The submerged cultivations were carried out in shaking flasks
with 750 mL volume, containing 100 mL of appropriate nutrient medium (CMNM, MR
SMS-extract). Liquid-phase producer strain inoculum was grown at 27–28 ◦C for 3 days
with aeration (180 rpm, New Brunswick™ Innova® 44 Shaker Incubator, Eppendorf, Ham-
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burg, Germany). To control the bacterial growth stage and the contaminating microbiota
presence the samples were taken away and microscoped every day. The fermentation
process was stopped when 85–90% spores had been produced in the culture liquid (CL).
The CLs were concentrated for 10 min at 3000 rpm in the centrifuge OS-6MC (Dastan Inc.,
Bishkek, Kyrgyzstan), and then 0.2% potassium sorbate was added to the spore suspen-
sion concentrates which were put into 1 L wide-mouth bottles, PE-LD (VITLAB GmbH,
Großostheim, Germany). The initial CL titers were not less than× 1010 CFU mL−1, the
finished SC Kartofin-series titers were near ×1011 CFU mL−1. Experimental batches of new
polyfunctional biologicals Kartofin, SC and Kartofin MR, SC based on B. subtilis strain I-5
12/23 were developed for field trials of their biological efficacy.

Organic compost BIAGUM was produced in IEEP’s (branch of FSAC VIM) Labo-
ratory of organic waste bioconversion by the aerobic fermentation of bedding poultry
manure [74]. The aerobic solid-state fermentation was carried out in the special closed
installatios (biofermenter). The compost was characterized by dry matter (nearly 40%).
The carbon content and essential nutrients were as follows: C—21.3%; N—2.1%; P—1.5%;
K—0.9%; and Ca—1.4%. Special compost BIAGUM has a maximum shelf life of 2 years
from the production date under −20–+30 ◦C air temperature and 60–75% air humidity.
The BIAGUM doses 80 and 160 kg N ha−1 were used providing potato productivity in
medium and high levels. These doses corresponded to 4.3 t ha−1 and 8.6 t ha−1 of compost
application by weight.

2.3. Methods

The following research methods were used: inoculum and stock cultures preparation,
SMS preparation for multirecycling, development of biologicals experimental batches, qual-
ity assessment of titers and biologicals experimental batches, conducting field tests, field
testing results and potato yield accounting, statistical analysis and visualization [14,72–80].

2.3.1. Inoculum and Stock Cultures Preparation

Preparation and steam sterilization of agarized and liquid nutrient media under
autoclaving conditions 30–60 min at 50.7–81.1 kPa followed by inoculation with B. subtilis
I-5 12/23 pure culture and/or liquid-phase fermentation in 750 mL shaker flasks with
100 mL of nutrient medium on an orbital shaker at 180 rpm and t = 28 ◦C for 3 days.

2.3.2. SMS for Multirecycling Preparation and MR SMS-Extract Production

SMS components were crushed into 0.5–2.5 cm pieces and soaked in water for 20–24 h
to complete moisturizing. Acidity was stabilized at pH = 7.0–7.5, then components were
packed into 1500 g batches, each packed in 1 L polypropylene bags. Packed products were
steam sterilized at 133 ◦C for 1 h (202.7 kPa), Followed by MR SMS milling, boiling in
amount of 200 g L−1 for 1 h in 1 L H2O, filtering and restoring to 1 L volume.

2.3.3. Biologicals Experimental Batches Production

The products were submerged cultivating in 750 mL shaker flasks with 100 mL of
CMNM/MR SMS-extract on an orbital shaker at 180 rpm and 27–28 ◦C for 3 days with
aeration. The fermentation was stopped when 85–90% of spores were produced in CL. The
CL was concentrated for 10 min at 3000 rpm and then 0.2% potassium sorbate was added
and put into 1 L wide-mouth bottles.

2.3.4. Titers and Biologicals Experimental Batches, Quality Assessment

Serial dilutions method was used for the inoculum and experimental batches titers
and quality assessment (on DNM), and we conducted 10-fold replications.

2.3.5. Conducting Field Trials

The field trials were carried out in 2018 to 2020 at the Experimental Station of the Insti-
tute for Engineering and Environmental Problems in Agricultural Production (IEEP)—branch
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of FSAC VIM. The experimental area was located at 59◦65 N and 30◦38 E near Pavlovsk
town (Leningrad region, Russia). According to Russian classification, the soil of the experi-
mental plots is sod-podzolic light loamy gleyic soil on residual carbonate moraine loam.
It has a weak acidic reaction (pH = 6.5–6.6), high organic matter content (5.6%) and has
medium to high levels of available P and K.

The compost BIAGUM was applied before ridging with its subsequent embedding by
disking. In order to eliminate the compaction zones in the row-spacing after planting, the
following strategies were employed:

� Deep loosening of the soil directly in the potato rooting zone;
� Hilling and destroying weeds;
� Using an experimental multipurpose row-crop chisel cultivator, designed and devel-

oped by the IEEP—BRANCH OF FSAC VIM.

The space between the ridges was loosened by a chisel cultivator up to a depth of
30 cm from the bottom of the furrow. The use of deep loosening between rows of organic
potatoes as an inter-row treatment resulted in a decrease in soil compaction, both directly
in the aisle and in the zone of root formation.

In the field trials, the new potato variety Udacha, super elite and elite classes, obtained
from the seed farm was used. This variety has an average yield of 30–50 t ha−1 and a starch
content of 12–15%; it matures early and is adapted to various types of soil and climatic
zones. It is midresistant to late blight, rhizoctonia disease, wrinkled mosaic, black leg, wet
rot and common scab (State register of selection achievements approved for use in Russian
Federation from FSBI “State Breeding Commission”, 2021). It is characterized by a good
taste and a smooth tuber surface [74].

Potatoes were treated with the biologicals at the time of planting and then by foliar
spray after 10 days and 20 days at the biologics’ consumption rate 3 and 6 L ha−1 under
optimal and arid hydrothermal growing conditions, respectively. The total number of
treatments with biological products was three treatments. A specially designed sprayer was
installed on the planter and cultivator for this purpose. Inter-row cultivation was carried
out regularly, starting from the second week after planting, using an experimental specimen
of a row-crop cultivator of an original design that provides deep loosing of inter-rows.
Weed vegetation was removed mechanically using small rotary harrow BRU-0.7 harrows
mounted on the cultivator.

Measurement of biomass growth rate (by the plant development phases) and soil
properties were carried out regularly. Soil samples were taken from the arable horizon
(0–250 mm) 4 times per season. Analytical studies were performed at FSBSI VIZR and IEEP
(branch of FSAC VIM) Chemical Analytical Laboratory in accordance with Standards of the
Interstate Council for Standardization, Metrology and Certification (ISC) and International
Organization for Standardization (ISO) Standards of the Russian Federation: 26951-86
(Soils. Determination of nitrates by ionometric method) Group C09.

The field trials were conducted by mutual orthogonal organization with continuous
placement of organized repetitions for standard arrangement of test options: 4 replicates in
a complete randomized design, accounting plot size was 20–60 m2, according to growing
season conditions. Biologicals were not applied in the control. Since the IEEP branch
Experimental Station of the FSBSI FSAC VIM is a long-term site for the organic farming
development, the application of non-biological treatments as a control was not used. The
biologicals’ efficacy was compared with special compost BIAGUM’s effective impact on
the organic potatoes yield.

2.3.6. Field Testing Results and Potato Yields Accounting

Phytoregulatory activity and biological efficacy of biologicals experimental batches
were evaluated in 4 series of field trials using standard methods [75–78]. Potato plant height
(sm) and productive/flowering stems number per bush (pieces) parameters and the yield
of healthy tubers were used to evaluate phytoregulatory activity. To assess the damage
of fungal disease complex to plants and potato tubers, the standard phytopathological
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indicators were used (the disease incidence and disease development on potato plants and
on tubers, crop losses, biological effectiveness). The dominant fungal diseases identified on
the organic Udacha variety potato during research period included leaf spots, late blight,
fusarium wilt and rhizoctoniosis. On tubers, the dominate diseases were reticular form of
rhizoctoniosis, common scab, silver scab, anthracnose and late blight.

The field trials results were recorded in 5 stages:

� Two biometric accountings with onset of disease symptoms fixation were carried out
on 3–5-week-old seedlings in the 1–3d leaf tiers phase and on 6–7-week-old potato
plants in the 9–10th leaf tiers phase.

� Two phytopathological accountings of diseases incidence and development were
carried out at the flowering phase beginning and ending.

� One accounting was carried out when harvesting tubers on accounting plots
(tuber analysis).

Every third potato plant in the trial plot size 20–60 m2 (255–285 plants) was examined.
Replication was 4-fold. In one account, commonly 1000–1150 potato plants were examined
per test option. [75–77].

2.3.7. Statistical Analyses

All the results obtained in the experiments were arranged in a database [80], which
allows for the statistically obtained results to be processes using the Microsoft Excel 2010
and Statistica 10.0 software packages (StatSoft, Inc., Tulsa, OK, USA), including checking
the analyzed data’s normal distribution with the help of Shapiro–Wilk’s W-test, analysis
of variance (ANOVA), calculating the mean values (M) as well as standard errors (±SEM)
calculation. The data’s mean comparison was made using the least significant difference
(LSD) test at a 5% error probability. The statistical differences significance in options
pairwise comparison was assessed by Student’s t-test [79,80].

3. Results

3.1. Weather Conditions

The weather conditions during the summer period in the research years differed
significantly from each other (Table 1). The month of May seemed to be the warmest in
2018, and the most precipitation fell during this month in 2021. The weather conditions
in 2019 and 2020 were characterized by fairly comfortable temperatures and good rainfall
during the period of active potato development. The maximum amount of precipitation for
the entire growing season fell in 2020.

Table 1. The weather conditions during summer period in the research years.

Month
Weather Indicator,

Hydrothermal
Coefficient (HTC)

Yearly Average
Average for

Cumulative Years

2018 2019 2020 2021 -

May
Temperature ◦C 15.1 12.1 10.0 11.6 11.3

Precipitation, mm 14.0 79.3 53.0 172.0 46.0
HTC 0.6 2.1 0.6 0.3 -

June
Temperature ◦C 16.2 18.7 19.2 20.9 15.7

Precipitation, mm 35.2 79.3 129.4 16.6 71.0
HTC 1.0 1.4 2.3 0.3 -

July
Temperature ◦C 20.8 16.5 17.6 22.0 18.8

Precipitation, mm 152.0 179.8 186.2 16.8 79.0
HTC 2.9 3.5 3.4 0.3 -

August
Temperature ◦C 15.7 17.0 17.2 15.8 16.9

Precipitation, mm 60.1 94.6 195.9 109.2 83.0
HTC 2.0 1.8 3.8 2.2 -

119



Plants 2022, 11, 962

Selyaninov’s Hydrothermal Coefficient (HTC) allows us to calculate the aridity condi-
tions for a certain period in a given area. It helped in defining the driest conditions which
occurred during the active development of potatoes in June and July 2021. Only 33.4 mm
precipitation fell during these two months. The soil temperature in the tuber formation
zone rose above 20 degrees in late June to July, which led to some delay in potato tubers’
development. At the same time, the soil moisture was reduced to 15% (Figure 1).

(A). Air temperature 

 
(B). Soil temperature in the tuber formating zone 

(C). Soil moisture (%) in the tuber formating zone 

Figure 1. Air and soil temperatures (A,B) and soil moisture (C) in the tuber forming zone during the
period of active potato development in 2021.
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3.2. Field Experiments

When assessing the phytoregulatory activity of biologicals Kartofin, SC and Kartofin
MR, SC and against the background of organic fertilizer BIAGUM in doses of 80 and
160 kg N ha−1 in field trials, the significant stimulating effect of the tested biologicals on
the growth of potato cultivar Udacha and its development up to the flowering phase
were observed as compared to the control (Figures 2 and 3). Under optimal hydrothermal
conditions of the development (June to July 2019–2020), the plants’ heights were signifi-
cantly (p ≤ 0.05) increased by Kartofin, SC together with BIAGUM in a dose 160 kg N ha−1

(Figure 2). Arid development conditions (June to July 2021) affected the potato plants’
heights only in the budding phase, decreasing this indicator value by 1.5 times (Figure 3). In
the flowering phase, the differences were largely leveled, and the potato plants’ height in op-
timal and dry growing seasons (by hydrothermal conditions) was 370–400 and 303–398 mm,
respectively (Figures 2 and 3). Under arid conditions in the budding phase, the treatments
with BIAGUM in a dose of 160 kg N ha−1 and Kartofin, SC together with BIAGUM in a
dose of 160 kg N ha−1 differed significantly from the control in this indicator. In other test
options, significant differences were not noted (Figure 3).

 
(a) 

 
(b) 

Figure 2. Effect of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC) and organic
fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 on biometric indicators (plant height—sm;
productive stems number—pieces) of the potato plants development in organic growing during
optimal vegetative season: (a)—in budding phase; (b)—in flowering phase.
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(a) 

 
(b) 

Figure 3. Effect of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC) and organic
fertilizer BIAGUM in doses 80; 160 kg N ha−1 on biometric indicators (plant height—sm; productive
stems number—pieces) of the potato plants’ development in organic growing during dry vegetative
season: (a)—in budding phase; (b)—in flowering phase.

Under the influence of the studied doses of biologicals Kartofin, SC and Kartofin
MR, SC and also against the background of the organic fertilizer BIAGUM, a significant
(p ≤ 0.01) increase by 1.6–2.5 times in the number of productive stems by the budding
phase was observed, regardless of the growing season conditions (Figures 2 and 3). Thus,
under optimal hydrothermal conditions, by the budding phase, the number of productive
stems significantly increased (p ≤ 0.01) when using Kartofin, SC together with BIAGUM in
doses of 80 and 160 kg N ha−1. In the flowering phase, the maximum number of stems was
observed in the trial variants applying Kartofin, SC together with BIAGUM in a dose of
160 kg N ha−1. Significant (p ≤ 0.05) differences in the number of productive stems were
noted in the test options applying Kartofin, SC and BIAGUM in a dose of 160 kg N ha−1

and in Kartofin, SC together with BIAGUM in a dose of 80 kg N ha−1 relative to the control.
The productive stems number increased 1.2–2 times (Figure 2).

In a dry vegetation season, an increase in the potato plants’ assimilating surface in the
test options was achieved by increasing the number of productive stems (peduncles) per
bunch. In all trial runs, the number of stems in the flowering culture phase was 1.3–2.3 times
higher than the control (Figure 3). Under arid development conditions (June to July 2021),
the number of productive stems in the options using biologicals was 1.5–1.8 times higher,
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which may indicate a significant increase in potato plant stress resistance under their action.
In the budding phase, the maximum stimulating effect on this indicator was observed when
using Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1. Significant (p ≤ 0.05)
differences compared to the control were noted in the test options applying Kartofin, SC
and Kartofin, SC together with BIAGUM in a dose of 80 kg N ha−1 and Kartofin MR, SC
together with BIAGUM in a dose of 160 kg N ha−1 (Figure 3). In the flowering phase, the
maximum efficiency was noted in the options applying Kartofin, SC together with BIAGUM
in doses of 80 and 160 kg N ha−1. Significant (p ≤ 0.05) differences in comparison with the
number of stems in the control were also recorded in the following test options: BIAGUM
in a dose of 80 kg N ha−1 and Kartofin MR, SC and Kartofin MR, SC together with BIAGUM
in doses of 80 and 160 kg N ha−1. The productive stems number increased 1.5 to 2 times
(Figure 3). There were no significant differences in the phytoregulatory activity between
biologicals Kartofin, SC and Kartofin MR, SC (Figures 2 and 3).

The application of biologicals Kartofin, SC and Kartofin MR, SC as well as organic
fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 in the organic cultivation of the Udacha
potato cultivar led to a significant (p ≤ 0.01) increase in the biological yield of tubers by
1.6–1.8 times compared with the control, regardless of the growing season conditions
(Figure 4). Organic compost BIAGUM in both doses significantly increased the potato
crop compared to the control in 2018 to 2020 under optimal hydrothermal conditions.
The highest potato productivity under these conditions was observed in the test options
applying Kartofin, SC together with BIAGUM in a dose of 80 kg N ha−1 and especially in
a dose of 160 kg N ha−1. On the contrary, in 2021 dry growing season, the potato yields
significantly increased only in options applying organic compost BIAGUM in a dose of
160 kg N ha−1 and biologicals together with compost at the same application rate of latter.
Thus, under extreme growing conditions, the potato productivity increase was affected
only by the application of organic fertilizer BIAGUM (Figure 4).

 

Figure 4. Effect of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, C) and organic
fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 on potato yield during its organic cultivating in
2018–2021 growing seasons.

The harmfulness of the dominant fungal disease combinations on the organic Udacha
potato variety during the research period is shown the Table 2. Disease incidence and dis-
ease development as harmfulness indicators under new biorationals influence are provided
for the optimal and dry vegetation seasons (2020 and 2021, respectively).
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Table 2. The disease incidence and disease development of the dominant fungal diseases com-
plex on organic Udacha potato variety under new biorationals’ influence during 2020–2021
vegetation seasons.

Treatment

Disease Incidence/Disease Development, %

Optimal Vegetation
Season 2020

Dry Vegetation Season 2021

Flowering
Phase

Before
Harvesting

Flowering
Phase

Before
Harvesting

Control (without treatment) 29.4/14.2 48.1/33.1 36.8/16.2 97.8/54.1

BIAGUM 80 kg N ha−1 16.5/7.3 36.2/24.6 23.6/7.1 68.6/39.2

BIAGUM 160 kg N ha−1 - - 28.5/10.2 89.7/57.2

Kartofin, SC 3.9/1.6 20.6/11.2 19.5/5.9 41.5/16.2

Kartofin, SC + 80 kg N ha−1 3.1/1.1 22.6/10.8 17.3/6.3 65.8/28.1

Kartofin, SC+ 160 kg N ha−1 - - 19.9/5.8 43.8/23.4

Kartofin MR, SC - - 23.4/7.7 51.1/22.4

Kartofin MR, SC+ 80 kg N ha−1 - - 16.1/5.6 47.3/23.8

Kartofin MR, SC+ 160 kg N ha−1 - - 13.2/4.3 33.8/15.1

Polyfunctional biologicals have shown high biological efficacy in reducing the inci-
dence of dominant fungal diseases (Table 2, Figures 5 and 6).

Under optimal conditions during the flowering phase, the biological efficacy in domi-
nant fungal diseases incidence reduction was 90 % in all test options, decreasing up to 50%
by the end of the growing season (Table 2, Figure 5). Drought at the start of the growing
season had a negative effect on this indicator, and the biological efficacy in reducing disease
incidence for the test options did not exceeded 38 to 65%. Nevertheless, by the end of the
growing season in pre-harvest, the dominant fungal diseases incidence in all test options
was 74–85% lower than in the control (Table 2, Figure 6).

The maximum efficiency for reducing the incidence of dominant fungal diseases
during the flowering phase was noted in the options using Kartofin MR, SC together with
BIAGUM in doses of 80 and 160 kg N ha−1 and at the end of the growing season in the
option applying Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1 (Table 2,
Figures 5 and 6).

The new biologicals have also shown high biological efficacy in suppressing the devel-
opment of dominant fungal diseases (Table 2, Figures 5 and 6). Under optimal conditions
during the flowering phase, the biological efficiency in reducing disease development was
90% in all test options, decreasing up to 60% by the end of the growing season (Figure 5).
The maximum efficacy in reducing disease development at the beginning of the growing
season was noted in the treatments by Kartofin, SC and Kartofin, SC together with BI-
AGUM in doses of 80 and 160 kg N ha−1 and at the end of the growing season in the option
applying Kartofin, SC together with BIAGUM in the dose of 160 kg N ha−1 (Figure 5).
Drought at the beginning of the growing season somewhat reduced the effectiveness of
biologicals in disease development decreased up to 60 to 75%. Nevertheless, by the end of
the growing season, the biological efficiency in reducing the development of potato disease
complexes was as high as in optimal growing conditions, amounting up to 50–70% in the
pre-harvest phase. The maximum efficiency in reducing disease development at the start of
the growing season was noted in the option using Kartofin, SC together with BIAGUM in a
dose of 160 kg N ha−1 and at the end of the season in the options applying Kartofin, SC
and Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1 (Figure 6).
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(a) 

 
(b) 

Figure 5. Biological efficacy of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC)
and organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 in the protection of the organic
potatoes from dominant fungal diseases complex during optimal vegetative season: (a)—in flowering
phase; (b)—before harvesting.

Organic compost BIAGUM at the studied doses to some extent reduced the incidence
and development of fungal potato diseases. Under optimal hydrothermal conditions of
the growing season, the biological efficiency of the compost reduced the incidence and
development of diseases during the flowering phase by 42% and 45%, respectively, and de-
creased up to 20–25% and 25–30%, respectively, in pre-harvest (Figure 4). In arid conditions,
the efficiency with respect to the incidence and development of disease was 22–30% and
35–55%, respectively, in the flowering phase and 10–30% and 5–30%, respectively, according
to test options in pre-harvest (Figure 6). The data obtained indicate the positive impact of
organic fertilizers (special organic compost) in studied doses to increase the potato plants’
disease resistance.
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(a) 

 
(b) 

Figure 6. Biological efficacy of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC)
and organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 in the protection of the organic
potatoes from dominant fungal diseases complex during dry vegetative season: (a)—in flowering
phase; (b)—before harvesting.

4. Discussion

Useful microorganisms from the rhizo- and phyllospheres are capable of synthesizing
complex active BAS, including antibiotics of various chemical classes, enzymes and metabo-
lites with signaling and hormonal functions [81–84]. Auxins, gibberellins, cytokin-ins,
abscisic (ABA), salicylic and jasmonic acids synthesized by microbial strains are found
to be natural growth regulators [85,86]. Phytohormones have significant effects on pho-
tosynthesis, growth and plant productivity. It has been shown that gibberellin enhances
photosynthetic phosphorylation processes, while the intensity of chlorophyll unit utiliza-
tion and assimilation number increases. Many bacterial strains from the genera Bacillus,
Azospirillium, Pseudomonas, etc., were found capable of synthesizing auxins, which stimulate
the root system’s development for a more active uptake of water and nutrients by plants.
These processes in combination increase the plants resistance to diseases and allow them
to pass the development stages when they are most susceptible to pathogens [87]. Cy-
tokinins can be produced by Bacillus, Rhizobium, Arthtrobacter, Azotobacter, Azospirillium and
Pseudomonas. For example, the content of chlorophyll and cytokinins increased in plants
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when they were inoculated with cytokinin-producing B. subtilis strains, which subsequently
caused an increase in the biomass of the root system and vegetative part. The Bacillus,
Brevibacterium, Azospirillum, Pseudomonas and Lysinibacillus strains were found capable of
ABA synthesis (especially under stress, salinity, drought, etc.), which optimized their en-
dogenous hormonal balance [87,88]. The new polyfunctional biologicals based on microbial
antagonists to pathogens possess protective properties which are due to a combination of
microbes’ antagonistic activity with the ability to increase the disease resistance in plants.

The compound compost formatting is due to the mineral and organic colloids com-
plexing, new biogenic cycles organizing, increasing the enzymatic activity of organic matter
and the respiration of living organisms. Such compound compost improves the water
regime and nutrition conditions to each organism living in its structure [89,90]. The intro-
duction of compound compost into the soil expands the ecological niches possibilities of
cultivated plants in the soil cover system. Multicomponent compost is a good environment
for the development of a significant number of species and populations of living organisms
producing enzymes, vitamins and other active substances. In terms of chemical and phys-
ical properties, compound composts are heterogeneous and multi-dispersed temporary
systems, and in terms of living organisms’ gene pools, they represent a rich, very complex
substrate. Incorporating compound compost into the topsoil affects the populations of
virtually all major microbial groupings, with oligotrophs accounting for up to 50% of the
total microbial community. The dominant position is occupied by the prokaryotic complex,
which includes a large number of species that ensure soil suppressiveness (in particular,
genera Bacillus and Pseudomonas). The increased activity of nitrogen-fixing and especially
cellulose-destroying groups is noteworthy. The increase in actinomycetes number espe-
cially genus Streptomyces representatives was also observed during the compost application.
Streptomyces species turned out to be the most numerous in the studied composts; they are
members of the microbial complex which decomposes complex organic substances and is
characterized by a wide enough range of species. Analysis of the data obtained showed
that actinomycetes belonging to the Cinereus section were the most common, while the
Chromogenes, Violaceus and Aureus series were less common. Increasing the biodiversity and
density of microbial populations provided soil suppressiveness and caused a reduction
in phytopathogenic species’ incidence and development. As an example, the preplant-
ing of sawdust and manure compost (10 t ha−1) in a 1:1 ratio enhanced the antagonistic
soil activity, reduced rhizoctoniosis development by 40–44%, increased the tuber yield by
1.5–2.1 t ha−1, or by 6–10%, and increased the yield of healthy tubers by 89 to 137%. [91].
The above studies show that applying compost not only provides plants with available
nutrition sources but also effectively protects against a variety of diseases.

Thus, our research results have shown that various action mechanisms of biologicals’
Kartofin producer strain—B. subtilis I-5-12/23—in combination with the available sources
of organic nutrition provided by BIAGUM compost can optimize the physiological state of
plants by stimulating their growth and development and can significantly increase stress
and disease resistance and potato yields.

5. Conclusions

1. The joint use of special compost BIAGUM and new polyfunctional biologicals Kartofin,
SC and Kartofin MR, SC provided reliable 1.2-fold increases in the tubers’ total yield
by 4.3 t/ha under optimal conditions of the growing season and by 2.2 t/ha under
dry conditions compared to the control without the application of biologicals. The
improvement in yield quality was revealed in increasing total nitrogen, dry matter
and starch content 1.2-fold compared with the control regardless of the growing
season conditions.

2. The increase in yield under optimal hydrothermal conditions of potato growing
was due to the combined use of the polyfunctional biologicals Kartofin, SC; and
Kartofin MR, SC with special compost BIAGUM. Under extreme growing conditions,
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the potato’s productivity was provided by organic fertilizer BIAGUM use in the
dose–effect format.

3. New polyfunctional biologicals Kartofin, SC and Kartofin MR, SC and special compost
BIAGUM in the studied doses had a stimulating effect on the growth and development
of the Udacha variety potato plants until the flowering phase compared with the
control, regardless of the growing season conditions. The potato plants’ growth rate
and foliage increase 1.2- and1.3-fold, respectively, and the increase in the quantity of
productive stems (pedicels) increased 1.6-fold regardless of which vegetation season
conditions were observed.

4. The degree of the stimulating effect on potato plants’ growth and development was
caused by the joint application of biorationals (Kartofin, SC and Kartofin MR, SC and
special compost BIAGUM) and was proportional to an increase in compost dose.

5. Polyfunctional biologicals Kartofin, SC and Kartofin MR, SC have shown high biologi-
cal efficacy in relation to the incidence rate and development of potato fungal diseases’
complex at its organic cultivation: 90% under optimal hydrothermal conditions; 65%
and 75%, respectively, under drought growing conditions.

6. The biological effectiveness of organic compost BIAGUM in the studied doses in
reducing the incidence and development of fungal diseases in Udacha variety potatoes
in organic cultivation reached 45% and 50%, respectively, during the tuber yield
formation, regardless growing season conditions.
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Abstract: This research aimed to compare some physicochemical and antioxidant properties in
vegetables (chard, beet, coriander, spinach, lettuce, radish, carrot, and tomato) of ecological and
commercial production. The ecological products were cultivated and obtained from three harvests
in an ecology garden with standardized methodologies for implementation while the commercial
samples were obtained from a local supplier. On the same purchase or harvest day, the color, texture,
moisture, and ashes parameters were measured in the fresh produce without unpeeling. In the
lyophilized samples, bioactive compounds (total phenolic compounds, ascorbic acid, chlorophyll a
and b, β-carotenes, anthocyanins, betalains, and lycopene) were determined, and antioxidant activity
was found using the 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS•+), 2,2′-diphenyl-1-
picrylhydrazyl (DPPH) and ferric-reducing antioxidant power (FRAP) assays, and chelating activity.
The ecological vegetables presented better color (high luminosity and intensity) than commercial
samples, and, according to the value of ΔE, this is a difference that can be perceived by the human eye.
In the same way, the ecological vegetables were more turgid than the commercial samples (p < 0.05).
The content of bioactive compounds was found in higher concentrations in ecologically produced
vegetables and this was correlated positively with antioxidant capacity. It is important to carry out
more studies to determine the effect on health of these vegetables when they are integrated into the
diet and thus to be able to recommend their inclusion in the diet as a sustainability strategy in the
production of vegetables for self-consumption.
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1. Introduction

A food security system is based on economic, social, and environmental factors to
provide safe food for the entire population. In addition, it is completely profitable, with
benefits for society, and has a positive or neutral impact on the environment (economic,
social, and environmental sustainability) [1]. Therefore, a food security system requires
carefully diversified food sources in terms of land (diversification of crops, organic fertiliz-
ers) and environmental sustainability (production of food in a way that does not affect the
environment) to satisfy the nutritional requirements of the people [2]. The consumption
of vegetable food can play an important role in improving the nutritional status of the
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population and preventing non-communicable and deficiency diseases, among others,
due to its well-recognized nutritional and medicinal value [3,4]. Starting in the year 2000,
certification processes for food production were established in the United States with
methodologies that respect ecosystems and that do not use fertilizers or pesticides that
compromise the environment; this process is called “organic production” which implies
administrative procedures and an economical cost that the producer absorbs [5]. Conse-
quently, the concept of organic farming was implemented in agricultural systems centered
on the need to develop technologies and practices that do not have adverse effects on
the environment (goods and services), but that are accessible and effective for farmers,
which leads to improvements in food productivity. In this process, it may be understood
that everyone follows the standards of an organic system but with the term of “ecological
production” [6]. This ecological process does not have a certification; it is only validated by
the ethical practices of the responsible producer [7].

A sustainability strategy is the production of food for self-consumption, using vertical
orchards, green roofs, and ecological school gardens when feasible; vegetables for frequent
consumption can be produced in them, allowing access to these vegetable products all
the time [8,9]. These strategies take care of the environment, avoid food waste through
compost production, contribute to the economy of families, and provide better food quality
(higher bioactive compounds, dietary fiber, minerals, and others) [10].

This food production system turns out to be more attractive to consumers [11]. It
can also contribute to the diminished food supply chain and storage time, and, therefore,
preserve the hygienic and nutritional qualities of the vegetables, including those that are
perceived by the senses (taste, smell, color, texture, shape, and appearance) related to
freshness and better flavor [12,13].

The physical characteristics of vegetables are the result of the chemical properties of
the plant and are associated with the stability of their cell membranes, the distribution
of moisture in the tissues, and the synthesis and integrity of bioactive compounds such
as phenolic compounds, vitamins, minerals, and pigments [14]. These have been associ-
ated with biological functions in the human body that favor health effects, especially as
antioxidants [15].

Consequently, vegetables that are produced using organic methods may have higher
concentrations of these compounds [16]. The synthesis of these compounds occurs when
the plants are exposed to controlled stress conditions (as occurs in organic products where
mineralization or inorganic fertilization process is not carried out) [17,18]. So, the vegeta-
bles that are produced in this way may have a greater presence of these compounds in
regional production. As a consequence, these protection mechanisms promote an increase
in bioactive compounds during plant growth in ecological production systems. If the han-
dling and storage conditions (time, humidity, temperature, and pH) are controlled during
postharvest, the tissues of the plants are affected, which will modify the concentration of
the bioactive compounds due to losses or modification of their natural form. For this reason,
variations in production systems and storage conditions could explain the differences in
pigment concentration and humidity between ecological and commercial vegetables [19].

Considering how production systems influence the physical and chemical quality
of vegetables, and the little information there is on the quality of vegetables that are
produced in an ecological system, this study aims to compare some physical properties
(color and texture) and antioxidant properties in vegetables in an ecological garden against
commercial products.

2. Materials and Methods

2.1. Obtaining Vegetable Material

The commercial samples were obtained from a local supplier of Pachuca Hidalgo,
México, choosing the color and texture by considering commercial maturity without lac-
erations or external lesions, as would be selected by a local consumer. The ecological
production was obtained in the same city, with a dry temperate climate and an annual
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average of 15 ◦C with winds blowing from the northeast throughout the year [20]. It was
carried out as follows: Homemade compost was generated, which was left to mature; the
sowing substrate prepared with compost and plant soil (50:50) was placed in wooden
containers, and 6 plants per container were sown; irrigation was performed as needed.
Pest management was done culturally (garlic, chili and pepper as natural insecticides
for aphids and whiteflies). The harvest was carried out according to the maturity of the
vegetable. For the analysis, greens from 3 harvests in different ecological gardens were
used. The analyzed species were chard (Beta vulgaris var. cicla), beetroot (Beta vulgaris),
coriander (Coriandrum sativum), spinach (Spinacia oleracea), lettuce (Lactuca sativa), radish
(Raphanus sativus), carrot (Daucus carota sativus), and tomato (Solanum). These vegetables
were analyzed between September 2021 and February 2022 based on their natural maturity,
and all the plant materials were obtained according to their similar sensory characteristics
(appearance, color, and texture), including the commercial samples. All the samples were
carried to the laboratory in a thermal container. The color, texture, and moisture parameters
were measured in the fresh produce without unpeeling the same purchase or harvest day.
In another part of the vegetables, the edible parts of the vegetables (20–50 g) were cut
into small pieces (<0.5 cm) and lyophilized (LABCONO WWR26671-581, Kansas City, MO,
USA) at −52 ◦C for 48 to 72 h. Lyophilisates samples were ground (analytical mill A11
2,900,001, EE. UU.), homogenized, and sieved into particles less than 500 μm. The powder
was stored in a resealable plastic bag until analysis.

2.2. Physical Properties
2.2.1. Color Measurement

The color was recorded with a Chroma meter CR-300 series (CE Minolta, Osaka, Japan).
In the leaves, color was measured at three points and on the back. In the vegetables of beet,
tomato, radish, and carrot, two external points and one internal were taken. The CIE-Lab
parameters were determined by luminosity (L*), a*, and b* coordinates.

The data of L*, a*, and b* were converted to color difference (ΔE) using the following
equation [21]:

ΔE =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (1)

ΔE: Color difference;
ΔL*2 = (L*1-L*2)2 where L*1 is commercial vegetable and L*2 is ecological vegetable
Δa*2 = (a*1-a*2)2 where a*1 is commercial vegetable and a*2 is ecological vegetable
Δb*2 = (b*1-b*2)2 where b*1 is commercial vegetable and b*2 ecological vegetable

2.2.2. Texture, Moisture, and Ashes

The parameters of texture to assess turgor in vegetables were determined using a
texture analyzer (Texture Analyzer, TA Plus, Stable Microsystems Co., Surrey, UK). A
Kramer shear cell with a five-blade probe was used to analyze leafy vegetables, performed
in 10 replicates per sample (placing 20 g of chopped vegetables in a load cell for a Kramer
probe with 5 cutting blades). For the carrot, radish, beet, and tomato, a puncture probe
P/2N was used to assess the skin breaking strength and the pulp firmness. The test was
performed at a 10 mm distance using a test speed of 2 mm/s of force. The sample was
analyzed and reported as maximum force (N/g) [22].

The moisture was determined according to AOAC procedure 945.15 by desiccation
at 105 ◦C until constant weight and the ashes were obtained according to AOAC proce-
dure 962.09.

2.3. Bioactive Compounds Analysis
2.3.1. Extraction of Antioxidant Compounds

To carry out the extraction process, 250 mg of lyophilized samples was weighed and
extracted by shaking at room temperature with 50 mL of a mixture of methanol–water
(50:50 v/v, 60 min, room temperature; constant shaking) and 50 mL of mixture of acetone–
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water (70:30 v/v, 60 min, room temperature; constant shaking) [23]. After centrifugation
(15 min, 25 ◦C, 3000 rpm), the supernatants were brought to a total volume of to 25 mL, with
a mixture (1:1) of the solution of solvents and used to determine total phenolic compounds,
ascorbic acid, anthocyanin, betalains, and antioxidant activity (ABTS•+, FRAP, DPPH, and
chelating activity of ferrous ions).

2.3.2. Total Phenolic Compounds

The total phenolic content was estimated based on the Folin–Ciocalteau procedure [24].
An aliquot of the extract solution (100 μL) was mixed with 0.5 mL of Folin–Ciocalteu reagent
(2.5 mL, previously diluted with water 1:10 v/v) and sodium carbonate (75 g/L). After
adding 400 μL of sodium carbonate (7.5%), samples were allowed to stand for 30 min
at room temperature, and the absorbance was read at 765 nm using a microplate reader
(Power Wave XS UV-Biotek, software KC Junior, Winooski, VT, USA). The gallic acid was
used as a reference standard, and the results were expressed as milligrams of gallic acid
equivalents per 100 g of dry weight (mg GAE/100 g dw).

2.3.3. Ascorbic Acid

The ascorbic acid content in the vegetable extract was determined according to Dürüst
et al. [25]. The sample was diluted 1:10 in a solution of 0.4% oxalic acid. Briefly, 100 μL of the
extract was mixed with 100 μL of acetate buffer and 800 μL of 2,6-dichlorophenolindophenol
(DCPI). The absorbance of the mixture was measured at 520 nm in the microplate reader
(Power Wave XS UV-Biotek, software KC Junior, USA), and ascorbic acid was used as a
reference standard, and the results were expressed as mg ascorbic acid per 100 g of dry
weight (mg AA/100 g dw).

2.3.4. Total Anthocyanins Content (TAC)

The spectrophotometric pH differential method mentioned in the literature [26] was
employed to measure the total anthocyanin content (TAC) in the extracts. Two dilutions of
the same sample were made in 0.025 M potassium chloride pH 1.0 and 0.4 M sodium acetate
pH 4.5. The pH was adjusted by adding concentrated HCl respectively. The absorbance of
each dilution was measured a 520 and 700 nm using a Power Wave XS UV-Biotek, software
KC Junior, USA. The total anthocyanin content (TAC) was determined as follows:

Abs = (Abs510 − Abs700)pH1.0 − (Abs510 − Abs700)pH4.5

TAC
(mg

L

)
=

Abs ∗ Mw ∗ DF ∗ 1000
ε ∗ 0.52

(2)

where:
Abs: Absorbance
Mw: Molecular weight of cyanidin-3-O-glucoside (449.2 g/mol).
DF: Dilution factor of the sample.
ε: Molar extinction coefficient of cyanidin-3-O-glucoside 26,900 L mol−1 cm−1.
0.52 cm: Path length

2.3.5. Total Betalain Content (TBC)

The total betalain content (TBC) of the betacyanins and betaxanthins content was
determined according to the method described by Fernández-López et al. [27] with some
adaptations. An aliquot of 100 μL of the extract was determined by spectrophotometer
UV/VIS (Power Wave XS UV-Biotek, software KC Junior, USA) at 480 nm for betacyanin
and 535 nm for betaxanthin [28]. The betalain content was determined as follows and the
results were expressed in mg.

TBC
(

mg
g

)
=

A ∗ FD ∗ MM ∗ 1000
E ∗ 0.29

(3)
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A: Absorbance
FD: Dilution factor
0.29 mL: Tucket length
E: Molar extinction coefficient
The following values were used:
MM = 550 g/mol, ε = 60.0 L/mol cm in H2O for betacyanin determination
MM = 308 g/mol, ε = 48.0 g/mol cm of H2O for betaxanthin determination

2.3.6. β-Carotene, Chlorophylls, and Lycopene
Extraction Method

To the determination of pigments, 500 mg of the lyophilized sample was homogenized
with 10 mL of an acetone–hexane (2:3) mixture for 2 min. Immediately, the samples were
sonicated (sonicator Bandelin HD3100 Sonopuls, Hamburg, Germany) for 3 min (5 cycles:
Puls 30 s, pause 10 s). Homogenates were centrifuged (Eppendorf Hamburg, Germany) at
5000 rpm for 10 min at 20 ◦C. The sample was frozen until used and it was maintained in
an ice-water bath to prevent overheating [29].

The pigments were determined according to the method of Nagata and Yamashita [29].
The absorbance spectrum of each supernatant was measured and the absorption maxima
were read at 453, 505, 645, and 663 nm (Power Wave XS UV-Biotek, software KC Junior,
EE. UU.). The β-carotene and chlorophyll (Chl a, Chl b) content were calculated (Microsoft
Office Excel 97-2003) from the following equations:

β − carotene
( mg

100 mL

)
= (0.216 ∗ A663)− (1.22 ∗ A645)− (0.304 ∗ A505) + (0.452 ∗ A453) (4)

Chlorophyll a
( mg

100 mL

)
= (0.999 ∗ A663)− (0.0989 ∗ A645) (5)

Chlorophyll b
( mg

100 mL

)
= (0.328 ∗ A663) + (1.77 ∗ A645) (6)

The lycopene was determined according to the method of Nagata and Yamashita [30].
The determination of lycopene was performed only on tomato samples. The absorbance
spectrum of the extract of each supernatant was measured, and the absorption maxima
was read at 453, 505, 645, and 663 nm (Power Wave XS UV-Biotek, software KC Junior, EE.
UU.). The lycopene content was calculated from the following equation:

Lycopene
( mg

100 mL

)
= (0.0485 ∗ A663)− (0.204 ∗ A645) + (0.372 ∗ A505)− (0.0806 ∗ A453) (7)

2.4. Antioxidant Activity
2.4.1. 2,2-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS•+)

The antiradical capacity was measured according to Kuskoski et al. [31]. Briefly, the
radical cation (ABTS•+) was produced by reacting 7 mmol/L ABTS•+ stock solution with
2.45 mmol/L potassium persulfate under dark conditions and room temperature for 16 h
before use. The ABTS•+ solution was diluted with deionized water to an absorbance of
0.70 ± 0.10 at 754 nm. Then, 20 μL of the extract of the sample was added to 980 μL of
diluted ABTS•+ solution; absorbance readings (754 nm) were taken in a microplate reader
(Power Wave XS UV-Biotek, software KC Junior, EE. UU.) after incubation for 7 min at room
temperature. The antioxidant capacity was expressed as micromole of Trolox equivalents
per 100 g of dry weight (μmol TE/100 g dw).

2.4.2. 2,2′-Diphenyl-1-picrylhydrazyl (DPPH)

The antiradical activity was measured with 1,1-diphenyl-2-picrylhydrazylradical
(DPPH) [30]. An ethanolic solution (7.4 mg/100 mL) of the stable DPPH radical was
prepared. Then, the extracts (100 μL) were taken into vials and 500 μL of DPPH solution
were added, and the mixture was for to stand 1 h at room temperature. Finally, absorbance
was measured at 520 nm using a microplate reader (Power Wave XS UV-Biotek, software
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KC Junior, Winooski, VT, USA). The standard curve was concentrations of 0, 50, 100, 200,
and 300 μmol of Trolox. Free radical scavenging activity was expressed as micromole of
Trolox equivalents per 100 g on a dry weight (μmol TE/100 g dw).

2.4.3. Ferric-Reducing Antioxidant Power (FRAP)

The FRAP method was assayed according to Benzie and Strain [31]. FRAP solution
with 2,4,6-tripyridyl-s-triazine (TPTZ) 10 mM solution in 40 mM HCl, FeCl3 20 mM, and
acetate buffer 300 mM (sodium acetate anhydrous and glacial acetic acid, pH 3.6). An
aliquot of 30 μL of the sample was mixed with 90 μL of distilled water and 900 μL of FRAP
solution in the dark room. Absorbance was measured at 593 nm using a microplate reader
(Power Wave XS UV-Biotek, software KC Junior, EE. UU). The results were expressed
as micromoles of Fe (II) per 100 g of dry weight (μmol Fe (II)/100 g dw) of each one of
the vegetables.

2.4.4. The Chelating Activity of Ferrous Ions

The chelating activity (CA) was determined as described by Gulcin et al. [32]. Briefly,
100 μL of the undiluted sample was placed in vials and 50 μL of ferric (II) chloride solution
(2 mM) and 450 μL of methanol were added. The solution was vortexed and left for 5 min at
room temperature before adding 400 μL of ferrozine (5 mM). The mixture was vortexed and
then allowed to settle for 10 min at room temperature. The absorbance was read at 562 nm
in a microplate reader (Power Wave XS UV-Biotek, software KC Junior, EE. UU.) using
EDTA (0.1 M) [33], and deionized water as control. The chelating activity was calculated
using the following equation:

% CA
A0 − A1

A0
∗ 100 (8)

A0: Absorbance of the control;
A1: Absorbance of the sample.

2.5. Statistical Analysis

All data were reported as mean ± standard deviation for at least three repetitions in
each treatment. To determine differences between samples of ecological and commercial
vegetables to levels of statistical significance a Student t-test was conducted. In both
statistical tests, the significance level was set at p = 0.05. The analysis of the correlation
between the results of antioxidant activity and bioactive compounds, also between the
color results and concentration of pigments, was carried out using the Spearman test. Data
were analyzed with program SPSS (System for WINTM version 25, Institute Inc., Cary,
NC, USA).

3. Result and Discussion

3.1. Physical Properties
3.1.1. Color

The color of foods is an important attribute and it is associated with consumer ac-
ceptability and preference [34]. Color measurements on the front and back of the leafy
vegetables (chard, coriander, spinach, and lettuce) were performed, as well as in the peri-
carp and pulp of whole-piece vegetables (beet, tomato, radish, and carrot) (Tables 1 and 2,
respectively). In the L* parameter, the ecologically produced vegetables were significantly
(p < 0.05) brighter than the commercial vegetables. This behavior occurred both in leafy
vegetables and in those evaluated in the whole piece, except for the tomato sample in the
external part (Table 1). Concerning the a* and b* coordinates, all green vegetables were in
the green–yellow quadrant, while red vegetables were in the red–green quadrant, apart
from the radish in the inside part (Table 2).
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Table 1. Color of the adverse/external part of vegetables from the ecological garden and from
commercial production.

Vegetable Type L* a* b* ΔE

Chard
Com 36.32 ± 3.64 −6.32 ± 0.81 46.32 ± 3.48

23.49 ± 2.20
Eco 54.88 ± 3.62 * −9.52 ± 0.81 * 53.16 ± 4.32 *

Coriander
Com 34.60 ± 1.64 −7.75 ± 0.88 48.82 ± 4.27

13.08 ± 0.92
Eco 46.69 ± 3.52 * −10.65 ± 0.75 * 56.55 ± 3.03 *

Spinach
Com 30.25 ± 2.91 −6.72 ± 1.25 42.45 ± 4.47

11.81 ± 0.79
Eco 37.08 ± 2.58 * −10.25 ± 0.42 * 50.19 ± 3.18 *

Lettuce
Com 53.76 ± 3.70 −5.46 ± 1.05 22.89 ± 2.21 *

9.57 ± 0.32
Eco 59.00 ± 5.32 * −5.88 ± 0.81 21.37 ± 2.17

Beet
Com 28.71 ± 2.87 5.58 ± 0.87 23.77 ± 2.24

12.91 ± 1.10
Eco 34.73 ± 2.65 * 16.77 ± 4.86 * 28.15 ± 5.85

Carrot
Com 48.64 ± 2.38 33.33 ± 1.36 59.99 ± 4.31

10.49 ± 1.09
Eco 52.92 ± 2.48 * 27.35 ± 3.75 * 62.50 ± 3.77

Tomato
Com 36.27 ± 1.54 23.72 ± 2.30 45.61 ± 1.21

2.79 ± 0.40
Eco 34.48 ± 2.09 * 26.97 ± 3.62 45.42 ± 5.32

Radish
Com 29.07 ± 2.09 39.19 ± 3.61 24.98 ± 3.21

4.67 ± 0.03
Eco 34.47 ± 1.25 * 51.81 ± 2.74 * 47.16 ± 1.98 *

COM: Commercial and ECO: Ecological. * significantly different at p < 0.05 in the two-sided test of equality for
column means. Cells without a subscript are not included in the test. The tests assume equal variances.

Table 2. Color of the back/inside part of vegetables from the ecological garden and from commercial
production.

Vegetable Type L* a* b* ΔE

Chard
Com 36.32 ± 2.46 −6.32 ± 0.92 39.32 ± 2.24

5.7 ± 0.62
Eco 44.50 ± 2.87 * −9.91 ± 0.63 * 48.09 ± 2.67 *

Coriander
Com 33.24 ± 3.20 −8.60 ± 0.54 40.50 ± 4.03

8.64 ± 0.19
Eco 47.94 ± 3.85 * −10.14 ± 0.26 * 45.75 ± 4.52 *

Spinach
Com 37.72 ± 2.21 −7.15 ± 0.96 47.78 ± 3.78

12.70 ± 0.27
Eco 44.97 ± 3.08 * −8.39 ± 5.71 50.34 ± 4.82

Lettuce
Com 61.16 ± 4.76 −7.00 ± 1.15 33.28 ± 3.40 *

8.76 ± 0.69
Eco 65.33 ± 3.47 * −7.00 ± 0.66 27.19 ± 2.63

Beet
Com 11.25 ± 0.75 36.58 ± 2.59 22.53 ± 3.88

4.63 ± 0.40
Eco 15.09 ± 1.44 * 38.92 ± 1.69 23.14 ± 2.38

Carrot
Com 53.80 ± 3.80 34.00 ± 5.67 45.91 ± 2.96

12.7 ± 1.06
Eco 59.06 ± 2.24 * 35.85 ± 2.32 58.95 ± 6.24 *

Tomato
Com 50.15 ± 6.50 15.77 ± 2.79 23.27 ± 2.60

8.56 ± 0.67
Eco 55.11 ± 9.90 17.68 ± 1.20 * 23.19 ± 2.64

Radish
Com 74.36 ± 2.36 0.59 ± 0.21 6.66 ± 0.97

2.8 ± 0.49
Eco 75.77 ± 1.57 −0.44 ± 0.14 * 7.92 ± 0.67 *

COM: Commercial and ECO: Ecological. * significantly different at p < 0.05 in the two-sided test of equality for
column means. Cells without a subscript are not included in the test. The tests assume equal variances.

All green vegetables in ecological production were significantly different in the pa-
rameter a* (green–red) compared to commercial samples, showing a greener color trend,
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excluding the lettuce (ecological and commercial samples), which had similar values in
both parts of the studied vegetables, while the spinach was similar between the vegetable
samples only at the rear. Regarding red vegetables, the ecological samples showed a ten-
dency to be red, placing the values in the red–yellow quadrant; these samples did not
present significant differences, and only the commercial carrot in the external value of a*
was significantly higher with a tendency to be orange in color.

About the parameter b* (yellow–blue), the ecological vegetables such as chard, corian-
der, spinach, and radish had a higher yellow color than commercial products (p < 0.05),
omitting lettuce in the commercial vegetables (Table 2).

The ΔE value indicates the perception of color difference by the human eye and
according to Simunovic [35], values greater than 3 indicate that the color differences are
perceptible to the naked eye, and the consumer associates this difference in color with
greater freshness [36]. The ΔE values at all points of the evaluated vegetables in this study
were higher than 3, ranging from 4.67 to 23.49, (Tables 1 and 2), without counting the outer
part of the tomato and the internal part of the radish, which have values slightly less than 3
(2.79 and 2.8 respectively).

3.1.2. Texture, Moisture, and Ashes

The results of texture, moisture, and ashes are shown in Table 3. It can be observed that
the texture reported less shear force in the vegetables from the ecological garden, which is
associated with better turgidity. This is an indicator of freshness and quality in vegetables
because it is maintained when water is found in plant tissues, in the correct compartments
such as vacuoles, cytosol, and intermembrane space [32,37].

Table 3. Texture, moisture, and ashes of vegetables from the ecological garden and from commercial
production.

Vegetable Type Texture (N/100 g o Piece) Moisture (%) Ashes (%)

Chard
Com 3684 ± 312 88 ± 0.04 0.11 ± 0.001

Eco 3146 ± 289 * 91 ± 0.03 0.12 ± 0.001

Coriander
Com 4825 ± 228 87 ± 0.01 0.10 ± 0.01

Eco 3537 ± 228 * 87 ± 0.01 0.22 ± 0.01 *

Spinach
Com 4884 ± 343 89 ± 0.01 * 0.018 ± 0.03

Eco 2878 ± 171 * 84 ± 0.02 0.10 ±0.01

Lettuce
Com 2510 ± 241 93 ± 0.01 0.03 ± 0.00

Eco 2210 ± 213 * 91 ± 0.01 0.08 ± 0.02 *

Beet
Com 15.85 ± 0.84 86 ± 0.02 0.08 ± 0.002

Eco 15.08 ± 0.66 * 85 ± 0.04 0.13 ± 0.023

Carrot
Com 18.99 ± 1.72 97 ± 0.45 0.09 ± 0.019

Eco 16.51 ± 0.73 * 89 ± 0.03 0.97 ± 0.017

Tomato
Com 1.66 ± 0.08 93 ± 0.0 0.02 ± 0.00

Eco 0.60 ± 0.09 * 94 ± 0.0 * 0.06 ± 0.02 *

Radish
Com 6.85 ± 0.70 94 ± 0.01 * 0.03 ± 0.00

Eco 3.69 ± 0.47 * 91 ± 0.06 0.02 ± 0.01
COM: Commercial and ECO: Ecological. * significantly different at p < 0.05 in the two-sided test of equality for
column means. Cells without a subscript are not included in the test. The tests assume equal variances.

Most of the samples did not show significant differences in moisture, except for
commercial spinach and radish which had higher moisture, and the ecological tomato
had higher moisture than the commercial ones. This behavior may be due to postharvest
storage, handling conditions, and the sale period [37]. An usual commercial practice of the
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merchants is to keep the vegetable products submerged in water or with constant spraying
so that the vegetables maintain their fresh appearance [38]. The water in the vegetable is
absorbed by the hemicellulose networks of plants; however, this water content is placed on
the surface and not in the proper cell compartments [39]. This type of management was not
carried out on ecological vegetables since these were harvested and immediately transferred
for physical analysis. Because this process generates hydration of the hemicellulose network
of the cell wall, increasing its elasticity, it can be verified with the evaluation of texture [40].

The ash values showed significant statistical differences in ecological coriander, tomato,
and lettuce in comparison with commercial vegetables. According to Butnariu et al. [41],
edible vegetables contain minerals, mainly K, Ca, Mg, P, and Fe, and oligo-element traces
(Cr, Cu, I, F, Zn, Mg, Mo, and Se). The mineral and trace element content of plants is known
to be affected by the cultivar of the plant, soil, weather conditions, use of fertilizers, and by
the state of the plant maturity during the growing season and after the harvest [42].

3.2. Bioactive Compounds

Antioxidant compounds have an essential role in human health due to these com-
pounds preventing different types of chemical damage caused by free radicals, avoiding
cell oxidation, and therefore reducing the risk of non-communicable diseases [43,44].

In general, all ecologically produced vegetables showed a higher concentration of
antioxidant compounds than commercial samples as presented below.

3.2.1. Total Phenolics Compounds (TPC)

The vegetables of ecological production had a concentration of TPC between 553
to 1429 mg GAE/100 g dw, and the samples with a high concentration were coriander
(1429.35 mg GAE/100 g dw) and radish (1120.26 mg GAE/100 g dw), while the carrot
presented the lowest concentration (102.22 mg GAE/100 g dw). Specifically, the TPC
concentration in ecological vegetable products was significantly higher (p < 0.05) than
in commercial products, except in tomatoes (Table 4). According to Oliveira [45], the
synthesis of these compounds occurs when the plants are exposed to controlled stress
conditions (as occurs in organic products where mineralization or inorganic fertilization
process is not carried out), or during ripening, especially with a major activity (up to
140%) of phenylalanine ammonia-lyase (PAL) enzyme activity caused by physiological
alterations [46].

3.2.2. Ascorbic Acid

The studied vegetables had a content of ascorbic acid between 932 to 1310 mg
AA/100 g dw; however, the ecological vegetables with a high concentration were chard,
coriander, tomato, lettuce, and radish. The lettuce of ecological production was the veg-
etable with the highest concentration of ascorbic acid (1310 mg AA/100 g dw), followed
by chard with 1276.51 mg AA/100 g dw (Table 4). Considering that these vegetables in
their fresh form contribute on average of 12.18 mg/100 g fw (fresh weight) of ascorbic
acid, this amount could cover more than 100% of the recommended RDI (75 mg/day)
for ascorbic acid in adults [47]. The vegetable with the lowest concentration of ascorbic
acid was the commercial tomato with 940.16 mg AA/100 g dw. It is possible that the low
availability of nitrogen in organic or ecological products decreases the synthesis of biomass
in the vegetable, but increases the concentration of ascorbic acid [48], as acclaimed by the
behavior observed in vegetables such as spinach, tomato, lettuce, and radish according to
other studies [46,49].
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Table 4. Total phenolic compounds, ascorbic acid, β-carotene, chlorophyll a and b in vegetables from
the ecological garden and from commercial production (mg/100 g dw).

Vegetable Type TPC (GAE) Ascobic Acid (AA) β-Carotene Chlorophyll a Chlorophyll b

Chard
Com 426.76 ± 6.68 1219.37 ± 7.27 50.68 ± 0.27 509.24 ± 8.21 1286.05 ± 8.27

Eco 485.25 ± 2.38 * 1276.51 ± 7.27 * 50.34 ± 0.13 525.10 ± 3.06 * 1302.07 ± 0.81 *

Coriander
Com 1151.11 ± 27.74 1035.24 ± 8.25 50.71 ± 0.08 524.33 ± 2.39 1233.34 ± 1.94

Eco 1429.35 ± 10.61 * 1070.16 ± 7.21 * 50.61 ± 0.20 529.14 ± 0.83 * 1306.03 ± 1.31 *

Spinach
Com 443.73 ± 14.82 1208.41 ± 40.50 49.21 ± 0.29 508.18 ± 3.03 1261.31 ± 3.19

Eco 592.50 ± 5.46 * 1222.71 ± 90.02 49.47 ± 0.14 508.48 ± 6.92 1271.62 ± 8.08

Lettuce
Com 205.93 ± 3.67 1262.38 ± 17.17 11.61 ± 0.29 79.57 ± 5.53 128.39 ± 4.69

Eco 754.23 ± 44.41 * 1310.00 ± 12.60 * 47.20 ± 0.28 * 508.64 ± 3.29 * 854.94 ± 12.76 *

Beet
Com 277.99 ± 8.29 1284.44 ± 7.27 * 1.44 ± 0.04 4.47 ± 0.36 11.08 ± 0.86

Eco 553.15 ± 33.22 * 1043.17 ± 11.68 2.55 ± 0.16 * 44.13 ± 0.27 * 68.44 ± 1.65 *

Carrot
Com 88.18 ± 7.77 1278.25 ± 13.75 52.05 ± 0.09 12.71 ± 2.40 34.7 ± 1.65

Eco 102.22 ± 3.96 * 1310 ± 26.51 53.23 ± 0.04 * 40.05 ± 5.38 * 140.16 ± 5.11 *

Tomato
Com 873.59 ± 2.56 * 940.16 ± 11.98 18.04 ± 0.04 6.53 ± 0.30 21.49 ± 1.01

Eco 506.89 ± 1.31 1038.57 ± 20.76 * 19.33 ± 0.16 * 12.61 ± 0.53 * 13.39 ± 2.71 *

Radish
Com 596.64 ± 4.26 932.22 ± 11.00 14.69 ± 0.59 19.99 ± 0.91 46.46 ± 0.45

Eco 1120.26 ± 7.57 * 1105.24 ± 19.05 * 16.71 ± 0.19 * 21.45 ± 0.16 45.74 ± 0.80

COM: Commercial and ECO: Ecological. * significantly different at p < 0.05 in the two-sided test of equality for
column means. Cells without a subscript are not included in the test. The tests assume equal variances.

3.2.3. β-Carotene and Chlorophyll

The concentration of β-carotene in studied samples was between 47 to 53 mg/100 g dw,
except for beets, radishes, and commercial lettuce which had lower values of this parameter.
The results showed that the ecological production had a higher concentration of β-carotene
than commercial samples, mainly in carrots, radishes, lettuce, tomatoes, and beets (Table 4).
Considering fresh weight in the samples (1.52 to 5.04 mg/100 g fw), this concentration of β-
carotene covers more the 50% of the RDI (2–4 mg/day) in the diet of an adult [50], with the
exception of beet which only covers 10% of these recommendations. The lower values were
in tomato, radish, and commercial lettuce (between 11.61 to 19.33 mg/100 g dw) and beet
(1.44 to 2.55 mg/100 g dw). This difference in β-carotene concentration can be explained by
the production methods (ecological and commercial) and the maturity of the plant at the
time of harvest [51], but there is more scientific evidence that handling and postharvest
storage are determining factors in the concentration of these compounds [52]. After 3 or
4 days postharvest, the loss of bioactive compounds becomes faster if the humidity and
temperature conditions in storage are not adequate [53]. This could be the factor that is
decisively influencing the results of the analysis carried out in this study.

Chlorophyll is a compound characteristic of green vegetables and it can be found in
different chemical structures that contribute to several tones of green [54]. The content
of chlorophylls in all the samples of the ecological type were higher than in commer-
cial vegetables. The highest concentration of chlorophyll b (chemical structure leads to
colors yellow-green) was observed in chard, coriander, spinach, and lettuce (1306.03 to
1271.62 mg/100 g dw), and therefore, chlorophyll b (blue-green) was lower in these products
(508–524 mg/100 g dw) (Table 4).

3.2.4. Betalains, Lycopene, and Anthocyanins

The presence of anthocyanins in radishes, betalains in beets, and lycopene in tomatoes
is characteristic and contributes to the color attributes of each vegetable, and it is associated
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with their freshness [55,56]. The concentration of anthocyanins in ecological vegetables
was 604.39 mg in radish, 5114 mg of betacyanins, and betaxanthins of 5567 mg in beet, and
lycopene 2927 mg in tomato considering 100 g of dry mass while the commercial vegetables
had of 25 to 48% lower concentration (Figure 1). Statistically, an association was found with
color parameters (b* and a* coordinate) and concentration of these pigments in ecological
vegetables (r2 = 0.6 to 0.9*). Also, there was a correlation between color and pigments in
commercial vegetable samples, but with lower correlation values (r2 = 0.4 to 0.6*).

 

Figure 1. Concentrations of betalains in beet, lycopene in tomato, and anthocyanins in radish. * The
asterisk expresses the statistically significant difference at p < 0.05 in the two-sided test of equality
between the commercial and ecological samples.

In general, commercial products could have more manipulations during processing,
for instance practices such as washing and soaking [51,57]. Therefore, due to the high
solubility of anthocyanins and betalains in water, the losses of these compounds could sig-
nificantly increase in radishes and beets during storage and commercial distribution [53,54].

In particular, it has been observed that lycopene is higher in tomatoes that ripen on
the plant in open environments, while in tomatoes produced in a greenhouse, lycopene
synthesis could be higher during postharvest [46].

3.3. Antioxidant Activity

The presence of these compounds is related to antimicrobial, antiproliferative, anti-
inflammatory, and antioxidant bioactivities [58,59]. Many postharvest conditions such as
harvesting techniques, storage conditions, temperature, atmosphere, and pH could influ-
ence oxidative stress [60]. Some symptoms of oxidative stress in vegetables are inhibition
of chloroplast development, core browning, superficial scald, disruption in membrane
integrity, inactivation of protein due to the action of proteases, and bleaching of pigmenta-
tion [61]. Therefore, the presence of bioactive compounds contributes to the reduction of
the oxidative state and the quality of vegetable products.

The Table 5 shows the results of antioxidant activity and chelating activity. The values
of antioxidant activity measured as ABTS•+ were between 4137.38 to 6565.53 μmol TE/100 g
dw. The samples of tomato and carrot had the lowest values (between 23 to 120.12 μmol
TE/100 g dw) in ecological and commercial vegetables. In this study, this methodology
reported high values of antioxidant activity compared to DPPH, FRAP, and chelating
activity in vegetables, and it can be explained by the affinity with hydrophilic (polyphenols
and ascorbic acid) and lipophilic (β-carotene, chlorophyll, and lycopene) compounds. A
moderate association (r2 = 0.567*) was found between the TPC concentration and the

143



Sustainability 2023, 15, 5117

antioxidant activity measured by ABTS•+ in the vegetables from the ecological garden.
These characteristics of the ABTS•+ method makes it possible to record the antioxidant
activity of various compounds in the samples [62].

Table 5. Antioxidant activity, ascorbic acid, and iron chelating activity of vegetables from the
ecological garden and from commercial production (100 g dw).

Vegetable Type ABTS•+ (μmol TE) DPPH (μmol TE) FRAP (μmol Fe (II)) Chelating Activity (%)

Chard
Com 3961.95 ± 342.37 55.44 ± 3.11 1056.35 ± 1.24 85.57 ± 1.87
Eco 3737.05 ± 159.54 108.52 ± 2.00 * 3446.17 ± 207.77 * 90.19 ± 0.03 *

Coriander
Com 3596.63 ± 235.40 27.54 ± 1.07 1063.44 ± 374.00 79.34 ± 0.14
Eco 3560.29 ± 226.21 73.00 ± 1.28 * 1793.67 ± 15.48 * 89.73 ± 0.78 *

Spinach Com 2465.32 ± 181.42 0.12 ± 0.00 124.03 ± 3.23 81.50 ± 0.42
Eco 3395.38 ± 52.81 * 0.14 ± 0.01 * 176.94 ± 3.15 * 92.75 ± 0.13 *

Lettuce
Com 4951 ± 194 6390.2 ± 268.7 263.49 ± 1.22 21:01 ± 0.74
Eco 6623 ± 639 * 7600.32 ± 97.28 * 865.05 ± 8.77 * 49.56 ± 0.13 *

Beet
Com 4362.63 ± 382.41 30.03 ± 2.78 197.49 ± 3.73 44.45 ± 1.00
Eco 4231.84 ± 132.64 58.23 ± 1.93 * 259.38 ± 6.12 * 52.12 ± 0.09 *

Carrot
Com 89 ± 6.01 —- 62.28 ± 4.61 23.86 ± 0.30
Eco 120.12 ± 8.88 * —- 94.15 ± 3.49 * 53.01 ± 4.50 *

Tomato
Com 41.28 ± 1.62 * 0.04 ± 0.0 37.99 ± 0.92 83.98 ± 0.15
Eco 23.29 ± 1.17 0.07 ± 0.0 * 57.27 ± 1.15 * 92.35 ± 0.09 *

Radish
Com 4137.38 ± 302.41 275 ± 14 135.79 ± 5.71 21.27 ± 0.85
Eco 6565.53 ± 56.29 * 1857 ± 101 * 684.75 ± 13.79 * 32.14 ± 2.56 *

COM: Commercial and ECO: Ecological. * significantly different at p < 0.05 in the two-sided test of equality for
column means. Cells without a subscript are not included in the test. The tests assume equal variances. —-: Not
performed analysis.

The DPPH radical evaluates the free radical scavenging capacity of antioxidants
according to their hydrogen-donating capacity. And it can evaluate the mechanisms of the
transfer of hydrogen atoms and electrons [63]. As a result of this test, it can be observed
that the vegetables produced in the ecological garden showed higher antioxidant activity
than commercial samples. The ecological lettuce with 7600.32 μmol TE/100 g dw was the
one that best captured free radicals (Table 5). On the other hand, in spinach and tomato,
the values were lower than 0.07 μmol TE/100 g dw, while in carrots this assay was not
detected. This activity was correlated with ascorbic acid concentrations with statistical
significance (r2 = 0.714*).

As in DPPH, in FRAP analysis the antioxidant activity registered by all samples of
ecological vegetables was significantly (p < 0.05) higher than the commercially produced
samples. The samples of ecological chard were the ones that reported the best antioxidant
activity (3446.17 μmol Fe (II)/100 g dw) and the samples that recorded the lowest antiox-
idant activity were commercial tomatoes (37.99 μmol Fe (II)/100 g dw) (Table 5). In the
vegetables from the ecological garden, the correlation was given from the values of the
FRAP test with chlorophyll b (r2 = 0.71*).

Table 5 also showed the results of the metal chelating assay. All the samples of
the vegetables produced in the ecological garden have higher chelating activity than the
samples of commercial production. The ecological spinach sample reported the highest
percentage of chelation (92.35%), while commercial lettuce had the lowest value (21.01%).
This result could be explained due to the strong iron-binding properties of polyphenols,
whether the iron-chelating ability of catechol or polyphenols plays a key role in their
antioxidant activity and anti-lipid peroxidation by blocking the Fenton reaction [64,65].
In addition, a moderate correlation was reported between the chelating assay with TPC
content (r2 = 0.657*).

4. Conclusions

The ecological production vegetables presented better physical characteristics in color
(luminosity and intensity), which were perceptible by the human eye (ΔE). In addition,
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they were more turgid compared to the commercial samples. Furthermore, the ecological
products had higher bioactive compounds (TPC, ascorbic acid, β-carotenes, chlorophylls,
anthocyanins, betalains, and lycopene) than the commercial products, and the content was
positively correlated with antioxidant capacity.

However, it is essential to carry out more studies to clarify whether the differences
found in favor of ecological products are reflected in the health of the people who consume
them and thus promote the establishment of urban and peri-urban organic gardens as a
strategy of sustainability for healthy eating.
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Abstract: This work aimed to characterize the microbial communities of an anthropogenic soil
originating from application of pedotechniques to Vertisols in a Mediterranean environment. Bare
soil profiles were sampled at three depths (0–10 cm, 10–30 cm, and 30–50 cm) and compared with
the original soil not transformed at the same depths. The anthropogenic soils were characterized by
a higher CaCO3 concentration (360–640 g/kg) than control soil (190–200 g/kg), while an opposite
trend was registered for clay, where control soil showed a higher concentration (465 g/kg on average)
than anthropogenic soil (355 g/kg on average). Organic carbon content was much higher in the
untransformed soil. All samples were microbiologically investigated using a combined culture-
dependent and -independent approach. Each pedon displayed a generally decreasing level with
soil depth for the several microbial groups investigated; in particular, filamentous fungi were below
the detection limit at 30–50 cm. To isolate bacteria actively involved in soil particle aggregation,
colonies with mucoid appearance were differentiated at the strain level and genetically identified:
the major groups were represented by Bacillus and Pseudomonas. MiSeq Illumina analysis identified
Actinobacteria and Firmicutes as the main groups. A high microbial variability was found in all the
three anthropogenic pedons and the microorganisms constitute a mature community.

Keywords: anthropogenic soil; applied soil ecology; extracellular polymeric substances; MiSeq
Illumina; viable bacteria

1. Introduction

In recent decades, ex novo soil formation by human action has become increasingly
important to crop-linked activities [1]. Human activity is recognized as one of the most
important factors involved in soil generation in the 21st century [2,3]. Generally, the
term “Anthrosol” refers to soil formed or strongly modified by human activity such as
deep tillage, intensive fertilization, addition of organic waste, irrigation with water rich in
sediments or creation of rice fields [4].

Studies focusing on the genetic peculiarities, characteristics and properties of soils
created in urban areas, mines, forested and agricultural areas evidence that the main
issue of the pedogenetic process is the loss of the soil structure [2,3,5–7]. In particular,
the agricultural areas of southern Italy are characterized by a continuous loss of structure
as a result of deep tillage and displacement of material. This phenomenon, combined
with semi-arid conditions and poor vegetation cover, determines runoff and wind erosion
during seasonal rainfall, and in the long term, reduces soil fertility [8].

Organic and inorganic input, cover crops and deep tillage have a negative influence
on the aggregation status of the soil particles, while microorganisms play an important role
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in soil aggregation [9,10]. Aside from improving the structure of soil, the soil microbiome
plays a key role in several functional processes such as production of substances for plant
growth promotion, degradation of pollutants derived from agrochemical treatment and
control of all type of pests [11]. Soil microbial diversity is extremely complex; hundreds
of thousands of microbial taxa live together in a gram of soil [12], with a total number of
microorganisms exceeding 10 billion [13].

Prokaryotic organisms, both bacteria and archaea, can live and develop within biofilms
consisting of extracellular polymeric substances (EPS). These substances are mainly formed
by exopolysaccharides structural proteins, enzymes, biopolymeric substances such as lipids
and other constituents [14,15]. In natural environments, most microorganisms live in ag-
gregates such as floccules or biofilms, of which EPSs represent the fundamental structural
component [16]. In a biofilm, the microbial cells are embedded within a self-produced
EPS matrix. This organization allows microorganisms to adhere to each other and/or
to a surface. Specifically, “a biofilm is a fixed system that can be adapted internally to
environmental conditions by its inhabitants” [17]. This structure represents a real selective
ecological advantage [16]. Thanks to biofilms, several bacteria adhere to and communicate
with other microorganisms and plants. A given biofilm is characterized by water channels
that allow for the passage of nutrients and other agents throughout the bacterial commu-
nity [18]. The water channels within biofilms are considered as a primitive circulatory
system which protects bacteria against the accumulation of toxic metabolites by their re-
moval [19]. Biofilms constitute real barriers that protect microorganisms from predation,
anti-microbial substances and heavy metals, and adverse environmental stresses [15,20,21].

The formation of structural aggregates in soil can be greatly improved by the bacterial
EPS. These substances positively affect the structure, porosity, fertility and productivity
of the soil systems [22,23]. EPSs can act as glues due to their viscous texture and ionic
charges that allow for anchoring to soil clays [24], thus improving the aggregation of poorly
aggregated soil particles [16].

The current study was undertaken (1) to assess the soil microbial community and
(2) to investigate specifically EPS-producing populations of an anthropogenic soil prior
to its first cultivation cycle. Specifically, the microbial composition of the sampled soil
was approached by culture-dependent and -independent methods. The soil was also
characterized for its physical and chemical properties.

2. Materials and Methods

2.1. Study Area

The study area (Figure 1) is located in the countryside of Palma di Montechiaro—the
Giordano district in the province of Agrigento (AG) in southern Sicily—and is characterized
by a Mediterranean climate. This hilly agricultural area is also characterized by the presence
of several horticultural greenhouse farms, mainly cultivating table grapes, obtained through
anthropogenic interventions on soils. The lithology dates back to the Pliocene and Miocene
periods and consists of gypsum, marls, limestones and alluvial deposits. The soils are
classified as Entisols, Inceptisols, Mollisols and Vertisols.

Soil sampling occurred in March 2019. Climatic data for the reference year were
obtained from the Agrigento meteorological station. The average annual temperature was
17.7 ◦C, with the highest thermometric value (41.5 ◦C) registered in July and the lowest
(−1.0 ◦C) in January. The average annual precipitation was 497 mm.

2.2. Applied Pedotechnics

A new soil was generated by pedotechnics in 2012. The entire area is characterized
by Typic Haploxererts. This soil was covered with calcareous marls in October 2012 and
levelled using a caterpillar machine during the following summer. In Autumn 2013, soil
was ploughed to an approx. depth of 90–100 cm using a one mouldboard, single-furrow
plough. Thereafter, it was left uncultivated.
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Figure 1. Location of the study area.

2.3. Sampling

Soil samples for physicochemical and microbiological analyses were collected from the
following pedons (Figure 2): Mant 0 (37◦10′08.1′′ N–13◦46′56.8′′ E), Mant 1 (37◦10′09.3′′ N–
13◦47′01.4′′ E), Mant 2 (37◦10′09.4′′ N–13◦47′00.8′′ E) and Mant 3 (37◦10′09.7′′ N–13◦47′00.1′′
E). Mant 0 refers to the original Vertisol not affected by pedotechnics (control soil), while
Mant 1, Mant 2 and Mant 3 concern profound transformations due to the pedotechnics
used and represent three technical repeats. Each pedon was sampled in duplicate at
3 different depths: I, 0–10 cm; II, 10–30 cm; and III, 30–50 cm, corresponding to part of Ap
and ˆA horizons, in Vertisol and anthropogenic soils, respectively.

 

Figure 2. Sampling points. Red circles are soil profiles.
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2.4. Physicochemical Analyses

Soil samples were air-dried and sieved by means of a 2 mm stainless steel sieve
(Laboratory Test Sieve, London, UK). Texture was determined with the sedimentation
method [25]. pH was measured on soil–water mixtures 1:2.5 (w/v) with a pH meter
(XS instruments, Carpi, Italy). The electrical conductivity (EC) was determined on each
soil–water mixture 1:5 with a portable conductivity-meter Cond 7 (XS instruments, Carpi,
Italy). The cation exchange capacity (CEC) was determined by barium chloride and
triethanolamine method (MIPAF, 2000). Total carbonates (CaCO3 Tot) were determined
by gas volumetric method using a Dietrich–Fruehling calcimeter and HCl, while organic
carbon (Corg) was determined with the wet oxidation method of Walkley and Black [26].

2.5. Culture-Dependent Microbiological Analysis

Soil samples for microbiological analysis were collected in aseptic conditions: a sterile
area was obtained using a portable Bunsen burner, and each sample (approximately 200 g)
was picked up with a sterile stainless-steel spatula and transferred into a sterile BagLightR
400 MultilayerR bag (Interscience, Saint Nom, France). All samples were transported
under refrigeration in a portable fridge to the Laboratory of Agricultural Microbiology of
University of Palermo.

All samples, according to Thomson et al., were dried for 24 h under a laminar hood
to avoid environmental contaminations and sieved with the 2 mm sieve after autoclav-
ing (121 ◦C for 15 min) [27]. All sieved samples were placed into 9 cm diameter Petri
dishes, sealed with Parafilm, and kept at room temperature until plate counting and total
DNA extraction.

Plate counts were performed to determine the levels of the main soil microbial popu-
lations such as total mesophilic aerobic (TMA) microorganisms, total mesophilic anaerobic
(TMAn) microorganisms, filamentous fungi (FF), Actinobacteria (AB), N-fixing (NF) bac-
teria, and the main EPS and glue-producing bacteria, Sphingomonas and Caulobacter. Soil
samples (20 g) were put into conical flasks and diluted (1:10) with sodium pyrophosphate
(0.16% w/v) solution (180 mL) by homogenization with an orbital shaker for 10 min at
150 rpm [28]. Further decimal dilutions of soil samples were performed in test tubes
containing Ringer’s solution (Sigma-Aldrich, Milan, Italy) subjected to homogenization
by vortexing.

The microbial suspensions were inoculated in different culture media and incubated in
the optimal conditions (temperature and time). TMA were inoculated in bacteria medium,
incubated at 30 ◦C for 48 h, while FF were inoculated in fungi medium at 30 ◦C for 7 d; both
media were prepared as described by Zhang et al. [29]. TMAn were inoculated in soil extract
medium (SEM), prepared as described by Deutsche Sammlung von Mikroorganismen und
Zellkulturen (https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1
2.pdf, accessed on 19 March 2019), incubated at 30 ◦C for 48 h in hermetically sealed jars
containing the AnaeroGen AN25 system (Oxoid, Milan, Italy). Caulobacter and Sphingomonas
were grown in two selective media, Caulobacter medium (CM) [30] and NK medium [31]
prepared, respectively, and both incubated at 30 ◦C for 48 h. NF bacteria were inoculated in
Blue Green Medium (BG-11) prepared as described by Rippka et al., and the plates were
incubated at 30 ◦C for 48 h [32]. All microbiological analyses were carried out in duplicate
and the results expressed as Log colony-forming units (CFU) per g of dry weight (g dw),
determined after drying at 105 ◦C until constant weight.

White/yellowish colonies with mucoid appearance, presumptive Caulobacter and
Sphingomonas, were harvested from CM and NK, grown in Nutrient Broth (NB) (Oxoid) and
subjected to purification by consecutive streaking on Nutrient Agar (NA) until reaching
morphology homogeneity of colonies. The isolates were first subjected to a phenotypic
investigation under an optical microscope to analyze cell morphology. Only rod bacteria
were further processed by being genetically investigated, such as Caulobacter and rod-
shaped Sphingomonas.
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DNA was extracted after overnight growth of the pure cultures in NB at 30 ◦C for
48 h. The cells were harvested from 1 mL of broth cultures by centrifugation at 10,000× g
for 5 min, and the pellets were subjected to repeated washing steps with sterile distilled
H2O and finally re-suspended in 1 mL of the same diluent. Cell lysis was performed by
Instagene Matrix (Bio-Rad, Hercules, CA, USA) following the protocol provided by the
supplier. Crude cell extract from each culture was used as template DNA for the genoty-
pic characterization.

All isolates were differentiated at the strain level to reduce the number of bacteria to
be genetically identified. The typing procedure was carried out by random amplification
of polymorphic DNA (RAPD)-PCR as described by Gaglio et al. [33]. RAPD profiles
were visualized under UV light after electrophoresis of 2% (w/v) agarose gels in 1 × TBE
buffer (Sigma-Aldrich, Milan, Italy). The isolates that showed diverse RAPD profiles were
considered different strains and analyzed by sequencing the ribosomal 16S rRNA gene for
species identification, applying the protocol described by Weisburg et al. [34]. PCR products
of about 1600 bp were purified using the QIAquick kit (Quiagen S.p.a., Milan, Italy) and
sequenced at the center for innovation of quality systems, traceability and certification of
agri-food—AGRIVET (University of Palermo), with the same oligonucleotides used for
PCR analysis. The identity of each sequence was obtained by comparing the sequences
acquired with those available in GenBank/EMBL/DDBJ (http://www.ncbi.nlm.nih.gov,
accessed on 19 March 2021) [35] and Ez-Taxon (http://eztaxon-e.ezbiocloud.net/ accessed
on 19 March 2021) [36] databases. The latter database compares the sequences obtained
with those of the type strains only.

2.6. Culture-Independent Analysis

The amount of soil for total genomic DNA extraction from each sample ranged be-
tween 0.4 and 0.6 g. DNA extraction was performed by the Gene MATRIX Soil DNA
Purification Kit (EURx, Gdansk, Poland) according to the manufacturer’s instructions, and
quantified using a Nanodrop 8800 Fluorospectrometer (Thermo Fisher Scientific, Waltham,
MA, USA).

2.6.1. Amplicon Library Preparation

The pooled libraries and pair-end sequencing quality and quantification were car-
ried out using the sequencing platform of Edmund Mach Foundation (FEM, San Michele
a/Adige, Italy). Soil genomic DNAs were amplified with primers specific to the V3–V4
region [37,38] of the 16S rRNA gene of Escherichia coli corresponding to the positions 341 to
805. The PCR reaction volume of 25 μL contained 1 μM of each primer. PCR results were
obtained through the GeneAmp PCR System 9700 (Thermo Fisher Scientific). Amplicons
were checked on 1.5% agarose gel and then purified through the system Agencourt AM-
Pure XP (Beckman Coulter, Brea, CA, USA). A further PCR was necessary to apply dual
indices and Nextera XT Index Primer (Illumina, San Diego, CA, USA), which are Illumina
sequencing adapters. The resulting libraries were purified as reported above. The libraries
were also checked for quality on the Typestation 2200 platform (Agilent Technologies, Santa
Clara, CA, USA). Barcoded libraries were pooled in an equimolar ratio and sequenced
on the MiSeq Illumina® (PE300) platform (MiSeq Control Software 2.5.0.5 and Real-Time
Analysis software 1.18.54.0).

2.6.2. Illumina Data Analysis and Sequences Identification by QIIME2

FASTQ files containing raw paired-end sequences were demultiplexed by idemp
(https://github.com/yhwu/idemp/blob/master/idemp.cpp, accessed on 17 December
2021) and imported into Quantitative Insights Into Microbial Ecology, Qiime2, version
2020.11 [39]. The DADA2 program was used for quality-filtering, trimming, de-noising, and
merging of sequences [40]. All chimeric sequences were removed through the consensus
method in DADA2. Sequence alignment was performed with MAFFT and phylogenetic
reconstruction of the aligned sequences occurred in FastTree using the plugins align-
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ment and phylogeny [41]. Taxonomic and compositional analyses were conducted with
the plugins feature classifier (https://github.com/qiime2/q2-feature-classifier, accessed
on 17 December 2021). A pre-trained Naive Bayes classifier based on the Greengenes
gg_13_5_otus.tar.tgz Operational Taxonomic Units (OTUs) database (http://greengenes.
secondgenome.com/?prefix=downloads/greengenes_database/gg_13_5/, accessed on 17
December 2021/), which had been previously trimmed to the V4 region of 16S rDNA,
bound by the 341F/805R primer pair, was applied to paired-end sequence reads to the
generate taxonomy tables.

Data generated by Illumina sequencing were uploaded in the NCBI Sequence Read
Archive (SRA) and are available under Ac. PRJNA809221.

2.7. Alpha Diversity Analysis

Alpha diversity helps us to understand the bacterial community structure in terms of
the number of taxonomic groups (richness) and/or the distribution of group abundance
(evenness). Richness and evenness of the sites investigated were analyzed through Shannon–
Wiener diversity index (HSh) and Gini–Simpson diversity index (HSi) [42,43]:

HSh = −
Ns

∑
i=1

pi × ln(pi) (1)

HSi = 1 −
NS

∑
i=1

pi
2 (2)

In these equations, pi is the ratio between the number of sequences of the OTUs i (as %
on the total sequences) and the richness Ns (total number of OTUs identified).

The results of the sites with different Ns were compared by equitability (the even-
distributed values) of the indices HSh and HSi determined as follows:

ESh =
HSh

ln Ns
(3)

ESi =
HSi

1 − 1
NS

(4)

where ESh and ESi represent the even-distributed values of HSh and HSi, respectively.

2.8. Statistical Analysis

Microbiological count data were subjected to One-Way Variance Analysis (ANOVA)
using XLStat software version 7.5.2 for Excel (Addinsoft, New York, NY, USA). Tukey’s test
was applied only for comparison between different pedons at the same depth. Statistical
significance was attributed to p values of p < 0.05 and are marked with different letters.

Principal component analysis (PCAn) was carried out to evaluate the relationship
between the bacterial phyla and the physicochemical of each sample. Kaiser criterion was
used to select the number of principal factors with an eigen value >1.00 [44]. A check of the
statistical significance within the data set was performed using Barlett’s sphericity test [45].
Data were processed using the XLStat software reported above. In addition, agglomerative
hierarchical clustering (AHC) (joining, tree clustering) was performed to group data on
soils based on their mutual dissimilarity, measured by Euclidean distances. A cluster
aggregation was obtained, applying the single linkage method of Todeschini (1998) [46].

In order to better correlate bacterial taxa and soil properties, a correlation analysis
between bacterial phyla and all physicochemical characteristics of the soil samples was
performed by means of Pearson’s correlation coefficient calculation within the XLStat
software reported above. The results were plotted in a heat map.
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3. Results

3.1. Physicochemical Characteristics of Soils

The results of physicochemical analysis of the studied soil plot are reported in Table 1.
The concentration of CaCO3 in the control soil Mant 0 (190–200 g/kg) was consistently lower
than the values registered in the anthropogenic soil samples Mant 1–Mant 3 (360–640 g/kg).
In particular, the last samples showed highly variable data, with the highest levels detected
for the deepest aliquots of Mant 1 and Mant 3. On the contrary, clay levels of control soils
were higher than those characterizing the anthropogenic soil samples. The EC the values of
Mant 0 were lower than values registered for the other pedons and an increasing trend was
observed with depth. Regarding Corg, the values of all anthropogenic pedons were lower
than those displayed by the control soil Mant 0. Among anthropogenic sites, the highest
value of Corg was reached by the sample Mant 2-II (6.97 g/kg), while the highest value in
Mant 0 was shown by the most superficial sample Mant 0-I (15.11 g/kg) and decreased
with depth until 8.52 g/kg.

Table 1. Main physicochemical features of investigated anthropic soils profiles in Giordano area.

Profile Depth
CaCO3

Tot (g/kg)
Clay

(g/kg)
Silt

(g/kg)
Sand
(g/kg)

pH
(H2O)

EC
(μS/cm)

CEC
(Cmol(+)/kg)

Corg

(g/kg)

Mant 0 I 200 446 269 285 7.83 82.0 33.75 15.11
Mant 0 II 190 452 304 244 7.89 93.2 25.00 8.72
Mant 0 II 200 498 259 243 7.76 95.5 31.25 8.52

Mant 1 I 550 371 308 321 7.87 147.6 22.50 3.10
Mant 1 II 640 295 328 377 7.90 145.5 20.00 2.13
Mant 1 III 640 369 342 289 7.89 192.5 18.75 2.90

Mant 2 I 550 363 418 219 7.87 172.5 21.30 5.03
Mant 2 II 360 402 317 281 7.88 150.0 25.00 6.97
Mant 2 III 420 390 307 303 7.90 160.5 21.30 3.87

Mant 3 I 460 363 299 338 7.86 178.9 22.50 5.62
Mant 3 II 640 333 373 294 7.88 154.9 20.00 5.23
Mant 3 III 640 314 313 373 7.88 141.1 21.30 6.00

Abbreviations are as follows: CaCO3 Tot, total content of carbonate; EC, electrical conductivity; CEC, cation
exchange capability; Corg, content of organic carbon. Soil samples: Mant 0, control soil (original Vertisol not
affected by pedotechnics), while Mant 1, Mant 2 and Mant 3 represent the anthropogenic soils of sites 1 to 3.
Depths: I, 0–10 cm; II, 10–30 cm; and III, 30–50 cm.

3.2. Analysis of Microbial Communities

The results of the microbiological counts are reported in Table 2. TMA cell densities
were in the range 6.06–7.56 CFU per gram of soil. Each pedon displayed a significant
decreasing level for TMA with soil depth; TMAn were also at six orders of magnitude per
gram of soil and the highest cell densities were registered for the superficial (A) samples.
TMAn levels for the samples B and C for all three anthropogenic pedons were consistently
lower than the corresponding pedons of the undisturbed soil.

FF and AB groups were characterized by cell densities of 1–3 Log cycles lower than
those displayed by TMA. In general, at the highest depth, FF were below the detection
limit, with the exception of pedon Mant 2 for which barely 2.0 Log CFU per g dw were
found. A higher variability was indicated by AB levels, which were undetectable from B
sample for pedon Mant 2, while around 104 CFU per g dw for the other pedons, control
soil included.

Bacteria grown on synthetic media CM and NK were isolated to better investigate in
future on their role in soil particle aggregation. About 10 colonies sharing the same mucoid
appearance and white/yellow color were picked up from agar plates and promptly purified.
A total of 834 bacterial cultures presumptively belonging to Caulobacter and Sphingomonas
genera were then microscopically processed, and barely 423 isolates showed a rod-shape.
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Table 2. Results of plate count agar of the microbial groups.

Soil TMA FF AB TMAn NF Sphingomonas Caulobacter

Control soil
Mant 0-I 6.78 ± 0.10 b 5.74 ± 0.04 a 4.65 ± 0.05 a 6.61 ± 0.11 a 6.90 ± 0.18 ab 6.42 ± 0.06 c 6.87 ± 0.07 ab

Mant 0-II 6.34 ± 0.08 b 5.30 ± 0.00 a 4.39 ± 0.09 a 6.19 ± 0.05 a 6.30 ± 0.08 a 6.20 ± 0.10 a 6.52 ± 0.20 ab

Mant 0-III 6.14 ± 0.02 c <2 b 4.00 ± 0.00 b 6.12 ± 0.03 a 5.78 ± 0.17 b 6.00 ± 0.08 b 6.31 ± 0.01 b

Statistical
significance *** *** *** *** *** ** **

Anthropogenic
soil

Mant 1-I 7.00 ± 0.07 b 4.74 ± 0.04 b 4.60 ± 0.20 a 6.45 ± 0.09 a 6.59 ± 0.30 b 6.23 ± 0.03 d 6.64 ± 0.28 b

Mant 1-II 6.22 ± 0.01 bc 4.30 ± 0.30 b 4.30 ± 0.20 a 5.71 ± 0.13 b 6.03 ± 0.30 a 5.97 ± 0.15 b 6.20 ± 0.09 ab

Mant 1-III 6.15 ± 0.05 c <2 b 4.45 ± 0.15 a 5.75 ± 0.04 b 5.97 ± 0.11 b 5.76 ± 0.14 c 6.29 ± 0.05 b

Statistical
significance *** *** *** * ** *

Anthropogenic
soil

Mant 2-I 7.09 ± 0.09 ab 4.69 ± 0.09 b 5.00 ± 0.25 a 6.52 ± 0.06 a 7.08 ± 0.04 a 6.63 ± 0.1 b 6.78 ± 0.00 ab

Mant 2-II 6.06 ± 0.01 c 4.24 ± 0.24 b <2 b 5.43 ± 0.05 c 5.44 ± 0.05 b 5.64 ± 0.00 c 6.5 ± 0.30 b

Mant 2-III 6.37 ± 0.06 b 2.00 ± 0.30 a <2 c 5.77 ± 0.01 b 6.00 ± 0.02 b 6.10 ± 0.01 b 6.31 ± 0.08 b

Statistical
significance *** *** *** *** *** *** *

Anthropogenic
soil

Mant 3-I 7.56 ± 0.35 a 5.70 ± 0.00 a 4.59 ± 0.11 a 6.66 ± 0.03 a 7.29 ± 0.04 a 6.81 ± 0.07 a 7.06 ± 0.01 a

Mant 3-II 6.77 ± 0.17 a 5.39 ± 0.09 a 4.30 ± 0.25 a 6.06 ± 0.09 a 6.39 ± 0.16 a 6.33 ± 0.03 a 6.59 ± 0.07 a

Mant 3-III 6.74 ± 0.00 a <2 b 4.00 ± 0.00 b 6.14 ± 0.02 a 6.43 ± 0.17 a 6.52 ± 0.01 a 6.82 ± 0.13 a

Statistical
significance ** *** * *** *** *** **

Statistical
significance I ** *** ** *** *

Statistical
significance

II
*** *** *** *** *** *** *

Statistical
significance

III
*** *** *** *** ** *** ***

Abbreviations are as follows: TMA, total mesophilic count in aerobic condition; FF, filamentous fungi; AB,
actinobacteria; TMAn, total mesophilic count in anaerobic condition; NF, nitrogen fixing bacteria. Mant 0, control
soil (original Vertisol not affected by pedotechnics), while Mant 1, Mant 2 and Mant 3 represent the anthropogenic
soils of sites 1 to 3. Depths: I, 0–10 cm; II, 10–30 cm; and III, 30–50 cm. Results indicate mean values ± S.D. of
four microbiological counts (carried out in duplicate for two independent sample collections). Unit of measure:
CFU/100 g of dried soil. Soil samples: Data within a column followed by the same letter are not significantly
different according to Tukey’s test. *. p ≤ 0.05; **. p ≤ 0.01; ***. p ≤ 0.001.

About 40% of the 423 isolates were subjected to RAPD analysis to differentiate the
cultures at strain level, and 63 different profiles (Figure 3) indicated a certain biodiver-
sity within putative EPS-producing bacteria. The bacteria showing different RAPD pat-
terns were considered distinct strains. The dendrogram showed that the majority of
strains grouped according to their genus and species, even though the two species of
Stenotrophomonas, St. indicatrix and St. rhizophila, clustered quite distantly, the first within
Variovorax and the second within Pseudomonas and Lysobacter. All strains were further
processed by 16S rRNA gene sequencing and a remarkable species diversity emerged from
these results. The isolates were allotted into three phyla (Firmicutes, Actinobacteria and
Protobacteria) consisting of 19 genera; the most numerous bacterial groups were repre-
sented by Bacillus and Pseudomonas, which were found in all pedons analyzed. Surprisingly,
none of the 63 strains were identified as Sphingomonas or Caulobacter.
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Figure 3. Dendrogram obtained from combined RAPD-PCR patterns generated with three primers
(M13, AB106 and AB111) of the dominant bacteria identified from anthropogenic soils. Abbreviations:
A., Arthrobacter; B., Bacillus; Br., Brevibacterium; C., Cupriavidus; E., Ensifer; I., Isoptericola; L., Lysobacter;
M., Microbacterium; N., Nocardia; P., Paenarthrobacter; Pb., Peribacillus; Ps., Pseudomonas; R., Rhodococcus;
S., Serratia; Sn., Sinorhizobium; St., Stenotrophomonas; Str., Streptomyces; T., Terribacillus; V., Variovorax.
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3.3. Culture-Independent Analysis

In order to deeply analyze the bacterial communities of control and anthropogenic soil
samples, a next-generation sequencing (NGS) approach was also applied. This approach
was necessary because the great majority of microorganisms (>99%) of natural ecosystems
cannot be detected by means of the culture-dependent tools alone [47]. In this study, all soil
samples were investigated using MiSeq Illumina technology, and the results are reported in
Figure 4 (at phylum level) and Figure S1 (all taxonomic levels mixed). The total bacterial di-
versity of the soil under evaluation was composed of 11 phyla—Actinobacteria, Chloroflexi,
Firmicutes and Proteobacteria were present in all pedons at the three depths investigated.

Figure 4. Relative abundances (%) of bacterial phyla identified by MiSeq Illumina in soil samples.
Abbreviations are as follows: Soil samples: Mant 0, control soil (original Vertisol not affected by
pedotechnics), while Mant 1, Mant 2 and Mant 3 represent the anthropogenic soils of sites 1 to 3.
Depths: I, 0–10 cm; II, 10–30 cm; and III, 30–50 cm.

With the exception of pedon Mant 3-III, Actinobacteria represented the most abundant
phylum in almost all samples analyzed, reaching the maximum level (74.04%) in Mant
1-III. Among this phylum, only members of Gaiellaceae family were found in all samples,
with percentages ranging from 4.46% in Mant 3-I and 33.06% in Mant 1-III. Within this
phylum, radiotolerant and halotolerant bacteria belonging to the Rubrobacter genus were
quite ubiquitous, even though their presence was particularly variable (0.5–23.5%).

The presence of Firmicutes, especially within the genus Bacillus, was detected in almost
all pedons of both control and anthropogenic soils; in particular, this genus was detected
at very high percentages in all Mant 2 pedons (12.63–19.06%). Additionally, the order of
Clostridiales was found in almost all pedons, reaching the maximum abundance (9.08%) in
Mant 1-II.

Six families of Proteobacteria (Bradyrhizobiaceae, Rhodospirillaceae, Syntrophobacter-
aceae, Enterobacteriaceae, Moraxellaceae and Pseudomonadaceae) were also ubiquitous in
the soil samples, but at percentages lower than those of Actinobacteria. Only in Mant 3-III
did Proteobacteria account for 57.45% of total OTUs. Erwinia and Acinetobacter were the
most consistent genera, with 18.34 and 16.81%, respectively.
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Two main classes within Chloroflexi phylum were present in our samples, in particular,
Anaerolineae and Ktedonobacteraceae. The first group was detected in all soil samples,
with percentages ranging from 0.03% in Mant 3-I to 8.40% in Mant 3-III, while the second
was found only in Mant 3-III, but the relative abundance (14.01%) was quite high.

3.4. Analysis of Biodiversity Indexes (Alpha Diversity)

The intra-site diversity and richness were assessed by alpha diversity considering
the phyla of the bacterial community. The distribution of phyla among soils samples was
studied and the results are reported in Table 3.

Table 3. Quantitative data analysis of bacterial phyla (alpha diversity).

Samples No. of Phyla HSh ESh HSi ESi

Mant 0-I 11 1.84 0.74 0.79 0.86
Mant 0-II 11 1.58 0.64 0.70 0.76
Mant 0-III 12 1.58 0.64 0.68 0.75

Mant 1-I 12 1.64 0.66 0.73 0.79
Mant 1-II 9 1.73 0.69 0.78 0.85
Mant 1-III 10 1.06 0.42 0.44 0.48

Mant 2-I 12 1.64 0.66 0.73 0.80
Mant 2-II 11 1.20 0.48 0.56 0.61
Mant 2-III 12 1.44 0.58 0.65 0.71

Mant 3-I 11 1.82 0.73 0.78 0.85
Mant 3-II 11 1.77 0.71 0.75 0.82
Mant 3-III 5 1.17 0.47 0.60 0.66

Reference value for a
perfect even community 2.48 1 0.92 1

Abbreviations: HSh, Shannon–Wiener diversity index; ESh, equitability of HSh; his, Gini–Simpson diversity index;
ESi, equitability of HSi.; Soil samples: Mant 0, control soil (original Vertisol not affected by pedotechnics), while
Mant 1, Mant 2 and Mant 3 represent the anthropogenic soils of sites 1 to 3. Depths: I, 0–10 cm; II, 10–30 cm; and
III, 30–50 cm.

The total number of phyla (n. = 12) was found only in four samples, while only one
soil sample (Mant 3-III) was characterized by a very low number of phyla (n. = 5). The
samples collected at the highest depths showed the lowest biodiversity since the samples
Mant 1-III, Mant 3-III and Mant 2-II were characterized by a HSh of 1.06, 1.17 and 1.20,
respectively. Shannon indexes increased until 1.82 and 1.84 in samples Mant 3-I and Mant
0-I, respectively, indicating that the most superficial soil horizon is characterized by a high
bacterial biodiversity. This trend was also confirmed by Simpson’s index, since the lowest
HSi (0.44) was registered for the sample Mant 1-III and the highest (0.79) for sample Mant
0-I. Regarding this last biodiversity index, except at site Mant 2, the samples collected
at the first two depths (0–10 cm and 10–30 cm) from the anthropogenic plot were highly
comparable. Both biodiversity indexes and their equitability showed that the bacterial
community of control and anthropogenic soils are not particularly different.

3.5. Multivariate Data Analysis

All pedons were subjected to AHC (Figure 5) to obtain their classification in accordance
with their mutual dissimilarity and relationship based on physicochemical parameters
and relative abundance (%) of microbiota. Anthropogenic soil samples clustered almost
randomly considering their depth. In particular, the only two samples that showed a very
low dissimilarity were Mant 1-I and Mant 2-I, while Mant 3-I clustered with Mant 3-II, and
Mant 2-II with Mant 2-III. Considering a dissimilarity level of 30%, all Mant 0 samples
formed a single mega-cluster distant from the other clusters. The results showed that the
mega-cluster of Mant 0 samples is significantly different from the other two clusters of
anthropogenic soils with values of dissimilarity higher than 60.65% and values of within-

159



Land 2022, 11, 748

class variance lower than 13.20%. This analysis clearly demonstrated high dissimilarity
among anthropogenic soil samples.
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Figure 5. Dendrogram obtained from the hierarchical cluster analysis (AHC). Abbreviations are as
follows: Soil samples: Mant 0, control soil (original Vertisol not affected by pedotechnics), while Mant
1, Mant 2 and Mant 3 represent the anthropogenic soils of sites 1 to 3. Depths: I, 0–10 cm; II, 10–30 cm;
and III, 30–50 cm.

Furthermore, PCA was also carried out with the aim to discriminate a very high num-
ber of physicochemical and microbiological parameters in a few factors (Figure 6). Factors
1 and 2 had an eigen value higher than 3 and explained 58.71% of total variability (38.56%
and 20.14%. for F1 and F2., respectively). Biplot representation shows that CEC and Corg
strongly influence the F1. Considering microbial groups, Acidobacteria, Planctomycetes
and Cyanobacteria showed a strong influence on the factor F1, while Verrucomicrobia and
Bacteroidetes only showed a weak influence on F1, and this contributed to grouping control
soil samples into a mega cluster. On the contrary, Proteobacteria and Chloroflexi strongly
influence the F2 factor.

To examine the reciprocal influence of bacterial community and soil characteristics, a
correlation analysis was performed between bacterial phyla and physicochemical param-
eters of the samples investigated (Figure 7). The most significant positive correlations of
Planctomyces, Gemmatimonadates, Cyanobacteria and Acidobacteria were found for clay,
CSC and Corg. A highly positive correlation with clay was also showed by Actinobacteria,
with Corg by Bacteroidetes, and with CSC and Corg by Verrucomicrobia. Chloroflexi, Ni-
trospirae, Proteobacteria. Non-identified members of the community showed the highest
positive influence on limestone and sand. A positive influence on the last characteristic
was also registered for Bacteroidetes. Actinobacteria and Firmicutes were mainly impacted
soil conductivity. Finally, Firmicutes and other members influenced soil pH.
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Figure 6. Principal component analysis (PCA) among the microbiological and physicochemical
characteristics of soil sample. Abbreviations are as follows: CaCO3 Tot; total content of carbonate; EC,
electrical conductivity; CEC, cation exchange capability; Corg, content of organic carbon. Soil samples:
Mant 0, control soil (original Vertisol not affected by pedotechnics), while Mant 1, Mant 2 and Mant 3
represent the anthropogenic soils of sites 1 to 3. Depths: I, 0–10 cm; II, 10–30 cm; and III, 30–50 cm.

Figure 7. Pearson’s correlation between bacterial phyla and physicochemical characteristics of soil
samples. Colour intensity indicates the level of association. Abbreviations are as follows: CaCO3 Tot;
total content of carbonate; EC, electrical conductivity; CEC, cation exchange capability; Corg, content
of organic carbon.

4. Discussion

The success of anthropogenic soils is mainly due to the high economic incomes deriv-
ing from high yields through high labor inputs [48]. Since the 1970s, the entire agricultural
area of Palma di Montechiaro (Sicily) has been subjected to a change in land use for
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economic purposes. Olive yards and almond yards were converted into vineyards [49].
Moreover, the cultivated soils of this area were transformed by native farmers into an-
thropogenic soils, adding consistent amounts of calcareous marls in order to improve the
organoleptic traits of table grape.

The chemical parameters of the anthropogenic soils under investigation were com-
pared to those of control soil. The concentration of CaCO3 of the control soil was between
190 and 200 g/kg, comparable to that characterizing other Haploxerert soils located in the
same area [50]. The concentration of calcium carbonate of the anthropogenic soils was
higher, in the range 420–640 g/kg. These high results have been also registered for soils
from Quaternary limestone [51]. The values of pH of anthropogenic soils were around 7.9,
an average value displayed by soils with calcareous marls [6,50–52]. These high pH values
are due to the high concentrations of CaCO3 that exerts a buffer capacity [53]. Furthermore,
CEC of control soil was different from that of the anthropogenic soils analyzed. Regarding
this parameter, the average value of the anthropogenic soils was lower than that of control
soil because of the lower clay percentage after intervention [51,54–57]. The concentration
of Corg Tot was highest in control soil; this parameter ranged between 8.52 and 15.11 g/kg,
commonly registered for Vertisols [50]. The level of Corg Tot in anthropogenic soils was
consistently low (2.13 to 6.97 g/kg) and this is due to the dilution effect determined by the
addition of calcareous-marl material.

To our knowledge, anthropogenic soil microbiology in Sicily is almost unexplored,
and the basic relationships among soil modifications and bacterial evolution merit further
investigation. In general, the anthropic actions applied to soil might cause microbial
biodiversity reduction in the short term [58]. Thus, in this work, microbial imaging analysis
was performed after 7 years from soil modification, just before the first cycle of plant
cultivation. The microbial communities of the soils located in Palma di Mantechiaro were
first investigated by a polyphasic culture-dependent approach to provide direct evidence
on the viable populations. Plate count analysis carried out on soil samples showed that
TMA levels were, on average, in the range 6.7–7.5 Log CFU per g dw. These levels
characterize commonly uncultivated soils [59,60]. In general, TMA decreased with depth
and this finding is imputed to nutrient and oxygen limitations [61]. FF levels were 1 or
2 orders of magnitude lower than those of TMA. These results are due to the fact that
bacteria fill an ecological niche composed of aerobic, facultative anaerobic and N-fixer
microorganisms [56], which is much larger than that occupied by fungi. The same levels
of microscopic fungi were reported by numerous authors in the superficial parts of bulks
soils [60,61]. Generally, in agricultural soils, FF decrease at undetectable levels already at
20–30 cm, but in our anthropogenic soil samples, the absence of fungi was only recorded
at a 30–50 cm depth. This could be explained by a greater penetration of oxygen into the
deeper layers of soils enriched with calcareous material. In all cases, the viable levels of
the microbial groups investigated decreased with depth. For Actinomycetes, the count
range was close to that of FF, settling on values ranging between 4.0 and 5.0 Log CFU
per g dw, confirming what has been observed by other authors [62,63]. The same authors
also reported that the highest Actinomycetes densities are mostly found in the superficial
soil horizon.

In order to identify bacteria playing a direct role in soil aggregate formation, the genera
more typically associated with EPS production were investigated after colony isolation.
Bacteria grown on media used to count Sphingomonas and Caulobacter were purified and
cultured in broths in order to perform 16S rRNA gene sequencing. Despite growth on CM
and NK, none of the 63 presumptive Sphingomonas and Caulobacter isolates were confirmed
to belong to these genera. These findings are imputable to the scarce selectivity of the two
agar media used for these genera. The isolates were confirmed to represent 63 different
strains by RAPD investigation. The comparison of the 16S rRNA gene sequences with
those available in GenBank/DDBJ/EMBL and EZtaxon databases allotted the 63 strains
into 19 genera of three phyla: Actinobacteria, Firmicutes and Protobacteria. All three phyla
generally represent the most abundant soil bacterial groups [64,65]. Bacteria of the genus
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Bacillus have been found in all pedons. Five strains were identified as Bacillus megaterium,
which is known for its ability to produce EPS [66]. Furthermore, eight Pseudomonas strains
have been also identified. Bacteria of this genus are widely known to produce EPS [16].
They have been used singly or in association with Stenotrophomonas to stabilize aggregates
of artificial soils [67]. Among presumptive EPS-producing bacteria, some strains were
identified as Cupriavidus and Sinorhizobium, both N-fixing bacteria. Besides Bacillus and
Pseudomonas, some of the other bacteria identified, such as Streptomyces and Serratia, are
considered plant-growth-promoting bacteria [68].

In order to deepen the information about the bacterial community, MiSeq Illumina
technology was applied to total bacterial DNA extracted from all soil samples. The su-
perficial layer of control soil was mainly characterized by the presence of Actinobacteria,
Acidobacteria, Protobacteria and Planctomycetes. Apart from Planctomycetes, the other
bacterial orders are generally detected in cultivated and uncultivated soils [69,70]. The
dominant phyla of bacteria for the anthropogenic soils were almost comparable to those
of control soil. However, some exceptions were observed; Mant 3 was characterized by
Proteobacteria, Actinobacteria and Chloroflexi as the bacteria found at the highest percent-
ages. These groups are generally detected in soils subjected to conventional and minimum
tillage [71]. The high relative abundance of Ktedonobacteraceae in Mant 3-III is unsur-
prising, since this family uses sugars and peptides as carbon sources [72]. Among these
bacteria, Acidobacteria are known as ecological indicators because they are oligotrophic
and are present in soils with a scarce presence of nutrients, while, on the contrary, being
detected at very low levels in fertilized soils [73]. On the other hand, Proteobacteria are
considered copiotrophs [74] and are generally commonly detected in environments with
greater nutritional opportunities [75]. In the current study, Proteobacteria was widely
represented, for example in soil sample Mant 3-III, where their presence accounted for
57.45% of relative abundance. The dominance of this phylum over the bacterial community
of soil has been reported by several authors [76–79]. These bacteria play important roles in
soil; for example, Bradyrhizobiaceae and Rhodospirillaceae found almost in all samples
are N-fixers [80,81], while Oxalobacteraceae, found in A and B layers of control and an-
thropogenic soils, are the main degraders of soil organic matter and they are also involved
in production of phytohormones, such as auxin, gibberellin and siderophores [82]. These
families of Protobacteria are also indicators of soil fatigue [70]. Copiotrophs consistently
contribute to carbon mineralization [83].

Actinobacteria and Firmicutes cannot be considered copiotrophic nor oligotrophic [59],
but rather as ubiquitous bacteria capable of living in completely different conditions such
as forest and grassland soils [78,79,84] and even in polluted soils [77,85,86]. Specifically,
Microbacterium detected in almost all soils are able to degrade polycyclic aromatic hydro-
carbons with a high molecular weight [87]. In particular, the culture-dependent approach
confirmed that Microbacterium oxydans and Microbacterium hydrocarbonoxydans were present
in viable form in the superficial horizon.

An abundance of Chloroflexi are identified among soil bacterial communities [88–91].
The primary reason for their ubiquity is due to their metabolic diversity; this phylum
includes heterotrophs, lithotrophs and phototrophs adapted to both oxic and anoxic en-
vironments [92]. All soil samples analyzed in this study displayed bacteria within this
phylum in a range similar to those previously documented by other authors, even though,
surprisingly, Mant 3-III showed 22.42% of relative abundance allotted into Chloroflexi.
With regard to Sinorhizobium, Pseudomonas, Bacillus and Lysobacter genera, the culture-
independent approach showed some inconsistencies with the culture-dependent approach,
since their sequences were not amplified from DNAs extracted from samples that showed
their presence in viable form. This is not surprising, since these genera might have been
allotted into unassigned OTUs or their sequences were damaged by nucleases or were
below 0.1% abundance and not considered during classification.

Diversity indexes are useful to evaluate differences among environmental samples [93].
In this study, Shannon and Simpson indexes were calculated to compare control and an-
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thropogenic soils at the depths 0–10, 10–30 and 30–50 cm in terms of bacterial taxa diversity
at the phylum level. Due to the dominance of given phyla, the bacterial community was
basically uneven in all samples investigated. Alpha diversity analysis clearly showed that
bacterial diversity decreases with depth, and that among anthropogenic and control soils,
the differences were quite negligible.

Finally, all data were subjected to a multivariate statistical analysis. Both PCA and
AHC have been largely used to study the behavior of microorganisms in soil, the influence
of different external variables in the distribution of microorganisms or to study differ-
ent anthropogenic soils [94,95]. The main chemical parameters implicated on microbial
diversity were pH and Corg. These two parameters are generally used as predictors of
bacterial diversity in a huge number of sites around the world [96,97]. In those studies, a
soil pH around 7 correlated with a high biodiversity, while a decrease in pH determined
a reduction in bacterial biodiversity. Regarding the main bacterial groups found in our
study, Actinobacteria were not significantly correlated with pH and Corg, and this could
be explained by the ubiquity and capacity of these bacteria to live in different terrestrial
environments, even the most extreme soils characterized by nutrient deficiencies [98–100].
Furthermore, Proteobacteria, Chloroflexi and Firmicutes were negatively correlated with
Corg value. Regarding the direct influence of bacterial taxa on soil characteristics, the
correlation analysis confirmed the trend found for PCA. The spatial position of the three
pedons could not be a factor driving any variance in the microbial profile, since the only
factor dominant and regulating all soil variables is the man action in generating such
soils by transformation of the original Vertisol using the described pedotechnique. The
effects of any natural soil genetic factors were canceled at the moment of the creation of the
anthropogenic soil.

5. Conclusions

In conclusion, plate count results showed a significant decrease in almost all microbial
groups with increasing sample depth. The genetic analysis of the strains highlighted
the presence of 19 different genera, denoting a remarkable biodiversity within the plot
analyzed. Only two genera (Bacillus and Pseudomonas) were found in all pedons. The
results obtained from the isolation and sequencing of putative EPS-producing bacteria
identified the presence of Bacillus, Pseudomonas and Stenotrophomonas. Further studies will
be performed to test their potential to improve the aggregation of soils in a Mediterranean
environment. Next-generation sequencing indicated that the most represented phyla in
anthropogenic soils are Actinobacteria and Proteobacteria. Viable dominant populations
indicated that the anthropogenic soil hosted a mature microbial community useful for
land cultivation.
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Abstract: The challenges of the 21st century, namely, climate change and loss of biodiversity, especially
present in heavily populated areas, should be addressed. Nature-based Solutions (NBS) seem to offer
a suitable answer to these challenges. However, this new concept is not always easy to implement
in a sustainable manner. In an effort to identify the barriers and levers for the implementation in
cities of these sustainable NBS, several professionals working on them in France were interviewed.
The first analysis with the most quoted words shows that the constraints would be mainly related
to technique, management, biodiversity and people. The levers would be related to projects, roofs,
people, legislation and services. Further analysis shows that most of the interviewees feel that the
main barriers are the lack of knowledge, political will, financial resources and regulations. There are
also cultural limitations, such as the use of exotic horticultural plants rather than wild local species.
According to them, the technical problems should be easy to solve. To address these issues, the
interviewees propose the development of transdisciplinary research disciplines, as well as on-field
collaboration between all NBS actors in cities. They also recommend specific funds for NBS and their
implication in related regulations. Demonstrative examples of urban NBS highlighting their multiple
benefits are also needed to encourage their replication or upscaling. Education and communication
are essential to shift the traditional points of view on nature in the city.

Keywords: nature-based solution; city; barriers; levers; interview

1. Introduction

Today, urban environments are facing many challenges, including global warming,
loss of biodiversity and all their consequences. Within this context, Nature-Based Solutions
(NBS) appear to be the ideal tool. Indeed, they can act on both fronts. The International
Union for Conservation of Nature (IUCN) defines NBS as follows: “actions to protect, sus-
tainably manage and restore natural or modified ecosystems that address societal challenges
effectively and adaptively, simultaneously providing human well-being and biodiversity
benefits” [1]. The European Commission defines NBS as the following: “Solutions that
are inspired and supported by nature, which are cost-effective, simultaneously provide
environmental, social and economic benefits and help build resilience. Such solutions bring
more, and more diverse, nature and natural features and processes into cities, landscapes
and seascapes, through locally adapted, resource-efficient and systemic interventions.” [2].
These two definitions are often used as references, but others also exist. Indeed, there
are many definitions of NBS, but most agree that these solutions are beneficial to the en-
vironment and to humans rather than just focusing on the restoration of nature and its
conservation [3]. The following examples can be listed: restoration of mountainous slope
forests, which help avoid erosion and landslides; preservation of mangroves to limit the
risk of submersion; revegetation of buildings to improve their thermal properties.
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The NBS concept is mainly European and is often associated with climate change,
urbanization, water management, urban heat islands, air pollution, well-being, human
health and sustainability [4]. The concept is recent and is still emerging [5,6], with many
related scientific publications. In a search performed by the authors on 10 June 2021, Scopus
found 975 documents with titles, abstracts and keywords containing the term “nature-
based solutions”. Under the topic of the urban environment, the usual cited NBS are as
follows: urban forests [7,8], green roofs and walls [9,10], ecological corridors [11], or green
swales [9,12]. They are usually studied to manage stormwater issues or to mitigate urban
heat islands.

It is worth noting that some scientists, especially in the field of nature conservation,
treat NBS as “yet another buzzword” [13]. Even if the concept is currently a hot topic, it is
challenged by its physical implementation, which is often complicated by many factors [14].
These difficulties are particularly noticeable in the urban environment due to its typical
dense nature. Indeed, the implementation of NBS in urban settings raises the following
number of operational questions: How to adequately integrate them into the concerned
context? How to evaluate their costs and benefits? How to design solutions to meet the
different challenges? etc. [15]. In addition to these issues, there are many other barriers
facing the implementation of sustainable NBS in cities. With the help of a dozen people
interviewed working on NBS in France, this study aims to identify these barriers and
highlight the levers that can be used to overcome them. By responding to this problem,
answers for subsequently upscaling NBS in cities can be obtained.

2. Materials and Methods

For this study, several actors in France working on NBS were interviewed in a semi-
structured way. The interviewees were selected because the authors knew that they or
their organizations/companies were working on urban NBS in France for many years.
Hence, they were able to share relevant and eclectic discourses, experiences and analyses.
The authors are aware that this selection may have led to a bias, but as this work is
rather qualitative, this bias may be negligible. This study allows for the identification of
barriers and levers by “experts” in the field and is not a quantitative study on the level
of knowledge of the general public. In order to cover the whole spectrum of specialties,
interviewees from academic, institutional and operational circles were chosen, ensuring
the same number of people in each category. The profiles of these interviewees are listed
herewith the following: Ecologist and project leader at the Regional Biodiversity Agency,
researchers in Hydrology or Ecology at the Centre for Studies and Expertise on Risks, the
Environment, Mobility and Urban Planning (CEREMA), the French Research Institute
for Development (IRD) and the Museum of Natural History, general manager and head
of the planning and natural environment department of the Intercommunal Union for
Hydraulic Development of the Croult and Petit Rosne Valleys, project manager at the
IUCN, independent agro-economist and project manager at the Gally design office, project
manager in a design study at Topager, technical manager at SOPRANATURE (green
roofs and facades of SOPREMA, building, waterproofing and insulation company), and a
manager of the EcoQuartier mission (EcoQuartier is an approach supported by the French
Ministry of Ecological Transition, which promote new ways of designing, building and
managing the city sustainably. It includes 20 commitments, a label, a club to meet and tools
to train). More details are provided in Table 1.

170



Sustainability 2022, 14, 9975

T
a

b
le

1
.

Li
st

of
in

te
rv

ie
w

ee
s

w
it

h
th

ei
r

re
fe

re
nc

e
nu

m
be

r,
fu

nc
ti

on
,o

rg
an

iz
at

io
n,

Fr
en

ch
ac

ro
ny

m
an

d
w

eb
si

te
of

th
ei

r
or

ga
ni

za
ti

on
,s

ec
to

r
of

ac
ti

vi
ty

an
d

th
e

d
at

e
th

ey
w

er
e

in
te

rv
ie

w
ed

.I
n

th
e

re
st

of
th

e
ar

ti
cl

e,
th

e
le

tt
er

s
in

br
ac

ke
ts

co
rr

es
po

nd
to

th
e

re
fe

re
nc

e
le

tt
er

s
in

th
is

ta
bl

e
to

in
di

ca
te

,w
hi

ch
in

te
rv

ie
w

ee
is

ci
te

d.

L
e
tt

e
r

F
u

n
ct

io
n

O
rg

a
n

iz
a
ti

o
n

A
cr

o
n

y
m

W
e
b

si
te

S
e
ct

o
r

D
a
te

A
H

ea
d

of
st

ud
ie

s
R

eg
io

na
lB

io
di

ve
rs

it
y

A
ge

nc
y

A
R

B
ht

tp
s:

//
w

w
w

.a
rb

-i
df

.fr
/

(a
cc

es
se

d
on

20
Ju

ly
20

22
)

In
st

it
ut

io
na

l
17

N
ov

em
be

r
20

20

B
R

eg
io

na
la

ni
m

at
or

R
eg

io
na

lB
io

di
ve

rs
it

y
A

ge
nc

y
A

R
B

ht
tp

s:
//

w
w

w
.a

rb
-i

df
.fr

/
(a

cc
es

se
d

on
20

Ju
ly

20
22

)
In

st
it

ut
io

na
l

27
N

ov
em

be
r

20
20

C
R

es
ea

rc
he

r
in

hy
dr

ol
og

y
C

en
te

r
fo

r
st

ud
ie

s
an

d
ex

pe
rt

is
e

on
ri

sk
s,

en
vi

ro
nm

en
t,

m
ob

ili
ty

an
d

de
ve

lo
pm

en
t

C
ER

EM
A

ht
tp

s:
//

w
w

w
.c

er
em

a.
fr

/f
r

(a
cc

es
se

d
on

20
Ju

ly
20

22
)

A
ca

de
m

ic
4

D
ec

em
be

r
20

20

D

H
ea

d
of

th
e

ur
ba

n
pl

an
ni

ng
an

d
na

tu
ra

l
en

vi
ro

nm
en

t
de

pa
rt

m
en

t

M
ix

ed
sy

nd
ic

at
e

fo
r

th
e

hy
dr

au
lic

de
ve

lo
pm

en
to

f
va

lle
ys

SI
A

H
ht

tp
s:

//
w

w
w

.s
ia

h-
cr

ou
lt

.o
rg

/
(a

cc
es

se
d

on
20

Ju
ly

20
22

)
O

pe
ra

ti
on

al
8

D
ec

em
be

r
20

20

E
N

BS
pr

oj
ec

tm
an

ag
er

In
te

rn
at

io
na

lU
ni

on
fo

r
C

on
se

rv
at

io
n

of
N

at
ur

e
U

IC
N

ht
tp

s:
//

ui
cn

.fr
/

(a
cc

es
se

d
on

20
Ju

ly
20

22
)

In
st

it
ut

io
na

l
14

D
ec

em
be

r
20

20

F
G

en
er

al
m

an
ag

er
M

ix
ed

sy
nd

ic
at

e
fo

r
th

e
hy

dr
au

lic
de

ve
lo

pm
en

to
f

va
lle

ys
SI

A
H

ht
tp

s:
//

w
w

w
.s

ia
h-

cr
ou

lt
.o

rg
/

(a
cc

es
se

d
on

20
Ju

ly
20

22
)

O
pe

ra
ti

on
al

16
D

ec
em

be
r

20
20

G
R

es
ea

rc
h

di
re

ct
or

in
ec

ol
og

y
In

st
it

ut
e

of
R

es
ea

rc
h

fo
r

D
ev

el
op

m
en

t
IR

D
ht

tp
s:

//
w

w
w

.ir
d.

fr
/n

od
e/

8
(a

cc
es

se
d

on
20

Ju
ly

20
22

)
A

ca
de

m
ic

7
Ja

nu
ar

y
20

21

H
Pr

oj
ec

tm
an

ag
er

G
al

ly
’s

de
si

gn
of

fic
e

(d
es

ig
n,

pl
an

ts
,u

rb
an

bi
od

iv
er

si
ty

an
d

ag
ri

cu
lt

ur
e)

G
A

LL
Y

ht
tp

s:
//

w
w

w
.le

sj
ar

di
ns

de
ga

lly
.c

om
/

ag
en

ce
/l

e-
bu

re
au

-d
et

ud
es

-d
e-

ga
lly

(a
cc

es
se

d
on

20
Ju

ly
20

22
)

O
pe

ra
ti

on
al

20
Ja

nu
ar

y
20

21

I
Pr

oj
ec

tm
an

ag
er

/H
ea

d
of

m
is

si
on

To
pa

ge
r

(E
di

bl
e

an
d

w
ild

ur
ba

n
la

nd
sc

ap
e)

/M
us

eu
m

of
N

at
ur

al
H

is
to

ry
TO

PA
G

ER
/M

N
H

N

ht
tp

:/
/t

op
ag

er
.c

om
/

(a
cc

es
se

d
on

20
Ju

ly
20

22
)

ht
tp

s:
//

w
w

w
.m

nh
n.

fr
/f

r
(a

cc
es

se
d

on
20

Ju
ly

20
22

)

O
pe

ra
ti

on
al

/A
ca

de
m

ic
3

Fe
br

ua
ry

20
21

J
R

es
ea

rc
he

r
in

ec
ol

og
y

C
en

te
r

fo
r

st
ud

ie
s

an
d

ex
pe

rt
is

e
on

ri
sk

s,
en

vi
ro

nm
en

t,
m

ob
ili

ty
an

d
de

ve
lo

pm
en

t
C

ER
EM

A
ht

tp
s:

//
w

w
w

.c
er

em
a.

fr
/f

r
(a

cc
es

se
d

on
20

Ju
ly

20
22

)
A

ca
de

m
ic

4
Fe

br
ua

ry
20

21

K
Te

ch
ni

ca
lm

an
ag

er
SO

PR
A

N
A

TU
R

E
(V

eg
et

at
io

n
sy

st
em

)
SO

PR
EM

A

ht
tp

s:
//

w
w

w
.s

op
re

m
a.

fr
/f

r/
no

s-
pr

od
ui

ts
/v

eg
et

al
is

at
io

n/
so

pr
an

at
ur

e
(a

cc
es

se
d

on
20

Ju
ly

20
22

)

O
pe

ra
ti

on
al

19
Fe

br
ua

ry
20

21

L
R

es
po

ns
ib

le
of

Ec
oQ

ua
rt

ie
r

M
in

is
tr

y
of

Ec
ol

og
ic

al
Tr

an
si

ti
on

M
TE

ht
tp

:/
/w

w
w

.e
co

qu
ar

ti
er

s.
lo

ge
m

en
t.

go
uv

.fr
/

(a
cc

es
se

d
on

20
Ju

ly
20

22
)

In
st

it
ut

io
na

l
4

M
ar

ch
20

21

171



Sustainability 2022, 14, 9975

A questionnaire was especially prepared for this purpose. Most of the questions were
developed by the authors; however, the first Author adapted some of the questions to fit
the profile of each interviewee. The questionnaire was divided into the following six parts:
(i) context of the interview, (ii) personal information, (iii) NBS in the urban environment,
(iv) biodiversity and the ecosystem functions of these solutions, (v) constraints, barriers and
levers for the implementation and the sustainability of these solutions, and (vi) perspectives.
The main questions about barriers and levers are the following: “In your opinion, what
could be the obstacles to the implementation and sustainability of NBS in cities?” and
“What are the levers that could be used to promote the establishment and sustainability
of NBS in cities?”. For more details on the questions, see the “Questionnaire used during
interviews” in the Supplementary Material.

The semi-structured interviews were conducted in French by the first author via videocon-
ference techniques using the Meet Jitsi website (https://meet.jit.si/; accessed on 20 July 2022)
at the following address: https://meet.jit.si/EntretiensSolutionsFondeesNature (accessed on
20 July 2022). Each interview lasted between 45 and 90 min. They were carried out between
17 November 2020 and 4 March 2021. The first hour of the interviews was recorded (image
and sound) directly via the Meet Jitsi site and saved on the Dropbox cloud. The complete
interviews were recorded (sound only) via a voice recorder on a digital tablet. In addition to
handwritten notes taken during the interviews, full transcripts were made from the video and
audio recordings.

First, word clouds were created with the answers translated into English to the ques-
tions on constraints and barriers on the one hand and on levers on the other hand. This
enabled us to highlight the words most used by the interviewees in their answers (the more
often a word is quoted the bigger it appears in the cloud). The word clouds were made with
R and Iramuteq software using the active forms of the words (verbs, nouns, adjectives) cited
at least 5 times for barriers and 3 times for levers. Words that did not provide information
were removed (put, lot, thing, good, case, addition, false, feel, today, small, real, relate, back,
subject, start, true, set, show, fact, begin, end, sense, remain, bite, area, bring, percentage,
type, part, talk, necessarily). Words of the same family were merged.

Then, a deep analysis of the results of the interviews was conducted to explain in detail
the main identified constraints and levers. In order to illustrate the different arguments,
put forward by the interviewees, verbatim their answers are inserted in the presentation
of the results, and the related discussion. Illustrating a personal opinion, these verbatims
shed light on a specific topic and provide relevant information that can be confronted with
bibliographic references. The results of the interviews are divided into two parts. The
first part lists the constraints and difficulties encountered by the actors in implementing
Nature-Based Solutions. The second part gives the levers for effective implementation
under a framework of sustainability.

3. Results and Discussion about Barriers to the Implementation of Sustainable NBS

According to the word cloud (Figure 1a), the constraints to urban NBS are various. The
most highlighted words can be related to categories discussed in the following Sub-Sections:
technique (Section 3.1.2), management (Section 3.1.3), biodiversity (Section 3.3.2), people
(Section 3.3.3), etc.
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Figure 1. (a) Word clouds with answers to the questions on constraints and barriers to the implemen-
tation and sustainability of nature-based solutions (NBS) in cities; (b) word clouds with answers to
the questions on levers to the implementation and sustainability of NBS in cities. The larger a word
appears, the more it has been quoted.

3.1. Knowledge and Technical Barriers
3.1.1. Confusion Due of Multiplicity of Terms and Lack of Knowledge

The interviewed ecologist points out a problem, which is the “multitude of concepts
that designate more or less the same thing, that come together to designate nature-related elements:
nature-based solutions, green and blue solutions, green and blue webs, nature in the city, ecological
engineering, urban restoration, green infrastructure, etc.” (A). The same person adds the
following: “I think what you call NBS, is not called so by the people who implement them,
especially in urban areas. NBS is a new concept, not very common in communities, they’ll talk more
about a landscape project, a wetland or a retention pond, a park or a garden, etc.” (A). For him, this
term is mainly used by scientists. The problem of NBS-connected terms, even synonymous
ones, has already been raised in the scientific literature [16]. The multiplicity of terms
can be counterproductive, as it makes research more difficult to conduct. Accordingly,
there is a risk of misunderstanding due to contested nomenclature that might lead to a
replication of efforts. Moreover, the IUCN project manager said that the term NBS “[is]
not always well-used (one of my roles is to re-define it to ensure that it is used well)” (E). It is
therefore necessary to recall the adopted definition to homogenize the discourse among
different stakeholders.

Several interviewees pointed out that there is still a lack of data and knowledge on
NBS in urban settings. Even if studies on the subject have multiplied in recent years,
there are still grey zones that need to be filled [17,18]. Indeed, ecosystems and the urban
environment are complex, and their interrelationship is difficult to analyze. Thus, soils
are often underrepresented and tools enhancing soil quality are needed, according to one
interviewee. An interviewed researcher in ecology said that it was necessary to “increase
scientific knowledge on the components of biodiversity that allow to maximize ecosystem functions
and services” (J). According to the literature, there is little evidence of the multiple benefits
of NBS [3,19].

A project leader on NBS said the following: “There is a lack of indicators that reveal the
efficiency of NBS. [ . . . ] It is difficult to evaluate the gains resulting from NBS, especially when
taking into account all the costs and benefits, and not just the targeted problem. It is accordingly
hard to mobilize stakeholders, due to the lack of concrete proof on returns.” (B). According to
Kabisch et al. [18], there is a need to develop indicators that incorporate environmental
performance, health and well-being, citizen engagement, and maintenance/transferability.
People who implement NBS need to be reassured that these solutions will deliver the
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expected benefits; otherwise, investing in them might be useless. It is also important to
mention that long-term studies (i.e., over large time spans) on NBS in cities are still too few,
especially those dealing with the longevity of the advantages brought by these solutions.

3.1.2. Technical Problems That Can Often Be Overcome

Despite a general lack of knowledge, many interviewees reported that technical issues
were not the most difficult elements to solve. In fact, most of the time, technicians know
how to eliminate these types of constraints thanks to their own knowledge and to their field
expertise, as illustrated by an ecologist as follows: “Yes, there are technical constraints, but
they can be easily overcome, if you do things in the right order with specialists it can be done.” (A).
There is even a technical handbook specific to NBS that can help people work on them [20].
However, not all technical constraints are easily overcome. While this might be the case
for technical constraints tied up to buildings, the technical constraints linked to ecology
are harder to solve. Indeed, as observed, there is a definite lack of knowledge and skills in
this particular field. As a guideline, a hydrologist told the authors that simplicity should
be sought as follows: “Simpler solutions should be developed. Currently, NBS comprise of a lot
of things: some things are very technical and others are more elementary. In my views, the more
elementary solutions are closer to NBS and are better than the very technical aspects.” (C).

3.1.3. Lack of Maintenance and Durability

The ecologist of the Regional Biodiversity Agency said, “There is usually a lack of
monitoring over time, that is to say a before/after assessment. Also, there is a lack of understanding
on whether a gain for biodiversity has been attain and whether certain ecological functions were
affected, [ . . . ] to make an annual follow-up for instance is difficult, [ . . . ] Similarly, the fear from
part of communities exists based on not knowing what works over a long term.” (A). The hydraulic
union manager for the natural environment (D) gave the example of a watercourse that
was reopened in 2014, where only a single fauna and flora inventory had been carried out.
According to the manager, it would have been better to carry out a survey every two years at
least. She also explained that long-term monitoring is important to determine, for instance,

“the behavior of the stream after dry weather, or rainy weather, and see how the vegetation manages
to recover.” (D). She added that it was tricky to find “a good boundary between the desire for a
natural stream and the reality of urban area.” (D). NBSs are partly made up of living beings and
therefore are in constant evolution, thus requiring continuous maintenance. However, this
maintenance is not always taken into consideration in NBS projects [18]. The problem of
lack of monitoring and/or maintenance may be related to the fact that administrations have
a short-term view when a long-term one should be favored for NBS [21,22]. The problem of
maintenance raises the following number of questions: “Who will do the maintenance? How
do we make sure we have sustainable funding for this maintenance?” (E).

Although maintenance can be seen as a barrier to NBS, it can also represent an op-
portunity, as one person from the water development union (D) explained. Indeed, the
projects on which they work must manage rainwater at the plot parcel level. Currently, in
the case of underground water basins, maintenance is performed only in the first few years.
Then, because the basins are not visible, maintenance tends to drop. So, the union favors
the management of open-air rainwater, for which it is easier to implement a perennial
maintenance program and is prone to the creation of NBS such as wetlands.

3.2. Contextual Barriers
3.2.1. The Challenge of Adapting NBS to Local Climate and Climate Change

In the questionnaire, the climatic factors are considered constraints because they
require a significant adaptation of NBS (e.g., choice of plant species). Such a task is not
always easy and requires considerable knowledge. Ideally, it is better to use native plants
adapted to the local climate and to adapt the plant range on a case-by-case basis. However,
for practical reasons, this is not always possible.
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In addition, climate change and its consequences must be taken into account, and
species that can cope with them must be found in the near future [16,23]. However, this is
not an obvious task, as the project manager of the Gally design office said the following:
“If I plant trees, they must still be there in 20 or 30 years. Hence, how do I select them?” (H).
A researcher asked the following similar question: “In anticipation of a change in climate,
shouldn’t we start considering species that are not necessarily local, but more adapted to periods
of drought (e.g., Mediterranean species)?” (J). Even if certain people try to find solutions to
answer this problem, it is not yet the norm and many more efforts are still needed.

To limit greenhouse gases and therefore mitigate climate change, it might be interesting
to consider short-term actions, for example, trying to use local materials for the substrate of
green roofs. In this regard, a seller of green roofs explained that this is something that can
be very complicated to do in practice. Indeed, it is necessary to “[extract] the soil at the right
time during the construction phase, [characterize it] in the laboratory, [use it] partly on a roof [after
having it mounted].” (K). Mounting the soil is just as complicated, as follows: “You have to
put it in big bags, which are very expensive. This means that you have to set up a bagging workshop
on site or you have to move the local material onto a platform with semi-trailer trucks to use this
material, bag it as is or slightly rework it with lightening or structural elements, to bring it back to
the site for use.” (K). This leads to having to rethink the implantation/construction methods.

3.2.2. Too Little Space in the City and Land Prices Are Often High

Something that has not been mentioned much, but which is a characteristic reality
of the urban environment, is the lack of space and the price of land which can be very
costly in some cities such as Paris. Indeed, the average built density ((footprint × building
height)/study area) in Paris is equal to 2; in comparison, the built density of an individual
housing operation is about 0.3 [24]. In April 2021, the average price of a square meter
in Paris was EUR 10,780 [25]. This problem does not concern green roofs as they are not
in direct competition with other infrastructures because they can be inserted on the top
of buildings. However, the land characteristic is a major problem for ground NBS. The
city is a built environment that can be very dense and NBS can require large spaces that
are difficult to find in such an environment [26]. This lack of space can even lead to the
redesign of an urban project (D). On this subject, an interviewee points out that NBS can
take up a little more space than traditional solutions. He added the following: “Today,
we are already struggling to get people to accept more open space in development projects, more
green spaces or land. Projects are often far too dense. So, there’s an issue of creating space for these
NBS.” (A). The price of land can also be a disadvantage for the implementation of NBS and
sometimes conventional infrastructures can be more profitable, especially in the short term.
This competition for land use has already been discussed in the literature [18].

3.3. Cultural Barriers
3.3.1. Greenwashing: NBS Are Not as Eco-Friendly as Portrayed and Failed Cases of NBS
Give the Impression That NBS Are Not Efficient Solutions

One of the risks of environmental projects is greenwashing. Indeed, sometimes the
ecological aspect of certain projects can be oversold and overused by the NBS concept
term [27]. The project leader at the regional biodiversity agency thus refers to “NBS
can be used indiscriminately, for example referring to false ecological engineering” (B). One
researcher explains it the following way: “The risk with green roofs is that they oversell
ecological interests [ . . . ] services and benefits that might never be provided at the end.” (G). In
this context, green roofs can be considered mono-specific lawns that represent little interest
in biodiversity. Thus, many private NBS commitments are presented as offsets, which often
imply greenwashing [28].

Failed examples are also a major issue. The general manager of the water management
union said that there were bad examples in which NBS “brought disadvantages and increased
risks” (F). He made particular reference to bad practices in a reopened river zone, such as

“uncontrolled picnics spots, quads, and motocross activities” (F) even the accumulation of waste,
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and the excessive consumption of alcohol. When NBS planners observe such effects, they
might reconsider the implementation of their projects.

3.3.2. Biodiversity Is Not in the Foreground of Our Societies

Generally, biodiversity and its erosion are not in the foreground of our societies. For
example, in the United States, most people prioritize other issues such as terrorism, health
or the economy [29]. Presumably, these concerns are the same in Western societies such
as France. The recent health crisis due to COVID-19 has undoubtedly increased health
concerns and consequently pushed the biodiversity crisis into the background [30]. The
economy is also often at the center, leaving little space for environmental issues [31]. The
person responsible for urban planning and the natural environment of the hydraulic union
confirms that in urban development, biodiversity is not the priority, as follows: “Designing a
housing project with a focus on biodiversity as a priority can be complicated, since it comes second.”
(D). Even within environmental issues, the project manager of the Regional Biodiversity
Agency told the authors that protecting biodiversity is not a priority as follows: “[the
Ministry is really focused] on adapting to climate change, climate change in general and renewable
energies.” (B). Biodiversity often takes a back seat behind aesthetics (or agronomy), as
one ecologist noted the following regarding NBS substrates: “Today, substrates are made
by landscapers who want to give an agronomic or ornamental aspect to their project. In any case,
it does not consider the type of plants i.e., wild plants, or local plants, etc. [ . . . ] And that’s an
issue in NBS: to move towards more local plants.” (A). Another ecologist noted, “The fact that
there are neither landscapers, nor ecologists on the project, can raise the question of how someone
(i.e., the architect) who does not necessarily have this eco-friendly culture is going to put in place
everything.” (I). Indeed, the implementation of NBS in cities is often performed through an
opportunistic approach (A).

According to someone from the hydraulic union, despite what was presented, biodi-
versity seems to be increasingly taken into consideration, particularly in the legislations of
urban planning. However, as she explained, this approach is often more oriented towards
humans as follows: “Concerns today about the impact of projects, the long-term vision of a site,
the integration of nature, having green corridors, having less concrete, and more vegetation remains
within the framework of a vision of an environment adapted to humans: “You are going to be in a
neighborhood with lots of trees”.” (D).

3.3.3. Social and Cultural Barriers Are Often Predominant

An ecologist declared the following: “I would say the first constraint to implementing
NBS is cultural. It’s the fear of using nature versus grey infrastructure. [ . . . ] We’re afraid of these
solutions because we don’t find them reliable.” (A). The hydrologist (C) also mentioned the fear
that NBS may not work, which has been documented in literature such as the fear of lower
performance of green infrastructure versus grey infrastructure [32]. This cultural barrier
seems to be present at all levels, whether from the general public, communities, urban
planners, etc. Thus, there is a lack of citizen awareness, support and interest in NBS [22,33].

Later, the ecologist added the following: “People are afraid of nature. [ . . . ] People still
have a rather negative relationship with nature, even if it is changing. We see it in the case of the
wetland in Vignois, there are complaints from inhabitants about mosquitoes. It’s a daily job to try
and get people to accept it.” (A). This fear of nature may relate to the fear of the unknown
discussed by Kabisch et al. [18] in the face of uncertainties and risks of implementing NBS
in cities, as well as the changes these may induce in urban planning. This fear of nature
can also relate to real problems called ecosystem disservices, such as the mosquito bites
mentioned hereabove. Indeed, ecosystem disservices are inconveniences caused by nature
and they can be diverse in cities [34].

The manager of the urban planning and natural environment in the hydraulic union
mentions many human-related barriers as follows: “Often statements such as “Biodiversity is
very good, but not in my place!” are common. From the moment when vegetation is allowed to grow,
having a height of 50 cm of vegetation [ . . . ] in an urban environment is not something acceptable,
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because it does not look clean. [ . . . ] We try to make something beautiful so that it becomes better
accepted. [ . . . ] We can also have complaints because of pollen and its associated allergies” (D).

Another aspect of social barriers is the cost of organizing services or changing roles
within communities (C).

3.4. Institutional Barriers
3.4.1. Too Little Funding for NBS

There are also economic constraints, including the uncertainty about the cost of NBS.
For example, one hydrologist (C) said that NBSs are perceived as more costly than con-
ventional solutions. Such observations are also found in the literature on green infrastruc-
tures [32]. The technical manager of SOPRANATURE told us, “The economic constraints
of the project mean that green spaces are the fifth wheel. When there are savings to be made, they
are found in green spaces. The same applies for building, when savings are to be made, it is often
vegetation roofing that will suffer.” (K). The ecologist from the Biodiversity Agency told us
the following on this topic: “We are afraid of having to manage ecosystems for too long. Whereas
with good grey infrastructure, we know the cost, at least for the short term.” (A). His colleague
added the following: “Big problem to obtain financing complicates the mobilization of the public
on NBS, in particular because NBS are very broad, [ . . . ]. Many terms already used before. So,
funders are wondering what NBS have to add.” (B). She also says it is hard to obtain a quick
return on investment. According to the European Commission’s 2015 report [35], the cities’
budgets for green spaces are very small. Specifically, the lack of dedicated funding for
NBS implementation in cities has already been highlighted [36], and financial incentives to
use NBS are also missing [37]. According to Toxopeus and Polzin [38], the main financial
barriers to urban NBSs are lack of coordination between public and private funding and a
lack of integration of NBS benefits into valuation and accounting methods.

3.4.2. Too Little Space for NBS in the Regulations

Regulations can be a constraint for the development of NBS in the city because, as one
interviewee points out, “planning documents today do not have a space for these NBS.” (A). He
cites the PLU (i.e., the Local Urbanism Plan) and the SCoT (i.e., the Territorial Coherence
Scheme). An NBS officer (B) gave an example that an NBS was to be implemented in a zone
labeled as “to be urbanized” in the PLU, and that the project in which she was involved
could fund NBS only in zones classified in the document as natural. This example shows
how regulations can become obstacles to the implementation of NBS in cities. For now,
French regulations do not sufficiently encourage these practices. Kabisch et al. noted back
in 2016 [18] that urban administrations may lack information on legal instruments and
requirements for implementing NBS.

3.4.3. Lack of Political Will

Another important obstacle facing NBS in cities is the lack of political will. Indeed, the
development of such solutions requires political initiatives from elected officials, but that is
not always the case. This lack of political will as a major constraint to the implementation
of NBS in cities was also identified by Sarabi et al. [22]. Moreover, the representative of the
Biodiversity Agency (B) told that even if the political will was to be there, municipalities and
elected officials can change quickly and be replaced by some people less concerned by NBS.
This can compromise projects undertaken during previous mandates. In France, municipal
councils and mayors have a six-year mandate [39]. In comparison, the implementation of
an urban project takes at least ten years, often much longer than a political mandate [40].
The problem of changing administration was also mentioned by Kabisch et al. [18]. Davies
et al. [35] also discussed the long-term vision for green spaces that must be modified due
to policy changes. “It would be necessary for municipalities or agglomerations to have a real
desire, to be the driving force, in the PLU to reinforce the presence of biodiversity component on
their territories” (D), said a person from the hydraulic union.
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4. Results and Discussion about Levers to the Implementation of Sustainable NBS

According to the word cloud (Figure 1b), the levers for urban NBS are numerous. The
most highlighted words can be related directly to the categories discussed in the following
next sub-sections: projects and roofs (Section 4.1.3), communities and people (Section 4.2.2),
regulations (Sections 4.3.3 and 4.3.4), services (Section 4.2.1), etc.

4.1. Raising Awareness through Knowledge
4.1.1. To Address the Lack of Knowledge, Research and Diagnostic Efforts

To respond to the lack of knowledge of NBS, more research is required. The risks must
be diagnosed in detail in order to identify the sectors that are in most need of NBS. It could
also be interesting to develop “territorial diagnostic tools, for example, to know where the risks of
flooding or heat waves lay, and/or to target the different risk levels.” (A). An ecologist cites other
avenues of research as follows: “defining the NBS scale, or what is grouped behind it, and the
position of biodiversity within it.” (A). To maximize the contribution of biodiversity, more
knowledge of species ecology is required in order to create for them favorable conditions.
It would also be interesting to evaluate the real monetary costs and benefits of an NBS
implementation in the city. According to Kabisch et al. [18], the areas of knowledge to
be developed are the effectiveness of NBS, the relationship between NBS and society, the
NBS design, and its implementation. There are already several research projects on urban
NBS, such as the European Horizon 2020 “REGREEN” project. The main research axes of
this project are the following: improving knowledge of NBS, the development of mapping
and modeling tools and the study of the links between well-being, health and nature in
cities [41]. There is also the GROOVES study (Green ROOfs Verified Ecosystem Services)
carried out by the Regional Biodiversity Agency, which applies to green roofs in the Paris
region. In this study, inventories of flora and fauna were carried out and ecosystem services
such as water retention were studied. In general, more weight should be given to NBS
studies [42]. To address the lack of follow-up indicators on the NBS, IUCN has developed a
Global Standard with 3–5 indicators per criterion in the form of a traffic light (E).

Beyond research, the operational people who set up NBS in cities should make a
diagnostic effort, taking into account the context as a whole (local climate, context and
coherence). For example, the flora in the vicinity where NBS is to be set up should be
studied, and possibly plant the same into the NBS. One of the ecologists (A) associates this
with ecological engineering, which should be a reflex when setting up NBS.

4.1.2. Formation and Education on Nature and NBS at All Levels

To go against the cultural barriers, the director of the hydraulic union explains as
follows: “We are in a logic of training and not of communication; this is not enough to fight
prejudices, caused by for instance excessive services of green spaces (over shaving of banks under
the responsibility of the union). Afterwards, we must not be surprised to witness erosion on the
banks” (F). One of the ecologists (A) interviewed insisted that elected officials, technical
services, schools, communities and private sector individuals must be trained on NBS
issues and ecology, in general, to become well informed on these topics and therefore to
implement successfully NBS. In this dynamic, the director of the hydraulic union talked
about the following program, initiated by them: “an educational program that we introduced
this year into riparian schools” (F). The ecologist (A) also believes that engineering firms
need more technical training. Indeed, he noted that in most cases ecological compensation
measures were badly implemented by engineering companies as they lacked the necessary
skills. According to this ecologist, landscapers and architects must be trained in NBS too,
so that they can also implement them correctly. Indeed, it would be good if professionals
working on urban infrastructure were trained in NBS and not just in grey infrastructure [42].
On this subject, a researcher in ecology adds the following: “[We must] rethink the training
of public works which are still under the influence of large groups historical lobbying for such as
the “all pipe” for stormwater management lobby, “all to the sewer” lobby or any classic schemes
that manage the networks.” (J). None of the interviewees specified whether these education
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programs should be developed at the pre-service or in-service level, but presumably, they
should exist at both levels. Education programs on NBS and related topics at many levels
have already been mentioned as a lever for their implementation [3,43]. Thus, through
education, people can be motivated to protect the environment [44]. This education can
take many forms; for example, in Poland (in Katowice), a local community that trains youth
in sustainability was the main actor in organizing and networking citizens and the city for
a food festival where the term “nature-based” solutions was explained [10].

4.1.3. Demonstrator Examples That Can Be Replicated

It is important to have good examples to replicate. Indeed, the following is one
of the seven lessons about urban NBS that Frantzeskaki [10] drew from her study: the
need to learn about NBS and replicate them over the long term. An ecologist stated the
following: “I think we need large demonstrators today, such as large wetlands, or experiments like
in Lyon, on rue Garibaldi, on the cooling effect of trees, which show us concretely what benefits
these NBS bring, and to be able to quantify them.” (A). According to another interviewee, it
is necessary “to bring the elected representatives on the site” or “project owners should come
and see what is being done” (F). One NBS project manager summarized it the following
way: “You need to have examples, [which is] needed by communities. Knowing that another
community had the same problem, seeing what has been done on their site and the positive effects
of NBS application and seeing that it works, makes you want to do the same. [We need to]
get the momentum going.” (B) A hydrologist said the following: “[We must] manage to
show that NBS work, that they are good at absorbing rain, that in places with nature, people
are happier and to show that NBS are sustainable” (C). People likely to uptake NBS need to
be reassured. If they see NBS functioning properly and providing ecosystem services,
they may wish to replicate them. For the Life ARTISAN project (Increasing the Resilience
of Territories to Climate Change by Encouraging Nature-Based Adaptation Solutions,
https://www.ofb.gouv.fr/le-projet-life-integre-artisan; accessed on 20 July 2022, there
are 10 demonstration sites, including two in the Ile-de-France region (Les Mureaux and
AQUI’Brie), which have been selected on the basis of the NBS project, to demonstrate the
implementation of nature-based adaptation solutions. Demonstration sites provide an
opportunity to evaluate NBS in practice and adapt their management approach [18]. The
European Union has invested heavily in such NBS demonstration projects, notably with the
Horizon 2020 research and innovation program [45]. Beyond demonstration sites, there are
initiatives such as EKLIPSE that aim to evaluate the performance and benefits of NBS [46].

4.2. Multiplicity of Services and Supports
4.2.1. A Major Advantage of NBS Compared to Traditional Solutions Is Their Multifunctionality

As mentioned by the definitions of IUCN [1] and the European Commission [2],
NBS are multifunctional since they must simultaneously have benefits for humans and
biodiversity. One interviewee puts it the following way: “Often, the objective of NBS is to be
multi-functional, and therefore should not meet only one environmental challenge. Otherwise, it is
not called an NBS. At the very least, it must meet the objectives of adapting to climate change and
bringing benefits to biodiversity. If, in addition, it can cool a place or store water, store carbon or be
of recreational value to people, it is all for the better.” (A). This aspect is very important as the
multifunctional aspect of NBS in cities can bring benefits to many fields such as (micro-)climate,
ecology, hydrology, socioeconomics, land use planning, architecture, etc. In consequence, NBS
can mitigate many risks such as flooding, heat waves or coastal erosion, etc. [47].

The hydrologist thinks that it is necessary to put forward the multifunctionality of
the NBS for promoting them as follows: “[there is not just one] service but several [ . . . ].
For example, a pipe handles water better than a green roof, but the roof has more benefits.” (C).
He cited the following many functions delivered by NBS: “Cooling, fighting against climate
change, water management, human well-being, biodiversity conservation, city renaturation, and
reconnecting with nature. For water management, an example of advantages is treatment at the
source reduction of reject volumes in the networks, maximizing infiltration, minimizing runoff
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in urban surfaces to avoid pollution transfer, limiting impacts on the natural environment.” (C).
Other functions provided by NBS in the city, such as the case of wetlands, were mentioned
as follows: “living environment, depollution, shelter for aquatic fauna, maintenance of banks.” (D).
The multifunctional aspect of NBS is one of its strongest points. For example, in a series of
interviews conducted in Australia, 18 of 27 interviewees mentioned this aspect, and it was
often compared to the single-benefit nature of grey infrastructures [27].

4.2.2. NBS Arch across Many Fields, therefore Transdisciplinarity and the Establishment of
Network of Actors Must Be Encouraged

As suggested by their multifunctional aspect, the work on NBS in the city calls for
many disciplinary fields. It is therefore essential to promote transdisciplinarity and to
create networks between the different stakeholders. “The importance of transversal governance
is that it is very broad and that it associates the locals with the actors of the concerned territory in
order to have a common co-constructed project” (E). This collaborative governance is also one
of the seven lessons put forward by Frantzeskaki [10] to improve the implementation of
NBS in the city.

“It is also necessary to make more co-constructions between the actors of the city and actors of
biodiversity and of water. Because in fact, we often have projects done separately. We have our vision
of things while the people working on the city have their own. Maybe creating a multidisciplinary
working group on NBS would be interesting.” (A). The fact that professionals from different
fields do not have the same ways of thinking refers to “silo thinking” and has already been
identified as a barrier to green and blue infrastructure development [48].

It is important that actors working on urban NBS collaborate [19] and, in particular,
make the link between operational needs and applied research, or the public and private
sectors [22]. Public-private partnerships can even facilitate investments in NBS [36]. The
need for transdisciplinary work, as well as the need to co-design NBS, have already
been identified as a lever for NBS development [16,49]. Sarabi et al. [3] even identified
stakeholder partnerships as an enabling factor for NBS in 27 papers. There are already
collaborations between research and the operational field, such as one between École des
Ponts ParisTech and the company SOPREMA, which works on insulation, waterproofing
and roofs and offers a wide range of green roofs and facades.

To facilitate transdisciplinarity, it is important that professionals from various fields
connect with each other [22]. On the brand “Végétal local” [50] (i.e., local vegetation), which
sells wild local plants in France, an NBS representative stressed that it would be necessary
“to link the different initiatives like this one and to do everything together, while consulting each
other and maintaining a good understanding between each other” (B). The representative of the
Regional Agency for Biodiversity explained her role as follows: “To act as a link between all
the actors, to help local authorities interested in carrying out NBS: they contact me and I guide
them in finding technical support or consultancy firms that can carry out their field studies; I make
sure that there is a follow-up of the projects, encourage them to find funding, and provide the means
to carry out these projects. Interface role, lobbying for NBS.” (B) Such approaches should be
developed in the future to better promote the NBS in the city. This interviewee also referred
to the ARTISAN project already mentioned above and in which she is involved. Under
ARTISAN and at the national scale, there is a “resource network consisting of working groups
of different themes for the production of resources and tools to support actors on NBS, develop a web
interface, provide support for actors, support the mobilization of funding, initiate training programs,
and develop studies for building indicators needed for the implementation of NBS, etc.” (B) At the
regional level, the actors “decide together to build a roadmap over 5 years period, and design a
strategy for the development of NBS.” (B).

4.3. Institutional and Financial Support
4.3.1. What If NBS Could Save Money?

The ecologist from the Regional Biodiversity Agency had the opportunity to start a
study to compare the costs of green infrastructures to those of grey infrastructures. This
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study could not be completed due to a lack of data, but the preliminary results from a
small sample showed that “green infrastructures, in terms of investment and management, are
less expensive than grey infrastructures. For example, underground concrete tanks for rainwater
management are much more expensive than systems of swales, ponds or gardens.” (A). A more
in-depth study is needed to confirm these results, but NBS are potential sources of financial
savings. For example, a green roof can last twice as long as a traditional roof [51], thus
saving money on roof renewal [52]. According to Fan et al. [53], the presence of NBS can
even attract investments, while improving the image of the city that supports them. Green
spaces that are part of NBS could also help attract knowledge professionals and participate
in the city’s economic development [54].

4.3.2. Have Special Funding for NBS

To compensate for the lack of financial means necessary for the development of
NBS, one interviewee mentioned the following several ideas: “Economic levers to facilitate
investments in these NBS, at the community level are important. Perhaps, mechanisms like
payments for ecosystem services, or favorable taxation on NBS are a plausible idea. Advantageous
loans for communities willing to implement NBS are also a good idea.” (A). He also referred
to the possibility of having funds from the European Commission for the development
of NBS or at least for the restoration or the creation of ecosystems. In any case, it is very
important that public and private funds become available for NBS in cities [55]. In the
literature, there are different financial instruments that can encourage the use of NBS, such
as the modification of user fees for ecosystem services, limiting impacts on natural areas
and setting fiscal measures [36]. There may also be grants such as the one given by the
European Social Fund to an NGO in Szeged, Hungary, for community gardens [56]. There
are already initiatives to finance NBS, such as “Nature 2050” [57] (a program designed by
CDC Biodiversity), which allows companies to fund NBS (some of which are in cities). The
IUCN, in its 2018 French NBS committee brochure, indicates other ways to fund NBS, at
least in France, such as funding for “climate” projects, “natural risk prevention” projects,
calls for projects from water agencies, etc. [58].

4.3.3. Labels and Certifications That Endorse and Promote NBS

Labels and certifications can promote NBS in cities by enhancing their value. In this
regard, an ecologist expressed his point of view about labels that, in his opinion, are closest
to NBS, as follows: “the BiodiverCity label on buildings. There are Ecojardin, EVE (Espace
Végétal Écologique) labels for green spaces [ . . . ]. Labels are an opportunity for the development of
NBS.” (A). The BiodiverCity label, supported by cibi (International Council on Biodiversity
and Real Estate), concerns all urbanization projects in urban, peri-urban or natural sites,
and displays the performance of real estate projects that take biodiversity into account [59].
Two of the goals referred to by NBS and set by this label are to “Maximize useful biotopes
and ecological functionality” and to “Provide nature services for building users”. One
interviewee commented the following on this label: “BiodiverCity provides a number of criteria
to be fulfilled, among which the indigeneity of the plant palette, which demands to have a certain
percentage of indigenous plants” (I). A person working on the EcoQuartier label indicated
that this label is obtained at the urban or rural project level. It includes the following four
dimensions: approach and process, living environment and uses, territorial development,
environment and climate. These dimensions contain 20 commitments. The following two
of these commitments are linked to NBS: “Proposing urban planning to anticipate and
adapt to climate change and risks” and “Preserve, restore and enhance biodiversity, soils
and natural environments”. These two commitments can therefore be used to implement
NBS in the city. The presence of a green roof on a site can allow obtaining labels such as
BiodiverCity, Effinature (“certification devoted entirely to the consideration of biodiversity
in construction, renovation and development projects” [60]), or HQE (high environmental
quality). However, it can also work the other way, as follows: Wanting one of these labels
on a project can push them to implement a green roof. Currently, in French urban projects,
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the label BiodiverCity seems to be the one that supports the most biodiversity and NBS in
cities. However, according to several interviewees, this label does not demand enough from
an ecological point of view. Experts [61] agree that other certifications also (BREEAM and
LEED) incorporate NBS but not in sufficient detail, particularly with respect to vegetation.
Therefore, it would be necessary to develop the existing labels and create new ones. A
specific label for NBS could be beneficial.

4.3.4. Include NBS in the Regulations to Make Their Use Mandatory and Sustainable

Regulations are very important to promoting NBS [22]. According to the head of the
town planning and natural environment department of the union for hydraulic develop-
ment, it is even the best lever for setting up NBS in cities. She mentioned the Local Urban
Plan (PLU; see Table 2) “to have more nature in the city. This document allows for clearly defined
orientations” (D). This document has the power to impose NBS in cities. This union for
hydraulic development also participates in the PLU by working with the municipalities to
free up as much space as possible. An ecologist specified on this subject: “with an urban
planning document, one can make a zoning plan, let’s say, for a wetland; one can impose the greening
of roofs in the articles of the regulation; one can suggest the management of rainwater on the plot
in green spaces; one can also suggest vegetated swales in front of buildings. In fact, you can do
a lot of things with PLU.” (A). His colleague from the Regional Agency for Biodiversity
explained as follows: “We are trying to introduce often as we can in the PLU, PCAET (Territorial
Climate-Air-Energy Plan) and in all other planning aspects the words NBS and measures for
NBS.” (B). Water management at the parcel level can also be written into the PLU and
hence promote NBS. Regarding NBS affecting water management, there are other French
documents. One is called SDAGE (Water Development and Management Master Plan).
Another one is named SAGE, which is a variation of SDAGE. This SAGE focuses more,
at the local scale, on catchment areas and their watercourses. Since 2020, the hydraulic
development union has been in charge of integrating the regulations of the SAGE with the

“implementation of protection measures, promoting non-imperviousness around the streets, and the
infiltration of the first 8 mm of rain.” (D). Such regulations may encourage the use of NBS for
urban water management. The registration of NBS in documents, such as the PLU ensures
the durability of these solutions, beyond political changes (B). A hydrologist also cited the
regulatory constraints by the communities that are in charge of sanitation such as the city
of Paris (the departments, the water management union or the water agency), which can be

“either discharge limitation, or an abatement of so many mm of rainfall per event, rather than at the
scale of a development or combination of several techniques, several NBS” (C). Such documents
can also promote the use of NBS in cities. In any case, it would be preferable for regulations
to take into account the multi-benefit aspect of NBS [62].

Table 2. Names of French regulatory documents cited by interviewees (with their acronyms, full
names in French and English, and definitions).

Acronym Full Name in French Full Name in English Definitions

PLU(i) Plan Local d’Urbanisme
(intercommunal) Local (intermunicipal) Urban Plan Main urban planning document at municipal or

inter-municipal level.

PCAET Plan Climat-Air-Energie Territorial Territorial Climate-Air-Energy Plan
A planning tool that aims to mitigate climate change,

develop renewable energy and control
energy consumption.

SDAGE Schéma Directeur d’Aménagement et
de Gestion des Eaux

Water Development and Management
Master Plan

Main tool for the implementation of the
Community’s water policy and set the guidelines for

6 years to achieve the objectives of “good
water status”.

SAGE Schéma d’Aménagement de Gestion
des Eaux Water Management Plan

A more local version of the SDAGE, to reconcile the
satisfaction and development of uses and the

protection of aquatic environments.
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4.4. Appropriation by the General Public
4.4.1. Climatic Hazards Can Encourage the Use of NBS

Although climate can be considered a constraint for NBS, several interviewees said
that they saw it more as an opportunity. Indeed, NBSs are often intended to manage the
effects of climate change [23,63]. An ecologist declared the following: “[the communities]
will try to appropriate the subject. [ . . . ] if they see that there is flooding, they will want to deal
with it”, “People are realizing that we should put back trees and vegetation, and that we should
uncover rivers which have been buried in the recent past and so that they can play the role of
sponges.” (A). This sponge notion refers to the “sponge city” concept that was brought
forward by the Chinese government in 2013. It “describes an urban environment that is
devoted to finding ecologically suitable alternatives to transform urban infrastructures
into green infrastructures so these could capture, control and reuse precipitation in a
useful, ecologically sound way.” [64]. There are climate-related initiatives, such as the
Life ARTISAN project already mentioned above, which deal only with the climate change
adaptation facet of NBS. The fight against climate change may also represent an opportunity
to include NBS in the regulations, as developed in the previous paragraph.

4.4.2. Raising Awareness and Communication to Re-Educate on Nature and Mainstream NBS

According to a water union official, “It takes a lot of communication, for re-educating people
about nature.” (D). “There is also a need in governance, to have people in communities who are
responsible for these NBS issues. That this concept must also be carried out at national level.” (A).
There is a necessity to raise awareness in order to move away from the classical landscape
approach that has subsisted for years and from the bad habit of using exotic plants (B). The
representative of the Agency of Biodiversity proposed “to go looking for the communities,
to inform them, and to mainstream the term NBS” (B). To mainstream the concept of NBS,
media such as the internet, television, radio, and newspapers can be helpful [3]. It is also
important to raise awareness about the effectiveness of NBS [45]. To have political and
public support, awareness about the links between climate, health and the benefits of NBS
is required [65]. The person responsible for the natural environment of the water union
gave another piece of advice to educate the general public toward increased integration of
nature into the city as follows: “Create stages that would allow the eye to get used to the changes.
For example, if you demolish a building, it attracts the eye, but if you remove the floors one by one,
then you don’t necessarily see that the building is being destroyed. With nature it’s kind of the same,
by going step by step, it can allow the uninitiated eye to better accept situations gradually rather
than shocking it by a single event.” (D).

5. Conclusions

NBSs are considered an efficient tool to develop sustainable cities. For this reason, they
are promoted by the UICN and the EU. By conducting several interviews with different
professionals working on NBS (of academic, institutional and operational backgrounds),
this study analyzed the barriers and levers related to their implementation in France.
Despite belonging to different professional categories, the respondents seem to agree
on common barriers affecting NBS implementation. The lack of scientific and cultural
knowledge and the absence of financial, political, and institutional support appear to be
the main reasons for the current low use of these solutions, whereas the technical problems
raised by NBS seem to be more manageable.

To address these issues while putting more emphasis on the conservation of biodiver-
sity, several avenues have been proposed by the interviewees. First, in order to improve
the current knowledge of the functioning of NBS, some significant research efforts should
be undertaken (essentially promoted by the academic and operational categories). They
have to be carried out within a multidisciplinary framework. This seems necessary to
better understand and assess the different ecosystem services (regulation, supply, cultural)
provided by NBS, as they refer to the following several different disciplines: ecology,
hydrology, mechanics, social sciences, urban planning, microclimate . . . It is also impor-
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tant to have concrete demonstrative examples of NBS in cities that work well in order to
highlight this multifunctional aspect (promoted by all categories). The follow-up and moni-
toring of these pilot sites will also contribute to producing quantitative data that will feed
research activities.

The second track, which is also deeply related to the development of research, is
education (which is promoted by all categories). The concept of NBS must be better and
more widely introduced in training programs. The enrichment of knowledge will allow
the consolidation of higher education courses and the promotion of their abilities to solve
operational problems. The higher education framework will also facilitate the adoption of
the multidisciplinary approach mentioned above and will promote the networking of the
different actors involved in urban planning. The link between academic knowledge and
its operational applications can also be performed by certifications and labeling that are
commonly adopted by stakeholders. Obtaining a label or certification will eliminate any
suspicion of “greenwashing” and also justify the implementation of an NBS rather than a
traditional solution (essentially promoted by operational category). Note that this work
has begun with the definition of the IUCN standard. These quantification tools could value
NBS performances and also benefit from monitored pilot sites.

NBSs are also currently considered as climate change adaptation tools. In this applica-
tion, they could be renamed NBAS (for Nature-Based Adaptation Solutions). In such an
evolving climatic context, the sustainability of their ecosystem services and their associated
performances over time is poorly known. This raises many questions about the choice
of species to implement, their evolution in an urban environment strongly impacted by
climate change, and their possible need for maintenance . . . Here again, experimentation
and the development of knowledge will provide answers that must be taken into account if
we do not want to create new barriers to the implementation of NBS.

Finally, in addition to these scientific requirements, more social-societal initiatives can
be proposed. Indeed, most of the seven lessons for planning NBS in cities proposed by
Frantzeskaki [10] refer to consultation and co-construction approaches. The definition of
new common goods, the involvement of the different local authorities, the appropriation
of urban space by citizens, and the construction of a relationship of trust between these
different entities, are all avenues to be favored to facilitate the implementation of NBS. This
societal reorganization of urban planning, coupled with the democratization of knowledge,
surely represents the best levers for overcoming the various obstacles listed in this article.
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Abstract: Nature-based solutions (NBS) have been central to the European Union’s drive to address
climate change, ecological degradation, and promote urban prosperity. Via an examination of the
Horizon 2020-funded URBAN GreenUP project in Liverpool, this paper explores mainstreaming
NBS in city planning. It uses evidence from pre- and post-intervention surveys with Liverpool
residents and interviews with local business, environmental, government, and community sector
experts to illustrate how a complex interplay of scale, location, focus, and visibility of NBS influences
perceptions of the added value of NBS. This paper highlights the requirement that NBS interventions
be bespoke and responsive to the overarching needs of residents and other stakeholders. Moreover,
we underscore the importance of expert input into the design, location, and maintenance of NBS
and call for these key drivers of successful delivery to be better integrated into work programs.
This paper also notes that the type and size of NBS interventions impact perceptions of their value,
with smaller projects being viewed as less socially and ecologically valuable compared to larger
investments. We conclude that while small-scale NBS can support climatic, health, or ecological
improvements in specific instances, strategic, larger-scale, and more visible investments are required
to accrue substantive benefits and gain acceptance of NBS as a legitimate and effective planning tool.

Keywords: Nature-Based Solutions; urban planning; community perceptions; urban nature;
biodiversity; multi-functionality; climate change; green infrastructure

1. Introduction

The rise of Nature-based solutions (hereafter NBSs) has been catalyzed by significant
investment from the European Union (EU) through its Research and Innovation (R&I)
portfolio. EU funding aims to build the evidence base for how nature-focused interventions
can address climate change, improve public health and well-being, support economic
growth, and promote urban renewal [1]. The Horizon 2020 schemes focusing on NBSs fund
research and demonstration projects to showcase the breadth of opportunities available to
planners, politicians, the environment, and the public sectors to solve public problems and
integrate more ecologically sustainable development into urban development [2]. Through
a broad program of micro/singular, street, and area/neighborhood-based interventions,
NBSs have been implemented in European cities to test the positive impact that nature-
focused interventions can have at multiple scales (micro, e.g., a lamp post; site, e.g., a park
or building); street; neighborhood; and across different urban contexts [3]. The following
uses “scale” to define the size of a NBS intervention. In addition, the focus of NBS is
reflective of their multiple socio-economic and ecological functions and how they aid
the delivery of climate change adaptation/mitigation, health and well-being, economic
prosperity, and improved quality of life. At the same time, the visibility of NBS relates to the
ease with which NBS interventions are seen and interacted with in an urban context. The
goal is ultimately transformative, i.e., to provide ecological and socio-economic evidence
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for NBS, enhance their visibility to potential users, and mainstream them within urban
planning and regeneration design and delivery.

To examine the added value of NBS in delivering ecological and socio-economic
benefits in cities, we leveraged insights from a six-year project to design, implement, and
test the contribution of nature-centric projects to solving urban challenges [4]. The paper
uses the Horizon 2020-funded URBAN GreenUP project as a case study, and specifically
the interventions delivered in Liverpool (UK), to illustrate the complexity of translating the
theoretical promise of NBS into the practice of greening highly urbanized environments.
The paper sets out to answer the following:

1. Which NBS are considered most appropriate by residents, businesses, and other
communities of interest to address a range of sociocultural, economic, and ecological
challenges in the Liverpool case study area?

2. What barriers can hinder the delivery of NBS within a high-density urban area?
3. What are the most appropriate NBS options in terms of scale (micro, site, street, neigh-

borhood), location (urban, urban-fringe, rural), NBS ecological and socio-economic
function, visibility, and interactivity that can be used to address the widest range of
issues impacting high-density urban areas?

The paper presents two sets of interlinked evidence to answer these questions:
(1) a survey of residents in Liverpool examining the perception of existing GI and URBAN
GreenUP-funded NBS; and (2) insights from development, third, and environmental orga-
nizations. This directly responds to the enthusiastic advocacy for urban NBS in policy and
practice, providing evidence from a live demonstration project that tests the promise of NBS
in practice. This evidence bridges professionals, e.g., local government and representatives
of environmental organizations, and local perspectives on the perceived added ecological
and/or socio-economic value provided by investment in NBS. This allows for a detailed
commentary on local and strategic considerations for implementing NBS in Liverpool. This
is of global interest, considering it was a centerpiece of EU investment and part of a wider
effort to leverage the power of NBS in cities as other cities will face similar challenges.
Within this context, successful delivery is framed as an investment that local participants
perceive as positively enhancing the quality of quality of life socially, economically, or eco-
logically. Success is not presented as calculable (or quantitatively evidenced) improvements
in urban ecosystem functionality, as this is beyond the scope of this paper. Therefore, the
analysis presented relates to the perceptions of business, environmental, and residential
stakeholders of the additional benefits that NBS provides in Liverpool. The paper show-
cases where links between climate adaptation, improved access to nature, enhanced air
quality, and improved health and well-being can be enhanced through NBS investment.
However, our research also underscores that communication of the benefits of investment
in NBS, co-design with residents, the third sector, and environmental organizations, and
delivery that meets identified local needs are core factors that must be foregrounded in all
cities to guide investment.

Overall, the paper argues for a locally grounded appreciation of which NBS may be
appropriate in urban areas and consideration of what benefits and functions are needed
to maximize the value of such interventions for resolving complex challenges. While
NBS has been automatically accepted as a public good, we call for consideration in the
proposal and design stages of what socio-economic and/or ecological “additionality” any
NBS intervention will provide and to whom [5]. This supports the evolving discussions
of NBS interventions developed by Kabisch, Frantzeskaki, and Hansen [6], who, as part
of the wider discourse supporting NBS, suggest that effective NBS investment should
be structured against five core principles: (a) systematic understanding; (b) benefits to
people and biodiversity; (c) inclusive solutions that are long-term; (d) context consideration;
and (e) communication and learning. While the debates presented in this paper acknowl-
edge the value of such framings, the discussion presented in the case of Liverpool placed
an increased emphasis on considerations of NBS in terms of (i) elements, (ii) functions,
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(iii) benefits, and (iv) beneficiaries to ensure that locally appropriate investments
are delivered.

2. Framing NBS in Urban Planning

NBS emerged internationally as an approach to resolving linked challenges relating to
climate change, biodiversity loss, and community livelihoods [7]. Although the concept
originally focused on the conservation, restoration, and enhancement of natural ecosystems
and broader landscapes, the focus of these debates in Europe shifted to greening cities,
where the majority of people live and where environmental challenges are most acute [8].
Approximately 70% of the EU’s population lives in urban areas, driving significant changes
in the functionality of linked socio-economic and ecological systems. This includes impacts
on water quality and quantity, biodiversity loss, and degraded air quality, with conse-
quences for ecological function, human health, and the economic viability of cities. The
Horizon 2020 program aims to add to the evidence base to understand how investment in
“nature” in its myriad forms (e.g., street trees, green facades, parks, or sustainable drainage)
can act as a viable solution to the problems associated with growth and unsustainable
development patterns in cities.

By building on conversations about the benefits of nature, e.g., ecosystem services [9]
and the connective [10], accessible, and multi-functional principles of green infrastructure
(GI) [11,12], NBSs are being promoted as an innovative way to enhance these benefits by
integrating ecological thinking into engineered, i.e., built environment, systems [13]. NBS as
a term is new, but conceptually, it is built on decades of research discussing the value of an
investment in urban nature, for example, in the urban ecology literature [14,15]. However, the
promotion of “nature” as the central principle of investment does differ from previous forms
of green space and landscape development [16,17]. In such a scenario, GI, or greenspace,
could be positioned as an overarching concept, putting a conceptual and thematic structure
in place that contextualizes investment in nature as essential infrastructure [18]. Practice-
based delivery can subsequently promote using NBS as the action component of a wider,
environment-centric framework to deliver ecologically focused development. By working
with nature as a means to deliver on the objectives of core goals rather than as an afterthought,
investments in NBS can offer cost-effective and responsive forms of urban management that
support greener and more sustainable growth in cities [19,20].

The capacity of government decision-makers and the environmental and business
sectors to implement NBS varies substantially geographically and across governance levels
(e.g., local, regional, and national) [21]. Consequently, although advocates in environmental
organizations and academia have argued convincingly for investment in NBS, there remain
diverse views of the added value that NBS can provide [22]. Current debates on NBS are
starting to address this issue to ensure that the technical, legal, and political challenges
faced by practitioners, scientists, and decision-makers working in cognate sustainability
disciplines are more effectively integrated into urban development practice. Consequently,
despite the relative infancy of NBS as an academic subject, it has emerged as core termi-
nology within urban nature debates in Europe. This shift is visible in the catalogs of NBS
typologies and investment options being proposed in the literature. These include the use of
urban forestry, sustainable drainage, increased biodiverse planting, green wall/roof/facade
technology, parklets and parks, urban agriculture, and roadside verge pollinator enhance-
ments [1,18,23]. More technological solutions are also being debated, utilizing sensors to
examine heat, pollution, water, and biodiversity change linked to variations in the form and
function of each of the types of NBS noted above. The breadth of interventions available
highlights the need for an understanding of NBS to be informed by examples of their value
in practice.

The benefits of ecologically centered investment include the delivery of comparable
functionality to engineered solutions but at lower costs and more responsiveness to changes
in the fabric of an urban environment [24]; thus, they offer a ‘dynamic mutability’ to the
pressures placed on urban landscapes [19]. Therefore, taking a wide perspective on what
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can be considered NBS is a useful approach to addressing such variability. Furthermore,
the research literature suggests that NBS optimize the benefits of ecological systems within
the built environment, promoting a more nuanced appreciation of “nature” within praxis to
ensure different stakeholders can more effectively engage with NBS compared to traditional
engineered solutions. When aligned with a consideration of NBS elements, functions,
benefits, and beneficiaries, it is possible to apply a more holistic framing to NBS, examining
what is delivered, what change they are promoting, and how local people can engage with
and benefit from them [18].

3. The URBAN GreenUP Project and Greenspace Planning in Liverpool

These assertions can be tested by examining the design, delivery, and monitoring
of NBS interventions associated with the URBAN GreenUP project. URBAN GreenUP
(https://www.urbangreenup.eu/, accessed on 7 July 2023) is a 5-year EU-funded R&I project
testing the value of integrating innovative NBS in urban areas. Due to delays in the delivery
of NBS caused by COVID-19, URBAN GreenUP was extended by 12 months to become a
6-year program. The project comprised a consortium of 27 universities and research insti-
tutions, Small–Medium Enterprises (SMEs), local governments, and environmental organi-
zations located in eight countries (China, Columbia, Germany, Italy, Spain, Turkey, the UK,
and Vietnam).

Liverpool (UK) is one of three front-runner cities, along with Izmir (Turkey) and
Valladolid (Spain), that led the delivery of NBS interventions and the development of
a transferable methodology for planning and implementing NBS. The project also in-
volved five follower cities (Chengdu in China, Ludwigsburg in Germany, Mantova in Italy,
Medellin in Columbia, and Quy Nhon in Vietnam), which tested the project’s innovations
and methods. Each partner city brings a wealth of local government, environmental, and
technological expertise to the project that has been integrated to aid in the identification
of solutions to a range of sociocultural, economic, and ecological problems. The three
front-runner cities developed portfolios of NBS interventions, which have subsequently
been expanded into a series of renaturing strategies for cities. The project also facilitated
a more holistic understanding of the complexity associated with NBS delivery, as it has
worked across varied geographic, climatic, political, and governance systems.

The URBAN GreenUP project does not sit in isolation but is one of three EU Horizon 2020-
funded NBS R&I projects. Its sister projects, Connecting Nature (https://connectingnature.
eu/, accessed on 7 July 2023) and Grow Green (https://growgreenproject.eu/, accessed on
7 July 2023), are comparable to URBAN GreenUP in terms of their consortium composition.
Variations are visible in each project’s strategic objectives. Grow Green in Manchester focuses
on a single large neighborhood-scale project, West Gorton Sponge Park, and the Glasgow
(UK)-based components of Connecting Nature, including a range of small- and medium-
sized interventions. The breadth of delivery has provided important insights for the EU,
enabling them to examine what works, how it works, and where barriers remain to successful
NBS interventions.

While NBS should be delivered at a landscape scale to meet global standards [25],
retrofitting NBS within existing ‘hard’ urban forms makes this challenging. This challenge
is evident in the portfolio of NBS interventions delivered by URBAN GreenUP, which
were at a site and street scale. Figure 1a–d illustrates examples of the interventions, which
include green walls, pollinator lamp posts, biodiverse pollinator street planting, and in-
vestment in street trees to add shade, promote pollination, and intercept pollution and
rainfall. In addition, Table 1 provides a profile of each research/investment area and
the NBS interventions located in each. Moreover, ecological floating islands, deculvert-
ing/bioretention and sustainable drainage works, and urban garden bio-filters were all
delivered to examine the potential impact that NBS could have on people, the environment,
and the local economy. A full portfolio of investments can be accessed via the project
webpages: https://www.urbangreenup.eu/solutions/, accessed on 7 July 2023.
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Figure 1. (a) NBS interventions in Liverpool—St John’s Centre Green Wall, Liverpool City Centre.
(b) NBS interventions in Liverpool—Pollinator lamp post installation, Baltic Triangle, Liverpool.
(c) NBS interventions in Liverpool—Biodiverse pollinator planting, Park Lane, Liverpool (out of
season). (d) NBS interventions in Liverpool—Street tree interventions to address traffic pollution and
surface water flooding, The Strand, Liverpool.

Both policy and research on NBS underscore the need for participatory planning
and co-design [26,27]. Over its lifespan, URBAN GreenUP worked extensively with local
government, the environment and business sectors, technology start-ups/companies, en-
gineers, landscape architects, and, to a lesser extent, local communities. The aim was to
ensure that (a) the right NBS is located in the most appropriate place, (b) local stakeholders
are aware of the NBS interventions and the associated socio-economic and ecological ben-
efits, and (c) the range of benefits associated with each NBS intervention is grounded in
robust evidence. This approach has been crucial in generating a detailed appreciation of
what NBS interventions are needed, how they address local needs, and how they support
local government policy mandates to address climate change, health and well-being, and
economic development issues. The following reflects on the perceptions of local respon-
dents to the changes afforded to the physical environment, their interaction with and
valuing of urban nature, and the socio-economic and ecological benefits that investment in
NBS can deliver. As a front-runner city within the URBAN GreenUP project, the city of
Liverpool is being used as a testing ground for novel approaches to investment in NBS, and
the acceptance and critiques of this program of work offer useful insights for cities adopting
similar interventions. This study provides an analysis of public acceptance of NBS in terms
of size, location, and type that can be used to shape future design and investment. It also
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provides evidence of the role played by communication, engagement, and co-design of
investment plans for cities, as well as a more nuanced appreciation of how stakeholders
make links between alternative environmental and socio-economic factors. Evidence of
this nature is valuable to cities in different locations and aids in the transferability of best
practices (or the identification of poor practices) from which other locations can learn.

Table 1. URBAN GreenUP survey areas and associated NBS interventions.

Survey Location Description URBAN GreenUP NBS Interventions

Business
Improvement District

City-center business area is characterized by a
mixture of commercial, office, and retail space.
Limited residential. Serviced via main roads.

St Johns/Parr Street/Chavasse Park Green walls,
pollinator verges/green spaces, The Strand street
tree investments, Wapping Dock Floating
Ecological Island, mobile gardens/mobile forest
bathing pods

Baltic Triangle

Area of mixed residential (mostly apartments but
some Victorian terrace and social housing), light
industrial, creative, and commercial spaces.
Located next to the main road (Wapping, Chaloner
Street, and Parliament Street) and River Mersey.
Limited NBS on-site.

Street trees, pollinator lamp posts, pollinator
verges/green space, forest school and church
activities, sustainable drainage systems.

Sefton Park

Residential area of south Liverpool is
characterized by a mix of apartments,
semi-detached houses and converted Victorian
townhouses. Some commercial/retail use. Sefton
Park is the largest NBS in the area, a Green Flag
awarded park, and one of Liverpool’s most
frequently patronized sites.

Floating Ecological Island, Street/shade trees,
pollinator green spaces.

Otterspool

Residential area of south Liverpool is
characterized by a mixture of 20th-century terraces
and semi-detached houses. Otterspool Promenade
and the greenspace system are the largest NBS in
the area. Some light industrial use includes a
neighborhood recycling center. Located proximate
to A561 Aigburth Road and River Mersey.

Pollinator green spaces/verges, sustainable
drainage systems, deculverting/bioretention flood
work, wood/tree planting.

The delivery of NBS will always be informed by historical debates and local politics,
and this was certainly the case in Urban GreenUP. In Liverpool, green space is a marker of
unequal investment and geographic inequalities. The wealthier southern parts of the city
have more and higher quality GI and increased engagement with environmental issues,
while communities in the north face multiple sources of social and economic deprivation
and have less (and lower quality) GI [28]. Issues of spatial parity, environmental quality,
access, and variability of amenities have been extensively debated and documented in the
Liverpool Green Infrastructure Strategy [29] and the subsequent Liverpool Green and Open
Space Review (LG&OSR). These indicated that NBSs in Liverpool are considered valuable
and that greater investment in environmental management is needed to address climate
change, biodiversity loss, a lack of sustainable transport options, and health and well-being
inequalities [30]. One direct consequence of the LG&OSR has been the foregrounding of
nature in the subsequent approach taken by Liverpool City Council to address environ-
mental issues. It also facilitated Liverpool City Council’s engagement with the EU’s call for
partners to join the Horizon 2020 NBS R&I projects and the city’s inclusion in the URBAN
GreenUP project.

A political willingness to engage with urban greening has thus been developed over
several years. The relationships that Liverpool City Council has with regionally innovative
environmental partners working on ecological issues are key to this. These institutions
aided Liverpool City Council in engaging expertise to shape their environmental thinking
by facilitating technical, academic, and knowledge exchange. However, despite the visible
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relationships between the city, environmental organizations, developers, and the public,
there remain critiques of Liverpool’s environmental policies. These focus on the equitable
provision of green space and the limited emphasis placed on tackling environmental quality
issues compared to achieving economic development objectives. There is also a perceived
lack of accountability associated with the City Council by some communities, which
view all development as negatively impacting the city’s natural environment [31]. The
URBAN GreenUP project attempted to redress these issues by implementing a program of
NBS interventions.

4. Materials and Methods

To evaluate the impact of NBS interventions, each frontrunner city developed indica-
tors and a monitoring framework. In Liverpool, social indicators focused on understanding
the knowledge, perceptions, and engagement with NBS among businesses, SMEs, envi-
ronmental organizations and charities, residents, local communities of interest, i.e., church
groups or friends of groups, and elected officials. Data were collected over an extended
period (2019–2022) to ensure that a range of stakeholders who stand to benefit from the
interventions were included.

The following sections analyze the evidence generated from two primary forms of
data: interviews with communities of interest and the results of a postal survey (under-
taken ex-ante and ex-post of the program of NBS interventions). Both approaches to data
collection focused on communities of interest located proximate to URBAN GreenUP NBS
interventions, as these respondents were considered to have a more detailed understanding
of the local environmental context prior to and post-intervention (see Tables 1 and 2). How-
ever, the paper acknowledges that the sample size of the interviews and ex-ante/ex-post
surveys is not statistically representative of the population of Liverpool or communities
proximate to each intervention (see Table 3 for demographic profiles of proximate wards).
The ex-ante survey aimed to establish a baseline position on perceptions of NBS in Liv-
erpool, while the ex-post survey asked respondents to consider the URBAN GreenUP
interventions and how these informed their perceptions of urban nature and its benefits.
Data collection was influenced by COVID-19, which limited opportunities to engage with
respondents face-to-face or on-site (see Section 4.3 for further details).

4.1. Interviews with Communities of Interest

A total of 22 semi-structured interviews were conducted with businesses, SMEs,
social enterprises, non-governmental organizations’ workers, members of ‘Friends of’
groups, and elected officials/councilors in Liverpool. Participants were selected due to
their prior engagement with urban development and/or environmental issues prior to
the commencement of URBAN GreenUP. Interviewees were located proximate to the
intervention areas of Sefton Park, Otterspool, the Baltic Triangle, and the Central Business
Improvement District (BID) or held a role of responsibility for their development, i.e.,
elected officials.

Practically, interviewees were provided information about the project, the nature of
their engagement, and information regarding consent and anonymization prior to agreeing
to engage. Interviews lasted between 30–90 min and were recorded and transcribed. Con-
sent was obtained from all interviewees, enabling the project team to use their commentary
in the public domain in an anonymized form. Each interview focused on the following:

(1) Perceptions of the present provision of NBS/green space in Liverpool,
(2) Perceived impacts URBAN GreenUP NBS interventions on the city’s natural environ-

ment,
(3) URBAN GreenUP governance structure and approach to urban greening, and
(4) The perceived legacy of URBAN GreenUP.

The transcripts were analyzed thematically to illustrate where links were made be-
tween policy and governance, co-design, and engagement of local communities, the added
socio-economic and/or ecological value of investing in NBS, and the potential for longer-
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term benefits to Liverpool via the URBAN GreenUP interventions. Issues of design, en-
gagement, focus of project interventions, long-term maintenance, and the delivery of
benefits are key themes noted in the research literature focusing on NBS [8,32–34]. Direct
commentary has been used from the fifteen participants (along with their organizations
and areas of work—although twenty-two interviews were undertaken in total) shown in
Table 2. Commentaries from the remaining seven interviewees corroborated the informa-
tion presented but did not provide additional examples to extend the debates presented in
the following sections. It is also acknowledged that the sample size of interviewees does
not represent the wider body of professional organizations in Liverpool. However, the
proximity of each organization and their knowledge provided interviewees with a greater
understanding of the local urban and ecological context and the potential added value of
URBAN GreenUP-funded NBS interventions. The project attempted to engage a larger
number of organizations in the interview process. However, due to unforeseen logistical
issues, organizations were not able to be involved in the data collection process.

Table 2. Interview profile and stakeholder type.

Interviewee Profile Stakeholder Type

Business-owner—Planning Consultancy Business
Manager—Retail Organisation Business

Owner—Environmental Consultancy Business Business
Owner—Environmental Consultancy Business Business

Business-owner—Hospitality Business
Chair—Residents Organization SME/Social Enterprise

Managing Director—CIC SME/Social Enterprise
Manager—Natural Heritage NGO NGO/NFP

Religious Leader NGO/NFP
Head of Economic Non-Profit NGO/NFP

CEO—Civil Society Organisation NGO/NFP
Head—Parks Organisation ‘Friends of’ group
Head—Parks Organisation ‘Friends of’ group

Labour Councillor Councillor
Green Party Councillor Councillor

4.2. Ex-Ante and Ex-Post Postal Survey

To ensure that a cross-section of local responses was generated, a resident’s survey
and expert/professional interviews were developed to assess local knowledge and use
of NBS proximate to URBAN GreenUP interventions. The survey focused on respondent
perceptions and relationships with nature in urban environments, their use of these spaces,
and positive and negative assessments of NBS. It also reflected on how NBS could pro-
vide benefits to climate change mitigation, pubic/personal health and well-being, social
inclusion, community engagement, the livability of the area, property values, crime, and
local business opportunities. The questionnaire survey was constructed to provide re-
spondents with opportunities to respond quantitatively via Likert/preference scales (a
5-point scale was used—strongly agree, mostly agree, neutral/neither agree nor disagree,
mostly disagree, strongly disagree) and activity/issue lists, i.e., activities/uses of NBS, and
qualitatively through open-ended questions. Both qualitative and quantitative questions
were used to provide respondents with opportunities to detail their understanding of local
NBS (Tables 4 and 5 provide indicative results of these types of questions).
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Table 3. Ward Profiles of areas proximate to URBAN GreenUP NBS interventions.

Population Male/Female
IMD

(1 = Most Deprived to
30 = Least Deprived)

Unemployment
Rate

Housing (Most
Significant Tenure)

Wards closet to Sefton Park and Otterspool NBS Investment Areas

Church 13,722 48.02% (M)/51.98% (F) 30 3.7% 79.92% Owner
Occupier

Cressington 15,182 49.64% (M)/50.36% (F) 24 5.2% 69.2% Owner Occupier
Greenbank 15,731 47.73% (M)/52.27% (F) 22 6.1% 48.73% Private Rented

Mossley Hill 13,463 49.91% (M)/50.09% (F) 29 3.5% 73.9% Owner Occupied

Princes Park 20,529 47.67% (M)/52.33% (F) 8 12.8% 49.31% Registered
Social Housing

St. Michaels 12,724 47.33% (M)/52.67% (F) 20 7.0 47.46% Owner
Occupier

Wards closest to BID and Baltic Triangle NBS investment area

Central 33,468 46.92% (M)/53.08% (F) 26 2.3% 78.67% Private Rented

Princes Park 20,529 47.67% (M)/52.33% (F) 8 12.8% 49.31% Registered
Social Housing

Riverside 23,498 47.77% (M)/52.23% (F) 15 7.3% 54.89% Private Rented

Table 4. Survey perceptions of NBS quality, quantity, and accessibility located proximate to URBAN
GreenUP interventions (ex-ante and ex-post results). Boxes in red denote an overall negative response
and those in green an overall positive response.

Sefton Park
(Ex-Anti

Intervention)

Sefton Park
(Ex-Post

Intervention)

Change in
Response

(Posi-
tive/Negative)

Otterspool
(Ex-Anti

Intervention)

Otterspool
(Ex-Post

Intervention)

Change in
Response

(Posi-
tive/Negative)

How would you
rate your

neighbourhood
NBS in terms of

quantity

93.7% Good/Very
Good

92.1% Good/Very
Good Negative 100% Good/Very

Good
97.6% good/very

good Negative

How would you
rate your

neighbourhood
NBS in terms of

quality

84.7% Good/Very
Good

82.5% Good/Very
Good Negative 90.5% Good/Very

Good
89.3% Good/Very

Good Negative

In your
neighbourhood,
how would you
rate the NBS in

terms of
accessibility.

90.7% Good/Very
Good

89.6% Good/Very
Good Negative 85.7% Very

Good/Good
92.8% Good/Very

Good Positive

Thinking about
the city of

Liverpool as a
whole, how

would you rate
its NBS in terms

of quantity.

69.9% Good/Very
Good

64.7% Good/Very
Good Negative 76.2% Good

Very/Good
65.9% Very

Good/Good Negative

Thinking about
the city of

Liverpool as a
whole, how

would you rate
its NBS in terms

of quality.

65.6% Good/Very
Good

65.6% Good/Very
Good Negative 54.7% Very

Good/Good
75.3% Very

Good/Good Positive

Thinking about
the city of

Liverpool as a
whole, how

would you rate
its NBS in terms
of accessibility.

61.3% Good/Very
Good

59.2% Good/Very
Good Negative 65.9% Very

Good/Good
70% Very

Good/Good Positive
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Table 5. Survey respondent knowledge of URBAN GreenUP NBS interventions (drawn from ex-
post survey only). Boxes in red denote an overall negative response and those in green an overall
positive response.

Sefton Park (Post)
Reaction

(Posi-
tive/Negative/Neutral)

Otterspool (Post)
Reaction

(Posi-
tive/Negative/Neutral)

Have you seen the
green wall at St.
John’s Shopping

Centre?

65.1% No Negative 82.4% No Negative

Were you aware that it
was an URBAN

GreenUP
intervention?

84.9% No Negative 96.3% No Negative

Have you seen the
green wall on Parr’s

Street?
81% No Negative 90.4% No Negative

Were you aware that it
was an URBAN

GreenUP
intervention?

91.8% No Negative 97.6% No Negative

Have you seen the
floating island in
Wapping Dock?

79.1% No Negative 91.8% No Negative

Were you aware that it
was an URBAN

GreenUP
intervention?

81.9% No Negative 97.6% No Negative

Have you seen the
floating island in

Sefton Park?
69.8% Yes Positive 56.5% Yes Positive

Were you aware that it
was an URBAN

GreenUP
intervention?

74.4% No Negative 81.5% No Negative

Have you seen the
bio-retention pond in

Otterspool?
53.5% yes Positive 71.8% yes Positive

Were you aware that it
was an URBAN

GreenUP
intervention?

90.7% No Negative 89.3% No Negative

Surveys were distributed to homes within a 300 m radius of the two research sites:
Sefton Park and Otterspool, located in south Liverpool and hosting URBAN GreenUP NBS
Interventions. Two surveys were conducted—the first in 2019 prior to NBS interventions to
establish a baseline of local perceptions of NBS (hereafter the ex-ante survey) and a second
in 2021 following the completion of NBS interventions (hereafter the ex-post survey). The
postal survey was delivered by hand and collected by the research team because (a) postal
surveys without interaction with the research team generate lower returns and (b) they
provided the research team with an additional level of certainty regarding how many
people/homes had been engaged, how many had responded, and whether additional visits
to collect/remind residents to complete the survey were needed. Respondents were also
provided with the opportunity to return completed surveys via postal mail in a pre-paid
envelope. The use of a postal survey was considered to add greater validity to the data
collection process, as the research team could guarantee (within some tolerances) that
the survey would be completed by people living proximate to existing and new NBS
interventions. Respondents were able to complete the survey by hand for collection by the
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project team and return it by pre-paid envelope. They were also able to complete it online
via a designated survey weblink. Details of the online survey (including a weblink) were
included in the information provided in the postal survey.

A total of 75 survey responses were received from residents in the ex-ante survey
(N: 35 Sefton Park and N:42 Otterspool), and 173 responses (N:86 Sefton Park and N:87 Ot-
terspool) were returned following the ex-post survey. The combination of data collected for
the survey provided scope to analyze whether links between preferences, uses, appreciation
and/or understandings of NBS in Sefton Park and Otterspool could be made.

4.3. COVID-19

URBAN GreenUP ran from 2017–2023, and the main period of data collection oc-
curred during the 2019–2021 COVID-19 pandemic. Consequently, the approach taken
to data collection was modified to adhere to institutional and UK government stay-at-
home and social distancing regulations. The outcome was that face-to-face surveying
work was deemed inappropriate, and data collection was predominately conducted online,
i.e., interviews on Zoom or via postal survey, where interaction with the research team
was minimal. The authors acknowledge the implications of such a pivot from face-to-face
evidence collection in terms of potentially limiting the number and range of potential
participants engaged. However, the alternative methodological framework developed
was considered robust, providing an effective approach through which residents and
communities of interest could be engaged.

5. Results

The outcome of interviews with local communities of interest and the postal survey
with residents illustrate a range of considerations regarding the value of both NBS generally
in Liverpool and URBAN GreenUP NBS interventions specifically. Results have been
categorized and presented in three distinct areas: Elemental and functional influences,
Project and locational influences, and Thematic influences of NBS success to highlight the
variation in participant responses related to the breadth of views that need to be made
when implementing NBS.

The presentation of the results is not split between interviewee and respondent re-
sponses but is presented thematically across the three areas noted above. This is a deliberate
choice, as it is considered to show greater complementarity between the different voices en-
gaged with NBS. Sections 5.1–5.3 combine evidence from the interviews and survey results,
as both address the thematic framings of each sub-section. This provides the discussion
with a more nuanced approach to comparing issues deemed significant to professionals
and residents. Direct quotes or specific points are attributed to specific interviewees or
noted as being drawn from the resident survey.

The data generated from the interviews are also presented as a set of critical commen-
tary reflecting participant considerations of the additional value that NBS and the URBAN
GreenUP interventions can provide in Liverpool. The survey responses were analyzed
with descriptive statistics to explore trends in the data. In Tables 4 and 5, for example, the
data provided is drawn from Likert Scale analysis and depicts the most frequently used
responses to a series of questions focused on perceptions of NBS quality, quantity, distri-
bution, visibility, accessibility, and use. It is also acknowledged that there is a cross-over
between both the results derived from the interviewee and survey responses, as investment
in NBS does not fall solely into the purview of professionals or residents and, as such,
should not be compartmentalized when issues of politics, sociocultural, economic, and
environmental issues intersect.

5.1. Elemental and Functional Influences: Location, Scale, Functionality, Interactivity

Significant emphasis was placed on the location, scale, and quality of NBS in Liver-
pool by both respondents to the postal survey and interviewees. From an interviewee’s
perspective, the city has a host of high-quality NBS in the form of its Victorian parks and
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waterfront area; however, it was noted that the distribution in terms of north-south, areas of
low income/affluence, and proportion of these spaces was inequitable. This was reported
by an elected official, who stated that:

“I think we have some wonderful parks in the city, particularly in the south. They are not
proportionate. I think we need more green corridors, whether they are pedestrian or bike
lanes, that people can use.”

The view that NBSs are not distributed equally was also commented on by a business
respondent when considering access to nature in urban areas: “I have absolutely no idea what
the people who live in the city are doing for their walks and to get out of the house because they have
not got anything that is remotely connected at the moment.” However, an alternative and more
positive elected official commented that URBAN GreenUP was facilitating a conversation
about the breadth of options available to Liverpool City Council and partners to invest in
NBS. They stated that:

“Scientifically, I do not know how much of an impact [URBAN GreenUP NBS interven-
tions are] going to have because, obviously, they are fairly small [but] something like that
[floating island] I think is useful as a talking point. Then we can start the conversation
about biodiversity. My attitude is that you should try and work out what the problem
is and what you want to do about it, then how you do it, and then find the money. This
[URBAN GreenUP] really started with the money, which is not a very good way to start.
It is very difficult for a politician or a senior officer to resist a project that comes with
money attached.”

Therefore, although issues of location and scale were reported, URBAN GreenUP
could act as a catalyst for the city to rethink how it invests in urban nature by reflecting on
what type of intervention would work in specific locations.

Considering NBS from such a perspective would enable the City Council (and partners)
to address the pervasive view that there is insufficient NBS across Liverpool. Table 4
highlights this issue: Postal survey respondents had largely positive views of NBS (85%+
positive responses for local NBS), but views of the city’s environmental resources were less
positive. Responses to the postal survey vary in their assessment of the quality, quantity,
and accessibility of NBS locally and at a city scale. Local/neighborhood NBS are perceived
more positively than Liverpool’s. This aligns with expert commentary in the city and
academic literature and highlights an ongoing issue of environmental governance within
Liverpool related to parity of resource allocation.

By contrast, the views expressed in the ex-post survey are also conditioned by re-
sponses to COVID-19 and city-wide lockdown protocols. As such, perceptions of acces-
sibility, quality, and quantity may have altered from 2020 onward if respondents had
(a) limited access or (b) spent more time in green space and thus were more critically aware
of quality/quantity issues. Moreover, it could be argued that respondents in Sefton Park are
more critical of the totality of Liverpool’s NBS resource base due to their proximity to one
of the city’s two Green Flag accredited parks (Sefton Park and Stanley Park). Residents in
Otterspool may not have placed such an emphasis on local sites in their commentary. There-
fore, they may have been more accepting of the variation in location, size, and function
due to the greater variation in NBS quality compared to Sefton Park residents. Otterspool
residents report improvements in accessibility locally (an increase from 85.7% to 92.8%)
and across the city (an increase from 54.7% to 75.3%) in the ex-post survey, supporting
this view.

The variation in commentary from local expert interviews and residents supports
existing discussions concerning the distribution of NBS in Liverpool. This highlights the
need for continued engagement with issues of how projects identify sites for development
(as well as financing for maintenance) across the city. It also suggests that although URBAN
GreenUP has value for enhancing ecological resources, the interventions may be inadequate,
especially for addressing the existing disparity caused by long-term development objectives
across the city.
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5.2. Project and locational influences: Communication, Visibility

“Firstly, I think individuals, businesses, and developers have not gotten a clue. They
need something like this [URBAN GreenUP] to give them ideas . . . they know about
buildings, and they know about commerciality, but they have no clue about how they can
do it in a very considered way. There is a lack of creativity in terms of what we have here,
which is a bunch of facilities that could have green all over the place in terms of their
roofing. There is a real lack of imagination in terms of how green space can actually be
created. We are not being individually or collectively clever enough.”

The lack of visibility of the URBAN GreenUP interventions was perceived as under-
mining their success by interviewees in business, the environment, the SME sector, and
local government. The quote above from a local NGO highlights two significant issues
with NBS interventions: (a) local awareness of project work and (b) the type of projects
delivered. The NGO officer critiqued the lack of innovation by local businesses, community,
and environmental organizations in terms of experimenting with NBS beyond planting
street trees, street greening, or creating pock parks. This raises questions regarding whose
responsibility it is to facilitate innovation and/or investment in NBS and who has the
authority to deliver change in urban areas where multiple landowners are present. Even
where substantial interventions were delivered, i.e., the 65 m long “living green wall”
comprising over 14,000 evergreen plants on the St. Johns Shopping Centre, there was a
view from a local Small–Medium Sized Enterprise (SME) that “[local people] will not see the
fringe [the green wall] around St. John’s Shopping Centre in any way making up for some of the
stuff that is going on.” Although a further SME noted that they considered URBAN GreenUP
to have support within the city, this was skewed towards the environment sector rather
than from a broad cross-section of stakeholders:

“I think URBAN GreenUP as a concept has support, but only among a small group of
people in the know, predominantly eco-warriors and university types, and people with
responsibility within the council for eco-friendly decisions.”

One issue repeatedly noted by interviewees extending this view is the city’s role
as the facilitator of URBAN GreenUP and the language used to raise awareness of the
project. The term “NBS” is considered overtly technical and thus lacks resonance with
local people. As noted by a representative of a ‘Friends of’ Group, such language makes
NBS less tactile, as it is not as common compared to parks, trees, or nature (although each
of these terms is also complex). Moreover, within the NGO and environmental sectors,
two respondents commented:

“I would not naturally have put that phrase [NBS] with URBAN GreenUP unless you
are defining the problem as there is not enough green space and we would like it to be
more . . . I would have gone more for something like nature-based enhancements. If it is
more about how we actually want to enhance green corridors and make it a nicer place to
live, I would not necessarily think ‘solution’ was the phraseology for that.” (NGO)

“I have a personal reaction to the word ‘solution’, and it is not a good one because a
solution emanates from a problem, and I just do not like problem–solving processes; they
are too simplistic. You take a problem and you solve it; you [then] usually create ten more
problems, often they are somebody else’s, and it flows on from there, and sometimes they
come back to bite you. It is an endless task. It is also symptomatic of simplifying quite
complex systems.” (Environmental consultant)

Both highlight a potential limitation of NBS terminology if it does not readily translate
to all communities. Moreover, the comments illustrate how, even within the environ-
mental sector, interpretations vary regarding the meaning of words. In the case of NBS,
the use of “solutions” is viewed as problematic if or when interventions are not linked
directly to context-specific issues. In Liverpool, the city’s Green Infrastructure Strategy [26]
and the URBAN GreenUP project proposals identified a range of core climatic, socio-
economic, and health issues that NBS could address. However, although this information
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was integrated into the framing and project documentation, development, and delivery of
URBAN GreenUP, it may not have been effectively communicated to all communities in the
city—especially residents (see Table 5, which presents resident awareness of URBAN
GreenUP interventions).

Consequently, there were concerns among a significant number of participants regard-
ing the communication of the added value of NBS interventions associated with URBAN
GreenUP. This is also visible in the responses from the ex-ante and ex-post postal surveys,
where awareness of both the project and its specific interventions was limited. Table 5
outlines the awareness of Sefton Park and Otterspool respondents, noting that the floating
ecological island in Sefton Park and the bioretention work in Otterspool were the only
known interventions. This suggests that the interventions delivered were (a) physically
too small to be visible to residents, (b) not well-publicized, or (c) in places that people
do not use. Point (c) is countered by a significant number of respondents in the ex-post
postal survey who reported using Sefton Park and Otterspool frequently as their local
NBS/greenspace compared to other city center or waterfront locations and said that the
URBAN GreenUP interventions in these locations may have been increasingly visible
compared to those in the Baltic Triangle or BID area. This was noted by a Friends of Group
located close to Sefton Park, who stated that:

“The impact was immediate in terms of literally every person passing us . . . stopping
to ask what it was about. We did not receive one comment about what a waste of money
‘in these times’ [they were], which I was quite surprised at. I did assume you would be
receiving, ‘Oh, well, why are you spending money on this when, you know, we have
poverty and COVID and everything else?’ [There has been] lots and lots of genuine
interest, which was surprising in terms of impact.”

It could be argued that the communication of each intervention could have been
improved to facilitate knowledge of both the URBAN GreenUP project and the NBS inno-
vations within it. The commentary from local environmental organization interviewees
supports this, suggesting that consideration of terminology and engagement with commu-
nities of interest are key to raising awareness. Therefore, projects need to be visible to users
to facilitate engagement. Where this was possible (e.g., the water management work in
Otterspool), users saw work on-site and a direct impact (less flooding) of the intervention.
Thus, the experiential nature of specific projects in highly visible locations was deemed
necessary in assessing the value of NBS interventions as “solutions”.

5.3. Thematic Influences of NBS Success: Ecological and Socio-Ecological Factors

The postal survey results highlight a positive response to assessments of the environ-
mental quality associated with the URBAN GreenUP interventions. Although knowledge
of each intervention was less well defined in responses (see Table 5) when residents were
asked to discuss the links between NBS and climate change, biodiversity enhancement,
and quality of life, respondents in both the Sefton Park and Otterspool surveys provided
a positive analysis of the resource base in Liverpool. NBS interventions were considered
to have a less direct impact on addressing urban heat island effects and improving air
quality. Although respondents understood they could make a difference in these problems,
NBS interventions were perceived as more effective for other environmental challenges.
NBSs were perceived as having the least impact on economic factors, with resident survey
respondents skeptical of linking nature and local business revenue. The lack of positive
responses for economic activity was in line with the general commentary from residents
in the postal surveys, as they focused more directly on issues of quality of life and place
than economic returns. A reading of Table 6 suggests that NBS are considered to positively
contribute to the quality and functionality of ecological resources in Liverpool—noted as
strongly agreeing or somewhat agreeing in responses to postal survey questions. How-
ever, there was a minor proportion of responses considered neutral or negative overall,
i.e., instances of respondents strongly disagreeing with links between NBS and improved
environmental quality. Drawing on the ex-post postal survey, Table 6 notes the prominence
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of improvements in quality of life and biodiversity (and, to a slightly lesser extent, climate
change) as positively associated with NBS interventions.

Table 6. Postal survey responses to the impact of URBAN GreenUP NBS interventions. Green boxes
denote positive overall associations between NBS interventions and specific benefits, whilst yellow
boxes denote a partial relationship between identified in respondent commentary.

Sefton Park Otterspool
Impact of URBAN GreenUP Intervention

(Respondent Commentary—Green = Positive/
Yellow = Neutral/Red = Negative)

Impact of URBAN GreenUP Intervention
(Respondent Commentary—Green = Positive/

Yellow = Neutral/Red = Negative)

Climate Change
Air Pol-
lution

Urban
Heat

Island

Local
Busi-
ness
Rev-
enue

Quality
of Life

Biodi-
versity

Climate
Change

Air Pol-
lution

Urban
Heat

Island

Local
Busi-
ness
Rev-
enue

Quality
of

Life

Biodi-
versity

St Johns
Shopping

centre green
wall

Parr Street
green wall

Floating
Island

Wapping
Dock

Floating
Island

Sefton Park
Bioretention

Pond
Otterspool

Absent from Table 6 is a commentary on the economic opportunities associated with
NBS. These data were generated from interview respondents in the BID and Baltic Triangle
rather than the postal survey. Interviewee respondents reported that businesses responded
positively to NBS as a facilitator of economic development opportunities. The commentary
noted that greener, interactive, and ecologically diverse environments attracted both busi-
nesses and supported additional footfall and returns on investment, justifying relocation
costs to “greener areas.” Respondents also noted links between higher rental and sales
values in locations with more NBS. They supported the view that employee productiv-
ity would increase if and where neighborhoods had a higher proportion of NBS. All of
these compare favorably to the research literature examining the links between NBS/GI
and economic value [32,33,35]. To support these statements, an SME and a local business
representative noted:

“A city that is greener, with a lot more nature in it . . . is a much more attractive place to
work and to attract businesses. It is a healthier place to work. Therefore, during breaks,
you can get out, and very quickly, you are under a tree. You are looking at flowers; you are
sitting on a bench where there is some grass around; there is a water feature, or whatever
it is. That, of course, impacts the people who come into the city to work, the visitors to the
city, and the people like us who live here; it impacts significantly on our well-being and
our health.” (SME)

“Inward investors are more likely to choose greener cities for their businesses and employ-
ees.” (Local business)

However, the need for caution was also noted in terms of over-extrapolating the
impact of urban greening/NBS on city-wide economic development opportunities. A local
business reported that:

“ . . . businesses use many criteria when deciding where to locate, and many different
factors play a part, with green spaces not necessarily high on the list. Transport, parking,
and cost would be far more important.”

Interviews with business respondents also provided a more detailed analysis of the
perceived links between NBS and the economic benefits of investment. This included a
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more nuanced appreciation of NBS, as it was more difficult for respondents to substanti-
ate claims of direct economic benefits associated with NBS interventions. Alternatively,
business respondents outlined how they considered NBS to aid this process, arguing that,
for example, 80% of respondents in the BID and 50% of respondents in the Baltic Triangle
reported that investment in NBS would lead to an uplift in property prices. Increased
opportunities for employment (based on NBS providing a more attractive work and in-
vestment environment) were also noted: 50% agreed/strongly agreed in the BID and 75%
agreed/strongly agreed in the Baltic Triangle. There was also consensus that locations with
a higher proportion of high-quality, diverse, and interactive environments, including NBS,
had the following effects: (a) they are attractive to businesses (83% agree/strongly agree in
the BID and 63% agree/strongly agree in the Baltic Triangle), (b) they promoted investment
and relocation these areas (66% agree/strongly agree in the BID), (c) they support increased
footfall and time spent leading to potential increases in revenue (83% agree/strongly agree
in the BID and 50% agree/strongly agree in the Baltic Triangle), and (d) they are greener
and more interactive places can facilitate increased productivity (83% agree/strongly agree
in the BID and 63% agree/strongly agree in the Baltic Triangle) and employee well-being.
However, while the majority of respondents identified positives associated with NBS, there
remained concerns that parking, public transport, and the cost of rent were more significant
influences on economic development opportunities than investment in NBS. Additionally,
businesses in the Baltic Triangle stated that NBS was not a core factor promoting their
relocation to the area (63% disagree/strongly disagree).

Consequently, no singular view supports investment in NBS as a facilitator of socio-
economic or ecological improvements. What is visible is the complexity of the benefits
and/or functions respondents (residents and interviewees) associate with NBS, what they
highlight as positive influences, and where they view change as having a less significant
impact. Therefore, defining success in delivery is difficult, as no singular function or
intervention was deemed to deliver improvements in socio-economic or ecological benefits
in all cases. This suggests that when planning NBS, local context is critical to the choices
being made, which requires awareness of the perceptions of businesses, the environment,
community-oriented organizations, and residents to ensure investment responds to local
circumstances. Each of these groups defines success differently, and as such, the city needs
to be aware of how scale, focus/function, and visibility influence perceptions of successful
interventions. Although there was a broad consensus among the respondents engaged
with the project that NBS can enhance the quality, quantity, and functionality of a local
area, the use of NBS should not be seen as a panacea for all urban problems—especially
economic issues.

6. Discussion

Investment in NBS has been framed as a “go-to” approach to addressing cities’ com-
plex socio-economic and ecological problems via co-produced nature-centric plans [36].
NBSs offer a breadth of investment options that can be adopted to address issues including
ecological decline, climate change, unsustainable urban forms, and socio-economic depriva-
tion [21,37]. Investment in NBS by the EU, funded via the Horizon 2020 NBS R&I program,
accelerated implementation and facilitated experimentation with NBS, which may not have
occurred or been delivered over an extended timeframe via ES or GI planning. This has
been particularly visible in the support for NBS from local government, environmental
organizations, and SMEs, who have been at the forefront of these delivery programs. Con-
sequently, we can identify a groundswell of engagement with NBS as potential “solutions”
to urban problems that are flexible enough to adapt to various contexts.

A significant proportion of the literature supporting this position frames NBS as
an evolution of other nature/green space planning terms, but one that explicitly looks
to deliver change. This is becoming clearer in the literature debating scoping, design,
implementation, and monitoring of NBS interventions in various European, Chinese,
and African cities. A further commonality across these debates is the framing of NBS
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as a facilitator of more effective human/environmental discussions—one where nature
offers direct solutions to human (and ecological) problems [19,34,38]. Within the URBAN
GreenUP project, links between the ecological benefits and the associated socio-economic
opportunities afforded by NBS interventions have been central, e.g., enhancing recreation,
access to nature, and economic development [39]. Against this backdrop, each of the
five-year Horizon 2020 R&I programs tested a range of delivery options to examine how
NBS can create more sustainable and functional urban environments. This framing can be
mapped to the approach taken in Liverpool.

Discussions of the added benefit of NBS require an understanding of (a) NBS form
and function, (b) the benefits delivered to people and biodiversity, (c) the role of NBS as
inclusive long-term solutions, and (d) the contexts in which they are implemented, and such
benefits need to be communicated effectively to all communities of interest [6]. In practice,
this requires dynamic, iterative planning processes to ensure effective delivery in the
nuanced circumstances of different locations. Liverpool, for example, focused extensively
on climate change adaptation, access to and improved quality of landscape functionality,
and economic development opportunities—A, B, and C above. However, the approach to
communication and context-driven delivery was queried by the respondents to the survey
work undertaken for URBAN GreenUP.

However, analysis of NBS investments in Liverpool enables advocates to identify
whether these findings can be mapped onto the growing series of frameworks developed
for NBS to provide signposts for delivery. The research of Frantzeskaki [40], for example,
reported a further seven areas that should be considered when developing NBS: NBS
should be attractive, help create new green commons, promote trust between the public
and city officials, support collaborative governance, facilitate inclusive and holistic policy
formation, and be scalable and transferable between locations. All of these are common to
each Horizon 2020-funded NBS project and are identified as key factors influencing the
framing of NBS in the literature. The evidence discussed above and the wider reporting on
the Horizon 2020 NBS projects provide opportunities to reflect on what best practice for
NBS looks like, even if the NBS interventions delivered in Liverpool do not fully align with
these goals [19,39–43].

6.1. Locating NBS in Local Development Structures

In the context of Liverpool and the delivery of NBS via the URBAN GreenUP project,
a continued reflection on issues of appropriateness in terms of the location of project
interventions, collaboration and trust between stakeholders, and the creation of additional
ecological resources in urban areas were all considered critical. Critiques can be made of the
URBAN GreenUP portfolio of interventions, including whether they were the most effective
way of delivering change. While the analysis shown above suggests not, the commentary
of professional and residential stakeholders supports the links between environmental and
socio-economic improvements associated with the project. This was significant when issues
of access and use of NBS and perceptions of quality of life were discussed by respondents.
However, NBS advocates must remain cognizant of the local context to ensure effective
delivery. Otherwise, concerns about legitimacy could be raised, e.g.,

“I get the sense that it is more greenwashing than actually addressing urban design
problems, living problems, and urban-ecological problems of the human species.” (Envi-
ronmental Consultant)

“While I am generally supportive and positive about the URBAN GreenUP project, my
critique would be that what something like URBAN GreenUP represents is this idea that
you have to raise lots of money, spend loads of time consulting and planning, and then
spend loads of money implementing a complicated big project to encourage nature. What
you need to do is just stop wasting your time fighting nature the whole time and allow
nature to flourish. Nature can do a pretty good job on its own.” (Elected official)
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URBAN GreenUP may have succeeded in extending the foundations of the city’s
Green Infrastructure Strategy and the LG&OSR [25–27] by building additional momentum
for interventions in nature-led planning that can subsequently be used to shape policy. In
such a scenario, NBS can be used to explore new delivery pathways in terms of innovative
design, the choice of projects and the location they are placed in, and the role of exper-
imentation in terms of the benefits associated with each NBS, which provides scope to
rethink environmental planning across the city [44–46]. If this can be effectively achieved,
Liverpool City Council could inspire further interaction with nature while promoting the
efficient use of existing space within the city for development [47]. The evidence generated
by URBAN GreenUP could be beneficial if leveraged to support an increased allocation of
local government capacity and financing to facilitate longer-term changes in the governance
of the city’s landscape.

6.2. Elements, Functions, Benefits, and Beneficiaries

To ensure that NBS interventions deliver their intended objectives, there is a need to
consider what elements are designed, what functions, i.e., specific ecosystem services, they
deliver, what socio-economic and/or ecological benefits they provide, and who benefits
from investment in nature. Raising awareness of URBAN GreenUP interventions and
other greening projects is important as a starting point. Despite the visibility of some
NBS interventions, i.e., the Sefton Park floating island, there remains a lack of connection
between policy/local government campaigning for NBS and public acknowledgment of
the added benefit of the interventions. Project partners in Liverpool and elsewhere could
benefit from more attention being placed on the needs and aspirations of the diverse
communities that stand to benefit from NBS interventions. The promise that NBS can
deliver more democratic and sustainable outcomes is central to arguments for their use [26].
The “NBS with and for people” approach can help deliver on such promises, enhancing
equitable distribution of benefits, minimizing disbenefits, and underpinning successful
delivery [48]. It could be argued that URBAN GreenUP did not fully align the needs of
people, place, and nature, leading to critiques of the approach.

Working with communities to respond to locally contextual issues also enables NBS
supporters to think more creatively about a given intervention’s type, size, function, and
benefits. Moreover, it provides scope to consider how variations in aesthetics and eco-
logical diversity can be more effectively aligned with issues of accessibility to promote
use [40,49]. URBAN GreenUP highlights that this is not a simple process and requires
ongoing collaboration between multiple sectors. If such relationships can be curated, all
parties can better engage in knowledge exchange activities and arrive at more appropriate
nature-focused solutions [26].

6.3. Aligning Political and Local Needs/Priorities

Evidence from Liverpool suggests that in addition to considerations of location and
function, advocates of NBS also need to align interventions with local political and planning
objectives. The diversity of commentary from local elected officials noted above is in
keeping with historical debates about the environment in the city [25,28]. This highlights the
critical role of consensus (or lack thereof) in shaping investment plans and political priorities.
Where the breadth of benefits associated with NBS, e.g., enhancing ecological functionality
alongside economic development, can be integrated into policy mandates, the options open
to the City Council and its partners expand. Achieving this requires the city to examine the
true cost of ‘business as usual’ development and reflect on the benefits of shifting policy
attention from predominately built infrastructure to a more NBS-centric approach. This is
discussed extensively in the literature and demonstrates a need to debate the variability and
complexity of alternative governance models to ensure that expertise, innovation, and local
knowledge are integrated into decision-making [2,10,11,16,19,20,34,50]. Where each can be
aligned effectively, we can identify investment options for NBS that are locally appropriate,
as well as new funding pathways and alternative management practices that make the best

206



Land 2023, 12, 1371

use of local government, private and environmental institutions and organizations, and
community advocates to deliver investment in NBS [33,34,39,40].

Moreover, by examining NBS interventions as a continuum of options linking local,
city, and regional perspectives, cities can better identify the most appropriate approaches
for investment [51]. Although the URBAN GreenUP project was focused predominately
on the local scale, there are options to explore the delivery of comparable innovations
at a larger scale due to the scalability of investment in street trees, sustainable drainage,
and pollinator networks. This can even be extended to a national scale if the priorities of
such policies, for example, the National Planning Policy Framework in England [52] or EU
directives on NBS [50], can be aligned with local delivery. This provides greater scope to
promote synergies between policy mandates, identify problems associated with resource
change and/or technological redundancy, develop adaptive plans to address maintenance
and redevelopment issues and assess the immediate and long-term benefits associated with
urban change [53].

6.4. Communication and Visibility

Analysis of the NBS interventions in Liverpool also illustrates the critical role played
by communication and visibility in developing successful outcomes for investment. Across
all commentary, the lack of communication of NBS projects delivered as part of URBAN
GreenUP was noted as problematic for communities of interest. Therefore, effective commu-
nication of the proposed NBS elements, their functions and benefits, and the beneficiaries
associated with interventions must be clearly communicated to all [6]. This is a critical
point, as although NBS continues to deliver ecological services (e.g., flooding mitigation,
providing habitat, intercepting pollution) even when people are unaware of these func-
tions, the lack of awareness of the benefits can undermine public acceptance of investment
in urban nature. Successful communication can support a greater understanding of the
functions associated with NBS where they are not highly visible, which in turn can lead to
public support for future interventions. It is critical to develop a successful communication
strategy highlighting the location, function, and NBS to increase their visibility.

6.5. The Future Role of Stakeholders as Advocates for NBS Investment in Liverpool

The limited role afforded to environmental experts, local practitioners, businesses,
and communities during the delivery of the URBAN GreenUP was reported as limiting the
perceived value of the project’s investment program. Future work should thus consider
engaging with local expertise from experts and residents to help shape considerations
of what type and size of NBS and in which locations investments should be delivered.
Specifically, environmental stakeholders have expertise in landscape design, funding, and
maintenance, which could be integrated into project work. Moreover, business leaders
are acutely aware of the links between urban/landscape quality and economic prosperity
and could be useful commentators on the appropriateness of future NBS interventions.
Therefore, stakeholders engaged with urban development and management may be crit-
ical allies for the city council in Liverpool if or when they design, plan, and implement
additional NBS. In addition, consultation with residents will be a key activity needed to
ensure that the type of NBS, scale of intervention, and location of investment are considered
appropriate to the local context. The city of Liverpool is aware of the need to engage
more effectively with its stakeholders, as reported in the Liverpool Green and Open Space
Review [30]. Still, it has not yet established a clear structure to mee this challenge. It may
therefore be appropriate for local stakeholders to be afforded a more prominent role in the
design, implementation, and management of NBS across the city of Liverpool. However, to
date, the city council does not have a governance framework in place to ensure that such a
multi-partner approach to investment is implemented. A key outcome of URBAN GreenUP
is the need to rethink the role of a diverse set of stakeholders in the city’s environmental
planning and management.
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6.6. Reflection on Limitations

The public and stakeholders perceived NBS as valuable and useful. Still, the methods
were not designed to access a deep understanding of public knowledge, values, and
perceptions of the benefits and drawbacks of NBS. If monitoring had been better resourced,
surveys would have been combined with more deliberative methods, as surveys do not
provide scope for respondents to elaborate. If the project were completed again, it would
also aim to generate a more representative sample of the local population constructed by age,
housing type, employment, and income. The survey would also add additional questions
to generate baseline knowledge of participant awareness of benefits and disservices to
compare responses to the URBAN GreenUP NBS. Due to the limitations placed upon the
project by time, staffing, and COVID-19, this was not feasible.

The results need to be contextualized in light of the impact of COVID-19, but the
direction of influence is potentially positive and negative. The pandemic saw an in-
crease in the use, considerations of accessibility, and perceptions of value placed on urban
nature [54,55]. This could have been reflected in our results, as the majority of respondents
in the postal surveys and interviews noted a greater appreciation of the sociocultural,
ecological, and economic value of NBS post-lockdown. Although this may not translate
directly into new or revised policy supporting investment in NBS/greenspace, it provides
valuable evidence of the relationships between people and their environments. Such an
outcome compares favorably with the results of analysis by Public Health England [56]
and Natural England [37,38] in their analysis of greenspace use, suggesting that further
funding for nature is key to healthy and successful places.

7. Conclusions

The use of NBS as both a term and as an approach to addressing climate, biodiversity,
and health issues within urban planning is growing. Evidence from the Horizon 2020 NBS
program highlights the added value of delivering interventions focusing on nature and
making direct links between people, location/place, and ecological functions. However,
care is needed to ensure that the focus, scale, and location of any individual or program
of NBS investment address identified needs and fulfill the climatic, sociocultural, and
economic problems associated with a specific location. Moreover, establishing an effective
governance regime to co-design, implement, and manage NBS interventions is key to
their long-term success. These overarching principles have been partially met from the
discussion of the URBAN GreenUP project in Liverpool.

Consequently, the visibility of NBS in Liverpool—and therefore their perceived value
to the city—remains variable. Smaller-scale NBS were identified as holding a more limited
value due to their size, location, and perceived lack of function, for example, pollinator
lamppost investments. Visibly larger interventions and those located within existing NBS,
i.e., street trees and water-based NBS, were reported as holding an increased value to
residents and professionals. The size and location of NBS within Liverpool were high-
lighted as critical factors promoting the visibility of each intervention and the subsequent
recognition (or lack thereof) of its benefits. Therefore, future investment in NBS would
benefit from a more nuanced approach to the choice of interventions with residential and
commercial/business communities to ensure greater alignment between strategic and local
needs. This was only partially achieved in Liverpool, with significant variations in the
reported awareness of NBS. Thus, the lessons to be learned from Liverpool include focusing
NBS delivery on a more integrated approach to siting, designing, communicating, and
evaluating projects at the local scale. These are valuable lessons applicable to many cities
and can act as a valuable learning experiences to aid the effective mainstreaming of NBS as
a best practice in city planning.
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Abstract: Cities are facing the challenges of climate change. The application of nature-based solutions
(NBS) to the urban structure is often mentioned in climate change adaptation strategies. In an effort
to ensure the greatest possible well-being of citizens in the form of environmentally positive elements,
the opinions of citizens are forgotten. This paper presents the results of research focusing on the
feelings of unsafety associated with the application of NBS elements directly into the urban structure.
In two pilot areas (Ostrava (CZ) and the part of Upper Silesian agglomeration (PL)) the feelings of
the inhabitants and the possible feeling of fear or danger in the application of NBS were investigated.
In Ostrava, a questionnaire survey was conducted in relation to specific elements of the NBS without
discussion of specific locations. In the Upper Silesian agglomeration, residents’ feelings about specific
NBS were surveyed at specific locations using guided interviews. Both approaches resulted in the
identification of elements of concern. Respondents who discussed a specific location had a better
understanding of the urban context and worried less. The two approaches demonstrated the need
to communicate with residents before finalizing the design of a particular public space and the
desirability of discussing site-specific issues with citizens.

Keywords: nature-based solution; worries; sustainable cities; brownfields

1. Introduction

Since their creation, cities have undergone a series of changes resulting from the
changing needs of their inhabitants (fortification and defortification, industrialization
and deindustrialization, etc.) [1]. These changes have been manifested in recent decades
through densification of urban cores, consolidation of areas and expansion of cities into
suburbs [2–4]. Cities are home to more than half of the world’s population and are responsi-
ble for three-quarters of global energy consumption and greenhouse gas emissions [5]. Just
as cities themselves are changing, [6] the perceptions and needs of city residents are also
changing, which may be defined in different ways e.g., [7], but the hierarchy of residents’
needs [8] and the importance of feeling safe is still relevant. In [9], it is stated that human
wants contribute to making cities “richer, smarter, greener, healthier and happier”.

Cities face many challenges in their pursuit of sustainable development. A much-cited
challenge today is resilience to challenges associated with climate change [10–12]. The
fundamental challenge is to develop cities as holistic systems that cater to human needs
in the context of environmental and social justice [13]. When applying measures such as
NBS, it is essential to always reduce hazards and promote well-being [14]. Climate change
is leading to a gradual increase in urban temperatures, resulting in the creation of more
intense heat islands [15–17]. Climate change is also increasing flood risk [18], which is
mainly associated with pluvial flooding [19], causing localised damage often unrelated to
the overtopping of a permanent water body. The application of green elements has become
a key strategy for municipalities in adapting to the climate effect of the urban heat island,
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stormwater runoff and water pollution, as well as an appropriate solution to improve the
visual image of the city [20].

Cities also have land in their structure that is contaminated mainly by previous in-
dustrial activities. Soil contamination has a strong environmental impact. For example,
phytoremediation, which uses the absorption, accumulation and decomposition of con-
taminants, can be applied to reduce or limit the mobility of contaminants [21]. When
considering the application of a green feature in areas where contamination is confirmed, it
is advisable to select suitable plants in terms of their phytoremediation capacity.

Proper management of urban green spaces and their well-planned structure has a pos-
itive impact on both reducing heat islands and the consequences of pluvial flooding [22,23].
In urban areas, nature-based solutions play an important role [24]. Many cities have parks
and green spaces larger than 2 ha in their urban fabric [25,26]. However, these green spaces
are usually quite far apart, and their influence does not cover the entire area of the city [27].
In a dense urban structure, it is rarely possible to introduce new green spaces of large sizes,
such as parks, and other solutions must be sought [28,29]. One such solution may be the
introduction of small green spaces, for which the name “urban environmental acupuncture”
has recently been adopted and which is closely related to nature-based solutions (NBS).

Several requirements for the integration of green spaces into the urban fabric can
be found in adaptation strategies [30–35]. The negotiation of individual implementation
measures of adaptation strategies responding to climate change faces a number of obstacles
at the municipal level [36]. In addition to environmental aspects, an economic effect is
also associated with the application of NBS. Especially in the case of established parks
and urban forests, the influence of the increase in real estate prices [14], the occupancy of
housing and the increase in the well-being of the territory [21] are mentioned.

One aspect that influences the adoption of an NBS element is the feeling of safety
or the feeling of danger and threat. The relationship between greenness in the city and
fear of danger was already known in the 19th century [37]. According to [8], safety is
considered the second most basic human need. Feeling safe refers to a certain level of
security perceived by an individual [38].

The level of safety is closely related to the perception of safety in the place where the
inhabitants are. Since public green space has been mentioned in relation to pedestrian
movement, it is essential to create a safe space for pedestrians [39,40]. Projects including
safe streets for improving pedestrian include not only traffic infrastructure but also the
renovation of smaller green or open spaces [41].

Places that are usually associated with negative emotions —most commonly with
fear [42,43]—as a result of crime or criminal activity [44–47] are those that provide potential
hiding places for perpetrators, limit visibility or the ability to escape [48].

Fear can also be associated with various types of phobias. For example, general fear of
animals, fear of insects and fear of birds. In general, some people may suffer from zoophobia
(zoophobia) fear of animals [49]. Entomophobia (the fear of insects) can be also associated
with allergies or traumatic experiences with insects [50]). The flowering elements of NBS
may be surrounded by pollinating insects. Should residents suffer from ornithophobia (fear
of birds), they might feel threatened if a bird species nests in an element [51].

The aim of the research was to find out which elements of NBS are perceived as
dangerous (pilot area in Ostrava) and whether personal experience and active consultation
can influence these perceptions (part of Upper Silesian agglomeration in Poland) so that
their application by city representatives is best received by residents. The research was
based on the assumption that individual NBS elements would be placed on individual sites
in accordance with the definition prepared by the Salute4CE project where a potentially
suitable place for the application of a nature-based solution is:

• a place that is not maintained, is neglected, or no longer fulfils its function (brownfields);
• a smaller site—ideally up to 0.2 ha but not more than 0.6 ha to allow feasible imple-

mentation; or
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• a place that spoils the image of its surroundings or even reduces property prices in
its vicinity.

Brownfields present an opportunity for new development projects. They are also sites
for public green space. In special cases, linear brownfields (railway brownfields) can be
used as bio-corridors [52]. Brownfields appear in some research to be very suitable, for
example, for the location of urban forests, where they bring cooling effects and increase
biodiversity [53]. By the loss of their original (e.g., industrial) function, they are suitable
sites for change and the location of some elements of the NBS. These elements can also
serve to enhance the process of phytoremediation [21]. However, the research presented in
this article was focused on brownfields up to 0.6 ha. This practically excluded former light
or heavy industry enterprises which are characterized by a high level of contamination.

Two areas in the Upper Silesian Coal Basin were selected for research: Ostrava (CZ)
and part of Upper Silesian agglomeration (PL).

2. Pilot Areas in Upper Silesian Coal Basin

The territory is spread over the area of Poland and the Czech Republic, which are
connected by common history of coal mining and heavy industry. For the Czech part,
Ostrava as a metropolitan city was chosen and for the Polish part, was selected three cities
Chorzów, Ruda Śląska and Świętochłowice (part of Upper Silesian agglomeration).

2.1. Pilot Area—Ostrava (CZ)

The city of Ostrava is part of the Moravian-Silesian Region in the Czech Republic. It
has 279,791 (as of 1 January 2022) [54] inhabitants. The city is rich in industrial history—
coal mining began in 1787 and ended in 1993 [55], and in 1828, the ironworks in Vítkovice
(now one of Ostrava’s districts) were founded (part of it still operates today). Ostrava
is a typical shrinking city, with an ageing population [56]. In terms of the environment,
Ostrava was one of the worst polluted areas in the Czech Republic. Thanks to the decline
of coal mining, industrial restructuring and investments aimed at improving Ostrava’s
environment, the environment and air quality have gradually improved. Nevertheless, in
recent years, according to the measurements of the Czech Hydrometeorological Institute, it
has become one of the most polluted cities in the Czech Republic in terms of pollution by
the carcinogen benzopyrene. The concentrations of dust particles in Ostrava’s air have also
scored the highest rank in the country [57].

The city tries to maintain larger areas of green space, which is achieved, among other
things, thanks to its loose urban structure [58]. The City of Ostrava manages the green
spaces located on city-owned land in 23 urban districts. At the end of 2019, the total area of
green space on city-owned land (excluding forest areas) was approximately 1867 ha. In the
urban district of Moravská Ostrava and Přívoz (city centre), this amounts to 225 ha (most
of which is located in Moravská Ostrava). In the administrative district of the municipality
of Ostrava (the city itself and several surrounding municipalities), there are currently
5399.9 ha of forests, mostly deciduous and mixed [59].

The city of Ostrava is trying to behave responsibly when dealing with the challenges
of the standard of living, air pollution, and climate change. It has therefore developed
the Strategic Development Plan of the City of Ostrava 2017–2023 and the Adaptation
Strategy—Healthy Ostrava [60].

The Adaptation Strategy 2017–2023 notes that a gradual increase in average annual
temperature by approximately 2.5–3 ◦C (compared to the average for the period 1961–2009),
more frequent occurrence of heat waves and an increase in their duration can be expected
by 2100. By 2100, can be expected a significant increase in summer temperatures by 3–4 ◦C
and therefore a significant increase in the number of tropical days and a decrease in the
number of arctic days. The most affected localities mentioned in the text are the urban
districts of Vítkovice, Moravská Ostrava and Přívoz, and Hrabůvka. For the preparation of
the Adaptation Strategy, the City of Ostrava organised a mapping survey where residents
marked their perceived thermal discomfort on a map. (In the text, the term thermal
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discomfort is used if the authors are referring to sensible heat. Thermal stress is used in the
context of heat and overheating problems that have been measured or modelled).

The Ostrava City Development Strategy [61] also addresses feelings of safety as part of
the standard of living. Therefore, the strategy includes an emotional map of places where
residents do not feel safe.

As described above, NBS applications should be dominated by sites that are inappro-
priately used, abandoned, or forgotten. No such inventory of sites exists for the city of
Ostrava. Therefore, the authors of the article used the database of brownfield sites with the
knowledge that regeneration of these areas will not be primarily directed towards the use
of NBS; however, with the current setup of the whole society, it is possible to assume the
application of some NBS as an integral part of the regeneration process.

For the territory of the city of Ostrava, the brownfields database is managed by MSID
(a company owned by the region).

Brownfields are defined for the purposes of the database as sites or buildings that have
been affected by previous use. Now, they have lost their function and are only partially
used or even completely abandoned. They need some necessary support for further or
different use [62].

There are 122 brownfields registered in Ostrava. Of these brownfields, 83 sites are
smaller or equal to 0.6 ha. Of these 83 sites, 62 are smaller than 0.2 ha. All these sites are
listed as sites with no proven contamination. In terms of their past use, these are mostly
areas previously used for housing, office space or some small transport structures such as
bus stops or garages. The database also includes an assessment of their potential for future
use. The authors are aware that this information is not directly related to the application of
the NBS on these sites, but it illustrates the overall situation.

To visualize the whole situation, a map of brownfields was linked to maps of perceived
temperature discomfort (Figure 1) and perceived danger (Figure 2).

Figure 1. Connecting brownfield sites and places where the residents of Ostrava feel thermal
discomfort. (source: based on information from [59,60,62] created by authors).
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Figure 2. Connecting brownfield sites and places where the residents of Ostrava feel danger. (source:
based on information from [59,60,62] created by authors).

The authors are aware that the perception of thermal discomfort is influenced by a
number of personal and/or physical characteristics [63,64] and differs from measurement-
based temperature maps. For elderly residents, heat can be a health risk or even fatal. [65,66]
Similarly, hazard perception and crime maps differ.

Given the targeting of feelings and perceptions of safety towards elements of the NBS,
the authors consider the feeling maps to be more appropriate and illustrative.

When linking the feeling of thermal discomfort maps to the brownfields map
(Figures 1 and 2), it is clear that there is a high concentration of brownfields (marked
by dots) and a feeling of thermal discomfort, especially in the Přívoz district. The same
problem site can be observed in the connection between the brownfields map and the
feeling of danger (not feeling safe).

2.2. Pilot Area—The Part of Upper Silesian Agglomeration(PL)

Functional Urban Area (FUA) represents three cities: Chorzów, Ruda Śląska and
Świętochłowice located within the Metropolitan Association of Upper Silesia and Dąbrowa
Basin, usually referred to in Poland as the Silesian Metropolis or Metropolis GZM. The
Silesian Metropolis consists of 41 municipalities in the Silesian Voivodeship in Poland.
The FUA covers an area of 124.19 km2 with over 250,000 inhabitants and is located in the
centre of Metropolis GZM, which is very important for the development of the area. The
peculiar structure of land use is mainly due to the many years of industrial operation within
its borders. The industrial landscape was characterised by industrial and post-industrial
buildings and areas located in the immediate neighbourhood of city centres as well as by
spoil heaps and dumping sites. The proportion of anthropogenic areas reaches over 55% of
the whole FUA surface, implying a high level of its transformation.
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In the area, two main challenges have been indicated as related to climate change
urban resilience: heat island and soil sealing (The core of this article focuses on the problem
of thermal stress).

The analysis of land surface temperature (LST) showed the LST distribution in
Chorzów, Świętochłowice, and Ruda Śląska for the warm seasons period 2016–2020 [50].
After collecting and compiling the statistical data, it can be concluded that the highest
maximum temperatures (above 39 ◦C) were recorded in Chorzów City, which is charac-
terised by a dense urban fabric. The city of Świętochłowice is characterised by the highest
average temperature (above 27 ◦C), which is caused by the smallest area of the city and
the smallest surface of green areas (including forests). Due to the lack of green spaces
and forests, Świętochłowice has the highest minimum surface temperature of above 22 ◦C
among the analysed cities. The city of Ruda Śląska, characterised by separate districts and
a polycentric structure, recorded the lowest minimum temperature of 21.11 ◦C, and the
lowest mean temperature of 26.07 ◦C. In the entire analysed area, over 60% of the surface is
characterised by a temperature of 25–30 ◦C. 22% of the area of Świętochłowice and 26% of
the area of Chorzów have an average temperature below 25 ◦C, 10% of the area of Chorzów
and Świętochłowice has a temperature of 30–35 ◦C. The highest percentage of the city area
with a temperature above 35 ◦C was observed in Chorzów (1%), and approximately 0.5%
of the area of Świętochłowice and Ruda Śląska [67].

3. Methods

In Ostrava, the research focused on feelings of danger of implementing the NBS
without targeting the application to a specific location. Respondents, as described below,
expressed themselves based on their feelings without having to look for solutions in
their neighbourhood.

In the Silesian agglomeration, respondents were addressing site-specific NBS propos-
als. As part of proposing specific NBS solutions, structured interviews were conducted to
determine if they felt there was any danger in applying a particular element

3.1. Methods Applied in Pilote Area Ostrava
3.1.1. Selection of Respondents and Communication Techniques

Three groups of respondents were selected for the questionnaire survey in Ostrava.

• Group A—respondents living in housing estates in Ostrava. The group consisted
mostly of residents of retirement age. In the Czech Republic, almost 20% [68], of the
population is aged 65+. (In this group, there were 3 respondents aged 65–70 and
5 respondents aged 80–85. The other respondents were in the 70–75 and 75–80 age
groups). This is a significantly large group of people who tend to be more concerned
about crime (analysis).

• Group B—respondents were residents of Ostrava, regardless of the urban district and
type of housing, but their age was up to 26 years. (All respondents in this group
were aged 20–26). This group of respondents was composed mainly of students. This
age group is the least worried about crime [69], but at the same time, they feel very
strongly about the problems associated with climate change.

• Group C—respondents were residents of urban districts with a higher crime rate,
including residents of the Přívoz district. Respondent age ranged from 26 to 60 years.
(The age structure of respondents in this group was: 2 respondents 26–30 years, 4
respondents 35–40 years, 3 respondents 40–45 years, 5 respondents 45–50 years, 1
respondent 55–60 years and 1 respondent 60–65 years.) The reason for the selection
was that the area consists of a large number of brownfield sites, with a high perceived
crime rate, and is also a place of perceived thermal discomfort (see Figures 1 and 2).

The selection of groups was not random. From the beginning of the research, there was
interest in three groups of respondents. The aim was to focus on respondents affected by a
location that is problematic (Ostrava-Přívoz). Respondents have experience with moving in
public spaces that they do not consider safe. Another significant group was considered to
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be the elderly population who use public spaces throughout the day and at the same time
have more concerns. The younger generation was considered to be more environmentally
focused. The students were deliberately chosen as they are a homogeneous group in terms
of age and education. During the implementation, the presentation and questioning format
had to be modified due to the COVID-19 pandemic.

Group A—respondents were asked to complete the questionnaire in person at several
meetings. These meetings were organised as part of cultural and social activities for the
elderly and their companions. Prior to completing the questionnaire, an introduction to
the different types of NBS was given, focusing mainly on a technical description and the
NBS impacts on climate change issues. The presenters did not mention anything related
to safety or feeling unsafe. The questionnaire was printed in colour. The font size was
adapted to this age group. Not all the participants of these presentations were willing to
complete the questionnaire.

Group B—this group was approached through their lecturers at the university. These
respondents were provided with an online lecture describing each element of the NBS
before completing a questionnaire. The presentation included a technical description.
Respondents completed the online questionnaire using Google forms.

Group C—reaching this group was the most difficult. The outreach was done through
personal contacts and with the help of NGOs operating in the locality. In addition, owners
of some brownfields in Ostrava-Přívoz were also asked to cooperate through MSID. Respon-
dents received questionnaires by e-mail or printed out. They had a spoken presentation on
google drive where they could learn about the different elements of the NBS.

3.1.2. Questionnaire Structure and Method of Processing

A total of 28 types of suitable NBS were selected for the survey. These NBS were
selected based on a search of existing solutions [70–81]. The list was also based on the NBS
identified in the SALUTE4CE project. Their list is presented in Figure 3. For better clarity,
the NBS were categorized by position (horizontal, vertical, indifferent) and shape (point,
line, area).

At the beginning of the questionnaire, the purpose of the survey was briefly explained.
Two personal questions were inserted for further processing (gender (female/male/other),
age category). The key questions in the questionnaire focused on respondents’ feelings
about the potential threat of a particular NBS (feeling of danger/neutral feeling/feeling
of safety/no comments). The order of individual NBS in the questionnaire was set so
that it started with simple horizontal elements such as a lawn. In the middle part of the
questionnaire, the NBS was mentioned in relation to rainwater, for example, a rain garden.
At the end of the questionnaire, there were the NBS requiring construction solutions placed,
for example, on a green wall. A photograph was included with each NBS for illustration.
For an example of a question, see Figure 4. Respondents were always given an opportunity
to comment with their opinion.

For the self-assessment, respondents’ answers were converted into points. In the case
of feeling of danger, NBS was rated 3, in the case of neutral feeling, it was rated 2, and if
respondents felt safe about it, it scored 1. If respondents had no opinion, NBS was rated 0.
The scores from each respondent for each NBS were summed and divided by the number
of non-zero responses.

3.2. Methods Applied in Pilot Area—The Part of Upper Silesian Agglomeration

The assessment of feelings of danger in relation to individual NBS for the cities of
Chorzów, Ruda Śląska and Świętochłowice (Katowice agglomeration) was linked to public
involvement in the search for concrete solutions. The direct involvement of the public was
a necessary condition and at the same time enabled the application of structured interviews
as one of the research methods [82].
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Figure 3. Selection of nature-based solutions defined by the SALUTE4CE project (source: created
by authors).

Figure 4. Questionnaire—a sample question, (English translation inserted for the purposes of this
article) (source: create by authors).

Respondents were involved in planning, building, maintaining, and monitoring sites
for the NBS application. Respondents were representatives of the local community—the
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stakeholders. Different types of institutions and organisations were invited to participate
in the discussions in the so-called living labs. The living labs were organised at the local
level together with citizens and relevant experts. The aim of the living labs was to gain
insights from local stakeholders (residents, civic associations, experts), to identify priorities
and gain insights on bottom-up needs and opportunities in line with the ideas of public
participation, while being in direct contact with respondents [83].

Discussion walks, workshops and a consultation point were organised for respondents.
Respondents—the locals themselves suggested some solutions in concrete localities

and commented on feelings of safety.

4. Results

In general, the application of green elements in the city affects the quality of life.
A number of authors, e.g., in the book The green city and social justice [84], mention a
number of examples from the USA or Great Britain, where the expansion, modification and
improvement of green areas undoubtedly led to an improvement in the quality of life and
even gentrification. However, the following results show that green elements in different
forms can be perceived differently.

4.1. Results in Pilot Area Ostrava

A total of 58 respondents provided answers for all 3 groups. The minimum number of
included (not 0 or missing) answers about each individual NBS was 50. Most questions
were answered by 52–55 respondents.

A total of 23 respondents from Group A were willing to fill in the questionnaire. The
group of young respondents (Group B) consisted of a total of 19 respondents. Group C
(from Ostrava-Přívoz) consisted of 16 respondents. (Figure 5).

 
Figure 5. Groups with numbers of respondents (source: created by authors).

For the evaluation, the research was focused mainly on those types of natural-based
solutions that have an impact on reducing the heat load. The selection was made on the
basis of information [70–81] and the individual NBS were divided into the following groups
according to the effect on thermal stress. The breakdown is given in Table 1.
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Table 1. The individual NBS were divided into the following groups according to their effect on
thermal stress.

Dominant Effect Partial Effect
Additional Effect (Has Another

Dominant Function)

Street trees Urban meadows Rain gardens (under-drained)

Park trees Verges/flower beds with native
perennials

Road-side swales for retention
and infiltration

Fruit trees/shrubs/ Ground cover plants Linear wetlands for stormwater filtration

Large shrubs Lawn Rockery

Hedge/hedgerow Green pavements Herb spiral

Green pergolas/green arbours Ground crops of vegetables/herbs

Green facades with climbing plants VRSS slopes with green fences Rain gardens in planter (=self-contained)

Wall-mounted living walls Green covering shelters Street planters (as green street furniture)

Hydroponic mobile living walls/vertical
gardens

Vertical vegetable/herb gardens

Hanging wall planters (as green
street furniture)

Green roof/roof terrace

Urban wilderness/succession area

Source: authors.

The first group was a group with a dominant influence. This means that the application
of the nature-based solution from the first group should reduce thermal stress. Given that
this is primarily a division that will serve as a basis for structured interviews, it has been
abstracted from some imperfections. For example, the effect that the tree crown size had
on the efficiency of reduction of heat stress. Similarly, the height of the green wall and the
type of plants used were not addressed. In the green roof solution, the distinction between
intensive and extensive was not drawn.

The second group was designated as a partial influence group. These are the NBS,
which have other functions such as soil treatment, soil sealing, or infiltration support. These
NBS have a smaller effect on the reduction of thermal stress itself.

The third group were the NBS, which predominantly have a different purpose, es-
pecially those that support water infiltration. Even these can partially contribute to the
reduction of thermal stress, but only marginally (e.g., evaporation from a rain garden).

The evaluation showed that opinions on the same type might differ. The results of the
questionnaire survey in Ostrava are shown in Figure 6.

For example, young people (Group B) felt less fear, especially with NBS associated
with the possibility of growing vegetables, whereas Group A and C answered mostly two
or three about vertical vegetable/herb gardens, indicating that they felt neutral or even
unsafe. In the group of young people of the same type, the answers were predominantly
two and one, indicating that younger people perceive this element as neutral or even safe.

Another NBS type with an interesting result was a pergola. For the pergola, 15 out of
16 respondents from Group C gave a rating of three, indicating a feeling of danger, which
was again consistent with Group A’s answers. In Group B, a response of two (neutral) was
much more common.
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Overall, there was a consensus on the danger posed by urban wildlife, large shrubs
and hedges, with respondents from all groups expressing feelings of danger associated
with these NBS. In all cases, these are visual barriers. Technical features, i.e., green facades
and green walls on existing buildings, were perceived negatively for Group C, whereas
green roofs were rated neutrally or positively by all. Urban meadows were considered less
safe; respondents showed concerns about ticks or allergies to grass pollen.

The results also showed Group B concerns less (compared with Group A) with techni-
cal solutions—see Figure 7.

 

Figure 7. Feelings of respondents (Group A and B) focusing on NBS of technical basis. Source: authors.

Respondents were given the opportunity to comment on their answers. Table 2 shows
the most recurrent comments on some types of NBS. These comments, together with the
scores, are the basis for comparison with the situation in Poland.

The authors of the evaluation made minor corrections in the style of the answers,
leaving the substance unchanged. Comments in the table are only given for NBS with a
dominant influence on the temperature of the area.

For some types of NBS, e.g., those designed to hold water, people commented that
they were concerned that a child would fall into them and drown. Despite being told what
to evaluate, respondents deviated from the essence of the issue, as seen in the example of
vertical vegetable/herb gardens. Respondents were concerned about damage to the NBS
itself or expressed concern about liability for removing fallen leaves.

The assessment showed that respondents were concerned about those NBS that form
a visual barrier, as there may be hidden threats behind this barrier. Another significant
concern was the provision of shelters for drug users. Respondents are concerned that
hidden locations may also serve as toilets. Nor do they prefer any features that would
provide a shelter or gathering place for the homeless.

4.2. Results in Pilot Area—The Part of Upper Silesia Agglomeration

As described in Methods (Section 3.2), respondents considered specific locations
and defined appropriate NBS solutions for them. Individual proposals were consulted
with experts. Table 3 shows the respondents’ comments, which were noted during the
consultations (workshops, living labs etc.) (respondents always consulted on the types of
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NBS in the context of a specific site). Respondents added their feelings about a particular
element of the NBS. In total, 48 respondents participated in the events.

Table 2. Respondents’ comments regarding different types of NBS.

Types of NBS Comments

Street trees Leaves fall from the trees, and it is not clear who will take care of them, but
I do not feel any danger.

Park trees Leaves fall from the trees, and it is not clear who will take care of them.
Will junkies gather here?

Fruit trees/shrubs Children would climb trees and injure themselves.

Large shrubs In no case, someone can hide behind a shrub, or it will be used as a toilet.

Hedge/hedgerow There may be a thief or worse hidden behind it.

Green pergolas/green arbours There will be toilets, and homeless people will gather around.

Green facades with climbing plants I am worried about the technical solution so that it does not fall on anyone

Wall-mounted living walls I am worried about the technical solution so that it does not fall on anyone.

Hydroponic mobile living walls/vertical gardens I am worried about the technical solution so that it does not fall on anyone.

Vertical vegetable/herb gardens Anyway, someone will destroy it right away and what will grow there will
be stolen.

Hanging wall planters (as green street furniture) It will not last long before someone destroys it.

Green roof/roof terrace I‘I am afraid the roof is not able to carry it.

Urban wilderness/succession area Junkies would gather there.

Source: authors.

Table 3. The list of results is in the part of Upper Silesian agglomeration.

Type of NBS
Average Value for

Ostrava
Respondent Comments of the Part of Upper Silesian

Agglomeration

Large shrubs 2.959524

Large bushes are part of, for example, Piastowski Square, forming a
noise barrier. Its concept is close to urban wilderness. On this

particular site, residents would welcome the retention of shrubs,
but landscaped. Some respondents consider the placement of new
large shrubs in a vacant gap in the development, for example, to be

inappropriate concerns to raise. They are also concerned about
large shrubs in a park area and near playgrounds.

Hedge/hedgerow 2.806349

A group of respondents on a particular street (11. November Street)
were negative about putting trees on the street because they were
concerned about overshadowing but would welcome a green fence
which they did not consider risky. A green fence would separate

the road from the pedestrian area.

Urban wilderness/succession area 2.806349

Respondents generally understood the importance of such an
element for biodiversity and other positive attributes. The NIMBY
syndrome was evident here. For no particular site, this NBS was

proposed by residents who were concerned about creating space for
troubled citizens.

Green pergolas/green arbours 2.488647

Respondents suggested pergolas for the courtyard area. All yards
were private or semi-private spaces. Respondents did not feel

apprehensive about pergolas in the courtyards. No pergola was
proposed for a purely public space.

225



Land 2022, 11, 1712

Table 3. Cont.

Type of NBS
Average Value for

Ostrava
Respondent Comments of the Part of Upper Silesian

Agglomeration

Vertical vegetable/herb gardens 2.435229

This NBS was proposed by respondents for a backyard area. All
yards were either a private or semi-private space. As none of the

sites in the public space discussed were suitable for growing
vegetables, this NBS was not discussed by respondents from a

safety perspective.

Hydroponic mobile (flexible)
living walls/vertical gardens 2.398413

Respondents were positive about mobile living walls. In a few
places, they even suggested them as a barrier to traffic. They felt no

fear in relation to these NBS.

Hanging wall planters (as green
street furniture) 2.027359

This NBS was proposed by respondents for a backyard area. All
yards were either a private or semi-private space. Because none of

the locations in the public space discussed were suitable for
growing vegetables or herbs, this NBS was not discussed with

respondents from a safety perspective

Urban meadows 1.980952
In several places, respondents suggested this type of NBS.

Primarily, these were spaces today consisting of only a lawn. Often
in front of shopping centres or as part of a square or park.

Fruit trees/shrubs 1.800265
Fruit trees were not proposed by respondents for any of the

selected sites. Therefore, this NBS was not discussed with the
respondents in terms of their safety.

Green facades with climbing
plants 1.728571

Respondents in several places suggested a green facade as an
appropriate solution. They felt no fear in connection with this

element.

Wall-mounted living walls 1.710317 Respondents suggested this NBS for several places as an
appropriate solution. They have no worries about this element.

Park trees 1.53744

A willow tree was suggested as an appropriate tree by several
respondents. Willow is considered by respondents to be a very

decorative tree that is also a native species. They have no fear of
allergens.

Street trees 1.512802

Respondents (as indicated for the large bush section) do not want
to have trees planted in their streets because they do not want to

reduce the sunshine in their homes. They have no negative feelings
about trees in terms of danger.

Green roof/roof terrace 1.376409

According to respondents, green roofs are very costly; therefore,
they have not been proposed for any site. However, respondents

reported a positive experience with green roofs in the
agglomeration area.

Source: authors.

Table 3 shows only those elements that have been evaluated for Ostrava. The green
colour symbolises an agreement in the perception of the inhabitants of both pilot areas. The
red colour symbolises a significant disagreement between the pilot areas. The yellow colour
represents a partial disagreement. Grey elements were not proposed by respondents in the
Upper Silesian agglomeration; therefore, their perception of danger was also not discussed.

For the NBS, they were evaluated by the Upper Silesian agglomeration pilot area.
Graphs of response frequencies were prepared for each group of respondents in the pilot
area of Ostrava. For the pilot area in Poland, unfortunately, detailed age composition is
not available. The authors estimate (based on personal experience from these interviews)
that this was an age group predominantly in the older working age and younger seniors.
The age structure would be most closely related to Group A and Group C. According to
Figures 8–10, the difference in the attitude of the young (Group B) is evident. It is also clear
from Figure 9 that Group C is just strongly influenced by the negative experience of the
area that is problematic. In the pilot area in Poland, none of the sites were left in such a
significantly negative environment. This is an important experience for further research.

226



Land 2022, 11, 1712

 

Figure 8. Radar charts with frequency of answers for selected NBS for the 65+ group Source: authors.

 

Figure 9. Radar charts with frequency of answers for selected NBS for the student group. Source: authors.
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Figure 10. Radar charts with frequency of answers for selected NBS for the group from Přívoz
Source: authors.

5. Discussion

The relationship between urban greenery and feelings of safety is not a new phe-
nomenon [85]. The research shows that places that provide potential hiding places for
perpetrators and limited visibility or escape are perceived as dangerous [48]. Large shrubs
and urban wilderness can be considered such features. The result is therefore in accordance
with the assumptions. Negative feelings about urban wilderness are also confirmed by [86].

Discussions can be held about the discrepancy between the research results and the
already applied implementation of the NBS. An urban forest has been developed on
brownfield sites in Leipzig with an obvious positive effect on the housing in the area
by increasing the occupancy rate [53]. It can be assumed that the main difference is the
embeddedness in the city structure. In Leipzig, these were former brownfields (size greater
than 3 ha), which are now used for recreation but are a separate entity [53]. Residents are
not forced to enter the forest area in their daily movements (possibly at night). In contrast,
an area of small urban wilderness embedded in a public space that is used for the daily
movement of residents is a place that residents must encounter in their daily movement.
This is considered to be the main reason for the difference in residents’ feelings.

Hedgerows were perceived differently. Respondents in Ostrava made general com-
ments and did not indicate a specific location. Respondents from the Silesian agglomeration
indicated a specific site and perceived shrubs more positively. The different approaches
may be given by the very good experience of the Silesian agglomeration, the different types
of housing development and especially the specific area.

As for the results, urban meadows are interesting, which were evaluated rather
negatively compared to the usual assumptions or were not in direct contact with the
current location. According to [87], urban meadows are perceived positively after they
have been established, but [87] also admit that their positive impact on biodiversity needs
to be explained to respondents, which confirms the rather positive attitude of respondents
in the Silesian agglomeration. Biodiversity enhancement in low-mown urban grasslands is
also addressed by [88], for example

In terms of vertical features, there were differences in results. Green facades with
climbing plants and living walls had an average rating of less than two, meaning that most
respondents considered them neutral or safe. This result was virtually confirmed in the
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second pilot area. In contrast, elements of hydroponic furniture, living walls/vertical gar-
dens, vertical vegetable/herb gardens and hanging wall planters (as green street furniture)
were rated between 2 and 2.4. In the Silesian area, respondents were particularly positive
about mobile and flexible walls. It can be assumed that there may have been a lack of
perception of the robustness of the design used in the solution in Ostrava, for example,
despite the fact that the functionality of such a system in cities has been a topic of an
extensive expert discussion for a long time (e.g., [89]). But again, the good experience of the
Silesian agglomeration may also have contributed to a different attitude by the respondents.
In future research, more attention will need to be paid to vertical elements or should focus
on them separately.

A significant limitation of the results for the Ostrava pilot is that there is only a three-
level response scale. In further research, it will be necessary to adjust the scale. Respondents
should express their feelings on a scale of 1–5 or 1–10. Another limitation that may have
affected the result may have been photographs showing a particular element. For further
research, it will be necessary to test the neutrality of the feeling evoked by the images in a
sample of respondents.

A relatively small number of respondents can be considered a limitation to the research,
especially in the Ostrava part. Given the number of respondents, the age composition
does not match a demographic curve. Although equal numbers of men and women
were approached, efforts to obtain gender-balanced responses were unsuccessful. It is
therefore not possible to analyse gender differences in relation to feelings of threat from the
data obtained.

A limitation of the research is the actual form of interviewing in the pilot area of
Ostrava as mentioned in Chapter 3—Methods. As a result of the COVID-19 pandemic, the
method of interviewing had to be modified. The initial assumption of face-to-face meetings
in larger groups was not possible. Meeting with the senior generation was practically
excluded for almost a year. Another limitation of the results that will need to be taken into
account in future research is the likely changes in society as a result of the pandemic, which
was a prolonged stay at home and changes in work and social habits.

6. Conclusions

Fear of crime is itself a problem that has costly and long-lasting consequences for a
social life of a city, so understanding its causes and why it occurs as a social phenomenon
plays a key role in developing the right policies [7].

The city as a living organism is a site of clashes of opinion between different groups of
experts, even though they share the common goal of sustainable development. The paths
that lead to this goal may be different.

This can be seen in the example of nature-based solutions. A little green acupuncture
in the city can have a number of positive effects (reducing not only heat but also noise and
dust). However, such a solution cannot be implemented everywhere where it is technically
appropriate or advantageous. The acupuncture of an urban environment, especially when
associated with brownfield issues, must respect the specificities of the site. Brownfields
are often located in areas with higher crime rates. It is therefore necessary to consider and
communicate well the development of such NBS that could create a sense of danger to
citizens. For example, costly green walls or green roofs are positively received by residents
in terms of being unsafe, while having a number of ecosystem services.

If the citizens do not have their own experience with NBS elements or the concept of
applying them is not well communicated to them (as was the case in Ostrava—a resistant
lecture is not sufficient), fears can arise, which can then lead to non-acceptance of these
elements by the city residents.

Another possible explanation is its link to the imagination of the respondents. If they
talked about a specific location, they had the opportunity to place a specific element in the
context of the environment. However, if they were working with NBS without a predefined
location their evaluation was influenced by their level of imagination and the place where
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they probably subconsciously placed the element. However, this psychological aspect was
not the focus of the study but may serve as a stimulus for further research in the field of
urban psychology

This seemingly simple and clear and predictable result is important. In many cases,
various elements of NBS are being built with the vision of creating sustainable and resilient
cities. Society is falling into stereotypes that anything green is right and must be enthusiasti-
cally embraced by residents. Society is becoming significantly radicalized in environmental
issues. Which can lead to a deeper dissatisfaction of a part of the population, for whom
sustainable and resilient cities become uninhabitable and hostile.
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Abstract: Peri-urban forests often have extensive greenway networks that allow for outdoor recre-
ation. However, information associated with these greenways often does not include their degree
of naturalness, which is usually reduced to descriptions of the flora and fauna and often overlooks
the factors that reduce naturalness. Therefore, in some cases, the naturalness of these greenways is
lower than expected. Quantifying their naturalness would be helpful, especially for hikers interested
in appreciating and enjoying nature. Additionally, this information would help outdoor recreation
managers to design trails or decide which ones to promote as “greenways”. The objectives of this
study are (1) to design a method to calculate and map the naturalness of greenways using two ap-
proaches, one based on perceptual fieldwork and the other on geographic information systems (GIS);
(2) to apply the designed method to a specific greenway; and (3) to compare both methodological
approaches. The results show that, for the greenway studied, the naturalness scores obtained are low
in all three types of analyses used. Around 70% of the greenway sections in the GIS visibility analysis
and 80% in the GIS proximity analysis have a low naturalness index. In comparison, this value is
reduced to 40% with the fieldwork analysis. Although the results of the GIS approach (proximity
and visibility) generate naturalness indices and spatial patterns that are very similar, they differ
significantly from those derived from the fieldwork analysis. The discussion of the results suggests
that the three methodologies used are valid for analyzing the degree of naturalness of the trails.
However, if used together, it could add flexibility to the type of variables incorporated in the analysis.

Keywords: naturalness of greenways; nature-based recreation; trail assessment; peri-urban forests;
GIS; fieldwork

1. Introduction

In the present day, urban populations are subjected, on the one hand, to an overload
of work motivated by their work or academic activity, and on the other hand, to living in
a degraded environment resulting, among other factors, from pollution. The confluence
of these two situations can cause negative impacts on people’s health: higher levels of
physiological and psychological stress and a higher risk of chronic pathologies, including
cardiovascular diseases and mental health problems [1].

In order to counteract these adverse effects on health, the World Health Organization
(WHO) recommends regular physical activity as it is beneficial for preventing and treating
non-communicable diseases (such as cardiovascular diseases) and for mental health [2].
Additionally, according to Kerr et al. [3], the amount of time spent outdoors is related
directly to the improvement of individuals’ physical and emotional states. The combination
of these two elements, physical activity and outdoor exposure, gives rise to outdoor
recreation, which provides psychological, sociological, educational, and physical benefits
to people’s health [4].

When physical activity is performed outdoors in natural environments, it is generally
referred to as “green exercise”. Several authors [1,5–7] consider that “green exercise”,
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when carried out in pleasant natural environments, may positively affect mental health
and blood pressure, an important indicator of cardiovascular health. In addition, “green
exercise” in natural green spaces may have advantages over that carried out in urban green
spaces, especially concerning mental health [1,8]. This may be because natural vegetation
provides a sense of privacy, encourages personal relationships and physical exercise, and
allows one to distance oneself from routines, which implies isolating oneself from sources
of stress [9,10]. The COVID-19 pandemic has encouraged outdoor activities, and, therefore,
the use of hiking trails has increased. Obradović and Tešin’s work [11] states that, as a result
of the pandemic, there was an increase in the number of people who practiced hiking, that
people became more involved in this activity, but that perhaps this situation was motivated
because other types of activities could not be carried out. Despite this, a large percentage
of those surveyed stated that they would continue to practice outdoor hiking when the
situation normalized.

Peri-urban forests often feature extensive networks of greenways, paths, or trails
that offer a unique opportunity to escape the stress of urban life through sport and recre-
ation [12–16]. It has also been found that the availability and accessibility of trails promote
an active lifestyle, increasing the likelihood that users will meet physical activity recommen-
dations prescribed by experts [17–24]. Moreover, from a semi-rural or peri-urban location
perspective, trails allow for interaction with the natural environment, which, along with
the benefits of physical activity, can improve the quality of life for its users [18,21,25].

The satisfying experience of a hike is conditioned by whether the trail’s characteristics
align with the user’s motivations or preferences [11]. If a trail features elements preferred
by the user, such as a pleasant landscape, their motivation to walk the trail will increase [8].
Several authors [13,18] have established that trails are mainly used for physical activity.
However, in addition to physical exercise, other motivations, such as culture, heritage,
or contact with nature drive physical activity on trails [18,22,26–30]. For example, Farías-
Torbidoni [26] analyzed the motivations of hikers in natural areas and concludes that the
main reason for walking the trail is related directly to nature (connecting with nature,
relaxing and disconnecting, and enjoying the landscape). Cordeiro and Alves [31] obtained
a similar result by establishing that hikers’ most important motivating factors are relaxation
in the first place and exploration of nature in the second place. A study by Mayer and
Lukács [32] revealed the desire to escape from everyday life and be in a natural environment
as the main motivational factors for hiking trails. The results of Keith et al. [13] established
that, after physical activity, relaxing and escaping from city life, spending time with friends
or family, and discovering and experiencing nature are the main motivations for using a trail.
Thus, contact with nature is one of the recurring motivations for trail use. Therefore, hiking
in forests or natural environments is one of the most sought-after hiking experiences [33]. As
shown, several studies confirm a high level of preference for environments with abundant
natural vegetation, with natural beauty and contact with nature being one of the main
reasons people use trails [31,33–35]. Therefore, evaluating the degree of naturalness or
natural interest of the trails would allow potential users to plan their open-air activities
based on their primary motivation. This way, their level of satisfaction would increase,
since their expectations would be adjusted to the experience along the trail.

Naturalness is one of the dimensions of human perception of the environment [36].
In addition, naturalness is a subjective concept with aesthetic and biophysical dimen-
sions [36,37]. However, it can be quantified through scientific assessment, for example,
based on the number of native versus non-native species in a forest [37]. In outdoor recre-
ation, naturalness relates to protected nature, nature-based recreational experiences, or
wildlife [38]. In terms of trails, naturalness is deeply linked to the degree of conservation of
the natural environments around them [39].

According to Fredman et al. [38], naturalness is synonymous with predominantly
natural rather than built or artificial, and the degree of naturalness can increase depending
on the distance from a human settlement. In addition, the impacts (such as visual, odorous,
or acoustic) derived from the activities in urban settlements and their peripheries can
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compromise a landscape’s perceived degree of naturalness. For example, in the case of
sound, it is an element of the landscape that, on the one hand, forms part of the place’s
identity and its attractiveness, both in natural and cultural terms. On the other hand, noise
(for example, associated with road or rail traffic) not only masks the characteristic sounds
of the region but also represents a threat to the nature and naturalness of the place, causing
environmental fragmentation and general ecological stress [40].

Traditional methodologies that study the characteristics of trails use a series of factors
such as the attractiveness of the environment, the type of ground, the conditions of the
trail itself, or the natural monuments and attractions present [41]. This method is in line
with those applied by hiking federations, such as the European Rambler’s Association that
issues trail quality seals, such as the “Leading Quality Trails—Best of Europe”, and that, to
certify them, relies on the quality seal acquisition guide proposed by the “Deutsche Wan-
derverband Service”. The collection and evaluation of these factors have traditionally been
based on fieldwork, relying mainly on observation and perception, but in recent decades,
these methods have been supplanted by geographic information systems (GIS) [37,42–45].

In summary, not all hikers have the same interests and motivations, with some pri-
oritizing the athletic aspect, others the ecological and naturalistic aspect, and others the
recreational and cultural motivation [29,46]. Additionally, user experience improves if
the trail characteristics align with their preferences, so evaluating and communicating the
degree of naturalness of the trails is a priority for users motivated by contact with nature.
Thus, a detailed understanding of the relationships between users’ motivations and trail
characteristics can contribute to the design of strategies that increase user satisfaction and
provide greater health benefits [27,46]. However, in analyzing and evaluating trails, the
traditional fieldwork method has been substituted by GIS tools. The research question
posed by this article is whether GIS tools effectively replace traditional fieldwork methods
or whether they are complementary.

This study aims to calculate the naturalness of a greenway, that is, its affinity for the
“nature-minded hiker” profile [26], whose main motivation is to appreciate, enjoy, and
have direct contact with nature. The objectives of the study are: (1) to design a method
that allows the calculation and mapping of the naturalness of greenways based on two
approaches, one based on fieldwork and the other on GIS; (2) to apply the designed method
to the selected greenway and assess its degree of naturalness; and (3) to compare both
methodological approaches to contrast the different results, highlighting their respective
strengths and weaknesses.

The study is applied to a local and circular greenway called Anella Verda (“Green
Ring”), which is 34 km long and mainly runs through the peri-urban forests of the city of
Tarragona (Spain). This was chosen because it is one of the most used greenways in the
area [47] and because the responsible administration (Tarragona city council) promotes it
as “green”, meaning that it has a strong ecological and naturalness component.

2. Materials and Methods

The methodology is divided into 4 steps (Figure 1). Except for the first step, the
following steps are commonly used in methodologies based on multi-criteria analysis
techniques in GIS environments. The first step consists of selecting a greenway and
defining its sections to operationalize the analysis of its degree of naturalness. The second
step is to determine a list of factors that influence the naturalness of the selected greenway,
either positively or negatively. The third step refers to collecting data on the selected
factors, and in this phase, two different approaches are proposed: GIS and perceptual
fieldwork. We compare these two methodologies because they are some of the most widely
used for collecting data on factors in multi-criteria analysis. In turn, the GIS method is
subdivided into two approaches: proximity analysis and visibility analysis. It is considered
that a certain factor, although not directly visible from the greenway, may be nearby and
impact the user’s perception in some way. For example, no direct visual contact between a
greenway user and a nearby wastewater treatment plant may exist; however, this element
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will potentially produce a different negative impact (acoustic and/or odoriferous) that
the user will perceive equally, compromising the degree of naturalness of the greenway.
Therefore, it is appropriate to use proximity and visibility analyses referring to the GIS
method in this study. Finally, the fourth and last methodological step consists of calculating
the naturalness index of each section of the greenway according to the three approaches
and mapping it.

 

Figure 1. Outline of the methodological steps.

The segmentation of the greenway into sections (step 1 of the methodology) and its ref-
erence length as well as the selection of most of the factors that influence the naturalness of a
greenway (step 2 of the methodology) are based on the Qualitätsweg Wanderbares (Quality
Hiking Trail) guide (Deutscher Wanderverband Service GmbH, Kassel, Germany), pro-
moted by the Deutscher Wanderverband (German Hiking Association, DWV) which is avail-
able online at https://www.wanderbares-deutschland.de/service/qualitaetsinitiativen/
qualitaetswege (accessed on 4 February 2021). This guide details the requirements that
a trail in Germany must meet to be certified as Qualitätsweg Wanderbares Deutschland
(Quality Hiking Trail of Wanderbares Deutschland). To achieve this, different parameters of
the trail are measured (materials, location, capacity to be enjoyed), the trail’s development
as a means of communication, signage, the landscape and natural environment, cultural
aspects, and the humanization of the route, among others. This guide is widely recognized
and used by prestigious outdoor recreation associations such as the European Ramblers
Association (ERA), which awards a seal called Leading Quality Trails—Best of Europe
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(ERA-EWV-FERP, Praha, Czech Republic) to the highest quality trails in Europe with the
support of this guide (https://www.era-ewv-ferp.org/lqt/, accessed on 4 February 2021).

2.1. Study Area

The Anella Verda (“Green Ring”) runs through the peri-urban area of Tarragona
(Catalonia, Spain). This space is a highly fragmented traditional agricultural landscape
due to the proliferation of industrial, logistical, commercial, and leisure areas and a dense
network of infrastructures. The environment of this greenway is considered a chaotic area
with many interstitial spaces, although with great potential for outdoor recreation as it has
an extensive network of trails [48].

Through two variants, the selected greenway connects the rivers that flow into the
municipality of Tarragona (the Francolí and the Gaià), resulting in a great excursion of
34 km in length. Its interior variant mostly runs through peri-urban forests, while the
other variant runs along the coastline (Figure 2). The route covers a large part of the
extensive historical and cultural heritage of the municipality, passing through a Roman
aqueduct (Figure 2a), medieval farmhouses, defense towers (Figure 2c), Roman quarries,
orchards, river mouths, villages of interest (Figure 2e), and coves or beaches of high natural
value (Figure 2b,d). Although there are specific locations within the itinerary with the
presence of tourists (such as the Roman aqueduct), the entire greenway is used mainly by
the inhabitants of its surroundings [47].

 

Figure 2. Study area with the representation of the analyzed greenway and some relevant pho-
tographs. (a) Roman aqueduct, (b) Platja Llarga beach, (c) La Mora defense tower, (d) La Mora coves
and (e) Ferran village.
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2.2. Trail Segmentation

The greenway layer has been downloaded from the website of the Tarragona City
Council in GPX format and has been subdivided into different sections in order to op-
erationalize data collection. For this purpose, the greenway has been segmented using
satellite images through photointerpretation based on two criteria. The first (1) considers
the morphology of the path and is based on detecting sudden changes, for example, when
its width or type of surface is radically modified. The second (2) establishes a travel distance
of around 4 km, following the Qualitätsweg Wanderbares guide.

2.3. Factor Selection and Sources

For analyzing the naturalness of the sections of the Anella Verda, a set of factors has
been selected that are mainly based on the Qualitätsweg Wanderbares guide and other
studies that evaluate naturalness using multi-criteria analysis techniques integrated into
GIS, such as those by Vías and Ocaña [45] and Khazaee Fadafan et al. [43]. The selected
factors are grouped into two sets (Table 1), similar to the approach used by Khazaee Fadafan
et al. [43]. On the one hand, there are factors related to the intensive use of space that may
reduce the naturalness of the greenway, which could be considered negative factors. On the
other hand, there are factors that add naturalness, i.e., those that shape natural landscapes
and their figures of protection that determine their relevance from a natural perspective,
and all of them are positive factors.

Table 1. Factors included in the analysis.

Group Factor Codes Factor Description
Source (Geographic Information

Systems—GIS)

Group 1: intensive
use (negative factors)

F1_industry Industrial areas Urbanistic Map of Catalonia (MUC)

F2_voltage High-voltage towers and lines Topographic Map (IGN)

F3_treatment Water treatment plants Hypermap (Generalitat de Catalunya)

F4a_transport Roadways and railways Urbanistic Map of Catalonia (MUC)

F4b_transport * Acoustic pollution from roads
and railway Noise Pollution Information System (SICA)

F5_urban Urban centers Urbanistic Map of Catalonia (MUC)

Group 2: natural
landscapes

(positive factors)

F6_forest Woodland and forest Hypermap (Generalitat de Catalunya)

F7_n2000 Protected natural areas
(Natura 2000 network) Hypermap (Generalitat de Catalunya)

F8_coast Scenic coastal landscapes
Landscape Catalogue of the Camp de
Tarragona (Landscape Observatory

of Catalonia)

F9_faunaflora Areas of faunal and floral
interest Hypermap (Generalitat de Catalunya)

F10_rivers Watercourses (rivers,
torrents, etc.) Urbanistic Map of Catalonia (MUC)

F11_sea Sea Hypermap (Generalitat de Catalunya)

In the factor codes column, the “x” of “Fx” means the number assigned to each factor. * For the analysis of the
transportation factor, with proximity analysis (F4b_transport), the layer indicating the influence area of noise from
interurban roads and railway lines has been used (Ldia: average noise level during the day from 7 a.m. to 7 p.m.).

Although there are many factors to use in the analysis, for this study, only those
present in the study area have been considered. Specifically, through a previous exploration
of the cartography associated with the Landscape Catalog of Camp de Tarragona from the
Landscape Observatory of Catalonia [49], only the factors within a 500 m influence area
from the greenway are included. Those that cannot be measured by the three approaches
(GIS visibility, GIS proximity, and fieldwork) at the same time are excluded. In the case
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of approaches that require the use of GIS (proximity and visibility), the corresponding
layers in ESRI shapefile format have been obtained from the different official organizations
detailed in Table 1.

2.4. Factor Data Collection

The fieldwork was entirely perceptual or experiential. For each section, the presence of
each factor was analyzed, considering a single scale of values from 1 to 5, with 1 indicating
very little presence and 5 the opposite situation. The fieldwork was carried out in July
2021 by two of the authors of this article, having printed support cartography of all of
the factors to be assessed. During data collection, the weather conditions were favorable,
i.e., no episodes of wind or rain were experienced. The collected data were entered on
analog fieldwork sheets by both operators independently and then the simple average of
the evaluations made by each of them was calculated.

In the case of the GIS-based approaches, the analysis was restricted to an influence
area of 500 m. According to Booth et al. [50], landscape characteristics can be separated
into two categories based on their proximity to the viewer: aesthetic of view and aesthetic
of landscape. The former is determined by the perceived characteristics at great distances,
while the latter is limited to the perceived characteristics within a much closer range,
typically by viewers within a natural area looking at a patch of landscape around them.
Their landscape aesthetic model is limited to evaluating the characteristics of the 1000 m
around the observer, based on their professional judgment and knowledge of the study area.
However, they argue for the possibility of adapting this distance to the characteristics of
the analyzed zone. Following the same criteria, and taking into account the characteristics
of the study area, this work considers it appropriate to restrict both GIS analyses to the
500 m around each section of the greenway.

For the visibility analysis, visual basins were calculated using the “visibility analysis”
plugin, accessible from the free and open-source software QGIS 3. As a previous step, a
layer of viewpoints or observers was created for each of the greenway sections. To achieve
this, the line layer, which represents the different sections, was transformed into a point
layer based on its vertices, which generated 3716 observation points distributed, according
to the section, as shown in Table 2. Attributes related to the observer’s height (the default
program value which is 1.60 m) and visibility radius (which is 500 m) are associated with
this point layer.

Table 2. Number of observation points for each section (S).

Sections S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Number of vertices 209 201 790 509 517 444 196 270 144 436

After configuring the observation points, the visual basins were calculated for each
section using the default program values for the sphericity of the Earth and the atmospheric
refraction index. In this study, due to its advantages in terms of precision and accuracy in
modeling the terrain [51–53], a digital surface model (DSM) was used for calculating the
visual basins, as they integrate the height of trees and buildings in the visibility calculations.
This DSM was downloaded from the Spanish National Geographic Institute website.

This calculation process was performed 10 times, one for each set of points representing
a section of the greenway. The resulting values were transformed into binary values: 0 (not
visible) and 1 (visible). Then, the visible surface area in square meters was calculated for
each of the 10 sections of the greenway. The visible surface area results from multiplying
the number of pixels with a value of 1 by the surface area of each pixel, which in this study
was 100 square meters. Finally, to determine the percentage of the visible surface area of
each factor, its surface area was calculated by overlaying the layers representing the factors
and the visual basin from each section.
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In the case of the proximity analysis, the percentage of the surface area of each factor
within a 500 m buffer around each section was calculated. For this, the “buffer” algorithm
of QGIS 3 was used to calculate the 10 buffers for each section of the greenway. Next, all
of the layers related to the different factors were clipped using each buffer as the clipping
entity. Once the factors were clipped, they were overlaid with the buffers of each section to
calculate the proportion of the surface area of each factor relative to the total surface area of
each buffer. However, for the factor “F4b_transport”, the percentage of the distance of each
section that directly intersects with the layer of noise from interurban roads and railways
was calculated. Therefore, unlike in the visibility analysis, proximity to the communication
routes is not measured, but rather to the noise they generate, one of the negative impacts
these infrastructures can cause [40].

2.5. Naturalness Index Calculation and Mapping

To calculate the naturalness index, the ideal point method is used, adapted from
Malczewski [54] and expressed by the following equation:

Naturalness index = 1 −
⎛
⎝

√
∑n

1 (xi − p)2

√
N(a − p)2

⎞
⎠ (1)

where xi is the value of factor n in section i; p is the ideal point; a is the anti-ideal point
(opposite to the ideal), and N is the total number of factors.

The ideal point method reflects the statistical distance of each case from the ideal
situation. It is used in this study because, like in Vías and Ocaña [45], it is more appropriate
than a mere linear aggregation since the compensation derived from using the arithmetic
mean balances situations with different dissimilarity values.

In the analyses derived from the GIS method, the value considered the ideal point
for all factors is 100%, while for the data collected in the fieldwork, this value is 5. As a
preliminary step to calculating the formula, the values of the factors belonging to group 1
(intensive use—negative factors) are inverted since, being factors that harm naturalness, the
lower the original value collected, the closer they will be to the ideal point of naturalness.
For example, if the original value of factor 1 (F1_Industry) was 4.52%, it is inverted and
becomes 95.48%, considering 100% as the ideal point.

Considered as a measure of similarity, the result of calculating the part of the formula
included in the parentheses means that the value 0 is the ideal point, while 1 is its antithesis.
However, following the study of Vías and Ocaña [45], and in order to maintain a logical
order of scores (0 indicating lower degree of naturalness and 1 indicating higher degree of
naturalness), the value resulting from calculating the parentheses is inverted.

Once the naturalness index of each section was calculated, they were mapped using
an equal interval classification to be comparable: low naturalness degree (from 0 to 0.33),
medium naturalness degree (greater than 0.33 to 0.66), and high naturalness degree (greater
than 0.66 to 1).

3. Results

3.1. Trail Sections’ Characteristics

The segments that make up the analyzed greenway can be classified into three main
groups: those that run along the river courses and are located at the eastern and western
ends (S1, S2, and partially S6); those in the interior (S3, S4, S5, and partially S6); and finally,
the coastal ones (S7, S8, S9, and S10) (Figure 3). In the first group, the presence of the
river is the main factor shaping the characteristics. However, there are some differences:
S1 is an entirely urban section that has been configured as a river park and is equipped
with urban furniture (fountains, benches, trash cans, etc.) and roads with different surface
characteristics (artificial, dirt, etc.) or users (bike lane or pedestrian lane); the S2 section
corresponds to a wide riverbed, with little riparian vegetation and multiple trail and path
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options; while the second part of S6 coincides with the final stretch of the Gaià river and
has a dense and well-preserved riparian vegetation since it is included in the protected
natural space of the mouth of the Gaià river.

 

Figure 3. Mapping of the greenway sections and some representative photographs (own elaboration)
of each one.
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The interior sections display differences in land use, unique cultural elements, and the
distance to fast traffic routes. Thus, in S3, there is the Roman aqueduct of Ferreres, and in
the first part of S6, the Roman quarry of Mèdol, both of which are first-rate historical and
cultural attractions. In addition, examples of scattered traditional architecture (farmhouses)
appear throughout the set of interior sections. S3 runs mostly through wooded areas and
is located away from fast traffic routes, while in S4 and S5, and the first part of S6, there
is a mosaic of forests, abandoned or non-abandoned agricultural areas, and low-intensity
residential areas. Finally, it is noteworthy that the entirety of S4 runs parallel and adjacent
to fast-traffic routes.

The coastal sections are arranged from east (S7) to west (S10) and are characterized by
a greater or lesser degree of urbanization in their immediate hinterland and by the distance
to the railway line. Thus, S7 starts at Tamarit Castle and corresponds to a beach surrounded
by low-density urbanization. S8 runs through the protected natural space of the Bosc de
la Marquesa, which has been preserved thanks to the railway line acting as a barrier to
urbanization. S9 and S10 correspond to beaches, with the railway line parallel to the coast
and very close, with an urban or practically urban hinterland.

3.2. Factor Mapping

Figure 4a shows the factors used to assess the naturalness of the greenway, which
have been described previously. The factors that detract from the naturalness of the
extensive surface landscape have different spatial distributions. Industry (F1_industry) is
concentrated in the western sector, while urban areas (F5_urban) have a large surface area
corresponding to the city of Tarragona adjacent to the industry and a series of randomly
distributed patches in the entire study area (low-density residential area). The linear factors
(F2_voltage, F4_transport in both variants) cross the territory horizontally, from east to
west, although the network of communication routes is denser in the western sector. It
should be noted that the transportation factor used in the proximity analysis (F4b_transport)
corresponds to a polygon that, in its western section, occupies a good part of the territory.
The factors that add naturalness to the landscape are mostly superficial in nature, from F6
to F9, with a greater profusion in the eastern sector of the study area, most of them located
in the interior zone, except for the aesthetic coastal landscape located on the coast, also in
the east. Finally, it should be noted that in the river factor (F10_rivers), they are located at
the ends and have a vertical (N–S) disposition.

Since the GIS analysis is carried out using two approaches, visibility and proximity,
a visual basin has been generated for the first case (Figure 4b), which covers an area of
17.53 km2, and an influence area or buffer for the second case that delimits a polygon
equidistant to 500 m from the Anella Verda and has an area of 37.98 km2 (Figure 4c).

3.3. Trail Naturalness Assessment

The results of the naturalness index calculated for each section are different for the
three methodological approaches proposed (Figure 5). First, according to the GIS visibility
analysis, 70% of the sections have a naturalness score of less than 0.33 and the remaining
30% (S7, S8, and S9) have an intermediate naturalness. No section with a high naturalness
index is identified. Spatially, the three sections with an intermediate level of naturalness
are contiguous and entirely on the coastal axis of the greenway.

Secondly, the proximity GIS analysis results follow a very similar pattern to the
previous one, with 80% of the sections having a low degree of naturalness. The remaining
20% (S7 and S8) do not exceed a score of 0.66, placing them in an intermediate level of
naturalness. With this analysis, no sections appear to have a naturalness index higher than
0.66. The spatial pattern is identical to the previous one, except for S9, with a score of 0.32,
which is located at a low level of naturalness.
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Figure 4. Mapping of the factors used (a), visual basin (b), and buffer (c) of all sections.

Thirdly, in the fieldwork, more significant variability is observed, both in the sections’
scores and their spatial pattern. Specifically, less than half of the sections (40%) obtain a
low naturalness score, half obtain an intermediate level of naturalness, and the remaining
section (S8) is the only one that obtains a high naturalness score (0.70). From the spatial
pattern, it can be deduced that the coastal sections have higher naturalness indices than the
rest, with S8 standing out, having several positive factors (F6_forest, F7_n2000, F8_coast,
F9_faunaflora, and F11_sea) that coincide spatially while lacking negative factors that
reduce naturalness.

3.4. Comparison of Methods

The results obtained through the three methodological approaches to the naturalness
of the greenway sections show, in general, low values of naturalness, which are consistent
with the degree of human intervention in this territory. This area is located near the city of
Tarragona, with many urbanized areas occupied by various human activities.

Out of the 10 sections analyzed, in half of them (S1, S2, S4, S5, and S7), the three
methodological approaches coincide in the naturalness class (Figure 6). In contrast, at least
two methodological approaches coincide in the other half of the sections (S3, S6, S8, S9, and
S10). There was no section where the three approaches offered a different naturalness class
in each one. In all sections, at least two approaches coincide.

245



Forests 2023, 14, 1181

Figure 5. The naturalness index (NI) obtained for each section (S) according to the three methodolog-
ical approaches used.

 

Figure 6. Coincidence in naturalness class of the sections according to the different methodological
approaches used.
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Sections S1, S2, S4, and S5 have the same value of naturalness, which is low, meaning
they have little naturalness. The main feature that identifies them is the high presence of
low-density residential areas, except in S2 where the low naturalness is due to industrial
areas and power lines.

In section S7, the three methodological approaches also agree. However, this time the
naturalness increases to the medium class due to the lower residential urbanization and
the increase in positive elements such as the presence of forests, protected areas, coastal
landscape, and relevant species of flora and fauna.

The coincidence of the degree of naturalness, according to the three approaches, has
been observed primarily in the eastern area (highly urbanized), the northern area, and one
section in the southern area. On the other hand, the southern area is the most heterogeneous
in terms of naturalness results. Of the four sections in this area, only one is coincident in
the three approaches, while the other three (S8, S9, and S10) only coincide in two. S10 and
S8 are coincident in the methodological approaches with GIS (proximity and visibility), in
which the values of natural and water landscapes dominate. In contrast, in S9, where the
results of visibility and fieldwork coincide, the presence of the sea is significant.

4. Discussion

The information associated with an official trail usually does not provide an indicator
that quantifies its degree of naturalness; the signs, brochures, and other available docu-
mentation typically only describe the characteristics of the fauna and flora of the greenway
in question [55]. The availability of information on the degree of naturalness of a trail
when choosing a greenway or a section of it to travel would be very useful for users, but
especially for the profile of hiker interested in appreciating and enjoying nature. Despite
the advantages that knowledge of the degree of naturalness of a trail could provide its
users, a limited number of studies address this topic (e.g., [36,37,39,40,45,56]).

This study demonstrates that, although the administration promotes the analyzed
greenway as “green” and “natural”, it does not have the degree of naturalness that a
nature-minded hiker would likely expect to find. In this regard, similarities have been
found with the study by Vías and Ocaña [45], in which a multi-criteria evaluation model
integrated into a GIS approach was used to assess the suitability of a network of trails for
hiking. One of the criteria included in the generated model was natural interest. As a result
of this criterion, they found that more than three-quarters of the analyzed sections had a
below-average natural interest, which can be considered a low value in the context of that
study area (the Sierra de las Nieves natural protected area in southern Spain). Similarly, in
the work by Pavão et al. [37], the hypothesis was made that natural forests could have a
relevant role as a tourist attraction for trails in the Azores (Portugal). To demonstrate this
hypothesis, a quantitative analysis based on GIS was applied to determine the predominant
types of cover found along these trails. They concluded that the predominant ground cover
along the routes in this nature tourism destination correspond to anthropogenic landscapes
of low naturalness (e.g., reforested forests, artificial pastures, or invasive forests).

Table 3 summarizes the applied methodologies in this study. Regarding the analysis
speed, establishing the perception of naturalness through fieldwork is considered the
slowest method. On the other hand, the fastest method is proximity to the trail using
GIS tools. More layers are needed for the visibility analysis (the third method used), and
the calculation of visual basins requires more processing time. The cost behavior also
shows differences between fieldwork and GIS methods. The former requires a high and
continuous budget for personnel to carry out data collection campaigns, while in GIS, the
investment is initial and dedicated to the purchase of hardware, since free GIS software
can be used, and the necessary information layers are usually available free of charge from
institutions responsible for cartography. This cost difference is accentuated if we consider
that, although computer equipment is not necessary during the collection of information in
perceptual fieldwork, it is used in the subsequent treatment of the data.
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Table 3. Comparison of the three analyses used.

Perceptual Fieldwork GIS Visibility GIS Proximity

Implementation speed Slow Moderate Fast

Costs High and continuous Medium and initial Medium and initial

Conditioning factors in the
selection of factors Low High Medium

Risk of variation in the
evaluation of the factors High Low Low

One crucial aspect to consider is the selection of factors that will be part of the analysis
model for the degree of naturalness. In the case of perceptual fieldwork, the limitations
in selecting factors are very low since, based on perception, any factor can be collected,
such as bad smells or the presence of garbage. The only limitation detected is based on the
time dedicated to this task, which is very demanding. In the case of GIS, the selection of
factors is based on technical criteria considering the availability and scale of cartography,
which for some factors are difficult to find or there is an absence of information or it is not
at an appropriate scale. Furthermore, in visibility analysis with GIS, these limitations are
increased since, in addition to obtaining information layers, an additional layer, the digital
surface model (DSM), is required to calculate the visual basins. In the selection of factors, it
is considered that fieldwork is more versatile since it can incorporate factors easily since it
is only based on perception. Due to the characteristics of perception-based fieldwork, the
risk of variations in the assessment of factors is very high since, despite having detailed
descriptors for each category of the range, external factors such as weather conditions or
the experience and judgment of the technicians performing the assessment can be different.
This situation is diametrically opposed to the use of GIS, which obtains equivalent results
for any section and situation by applying the same parameters.

Regarding the initial research question, the results obtained from comparing the
methods show that if a quick analysis is required, the best option is to use a GIS-based
proximity analysis. However, if the time and budget are available, the fieldwork technique
can be used, providing greater flexibility when selecting factors.

According to the results obtained from this study, it is not possible to affirm that
GIS can be a complete substitute for fieldwork, but rather that both methodologies are
complementary. The three methods applied are valid independently when measuring the
degree of naturalness of a trail. However, GIS would provide a quick and objective analysis
in an integrated methodology. At the same time, fieldwork could introduce, on the one
hand, factors that are not usually available in cartographic layers, such as the presence of
trash or foul odors and, on the other hand, information related to the user’s emotions or
experiences, such as the attractiveness of a picturesque place or the tranquility of a forest.
Other authors have already used this complementarity between GIS and fieldwork in other
contexts, leading to satisfactory results (e.g., [57–59]).

In any case, it is considered that the administration should expand the available
information on the degree of naturalness of the trails with the intention that when the
user makes their choice, it fits their motivations and preferences to increase their level
of satisfaction [11]. In addition to increasing satisfaction, having this information can
encourage outdoor recreational and sports activities with potentially positive effects on the
health and well-being of people.

The main methodological limitations of this study are related to the segmentation of
the original greenway into sections and the area of influence used. In this work, criteria
related to the longitudinal homogeneity of the sections and their characteristics are used
to segment the trail. Other works, such as Vías and Ocaña [45], use intersections with
other trails to establish the different section breakpoints. Therefore, depending on how the
criterion is established to locate these section breakpoints, the segmentation of the itinerary
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can directly influence the final calculations of naturalness for each section. Additionally, in
the specific case of the GIS approach, determining the area of influence (both for visibility
analysis and proximity analysis), which in this study was 500 m, can also affect the results.

Additionally, it is essential to consider that the adaptation of the factors to each specific
case study limits the replicability of this method. That is, depending on the characteristics
of the analyzed greenway and the study area in which it is located, the factors to include,
both for GIS analysis and fieldwork analysis, may vary. This makes it difficult to replicate
the method in another study area without first conducting a diagnosis of the factors present
to customize the selection. For example, the same factors cannot be used to measure the
degree of naturalness of a path that runs through a desert area, a forest, or an inland area
versus a coastal area.

5. Conclusions

This study contributes to the international literature by adapting multi-criteria analysis
techniques to calculate and map the level of naturalness of greenways, a field scarcely
explored so far. It also provides a comparative analysis of the data collection methods used
to detect and discuss their strengths and weaknesses.

The three analyses applied in this study (two through GIS and the other with fieldwork)
are shown to be valid for calculating the degree of naturalness of a greenway. However,
from the discussion of the results, it is concluded that integrating both techniques (GIS and
fieldwork) can lead to more precise and detailed results in trail naturalness assessment.

The two GIS analyses obtain similar naturalness indices for this case study, although
the values are consistently lower than those derived from the fieldwork analysis. Addition-
ally, although the greenway analyzed in this study is promoted as “green”, the resulting
naturalness indices are generally low in all three methods. This suggests that this type of
itinerary or trail only sometimes meets expectations, meaning it does not have the degree of
naturalness that users would expect to find. Moreover, it would be interesting for the local
administration to consider these results to, on the one hand, transfer the level of naturalness
of each section to the users of this greenway (for example, with the implementation of
informative panels or signs on the greenway). On the other hand, if appropriate, implement
the necessary measures to increase the levels of naturalness of the sections that require it,
primarily to mitigate the negative impacts potentially produced by the factors considered
in this study as negative or intensive use.

The results obtained from both the analyzed greenway and the replication of this
methodology in other study areas could be of great use for land and outdoor recreation
managers. On the one hand, it could help them design trails by selecting those segments
with the highest naturalness, and on the other hand, it could help them promote these trails.
For hikers, it means having more and higher quality information about the naturalness
of greenways for their decision-making process before using a particular greenway or
section thereof.
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information media in the outdoor mining tourism. Acta Montan. Slovaca 2019, 24, 269–283.
56. Getzner, M.; Meyerhoff, J. The benefits of local forest recreation in austria and its dependence on naturalness and quietude. Forests

2020, 11, 326. [CrossRef]
57. Babaie-Kafaky, S.; Mataji, A.; Sani, N.A. Ecological capability assessment for multiple-use in forest areas using GIS- based multiple

criteria decision making approach. Am. J. Environ. Sci. 2009, 5, 714–721. [CrossRef]

251



Forests 2023, 14, 1181

58. Duran-Llacer, I.; Arumí, J.L.; Arriagada, L.; Aguayo, M.; Rojas, O.; González-Rodríguez, L.; Rodríguez-López, L.; Martínez-
Retureta, R.; Oyarzún, R.; Singh, S.K. A new method to map groundwater-dependent ecosystem zones in semi-arid environments:
A case study in Chile. Sci. Total Environ. 2022, 816, 151528. [CrossRef] [PubMed]

59. Gupta, M.; Srivastava, P.K. Integrating GIS and remote sensing for identification of groundwater potential zones in the hilly
terrain of Pavagarh, Gujarat, India. Water Int. 2010, 35, 233–245. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

252



Citation: Liu, W.; Xu, H.; Zhang, X.;

Jiang, W. Green Infrastructure

Network Identification at a Regional

Scale: The Case of Nanjing

Metropolitan Area, China. Forests

2022, 13, 735. https://doi.org/

10.3390/f13050735

Academic Editors: Panayiotis

G. Dimitrakopoulos, Mario

A. Pagnotta, Miklas Scholz

and Arshiya Noorani

Received: 22 March 2022

Accepted: 6 May 2022

Published: 9 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Green Infrastructure Network Identification at a Regional Scale:
The Case of Nanjing Metropolitan Area, China

Wei Liu 1, Hao Xu 1,*, Xiaotong Zhang 2,3 and Wenqi Jiang 1

1 College of Landscape Architecture, Nanjing Forestry University, Nanjing 210037, China;
liuwei2019@njfu.edu.cn (W.L.); j13033051382@163.com (W.J.)

2 Shanghai Key Lab for Urban Ecological Processes and Eco-Restoration, Shanghai 200241, China;
xtzhang0711@outlook.com

3 College of Ecological and Environmental Sciences, East China Normal University, Shanghai 200241, China
* Correspondence: hao_xu@njfu.edu.cn

Abstract: Clustered urban development has caused increasing fragmentation and islanding of
regional ecological spaces. Creating a green infrastructure network (GIN) is a practical method
of ensuring regional ecological security. This study proposed a method of GIN identification at
the regional scale based on the Nanjing Metropolitan Area as an example. In this method, green
hubs were identified using morphological spatial pattern analysis and connectivity indexes, green
corridors were simulated based on the least-cost path model, and key optimization nodes were
identified using circuit theory. The results indicated that green hubs covered an area of 5042.07 km2,
of which, 15.40% were cross-border, and the potential corridors were distributed in a network, with
the key ecological nodes primarily narrowly situated. By comparing the hubs with the statutory
green space protection area and the urban ecological control line, the identification results were more
than 70% accurate, showing that the results were valid and reliable. This method not only made the
identification of regional GIN more practical and replicable but also further identified key areas that
need priority protection. This study provides a method for constructing regional GIN and serves as a
strong guide for ecological and development planning of other urban clustered areas.

Keywords: green infrastructure; ecological network; regional scale; morphological spatial pattern
analysis; circuit theory; Nanjing Metropolitan Area

1. Introduction

Green infrastructure (GI) refers to natural or semi-natural green spaces [1], including
forests, grasses, and parks. As one of the main habitats for animals, GI plays an important
role in maintaining biodiversity and preserving the integrity of ecosystems [2]. However,
with massive urbanization, GI has been encroached upon, which brings about serious
fragmentation, islanding, and declining connectivity [3]. Of particular concern is the
rise in clustered urban development, such as urban agglomerations and metropolitan
areas, where rapid urban expansion and intense human activities have led to increasing
depletion of GI, severe loss of biodiversity, and serious threats to the structure and function
of green ecosystems [4,5]. Building a green infrastructure network (GIN) is ecologically
important for biodiversity conservation and is an effective means of enhancing landscape
connectivity [6,7].

Being able to identify a GIN has attracted widespread attention, and a research
paradigm of “hubs identification-ecological corridors construction-network optimization”
has progressively emerged [8–10]. Hubs provide habitats for animal survival and migra-
tion, and they are normally identified based on the biological habitat needs in terms of
function or scale dimensions through ecosystem service evaluation, ecological sensitivity
evaluation, landscape connectivity evaluation, etc. [11–13]. Corridors are areas in ecological
networks that provide passage for animal migration. They are mostly constructed based on
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focal species, whose spatial locations, orientations, and widths are identified using model
simulations such as the least-cost path, the minimum cumulative resistance, graph theory,
and the ant colony algorithm [14–16]. Ecological nodes are key strategic points that have
an important impact on ecosystem stability and connectivity, and most studies have se-
lected ecologically sensitive areas or corridor narrows as ecological nodes through a spatial
overlay with landscape components, such as road networks and construction land [7]. It is
evident that most of the existing studies on GINs are constructed with focal species as the
target, and the effectiveness of this construction technique was demonstrated [17,18].

However, the existing methods for identifying GINs are mostly applied at the urban
scale and confined to specific administrative boundaries. Fewer studies have been carried
out at the regional scale. In fact, the construction of GINs is not entirely constrained
by administrative boundaries. The spatial continuity of green space patterns and the
spatial mobility of ecosystem services dictate that the identification of a GIN requires
the consideration of relevant influencing factors within a larger natural geographical
context [16]. Traditional focal-species-based approaches to GIN construction are somewhat
limited at the regional scale. First, the larger the area, the richer the species, and the
habitat requirements of focal species and dispersal paths may not be representative of all
species [19]. Second, animal dispersal behavior analysis is key to the use of this method,
but the dispersal behavior of species is mostly uncertain [20]. The GI resource endowment,
regional physical geography, and socio-economic conditions at the regional scale are even
more variable, which could cause species dispersal behavior to be more unpredictable.
Third, the method requires a large amount of data, including detailed species survey data
and habitat quality assessment data, and is complex to calculate. As a result, its application
to large-scale GIN construction takes a lot of time and effort [21].

The identification of hubs, corridors, and key ecological nodes at the regional scale
is conducive to building a GIN that breaks through administrative boundary restrictions
and can offer effective guidelines for building a GIN at the urban scale [17,22]. Some
scholars have realized the importance of regional GINs and investigated the methods
for their construction. The morphological spatial pattern analysis (MSPA) approach is
based on graph theory [23] and uses image processing to identify GI elements that play
an important role in maintaining ecological network connectivity [24]. This approach uses
fewer data, emphasizes the structural connectivity of ecological networks, and preserves
the continuity and integrity of landscape patterns; therefore, it has been applied in the
construction of national- and urban-scale GINs [13,25]. The circuit theory (CT) defines
the dispersal behavior of species as a stochastic behavior similar to the motion of electric
charges, identifying ecological networks by assigning different ecological meanings to
physical quantities, such as resistance, current, and voltage [26]. Without a need for the
identification of focal species, CT could identify the corridors that meet the migratory needs
of multiple species, thus being more suitable for species dispersal characteristics [27] and is
broadly adaptable at several spatial scales [21,28].

The application of MSPA and CT has promoted the identification of GINs at the
regional scale, but they have advantages in hubs selection and corridors identification,
respectively. The combination of these two methods to identify regional GINs not only
avoids the subjective interference of artificial hub selection but also obtains green corridors
with structural connectivity and functional connectivity [7,29]. Therefore, the MSPA and
CT method combined to study regional GINs is more scientific, which would provide more
practical and accurate references for regional ecological planning. However, few studies
have combined both methods [30], and relevant studies at the regional scale are even
scarcer. Therefore, taking the Nanjing Metropolitan Area in China as an example, this study
combined MSPA and CT to construct a methodological framework for identifying a regional
GIN, including how to identify regional green hubs, how to create a resistance surface, and
how to construct green corridors and identify key points; furthermore, the accuracy of the
identified GIN is discussed. This study offers a detailed methodological framework for the
construction of regional-scale GINs and a new perspective for regional-scale GIN planning.
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2. Materials and Methods

2.1. Study Area

Located in the lower reaches of the Yangtze River of China, the Nanjing Metropolitan
Area (29◦57′ N–34◦06′ N, 117◦09′ E–119◦59′ E) spans the provinces of Jiangsu and Anhui
and consists of Nanjing, Zhenjiang, Yangzhou, Huai’an, Chuzhou, Ma’anshan, Wuhu,
Xuancheng, and Changzhou (including Jintan District and Liyang District only), with a
total area of approx. 66,000 km2 (Figure 1). Principally located in the subtropical monsoon
climate zone, this region features hot summers, warm winters, and abundant precipitation.
The terrain is dominated by low hills and alluvial plains, which are higher in the south
and lower in the north. The region is endowed with an excellent natural background,
with mountains such as Mt. Huangshan, Mt. Tianmu, and Mt. Jiuhua in the south, and
Ningzhen, Laoshan, and Maoshan mountain ranges in the center.

Figure 1. Location of the study area.

As a pivotal region linking eastern and central China, the Nanjing Metropolitan
Area is an important part of China’s Yangtze River Delta City Agglomeration and the
first metropolitan area set up across provinces in China. By the end of 2019, it had a
resident population of approx. 35 million and a gross domestic product per capita of RMB
113,000 [31], making it one of the most economically developed regions in China. In recent
years, the vigorous development and construction of the Nanjing Metropolitan Area have
brought about serious erosion of GI, a reduction in biodiversity, and increasing pressure
on the regional ecological environment. Under the double pressure of clustered urban
development and green spaces protection, Jiangsu and Anhui provinces jointly proposed to
build a network of green corridors in Nanjing metropolitan area [31], providing a win–win
solution for accelerating urbanization and protecting ecosystems. The results of this study
can serve as a direct reference and data support for the construction of a regional GIN in
the study area.
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2.2. Data

The data sources used in this study principally included the 30 m resolution land
cover classification data from 2020 (from http://www.globallandcover.com/ (accessed
on 10 October 2021)) and the 30 m resolution DEM digital elevation model data (from
http://www.gscloud.cn/ (accessed on 15 November 2021)). The study also referred to the
Regional Planning for Ecological Space Control in Jiangsu Province (from http://www.
jiangsu.gov.cn (accessed on 15 November 2021)) and the Ecological Protection Control Line
of Anhui Province (from https://www.ah.gov.cn/ (accessed on 15 November 2021)) to
extract the ecological protection control line within the study area.

The land cover classification data of Nanjing Metropolitan Area was divided into bare
ground, shrub, grass, forest, agriculture, construction land, wetland, and water (Figure 1).
To facilitate identification, shrub, grass, forest, and wetland were defined as the GI. In
view of the fact that the vegetation type of agricultural land was relatively homogeneous,
mostly dominated by cash crops with low biodiversity maintenance value [32], and that
agricultural land is subject to a separate and strict protection regime in China, the study
did not include agriculture within the GI.

2.3. Methods

In this study, a regional-scale GIN construction framework was proposed based on
the research mode of “hubs identification-corridors construction-network optimization”
by integrating approaches such as MSPA, least-cost path (LCP), and CT (Figure 2). The
detailed process is described in the following sections.

 
Figure 2. Flow chart of the study.

2.3.1. Identification of Landscape Elements Based on MSPA

Morphological spatial pattern analysis (MSPA) is an image-processing technique that
measures, identifies, and segments the spatial pattern of a raster image based on mathe-
matical morphological principles [33]. This method simplifies the process of determining
landscape patterns and has been applied in the construction of regional-scale ecological
grids [25]. First, the land use data was reclassified and converted into binary maps using
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the ArcGIS software, with the foreground set to the GI and the background set to other
types of land. Second, with the help of the GuidosToolbox software, the binary raster data
was analyzed by using the eight-neighborhood rule (edge width set to 1) to extract 7 types
of MSPA landscapes, i.e., core, bridging, branch, perforation, islet, edge, and loop, which
did not overlap with each other. The cores were mostly large GI patches that offered larger
habitats for species and inform the screening of green hubs.

2.3.2. Hubs Extraction Based on Scale and Connectivity

The extraction of hubs requires consideration of both the size and the connectivity of
the patch. The size of the core is decisive for habitat heterogeneity and species carrying
capacity and scattered small patches play a limited role in the maintenance of regional
ecosystem function. Therefore, larger core patches need to be selected as candidate hubs.

Connectivity refers to the degree to which horizontal movement of organisms or
ecological processes is inhibited between landscape elements [34]. Cores with high con-
nectivity offer higher survival of organisms. The integral index of connectivity (IIC), the
possibility of connectivity (PC), and the connectivity importance index (dI) were chosen to
determine the connectivity of candidate hubs and to identify cores of high importance as
hubs. The specific formulae used for computation are as follows:

IIC =
∑n

i=1 ∑n
j=1

ai×aj
1+nlij

A2
L

, (1)

where n refers to the total number of GI patches; ai and aj denote the area of core
i and j, respectively; nlij represents the number of connections between cores i and j; and
AL stands for the total area of GI. The larger the IIC, the more suitable the core is as
a habitat.

PC =
∑n

i=1 ∑n
j=1 P∗

ij × ai × aj

A2
L

, (2)

where P∗
ij refers to the maximum product probability of all connections between cores i and

j. The smaller the PC value, the lower connectivity between cores.

dI =
I − I′

I
× 100%, (3)

where dI represents the importance of the core; I denotes the connectivity index value of
the core, namely, the IIC and PC values in the study; and I′ stands for the connectivity
index value after the removal of a certain core. The larger the dI value, the more important
the core [35].

2.3.3. Corridors Construction Based on LCP

Corridors are important pathways for species migration and are carriers of material
cycles and energy flows between hubs. The least-cost path (LCP) reflects the relative
minimum cost consumed by a species during their migratory dispersal, and the corridors
constructed on the basis of the LCP are theoretically the best pathways for species mi-
gration [2]. In the study, the Linkage Mapper corridor simulation software was used to
construct potential least-cost green corridors between hubs. The key to the LCP is the
setup of landscape resistance. The ecological resistance varies depending on the nature
of the landscape unit. In most cases, the higher the habitat suitability of a landscape unit,
the lower the ecological resistance. In this study, based on the results of the MSPA anal-
ysis, the value of resistance was determined by considering the natural environment of
the region, different land-use types, and the level of human interference. On this basis,
different resistance values were assigned, where larger values represent greater resistance
(Table 1). Based on 30 experts’ questionnaire responses and using hierarchical analysis,
the weight coefficients of four resistance factors (i.e., MSPA landscape type, land-use type,

257



Forests 2022, 13, 735

topography, and human activities) were identified. It should be notable that the resistance
values in Table 1 represent relative resistance only and not absolute resistance values for
the landscape.

Table 1. Assignments and weights of landscape resistance factors.

Resistance
Weight

Coefficient
Resistance Factor

Resistance
Value

Resistance
Weight

Coefficient
Resistance Factor

Resistance
Value

MSPA
landscape

type
0.38

Core
Hubs 1

Topography 0.15

Elevation
(m)

<50 5

Other cores 5 50–175 20

Bridge 10 175–350 60

Other six MSPA types 50 350–650 200

Background 600 >650 600

Land-use
type 0.25

GI 5

Slope (◦)

<5 5

Water (km2)

River width >100 m,
and lakes area >50 1000

5–15 20

15–25 200

>25 600

Human
activities 0.22

Distance
from

built-up area
(km)

>2.5 5

River width 50–100
m, lakes area <50

and >10
400

1.5–2.5 100

1.0–1.5 500

0.5–1.0 800

<0.5 1000

Lakes area <10 40

Distance
from traffic
artery (km)

>3.0 5

2.0–3.0 100

Agriculture land 60 1.5–2.0 500

Construction land 1000 0.5–1.5 800

Other types of land 600 <0.5 1000

2.3.4. GI Optimization Based on CT

The circuit theory (CT) abstracts organisms as randomly traveling charges, while
the landscape pattern is viewed as a conducting surface, where the current reflects the
migration probability of organisms passing through corresponding pathways [26]. Circuit
theory has been extensively used for ecological point identification. Based on CT, the study
employed the Linkage Mapper plug-in in GIS10.6 software to generate hub-to-hub current
densities to further identify important key areas that require priority protection or recovery.

1. Centrality identification

Centrality refers to the direct communication capability of the hub in the network and
can reflect the importance of the hub in maintaining the overall connectivity of the network.
Specifically, each hub is considered a node, the least-cost path between any two hubs is
considered a circuit, and the cost weighted distance of each path is considered a resistance;
then, a current of 1 ampere is fed into one hub and another hub is connected, and then
the current value between the two hubs is calculated; finally, all hubs are iterated and the
final cumulative current value for each hub is the centrality of that hub [36]. The higher
the centrality (current value), the more important the hub is for maintaining the overall
connectivity of the GIN. The study employed the Centrality Mapper tool in the Linkage
Mapper plug-in to work out the centrality of each hub, setting the green corridor width
at a weighted cost distance of 5000 and using a weighted cost distance of 20,000 as the
corridor width.

2. Key ecological nodes identification

Key ecological points refer to the key nodes for material exchange between adjacent
hubs [37], to which special attention should be given to strengthening the construction and
protection. In this study, key ecological points were identified using the Pinchpoint Mapper
tool. The areas with high currents, i.e., the areas with high degrees of ecological mobility,
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were identified by calculating the cumulative current value for each image element in the
corridor and should be the key-point areas of corridors. Key-point areas are important for
maintaining the connectivity of the entire GIN.

3. Results

3.1. Identification Analysis of Hubs
3.1.1. Landscape Pattern of the GI

The GI covered an area of 12,436 km2, accounting for 19.00% of the total area of
Nanjing Metropolitan Area. The core was about 7151.76 km2, accounting for 57.51% of
the GI (Table 2). Large cores were clustered in the south, while the central cores were
distributed in strips. Sparse and fragmented cores were observed in the north, mostly
wetlands, grasslands, or waterfront forest land (Figure 3). The bridge and branch are
ecologically important for species migration and dispersal as structural linkages between
cores. These two types accounted for only 14.98% of the GI, indicating that the cores were
more scattered and independent of each other. Hence, it’s necessary to carry out studies on
the construction of regional GINs.

Table 2. Statistical description of MSPA landscape types.

Landscape Type of the GI Area (km2)
Proportion of the Area of the

GI (%)
Proportion of the Area of the

Study Region (%)

Core 7151.76 57.51 10.93
Bridge 1152.23 9.27 1.76

Islet 448.09 3.60 0.68
Perforation 148.96 1.20 0.23

Edge 2185.07 17.57 3.34
Loop 638.66 5.14 0.98

Branch 710.97 5.71 1.09

 

Figure 3. MSPA-based landscape classification map of the GI.
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3.1.2. Identification of Hubs

There were 6208 cores, which varied greatly in size from 900 m2 to 1811.70 km2.
According to Figure 4, it can be seen that along with the reduction in the area of patches,
the number of patches increases rapidly, but the contribution to the core area decreased.
The threshold of 10 km2 preserved more than 80% of the core areas and less than 1.5%
of the total number. Therefore, 90 cores that were larger than 10 km2 were chosen as
candidate hubs.

Figure 4. The results regarding candidate hub thresholds.

The landscape connectivity indexes among the 90 candidate hubs were calculated
based on Confer 2.6 software. The distance threshold was set to 15 km and the connectivity
probability was set to 0.5. The results were divided into three classes, i.e., high, medium, and
low, using the natural breakpoint method. Then, 57 cores in the high and medium classes
were chosen as green hubs. The largest hub covered an area of 1811.70 km2, the minimum
was 10.01 km2, and the total was 5042.07 km2, which accounted for 40.54% of the GI. As
shown in Figure 5, the spatial pattern of hubs was similar to that of the core. The northern
hubs were small in size with higher fragmentation than the southern ones. The hubs were
principally large-scale green ecological patches, and forest land accounted for 82.7% of the
total of the hubs, such as Qingliang Peak Nature Reserve, Banqiao Nature Reserve, and
Laoshan National Forest Park, which can provide good habitats for living creatures. On
the whole, hubs were distributed in nine cities, but Xuancheng accommodated the most
and Yangzhou and Changzhou the least. The high distribution of hubs was due to the
complicated mountain topography, abundant precipitation, and high vegetation coverages
in Xuancheng. In contrast, the flat terrain, less precipitation, and intensive human activities
in Yangzhou and Changzhou resulted in fewer green hubs. It should be notable that 15.40%
of hubs were located on administrative boundaries, with the total size being 1237.92 km2.
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Figure 5. Spatial pattern of green hubs.

3.2. Construction of the GIN

In reference to each factor resistance surface, the final combined resistance surface
was obtained using overlay analysis (Figure 6). Higher-resistance areas were principally
located along the Yangtze River due to the fact that the dense towns, the developed
economy, and the high level of land development along the river brought about high
landscape resistance. In southern Xuancheng and central Chuzhou, low resistance was
primarily due to a subtropical monsoon climate, which produced abundant rainfall and
dense vegetation. Furthermore, human activities were constrained by the complicated
geology and geomorphology, including mountains, hills, basins, tablelands, and plains.
The hub-to-hub least-cost path was identified using an operational LCP model (Figure 7a).
It was found that some of the hubs had two or more connecting paths to each other. The
study ultimately identified 101 potential green corridors with a total length of 1961.85 km,
with individual corridor lengths ranging from 120.45 km to 0.20 km (Figure 7b). Because
of the scattered distribution of hubs, the green corridors were reticulated. From the green
corridors distribution and number in each city (Figure 8), Xuancheng had the largest
number of corridors (more than 70) and a shorter total length (only 270.32 km), which
indicated that the GIN of Xuancheng was better with closely distributed hubs and shorter
distance corridors. Nanjing had the longest total length of green corridors, over 500 km,
but the number of corridors was only 32, indicating that its GIN was dominated by long-
distance corridors. This may have been due to Nanjing being located in the center of the
study area and the frequent material exchange between internal and external hubs, but
with the high urbanization and the high value of landscape resistance, resulting in long
corridor distances. There was only one green corridor in Huai’an. Huai’an was located in a
flat area of Jianghuai Plain, which provided convenient conditions for urban development
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and agricultural production. As a result of dense construction and lack of green spaces, it
was characterized by small sparsely green hubs, and the number and length of corridors
were limited.

Figure 6. Landscape resistance surfaces.

To further learn about the importance of corridors, the ratio of the cost-weighted
distance to the least-cost path length was employed to measure the quality of corridors.
The lower the ratio, the smaller the relative resistance of the path and the better the quality
of the corridor. The corridors were divided into three classes, i.e., high, medium, and
low quality, using the natural breakpoint method. As shown in Figure 7b, more than
85% of the corridors were of medium-to-high quality, indicating that the quality of the
corridors in the study area was better. Low-grade corridors were principally concentrated
in the central areas, which were characterized by intensive land development, developed
cross-area transportation facilities, and great resistance to the migration of organisms to the
surrounding areas.
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Figure 7. The GIN of the Nanjing Metropolitan Area. The number of the figure is the hub code.

Figure 8. The length and number of green corridors in each city. NJ is Nanjing, ZJ is Zhenjiang, CZ is
Changzhou, YZ is Yangzhou, HA is Huai’an, ChZ is Chuzhou, MA is Ma’anshan, WH is Wuhu, and
XC is Xuancheng.

Based on the construction of GIN, the centrality of the hub was calculated to measure
its importance. The results were also divided into the high, medium, and low classes. As
shown in Figure 7b, there were only 10 high-class hubs, which were concentrated in the
southern mountainous areas; the number of medium-class hubs was 26, which could be
found in all cities except Yangzhou; the number of low-class hubs was 21 with a scattered
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distribution. In terms of size, the high-class hubs had the largest area, with a total of
2829.70 km2, accounting for 56.12% of the total area of the hubs; the low-class hubs had the
smallest area, with a total area of 852.80 km2, accounting for 16.91% of the total hubs. It
should be notable that some of the smaller hubs, such as hubs 1 and 2, were of the medium
class, indicating that they were highly capable of material exchange despite their small size.

3.3. Identification of Key Ecological Nodes

The study identified the key ecological nodes in the network by calculating the current
values for each raster of the potential corridor. A total of 26 key nodes were extracted
(Figure 9). Most of the nodes were predominantly long and narrow. The land-cover types
corresponding to key nodes were principally small forest, agricultural land, and grassland,
which were located in small-sized, low-resistance sites. According to Figure 6d, traffic
networks passed through several ecological nodes. For instance, nodes 2 and 14 were
passed through by expressways, while there were railways passing through nodes 12 and
15 (Appendix A Figure A1). Linear transportation facilities had a restrictive effect on the
flow of organisms.

Figure 9. Result of the identification of the key ecological nodes. The number of the figure is the
node code.

264



Forests 2022, 13, 735

Approx. 46.2% of the key nodes were located in Nanjing. As a key zone of connec-
tion, Nanjing had a high probability of communication with surrounding species. Nodes
22–26 were concentrated in Xuancheng. This area was characterized by many hubs, a
high probability of biological dispersal, and a high current density, which brought about
several key ecological nodes. However, there were fewer nodes in Yangzhou, Zhenjiang,
and Huaian due to the lack of hubs and the large construction cost distance of corridors
such that the biological dispersal and migration were more susceptible to threats. Hence,
more attention should be paid to these nodes and their protection should be enhanced.

4. Discussion

4.1. Effectiveness of the Identification of the GIN

The Nanjing Metropolitan Area contains 76 statutory green space reserves, including
provincial and higher-level nature reserves, forest parks, and wetland parks, which are the
most important regional GI. After overlaying a GIN and the statutory green space reserves,
it was observed that the location match between the hubs and the green space reserves
of over 10 km2 was 72.50% (Figure 10), which illustrated that it was highly reliable for
selecting the green hubs. This view was consistent with the results of previous studies [7,30],
having offered a further basis for MSPA and landscape connectivity indexes to identify the
hubs of GI on a regional scale.

Figure 10. Overlay map of the GIN, statutory green space protection areas, and ecological control lines.

Urban ecological control lines are the bottom lines for each city to preserve its ecologi-
cal security [38]. After overlaying the GIN and the ecological control lines of each member
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city, it was observed that the hubs within the control lines covered an area of 3653.57 km2,
which accounted for 72.46% of all hubs; only less than 30% of hubs were outside the control
lines. Almost hubs outside control lines were situated around such lines, perhaps because
the ecological control lines of China were normally composed of the core and conservation
areas of ecological space, and the surrounding green spaces were not included. In contrast,
the hubs identified in this study from spatial pattern and connectivity completely and
continuously depicted the scope of individual green spaces.

Since the study area was dominated by low mountains, hills, and plains where agri-
culture was well-developed, agricultural land accounted for a large proportion of the green
corridors. However, agriculture was not included in the ecological control line program
of China; therefore, only 640.12 km of the corridors were located within the control lines,
accounting for 32.63% of all corridors. In the ecological control lines and the statutory
green space reserves, the present linear GI acted as ecological corridors, but this existing GI
alone may result in poor hub-to-hub connectivity [7]. The corridors identified in the study
are playing an important role in the stability of the ecosystem and the connectivity of the
ecological network, and thus, they are a powerful supplement to ecological planning for
the Nanjing Metropolitan Area.

The GIN identified in this study is highly consistent with the ecological control lines
and statutory reserves. The hubs were favorably intact, while the corridors could effectively
supplement existing ecological control lines, and guarantee the stability and connectivity
of the ecosystem.

4.2. Theoretical and Practical Implications of the Study
4.2.1. Methodological Advantages

In this work, a regional-scale GIN identification method was proposed by combining
methods such as MSPA, LCP, and CT (Figure 2). The method followed the paradigm
of “hubs identification-corridors construction-network optimization”. First, hubs were
identified using land-use data as input data based on the scale and connectivity with the
help of MSPA and connectivity indexes; furthermore, landscape resistance surfaces were
determined by considering landscape types, land-cover types, topography, and human
activities; then, the spatial locations of corridors were identified using LCP models; third,
the CT was introduced to determine the corridor and hub levels and identify the key points
of optimization affecting the network connectivity.

The GIN identified in the study combined structural and functional connectivity [30];
however, when compared with the GIN constructed for certain protected species, the
identification results of our study may miss some small-scale quality habitats. Nevertheless,
the identification method of the study still offers the following advantages: First, this
method principally employs land-cover data. It requires fewer data that are easier to obtain
and calculate, making it easier to build a large-scale GIN. Second, the method eliminates the
need to select focal species and the simulated ecological corridors can accommodate multi-
species migration. In the absence of basic species survey data, it is still possible to construct
ecological networks with favorable connectivity [21]. Third, the method proposed in this
study can determine the location and pattern of key areas in the GIN that need priority
protection. In summary, this study provides a practical and replicable methodological
framework for identifying a regional-scale GIN.

4.2.2. Policy Implications

China has entered its model of coordinated regional development with metropolitan
areas as the mainstay. Compared to the urban scale, the identification of a GIN at the
regional scale breaks through the constraints of urban boundaries, helping to provide a
macro contextual grasp of regional ecological security and supporting the development of
win–win ecological planning for individual member cities [39]. While regional GIN plan-
ning is not yet mandatory in China, more and more scholars and government agencies are
becoming aware of its importance. For example, Shi and Qing obtained the key elements of
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the Zhengzhou–Kaifeng metropolitan area GIN [40], and Zhang et al. attempted to identify
landscape ecological security patterns in the Beijing–Tianjin–Hebei region [22]. Moreover,
state authorities also advocated building regional GINs to resolve conflicts between land de-
velopment and ecological protection. In 2019, the Guidance for Fostering the Development
of Modern Metropolitan Areas was promulgated by the National Development and Reform
Commission, which requires strengthening the regional green corridors’ connectivity [41].

As the first inter-provincial metropolitan area in China, the Nanjing Metropolitan Area
is faced with litmus tests in terms of regional environmental protection. The study serves as
a reference for the Nanjing Metropolitan Area and its similar fast-growing urban clusters in
formulating development policies to better deal with the contradictions between regional
ecological protection and economic development. Approx. 15.40% of the hubs were found
to span at least two cities in the study. This was because the administrative boundaries
of Chinese cities are usually defined on the basis of natural elements, such as rivers and
mountains, and there is plenty of GI at the junctions of cities. Such transboundary GI is
generally large and has excellent ecological environments, making it suitable for containing
large habitat patches, thereby turning into important components of GIN on a regional
scale. However, during the development, GI erosion is often more serious in transboundary
areas because of low land costs, weak government governance, and strong development
vitality. The GI in these areas should be paid special attention, and targeted strategies
should be provided from the perspective of regional coordination to gradually eliminate
administrative control barriers and promote the protection of regional hubs.

There were relatively few green hubs, poor quality ecological corridors, and high cu-
mulative resistance in the north of the Nanjing Metropolitan Area; therefore, it is necessary
to set the identified hubs and corridors as no-build areas. Some hubs in particular play an
important role in maintaining network connectivity out of proportion to their size. Hence,
it is essential to enhance the investment in them and create buffer zones around them to
minimize human activities. The key ecological nodes may be sensitive and vulnerable
due to the lack of large types of low-resistance land cover, the disturbance by transport
networks, etc. The narrowness of the ecological nodes indicates bottlenecks in network
connectivity, where these nodes and their surroundings are critical to the connectivity of
networks [42]. The identified key nodes should be investigated on the spot to learn the
exact causes of each ecological point and formulate targeted protective and mitigating
measures. For example, at nodes 12 and 15 (Figure 10), animal overpasses or underpasses
could be established based on ecological assessments to provide more alternative pathways
for species dispersal. For the high-quality corridors, it is essential to have strict control
over the development intensity and pattern, reduce ecological stress, and optimize the
regional GIN.

4.3. Threshold Uncertainties and Study Limitations

This study used MSPA and landscape connectivity indexes to identify green hubs and
avoid the subjectivity of artificial selection that is frequently observed in previous studies.
However, MSPA is very sensitive to the landscape scale [43], and thus the size of the input
data image element may directly affect the recognition result. Since the study focused on a
regional-scale GIN, a 30 m × 30 m scale was chosen to preserve the key elements of the
GI [25,44]. Moreover, the edge width of MSPA represents the edge effect of a patch, and
the setting of its value affects the sizes of core areas. Such a value is normally set in related
studies based on protected species [13], but the high species richness at the regional scale
complicates edge effects; hence, the default value of 1 was set to address the needs of most
species [45].

When patch importance is calculated with the Confer software, the connectivity
distance threshold needs to be defined. Patches are considered disconnected when the
distance between them is greater than this threshold. As the GI in the study area consisted
mainly of forest lands, wetlands, and grasslands, a threshold distance of 15 km with a
connectivity probability of 0.5 was chosen [46], based on a consideration of the dispersal
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distances of mammals, terrestrial birds, etc. [30,47]. In addition, Pinchpoint Mapper was
used to identify the ecological points by setting a “width” threshold of the cost-weighted
corridor. This threshold merely affects the current density at pinch points and does not
affect the determination of locations of ecological points [26,48]. To identify the locations of
ecological points more efficiently and conveniently, a threshold of 5000 m was chosen for
the study.

For the calculation in the study, most of the thresholds were defined based on previous
studies, but the applicability of such thresholds for the study area has not been verified.
These thresholds should be further studied and discussed in the subsequent steps. The
selection of resistance surfaces and the assignment of weights for the landscape does not
refer to the resistance to the actual landscape, but rather indicates the relative resistance,
which has flexibility in application and is adjustable depending on the characteristics of
the region of interest. In addition, the way to optimize and implement the identified GIN
through concrete measures is a complex and worthwhile research topic. This study did
not offer an in-depth analysis of this topic, and future studies are expected to address
it intensively.

5. Conclusions

Identification of regional GINs is essential for the sustainable development of regions
and the maintenance of regional ecological security. In the study, a method for identifying
regional-scale GINs was established using MSPA, connectivity indexes, LCP, and CT, and
the identification results were validated with reference to statutory green space reserves
and urban ecological control lines by taking the Nanjing Metropolitan Area as an example.
The results of regional-scale hubs identified using MSPA integrated landscape connectivity
indexes are more reliable. The GIN of Nanjing Metropolitan Area was composed of green
hubs that were mainly dominated by forest land, and reticulated green corridors were
dense in the south and sparse in the north. There were 57 green hubs, 101 potential green
corridors, and 26 key ecological nodes in the Nanjing Metropolitan Area. The important
hubs and quality corridors were concentrated in the south of the study area, while they were
unsatisfactory in the north. About 15.40% of hubs were across administrative boundaries.
Furthermore, most ecological nodes were long and narrow and were mainly located in
small-sized and low-resistance sites.

As an exploration of the method for identifying regional GINs, this study provides a
new way of thinking about construction at the regional scale. In addition, the study makes
suggestions for regional GIN conservation policy and planning formulation and provides a
convincing reference for ecological planning and development planning of other rapidly
developing city clusters. On this basis, the method of GIN identification proposed in this
study can be used to identify and manage the ecological spaces, including designating,
expanding, upgrading, and strengthening management. In addition, it can indicate what
areas need priority protection and can be used in conjunction with habitat evaluation to
determine the timing of the restoration of regional ecological resources. Moreover, this
method requires less data, is easier to replicate, and can be used as a long-term monitoring
tool for the implementation of GIN planning. Once regional GIN planning has been
developed, realistic GINs can be identified in the future using the same approaches at
fixed time intervals. By comparing the identified and planned GINs, it is possible to
reveal the areas that comply with the plan, lag behind the plan, and violate the plan,
which helps to judge the completion of GIN planning and management decisions can be
promptly adjusted.
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Abstract: North Sumatra Province has the Tangkahan Nature Tourism Area, which represents
ecotourism managed by local communities, established in 2001, which has now become the leading
tourism destination of North Sumatra both locally and internationally. Tangkahan ecotourism is an
example of payment for environmental services for the Tangkahan community, which initially carried
out illegal logging in the mount Leuseur national park and then agreed to preserve the national park
through ecotourism. This study aims to analyze the economic value of tourism and the preferences
of tourists to revisit, along with the factors that influence them, where these conditions can be an
illustration of the sustainability of Tangkahan ecotourism. The travel cost method is used to calculate
the economic value of Tangkahan Ecotourism environmental services. The factors that affect the
economic value, intensity of visits, and interest in revisiting, were analyzed using multiple linear
regression. The results showed that Tangkahan ecotourism has a relatively high economic value,
supported by the intensity and interest of tourist visits. Factors that affect the economic value and
preferences of tourist visits can be managed for the sustainability of Tangkahan ecotourism so as not
to lose the economic value of the ecotourism environmental services.

Keywords: ecotourism; Tangkahan; economic value; intensity of visits; travel cost method; interest
in revisiting

1. Introduction

Forest resources have various interests that should be considered optimally. These
interests are fragmented into interests of the community, law enforcement, conservation
goals, and accelerated development [1]. Each region also faces the same challenges and is
characterized by abundant natural resources on land and water. These natural resources are
of interest and are included in the progress of a country, specifically the regions. Therefore,
various forms of productive and multi-purpose use should be identified, planned, and
developed. Varied use of forest resources is also important for conservation and resistance
to pests and climate shocks [2]. This includes tourism activities as a more sustainable use of
forest services. Thus, it is hoped that nature can be a solution for the community’s economy
and the conservation of nature itself.

As the main stakeholder, communities around forests are important parties to pay
attention to in natural resource management. If the community obtains the benefits that can
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be felt, then various forms of participation can be developed [3]. If these conditions are met,
according to [4], local governments can encourage community participation in activities
such as trade, business exhibitions, various cultural festivals and museums, organizing
sports and art attractions, and investing in various types of businesses based on ecotourism.
Collaborative ecotourism management is also a demand in sustainable ecotourism man-
agement. The involvement of stakeholders both locally and internationally will have a
positive impact on their concern about how ecotourism destinations can be developed and
managed sustainably [5]. Participation and involvement of local communities as well as
the application of a responsible ecotourism model cannot be ignored, so that the goals of
sustainable ecotourism can be realized [3].

Indonesia, specifically North Sumatra Province, has Tangkahan Ecotourism managed
by local communities and has been around for a long time [6]. The area has become one
of the leading tourism destinations in the province, locally, nationally, and internationally.
This ecotourism was opened in 2001 and inaugurated in February 2004. The object is an
ecotourism area with excellent local community participation in nature conservation. These
nature tourism activists are precisely communities that previously relied heavily on the
economy of the forest in harmful ways, such as illegal logging and hunting. The presence
of ecotourism activities has become a solution for the community’s economy that is in line
with the principles of sustainability. Additionally, the region demonstrates how ecotourism
growth may significantly protect the 17,000-hectare Gunung Leuser National Park (GLNP)
area in North Sumatra [7].

The intangible benefits of forests cannot be assessed using a market system, and several
users are unaware of these benefits. There is still a lack of appreciation for environmental
benefits in the form of scenic beauty. Landscape beauty can be enjoyed and used by humans
through nature tourism [8]. Efforts should be made to develop the form and management
of its utilization to increase the value of the benefits. This study is necessary to ensure that
the planning for the development of Tangkahan Ecotourism in Gunung Leuser National
Park can be truly effective and provide significant benefits for the welfare of the community.
This is because, according to [4], the benefits to the surrounding community will greatly
affect the support of local communities for the development of sustainable tourism. These
benefits should include both material and non-material domains.

People believe that the development of ecotourism can produce significant economic
benefits for them [3]. The condition is that they must be able to play key roles both
in the decision-making process and in the formulation of the direction of ecotourism
management. For this reason, studies related to the economic benefits of Tangkahan
ecotourism management are important to prove how much these economic benefits are
manifested. Aspects that are also important to study are the characteristics and behavior
of visitors. Therefore, this study analyzes the economic value of nature tourism objects,
the intensity of visits, the tourist interest in revisiting, and the affecting factors in the
Tangkahan Ecotourism Area, Langkat Regency, North Sumatra, Indonesia. According
to [9], feedback from visitors is very helpful for ecotourism destination management
institutions to determine the priorities and directions of wisdom in the development of
tourist attractions. The importance of visitor returns is also related to competition and the
application of the principles of sustainable ecotourism management.

2. Materials and Methods

The study was conducted in Tangkahan Ecotourism, Namo Sialang and Sei Serdang
Villages, Batang Serangan Sub-district, Langkat Regency, North Sumatra Province, Indone-
sia (Figure 1).

Primary data were collected through questionnaires and field observations, while
secondary data were collected from various institutions, especially Tangkahan Ecotourism
managers. Quoted accidental sampling technique was used in collecting primary data [10].
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Figure 1. Tangkahan Ecotourism Location, Gunung Leuser National Park, North Sumatra, Indonesia
(03◦41′0′′ N and 98◦04′28.2′′ E).

Secondary data collected are the characteristics of visitors and tourist attractions.
The characteristics of visitors include the number of visitors each year, the number of
inhabitants, the area of origin, as well as the number of inhabitants of the visitor’s home
zone. The characteristics of tourist attractions include location, area, biological conditions,
tourism potential, accessibility, and recreational facilities.

The number of samples was determined by the Slovin formula, referring to the number
of visitor populations of Tangkahan Ecotourism. The Slovin formula according to [11–13]
is as follows:

n =
N

1 + N(e)2

Description:

n = number of samples
N = number of population
e = error tolerance (0, 1)

Refers to the total population of 31,200 people/year according to Tangkahan Tourism
Institute. The sample taken was 99.68 (increased to 100 people). The Slovin formula in
determining the sample for nature tourism was also used by [14] in Natsepa Beach, Maluku
Province; [15] in Carocok Painan Beach, West Sumatra Province; [16] in Ciwidey, West Java;
and [17] in Gunung Ciremai National Park.

2.1. Travel Cost Analysis

A zoned travel cost approach can be used to estimate the economic value of eco-
tourism [18–20]. The use of the travel cost method for the valuation of tourism objects is
also used by [21] in Bozcaada (Turkey), [22] in Valencia (Spain), and [23] in Taman Tasik
Cempaka (Malaysia). The stages in calculating the economic value of ecotourism [24–28]
are as follows:
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2.1.1. Calculating the Number of Visitors from Each Origin Area (Zone) Based on
Interviews with Respondents

Zi = Pi × ∑Y

Description:

Zi: Number of visitors zone i
Pi: Percentage of zone visits i
∑Y: Total visits

2.1.2. Determining the Average Travel Cost of the Total Travel Costs Incurred during Travel
or Recreational Activities

BPR = TR + KA + TK + LL

Description:

BPR: Average travel cost (IDR/person)
TR: Transportation cost (IDR/person)
KA: Consumption and accommodation cost during the trip (IDR/person)
TK: Ticket cost (IDR/person)
LL: Other costs (IDR/person)

2.1.3. Determining the Average Travel Cost of Zone i

Xli = ∑ BPi
Ni

Description:

Xli: Average travel cost of zone i
Bpi: Travel cost of the sample
Ni: Total population of zone i

2.1.4. Determining the Visit Rate per 1000 People in Zone i in One Year

LKi = ∑ JPi
∑ JPT

× 1000

Description:

LKi: Visit rate of visitors in zone i
JPi: Number of visitors in zone i
JPT: Total population in zone i

2.1.5. Determining the Total Economic Value (NET), Obtained from the Following Formula

NET = Average Travel Cost × Average Number of Visitors

2.2. Analysis of Factors Affecting Economic Value, Intensity of Visits, and Tourist Interest
in Revisiting

To determine the socioeconomic factors that influence the intensity of travel visits,
multiple linear analysis is used. The multiple linear regression models used are:

Y1 = α0 + α1X1 + α2X2 + α3X3 + α4X4 + α5X5 + α6X6 + e

Y2 = β0 + β1X1 + β2X2 + β3X3 + β4X4 + β5X5 + β6X6 + β7X7 + β8Y1 + e

Y3 = γ0 + γ1Y1 + e
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Description:

Y1 = Travel Cost Value (individual)
Y2 = Intensity of visits (frequency of visits up to the time of the study)
Y3 = Tourist Interest in Revisiting
αi, βi, γi = Regression coefficient of independent variable
X1 = Visitor Age
X2 = Education Level
X3 = Income Level
X4 = Distance from Object
X5 = Number of Members
X6 = Travel Time
X7 = Information Acquisition

In order to produce unbiased data, multiple regression analysis models are evaluated
by econometric evaluation with classical assumption tests. Multicollinearity, heteroscedas-
ticity, and autocorrelation tests were performed and met all assumptions. A Likert scale
approach is used to measure various ordinal variables with a range of 1–5 [29]. It is used to
measure visitors’ conditions, attitudes, and opinions. The most positive opinion and in line
with the theoretical assumptions are given a score of 5 (maximum), and the most negative
opinion is given a score of 1 (minimum). After the data are obtained from the Likert scale,
the validity and reliability tests are conducted to determine the validity and consistency of
the received data.

2.3. Overview of Study Location

Tangkahan is developed as an ecotourism area located on Gunung Leuser National
Park (GLNP) border. The area of the Tangkahan Ecotourism is ±103 hectares, which is
divided into village and forest with an area of 18,526 ha and 17,653 ha, respectively [30].
Tangkahan is at an altitude of 130–200 m above sea level. The area’s topography consists of
hilly areas with varying slopes (45–90◦). The Tangkahan area is located at the confluence of
the Buluh and Batang Serangan rivers. This area has unique natural formations, beautiful
landscapes, hot springs, waterfalls, caves, cliffs, high diversity of flora and fauna, and
tropical rain.

2.4. Socioeconomic Characteristics of Visitors

An overview of the profile of visitors who travel to Tangkahan Ecotourism is obtained
from the characteristics of respondents. The majority of visitors are domestic tourists from
the area with a distance of 1–4 h, such as Stabat, Binjai, Medan, and several areas in North
Sumatra. In certain seasons, it is also visited by many foreign tourists. The figures below
show the distribution of respondents based on the type of tourists and their origin area
(Figure 2). For the category of origin area, visitors consist of 20% and 80% of domestic and
foreign tourists.

The characteristics of the visitors observed include age, gender, education level, occu-
pation type, and income level. Visitors from the area are dominated by women (42% males
and 58% females). A similar result was reported by [31], where 57% of Tangkahan visitors
were female. This is because women prefer to spend recreational time with their friends.
More women engage in tourism activities for various purposes [32–34]. The domination of
women also occurs in families within the area. The average level of education of visitors is
quite good. Most visitors have at least 12 years of education. Most visitors have received
an education for at least 12 years. The majority of visitors’ education levels are senior high
school level (57%), 41% of visitors are undergraduate educated, and 2% have a master’s
degree. The occupation type of respondents is very diverse, with the largest proportion
being students (33%), followed by entrepreneurs (17%) and private employees (15%).
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Figure 2. Distribution of Tangkahan Ecotourism respondents based on the origin of visitors.

The income level of visitors varies from the lowest to the highest segment (Figure 3).
Theoretically, the level of visitor income will affect expenses during tourist visits. The
allocation of expenditures includes transportation, consumption, accommodation, and
other costs. Income is also expected to influence the choice of tourism objects to be visited.
These data are consistent with the occupation type data, where most visitors are students.
Students do not have income at that age, and are still supported by their parents, including
budget allocations for tourism purposes.

 

Figure 3. Graphic of visitors’ income level.

3. Results and Discussion

3.1. Valuation of Economic Value of Tangkahan Ecotourism

Calculating the value of the intangible benefits of a recreation area can be done
through the approach of the travel cost method. Furthermore, the total value included in
the travel cost is the round trip cost plus the monetary value of the time spent on travel and
recreational activities [35]. This method is widely used in various nature-based tourism
objects such as Lake Limboto [36], Kalibiru [37], Parangtritis [38], Muara Angke [39], Batu
Karas Beach, Pangandaran [40], Punti Kayu, Palembang [41,42], Thousand Islands [43],
Ujung Genteng, Sukabumi [44], and others. The economic assessment of the Tangkahan
Ecotourism area collected includes information about the origin of visitors, the cost of
round-trip visitor travel, consumption costs during tourist visits, ticket fees for entrance to
tourist objects, and other costs that must be paid (documentation, parking, storage, guides,
supporting equipment, and documentation fees).

Table 1 shows the highest average travel cost value comes from Zagreb at IDR
14,600,000/visit, while the lowest comes from Stabat as the origin area of visitors closest to
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this tourism object at IDR 52,700/visit. The average travel costs that should be incurred
from all visitors and all origin areas/countries of visitors is IDR 4,181,786/visit/person.

Table 1. Recapitulation of visitor data based on average travel cost.

No Visitor Origin
¯
x Transportation

Cost (IDR)

¯
x Consumption

Cost (IDR)

Ticket Cost
(IDR)

¯
x Other Cost

(IDR)

¯
x Travel Cost

(IDR)

1 Stabat 21,000 22,900 3000 5800 52,700
2 Binjai 38,000 28,000 3000 9000 78,000
3 Medan 56,971 31,343 5343 8257 101,914
4 Lubuk Pakam 42,857 58,857 3000 10,000 114,714
5 Siantar 51,000 49,000 3000 8800 111,800
6 Langsa 83,333 20,833 3000 7500 114,667
8 Jakarta 2,193,750 48,750 26,875 174,625 2,444,000
9 Bogor 3,000,000 200,000 100,000 250,000 3,550,000
10 Denpasar 3,494,000 80,000 100,000 107,500 3,781,500
11 Croatia 12,400,000 450,000 250,000 1,500,000 14,600,000
12 Germany 9,300,000 175,000 250,000 1,250,000 10,975,000
13 Netherlands 7,756,250 302,500 250,000 1,243,750 9,552,500
14 Switzerland 8,086,666 326,666 250,000 526,666 9,190,000
15 Puerto Rico 7,460,000 200,000 250,000 150,000 8,060,000

Average after weighting each origin cluster of visitors 4,181,786

The costs incurred by respondents, according to the results of data recapitulation, in
carrying out tourist activities (based on total travel costs), obtaining the economic value of
the existence of Tangkahan Ecotourism, were IDR 72,708,168,000, -/year (equivalent to US
$505,514.6). This value is obtained from the multiplication between the average value of
visitor travel costs (IDR 4,181,786/visit) and the average number of tourist visits in 1 year.
The average number of annual visits (31,200 people/year) was taken from data for the
last three years from 2016 to 2018, based on data retrieved from the Tangkahan Tourism
Institute in 2019.

The average travel cost of IDR 4,181,786 per visit is already high because Tangkahan
is an ecotourism special interest tourism. Therefore, it selects visitors and attracts special
groups of interested people willing to pay more to enjoy the specificity of a nature tourism
area. In Bozkaada, Turkey, the economic value is TL 21,795,492.32 [21], and the travel
cost value per person is TL 4.80 per travel or TL 110 per season [15]. Furthermore, the
economic value of tourism in Kaziranga National Park is INR 773.45 million (INR 187.6 per
visitor) [45]. Malaysia has a net economic value of MYR 6.2/visit/person [23].

This economic value is far greater than the revenue obtained from receiving an entrance
ticket of IDR 3000/visit. The total revenue obtained by the manager from ticket sales is only
IDR 71,814,000/year. This illustrates that the economic value of natural resources is from
direct revenue and all benefits received by all parties related to the management/utilization
of these natural resources. Therefore, this study uses a total travel cost approach to calculate
the entire value received by the parties involved in Tangkahan Ecotourism.

In addition to material benefits, the existence of ecotourism also contributes to the
welfare of communities around the forest in a non-material form. The important determi-
nants of the quality of human life include the material and non-material domains [4]. The
economic benefits of the existence of Tangkahan Ecotourism have an impact on material
aspects, while changes in socio-cultural aspects such as increasing respect for the environ-
ment, strengthening community institutions in ecosystem management, changes in lifestyle
and livelihoods, lack of potential disaster threats, and a sense of security are positive
non-material impacts. These non-material benefits are inseparable from the development
of Tangkahan Ecotourism as a form of active involvement of communities around national
parks in managing forest ecosystems. Related to the above, as a result, [46] reported that
the participating community in the development of Tangkahan Ecotourism has made a
major contribution to the conservation of the Gunung Leuser National Park area. For more
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than 20 years the Tangkahan Ecotourism area has been running under the auspices of an
institution, namely the Tangkahan Tourism Institute (LPT) [11].

3.2. Factors Affecting Economic Value

An econometric evaluation with classical assumption tests, including multicollinearity,
heteroscedasticity, and autocorrelation tests, was conducted before the regression analysis.
The multicollinearity test results show that the VIF value is less than 10, and the tolerance
is less than 1 for all study variables. Based on the results of the multicollinearity test, the
value of Variance Inflation Factor (VIF) was less than 10, and the value of Tolerance was
less than 1 for all variables studied, so it was concluded that there was no multicollinearity
in the regression. The heteroscedasticity test using graphical aids also shows an even
distribution of points above and below the value 0. The autocorrelation test using the
Durban Watson Test showed a DW value close to a value of 2. In general, the test results
stated that there was no violation of assumptions so it was feasible to proceed to the next
stage of testing [47–49].

Based on Tables 2 and 3, the regression equation obtained is Y1 = 8.295 + 0.192X1 −
1.924X2 + 1.518X3 + 1.980X4 − 0.733X5 + 2.203X6. From the evaluation results of the test
model, age, education, income, distance, number of members, and travel time significantly
affect individual visitors’ travel costs with a coefficient of 57.1%. The factors that partially
have a significant effect on the economic value of the Tangkahan Ecotourism area are
education, income, distance of objects from the origin of visitors, and the travel time of
visitors to reach tourist sites.

Table 2. Simultaneous test results (F-test) for travel expenses value.

Model Sum of Squares Df Mean Square F Sig.

1
Regression 324.812 6 54.135 38.260 0.000 b

Residual 131.589 93 1.415
Total 456.402 99

Dependent variable: the value of travel expenses; b Predictors: (constant), visitor age, education level, income
level, distance from area, number of members, length of travel, and acquisition of information.

Table 3. Partial test results (t-test) for travel expenses value.

Variable B Std. Error Beta T Sig.

(Constant) 8.295 1.011 8.208 0.000
Age 0.192 0.223 0.051 0.860 0.392

Education −1.924 0.875 −0.160 −2.199 0.030
Income 1.518 0.243 0.491 6.240 0.000

Distance 1.980 0.743 0.275 2.666 0.009
Number of
Members −0.733 0.562 −0.077 −1.305 0.195

Travel Time 2.203 0.760 0.309 2.899 0.005

R Adjusted 0.844
R2 0.712

Education has a positive effect with a negative coefficient on the travel cost. Therefore,
visitors with higher levels of education spend less on travel costs. This is not consistent
with the theoretical assumption that groups with higher education should be willing to
spend more [50,51]. Based on field observations, the lower travel cost of the more educated
group is due to their better ability to organize visits and reduce travel costs individually.
These efforts include using more mass transportation facilities, more planned management
of visit activities, and better access to information technology. Therefore, transactions can
be conducted more efficiently through online-based ordering and transaction services.

Income has a significant and positive effect on travel costs. This is consistent with
the theoretical assumption that higher-income visitors will spend more to enjoy nature
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tourism areas, as reported by [52] in Kodagu District, India, [53] concerning Nature-Based
Tourism (NBT), and [54] in Kalam Valley of Khyber Pakhtunkhwa, Pakistan. Distance and
travel time are synchronous factors, where the distance is directly proportional to the travel
time from the visitor’s origin to the location of a tourism site. These two variables have
a significant and positive effect; therefore, the distance and the travel time are directly
proportional. Visitors need to spend more to enjoy Tangkahan nature tourism areas [55].

3.3. Factors Affecting Intensity of Visits

According to descriptive statistical data, tourists visited Tangkahan 1.6 times on
average. This illustrates that many visitors repeat visits to Tangkahan tourism areas due to
the good impression obtained from various aspects. The intensity of visits to Tangkahan is
low/moderate/high compared to other tourism areas studied.

The intensity of tourist visits in Tangkahan illustrates that there are still demands
to improve the impression of visitors by increasing aspects that significantly affect the
intensity of tourists. Improving service quality through important elements is expected to
be more effective [56–59].

Table 4 explains that the F-count value is greater than the F-table. Therefore, the
independent variable simultaneously has a significant effect on the dependent variable
(intensity of tourist visits). This shows that travel cost, age, education level, income,
distance from residence to tourism objects, number of members in the group, travel time to
be taken, and the acquisition of information related to tourism sites affect the intensity of
visiting Tangkahan nature locations. The high coefficient of determination in this regression
model (93.2%) indicates that the eight variables above can simultaneously explain almost
all changes/variations in the intensity of visits.

Table 4. Simultaneous test results (F-test) for visit intensity.

Model Sum of Squares Df Mean Square F Sig.

1
Regression 14.489 8 1.811 17.440 0.000 b

Residual 9.450 91 0.104
Total 23.940 99

Dependent variable: intensity of visits; b Predictors: (constant), information, number of members, education, age,
travel time, income, distance, travel cost.

The F-test has not shown which independent variables directly and significantly affect
the dependent variable (intensity of visits). Therefore, it is continued with multiple linear
regression analysis to determine which variables significantly affect the dependent. Based
on Table 5, the regression equation obtained is Y2 = 1.570 + 0.072X1 − 0.140X2 + 0.415X3 −
0.185X4 − 1.457X5 − 0.244X6 − 0.026X7 − 0.066X8.

Table 5. Partial test results (t-test) for visit intensity.

Variable B Std. Error Beta T Sig.

(Constant) 1.570 0.361 4.352 0.000
Travel Cost 0.072 0.029 0.315 2.475 0.015

Age −0.140 0.064 −0.162 −2.194 0.031
Education 0.415 0.244 0.151 1.705 0.092

Income −0.185 0.079 −0.262 −2.357 0.021
Distance −1.457 0.209 −0.882 −6.953 0.000

Number of
Members −0.244 0.154 −0.111 −1.587 0.116

Travel Time −0.026 0.216 −0.016 −0.120 0.904
Information −0.006 0.069 −0.006 −0.087 0.931

R Adjusted 0.778
R2 0.605
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Simultaneously, these predictor variables have a significant effect on the intensity
variables of visits. These independent variables significantly affect the dependent (intensity
of visits). However, the partial test shows that not all independent variables affect the
intensity of visits. The test results showed that of the seven socioeconomic variables
observed in this study, there were only two variables that had a significant effect (using
α = 0.05) on the intensity of tourist visits to the Tangkahan Ecowista area. The two variables
are the distance and the number of members with a negative sign. It shows that visits
will increase as the distance decreases and the number of members decreases. Distance
is very influential in the selection of tourism objects. Another study stated that 4 out of
10 independent variables tested directly affected tourist revisits, such as safety and security,
description of destinations, infrastructure, and price [60].

This study found that the farther the tourism site from the residence, the less intense
the tourist visits. Visitors prefer tourist destinations that are closer to their homes [40],
indicating distance significantly affects tourist visits, specifically costs and benefits [61–63].
People closer to tourism areas are more supportive of tourism activities than those far away.
The distance factor is often a barrier to tourist visits to nature tourism areas; therefore, it
is necessary to support adequate regional transportation infrastructure to minimize the
distance factor with good access quality to shorten travel time.

The greater the number of members in the visiting group, the less the intensity of visits
to Tangkahan. This shows the tendency of tourists to enjoy visits with fewer members.
The major attractions of nature tourism are rivers and landscapes; thus, people prefer
to experience them in smaller groups. Therefore, it is necessary to have facilities and
tourism object designs that support small and personal group-based activities to enjoy their
privacy more.

The other five variables, such as travel cost, age, education, income, travel time, and
information acquisition, have no significant effect (using α = 0.05) on the intensity of tourist
visits. In general, traveling can be conducted on weekends and national holidays. For
foreign tourists, visits are made during seasonal holidays. During that period most people
will plan trips to tourist attractions that present recreational attractions. The factors of
per-street cost, age, education, income, length of travel, and acquisition of information tend
not to be significant considerations for tourists, so that it has a negligible influence on the
intensity of tourist visits.

3.4. Tourist Interest in Revisiting

The average score of interest in revisiting the Tangkahan Ecotourism area is 4.21 (on a
scale of 5). This total score is in the very high category (slightly past the very high-class
limit); therefore, most tourists express interest in revisiting. This answer does not depend
on the intensity of visits to describe the visitors’ impression of the area. The interest in
revisiting is increases when it is close to a score of 5 (total score of 500), where all visitors are
willing to come back for a tour according to Pareto terms. The interest score in revisiting by
4.21 is very high compared to other tourism attractions. According to [64], there is a total of
2948 people willing to revisit the Ciwangun Indah Camp. In Banyuwangi, the Effectiveness
of Tourism Destination Advertisements on Interest in Revisiting had a score of 3.66 [65].

This study shows that satisfaction is a factor that has a direct significant influence
on short-term return visit intentions, while the novelty of tourist attractions is a factor
that has a significant effect on medium- to long-term return visit intentions [66]. In the
United Arab Emirates, satisfaction affects the interest in revisiting [67]. The impressions
of visitors which are positive but have not reached the highest score illustrate that even
though Tangkahan nature tourism areas are quite attractive to visitors, some aspects of
service need to be addressed. Improvements carried out effectively are expected to increase
the average score of the interest in revisiting to close to 5. The aspects developed should be
prioritized to affect the interest/willingness/intention to revisit significantly.

A simple model of estimating the tourist interest in revisiting (Y3) is obtained by using
travel cost (Y1) as the independent variable (Table 6). The regression analysis results show
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that travel cost significantly affects the tourist interest in revisiting (Table 7). However, this
regression model is simple, with a sufficient coefficient of determination at 43%. This also
tends to be different from the theoretical assumption that the cost is a factor inhibiting
tourist interest in revisiting. Empirically, this is possible because Tangkahan natural tourism
is a special interest tourism, so the cost factor tends to be in elastic. The average travel cost
to enjoy this tourist area is relatively low; hence, it has not been considered a factor that
becomes a negative factor for visiting. However, it is still necessary to conduct a special
study to explain this matter further.

Table 6. F-test results for tourist interest in revisiting.

Model Sum of Squares Df Mean Square F Sig.

1
Regression 0.156 1 0.156 5.400 0.022 b

Residual 2.835 98 0.029
Total 2.991 99

Dependent variable: interest in revisiting; b Predictors: (constant), travel cost.

Table 7. Linear regression results for tourist interest in revisiting.

Variable B Std. Error Beta T Sig.

(Constant) 2.288 0.102 22.406 0.000
Travel Cost 0.019 0.008 0.229 2.324 0.022

R Adjusted 0.229
R2 0.052

4. Conclusions

The economic value of the Tangkahan Ecotourism area with the zoned travel cost
method is IDR 72,708,168,000/year. On average, tourists have visited Tangkahan 1.6 times.
Simultaneously, the factors of age, education, income level, distance, number of members,
and travel time significantly affect the value of the individual travel costs of visitors,
with a regression model Y1 = 8.295 + 0.192X1 − 1.924X2 + 1.518X3 + 1.980X4 − 0.733X5 +
2.203X6. Education, income, distance, and travel time partially affect the economic value.
This is a reference for the right promotional segmentation policy in order to increase the
economic value of the existence of Tangkahan Ecotourism. The tourist interest in revisiting
Tangkahan nature tourism objects is very high (score 4.21). Generally, travel cost, age,
education level, income level, distance, number of members, travel time, and information
acquisition significantly affect the intensity of visits with regression model Y2 = 5.975 +
1.040 × 10−8X1 − 0.097X2 + 0.267X3 + 0.121X4 − 0.723X5 − 0.515X6 − 0.116X7 − 0.190X8.
Distance, number of members, and travel cost significantly affect the intensity of tourist
visits to the Tangkahan Ecotourism area. Ecotourism managers must improve accessibility
infrastructure, increase comfort for visitors with large groups, and minimize travel costs to
increase tourist interest in visiting again. Socio-cultural variables and visitors’ assessment
of ecotourism sustainability aspect are recommended to be involved in the next research.
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Abstract: This research aims to boost tourism development in natural protected areas through the
classification of the tourism hiking trails based on biodiversity ecosystem services values. The Total
Economic Value (TEV) approach was used as the main research method to estimate the monetary
value of the various ecosystem resources in Abu Qubies Syrian protected area. Five main tourism
hiking trails in Abu Qubies were identified in order to be classified based on the economic value
of their ecosystem resources. The study findings highlighted the importance of protected areas in
enhancing tourism activities, especially natural-based ones. Additionally, this research identified
the most economically valuable tourism hiking trails in the reserve, thus providing a supporting
tool for decision-makers regarding tourism development in protected areas. This study presents the
importance of the conservation perspective of natural resources in protected areas without ignoring
their physical monetary value that can help governments in boosting local communities as well as
the national, regional and local economies.

Keywords: nature reserves; nature-based tourism; biodiversity; TEV; hiking; ecosystem services

1. Introduction

Protected areas represent significant importance in our world. According to The
International Union for Conservation of Nature (IUCN), approximately 25% of the Earth
planet (10% of the land and 15% of the territorial waters) are designated as various forms
of nature reserves and national parks [1]. Additionally, the number and size of these areas
have increased dramatically in the last 20 years [2]. Protected areas also have rich economic
value due to their biological, cultural and environmental resources. All these aspects related
to economic value have made these nature reserves the focus of various global economic
sectors and industries, including the tourism [3]. Therefore, many protected areas have
gained prominence as tourism destinations, especially with the expansion of nature-based
tourism forms such as ecotourism, as well as the growing demand for outdoor tourism
activities [4,5].

The relationship between protected areas and tourism as an economic sector can be
described as a “complex” relationship [6]. The definition of the protected areas according to
IUNC is “An area of land and/or sea especially dedicated to the protection and maintenance
of biological diversity, and of natural and associated cultural resources, and managed
through legal or other effective means” [7]. Within this previous definition, the concept of
establishing the nature reserves seeks to achieve sustainable conservation and management
of the rare ecosystem resources in these areas such as the natural landscape, unique
ecosystem services, rare fauna and flora, local communities and cultural heritage [8,9].

Therefore, tourism and protected areas are mutually beneficial. For one, tourism
seeks to create new tourism patterns/markets, cover the various needs of different tourists,
increase the economic value of this important economic sector and increase its contribution
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to the GDP of the nations. Additionally, the tourism industry seeks to use the protected
areas’ potential to boost economic opportunities by providing jobs for local communities,
improving their living standards, increasing possible sources of funding for nature reserves
and local societies and encouraging local goods and SMEs [4].

On the other hand, the continuing momentum that tourism creates for protected areas
by exporting them as promising tourism destinations highlights the interest in conservation
and maintenance of the natural values that nature reserves seek [10]. For example, pro-
tecting natural ecosystems and watersheds, creating economic values for underrated local
natural resources, supporting environmental principles for visitors and locals, enhancing
intercultural understanding, helping locals to learn foreign languages and improving their
educational skills, transmitting conservation value and protecting the natural and cultural
heritage of the countries; all these listed issues are considered as the most important benefits
that protected areas reap from being considered tourist attractions [11–13].

This relationship between protected areas and tourism development has also high-
lighted the importance of achieving sustainability during using the various natural re-
sources in the different kinds of nature reserves. With the emergence of the United Nations’
Sustainable Development Goals (SDGs) in 2015 [14], tourism has been a major activity for
sustainable development. Additionally, two of the main SDGs have been associated with
protected areas: SDG No. 14 “Life below water” and SDG No. 15 “Life on land”. Thus,
the relationship between nature reserves and tourism activities has gained ground on the
global stage in terms of realizing the goals of the sustainability approach.

Moreover, it is worth mentioning the recent impact of COVID-19 on the tourism sector,
which is one of the most affected economic sectors. According to the Organisation for
Economic Co-operation and Development (OECD) statistics, the global tourism sector
deteriorated by 45% due to the pandemic in 2020 [15]. Moreover, the World Tourism Orga-
nization (UNWTO) reported that 100% of the countries involved imposed travel restrictions
on tourism destinations, and 45% of global tourism destinations were completely closed to
tourists because of this pandemic [16]. Accordingly, world tourism organizations and agen-
cies have sought different tourism patterns to enhance tourism development [17]. Therefore,
outdoor activities in nature reserves highlighted the importance of protected areas as global
tourism destinations, which play a significant role in achieving the sustainability and
prosperity of the global tourism industry [18].

Natural environmental resources in protected areas support numerous tourism ac-
tivities, particularly outdoors ones. For example, walking, cycling, camping, hiking and
wildlife observation, as well as diving and kayaking in the case of marine nature reserves [4].
Tourism hiking trails are one of the most famous recreational and tourism activities that
support the sustainability paradigm in the tourism industry [19]. Tourism hiking trails are
a link between nature and people [20]. Although hiking trails are considered recreational
and leisure activities for people, they are currently one of the most important tourism
products, especially after the COVID-19 pandemic [21]. Additionally, it is worth noting
that tourism hiking trails have gained importance on the global stage because of their
inexpensive infrastructure commensurate with the current deterioration and declining
growth of the tourism industry globally, as well as the current tourism demand [20,22].

Despite the aforementioned importance of the relationship between protected areas
and tourism as an economic activity, the negative impact that tourism may have on these
areas must not be overlooked. Economically, the various tourism activities in the protected
areas increase the demand for tourism products and services such as restaurants, hotels
and other attractions. Thus, tourism activities lead to providing many basic services
such as policing, safety, electricity, and health care, which in turn lead to higher taxes in
these local areas that may be difficult for the locals to live and cope with [4]. In addition,
the fact that the tourism sector is a fragile and seasonal one and the protected areas
show a large dependence on this sector may lead to a reduction in their ability to control
certain external factors such as natural disasters, climate change, changing tourist behavior
and other economic and political crisis [4]. Consequently, this can affect the economic
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stability of local communities in these protected areas. Socially, the tourism industry may
have a negative impact on nature reserves by depriving the locals of their rights and
freedom to make their own decisions and control their lives [9]. Additionally, tourism
activities can cause a proliferation of many problems that disturb the locals’ lives, such
as overcrowding, vandalism, littering, crime, unpredictability and disrespect for local
customs and traditions [23]. Environmentally, intensive tourism activities can have serious
consequences for protected areas such as habitat loss, changing land uses, air pollution,
increasing fire risk, flora and fauna damage, etc. [24,25].

Because of all these possible negative impacts that may be caused by the tourism
development of nature reserves, good development plans and policies (economically,
socially and environmentally) must be developed, pursued and accomplished, thereby
reducing the impact of these consequences and enhancing the concept of the sustainable
tourism development in protected areas [26].

Accordingly, this paper seeks to amplify the conservation of the environmental re-
sources in the nature reserves with achieving their most economic use, through the clas-
sification of the tourism hiking trails in Abu Qubies. The Total Economic Value (TEV)
was used as the main approach to classify the tourism hiking trails in Abu Qubies by
valuing the ecosystem services. Thus, economic tools are given to decision makers to
facilitate the adoption of the best development decisions that will enhance the concept
of sustainable tourism development in Abu Qubies and the economic optimization of its
natural resources.

2. Materials and Methods

2.1. Study Area

Abu Qubies natural protected area is located on the coastal eastern mountain range
of the Syrian governorate Hama (see Figure 1). Moreover, Abu Qubies has a strategic
location linking three Syrian governorates (Latakia, Hama and Tartus), with an area of
11,000 hectares and an altitude ranging from 230 to 1370 m above sea level. Abu Qubies
was declared as an environmental protected area by the Syrian Ministry of Agriculture
and Agrarian Reform (MoAAR) in 1999, with the aim of protecting biodiversity in the
Syrian western region and for conducting environmental scientific research projects and
studies [27]. According to the United Nations Development Programme (UNDP) in Syria
and the Global Environment Facility (GEF), only three Syrian protected areas (out of 115)
play a significant role in preserving biodiversity in Syria, and Abu Qubies is one of them,
in addition to Al Frunloq and Jabal Abdul-Aziz [28].

 

Figure 1. Abu Qubies protected area, Syria (case study).
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A range of factors were considered before choosing the study area, both national and
local. Regarding the national level, the 115 Syrian wilderness reserves cover a surface of
1,132,286 hectares, making up a total of 10.2% of Syria’s territory [29,30]. Additionally,
these Syrian protected areas are highly valuable in terms of biodiversity, being a habitat for
about 70% of the country’s unique endangered plant and animal species [31]. Although the
importance of the protected areas in terms of both biodiversity and economic value, they
have not contributed effectively to the Syrian economy. According to the Syrian National
Bureau of Statistics for 2002, all different kinds of Syrian protected areas contribute just
0.01% of the Syrian GDP, taking into account all economic sectors. Such a scarce economical
relevance is often associated with a notable neglect of environmental conservation issues.

On the local level, Abu Qubies has rare different features that make it suitable for this
research proposal and gives it a qualitative significance away from other Syrian protected
areas. For example, Abu Qubies has a distinct geographical location, being an important
area in the migratory trails of birds and a habitat for many birds included on the list
of endangered birds by BirdLife International [32]. Furthermore, Abu Qubies has many
cultural values that can enhance tourist development within it, such as Roman monuments,
the remains of a fortress called the Abu Qubies Castle at 550 m above sea level, a group
of local villages and several religious shrines. Additionally, Abu Qubies well represents
the western Syrian landscape and the Mediterranean basin region. Where the natural
vegetation cover of the Abu Qubies is characterized by valuable biodiversity and distinctive
ecosystems, with a series of different species of plant communities, making it a rich natural
heritage [33,34].

The key ecological features of Abu Qubies include birds (e.g., the endangered Syrian
eagle and other 102 species of birds for which the protected area represents a bottleneck
during their migration) [35], natural plants (e.g., more than 300 tree, shrub and herb
species) [34], mammals (e.g., artiodactyls and hyenas) [36], reptiles and amphibians and
unique land uses (see Figure 2).

 
Figure 2. Land use and land cover in Abu Qubies as a unique ecological feature.

Consequently, this research selected Syria in general—and the Abu Qubies protected
area in particular—to present the idea of how to optimize the economic dimension of
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ecosystem services’ value in the tourism development sector while preserving the area’s
unique natural resources.

2.2. Research Method

This research basically aims to classify the tourism hiking trails in the Abu Qubies by
valuing the ecosystems services, therefore providing helpful tools for decision-makers that
will promote the sustainable management of the protected area’s resources and optimize
the economic value of its ecosystem services provided by biodiversity. The research method
combined two main stages: (I) identify the tourism hiking trails in Abu Qubies and (II)
calculate/estimate the ecosystem services’ values in the Abu Qubies protected area by
using the Total Economic Value (TEV) approach. Different software and analytical tools
are used in order to apply this proposed research method such as on-site observation,
Geographic Information System (GIS) and Earth Resources Data Analysis System (ERDAS).

2.2.1. Stage (I): Identify the Tourism Hiking Trails in Abu Qubies Protected Area

At this stage, the tourism hiking trails of Abu Qubies were identified by relying on two
major data sources: the Syrian Ministry of Agriculture and Agrarian Reform (MoAAR), as
well as the researchers’ on-site observation and interview with the director of the protected
area. According to MoAAR, the Abu Qubies has five main tourism hiking trails. The
first trail is “Sheikh Ali Majdal-Beer Eljabal”, located in the south of Abu Qubies and
considered one of the longest tourism hiking trails with a length of 7.7 km. The second trail
is “Abu Qubies-Mshta Elbeer”, located in the north of the protected area and considered
the second longest trail with a length of 6.8 km. The third trail is “Ras Alshareh-Sheikh
Hatem”, located in the west of Abu Qubies and is 6.3 km long. The fourth trail is “Sheikh
Abdullah-Beer Eljabal”, located in the middle of the protected area, which is 3.9 km long.
Finally, the fifth trail is “Abu Qubies-Beer Eljabal”, which is located in the middle of Abu
Qubies and considered the shortest tourism hiking trail in the area with an average length
of 1.4 km. Additionally, all information related to the five tourism hiking trials in Abu
Qubies was confirmed by the researchers’ on-site observations. Moreover, the researchers
conducted a comprehensive interview with the Abu Qubies director to identify more
about the hiking trails in Abu Qubies, especially with his expertise that was based on
his scientific knowledge and his organization of approximately 390 trips in these hiking
trails with different groups such as environmental experts, locals, tourists and international
organization delegations from 2012 to 2020. Figure 3 shows the five tourism hiking trails in
Abu Qubies.

 

Figure 3. Tourism hiking trails in Abu Qubies protected area.
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2.2.2. Stage (II): Valuation of Abu Qubies Protected Area Ecosystem Services

After identifying the five main tourism hiking trails in Abu Qubies in the first stage,
this stage focuses on calculating the ecosystem services value in Abu Qubies using the Total
Economic Value (TEV) approach, which included determining the most valuable hiking
trail among these five tourism hiking trails. TEV approach is a framework that seeks to
identify the monetary value of various natural resources in any ecosystem [37]. The Total
Economic Value approach’s concept is based on the idea that every service or good has
unique attributes, some of them are physical and easy to measure, while others are more
difficult to define. Therefore, TEV is the summation of all attributes of different goods and
services, not only the quantifiable ones [38]. Additionally, it is worth mentioning that the
TEV is interested in measuring both sides of different goods and services in any ecosystem:
willingness to pay (WTP) and willingness to accept (WTA). WTP represents the monetary
value of obtaining an ecosystem service, while WTA represents the monetary value of
avoiding loss [39].

In order to conduct the Total Economic Value approach in this research, its main
components should be identified first. TEV’s main components vary slightly from one
economist to another, but generally comprise the following: use-value (UV) and non-use
value (NUV) (see Figure 4).

 

Figure 4. Main components of the Total Economic Value (TEV) Approach. Source: adapted from
(Nature Conservancy et al., 2004; Pascual et al., 2015; Tinch et al., 2019; UNEP, 2010).

Use value (UV) includes three main components: direct use (monetary), indirect use
and optional value (OV). Direct use, also known as consumptive use-value, originates from
services or goods that can be extracted and consumed directly. In addition, direct use value
refers to the different products of any ecosystem that are easily quantified and recognized
by analyzing and monitoring market interactions [40]. For example, timber and harvest
crops such as fruits and herbs are considered as direct use value products in forests and
other natural reserves. Furthermore, other non-consumptive goods can be classified as
direct use value such as hiking or camping, even if people who enjoy these activities do not
consume any of the natural resources in these forests or reserves [41]. All these goods that
belong to direct use value are tangible, can be quantified and have real value. Compared
to indirect use products, direct ones commonly have observable quantities and their price
can be also traced, which facilitates their measurement and calculation. Regarding indirect
use, which is known as a functional value, it originates from ecosystem ecological sound
products and services. Unlike direct use products, indirect use services are difficult to
identify clearly and explicitly in different marketplaces. Thus, measuring these indirect use
services is difficult compared to the direct ones [42]. For example, stunning landscapes in
natural reserves are considered as indirect use values, where people can enjoy their visual
aesthetic without diminishing the pleasure of others and without having to pay any kind of
material or monetary value for it. Finally, the optional value (OV) goods or services, which
resemble the concept of an insurance policy, represents the future use of certain goods and
services (whether direct or indirect) at a time when they may not seem important. In other
words, the optional value refers to the potential of creating a future value from using any
tangible or intangible natural goods or services [40,41].
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The non-use value (NUV), which is known as passive use, originates from the idea
that any natural ecosystem must be preserved and protected. This non-use value consists
of two main types: existence value and bequest value. Existence value is obtained from
the fact that an ecosystem resource exists, even if people do not utilize it or intend to use
it [43]. For example, in marine environments, many organizations and aquatic conservation
associations seek to protect some marine species from extinction. In order to do that, they
raise donations from people, who in one way or another help even if they may never see
these marine species. Regarding bequest value, it comes from the fact that people should
ensure the potential of using any current ecosystem resources for future generations [44].
Therefore, what people pay or act to achieve this conservation of natural resources is
considered as a bequest value. Generally, it is difficult to measure the non-use value which
keeps it a challenging step when valuation the ecosystem resources and applying the Total
Economic Value (TEV) approach.

Subsequently, the Total Economic Value (TEV) approach is the summation of use value
(UV) and non-use value (NUV) in any existed ecosystem (see Equation (1)). Thus, TEV’s
output is frequently considered as natural capital since it includes the whole value of the
ecosystem resources [40,42,43].

TEV = UV + NUV (1)

It is worth mentioning that the practical application of the TEV approach relies heavily
on the available data. Thus, there are many practical methods and measures to calculate
the ecosystem services such as Market Price Method, Social Cost Method and contingent
Valuation Method (CVM) [45]. The market price is a method that determines the value
of ecosystem services by looking at the prices of different commercial goods and services
that are purchased and sold in the markets [46]. According to the US National Academies,
social cost of carbon (SCC) estimated the monetized value of different damages caused by
one-ton increases in CO2 levels [47]. These damages include damage from natural disasters
such as flooding, human health, agriculture productivity changes and other nonmarket
damages such as that happened in the ecosystem services [47]. The SCC monetized value is
estimated to be in the range of USD 10/tCO2 to USD 1000/tCO2 [48]. In our case, the used
value was USD 75/tCO2 according to the average global price used by the Syrian Ministry
of Local Administration and Environment. Additional details about the calculation process
of SCC can be found in [49]. Finally, the contingent valuation method (CVM), which is
a survey-based technique that expressed the idea of willing to pay for sustainable use
of natural resources or the avoidance of losing them [50]. All these methods are used to
measure the ecosystem services values in the Abu Qubies protected area. Regarding the
used method to classify and rank the tourism trails, the Zonal Statistics tool was used. It
is a spatial analysis toolbox that calculates specific statistics values in a certain zone (cell)
which are represented as inputs for raster data and creates a table of outputs and statistical
features such as mean, median, minority and majority [51]. Figure 5 presents the concept
of using the zonal statistics tool in this research.

 

Figure 5. Zonal Statistics Tool concept. Source: based on [52] by researcher.
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3. Results

The TEV approach adopted and conducted depends on the different goods and
services in Abu Qubies protected area. Regarding the use value, the direct use value
is represented by various goods and services such as wood products (wood products—fruit
trees), other non-timber products (honey—thymus plant), while the indirect use value is
represented by carbon reduction. In addition, the optional value which represented by
pharmaceutical industries from different medicinal plants such as Laurus and orchids.
Regarding the non-use value in Abu Qubies, this is represented by two types of goods and
services that represent natural-based tourism and community-based tourism (CBT) such as
endangered species, landscapes, heritage and cultural resources and local and agricultural
products. All these goods and services are introduced in detail as follows.

3.1. Use Value in Abu Qubies Protected Area
3.1.1. Direct Use Value

The direct use value in Abu Qubies is represented by two main goods: wood prod-
ucts and non-wood products. Regarding the wood products, these are composed of two
elements: hardwood/firewood and fruit trees. The market price was the selected mea-
surement method to estimate the valuation of these two elements as they are considered
commercial goods and transformative services. At the market price of USD 70.67/ton, the
total value of wood was estimated to be USD 201,890 [52–54]. While the main examples of
the fruit trees in Abu Qubies are Malus trilobata (wild apple), Crataegus azarolus (hawthorn),
olive, Pyrus syriaca (Syrian pear) and Prunus ursina. The production of these fruit trees is
estimated at approximately 4500 kg/year at a price of up to USD 0.38/kg, with a total value
of about USD 1730.76. The non-wood products include honey, thymus and plants that are
used in the preparation of medicines and pharmaceutical industries such as Laurus nobilis
and orchids. The honey production from Abu Qubies was about 500 kg/year at an average
price of USD 9.61 per kg, bringing the total value of the honey produced from the protected
area to about USD 4807.69. Thymus production was 200 kg/year at an average price of USD
5.76/kg for a total value of about USD 1153.84. Laurus is a forest plant and its importance
comes from its use in the medical and industrial industries (soap), its production in Abu
Qubies is estimated to be 50,000 kg/year at an average price of USD 0.43/kg, so its total
value was USD 21,634.61. For orchids the total production was around 100–150 kg/year at
an average price of USD 28.84/kg, with a total value of USD 19,038. This orchid production
is commonly sold to nearby medicine laboratories. By adding these monetary values of
honey, thymus, Laurus and orchids, the total economic price of non-wood products in Abu
Qubies protected area was USD 5961.44.

3.1.2. Indirect Use Value

The indirect use value in Abu Qubies is represented by Carbon reduction as an
environmental dimension of natural resources in this protected area. By using Social Cost
of Carbon (SCC) as a measurement method to estimate the expected damage caused by
releasing one additional ton of CO2 into the atmosphere, the total value of Carbon reduction
in Abu Qubies was USD 2,450,000 [27,47,49,53].

3.1.3. Optional Value

The optional value in Abu Qubies protected area represents the willingness to pay to
guarantee the availability of the ecosystem services for future use by the individual. In
fact, option value cannot be accurately estimated for ecosystem services in the Abu Qubies
Reserve. The option value represents the economic difference between the net benefits of
optimal and non-optimal decision-making because it ignores the gains that can be achieved
by delaying the decision and learning during this delay period. Therefore, estimating
the option values requires the presence of two strategies, and each of them is evaluated
with the aim of making the best decision. Consequently, option values cannot easily be
calculated separately and added to the benefit-cost equation [55].
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Table 1 represents the estimated values of goods and services of use value in Abu
Qubies, while Figure 6 presents a graded color map of the estimated values of goods and
services calculated in (Table 1).

Table 1. Monetary values of ecosystem use value in Abu Qubies protected area.

TEV Approach Classification (Use Value) Valuation

Measurement Method
Value Classification Category Good/Service

Monetary Value
($/year)

Total ($/year) %

Use Value

Direct Value

Wood Products Hardwood/Firewood
and fruit trees 203,620.76

235,543.81 8.77 Market Price

Non-wood Products

Honey and
Thymus syriacus 5961.44

Laurus nobilis and
Orchids (plants) 25,961.61

Indirect Value Environmental Dimension Carbon reduction 2,450,000 2,450,000 91.23 Social Cost of
Carbon (SCC)

Optional Value Not estimated

Total Valuation of Use Value in Abu Qubies Syrian Protected Area 2,685,543.81 100

Figure 6. Graded color map representing Abu Qubies’ use values (direct and indirect).

3.2. Non-Use Value in Abu Qubies Protected Area
3.2.1. Existence Value

The existence value in Abu Qubies protected area is represented in costs to protect
the existing ecosystem resources. Abu Qubies has many endangered animals that are an
attraction for many visitors and tourists, such as the Salamandra infraimmaculata (Arouss
Al-Ayn), Green Toad and the Greek Tortoise. This is in addition to many birds, such as the
Egyptian Vulture and the Greater Spotted Eagle, for which Abu Qubies is important, due to
its geomorphological diversity, and is seen as a major stop in their migration paths. For
natural and geomorphological diversity, Abu Qubies has many climates and geographical
environmental zones that make it the focus of many visitors in various seasons of the year.
Consequently, the locals in Abu Qubies were asked how much they would be willing to pay
for protecting the existence of these unique animals and birds. The average willingness to
pay per family was around USD 11/month (USD 132/year). When this value is multiplied
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by the number of families in the Abu Qubies (585 families), the estimated monetized value
of the existence value was approximately USD 77,220/year.

3.2.2. Bequest Value

The bequest value in Abu Qubies protected area was represented by the monetized
value that locals are willing to pay to preserve the rights of future generations to benefit
from the ecosystem services and resources in Abu Qubies. To estimate the bequest values,
the locals were asked through a questionnaire about their willingness to pay to combat
poaching, excessive logging and land degradation. The results expressed strong support
from the locals to protect the ecosystem resources. The average willingness to pay was
estimated at USD 17/month/family. Therefore, the total monetized value of the bequest
value was approximately USD 119,340 per year.

Table 2 represents the estimated values of goods and services of non-use value in Abu
Qubies. While Figure 7 presents a graded color map of the estimated values of goods and
services calculated in Table 2.

Table 2. Monetary values of ecosystem non-use value in Abu Qubies.

TEV Approach Classification (Non-Use Value) Valuation

Measurement Method
Value Classification Category Good/Service

Monetary Value
(Per Year)

Total ($/Year) %

Non-use Value

Existence Value Willingness to pay
The existence of
unique animals

and birds species
77,220 77,220 39.2

CVM

Bequest Value Willingness to pay
Combat poaching,
excessive logging
and soil degradation

119,340 119,340 60.8

Total Valuation of Non-use Value in Abu Qubies Syrian Protected Area 196,560 100

Figure 7. Graded color map representing Abu Qubies non-use values (existence—bequest).

Before moving to the main result of this analysis, which is the classification of the
tourism hiking trails based on the valuation of total ecosystem services value in Abu Qubies,
it is also worth noting that there were some negative values found in Abu Qubies, which
affected the total net monetary value of the natural resources in Abu Qubies. These negative
values include soil degradation, fires and mismanagement. Figure 8 shows the difference in
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vegetation in Abu Qubies protected area between 2019 and 2021, through which vegetation
is significantly reduced. The monetary value of these negative values mentioned before
was estimated at USD 704,410.92 [52].

 

Figure 8. Change of vegetation in Abu Qubies protected area in 2019 and 2021.

3.3. Classification of Tourism Hiking Trails in Abu Qubies Protected Area Based on TEV Approach

In order to determine the most important tourism hiking trial in Abu Qubies based
on the gradient map (see Figure 9), the Zonal Statistics tool is used. In Abu Qubies the
input values of the cells were determined based on the biodiversity resources values. The
total inputs value for each tourism hiking trail was estimated by calculating all cell values
that the trail passed through. The final classification and sorting of the tourism hiking
trials in Abu Qubies are presented in Table 3. In addition to other statistical parameters
predetermined by authors such as majority, minority, median, mean and path length.
The most economic value tourism hiking trail in Abu Qubies was the second trail “Abu
Qubies—Mshta Elbeer” with a 1463-point score.

 

Figure 9. The best tourism hiking trails in Abu Qubies protected area based on the valuation of
ecosystem services (use value—non-use value).
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Table 3. Ranking of the tourism hiking trails in Abu Qubies based on ecosystem services values.

ID Tourism Hiking Trail Length (km) Mean Median Minority Majority Total Score

1 Sheikh Ali Majdal—Beer Eljabal 7.77 4.4 4 2 4 1339
2 Abu Qubies—Mshta Elbeer 6.89 4.7 5 3 5 1463
3 Ras Alshareh—Sheikh Hatem 6.34 3.1 4 2 3 591
4 Sheikh Abdullah—Beer Eljabal 3.93 3.9 4 1 4 703
5 Abu Qubies—Beer Eljabal 1.44 2.5 3 3 4 273

4. Discussion

By reviewing the Total Economic Value (TEV) analysis results and identifying the
expected monetary value of the biodiversity resources in Abu Qubies, it was emphasized
that there are enormous values in Abu Qubies that can be economically relied upon to
develop the resources of the protected area on the one hand and to encourage tourism
industry with its various activities on the other. The findings of the analysis show that the
most valuable biodiversity resource in Abu Qubies is indirect values, specifically carbon
reduction, for a total of USD 2,450,000. That is because Abu Qubies is characterized by
its high elevations and high-density trees, which makes it function environmentally in
reducing carbon efficiently. Wood comes in second place in terms of its total economic price
as an ecosystem good in Abu Qubies, with at a value of USD 203,620.76. The importance
of wood in Abu Qubies comes from the fact that about 90% of local households rely on
it for heating, cooking and food preparation. The locals’ willingness to pay to combat
poaching, excessive logging and soil degradation ranked third in the monetary value of
Abu Qubies (USD 119,340). For other values, it had the lowest share in terms of economic
valuation, starting from USD 77,220 for the willingness to pay to protect the existence of
unique animals and bird species, and ending with USD 5691.44 for non-wood products
such as honey and Thymus Syriacus.

Despite the diversity of tourism hiking trails at Abu Qubies protected area, identifying
the most significant trails in terms of ecosystem services values is an important decision
support tool [22]. The tourism hiking trail “Abu Qubies—Mshta Elbeer” ranked first as the
trail containing the highest economic and monetary ecosystem services values with total
cell input points of 1463 (see Table 2). “Abu Qubies—Mshta Elbeer” trail is characterized by
its diverse environmental zones, making it the center of attention for Abu Qubies tourists,
visitors and locals as well (see Figure 10). This tourism hiking trail also runs through
some of the main touristic areas in the reserve, such as ancient Roman monuments and
some religious shrines, which represent the identity of the reserve [31], in addition to some
steep mountain letters along the trail which are considered ideal sites for establishing
environmental observatories to monitor wildlife in the area.

 

Figure 10. The different environmental zones in “Abu Qubies—Mshta Elbeer” tourism hiking trails
in Abu Qubies. Source: author, 2021.
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Accordingly, many activities can be proposed in these tourism hiking trails in order
to be sources of income for all human elements in Abu Qubies, whether management or
community. For example, trail entry and use fees, the establishment of a visitors’ database,
providing tourist guides services, on-site subsistence allowance, rental allowance for certain
equipment (e.g., camping), sales of local products and artefacts, fees for local product
markets and shops, and finally fees for using the protected area resources as material for
academic research and studies.

In addition, some recommendations could be set to help decision-makers make optimal
use of the protected area’s resources, especially in the tourism sector. First, the government
should concentrate the distribution of the available investments in specific development
zones with future economic and social returns, which will help all Abu Qubies system
elements (administrative, locals, tourists and visitors). Second, the results of this study
confirmed the possibility of estimating an ecological landscape or ecosystem services in
terms of monetary value [56]. Third, the study emphasizes the importance of achieving
all environmental standards during establishing various tourism projects in the protected
areas, in order to preserve its unique ecosystem services. Fourth, the study supports the
idea of flexible management in Abu Qubies by emphasizing continuous follow-up of its
ecosystem services and monitoring of irregularities that may result from mass tourism.

Finally, it is also worth noting that choosing the best tourism hiking trails in Abu
Qubies in terms of its economic values does not in any way mean that the other trails will
be neglected. In particular, the five tourism hiking trails in Abu Qubies have their own
natural resources and different attractions for tourists and visitors. But the importance
of this research and its results comes from the limited investments in the current Syrian
situation, the massive neglect of nature protected areas and the mismanagement of the
reserve’s resources [27]. Accordingly, the process of concentrating tourism investments in
one hiking trail is one of the most realistic and effective solutions in the light of these facts
on the ground [18].

5. Conclusions

Generally, this study is aimed at enhancing the importance of nature reserves and
protected areas as tourist destinations, especially in the current context of the importance
of natural resources and the sustainability approach in the COVID-19 era. The specific
main objective of this research focuses on the classification of the tourism hiking trails
in Abu Qubies (study area) in order to find out which of these trails contains the most
beneficial economic and monetary ecosystem services. The Total Economic Value (TEV)
approach has been used to estimate the monetary value of the different ecosystem services
of Abu Qubies.

The relationship between nature-protected areas and tourism development has become
strong in recent years, especially after the COVID-19 pandemic and the growing demand
for outdoors tourism activities. Hence, many tourism patterns appeared to be seeking
to optimize the use of nature reserves’ resources in various tourism activities, such as
ecotourism. Consequently, this complex relationship between nature reserves and tourism
development has been an encouraging factor for researchers to conduct this research.
Regarding the selection of Syria in general and Abu Qubies in particular as a study area
for this research was reliant on several reasons. In addition to the previously analyzed
relationship between tourism and protected areas, the current Syrian situation is also one of
the main criteria for choosing this case study. For example, political volatility, high inflation
rates and the continuous international economic fines from global society promoted the
selection of Syria and Abu Qubies. This highlights the importance of this research on how
to use and develop domestic resources efficiently. As an example, valuing the market and
monetary value of the ecosystem services of Abu Qubies, which in turn leads to identifying
the most economically desirable tourism hiking trails, helps decision-makers to channel
“limited” investments in optimal places to maximize their potential. Additionally, the
current Syrian situation has obliged the local community and development partners to
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ensure the success of the proposed tourism and economic development schemes, which
will have a direct impact on all activities that are part of their daily lives.

6. Limitations and Future Research

Most of the limitations in this research revolve around the central question of “How
much is an ecosystem worth?”. Although the diversity of natural resources in ecosystems
(e.g., protected areas) creates major importance for these ecosystems (economically, envi-
ronmentally or socially), it causes a burden when trying to transform all these vital values,
some of which are intangible, into easily measurable values. In this context, this study
adopted the Total Economic Value (TEV) approach to estimate the monetary values of Abu
Qubies biodiversity resources by using different measurement methods that are subjected
to certain limitations; for example, the constant change in data available on natural re-
sources, which often results in a change in production. In addition, it is difficult to estimate
some intangible resources, such as the value of life and the value of looking at a scenic
landscape. Moreover, some overestimations of the actual values of natural resources in
ecosystems can occur. Finally, many of these measures need enormous amounts of accurate
and sensitive data. Therefore, we must be extremely careful when calculating the monetary
values of biodiversity resources in any ecosystem, especially the intangible ones. In this
research, the researchers have tried to take all these limitations into account and often rely
on on-site observations to verify the authenticity of the data and thus reach more reliable
and robust results.

Future work needs to be oriented to study tourism development in protected areas
and their implications for the environment, accordingly achieving the conservation and
sustainable use of natural resources, as they represent capital for these nature reserves and
their local communities. Additionally, there is a need for future research to measure other
tourism dimensions related to tourism development on natural reserves such as tourist
satisfaction, changes in tourist behavior and preferences, etc.
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Abstract: Our research framework in this paper investigated natural-based solutions (NBSs) at green
hotels. We employed attention restoration theory (ART) to test the mediating effect of perceived stress
(PS), psychological wellness (PW), satisfaction (SA), and the moderating effect of health consciousness
(HC) on re-patronage intentions (RI). Data were collected through a survey of 544 customers who
frequently visited green hotels in Korea, and structural equation modeling (SEM) was used to test the
research hypotheses. The findings generally supported the hypothesized associations of the study
variables within our proposed theoretical framework (PS, PW, SF) in order of the mediating effect
on RI and confirmed the moderating effect of HC. In addition, the study’s results have important
theoretical and practical implications for the environment. In the former case, our results demonstrate
the application of ART and NBS by explaining the effect of the relationship among PS, PW, and SF
on RI and confirm the mediating effect of the ART (PS, PW, SF) on RI, as demonstrated in previous
studies. Moreover, in the latter case our results may encourage green hotels to participate in the
prevention of environmental problems.

Keywords: natural-based solutions (NBSs); attention restoration theory (ART); perceived stress
(PS); psychological wellness (PW); mental health (MH); well-being (WB); satisfaction (SA); health
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1. Introduction

Research shows that the official COVID-19 casualty should be double the number
that has actually appeared. The actual casualties should be multiplied by 1.5× from the
official report for the USA; for Japan only one tenth of casualties have been counted [1].
The Centers for Disease Control and Prevention (CDC) reported a higher lethality rate for
COVID-19 during 2021 compared to 2020. This indicates that multiple elements, such as low
vaccination rate, low mask usage rate, eased social distance, and the highly contagious Delta
variant are in effect [2]. Nations equipped with effective anti-COVID prevention measures
are now transitioning to normal life under the “With Corona” program. However, as the
Omicron variant appears, we are under an increasing period of COVID-19 patients as the
hazard of COVID-19 rises. COVID-19 is damaging the global industry. The tourist industry
(i.e., hotel, travel agency, airlines) suffered the most, as COVID-19-related travel attenuation
caused USD 1.2 trillion to USD 3.3 trillion in losses; this is close to 2.8–4.2% of global GDP [3].
The global tourist industry took three steps under COVID-19: Challenge → Resilience
→ Transformation. During the resilience stage, there were positive effects from regional
affection. Credits from consumer and related businesses now include the sustainability,
well-being of society, climate action, and local communities, which expect to take an
imperative role during the transformation phase [4].

A warning about climate change in the World Economic Global Risk Report 2021,
which began publishing in 2013, supports this issue. They report that the past two decades
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saw natural capital decrease by 40% [5]. The natural capital is being systematically de-
pleting. However, at the same time, nature and its ecosystem services are at the center
of the hotel industry business proposition, from food and beverage offers to guests’ en-
joyment of the natural landscape at the destination. Nonetheless, nature is a “capital”
component available to hotels and a natural-based solution (NBSs) to mitigate and adapt
to climate change and protect biodiversity while ensuring human mental health (MH)
and well-being (WB) [6]. NBS represents an activity to protect, manage, and restore the
natural and deformed ecosystem, sustainably providing the WB of humanity, benefits
of biodiversity, and adaptive, efficient, and rapid solutions to mend social issues simul-
taneously [7]. Eco-friendly environments such as WB parks, green cities, gardens, and
urban forests can reduce stress, depression, attention deficit hyperactivity disorder, and
cardiovascular disease, and improve pregnancy and respiratory symptoms in physiological
and psychological ways [8,9]. NBS is expanding to be an important social phenomenon.
Thus, an efficient realization of NBSs can improve MH and WB along with other various
environmental and social tasks [10,11]. Green hotels can positively influence customer
satisfaction (SA) with their eco-friendly structure, spaces, and items. Influences such as
reduced stress and depression are a representative sample [12,13].

Attention restoration theory (ART) has been actively studied in environmental psy-
chology due to the benefits NBSs provide to people. In previous studies, people stayed
in a natural environment and green space to which it is applied to relieve stress [14,15].
According to that, people follow NBSs to enjoy leisure in nature, reducing their stress and
restoring their attention [16,17], which are affected by the stress that comes from dwelling
in urban society [18,19]. MH, emotional WB, SA, and stress are the core factors to help
explain customers’ post-purchase activity. Thus, NBSs and ART take key roles in customer
behavior study. Improving customers’ MH and WB is now the head issue in the global
customer service and tourism business [20,21]. However, understanding the eco-friendly
concepts in inducing customers’ good MH and WB is not deep enough, even though NBS
is taking a pivotal role in the area, as is the study of inducing customers to green hotels.
With that said, promising customer maintenance and SA can be a possible output of efforts
to effectively maintain customers’ MH and WB effectively [21,22]. Previous studies of
the tourist industry based on NBSs [13,23,24] have proven that NBSs can enhance human
MH and reduce stress though direct and indirect influences. This can be highly related to
people’s behavior, intention, or attitude.

During the COVID-19 pandemic, travelers collected health knowledge and maintained
strict policies and norms to protect their health. To prevent the spreading of COVID-19
among future travelers, health consciousness (HC) will take a vital role in the tourist
industry [25]. Research shows that customers with high HC are more likely to avoid or
cancel a tour instead of joining health-related activities to make travel [25].

Examining victims of the COVID-19 pandemic from their stress status to perceived
wellness will enhance the current study of NBS and ART, and may provide practical
implications as well. However, the study of psychological wellness (PW), perceived stress
(PS), and re-patronage intention (RI) grafted with NBS and ART is not deep enough
currently. This study aims to create a merged model of NBS and ART, sampling guests at
South Korea’s green hotel to identify the green hotels’ structure of PS, PW, SA, and RI. We
shed light on the mediating effects of PW, PS, and SA on the relationship between NBSs,
green hotels, and RI. At the end of the study, we verify the HC within society under the
conditions of the COVID-19 crisis.

2. Conceptual Framework

2.1. Green Hotels as Natural-Based Solutions

NBSs are not a new concept. It is close to an umbrella concept, including nature-
based approaches such as ecosystem-based adaptation or ecosystem-based mitigation [7].
Ultimately, NBS aims to help achieve sustainable development goals (i.e., long-term food
security, climate change, water security, human health, disaster management, society, and
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economic development). While the definition of NBS is not agreed upon under universal
consensus yet, it is known as a helpful approach in various studies.

In a service-related NBS study [26,27], NBS is defined as “a method of improv-
ing/enhancing ecosystems to protect nature and solve various social/environmental/
economic issues by performing sustainable management and restorations” [28]. From the
view of the IUCN and EU, NBSs can be interpreted as a solution to improve natural environ-
ments’ vulnerable points with social and environmental benefits to maximize the positive
effect. The OECD’s perception of NBSs emphasizes better healing from COVID-19’s affects.
They insist on valuing natural resources to secure the health of nature. In their concept,
ecosystem services are indispensable for human health; they are essential to healing our
society from pandemic damage. Mainly, they are focused on forbidding lumber harvesting
and land utilization that can be related to the spread of COVID-19.

NBSs fall into three categories: (1) NBSs related to green infrastructure [26,29]; (2)
NBSs related to climate change mitigation and adaptation [30]; and (3) NBSs related to
ecosystem services [26,27]. These human health studies related to NBSs share one thing:
they are all superficial. Most of the studies focus on the three concepts mentioned above and
discuss basic ideas, which indicates that NBS is mainly about environmental and ecosystem
issues. Moreover, using the NBS in city planning is essential to improve residents’ mental
health and welfare and resolve various social tasks [11,31].

Embodying NBS in the hotel industry means improving customer MH and WB. Thus,
it has great salience [24]. Green-infra-related studies such as green spaces, green surfaces,
green items, and nature play an imperative role in eco-friendly hotels, and structures
where the service performance and character can directly lead to the product quality eval-
uation [32–34]. Human health can be affected by the surrounding social and physical
environment; when someone collaborates with nature, nature can improve their MH [24].
Therefore, we can confirm the importance of NBS in human WB. Further studies to deter-
mine the benefits of NBSs and their effects should be performed.

2.2. Attention Restoration Theory Linked to Natural-Based Solutions Such as Green Hotels

Early studies of stress focused on physical harm and stress applied by accident or by
any change [35]. However, recent studies have found that stress could be one reason for
various mental sicknesses, including neurosis, depression, anxiety, suicidal tendency, or
disruptive mood dysregulation disorder [36]. Half of the world’s population dwells in
cities. That residential condition causes stress to negatively affect city-dwellers’ mental
health. For that reason, people seek nature-based leisure activities to reduce stress and
restore their attention [15]. Nature can reduce stress for those who contact it, allowing them
to recover their brain and mental fatigue [37,38]. There is evidence that nature can offer
positive emotion to improve MH or restore attention [15,31,39].

ART draws on nature’s attention-recovering potential [40,41]. ART is an environmental
psychology theory explicating nature as a restorative environment to heal the fatigue that
results from directional attention [40]. RE refers to the environmental trait of attention
restoration. When one loses directional attention capability due to the stress of city dwelling,
it can be recovered by recognizing the natural environment’s absolution effect, which
requires no other extra effort [42]. Moreover, restorative experience results from actual
restoration experiences such as distress, attention restoration, mental peace, recharging
energy, and vigor [41]. The interest in environmental psychology has been present in nature-
based activity for a long time. Active research based on ART is commonly conducted, which
is expanding to tourism as healing tourism intended for mental healing increases [15,41,42].

Green hotels use NBSs through a nature-based approach (i.e., ecosystem-based adap-
tation, ecosystem-based relaxation) [12,13] to build a restorative environment, as nature
can decrease PS of people and create a restorative environment by imbuing positive effects
on PW (i.e., MM, WB) [24,42,43]. In the green-infra-related aspect of NBSs, the physical
green environment such as green spaces, green surfaces, and green items may be essential
for green hotels [33,34]. Therefore, the physical green environment inside the green hotel
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and the natural environment of the exterior are crucial component of NBSs [11–13]. The
green physical environment of green hotels can provide stress reduction, body activity
enhancement, health inequality relief, emotion improvement, and increased WB and MH.
It will bring various positive effects on the health of individuals and society [1–3,31,44].
Previous studies claim that people who reside in the natural environment and green spaces
can be distressed [14,15].

Furthermore, research shows PW and PS of NBSs can affect SA [12,13]; Han et al. [13]
affected customer satisfaction by increasing MH and WB perception and reducing stress by
NBSs in a study of customer maintenance strategy and green hotel-related NBSs. In Han
et al. [12], it was shown that NBSs could affect customers’ SA and RI by perceiving MH
change. The previous studies mentioned above developed the hypothesis of our study.

Hypothesis 1 (H1). Green hotels as NBSs have a significant effect on psychological wellness.

Hypothesis 2 (H2). Green hotels as NBSs have a significant effect on perceived stress.

Hypothesis 3 (H3). Perceived stress has a significant effect on psychological wellness.

Hypothesis 4 (H4). Perceived stress has a significant effect on satisfaction.

2.3. Re-Patronage Intention

Intentions are subjective judgments against individual activity, and re-patronage inten-
tion (RI) usually functions as an outcome variable in the service business. RI can be defined
as “An individual judgment to use the assigned service of the same place after considering
one’s current and possible situation” [45]. If a customer receives RI from a place, one is
likely to re-patronize and recommend the place to their acquaintances [46]. This concept
assumes that a customer’s choice interrelates to loyalty based on user experience [47]. In
Butcher [48], RI is claimed to be a measurable service result. On the other hand, Soderlund
and Ohman [49] took RI as a decisive intention based on expectation. The study of RI
was key to understanding travelers’ behavior intentions. Moreover, it evolved as the re-
patronage intention derived from the sum of the travelers’ satisfaction, behavior intention,
and evaluation of travel destination. Naturally, further research into recommending and
sharing behavior of favored travel destination became the linchpin [50,51]. Below are
related previous studies: Lin [52] showed that customers’ mental well-being can affect RI
on cruise travel; Kim et al. [21] showed that the well-being of the lounge experience can
affect satisfaction and RI; Han et al. [12] examined customers’ SA affecting the effect of NBS
by increasing MH and WB perception and reducing stress. Previous studies [11,12,21,24,52]
developed the hypothesis of our study.

Hypothesis 5 (H5). Psychological wellness has a significant effect on re-patronage intention.

Hypothesis 6 (H6). Satisfaction has a significant effect on re-patronage intention.

2.4. The Mediating Effect of Perceived Stress, Psychological Wellness, and Satisfaction

Previous studies related to stress reduction [12,13,53,54] show that green spaces, struc-
tures, and NBS have a high correlation with customer RI by improving their MH and WB.
In a study of green hotel visitors, Han et al. [13] found a significant mediating effect of
customer WB and self-rated MH on the relationship between NBSs and customer behavior.
This shows that a nature-based restorative environment can reduce the stress level of its
users [14]. Moreover, Grahn and Stigsdotter [55] sampled eight environments to prove that
restorative environment has the highest stress-reducing potential.

The detailed analysis between average nature-based activity period and emotional
WB mediated by the restoration experience and visit shows that restoration experience can
affect the WB. This is due to exposure to natural environments and mediating the emotional
WB under specific nature-based activities [15]. In Qiu et al. [56], it was shown that the
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natural environment could directly affect tourists’ attention restoration and quality of life.
The sampled Chinese mountaineers and Australian coast visitors showed that, based under
ART, examining ART can apply to various natural environments. Moreover, ART can be a
valuable tool to improve people’s mental health post COVID-19.

Hypothesis 7 (H7). Perceived stress, psychological wellness, and satisfaction will be parallel
mediation on the relationship between green hotels as NBS and re-patronage intention.

2.5. Health Consciousness as Moderator

People with HC are highly interested in private health. They are more conscious about
health and are likely to improve and join health activities to remain healthy [57]. People
with HC are active in doing health-related research. They will act quickly on the information
they collect, performing more than one related activity to secure a healthy life [58]. HC can
be treated as a psychological state, predicting possible outcomes from health attitude and
activity [59]. This can define HC as a preparatory stage to perform a health activity, making
people join the health improvement and maintenance activities [60]. Many theories claim
that HS can promote disease prevention, and is the first health improvement action [61].

In this study, we will examine HC as a prevention and protection against COVID-19
derived infection and wariness. Each individual reacts differently to recognized health
hazards depending on their level of HC [62]. This can lead to a gap in HC depending
on their response to health-related messages [63]. People with high HC take the COVID-
19 situation as a high health risk and strengthen their health attitude and norms when
traveling [64]. Additionally, tourists with high HC are very likely to join the health-
related activity under COVID-19 pandemic. This leads them to cancel or avoid their travel
plans [25].

The following articles are previous studies of HC and the tourist industry. In
Zhang et al. [65], tourists from rural, eco-friendly areas were sampled, showing that
travelers with high HC have a high desire to travel for their health and to protect it. In Wu
et al. [64], the authors verified COVID-19 awareness and the regulating effect of HC on
social distancing among the sampled Chinese hotel employees. This study set the following
assumptions based on the previously mentioned studies:

Hypothesis 8a (H8a). Health consciousness plays a significant moderating role in the relationship
between green hotels as NBSs and perceived stress.

Hypothesis 8b (H8b). Health consciousness plays a significant moderating role in the relationship
between perceived stress and psychological wellness.

Hypothesis 8c (H8c). Health consciousness plays a significant moderating role in the relationship
between perceived stress and satisfaction.

Hypothesis 8d (H8d). Health consciousness plays a significant moderating role in the relationship
between green hotels as NBSs and psychological wellness.

Hypothesis 8e (H8e). Health consciousness plays a significant moderating role in the relationship
between psychological wellness and satisfaction.

Hypothesis 8f (H8f). Health consciousness plays a significant moderating role in the relationship
between psychological wellness and re-patronage intention.

Hypothesis 8g (H8g). Health consciousness plays a significant moderating role in the relationship
between satisfaction and re-patronage intention.
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3. Materials and Methods

3.1. Measures and Questionnaire Development

This study focused on (1) expected re-patronage intention of green hotel customers,
(2) adding ART to base NBSs though the green hotel model, (3) the utility of NBSs as verified
through previous studies of environmental science [7,11,26,30,44,66] and ART through
environmental psychology [38,40,44,56,67–69]. With these, we intended to accumulate
studies of hotel industry hypotheses in the previous studies mentioned above with a
research model based on preset hypothesis.

Measurement variables of previous studies examined the change of customer in-
tentions against green hotels’ NBSs, mediated by PS, PW and SA. However, there were
insufficient studies related to the hotel industry [12], as most of the variables were from
studies of the tourist industry [13,15,23–25,42]. Thus, we developed a measurement vari-
able based on modified previous study material and in-depth interviews made by the hotel
manager and CEO.

In detail, we first selected five hotel managers with over ten years of experience
and five professors of hotel management who were willing to join the in-depth interview.
Second, we made detailed explanations of the purpose of the study and interviews. Third,
to check the suitability of the questionnaire, the questionnaire used in the previous study
was shown to the experts through a one-on-one interview, and it was verified whether
the questionnaire was suitable for green hotels research through the interview. Fourth, by
combining five interviews with experts, it was modified and supplemented to fit the green
hotels study. Lastly, we deployed the survey to be distributed to twenty customers who
had visited the Grand Walkerhill Seoul Hotel in the time span from 11 November 2021 to
13 November 2021 as a pretest under final review, providing transparency to the survey.
The Grand Walkerhill Seoul Hotel (independent hotel, 799 rooms) surveyed is green hotel
which is located overlooking the Han River and the slopes of the Acha Mountain; the
plants and flowers inside the hotel are all natural, and the hotel has large glass windows
for natural lighting.

Measurement items shown below (Appendix A) include (1) eight items extracted
from [12,13] for “green hotel as NBS”; in this study, an NBS is defined as “a special concept
or method; developed to induce social and environmental outputs from COVID-19 and
provide a solution for various social and environmental challenges by utilizing nature”.
Two factors were derived, indoor green hotels (IGH) and outdoor green hotels (OGH), and
(2) nine items are extracted from [12,13,70] for PW.

In this study, PW is “an individual’s self-assessment of their ability to deal with a
mental crisis in order to return to a pre-crisis state.” Items stem from two factors (MH, WB)
by following the previous studies. (3) Four items were extracted (i.e., I fear I cannot take
control of the important matters) from [71] for PS. This study defined PS as “a subjective
consciousness against environmental stimulants, variable to individual traits”. (4) four
items are extracted (i.e., ‘as a whole, I have really enjoyed myself at this hotel as expected’)
from [21,72] for SA. Customers had to NBSs after visiting the green hotel. (5) Four items
were extracted (i.e., I have a strong intention to visit the service provider again) from [73] for
RI, which is the most reliable factor of behavior intention against the green hotel. This study
used 34 items to evaluate six variables, using a Likert five-point scale: 1. Not important at
all, 2. Not important, 3. Normal, 4. Important, 5. Very important.

3.2. Data Collection Process and Data Analysis

Targets were adults aged 20 and older who visited green hotels within the year.
Before the primary survey, we performed a pilot test to find any structural issues with the
paper. From 8 November 2021 to 4 November 2021, fifty students under the doctor’s hotel
management course were applied. We used the online research company embrain.com
between 15 November 2021 and 28 November 2021, and received 600 surveys. Fifth-six
undependable responses were removed, leaving 544 (90.7%) valid samples for data analysis.
The tools for the analysis were SPSS 20.0 for exploratory factor analysis and AMOS 24.0 for
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confirmatory factor analysis (CFA), structural equation modeling (SEM), mediator effect,
and moderator effect.

4. Results

4.1. Characteristics of Respondent

Of the 544 respondents, 353 respondents (64.9%) were female and 191 respondents
(35.1%) were male. Present marital status was highest for married people (307 respondents,
56.4%), followed by single people (232 respondents, 42.6%), and other (five respondents,
0.9%). Among the participants, 37.7% were 30–39 years old (205 respondents), 11.9% were
20–29 years old (65 respondents), 9.0 were 40–49 years old (49 respondents), and 3.7%
were 50 years old or over (20 respondents). The education level was generally high; 328
respondents (60.3%) were college and university graduates, and 146 respondents (26.8%)
were in graduate school or higher. Additionally, 70 respondents (12.9%) had attended high
school and below. The annual household income of USD 20,000–29,999 (238 respondents,
43.8%) was the highest, followed by USD 40,000 and more (109 respondents, 20.0%), USD
30,000–39.999 (99 respondents, 18.2%), and under USD 20,000 (98 respondents, 18.0%). By
job, employed (219 respondents, 40.3%) showed the highest, followed by professionals
(113 respondents, 20.8%), housewives (80 respondents, 14.7%), self-employed (74 respon-
dents, 13.6%), and students (43 respondents, 7.9%). The number of hotel visits for one year
was as high as 46.5% (253 respondents) for 3–5, followed by 1–2 times 24.6% (134 respon-
dents), 6–9 times 20.2% (110 respondents), and ten and more times 8.6% (47 respondents).
The purpose of visiting the green hotel was leisure 69.5% (378 respondents), business 16.9%
(92 respondents), and other 13.6% (74 respondents).

4.2. Reliability and Validity Assessments and Confirmatory Factor Analysis

The measurement unit was developed from previous studies, to offer content validity.
To analyze the measurements’ reliability, we performed exploratory factor analysis; If
Cronbach’s α value is above 0.6, we can say it has internal consistency. During the analysis
of all measurement items (NBSs, PW, SA, RI, and HC), one of the PW items (“I feel healthy
and happy when staying at this hotel”) was removed, as it had a Cronbach’s α value below
0.5. Reverse-coding was performed to PS for analysis.

To verify the construct reliability and convergent validity, we performed confirmatory
factor analysis (CFA) on the constructs (NBSs, PS, PW, SA, RI, and HC). The IPS helped
to increase the scale’s reliability when performing the CFA. Parceling is a procedure for
computing average scores or sums through multiple items. The average scores or sum
instead of the individual item scores serve as indicators of latent factors in the SEM analysis.
In this study, items with high correlation or similar factor loadings in factor analysis were
grouped using Cattle’s radial parceling [74].

We measured IPS based on factor loading for study, derived from exploratory factor
analysis of NBSs items (IGH, OGH) and PW items (MH, WB). When the average variance
extracted (AVE) and construct reliability (CR) are above 0.5 and 0.7, we can say there is
convergent validity [75]. We found an AVE between 0.589 and 0.861 and CR between
0.749 and 0.927; these values satisfy the convergent validity, as displayed in Table 1.

Normally, the goodness-of-fit index should have CFI, IFI, and TLI above 0.9 and below
1.0 [76]. RMSEA should remain below 0.05, and is acceptable between 0.05~0.1 [77]. Our
study showed a well-established model to fit the data satisfactorily (goodness-of-fit statistics
for measurement models: χ2 = 289.844, df = 137, p < 0.000, χ2/df = 2.116, RMSEA = 0.092,
CFI = 0.929, IFI = 0.931, TLI = 0.902). We present correlation to verify discriminant validity.

After the analysis, all variables showed a square price below AVE value and all
correlation coefficients did not include 1 in standard error estimation. Thus, all variables
obtained discriminant validity. To verify the discriminant validity, we performed Pearson
Correlation Analysis. All variables (NBSs, PS, PW, SA, RI, and HC) showed a significance
level of p < 0.001, index of the correlation coefficients.
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Table 1. The measurement model and correction.

Construct and Scale
Item

Standardized
Loading

MEAN
(SD)

AVE
(CR)

NBSs PW PS SA RI HC

NBSs IGH
OGH

0.836
0.709

4.323
(0.567)

0.601
(0.749) 1

PW MH
WB

0.961
0.893

4.259
(0.749)

0.861
(0.925)

0.758 ***
(0.575) 1

PS

PS1 0.737
4.393

(0.581)
0.589

(0.849)
0.636 ***
(0.404)

0.597 ***
(0.356) 1

PS2 0.841
PS3 0.857
PS4 0.609

SA
SA1
SA2
SA3

0.883
0.940
0.939

4.487
(0.622)

0.848
(0.944)

0.730 ***
(0.533)

0.827 ***
(0.684)

0.615 ***
(0.378) 1

RI

RI1
RI2
RI3
RI4

0.837
0.863
0.901
0.681

4.227
(0.641)

0.650
(0.878)

0.650 ***
(0.423)

0.857 ***
(0.734)

0.704 ***
(0.496)

0.842 ***
(0.709) 1

HC

HC1
HC2
HC3
HC4

0.878
0.781
0.952
0.873

3.882
(0.951)

0.762
(0.927)

0.404 ***
(0.163)

0.486 ***
(0.236)

0.404 ***
(0.163)

0.567 ***
(0.321)

0.557 ***
(0.310) 1

Note 1. NBSs = natural-based solutions, IGH = indoor of green hotels, OGH = outdoor of green hotels, PS = per-
ceived stress, PW = psychological wellness, MH = mental health, WB = well-being, SA = satisfaction, RI = re-
patronage intention, HC = health consciousness. Note 2. Goodness-of-fit statistics for the measurement model:
χ2 = 289.844, df = 137, p < 0.000, χ2/df = 2.116, RMSEA = 0.092, CFI = 0.929, IFI = 0.931, TLI = 0.902). Note 3. All
factor loadings are significant at p < 0.001 (***). Correlations between variables are below the diagonal. Squared
correlations between variables are within parentheses

4.3. Research Hypotheses Testing and Structural Equation Modeling

Variables of the research model were the following items: Inner variable, NBSs; extra-
neous variable, RI; intervening variables, PW, PS, and SA. We used a covariance matrix and
maximum likelihood estimation for the analysis. Goodness-of-fit statistics were favorable
(χ2 = 141.909, df = 77, p < 0.001, χ2/df = 1.843, RMSEA = 0.080, CFI = 0.960, IFI = 0.961,
TLI = 0.938). Additionally, SEM showed high prediction power for RI n general (R2 = 0.819).
The standardized path coefficients and t-values are shown in Table 2. The hypothesis
test results are provided in Figure 1. The path estimates show that NBSs had a positive
direct effect on ascription of PW (β = 0.648, p < 0.001) and PS (β = 0.541, p < 0.001); thus,
H1 and H2 were supported. The result of estimation indicated that PS had a significant
positive effect on PW (β = 0.327, p < 0.01) and PS (β = 0.291, p < 0.01); thus, H3 and H4 were
supported. As expected, PW had an impact on SA (β = 0.639, p < 0.001) and RI (β = 0.427,
p < 0.001); H5 and H6 were supported. It was found that SA had a significant positive effect
on RI (β = 0.292, p < 0.05); thus, H7 was supported.

We found direct and indirect effects of NBS on RI related to PW, PS, and the me-
diating effect of SA. To verify the significance of indirect effect, we used the parametric
bootstrapping, and the result is displayled in Table 2. The findings revealed that NBSs
significance affected PCBI (β NBSs → PW and PS and SA → RI = 0.692, p< 0.001) indirectly
through PW, PS, and SA, thus confirming them as partial mediating variables. Therefore,
H8 was supported.
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Table 2. Structural model results and hypotheses testing.

Hypothesized Paths Coefficients t-Values

H1: NBSs → PW 0.648 5.607 ***
H2: NBSs → PS 0.541 4.156 ***
H3: PS → PW 0.327 2.842 **
H4: PS → SA 0.291 3.098 **
H5: PW → SA 0.639 6.921 ***
H6: PW → RI 0.427 3.960 ***
H7: SA → RI 0.292 2.467 *

Explained variable: R2(PW) = 0.629 R2(PS) = 0.420
R2(SA) = 0.745 R2(RI) = 0.819

Indirect effect: β (NBSs → PW& PS & SA → RI) = 0.692 ***
Total effect on RI: β(RI) = 0.692 ***

The results: H8 supported
Note 1. NBSs = natural-based solutions, PS = perceived stress, PW = psychological wellness, MH = mental health,
WB = well-being, SA = satisfaction, RI = re-patronage intention. Note 2. Goodness-of-fit statistics for the structural
model: χ2 = 141.909, df = 77, p < 0.001, χ2/df = 1.843, RMSEA = 0.080, CFI = 0.960, IFI = 0.961, TLI = 0.938. Note 3.
* p < 0.5, ** p < 0.01, *** p < 0.001.

Figure 1. Structural equation model estimation and test for structural metric invariance.

4.4. Moderating Effect of Health Consciousness

We performed K-mean cluster analysis on moderating variable HC to check whether
NBSs build a significant HC gap on RI. The result was in two groups, one with high HC
(n = 322) and one with low HC (n = 207). The baseline model showed an acceptable level for
the data suitability (goodness-of-fit statistics for the baseline model: χ2 = 305.755, df = 154,
p < 0.001, χ2/df = 1.985, RMSEA = 0.087, CFI = 0.896, IFI = 0.902, TLI = 0.838).

If the constrained model and unconstrained model’s chi-square value gap exceed
3.84 and reach a significance level (p < 0.5), we can say there is a regulation effect (as
shown in Table 3 and Figure 1). The chi-square test results with measurement invariance
revealed that GHNBS-PW path (Δχ2 [1] = 11.398, p > 0.05) between high and low HC
groups and PS-PW path (Δχ2 [1] = 1O.624, p > 0.05) between high and low HC groups did
differ significantly, and more than 3.83 for chi-square difference. Hence, this result supports
Hypothesis H9a and H9c. However, H9b, H9d, H9e, and H9F could not be supported, as
they did not show significant results.
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Table 3. Result of moderating effect.

Paths
High-HC Group (n = 348) Low-HC Group (n = 196) Nested Model Constrained

to Be EqualCoefficients t-Values Coefficients t-Values

H8a: NBSs-PW 0.827 3.394 *** 0.183 1.266 χ2 (155) = 317.15 3 a

H8b: NBSs-PS 0.569 3.936 *** 0.608 3.642 *** χ2 (155) = 305.94 1 b

H8c: PS-PW −0.044 −0.280 0.705 4.267 *** χ2 (155) = 316.37 9 c

H8d: PS-SA 0.242 2.179 * 0.430 2.071 * χ2 (155) = 306.18 5 d

H8e: PW-SA 0.651 5.793 *** 0.512 2.576 * χ2 (155) = 305.882 e

H8f: PW-RI 0.610 4.626 *** 0.269 1.179 χ2 (155) = 306.60 2 f

H8g: SA-RI 0.142 1.094 0.512 1.742 χ2 (155) = 306.41 2 g

Chi-square difference test: Test results:

Goodness-of-fit statistics for the baseline model:
χ2 = 305.755, df = 154, p < 0.001, χ2/df = 1.985,

RMSEA = 0.087, CFI = 0.896, IFI = 0.902, TLI = 0.838

a Δχ2 (1) = 11.398, p > 0.05 H8a: Supported
b Δχ2 (1) = 0.186, p > 0.05 H8b: Not support

c Δχ2 (1) = 10.624, p > 0.05
d Δχ2 (1) = 0.430, p > 0.05
e Δχ2 (1) = 0.127, p > 0.05
f Δχ2 (1) = 0.847, p > 0.05
g Δχ2 (1) = 0.657, p > 0.05

H8c: Supported
H8d: Not supported

H8e: Not support
H8f: Not supported
H8g: Not supported

Note 1. NBSs = natural-based solutions, PS = perceived stress, PW = psychological wellness, MH = mental health,
WB = well-being, SA = satisfaction, RI = re-patronage intention, HC = health consciousness. Note 2 * p < 0.5,
*** p < 0.001.

5. Results and Discussion

5.1. Conclusions

As the COVID-19 pandemic increases interest in social and environmental issues, the
importance of NBSs has come to the forefront [13,78]. The COVID-19 pandemic can cause
stress, while green hotels can reduce stress; thus, we performed this study to find green
hotel NBSs’ customer mental care ability and effect on SA and RI by restoring PS.

This study had three goals. First, to merge NBS and ART to investigate a model of
eco-friendly hotel and PS, PW (MH, WB), SA, and RI. This study can provide standard
data for a solid practical implication, exceeding the limits of previous studies. Second, we
shaped the verification results of previous studies by examining the multiple mediator
effects of PW, PS, and RI drawn from green hotel NBSs and RI. Third and last, we tried to
shed light on the mediating role of HC against NBSs, PW, PS, SA, and RI. After COVID-19
occurred, people showed behavioral and perceptual changes. Customers who had COVID-
19 developed relatively high HC compared to those who had not. Thus, monitoring the
behavior change was considered vital to us.

Our empirical analysis shows that NBSs can significantly impact PW and PS. This
result supports previous research [37,70]. The significant impact of PS on PW and SA
matches the results of previous studies [79]. Additionally, the impact of PW on SA and RI
matches previous studies [12,13]. The partial mediation effect of PS, PW, and SA between
NBSs and RI matches previous studies as well [79]. Moreover, we found a mediating effect
of HC on NBSs, PW, PS, SA, and RI. This supports H9a and H9b and partially supports
previous studies [64,65].

5.2. Theoretical Implication

The research implications of this study identified the positive effect of green hotel
NBS. We applied ART to supplement PS, expanding the academic field of NBSs to stress
restoration. In the past, NBSs focused on recognizing improvement of human MH and WB.
This study applied ART to NBSs, re-examining NBSs’ stress restoration aspect of reducing
PW and PS. It is relevant that we managed to examine what NBSs does to PS, SA, and
RI via applying ART. It was relevant to examine what restorative experience can do for
customer satisfaction and RI.

After the COVID-19 pandemic, people recognized health risks more than ever which
raised HC. Additionally, people with high HC are likely to make healthier lifestyle decisions.
Thus, there is a theoretical implication around examining HC as a moderator between PW,
PS, SA, and RI, as this was the first empirical research about the topic.
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5.3. Practical Implication

The practical implications of this study include first, that green hotels’ NBSs can help
PW (MH, WB) and reduce PS. From this, green hotels’ NBSs can reduce stress caused by
COVID-19. Moreover, stress is the core factor of various diseases. Thus, hotel managers
should secure an eco-friendly environment and nature accessibility for customers looking
for the stress-reducing effect of a green hotel. Deploying roads and signs to mountains,
rivers, and oceans near green hotels can increase nature accessibility. Additionally, installing
an eco-friendly bench will offer a fine rest in nature.

Second, customers with perceived stress visiting green hotels affect psychological
wellness (mental health, well-being) and satisfaction, although not as high. In order to
alleviate perceived stress, healing through a rehabilitation program using nature may be
helpful. In addition to the healing and recovery environment provided by nature, stress
can be managed through leisure activities that can be carried out in nature. For example, in
a green hotel in nature, stress management can be performed by healing the tired physical
conditions and mind by creating programs such as healing yoga in the forest.

Third, customers with high SA visiting green hotels had PW which was high by the
characteristics of NBSs, and low on RI. As a result of this study, it can be seen that the
variable of customer’s SA at green hotels does not have significant effect on RI. On the
other hand, green hotel customers seem to be satisfied through MH and WB from rest.
However, the purpose of hotel customers’ visits (restaurant visit, casino, leisure (swimming
pool, tennis court, kids’ activity, etc.) should be considered in various ways. It is important
to ensure that these things and the advantages of the Green Hotel can be accompanied at
the same time as RI. Specifically, green hotels should supplement suitable facilities so that
customers can feel attracted to the green physical environment. For example, green hotels
should make a hotel swimming pool close to nature for customers who feel like swimming
in a river or sea and provide the comfort of an indoor swimming pool.

Fourth, while NBSs of green hotels did not directly affect RI, it was found to have
a significant effect on PW, PS, and SA as indirect effect. These results show that the
characteristics of green hotels’ NBSs help customers recover from stress, increasing their
willingness to revisit intentions. By increasing the accessibility of green hotels, the NBS
characteristics of green hotels can have a positive effect on customers’ stress recovery.
For example, in order to compensate for the geographical shortcomings of green hotels
that must be close to nature, transportation that makes them easily accessible to green
hotels located outside should be provided. Such a pickup service (i.e., limousine or hotel
shuttle bus) is provided for convenient access from airports or train stations located around
green hotels.

Fifth and last, the moderation effect of HC was valid only on NBSs and PW and PS
and PW. It was ineffective on HC and other combinations between NBSs and PW, PS, and
SA on RI. Furthermore, if the HC is not high enough, it is not practical for any group.
COVID-19 incursion raised the HC of people generally. Additionally, high HC can affect
the relationship between NBSs and PW. We found that a group with high HC on the
relationship between PS and PW (MH, WB) has significant effect. Plus, a previous study
by [25] defined HC as a critical factor in preventing COVID-19 contagion. A group with
high HC is likely to cancel or change their travel plans when the destination is under high
infection risk. Thus, it seems that anxiety towards society is the catalyst that boosts the
effect of green hotels’ NBSs and PS on PW. Nevertheless, as the COVID-19 situation is not
yet resolved, a secure quarantine system should be considered to reduce customers’ anxiety.

5.4. Limitations

This study has several limitations. First, the research method was limited to cross-
section; measurements were made only from recognizing a limited period and aspect. A
longitudinal study of change over time should be carried out, i.e., comparing pre-COVID
and post-COVID data to check the effect of green hotel NBS on PW, PS, SA, and RI in order
to collect diverse data. Second, the target was limited. Continuing research may target the
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food service industry (i.e., eco-friendly restaurants or coffee houses) to find more valuable
factors. Third and last, this study focused on the green hotel visiting experience only.
Continuing research may differentiate the sample and examination by target area (i.e., rural
and urban areas) to find any significant gaps between them. Lastly, although this study
was conducted on customers who visited green hotels located in Korea, future research
needs to expand on this and compare customers from Asia, Europe, and the Americas in
addition to Korea.
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Appendix A. Measurement Items

Indoor of the green hotel [12,13]

I easily see green interior decorations and diverse living plants in the lobby area of this hotel.
I easily see a variety of green items and light through glass windows in this hotel’s restaurants.
I easily see diverse flowers, trees, and potted plants in the hotel’s coffee lounge.
green space can easily be seen everywhere in this hotel.
Outdoor of the green hotel [12,13]

This hotel has easy access to the natural environment (i.e., mountains, forests, rivers, seas, lakes, natural
parks).
The region surrounding this hotel has good weather (i.e., temperature, humidity, and precipitation).
The region surrounding this hotel has good and fresh quality air.
The region around this hotel is safe from natural disasters (i.e., earthquakes, typhoons, tsunamis, floods).
Mental health [12,13]

Staying at this hotel plays an important role in relieving my mental stress and anxiety.
Staying at this hotel helps me rising my confidence in everyday life.
Staying at this hotel is worthwhile as it makes me think that I am a valuable and important person.
Staying at this hotel is worthwhile as it helps me turn any anxiety and worry into confidence
Well-being [12,13]

I feel healthy and happy during my stay in this hotel.
I feel emotionally secure during my stay at this hotel.
This hotel plays an important role in making my mind calm and peaceful.
Thanks to this hotel, I was able to relax comfortably.
Thanks to this hotel, I was able to refresh my mood.
Perceived stress [35]

For the past 30 days, I have been unable to control the important things in my life.
For the past 30 days, I have not been able to handle my personal problems.
In the past 30 days, my work has not gone my way.
In the past 30 days, I have felt difficulties that I cannot overcome.
Satisfaction [72]

Overall, I am satisfied with my experience at this hotel.
My decision to stay at this hotel was a wise one.
As a whole, I have really enjoyed myself at this hotel as expected.
Health consciousness [64]

I often reflect on my health a lot and try to protect it.
I’m awfully self-conscious about my health.
I am generally watchful to my inner feelings about my health.
I am incessantly checking my health.
Re-patronage intention [73]

I consider the nature-based solution of this hotel is better compared to other hotels.
I have a strong intention to visit this hotel again.
I intend to continue using this hotel in the near future
Overall, I will keep using this hotel as regularly as I do now.
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Abstract: In this study, value-belief-norm (VBN) theory and the social exchange theory (SET) were
applied to predict hotel customers’ pro-environmental responsibility behavior intention (PRBI) for
the characteristics of NBSs in green hotels—specifically, to investigate the relationship between NBSs
as green hotel and PRBI, and to test its mediating effect on pro-environmental perceived (PPV),
pro-environmental perceived belief (PPVBE), personal pro-environmental norms (PPN), attitude
toward environmental behavior (ATEB), mental health (MH), well-being (WB), and satisfaction (SA)
and the moderating effect of locations (urban, rural) among these variables toward pro-environmental
responsibility behavior intention (PRBI). Data were collected using a survey of 440 customers who
had visited green hotels in the Republic of Korea within the last 12 months. We used to test the
research hypotheses by structural equation modeling (SEM). The findings generally supported the
hypothesized associations between variables within our proposed theoretical framework and con-
firmed the moderating effect of location. The study’s results have important theoretical and practical
implications for the environment. We investigated the relationship between the characteristics of
NBSs and PRBI of green hotels, and we investigated the relationship between psychological state,
attitude, and behavior of green hotel customers by applying variables suitable for ART, SET, and VBN.
In addition, we verified the moderating effect of customers’ green behavior and attitudes toward
green hotels located in urban and rural areas. Moreover, these findings herein may encourage green
hotels to participate in preventing environmental problems. It provides primary data on customers’
perception of ecofriendliness in establishing corporate management strategies.

Keywords: natural-based solutions (NBSs); pro-environmental value (PPV); pro-environmental
perceives belief (PPVB); personal pro-environmental norms (PPN); attitude toward environmental
behavior (ATEB); mental health (MH); well-being (WB); satisfaction (SA); pro-environmental responsibility
behavior intention (PRBI); green hotels

1. Introduction

As COVID-19 spread rapidly around the world and the number of confirmed cases
and deaths continued to increase, the World Health Organization (WHO) declared the
disease a pandemic on 11 March 2020 [1], the third pandemic in history after Hong Kong
flu in 1968 and novel swine-origin influenza in 2009. For this reason, it has been hit hard in
various fields such as politics, economy, and culture [1].

The continued effects of COVID-19 are engendering a strong sense of crisis in terms
of the environment and the impact of changes to consumer life [2]. The world is not
only facing the COVID-19 pandemic but is also struggling with the increase in waste
mainly from plastics affecting both society and healthcare sectors [2–4]. For instance, there
is unintentionally and rapidly generated plastic waste from single-use plastics such as
facial masks, hand sanitizer bottles, surgical gloves, takeout food packaging, food and
polyethylene goods packaging, protective medical suits, and medical test kits [4]. This
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is because of disposable products and materials for health and safety reasons, which
has worsened the plastic pollution problem [5]. According to ‘The Global Risks Report
2020′ published by the World Economic Forum, environmental problems present the most
significant risk today.

As such, interest in global environmental problems has increased due to the impact of
COVID-19, and in response, natural-based solutions (NBSs) have emerged as an essential
global phenomenon [2]. The concept of NBSs is a growing global phenomenon that can
help societies address various social and environmental challenges sustainably [6,7]. Due
to sustainable characteristics and the pursuit of social and environmental benefits, NBSs
have attracted attention in various contexts in recent years [6]. NBSs are presently being
applied to the design of residential areas, workplaces, buildings, and urban spaces to
enhance the quality of human life [6–9]. Hotels are increasing their NBSs endeavors to
create green spaces inside the building and protect the natural outdoor environment [8].
This creates what NBSs call green building that result in eco-environmental physical
environment that influences human responses and behaviors [8,10]. Thus, hotel green
spaces, together with pro-environmental physical environments, often play a crucial role
in positively affecting the well-being (WB) and mental health (MH) of the customer to
encourage continued retention [2,8,9].

This study focused on Value-Belief-Norm (VBN) theory, attitude toward sustainability,
and psychological health as NBSs to explicate customer pro-environmental responsible
behavior intention processes. We took this approach because social psychologists suggest
that values, beliefs, and norms play a principal role in motivating pro-environmental
behaviors [10–15]. Thus, consumers’ personal characteristics such as social factors (i.e., par-
ticipation in society, normative influence, and information influence), values, and personal
emotions can influence patronage intention. In particular, social factors play a critical role
in environmental problems [16].

Second, it was utilized as it plays an important role in understanding NBSs for
ecofriendliness and customer attitudes toward the sustainable natural environment and
ecofriendly behavioral intentions (responsible behavioral intentions for the environment) [17].
According to SET, the structure of society is formed through the interchange of tangible and
intangible valuable things [18,19]. For example, tangible values might refer to green spaces
of ecofriendly hotels, and intangible values might refer to actions that help ecofriendly ho-
tels, such as values, beliefs, norms, and attitudes toward the environment [17]. When these
tangible and intangible things are exchanged in social phenomena, they react conditionally
in proportion to their relative values [20]. Applying SET to ecofriendly hotel companies
can be an interchange between NBS of ecofriendly hotels and customers using these hotels.

Third, according to attention restoration theory (ART), NBSs of eco-friendly hotels
play an essential role in inducing satisfaction and eco-friendly behavioral intentions with a
positive effect on customer MH and WB [8,9,21–25]. ART is a concept of the psychological
recovery effect natural spaces provide to humans [20]. In environmental psychology, natu-
ral space research on individual happiness and recovery has been conducted, revealing that
nature provides positive emotional outcomes such as improving MH and restoring atten-
tion [26]. For instance, Korea is currently considering possible travel (visiting ecofriendly
hotels) to recover from fatigue caused by COVID-19 and daily life. Because overseas travel
has been restricted due to the COVID-19 pandemic, hotel stays are enjoying popularity as
an alternative travel option; moreover, people prefer green hotels when choosing where to
stay [27], when you feel negative emotions in your daily life, your desire to feel happiness
through leisure and travel activities increases [28].

To summarize the above, the first purpose of this study is to verify the impact relation-
ship on PRBI of customers who have stayed at green hotels as NBSs. The second purpose
is to verify the mediating effect by applying VBN to explain the customer’s ecofriendly
behavior and SET to explain the customer has perceived costs and benefits. Finally, to ex-
amine changes in perceptions and behaviors at green hotels in an urban and rural locations.
Therefore, this study aims to provide academic and practical implications for the influence
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relationship of NBS as green hotels on customers’ PRBI through various variables applied
in the theories of VBN, ART, and SET.

2. Conceptual Framework

2.1. Value-Belief-Norm Theory

VBN is a theory that explains people’s ecofriendly behavior as three factors—value,
belief, and norm—and is an extension of the norm activation model [13]. VBN theory
is most widely used along with the theory of planned behavior when analyzing factors
related to environmental behavior [15]. VBN theory was developed with a focus on envi-
ronmentalism [15]. It integrates the perspective of value theory [14], the norm activation
model of [29], and the new environmental paradigm of [13,30]. Thus, VBN theory identifies
ecofriendly behavior by organizing the factors influencing ecofriendly behavior into values,
new paradigms, perception of results, ascribed responsibility, and personal norms. In
particular, personal norms (such as being willing to pay premium prices for ecofriendly
food [31]) are noted in previous studies, such as [32], which focus on ecofriendly organic
wine purchase intention. It was focused that personal norms having a positive effect on
ecofriendly travel [33].

In addition, [15] proposes an action based on norms according to [29]’s theory of
activation of norms. This process refers to the belief that an individual accepts a specific
value, and if that value is threatened, actions are taken to help alleviate the threat and
restore its value to activate personal norms. Moreover, the VBN theory explains how an
individual’s moral obligation leads to action. The value perceived by an individual leads
to a norm that forms a belief and determines an individual’s behavior [13]. The mindset
factor most related to the actual behavior of VBN theory is a personal norm, which can be
defined as creating a moral obligation to practice as an action and a willingness to engage
in environmentally friendly behavior. Thus, personal norms are essential variables that can
predict the behavior of ecofriendly consumers in various environments [13].

In this context, previous studies in the tourism industry using VBN are described
as follows. In a study by [34] targeting users of national parks in India, analysis of the
impact of the relationship with ecofriendly behavior of users applying the VBN model
verified that ecofriendly values, attitudes, and norms are important variables in predicting
the ecofriendly behavior of nature-based tourists. In addition, in a study by [35] targeting
restaurant users with experience in using delivery food services, the VBN model was
applied, confirming the significant positive effect in intention to use, word of mouth,
and additional cost payment. In a study conducted by [36] on Vietnamese travelers, the
analysis of ecofriendly behavioral intentions on Vietnamese agricultural tourism showed a
difference in ecofriendly behavior between Vietnamese locals and overseas travelers.

These studies verified that these characteristics positively affect the ecofriendly be-
havior of users and travelers. In this context, studies using the concept of NBSs are
gradually increasing about ecofriendly behavior, a study by NBSs applied to the service
industry [3,37]. The successful implementation of NBS in the hotel industry can improve
both MH and WB awareness of customers and employees [9]. Green spaces, green surfaces,
green items, and natural environments are all part of environmentally friendly hotels and
buildings whose service performance or characteristics are the main feature of product
quality evaluation [38–40], which can provide high psychological and emotional value
to customers.

Specifically, previous studies in the tourism industry applying VBN are as follows. In
a study by [41] targeting customers who chose ecofriendly hotels (linen reuse program,
recycling gray water from sinks and shows, low-flow water fixtures), a significant influence
on the relationship between attitudes toward ecofriendly hotels and eco-friendly respon-
sibility behavior was verified. In addition, by verifying the behavioral results in a study
by [42] that applied VBN, it was confirmed that the attitudes of those who demonstrated
eco-friendly values increased with a commitment to the environment, intention green
hotels, and willingness to pay a premium price.
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Here, the VBN theory can explain how the eco-friendly elements of NBSs (that is,
the characteristics provided by eco-friendly hotels that build eco-friendly environments)
can increase perceived value for customers. Therefore, based on the prior studies, the
hypothesis is established that there is a relationship between eco-friendly values, beliefs,
and norms in eco-friendly hotels.

Hypothesis 1 (H1). Green hotels as NBSs significant effect on pro-environmental perceived value.

Hypothesis 2 (H2). Pro-environmental perceived value significantly effects on pro-environmental
perceived belief.

Hypothesis 3 (H3). Pro-environmental perceived belief has a significant effect on personal norms.

Hypothesis 4 (H4). Satisfaction has a significant effect on pro-environmental responsible behav-
ior intention.

2.2. Social Exchange Theory

SET is a general sociological theory related to understanding resource exchange be-
tween individuals and groups in interaction situations [43]. In the process of exchange,
members of society rely on each other for the consequences of what they value. Hence, they
try to obtain more positive values and reduce negative values, assuming that all individuals
participating in the interaction process are based on subjective cost–benefit analysis and
alternative comparison. In this process, individuals continue to interact when they feel
more benefits are generated [44]. According to social exchange, human behavior begins
in exchanging costs and rewards with others. In the social exchange theory developed
by [18], it is said that when humans receive benefits such as compensation from the other
party of exchange, they form an exchange relationship that makes them feel obligated to
repay it someday in the future. In this context, SET-applied tourism suggests a sense of
obligation among consumers to pay back in the future when an ‘exchange relationship’ is
established through tourism activities when compensation or benefits are obtained from
the other party. Based on the tangible and intangible resources of tourism effects through
tourism experiences, tourists and residents form an attitude toward tourism by evaluating
and comparing the benefits and costs they earned through the exchange process [45]. In
other words, healthy life is affected by the surrounding social and physical environment,
especially when people and the natural environment form a complementary relationship;
accordingly, the environment can improve people’s mental and physical health [6].

Lovaglia explained social exchange relations by dividing them into economic and
social exchanges [17]. It was explained that social exchange theory is a relationship that has
a sense of obligation to pay someday when receiving benefits such as compensation from
the other party, and that economic exchange is based on the response method of the object
to be exchanged, such as the transaction of goods. Customers who use the hotel choose a
situation where they can benefit a lot by maximizing the benefits of using the hotel and
minimizing the cost. In this context, when customers stay at green hotels, they can learn
how to do ecofriendly behavior, enjoy fresh and healthy food, and benefit from functional
and emotional benefits such as making you feel good by others, while they perceive prices
relatively high and pay for financial and nonmonetary costs.

Moreover, SET predicts that a person will leave a relationship when they perceive the
costs of the relationship outweigh the benefits [46]. This framework is considered suitable
for examining residents’ perceptions of tourism [47,48]. Residents evaluate tourism in
terms of social exchange (expected benefits or costs in return for the services they supply).
Perceived high costs may stimulate negative attitudes from the host— for example, though,
over-exploitation [47]. SET has not been applied in the content of green hotels, while
some studies suggest that customers perceive functional and emotional value during their
stay at green hotels [49], although the price was the only cost item included in the value
measurement scale [50]. Although it is unclear what green hotel customers will sacrifice,
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many studies related to green product consumption or daily eco-friendly activities suggest
high monetary and nonmonetary costs, and risks associated with making lifestyle changes
hinder customers from going green [51].

Examining prior research in the tourism industry reveals a significant effect of eco-
tourism on mental health, satisfaction, and behavior. One study [9] found positive effects
from a survey of ecofriendly surfaces hotel users in Korea. NBSs were explained in the
order of naturally ecofriendly, ecofriendly surfaces, ecofriendly spaces, and ecofriendly
items. After analyzing the impact of user’s revisit intention by applying the expanded
theory of planned behavior on customers who attended a green hotel that had received a
Leadership in Energy and Environmental Design (LEED) award, [51] a significant positive
influence on revisit intention was revealed according to attitude, subjective norms, and
perceived behavioral control. A further study by [52] surveyed customers using ecofriendly
hotels in Malaysia and found that the values and emotions derived from the physical
environment in green hotels positively affected customers’ attitudes and perceived be-
havioral control. Therefore, the following hypothesis was established. In addition, in a
study focusing on green hotels conducted by [53], significant partial mediating effects were
confirmed after verifying the mediating effects of MH, emotional WB, and green brand
attitude in the relationship between NBSs and green brand evangelism. Therefore, the
following hypothesis was established based on previous studies. A study by [54] confirmed
that the perceived value of eco-friendly hotels has a significant positive effect on customers’
attitudes toward green hotels. Therefore, the following hypothesis was established based
on the prior studies.

Hypothesis 5 (H5). Green hotels as NBSs have a significant effect on attitude toward environmen-
tal behavior.

Hypothesis 6 (H6). Attitude toward environmental behavior has a significant effect on satisfaction.

Hypothesis 7 (H7). Attitude toward environmental behavior has a significant effect on pro-
environmental responsible behavior intention.

2.3. Green Hotels as Natural-Based Solutions

“NBSs are acts that are inspired by, supported by, or imitated from nature” and are
intended to handle a variety of environmental concerns in a cost-effective and adaptable
manner while also bringing economic, social, and environmental advantages [6,8,9]. NBSs
are clearly described in the final report of the Horizon 2020 Expert Group [55]. The defini-
tion of NBS is not agreed upon worldwide but is recognized and used as a helpful approach
in various fields. NBSs cover all natural-based approaches, such as ecosystem-based adap-
tation and ecosystem-based mitigation [56]. The International Union for Conservation
of Nature (IUCN) defines NBSs as a measure for protecting, continuing management,
and restoring natural or transformed ecosystems that provide human well-being and
biodiversity benefits [56].

NBSs are characterized by their ability to solve various social problems simultaneously
as providing natural benefits. They have significant advantages in improving resilience
and increasing biodiversity and sustainability in the face of climate change. Because NBSs
are compatible with the human environment, they are considered an essential solution for
human life and activity over time [57]. Moreover, since 2015, NBSs have been considered
an optimized solution that is resilient, adaptable, resource-efficient, and locally adjustable
for improving and maximizing the quality of life for urban residents [58]. Ultimately, NBSs
contribute to achieving sustainable development goals such as long-term food security,
climate change, water security, human health, disaster risk management, and social and
economic development [59]. The OECD’s approach to implementing NBSs emphasizes bet-
ter recovery in overcoming the impact of COVID-19. In terms of human health, ecosystem
services are essential to human economic activities, and health, deforestation, and land use
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are all related to the spread of diseases [2]. Therefore, the successful implementation of
NBSs to improve MH and WB awareness of both customers and employees is also very
important in the hotel industry [2]. Emphasizing the importance of NBSs, psychological
health and WB are also subject to study by various researchers in the tourism industry [9,53].
In terms of NBSs related to green infrastructure, green spaces, green surfaces, green items,
and natural environments are essential for environmentally friendly hotels and buildings
where service performance and characteristics are the main features of product quality
evaluation [38–40]. The ecofriendly physical environments of hotels that accept the aspect
of NBSs can have very positive results for MH and WB beyond overall customer satisfaction
and satisfaction with their stay.

People’s psychological aspects and attitudes are highly correlated with whether hotel
users can easily access ecofriendly spaces (rivers, lakes, mountains), and whether various
nature-friendly spaces are available. In a survey of hotel users [6], verifying a significant
influence on ecofriendly space and psychological elasticity, customer attitudes, and be-
havioral intentions that explain ecofriendly accessibility, availability, and diversity, it was
found that attitude has no significant effect on behavioral intention. In addition, in a study
by [2] that targeted hotel customers, the specific role of the NBSs-based hotel ecofriendly
physical environment was identified as a significant influencing relationship on WB, MH,
and satisfaction. Therefore, NBSs play an important role in people’s psychological well-
being, and the following hypotheses were established by requiring in-depth and diverse
studies on the benefits and effects of NBSs.

Hypothesis 8 (H8). Green hotels as NBSs have a significant effect on mental health.

Hypothesis 9 (H9). Green hotels as NBSs have a significant effect on well-being.

Hypothesis 10 (H10). Mental health has a significant effect on satisfaction.

2.4. Pro-Environmental Responsible Behavior Intention

In marketing, the concept of post-action greatly influences potential consumer de-
cisions, such as repurchase intention and recommendation intention [60]. It can be said
that after consumers form an attitude toward an object, it is their personal will and be-
lief to express a specific future behavior, revisit intention or positive recommendation
intention. In this context [61] on eco-friendly behavioral intentions, people who are both
perpetrators of environmental problems and subjects of the issues to be solved participate
in environmental protection, defined as a responsible environmental behavior divided into
educational, economic, civic, physical, and legal and persuasive actions. Moreover, [62]
defined environmentally friendly behavior as contributing to environmental conservation
and conservation, and [63] stated that eco-friendly behavior is an action to reduce the
negative impact on the environment. As such, many researchers define ecofriendly behav-
ior as an ecological behavior to refrain from personal behavior and manage and preserve
the natural environment and living environment to reduce and prevent environmental
pollution damage [64]. As environmental awareness has increased, efforts have been made
to clarify what antecedents of consumers’ interests and attitudes toward the environment
can lead to actual ecofriendly behavior in existing studies to solve environmental problems.
Most studies have shown that environmental consciousness and ecofriendly behavior
influence consumers’ willingness to purchase environmental products [65]. In addition,
studies have recently been conducted to emphasize the characteristics of NBSs in studies
such as [9,53] applying NBS and to verify the influence of perceived value and satisfaction
with ecofriendly behavior.

Eco-friendly service products increase satisfaction with customers, and it can be seen
that such ecofriendly satisfaction has a high correlation with moral standards and behaviors
toward ecofriendly action. Therefore, the preceding studies in the hotel industry that apply
ecofriendly behavior as a result variable are as follows. A study by [8] surveyed ecofriendly
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hotel customers in Vietnam and found that empirical satisfaction in ecofriendly hotels
had a significant positive effect on moral norms and ecofriendly behavioral intentions.
In addition, as a result of an experimental study on eco-friendly behavior [33] targeting
Swiss-based four-star eco-friendly hotel customers, it was found that customers with high
awareness of ecofriendly norms had high towel reuse. In other words, users with high
norms show high ecofriendly behavior. In addition, in a study by [66] targeting participants
in the Macau Eco-friendly Festival, it was verified that subjective norms, a subfactor of
the theory of planning behavior, had a significant influence on eco-friendly values and
ecofriendly behavior. As an environmental characteristic being developed by green hotels,
previous studies empirically analyzed customer satisfaction and norms on eco-friendly
behavioral intentions [8,33,67].

Thus far, studies on eco-friendly behavior, cost and benefits approach, and studies
based on moral and normative interests have been examined. VBN theory, an extended
model of the theory of planned behavior and norm activation model, has been a commonly
used model in research that explains ecofriendly behavior. Therefore, this study established
a model by combining the VBN, SET, and NBS models, and the following hypotheses
were developed.

Hypothesis 11 (H11). Well-being has a significant effect on satisfaction.

Hypothesis 12 (H12). Personal norms have a significant effect on pro-environmental responsible
behavior intention.

2.5. The Moderating Effect on the Locations (Urban, Rural)

While some studies argue that environmental concern is higher in cities [68], that
urban residents are more concerned about the over-exploitation of natural resources [69],
and that the perception of environmental problems increases as the size of place of residence
increases [70], others suggest (after controlling for other sociodemographic variables) that
there are no attitudinal or behavioral differences between the two types of samples [66].
A study by [71] compared urban (Madrid) and rural (Non-Madrid) residents living in
Spain with an explanation of the social structure relationship of people’s ecofriendly values,
attitudes, and behaviors. As a result of the analysis, both urban and rural residents showed
great environmental concern and low pro-environmental behavior. Urban residents have
high environmental responsible values but low pro-environmental orientation. However,
the more rural individuals are aware of environmental responsibilities, the more consistent
they are in expressing behavioral intentions that are environmentally friendly. In the context
of previous studies, examining the differences in perceptions, attitudes, and behaviors of
urban and rural people in tourist destinations is considered very meaningful to figure out
the structural relationship of value-belief-norms, attitudes, and well-being to predict green
behavior according to the urban and rural green hotels. Therefore, the following hypothesis
was established.

Hypothesis 13 (H13). Location (urban, rural) plays a significant moderating role in the relation-
ship between green hotels as NBSs and pro-environmental responsibility behavior intention.

3. Methods

3.1. Conceptual Framework

In a situation where the COVID-19 continues for a long time, as the global environ-
mental problem becomes more severe due to COVID-19, people are increasingly interested
in global environmental problems [2–4]. Because of this, NBS has emerged as an essential
issue in the hotel industry [2,6–9]. Therefore, the research framework has built NBSs into
green hotels. The research framework of this study is composed of the following three
main theories, as shown in Figure 1. First, this framework was centered on VBN theory,
attitude towards sustainability, and psychological health as NBSs to explain the process
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of pro-environmental responsible behavior intention. Second, SET was used because it
plays an important role in understanding NBSs for eco-friendliness as well as customer’s
ATEB and PRBI. Last, NBSs of green hotels have a positive effect on customers’ MH and
WB and play an essential role in inducing SA and PRBI; ART was used as the framework
for this study.

Attention Restoration Theory

Value-Belief-Norm Theory

Social Exchange Theory

Figure 1. Proposal research model.

3.2. Measures and Questionaire Development

In order to investigate how green hotel customers’ PRBI change according to NBSs,
previous studies in the extant literature [2,8,9,14,38–40,53,54] provide measurement vari-
ables. The measures were modified to be adequate in the present research context. The
questionnaire is presented in Appendix A. Multiple items with a five-point scale (“Strongly
disagree” [1] to “Strongly agree” [5]) were used for the assessment of all study variables. In
particular, four times for indoor green hotels (e.g., “I easily see green interior decorations
and diverse living plants in the lobby area of green hotels”) and four items for outdoor
of green hotels (e.g., “The region surrounding green hotels has good and fresh quality
air.]”) were used. WB was evaluated with five items (e.g., “I feel healthy and happy during
my stay in green hotels.”). MH was measured with four items (e.g., “Staying at green
hotels plays an important role in relieving my mental stress and anxiety”). In addition, we
used three items for each measurement to measure PPV (e.g., “Visiting the green hotels
was a pleasant experience.”), PPVB (e.g., “Staying in green hotels makes you feel different
from others.”), PPN (e.g., “I feel that it is important to make green hotels environmentally
sustainable, reducing the harm to the wider environment”), and SA (e.g., “Overall, I am
satisfied with my experience at green hotels.”). Moreover, four items were utilized to
evaluate ATEB (e.g., “Green hotels are concerned about the environment”). Lastly, PRBI
was measured with four items (e.g., “I try to participate in the activities pursued by green
hotels”). The survey questionnaire containing these measures, a research description, and
questions for demographic information was pre-tested by experts of two hotel practitioners
and two hospitality academics. A slight modification was made by these experts based on
their feedback, then we further improved and finalized the questionnaire.
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3.3. Data Collection Process and Data Analysis

For data collection, an online research methodology used the system of an internet
research company. The survey was randomly selected from the database of an internet
research company, and only customers who had visited the green hotels within the last 12
months were asked to participate in the survey. A survey invitation e-mail with a research
description was delivered to general hotel customers in South Korea. The survey was
conducted for about three weeks, which was from 13 December 2021 to the last day of
December 2021. The survey took approximately 15 min, the average time to complete.
This survey was used for data analysis and the purpose of this study only. A total of
450 questionnaires were completed through this procedure. The final sample size after
removing unusable responses that were used for the data analysis was 440 cases. For data
analysis of this study, using SPSS 20.0 program and AMOS 20.0 program, demographic
characteristics, correlation analysis, confirmatory factor analysis (CFA), structural equation
modeling (SEM), and moderator effect were analyzed.

4. Results

4.1. Characteristic of Respondents

Of the 440 respondents, 292 respondents (66.4%) were female, and 148 respondents
(33.6%) were male. Present marital status was highest for married people (252 respondents,
57.3%) and followed by single people (188 respondents, 42.7%). Survey participants were
30–39 years old (38.2%, 169 respondents), 40–49 years old (35.5%, 156 respondents), 50 years
old or older (13.6%, 60 respondents), and 20–29 years old (12.7%, 56 respondents) appearing
in order. As for the level of education, college graduates or higher (252 respondents, 57.3%),
graduate school students or higher (128 respondents, 29.1%), and high school graduates
(60 respondents, 13.6%) were in order, and overall, the level of education was high. The
annual household income of $20,000–$39,999 (204 respondents, 46.2%) was the highest,
followed by $60,000 or over (80 respondents, 18.2%), under $20,000 (80 respondents, 18.2%),
and $40,000–$59,999 (76 respondents, 17.3%). In terms of the number of visits to the Green
Hotel in the past year, 3~4 times (204 respondents, 46.4%), 5~6 times (84 respondents,
19.1%), 1–2 times (112 respondents, 25.2%), 10 times or more visits (7 people, 9.1%) were in
that order, the purpose of visiting the green hotels was leisure (240 respondents, 72.7%),
business (72 respondents, 16.4%), and other purposes (12 respondents, 10.9%). The people
who visited green hotel together appeared in the order of family (164 respondents, 41.0),
friends (100 respondents, 22.7%), lover (72 respondents, 14.5%), alone (72 respondents,
14.5%), and colleague (32 respondents, 7.3%). The respondents who visited the green hotel
located were 168 respondents (42.7%) in the urban areas and 252 respondents (57.3%) in
the rural areas.

4.2. Confirmatory Factor Analysis

The confirmatory factor analysis (CFA) was performed to verify the reliability and
validity. As a result of the measurement model, Goodness-of-fit statistics for the structural
model (χ2 = 711.297, df = 398, p < 0.000, χ2/df = 1.787, RMSEA = 0.085, CFI = 0.921,
IFI = 0.922, TLI = 0.908) were judged to be overall excellent [72]. Factor loadings, signifi-
cance probability of t−value, average variance extracted (AVE), and construct reliability
(CR) were checked to check the convergent validity of the latent variables of the mea-
surement model. The confidence coefficients (Cronbach’s alpha) of factor loading were
shown between 0.706 and 0.952, which was more significant than the 0.6 suggested by [73].
Moreover, AVE values and CE values were respectively constructed ranged from 0.707
to 0.855 and from 0.833 to 0.957. These values were all greater than that level of 0.5 and
0.7 suggested by [74]. In addition, correlation analysis was performed as shown in Table 1
to verify discriminant validity. As a result of Pearson’s correlation analysis, all variables of
NBSs, PPV, PPVB, PPN, ATEB, MH, WB, SA, and PRBI were p < 0.01, indicating a significant
correlation association [75]. Thus, discriminant validity was confirmed.
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Table 1. The measurement model and correlation.

Construct and Scale
Item

Standardization
Loading

NBSs MN WB PPV PPVB PPN ATEB SA PRBI

NBSs
NBSIO 0.952

1NBSOH 0.823

MH

MH1 0.866

0.639 ** 1
MH2 0.878
MH3 0.851
MH4 0.902

WB

WB1 0.901

0.658 ** 0.858 ** 1
WB2 0.889
WB3 0.915
WB4 0.922
WB5 0.888

PPV
PPV1 0.938

0.608 ** 0.745 ** 0.671 ** 1PPV2 0.927
PPV3 0.750

PPVB
PPVB1 0.868

0.618 ** 0.743 ** 0.703 ** 0.888 ** 1PPVB2 0.843
PPVB3 0.866

PPN
PPN1 0.882

0.633 ** 0.762 ** 0.695 ** 0.821 ** 0.895 ** 1
PPN2 0.780
PPN3 0.870

ATEB

ATEB1 0.880
ATEB2 0.817

0.671 ** 0.745 ** 0.722 ** 0.821 ** 0.848 ** 0.807 ** 1ATEB3 0.908
ATEB4 0.877

SA
SA1 0.947

0.693 ** 0.755 ** 0.779 ** 0.691 ** 0.710 ** 0.715 ** 0.751 ** 1SA2 0.948
SA3 0.878

PRBI

PRBI1 0.866

0.530 ** 0.651 ** 0.624 ** 0.740 ** 0.727 ** 0.732 ** 0.749 ** 0.665 ** 1
PRBI2 0.706
PRBI3 0.889
PRBI4 0.888

MEAN(SD) 4.321
(0.531)

4.252
(0.699)

4.356
(0.707)

4.242
(0.660)

4.185
(0.692)

4.079
(0.686)

4.302
(0.658)

4.476
(0.646)

4.207
(0.650)

AVE (CR) 0.792
(0.833)

0.762
(0.929)

0.816
(0.957)

0.769
(0.907)

0.738
(0.894)

0.714
(0.882)

0.759
(0.926)

0.855
(0.947)

0.707
(0.905)

Note 1. NBSs = natural-based solutions, PPV = pro-environmental perceived value, PPVB = pro-environmental
perceived belief, PPN = personal pro-environmental norms, ATEB = attitude toward environmental behavior, MH
= mental health, WB = well-being, SA = satisfaction, PRBI = pro-environmental responsibility behavior intention.
Note 2. Goodness-of-fit statistics for the structural model: χ2 = 711.297, df = 398, p < 0.000, χ2/df = 1.787, RMSEA
= 0.085, CFI = 0.921, IFI = 0.922, TLI = 0.908. Note 3. All factor loadings are significant at * p < 0.5, ** p < 0.01,
*** p < 0.001.

4.3. Structural Equation Modeling

In this study, the PRBI of green hotels customers was investigated based on the VBN
theory, NBSs theory, ART theory, and social exchange theory. The structural equation
model (SEM) analysis was generated by using the maximum likelihood estimation method
as an estimation method for both model and procedures’ evaluation [72]. Goodness of
Fit of Structural Model (χ2 = 741.761, df = 410, p < 0.000, χ2/df = 1.809, RMSEA = 0.086,
CFI = 0.917, IFI = 0.918, TLI = 0.908) was satisfactorily higher than the standard value.
Moreover, SEM had shown high prediction power for PPV (R2 = 0.861), ATEB (R2 = 0.856),
PPN (R2 = 0.973), PPVB (R2 = 0.921), MH (R2 = 0.763), WB (R2 = 0.837), SA (R2 = 0.726),
and PRBI (R2 = 0.684) and t-values and standardized path coefficient were shown as the
result in Table 2. The path estimates show that NBSs had a significantly positive direct
effect on the PPV (β = 0.928, p < 0.001), PPV had a significantly positive direct effect
on the PPVB (β = 0.963, p < 0.001), PPVB had a significantly positive direct effect on the
PPN (β = 0.989, p < 0.001), and PPN had a significantly positive direct effect on the PRBI
(β = 0.664, p < 0.001). Thus, H1, H2, H3, and H4 were supported. Moreover, NBSs had a
significant positive on ATEP (β = 0.925, p < 0.001), and ATEB had a significant positive
on SA (β = 0.332, p < 0.01); thus, H5 and H6 were supported. Moreover, the influence of
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the NBSs on MH and WB was a significant positive MH (β = 0.893, p < 0.001) and WB
(β = 0.915, p < 0.001); thus, H8 and H9 were supported. Additionally, MH had a significant
positive effect on SA (β = 0.389, p < 0.01), thus H10 was supported. However, WB had
not been significantly associated with SA, and SA had not been positively significantly
associated with PRBI; thus, H11 and H12 were not supported.

Table 2. The structural model results and hypotheses testing.

Hypothesized Paths Coefficients t-Values

H1: NBSs → PPV 0.928 9.394 ***
H2: PPV→ PPVB 0.963 12.570 ***
H3: PPVB → PPN 0.989 9.794 ***
H4: PPN → PRBI 0.664 5.971 ***

H5: NBSs → ATEB 0.925 8.197 ***
H6: ATEB → SA 0.332 2.333 *

H7: ATEP → PRBI 0.280 1.858
H8: NBSs → MH 0.873 8.616 ***
H9: NBSs → WB 0.915 8.895 ***
H10: MH → SA 0.389 3.370 ***
H11: WB → SA 0.186 1.858

H12: SA → PRBN 0.130 1.125

Explained variable:
R2 (PPV) = 0.861

R2 (ATEB) = 0.856
R2 (PPVB) = 0.921

R2 (MH) = 0.763
R2 (PPN) = 0.973
R2 (WB) = 0.837

R2 (SA) = 0.726
R2 (PRBI) = 0.684

Note 1. NBSs = natural-based solutions, PPV = pro-environmental perceived value, PPVB = pro-environmental
perceived belief, PPN = personal pro-environmental norms, ATEB = attitude toward environmental behavior,
MH = mental health, WB = well-being, SA = satisfaction, PRBI = pro-environmental responsibility behavior
intention. Note 2. Goodness-of-fit statistics for the measurement model: χ2 = 741.761, df = 410, p < 0.000,
χ2/df = 1.809, RMSEA = 0.086, CFI = 0.917, IFI = 0.918, TLI = 0.908. * p < 0.5, *** p < 0.001.

4.4. The Moderating Effect on the Location (Urban, Rural)

In this study, an analysis was conducted to determine whether there was a moderating
effect between NBSs and PRBI according to locations (urban, rural). If the customer had
visited green hotels in the questionnaire, they were asked if they visited an urban or a rural
location. As a result, out of 440 respondents, 255 respondents were the rural locations, and
188 respondents of an urban locations. The results of empirical comparisons are displayed
in Table 3 and Figure 2. The goodness-of-fit statistics for the baseline model (χ2 = 1746.640,
df = 820, p < 0.000, χ2/df = 2.130, RMSEA = 0.92, CFI = 0.891, IFI = 0.896., TLI = 0.862)
was showed an acceptable level for the data suitability. Subsequently, to examine the
effectiveness of the conditioning effect, a constraint model was established by dividing
the modulating variables into the urban group and the rural group, and the difference in
χ2 between the free model and the constrained model was verified. There is a difference
between the groups only if the Δχ2 of the baseline model (freely estimated) and the nested
model (constrained to be equal) is 3.84 or more. As a result of the analysis, there was no
difference between groups among PPV-PPVB, PPVB-PPN, ATEB-SA, WB-SA, and SA-PRBI.
Therefore, H13b, H13c, H13g, H13k, and H13l were not supported.
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Table 3. The result of the moderating effect.

Paths

Urban Group
(n = 188)

Rural Group
(n = 252) Baseline Model

(Freely Estimated)

Nested Model
(Constrained to

Be Equal)

Chi-Square
Different Test

Test Results

Coefficients t-Value Coefficients t-Value

H13a:
NBSs-PPV 0.874 6.279 *** 0.924 5.640 *** χ2(820) = 1746.640 χ2(821) = 1752.877 Δχ2(1) = 6.237,

p > 0.01 Support

H13b:
PPV-PPVB 0.928 7.759 *** 0.969 9.158 *** χ2(820) = 1746.640 χ2(821) = 1746.683 Δχ2(1) = 0.043,

p > 0.01 Not support

H13c:
PPVB-PPN 0.990 7.342 *** 0.972 6.087 *** χ2(820) = 1746.640 χ2(821) = 1747.525 Δχ2(1) = 0.855,

p > 0.01 Not support

H13d:
PPN-PRBI 0.057 0.453 0.848 3.728 *** χ2(820) = 1746.640 χ2(821) = 1754.304 Δχ2(1) = 7.664,

p > 0.01 Support

H13e:
NBSs-ATEB 0.816 5.477 *** 0.964 5.151 *** χ2(820) = 1746.640 χ2(821) = 1752.955 Δχ2(1) = 6.315,

p > 0.01 Support

H13f:
ATEB-PRBI 0.964 5.027 *** −0.189 −0.841 χ2(820) = 1746.640 χ2(821) = 1756.143 Δχ2(1) = 9.503,

p > 0.01 Support

H13g:
ATEB-SA 0.244 1.422 0.311 1.485 χ2(820) = 1746.640 χ2(821) = 1746.676 Δχ2(1) = 0.036,

p > 0.01 Not support

H13h:
NBSs-MH 0.934 6.378 *** 0.832 5.109 *** χ2(820) = 1746.640 χ2(821) = 1750.827 Δχ2(1) = 4.187,

p > 0.01 Support

H13i:
NBSs-WB 0.999 7.199 *** 0.880 5.230 *** χ2(820) = 1746.640 χ2(821) = 1750.298 Δχ2(1) = 3.658,

p > 0.01 Support

H13j: MH-SA −0.125 −0.394 0.509 3.376 *** χ2(820) = 1746.640 χ2(821) = 1751.520 Δχ2(1) = 4.880,
p > 0.01 Support

H13k: WB-SA 0.795 2.096 0.042 0.239 χ2(820) = 1746.640 χ2(821) = 1749.052 Δχ2(1) = 2.412,
p > 0.01 Not support

H13l: SA-PRBI −0.129 −0.744 0.208 1.535 χ2(820) = 1746.640 χ2(821) = 1748.920 Δχ2(1) = 0.280,
p > 0.01 Not support

Note 1. NBSs = natural-based solutions, PPV = pro-environmental perceived value, PPVB = pro-environmental
perceived belief, PPN = personal pro-environmental norms, ATEB = attitude toward environmental behavior,
MH = mental health, WB = well-being, SA = satisfaction, PRBI = pro-environmental responsibility behavior
intention. Note 2. Goodness-of-fit statistics for the baseline model: χ2 = 1746.640, df = 820, p < 0.000, χ2/df = 2.130,
RMSEA = 0.92, CFI = 0.891, IFI = 0.896, TLI = 0.862. *** p < 0.001.

 

Figure 2. Structural equation model estimation and test for structural metric invariance.

5. Discussion

In recent years, many hotels around the world have contributed to the acceleration
of global warming and continue to suffer natural disasters such as floods and typhoons
due in part to the increase in plastic use in daily life (such as packaging containers and
plastic cups) and medical supplies (such as face mask) [2–4]. Therefore, hotels are gradually
implementing a Green Hotel as NBSs Policy for sustainable management [2,9], making
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great efforts to raise the customer’s PRBI. However, despite marketing activities to consider
and create a sustainable environment, studies that can provide academic and practical
implications for the personal relationship between their decision-making process and
consumer behavior are lacking. For this reason, this study attempted to understand the
PRBI of visitors to green hotels through VBN theory, SET, and ART. Moreover, the effect of
green hotels as NBSs on PPV, PPVB, PPN, ATEB, MH, WB, SA, and PRBI was identified,
and their relationship was verified. In addition, the difference between urban and rural
green hotels was investigated by applying the moderating effect of location (urban, rural)
in the relational model.

The summary of the results of this study is as follows. Green hotels as NBSs have a
significant effect on PPV, BE, PEN, and PRBI and the result of these studies [3,15,34,35,37].
Other green hotels as NBSs have a significant effect on ATEB and SA, although ATEB has
no significant effect on PRBI; therefore, previous studies [15,34] were partially supported.
Green hotels and NBSs significantly affect MH and WB, which support previous stud-
ies [38–40]. However, WB has no significant effect on SA, not the same result as previous
studies [76]. Moreover, SA has no significant effect on PRBI, not supporting previous
studies [8,9].

Our result from the baseline model assessment and invariance test revealed that
location (urban, rural) had a significant moderating role within the proposed conceptual
framework. The paths from green hotels as NBSs to PPV (urban group: β = 0.874, p < 0.01
vs. rural group: β = 0.964, p < 0.01), from green hotels as NBSs to MH (urban group:
β = 0.934, p < 0.01 vs. rural group: β = 0.832, p < 0.01), and from green hotels as NBSs to
WB (urban group: β = 0.909, p < 0.01 vs. rural group: β = 0.880, p > 0.01), and ATEB to PRBI
(urban group: β = 0.964, p < 0.01 vs. rural group: β = −0.189, p > 0.05) were significantly
greater in the urban group than in the rural group. However, paths from PPN to PRBI
(urban group: β = 0.057, p > 0.05 vs. rural group: β = 0.848, p < 0.01) and from ATEB to SA
(urban group: β = −0.125, p > 0.05 vs. rural group: β = 0.509, p < 0.01) were significantly
greater in the rural group than in the urban group.

5.1. Theoretical Implications

Based on the results of this study, theoretical and practical implications are deduced.
The theoretic implications of this study are as follows. First, the PRBN of customers
visiting green hotels was identified based on the VBN theory. Previous studies have
identified general ecofriendly tourism behavior based on recognizing the importance
of environmental behavior results of VBN theory [8,9,34,35,38–40]. In this study, the
existing research was extended in that green hotels as NBSs identified PRBI through PPV,
PPVB, and PPN. Second, green hotels are implementing NBSs policies to protect and
preserve the environment to create a sustainable society and enterprises. Based on SET,
it was determined that these corporate efforts influence customers’ ATEB on PRBI. Third,
the research framework has built NBSs into green hotels, and the researchers actively
utilized the concepts of NBS theory, ART, and SET to construct this study. Our findings
are theoretically significant in that they are the first empirical studies using SET and ART
based on NBSs theory to determine PRBI. Last, in the study of NBSs, researchers need
to understand this moderating nature of locations (urban, rural). They should actively
utilize how they differ according to locations (urban, rural) as moderating when developing
theory or conceptual frameworks related to NBS. Our findings have theoretical significance
in that they are the first empirical studies to illuminate the interactions between NBSs and
locations (urban and rural) that determine PRBI.

5.2. Practical Implication

The practical implications of this study are as follows. First, the green hotels’ ecofriendly
policy has a high impact on PPV and ATEB. These results show that caring for and pro-
tecting nature makes consumers feel more responsible for global warming, depletion of
natural resources, and energy problems, and that hotel NBSs have a significant influence
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on customer perceptions. Therefore, hotels should feel responsible for the environment and
manage sustainable businesses. For example, Marriott International Inc announced in its
2021 SERVE 360 REPORT that it continues to produce positive effects to reduce waste by
45% by the end of 2030, reduce food waste by 50%, and water and carbon dioxide by 15%
and 30%, respectively [77]. In addition, The Athenee Hotel, Bangkok’s Luxury Collection
Hotel, offers a Green Meeting Package of refreshments made of ecofriendly materials to
reduce meeting and event waste. As a result, the Athenee Hotel achieved the world’s first
event sustainability management system standard (ISO: 20121) [78].

Second, although green hotel NBSs showed significant influence on PPV and ATEB,
PPV had a significant effect on PRBN through the mediation of BE and PPN, while ATEB did
not affect PRBI. In other words, it is believed this is because there is an intense psychological
desire to copy others regardless of ATEB. Therefore, for green hotels’ customers’ PRBI to
increase, it is necessary to recognize the customer’s environment, such as PPV, PPVB, and
PPN. As more people see the cause of COVID-19 being due to climate change caused by
global warming [79], people’s awareness of nature protection and sustainability is also
increasing. Therefore, the demand for ecofriendly and alternative consumption is also
increasing. For example, the French government has mandated the use of wood or natural
materials for more than 50% of new public buildings built after 2022. Therefore, both hotel
companies and government should increase the PRBI of green hotel customers to create a
sustainable society.

Third, in the present research, we have indicated that MH derived from NBSs are
fundamental concepts exerting a considerable influence on SA. However, WB had no
significant effect on SA and MH had a significant effect on SA with lower values. Analysis
of the hotel trends in 2022, including sustainable hotels [80]. Sustainable hotels are built
using natural products while protecting nature, using trees or ecofriendly materials for
construction, and restraint with accessories necessary for the hotel. In addition, it provides
a pleasant atmosphere with relaxing music and a good aroma so that customers can heal
comfortably in green hotels, promoting MH and WB and reducing mental fatigue. However,
this has become a matter of course in green hotels. Therefore, to achieve high customer
satisfaction, marketing is required one step ahead. For example, in 2022, another hotel trend,
virtual reality, augmented reality, and sustainable hotels will be combined to help customers
create and enjoy virtual spaces according to their needs without destroying nature.

Finally, because differences were analyzed between locations (urban, rural), it was
found that an urban location had a more significant effect on the psychological wellness
variable (MH, WB). In other words, green hotels located in urban areas are primarily near
residential areas and can be easily accessed for rest and private time away from busy daily
life. Thus, green hotels located in cities need to make a proper resting place for consumers.
In addition, it was found that green hotels located in rural areas were more affected by
socially required variables (PPV, ATEB) than those in urban locations. In other words,
most customers of green hotels located in rural locations visited urban hotels because
they wanted to find nature and heal. Because these customers want to find peace and
stability in nature, they feel the importance of nature more and want to protect nature.
Therefore, it is necessary to study how local green hotels can identify the needs of these
customers, protect nature, and coexist with humans without destroying the environment.
For example, the Banyan Tree restored Bang Tao Bay, which was little more than ruins,
presenting it as Banyan Tree Phuket [81]. Phuket’s Vantao Bay restoration project began
of Banyan Tree’s sustainable project, using natural materials for interior design and local
unique architectural techniques. In addition, it preserves the community’s environment
where the Banyan Tree is located and supports social and economic development to help
residents develop their abilities.

5.3. Limitations

The study used VBN, SET, and NBSs theories (theoretically certified for reliability
and validity). Although it is significant in that it was intended to verify green hotel
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users with various variables such as the characteristics of NBSs of green hotels and the
psychological state of users, there are several limitations in this research process. First, as of
December 2021, customers who visited green hotels in previous years’ hotel stay experience
were selected as samples, due to the specific situation of COVID-19; thus, visit surveys or
interviews with sufficient explanation were not preceded. Instead, because we surveyed
online, not only was the user’s understanding of the survey low, but it was impossible to
verify the change in attitude. It is hoped that this will lead to follow-up studies that can
supplement future studies and solve limitations. Therefore, it is expected that standardized
and generalized result analysis will be possible through regular and long-term surveys.

Second, the survey was targeted at visitors to ecofriendly hotels in Korea. Like Europe,
citizens’ awareness of ecofriendly hotels is still insufficient. Before the survey response,
the characteristics of the green hotels were explained, although perceptions of hotels
with ecofriendly marks and certification may be shallow. Thus, there may be gaps in
survey responses through the experience of staying in the green hotels. In the aftermath of
COVID-19, it will be necessary to explain to respondents directly with sufficient information
using photos or pictures of ecofriendly hotels.

Third, the study analyzed the moderation effect of green hotels located in urban and
rural areas, and a clear distinction between urban and rural areas may be unclear. The rea-
son for this is that due to the geographical characteristics of Korea, the distinction between
green hotels in the city center and the outskirts needs to be more apparent as the areas
around lakes, rivers, seas, and mountains, where green hotels are located, are urbanized.

Fourth, this study did not consider hotel grades or global chains and local hotels. In
future studies, it would be meaningful to identify the ecofriendly behavior characteristics of
customers according to three-star, four-star, and five-star ratings and compare and analyze
differences in the behavior of users according to the hotel star level. In addition, the
comparative analysis of global chains and local hotels is also an essential part of predicting
the ecofriendly behavior of users, so it is necessary to examine them in future studies.
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Appendix A. Measurement Items

Indoor of green hotels [8,9]
I quickly see green interior decorations and diverse living plants in the lobby area of green hotels
I quickly see various green items and light through glass windows in green hotels’ restaurants.
I quickly see mixed flowers, trees, and potted plants in green hotels’ coffee lounges.
Green space can easily be seen everywhere in green hotels.
Outdoor of green hotels [8,9]
Green hotels have easy access to the natural environment (i.e., mountains, forests, rivers, seas, lakes, natural parks).
The green hotels region has good weather (i.e., temperature, humidity, and precipitation).
The region surrounding green hotels has excellent and fresh quality air.
The region around green hotels are safe from natural disasters (i.e., earthquakes, typhoons, tsunamis, floods).
Pro-environmental perceived value [14]
Visiting the green hotels was worth the money paid.
Visiting the green hotels was a pleasant experience.
Visiting the green hotels was to improve self-esteem.
Pro-environmental perceives belief [14]
Staying in green hotels is a good idea.
Staying in green hotels makes you feel different from others.
I tend to think of Staying in the green hotels.
Personal environmental norm [14]
I feel obligated to visit green hotels.
Green hotels help the natural environment.
I use green hotels as my values and principles.
Attitude toward environmental behavior [14,40,54]
I think it has enough electricity, water, and trees in the Republic of Korea
I think recycling is necessary.
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I think recycling is very important to conserve natural resources.
Green hotels try to preserve the natural environment.
Mental health [2,8,9,53]
Staying at green hotels plays an important role in relieving my mental stress and anxiety.
Staying at green hotels gave me confidence in my daily life.
Staying in green hotels is worth it because it makes me feel that I am a precious and important person.
Staying in green hotels is worth it because it helps turn all your anxiety and worries into confidence.
Well-being [2,8,9,53]
I feel healthy and happy during my stay in green hotels.
I feel emotionally secure during my stay at green hotels.
Green hotels play an important role in making my mind calm and peaceful.
Thanks to green hotels, I was able to relax comfortably.
Thanks to green hotels, I was able to refresh my mood.
Satisfaction [8,38,40]
Overall, I am satisfied with my experience at green hotels.
My decision to stay at green hotels was a wise one.
As a whole, I have enjoyed myself at green hotels as expected.
Pro-environmental responsibility behavior intention [43]
I tend to participate in the pro-environmental actions required by green hotels (use disposable items upon request,
recycling, reusing linen, etc.).
I tend to try to be ecofriendly in green hotels.
I try to participate in the activities pursued by green hotels
I try to abide by the rules and regulations in green hotels.
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