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Forest ecosystems, including natural forests, managed forests, agroforestry systems,
and urban and peri-urban forests, can be considered as multifunctional Nature-based
Solutions (NbS) since they deliver key ecosystem services to people. The concept of NbS
is an “umbrella” framework for several ecosystem-based approaches, categorized by the
IUCN as protective (e.g., area-based conservation), restorative (e.g., ecological restoration),
infrastructure-based (e.g., green infrastructure), management-based, or issue-specific (e.g.,
ecosystem-based disaster risk reduction) [1]. All of these approaches rely on biodiversity
and ecosystem services to address global societal challenges, simultaneously providing
environmental, social and economic benefits, and helping communities build resilience [2].

NbS are becoming more and more relevant in international and European policy
frameworks, such as in the EU Biodiversity Strategy 2030 [3] and in the upcoming EU
Forest Strategy. However, for the effective implementation and mainstreaming of NbS,
several research gaps still need to be addressed.

These include the need for collecting further evidence about the ecosystem services
provided by forests in natural, semi-natural and urban contexts, encompassing not only
provisioning services (e.g., timber, raw materials) but also regulation and maintenance, as
well as cultural services. Indeed, forests are fundamental for climate regulation, carbon
sequestration, air, soil, and water quality improvement, and for mitigating natural hazards,
providing also recreation, spiritual enrichment and aesthetic experience, that contribute to
human wellbeing. Key ecological characteristics of forests (e.g., plant functional traits [4])
supporting the delivery of multiple benefits, as well as the possible impacts of climate
change on forest functionality and services provision, should also be further investigated.

Another research priority concerns the assessment of the trade-offs between services
which might result from different stakeholders’ objective function and management strate-
gies [5]. Monetary valuation, ecosystem services accounting, and cost-benefit analysis are
intended to inform citizens, firms, and policy makers about the contribution of forests to
private and public benefits and the welfare consequences of alternative forest planning [6].
In this context, the potential disservices, as well as the limitations in using forests as NbS
for addressing specific challenges, must be identified and critically discussed by adopting
a science-policy interface approach [7].

This special issue entitled “Forests as Nature-Based Solutions: ecosystem services,
multiple benefits and trade-offs” encourages studies that deal with the above-mentioned
ecological, economic, and social aspects. The aim is to stimulate discussion between scien-
tists and to propose solutions for the operationalization of forests as NbS, thus supporting
stakeholders in decision-making processes.

Forests 2021, 12, 800. https://doi.org/10.3390/f12060800 https://www.mdpi.com/journal/forests1
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Article

Facing Multiple Environmental Challenges through
Maximizing the Co-Benefits of Nature-Based Solutions at a
National Scale in Italy
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Abstract: The European Union is significantly investing in the Green Deal that introduces measures to
guide Member States to face sustainability and health challenges, especially employing Nature-Based
Solutions (NBS) in urban contexts. National governments need to develop appropriate strategies
to coordinate local projects, face multiple challenges, and maximize NBS effectiveness. This paper
aims to introduce a replicable methodology to integrate NBS into a multi-scale planning process
to maximize their cost–benefits. Using Italy as a case study, we mapped three environmental
challenges nationwide related to climate change and air pollution, identifying spatial groups of
their co-occurrences. These groups serve as functional areas where 24 NBS were ranked for their
ecosystem services supply and land cover. The results show eight different spatial groups, with 6%
of the national territory showing no challenge, with 42% showing multiple challenges combined
simultaneously. Seven NBS were high-performing in all groups: five implementable in permeable
land covers (urban forests, infiltration basins, green corridors, large parks, heritage gardens), and
two in impervious ones (intensive, semi-intensive green roofs). This work provides a strategic vision
at the national scale to quantify and orient budget allocation, while on a municipal scale, the NBS
ranking acts as a guideline for specific planning activities based on local issues.

Keywords: human health; human well-being; urban sustainability; green deal; urban forests; green
roofs; multifunctionality

1. Introduction

In the European Union (EU), air pollution and the extreme events related to climate
change (e.g., heatwaves and floods) are exerting pressure both on human health and natural
capital integrity [1], leading to millions of premature deaths and economic losses each
year [2]. This is especially relevant in urban areas, where 73% of the European population
lives, compared to 50% globally [3,4]. For this reason, the EU is significantly investing
in the European Green Deal, which introduces legislative and non-legislative measures
to legally bind and guide the Member States to face sustainability and health challenges.
The EU fixed targets across different strategies (e.g., Forestry and Biodiversity Strategy
to 2030), laws (e.g., European climate law), and action plans (e.g., zero pollution action
plan) [5] that the Member States need to meet at the national level for improving the quality
of ecosystems and human life [6]. For example, a recent study by Khomenko et al. [7]
estimated that about 52,000 lives would be saved annually if 1000 European cities met
World Health Organization (WHO) air-quality standards. Particular attention is paid to

Forests 2022, 13, 548. https://doi.org/10.3390/f13040548 https://www.mdpi.com/journal/forests3
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policies and planning at the local scale to reconfigure urban areas so that they consume
fewer resources, generate less pollution (including greenhouse gases), and become more
resilient and sustainable [4] while facing budgetary pressure [8].

As a consequence, there is a growing interest in valuing Ecosystem Services (ES)
and including them in decision-making processes [1,9] as a lens to achieve environmental
and societal goals [10]. Hence, the concept of Nature-Based Solutions (NBS) rises as an
environmentally friendly alternative to favor the provision/maintenance of ES. NBS are
defined as “solutions that are inspired and supported by nature, which are cost-effective,
simultaneously provide environmental, social and economic benefits and help build re-
silience” [2]. NBS is an umbrella concept related to and integrated into other concepts,
such as green and blue infrastructure, urban forestry, ecological engineering, disaster risk
reduction, and ecosystem-based adaptation [11–14]. These concepts were introduced to
address the challenges from distinct perspectives while the NBS strength is the integrated
perspective for providing co-benefits and generating win–win solutions (i.e., multifunc-
tionality) [13,15,16]. Moreover, implementing NBS can foster both human well-being and
biodiversity cost-effectively while offering new job and innovation opportunities [17].

Therefore, both governmental and non-governmental organizations are offering huge
funding globally [18,19] to enable the implementation of NBS [20,21]. The focus is pre-
dominantly on afforestation and reforestation programs [22], e.g., “3 billion trees” in the
EU [23], the “trillion tree campaign” [24], and the “great green wall” [25]. Notwithstanding,
McDonald et al. [26] highlight that funds for tree-planting and maintenance initiatives
are often constrained or limited by planning silos. Indeed, governments generally receive
several indications on NBS from the EU that are not easily translated into effective and
practical urban greening programs. For this purpose, the Horizon 2020 program classified
NBS as a priority area of investment to enhance the resilience in urban areas in the face of
global changes [1] and establish Europe as a world leader of NBS [10,27]. Demonstration
projects of NBS—and related concepts—are in place in several cities of the Member States to
tackle different urban issues such as the mitigation of air pollution, temperature extremes,
noise, drought, and flooding [27–30]. EU-funded projects on NBS work in task forces to
improve knowledge, reduce duplication, and facilitate progress towards shared goals [31].
These projects are proving to be a catalyst for research-practice partnerships [18], increasing
knowledge and awareness regarding NBS indicators, impacts, performance, and cost-
effectiveness assessment, building repositories with different case studies (e.g., OPPLA, the
online EU repository of NBS). All projects aim at strengthening NBS regional development
and translating results from experts to stakeholders [6]. More details regarding the status
of H2020 projects are available from Wild et al. [31].

However, projects are still often implemented as standalone experiments in urban
areas, scattered and uncoordinated throughout various policy levels and sectors [32,33].
As hubs of population and socio-economic activity, urban areas represent concentrated
opportunities for addressing issues of sustainability at the local scale [4,18]. Nevertheless,
ameliorating the environmental conditions in a few cities can only partially contribute
to delivering the national-level commitments that countries have with the EU and with
United Nations [33]. Therefore, lessons learned from single case studies need to be coor-
dinated across multiple political and geographical levels to enable the long-term respect
of national targets and international commitments [34,35]. Despite the fact that NBS are
implicitly or explicitly cited in different European legislative frameworks [6,36,37], the
H2020 NATURVATION project underlined as a legal initiative or policy coordination at
the EU level requiring Member States to systematically program and invest in NBS is still
absent [32]. In addition, the review conducted by Mendonça et al. [20] reveals that the
policy instruments to mainstream the NBS concept into policy are usually investigated just
at the city level, thus neglecting the country or higher levels of implementation.

However, considering the huge funding opportunity for the member states envisaged
by the EU Green Deal—and other key policy initiatives [37]—national governments need to
develop appropriate strategies to coordinate local projects and face multiple and complex
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challenges throughout the territory [33] to maximize the NBS effectiveness [22,32] and
involve all relevant stakeholders [9,38]. Although this strategic level is still missing in most
of the member states [32], it is crucial, especially for countries located in vulnerable areas
currently facing climate and pollution issues (e.g., Mediterranean region [39]). In these
countries, a wide and national perspective could help to coordinate the implementation of
NBS at lower levels for reaching multiple national targets related to different environmental
policies, with the final scope to improve the state of ecosystems and human health as a
whole. Accordingly, we selected Italy as a case study, since it is a representative member
state both for the challenges related to pollution and climate change and for the national
policies in place to improve urban sustainability.

This paper thus aims to introduce a replicable methodology to integrate and strengthen
NBS into a multi-level planning process to maximize their cost–benefit from the large-scale
policy and planning initiatives (e.g., national) to the local scale (e.g., municipal). Generally,
the former is focused on ameliorating environmental sustainability through reaching fixed
targets, while the second is oriented to directly reconfigure urban areas, improving the
wellbeing of inhabitants. Although many authors have already dealt with methods and ap-
proaches for planning and designing multifunctional NBS [40,41], they are usually limited
to the municipal scale. Therefore, to the best of our knowledge, this is the first framework
conducted on a national scale. We started from the Environmental Quality Standards set by
Di Pirro et al. [42] to map the spatial co-occurrence of the same environmental challenges
(individual or multiple) nationwide (i.e., spatial groups). These spatial groups of challenges
serve as functional areas where NBS providing multiple co-benefits can be identified to
effectively mitigate peculiar multiple environmental stressors altering human health and
well-being (i.e., air pollution, heatwaves, flood hazards). Consequently, different rankings
of 24 NBS were built for each spatial group based on i) their capacity to supply ES, and
hence their performance to address the challenges, and ii) the current land cover in which
they can be implemented. Using the Environmental Quality Standards helped to establish
a replicable, clear, and spatially explicit understanding of the challenges that the country
needs to tackle. The here-proposed framework is able to support the strategical coordina-
tion of national funds allocation and to enhance the effectiveness of interventions at the
local scale consistent with the national objectives.

2. Case Study

In the Mediterranean basin, climate change has exacerbated existing environmental
challenges caused by the combination of increasing pollution, land use changes, and
declining biodiversity [39]. Indeed, Italy is consistently experiencing the adverse effects
of climate change, such as heatwaves, floods, and drought events, combined with the
strong exposition of the three most harmful air pollutants in the EU [39,43–46]. In addition
to these challenges, within the Italian territory, the sealed surface reaches one of the
highest relative national coverages (7.1% [47]) among EU countries [48]. The scattered
and fragmented urban mosaic [49] has smoothed the boundaries between urban and rural
areas [50], exacerbating issues related to ecological connectivity, biodiversity, and ecosystem
services loss [51–54]. Therefore, the Italian national government envisaged different urban
sustainability strategies and policies and set ambitious tree-planting objectives, based on
the premise that planning urban forests is a feasible response to current challenges and
that they can enhance the resilience of cities and safeguard the population’s health [55].
For example, the “Decree on Climate” [56] is a national policy adopted to tackle the
climate emergency and achieve the objectives related to the EU Air Quality Directive [57].
Within the decree, the “Urban Forestry Program” (Azioni per la riforestazione-Art.4 [56])
allocates funds to implement urban and peri-urban forests and to reduce impervious
surfaces (i.e., de-sealing actions), as key interventions to address urban challenges [58].
The National Strategy on Urban Greenspaces [59] guides the municipalities to the effective
implementation of local-scale initiatives for strengthening ecological networks. The Urban
Forestry Program allocates funds to just 14 metropolitan cities, while the National Strategy
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on Urban Greenspaces includes all the Italian municipalities in its analysis. However, Di
Pirro et al. [42] reveal an incomplete spatial agreement between the current fund’s allocation
envisaged by the Urban Forestry Program and the real spatial distribution of the challenges
to address. Sallustio et al. [60] highlight that the inclusion of all municipalities can ensure
an equitable distribution of economic resources and provide guidelines that can be easily
replicated and implemented at the municipal scale.

While the current policy mix provides a starting point to promote/maintain NBS,
there is significant potential on the national level to uptake NBS into policy and optimize
the rationale of budget allocation to design an optimized NBS network. Accordingly, we
provide a wide strategic perspective that can support the allocation of funds currently en-
visaged by the EU Green Deal. We include the whole national territory in the identification,
first of the challenges’ distribution and then in the most effective and multifunctional NBS
available for their mitigation.

3. Materials and Methods

This study was developed according to the three stages shown in Figure 1. Stage I:
the identification and mapping of three environmental challenges in Italy (i.e., air quality,
climate adaptation and mitigation, and water management), adopting the Environmental
Quality Standards proposed by Di Pirro et al. [42]; Stage II: the overlay of the three chal-
lenges allows the identification of portions of territory threatened simultaneously by the
same challenges (i.e., spatial groups); Stage III: a ranking of 24 NBS suitable to address
the challenge(s) for each spatial group is proposed, based on the NBS performance assess-
ment provided by Castellar et al. [30] and the land cover (Figure 1). All the analyses are
conducted by a pixel-based approach.

Figure 1. Workflow developed according to three main stages.

3.1. Environmental Challenges in Italy and Their Combination in Spatial Groups

According to Stage I (Figure 1), we considered three challenges, air quality, climate
adaptation and mitigation, and water management (following Raymond et al. [15]), defined
by the presence of three environmental stressors (air pollutants, frequency of heatwaves,
flood hazard, respectively) altering human health when they exceed specific thresholds [61]
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(e.g., Environmental Quality Standards—EQS [62]). Consequently, to identify the por-
tion of national territory threatened by these challenges, we adopted the methodological
framework proposed by Di Pirro et al. [42], where different EQS were selected and used as
common thresholds to assess environmental and societal demands. The EQS proposed by
Di Pirro et al. [42] are defined according to (i) the European standards set in Air Quality
Directive (2008/50/EC), (ii) the definition of heatwaves and projections of climate change
given by [43], and (iii) the flood hazard estimated by ISPRA [63] (further details are reported
in [42]).

To define portions of the Italian territory showing air quality challenge, we considered
EQS for the three most harmful pollutants in the EU, namely PM10, NO2, and O3 [57]. All
the pixels showing at least one of the three pollutants in exceedance for the respective
EQS are considered as portions of territory where air quality regulation is needed to
address the challenge. As regards the challenge of climate adaptation and mitigation, we
considered the EQS of 4 days/year of heatwaves [43]. Hence, all the pixels exceeding
this EQS are considered as portions of territory where climate regulation is needed to
address the challenge. Finally, for the water management challenge, we considered EQS
based on the probability that a flooding event will occur, according to estimates of their
return period [63]. Hence, all the pixels in flood hazard are considered as portions of
territory where water regulation is needed to address the challenge. Thus, starting from the
methodological framework proposed by Di Pirro et al. [42], we derived three maps with
the spatial distribution of the three challenges, with a spatial resolution of 1 km, as shown
in Figure 2.

Figure 2. The three challenges considered: air quality, climate adaptation and mitigation, and water
management. The areas with no challenge are represented by the striped pattern.

According to Stage II (Figure 1), the three maps of challenges were then combined
in a GIS environment to investigate where, which, and how many challenges overlay in
the same portion of the territory, thus needing to be addressed simultaneously. From
this analysis, we obtained different homogenous groups, where interventions need to be
differentiated to address the specific challenge(s). According to Stage III (Figure 1), for each
group, we explored (i) the population density [64], to estimate the inhabitants exposed
to single or multiple challenges as well as the potential beneficiaries of NBS; and (ii) the
land cover, to define quantity and typology of space available for NBS implementation. We
focused our analysis on two land covers (i.e., impervious and permeable) using the 2018
High-Resolution Layers, with a spatial resolution of 20 m [65]. The impervious surfaces
were reclassified according to Congedo et al. [66], thus considering values of the Degree of
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Imperviousness greater than 29%. The permanent water bodies (covering about 1.4% of the
national territory) were neglected, since specific policies (e.g., water quality and security)
and NBS might be implemented, out of the scope of this work.

3.2. Calculating the Nature Based Solutions Performance in Dealing with Challenges

Relying on the NBS capacity to provide multiple ES and mitigate environmental
stressors, we assumed that NBS are the unique interventions to address the challenges in
each group. In the literature, NBS encompasses a wide range of interventions and actions.
Following the classification proposed by Eggermont et al. [67], NBS can be considered
as conservation and restoration of ecosystems (i.e., Type 1), sustainable management for
improving ES supply (i.e., Type 2), and the creation of new ecosystems (i.e., Type 3). For
this work, we considered only the creation of new ecosystems, i.e., NBS Type 3 according
to Eggermont et al. [67], focusing in particular on NBS spatial and technological units
proposed by Castellar et al. [30]. New NBS thus need to be identified and differentiated
according to their capacity to provide ES able to address the challenge(s) (i.e., performance).
We adopted the performance assessment proposed by Castellar et al. [30], where for 32 NBS
they calculated a performance score (PS), ranging from 0 to 1, representing the NBS capacity
to provide ES able to address ten different challenges. We limited our analysis to 24 NBS
and respective PS related to the three challenges under investigation in this study (i.e., air
quality, climate adaptation and mitigation, and water management). Eight NBS were thus
excluded since they are not terrestrial or not considered as Type 3 (i.e., new ecosystem).
Therefore, when a single challenge characterizes the group, we reported the same PS of
Castellar et al. [30]; when multiple challenges characterize the group, we averaged the
PS for the respective challenges of the group. Accordingly, starting from the 24 NBS, we
produced different rankings of PS as many as the groups of challenges, thus allowing us to
select the best performing set of NBS to effectively address the environmental challenges.

3.3. Classification of Nature Based Solutions for Land Covers

The 24 NBS considered for this study are the following: community gardens, con-
structed wetlands, extensive green roofs, green corridors, green façades, green wall systems,
heritage gardens, infiltration basins, intensive green roofs, large urban parks, planter green
walls, pocket gardens/parks, private gardens, raingardens, semi-intensive green roofs,
street trees, swales, urban forests, urban orchards, vegetated grid paves, vegetated pergolas,
vertical mobile gardens, (wet) retention ponds, and shelters for biodiversity.

We classified NBS into two categories: implementable in impervious surfaces (I-NBS)
and permeable surfaces (P-NBS). The classification is based on descriptions provided by
Castellar et al. [30], considering both the NBS’ structures and sizes. Accordingly, I-NBS are
those implementable on buildings (i.e., green façades, green wall systems, vertical mobile
gardens, planter green walls, vegetated pergolas, extensive green roofs, intensive green
roofs, semi-intensive green roofs), and along streets and parking lots, close to buildings
and houses (i.e., raingardens, swales, street trees, and vegetated grid paves, pocket gar-
dens/parks, private gardens). Except for vegetated grid paves, where we consider the
conversion from traditional car parks to green parking lots, we excluded the possibility of
de-sealing actions (land cover changes from impervious to permeable), e.g., building’s re-
moval and conversion to a large urban park. On the other side, P-NBS are those that can be
implemented on permeable land covers (green corridors, large urban parks, urban forests,
heritage gardens, community gardens, urban orchards, infiltration basins, (wet) retention
ponds, constructed wetlands). NBS similar to each other for the structure but not for the
size (e.g., pocket gardens vs large parks) were distinguished by a 0.5 ha threshold [30].
Consistently with the HRL spatial resolution used to estimate land covers surfaces [65], we
reduced this dimensional threshold to 400 m2 (i.e., one pixel). In this way, pocket gardens
were assigned to I-NBS while large parks were assigned to P-NBS.

Therefore, for each group, we can provide the quantity and typology of challenges
to address, the incidence of permeable and impervious land covers, a ranking of P-NBS
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and I-NBS ranging from 0 to 1 based on their ability to address the specific challenges of
the group.

4. Results

Eight different spatial groups resulted from the spatial combination of the three
challenges; Figure 3 shows the map with their spatial distribution while the pie-chart
shows the relative coverage of each spatial group. Only 6% of the national territory shows
no challenge (“NoChal” group). Conversely, 7.9% of the territory shows all the three
challenges combined simultaneously (“ALL” group). Three groups show the individual
challenge covering 51.5% of the national territory: 47% air quality (“AIR” group), 4.3%
climate adaptation and mitigation (“CLIM” group), and 0.2% water management flood
hazard (“WAT” group). The remaining 35% of the territory is occupied by the last three
groups, characterized by two challenges simultaneously. The challenge of air quality
co-occurring with climate adaptation and mitigation covers 33% of the national territory
(“AIR-CLIM” group), while its combination to water management spans over 1.2% of the
national territory (“AIR-WAT” group). Finally, when the spatial combination is between
climate adaptation and mitigation and water management, the group covers 0.3% of the
country (“CLIM-WAT” group).

Figure 3. The eight spatial groups of challenges. The pie chart shows the relative coverage of each
spatial group (% of the national territory). In black on the map is shown the spatial distribution of
impervious surfaces throughout the national territory.

Built-up areas in Italy cover about 7.1% of the national territory [47], and their inci-
dence is quite variable across the groups (Table 1 and Figure 3). The AIR and the NoChal
groups are the only ones showing a relatively impervious surface lower than the national
one (3% and 4%) as well as the lowest population density (91 and 150 inhab/km2). On the
contrary, CLIM and CLIM-WAT groups show the highest relative impervious surfaces (18%
and 24% respectively) as well as the highest population density (1036 and 1086 inhab/km2).
AIR-WAT, ALL, WAT, and AIR-CLIM groups, respectively, show the following relative
impervious surfaces, slightly higher than the national one: 13%, 11%, 9%, and 8%, with
intermediate values of population density, 326, 257, 254, and 213 inhab/km2.
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Table 1. For each group, the area in km2, coverage of permeable and impervious surface (km2),
number of inhabitants, and population density (inhab/km2) within the groups are reported.

Groups Area (km2)
Permeable

(km2)
Impervious

(km2)
Population
(n◦ inhab)

Pop Dens
(inhab/km2)

AIR 141,044 136,310 4734 12,974,163 91
CLIM 12,582 10,345 2237 13,468,447 1036
WAT 477 435 42 130,275 254

AIR-CLIM 97,769 89,603 8166 21,377,514 213
AIR-WAT 3352 2904 448 1,238,194 326

CLIM-WAT 1043 790 253 1,152,988 1086
ALL 22,875 20,446 2429 6,163,604 258

NoChal 18,393 17,639 754 2,802,590 150

All the 24 NBS show Performance Scores (PS) ranging from the minimum value of 0,
only in the groups characterized by single challenges, to the maximum of 1, in each group.
We divided PS into three classes, low PS (0–0.33), medium PS (0.33–0.66), high PS (0.66–1),
to more facilitate the reading of the different performances.

The number of NBS with high PS (Table 2) is variable across the groups ranging from
16 in the WAT group to 11 in AIR-WAT. NBS with high PS can be implemented in both
permeable (with a maximum of 9 P-NBS in the WAT group) and impervious land covers
(with a maximum of 9 I-NBS in the CLIM group). P-NBS have similar PS and ranking
among the different groups, while we registered more dissimilarity among the I-NBS both
for PS values and ranking. This difference is particularly marked for I-NBS in AIR and WAT
groups. Accordingly, their combination in the AIR-WAT group shows the least number of
high PS (4 I-NBS), highlighting a lack of synergy between ES for simultaneously addressing
the challenges of air quality and water management.

Vertical green (i.e., green façades, green wall systems, vegetated pergola, vertical
mobile gardens) shows high PS for the mitigation of both air pollutants and heatwaves
while low PS for the mitigation of flood hazard. We found the opposite PS trend for rain
gardens, swales, and vegetated grid paves, which are particularly useful to mitigate flood
hazards and so address the challenge of water management.

Seven NBS have high PS simultaneously in all groups: five P-NBS (i.e., infiltration
basin, green corridors, urban forests, large urban park, heritage garden), and two I-NBS
(i.e., intensive green roof, semi-intensive green roof). Hence, thanks to these co-benefits,
these seven NBS can be potentially implemented throughout 94% of the Italian territory,
thus ensuring good performances employing less than one-third of the available NBS. On
the contrary, among P-NBS, urban orchards and planter green walls show the lowest PS in
all groups, thus representing a sub-optimal solution for addressing the three environmental
challenges considered here (Table 2).

Figure 4 shows a specific focus on the distribution of impervious land cover within
the spatial groups. Among the 20,000 km2 of built-up areas in Italy, 8100 km2 are occupied
by the AIR-CLIM group (42.8%), 4700 km2 by the AIR group (24.8%), over 2200 km2 by the
ALL and CLIM groups (12.7 and 11.7%, respectively), about 750 km2 by the NoChal group
(4%), and less than 450 km2 by the AIR-WAT, CLIM-WAT, and WAT groups. Therefore,
combining these coverages with the NBS having high-PS in each spatial group, we obtained
the overall area where both P-NBS and I-NBS could potentially be implemented to address
multiple challenges. With specific regard to the I-NBS: intensive and semi-intensive green
roof (18,309 km2), street trees (17,819 km2), green façade (17,566 km2), green wall system
and vertical mobile garden (15,137 km2), private gardens (13,127 km2), and extensive green
roof (13,085 km2) (Figure 4).
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Table 2. Twenty-four Nature-Based Solutions (NBS) classified as implementable in impervious (I-NBS)
and permeable (P-NSB) land covers. Performance Score (PS) ranges between 0 (low performance) and
1 (high performance) for each NBS in the 7 groups, namely: AIR, CLIM, WAT, AIR-WAT, AIR-CLIM,
CLIM-WAT, ALL. The black triangles mark NBS with high-PS (PS > 0.66). The NoChal group is not
included considering we assumed that no new NBS are needed.

Nature Based Solutions Performance Score (PS)

I-NBS AIR CLIM WAT AIR-CLIM AIR-WAT CLIM-WAT ALL

Extensive green roofs 0.5 �0.9 0.6 �0.7 0.5 �0.7 �0.7
Green walls system �1.0 �0.8 0.0 �0.9 0.5 0.4 0.6

Green façades �1.0 �1.0 0.2 �1.0 0.6 0.6 �0.7
Intensive green roofs 0.7 �0.9 �0.8 �0.8 �0.8 �0.9 �0.8
Planter green walls 0.5 0.5 0.0 0.5 0.3 0.3 0.3

Pocket gardens/parks 0.6 0.6 �0.8 0.6 �0.7 �0.7 �0.7
Private gardens 0.5 �1.0 �0.8 �0.8 0.6 �0.9 �0.8

Raingardens 0.4 0.3 �0.8 0.4 0.6 0.6 0.5
Semi-intensive green roofs �0.7 �0.8 �1.0 �0.8 �0.8 �0.9 �0.8

Street trees �0.8 �0.9 0.4 �0.8 0.6 �0.7 �0.7
Swales 0.6 0.2 �0.9 0.4 �0.7 0.5 0.6

Vegetated grid paves 0.2 0.5 �0.8 0.3 0.5 0.6 0.5
Vegetated pergola 0.5 �0.8 0.3 0.6 0.4 0.5 0.5

Vertical mobile garden �1.0 �0.9 0.0 �1.0 0.5 0.5 0.6

P-NBS

(Wet)Retention Ponds �0.8 0.6 �1.0 �0.7 �0.9 �0.8 �0.8
Community gardens 0.3 0.5 �0.8 0.4 0.6 �0.7 0.6

Constructed wetlands 0.0 0.3 �1.0 0.1 0.5 0.6 0.4
Green Corridors �1.0 �1.0 �0.7 �1.0 �0.8 �0.8 �0.9
Heritage gardens �1.0 �1.0 �1.0 �1.0 �1.0 �1.0 �1.0
Infiltration basins �0.8 �0.8 �1.0 �0.8 �0.9 �0.9 �0.9
Large urban parks �1.0 �1.0 �0.9 �1.0 �1.0 �1.0 �1.0

Shelters for biodiversity �0.8 0.0 �0.7 0.4 �0.7 0.3 0.5
Urban forests �1.0 �0.9 �0.8 �0.9 �0.9 �0.9 �0.9

Urban orchards 0.3 0.2 0.5 0.3 0.4 0.3 0.3

Figure 4. The pie chart shows the distribution of the spatial groups within the total impervious
surface in Italy; the striped pattern represents the NoChal group. The I-NBS with high PS are reported
in correspondence of each spatial group, with the I- NBS showing high PS simultaneously in all
spatial groups marked in bold.
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5. Discussion

Our framework has implications for the future development of cross-scale strategies
to reach multiple national targets through NBS. It highlights the need to consider the
multiple challenges to tackle as a key criterion to improve the NBS co-benefits and cost-
effectiveness. Current NBS (or related concept) planning frameworks usually tend to focus
on a single ES supply or address a specific challenge [41,68] and with a specific focus on
the municipality scale [69–71]. However, our results highlighted that about 42% of the
national territory shows multiple challenges simultaneously, and 50% of the population is
exposed to these critical conditions. In these spatial groups (AIR-CLIM, AIR-WAT, CLIM-
WAT, and ALL), multiple targets need to be achieved, through implementing NBS with
the best performance to provide multiple ES. Consequently, the widespread distribution
of areas under multiple challenges underlines that (i) in the political agenda, actions for
air quality improvement might be coupled with those of climate change mitigation and
adaptation [15]; (ii) considering both multiple ES demand (i.e., challenges to address) and
multiple ES supply (i.e., NBS performance) has a key role to maximize the cost-effectiveness
of interventions and the optimal use of the available space [8]. Europe—and the Member
States—need to effectively leverage investments in NBS provided by the Green Deal,
developing strategies to generate gains for adaptation, mitigation, disaster risk reduction,
biodiversity, and health [37]. Therefore, the definition of a national intervention priority
based on the intensity of challenges and population exposed [42] combined with the NBS
performance ranking provided by our framework could help in this path, optimizing
investment allocation from the national to the local governments.

Of the 24 NBS assessed, all spatial groups show from 11 to 16 NBS with high PS,
both on impervious and permeable land covers. Providing a defined set of NBS is crucial
for decision-makers and planners given the variety of NBS available [72], with different
nomenclature, as well as the numerous barriers that may arise in urban areas from the
planning stage to the site-scale design and implementation. The 24 NBS we considered in
this work were selected from Castellar et al. [30], where, through using different workshops
and surveys, they evaluated their performance to meet ten challenges, including the supply
of all categories of ES. In the present work, some NBS may show similarities or overlapping
results, being limited to only regulation ES (i.e., mitigation of air pollutants, heatwaves,
and flood hazards). This could stand as a limitation; however, we decided not to further
manipulate the nomenclature, thus leaving the possibility to replicate our methodology by
also including other ES (e.g., provisioning, cultural, supporting) and other challenges (e.g.,
social cohesion).

Furthermore, the surfaces we evaluated as potentially available for the implementation
of high-performing NBS do not necessarily correspond with the real space availability.
Due to the broad scale and the aim of the work, we did not consider, e.g., archaeological
constraints, protected areas, limited space in historical centers, that could decrease the
suitability and space availability for NBS implementation. Therefore, for the local-scale
implementation of the NBS, an in-depth assessment is necessary to include many other
biophysical, economic, and social variables. To conduct a more detailed analysis and
support the local scale governance to overcome the over-mentioned barriers, other layers
could be useful, e.g., implementation and maintenance costs, the urban form, endemic
vegetation, the public opinion, and many others that would be out of the scope and scale of
this study.

However, according to the aim of this work, the incidence of land covers (i.e., im-
pervious and permeable) in each spatial group, combined with the population density,
suggests (i) which combination of factors is most related to the built-up areas, (ii) which
risks the population is mainly exposed to, (iii) where to localize the interventions, and
(iv) the number of beneficiaries of the expected increase in ES supply. On the one hand,
we found spatial groups showing both high incidences of impervious surfaces and high
population density, where I-NBS might be preferred. On the other hand, we found spatial
groups with a lower incidence of permeable surfaces and low population density, where
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widespread and large-scale P-NBS (e.g., large urban parks, urban forests) in the territorial
matrix could be more adequate. For example, impervious surfaces in the CLIM-WAT group
have a built-up area’s incidence eight times higher than in the AIR group (24% vs. 3%)
and a population density twelve times greater too. This result suggests that investing
equal resources (e.g., budget) in the first group, I-NBS, would affect more beneficiaries
in a smaller area, mitigating both heatwaves and flood hazards, hence addressing two
challenges simultaneously. These findings are particularly helpful since limited available
space can act as barriers to NBS implementation, especially in urban areas where land is
a scarce and expensive resource [21]. Potentially, some I-NBS (i.e., vertical green), even if
less performing than others in P-NBS, have the advantage to occupy space often unem-
ployed [73] and consequently not contributing to exacerbating conflicts around open space
(e.g., land use change) in densely built-up areas [74].

5.1. Nature Based Solutions Implementable in Impervious Land Cover

Our results show that intensive and semi-intensive green roofs can potentially be im-
plemented on 18,300 km2, showing high PS in all spatial groups and hence standing as the
most versatile and effective NBS among all the I-NBS assessed in this work. Although inten-
sive and semi-intensive green roofs were initially designed for water management [75], due
to their more deeply planted vegetation [73], they are also proved to positively contribute
to climate mitigation, air quality, and biodiversity.

In terms of coverage and performance, among I-NBS, street trees and private gar-
dens have high PS in five spatial groups and can be implemented, respectively, across
17,800 km2 and 13,100 km2, usually close to buildings, houses, and streets. Street trees
show the best performance for the mitigation of air pollutants (AIR) and heatwaves (CLIM),
both individually and combined (AIR-CLIM). Furthermore, the species selection can help
both to mitigate pollutants [76,77] and to provide shade by the crown coverage [78,79].
Otherwise, when heatwaves and flood hazards need to be simultaneously mitigated, pri-
vate gardens are more effective than street trees, contributing both to water management
through the broadest unsealed soils, and to enhance air circulation and cooling through
plant transpiration and shading [80]. Similarly, vertical green solutions (i.e., green façades,
vertical mobile gardens, and green wall systems), are mainly reliable to stock air pollu-
tants [81] and heatwave mitigation [82,83]. These I-NBS perform better in AIR, CLIM,
and AIR-CLIM groups, covering potentially 17,500 km2 of impervious surface. On the
other hand, extensive green roofs show high PS for heatwaves and flood hazards [84],
hence represented within AIR-CLIM, CLIM-WAT, CLIM, and ALL groups, and covering
13,000 km2 of impervious surface.

5.2. Nature Based Solutions Implementable in Permeable Land Cover

Unlike the built-up areas where NBS Type 3 are usually considered, before imple-
menting P-NBS, it is first necessary to evaluate the current land uses to consider their
conservation (Type 1) and management (Type 2) instead of the substitution with new
ecosystems (Type 3). This is following what was observed by Sarabi et al. [21], i.e., the
entity of interventions required in NBS increases when moving (closer) to the center of
built-up contexts, and vice versa. Therefore, in the case of currently forested areas, the
objective should focus on their preservation, restoration, or enhancement to maximize
ES supply (Type 1 and Type 2 [67]). This is a relevant option, for example, in the case
of the AIR group, mainly occupied by forested areas. This is in line with the trajectory
identified by the EU Green Deal, where, along with the protection and management of
existing forests, urban, peri-urban, and agricultural areas need to be integrated with ad-
ditional trees (i.e., 3 billion trees [23]). Accordingly, the assessed P-NBS can be applied in
marginal, abandoned, unproductive, peri-urban areas [85–87], since they are considered as
new ecosystems (Type 3 [67]).

Despite the finding that five P-NBS have high PS in all spatial groups (green corridors,
large urban parks, heritage gardens, infiltration basins, and urban forests), they are similar
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to each other for regulating ES supply and thus addressing the challenges we considered
in this work. The choice to implement one P-NBS instead of others can be related to the
supply of other ES categories (cultural, provisioning, and support) as well as to other
policy and planning issues (e.g., people perceptions, recreation needs) and budgetary
constraints. Particularly, large urban parks and heritage gardens refer to large green areas
(>0.5 ha) with mixed land uses (i.e., forests, grasslands, ponds). The first ones are mainly
oriented to provide a variety of recreational facilities, mainly addressing the social demands
of the residents, while the second ones aim to preserve outstanding historical, cultural,
aesthetic, or scientific value [30]. Moreover, co-benefits and multifunctionality (i.e., multiple
ES supply) of the single NBS can be enhanced by adding some improvements, usually
including tree planting. As an example, infiltration basins can be partially forested to fulfill
other functions such as providing recreational spaces for inhabitants, increasing biodiversity
and ecological connectivity [88]. Similarly, green corridors are usually renatured areas of
derelict infrastructure (i.e., railway) or placed along rivers. They can be afforested where
there is the need to enhance landscape connectivity and ecological restoration [70,89,90].
Furthermore, their social role can be emphasized by ameliorating the availability and
accessibility of currently vacant and underused land in urban contexts [91]. Therefore, the
five P-NBS considered here already include—or could include—individual trees and/or
groups of trees, as they are considered to be the best natural elements to increase the
spectrum of ES provided [26,79,85,92–94].

6. Conclusions

The environmental challenges addressed in this work can adversely affect human
health and well-being, with associated mitigation costs. Accordingly, our work contains
a novel framework that will help both the national government and the municipalities
to identify NBS able to maximize the ES supply while addressing multiple challenges.
Analogously to the already proposed “National Strategy on Urban Greenspaces” [59],
this work can provide a strategic vision at the national scale, but it can be consulted and
adopted by all municipalities as a common roadmap, also helpful in facing the recurring
problematic of planning silos. Indeed, the relevance of our framework is not just focused
on the NBS application at the local scale but also shows a great impact on a wider scale
(e.g., national and regional).

On a national scale, the framework proposed here can reliably (i) identify the areas
showing a simultaneous demand for the achievement of multiple national targets; (ii) spa-
tially orient the new investment needed to mitigate the challenges (e.g., EU Green Deal);
and (iii) support the NBS selection that provides more co-benefits, playing a crucial role in
increasing budget allocations efficiency.

On a municipal scale, the NBS ranking can be used as a guideline for further specific
planning and design activities based on local issues, barriers, and peculiarities, while
remaining consistent with national targets.

Italy is currently allocating funds in the 14 metropolitan cities to implement urban
forests. Our results confirm that urban forests are among the best performing NBS, and
Di Pirro et al. [42] argue that reforestation programs could also be expanded to other
municipalities with few additional resources (+7.5% of the national territory) but involving
an extra 46% of the national population. Although trees and forests (especially urban
ones) are considered by many authors as the best solution to address environmental chal-
lenges [79,85,92,93], our work also proposes a list of performing I-NBS (e.g., green roofs)
that can be implemented on sealed surfaces. These can help mitigate environmental stres-
sors by using impervious surfaces i) that are usually unemployed (e.g., gravel or bitumen
roofs) and ii) that could even exacerbate the challenges due to their physical characteristics
(e.g., thermal emittance, reduced infiltration capacity) [95]. This option can also contribute
to mitigating the negative effects related to soil sealing, which is a remarkable issue in
the EU [96,97], enhancing the values of interstitial and leftover spaces [87]. However, the
technical feasibility and costs related to these I-NBS and their widespread implementation
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must be evaluated according to the specific local conditions [73]. Finally, at the local scale,
additional co-benefits (i.e., energy savings, biodiversity increase, and social cohesion), as
well as possible disservices (i.e., BVOC emissions, decrease in wind velocity, gentrification),
should also be included for a more overarching assessment [94,98,99]. Planning and man-
aging NBS can be approached holistically [40], considering diverse benefits concerning
different spatial–temporal scales. The multi-scale approach can help in considering differ-
ent stakeholders as well as social, economic, and biophysical characteristics that matter in
the benefit provision and are thus better included in decision-making related to national,
regional, city/site-scale spatial plans [100].
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Abstract: Mediterranean coastal areas are among the most threated forest ecosystems in the northern
hemisphere due to concurrent biotic and abiotic stresses. These may affect plants functionality and,
consequently, their capacity to provide ecosystem services. In this study, we integrated ground-level
and satellite-level measurements to estimate the capacity of a 46.3 km2 Estate to sequestrate air
pollutants from the atmosphere, transported to the study site from the city of Rome. By means
of a multi-layer canopy model, we also evaluated forest capacity to provide regulatory ecosystem
services. Due to a significant loss in forest cover, estimated by satellite data as −6.8% between
2014 and 2020, we found that the carbon sink capacity decreased by 34% during the considered
period. Furthermore, pollutant deposition on tree crowns has reduced by 39%, 46% and 35% for
PM, NO2 and O3, respectively. Our results highlight the importance of developing an integrated
approach combining ground measurements, modelling and satellite data to link air quality and plant
functionality as key elements to improve the effectiveness of estimate of ecosystem services.

Keywords: ecosystem services; air pollution removal; carbon sequestration

1. Introduction

The provisioning of ecosystem services (ES) by urban and peri-urban forests has
direct effect on the social, economic and environmental benefits. Regulating ecosystem
Services (RES) represent the benefits to mankind deriving from the regulation of ecosystem
processes [1]. The role of forests as nature-based solutions to mitigate the effects of climate
change has been largely discussed [2], becoming a fundamental part of the proposal
formulated at international level during important summits as the G20 (Rome) and COP26
(Glasgow) that fix the ambitious goals of planting 1 trillion trees (Rome G20) and stop
deforestation (COP26 Glasgow) by 2030.

Estimating the contribution of “process-driven” RES such as air quality improve-
ment, water purification, and climate regulation to human well-being is typically made
by models [3], often challenged by a lack of input data, especially for estimations at broad
scales [4].

Canopy models help unravel the factors that influence the response of the forest
ecosystems in different environmental conditions by testing scenarios [5] or evaluating
the impact of different stressors [6]. Such models need climatic and ecophysiological
inputs that are often unavailable, and direct measurements needs to be performed to obtain
reliable estimates [7]. Meteorological and air quality data for big cities are often available at
hourly to daily resolution [8–10], and when missing (rural areas), high-resolution gridded

Forests 2022, 13, 689. https://doi.org/10.3390/f13050689 https://www.mdpi.com/journal/forests21



Forests 2022, 13, 689

datasets can be used when proper spatial and temporal resolutions are available [11,12].
Better estimation of the biosphere–atmosphere interactions has been observed by multi-
layer canopy models [13]. These models are more complex than single-layers (or big-
leaf models) and often require species-specific ecophysiological parameters to properly
estimate plant’s capacity to provide RES [14]. Stomatal conductance is a key parameter not
only for carbon assimilation but also to estimate the uptake of pollutants as tropospheric
ozone (O3), nitrogen dioxide (NO2) and sulphur dioxide (SO2) [15,16]. Therefore, stomatal
regulation processes need to be estimated accurately. This is particularly relevant for the
Mediterranean region, where dry deposition is the dominant pathway [17] and stomatal
conductance is limited by stressors such as drought and ozone exposure [18,19]. On
one hand, coupled photosynthesis–stomatal conductance (A-gs) models such the semi-
empirical model proposed by Ball, Woodrow & Berry (BWB) [20], or the theoretical optimal
stomatal behavior models proposed by Medlyn et al. [21] and by Katul et al. [22] are best
indicated for simulating leaf-level gas exchanges [23]; on the other hand, these models
require physiological parameters such as carboxylation velocity (Vcmax) and light use
efficiency (Jmax) not always available in literature. To overcome this issue, direct field
measurements are often required [10,14]. In addition, such complex models need biometric
parameters to characterize the trees’ structure or the total leaf area, which is a key parameter
to upscaling fluxes at the canopy level [10]. Structural features determination requires
an extensive campaigns effort that are difficult to realize at metropolitan scale. However,
plant-trait databases and satellite-derived vegetation indices are effective means to derive
at large spatial scale those essential information [24,25]. Indeed, vegetation indicators of
key structural parameters such as the leaf area index (LAI, m2 m−2) and canopy cover (%)
were available from 2014, thanks to the monitoring activity of the Proba-V satellite [24].
The provisioning of RES is not costless for forests since air pollution represents a threat
for vegetation as well. For instance, ozone damage can cause up to 10% of carbon loss in
Mediterranean forest ecosystems [26,27].

In this work, we first highlighted reduction and gaps in percent canopy cover between
three years of study (2014, 2019 and 2020) in the Presidential Estate of Castelporziano
(Metropolitan Area of Rome), a vulnerable natural forest area elected as test site. The
three years of study are characterized by different pluviometric regimes, ranging from
a well-known wet year [28–30] to increasingly drier years in 2019 and 2020. Concerning
pollutants exposure, 2020 differed from previous years since the Sars-CoV-2 lockdown
status [31–35] produced a drastic decrease in emissions from road traffic. Concerning biotic
stress, probably to limit the expansion of the infestation by Tomicus destruens and Toumayella
parvicornis, several thinning campaigns were carried out within the Estate between 2017
and 2019 [36,37]. Therefore, a comparison between 2019 and 2020 may reveal the impact of
altered anthropogenic emissions on the ecosystems RES provisioning capacity, and a com-
parison between 2014 and 2019–2020 may reveal the impact of both pathogenic infestation
and management practices to limit its expansion. In a second step, we estimated the se-
questration of carbon and air pollutants by means of the Aggregated InteRpreTation of the
eneRgy balance and water dynamics for Ecosystem Services assessment (AIRTREE) multi-
layer canopy model [14] parameterized with leaf-level measurements, satellite-derived
structural data and georeferenced maps of vegetation.

Our goal was to answer the following scientific questions: (1) How much changes
in environmental conditions affect forests’ health status? (2) Do such changes have an
impact on RES provisioning? The obtained results can help disentangle the processes that
may have caused over the last three decades significant and diffuse decline in forest health
conditions and natural renewal capacity.

2. Materials and Methods

2.1. Study Area

The Presidential Estate of Castelporziano is a natural reserve of about 60 km2 (of
which 85% are natural forests), 25 km away from the south-southwest area of Rome on the
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Tyrrhenian Sea coast. The Estate represents a hotspot for biodiversity in the Mediterranean
area, which hosts more than 1000 plant species [38,39].

Oak forests and mixed deciduous broad-leaved woods predominate, occupying
23.6 km2 (40% of the woods), a surface higher than the evergreen oaks, and are represented
by holm oaks (4.3 km2) and cork oaks (2.4 km2), by pine forests (9.1 km2) and by Mediter-
ranean maquis favored by anthropic land use changes in past centuries [40]. The most
significant aspect that makes Castelporziano a territory now unique in the Mediterranean
Basin is given by the presence of a specific and therefore very high genetic biodiversity,
with 5037 species recorded, representing an exceptional wealth of flora and fauna on an
area of just 60 square kilometers [41], (Figure 1).

 
Figure 1. Vegetation map of the presidential Estate of Castelporziano, colored contours represent
homogeneous vegetation, each color represent one Land Cover Type (LCT).

However, this valuable Green Infrastructure being located in the Metropolitan area of
Rome is subjected to wide types of stressors, both natural and anthropogenic [42,43]. The
intense urban sprawls nearby the Estate have caused an overexploitation of the water table
and enhanced the seawater intrusion that exacerbate the natural drought that typically
occurs during the summer. Moreover, high concentrations of pollutants that are transported
over Castelporziano from the city center of Rome have been recorded. Indeed, the Estate
receives plumes of air masses all day long from the sea and from the city of Rome because
of the wind circulation, that follows a sea–land breeze regime, the dominant wind direction
is S–SW during the morning and N–NE during the afternoon. The site can experience high
summer levels of tropospheric ozone up to 90 ppb [44]. Soil presents a flat topography,
and it can be divided in two main soil types (Figure S1): the coastal area, characterized
by a sandy texture (77% sand, 14% silt, 9% clay) and low water-holding capacity, and
the inland area, with a loamy-sandy soil type (47% sand, 29% silt, 24% clay), as shown
in Figure S1 [45]. The study area is characterized by the typical Mediterranean climate,
with pronounced seasonality. Summers are hot and dry, and winters are moderately cold.
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Precipitations occur prevalently during winter, spring and autumn. Annual precipitation
up to 1019 ± 105.5, 854 ± 130.8 and 507 ± 95.6 mm y−1 was observed in the 3 years of study
in 2014, 2019 and 2020, respectively, considering averaged values for all the meteorological
stations in the Estate. During the three years of study, mean annual temperature was of
16 ◦C with seasonal peaks in summer 2019 (Figure S2).

2.2. The AIRTREE Model

The Aggregated Interpretation of the Energy balance and water dynamics for Ecosys-
tem services assessment (AIRTREE) model [14] is a one-dimensional multi-layer model
that couples soil, plant and atmospheric processes to predict exchanges of CO2, water,
ozone and particulate matter (PM) between leaves and the atmosphere and integrates them
through five layers to obtain fluxes at the canopy level. The model allows to estimate stom-
atal conductance (gs) and photosynthesis (A) through the Farquhar–Von Caemmerer–Berry
model of photosynthesis (FvCB model) and the Ball, Woodrow and Berry stomatal conduc-
tance (BWB) model at different levels from the top to the bottom of the canopy [46]. The
model accounts for oxidative limitations (i.e., drought and ozone stress) to gas exchanges
(A and gs) through linear functions of soil water content [47] and stomatal ozone [48–50].

In this study NO2, SO2 and CO fluxes were calculated as:

F = Vd · C · 1800 (1)

where F is the pollutant flux (μmol m2 s−1), Vd is the deposition velocity (m s−1) and air
pollutant concentration (μmol m−3).

Vd was estimated through a resistance scheme [51,52]:

Vd =
1

Ra + Rb + Rc
(2)

where Ra is the atmospheric resistance (see Fares et al. [14] for details), Rb is the boundary
layer resistances (s m−1) calculated according Pederson et al. [53] and Rc is the canopy
resistance calculated according to Bidwell & Fraser [54] as:

Rb = 2(Sc)
2
3 · (Pr)−

2
3 · (ku)−1 (3)

1
Rc

=
1

rs + rm
+

1
rsoil

+
1
rt

(4)

where Sc is the Schmidt number, Pr is the Prandtl number (0.72), k is the von Karman
constant (0.41), u is wind speed (m s−1), rs (s m−1) is the inverse of gs, the formulation
of which is extensively described in Fares et al. [14]. Soil resistance rsoil (s m−1) was set
equal to 2941 and 2000 (m s−1) during vegetative and non-vegetative periods, respectively.
Mesophyll resistance rm (s m−1) was set to zero for SO2 [55] and 600 for NO2 [56]. Cuticular
resistance rt (s m−1) was set to 8 × 103 and 2 × 104 for SO2 and NO2, respectively [56]. Rc
for CO was set equal to 5 × 104 and 1 × 106 during vegetative and non-vegetative periods,
respectively [54].

Concerning PM deposition, the model incorporates traditional atmospheric models to
predict particle deposition extensively described in Fares et al. [10,14].

2.2.1. Acquisition of Meteorological Variables

For the entire Estate, we performed a Voronoi tessellation using data from a network
of 6 meteorological stations where continuous monitoring of local climatic conditions
have been carried out (Figure S3). Each station is equipped with sensors measuring air
temperature and relative humidity, wind speed and direction, precipitation and solar
radiation; for details on instrumentation, see Aromolo et al. [57]. In addition, the Estate
hosts a flux tower for continuously monitoring gas exchanges (i.e., Carbon dioxide CO2,
ozone O3, nitrogen dioxide NO2, particulate matter PM) between the vegetation and the
atmosphere in the coastal area, 1.5 km away from the Thyrrenean sea (see [30,44] for
details). Just outside the Estate, within 1.5 km, there are 4 air quality monitoring stations
maintained by the regional agency for the environmental protection (ARPA Lazio) that
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continuously monitor concentration of PM, NO2, SO2, CO, O3 and other pollutants. Those
air quality data were used as input for the AIRTREE model. The data were assumed to be
exemplificative of Castelporziano site since a comparison between PM 2.5 concentration
measured in 2014 and 2015 at the ICOS It-Cp2 flux site and average values measured at the
5 ARPA stations showed a good correlation (Pearson’s r > 0.7, data not shown). The Voronoi
tessellation method allowed us to generate a spatial-metric decomposition determined
by distances to discrete set of elements in space (meteorological stations), and therefore,
6 Voronoi polygons were created for the whole Estate.

2.2.2. Acquisition of Vegetation Map

The vegetation map of the Castelporziano Estate (Figure 1) used in this study [58]
is characterized by 7 groups of forested land cover type (LCT) (Other broadleaves; Low
shrubs; Holm oak forests; Mediterranean maquis; Pine forests; Deciduous oak forests;
Corks) and 9 non-forested LCT (Internal waters; Permanently non-productive areas; Per-
manently non-productive natural areas). To associate species-specific ecophysiological
traits to each of the forested LCT group, we used the state-of-the-art of literature about the
vegetation in Castelporziano to identify the most representative species included in each
group [38]. Therefore, the values of carbon, PM and other pollutants deposition for each
pixel (associated to a specific LCT) are the results of a single model simulation. For each
model run, the AIRTREE model was parametrized for an ideal tree-type by synthetizing the
ecophysiological characteristics of the dominant trees representative of the LCT (Table S1).

2.2.3. Retrieval of Biometric Vegetation Data

A raster map of the species associations was superimposed and aligned with the maps
of Leaf Area Index (LAI), canopy cover and heights (Figure S4). Concerning LAI and
canopy cover, we used 300 m resolution satellite images from Copernicus Global Land
Service, the Earth Observation programme of the European Commission [59]. For each year
of study (i.e., 2014, 2019, 2020), the maximum values observed during the growing season
were used. AIRTREE simulations were conducted for each pixel of the study area, and for
each year of study, we extracted the LAI values filtering out pixels classified as buildings,
urban, wetlands, meadows and artificial settlements. LAI is a critical value for the proper
evaluation of ecosystem services via AIRTREE model [14]. Therefore, we compared satellite
data with field data observations collected with multiple simultaneous measurements of
transmittance using the LAI-2200C Plant Canopy Analyzer (Li-Cor, Lincoln, NE, USA) and
with a method based on the use of hemispherical photos collected in the frame of ICOS
activities [60]. The sampling points were selected through a stratified sampling procedure
(Figure S5) over the main four LCTs: Mediterranean maquis, Deciduous broadleaves, Pine
forest and Holm oak forest (Table S2). For more details on the statistical design and the
field campaigns for LAI measurement, please see the section “In situ LAI measurements”
in the Supplementary File. To derive a function suitable to provide a realistic estimate
of the annual dynamics of LAI for each LCT group, monthly values of LAI were fit to a
set of parametric non-linear models (Gaussian, Exponential, Rational, Power, Sin, Weibull
and Fourier). The function that best fitted data (lowest RMSE) was implemented in the
model. The Fourier model was identified as the most appropriate model to reproduce LAI
dynamics through the three years of study for the LCTs functional groups:

LAInorm = a + b · cos(x · d) + c · sin(x · w) (5)

where a, b, c and d were LCT-specific fixed values (i.e., the coefficients of the fitted model),
and x is the day of the year (Figure 2). Coefficients of the Fourier models used for each
LCT and for each of the three years of study are summarized in Table S3. Non-linear model
intercomparisons are shown in Tables S4–S24.
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Figure 2. Fourier’s model (lines) fitted to monthly LAI (m2 m−2) satellite data (circles) for each LCT,
for the three years of study. Each function was implemented into the AIRTREE model and used to
estimate LAI dynamics during the year. Coefficients of the models are reported in Table S1.

Such a function was finally implemented into the AIRTREE model for each reference
year in order to derive the daily LAI at each model time step. Canopy heights were only
available for the year 2019 at a spatial resolution of 25 m [61]. These were resampled to
300 m in order to align the maps with those of LAI and canopy cover. All maps out on
the boundaries of the Estate were cut, and pixels falling into the non-forested LCT were
removed, so as to work only on the actual forested areas.

3. Results and Discussions

3.1. LAI and Canopy Cover Dynamics

Overall, average LAI for the entire Estate was 4.88, 4.31 and 3.90 in the 3 years of study,
respectively (Figures S4 and S6), indicating a decrease of 11.83% and 20.05% in 2019 and
2020 compared to 2014, respectively. LAI showed a decreasing trend for all LCTs (Figure 3),
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in particular for Pine forest (for which the representability of the total LAI changes from
14% in 2014 to 12% in 2020, Figure S5). In 2020, LAI increased for low shrubs by only 1%
when compared to 2019. This is also confirmed by canopy cover data (Figure S7) showing
an average loss of 6.83% between 2014 and 2020. In particular, the Pine forest showed a
loss of cover of 13.33%, of which 9.83% occurred in a year, between 2019 and 2020. Indeed,
a positive linear correlation between changes in LAI and changes in canopy cover was
observed (Pearson’s r = 0.63). Although an increase in forest cover of 2% has been observed
between 2010 and 2015 in the Mediterranean basin [62], the loss of Cover (7%) and LAI (up
to 20%) experienced by the vegetation of the Estate between 2014 and 2020 confirms the
increasing vulnerability of forests due to the climatic stressors and aridity the vegetation is
exposed to [63]. Indeed, from 2014 (previously described wet year [30]), warmer and drier
years succeeded. This may have caused stress and loss of productivity for Mediterranean
forests, even if they are adapted to the typical dry and hot summers [64–67]. All ecosystems
except shrubs showed a reduction in their LAI up to 14% (Figure 3).

The environmental monitoring data concerning the health status of the Castelporziano
forests, detected from 2015 to today through the diachronic interpretation of the NDVI
values provided by Sentinel-2 data, showed widespread suffering in pine and deciduous
oaks forests [68]. Regarding the pine forests, two insect infestations occurred in 2015 and
2017, causing a widespread decline in the photosynthetic capacity (−34% in the average
NDVI values for the period 2015–2021) of the forest, which caused the death of plants over
large area [68]. In Deciduous oak forests, the limiting factor seems to be strongly correlated
with summer drought and springs characterized by low amount of rain, causing a mean
decrease in NDVI values of −27% for the observation period [37,68].

Interestingly, there is high resilience from several species of Evergreen shrubs, ca-
pable of adapting to drought stress even more than Quercus ilex has been previously
observed [69,70], and therefore, a transformation of forest structure into a shrubland under
increasing heatwaves and drought is the most likely scenario [64,71]. Indeed, Mediter-
ranean plants have developed various morphological and physiological strategies to adapt
to drought [72], but the largest trees are frequently more sensitive and less resistant and
resilient to increases in aridity [72,73]. In line with our observations, Lloret et al. [74]
showed that shorter trees are more resistant and resilient to increases in drought than
taller trees. Tall shrubs such as Phillyrea sp., which are abundant in the Estate of Castel-
porziano, have been shown to have a higher capacity than trees to adapt and resist intensive
droughts [75,76] and have a higher capacity than sympatric trees to maintain their foliage
and concentrations of non-structural carbohydrates after droughts [76].

The inter-comparison between non-linear models fitted to monthly values of LAI for
each year of study and for each LCT is shown in Tables S4–S24. On the 21 fits performed
(i.e., 3 years for 7 LCTs), the Fourier function (Figure 3 and Table S3) was found to be the
best model (highest R2

adj and lowest RMSE) 12 times, although it produced some minor
biases (i.e., increase in LAI for “other broadleaves” and “Corks” at the end of the year).

A general change in phenology was observed, in 2020 compared to 2014, with an
anticipated peak in LAI that shifted from June to July in 2014 to May to June 2020 (Figure 3).
This is in line with previous findings showing that key Mediterranean species such as
Quercus ilex display a longer period of growth by approximately 10 days by advancing
the onset of spring by winter warming, with an early cessation of growth in spring and
summer [77].
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Figure 3. Intercomparison of the three years of study for each of the six Land Cover Types (Deciduous
oaks, Mediterranean maquis, Other broadleaves, Corks, Low shrubs, Pine forest, Holm oak forest)
used in this study. LAI (leaf area/ground area, m2 m−2), Net Primary Productivity (NPP, kg of
CO2 y−1), deposition of ozone (kg O3 y−1 ), particulate matter (kg PM2.5 y−1 and kg PM10 y−1),
Nitrogen dioxide (kg NO2 y−1), Sulphur dioxide (kg SO2 y−1) and Carbon monoxide (kg CO y−1)
estimated by the AIRTREE model are shown in the bar charts. Values represents cumulated values of
uptake and deposition of pollutants for each LCT.

Satellite LAI values used in this study were compared with field measurements with
an overestimation of 20% considering all LCTs (Figure 4). Deciduous broadleaves and
Holm oak forests showed the highest LAI values (4.12 and 4.41, respectively; statistics are
shown in Table S2), in accordance with what was previously found for Deciduous oaks
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stands [78]. We measured lower LAI values for Pine forests and Mediterranean maquis
(2.08 and 3.85, respectively), in line with previous findings [79,80].

 

Figure 4. Correlation between ground-level measurement and satellite-level values of LAI (m2 m−2);
different colors represent different LCT sampled inside the Estate. The circles indicate field measure-
ments carried out with LAI-2200C Plant Canopy Analyzer; triangles indicate field measurements
carried out with hemispherical photography (HP).

3.2. Sequestration of Carbon Dioxide

Total yearly estimates of Net Primary Productivity (NPP) indicate that the Estate
sequestrated 0.0981, 0.0675 and 0.0648 mt CO2 y−1 for the years 2014, 2019 and 2020,
respectively (Figures 2 and S8). In particular, Deciduous Oaks, Pine forests and Holm
oak forests were the LCTs that contributed most: Deciduous Oaks contributed up to 53%
(0.052 mt y−1), Pine forest up to 22% (0.019 mt y−1) and Holm oak forests up to 12%
(0.01 mt y−1) (Figure S9). The contribution to total carbon uptake by the other ecosystems
(Other broadleaves 5%, corks 4%, Mediterranean maquis 9% and low shrubs <1%) was
below 20%.

Compared to 2014, the Estate showed a decrease in productivity by 31.6% and 34.3%
in 2019 and 2020, respectively (Figures 5a and S10). Between 2019 and 2020, Deciduous Oak
and Mediterranean maquis and Low shrubs showed an increase in carbon uptake by 5.7%,
2.6% and 22.5%, respectively (in line with our previous statements about highest tolerance
to drought stress).

29



Forests 2022, 13, 689

 

Figure 5. Percent changes (%) in (a) NPP (kg CO2 y−1) and (b) PM10 deposition (kg PM y−1)
estimated by the AIRTREE model between 2014 and 2020. The vividness of the pixels (from dark
red to white) indicates the increased or decreased sequestration capacity of the Estate, while empty
(transparent) pixels represent non-natural LCT not considered in this study.

Considering that pollutants such as ozone have been found to reduce carbon assimila-
tion in the Holm oak forest up to 10% [14], we do not exclude a possible beneficial effect of
reducing atmospheric pollutants in 2020 due to lockdown status in the first part of the year.
Other LCTs instead, showed a decrease in carbon uptake up to 17%, and such decrease can
be highly appreciated by comparing 2014 and 2020 (Figure S9).

We explain such behavior considering the different temperature recorded during
the warm seasons in these two dry years. Otherwise, in 2019, the average temperature
during summer was higher than in 2020 (Figure S2), and accordingly, the high vapor
pressure deficit may have caused stomatal closure and reduced photosynthesis, as previ-
ously discussed in Conte et al. [30]. Looking at single LCT, the data show (Table 1) that
broadleaf species and Holm oaks are the ecosystems with the higher NPP, with values up to
2.46 kg CO2 m2 y−1 in the wet year (2014), with abrupt decreases in productivity in the dry
years. These model results, especially for Holm oak, are in line with data measured with
Eddy Covariance at the ICOS Holm oak It-Cp2 site at the Estate (data not shown). Like
Italy, warmer and drier conditions linked to increases in Atlantic multidecadal oscillations
are associated with the increase in post-1990 defoliation in the forests of Spain [81]. Our
results are in agreement with previous studies that have clearly indicated that the decreases
such as dieback, defoliation and lower growth in Mediterranean oaks (Quercus spp.) and
pines (Pinus spp.) in southern Europe are mainly due to more frequent drought, often
interacting with higher temperatures (higher water demand) and pathogenic attack [82–86].
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Such a cumulative effect of stressors has been associated with pathogen infestations in
Mediterranean forests [86–89].

Table 1. Mean annual estimate and standard deviation of Carbon uptake (NPP), Ozone (O3 flux),
Particulate matter fluxes (PM10 and PM2.5), fluxes of Nitrogen dioxide (NO2), Sulphur dioxide
(SO2) and Carbon monoxide (CO) for the three years of study (2014, 2019 and 2020), for each LCT
are reported.

LCT Year
NPP O3 Flux PM10 Flux PM2.5 Flux NO2 Flux SO2 Flux CO Flux

(Kg CO2 m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1) (g m2 y−1)

Low shrubs
2014 1.53 ± 0.44 2.52 ± 0.30 5.78 ± 0.27 0.36 ± 0.02 1.60 ± 0.24 0.08 ± 0.013 0.005 ± 0.0003
2019 0.74 ± 0.26 2.22 ± 0.07 3.26 ± 0.40 0.23 ± 0.06 1.22 ± 0.02 0.03 ± 0.003 0.005 ± 0.0003
2020 0.94 ± 0.09 1.65 ± 0.12 3.97 ± 0.64 0.25 ± 0.04 0.84 ± 0.05 0.02 ± 0.003 0.004 ± 0.0002

Other
broadleaves

2014 2.46 ± 0.31 3.23 ± 0.19 6.69 ± 0.58 0.42 ± 0.04 1.79 ± 0.11 0.10 ± 0.006 0.006 ± 0.0002
2019 2.10 ± 0.38 3.14 ± 0.13 4.72 ± 0.59 0.34 ± 0.04 1.60 ± 0.05 0.04 ± 0.003 0.006 ± 0.0002
2020 1.81 ± 0.20 2.32 ± 0.12 4.63 ± 0.61 0.29 ± 0.04 1.05 ± 0.04 0.03 ± 0.002 0.004 ± 0.0001

Holm oak forest
2014 2.45 ± 0.43 3.17 ± 0.32 6.35 ± 0.96 0.40 ± 0.06 1.69 ± 0.18 0.09 ± 0.012 0.005 ± 0.0002
2019 1.91 ± 0.54 2.91 ± 0.32 4.27 ± 0.80 0.31 ± 0.07 1.41 ± 0.11 0.04 ± 0.005 0.005 ± 0.0002
2020 1.75 ± 0.38 2.11 ± 0.30 4.28 ± 0.83 0.27 ± 0.05 0.95 ± 0.11 0.03 ± 0.005 0.004 ± 0.0002

Mediterranean
maquis

2014 1.86 ± 0.65 2.74 ± 0.34 5.61 ± 1.72 0.35 ± 0.11 1.66 ± 0.21 0.08 ± 0.015 0.005 ± 0.0003
2019 1.32 ± 0.57 2.56 ± 0.26 3.57 ± 1.31 0.26 ± 0.09 1.38 ± 0.10 0.03 ± 0.005 0.005 ± 0.0003
2020 1.43 ± 0.36 1.95 ± 0.17 3.78 ± 1.20 0.23 ± 0.07 0.96 ± 0.07 0.03 ± 0.004 0.004 ± 0.0002

Pine forest
2014 2.09 ± 0.38 5.62 ± 0.35 15.78 ± 2.72 1.56 ± 0.27 3.42 ± 0.20 0.14 ± 0.016 0.008 ± 0.0001
2019 1.69 ± 0.49 5.43 ± 0.43 10.89 ± 2.45 1.20 ± 0.27 2.96 ± 0.15 0.06 ± 0.008 0.008 ± 0.0001
2020 1.54 ± 0.39 4.02 ± 0.41 9.52 ± 2.35 0.96 ± 0.24 2.03 ± 0.16 0.04 ± 0.008 0.006 ± 0.0001

Deciduous oaks
2014 2.36 ± 0.61 3.20 ± 0.42 5.95 ± 0.90 0.38 ± 0.06 1.83 ± 0.22 0.09 ± 0.014 0.006 ± 0.0002
2019 1.43 ± 0.68 2.92 ± 0.26 4.21 ± 0.84 0.30 ± 0.06 1.55 ± 0.08 0.03 ± 0.005 0.006 ± 0.0002
2020 1.55 ± 0.36 2.21 ± 0.23 4.05 ± 0.79 0.26 ± 0.05 1.03 ± 0.07 0.03 ± 0.005 0.004 ± 0.0002

Corks
2014 2.03 ± 0.50 2.66 ± 0.30 6.60 ± 1.41 0.45 ± 0.10 1.47 ± 0.17 0.08 ± 0.012 0.005 ± 0.0004
2019 1.52 ± 0.32 2.42 ± 0.25 4.33 ± 0.82 0.31 ± 0.07 1.21 ± 0.10 0.03 ± 0.004 0.005 ± 0.0004
2020 1.41 ± 0.37 1.70 ± 0.28 4.48 ± 0.81 0.31 ± 0.06 0.81 ± 0.11 0.02 ± 0.005 0.003 ± 0.0003

3.3. Sequestration of Pollutants

Total yearly estimates of ozone deposition (O3) indicate that the Estate sequestrated
159, 145 and 103 t O3 y−1 for the years 2014, 2019 and 2020, respectively (Figures 2 and S8).
Deciduous Oaks, Pine forests and Holm oak forests were the LCTs that contributed most.
Deciduous Oaks contributed up to 46% to total ozone deposition (70 t y−1) and Pine forest
up to 33% (51 t y−1). The contribution to total ozone deposition by the other ecosystems
(Holm oak forest up to 9%, Mediterranean maquis up to 7%, Other broadleaves up to
3%, corks up to 4% and low shrubs <1%) is below 25% (Figures S11 and S12). The mod-
elled ozone deposition on Holm oak agrees with our previous measured with the Eddy
Covariance carried out in 2013 and 2014 [43].

Compared to 2014, the Estate showed a decrease in ozone deposition by 8.8% and
35.2% in 2019 and 2020, respectively. In particular, Pine forest, Deciduous oaks, Other
broadleaves and Corks showed a decrease in ozone uptake by 32.7%, 25.2%, 29.4% and
35.3%, respectively. Such a decrease in deposition (Figure 3), in part due to the loss
of canopy cover and in part due to physiological limitations as demonstrated by NPP
decreases (Table 1), suggests that land use changes and environmental stressors heavily
compromise the capacity of the Estate and, in general, Mediterranean peri-urban forests.
We must point out, however, that most of the decreases in 2020 compared with 2014 are
due to a strong reduction in atmospheric ozone concentration due to the lockdown status
in the first part of the year. Nevertheless, ozone concentrations were similar between 2014
and 2019, highlighting evidence of stomatal limitation to ozone deposition in the dry year
as stressed in our previous work [26,90].

Total yearly estimates of particulate matter (PM) indicate that the Estate sequestrated
357, 241 and 215 t PM10 y−1 and 27, 21, and16 t PM2.5 y−1 for the years 2014, 2019 and
2020, respectively (Figures S8 and S13a,b). Deciduous oaks and Pine forests were the LCTs
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that contributed equally to PM10 deposition (up to 41% Pine forest in 2014 and Deciduous
oaks in 2020, Figure S13), while a higher contribution (up to 52%) of Pine forest was found
for PM2.5 (Figure S13). The contribution to total PM deposition by the other ecosystems is
below 25% (Other broadleaves up to 3%, Corks up to 4%, Mediterranean maquis up to 6%,
Holm oak forest 8% and low shrubs <1%) (Figure S13).

Compared to 2014, the Estate showed a decrease in PM10 deposition by 32.5% in 2019
and 39.6% in 2020 (Figure 5b), while there was a decrease in PM2.5 deposition of 25% in
2019 and 40% in 2020. Between 2019 and 2020, a decrease of 10.5% and 19.9% was observed
for PM10 and PM2.5, respectively. In particular, the Pine forest showed a reduction of 19.8%
and 26% for PM10 and PM2.5 in 2020, respectively (Figures 2, S14 and S15). The same
conclusions drawn for ozone work here, with a significant reduction in PM emissions
during the lockdown in 2020 (Figure S2). To note, several hectares (0.7 km2 in 2017 and
2022) of forests have been cut in 2017 and 2020 (and another 1 km2 is going to be cut in
the near future) probably due to a strong infection of Tomicus destruens and Toumayella
parvicornis on Pinus pinea stands, as visible in the white pixels in Figure S13. Moreover, as
shown in Table 1 (and also found elsewhere by Fares et al. [10]), individual performances
in PM removal are higher in Pine forests; therefore, a loss of these forest stands represents a
major loss in RES provision. This loss is particularly relevant for cities such as Rome, where
Pinus pinea is a key tree of the urban landscape.

Concerning Nitrogen Dioxide (NO2), we found values of 92, 76 and 49 t NO2 y−1

sequestration for the years 2014, 2019 and 2020, respectively (Figures 2 and S8). Deciduous
Oaks removed up to 45%, and Pine forests removed up to 34%. Mediterranean maquis and
holm oak forest contribution to total fluxes were constant (up to 8%) in the three years of
study (Figure S16). The contribution to total NO2 deposition by the other ecosystems (Other
broadleaves up to 3%, Corks up to 4% and Low shrubs < 1%) was below 10% (Figure S16).
Compared to 2014, the Estate showed a decrease in NO2 deposition of 17% and 46.8% in
2019 and 2020, respectively. In particular, the highest decreases in NO2 deposition were
observed for Holm oak forest (up to 36.2%) and Corks (up to 38%), Pine forest (37.9%) and
Other broadleaves (36.9%). Similar to ozone, the same conclusions can be drawn for NO2,
since 2020 recorded much lower emissions due to lockdown status (Figures S2 and S17).

As a minor entity, the Estate sequestrated other pollutants such as sulfur dioxide (SO2)
and carbon monoxide (CO). In agreement with the removal dynamics observed for the
other pollutants, a strong decrease was observed, with values decreasing from 4.4 to 1.6
and 1.26 t SO2 y−1 and from 0.26 to 0.25 and 0.18 t CO y−1 for the years 2014, 2019 and
2020, respectively (Figure 3).

4. Conclusions

The Mediterranean Basin is a global hotspot of biological diversity and the most
diverse biome in Europe. However, biotic and abiotic stressors can compromise survival of
native ecosystems, especially in highly urbanized contexts. This motivated us to investigate
which environmental factors affect Mediterranean forests’ health status and whether natural
and anthropogenic stressors can have an impact on RES. Our study is the result of the
integration of remote sensing products with a mechanistic modelling approach to estimate
plant functionality and stress response. Despite previous results showing that an increase
in forest cover by 2% has been observed between 2010 and 2015 in the Mediterranean
region [91], we highlight that in response to climatic changes, pollution and biotic stresses,
not only the extensiveness of peri-urban forests can be reduced (we described a loss of
canopy cover by 7% and of LAI up to 20% between 2014 and 2020) but also their capacity
to deliver RES. Our results also warn that future forest composition may be altered with an
increase in Mediterranean shrubs in place of forests stands populated by pines and oaks.

The obtained results can have important implications for future forest management,
and to raise awareness on the high ecological and economic value of RES. In this context,
the quantitative estimates of RES may play a key role in supporting decision makers
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and management planners to evaluate possible future impacts of different practices or
environmental policies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13050689/s1, Figure S1: Soil classification for the Castelporziano
natural reserve derived from the Harmonized World Soil Database viewer (HWSD v.1.2) is reported.
Figure S2: Meteorological inter-comparison between the three years of study seasonal values of
mean temperatures, and cumulated precipitation (top left and top right, respectively) are shown
together with average concentrations of PM, NO2, SO2 and CO. Figure S3: Spatial association of
meteorological stations to homogeneous portions of the natural reserve. Yellow dots indicate the
position of each one of the meteorological stations. Climatic conditions of the portions of the Estate
(red shapes) were associated to each meteorological station. Figure S4: Superimposed maps of
vegetation (colored shapes) to LAI (black and white pixels). Colored shapes represent homogeneous
groups of vegetation (LCTs). Figure S5: Castelporziano map, showing the sampling points chosen
randomly using QGis. Figure S6: Average values of LAI for the entire Estate of Castelporziano are
reported for each of the three years of study (top). Relative contribution to overall LAI by each
LCT is shown in pie charts (bottom), for 2014, 2019, and 2020, respectively. Figure S7: Bar plot
showing the percent change of canopy cover values from satellite data between 2014 and 2019, in
blue, and 2020 in yellow. Figure S8: Total estimates of LAI, NPP, and pollutants deposition for the
whole Estate in the three years of study. Figure S9: Cumulated values of NPP for the entire Estate
of Castelporziano are reported for each of the three years of study (top). Figure S10: Superimposed
maps of vegetation (colored shapes) to NPP (black and white pixels). Figure S11: Superimposed
maps of vegetation (colored shapes) to O3 fluxes (black and white pixels). Figure S12: Cumulated
values of O3 deposition for the entire Estate of Castelporziano are reported for each of the three years
of study (top). Figure S13: Superimposed maps of vegetation (colored shapes) to PM10 (left) and
PM2.5 (right) deposition on canopies (black and white pixels). Figure S14: Cumulated values of PM10
deposition for the entire Estate of Castelporziano are reported for each of the three years of study (top).
Figure S15: Cumulated values of PM2.5 deposition for the entire Estate of Castelporziano are reported
for each of the three years of study (top). Figure S16: Cumulated values of NO2 deposition for the
entire Estate of Castelporziano are reported for each of the three years of study (top). Figure S17:
Superimposed maps of vegetation (colored shapes) to NO2 deposition on canopies (black and white
pixels). Table S1: For each LCT, the corresponding association is reported. For each association,
average ecophysiological parameters (e.g. Vcmax and ozone tolerance) of the dominant species are
used as model input to characterize the LCT ideal tree-type. Table S2: LAI, (m2m-2) measured for the
different LCTs in Castelporziano Estate. Table S3: Coefficient of the Fourier model used in this study
to simulate LAI at each model time-step. For each LCT, yearly coefficient that best (lowest RMSE) fit
LAI measured by satellite data are shown. Table S4: Intercomparison between nonlinear models used
to fit the day of the year (doy) and LAI of Corks for the year 2014. Table S5: Intercomparison between
nonlinear models used to fit the day of the year (doy) and LAI of Other Broadleaves for the year 2014.
Table S6: Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of
Deciduous Oaks for the year 2014. Table S7: Intercomparison between nonlinear models used to fit
the day of the year (doy) and LAI of Holm oak forest for the year 2014. Table S8: Intercomparison
between nonlinear models used to fit the day of the year (doy) and LAI of Mediterranean maquis
for the year 2014. Table S9: Intercomparison between nonlinear models used to fit the day of the
year (doy) and LAI of Pine forest for the year 2014. Table S10: Intercomparison between nonlinear
models used to fit the day of the year (doy) and LAI of Low shrubs for the year 2014. Table S11:
Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of Other
broadleaves for the year 2019. Table S12: Intercomparison between nonlinear models used to fit
the day of the year (doy) and LAI of Corks for the year 2019. Table S13: Intercomparison between
nonlinear models used to fit the day of the year (doy) and LAI of Deciduous oaks for the year 2019.
Table S14: Intercomparison between nonlinear models used to fit the day of the year (doy) and
LAI of Holm oak forest for the year 2019. Table S15: Intercomparison between nonlinear models
used to fit the day of the year (doy) and LAI of Mediterranean maquis for the year 2019. Table S16:
Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of Pine
forest for the year 2019. Table S17: Intercomparison between nonlinear models used to fit the day
of the year (doy) and LAI of Low shrubs for the year 2019. Table S18: Intercomparison between
nonlinear models used to fit the day of the year (doy) and LAI of Other broadleaves for the year
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2020. Table S19: Intercomparison between nonlinear models used to fit the day of the year (doy) and
LAI of Corks for the year 2020. Table S20: Intercomparison between nonlinear models used to fit
the day of the year (doy) and LAI of Deciduous oaks for the year 2020. Table S21: Intercomparison
between nonlinear models used to fit the day of the year (doy) and LAI of Holm oak forest for the
year 2020. Table S22: Intercomparison between nonlinear models used to fit the day of the year (doy)
and LAI of Mediterranean maquis for the year 2020. Table S23: Intercomparison between nonlinear
models used to fit the day of the year (doy) and LAI of Pine forest for the year 2020. Table S24:
Intercomparison between nonlinear models used to fit the day of the year (doy) and LAI of Low
shrubs for the year 2020.
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Abstract: Forest health and multifunctionality are threatened by global challenges such as climate
change. Forest health is currently assessed within the pan-European ICP Forests (International Co-
operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests) programme
through the evaluation of tree crown conditions (defoliation). This paper analyses the results of a
24-year assessment carried out in Italy on 253 permanent plots distributed across the whole forested
area. The results evidenced a substantial stability of crown conditions at the national level, according
to the usual defoliation thresholds Defoliation > 25% and Defoliation > 60%, albeit with species-
specific patterns. Within this apparent temporal stability, an increased fraction of extremely defoliated
and dead trees was observed. Extreme defoliation mostly occurred in years with severe summer
drought, whereas mortality was higher in the years after the drought. The results for singular species
evidenced critical conditions for Castanea sativa Mill. and Pinus species, whereas Quercus species
showed a progressive decrease in defoliation. Deciduous species, such as Fagus sylvatica L., Ostrya
carpinifolia Scop. and Quercus pubescens Willd. suffer the loss of leaves in dry years as a strategy to
limit water loss by transpiration but recover their crown in the following years. The recurrence of
extreme heat waves and drought from the beginning of the XXI century may increase the vulnerability
of forests, and increased tree mortality can be expected in the future.

Keywords: crown conditions; delayed mortality; heat and drought waves; long-term monitoring;
ICP Forests; crown recovery

1. Introduction

Crown defoliation is the most widespread parameter to assess the health and vitality
of forest trees in worldwide monitoring programmes [1]. Defoliation is an unspecific
parameter, integrating the intrinsic genetic variability of trees, site effects (soil fertility,
climatic features, structure and composition of the forest stand) and external factors such
as abiotic and biotic stresses [2,3]. The real significance of defoliation and its consequences
on physiological functioning and growth, however, is not clear, although several studies
have addressed this issue, often reaching contrasting results [4–8]. Defoliation is not
necessarily equivalent to physiological damage and can be considered indicative of the
dynamic equilibrium of a tree in its own environment, and we assume that the physiological
responses may depend not only on the levels of defoliation itself, but also on year-by-year
differences and species-specific strategies to cope with stress. The levels and fluctuation of
tree defoliation at European levels are published and commented yearly in the ICP Forests
Reports [9].
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In recent years, attention was devoted to increased tree mortality at the world level,
as a complex phenomenon connected to climate change [10,11]. Tree mortality is an es-
sential ecological function that regulates the demographic processes within populations
and communities [12,13]. In non-disturbed conditions, tree mortality is a consequence of
competition processes and ageing, while occasional forest disturbances, such as fire, wind-
storms and droughts, and their combination can promote large-scale tree mortality [14].
Tree mortality induces dynamic changes in the structure and composition of forest stands,
allowing the maintenance of the diversity and efficiency of forests and assuring in the long
period their multifunctionality and provision of ecosystem services.

Climate change is expected to increase the rate of tree mortality and canopy dieback
through the recurrence of catastrophic events (extreme heat and drought waves, wind-
storms, etc.) that weaken trees, making them vulnerable to the attacks of pests or fungal
diseases that often represent the ultimate cause of tree death [15,16]. Widespread crown
defoliation and mortality affect ecosystem functions and services at different levels: pro-
visioning (loss of forest products), regulating (climate and water regulation) and cultural
services (changes in landscape features and perception), as well as a loss of biodiversity
and change in specific composition in the understorey and at the soil level.

Mitigation and recovery strategies require measures of proactive silviculture, includ-
ing a controlled substitution of species according to the principles of assisted migration [17].
In this perspective, it is necessary to know the incidence over time of tree mortality. Tree
mortality is assessed with remote sensing and terrestrial surveys, namely national forest
inventories and the European transnational monitoring network ICP Forests [11]. Open
questions concern the definition of tree mortality, which includes standing dead trees as
well uprooted and fallen individuals, but sometimes also trees removed for phytosanitary
purposes or planned forest interventions, according to the current definition adopted in
the ICP Forests monitoring programme. Conifer trees with all dry leaves can be considered
dead, but in many broadleaved species, death is not always a univocal event. Deciduous
species may wilt and shed their leaves as a strategy to avoid summer drought, and then
later restore their photosynthetic apparatus [18], whereas in other cases they can resprout
by dormant buds [19], thus replacing the dead canopy. Another question concerns the
temporal repetition of the investigation. Surveys carried out at pluriannual intervals, such
as forest inventories, may underestimate the mortality that occurred during the interval
between surveys. Yearly surveys on a common sample of trees [20] allow not only the
detection of the actual annual rate of tree mortality, but also knowledge of the conditions
of trees before death, the causes, as well the possible recovery of partial or completely
defoliated (but not dead) trees.

Italian forests have great ecological and climatic variability, including Mediterranean,
temperate and alpine regions, each of them with different specific compositions and differ-
ent sensitivities to climatic and pathological stress. Climate changes and the occurrence
of extreme events may have different characteristics in the various climatic and forest
regions, but some common traits have been recognised [21–24]. A progressive increase in
temperatures was registered in Italy from the 1980s. The overall precipitation on an annual
basis showed no significant trends, but the distribution changed with a decrease in the
rainy days and an increase in the intensity of precipitation for each rainy event. Moreover,
an increase in springtime aridity and the frequency of extreme climatic events were also
observed, including heat and drought waves and windstorms. In recent decades, the most
important events were the dry spells in 2003 [25], 2008–2010 [26], 2012 [27,28] and 2017 [29]
and the windstorm “Vaia” that affected the alpine regions in 2018 [30]. Many stress factors
and their interactions are therefore implied in defoliation and mortality. Defoliation, as
assessed in the ICP Forests pan-European programme, is considered a good predictor for
tree mortality by [31].

In this paper, we analyse the patterns of defoliation and mortality, and possible causes,
in Italian forests. We aimed to verify: (i) the background levels of tree mortality and
possible increasing mortality over the years; (ii) the relationships between defoliation and
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mortality; and (iii) the possible processes of recovery after extreme defoliation events or,
in other words, if extreme defoliation triggers an irreversible process leading to mortality.
Our goal is to verify the usefulness of long-term surveys for the management of forests
aimed at the maintenance of ecosystem services.

2. Materials and Methods

2.1. Dataset

The dataset refers to the Italian Level I network for crown condition assessment,
consisting of 253 plots distributed across the country, on a 15 × 18 km grid with a mean of
about 5000 trees each year, during the period 1997–2020. Standardised methods and com-
mon protocols were used for the field surveys [32–34]. Defoliation was evaluated according
to a proportion scale in 5% intervals (0 = no defoliation; 5; 10; 15 . . . 100% = dead tree) by
comparing the sampled trees with photographic standards of reference trees for the main
forest species (i.e., photoguide method [35,36]). Dead trees (standing, fallen and uprooted
trees) were no longer evaluated in the years following their death, so the values presented
here are the actual yearly mortality (the death that occurred in the year before the survey).
Yearly surveys were carried out during the summer months. Field crews were trained
before each yearly assessment for comparability and repeatability of the scores [37,38].

The whole sampled population includes more than 60 species, but 80% of trees fall
within 10 main tree species: 6 broadleaved (Fagus sylvatica L., Quercus pubescens Willd.,
Quercus cerris L., Castanea sativa Mill., Ostrya carpinifolia Scop., Quercus ilex L.) and 4 conifers
(Picea abies (L.) Karst., Larix decidua L., Pinus sylvestris L. and Pinus nigra Arn.). The mean
number of trees for each species is listed in Table 1.

Table 1. General data for the main tree species. N = Number of trees. Percent of defoliated trees beyond the following
thresholds: Def > 25% (moderate + severe), Def > 60% (severe), Def > 85% (extreme). Percent of dead trees (Def 100%).
Percentages of extreme defoliation and dead trees are also presented cumulatively (Def 85–100%). The ratio Dead/Extr
expresses the incidence of mortality in relation to extreme defoliation. The data are the mean per species over the period
1997–2020.

Species N Def > 25% Def > 60% Def > 85% Def 100% Def 85–100% Dead/Extr

Castanea sativa Mill. 475.08 61.36 12.98 3.52 1.08 4.60 0.31
Fagus sylvatica L. 1099.04 30.21 2.96 0.92 0.42 1.34 0.45

Ostrya carpinifolia Scop. 329.75 34.91 6.07 1.49 0.34 1.83 0.23
Quercus cerris L. 589.96 25.08 1.06 0.22 0.49 0.71 2.18
Quercus ilex L. 220.13 23.27 1.12 0.11 0.08 0.19 0.72

Quercus pubescens Willd. 718.88 51.82 5.08 0.98 0.46 1.44 0.47
Larix decidua L. 348.00 19.93 2.17 0.65 0.59 1.24 0.90

Picea abies (L.) Karst. 544.29 19.39 1.79 0.28 0.50 0.78 1.74
Pinus nigra Arn. 192.88 24.92 2.86 0.33 0.75 1.08 2.24

Pinus sylvestris L. 205.46 34.19 3.42 0.58 1.06 1.64 1.85

Fagus sylvatica and C. sativa are (more or less) evenly distributed in all the country,
whereas other species have a prevalent regional distribution: Q. cerris and Q. pubescens in
central and southern regions; O. carpinifolia in northern and central regions; and Quercus ilex
in the Mediterranean areas. Among conifers, Picea abies, Larix decidua and Pinus sylvestris
are concentrated in the northern, alpine regions (Figure S1), whereas the distribution of
P. nigra is irregular and depends on afforestation programs with the two subspecies P. nigra
subsp. nigra and P. nigra subsp. laricio.

2.2. Data Analysis

The analyses of defoliation data were carried out by considering the percent of liv-
ing trees beyond the following defoliation classes: Def ≤ 25% (no or light defoliation);
Def > 25% (moderate); Def > 60% (severe); Def > 85% (extreme). Dead trees (Def = 100%)
were considered in a separate class. The results are reported as temporal trends whose
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significances were calculated according to the Spearman coefficient of correlation (r). Levels
of significance (p) are reported for p < 0.05 (significant), p < 0.01 (very significant) and
p < 0.001 (highly significant). Ns = not significant.

3. Results and Discussion

3.1. Overall Results

The temporal patterns of defoliated and severely defoliated trees (Def > 25 and
Def > 60%, excluding dead trees) are not significant (Figure 1A), although the trees with
Def > 25% (33.6% average in the 1997–2020 period) show a slightly decreasing trend
(p < 0.1). The percent of trees with Def > 60% (4.06% average in the 1997–2020 period)
shows a peak in the year 2017 (6.31%), corresponding to the extreme drought and heat wave
occurring in this year in Italy [39–41]. There is a positive significant trend concerning the
increase in trees with extreme defoliation (Def > 85%) and mortality (Def 100%) (Figure 1B).
The average rate of extremely defoliated trees for the whole period was 0.96%, with a
peak of 2.06 in 2017; mortality (24-years average: 0.57%) increased in subsequent years
(2018: 1.05%; 2019: 1.07%), peaking in 2020 (1.21%). Secondary peaks of mortality in the
years 2009–2010 occurred after the heat and drought events in 2008 [26]. No significant
correlations were found between crown defoliation (for any defoliation threshold) and
mortality during the same year, but there was a highly significant correlation (r = 0.67,
p > 0.001) between mortality and the rate of extremely defoliated (but not dead) trees the
year before (Figure 2).

Figure 1. Defoliation and mortality trends (correlation between year and defoliation) over the
1997–2020 period (all species pooled). (A) Annual rate of trees with defoliation >25%, and trees with
defoliation >60. (B) Annual rate of extremely defoliated trees, with defoliation >85%, and dead trees.
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Figure 2. Correlation between the percent of the dead trees assessed during a yearly survey (year n)
and percent of extremely defoliated trees the year before (year n − 1). All species pooled.

The average levels of mortality are comparable with those reported in the literature.
Bertini et al. [42] found, in Italian NFI (National Forest Inventories), that mortality rates
by number of trees and by volume (m3 ha−1 y−1) amounted on average to 1.35% and
0.51%, respectively. Neumann et al. [43], analysing the data from the ICP Forests Level I
network, found that the mean yearly mortality rate over Europe for the period 2000–2012
was 0.50% with differences among eco-regions, ranging from 0.31% in Central-Western
Europe to 1.39% in South-Western Europe. In Switzerland, Etzold et al. [44] analysed over
one century of data from forest inventories and found that the long-term average annual
mortality rate was 1.5%, with differences between species, tree size and ecoregions, with
no significant trends to increase in mortality except for Pinus sylvestris L. at low elevations.

Recurrent drought and heat waves are responsible for widespread tree mortality
across biomes and climatic regions in the world [15,45,46]. Senf et al. [47], analysing high-
resolution annual satellite-based canopy mortality maps across continental Europe from
1987 to 2016, observed that forest mortality was significantly related to drought, and con-
cluded that, overall, drought caused approximately 500,000 ha of excess forest mortality in
the same period. Regional impacts leading to crown dieback and mortality were described
both for Mediterranean Europe [40,48,49] and Central European countries [50,51]. Delayed
tree mortality, as observed in our study, is a phenomenon described in relation to fire
and drought impacts [52,53], and it is supposed to be related to carbon starvation as a
consequence of the altered pattern on carbon allocation [54].

The conditions of trees in the years before their death can be assessed on the ICP Forests
network. The levels of defoliation of trees in the 3 years before death are shown in Figure 3.
Two groups of trees are recognisable: one group (A) shows low defoliation until a sudden
death; the second group’s (B) levels of defoliation increase progressively. These behaviours
can be connected to two distinct mortality patterns: death may be a consequence of specific
sudden disturbances (for example, insect attacks, windstorms, etc.) on low-defoliated
trees in group A or, alternatively, it may indicate a progressive decline until death (high
defoliation before death) in group B. Trees with extreme defoliation (Def. > 85%) died in
38% of cases after one year and 70% after four years (Figure 4). However, a portion of
trees (4 and 17%) showed light (<30%) and moderate (<65%) defoliation, respectively, after
4 years.
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Figure 3. Levels of defoliation of the trees in the three years before a tree death (n = death year; n − 1,
n − 2, n − 3 =, respectively, 1, 2, 3 years before death). One group (A) shows low defoliation until a
sudden death; the second group’s (B) levels of defoliation increase progressively.

Figure 4. Defoliation rates in the four years after extreme defoliation occurred (Y + 1, . . . .. Y + 4),
according to the usual defoliation classes (0–25%: not or slightly defoliated; 25–60%: moderately
defoliated; 60–85%: severely defoliated; 85–100%: extremely defoliated; 100%: dead).

3.2. Results Per Species

The distribution of tree species reflects the different climatic and ecological regions
(alpine, temperate, Mediterranean); therefore, defoliation (level and trend) can vary in
relation to the intensity of impacts and sensitivity of different species. The levels of
defoliation and mortality averaged for the whole assessment period (1997–2020) are shown
in Table 1. The patterns of defoliation, i.e., the significance of the trends over the assessment
period (1997–2020), are reported in Table 2. The pattern of each species is reported in detail
in Supplementary Materials Figure S2.
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Table 2. Trends (correlation with year) of tree defoliation and death over the period 1997–2020 (see explication in Table 1).

Species Def > 25% Def > 60% Def > 85% Def 100% 85 + 100%

Castanea sativa 0.829 *** 0.820 *** 0.733 *** 0.577 ** 0.751 ***
Fagus sylvatica −0.178 ns 0.196 ns 0.314 ns 0.250 ns 0.389 (*)

Ostrya carpinifolia 0.208 ns −0.101 ns −0.136 ns 0.422 * 0.043 ns
Quercus cerris –0.497 * 0.299 ns 0.310 ns −0.036 ns 0.055 ns
Quercus ilex −0.680 *** −0.494 * −0.066 ns −0.094 ns −0.093 ns

Quercus pubescens −0.729 *** −0.468 * 0.366 (*) −0.029 ns 0.311 ns
Larix decidua 0.208 ns −0.101 ns −0.136 ns 0.422 * 0.043 ns

Picea abies 0.240 ns 0.439 * 0.308 ns 0.584 ** 0.722 ***
Pinus nigra −0.090 ns −0.499 * 0.208 ns 0.469 * 0.519 **

Pinus sylvestris 0.417 * 0.524 ** 0.224 ns 0.202 ns 0.305 ns

The coefficients of correlation r (Pearson) and p level are shown. * = p < 0.05 (significant); ** = p < 0.01 (very significant); *** = p < 0.001
(highly significant); (*) = p < 0.1 (not significant but indicative of a trend). Ns = not significant.

Among broadleaves, C. sativa is the most defoliated species for any considered thresh-
old, as well that with the highest mortality rates (1.08% per year). The trends are signifi-
cantly positive (p < 0.001) for each threshold and mortality. High defoliation and mortality
rates on C. sativa are connected to the phytopathologies affecting this species, including the
attack of the Asian wasp Dryocosmus kuriphilus Yasumatsu in recent years [55]. In C. sativa,
the ratio between dead and extremely defoliated trees is quite low.

Oak species show different defoliation levels. Q. pubescens shows high defoliation
at the Def > 25% and Def > 60% threshold, whereas Q. cerris has low defoliation but
high mortality. The ratio between dead and extremely defoliated trees is high for Q. cerris,
indicating that trees with low defoliation levels are also susceptible to death. This behaviour
can be related to the so-called “oak decline”, a complex phenomenon triggered by drought
and fungal infection both in Central and Southern Europe [56] and also described in
Italy [57,58]. Low levels of defoliation and mortality have been detected on Q. ilex. All the
three Mediterranean oak species, both deciduous (Q. pubescens and Q. cerris) and evergreen
(Q. ilex), show a negative significant pattern, with decreasing defoliation over time for the
thresholds Def > 25% (all oak species) and Def > 60% (Q. pubescens and Q. ilex).

Fagus sylvatica, the most widespread tree species, shows no significant trends for defo-
liation levels and mortality. Ostrya carpinifolia shows high values of defoliation (especially
for the Def > 60% and Def > 85% thresholds) but low levels of mortality. In this latter
species, the ratio between dead and extremely defoliated trees is very low (0.23). Ostrya
carpinifolia, a shallow-rooted species living on steep slopes, sheds its leaves in the driest
months of the year as a strategy to withstand drought. This behaviour was described on
O. carpinifolia by Pollastrini et al. [6] in the forests of Central Italy.

The early loss of leaves was strongly accentuated during the 2017 summer drought,
when in O. carpinifolia Def > 60% reached the peak of 10.8% and extreme defoliation reached
the peak of 3%. Fagus sylvatica and Q. pubescens increased their levels of severe and extreme
defoliation in 2017 (Def > 60%: 7.8% for F. sylvatica and 8.9% for Q. pubescens; extreme
defoliation: 3.6% for F. sylvatica and 3.4% for Q. pubescens, respectively), with low values of
the ratios between dead and extremely defoliated trees. These species recovered partially
in the subsequent years (Figure S2).

Among conifers, P. sylvestris shows the highest levels of defoliation and mortality, with
significant trends over time. The condition of this species reflects its decline in the regions at
the southern slopes of the Alps [59–61]. As dry conditions increase, P. sylvestris tends to be
replaced by Q. pubescens [62]. Pinus nigra has the highest ratio between dead and extremely
defoliated trees, indicating mortality not connected to defoliation. This behaviour may
be connected to the ageing and decline of past afforestation programmes [63]. Alpine
conifers (P. abies and L. decidua) have low defoliation levels (Def > 25%). In P. abies, there is
a significant trend to increasing defoliation (Def > 60%) and mortality, with a high ratio
between dead and extremely defoliated trees, probably in relation to frequent biotic [64]
and abiotic disturbances (windstorms [30]) causing relevant damage to conifer forests.
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3.3. What Have We Learned?

The general conditions of the forests in Italy appear quite stable at the national level
across time, despite the recurrent disturbances and extreme climatic events. This apparent
stability, however, is the result of different and contrasting species- and site-specific patterns
and behaviours, leading to the overall homeostatic capacity of the forests. Whereas some
species, such as C. sativa and P. sylvestris, showed a sharp decline, the conditions of the
most important species (F. sylvatica, Q. cerris, Q. pubescens) are stable or even improving
according to the usual descriptors of tree health. This stability, however, is threatened by
the drought events that in recent years induced an increase in defoliation.

Despite this apparent stability, an increasing fraction of extremely defoliated (Def > 85%)
and dead trees is recognisable. Extreme defoliation and mortality are scattered events that
may interest singular trees or groups of trees in response to a progressive decline or to
sudden stress factors, on ecologically fragile sites and critical tree species. Such situations
can expand as a consequence of recurring extreme climate events or new exotic invasive
pests. Besides the case of C. sativa, the most critical conditions are those affecting the
pinewoods (the mountain pines, P. sylvestris and P. nigra in this paper) and the Alpine
conifers (P. abies).

The highest levels of mortality were recorded in the 2018–2020 period, i.e., delayed
with respect to the year of the drought event (2017). Delayed mortality may be a conse-
quence of the depletion of the reserves of carbon (NSC, non-structural carbohydrates),
which reduces the ability of plants to cope with environmental conditions [65,66]. The
restoration of carbon reserves may take several years [67], during which trees are vulnera-
ble and potentially sensitive to additional stress factors in the near future. The increasing
frequency of recurrent drought events [68–71] can trigger irreversible processes of for-
est decline that, although still localised, can involve an increasing fraction of trees. It is
noticeable that in the last year of observation, 2020, the recovery is still partial for many
species (Figure S2). Therefore, it is plausible to hypothesise increasing tree mortality in the
following years.

It is noticeable that no anomalies in tree mortality were observed after the extremely
dry summer in 2003, but mortality increased after the following events of 2008 and, espe-
cially, 2017. A singular event of extreme drought, therefore, may not be sufficient to trigger
high tree mortality. Magno et al. [39] report that the 2017 event lasted several months,
from November 2016 to October 2017. Moreover, the period of recurrence of drought
events (each 4–5 years from the beginning of the century [39]) may be too short to allow
the complete physiological recovery of the trees.

4. Conclusions

This 24-year study indicates that the increasing risks for the efficiency of forests can
be represented by the rate of dead and extremely defoliated trees, whereas defoliation at
the thresholds of Def > 25% or Def > 60% can reflect the acclimatisation of trees to the
environmental conditions (including the presence of pests). In this view, the lowering
levels of defoliation of xeric Mediterranean oak (both deciduous and evergreen) species
may also be indicative of progressive acclimation. The current levels of mortality are not far
from the background ones as reported from previous studies [42], but their increasing trend
suggests more risks in the future. It is therefore necessary to continue and to improve the
current monitoring programmes, enhancing their informative potential with the definition
and application of more specific physiological indicators [72–74].

Open questions concern the assessment of relevant but localised events such as the
impact of the extreme drought on Q. ilex and Mediterranean vegetation in Southern Tuscany
in 2017 [40], and the assessment of the potential upcoming risks from alien invasive pests.
Future studies require a comprehensive analysis of the environmental conditions that can
increase the risks for forests, as well an approach that combines the current field-routine
surveys with remote sensing and activities based on citizen science.
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mixed), Figure S2: Patterns of defoliation of individual forest species.
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Abstract: To explore the temporal and spatial evolution of carbon sinks in state-owned forest regions
(SOFRs) and the efficiency of increased carbon sinks, this study used panel data from 19 periods in
40 key SOFRs in Heilongjiang Province from 2001 to 2019. Additionally, combined with geographic
information system (GIS) and remote sensing (RS) technology, the individual fixed-effect model was
used to estimate the number of forest management investment (FMI) lagging periods, and the panel
threshold model was used to investigate the differences in the FMI efficiency in various forest regions.
From 2001 to 2019, the carbon sink of key SOFRs in Heilongjiang Province showed an upward trend
over time, with a growth rate of 20.17%. Spatially, the phenomenon of “increasing as a whole and
decreasing in a small area” was found, and the carbon sink of each forest region varied greatly.
The standard deviation ellipse of the carbon sink presented a “southeast–northwest” pattern and
had “from southeast to northwest” migration characteristics. The FMI amount from 2001 to 2019
showed an upward trend, with a total of CNY 46.745 billion, and varied greatly among forest regions.
Additionally, the carbon sink amount in each SOFR affected the FMI efficiency. The threshold of the
model was 5,327,211.8707 tons, and the elastic coefficients of the impact of FMI below and above the
threshold on the carbon sink were 0.00953 and 0.02175, respectively. The latter’s FMI efficiency was
128.23% higher than that of the former. Finally, the increase in FMI to a carbon sink followed the law
of diminishing marginal benefits. Therefore, the government should rationally plan the level of FMI
in each SOFR to improve the FMI cost-effectiveness and help achieve the goal of “carbon neutrality”.

Keywords: SOFRs; FMI; carbon sink; efficiency; GIS; RS; carbon neutrality

1. Introduction

Faced with a series of issues such as climate change, frequent increases in extreme
weather, and industrial structural innovation, China has made a serious commitment to
“strive to peak carbon dioxide emissions by 2030 and strive to achieve carbon neutrality
by 2060”. Under the demand of mitigating climate change, carbon sinks have an impor-
tant ecosystem regulation function [1–3]. Among them, the main ways to increase sinks
are bioenergy with carbon capture and storage (BECCS) and increasing the carbon sink
capacity of terrestrial vegetation [4]. The former method has higher costs for technological
innovation, investment, and maintenance, and its universality and economy have yet to be
considered. Nature-based policies are one of the most cost-effective ways to increase carbon
sinks and simultaneously have large social and economic benefits [5]. Among all terrestrial
vegetation types, forests are the most important carbon pools in terrestrial ecosystems,
accounting for 70%–80% of the global amount of carbon storage [6,7]; additionally, forests
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have the best long-term effects. Therefore, an increase in the forest carbon sink will play a
vital role in the process of carbon neutrality.

State-owned forest regions (SOFRs) are experiencing conflicts between ecological and
economic benefits in the process of reform, and they are undertaking the major goal of
achieving “carbon neutrality” [8]. Therefore, it is necessary to measure the cost-effectiveness
of forest management investment (FMI) in various forest regions and identify areas with
high efficiency in forest management. Forest management measures mainly increase the
carbon storage of forests by improving the forest growth environment, increasing the
forest area, and improving the forest stand quality. SOFRs are large in scale, relatively
standardized in their management, and have a high FMI, such as forest tending. The
main task of SOFRs is to increase forest resources, improve forest quality, give full play
to the production potential of SOFRs, and improve the ecological, social, and economic
benefits of various forest regions. However, the improvement of forest quality is not only
related to forest management measures, but is also affected by regional forest stand quality,
natural climate conditions, and forest region size [9,10]. In particular, forest management
has scale effects, and large-scale management results are better [11]. Moreover, because
forest tending and afforestation measures do not obtain immediate results, there may be
a lag effect. Therefore, the effect of FMI on forest quality improvement is uncertain in
time and space, and there may be differences in the level of investment efficiency among
forest regions. Therefore, identifying high-efficiency investment areas can help alleviate the
conflict between the ecological and economic benefits of SOFRs, and is of great significance
for policymakers who wish to improve the efficiency of policy implementation [12].

Research on the ecological efficiency of SOFRs mainly adopts the methods of data envel-
opment analysis (DEA) and slacks-based measure–data envelopment analysis (SBM–DEA) to
evaluate the ecological efficiency of key state-owned forestry enterprises [13,14]. However,
this research failed to link the FMI with the increase in the carbon sink amount and focused
on the expected and undesired output of the overall input to the ecological environment.
Most of the research on the measurement of the ecological effects of forest management
has focused on measuring the impact of different forest management methods (natural
forests, artificial forests) and forest tending measures on soil and tree diameter at breast
height [15–17]. Similarly, most studies from the perspective of increasing carbon sinks in
forests have focused on small-scale investigations. The research is based on the results
of forest resource surveys used to study the impact of single or several common tree
species, such as selective cutting, thinning intensity, tending, and other forest management
measures, on the forest stock and carbon cycle per unit area [18,19]. Alternatively, carbon
storage can be calculated based on the biomass carbon storage conversion coefficient [20,21].
This type of research typically measures and describes the changes before and after the
implementation of single or several tree species forest management measures in a small
area, ignoring the influence of other interference factors, and it cannot accurately determine
whether changes in carbon sinks are related to forest management measures. Furthermore,
there is no correspondence between forest management measures and capital investment,
and it is impossible to measure the efficiency of FMI and the difference in the investment
efficiency of various forest regions.

In addition, studies have carried out annual calculations on the stock of different
tree species to assess the quality of a forest stand. For example, the enhanced vegetation
index (EVI) was used to establish a biomass allometric growth and inversion model to
measure the changes in the biomass of the different forest species to estimate the changes
in the carbon sink amount [22,23]. Furthermore, in the measurement of large-scale forest
carbon sinks, some studies have comprehensively measured forest biomass based on land
use types and combined with MODIS optical data. The study counted long-term carbon
sequestration changes to quantify the carbon sequestration effects of forest management
measures such as reforestation, thinning, and forest tending, as well as to assess the related
socioeconomic carbon sequestration costs [24–26]. Such studies have comprehensively
considered the changes in forest quality and quantity, and there are few research results.
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Moreover, most studies on the macro scale use the InVEST model to correspond to the
forest species coefficient, and use the change of land type to calculate the total amount
of carbon sequestration in forest land [27,28]. However, the accuracy of this calculation
method is low. Although the carbon density coefficient is considered, it is mostly empirical
and averaged. It can only be used to measure changes in carbon sinks based on changes in
land types. In addition, this method does not consider forest quality and its differences, so
it is difficult to accurately measure the increase or decrease in the carbon sink amount in
the region, and it is impossible to accurately measure the effect of how FMI might increase
the carbon sink amount.

In view of this, this paper used panel data from 40 key state-owned forest farms in
Heilongjiang Province from 2001 to 2019 to explore the increase in carbon sink efficiency and
the differences in FMI in various forest regions under the control of natural meteorological
factors. First, this paper combined geographic information system (GIS) and remote
sensing (RS) technology based on RS data on vegetation net primary productivity (NPP)
and accurately calculated the evolution of carbon sinks in the study area from 2001 to 2019.
Second, we controlled for other variables that might affect the increase in forest carbon
sinks, introduced the lag term of carbon sinks, used the individual fixed-effect model to
determine the FMI lag period, and realized the measurement of the causal relationship
between the two. Then, we used the panel threshold model to examine the differences
in FMI efficiency under different carbon sink levels and identify forest regions with a
higher investment efficiency. Finally, we verified that FMI followed the law of diminishing
marginal returns in terms of increasing the carbon sink, and discussed how to rationally
plan investment levels. This research aimed to promote the high-quality development
of forest resources in SOFRs, increase the level of forest carbon sinks, and improve the
utilization efficiency of FMI to achieve “carbon neutrality” as soon as possible.

2. Overview of Study Area, Data, and Methods

2.1. Study Area

Heilongjiang Province is the northernmost and easternmost provincial administrative
region of China. It lies between 121◦11′–135◦05′ E and 43◦26′–53◦33′ N. The terrain is high
in the northwest, north, and southeast and low in the northeast and southwest. It belongs
to the cold temperate zone and has a temperate continental monsoon climate. Heilongjiang
Province is located along the “Belt and Road” and borders Russia. It is the main body of the
terrestrial ecosystem in Northeast Asia. The grassland comprehensive vegetation coverage
in Heilongjiang Province is as high as 67.50%, and the forest coverage rate reaches 43.78%,
of which key SOFRs account for approximately one-fifth of the province’s total area [29].
There are 87 key SOFRs (forest industry enterprises) in northeast and Inner Mongolia, and
Heilongjiang Province is in charge of 40. The 40 key state-owned forest divisions are the
Yichun Forest Industry Group and Longjiang Forest Industry Group. The Yichun Forest
Industry Group has jurisdiction over 17 key SOFRs, and the Longjiang Forest Industry
Group has jurisdiction over 23 key SOFRs. There are 627 forest farms (stations) under the
jurisdiction of the 40 key SOFRs, and the jurisdictions of four forestry bureaus cross the
boundary of Heilongjiang Province [30].

The state-owned forest farm in Heilongjiang Province promotes the development
of the forestry economy while promoting the high-quality development of forests, and
this approach has had large social and economic benefits. These methods include forest
tree breeding and nursery, timber and bamboo harvesting and transportation, economic
forest product planting and collection, flowers, wood processing, wood, bamboo, rattan,
palm, and reed product manufacturing, forestry tourism and leisure services, and the forest
economy. As of 2019, there were nearly 160,000 employees in the industry. In 2019, the total
output value reached CNY 39.51412 billion, with a total investment of CNY 6.99164 billion,
of which afforestation and forest tending investment reached CNY 2.15375 billion [29].
The geographical location map of the 40 key SOFRs in Heilongjiang Province is shown in
Figure 1, where green represents forest land.
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Figure 1. Location map of key SOFRs in Heilongjiang Province.

2.2. Index Selection

(1) Explained variable: As the largest terrestrial carbon pool, forests play a major role
in the goal of achieving “carbon neutrality”. The management system of China’s
state-owned forest farms is relatively complete, the FMI is relatively high, and the
forest quality is relatively good. Previous studies mostly used NPP as the basis for
calculating carbon sinks [31,32]. To measure the carbon sink level of 40 key SOFRs,
this paper used vegetation NPP as the basis for calculation. The NPP of vegetation
refers to the amount of organic matter accumulated by green plants per unit area and
unit time, i.e., the remaining part after deducting autotrophic respiration (RA) from
the gross primary productivity (GPP) fixed by plant photosynthesis. This indicator
can measure forest quality to the greatest extent and can calculate the carbon sink
amount based on basic data. The specific calculation method is explained in the
next section.

(2) Explanatory variables: To measure the investment efficiency in forest tending and
management and the investment in various major forestry projects, this paper selected
the total FMI (invest) as the explanatory variable. This measure includes forest
tending investment, forest management and protection investment, forestry fixed
asset investment, afforestation and renewal investment, Natural Forest Protection
Program (NFPP) investment, and forest quality improvement investment.

(3) Socioeconomic factors: Although the increase in the carbon sink amount requires a
large amount of financial investment, it also creates many employment opportunities.
Furthermore, as more become engaged in forest management, tending, and industrial
development, it has a positive effect on increasing forest quality and increasing the
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carbon sink amount. Therefore, the paper incorporated the number of employees
(workpop) into the model. In addition, personnel wages play a positive role in
stimulating forest management measures such as management and maintenance, and
it is necessary to consider the indicator of total wages (wage) [33]. However, forest
maintenance measures such as thinning have led to a large amount of timber output
and income, which also promotes the development of downstream enterprises related
to wood products. Forest maintenance will produce income from tourism, stimulate
the economic development of forest regions, and generate income from the tertiary
industry. Therefore, in the econometric model, the impact of SOFRs’ gross domestic
product (gdp) on the carbon sink should be examined [34]. In addition, there may
be an inverted U-shaped relationship between the economic development level of
the SOFRs and the ecological environment, following the path of the environmental
Kuznets curve (EKC) [35]. Therefore, we put gdp and gdp2 into the model at the same
time as control variables.

(4) Natural meteorological factors: The effect and efficiency of FMI are related to forest
quality issues. The afforestation land, the growth of young and middle-aged trees, and
the effect of forest tending are greatly affected by climatic factors [36,37]. Climatic fac-
tors such as precipitation and temperature have greater impacts on forest quality and
productivity [38,39]. Additionally, temperature and soil moisture together affect the
photosynthesis sensitivity of plants [40,41]. Therefore, when constructing the model,
precipitation and temperature need to be used as control variables. Furthermore,
because the overall precipitation in the SOFRs of Heilongjiang Province has little
difference, the temperature difference between summer and winter is large. Therefore,
we used the annual average precipitation and the July average temperature data.

2.3. Data Sources and Processing

(1) Carbon sink data: The carbon sink data were calculated based on the carbon content
of vegetation NPP corresponding to vegetation dry matter. The NPP data in this study
were derived from the MODIS satellite-based MOD17A3HGF product released by
the National Aeronautics and Space Administration (NASA). The spatial resolution
of the data is 500 meters, and the time resolution is annual. MRT software and
ArcGIS 10.7 software were used to pre-process the data for splicing, cropping, and
projection, and the raster calculator function was used to eliminate the NPP data
outliers. Finally, the annual NPP sequence data of China from 2001 to 2019 were
obtained, and the unit is gC/m2. After calculating these data, according to the green
vegetation photosynthesis chemical formula (6CO2 + 6H2O→C6H12O6 + 6O2), for
every 1 kg of dry matter produced by vegetation, 1.63 kg of CO2 can be fixed, and
the carbon content in the dry matter accounts for approximately 45% of the total
NPP. Therefore, the calculation formula for the fixed CO2 of vegetation is as follows:
WCO2 = NPP/0.45 × 1.63, and the unit of WCO2 is g/m2. Based on this, the carbon
sink data for China’s forests were calculated in grid form. Then, according to the base
map of the 40 key SOFRs, ArcGIS 10.7 was used to extract the carbon sink of each
forest region from 2001 to 2019, which was processed according to the unit area to
obtain the carbon sink data used in the model.

(2) FMI and socioeconomic data: 1. Data on the FMI, total output value, number of
employees, and total wages of each forest region were all sourced from the 2001–2019
China Forestry and Grassland Statistical Yearbook, which is compiled and obtained
each year. 2. The administrative boundary data of Heilongjiang Province came from
the basic geographic database (http://www.webmap.cn, accessed on 16 July 2021);
the vector maps of the 40 key SOFRs were based on the forest base map and drawn
according to ArcGIS geographic registration.

(3) Natural data: 1. The basic precipitation data in each forest region came from multiyear
station data on the website of the China Meteorological Administration (http://data.
cma.cn/, accessed on 20 August 2021). We selected a total of 40 sites in and near
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the SOFRs, and we used the ArcGIS 10.7 interpolation analysis function to perform
spatial interpolation processing; additionally, kriging was used to interpolate based
on the covariance function and to extract the area mean, and the pixel size after
processing was 100 m. 2. The average temperature data for each forest region in
July came from the Loess Plateau Science Data Center, National Earth System Science
Data Sharing Infrastructure, National Science and Technology Infrastructure of China
(http://loess.geodata.cn, accessed on 25 August 2021). This dataset is based on the
global 0.5◦ climate dataset released by the CRU (https://crudata.uea.ac.uk/cru/data/
hrg/, accessed on 13 July 2021) and the high-resolution climate dataset released by
WorldClim (http://www.worldclim.org/, accessed on 6 August 2021). The data were
generated by downscaling in China through the Delta space downscaling scheme and
had a spatial resolution of approximately 1 km [42]. Then, ArcGIS 10.7 software was
used to define the geographic coordinates of the NC data format, project them, and
finally extract the annual average temperature in July in the study area. 3. Land use
data: The land use data for Heilongjiang Province in 2020 (Figure 1) (1 km × 1 km)
came from the Resource and Environmental Science Data Center of the Chinese
Academy of Sciences (http://www.resdc.cn/, accessed on 28 July 2021). In this paper,
referring to the land type classification standard of the Chinese Academy of Sciences,
the study area’s land use/cover was reclassified into two categories: forest land and
other land. The summary of each variable and the descriptive statistical analysis are
shown in Table 1.

Table 1. Variable design and descriptive statistics.

Variable Code Variable Unit Mean Std. Dev. Min Max

carbonsink Forest carbon sink Ton 5,357,876.00 3,167,827.00 1,197,632.00 15,400,000

invest Forest Management
Investment 10 thousand 6150.67 6698.97 240.00 31,260.00

gdp Gross Domestic Product 10 thousand 79,268.55 54,718.58 11,291.84 354,364.00

wage Total wages of on-the-job
employees 10 thousand 7079.68 4884.82 398.60 21,506.10

workpop Average number of
employees Number of people 5199.82 1986.11 1324.00 14,842.00

pre Precipitation mm 639.94 109.03 398.30 934.61
temp Temperature ◦C 20.59 0.96 16.80 23.48

2.4. Research Methods
2.4.1. Analysis of Spatial Distribution Directionality

Spatial distribution directional analysis refers to the outline and dominant direction
of the observed variable in the spatial distribution [43]. The standard deviation ellipse
(SDE) is a spatial statistical method used to reveal the spatial distribution characteristics of
elements [44]. This method mainly measures the centre of gravity, major axis, minor axis,
azimuth angle, and other parameters of the SDE of geographic elements to quantitatively
describe the spatial distribution characteristics of the observed variables in the study
area [45]. The definition formula is as follows:

Center of gravity coordinates:

Xw = ∑n
i=1 wixi/ ∑n

i=1 wi; Yw = ∑n
i=1 wiyi/ ∑n

i=1 wi (1)

tan θ =

(
∑n

i=1 w2
i x̃2

i − ∑n
i=1 w2

i ỹ2
i
)
+

√(
∑n

i=1 w2
i x̃2

i − ∑n
i=1 w2

i ỹ2
i
)2

+ 4 ∑n
i=1 w2

i x̃2
i ỹ2

i

2 ∑n
i=1 w2

i x̃i ỹi
(2)

X-axis standard deviation:

Xw = ∑n
i=1 wixi/ ∑n

i=1 wi; Yw = ∑n
i=1 wiyi/ ∑n

i=1 wi (3)
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Y-axis standard deviation:

Xw = ∑n
i=1 wixi/ ∑n

i=1 wi; Yw = ∑n
i=1 wiyi/ ∑n

i=1 wi (4)

In Formulas (1)–(4), (Xw, Yw) represents the weighted average centre of each observed
variable; (xi, yi) represents the spatial coordinates of the observed variable; wi represents
the spatial weight; θ is the azimuth of the standard deviation ellipse, that is, the main trend
direction of the data distribution; σx, σy respectively represent the standard deviation of
the ellipse′s x-axis and y-axis; and x̃i, ỹi respectively represent the coordinate deviation of
each observed variable to the weighted average centre.

2.4.2. Individual Fixed-Effects Model

The individual fixed-effects model refers to deterministic variables other than explana-
tory variables, whose effects vary only with the individual and not with time. Because the
carbon sink value of the explained variable in the study was affected by the previous period,
the lag term of the explained variable was added to the model explanatory variable. Then,
the Hausman test found that the fixed-effects model was better than the random-effects
model, so the individual fixed-effects model was used. This paper first built an individual
fixed-effects model and judged the regression results of the model without considering the
carbon sink as a threshold variable. The model was basically constructed as follows:

lncarbonsinkit = β1lninvestit + β2lngdpit + β3lngdp2
it + β4lnwageit + β5lnworkpopit + β6llncarbonseit

+β7lnperit + β8lntempit + ui + εit
(5)

In Formula (5), i represents the SOFR, and t represents the year. carbonsinkit represents
the carbon sink of each SOFR; investit represents the amount of FMI; gdpit represents the
gross domestic product of each SOFR; gdp2

it represents the square of the gross domestic
product of each SOFR; wageit represents the total wages; workpopit represents the number of
employees in each SOFR; lcarbonsinkit represents the carbon sink level after a period of lag;
perit represents the annual precipitation; tempit represents the average temperature in July;
β1 to β8 are the parameters to be estimated in the model; ui is the individual effect; and εit
is the random disturbance term. If the regression result of the model is unreasonable, the
investit variable was adjusted for the lag period to determine a reasonable lag period.

2.4.3. Panel Threshold Model

The threshold effect means that when a certain parameter reaches a certain critical
value (threshold value), it will cause another parameter to change in direction or quan-
tity [46]. The threshold regression model does not need to use cross-terms to determine
the nonlinear relationship between FMI and carbon sinks in key SOFRs in Heilongjiang
Province, and it was determined by its endogeneity. To determine the specific critical value
of the threshold variable, this paper used the panel threshold model and then used the
bootstrap method to estimate the significance of the threshold γ. The basic model was set
as follows:

lncarbonsinkit = β1lninvest′it I(carbonseit ≤ γ) + β2lninvest′it I(γ < carbonseit) + β3lngdpit + β4lngdp2
it

+β5lnwageit + β6lnworkpopit + β7llncarbonseit + β8lnpreit + β9lntempit + εit
(6)

In Formula (6), γ is the threshold value to be estimated; I(·) is the indicative function,
and the value in parentheses is 1 or 0; β1 to β9 are the coefficients to be estimated in the
model; and other variables indicate the same meaning as those for Formula (5).

2.4.4. Partially Linear Functional-Coefficient Panel Data Model

A partially linear functional-coefficient regression model allows for linearity in some
regressors and nonlinearity in other regressors, where the effects of these covariates on
the dependent variable vary according to a set of low-dimensional variables nonparamet-
rically [47], thereby showing distinct advantages in capturing nonlinearity and hetero-
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geneity [48]. The main purpose of this model is to avoid the incorrect specification of the
function form caused by the linear assumption of the measurement model, and to verify
that the effect of the FMI increasing the carbon sink value follows the law of diminishing
marginal benefits. Therefore, we set the FMI as a variable with functional coefficients in the
function setting, and we set it as variables that enter the functional coefficients that interact
with variables in the order specified by the variables that had functional coefficients. The
specific form of the model is as follows:

carbonsinkit = Z′
itg(Uit) + X′

itβ + αi + εit (7)

In Formula (7), i represents the SOFR, and t represents the year. carbonsinkit is a scalar
dependent variable; Uit = (U1,it, · · · , Ul,it)

′ is a vector of continuous variables, that is,
investit; Zit = (Z1,it, · · · , Zl,it)

′ is the vector of covariates in the model; the coefficient is
g(Uit) =

{
g1(U1,it), · · · , gl(Ul,it)

}′; Xit is a k × 1 vector of covariates with a constant slope
β, which is also investit; αi is the individual fixed effect that may be related to Zit, Uit and
Xit; and εit represents the error term.

3. Results and Analysis

3.1. Spatiotemporal Evolution of Carbon Sink and SDE Analysis
3.1.1. Time Change Analysis of Carbon Sink

To investigate the time evolution trend of the carbon sink in the 40 key SOFRs in
Heilongjiang Province during the study period, ArcGIS software was used to calculate the
annual carbon sink value of each forest region and draw it as a line graph (Figure 2).

Figure 2. Time change of carbon sinks in the SOFRs in Heilongjiang Province.

From the perspective of time, the carbon sink of the SOFRs showed an upward
trend from 2001 to 2019, with a total growth rate of approximately 20.17%, and the fitting
formula for annual growth was y = 1.5042x − 2809. It reached the maximum value in 2018,
approximately 233.78 million tons, but the overall fluctuation was relatively large. The
reasons for the overall increase in the carbon sink are as follows. According to the data from
the fifth to eighth forest resource surveys, Heilongjiang has a relatively large proportion of
natural forests and a relatively small proportion of artificial forests. The carbon storage per
unit area of planted forests is approximately twice that of natural forests. Since 2000, the
implementation of the NFPP and the increase in the area of planted forests have increased
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the intensity of forest management and protection. Therefore, the carbon sink function of
forest stands has been enhanced, and the overall trend is increasing.

3.1.2. Spatial Distribution of Carbon Sink and SDE Analysis

To reflect the differences in the carbon sinks of the key SOFRs within the spatial scope,
the carbon sink values of the 40 forest regions in 2019 were sorted, and ArcGIS 10.7 was
used to link this information with the locations of the forest regions. Then, the natural
breaks (Jenks) classification method was selected to classify the carbon sinks in 2019 and
visualize them (Figure 3). Additionally, to calculate the direction of the spatial distribution
of the carbon sink in the 40 SOFRs, this paper used the spatial statistical tools in ArcGIS
10.7 software to calculate the statistical parameters of the SDEs of the carbon sink in each
forest region each year (Table 2).

Regarding the distribution of the carbon sink in each forest region in 2019, the carbon
sink of each forest region was quite different, and the overall regional distribution of the
carbon sink was characterized by “more in the north and south, but less in the middle”,
as shown in Figure 3. Among them, the four forest regions of ZhanHe, DongFanghong,
DongJingcheng, and SuiYang had the highest carbon sinks, ranging from 9.925 million
tons to 14.951 million tons. Mainly due to the large scale of these forest regions and the
implementation of key forestry projects, the quality of these forests is better, and thus,
the carbon sink value is higher. The seven forest regions of ShuangFeng, DaiLing, HeLi,
WuMahe, TangWanghe, WuYing, and ShangGanling had the lowest carbon sinks, with
values in the range of 1.683–2.803 million tons. Most likely because of the small scale
of these forest regions, the management and maintenance of large-scale forest regions is
relatively low.

Figure 3. Spatial distribution of the carbon sink and SDE analysis.
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Table 2. Changes in the standard deviation ellipse of the carbon sink in the SOFRs.

Year
Shape

Length/m
Shape

Area/km2 CenterX/m CenterY/m XStdDist/m YStdDist/m Rotation/◦

2001 1,328,061 130,954.8 1,871,536 5,231,694 164,395.2 253,577.7 155.3266
2003 1,302,777 125,081.2 1,864,519 5,235,355 158,822.4 250,703.2 155.0508
2005 1,307,601 124,978.8 1,860,008 5,240,324 156,842.8 253,660 154.5311
2007 1,337,554 133,949.3 1,872,019 5,235,407 168,557.8 252,970.3 154.9004
2009 1,302,006 123,871.8 1,857,691 5,245,039 156,074.5 252,651.1 154.1664
2011 1,298,014 123,574.6 1,859,176 5,241,175 156,737.9 250,977.7 154.9246
2013 1,297,644 123,315.5 1,858,332 5,245,219 156,223.4 251,276.5 154.0126
2015 1,311,897 126,615.3 1,860,552 5,245,518 159,369.9 252,906.4 153.7399
2017 1,308,664 125,750.8 1,865,522 5,235,737 158,372.2 252,761.9 155.5142
2019 1,297,216 123,603.7 1,862,388 5,234,714 157,096 250,464.6 155.0689

From 2001 to 2019, the SDE of the SOFRs showed an overall pattern of “southeast–
northwest” and reflected the characteristics of “from southeast to northwest” migration,
but the range of change was small. The turning angle θ showed a fluctuating downward
trend, but the magnitude of change was small, indicating that the carbon sink growth rate
of the SOFRs in the southeast of the ellipse axis was slightly slower than that of the SOFRs
in the northwest of the ellipse axis. The area of the SDE showed a fluctuating downward
trend. The overall area of the ellipse decreased by 7351.1 km2 compared with the value
in 2001, and the rate of decrease was 5.61%. The area of the ellipse reached its maximum
value in 2007 at 133,949.3 km2. The short-axis standard deviation fluctuated downwards,
decreasing by 7299.2 m; the long-axis standard deviation also fluctuated, decreasing by
3113.1 m. The changes in the carbon sink values in the SOFRs in Heilongjiang Province
showed a trend of agglomeration and migration to the northwest.

3.1.3. Analysis of Spatial Changes in the Carbon Sink Value

To investigate the spatial changes in the carbon sink value during the study period,
this paper used the spatial distribution maps of the carbon sink (500 m) in the SOFRs in 2001
and 2019. Combined with the function of map algebra in ArcGIS 10.7, the growth rate of
the carbon sink at the grid scale was calculated. Then, based on the clustering of the results,
the spatial regional carbon sink growth was classified, and the spatial change trend map of
the carbon sink in the studied region from 2001 to 2019 was drawn (Figure 4). ArcGIS 10.7
then reclassified the results and calculated the area and corresponding proportions of the
five changing trends.

From the perspective of the growth rate of the spatial carbon sink in the 40 key SOFRs
in Heilongjiang Province, the carbon sink of the SOFRs from 2001 to 2019 showed an
“overall increase and small-scale reduction” phenomenon (Figure 4). Among them, the
area where the growth rate of the carbon sink was between 0.151 and 0.300 was the largest,
accounting for 36.15%; the second largest growth rate of the carbon sink was between 0.001
to 0.150 and 0.301 to 1.353, accounting for 29.90% and 27.05%, respectively. From 2001
to 2019, the total proportion of positive growth in the carbon sink value in the SOFRs in
Heilongjiang Province reached 93.10%. The areas with negative growth rates were divided
into two levels, namely, −0.908~−0.086 and −0.087~0.000, and the corresponding area
proportions were 2.06% and 4.84%, respectively. Areas with a growth rate of 0.151 or more
accounted for 63.20%, indicating that the carbon sink in most regions increased significantly
during the study period. Corresponding to the analysis in Figure 3, the carbon sinks of the
regions with higher growth rates were lower, which proved that the initial value was lower
and the growth potential was greater. However, the regions with growth rates of 0.001 to
0.150 and negative growth rates were mostly located in regions with high carbon sinks, and
their growth space was small.
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Figure 4. The growth rate of carbon sinks in the key SOFRs in Heilongjiang Province from 2001
to 2019.

The possible reasons for the negative growth of the carbon sink in some regions are as
follows. First, the DongFanghong Forest Region has a large scale of forest management and
high timber output, which makes forest management and protection more difficult. Second,
after 1998, forest management and protection were strengthened, resulting in a decrease
in logging, but the geographical distribution was wider. Therefore, there is illegal carbon
burning in forest areas with inconvenient transportation and low population density. In
addition, it takes a certain period for the area of unforested land to increase as a result of
forest tending and other methods to transform into forest land. Therefore, there may be a
decrease in the carbon sink value during the study period.

3.2. Analysis of Temporal and Spatial Distribution of Amount of FMI in Key SOFRs

To visually reflect the changes in the annual FMI during the study period, the paper
summarized the total annual FMI and created a histogram (Figure 5). To reflect the dif-
ference in FMI in the 40 key SOFRs within the spatial scope, the thesis comprehensively
organized the total amount of FMI in the 40 SOFRs during the 19-year study period and
used ArcGIS 10.7 to connect with the forest regions. The natural break point classification
method (Jenks) was chosen to classify the FMI amount and visualize it (Figure 6).
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Figure 5. Temporal change in FMI in key SOFRs in Heilongjiang Province.

Figure 6. Temporal change in FMI in key SOFRs in Heilongjiang Province.

The temporal change in FMI in the SOFRs showed an overall upward trend. The
fitted curve was y = 2.4747x − 0.144, but the R2 value was low at 0.2947. The investment
amount fluctuated from 2001 to 2015. The amount of investment soared from 2016 to
2018 and dropped sharply in 2019. The total FMI from 2001 to 2019 was approximately
CNY 46.745 billion. Among them, the highest investment amount was CNY 8.926 billion
in 2018. This was followed by that in 2016 and 2017, with values of CNY 7.156 billion and
CNY 8.224 billion, respectively. Except from 2016 to 2018, the average FMI in other years
was CNY 1.402 billion.

The amount of FMI in various forest regions in Heilongjiang Province was quite differ-
ent, the regional distribution of FMI was uneven, and there was no obvious aggregation
state. Among them, ZhanHe, NanCha, ChaiHe, and DongJingcheng had the highest level
of FMI in the four forest regions, ranging from CNY 1.3942 to 1.6655 billion, accounting for
13.55% of the total FMI. Additionally, the amount of FMI in the 12 forest regions of YouHao,

62



Forests 2022, 13, 609

XinQing, HeBei, TieLi, LangXiang, XingLong, DongFanghong, WeiHe, DaHailing, Shan-
Hetun, SuiYang, and MuLeng was in the fourth tier, ranging from CNY 1.195–1.3941 billion,
accounting for 33.93%. The amount of FMI in the eight forest regions of TongBei, SuiLeng,
JinShantun, CuiLuan, MeiXi, HuaNan, FangZheng, and YaBuli was between CNY 1.0803
and 1.1957 billion, accounting for 19.97%. The investment in the 10 forest regions of
Hailing, LinKou, ShuangYashan, TaoShan, DaiLing, WuMahe, HongXing, WuYiling, WuY-
ing, and TangWanghe was between CNY 918.8 million and 1.0802 billion, accounting
for 21.79%. In ShangGanling, HeLi, ShuangFeng, QingHe, YingChun, and BaMiantong,
the amount of FMI in the six forest regions was among the lowest tiers, ranging from
CNY 769.3 to 918.8 million, accounting for only 10.76%.

3.3. Analysis of Effect of Threshold Model Testing

We first examined whether the threshold effect existed, and then determined the
number of threshold values based on the test results. According to the analysis of the
test results in Table 3, the F statistic and its significance level verified the existence of the
threshold effect. The F statistics of the single-threshold model and the dual-threshold
model were 78.20 and 90.44, respectively, and both passed the 1% significance level test.
The p value indicated that both a single threshold and a double threshold could be selected,
and the width of the confidence interval was small. However, a small sample size in the
interval would lead to inaccurate estimation results. Therefore, considering the sample
size of each interval, the research should select a single threshold model. When the
corresponding likelihood ratio statistic LR was 0, the threshold parameter estimated value
was γ = 5,327,211.87.

Table 3. Test results of threshold effect.

Threshold Type F Value p Value BS Times Threshold Confidence Interval

Single threshold
(pfgc1) 78.20 *** 0.0000 300 5,327,211.8707 [5,289,995.8337, 5,341,231.7847]

Double threshold
(pfgc1) 90.44 *** 0.0000 300 5,327,211.8707 [5,289,995.8337, 5,341,231.7847]

(pfgc2) 2,494,641.9549 [2,461,170.3222, 2,506,791.0606]

Note: *** indicates significance at the levels of 1%; the p value and critical value are obtained by repeated sampling
300 times using the bootstrap method.

3.4. Analysis of Model Results

The study used Stata 16.1 measurement software to conduct the regression to inves-
tigate the efficiency of FMI in increasing carbon sinks in 40 key SOFRs in Heilongjiang
Province. The specific results are shown in Table 4.

Model (1) showed the regression result of the individual fixed-effects model, which
verified the cost-effectiveness of increasing the carbon sink by FMI without considering the
lagging impact of FMI on the carbon sink. Model (2) and Model (3) examined the efficiency
of FMI in increasing the carbon sink when FMI lagged by one and two periods. Model (4)
used the carbon sink as the threshold variable to examine the differences in the efficiency
of FMI under different levels of the carbon sink.

(1) Model (1) showed that the impact of FMI in SOFRs on the carbon sink did not pass
the 10% significance test. However, from a theoretical point of view, FMI includes
forest tending investment, forest management and protection investment, forestry
fixed asset investment, afforestation and renewal investment, NFPP investment, forest
quality improvement investment, and other aspects. These funds will increase the
forest stock to varying degrees, thereby increasing the forest carbon sink, but the
results of the model had no significant impact. The possible reasons are as follows.
First, after the investment of forestry funds, the implementation of measures such as
afforestation and forest tending take a certain amount of time. Second, some forest
management and protection measures do not have an immediate positive impact on
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forest carbon sinks. For example, thinning will cause a short-term decline in carbon
storage. In addition, measures such as forest tending and artificial afforestation
require a certain amount of time to affect the carbon sink, and they do not have an
immediate impact on the carbon sink. Therefore, it takes a certain period from the
investment to produce obvious effects—that is, the influence of the variable lninvestit
on lncarbonsinkit lags.

(2) We determined the reasonable lag period for FMI in 40 key SOFRs and used this as a ba-
sis to analyze the efficiency of increasing the carbon sink, such as in Models (2) and (3).
Since we took the logarithm of all variables, the coefficient in the result indicated
the sensitivity of the carbon sink to changes in FMI. The results showed that the
elasticity coefficients of FMI for the first and second periods of lag were 0.01419 and
0.00750, respectively. The elasticity coefficient (sensitivity) was the largest when the
FMI lagged for a period, which was 0.01419. This result means that for every 1%
increase in the amount of FMI, the carbon sink will increase by 0.0142%. Therefore,
we chose one lagging period of FMI as a reasonable lag period.

(3) The efficiency of FMI in forest regions with high carbon sinks was greater than that
of regions with low carbon sinks, as shown in Model (4). At different carbon sink
levels, FMI had a significant positive impact on the carbon sink (p < 0.01), but there
was strong heterogeneity. The carbon sink of each forest region can, to a large extent,
represent the scale of the forest region and the endowment of forest resources. The
areas with higher carbon sinks were mostly forest regions with large scales and better
endowments of forest resources. Due to the existence of the scale effect, the large-scale
forestry management effect was obviously better [11]. When the carbon sink was less
than 5,327,211.8707 tons, FMI had a significant positive impact on the carbon sink
(p < 0.01), and the elasticity coefficient was 0.00953. That is, for every 1% increase in
FMI, the carbon sink value of the region increased by 0.00953%. When the carbon
sink was higher than 5,327,211.8707 tons, FMI had a significant positive impact on
the carbon sink (p < 0.01), and its elasticity coefficient was 0.02175. That is, for every
1% increase in FMI, the carbon sink value of the region increased by 0.02175%. The
higher the value of the elasticity coefficient of FMI was, the greater the contribution
rate of FMI to the growth of the carbon sink, and the higher the investment efficiency.
The latter’s FMI efficiency was 128.23% higher than that of the former. According to
the threshold regression results, Figure 7 was drawn, in which the pink and blue areas
are areas with low and high FMI efficiency, respectively.
Among the control variables (Models 1, 2, 3, and 4), the GDP has an inverted U-
shaped impact on the carbon sink. That is, as the level of forestry output value in each
forest region increased, the carbon sink showed a trend of “rising first, then falling”,
following the basic path of the environmental Kuznets curve. In Model (4), the number
of employees had a significant positive impact on the carbon sink (p < 0.01), and the
coefficient value was 0.03713. Precipitation had a significant positive impact on the
carbon sink (p < 0.01), with a coefficient value of 0.22435. That is, for every 1% increase
in precipitation, the carbon sink increased by 0.22435%. The results met the tree
growth principles and theoretical expectations, thus verifying the logic of the model
and the reliability of the results.

(4) The FMI shows a law of diminishing marginal benefits for increasing carbon sinks
in each forest region, as shown in Figure 8. With the increase in FMI, the effect of
increasing the carbon sink showed a downward sloping curve. The result passed
the significance test, and the confidence interval of the coefficient value at each point
did not include 0. Since this model was the result of nonparametric estimation, the
estimation result of FMI on the carbon sink parameters in the individual fixed-effects
model should be an oblique upward curve, and the coefficient value should be positive.
When the investment amount in the forest region exceeded CNY 100 million, the
growth rate of the carbon sink remained at a low level. However, the marginal benefit
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curve did not intersect or approach 0, indicating that FMI has not yet reached the
optimal investment scale, and additional investment should be reasonable.

Table 4. Test results of threshold effect.

lncarbonsink
Model (1) Model (2) Model (3) Model (4)

Coef. Std. Err. Coef. Std. Err. Coef. Std. Err. Coef. Std. Err.

lninvest 0.0025 0.0032
l1lninvest 0.0142 *** 0.0028
l2lninvest 0.0075 *** 0.0025
l1lninvest

(carbonsink < 5,327,211.87) 0.0095 *** 0.0036

l1lninvest
(carbonsink > 5,327,211.87) 0.0218 *** 0.0036

lngdp −0.4726 *** 0.1355 −0.4226 *** 0.1353 −0.5291 *** 0.1517 −0.3747 *** 0.1178
lngdp2 0.0225 *** 0.0062 0.0205 *** 0.0062 0.0251 *** 0.0069 0.0184 *** 0.0053
lnwage 0.0053 0.0057 0.0027 0.0058 0.0043 0.0059 −0.0048 0.0067

lnworkpop 0.0218 ** 0.0108 0.0342 *** 0.0125 0.0302 ** 0.0127 0.0371 *** 0.0117
llncarbonsink 0.1633 *** 0.0151 0.1634 *** 0.0143 0.1343 *** 0.0173 0.1551 *** 0.0299

lnpre 0.2460 *** 0.0309 0.2352 *** 0.0301 0.2370 *** 0.0309 0.2244 *** 0.0183
lntemp −0.0147 0.0517 −0.1008 ** 0.0442 0.0096 0.0508 −0.0596 0.0929
_cons 13.5153 *** 0.9451 13.3558 *** 0.9058 14.1423 *** 1.0501 13.1809 *** 0.9350

Note: *** and ** indicate significance at the levels of 1% and 5%, respectively; llncarbonsink is the lncarbonsink
value of lagging phase one; l1lninvest is the lninvest value of lagging phase one, and the rest may be deduced by
analogy. To reduce the possible heteroscedasticity in the model, we took the logarithm of the variables on both
sides of the formula.

Figure 7. Division of sample units of threshold model.
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Figure 8. Partially linear functional-coefficient panel data model estimation results.

4. Discussion

This paper used panel data from 40 SOFRs in Heilongjiang Province from 2001 to 2019
for 19 periods, selected the panel threshold model to divide the carbon sink threshold, and
examined the efficiency and difference of FMI in increasing the carbon sink value under
different carbon sink levels. The analysis of the results showed that the amount of carbon
sink greatly affected the efficiency of FMI and verified the law of diminishing marginal
returns of FMI. The main differences from previous studies are as follows: (1) We visualized
the changes in the carbon sink and FMI in key SOFRs in Heilongjiang Province in time
and space to facilitate dynamic analysis. (2) We excluded the sensitivity of FMI changes to
carbon sinks on a large scale. (3) We used the panel threshold model to fully investigate
the impact of the carbon sink in each forest region on investment efficiency, and then
identified efficient FMI areas. (4) Partially linear functional-coefficient panel data models
were used to verify that the FMI in the key SOFRs in Heilongjiang Province followed the
law of diminishing marginal returns. The research significance of this article mainly lies
in the following: carbon sinks were used to characterize the natural conditions, forest
resources, and scale of each forest region, and natural factors were included in the system
to measure the efficiency of FMI in increasing carbon sinks. According to the differences
in FMI in different forest regions, the results provided a decision-making basis for SOFR
management, capital allocation, and high-quality forest development, and promoted the
realization of the “dual carbon” goal.

During the study period, the overall carbon sink level of the key SOFRs in Heilongjiang
Province fluctuated greatly. The possible reason is that the SOFRs, as one of the country’s
timber supply producing areas, have an annual timber output of up to 4 million cubic
meters, and the objects of logging are mostly mature forests and overmature forests. The
carbon storage in mature forests and overmature forests is higher than that in young,
middle-aged, and near-mature forests, and logging will result in a short-term decline in
carbon storage. Additionally, the annual net productivity of young forests and middle-aged
forests will reach the highest value after a certain period of time and do not immediately
contribute to the increase in carbon storage. In addition, measures such as forest tending
and artificial afforestation require a certain amount of time to affect the carbon sink, so
immediate results are not visible. In addition, forests are affected by multiple factors, such
as pests, wind breaks, and drought. Especially in 2007 and 2011, the annual rainfall was
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significantly lower than that in other years, which restricted the growth of trees and caused
a short-term decline in the carbon sink. In addition, in 2015, the state issued a policy stating
that logging was prohibited in all natural forests in northeast China [49,50], and the carbon
sinks of forest regions increased. Therefore, there were large fluctuations in the changes in
the carbon sink in the study area.

Previous research methods did not consider the impacts of forest scale and resources
on the efficiency of FMI. Therefore, it was impossible to accurately identify high-efficiency
investment areas, and it was difficult to improve the level of carbon sinks and the efficiency
of FMI in a targeted manner, resulting in a waste of forestry funds. In this paper, the
investment efficiency of forest management in the key SOFRs of Heilongjiang Province,
divided according to the amount of carbon sink, was quite different. There were 21 forest
regions with carbon sinks of less than 532,721.87 tons, and their FMI efficiency was 56.18%
lower than that of forest regions with more than 532,721.87 tons. In forest regions with low
FMI efficiency, first, the amount of FMI should be reasonably controlled, and limited funds
should be allocated to forest regions with higher efficiency. Second, the management and
supervision of the use of forestry funds should be strengthened, disease and insect pests
and drought should be prevented in a timely manner, and timely thinning and replanting
should be carried out to improve forest quality in SOFRs.

This paper verified that the effect of increasing the carbon sink of FMI reflected the
law of diminishing marginal benefits. According to the results of the model, when the FMI
was greater than CNY 100 million, the marginal benefit remained at a stable low level. This
result means that when the FMI reached CNY 100 million, the carbon sink volume did not
change significantly. However, the marginal benefit curve did not intersect at 0, indicating
that FMI has not yet reached the optimal investment scale. Therefore, the government
should reasonably increase the amount of FMI when planning FMI in various forest regions.
However, since all FMI is used to improve forest quality, the growth potential of each unit
area of forest in a certain period of time is limited. Therefore, even without considering
the problems in the process of fund management and use, there is a diminishing marginal
benefit for each share of funds to increase the carbon sink. Generally, after the forest quality
reaches a certain level, even if the FMI gradually increases, the forest quality tends to have
a stable and slow growth state. Therefore, the effect of increasing the carbon sink of FMI
shows a law of diminishing marginal benefits.

The main contribution and innovation of the research lies in the establishment of
an evaluation system for FMI efficiency. In addition, natural factors and forest resource
characteristics are incorporated into the system to measure the utilization efficiency. Our
research will help to explore the reasons for the differences in FMI efficiency, promote forest
management according to local conditions, and improve the utilization efficiency of SOFRs.
Furthermore, our research constructs a calculation method for the optimal investment scale
for the purpose of ecological benefit. It plays an important role in improving government
budget and final accounts, and provides a decision-making basis for forest management,
fund allocation, and high-quality forest development. Of course, our research has limita-
tions. Our research area was limited to SOFRs in Heilongjiang Province, and the results
of the study have directional policy significance for SOFRs. However, due to regional
heterogeneity, the applicability of this result to other SOFRs remains to be further verified.
Future research can use the methods described in this paper to explore the difference in the
efficiency of state-owned FMI and collective FMI in increasing carbon sinks. In addition,
future research can subdivide the efficiency of increasing the carbon sink in various SOFRs
and provide targeted suggestions for government FMI management and decision making.

5. Conclusions

This paper used the panel data from 40 SOFRs in Heilongjiang Province from 2001 to
2019 as the research sample. First, the individual fixed-effects model was used to determine
a reasonable lag period, and then the panel threshold model was selected to investigate
the increase in carbon sink efficiency and differences in FMI under different carbon sink
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levels. In addition, partially linear functional-coefficient panel data models were used to
verify the law of the effect of FMI on increasing the carbon sink. The main conclusions
of the study were as follows. (1) The aggregate carbon amount of SOFRs in Heilongjiang
Province from 2001 to 2019 showed an overall upward trend, the total growth rate was
20.17%, and the overall fluctuation was large. In terms of space, the carbon sink showed a
phenomenon of “increasing as a whole and decreasing in a small area”. The SDE of the
carbon sink presented a pattern of “southeast–northwest” and showed the characteristics of
“from southeast to northwest” migration. In addition, the carbon sink of each forest region
was quite different, showing the characteristics of “more in the north and south, but less in
the middle”. (2) The total FMI from 2001 to 2019 was approximately CNY 46.745 billion,
showing an upward trend, but the amount of FMI varied greatly among forest regions.
(3) The amount of carbon sink in each forest region significantly affected the efficiency of
increasing the carbon sink by FMI. When the carbon sink was less than 5,327,211.8707 tons,
the elasticity coefficient of the impact of FMI on the carbon sink was 0.00953. When the
carbon sink was higher than 5,327,211.8707 tons, the elasticity coefficient of the impact of
FMI on the carbon sink was 0.02175, and the latter’s FMI efficiency was 128.23% higher
than that of the former. (4) The increasing carbon sink effect of FMI showed the law of
diminishing marginal benefits, but it has not yet reached the optimal investment scale.
When the FMI reached CNY 100 million, the growth rate of the carbon sink remained at a
low level.

Overall, the government should reasonably increase the level of FMI in various forest
regions and simultaneously strengthen the management and supervision of the use of forest
management funds. Additionally, timely prevention of plant diseases and insect pests,
drought prevention and moisture conservation, and timely implementation of forestry
measures such as thinning and replanting should be implemented. The high-quality
development of forests in the key SOFRs of Heilongjiang Province should be promoted and
the realization of the “dual carbon” goal can be achieved.
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Abstract: Accurately estimating the forest farmers’ protection costs for forest ecosystem services has
become a hot issue in ecological economics. In this research, we propose a novel method of using an
auction price model to evaluate the forest ecosystem services. We establish a functional relationship
between forest farmers and the forestland that belongs to them based on experimental data from
Xin’an River Basin in China. The results indicate that the average willingness of farmers to accept
payment for forest ecosystem service protection in the low, middle, and high levels of forest quality
is 17,123.10, 23,493.75, and 31,064.40 yuan/ha/year, respectively. Moreover, farmers with different
individual characteristics, household characteristics, planting characteristics, policy cognition, and
ecological awareness are also willing to be paid differently. This research can provide a reference for
forest ecosystem protection policies and assist the sustainable forestry development.

Keywords: auction price; payments for ecosystem services; Xin’an River Basin

1. Introduction

Providing forest ecosystem service performance rewards is an alternative to command-
and-control or indirect conservation incentives [1–3]. By compensating forest owners for
conservation costs, the private and public benefits of conservation can be reconciled [4–9].
The use of payment requires accurate estimations of private costs, in particular the willing-
ness of forest owners to accept protection contracts [10–14]. This insufficient compensation
will not result in behavioral changes due to the high violation rates for forest owners [15].
If these owners are not compensated accurately, the approach would not maximize conser-
vation benefits [16–18].

The basic concept of forest ecosystem services is defined as public goods that are easily
overused and underestimated, which will lead to the loss of service value, exploitation, and
fragmentation, and seriously reduce service functions [19–21]. Therefore, forest ecological
compensation is of great importance for the rational use of forest resources and the effective
protection of forest ecology [22–24]. According to the policy, stakeholders’ interests are
adjusted by means of economics and are compensated for the costs (or losses caused by the
destruction of resources and the environment) of their protection, to achieve the purpose of
preserving the ecosystem [25–27]. Payment for Ecosystem Services (PES) is a project tool
that is widely used internationally [28–30]. PES projects compensate for the reconstruction
of ecosystem services caused by improving the damaged environmental conditions [31–34].

A literature review of ecological economics shows that conservation benefits can
be obtained by incorporating cost measures into conservation planning processes [23].
Nevertheless, conservation planners do not know what the opportunity cost of conservation
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is for forest owners. Consequently, there are a variety of methods for estimating these
costs [35,36].

In the past few years, scholars found that the current payment option in PES projects
cannot accommodate information asymmetry, which can result in the loss of some protec-
tors. A lack of adequate compensation leads to an uneven distribution of compensation
funds and social injustice [37]. Thus, some studies use auctions to deal with information
asymmetry [38]. In contrast, the Contingent Valuation Method (CVM) [39,40] and Choice
Experiments (CE) [41,42] are widely used and highly recognized. A CVM method was
first proposed and used by Davis in 1963 to evaluate the recreational value of forestland in
Maine [43]. In recent years, the CVM method has been widely applied to measure both the
use value and non-use value of environmental goods. However, there are some limitations,
such as the fact that only one environmental attribute can be measured at one time [44] and
that inaccurate results can easily occur as a result of inherent bias [43]. A CE method is
based on Lancaster’s characteristics theory of value [45] and random utility theory [46,47].
Originally developed by Louvier [48,49] and others [50], it allows participants to establish
a selection set by setting different attribute combinations so that each attribute can be
weighed and the most preferred combination scheme can be chosen. Nevertheless, both the
CE and the CVM are essentially based on hypothetical markets. In the hypothetical market,
it is common for consumers to overestimate or underestimate their actual willingness to pay
(or accept) for goods and services. Since the ecological compensation program in China will
establish a market mechanism for adjusting interests and allocating resources, experimental
economics should be used to simulate the market environment and achieve compensation
standards that are more adaptable with the market prices of forest ecosystem services.

The auction price method is widely used as a representative method to evaluate com-
modities in non-market transactions. The effectiveness of experimental auction methods
depends mainly on the choice of auction mechanism. Vickrey auction mechanisms [50],
BDM (Becker-DeGroot-Marschak) mechanisms [51], and random n-price auction mech-
anisms [52] are currently widely used. Vickrey auctions require all participants to bid
simultaneously. The highest bidder wins and only has to pay the second highest, which
generally satisfies the principle of incentive compatibility, although there may be an issue
with low bids in the implementation and cannot be implemented in individual experiments.
BDM does not require group participation and it is suitable for individual experiments,
which provides the assurance of randomness in sampling, as well as the avoidance of the
information association defect caused by group auctions. Thus, the “insincere” nature of
bidding can be effectively eliminated by Random n-price auctions, which combine the
advantages of Vickrey auctions and BDM mechanisms and comply with the principle of
incentive compatibility, overcome competitive bias, and obtain the most accurate data [53]—
but they have the disadvantage of being difficult to explain to participants and difficult
to organize. In the experiment, the auction mechanism is introduced and the participants’
real preferences can be gathered; the rigorous experimental procedures and the repeated
experimental process make the experimental environment more like the real market: the
participants can be familiar with the auctioned items and the experimental process ensures
data authenticity and prevents the problem of non-response bias. Recent studies have
concentrated on the design and cost-effectiveness of ecological service auctions. Lewis
et al. have tried to build an auction mechanism in the context of climate change [54].
Sharma et al. have examined forest carbon sequestration service payments under dis-
criminatory price auctions [55]. Lundberg et al. have explored fixed payments and the
procurement cost-effectiveness of payments for ecosystem services under two mechanisms
of auction [28].

Therefore, we investigate the minimum price they require for the contract activities for
the provision of forest ecosystem services using an experimental auction method based on
the BDM mechanism. Moreover, we establish the multivariant probit model (MVP), which
aims to obtain the farmers’ characteristics, household characteristics, policy cognition,
and ecological cognition to explore differences in the farmers’ willingness to accept a
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contract (WTA) for forest ecosystem services at different quality levels. Additionally, we
compare their influencing factors. Finally, we calculate a reasonable range of ecological
compensation standards. This research makes the following contributions to the previous
literature: (i) exploring the underlying theory of forest ecosystem service measurement and
its connection with farmers. In this study, we discuss the auction price method and the
advantages of the BDM approach compared to the conventional methods; (ii) regarding
real marketing among farmers, it is meaningful to explain the differences in economic
value that are attributable to the different farmers’ groups; and (iii) it is expected that
the analytical results will have implications for forest ecosystem management regarding
ecological transfer payments and its budget allocation.

In the following section, the paper is organized as follows. Section 2 proposes an
empirical model framework and outlines the experimental design and data collection
process. Section 3 addresses the model results, and is followed by Section 4, which presents
the study summary and conclusions.

2. Methodology

2.1. Sampling and Research Area

We designed a questionnaire that involved two aspects: one related to the individual
characteristics, household and planting characteristics, and the social capital of farmers.
The other regarded simulating the form of forestland lease auction contract. The experiment
was conducted in two groups for household research. Firstly, the head of the household
(or a family member who knew about the production of forestland) was asked to fill out a
basic questionnaire. Then, the researcher introduced and briefly demonstrated the auction
processes and rules. In the end, the experiment was conducted by simulating forestland
lease auction contracts. A total of 300 farmers were invited for this experiment, with a valid
sample size of 272. The efficiency of the questionnaire reached 90.67%.

As shown in Figure 1, the study sample covered ten villages in Anhui province in
China, and thus represented a typical range of conditions in the ecological management of
the Xin’an River and its core areas for implementing an ecological compensation policy. The
whole survey process lasted about six months—from June to December in 2020. The sample
in our study was randomly selected from Xiuning County and She County of Huangshan
City. Xiuning County is the fountainhead of Xin’an River. She County is located at the
junction of Anhui and Zhejiang province, where the water quality data of the station in
Jiekou Town is a key judgement criterion for compensation implementation. For each
county, we selected 2–3 townships and 2–3 villages, which were randomly selected from
the selected townships. Furthermore, we investigated 30 farmers in each village.

2.2. Auction Method

BDM auctions can better reveal the willingness preferences of farmers for its uses with
real monetary incentives by setting up a real market environment. In order to achieve more
accurate results, the whole experimental process must be rigorously designed. The exper-
iment includes several components, such as determining the auction product, selecting
the auction mechanism, and determining the experimental environment and execution
steps. Each step must be carefully considered to guarantee the validity of the experimental
auction results. The specific design framework is shown in Figure 2.

2.2.1. Auction Products

Forest ecosystem services, as intangible ecological products, are difficult to understand
for farmers unless they are directly used as the auction products. Therefore, the selection
of reasonable alternatives has a key impact on the experimental auction. Xiuning County
and She County are located in the mountainous areas of southern Anhui, with undulating
terrain and limited arable land. Farmers take forestry activities (tea and fruit trees) as their
main income resources. At the end of 2019, the tea garden area of the two counties was
10,751 hectares and 17,142 hectares, respectively, accounting for 20.69% and 32.99% of the
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total tea garden area of Huangshan City, respectively. This study is based on the natural and
economic situation of this area, and then combined with the existing research. In addition,
the basic idea of the equivalence factor method is applied to the experiment. It should be
noted that the auction products need not only reflect the value of forest ecosystem services,
but also the differences in farmers’ characteristics. Hence, the one-year use right of farmers’
operating on forestland is selected as the auction product. The bid of rent is used as the
compensation price for the value of forest ecosystem services per unit area when farmers
participate in ecological compensation projects.

Figure 1. Study area in China.

Figure 2. Auction experimental design framework.
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In addition, in order to simulate the actual market environment, we classified forest-
land into high quality, middle quality, and low quality, including the expression of the
farmer as well as the slope of the land, fertility, irrigation, and transport conditions (Table 1).
Bidders needed to report their bids for the lease amount of forestland of different qualities
during the experimental auction, respectively. We could explore farmers’ willingness to
accept (WTP) for different levels of forest ecosystem services based on their bids.

Table 1. Classification of forest quality levels.

Woodland
Levels

Woodland
Slope

Soil Fertility
Irrigation

Conditions
Transport
Condition

Variety

Low quality
forest land Steeper (>25◦) Thin soil layer,

low fertility No water around.
Country road (for

motorcycles
and tricycles)

Poor tea varieties

Middle quality
forest land

Stee
(15◦ ≤ slope ≥ 25◦) Low fertility

The water source is
far away but there

are water
diversion facilities.

Close to township
roads (for
small cars)

Tea varieties
in general

High quality
forest land Gentle (<15◦) Thick soil layer,

high fertility

Close to the
water source

(within 100 m)

Close to the
highway (for
large trucks)

Good tea varieties

2.2.2. Auction Selection Mechanism

For it is difficult to organize large-scale centralized auctions in the scattered house-
holds in mountainous areas, this study conducts the experimental auction by simulating a
forestland lease contract in a household. Without reference to others, the farmer made an
independent valuation of the auction products. This could be seen as organizing a sealed
auction [32]. In addition, due to the establishment of three levels of auction products, the
auction was a multi-item auction. A BDM mechanism was chosen as the experimental
auction mechanism to prevent the “insincerity” of farmers’ bids and take into account the
“randomness” of sampling. We set up a normally-distributed function based on the bid
interval of participants. In each round of different levels of auctions, if the farmers’ bids are
lower than the randomly selected price, the forest lease contract will be effective, otherwise
it will fail. Moreover, the BDM mechanism does not require group participation. It is
suitable for individual experiments with a stratified random sampling method. Meanwhile,
under the BDM mechanism, participants have a chance to win regardless of their valuation.

2.2.3. Auction Procedures

Considering that the natural environment and socio-economic conditions vary greatly
from different regions, local farmers’ production operations will also vary widely. Therefore,
this study took administrative villages as a basic unit. We selected 30 farmers in each
village randomly to conduct a three-round sealed auction with one-on-one household
offers. Briefly, the BDM auction was implemented as follows: firstly, in each round of the
auction, farmers needed to bid on the corresponding level of forestland in this round. Then,
a normal-distribution random function generated the transaction price for this round. If the
farmer’s bid for this round was lower than or equal to the randomly generated transaction
price, the transaction would be concluded. After three rounds of auction, the computer
randomly selected one round from the three rounds of auctions as the final settlement
round. If the farmers could reach a deal in the settlement round, they would be included
in the winning group. Then, the farmers in the winning group were ranked in order of
their bids. The farmer with the highest bid won and received a cash prize of 500 yuan. The
related experimental procedure is shown in Figure 3.
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Figure 3. BDM mechanism program.

2.3. Statistical Modeling
2.3.1. Multivariant Probit (MVP) Model

According to Lancaster’s utility theory [45], let Uij be the utility of the attribute
obtained by the ith farmer for selecting the jth level of forest ecosystem service, including
two components. The first is the deterministic component Vij, the second is the stochastic
term εij, as below:

Uij = Vij + εij (1)

Moreover, if the market value of forest ecosystem services at the jth level is Pj, the
remaining willingness of the ith farmer to be paid for forest ecosystem services at the jth
level is APij, which can be expressed as:

APij = Vij − Pj + εij (2)

Based on the incentive compatibility properties of the revealed preference approach
and the BDM mechanism, there exists BIDij = WTPij = Vij. BIDij, which is the bid that
the ith farmer wants for the jth level of forest ecosystem services. In addition, since the
market price Pj of forest ecosystem services does not have an exact value, the average value
WTAij of farmers’ bids for different levels of forest ecosystem services is used as a proxy
for the market price Pj, which is shown as below:

APij = WTAij − WTAij + εij (3)

WTAij is the arithmetic mean of all farmers for the ecological services WTAij at the
jth level and εij is a random parameter. If APij ≥ 0, then the ith farmer desires a higher
compensation for the ecological service at the jth level and vice versa. Accordingly, a binary
discrete choice model is constructed:

Yij =

{
1
0

APij ≥ 0
APij < 0

(4)

Yij = 1 denotes a high willingness of the ith farmer to be paid for the jth level of
ecosystem services, otherwise Yij = 0. It can be further expressed as:

APi = Xiβ + εi (5)
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In addition,

Xi =

⎡
⎢⎢⎣

Xi11 · · · Xi1m
Xi21 · · · Xi2m

· · · · · ·
Xi11 · · · Xi1m

⎤
⎥⎥⎦ (6)

Xijm denotes that the mth characteristic variable of the ith farmer in the jth bid. β is
the parameter vector to be estimated and εi is the residual term.

Therefore, the probability that the farmer hopes to obtain a higher WTA for the jth
level of ecological services is calculated as:

Prob(Yi = 1) = Prob(APi ≥ 0) = F(εi − Xiβ)

= 1 − F(−Xiβ) (7)

If εi obeys, the normal distribution is obeyed and the assumptions of the MVP model
are satisfied, so the function is:

Prob(Yi = 1) = 1 − Φ(−Xiβ) = Φ(Xiβ) (8)

There are three hierarchical subjects in this study, so j = 3. Since the MVP model
assumes that the residual terms obey a joint normal distribution, therefore εi ∼ N(0, Σ),

then APi ∼ N(Xiβ, Σ), where Σ =

⎡
⎣ 1

σ12
σ13

σ12
1

σ23

σ13
σ23
1

⎤
⎦.

If the three bids are not correlated, then σ12 = σ23 = σ13 = 0. To detect the correlation
of the three bids, this study assumes that σ12,σ23, and σ13 are not zero [35]. Then, based on
the benchmark model proposed by Chib et al. [36], the MVP model can be obtained as:

Prob(Yi|β, Σ) = Prob(Yi, APi|Xi β, Σ)

=
∫

Bi3

∫
Bi2

∫
Bi1

ϕ(Yi, APi|Xi β, Σ)dAPi (9)

ϕ(Yi, APi) =
1

(2π)3/2|Σ|1/2
e

1
2 (APi − Xiβ)

′Σ−1(APi − Xiβ) is the joint probability den-

sity function and Bij is the integration interval.

Bij =

{
(0,+∞)
(−∞, 0)

Yij = 1
Yij = 0

(10)

The likelihood function of the model can be obtained as:

L(θ) =
272

∏
i=1

ϕ(Yi, ΔAPi|β, Σ ) (11)

The log-likelihood function is:

ln(L(θ)) = ln(
272

∏
i=1

ϕ(Yi, APi|β, Σ ) =
272

∑
i=1

ln{ϕ(Yi, APi|θ )} (12)

while θ = (β, ∑) is the parameter space.

2.3.2. Variable Definition

Referring to the previous literature [15,20], this study used “whether the bid for
ecological services at three different levels was higher than the average of all bids at
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each time” as the dependent variable. In order to investigate the influencing factors of
farmers’ WTA for ecological services at different levels, independent variables from multiple
aspects were set up as following: (1) farmers’ characteristics variables, including gender,
age, education, health status, and occupations; (2) farmers’ household characteristics and
planting characteristics variables, including per capita income, household size, forestland
area, average cost per hectare, and average output per hectare, etc; and (3) farmers’ policy
perceptions and ecological perceptions, including policy cognition, policy satisfaction,
policy support, and ecological awareness. The details are shown in Table 2.

Table 2. Variable definitions and assignments.

Variable Definition Mean Std. Dev.

Dependent variable
Higher than average price for

low quality forest land
1 = the bid higher than the average

price; 0 = otherwise 0.338 0.474

Higher than average price for
medium quality forest land

1 = the bid higher than the average
price; 0 = otherwise 0.342 0.475

Higher than average price for
high quality forest land

1 = the bid higher than the average
price; 0 = otherwise 0.272 0.446

Independent variable
Individual characteristics Gender 1 = male, 0 = female 0.636 0.482

Age 1 = Over 40 years old, 0 = otherwise 0.952 0.214

Education 1 = High School and above,
0 = otherwise 0.114 0.318

Health 1 = healthy; 0 = chronic diseases,
major diseases and disabilities 0.676 0.469

Occupation 1 = farmer, 0 = otherwise 0.809 0.394
Family characteristics Income Continuous variable/1000 yuan 10.889 9.649

Household size Total household size, continuous
type variable/person 4.239 2.043

Planting characteristics Forest area Total area of operating forest land,
continuous type variable/ha 0.315 0.259

Average cost per hectare
Average cost per hectare of

operating forest land, continuous
type variable/1000 yuan

6.075 7.380

Average output per hectare
Average output per hectare of

operating forest land, continuous
type variable/1000 yuan

31.800 21.015

Policy Awareness Policy cognition 1 = Familiarity, 0 = otherwise 0.739 0.440
Policy Satisfaction 1 = Satisfaction, 0 = otherwise 0.794 0.405

Policy Support 1 = Support, 0 = otherwise 0.960 0.197
Ecological Awareness Ecological Awareness 1 = Necessity, 0 = otherwise 0.886 0.318

3. Results

3.1. Descriptive Statistics

Table 3 summarizes the characteristics of the farmers. Respondents were familiar with
the PES policy and satisfied with the PES Programs in the Xin’an River. Most respondents
both support the policy and are aware of the ecological environment. As can be seen in
Table 1, the demographic characteristics of the samples are very similar to the local statistics
data. Our sample is representative of the education composition of the true population, but
has a higher mean age compared to the general population. The results demonstrate that
the proportion of males is higher than that of females, accounting for 63.60% and 36.40%,
respectively. The age of the participants is mainly above 40-years old. It reflects that the
local farmers are mainly middle-aged and elderly.
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Table 3. Statistics of basic characteristics of peasant households.

Statistical Characteristics Classification Indicators Number Proportion %

Gender male 173 63.60
female 99 36.40

Age <40 13 4.78
≥40 259 95.22

Education Junior high school or below 241 88.60
High school or junior college degree or above 31 11.40

Health Conditions Healthy 201 67.65
Chronic diseases, major diseases and disabilities 71 32.35

Occupation Farmer 220 80.88
Others 52 19.12

Policy Cognition Familiarity 201 73.90
Unfamiliarity 71 26.10

Policy Satisfaction Satisfaction 216 79.41
Dissatisfaction 56 20.59

Policy Support Support 261 95.96
Nonsupport 11 4.04

Ecological Awareness Necessity 241 88.60
Unnecessary 31 11.40

In Table 4, we can see that the annual average cost range of farmers operating forestland is
[0, 43,500] yuan/ha, the annual average output per hectare range is [0, 112,500] yuan/ha, and
the annual average net income per hectare range is [−2250, 97,500] yuan/ha. In addition,
the annual average cost is 6075 yuan/ha, the annual average output is 31,800 yuan/ha, and
the annual average net income is 25,725 yuan/ha.

Table 4. Basic situation of farmers’ forestland.

Average Cost
(Yuan/Ha/Year)

Average Output
(Yuan/Ha/Year)

Average Net Income
(Yuan/Ha/Year)

Max 43,500 112,500 97,500
Min 0 0 −2250

Mean 6075 31,800 25,725

3.2. Bids Prices in Experiments

The basic information of farmers’ bids for forestland of different quality levels is
shown in Table 5. It can be seen that the range for different quality levels of forest-
land are low-quality forestland ([0, 112,500] yuan/ha/year), middle-quality forestland
([1500, 150,000] yuan/ha/year), and high-quality forestland ([7500, 225,000] yuan/ha/year),
respectively. Furthermore, the mean offers submitted at different levels are 17,123.1,
23,493.75, and 31,064.40 yuan/ha/year, respectively. The spillover of farmers’ bids com-
pared with the average output are −28.48%, −1.65%, and 28.09%, respectively. Compared to
the average net income, the spillover prices are −14.16%, 18.54%, and 54.74%, respectively.

The bids for middle-quality forestland are lower than the actual output of forestland
and higher than the net income of forestland, which matches the rules of marketing.
However, the bids for low-quality forestland are much lower than the actual output and
net income of forestland. These farmers are willing to contract to others for free and
only require that the use of the forestland not fall into waste. This may be because the
profit of low-quality forestland is low. It is not convenient for farming operations such
as planting and irrigation, and part of the land is already in a semi-deserted state. As
expected, farmers generally charge higher prices for high-quality forestland, which is much
higher than the actual output and net income of the forestland. Due to the harsh natural
conditions in mountainous areas, high-quality forestland is a scarce resource in the local
area. The tea revenues are a major source of income for farmers. It also indicates that
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farmers have a strong relationship with the forestland and are unwilling to lease out high-
quality forestland. Compared to the forestland market in our survey, the actual transaction
price is 30,000–90,000 yuan/ha/year.

Table 5. Basic situation of auction quotation.

Low-Quality Middle-Quality High-Quality

Highest bid 112,500.00 150,000.00 225,000.00
Average bid 17,123.10 23,493.75 31,064.40
Lowest bid 0.00 1500.00 7500.00

Bid and average premium for total output −28.48% −1.65% 28.09%
Bid and average premium for net income −14.16% 18.54% 54.74%

3.3. Model Analysis

We analyze the survey data using STATA 15.0, and the results are shown in Table 6.
σ12, σ13, and σ23 are significant and not a zero value. This indicates that the three bids of
farmers are highly correlated, which is suitable for MVP model analysis.

3.3.1. Influence of Farmers’ Characteristics

The results of the model demonstrated that gender and education level have no
influence on WTA. Given that they are probably influenced by mountainous terrain and
economic conditions, the education level of local farmers is generally low. Moreover, due
to the implementation requirements and difficult operation of the experimental auction
method, the sample size we can obtain is small. Given this, it has a certain impact on the
regression results. The results also show that age, health, and job type have significant
effects on the three levels of WTA. From the aspect of age, there is no difference on WTA
between farmers aged over 40 and those aged below 40 in the first level of ecological
service. While the WTA of farmers who are above 40 years old is significantly higher in the
second and third levels, the reason may be that the middle-aged and elderly people’s own
labor ability is limited; they lack employment opportunities and depend on the forest land
income. Hence, they hope to receive higher compensation. Our results also show that, for
second-level ecological services, farmers in good health hope to achieve more compensation.
It may be that the healthier the farmers are, the stronger their labor capacity and the higher
yield from production work. In terms of occupations, the WTA of farmers working in
forestry was significantly higher than that of farmers working in non-forestry work in the
first and second levels. We conclude that farmers working in forestry are highly dependent
on land and forestry income. Hence, they want more compensation in order to make up for
the losses caused by the implementation of the ecological compensation policy.

3.3.2. Influence of Household and Planting Characteristics

Among the farm household characteristics, household per capita income has no
significant difference on WTA for the three levels of ecosystem services. We find that
farmers with larger household sizes have significantly higher WTA, except in the second
level. It is possible that the larger the household size, the higher the cost of living. Farmers
wish to obtain higher compensation for their families to gain benefits.

There is no significant difference in WTA between farmers with different forest area,
and there is significant difference between farmers with different costs and outputs. Firstly,
there is no significant difference in the WTA of the first level of farmers with different costs,
and the WTA of the second and third levels of farmers with higher costs is significantly
lower than that of farmers with low costs. The reason is that, as the average cost is high, the
general planting scale is small. Therefore, the WTA of farmers is lower. Secondly, the WTA
of farmers with high output is significantly higher than that of farmers with low output.
The reason is that, when the level of land output is high, farmers have a higher income and
they perceive a higher ecosystem service value.
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Table 6. MVP model results.

Variable Coefficient Std. Dev. Z-Value p-Value

Low quality

Gender −0.071 0.188 −0.380 0.705
Age 0.185 0.459 0.400 0.687

Education −0.063 0.290 −0.220 0.829
Health Conditions 0.326 * 0.195 1.670 0.095

Occupation 0.730 *** 0.250 2.920 0.003
Income −0.002 0.009 −0.220 0.823

Household size 0.079 * 0.044 1.810 0.070
Economic forest area −0.021 0.027 −0.760 0.449

Average land cost per hectare −0.007 0.216 −0.030 0.975
Average income per hectare of land 0.407 *** 0.084 4.840 0.000

Policy cognition −0.548 *** 0.198 −2.770 0.006
Ecological Awareness 0.592 ** 0.292 2.030 0.042

Policy Satisfaction 0.543 ** 0.234 2.320 0.020
Policy Support −0.203 0.509 −0.400 0.690

_cons −2.894 *** 0.852 −3.400 0.001

Middle quality

Gender −0.061 0.168 −0.360 0.716
Age 1.141 *** 0.411 2.770 0.006

Education 0.059 0.263 0.220 0.822
Health Conditions 0.269 0.174 1.550 0.121

Occupation 0.347 * 0.205 1.700 0.090
Income 0.005 0.009 0.580 0.563

Household size 0.050 0.040 1.230 0.217
Economic forest area −0.010 0.022 −0.430 0.668

Average land cost per hectare −0.415 ** 0.209 −1.980 0.047
Average income per hectare of land 0.329 *** 0.071 4.620 0.000

Policy cognition −0.297 * 0.171 −1.740 0.082
Ecological Awareness 0.253 0.254 1.000 0.319

Policy Satisfaction 0.645 *** 0.218 2.960 0.003
Policy Support −0.551 0.436 −1.260 0.207

_cons −2.756 *** 0.738 −3.730 0.000

High quality

Gender −0.180 0.172 −1.040 0.297
Age 1.200 *** 0.436 2.750 0.006

Education −0.203 0.253 −0.800 0.422
Health Conditions 0.455 ** 0.181 2.520 0.012

Occupation 0.234 0.203 1.150 0.249
Income 0.006 0.008 0.750 0.454

Household size 0.068 * 0.038 1.760 0.078
Economic forest area −0.011 0.022 −0.500 0.615

Average land cost per hectare −0.355 * 0.202 −1.760 0.079
Average income per hectare of land 0.294 *** 0.068 4.350 0.000

Policy cognition −0.301 * 0.167 −1.800 0.072
Ecological Awareness 0.509 * 0.270 1.890 0.059

Policy Satisfaction 0.636 *** 0.222 2.870 0.004
Policy Support −0.866 ** 0.424 −2.040 0.041

_cons −2.873 *** 0.748 −3.840 0.000

σ12 0.933 *** 0.021 43.630 0.000
σ13 0.856 *** 0.031 27.540 0.000
σ23 0.972 *** 0.011 86.380 0.000

Likelihood ratio test of rho12= rho13 = rho23 = 0:
chi2(3) = 276.606 Prob > chi2 = 0.0000

R2 = 16.05

Note: *, **, *** represent significant at the 10%, 5%, and 1% levels, respectively.

3.3.3. Influence of Farmers’ Policy and Ecological Perceptions

The results show that different policy cognition, policy satisfaction, and policy support
have a significant influence on WTA. In terms of policy cognition, farmers who are familiar
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with the ecological compensation policy have a significantly lower WTA. Typically, if
farmers are familiar with this policy, they will be confident in policy implementation and
have a lower estimate of risk loss. With respect to policy satisfaction, farmers who are
satisfied with the policy implementation have a significantly higher WTA. The reason may
be that their estimation of the value of ecological services is correspondingly increased
along with their satisfaction. Regarding policy support, farmers who support policies have
a lower WTA, suggesting that they are more likely to recognize the long-term benefits
of policies and are willing to abandon certain economic benefits to improve the forest
ecosystem services.

Farmers who think ecological protection is necessary exhibit significantly higher than
farmers who do not in both the low and high levels. It may be that the stronger the farmers’
awareness of ecological conservation, the higher the estimation of the value of ecological
services; they prefer to put ecological conservation into practice. It also indicates that the
farmers who rent forestland with low and high levels in this area are more sensitive than
those who rent middle-level forestland.

4. Discussions, Conclusions and Policy Implications

4.1. Discussions

Basically, ecological compensation standards are established based on the WTA. The
upper limit can be used as the compensation standard agreed upon by the respondent.
Our study showed how an auction price model can be used to estimate the compensation
standard in a PES program. Even in the absence of well-functioning markets, the auction
price approach overcomes the weaknesses of existing valuation methodologies. Analyzing
the potential impacts of different PES targeting programs provides the opportunity to
achieve ecological and socio-economic goals.

The value of the research extends beyond the limitations of local considerations. By
conducting similar auctions at different locations and for multiple services around the
globe, scientists, practitioners, and policy-makers can gain a better understanding of what
budget is necessary to pay for ecosystem services on a global scale. Additionally, our
experimental auction price design will reduce the opportunity costs of environmental
conservation. Field auctions, for instance, may be used to illustrate whether educating or
influencing factors can lower the opportunity costs farmers face when using ecosystem
services. As a result, we recommend continued experimentation with auction price models
as a method of revealing the preference for PES program design, which is necessary and
will improve the success of ecosystem service conservation.

According to the research, the evaluation of the effectiveness of PES policies should
be based on the preferences of stakeholders, and only policies that meet the needs of most
stakeholders are effective. It is important to note that although the experimental auction
method is consistent with the actual WTA in theory, it requires further confirmation in the
trading market.

4.2. Conclusions

This study uses a Becker-DeGroote-Marshack (BDM) auction method to estimate the
willingness to accept (WTA) for different levels of ecosystem services. In the background of
the implementation of Xin’an River ecological compensation policy, this study explores the
accuracy of the forest ecological compensation standard in Huangshan City. Subsequently,
we investigate the differences in farmers’ preferences for different levels of ecosystem
services and the factors affecting them with a sample of 272 farmers.

In Table 7, the auction experiment indicates that farmers have a lower average bid for
low-quality forestland (17,123.1 yuan/ha/year) and a higher average bid for middle-quality
forestland (23,493.75 yuan/ha/year) and high-quality forestland (31,064.4 yuan/ha/year).
The BDM mechanism implements a one-to-one multi-round sealed auction that requires re-
alistic monetary incentives and simulates a real market environment. Such an auction mech-
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anism allows farmers’ bids to truly reflect their preferences for forest ecosystem services.
Given this, their bids can be an important reference for ecological compensation standards.

Table 7. Summary of calculation results (Unit: Yuan/ha/year).

Farmers’ Bids in Experimental Auction
Low Quality Middle Quality High Quality Average

price 17,123.10 23,493.75 31,064.40 23,893.80

The MVP model is constructed to analyze the differences in farmers’ bids and the
factors influencing their preferences. The results show that there are significant differences
on WTA among farmers with different individual characteristics, household characteristics,
planting characteristics, policy cognition, and ecological awareness. Age, health status,
and occupations have significant positive effects on farmers’ WTA. In terms of the family
characteristics, household size is found to have a positive effect on farmers’ WTA. With
planting characteristics, the average cost and average output have significant negative
and positive effects on WTA, respectively. Policy cognition and policy satisfaction have
significant positive effects on farmers’ WTA. Policy support has a significant negative effect
on WTA. Ecological awareness has a significant positive effect on WTA.

Lastly, this study takes the lowest of the average bid of farmers at each level as the
lowest limit of the compensation standard and the highest as the upper limit of the com-
pensation standard. As a result, we deduce that the reasonable range of the current forest
ecological compensation standard in Huangshan City is [17,123.1, 31,064.4] (yuan/ha/year).

4.3. Policy Implications

This research provides three main implications to policymakers.
Farmers generally reflect that the current low standard of ecological compensation

is difficult to make up for the loss of economic benefits by the limited development of
livelihoods. This indicates that the existing compensation standard should be raised and
government departments should implement diversified compensation methods. Our
findings indicate that farmers generally have a higher acceptance of non-direct monetary
compensation. They also have a higher willingness to participate in technical training,
industrial support, and other projects. Thus, local governments should pay attention to
farmers’ anticipation and adopt diversified compensation methods, such as employment
technology training and improving village infrastructure conditions.

The results show that farmers’ WTA and their willingness to participate in policy are
strongly related to their policy cognition and ecological consciousness. It is advisable that
education should be strengthened to improve farmers’ policy awareness and ecological
consciousness. Due to the constraints of natural geography and socio-economic conditions
in mountainous areas, farmers are less educated to obtain more information. Given this,
their average policy awareness and ecological consciousness are limited. We can funda-
mentally improve the policy cognition and ecological awareness of farmers and promote
ecological compensation policy implementation by increasing education and popularizing
policy information and ecological knowledge.

Lastly, it is imperative to create a market-based compensation mechanism and in-
troduce social capital. As an important method for allocating resources and determining
prices, the auction mechanism has been widely implemented in PES projects worldwide.
In China, the auction mechanism has been used in many fields such as emission rights,
water rights, and land-use rights. Meanwhile, this study has tried the application of an
auction mechanism and the results are more valid and accurate than other revealed prefer-
ence methods. Hence, it is highly feasible to apply the auction mechanism in ecological
compensation in developing countries.
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Abstract: Estimating the economic value of ecosystem services has become one of the most fertile
areas in ecological economics. In this paper, we propose a novel method of using a tourist satisfaction
model to evaluate the recreational services being embedded in forest ecosystems. We establish a
functional relationship between tourist satisfaction and recreational attributes based on the survey
data of China National Forest Parks. The results indicate that each recreational attribute considered
enables the generation of a significant amount of tourism welfare for tourists, whereas tourist
congestion was found to be a negative contributor to tourists’ satisfaction. Reducing congestion from
the current level is the most valued recreational attribute for tourists, and the willingness to pay for it
is as high as CNY 623.18 (USD 92.29) per visitor per trip. Additionally, local and nonlocal tourists
display a divergent degree of preference for the recreational attributes and their levels of willingness
to pay.

Keywords: economic value; recreational services; tourist satisfaction; national forest parks

1. Introduction

Forest ecosystem services and the natural capital stocks that produce them are con-
sidered an important pillar of human life satisfaction [1]. Although there is growing
recognition of the need for their conservation, ecosystems continue to be lost through the
world [2]. A key factor behind this degradation is that most ecosystem services have the
characteristics of public or quasi-public goods, causing difficulties for the users to be able
to accurately identify their true values. Consequently, people can profit from the non-
consumptive trade and no incentive exists to pay to maintain them. Therefore, significant
efforts are needed to create a market in which ecosystem services can be found, defined,
and calculated.

In the past two decades, a growing body of research in ecological economics has con-
cerned satisfaction data and investigated the determinants of satisfaction at the individual
level. As respondent’s self-reported satisfaction data for ecosystem services can serve as a
metric for a personal utility level, valuing ecosystem services directly in satisfaction terms
have sparked a strong interest in the field of non-market valuation [3–5].

The basic idea of the satisfaction-based method is simple. This method uses survey
data on self-reported satisfaction as an empirical approximation to “the experienced utility”
or individual welfare, and models individual satisfaction as a function of their incomes or
costs, ecosystem services they used, and other control variables. The estimated parameters
are then used to calculate the average marginal rate of substitution between the level of
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income or cost and ecosystem service. As such, the individual’s marginal willingness to
pay (WTP) for the service in question can be revealed [5].

To some extent, the satisfaction-based method exhibits certain desirable features
or advantages over traditional tools (e.g., the stated preference method and the revealed
preference method). For example, there is no need to directly ask about people’s willingness
to pay in order for the public goods to be valued; instead, it simply requires an individual
to rank his or her life satisfaction [6]. As such, it can greatly mitigate the survey burden for
both research practitioners and survey participants. Furthermore, the satisfaction survey
can effectively avoid strategic bias, which is a common problem in the contingent valuation
survey process. In addition, this method can also suppress the model estimation bias that is
potentially caused by the strong assumptions of a rational economic actor and the complete
market equilibrium condition [7].

Welsch (2002) was the first researcher who used the cross-section life satisfaction data
gathered from 54 countries [8]. Since then, there has been a burgeoning number of studies
focused on valuing air quality in different countries and geographical locations, in addition
to various economic development stages globally, all based on life satisfaction data [6,9,10].
In recent years, the life satisfaction data has gradually gained its foothold in other fields of
ecological economics, including valuing aesthetic services [11,12], biodiversity services [13],
and cultural goods [3], in addition to the negative externalities of wind turbines [14]. To
the best of our knowledge, such a study focused on recreational ecosystem services using
tourist satisfaction (TS) data has not been carried out to date.

With respect to recreational services of ecosystems, some studies have demonstrated that
there is a close interrelationship between ecosystems and value received by tourists [15,16].
The tourist experiences at a destination are likely to result in positive memories, emotional
attachment, and, eventually, tourist satisfaction [17,18]. Furthermore, tourist satisfaction
accrued from unforgettable experiences and emotional attachment signifies recreational
value for tourists. Barbara (1997) suggested if one’s actual experience on a recreational
site is better than his or her expectation, then his or her assessment on the site should
be considered as being ‘satisfactory and valuable’ [19]. Similarly, Williams et al. (2003)
stated that the value of natural space can be derived from people’s satisfaction or their
emotional attachment to the space [20]. Therefore, based on these research analyses and
insightful arguments, we can extend the satisfaction-based method to the area of valuing
recreational services of national forest parks (NFPs). Specifically, we can build a micro-
econometric tourist satisfaction function using travel cost, the site attributes, and several
other covariates as arguments. Then, the estimated model parameters can be used in
computing the recreational attribute’s economic values.

This study makes the following contributions to the current literature: (i) Exploring
the underlying theory of tourist satisfaction measurement and its connection with tourist
welfare. Our proposed theoretical framework can be used in assessing the economic value
of forest recreational services. In this study, we discuss the advantages of the TS approach
compared to the conventional methods. (ii) Regarding tourism marketing, it is meaningful
to examine the differences in economic value that are attributable to the different tourist
groups, including local tourists and nonlocal park tourists. (iii) It is expected that the
analytical results will have implications for park management regarding park budget
allocation, level of admission fees charged, over-crowding control, priority order of park
management tasks, and park marketing strategies.

The remainder of the paper is organized as follows. Section 2 proposes an empirical
model framework, and outlines the questionnaire design and data collection process.
Section 3 addresses the model results, and is followed by Section 4, which presents the
study summary and conclusions.
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2. Materials and Methods

2.1. Methodological Framework
2.1.1. Utility Correlates to Economic Value

The economic concept of value employed here originates from neoclassical welfare
economics. The basic premises of welfare economics are that the purpose of economics is to
increase the well-being of the individuals who make up the society, and that each individual
is the best judge of how well off he or she is in a given situation. Each individual’s welfare
depends not only on that individual’s consumption of private goods, and of goods and
services produced by the government, but also on the quantities and qualities of nonmarket
goods and service flows received by each individual from the resource–environment
system [21]. In the context of tourism economics, each tourist’s utility depends not only
on his or her consumption of private goods, such as transportation, goods, and lodging
services, but also on the quantities and qualities of non-market recreational service flows
each tourist receives from the national park’s ecological system; for example, health, visual
amenities, and opportunities for outdoor recreation. Based on their utility-maximizing
behavior, tourists’ valuation of recreational services is revealed by their consumption
choices [22].

For a tourist who makes consumptive decisions concerning bundles of recreational
goods and services, his/her utility, which represents preferences for various recreational
attributes and tourism consumption, is given by the property of substitutability among
the market and non-market goods which make up the bundles. By substitutability, we
mean that if the quantity of one service in the consumed bundle is reduced, it is possible to
increase the quantity of other services so as to leave the tourist no worse off as a result of
the changes in the bundle. This substitutability is known to represent market demand as if
it is the outcome of a decision by a rational consumer [23]. The property of substitutability
measured by the marginal rate of substitution (MRS) is at the core of the economist’s
concept of value because substitutability establishes trade-off ratios between pairs of
services that matter to the tourists.

The value measures based on substitutability can be expressed either in terms of
willingness to pay (WTP) or willingness to accept compensation (WTA). WTP and WTA
measures can be defined in terms of any other service that the tourist is willing to substitute
for the service being valued. In valuing the NFP services, we use travel cost as the nu-
meraire so that the trade-off ratios between currency term and a specific park characteristic
can be expressed. The WTP is the maximum sum of money that an individual would be
willing to pay rather than do without an increase in some service, such as the amount
of rubbish reduction in a NFP site [24]. More formerly, a tourist’s utility function can be
formulated as the following:

u = f(r, t, θ)

where u denotes the tourist’s utility, and r, t, and θ denote the level of recreational attributes,
amount of the travel cost, and tourist’s personal traits, respectively.

2.1.2. Utility and Tourist Satisfaction

The study of people’s satisfaction with their life or the service quality they experience
has long been one of the mainstays in psychology. Only since the “Easterlin paradox” was
proposed has this psychological research been connected to economics [25]. The key
proposition associated with the theoretical framework is that an individual’s true utility
is an implicit variable and unobservable, which leads to a controversy about whether
self-stated satisfaction is a reliable and valid proxy for the tourist’s utility. In general,
tourists pursue individual welfare based on some stable evaluation metrics. For a measure
of reported satisfaction to serve as a proxy for individual welfare, an important assumption
is necessary: the standards underlying people’s judgment are those the individual would
like to pursue in realizing his/her ideal of a pleasant travel experience.

Tourist satisfaction refers to the perceived discrepancy between prior expectation
and perceived performance after consumption. The extent to which tourist satisfaction is
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identified depends on whether the evaluation standards fit the tourist’s judgments about
their travel experience. When experiences compared to expectations result in feelings of
gratification, the tourist is satisfied, and vice versa [26]. For tourists, the general evaluation
of the satisfaction and pleasure associated with their travel may be an appropriate standard
to capture judgments about their welfare. Therefore, like most researchers who use TS as a
valid proxy for respondent’s utility, we employ tourist satisfaction as a measure of tourist’s
utility [11,27].

2.1.3. Empirical Model

A typical tourist satisfaction model depicts the relationship between the parks’ recre-
ational services, tourist’s travel cost, and other control variables. Concretely, these can be
expressed in Equation (1) below:

Uij = α0 + β′
iRAij + μ′

iOAij + γ′
iCij + δ′i Sij + εij (1)

where Uij is the true but unobservable indirect utility of tourist i as he or she travels to the

park j; RAij =
(

RAij1, RAij2, . . . RAijk

)′
is a vector representing the recreational attributes

of the park j; and β′
i = (βi1, βi2, . . . βik)

′ is a vector of the park attribute coefficients. Simi-

larly, OAij =
(

OAij1, OAij2, . . . OAijk

)′
is a vector of the control variables associated with

the park j, which may involve factors such as park land size, temperature, and rainfall; Cij
represents a set of travel costs; Sij is a vector of tourists’ socio-economic and demographic
characteristics; and εij is a random error.

As discussed above, the key step of measuring the park service’s value is to correctly
define and formulate the marginal rate of substitution between the recreational attribute
and the tourists’ travel cost. To do so, we must first calculate the marginal utility of the
park attribute and the marginal utility of the tourists’ travel cost; then, by taking the ratio
between the two, we can derive the monetary value of the attributes. The MRS can then be
directly derived from Equation (1), as presented in Equation (2):

MRS =
ΔCos t

Δ Recreation attribute
= −∂Uij/∂RAij

∂Uij/∂Cij
= − β̂

γ̂
⇔ WTP (2)

2.2. Questionnaire Design and Data Collection
2.2.1. Questionnaire Design

In this study, we developed two survey questionnaires: one was used to capture data
on the quality of recreational attributes of the NFPs, and the other was used to collect data
on the satisfaction of tourists and their socio-economic characteristics.

1. Rreational attributes of NFPs: The tourist satisfaction or tourist welfare primarily
depends on a range of recreational attributes of the NFPs. To correctly identify these
attributes, we conducted an extensive literature review, which enabled us to identify
the six core park attributes of the level of tourist satisfaction, including the park
natural resources [28–30], accessibility [31,32], infrastructure that relates to tourists’
basic needs [31,33], and park management [29]. Table 1 shows the details of these
attributes in addition to several control variables considered in this study.

2. Measurement of tourist satisfaction: The level of tourist satisfaction was measured
using the China tourist satisfaction index, which was developed by “The China
tourist satisfaction evaluation system” in 2012 and is administrated by the China
National Tourism Administration. The tourist satisfaction index is characterized
by five categories: flat satisfaction, loyalty, demand, expectation, and recommend
intention. Each category is measured using a 5-point Likert scale from ‘Completely
dissatisfied’ to ‘Completely satisfied’. The validity tests of this satisfaction index are
presented in Table 2.
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3. Travel cost: This covers all the travel expenses occurred during the travel process,
from a tourist’s home origin to the park destination. The basic calculation formula is
given by Equation (3):

Cos t = C1/N1 + C2 + C3 (3)

where C1 represents the expenses paid before a tourist arrives at the entrance point
of the forest park, which covers the costs paid for transportation, lodging, food and
beverage, and other. N1 represents the number of sites visited by the tourist, which
is used in allocating the costs to a specific park site to avoid the problem of possible
double counting. C2 is the cost spent at the park site, including admission fees,
amusement, food and beverages, accommodation, and souvenirs. C3 denotes the time
opportunity cost, which is computed using Equation (4):

1/3 × (T1 + 2 × T2)/(Y ÷ 12 ÷ 23 ÷ 24) (4)

where T1 is the length of time spent touring the park site (unit: h); T2. is the time taken
on one-way travel from the home to the park (unit: h); Y is the household income;
12 means the number of months during which a tourist works in a year, excluding
the legal weekends; the work time per month is calculated as 23 days.

4. Socio-economic characteristics. These include age, sex, education, marital status,
household income, and whether a respondent is a repeat tourist or is visiting from
areas outside of the park [34].

2.2.2. Data Collection

The data collection involved two aspects: one related to the physical conditions of
the recreational services, was provided by the park management personnel, and included
the natural environment, the park history, and the park operations. The other regarded
the tourist’s personal trait information, such as travel satisfaction, money spent during
the tour, and demographic data. Before the formal survey activity was undertaken, a
statistical pretest was administrated to ensure the survey questions were understandable
and meaningful to the respondents. The pretests were based on data gathered from 4 park
managers and 30 tourists at Yin-Shi-Tan NFP and Xi-Jiao NFP, respectively, in Western
Dalian, China, and were implemented during 10–15 April 2017. The pretest outcomes were
used to check and upgrade the survey questionnaires.

As shown in Figure 1, the study sample covered 22 NFPs across over 14 provinces in
China, and thus represented a wide range of conditions of the NFPs in China with regards
to the park grade rankings, land size, length of establishment, rates of forest vegetation,
etc. (see Table S1 for detail). The whole survey process lasted for about 7 months, from
early April to December in 2017. Due to the constraints of both time and budget, it was
not possible for the researchers to travel to every sampled park site to carry out field
survey activities. Thus, most survey activities were delegated to the parks’ management
personnel, with the mutually agreed service fees paid to the clients. Thus, the tourist
surveys were executed by the park managers on behalf of our research team members. On
average, 200–300 tourists were sampled from each selected park site. A total of 4531 valid
questionnaires were collected.
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Table 2. Measurement of tourist satisfaction and its validity tests.

Tourist Satisfaction Scale Score

In general, I am satisfied with this park visit.
This visit meets my expectation. 5-pt Likert Scale:

1 ‘completely agree’
5 ‘completely disagree’

The overall travel meets my expectation.
If there is an opportunity, I would like to revisit this site.

I would like to recommend the park to my friends and relatives.

Number of items 5
Cronbach’s alpha coefficient 0.854

Kaiser–Meyer–Olkin Measure 0.893

Bartlett’s Test of Sphericity
Approx. Chi-Square 11,990.865

df. 21
Sig. 0.000

Figure 1. Geographical distribution of 22 National Forest parks.

3. Results and Discussion

As mentioned in the literature review, the tourist satisfaction function can be properly
estimated using an ordered probit model [9,35]. If the satisfaction function is characterized
as being cardinal, then the satisfaction function can be estimated via the ordinary least
squares (OLS) model [27]. However, numerous studies have shown that treating satisfac-
tion as either an ordinal or cardinal variable makes little difference to the estimated model
results [36]. Therefore, here we chose to use both ordinary least squares and ordered probit
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models for estimating model parameters. This analogy is very similar to the life satisfaction
measurement commonly used by non-market valuation researchers [37].

Based on the origins of the tourists, we subdivided the whole survey dataset into two
subsamples: a local tourist group and a nonlocal tourist group. A local tourist was defined
as a tourist who resided in the same city as the location of the NFP; and a nonlocal tourist
was defined as one whose residential location differed from that of the NFP they visited.
The detailed descriptive statistics for each sample dataset are presented in Table S2.

3.1. Model Results for the Whole Sample

To better understand the underlying effects of the NFP recreational attributes on
tourist satisfaction, we begin by estimating the models defined by Equation (1) using
the entire dataset; the results are presented in Table 3. Columns 4–5 in Table 3 show the
results estimated from Equation (1), based on the ordered probit model in which tourist
satisfaction is considered as the latent variable. It can be seen clearly that both the OLS
and the ordered probit models have a high goodness of fit. Furthermore, the two models
generated very similar results in terms of the magnitudes of the model coefficients and
their statistical performance.

Table 3. The model results based on the whole dataset.

Variable
Linear Form Ordered Probit Model

Coef. S.E. Coef. S.E.

Cost −3.66 × 10−4 *** 6.74 × 10−5 −4.33 × 10−4 *** 8.66 × 10−5

Forest+ 0.066 ** 0.033 0.116 *** 0.043
Forest++ 0.120 *** 0.037 0.200 *** 0.048
Traffic+ 0.037 0.035 0.069 0.045
Traffic++ 0.041 0.026 0.048 0.034

Garbage− −0.103 *** 0.035 −0.145 *** 0.045
Garbage+ 0.131 *** 0.033 0.142 *** 0.043

Congestion−− −0.166 *** 0.032 −0.174 *** 0.042
Congestion− −0.092 *** 0.034 −0.127 *** 0.043
Congestion+ 0.228 *** 0.035 0.281 *** 0.046
Congestion++ −0.091 ** 0.046 −0.182 0.059

Support facility 0.040 *** 0.016 0.080 *** 0.021
Recreation facility 0.045 *** 0.017 0.093 *** 0.021

Humanity −0.001 0.001 −0.001 0.001
Air 0.045 *** 0.005 0.062 *** 0.007

Area −0.0001 ** 5.75 × 10−5 −0.28 × 10−4 *** 7.83 × 10−5

Temperature −0.001 0.001 −0.001 0.001
Temperatureˆ2 −0.001 *** 0.000 −0.002 * 0.000

Rainfall −0.007 0.007 −0.012 0.009
Revisit or not −0.051 * 0.026 −0.071 0.034

Age −0.013 * 0.007 −0.014 0.010
Ageˆ2 1.56 × 10−4 * 0.000 1.75 × 10−4 1.05 × 10−4

Gender 0.016 0.026 0.027 0.033
Education −0.074 * 0.016 −0.099 *** 0.021
Marriage 0.015 0.020 0.019 0.026

HH income 0.000 0.009 −0.002 0.011
Residence −0.267 *** 0.043 −0.278 *** 0.055

Cons 3.438 0.178 - -

Number of observation 4531 4531
R2 0.1029 0.0495

Log-likelihood −5218.121
Note: *** p < 0.01, ** p < 0.05, * p < 0.1.

Regarding the recreational services, there is a significant positive relationship between
the two attributes (‘Rate of vegetation coverage’ and ‘Quantity of rubbish’) and tourist
satisfaction. However, the attribute of ‘Congestion’ seems to impose a non-linear effect
on tourist satisfaction because, as the level of congestion reaches a rate of ‘more than
35 people/100 m2’, the crowding imposes a statistically negative effect on tourist satisfac-
tion. However, as the level of congestion decreases to a level of ‘20 people/100 m2’, the
crowding is shown to make a positive contribution to tourist satisfaction. Interestingly,
the negative effect reoccurs as the congestion level reaches ‘Less than 10 people/100 m2’.
This may reflect the fact that tourists exhibit a dual preference regarding the congestive
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conditions in the park, such that they neither appreciate over-congestion nor enjoy an
environment at the site that is too isolated. Regarding the attribute of support facilities at
the park sites, tourists prefer more convenient ‘support facilities’ provided in the parks.
Nevertheless, this notion does not seem to be supported by the statistical test results
because ‘Convenience of transportation’ does not significantly affect tourist satisfaction.

Among the considered tourists’ traits, ‘age’, ‘education’ and ‘origins’ all affect TS
significantly. However, ‘age’ exhibits a U-shaped relationship with TS in such a way that
the level of satisfaction reaches the lowest as tourists attain middle age. As shown by Jarvis
et al. (2016), tourists with a lower level of education tend to be more satisfied than those
who received more advanced education [34]. Moreover, the origin of a tourist has a strong
influence on his or her travel satisfaction (α = 0.01). However, nonlocal tourists tend to be
more likely to report a better level of satisfaction than do the local tourists. This may be
attributable to the fact that tourists who reside in areas near the NFPs are used to or more
familiar with the park environment; thus, to some extent, they may have a lesser feeling of
freshness and are less sensitive to the level of satisfaction.

3.2. Valuing the National Forest Parks’ Recreational Service

As discussed previously, the monetary value of the NFP’s service is estimated using
the marginal rate of substitution (MRS), i.e., by computing the ratios between the estimated
recreational attribute coefficients and the tourist’s travel cost. In order to account for the
non-linear relationship between the variation in each attribute and the travel cost, we
computed the MRS based on alternative combinations of travel costs and recreational
attributes. Table 4 presents the mean WTP results derived from using the whole dataset. It
is clear that the WTP results vary by model. However they do not seem to differ greatly,
which indicates a high degree of robustness of the estimated model results.

Table 4. The economic values accrued to the changes in the park characteristics.

Linear Form Ordered Probit Model

WTP Proportion WTP Proportion

Forest * - - - -
Forest+ 180.921 0.62 270.394 0.93
Forest++ 327.263 1.13 468.133 1.61
Traffic * - - - -
Traffic+ 100.846 0.35 162.410 0.56
Traffic++ 110.793 0.38 112.289 0.39

Garbage− −281.882 −0.97 −339.634 −1.17
Garbage * - - - -
Garbage+ 356.450 1.23 333.010 1.15

Congestion−− −454.590 −1.56 −407.551 −1.40
Congestion− −251.720 −0.87 −297.075 −1.02
Congestion * - - - -
Congestion+ 623.184 2.14 655.801 2.26
Congestion++ −249.647 −0.86 −426.315 −1.46

Support facility 109.289 0.38 184.988 0.63
Recreation

facility 122.951 0.42 214.781 0.74

Note: 1 USD = 6.752 CNY in 2017. Proportion = WTP/mean travel cost. The mean value of travel cost in the
whole sample is CNY 290.63 (USD 43.04). Variables with “*” represent a baseline status.

In the discussion below, we use the results generated from Model 1 to address the
attribute values. This is simply because Model 1 has the best goodness of fit among the
three models. It is interesting to see that, among all the recreational attributes, tourists
attach the greatest importance to the attribute of ‘Congestion+’ which is evidenced by
the highest value of the WTP (CNY 623.18, i.e., USD 92.29), followed by the WTP for the
attribute of vegetation coverage (CNY 327.26, i.e., USD 48.54). This indicates that tourists
have a strong desire to experience a less crowded environment and better coverage of green
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land in the forest parks. However, as the congestion level changes from the status quo
to the worst level (‘Congestion−−’), the WTP falls to CNY 454.59 (USD 67.33). Similarly,
the effect of changing the ‘amount of rubbish’ from the status quo to ‘Garbage−’ results
in an economic loss of CNY 281.88 (USD 41.75). Finally, the average WTP for a one-level
increment in ‘Support facility’ and ‘Recreation facility’ is CNY 109.29 (USD 16.19) and CNY
122.95 (USD 18.21), respectively.

In contrast to Chinese tourists, who pay the greatest attention to the attribute of
‘Congestion+’, Penn et al. (2016) found ‘little congestion’ was relatively less important in
Hawaii beach, and tourists are only willing to pay USD 6.37 for ideal crowding condi-
tions [38]. In China, the exploitation of forest tourism resources is far greater than that
of ocean tourism. From April to November each year, i.e., when we collected the data in
this study, multiple millions of tourists travel to NFPs, causing overcrowding in the parks.
Therefore, tourists are more sensitive to changes in the congestion level in forest parks and
ultimately show a higher willingness to pay.

3.3. Model Results for the Two Sub-Samples

To better examine the difference in the tourists’ WTP for various recreational attributes
between local and nonlocal tourist groups, we conducted a separate analysis on each group
using the two types of models, i.e., linear and ordered probit models. The two columns
listed under each model in Table 5 represent the estimated results developed from each
sub-sample dataset.

As expected, the two tourist groups exhibit different attribute preferences and eco-
nomic values. Regarding the nonlocal group of tourists, their satisfaction displays an
inverted U-shaped relationship with the travel costs, such that the level of satisfaction
reaches the highest level as the per person’s travel expense reaches CNY 108.93 (USD
16.13). In comparison, the local group of tourists is subject to fewer cost constraints, so
their satisfaction is not significantly affected by this factor. Regarding parks’ recreational
attributes, both ‘Congestion’ and ‘Support facility’ are statistically significant for the two
groups of tourists. However, they differ in terms of the attribute of ‘Convenience of traf-
fic’, such that the coefficient of the ‘Best’ level of traffic variable indicates a statistically
significant positive effect for the local tourist group, whereas the effect is not significant for
the nonlocal group. This may be because, relative to the nonlocal tourists, the local park
tourists are more sensitive to the park conditions, such as whether it is more convenient for
them to use the park facilities. In contrast, because they experienced a long journey from
home to the NFP site, the nonlocal tourists tend to be less sensitive to the traffic conditions
in the areas surrounding the park. Instead, the nonlocal tourists paid more attention to the
parks’ environmental quality, as reflected by ‘Quantity of rubbish’, and the diversity of
recreational activities provided on the site (i.e., ‘Recreation facility’). Hence, these attributes
exhibit a statistically significant relationship with nonlocal tourists’ satisfaction.

Table 6 presents the mean values of the WTP calculated from Equation (1) of the
OLS and ordered probit models using the sub-datasets. In addition, we also carried out
1000 simulations using the parametric bootstrapping method to generate robust or stable
estimated WTP outcomes [39]. To be consistent with the estimates using the complete
dataset, we ran the models separately using the sub-datasets. It was found that using the
sub-datasets yielded a higher WTP for the park attributes of ‘Congestion’ and ‘Rate of
vegetation coverage’, such that the nonlocal tourists would be willing to pay CNY 556.03
(USD 82.35) as a tradeoff for a lower level of congestion in the parks; this is CNY 438.56
(USD 64.95) more than the local tourist’s WTP. These results are similar to those of Lindberg
and Veisten (2012), and indicate that the economic values that potentially accrue to the
recreational attributes are different between local tourists and nonlocal tourists [40].
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Table 5. Comparison between the two groups of tourists.

Linear Form Ordered Probit Model

Local Tourists Nonlocal Tourists Local Tourists NonLocal Tourists

Coef. S.E. Coef. S.E. Coef. S.E. Coef. S.E.

Cost −2.54 × 10−3

*** 5.53 × 10−4 −3.23 ×4 *** 6.56 × 10−5 −3.72 × 10−3

*** 6.43 × 10−4 −3.93 ×
10−4 *** 8.82 × 10−5

Forest+ 0.068 0.075 0.067 * 0.037 0.105 * 0.087 0.101 ** 0.050
Forest++ 0.152 ** 0.082 0.112 *** 0.042 0.208 *** 0.097 0.133 *** 0.057
Traffic+ 0.020 0.075 0.004 0.040 0.083 0.087 0.013 0.054
Traffic++ 0.129 ** 0.057 0.007 0.030 0.161 *** 0.066 0.003 0.040

Garbage− −0.111 0.074 −0.119 0.041 −0.157 * 0.086 −0.136 *** 0.055
Garbage+ 0.128 * 0.075 0.137 0.037 0.208 *** 0.090 0.131 *** 0.051

Congestion−− −0.242 *** 0.089 −0.126 *** 0.038 −0.360 *** 0.104 −0.111 ** 0.052
Congestion− −0.142 ** 0.073 −0.096 ** 0.045 −0.115 * 0.086 −0.166 *** 0.060
Congestion+ 0.298 *** 0.081 0.179 *** 0.044 0.303 *** 0.096 0.216 *** 0.061
Congestion++ −0.148 0.101 −0.059 0.053 −0.107 0.118 −0.043 0.071

Support facility 0.131 *** 0.033 0.073 ** 0.019 0.168 *** 0.038 0.103 *** 0.026
Recreation

facility 0.051 0.038 0.047 *** 0.019 0.057 0.045 0.063 *** 0.025
Humanity 0.004 ** 0.002 −0.002 ** 0.001 0.003 ** 0.002 −0.003 *** 0.001

Air 0.054 *** 0.012 0.037 *** 0.006 0.063 *** 0.014 0.051 *** 0.008
Area 2.98 × 10−4 2.23 × 10−4 −1.48 × 104 * 0.60 × 10−4 1.50 × 10−4 2.62 × 10−4 −2.97 ×

10−4 2.62 × 10−4

Temperature 0.020 0.022 −0.001 0.001 0.005 0.026 −0.001 0.001
Temperatureˆ2 −0.003 *** 0.001 −0.001 *** 0.000 −0.003 ** 0.001 −0.002 *** 0.003

Rainfall 0.002 0.015 −0.009 0.007 −0.001 0.018 −0.014 0.010
Revisit or not −0.064 0.056 −0.045 0.030 −0.081 0.065 −0.067 0.040

Age −0.025 0.015 −0.002 0.008 −0.025 0.018 −0.002 0.011
Ageˆ2 2.33 × 10−4 1.78 × 10−4 5.86 × 10−5 0.91 × 10−4 2.17 × 10−4 2.08 × 10−4 0.79 × 10−4 1.25 × 10−4

Gender 0.007 0.055 0.018 0.029 0.003 0.064 0.035 0.039
Education −0.019 0.034 −0.095 *** 0.018 −0.024 0.040 −0.127 *** 0.024
Marriage 0.034 0.041 0.000 0.023 0.037 0.048 0.003 0.031

HH income 0.002 0.018 −0.002 0.010 0.001 0.021 −0.006 0.013
Cons 3.187 0.374 3.324 0.202 - - - -

No. of observation 1205 3326 1205 3326
R2 0.1341 0.1039 0.0526 0.0539

Log-likelihood −1472.593 −3704.635

Note: *** p < 0.01, ** p < 0.05, * p < 0.1.

Table 6. The economic values accrued to the recreational attributes based on different tourist groups.

Linear Form Ordered Probit Model

Local Tourist Nonlocal Tourist Local Tourist Nonlocal Tourist

WTP Proportion WTP Proportion WTP Proportion WTP Proportion

Forest * - - - - - - - -
Forest+ 26.58 0.33 208.11 0.57 28.38 0.36 255.23 0.70
Forest++ 59.73 0.75 348.00 0.95 56.05 0.70 336.49 0.92
Traffic * - - - - - - - -
Traffic+ 8.04 0.10 12.67 0.03 22.39 0.28 33.19 −0.09
Traffic++ 50.92 0.64 23.14 0.06 43.30 0.54 6.55 0.02

Garbage− −43.63 −0.55 −369.05 −1.01 −42.27 −0.53 −346.47 −0.94
Garbage * - - - - - - - -
Garbage+ 50.29 0.63 424.16 1.16 56.05 0.70 332.63 0.91

Congestion−− −95.09 −1.20 −389.58 −1.06 −96.77 −1.22 −281.65 −0.77
Congestion− −55.95 −0.70 −297.15 −0.81 −47.15 −0.59 −421.73 −1.15
Congestion * - - - - - - - -
Congestion+ 117.47 1.48 556.03 1.51 81.58 1.03 549.46 1.50
Congestion++ −58.43 −0.73 −182.66 −0.50 −28.76 −0.36 −110.33 −0.30

Support
facility 51.55 0.65 226.12 0.62 45.30 0.57 260.83 0.71

Recreation
facility 20.08 0.24 145.43 0.40 15.47 0.19 160.09 0.44

Total 138.05 1.73 813.38 2.22 106.93 1.34 829.32 2.26

Note: 1 USD = 6.752 CNY in 2017. Variables with “*” represent a baseline status.

For example, regarding the attribute of ‘Congestion+’, the distribution of tourists’ WTP
for the related attributes is depicted in Figure 2 based on the results presented in Table 6.
The x-axis represents the WTP, and the y-axis represents the probability distribution of the
WTP. The red dotted line shows the WTP distribution for the local tourist group and the
blue solid line shows that for the nonlocal tourist group. Obviously, the nonlocal tourist
group exhibits a much higher WTP than the local tourist group. Nonetheless, the latter
displays a wider dispersion of distribution. A possible reason for this could be that the
higher level of WTP for these important NFP attributes indicates the nonlocal tourists, in
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general, attach the greatest importance to the parks they chose to visit. It is also likely that
these nonlocal tourists have a relatively higher expectation than the local tourists to be
motivated to make the decision to travel to the NFPs. Because the expectation and actual
perception do not considerably differ, tourists would be willing to pay more money to
the park sites they visited. The descriptive statistics show that most tourists expressed a
higher level of tourist satisfaction, which seems to provide the underlying reason why the
nonlocal tourist group exhibits a higher level of WTP than the local tourists.

 

Figure 2. The WTP’s distribution with the two different datasets, taking ‘Congestion+’ as an example;
1 USD = 6.752 CNY in 2017.

4. Conclusions

As alluded to in the introduction, the satisfaction-based method has been commonly
used in valuing ecosystem services, such as natural resources and environmental quality.
In comparison with conventional nonmarket valuation methods, such as the travel cost
and contingent valuation approaches, the satisfaction-based method has a number of
advantages. These primarily relate to its survey design, which provides several desirable
features, including simplified and less ambiguous questions in the survey, and the removal
of the need to describe the public good to be valued, thus eliminating the possibility of
strategic biases. Furthermore, the economic value derived using the marginal rate of
substitution (MRS) between the numeraire variable of income/cost expenditure and the
public good being valued based on a compensated demand function is straightforward and
much easier to implement compared to the value derived using the CV method. For these
reasons, among others, in this study we aimed to undertake novel research to propose
the tourism satisfaction (TS) method for the valuation of important characteristics of the
national forest parks in China.

The analytical results of our empirical analysis were based on a large sample dataset
gathered from 22 NFPs and 4531 survey participants in China. The analysis leads us to the
following conclusions: (i) The quality of the park recreational attributes has a significant
effect on tourist satisfaction. Specifically, tourists attached the greatest importance to
the rate of vegetation coverage, environment condition, and facilities offered at the park
sites. Furthermore, the analysis also encompassed several park management factors,
which showed tourists are sensitive to the status of the park’s congestion because it has a
significantly negative effect on tourist satisfaction. Thus, tourists exhibit a high level of
willingness to pay to suppress the level of park congestion. (ii) There is a divergence in
the preferences of local and nonlocal tourists regarding both the NFP attributes and their
willingness to pay. For instance, nonlocal tourists pay more attention to the vegetation
coverage and environmental quality than the local tourists; thus, the two attributes make
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a considerable contribution to the level of tourist satisfaction. In comparison, the local
tourists attach more importance to the traffic conditions. Specifically, the nonlocal tourists
are willing to pay as much as CNY 556.03 (USD 82.35) to reduce the level of congestion at the
sites, whereas the local tourists’ WTP for the same attribute is only CNY 117.47 (USD 17.39).
(iii) The quality enhancement of the recreation attributes, and tourists’ level of satisfaction,
provide significant benefits to their travel experience.

The monetized values of the recreational attributes of NFPs can not only help policy
makers understand the total economic value that can potentially accrue to the recreational
services of the forest ecosystem, but they can also be used to derive some insightful
implications for future NFP management. First, it appears that rubbish reduction and
congestion control at the park sites are the most important tasks for the park management,
thus suggesting that, in future resource allocations, including of both finance and labor,
these two items should be targeted first. Second, the quantity of rubbish and tourist
numbers at the NFP sites should be considered to be important indicators in ranking the
NFPs, instead of placing too much emphasis on the parks’ land sizes, which have been
historically used as a criterion for ranking NFPs. Finally, the notable difference in the WTPs
of the local and nonlocal tourists may constitute economic rationality for implementing
differential park admission charges. Thus, the park management could impose a relatively
higher price on outside tourists compared to local tourists. Given the digital technology
that currently prevails in China, such as instant payments using mobile phones, the park
authority would face few technical barriers or challenges to the implementation of such
a discriminatory price policy. However, it should be noted that the revealed WTP of the
nonlocal tourists should not be interpreted as the optimal admission fee to be charged by
the NFPs. Rather, it should only be deemed to be a meaningful reference for the level of
the fee.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/f12121688/s1, Table S1: The selected National Forest Park and its basic information, Table S2: The
descriptive statistics result of individual characteristic.
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Abstract: Forest is the largest ecosystem in the land area of Taiwan. In the past, most of the studies on
the evaluation of forest ecosystem services were regional, and therefore lacked national assessment.
This study uses a market value method and a benefit transfer method to assess the value of the forest
ecosystem services in Taiwan, and expounds the link between ecosystem services and the effectiveness
of forestry management and conservation. Preliminarily, it is estimated that the total value of
forest ecosystem services in 2016 was approximately NT $749,278 million (equal to approximately
47.6 billion U.S. dollars, PPP-corrected), accounting for 4.28% of the GDP in 2016. The quotation of
unit price data has a huge impact on the final assessment results of forest ecosystem service value,
and therefore it is necessary use it appropriately.

Keywords: forest ecosystems; ecosystem services; economic valuation

1. Introduction

The concept of ecosystem services (ESs) has gained recognition and been put into
use since the late 1970s [1], and ES classification methods have also been proposed
gradually [2–4]. The “Millennium Ecosystem Assessment (MEA)” of 2005, which assessed
the effects of ecosystem changes on human well-being, laid a scientific foundation for the
actions required to strengthen ecosystems’ contributions to human well-being, without
damaging their long-term productivity. The 2010 Economics of Ecosystems and Biodiver-
sity (TEEB) analysis was based on the relevant research field of the past few decades, and
proposed a method that can help decision makers recognize, demonstrate and—under
appropriate circumstances—capture the value of ecosystems and biodiversity. The Com-
mon International Classification of Ecosystem Services (CICES) provides more formal and
systematic definitions of various types of ecosystem services, presenting the pathways
of ecosystem services from ecological structure and processes to human well-being, and
helping people easily identify the content covered by different service categories. The
classification method can be converted between MA, TEEB and other frameworks for
the purpose of natural capital accounting. The United Nations has now developed the
System of Environmental–Economic Accounting—ecosystem accounting [5]—which aims
to link information about natural assets with economic and other human activities. Wealth
Accounting and the Valuation of Ecosystem Services (WAVES) aims to promote sustain-
able development by ensuring that natural resources are mainstreamed in development
planning and national economic accounts [6].

In order to increase certain specific ESs in an increasingly resource-constrained world,
other ecosystem services have been degraded as result [2,7]. One of the main reasons for
the decrease in ecosystem services is that their true value is not considered in economic
decision-making [2]. Most decisions are based on market prices, but for many ecosystem
services, there is no market, and decision makers have no clear signal on the value of

Forests 2021, 12, 1694. https://doi.org/10.3390/f12121694 https://www.mdpi.com/journal/forests103



Forests 2021, 12, 1694

the service [8]. A better understanding of the economic value generated by ESs can
facilitate the adoption of efficient policies and measures to preserve and enhance them [9].
The traditional evaluation methods of ecological services and economic services include
revealed and stated preferences [10]. In order to carry out research on ecosystem services,
the benefit transfer method, which finds empirical economic valuation data under various
backgrounds and spatial scales, and adjusts them according to the differences in ecological
and economic backgrounds, is also a common evaluation method [11,12]. The natural
capital associated with ecosystem services is inherently uncertain, and its decision-making
involves many stakeholders in the economic evaluation of value, which makes imperfect
information a key challenge for economic evaluation [13]. Current ecosystem services
studies focus on developing quantifiable, replicable and credible methods that can explicitly
consider biophysical, socio-cultural and monetary value fields, so that decision makers can
incorporate them into the decision-making process, and link the biophysical mechanisms
provided by ESs with the socio-economic impact of their use. [14–16].

The forest ecosystem not only provides basic living materials such as wood, fuel and
recreational services for human beings, it also provides fundamental functions of life, such
as biological gene banks, animal and plant habitats, climate regulation, air purification, and
carbon sequestration, etc. [17,18]. Most of the existing research work focuses on provision-
ing, regulating and cultural services that have a relatively well-developed methodology.
Other services, such as pollination, genetic resources and gene pool protection, regulation
of pests and human disease, the aesthetic values of forests, waste treatment, environmental
purification, and disease regulation, have received less attention in the scientific commu-
nity, due to lack of data, challenges in estimating their value, and lack of well-designed
methods, among other reasons [19]. China [20], Japan [21] and South Korea [22], adjacent to
Taiwan, have successively completed national forest ecosystem service value assessments,
all of which have achieved considerable results that have been applied to forestry policy
communication and policy benefit evaluation. Forests are the largest ecosystem in the
land area of Taiwan. In the past, most studies on the evaluation of the service value of
forest ecosystems were regional, or focused on services such as conservation, soil and
water conservation, and carbon sequestration [23–25], and lacked national forest service
value. Although, awareness of the importance of ecosystem services to human beings is
growing, and people are beginning to understand that ecosystem services need to be taken
seriously. It is not easy to provide reliable and well accepted results when performing an
economic assessment of ecosystem services. The main purpose of this study is to confirm
the evaluation items and evaluation methods of forest ecosystem services in Taiwan, and
to estimate their multi-oriented service value. Thus, we can provide decision-makers with
opportunities to re-examine environmental resources and their values, so that ecosystem
services can be more easily incorporated into public decision-making processes.

2. Materials and Methods

2.1. Research Area

Taiwan is a long and narrow island stretching from north to south, with a total land
area of 36,000 square kilometers, located in East Asia on the southwestern edge of the
Pacific Ocean (Figure 1a). The average annual precipitation of the island is about 2221 mm
on flatland, and about 3858 mm in mountainous areas, with an average annual temperature
of about 20–25 ◦C. Taiwan has many high mountains, mainly distributed in the east of the
island, with a vertical height difference of nearly 4000 m. The ecological environment is
diverse, with rich biodiversity and a high proportion of endemic species and subspecies.
There are more than 5000 species of vascular plants in the wilderness of Taiwan, about
a quarter of which are endemic [26]. The total forest land of Taiwan is approximately
1,868,636 hectares, which includes 1,533,691 hectares of state-owned forest (81.07% natural
forest and 18.93% planted forest), and 334,944.63 hectares of public and private forest
(Figure 1b), which are mostly located in the shallow hills connected with the flatlands. The
state-owned forest is divided into 36 national working circles (Figure 1c). In addition to
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forest land, the total forest land area also includes 1,695,469 hectares of woodland. The
areas of Taiwan protected for the purpose of nature conservation consist of 6 categories,
including national parks, national natural parks, nature reserves, natural reserves, wildlife
reserves, and important wildlife habitats, totaling 95 protected areas. The total land area of
these categories is 694,503 hectares (Figure 1d), accounting for approximately 19.19% of the
land area of Taiwan [27].

 

(a) (b) 

 
(c) (d) 

Figure 1. The geographical location and forest resources of Taiwan. (a) Geographical location of Taiwan. (b) Forest coverage
of Taiwan. (c) The national forest working circles in Taiwan (area marked with blue lines). (d) Protected areas in Taiwan
(area marked with red lines).
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2.2. Research Methods

In order to conduct a nationwide ecosystem service value assessment, this study
selected China, Japan, South Korea, etc., as countries that have completed national forest
ecosystem service value studies [20–22]. Then, we analyzed their evaluation items and
methods as a reference for the choice of ecosystem service evaluation items and method
in Taiwan. More than two countries listed water resources conservation, water quality
purification, soil and sand loss prevention and control, carbon sequestration, air purifica-
tion, biodiversity, forest recreation, etc. as assessment items. The evaluation methods were
mainly based on market price-based approaches, cost-based approaches, and the benefit
transfer method. This study refers to [20–22] to summarize common assessment items, and
considered factors such as the data source and parameters of the assessment items, and the
ease of obtaining information. In addition to water purification, the other six ecosystem
services were used as assessment items in Taiwan.

The ecosystem service valuation considered factors such as the idiosyncratic roles
of different services, the difficulties of obtaining information, the cost of survey and the
accuracy of the evaluation. The evaluation methods varied: direct market valuation was
conducted for general provisioning services; regulating services were mainly evaluated by
avoiding cost, replacement cost or contingent valuation methods; cultural services were
evaluated using travel cost methods (such as entertainment, tourism, or scientific value),
hedonic methods (such as aesthetic value), or contingent valuation (such as existence
value) [28]. In the absence of detailed ecological and economic data, the benefit transfer
method is a common approach used to transfer the existing value through a similar
ecosystem (research location), to estimate the service value of the ecosystem (designated
location by policy) [29,30].

This study mainly used market valuation methods, cost-based methods and benefit
transfer methods to assess the value of forest ecosystem services. In terms of quantifying
the intensity of ecosystem service activities (measurement), current state or data available
publicly were selected as research data. In terms of quantifying the intensity of ecosystem
service activities, we selected current state or publicly available data as research data. Two
expert meetings were also held, and scholars with expertise in soil and water conservation,
carbon sequestration, air purification, forest recreation and biodiversity were consulted
to discuss and confirm the data sources, parameters and other information of the forest
ecosystem service assessment project. As for the evaluated unit price, experts in related
fields were also invited to conduct two expert meetings to determine the unit price. About
4~6 experts participated in each meeting. The evaluation methods, indicators and unit
prices of different forest ecosystem services are shown in the Table 1.

Table 1. Ecosystem service valuation method, indicator and unit price used in this study.

Ecosystem Service Valuation Method Indicator Unit Price

Forest water conservation Market price-based approaches Water conservation quantity(m3) Shadow price of industrial water

Air purification Cost-based approaches Removal of pollutants (kg) Pollution control cost

Biodiversity Benefit transfer method Protected area (ha) Benefits of protected areas

Soil loss prevention Cost-based approaches Soil loss (m3)
Costs of river dredging and

reservoir dredging

Forest carbon sequestration Market price-based approaches Carbon storage (t) Carbon price

Forest recreation/environmental
education Benefit transfer method

Forest recreation visits
/Person-time of forest

environmental education

Forest recreation price
/Forest environmental education

price
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2.3. Ecosystem Services Valuation
2.3.1. Water Conservation

As rivers in Taiwan are short and rapid, reservoirs must be used to retain water
resources, otherwise precipitation will flow into the sea in a short time. Forests can delay
the loss of water resources, reduce the loss of unused water resources, and ensure a more
efficient use of water resources. Water conservation means that forests can intercept, absorb
and store precipitation, and convert surface water into surface runoff or groundwater.
Water conservation generally uses the water-balance method, base-flow estimation method,
and retreat-curve method to estimate the water conservation capacity of each watershed
area. However, because the flow, evapotranspiration and other data at domestic watershed
areas are incomplete, the water-balance method is used to estimate the amount of water
conservation. The hydrological balance method regards the forest ecosystem as a closed-
loop cycle, thereby directly considering the input and output of water in the soil, which
is widely used in the calculation of many water resources. The discrepancy between
precipitation and consumption, such as forest evapotranspiration, is the forest water
conservation (water-retention capacity), which is then multiplied by the forest land area to
get the total forest water conservation quantity, as seen in Equation (1):

w = Σ(R/1000) × θ × A (1)

where w is water conservation quantity (metric t), R is average annual precipitation
(mm/year), θ is empirical formula of water conservation ratio (%), and A is working circle
(m2) (there are 36 national forest working circles in Taiwan). Water conservation ratio in
Taiwan during dry and wet periods is about 19–30% of rainfall, so an average of 25% is
used as the conservation ratio.

Regarding the unit price of water conservation valuation, the case study of water
price assessment in Japan [31] uses reservoir maintenance costs (including construction
and maintenance costs) as replacement costs. China [32] regards the cost of reservoir unit
volume as the replacement cost, and the cost of different reservoirs varies greatly, about
4.25–30.20 NT dollars/m3. In Taiwan, [33] estimates the value of forest water conservation
based on the tap water price of 6.6 NT$/m3. Moreover, [34,35] estimate the value of water
conservation based on the shadow price of water used by the manufacturing industry in
NT $21.56 and NT $15.36 respectively. This study originally intended to use water price as
the unit price, but after discussion at the expert meeting, it was believed that the current
water price could not reflect the cost of water use. Therefore, the shadow price of industrial
water NT $40.81/m3 investigated by [36] was used as the unit price (Pw). The value of
water conservation is calculated by Equation (2):

Vw = W × Pw (2)

where Vw is water conservation value (NT), W is water conservation quantity (metric t),
and Pw is price per metric t of water conservation (NT/m3).

2.3.2. Air Purification

Air purification refers to the ability of forest trees to trap pollutants on the surface of
the leaves through the canopy when it is not raining, which is the function of adsorbing
and purifying air pollutants [37,38]. In Taiwan, the net throughfall method is mainly used
to estimate the amount of air pollution removed directly from the atmosphere by forest
trees. The net throughfall method uses the difference between the input of ion components
in the rain outside the forest and the throughfall of the forest canopy to estimate air
pollutants intercepted by forest stand. Since the forest canopy can effectively intercept the
dry deposition, which will be washed by rainwater to the ground surface, the difference in
the contents of the elements between throughfall and the precipitation can be estimated [39].
Another study cited by this study investigates how forests in Taiwan contribute to the
purification of air pollutants, monitoring the removal amount of particulate pollutants,
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SO2, and NOx, in flatland afforestation [40–42]. The monitoring period lasted more than 1
year, so the factors that could affect the removal amount such as season, fallen leaves and
non-fallen leaves were able to be considered. Consequently, the study used the average
removed amount by different tree species as the value of air pollutants adsorbed by the
forest stand. The average annual removal of particulate pollutants, SO2, and NOx per
hectare was 47.79, 7.17, and 6.52 kg respectively.

Using the cost for pollution prevention as a replacement cost is a benefit of the role
of the forest as an air pollution filter. Thereby, the cost of using artificial technology to
replace the cost generated by ecosystem services can be estimated. Due to the idiosyncratic
variation in pollution sources, the pollution prevention methods and costs used varied
accordingly [43]. The unit reduction cost of different pollutants was based on the latest
available measures provided by the Environmental Protection Administration of the Exec-
utive Yuan [44], and was adjusted annually with the deflator of the pollution remediation
industry [45]. The benefits of air pollutant removal of the forest in 2016 were estimated,
using per unit leaf area particulate adhesion capacity × forest coverage area (with trees) ×
pollution prevention cost, as seen in Equation (3):

VAir purification = (Qk1 + Qk2 + Qk3)× A ×
(

Pk f + Pkm

)
/2 (3)

where VAir purification is the value of forest stand capacity to adsorb various pollutant.
Qk1, Qk2 and Qk3 are the amount of particulate pollutants, sulfur dioxide and nitrogen
oxides removed per unit area of the forest stand (kg/ha/year). A is forest coverage
area (ha), and Pkf and Pkm are the cost per unit of prevention and control of particulate
pollutants, sulfur dioxide, and nitrogen oxides (NT$/kg), when the pollution source is
fixed or mobile, respectively. In the absence of information such as the relationship between
pollution sources and forest land, this is a more reasonable way to estimate the range of
air purification benefits based on the prevention and control costs of fixed and mobile
pollution sources. In this study, the cost of fixed sources and mobile sources was averaged
to calculate the air purification benefits, which was an expedient measure for the simple
presentation of the evaluation results.

2.3.3. Biodiversity

Biodiversity refers to the function of the forest as a habitat conservation site to maintain
and support species in range [3]. In view of the considerable differences in the assessments
of biodiversity values in many countries, and of the lack of representative data on biodiver-
sity conservation, the benefit transfer method is used to select representative indicators
for evaluation. Presently, the development of biodiversity indicators is receiving more
attention in the world. Biodiversity indicators can reflect whether an ecosystem is healthy
and resilient, and monitor the status and trends of biodiversity [46]. For example, the
“forest coverage area” is related to ecological, social, economic, and cultural impacts, and
can be used as an indicator of land use and development pressure. Taiwan has established
the “Taiwan Biodiversity Observation Network (TaiBON) [47]” with a stringent attitude,
and has exchanged discussions with a diverse range of experts. Meanwhile, we have been
referring to the developmental experience and framework of international biodiversity
indicators to compile a set of biodiversity indicators suitable for Taiwan. Considering
the comprehensiveness of current data collection and the frequency of updates, as well
as existing research on relevant benefit evaluation, this study prioritizes the selection of
“protected areas” as an indicator of biodiversity, which corresponds with the Sustainable
Development Goals (SDGs) 15.4 of the United Nations and Aichi Target 11. The conserva-
tion price per unit area, referring to the conservation benefit of domestic nature reserves
surveyed by [48], is about NT $79,075 per hectare, as seen in Equation (4).

VB = IB × PB (4)
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where VB is biodiversity value (NT), IB is protected area (ha), and PB is the benefit of
protected areas per unit area (NT).

2.3.4. Soil Erosion Prevention

The prevention and control of soil erosion means that covering the land surface with
forest vegetation, and humus or fallen leaves produced by trees can reduce the direct
erosion of the soil by rainfall, thereby reducing the rills and gullies in the ground eroded
by surface water flow. In addition, tree roots contribute to a well-granulated soil with more
frictional resistance, increasing the permeability of the soil. The migration and sediment
deposit of forest soil, due to natural factors such as rainfall or river flow paths, and
topographical factors such as slope gradient, is called soil erosion. Taiwan is surrounded
by the sea on all sides, and the terrain is towering and steep, with plenty of rainfall. After
rainfall, most water flows to the sea; therefore, the accumulated soil erosion over the years
is considerable. This study uses the modified universal soil erosion formula, Revised
Universal Soil Loss Equation (RUSLE) [49], to conduct the evaluation. First, we calculated
the amount of soil loss for both scenarios, wherein there was woodland and bare land.
Second, we subtracted the two kinds of losses, to obtain the reduced soil loss due to the
existence of forest land, and then multiplied the soil loss by the SDR (sediment delivery
ratio) in each watershed, to obtain the actual soil production of each watershed area. This
is the amount of soil erosion that the forest can reduce, as seen in Equation (5):

Qs = ∑36
j=1

(
Am(F) − Am(NF)

)
× SDR × Aj (5)

where Am = Rm × Km × L × S × C × CPF, Qs is average annual soil loss per hectare (metric
t/ha-year), Am(F) is average annual soil loss per hectare from forest land (metric t/ha-year),
Am(NF) is the average annual soil loss per hectare from bare woodland (metric t/ha-year),
Rm is the erosion index of average annual rainfall (106 Joule-mm/ha-hour-year), Km is the
soil erosion index (metric t-ha-hour-year/106 joule-mm-ha-year), L is slope length, S is
slope gradient, C is coverage and management, CPF is the water and soil conservation
factor, SDR is sediment delivery ratio (%), which refers to the ratio of the yield of mud
and sand in the watershed area to the amount of soil erosion, and Aj are the 36 national
working circles (ha).

The avoided cost method was used to calculate the price of soil erosion prevention
and control. By considering the problems of sedimentation and sand transport in rivers,
the costs of river and reservoir dredging are used instead to estimate the total amount of
soil erosion with the general soil erosion formula. The amount of soil and sand left in the
riverbed, and that flown into the reservoir, was calculated at 70% and 30%, respectively.
Then, we collected the unit benefits of the rivers and reservoirs, and used it to estimate the
value of soil and sand loss control, as seen by Equation (6):

Vs = Qs × Ps (6)

where Vs is the value of soil erosion control (NT-year), Qs is average annual soil ero-
sion per hectare (metric t/ha-year), and Ps is unit price for forest soil erosion prevention
(NT/metric t).

2.3.5. Forest Carbon Sequestration

The guidelines for National Greenhouse Gas Inventories promulgated by the Intergov-
ernmental Panel on Climate Change (IPCC) of the United Nations specifically regulates the
methodologies of carbon emissions/sequestration. Taiwan also calculates the total carbon
removal of forests according to the IPCC method (Equation (7)) [50], including the carbon
removal of forest land and the maintenance of forest land, the carbon emission of forest
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land and the maintenance of forest land, and the carbon removal caused by conversion of
other land to forest land:

	CO2 = 	CO2 G + 	CO2 L + 	CO2 G(Increased woodland) (7)

here 	CO2 is total carbon dioxide removal (Mt CO2e), 	CO2 G is carbon removal from
forest land maintained by forest land, 	CO2 L is carbon emissions of forest land maintained
by forest land, and 	CO2 G(Increased woodland) is carbon removal from other land converted
to forest land.

The estimation of forest carbon sequestration value is calculated by multiplying
the total carbon removal amount from the forest by the carbon price per t, as seen in
Equation (8):

Vc = 	CO2 × Pc (8)

where Vc is forest carbon sequestration value (NT/Mt/year), 	CO2 is the total carbon
dioxide removal (Mt CO2e), and Pc is the carbon price per t (NT/Mt). According to the
discussion at the expert meeting, the social cost of carbon is an estimate of the monetary
value of the global damage caused by man-made carbon dioxide emissions. The price
of the forest carbon emissions trading market alone cannot reflect the cost of the entire
society; therefore, the shadow price of the European Bank (2014) [51] for carbon reduction
financing is used to estimate the value of forest carbon sequestration.

2.3.6. Forest Recreation (Including Environmental Education)

The service provided by the forest ecosystem with places for leisure and entertainment
for humans is called forest recreation. Meanwhile, forests can also offer space for environ-
mental education services. This study uses the benefit transfer method to evaluate the value
of forest recreation (environmental education) by using forest recreation (environmental
education) person-time × forest recreation (environmental education) price, as seen in
Equation (9):

VR = ΣNR × PR + ΣNE × PE (9)

where VR is the value (NT/year) of forest recreation (including environmental education),
NR is annual forest recreation visits (person/year), PR is forest recreation price per person
(NT/person), NE is person-time of forest environmental education per year (person/year),
and PE is forest environmental education price per person (NT/person). The annual
total number of tourists in each forest recreation area can be obtained from the statistical
information of the Tourism Bureau. When determining the price of forest recreation, we
referred to the survey data for domestic tourism from the Tourism Bureau of Taiwan [52],
and considered an overnight stay or an extended stay. Hence, the cost for forest recreation
per person is decided on the average cost per person per trip/the average number of days of
stay. Regarding the number of participants in forest environmental education, the forestry
statistical data of the Forestry Bureau are used as reference. The literature review shows
that the Taiwanese willingness to pay (WTP) for environmental education and guided
tours related to forests or ecological recreation is roughly in the range of 100–170 NT per
person [53,54]. This study uses a minimum of 100 NT per person [52] on a conservative
estimate for the forest environmental education pricing.

3. Results

Based on the evaluation methods of the six ecosystem services mentioned above, the
forest ecosystem services value of Taiwan in 2016 was calculated as follows.

3.1. Value of Forest Water Conservation

Geographic information system (GIS) was used to overlay the rainfall data of the 36
state-owned forestry working circles from the Central Weather Bureau and the rainfall
measurement stations of the Water Resources Agency, to calculate the average annual
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rainfall and annual water conservation in each working circle. It was estimated that the
total water conserved in the forest land of Taiwan in 2016 was 13,876.14 million metric t.

This study set 40.18 NT/m3 (medium-cost situation) as the price for water conserva-
tion. The value of water conservation in 2016 was calculated by multiplying the amount of
water conservation and the unit price, which was NT $557,543 million.

3.2. Air Purification Value

This study refers to the study of the purification effect of forest trees in Taiwan on air
pollutants: the average annual removal of particulate pollutants, SO2 and NOx per hectare
is 47.79, 7.17, and 6.52 kg respectively [40–42].

Based on the latest unit reduction cost of each pollutant provided by the Environmental
Protection Administration of the Executive Yuan, the pollution remediation industry
deflator was used for adjustment annually, by utilizing the amount of adsorbed air pollution
per unit area of forest × forest coverage area (with trees) × pollution prevention cost to
estimate the benefits of forest removal of air pollutants in 2016. When using fixed source
reduction costs as the unit price, the benefit was NT$1894 million. Alternatively, the benefit
was NT$4684, using the mobile pollution sources as the unit price. Hence, the benefit of
forest air purification was the average of the two, which was NT$3289 million (Figure 2).

 
Figure 2. Unit reduction costs of different pollution sources and the benefits of forest air purification. Total suspended
particles (TSP) (referring to particles suspended in the air) and suspended particles (PM10) (referring to particles with a size
of less than 10 μm) belong to the category of granular pollutants, so the unit control cost of TSP (total suspended particles)
is used as that of particulate pollutants. Currently, the data available for per unit control cost is limited to SOx, so the unit
control cost of SO2 is replaced by that of SOx. Forest coverage area of woodland is 1,695,469 ha.

3.3. Biodiversity Value

The conservation areas in Taiwan are mainly based on the land protected areas cur-
rently announced, including national parks, national natural parks, nature reserves, natural
reserves, wildlife reserves, and important wildlife habitats. There are 95 protected areas in
6 categories. In 2016, the protected area was 6945 km2. According to [48], the conservation
benefit of the domestic nature reserves was about NT $79,075 per hectare. This price was
adjusted to the conservation benefit per unit of each year by applying the consumer price
index, and then multiplied by the area of the protected area to obtain the biodiversity value
(the conservation benefit of the protected area), which was NT $58,535 million.
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3.4. Soil Erosion Prevention Value

The parameters in the analysis were calculated using grid data, among which the
relevant L (slope length) and S (slope gradient) were converted using the 20 m-resolution
topographic data of the whole station, published by the Ministry of the Interior. The R and
K parameters were drawn into a gridded map with a resolution of 40 m, using data from
the Water and Soil Conservation Handbook [55]. Finally, the C and P parameters were
converted into 20 m grids, according to the land cover type. The results showed that the
average amount of soil retained by the working circle in Taiwan was about 519 metric t/ha,
and the total amount of soil erosion control was 719.73 million metric t.

The river silt reduction benefit was based on the direct benefit calculation of soil
control by the reference manual for the overall survey and planning work of the watershed
area [56], with an average about 112.5 NT/m3. The efficiency of the reservoir silt reduction
was based on the unit price of mechanical dredging, which averaged about 350 NT/m3.
The bulk density of soil per metric t was approximately 0.7 m3, and the value of soil erosion
prevention was NT $92,575 million.

3.5. Forest Carbon Sequestration Value

The 2018 Greenhouse Gases Inventory Report of Taiwan showed that the total carbon
removal from forest in 2016 was 21,418 × 103 Mt CO2e. The European Bank’s shadow price
for carbon reduction financing in 2014 was 35 Euros/Mt CO2e. Reflecting this, the marginal
cost of abatement will increase over time with the higher concentration of carbon dioxide
in the atmosphere: the Bank of Europe sets the actual rate of increase in the shadow price
every year as 2.0%. Therefore, it can be concluded that the value of forest carbon storage in
2016 was NT $27,879 million.

3.6. Value of Forest Recreation (Including Environmental Education)

The value of forest recreation includes forest recreation (A) and environmental ed-
ucation (B). Based on official statistics from the Tourism Bureau and the Forest Service
Bureau, as well as the results of domestic research on willingness to pay for environmental
education, the value of forest recreation (including environmental education) in 2016 was
NT $9457 million (Table 2).

Table 2. Value of forest recreation (including environmental education).

Item People/Year Price
Benefit

(NT Million)

Forest recreation (A) 6,133,885 1449 1 8888

Environmental education (B) 5,331,244 106.68 2 569

Forest recreation (including environmental education) (A + B) 9457
1 The average cost per person per trip/the average number of days of stay [52].2 Willingness to pay
was based on the 2008 research data [54] as a base period of 100 for price adjustments.

3.7. Results of Forest Ecosystem Service Valuation of Taiwan

This study assessed the value of six different kinds of forest ecosystem services in
Taiwan. The total value in 2016 was approximately NT$ 749,278 million (equal to approx-
imately 47.6 billion U.S. dollars, PPP-corrected), accounting for about 4.28% of the GDP
of 2016. Forest water conservation value was about NT $557,543 million, accounting for
74.41% of the annual total forest ecosystem service value ratio, which was the highest, fol-
lowed by the prevention and control of soil erosion value at NT $92,575 million, accounting
for 12.36% of the annual total forest ecosystem service value. The biodiversity value was
about NT $58,535 million, accounting for 7.81% of the annual total forest ecosystem service
value. In 2016, the total forest area of the country was 1,868,636 hectares. If the total value
of forest ecosystem services in the year was divided by the total forest area of Taiwan, the
value of the forest ecosystem services per hectare was NT $400,976.
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4. Discussion

4.1. Research Limitations

There are still some issues that require attention in the acquisition and application
of data sources in this study. First, the value of forest ecosystem services was derived
by multiplying the value of each ecosystem service by the unit price, but the acquisition
of relevant data in Taiwan was not complete. For example, the range of different forest
ecosystem services are slightly different; some of the benefits are in the national forest
working circle, but some cover forests throughout Taiwan. In terms of the benefits of forest
air purification, the analysis of this study found that the distance from the pollution source
affects forest air purification [57]. However, because there are very few studies regarding
air purification of forests in Taiwan, the results of the purification of air pollutants by
flatland afforestation survey were applied to estimate forestlands island-wide, which was
a stopgap measure due to lack of information. As for biodiversity value, due to the limited
quantitative indicators of biodiversity benefits, in order to facilitate the Forestry Bureau
to continuously update and evaluate their information, currently only one research result
is cited. The estimation was carried out by the benefit transfer method, and the scope
of estimation was limited to the conservation benefit of the natural conservation areas.
With respect to water conservation, bogged down by currently incomplete data regarding
rainfall and surface runoff, and the upstream of each watershed area, the use of relevant
research to estimate the water conservation ratio in the watershed areas of the mountains
of Taiwan still lacks accuracy. Forest recreation is currently based on the average daily
travel expenses per person in the Tourism Bureau as the price unit, but this value does
not distinguish between consumption in forest and non-forest areas. Further evaluation
methods, discussion and correction should be carried out in the future.

In terms of unit price quotation, due to the lack of updated research data, the results
of this study are outdated [44,48]. In addition, due to the lack of data on air pollution
sources, the average value of the reduction costs of mobile pollution sources and fixed
pollution sources was used to estimate the value of air pollution. To reasonably present the
value of ecosystem services, the task of developing and updating data integrity requires
our continuous effort to overcome challenges. Furthermore, the result of this study was
on a larger scale, so its applicability is a concern. To draw upon it in a case or regional
study, more complete and detailed information is required, as the supply and demand
contribution of each case is different [10]. It is suggested that more regional research can be
done on case studies.

4.2. Price Difference

Conducting forest ecosystem services evaluation requires a great deal of judgement
and objectivity using unit price data; without this, there could be a significant impact on the
final evaluation result of the forest ecosystem service value. For example, in the estimation
of the value of water conservation, the shadow price of industrial water use is four times the
current water price, and the difference between the two estimated values will be four times
as much. In China [58] and Japan [21], the costs of constructing, maintaining and operating
reservoirs for public water supply and depreciation are mainly used as replacement costs
to estimate the preservation value of water bodies. South Korea [22] also considers the
opportunity cost of land use for dam construction, such as the opportunity cost of planting
rice and forests. Relatively speaking, the current price for calculating the value of water
conservation in Taiwan is higher than these countries. The price of forest carbon storage,
citing the shadow price of the European Bank of Carbon Finance, also differs about 14 times
from the price in the international voluntary carbon trading market [59]. The shadow price
reflects the marginal contributions of assets to well-being [60]. In the national accounts, the
exchange value is easier to observe and estimate than the shadow price, while ensuring the
integrity and consistency of the account [61]. Both should be selected carefully, according
to the purpose.
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4.3. Development for Biodiversity Assessment Methodology

Biodiversity and ecosystems are conceptually linked in three ways: (1) biodiver-
sity is the support and foundation of ecosystems; (2) conflicts lie between biodiversity
and ecosystems; (3) biodiversity means ecosystem services (or part of it) [62]. The corre-
sponding service items vary in different ways, which also affects the evaluation of the
biodiversity value. This study used only the natural reserve areas to estimate the value
of biodiversity conservation, which simplified the relationship between biodiversity and
ecosystem services.

Every country differs greatly in their biodiversity value assessment indicators. China
uses the concept of conserving and maintaining the biodiversity of the forest ecosystem for
hunting and gathering as its value calculation basis. The Shannon–Wiener index is used
to classify the different biodiversity levels of the forest: the higher the biodiversity, the
higher the value. The biodiversity value is calculated based on the wild animal market
price and the forest product replacement cost to estimate the integrated price [63,64]. Japan
estimates the bird population size in the forest based on the density of the forest that forms
bird habitat. The area of each forest forms a biodiversity indicator, and then its value is
calculated based on the price of artificial feeding bait, whereas South Korea’s biodiversity
value is based on the sum of the value of wild bird conservation, and that of hunting
activities [31,65].

The current “TAIBON” indicators [47] are complete and diverse, but many biodiver-
sity indicators lack time continuity. Moreover, although some monitoring indicators have
long-term monitoring data, they cannot be used, due to the lack of corresponding unit
price. It is suggested that the methodology of biodiversity assessments should be devel-
oped in the future, to identify the corresponding indicators, and the scope of application
and corresponding prices, so that the accuracy of the biodiversity value assessment can
be increased.

4.4. Improve the Estimation of Soil Erosion

Regarding soil erosion prevention in the forest, this study, inhibited by time and
funding, used RUSLE to calculate the difference in the amount of soil loss in the two
scenarios of forest land and bare land, with each working circle of national forest as the
scope. Then, we converted this into the amount of soil erosion in each working circle
through SDR, assuming that there was forest land coverage in the working circle. However,
a working circle can contain many watershed units, and the slope, surface coverage, and
SDR of each watershed unit were bound to be different. Accordingly, to obtain a more
accurate and detailed amount of soil, it is recommended to conduct a detailed investigation
and calculation of the amount of soil erosion in individual cases for the main watershed
units in different regions. In addition, the general formula calculated only the loss of
surface soil, excluding the deep stratum and landslide. Normally, forest land has a small
amount of runoff and soil erosion, but it is prone to collapse in extreme events, which
can cause a large amount of soil erosion. The occurrence of landslides is atypical, and
therefore this study did not include them in the estimation, but it can be further evaluated
in the future.

4.5. Eosystem Disservices (EDS)

Ecosystem services are the benefits people obtain from ecosystems [2]. Research on the
contribution of ecosystem services to human well-being has increased exponentially since
MA. In contrast, some ecosystem disservices that undermine, or harm human well-being
have been seriously overlooked [66]. The reason for this neglect of ecosystem disservices is
that the frequency and intensity of their occurrence are variable (such as pest outbreaks) [67],
and they lack clearly defined functions and types [68]. In Taiwan, substantial negative
impacts, such as the landslide damage caused by the typhoon, the damage caused by the
invasion of foreign species, and the protected Formosan macaques endangering crops, and
other ecosystem disservices, are not included in the value estimation at present. To reflect
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the true ecosystem service value, EDS should also be reflected in the future, so that humans
can better manage the ecosystem.

5. Conclusions

The forest is the largest ecosystem in the land area of Taiwan. In the past, most
evaluation studies on the forest ecosystem services were regional, or focused on services
such as conservation, soil conservation, and carbon sequestration, which lacked a repre-
sentative evaluation of the value of forest ecosystem services of Taiwan. The evaluation
of service values conducted by this study is on a nationwide forest ecosystem in Taiwan.
The evaluation items included forest water conservation, air purification, biodiversity, soil
erosion prevention, forest carbon storage, and forest recreation (including environmental
education). It is preliminarily estimated that the total value of the forest ecosystem services
in 2016 was approximately NT $749,278 million, accounting for roughly 4.28% of the GDP
of the year.

The value of the forest ecosystem services in this study were derived by multiplying
the size of each ecosystem service, defined in biophysical metrics, by its unit value. The
evaluation results shed light on the link between ecosystem services and forestry man-
agement and conservation effectiveness. However, the gathered data on the amount of
forest air pollution removal, the amount of soil erosion prevention and control, and on
biodiversity indicators are not complete, and further research is still needed. Moreover, it
is paramount to give proper scrutiny when drawing upon unit price data, for this has a
huge impact on the final assessment results of forest ecosystem service values.
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Abstract: There is growing interest in air quality and air purification, due to current high pollution
levels, their effects on human health, and implications for urban economies. Since the improvement
of air quality carries important economic value, air-related benefits have been evaluated monetarily
from two perspectives: the first relates to air quality improvements, while the second values air
purification as an ecosystem function. This research opted for the second perspective, given that
the study area (two Colombian municipalities) does not suffer from poor air quality conditions, but
stakeholders prioritized this function as highly important to them. Contingent valuation methods
were applied in order to identify the population’s probability of willingness to maintain the air
purification function. Although individuals (n = 245) attribute a yearly monetary value of USD
1.5 million to air purification, it was found that, despite the high level of social importance that
respondents assigned to air purification (mean = 4.7/5), this had no correlation with payment values
(rho = 0.0134, p = 0.8350); that is, households do not really recognize the monetary value of all
the benefits they receive or the benefits they would lose if the service suffers changes. Hence, it is
posed that monetary values do not necessarily reflect the social importance that individuals assign to
ecosystem services, and attention is called to the need to integrate social and monetary values into
decision-making processes, so as to encompass the complexity of ecosystem services and conciliate
conflicting valuation language.

Keywords: air purification; deliberation; forest ecosystems; economic valuation; social valuation

1. Introduction

It is well known that humankind’s well-being relies on different ecosystems and their
benefits, on multiple scales, particularly in urban areas. In this regard, ecosystem services
(ESs) have gained momentum, as this approach is insightful for decision-making purposes.
According to [1], ESs are those ecosystem aspects that lead to human wellbeing. Thus, the
generation of ESs begins with the presence of one or more ecosystem structures, which have
a variety of ecological functions, and ultimately provide societal benefits [2,3]. As stated
by [4], the ecosystem services approach enabled a better understanding of the complexity
of human-environmental systems. As stressed by [5], it is necessary to manage ecosystem
functions in order to ensure that the composition and structure of ecosystem elements
continuously provide well-being for humanity. There are certain ecosystem functions
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that are essential to the maintenance of said well-being, which makes the case for the
maintenance of good environmental conditions for these reasons, including air quality,
which has received special attention in the past few years [6,7].

Given their role in carbon sequestration, it may be established that forest ecosystems
contribute to air purification [8,9]. They are also very important, given their capacity for
the absorption of atmospheric contamination [10–13]. The air purification (AP) function
provided by vegetation is often quantified as an annual removal of pollutants, mainly on
the urban scale [14]. In general, AP has been understood as a human welfare indicator, in
terms of air quality or clean air [15,16]. AP mainly embodies the production of negative
tropospheric ozone, absorption of sulfur dioxide, nitrogen oxides, fluoride, particulate
matter (PM10), and noise reduction [17,18]. Further, they contribute to a final benefit
related to clean-air environments, by removing pollutants from the atmosphere, reducing
the cost of human-led air purification, and preventing large expenditures on public health
and safety [19].

As the purification of air has important economic values, a common valuation frame-
work has historically been the contingent valuation method [20–23]. Air-related benefits
have been evaluated from two perspectives: that related to air quality improvements, and
the air purification function, per se, which helps to identify people’s willingness to pay
(WTP) for air-related processes [24–29]. However, the analysis of the social and monetary
values of AP, as a process previous to air quality improvements, has received little attention.

Human decisions and behaviors regarding and toward ecosystems are also determined
by the multiple ways in which nature, ecosystems, or ecosystem services are important
for individuals or social groups [30–33]. Especially, in the scientific field of ecosystem
services, monetary valuation methods have received more attention than other valuation
methods [34]. Concentrating only on monetary valuation underscores instrumental values
while ignoring both intrinsic and relational values [33]. In recent years, academics that
specialize in ecosystem service valuation have adhered to value pluralism: the recognition
of different, and often conflicting, value domains that are neither reducible to each other
nor to some ultimate value [34–36].

Therefore, this study did not analyze WTP for air quality improvements or strategies
aimed at the removal of air pollution from urban areas but instead obtained an ES valuation
linked to the surrounding forest ecosystems of two urban areas. These ecosystems promote
air quality through their air purification function. The social prioritization of AP supports
this valuation, as individuals regard the air purification process as an essential forest
function for potential AP, even if there are favorable atmospheric conditions in their areas.
In this sense, it is essential to preserve these conditions for the future.

Therefore, the present study aims to contrast the ways in which AP is valued from
different perspectives, in order to understand local valuation approach mismatches. To
that end, a social and monetary valuation regarding AP, provided by the main ecological
structure in two Colombian municipalities, was performed. This main ecological structure
consists of those natural and semi-natural areas that promote ecosystem services and are
involved in legal Colombian land use planning.

Methods for Monetary Valuation

Air valuation is a necessary resource for the sustainability of the human species.
It does not present a defined market, much less does it present costs for its generation,
because this does not depend on human effort. However, the alteration of its structure
produces negative effects on humans. Certain valuation methodologies consider value
from a cost perspective; thus, “This implies that air pollution (alteration of the minimum
levels of acceptance by the human being) must be valued at the cost of correcting the
emerging damage” [37], or from other approaches, such as replacement or corrective cost.

Although the choice experiments method has been highlighted as a powerful tech-
nique for the prevention of biases and improvement of valuation scenarios, through
marginal effects identification, given the complexity of AP and the cognitive burden linked
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to these experiments, this investigation opted to use the contingent valuation (CV) method.
Contingent valuation could be used in scenarios in which the generation of ESs could be
explained from a broader perspective, rather than the provision of confusing attributes
specific to local communities’ valuation, particularly for AP. For instance, authors such
as [12] call attention to the need to analyze AP through the assessment of pollutant se-
questration, specifically SO2 and NO2. Moreover, the authors of [38] suggest approaches
such as functional diversity, for pollution absorption. With this in mind, the application
of choice experiments could configure incomprehensible attributes for the inhabitants of
the municipalities studied herein. In the scientific literature, the combination of match air
purification AND choice experiments is scarce. There is a single study, performed in [16],
which provides a framework for the application of a choice experiment in AP. However, the
investigation was limited to the provision of only those attributes related to increasing area
(versus a status quo area). In the context of the present study, this approach was unreliable
because the current context of the study area seeks the promotion and conservation of
current areas, in order to declare them the main ecological structure.

Therefore, the ES monetary valuation was performed through a contingent valuation
method. This method is useful, since it is flexible and could be applicable to many non-
marketed and marketed ESs and allows for the capture of all types of benefits from an ES,
including instrumental and non-instrumental values [39]. However, it is known that this
method has several weaknesses, such as its high level of sensitivity to survey application,
and the potentiality for study biases, which could limit result generalizability [40]. Despite
these limitations, contingent valuation has allowed, in different contexts, for the recognition
of relationships between the willingness to pay given a population’s characteristic, and the
opportunity cost of protecting ecologically fragile areas vulnerable to degradation [41].

As defined by [42], the possibility of direct interviews, with contextual explanations
of these opportunity costs, permits the limitation of regressive biases and the adverse
selection of contingent valuation. The key lies in the contextualization made by researchers
about the valuation scenario, such that interviews conducted by indirect means are usually
more questioned, as they tend to induce biases and greater response subjectivity [43].

2. Materials and Methods

2.1. Research Area

This study was carried out in two Colombian municipalities, located in the northern
region of the Department of Caldas (Figure 1). These are mainly rural areas and possess
less than 31 thousand inhabitants between them (Aguadas = 21,043, Pácora = 10,608). The
current regional landscape has been largely transformed (approximately 20% of the original
ecosystems remain) by human interventions in the last 350 years [44]. Nowadays, a huge
portion of the land’s surface is used for agriculture, mainly to grow coffee and avocados,
raise cattle and grasslands. Said activities have led to the loss of forests. It is noteworthy
that only one protected area exists in the above-mentioned zone: the protected “Tarcará”, a
forest reserve located between the two municipalities under study. In order to manage area
ecosystems, the local environmental authority, Corpocaldas, supported the identification,
valuation, and projection of the main ecosystems in the zone (main ecological structure),
aiming to sustain the generation of ESs for land use planning. In this context, this study
was performed to provide information about ES valuation mismatches for local managers,
and to subsequently shed light on the need to approach ecosystem management from the
perspective of both simplistic (exclusively monetary valuation) and pluralistic valuations.

2.2. Ecosystem Service Prioritization and Valuation

A comprehensive approach was proposed to elucidate the values of ESs in the study
area. In the present research, this was performed via a two-level analysis—one related to
ES deliberative prioritization by stakeholders and an individual-based valuation by way of
a survey with a local population sample (valuation of the ESs prioritized).
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Figure 1. Location of the study area: (A) Latin America; (B) Colombia and Caldas; (C) Aguadas
and Pácora.

2.2.1. Deliberative Prioritization Process

Two focus groups were convened (one per municipality) to discuss the most important
ecosystem services (ESs) for different stakeholders. The recruitment process for the focus
group’s participants was as follows: first, the local environmental authority provided
a list of municipal stakeholders (laypeople, academics, civil servants). Later, calls were
made to recruit as many local players as possible to represent different area views. From
the municipalities of Aguadas and Pácora, 11 and 26 people participated in the focus
groups, respectively, where a deliberative approach to identify ESs (3–4 h discussions,
reflections, and deliberation to prioritize ESs) was employed. Researchers provided refresh-
ments, and when needed, attendee transportation expenditures were assumed for some of
Pacora’s participants.

The sessions occurred in accordance with the steps below:

i. The participants were divided into subgroups to discuss and debate, more extensively,
the ESs used and their perceptions thereof.

ii. Researchers provided formats to guide internal discussions. The guide form specified
that participants should rank, between 1–5 on the importance scale, those ecosys-
tem benefits that were most important to them, first as individuals, and then as a
subgroup (Table S1: Main ecological structure in the two municipalities). In this
step of prioritization, participants were encouraged to discuss the most important
benefit for them. Additionally, a participatory mapping approach was employed,
in which stakeholders were invited to spatialize the priority areas for ES supply. A
map of the municipality was provided, with different forest covers. A final guide
question was formulated: what kinds of benefits do you receive from the identified
municipality´s main ecological structure? (Table S2. Ecosystem Services identification
and prioritization).

iii. In the plenary session, participants consolidated a list of the most important ESs
for their livelihoods (daily life, economic and social development, and ecosystem
resilience). The identifications and prioritizations were based on participants’ ex-
perience and preexisting knowledge of ecosystems in said municipalities and their
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benefits. In both municipalities, air purification (AP) was prioritized as one of the
most important benefits provided by forests.

Although each municipality prioritized five ESs, the decision for the selection of air
purification for this document was made because it was a common prioritized benefit
between the municipalities. Although AP could be considered a function rather than a final
ES, stakeholders prioritized AP function as highly important to them, and as a precursor
for posterior benefits, including future air quality.

2.2.2. Contingent Valuation Methodological Process

A questionnaire was designed to elicit information about socioeconomic characteris-
tics, perceptions about ESs (first prioritized in workshops by stakeholders), and a section
relating to their willingness to pay (WTP) for AP was completed (Table 1). The question-
naire underwent an initial adjustment process, through group discussions, with profes-
sionals in environmental engineering, biology, and environmental management, as well as
with laypeople. The final version of the instrument was built, and in connection with the
WTP scenario, an open-ended format was proposed for two reasons: the municipalities’
lack of initial reference information with which to generate values and payment ranges,
and the current literature that justifies the ratio of open-ended questions in this type of
scenario [8,45]. As the elicitation mechanism did not provide a predetermined amount to
be paid, all other aspects of the payment were described, such as who pays, the mechanism
for said payment, and temporality [46]. A purposive sampling to select sampling points
that covered different urban zones was proposed. Urban sampling points encompassed
neighborhoods from both Aguadas and Pácora—95% confidence and 9% error values
were applied.

Table 1. Summary of the contingent valuation methodological process.

Step Definition

Definition of ES change Main ecological structure maintenance to sustain air purification
function.

Specification of the contingent valuation model,
definition of variables, indicators, and required data

Definition of binary model WTP = Yes (1), WTP = No (0). Application of
the Logit model to identify the probability of responding Yes, and Tobit

model to obtain the probability of the maximum value to be paid
(censored model).

Specification of the measure for the change in welfare
to be estimated

E(WTP|X’s) = β0 + βVS (1)
Where E is the expected value of the estimated willingness to pay, with

data from the open-ended format, beta parameters are the estimated
regression coefficients, vs. is a vector of socioeconomic variables and

interviewee perception.

Design of the data collection instrument: survey
Designing questions about socioeconomic characteristics, perceptions

about the ESs prioritized in the stage of work with stakeholders, and the
section related to the WTP.

Sample size calculation and choice of sampling
approach

Simple random sampling with 95% confidence and 9% error. Aguadas
(N = 21,043), Pácora (N = 10,608).

Final survey application Face-to-face meeting in each municipality.

Estimation of the econometric model Logit and Tobit application in Stata 14®

Given the CV consideration mentioned, in this study, the threats and importance of
ecological structure for inhabitants, with assisted questions in an interactive dialogue, were
explained to respondents. Additionally, to prevent biases, the ex-post calibration techniques
of [47] were followed. For example, researchers (i) emphasized the budgetary consequences
of the WTP scenario and respondent choices, (ii) researchers urged respondents to be honest
and act as if they had to act at the moment, and (iii) the study sought to reduce the bias of
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social desirability (the tendency to answer that which the interviewee considers socially
acceptable) by mentioning some unrealistic examples from previous surveys.

The WTP scenario was as follows: First, trends in the main ecological structure, in
both municipalities were explained. These included increases in crop production and
growing homogenous land cover (mainly avocado crops) which have led to ecosystem
degradation. Later, the study proposed a scenario in which the current main ecological
structure was managed, and the local authorities promoted conservation strategies to avoid
ecosystem loss and degradation. Finally, the WTP proposed question was “How much
would you be willing to voluntarily pay to maintain the current main ecological structure
in your municipality and to prevent future degradation”? The question was applied both
in Aguadas and Pácora, in accordance with their particularities. Respondents were advised
that, in this scenario, by carrying out the necessary conservation actions, they would need
to make a monthly payment through utility bills (payments by household). This strategy
allowed them to limit payments to within the constraints of household spending.

Regarding the empirical model involved in this exercise, two levels of analysis were
used: the application of a Logit model, with marginal effects, by which to identify the
determinants in respondents’ willingness to pay, whereas the second one was a censored
Tobit model (given the zero results for open WTP questions) with marginal effects for the
identification of those factors that influenced maximum monetary values that respondents
would pay.

Additionally, through the Mann-Whitney U-test, the values stated by respondents in
the two municipalities (p < 0.05) were tested for differences among these. Models were
calculated using the Stata 14® software (StataCorp, 4905 Lakeway Drive, College Station,
TX, USA).

Finally, the questionnaire inquired about the importance (1–5 scale) that respondents
attributed to the AP for monetary valuation purposes. Although WTP usually aimed to
translate the random utility of an individual in monetary terms, we intentionally pointed
out that although WTP demonstrates social utility, when asking for social perspectives apart
from WTP, people assign even greater social values beyond what the payment represents.

Therefore, an open-ended question on the WTP for this ES was applied, and the
following hypothesis was proposed to test instrumental and non-instrumental values:
there is a significant relationship between social importance and monetary values assigned to the
prioritized ES. This hypothesis ought to discover whether the higher the social importance
of the ES, would indicate higher values that individuals would be willing to pay. To this
end, a Spearman’s correlation test (p < 0.05) was applied.

3. Results

3.1. Socioeconomic Characteristic of the Respondents

A total of 245 people, from both municipalities, were sampled. Most respondents
were female (63%), and fell within the over-40 years-of-age range (51%), had middle or low
education levels, and were mainly urban residents (93%). The respondents stated that they
had low-income levels (53% reported earning less than one minimum Colombian legal
wage), and most also stated that they were familiar with the natural ecosystems in their
municipalities (84%). Table 2 shows socioeconomic information by municipality, detailing
the frequencies and percentages of the items considered by this study.

Table 2. Respondent socioeconomic information (n = 245).

Municipality Aguadas (n = 124) Pácora (n = 121) Consolidated (n = 245)

Variable Frequency (%) Frequency (%) Frequency %

Gender

Male 52 42 51 42 103 46
Female 72 58 70 58 142 63
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Table 2. Cont.

Municipality Aguadas (n = 124) Pácora (n = 121) Consolidated (n = 245)

Variable Frequency (%) Frequency (%) Frequency %

Age

15–17 3 2 12 10 15 7
18–25 25 20 23 19 48 21
26–39 35 28 33 27 68 30
>40 61 50 53 44 114 51

Education level

None 2 2 5 4 7 3
Elementary 26 21 23 19 49 22
High school 49 39 73 60 122 54

Diploma Course 25 20 11 9 36 16
Undergraduate 18 14 8 7 26 12
Postgraduate 4 3 1 0.8 5 2

Residence

Urban 110 89 107 88 217 97
Rural 14 11 14 12 28 3

Employed

Yes 97 78 85 70 182 81
No 27 22 36 30 63 28

Incomes

<1MCLW * 66 53 63 52 129 58
1–2 MCLW 42 34 45 37 87 39
>2 MCLW 15 12 13 11 28 13

Familiar with the ecosystems in their
municipalities

Yes 106 86 82 68 188 84
No 17 14 38 32 55 25

* 1 Minimum Colombian legal wage = COP 828,116; USD 1 = COP 3356 (01/24/20).

3.2. Monetary Valuation of EcosystemEcosystem Services

Air purification was an important ES for respondents (mean = 4.7, SD = 0.04). A
total of 58% provided positive responses, in accordance with the WTP, while 42% stated a
negative answer regarding WTP. This indicates that, while most individuals are willing to
pay, a high percentage do not agree with the valuation scenario. Regarding the monetary
value assigned to the ES, no significant difference was found among those amounts stated
in the municipalities (p = 0.8257). As for the probability to express a positive WTP, the Logit
model, with marginal effects, depicts those variables which influenced responses (Table 3).

Table 3 shows the results of the Logit model, with marginal effects. According to the
results of the present investigation, the model was properly specified, in accordance with
the errors (p > 0.05). It classified 70.83% of the answers, and in accordance with the Hosmer-
Lemeshow test, the model’s fit is appropriate (p > 0.05). It was found that respondents with
higher levels of education and those who formed part of social organizations were more
likely to present positive WTPs. Regarding the marginal effects of the Logit model, it was
identified that higher schooling levels indicated 33% more likely to state positive WTPs
than those with lower education levels. Additionally, forming part of a social organization
contributed to a 25% higher likelihood to state positive WTPs (Table 3).

On the other hand, the maximum WTP was tested by the Tobit model (Table 4). In this
case, the Tobit model produced estimators in accordance with WTP distribution, that is, to
measure the social value for a change in the supply of AP. When an explained variable has
a natural bias, truncated models balance estimators. The Tobit model showed that those
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under 40 were willing to pay COP 029 less than >40-year-old respondents. Additionally, in
connection to the non-educational level, those who had been educated through elementary
would pay COP 6062, and others would pay COP 12,329 if they had been educated through
high school. Finally, forming part of a social organization increased the said contribution
by COP 1353 (Table 4).

Table 3. Logit model with marginal effects.

WTP-Yes Coefficient S.E. z p > |z| dy/dx

Gender 0.367 0.346 1.060 0.289 0.3303
Age −0.068 0.338 −0.200 0.841 −0.0138

Education level 1.622 0.316 5.130 0.000 * 0.3303
Residence 0.054 0.523 0.100 0.918 0.0110

Organización 1.216 0.686 1.770 0.076 ** 0.2476
Knows 0.418 0.386 1.080 0.280 0.0851

Air importance 0.037 0.234 0.160 0.873 0.0076
_cons −3.571 1.365 −2.620 0.009

% Classification 70.8%
Log likelihood = −113.76162

Prob > chi2 = 0.0000
Pseudo R2 = 0.1435

R2 McFadden 0.144
Roc curve 0.7536
Hosmer-Lemeshow chi2 = 0.3297

Sig. * p < 0.01; **p < 0.10.

Table 4. Tobit (censored).

WTP Tobit

Gender −6029.2
Age −10,115.2 *

Education level 6062.6
Residence 2551.6

Organization −1353.0
Knows −1449.8

Air importance 4934.2
_cons −14,967.6

/sigma 20,649.9

Number of obs = 91
left-censored WTP ≤ 0 1

Log likelihood = −1022.7472
Prob > chi2 = 0.1302
Pseudo R2 = 0.0054
Prob > F = 0.0037

R2 = 0.1066
Breusch-Pagan Prob > chi2 = 0.0000

Test White Heteroskedasticity (p) 0.8064
Ramsey test Prob > F = 0.0012

Sig. * p < 0.05.

Finally, in terms of the monthly amount, it was more likely that those from the
municipalities were willing to pay a total of 13,784 COP/month. The aggregated value for
the entire population, in both municipalities, was 436,277,384 COP/month, or 5,235,328,608
COP/year (approximately 1.5 million USD/year).

3.3. Social Valuation

Regarding the stated hypothesis, no correlation was found between the importance
level and the amount they were willing to pay (rho = 0.0134, p = 0.8350). In this sense,
regardless of the high importance assigned to AP, there was no correlation with WTP
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values. In this case, higher levels of importance in the ES did not ensure higher payment
amounts. It is important to highlight that, correlation does not necessarily mean causation,
and thus, the fact that the importance of air as a variable is not causing the WTP is already
represented by the insignificant parameter of the Logit model (Table 3). Although this study
found conflicted valuation languages, it is important to stress that several value domains
can coexist in the same area. This is so because of the instrumental values captured through
a WTP, which only expressed utility measurements for respondents, while other values
of AP, such as fundamental values (importance for sustaining life) and intrinsic values,
were highlighted as non-instrumental relations with nature, as these value domains often
express a sense of collective meaning [33].

4. Discussion

4.1. Importance and Monetary Valuation of Air Purification

Regarding the identification of AP as a priority, the literature emphasizes that AP is a
highly valued ES in urban contexts (in terms of social importance level), given its contri-
bution to urban quality of life [8,17,48]. Although the research on air quality recognizes
the great importance of the value to be paid, few studies assign a specific amount to AP
because these values are involved in multiple ES assessment contexts [8,22]. However,
regarding the monetary value of AP, per se, a study carried out by [49] identified an amount
of 12.27 USD/month, while [50] stressed that air purification was the main reason to pay a
total value of 9.90 USD/month for green urban areas. In contrast, the present study found
a total of 13,784 COP/month (USD 4.1), which is a significantly lower amount. One reason
that explains the result is related to the high levels of negative WTP (42%). Such a high
negative WTP means that, even if stakeholders prioritized air purification as a fundamental
ES, and respondents rated AP with high values of importance, in general, they did not find
“air quality issues” in their municipalities. Additionally, it means that some respondents
are “adverse” to the proposed change and should be compensated. Conversely, in highly
polluted urban areas, positive WTP reached 78% [26] even 84% [25], which demonstrates
that AP valuation is context-specific.

Regarding WTP application via the contingent valuation method, it is important to
note certain limitations, as highlighted by several authors [51]. Within the context of this
investigation, results only showed pathways to the understanding of one scenario, rather
than several potential scenarios, regarding environmental trade-offs and WTP particularly,
within the context of environmental changes [52]. Hence, it is important to perform
further research to deepen the understanding of several WTP aspects, in addition to social
valuation implications.

4.2. Mismatches between Monetary Values and Social Values of Air Purification in the Present Case

This study shows that, regardless of the high importance assigned to AP, there was no
correlation with WTP values. In this case, higher levels of importance in the ES did not
ensure higher payment amounts. These results invite a deepening of the plural valuation,
defined as a science-policy process that assesses the multiple values attributed to nature by
social actors, and the ways in which this knowledge can guide decision making [36].

In this case, study, monetary (instrumental) values did not necessarily reflect the
social importance that individuals assigned to ES, for two reasons: first, when stressing the
importance of a prioritized ES “in abstraction” (i.e., theoretical importance given to the ES),
the societal validation process could fit the importance of ES into a context-specific scenario
(e.g., low air quality issues), which confronts social values with monetary values (i.e., not
paying a lot for something that is already “good”). Secondly, as highlighted by many
researchers, limiting ES valuation to monetary units generates insufficient approaches to
ES complexity [48,52–55].

The values that individuals place on ecosystem services have been identified as a
critical dimension of the sustainable management of social-ecological systems. In recent
times, the call for the integration of plural ecosystem values, beyond just intrinsic and
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instrumental values, has inspired the notion of “relational values” [56]. Plural valuation
approaches could be improved by distinguishing relational from instrumental values and
by expressing these in nonmonetary terms. The results of the present study argue that
multiple ecosystem values expressed by societies should be included in environmental
management, so as to tackle social conflicts and consider the diverse needs and interests of
different stakeholders.

In agreement with [57], in environmental economics, it is key to seek an adequate
balance between disciplinary excellence, interdisciplinary collaboration, and political im-
pact. In [58], the insufficiency of collaboration between economists and other disciplines
is clearly demonstrated. With this value pluralism approach, scholars can integrate mul-
tiple disciplines, as well as qualitative and quantitative methods in ecosystem service
valuation [37,59,60].

In this sense, although it is not always necessary to express the value of ESs in mon-
etary terms, such values may be useful if the outcome delivers information to support
decision making, and provide technical support, as well as information [61]. Recognizing
the plural values that individuals attribute to ecosystems is a critical research priority to-
ward the sustainable management of ecosystems. Pluralistic valuations may aid in aligning
management interventions with individuals’ values [30,31], as well as the identification
of consensual and conflicting values connected with management approaches [30,31,62].
Therefore, it is strongly recommended to not consider only the 1.5 million USD/year value
in the study area but the need to integrate social and monetary values into the perspective
of concrete actions aimed to sustain forest areas for AP as well.

Therefore, any conventional method of microeconomic air valuation would lead to
imprecise monetary quantifications, due to its classification as a public good without ri-
valry and excludability. The above implies that perception surveys, despite their basis on
assumptions, provide a starting point for indirect assessment, in accordance with the sensi-
tivity of the population and their degree of awareness of the environmental deterioration
of air, to implement anthropic factors that communities have identified previously.

Numerous value articulating methods have been applied for ES valuation, from
the viewpoint of the beneficiaries’ subjective appreciation [63–66]. New developments
include the integration of indigenous and local knowledge systems and practices [67],
the development of integrative frameworks [68], and the comparative study of methods’
capacities to capture plural values [33,60]. In order to address these issues, not only is
there a need to develop proper assessment methods, but also to disclose the theoretical
basics of this assessment, and which trade-offs go hand-in-hand with different assessment
types [63–65]. Completely new issues for the valuation of ecosystem services and natural
capital arise with the development of new tools.

5. Conclusions

Helping ecosystem services’ monetary and social values to match is of great interest
for both the academic and policy-making communities since this joint analysis would allow
for the obtention of a broader understanding of the values of ESs in specific contexts. The
present study thus aimed to perform a valuation of the air purification ES from a monetary
and social perspective, in order to highlight ES valuation mismatches. Therefore, one
conclusion from this investigation is that the economic valuation, expressed in monetary
units, does not necessarily reflect the social importance attributed to the AP ecosystem
service. It does indicate that, although the monetary value of AP was about 1.5 million
USD/year in the study area, the results reflect that the statement “the higher the importance
given to AP is, the higher the monetary value will be” was not suitable for the study
area. Thus, it is of interest to integrate social and monetary values into the decision-
making process, in order to encompass the complexity of ES and conciliate mismatches
to generate more accurate socio-ecosystem management strategies, or to make decisions
considering social perspectives (ES importance) and monetary values, so as to address
valuation mismatches.
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The mismatches between economic and social valuations reflected in this case study
show that, in order to understand the “integral value” of ecosystem services, it is essen-
tial to move toward more pluralistic valuations, which contemplate instrumental values
(such as economic valuation), but also sociocultural and intrinsic values. Understand-
ing the ES value in real-life field exercises, such as that presented herein, highlights the
immense sociocultural complexity and multiple views of value that stakeholders may
have. A final recommendation for future research is undoubtedly to advance to more
pluralistic evaluations.
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Abstract: Ecosystem services are directly related to human well-being. Previous studies showed that
management policies and human activities alter the trade-offs and synergies of ecosystem services.
Taking effective measures to manage the trade-offs and synergies of ecosystem services is essential to
sustain ecological security and achieve a “win-win” situation between society and ecosystems. This
study investigated the spatiotemporal changes of water yield, soil conservation, and carbon seques-
tration in the Jiulianshan National Nature Reserve from 2000 to 2020 based on the InVEST model.
We distinguished spatial patterns of trade-offs and synergies between ecosystem services using the
correlation relationship analysis. Then we analyzed the response of ecosystem services relationships
among different vegetation types and elevation bands. The results showed that water yield and
carbon sequestration presented an overall upward trend, while soil conservation remained a marginal
degradation. Rising ecosystem services were mainly in the central, western, and southeastern regions,
and declining areas were mainly distributed in the midwestern and northeastern fringes. Synergies
spatially dominated the interactions among water yield, soil conservation, and carbon sequestration,
and the trade-offs were primarily concentrated in the northern, southern, and southwestern fringes.
Among the different vegetation types, synergies dominated ecosystem services in broad-leaved
forests, coniferous forests, mixed forests, and Moso bamboo forests and in grass. The trade-offs
were gradually reduced with elevation. This study highlighted that trade-off of ecosystem services
should be incorporated into ecological management policies, strengthening the effectiveness of nature
reserves in protecting and improving China’s ecosystem services.

Keywords: ecosystem services; national nature reserve; spatiotemporal dynamics; trade-off; synergy

1. Introduction

Ecosystem services are defined as benefits derived from ecosystems and which are
the basis for human survival and sustainable socioeconomic development [1]. However,
the supply capacity of ecosystem services has decreased with global change and rapid
socioeconomic development [2,3]. According to a report of the Millennium Ecosystem
Assessment (MEA), approximately 60% of the world’s ecosystem services are in degrada-
tion, which could threaten global ecological security [4]. Therefore, policymakers should
better understand the spatiotemporal dynamics and relationships of ecosystem services for
designing sustainable ecological management policies [5,6].

The contradiction between human demands and ecosystem diversity leads to the com-
plex relationships of ecosystem services. Synergies and trade-offs are typical relationships
of ecosystem services [7]. Synergies are situations in which the combined effect of both
services is greater than the sum of their separate effects [8]. Trade-offs are situations in
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which one ecosystem service increases due to a decline in another ecosystem service [9].
In trade-off situations, management decisions need to be made between options for en-
hancing ecological benefits that cannot be satisfied simultaneously, leading to changes
in ecosystem service interactions [10]. Reducing the impacts of trade-offs and enhancing
synergies should be a key consideration in making ecosystem management policies [11].
Therefore, clarifying the trade-offs and synergies among multiple ecosystem services is
necessary to design ecological protection and sustainable development policies [12].

Statistical analysis methods have been widely used to identify trade-offs and synergy
relationships between ecosystem services in previous studies [13,14]. For example, Bai et al.
applied correlation analysis to compare the relationships among ecosystem services in
the Baiyangdian watershed [15]. Turner et al. used cluster analysis to identify ecosystem
service bundle types, then analyzed the multiple interactions of ecosystem services in
Denmark [16]. However, the relationships of ecosystem services are not always linear
and vary over time and space [17]. Existing methods for ecosystem services trade-offs
cannot reflect the non-linear relationships and spatial heterogeneity of ecosystem services.
Moreover, most previous studies focused on quantifying ecosystem service relationships
through the snapshot approach or static analysis [18,19]. Research for long-time series based
on spatially explicit methods is needed to improve the efficiency of regional ecological
management [20].

Conservation areas were designated to protect the environment and maintain eco-
logical security [21]. Nature reserves are the main protected areas and effective measures
for conserving ecosystem services [22]. Nature reserves have a higher supply capacity of
ecosystem services than other regions [23]. However, the ecological environment in China
has undergone tremendous pressure due to rapid socioeconomic transformations [24]. Na-
ture reserves will face an unprecedented challenge for maintaining long-term sustainable
development within this context. This requires policymakers to formulate policies that
minimize trade-offs of ecosystem services and maximize win-win relationships between
society and ecosystems in nature reserves [25]. Therefore, it is necessary to identify the
dynamics and relationships of ecosystem services in nature reserves to provide valid eco-
logical management proposals [26]. This will promote the effectiveness of nature reserves
in protecting the ecological environment and implementing sustainable development goals.

Nature reserves could benefit from the balance between strict protection and sustain-
able use of natural resources, contributing significantly to the ecological security of human
society [27]. Although nature reserves are generally believed to be the cornerstones of
ecosystem conservation and the safest strongholds of wildlife, the problems of biodiversity
degradation, mismanagement, and human encroachments are still widespread [28–30].
Jiulianshan National Nature Reserve is a typical forest reserve located at a transitional belt
between middle and south subtropical evergreen forests in China [31]. This reserve is an
important ecological barrier area in southeastern China [32]. It is necessary to identify
relationships of ecosystem services in nature reserves to assess the existing ecological
management strategies. This study aims to provide a theoretical basis for evaluating the
effectiveness of nature reserves on sustainable development and effective policy support on
the ecological management of nature reserves. We investigated their spatial and temporal
changes in water yield, soil conservation, and carbon sequestration from 2000 to 2020
based on InVEST model. We identified the trade-offs and synergies of three ecosystem
services through correlation analysis. Then we analyzed the differences in trade-offs and
synergies of ecosystem services among different vegetation types and elevation bands.
Specifically, we (1) examined the spatiotemporal patterns of ecosystem services under the
existing ecological management policies, (2) analyzed the spatial characteristics of trade-
offs and synergies of ecosystem services, and (3) quantified the differences in trade-offs
and synergies of ecosystem services among different vegetation types and elevation bands.
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2. Materials and Methods

2.1. Study Area

Jiulianshan National Nature Reserve (24◦29′18′′–24◦38′55′′ N, 114◦22′50′′–114◦31′32′′ E)
is located in southern Jiangxi Province, China (Figure 1). The total area of this reserve
is 13,411.6 ha, spanning almost 15.7 km north-south and 15 km east-west. The elevation
ranged from 280 to 1434 m, and the terrain is low in the north and high in the south.
Jiulianshan National Nature Reserve belongs to the East Asian monsoon climate zone,
with a warm and humid climate and distinct dry and wet seasons. The average annual
precipitation is 2155.6 mm, the average annual temperature is 16.4 ◦C, and the annual
evaporation is 790.2 mm. Jiulianshan National Nature Reserve is highly valuable in
biodiversity and has a typical, large-scale and well-preserved subtropical forest ecosystem.
The main type of vegetation in this area is the broad-leaved evergreen forest, including
Castanopsis carlesii (Hemsl., Hayata.), Schima superba (Gardn. et Champ.), and Litsea elongata
(Wall. ex Nees Benth. et Hook. F). Coniferous forests are also widespread, such as Pinus
massoniana (Lamb.), Cunninghamia lanceolata (Lamb., Hook)., and Taxus wallichiana var. mairei
(Lemee & H. Léveillé, L. K. Fu & Nan Li). Moso bamboo forests are mainly composed of
Phyllostachys edulis (Carriere, J. Houzeau) (Supplementary Material Figure S1). In addition
to vegetation resources there are abundant animal resources, such as 384 wild vertebrates
and 1404 insect species. Moreover, there are 9 rural settlements in reserve, and most of the
residents are engaged in agriculture and forestry production.

Figure 1. The geographic location, elevation, and land use/land cover types of the study area.
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2.2. Methods
2.2.1. Model Parameterization

The land use/land cover map for 2000, 2010, and 2020 was obtained from the 30 m
resolution Global Land Cover Dataset (GlobeLand30, http://www.globallandcover.com/,
accessed on 15 January 2022). The 30 m Digital Elevation Model (DEM) data were provided
by the Chinese Academy of Sciences (http://www.gscloud.cn, accessed on 15 January
2022). Soil data were provided by the Harmonized World Soil Database (Harmonized
World Soil Database, HWSD). Meteorological data, including precipitation, temperature,
and radiation, were obtained from the Jiulianshan National Nature Reserve Administration
and the National Meteorological Administration of China (http://data.cma.cn, accessed
on accessed on 15 January). The soil erodibility factor (K) was provided by the Center
for Geodata and Analysis, Faculty of Geographical Science, Beijing Normal University
(https://gda.bnu.edu.cn/, accessed on 15 January 2022) [33]. For model parameterization,
all data were resampled to a 30 m grid.

The potential evapotranspiration (ET0) was calculated based on the Modified-Hargreaves
model [34]. Wischmeier’s monthly scale formula was used to calculate the rainfall erosiv-
ity factor (R) [35]. The input raster maps (temperature, precipitation, ET0, and R) were
interpolated to a 30 m resolution by the Machine Learning Ensemble & Thin-Plate-Spline In-
terpolation model (MACHISPLIN). Aboveground carbon stocks and soil carbon stocks were
collected from forest inventory data and previous studies in our study area (Supplementary
Material Table S1) [36–38]. The root depth data and other parameters in the biophysical
table were set according to the recommendations of the InVEST 3.8.9 model user’s guide
and published research articles (Supplementary Material Tables S2 and S3) [39–41].

2.2.2. Ecosystem Services Assessment

The Integrated Valuation of Ecosystem Service and Tradeoffs (InVEST) was used
to evaluate ecosystem services from 2000 to 2020. InVEST model is a spatially explicit
model for assessing ecosystem services under different land use/land cover types or
different socioeconomic scenarios. This model explores how changes in ecosystems benefit
people [42]. It has been widely used in ecosystem service research due to its advantages of
low model parameters, low data requirements, and global applicability [43]. Water yield,
soil conservation, and carbon sequestration were simulated using InVEST 3.8.9 at a 30 m
spatial resolution.

(1) Water yield

The water yield model of the InVEST model was mainly based on the Budyko curve
and the annual average precipitation. Water yield is calculated by subtracting the actual
evaporation from the precipitation of each grid cell [44]. Water yield is calculated as follows:

Yxj =

(
1 − Exj

Px

)
· Px (1)

where Yxj is the water yield of land use/land cover type j in pixel x (mm/year), Exj is
the annual actual evapotranspiration of land use/land cover type j in pixel x (mm/year),
and Px is the average annual precipitation in pixel x (mm/year).

(2) Soil conservation

The sediment delivery ratio sub-model of the InVEST model can be used to calculate
the potential soil erosion (RKLS), actual soil erosion (USLE), and soil conservation (SD) for
each cell as follows:

RKLS = R × K × LS, (2)

USLE = R × K × LS × P × C, (3)

SD = RKLS − USLE, (4)
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where RKLS, USLE, and SD represent potential soil erosion [t/(ha·year)], actual soil erosion
[t/(ha·year)], and soil conservation [t/(ha·year)], respectively. R is the rainfall erosivity
index [MJ·mm/(ha·h·year)]. K is the soil erodibility index [t·ha·h/(MJ·ha·mm)]. LS is
the length-gradient factor. C is the cover-management factor for the USLE, and P is the
supporting practice factor for the USLE.

(3) Carbon sequestration

The carbon storage and sequestration model of the InVEST model takes the different
land use/land cover types as the evaluation unit, then estimates the biomass of each
carbon pool by multiplying the average carbon density of the different land use/land
cover types by the area of each evaluation unit. The total carbon sequestration of terrestrial
ecosystems is the sum of four fundamental carbon pools, including the carbon sequestration
of aboveground biomass, belowground biomass, soil organic matter, and dead organic
matter. The total carbon sequestration is calculated as follows:

Ctotal = Cabove + Cbelow + Csoil + Cdead, (5)

where Ctotal is the total carbon stocks (t/ha), Cabove is aboveground carbon stocks (t/ha),
Cbelow is belowground carbon stocks (t/ha), Csoil is soil organic carbon stocks (t/ha),
and Cdead is dead organic matter carbon stocks (t/ha).

2.2.3. Model Calibration and Validation

The seasonal parameter Z-value is an empirical constant that indicates the regional
precipitation distribution and geohydrological characteristics [45]. Correlation between
simulated data and field survey data can ensure the accuracy of the water yield model.
In this study, the average runoff volume (4.55 × 106 m3) of the Jiulianshan National
Nature Reserve No.4 measuring weir (24◦31′45′′ N, 114◦27′36′′ E) in 2010 was used as a
reference to calibrate the accuracy of the simulation results. The results of the correlation
analysis indicated that the water yield was negatively correlated with the Z-value (R2 = 0.75,
p < 0.01), and the fitted equation showed that the simulated water yield matches best with
the natural runoff in 2010 when Z = 3.33 (Figure 2).

 

Figure 2. The correlation between water source content and seasonal factor Z value.

We selected 100 forest survey plots (20 m × 20 m) to validate the carbon storage and
sequestration model of the InVEST model. At each plot we identified species and measured
the diameter at breast height of trees over 1 cm. Three randomly placed sample squares
(5 m × 5 m) within each sample plot were used for soil sampling. The results showed
that the simulation results were close to the forest survey data and that the correlation
coefficient between the two is 0.78, which means a high correlation (R2 = 0.78, p < 0.01,
Figure 3).
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Figure 3. Comparison of observed and simulated carbon storage from the InVEST model. The ob-
served carbon storage was estimated by forest inventory data conducted in 2020.

2.2.4. Analysis of Trade-Offs and Synergies of Ecosystem Services

Correlation relationship analysis was applied to analyze trade-offs and synergies of
ecosystem services. When the correlation coefficient between two ecosystem services is
positive, they are considered synergistic, and when the correlation coefficient is negative,
it is a trade-off relationship [46]. The correlation coefficients were calculated as follows:

r12(ij) =
∑n

1

(
ES1n(ij) − ES1n(ij)

)
× ∑n

1

(
ES2n(ij) − ES2n(ij)

)
√

∑n
1 (ES1n(ij) − ES1n(ij))

2 × ∑n
1 (ES2n(ij) − ES2n(ij))

2
(6)

where ES1 and ES2 are two ecosystem services; r is the correlation coefficient between ES1
and ES2; i and j are the number of rows and columns of raster image elements; n is the time
series of raster data; and r12(ij) is the correlation coefficient between ES1 and ES2 on image
element ij when other ecosystem services change at n years. r12(ij) > 0 indicates a synergistic
relationship between ES1 and ES2; r12(ij) = 0 indicates no correlation between ES1 and ES2;
r12(ij) < 0 indicates trade-off relationship between ES1 and ES2; and the larger value of r12(ij)
indicates a stronger correlation between ES1 and ES2.

We classified the correlation coefficients into seven levels: no relationship (r = 0);
synergy** (r > 0, 0.01 < p < 0.05); synergy* (r > 0, 0.05 < p < 0.1); synergy (r > 0, 0.1 < p); trade-
off (r < 0, 0.01 < p); trade-off* (r < 0, 0.05 < p < 0.1); and trade-off** (r < 0, 0.01 < p < 0.05,
Table 1).

Table 1. The relevance classification level of trade-off and synergy relationships between ecosys-
tem services.

Relevance Classification Level r p

No relationship r = 0 0.01 < p < 0.05
Synergy ** r > 0 0.01 < p < 0.05
Synergy * r > 0 0.05 < p < 0.10
Synergy r > 0 0.10 < p
Trade-off r < 0 0.10 < p

Trade-off * r < 0 0.05 < p < 0.10
Trade-off ** r < 0 0.01 < p < 0.05

*: 0.05 < p < 0.10; **: 0.01 < p < 0.05.
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3. Results

3.1. Changes in Ecosystem Services from 2000 to 2020
3.1.1. The Spatial Pattern of Ecosystem Services

Water yield, soil conservation, and carbon sequestration maintained a stable spatial
pattern in 2000–2020. Three ecosystem services exhibited their spatial distribution charac-
teristics (Figure 4). The higher value of the water yield was clumped within the central,
northern, and northwestern areas (Figure 4a), where there were high forest cover and
precipitation. In contrast, the lower value of water yield was mainly concentrated in the
central-western and southeastern areas. The areas with a lower value of water yield in
2020 decreased in the southeast compared to 2000 and 2010. The higher-value areas of
soil conservation were scattered; they were mainly distributed in the study area’s central,
western, and southeastern areas (Figure 4b). The spatial pattern of carbon sequestration has
not changed substantially because of the stable land use/land cover structure. The areas
with a higher value of carbon sequestration are mainly concentrated in forests, while the
areas with a lower value were in cropland, in water, and on construction land (Figure 4c).

Figure 4. The spatial pattern of ecosystem services in the study area in 2000, 2010, and 2020; (a) water
yield; (b) soil conservation; (c) carbon sequestration.
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3.1.2. Temporal and Spatial Changes in Ecosystem Services from 2000 to 2020

The changes in water yield and carbon sequestration exhibited an upward trend
from 2000 to 2020, while soil conservation remained a marginal degradation. Water yield
increased by 13.4% and carbon sequestration increased by 0.4% in 2000–2020. Soil conser-
vation declined marginally from 14.85 × 106 t in 2000 to 14.55 × 106 t in 2020. The areas
where the water yield increased were mainly concentrated in the central areas (Figure 5a).
The spatial distribution of the soil conservation rising areas was different. From 2000 to
2010, the rising soil conservation areas were mainly concentrated in the central, western,
and southern areas, while from 2010 to 2020 they were mainly clumped within the east-
ern, northeastern, and southwestern regions (Figure 5b). The supply capacity of carbon
sequestration was slightly enhanced in the central, northeastern, and southwestern areas
(Figure 5c).

 

Figure 5. Spatial and temporal variation in ecosystem services in the study area from 2000 to 2010,
2010 to 2020, and 2000 to 2020; (a) water yield; (b) soil conservation; (c) carbon sequestration.
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3.2. Trade-Offs and Synergies of Ecosystem Services

We calculated the pixel-scale spatial correlation coefficients to explore the trade-offs
and synergies between each ecosystem service (Figure 6). The result showed that synergies
were spatially dominated in water yield, soil conservation, and carbon sequestration
interactions. The synergies areas accounted for 67.90% of soil conservation and water
yield and were spatially aggregated in the central and southern regions. The weak trade-
offs were mainly concentrated in the eastern, northern, and western areas, while strong
trade-offs were concentrated in the northern, southern, and southwestern marginal regions
(Figure 6a). For soil conservation and carbon sequestration, the synergistic relationships
were mainly distributed in the study areas’ central, southern, and western parts, which
accounted for 90.35%. The trade-off areas were small and dispersed and were spatially
aggregated in the northern, southern, and southwestern fringes (Figure 6b). For carbon
sequestration and water yield, the synergistic relationships were mainly clumped within
the eastern, central, and southern areas, which accounted for 89.14%. The trade-off areas
were spatially aggregated in the northern and western regions (Figure 6c).

 

Figure 6. The spatial pattern of trade-off and synergy among three ecosystem services; (a) soil
conservation and water yield; (b) soil conservation and carbon sequestration; (c) carbon sequestration
and water yield. *: 0.05 < p < 0.10; **: 0.01 < p < 0.05.

The distribution of trade-offs and synergies among ecosystem services in various
vegetation types is shown in Figure 7. Synergistic relationships between soil conservation
and carbon sequestration were dominant in cropland, grass, and shrub, and occupied
84.89%, 77.45%, and 51.29%, respectively (Figure 7a). The trade-off relationships were most
significantly concentrated in broad-leaved, coniferous, mixed, and Moso bamboo forests.
The trade-offs between soil conservation and water yield were mostly concentrated in
cropland and shrub, which accounted for 70.25% and 69.24% (Figure 7b). The synergistic re-
lationships were mostly in broad-leaved forests, coniferous forests, mixed forests, and Moso
bamboo forests and in grass. For carbon sequestration and water yield, the synergies were
significantly concentrated in various vegetation types, which all accounted for more than
50% (Figure 7c).
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Figure 7. Trade-offs and synergistic of ecosystem services among different vegetation types. C,
cropland; BF, broad-leaved forests; CF, coniferous forests; MF, mixed forests; MBF, Moso bamboo
forests; G, grass; S, shrub; (a) soil conservation and water yield; (b) soil conservation and carbon
sequestration; (c) carbon sequestration and water yield. *: 0.05 < p < 0.10; **: 0.01 < p < 0.05.

Figure 8 shows the distribution of ecosystem services of trade-off and synergies
situations at different elevation bands. For soil conservation and carbon sequestration the
trade-offs were concentrated in all elevation bands, and they all accounted for more than
50% (Figure 8a). The trade-offs of areas below 1000 m were significantly stronger than
that above 1000 m. Synergies were mostly concentrated in all elevation bands (Figure 8b).
Among them, strong synergies were dominant. For soil conservation and water yield
the synergistic relationships were concentrated in areas above 500 m, and the trade-offs
were mainly in areas below 500 m (Figure 8c). The proportion of trade-offs increased
with elevation.

Figure 8. Trade-offs and synergistic of ecosystem services at different elevation bands; (a) soil
conservation and water yield; (b) soil conservation and carbon sequestration; (c) carbon sequestration
and water yield. *: 0.05 < p < 0.10; **: 0.01 < p < 0.05.

4. Discussion

4.1. Spatial and Temporal Variation in Ecosystem Services

In this study we found that the supply capacity of water yield and carbon sequestration
exhibited an overall upward trend from 2000 to 2020, while soil conservation remained a
marginal degradation. This result indicates that ecosystem services in Jiulianshan National
Nature Reserve presented improvements over the 20 years. However, there were significant
differences in the spatial distribution of variation in ecosystem services (Figure 5). The spa-
tial and temporal changes of ecosystem services could be associated with climate [47].
Previous research has shown that elevated temperature and precipitation within a certain
range are conducive to ecosystem services [48,49]. The warm and humid climate in the
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conservation area could favor vegetation improvement. Compared with low vegetation
cover areas, high vegetation cover areas have a stronger ability to enhance water yield
and control soil erosion by intercepting rainfall, increasing infiltration, and stabilizing
the soil [50]. In addition, implementing ecological restoration projects positively impacts
ecosystem services, which could protect the ecological environment by restoring and pro-
tecting forests [51]. However, human activities, such as excessive land utilization, could
decrease supply to multiple ecosystem services in partial areas [52]. In the conservation
area, the low-altitude and gentle terrain of the midwestern and northeastern regions could
facilitate agricultural production activities by the residents. Without appropriate compen-
satory measures, agricultural activities may cause a reduction in soil fertility and change
the structure of the soil [53]. To better harmonize the relationship between human activities
and the natural environment, the midwestern and northeastern areas of the conservation
area should receive increased attention.

The results suggest that the existing protection policies of the Jiulianshan National
Nature Reserve effectively curbed deforestation and land reclamation, but more detailed
management measures are still needed. The reserve should also further increase financial
investment and cooperate with social welfare organizations to obtain more operating funds.
The financial investment in protected areas indirectly reflects ecosystem management policy
and positively relates to ecosystem service conservation effectiveness [54]. Meanwhile, real-
izing the diversification of residents’ income sources is essential to reducing the destruction
of natural resources and improving ecosystem services’ supply capacity [55]. Therefore,
decision-makers should also consider the spatial heterogeneity of ecosystem services and
their natural and environmental drivers.

4.2. Quantifying Trade-Offs and Synergistic Relationships of Ecosystem Services

Our research showed the dominant synergies between water yield, soil conservation,
and carbon sequestration in the Jiulianshan National Nature Reserve. The results are
generally consistent with those of previous studies [56–58]. Nearly 95% of the conservation
area consists of forests, grasslands, and shrub. The high vegetation cover may explain
the strong synergies of ecosystem services, as it enhances carbon sequestration by photo-
synthesis and mitigates soil erosion [59]. The supply capacity of the water yield could be
enhanced, because vegetation intercepts, absorbs, and stores precipitation from the canopy
of dead leaf vegetation and the subsoil [51,60]. The distribution of trade-offs in the study
area was dispersed and concentrated in the north, midwestern, and southeastern areas,
especially in peripheral areas. This may be interpreted as the consequence of the effects
of human activities. Uncontrolled development of resources could cause artificial surface
expansion, and land cover/land use types or vegetation types may change accordingly [61].
The central areas of the conservation area are densely vegetated, and land-use conflicts were
weak there. Under strict ecological policies, the major areas were relatively less affected by
external drivers, which may explain why there were strong synergies between ecosystem
services in these areas. When making management policies, more consideration should be
given to the spatial heterogeneity of ecosystem services, which will benefit the refinement
of ecological management measures.

This reserve has a typical and well-preserved subtropical forest system. In the broad-
leaved, coniferous, mixed, and Moso bamboo forests, synergies among water yield and
other services were dominant. Forests are the main ecological construction and restoration
means, by providing several intangible benefits such as regulating air humidity, protecting
watersheds, and absorbing carbon and nutrient cycling [62]. However, forests cannot si-
multaneously produce multiple ecosystem services due to the trade-offs among competing
functions. Forests could absorb carbon by photosynthesis and enhance the supply capacity
of carbon sequestration, but excessive rainfall intensity could lead to soil erosion. These
may result in trade-offs between soil conservation and carbon sequestration. Therefore,
the construction of soil and water conservation engineering measures should be strength-
ened in forestlands with high precipitation and rainfall intensity. Trade-offs between soil

143



Forests 2022, 13, 416

conservation and water yield were primarily concentrated in cropland and shrub. Water-
saving and pollution reduction measures should be implemented in cropland, such as drip
irrigation and water and fertilizer integration [50]. Moreover, the reserve should take some
comprehensive protection measures in the shrub, such as increasing vegetation density
and improving vegetation structure to strengthen the plant root system and upgrade water
retention [63]. In addition, we found that trade-offs among ecosystem services decreased
with increasing elevation bands. In the low elevation zone, policymakers should pay more
attention to trade-offs between soil conservation and carbon sequestration. Commercial
plants could be incorporated into mixed farming, to protect vegetation diversity and the
livelihood flexibility of farmers in reserve [64]. In the areas above 1000 m, the forests are
primeval and well-preserved. Enhancing patrolling efforts is efficient to reduce human
interference and prevent further damage [65]. Moreover, the Jiulianshan National Nature
Reserve should be managed more scientifically and constructed with corresponding en-
gineering measures [66]. Consider establishing coordination mechanisms with multiple
stakeholders when implementing ecological restoration measures. In addition to these
macro-protection principles, we should also consider the suitability of various vegetation
types for different environments and elevations [67].

4.3. Limitations

The InVEST model was used to quantitatively evaluate water yield, soil conserva-
tion, and carbon sequestration from 2000 to 2020. This model has been recognized as an
appropriate tool because it achieves the expected results with fewer data and simplified
computational steps [43]. Our study improved the accuracy and reliability of the evaluation
results through model validation. The validation results showed that the study results
were in good agreement with the actual value. However, the modeling and data limitations
of the InVEST model should be recognized. This model cannot address daily or monthly
climate data, so our study ignored daily or monthly extreme climatic events [68]. Moreover,
the carbon-storage-and-sequestration model uses a simplified carbon cycle that quanti-
fies the amount of static carbon storage, which lacks consideration of the transformation
between various carbon pools. Therefore, extreme climate effects on ecosystem services
and the optimization of the accuracy of simulation models need more attention in future
research to reduce the uncertainty of model assessment results.

5. Conclusions

This study investigated spatial and temporal changes in water yield, soil conservation,
and carbon sequestration from 2000 to 2020 in the Jiulianshan Nation Nature Reserve by
applying the InVEST model. Spatial patterns of trade-offs and synergies were distinguished
by correlation analysis. Then we analyzed the response of ecosystem services relationships
among different vegetation types and elevation bands. Our results showed that water yield
and carbon sequestration exhibited an overall upward trend from 2000 to 2020, while soil
conservation remained a marginal degradation. Ecosystem services increased, in aggregate,
in the central, western, and southeastern areas, and decreased in the midwestern areas
and northeastern fringes. The synergies among water yield, soil conservation, and carbon
sequestration were spatially dominant, while the trade-offs were mainly concentrated in
the northern, southern, and southwestern areas. Among the different vegetation types,
synergies dominated ecosystem services in broad-leaved forests, coniferous forests, mixed
forests, and Moso bamboo forests and in grass. Moreover, with the increase in elevation,
the trade-offs were gradually reduced. Therefore, to maximize the benefits of ecosystem
services, policymakers should focus on the trade-off areas and strengthen the implemen-
tation of ecological projects based on the balance of ecosystem services. This study could
provide a theoretical basis for implementing management strategies and the sustainable
development of society, economy, and ecology in China’s nature reserves.
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for each LULC class in the InVEST 3.8.9 model (t/ha); Table S2: Input data for each LULC class in the
InVEST 3.8.0 water yield model; Table S3: Input data for each LULC class in the InVEST 3.8.9 sediment
delivery ratio model.
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