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Abstract: Specific forest restoration aims to maximum ecosystem services (ESs); however, the complex
trade-offs among ecosystem services pose considerable challenges for fulfilling such goals. Based on
forest restoration on Hainan Island, China, we integrated spatially explicit models of ecosystem services
and spatial prioritization techniques based on the efficiency frontier between habitat quality and
plantation revenue to analyze the impacts of decision-makers’ preferences on optimal configurations
of forest restoration. We then investigated the effects of different optimal restoration schemes on
water purification, soil retention, carbon sequestration, and coastal hazard mitigation. Based on our
results, plantation revenue and habitat quality exhibited an obvious trade-off during the process of
restoration. Forest restoration patterns also varied with the degree of preference for plantation yield
or habitat quality, indicating that understanding ecosystem service tradeoffs can support the optimal
selection of forest restoration schemes under different preferences. However, when the values of
multiple ecosystem services associated with forest restoration were considered (e.g., water purification,
soil retention, carbon sequestration, and coastal hazard mitigation), the optimal solution choice varied.
Our results suggest the application of the efficiency frontier can deepen quantitative understanding of
ecosystem service trade-offs, and the addition of multi-benefit evaluation based on optimal solutions
can provide a more detailed and broader picture of forest restoration plans. Integrated efficiency
frontier assessment with the valuation of ecosystem services associated with forest restoration
provides a quantitative approach for optimal forest restoration, which can be applied in broad forest
restoration programs.
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1. Introduction

To fulfill the growing needs of food, timber, fiber, and other goods, many natural habitats have
been rapidly converted to human-dominated landscapes. With the rise in land-use intensification,
trade-offs among ecosystem services (ESs) can intensify simultaneously [1]. Ecological restoration,
as a major strategy to improve ecosystem services and reverse biodiversity losses, has been used
worldwide [2]. For example, under the Bonn Challenge, a global effort to restore 350 million hectares
of deforested and degraded land to national forest by 2030, over 30 countries have made commitments
to undertake restoration activity [3]. However, the great challenges for restoration are the trade-offs
between available land resources and increasing demands for better services and the trade-offs among
ecosystem services [4,5]. Specifically, for the low-income regions or countries, balancing provision
services that might strongly link to local poor livelihoods, and biodiversity and regulating services,
is vital for a sustainable development [6]. How to utilize limited restoration resources (e.g., land,
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funding, labor) to maximize objectives and mitigate conflicts of interests is a key issue in land-use
planning. To address these conflicts, the valuation of biodiversity and ecosystem services under
different restoration schemes can help reveal the benefits and costs of a given ecological policy [7].
Moreover, a deeper understanding of these potential trade-offs is informative for land-use planning for
forest restoration and could increase the comprehensive benefits and sustainability of restoration [8].

Among the many approaches used to depict trade-off relationships among objectives, spatially
explicit optimization algorithms based on the efficiency frontier are among the most effective tools [9].
These optimization-based methods state that all services cannot be improved and thus demonstrate
all possible solutions under all given constraints [10]. Such results highlight the marginal benefits or
costs for any measure and illustrate the chances that largely improve the efficiency of service provision,
superior to random plans [11] or even best management practices [12]. For example, Kennedy, et al. [13]
applied the efficiency frontier to mitigate the trade-offs among agricultural production, biodiversity
conservation, and fresh water purification. Optimization algorithms propose various optimal solutions
by varying the preferences from decision-makers or up to more than 40 stakeholders among multiple
competing services in forest management planning [14,15]. For example, Tóth and McDill [16]
presented four modified bi-objective generating techniques to produce the set of Pareto optimal
solutions to spatial forest planning problems with three or more competing objectives. Marto et al. [17]
used a spatial multiple-criteria decision analysis to assess the aggregate performance of points on the
Pareto frontier with respect to their utility for delivery of woods-dominated services. Although Pareto
frontier method does not require stakeholders to state preferences in terms of ecosystem services target
levels, to deeply and fully understand the potential consequences of each optimal solution in other
terms is informative for decision-makers to choose a final scheme. Hence, some simple but powerful
approaches to illustrate and visualize the potential performance of the optimal solutions are necessary.

Forest restoration focuses on concerned targets, such as suppression of global forest cover loss
and degradation [18]. A multifunctional forest should also include multiple other values [15], like
provision of ecosystem services and natural habitat for biodiversity, that are well reflected in the targets
of the Sustainable Development Goals (SDGs), United Nations Framework of the Convention on
Climate Change (UNFCCC), and United Nations Convention to Combat Desertification (UNCCD) [19].
For example, through a long-term investment in natural restoration, China has experienced significant
improvement in food production, carbon sequestration, soil retention, sandstorm prevention, and
flood mitigation [20]. Furthermore, effective assessment for the expected outcomes is also an important
task to promote the success of restorations. There are two kinds of evaluation in current assessments
of ecosystem services: biophysical and monetary evaluation [21]. The former reflects realistic
contributions from ecosystems with fidelity and the latter offers comparable results among distinct
services. The two-unit assessment is applied in evaluating the contribution of nature to human
well-being to support sustainable decision-making, like Gross Ecosystem Product accounting [22].
Moreover, consideration of multiple ecosystem services combined with the two-unit evaluation method
could facilitate the communication and negotiation across various stakeholders with explicit demands
or interests. However, this multi-dimensional, quantified approach to explicitly account for trade-offs
is not adequately reflected in current land-use planning [23].

Hainan Island, China, is a global biodiversity hotspot [24] and home to several national
conservation areas. However, the region has experienced fast and large-scale plantation expansion
over the past several decades [25,26]. On the one hand, these plantations support local rural
livelihoods and the economy [27]; on the other hand, however, the vast land-use change has generated
negative externalities, including detriments on biodiversity, water quality, soil retention, and coastal
hazard defense [25,28,29]. Hainan Island hence is a typical case featured by ecological conservation
intertwined with poverty reduction. To reverse the degraded ecosystems and enforce the ecological
security, a natural forest restoration plan (a 359-km2 goal for afforestation by nature-oriented measures
with indigenous vegetation by 2050) is about to initiate in Hainan [30]. However, it is still a key
issue how to mitigate conflicts of interest and maximize the desired multiple objectives by the forest
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restoration program. To fill the aforementioned gaps, we used Hainan Island as an ideal study area, and
attempted to answer two research questions: (1) How does forest restoration influence the relationship
between plantation revenue and biodiversity conservation? and (2) How can multiple ecosystem
service trade-offs be integrated to inform forest restoration implementation?

2. Materials and Methods

2.1. Study Area

Hainan Island (33,900 km2) is located along the southern coast of mainland China (Figure 1) and is
the largest island in the Indo-Burma biodiversity hotspot [24]. The island is characterized by a tropical
monsoon climate and is affected by perennial westward-moving storms from the South China Sea.
Tropical typhoons can lead to dramatic loss and damage for local people and property, especially in
areas along the north-east-south coastline, which experiences the highest frequency of typhoon landfall
incidents [28,31].
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Figure 1. Land-use/land-cover map of Hainan Island in 2017.

The interior uplands of Hainan are defined as a national “Ecological Function Conservation Area”
(EFCA; Figure 1). EFCAs focus on conservation and restoration in places with high biodiversity and
ES. The interior areas are home to various rare species and provide critical regulation services (e.g.,
soil retention, water purification, and carbon sequestration) [29,32,33]. The EFCA covers headstreams
of the three largest rivers (Nandu River, Changhua River, and Wanquan River), which supply the
majority of water for drinking, irrigation, and other domestic and industrial uses.

Natural forest on the island experienced a considerable decrease from 41.4% in the 1950s to 24.2%
in the 2010s [26]. Plantation expansions were identified as the most striking threat to natural forests [25].
Although plantations contribute considerably to the local economy and rural livelihoods [27], they have
resulted in a marked reduction in the provision of ESs [29].

2.2. Identifying Potential Areas for Forest Restoration

To improve degraded biodiversity and ecosystem services, the National Forestry and Grassland
Administration issued a 359-km2 goal for natural forest restoration on Hainan by 2050 [30].

Here, we projected potential opportunities for natural forest restoration based on three criteria,
highlighting areas where natural forests are most likely to be restored: (i) where forest cover was lost
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for plantations (i.e., garden and rubber land) between 1998 and 2017 [4]; (ii) where plantation lands
were of low-quality [34], that is, the relative biomass density (a quality index for forests) was lower
than 25% within the same zone after forest site zoning [35]; and (iii) where plantations were planted on
steep slopes (>25◦) [36,37]. The potential areas deriving from each of above source for conversion of
plantations to natural forests are 2457 km2, 4397 km2, and 336 km2, respectively. Despite some spatial
coincidences among three sources, the total area is about 6466 km2.

We obtained a restoration pattern by converting these potential areas to natural forest based on
land-use patterns in 2017. The potential ES values from forest restoration were the differences in ES
values between restored and baseline patterns (i.e., land-use pattern in 2017). To classify land-use and
land-cover (LULC) types, we used Landsat-8 images provided by the China Remote Sensing Satellite
Ground Station, which has a pixel size of 30 m × 30 m [29].

2.3. Assessing Ecosystem Services

Based on the priorities of restoration and most prominent conflict [27,38], we first identified
trade-offs based on the efficiency frontier between plantation revenue (the highest economic support
for local households and the economy) and habitat of biodiversity (the most important biological
concern for this tropical island). Furthermore, we included a broader set of valuable regulation services
(i.e., water purification, soil retention, carbon sequestration, and coastal hazard mitigation) [28,29] and
assessed their values in both biophysical and monetary terms under different optimal solutions.

2.3.1. Plantation Revenue

Plantations are the most supportive source of income for 74% of households and provide 46% of
their total income in the EFCA of Hainan Island [27]. In terms of household livelihood surveys and
land-use data, average forestry profits from garden land and rubber plantations were 3.3 × 104 CNY/ha
and 2.1 × 104 CNY/ha (US $1 = 6.6 CNY in 2016), respectively. We summed the revenue of garden land
and rubber plantations as plantation revenue.

In reality, plantation revenue varies with location (e.g., slope, soil), hence we spatially adjusted
plantation revenue loss (PRL) by soil organic matter (provided by the Environmental Science Institute of
Hainan) using the following equation. According to the effect of site condition on revenue, we assumed
the range of revenue change to be 10% [39].

PRLi = −PRi ∗

(
SOMi − SOMmin

SOMmax − SOMmin
∗ 0.1 + 1

)
,

(1)

where PRLi is the plantation revenue loss of each grid i, PRi is the plantation revenue for grid i, SOMi is
the SOM content of each grid i, and SOMmin and SOMmax are the minimum and maximum values of
the SOM content across the whole island, respectively.

2.3.2. Habitat Quality

We adopted the spatially explicit habitat quality module of the Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) v3.5.0 [40] to estimate habitat quality of biodiversity in Hainan,
considering the effects of anthropogenic threats on terrestrial habitat. This model, which is based on
the hypothesis that areas with higher habitat quality support higher richness of native species, has been
successfully applied to estimate the impact of different scenarios of land-use change on terrestrial
habitats for biodiversity [41].

Habitat quality in the InVEST model is estimated as a function of: (1) the different anthropogenic
threats likely impairing habitat quality, (2) the possible maximum influential distance of threats, (3) the
relative power of each threat (i.e., weight), (4) the suitability of each LULC type for providing habitat
for biodiversity, and (5) the sensitivity of each LULC type to each threat [41]. All of the parameters for
the module are listed in Tables 1 and 2 [42].
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Table 1. Characteristics of threats to habitat quality in Hainan Island, China.

Threat Maximum Distance of Effect (km) Weight [0,1] Distance-Decay Function

Garden land 1 0.5 Linear
Rubber plantation 1 0.5 Linear

Cropland 0.5 0.5 Linear
Urban 2 0.7 Linear
Roads 1 1 Exponential

Table 2. Mean value for habitat suitability (HABITAT) and relative sensitivity of habitat types to threats.

Habitat Type HABITAT
[0,1]

Relative Sensitivity of Habitat Types to Threats

Garden Land Rubber Plantation Cropland Urban Roads

Natural forest 1 0.8 0.8 0.8 0.9 0.9
Garden land 0.5 0.1 0.1 0.1 0.8 0.8

Rubber plantation 0.7 0.1 0.1 0.1 0.5 0.2
Grassland 0.5 0.3 0.3 0.3 0.3 0.6
Cropland 0.5 0 0 0 0.4 0.2

Water body 0.8 0.9 0.9 0.8 0.9 0.8

2.3.3. Water Purification

Biophysical Value

We used the Nutrient Delivery Ratio (NDR) module in InVEST v3.5.0 [40] to estimate nitrogen (N)
and phosphorus (P) export reductions to address water purification concerns under different land-use
scenarios [29]. Since the main pollutant matters of water purification for the local are nitrogen and
phosphorus [29]. The NDR model provides results of nutrient export to streams and nutrients retained
by each parcel on the landscape.

We acquired data related to model coefficients and other input parameters from locally or similarly
conducted studies. Input values for the model are provided as follows (Table 3) [29].

Table 3. Biophysical coefficients for Nutrient Delivery Ratio (NDR) module in InVEST.

LULC Types

Nutrient Loading
(kg ha−1 year−1)

Maximum
Retention

Efficiency [0,1]

Maximum
Retaining Capacity

of Nutrient (m)

Proportion of
Dissolved

Nutrients [0,1]

N P N and P N and P N and P

Natural forest 3 0.15 0.8 300 0.5
Garden land 10.21 3.1 0.45 30 0

Rubber
plantation 79.05 2.85 0.35 30 0

Grassland 7 0.9 0.4 150 0
Cropland 53.5 2.9 0.25 30 0

Water body 15 0.36 0.05 15 0
Urban 13.8 1.8 0.05 15 0

Bare land 0.88 0.01 0.05 10 0

Monetary Value

We used the average pollutant purification cost for total nitrogen and total phosphorus in China
to reflect the value of N and P reduction (1.5 CNY N kg−1 and 2.5 CNY P kg−1, respectively) [43].
The economic value of nutrient reduction under alternative optimal land-use patterns was found by
multiplying the difference of annual nutrient export amount between restored pattern and baseline
pattern by the unit value of nutrient reduction.
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2.3.4. Soil Retention

Biophysical value

Sediment export is a proxy of soil retention, and the sediment delivery ratio model (SDR) in
InVEST v3.5.0 generates grid files for sediment export to streams and sediment retained by each pixel
on the landscape [29]. We used the reduction in the rate of sediment export to represent the soil
retention service. The parameters derived from local studies are provided as follows (Table 4) [29].

Table 4. Biophysical coefficients for sediment delivery ratio (SDR) module in InVEST and carbon
sequestration rate.

LULC Types Cover-Management
Factor [0,1]

Practice Factor
[0,1]

Vegetation
[0/1]

Carbon Sequestration
Rate (t ha−1 year−1)

Natural forest 0.003 1 1 7.1
Garden land 0.06 1 1 3.1

Rubber plantation 0.06 1 1 4.53
Grassland 0.015 1 1 0.74
Cropland 0.04 0.15 1 0.5

Water body 0.001 1 0 0
Urban 0.001 1 0 0

Bare land 0.2 1 0 0

Monetary Value

Based on the pattern of sediment movement in China, 24% of sediment from soil loss is deposited
in rivers, reservoirs, and lakes [44]. Hence, we used the cost of cleaning sediment for lower sediment
siltation in rivers, reservoirs, and lakes to represent the economic value of sediment export reduction
(15.2 CNY t−1) [43,45]. The economic value of sediment reduction under an alternative optimal land-use
pattern was found by multiplying the difference of annual sediment export amount between restored
pattern and baseline pattern by the price of cleaning sediment.

2.3.5. Carbon Sequestration

Biophysical Value

For carbon sequestration, we estimated annual sequestration as tons of carbon sequestered given
that each LULC type sequestered carbon at a steady rate [29,44]. The carbon sequestration rate is listed
in Table 4.

Monetary Value

We used the standard value of US$18.0 tC−1 (119.0 CNY tC−1) as the price of carbon credits,
cited as an average of the value of forest carbon transactions in major global markets [46]. The economic
value of carbon sequestration under an alternative optimal land-use pattern was found by multiplying
the difference of annual carbon sequestration amount between restored pattern and baseline pattern by
the price of carbon.

2.3.6. Coastal Hazard Mitigation

Biophysical Value

Tropical storms, as the most destructive natural hazard, directly and seriously damage offshore
areas. Coastal protection forests, as one of the most effective bio-shelters, can help reduce damage
to people and property and lower investments for engineered defenses [47]. Based on the special
regulations of coastal management, a basal forest coastal shelterbelt should reach a width of 200 m [48].
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Here, the length of the restored forest belt with a 200-m width along the coastline (LB) was taken as a
proxy index for the coastal disaster prevention and mitigation service.

Monetary Value

In Hainan, the most vulnerable areas are located along the north-east-south coastline, i.e.,
typhoon-prone areas [28,31]. Hence, we considered the mitigation effect of the coastal forest belt within
this region. A coastal vegetation belt should encompass a 1 km protective distance [49]; hence, here we
used a 1-km inland buffer radius from the 200-m belt as the potential protective area. As restored forests
along the coastline may be relatively scattered, we conservatively used the lower threshold contribution
rate of coastal shelterbelts to natural disaster reduction [50], based on the following equation:

VCHM = LB ×A f ×V f ×K f , (2)

where VCHM is the economic value of coastal hazard mitigation and Af is the potential protective area
(km2). Here, Vf was derived from the average economic loss (7.9 × 106 CNY km−2) by storm hazards
(2011–2016) from the Bulletin of Flood and Drought Disasters in Hainan (2017), and Kf was set as 10%.

2.4. Prioritizing Spatial Location for Restoration and Identifying Trade-Off Relationships

Here, the goal of efficiency frontier analysis was to find whole island-level land-use patterns
that minimize the loss in plantation revenue for given levels of habitat quality change, and vice
versa. We delineated the trade-off between habitat quality and plantation revenue loss based
on a two-dimensional graph. We considered two objectives when creating frontiers: (1) maximize
improvement of habitat quality, and (2) minimize reductions in plantation revenue compared to baseline
(LULC in 2017). The constraint for the optimization algorithm was the 359-km2 restoration area.

Linear programming was running by the Restoration Opportunities Optimization Tool (ROOT),
which runs a number of optimization analyses corresponding with different potential prioritizations
of each objective [51]. Each of optimization running assigns a different level of prioritization (w) to
each objective, so the full set of analyses generates a production possibility frontier. The optimization
formula is listed as Equation (3). As w varies from 0 to 1, this objective function shifts from preferring
solutions that minimize plantation revenue loss to intermediate solutions and finally to solutions that
prefer to maximize habitat quality. For example, when w = 0.25, it means 25% of the maximum habitat
quality value.

Taken utility efficiency and general size of compartment into consideration, we set a
1200 m × 1200 m square as a decision unit (d) to optimization. The decision variable for the optimization
is xd—the fraction of available area for restoration to allocate in decision unit d [51]. ROOT would
determine which decision unit should be chosen for implementation of restoration activity, with the
assumption that all potential pixels within a decision unit are either chosen or not (except for the “last”
decision unit chosen to fill an area-oriented constraint (i.e., 359 km2 area), which will have a fractional
allocation) [51].

max
(
w ∗

∑
d

HQd ∗ xd − (1−w) ∗
∑
d

PRLd ∗ xd

)
,

subject to
∑
d

xd ∗Ad = 359 km2,
(3)

where w represents prioritization, and starts from 0 to 1; HQd is the score of improved habitat quality
expected from decision unit d under weights w when the potential area within decision unit d is
restored, and PRLd is the value of plantation revenue loss expected from unit d under weights (1-w)
when the potential area within decision unit d is restored; xd is the fraction of potential area within a
decision unit that is for restoration implementation, and Ad is potential area per decision unit d.
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3. Results

3.1. Trade-Off between Habitat Quality and Plantation Revenue

Figure 2 exhibits the trade-off relationships between habitat quality and plantation revenue
loss under optimal forest restoration. Point A shows the land-use pattern that generated minimum
plantation revenue loss. Point B shows that a 13.4% total possible increase in habitat quality reduced
plantation revenue by less than 2%. Point C shows that a further increase in the habitat quality score
from 141,712 to 197,913, i.e., 81.4% of the total possible increase in habitat quality score, reduced
economic revenue by 54.5%. The process of moving point D to point E shows that a small increase
in habitat quality score comes at a large cost of plantation revenue. Thus, these results suggest that,
at least in Hainan, one-sided pursuit for maximum single benefit could be costly.
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Figure 2. Efficiency frontier between plantation revenue loss and habitat quality. Present value of
plantation revenue loss generated by forest restoration is shown on horizontal axis. Value of habitat
quality is shown on vertical axis. The potential ES values from forest restoration were the differences in
ES values between restored and baseline patterns (i.e., LULC pattern in 2017). Efficiency frontier is
outlined by gray circles. Dark points on frontier associated with letter have corresponding land-use
patterns. A = minimum plantation revenue loss, B = 25% of maximum habitat quality value, C = 50%
of maximum habitat quality value, D = 75% of maximum habitat quality value, and E = maximum
value of habitat quality.

3.2. Spatial Configuration for Different Optimal Scenarios

In terms of spatial configuration, when minimizing plantation revenue loss, restoration is mainly
clustered in rubber plantation areas in the western plain and scatters in the north and southeast EFCA,
and less along the eastern coastline (point A in Figure 2). With the increase in the weight on habitat
quality, restoration gradually shifts around the EFCA and partly transfers to western offshore areas.
The restoration location for point C in Figure 2 is relatively more scattered around the west, southwest,
and east EFCA, and circles the coastline along the whole island. When maximizing habitat quality,
restoration areas are concentrated in the east EFCA and west and southwest boundaries of the EFCA
(point E in Figure 2).

3.3. Effects of Forest Restoration on other ES under Different Optimal Scenarios

We further compared both the biophysical and monetary values of other regulation services
produced under five optimal landscapes (Table 5). In biophysical terms, the landscape with minimum
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plantation revenue loss generates the highest level of water purification improvement relative to the
baseline, whereas the landscape with 25% of the maximum habitat quality results in the greatest soil
retention relative to the baseline. The land-use patterns with at least 50% of the maximum habitat
quality value are all beneficial for carbon sequestration, but the landscape with the maximum habitat
quality value contributes least to coastal hazard mitigation. In terms of economic outcomes, besides
the two extreme scenarios (points A and E), the other scenarios all create more than 100 million CNY
(Table 5).

Table 5. Summary of differences in ecosystem services in terms of biophysical amount and economic
value from baseline using efficiency frontier.

Water Purification (N) Water Purification (P) Soil Retention Carbon
Sequestration

Coastal Hazard
Mitigation SUM

106 kg 106 CNY 106 kg 106 CNY 106 t 106 CNY 106 t 106 CNY Km * 106 CNY 106 CNY

A 3.0 4.5 0.15 0.38 2.0 30 0.10 12 23 52 99
B 2.2 3.3 0.13 0.33 2.9 44 0.10 12 26 57 116
C 2.2 3.3 0.13 0.33 1.4 22 0.14 17 29 67 109
D 2.2 3.3 0.13 0.33 1.8 27 0.14 17 28 64 112
E 2.2 3.3 0.13 0.33 2.4 36 0.14 17 5 15 72

Note: *: length of restored forest belt with 200-m width along coastline (LB). A = minimum plantation revenue loss,
B = 25% of maximum habitat quality value, C = 50% of maximum habitat quality value, D = 75% of maximum
habitat quality value, and E = maximum value of habitat quality.

The differences in relative biophysical values under the five optimal scenarios in descending order
are coastal hazard mitigation, soil retention, carbon sequestration, water purification (N), and water
purification (P), as shown in Figure 3. Thus, relative to water purification, coastal hazard mitigation and
soil retention are more sensitive to changes in the optimal configuration of forest restoration. As also
seen in Figure 3, no single optimal solution shows all services at maximum levels, i.e., the optimal
location for each service is generally not spatially coincided. Hence, optimization is helpful under such
conditions to compromise the conflicts of interest. Moreover, trade-offs among regulation services
under optimal solutions were also identified (Table 5 and Figure 3).

We did not explicitly consider the monetary value of other regulation services on the landscape,
with the relationship between habitat quality and plantation revenue loss represented as gray circles in
Figure 3. When we added the monetary value of water purification improvements, soil retention, carbon
sequestration, and coastal hazard mitigation to the net loss from plantation conversion, the relative
locations of these points shift to some extent. The medium points moved further left than the extreme
points (point A and E with dark circles in Figure 3) due to higher economic values after adding other
regulation services (Table 5).
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Figure 3. Relationship between habitat quality and plantation revenue loss (gray circles) or plantation
revenue loss plus economic values of ecosystem services (dark circles). The potential ES values from
forest restoration were the differences in ES values between restored and baseline patterns (i.e., land-use
pattern in 2017). WP-N, water purification (nitrogen reduction); WP-P, water purification (phosphorus
reduction); SR, sediment reduction; CS, carbon sequestration; CHM, coastal hazard mitigation.
A = minimum plantation revenue loss, B = 25% of maximum habitat quality value, C = 50% of
maximum habitat quality value, D = 75% of maximum habitat quality value, and E = maximum value
of habitat quality. Bar charts represent proportion of biophysical value relative to maximum value
within each category of service.

4. Discussion

Our results showed a clear trade-off between plantation revenue and habitat quality. The shape of
an efficiency frontier curve is indicative to the potential relationship and threshold among objectives.
In our study, the curve displays a rapid increase in habitat quality with a small loss in plantation
revenue. Afterwards, a relative linear relationship is shown between the two objectives, getting
closer to maximum habitat quality, with a tiny increase in habitat quality accompanied by a large
decrease in planation revenue (Figure 2). This differs from the curve reported in a case in Minnesota,
the US [12], which showed a flat curve between agricultural production with high crop price and
water purification, indicating a small chance to gain a “small loss-big win” scenario. In contrast,
our study showed the possibility that a small loss in plantation revenue could be accompanied by a
large improvement in habitat quality (Figure 2). This highlights what can be optimally achieved with
elaborate spatial configuration under the same land sources. Since plantation revenue is strongly linked
to local livelihoods [27], minimizing plantation revenue loss for a given biodiversity improvement
would be vital as a cost-effective and equitable strategies to achieve a dual-goal of poverty alleviation
and environmental conservation, which are fundamental factors for sustainable development [6].
Furthermore, several studies have shown that extremely high costs can be incurred when maximizing
one goal [4,52], a pattern confirmed in our study, thus supporting the concept that multifunctionality
in land-use planning can result in less costly outcomes.

Spatial configurations of forest restoration can be organized in various ways to meet specific
preferences. The EFCA in Hainan plays a critical role in conservation of biodiversity and multiple
ecosystem services, such as soil retention and freshwater provision [29]. Our results confirmed that the
EFCA and its surroundings are still prioritized areas with regard to large improvements in habitat
quality and ecosystem services, but the highest values for each ecosystem service are concentrated in



Forests 2020, 11, 563 11 of 15

different regions. For example, the highest value parcels for improved habitat quality surround the
Jianfengling National Forest Park in the western EFCA (point E in Figure 2), whereas the highest value
parcels for nutrient export reduction are located on the steep slopes of the southwest and northern
EFCA (point A in Figure 2) [29]. O’Connell et al. [23] also found the highest values for agricultural
production, carbon storage, biophysical climate regulation and biodiversity were concentrated in
different regions. These spatial disparities indicate that balancing multiple ecosystem services must
be explicit, and identifying potential solutions that balance priorities is critical as land resources
become increasingly valuable [23]. Unlike Verhagen, et al. [53], who found that fruit yield, endangered
species habitat, and landscape aesthetics were sensitive to landscape configuration, we found that
not all ecological objectives are sensitive to restoration configurations, e.g., carbon sequestration and
phosphorus export reduction. This suggests that we should consider more sensitive factors when
ranking optimal solutions.

We also evaluated the benefits from water purification, soil retention, carbon sequestration, and
coastal hazard mitigation, which are critical in securing local people and assets. Such evaluation
accounts for multiple environmental goods and their values, which not only builds on the contribution
of restoration to multifunctionality [54], but also provides a fuller assessment of the trade-off land-use
alternatives [55]. With the provision of both biophysical and monetary values, our results should be
more indicative for different stakeholders to recognize the benefits and costs among various options.
Although the economic value of nutrient reduction is far lower than that of other services, drinking
water is highly tied with local life needs [56]. Hence, it would be risky to merely consider a one-sided
evaluation. Qualified coastal protection forests are also critical for islands, especially for offshore areas
susceptible to tropical storms [47]. Our study enriches the insufficient assessment on the value of coastal
forest restoration in the local, and the result shows that the economic value to restore coastal bio-shelters
contributes largely to total ecosystem service value resulted from ecosystem restoration (Table 5).
Many other studies [15–17] also reported the approaches to generate Pareto frontiers and analyze
trade-offs of multiple ecosystem services. However, the analyses integrating complex trade-offs of
more than two ecosystem services lead to challenges for different stakeholders to state their preferences.
To emphasize the prior objectives of decision makers, our study firstly focused on two prior objectives
(plantation revenue and habitat quality) and visualized the trade-offs by using the Pareto frontier. Then
we presented the potential outcomes in terms of both biophysical and monetary values with some key
points on the Pareto frontier. The results clearly clarify the changes of different ecosystem services that
different stakeholders concern. Based on efficiency frontier the process of land-use planning could
be iterated to involve all the important stakeholders and could be more unbiased to generate a more
detailed implementation plan. Our approach reduces the difficulty for stakeholders to state their
preferences in terms of target levels for objectives.

Although we mostly adopted local parameters and study results as our input data, there are
still some limitations and uncertainties in our study. First, limited by plantation harvest and sales
data, the spatial distribution of plantation revenue was only adjusted by site condition. Second,
the interaction between natural habitat quality and biodiversity is a very complicated process. Here,
habitat quality in InVEST was estimated as a function of the suitability of each land-use type for
providing habitat, including anthropogenic threats and sensitivities of each land-use type to each
threat, without considering other external factors [40]. Habitat quality was treated as a relative impact
of different land use scenarios on natural habitat for biodiversity [41]. Third, like many studies in
data-poor areas, our models are not well calibrated and the costs of forest restoration are not considered.
The monetary values of other ecosystem services also exist uncertainty due to the differences in pricing
methods. To further reduce the uncertainty of models, we adopted relative values rather than absolute
values, which are more tenable in representing variations in ES along with land-use changes [57].
Fourth, the optimal solutions are statically constructed between habitat quality and plantation revenue,
which are the top priorities in tropical areas [15]. In fact, the optimal allocation of forest restoration
would be different with the changes of stakeholders’ preferences and restoration time [58]. Fifth,
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the optimization tool we used in the study simply provides a limited number of points that featured
by given prioritization along the efficiency frontier. Although this could fulfill our initial goal that
generates the general relationship, to identify the accurate position of threshold might be solved by
other algorithms [15]. Our study only provides an approach to systematically quantify the trade-offs
under different forest restoration scenarios and to incorporate them into future forest restoration
schemes in other areas. Periodical adjustment and re-planning might be necessary in terms of the
changes in stakeholders’ preferences and long-term restoration process.

5. Conclusions

The trade-offs between plantation revenue and habitat quality, as well as among multiple
ecosystem services, under different forest restoration scenarios were systematically quantified by using
the efficiency frontier-based methods. Forest restoration patterns vary with the degree of preference
for plantation yield or habitat quality, indicating that understanding ecosystem service tradeoffs can
support the optimal selection of forest restoration schemes under different preferences. Moreover,
integrating other important ES (water purification, soil conservation, carbon sequestration, and coastal
hazard mitigation) into the efficiency frontier between habitat quality and plantation revenue, provides
the optimal solutions for various preferences on habitat quality, plantation revenue and multiple
regulating ES. The application of the efficiency frontier deepens quantitative understanding of
ecosystem service trade-offs, and the addition of multi-benefit evaluation based on optimal solutions
provides a more detailed and broader picture of forest restoration plans. Our results suggest integrated
efficiency frontier assessment with the valuation of ecosystem services associated with forest restoration
provides a quantitative approach for optimal forest restoration, which can be applied in broad forest
restoration programs.
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