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Abstract: The trade-offs and synergies of forest ecosystem service are important research
topics for several disciplines. The multi-scale analysis of service trade-offs and synergies
assists in the implementation of more effective forest resource management. Based on mul-
ti-source data including forest distribution, topography, NDVI, meteorology and soil conditions,
key forest ecosystem services, including total forest volume, carbon storage, water yield, soil
retention and habitat quality were mapped and evaluated for the Funiu Mountain Region
through integrated deployment of the CASA model, the INVEST3.2 model and the ArcGIS10.2
software. The characteristics of trade-offs and synergies among different ecosystem services
were then mapped and considered across multiple spatial scales (i.e., by region, north and
south slopes, vertical belt) using the spatial overlay analysis method. The main results are as
follows: (1) Mean forest volume is 49.26 m°/ha, carbon density is 156.94 t/ha, water yield
depth is 494.46 mm, the unit amount of soil retention is 955.4 t/ha, and the habitat quality
index is 0.79. (2) The area of forests with good synergy is 28.79%, and the area of forests
with poor synergy is 10.15%, while about 61.06% of forests show severe trade-offs and weak
trade-offs. The overall benefits of forest ecosystem services in the study area are still low. In
the future, bad synergy and severe trade-off areas should be the focus of forest resource
management and efficiency regulation. (3) Synergy between ecosystem services is better for
forest on south slope than that on north slope. Deciduous broad-leaved forest belt at moder-
ate elevations on south slope in the mountains (SlIl) has the highest synergies, while that at
low elevations on north slope (NI) exhibits the lowest synergy levels.

Keywords: forest ecosystem services; trade-off/synergy; multi-scale analysis; CASA; InVEST; Funiu Mountain
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1 Introduction

Terrestrial ecosystems provide a variety of products and services for human society, thus
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playing a vital role in the formation and maintenance of environmental conditions and mate-
rial basis for human survival and development (Li et al., 2012; Hou et al., 2018). The utili-
zation and management of natural resources by different methods leads to pronounced
changes in ecosystem functions, which drives the formation of trade-offs with contrasting
shifts or synergies with mutual gains between ecosystem services, such as material produc-
tion, water yield, soil retention, and carbon storage (Asadolahi et al., 2018; Qian et al.,
2018). According to the Millennium Ecosystem Assessment, the level of utilization of cer-
tain ecosystem services by humans is increasing rapidly, which results in a continuous de-
cline in the supply capacity of some key types of services, especially regulating services and
cultural services. This situation seriously influences human well-being and even directly
threatens the regional and global ecological security (Millennium Ecosystem Assessment,
2005). In order to reduce the negative effects of the interrelations between ecosystem ser-
vices, service trade-off studies have emerged and become a major topic in the current re-
search on ecosystem services (Dai ef al., 2015).

So far, many researchers have explored the trade-offs between ecosystem services on na-
tional, regional, and watershed scales (Su et al., 2013; Jopke et al., 2015; Xue et al., 2015;
Sun et al., 2016; Liu et al., 2017; Wang et al., 2017; Asadolahi ef al., 2018; Qian et al., 2018;
Xu et al., 2018), finding that the trade-off and synergy between the same pair of services
vary across different research scales or regions. For example, evidence suggests that synergy
is prevalent between water conservation and carbon sequestration/oxygen release services on
a large spatial scale (Jopke et al., 2015; Xue et al., 2015), while trade-off appears predomi-
nantly between this pair of services over small and medium scales (Su et al., 2013; Sun et al.,
2016). Such difference is mainly attributable to the unintegration of natural conditions and
ecological processes across different scales, or spatial mismatching between the supply and
demand of ecosystem services (Peng et al., 2017). Within different spatial scales, the interest
groups each has specific focus on the products and services provided by various ecosystems,
such as timber production and water conservation that primarily serve on a regional scale,
and biodiversity and carbon sequestration/oxygen release that serve on a global scale (Li et
al., 2012). This discrepancy will inevitably lead to differences in the importance attached to
various types of ecosystem services by different stakeholders and trade-offs between the
management strategies (Peng et al., 2017). Therefore, research on ecosystem service
trade-offs must go beyond a single scale. It is necessary to give full consideration to the ac-
tual needs of stakeholders across different spatial scales and carry out multi-scale studies of
multi-service trade-offs. The purpose is to clarify the trade-offs or synergies between multi-
ple services, their scale dependence, and spatial differentiation, in order to determine the
priority and focus of service trade-off management and thereby implement ecosystem ser-
vice management more effectively (Liu et al., 2017; Peng et al., 2017; Xu et al., 2018).

Forests as a major part of the terrestrial ecosystem provide various types of services and
well-being across different scaled regions (Cademus et al., 2014; Wang et al., 2016; Strand
et al., 2018). A scientific understanding of trade-offs and synergies between forest ecosys-
tem services is the premise of realizing multi-objective operation and management of forest
ecosystems (Dai et al., 2017; Zhu et al., 2018). Many researchers have conducted in-depth
studies on forest ecosystem services with regard to their spatial patterns, interactive rela-
tionships, and compensation payments for service beneficiaries (Cademus et al., 2014; Jonah
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et al., 2015; Strand et al., 2018; Thompson et al., 2019). The relationships between forest
ecosystem services are explored: there are prevalent trade-offs between provisioning ser-
vices (Chisholm et al., 2010; Gou et al., 2019); trade-offs occur predominantly between
provisioning services and regulating, supporting, and cultural services (Delphin et al., 2016;
Kang et al., 2016; Dai et al., 2017), while synergies appear in a few cases (Dai et al., 2017;
Gou et al., 2019); trade-offs are generally prevalent between provisioning services and sup-
porting services (Kang et al., 2016; Vangansbeke et al., 2017; Gou et al., 2019), with syner-
gies occurring in a few cases (Eak et al., 2017); there are mainly synergies between regulat-
ing services (Gou et al., 2019); both trade-offs (Eak et al., 2017; Gou et al., 2019) and syn-
ergies (He et al., 2013; Wang et al., 2013) occur between regulating and supporting services;
synergies are prevalent between supporting services (Liang et al., 2016). These findings in-
dicate that synergies are commonly prevalent between services of the same type (except for
supplying services), while the trade-off/synergistic relationship between two services of dif-
ferent types shows prominent scale dependence and spatial differentiation. These character-
istics will lead to certain one-sidedness in the understanding of ecosystem service trade-offs,
making it unable to correctly guide the formulation of rational management measures by
decision-makers for an overall improvement of regional ecosystem services. Generally, for-
est ecosystems are located in mountainous areas, and their unique topographical features
result in the complex spatial heterogeneity of interactions between ecosystem services.
However, most studies have ignored the influence of topography, and thus hardly provide
more accurate information for decision-making. Therefore, a comprehensive discussion on
the trade-off/synergistic relationships of ecosystem services across multiple spatial scales is
an imperative issue to be solved in the current research on forest ecosystem services and
sustainable operation.

Funiu Mountain is located in a transition zone from the northern subtropical to the south-
ern warm temperate climate zone in China. It is also a transition zone between the Qinling
Mountains and the Huang-Huai-Hai Plain, which possesses advantageous natural environ-
mental conditions and forms a major ecological functional region in China. However, the
Funiu Mountain Region is faced with relatively severe ecological and environmental prob-
lems (Zhang et al., 2011) as a result of competition between different ecosystem services
under the influence of human activities or natural factors. Therefore, it is crucial to further
explore trade-offs and synergies between forest ecosystem services in the Funiu Mountain
Region, in order to enable the production of better economic benefits without reducing eco-
logical and social benefits. Previous studies on forest ecosystem services in this region were
mainly concentrated in local areas, such as the Baotianman Nature Reserve and Xixia
County, or only explored a particular type of forest ecosystems, such as Quercus forest and
Q. aliena var. acuteserrata forest ecosystems (Yang et al., 2011; Guo et al., 2012; Yu et al.,
2017). As no studies have been carried out from a comprehensive and holistic perspective,
the research results appear to be localized and fragmented. Particularly, the relationships
between ecosystem services are less studied, making it difficult to provide managers with
systematic schemes for sustainable operation of forest ecosystems.

Therefore, in this study, we conducted a comprehensive assessment of forest ecosystem
services in the Funiu Mountain Region based on the analysis of multi-source data (including
forest type distribution, normalized difference vegetation index [NDVI], meteorology, and
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soil conditions) using the CASA model, the InNVEST 3.2 model, and the ArcGIS 10.2 soft-
ware. Spatial overlay analysis was used to explore ecosystem service trade-offs and syner-
gies across different spatial scales (by region, north-south slope, and vertical belt). The re-
sults will facilitate the formulation of region- and type-specific management planning of
forest resources, and thereby provide theoretical guidance and decision-making support for
the sustainable operation and management of forests in the Funiu Mountain Region.

2 Data sources and methods
2.1 Study area

Funiu Mountain is located in the western part of Henan Province, China. It is a major range
of the Qinling Mountains, running from northwest to southeast. This mountain range borders
Henan and Shaanxi provinces to the west, reaches the northern part of Fangcheng to the east,
connects with Xiong’er and Waifang mountains to the north, and borders Nanyang Basin to
the south. The study area comprises eight complete county units, covering an area of roughly
20,000 km?®. Lushi, Luanchuan, Songxian, and Lushan are on the north slope of the Funiu
Mountain, while Neixiang, Xixia, Zhenping, and Nanzhao are on the south slope (Figure 1).
The terrain descends gradually from the west to the east, with elevation ranging from 50 to
2200 m above sea level. This area has a complex topography and high topographic relief.
The vegetation is classified as a transition type from northern-subtropical evergreen and de-
ciduous broad-leaved mixed forest to warm-temperate deciduous broad-leaved forest. The
vegetation and climate characteristics show remarkable vertical differentiation (Zhu et al.,
2019).
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Figure 1 Location and the elevation map of the Funiu Mountain Region, China

2.2 Data sources and processing

The following basic data were used in this study: (1) Forest type map. Thirty-five scenes of
GF-1 images acquired in June to October 2016-2017 were selected. After the fusion of 2-m
panchromatic and 8-m multispectral images, a multi-spectral image of the study area with a
resolution of 2 m was obtained by mosaicing and cropping. On this basis, visual interpreta-
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tion of forest types in the study area was performed to generate the distribution map of forest
types according to the 1:100,000 land cover map and the 1:1,000,000 vegetation type map of
2015 (Figure 2). The dominant tree species in the forest ecosystem of Funiu Mountain
mainly include: Q. variabilis, Q. glandulifera var. brevipetiolata, Q. aliena var. acuteserrata,
broad-leaved mixed species, Pinus tabulaeformis, P. massoniana, P. armandi, and P. ar-
mandi—Q. aliena var. acuteserrata (hereinafter referred to as coniferous and broad-leaved
mixed forest) (Song, 1994). A hundred and seventy-nine sets of field survey data were used
for accuracy test, and the interpretation accuracy was 82.39%. (2) Digital elevation model
(DEM) data. ASTER GDEM data with a spatial resolution of 30 m were derived from the
Geospatial Data Cloud (http://www.gscloud.cn). (3) NDVI data. MODIS NDVI data
(2016-2017) with a spatial resolution of 250 m were downloaded from http://ladsweb.nas-
com.nasa.gov/data/. (4) Meteorological data. Daily mean temperature, maximum tempera-
ture, minimum temperature, mean relative humidity, precipitation, wind speed, sunshine
hours, and mean air pressure recorded at 24 meteorological stations in the study area and the
surroundings during 2016-2017 were derived from Henan Meteorological Bureau and Me-
teorological Data Service Center (http://data.cma.cn/). (5) Soil attribute data. Soil texture,
organic matter, and depth data at scale 1:1,000,000 were collected from the Resource and
Environmental Science and Data Center, Chinese Academy of Sciences (http://www.
resdc.cn).

Because the image used for the interpretation of forest type map was from a mosaic of
images acquired in 2016 and 2017, both the NDVI and meteorological data were two-year
averages of 2016-2017.

m Pinus massoniana
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m Quercus aliena var. acuteserrata Non-woodland
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Figure 2 Spatial distribution of forest types in the Funiu Mountain Region

The forest type map and DEM data were used to analyze the range of elevations at which
the major forest types are distributed on the south and north slopes of Funiu Mountain, and
vertical zonation on each slope was classified accordingly. The vertical zonation on the
south slope is more complex than on the north slope. The south slope consists of four verti-
cal belts: deciduous broad-leaved forest belt at low elevations (SI, <800 m), coniferous and
broad-leaved mixed forest belt containing evergreen species (SII, 800-1200 m), deciduous
broad-leaved forest belt at middle elevations (SIII, 1200-1600 m), and coniferous and
broad-leaved mixed forest belt at middle elevations (SIV, >1600 m). The north slope con-
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sists of three vertical belts: deciduous broad-leaved forest belt at low elevations (NI, <1000
d), deciduous broad-leaved forest belt at middle elevations (NII, 1000—-1500 m), and conif-
erous and broad-leaved mixed forest belt at middle elevations (NIII, >1500 m).

2.3 Assessment of ecosystem services

The CASA model (Zhang et al., 2014), the InVEST model (Sharp et al., 2014), and ArcGIS
10.2 (ArcGIS, ESRI Inc., Redlands, CA, USA) were used to quantitatively assess the spatial
patterns of five ecosystem services (forest volume, carbon storage, water yield, soil retention,
and habitat quality) in the study. The computation procedures of model parameters are
summarized in Table 1.

Table 1 Computational methods of model parameters used in ecosystem service assessment

Service type Computation model or idea Major parameters and processing

The net primary productivity
(NPP) of forest vegetation was
computed using the CASA model
(Zhang et al., 2014), and the
conversion formula of NPP and

The vegetation index was MODIS NDVI. Air temperature, precipi-

Forest forest volume for different types tation, and solar radiation were acquired by spatial interpolation
volume of forests in the Funiu Mountain  using ANUSPLIN. Solar radiation was estimated from sunshine
Region was determined accord-  hours (Allen et al., 1998).
ing to the literature (Fang et al.,
1996; Guang et al., 2006). Final-
ly, the spatial data of forest vol-
ume were obtained.
Carbon density was obtained mainly according to previous studies
Carbon Canbom sivage meiills i (Cui et al., 2015; Hu et al., 2017). The above- and below-ground
InVEST model (Sharp et al., . . .
storage 2014) carbon density was estimated based on the root-to-shoot ratio of
’ different tree species (Zhu et al., 2019).
Potential evapotranspiration was calculated using the Pen-
man-Monteith formula on a daily scale (Zhang et al., 2014) and
interpolated using ANUSPLIN. Soil depth was obtained by rasteri-
Water Water yield module of the In- zation of soil data. Vegetation available water content was calculated
yield VEST model (Sharp ez al., 2014). using a nonlinear fitting estimation model of soil available water
content (Zhou et al., 2005). Watershed and sub-watershed maps
were extracted using the Hydrology toolset in ArcGIS 10.2 based on
DEM data.
Rainfall erosivity factor was obtained using Wischmeier’s formula
on a monthly scale (Wischmeier et al., 1965). Soil erodibility factor
. . was determined using an estimation model of soil erodibility (Wil-
. Soil retention module of the . . . . .
Soil liams et al., 1997). Engineering measure factor was assigned 1 in all
. InVEST model (Sharp et al., [T . . . .
retention cases, indicating no implementation of soil and water conservation
2014). .
measures. Vegetation cover and management factor was calculated
using the previously reported computation method of forest vegeta-
tion management factor (Jiang et al., 1996).
Habitat threat sources, including paddy fields, dryland, rural settle-
ments, urban construction land, industrial and mining land, and
transportation land, were extracted from a 1:100,000 land cover map
. . (2015) and converted to 30-m raster data. The list of habitat threat
. Habitat quality module of the PR . . . .
Habitat sources and sensitivity is available in the literature (Yao, 2017), with
. InVEST model (Sharp et al., . R
quality 2014) values assigned based on the actual situation in the study area. To

obtain legal accessibility vectors, the boundary of Funiu National
Nature Reserve was extracted using the vegetation map of the re-
serve and classified according to the level of the reserve, with values
assigned of the accessibility in the attribute table.

Note: Raster data of meteorology, soil, and vegetation were saved in Grid format, with a spatial resolution of 250 m. The
WGS_1984 Albers geographic coordinate system was used for all data processing.
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2.4 Analysis of trade-off/synergistic effects between ecosystem services

Spatial overlay analysis was used to identify the type and region of trade-offs or synergies
between forest ecosystem services (Cademus et al., 2014). This method can visually illus-
trate the spatial differentiation of trade-offs or synergies between multiple services, which
will facilitate the effective implementation of management decisions on ecosystem service
trade-offs in specific spatial location. The computation procedures are as follows:

(1) Classification of service capacities  Due to different units of their physical quantity,
various types of services cannot be correlated and compared on the same scale. Therefore,
the ecosystem services were first subjected to normalization (Mao et al., 2019), and the sup-
ply capacities of various services were then classified into low, medium, and high levels
(denoted as 1, 2, and 3, respectively) using the Jenks Natural Breaks method (Table 2).

Table 2 Classification of ecosystem services capacity

Service type Low Medium High
Forest volume 0-0.224 0.224-0.329 0.329-1
Carbon storage 0-0.293 0.293-0.619 0.619-1
Water yield 0-0.325 0.325-0.569 0.569-1
Soil retention 0-0.184 0.184-0.541 0.541-1
Habitat quality 0-0.111 0.111-0.362 0.362-1

(2) Spatial overlay of services  After normalization and classification, the raster data of

the five ecosystem services were overlaid as follows:
CODE=FVx10000+CSx1000+WYx100+SRx10+HQ

where FV, CS, WY, SR, and HQ represent forest volume, carbon storage, water yield, soil

retention, and habitat quality services, respectively. CODE is a five-digit code, and each

code sequence contains raster values from any combinations of 1, 2, and 3, representing the

supply capacity of the corresponding service type.

(3) Classification criteria of service trade-offs or synergies  The trade-oft/synergy clas-
sification criteria (Table 3) were developed according to the overlap results of the five eco-
system services and the definitions of trade-off and synergy (Li et al., 2012). Trade-offs is
divided into strong and weak trade-offs. A strong tradeoff is a state of the ecosystem with
high capacity to supply one service and low capacity to supply the other services; a weak
tradeoff is a state of the ecosystem with high capacity to supply two, three, or four services
and low capacity to supply the other services. Synergies are divided into high and low syn-
ergies. A high synergy means that the supply capacities of all the five services are high,
which is the most synergistic state and the ultimate goal of ecosystem management; a low
synergy means that the supply capacities of all the five services are low, which is the most
unsatisfactory state.

3 Results
3.1 Quantitative assessment of total forest ecosystem services

Based on the averages across 20162017, the total forest volume of the forest ecosystem in
the study area is 6.18x10" m’, and the forest volume per unit area is 49.26 m’/ha. The total
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Table 3 Classification criteria and statistics of tradeoffs and synergies among the five ecosystem services

Se.r vice. Ratio of Sub-class Ratio of Supply capacity mix Ratio of Samples
relationship area (%) area (%) area (%)

Tradeoffs 61.06 Strong trade-off 24.56 1 high, 4 low 1.45 11311, 11113
1 high, 1 medium and 3 low 2.07 11321, 12113
1 high, 2 medium and 2 low 7.37 12312, 12321
1 high, 3 medium and 1 low 13.67 22312,32212
Weak trade-off 36.5 2 high, 3 low 1.89 11133, 11313
2 high, 1 medium and 2 low 4.72 23113, 31123
2 high, 2 medium and 1 low 10.78  23213,23123
3 high, 2 low 3.99 33113, 23313
3 high, 1 medium and 1 low 12.41  33213,33133
4 high, 1 low 2.72 33313, 33133

Synergy 38.94 High synergy 28.79 5 high 0.83 33333
4 high, 1 medium 4.52 33233, 23333
3 high, 2 medium 7.82 33223, 32332
2 high, 3 medium 7.83 22332,32322
1 high, 4 medium 6.54 22322,22232

5 medium 1.24 22222
Low synergy 10.15 1 medium, 4 low 0.25 11211, 12111
2 medium, 3 low 2.11 12112, 12211
3 medium, 2 low 3.6 12212, 22112
4 high, 1 low 4.2 22212,22122

5 low 0 11111

carbon storage reaches 1.97x10° t, with the carbon density of 156.94 t/ha. The total water

yield and water yield depth are 6.06x10° m® and 494.46 mm, respectively. The total soil re-

tention is 1.16x10° t, and the soil retention per unit area is 955.4 t/ha. The habitat quality

index is ~0.79 (Table 4).

Table 4 Total amount and proportion of various ecosystem services of different forest types

Forest volume Carbon storage ~ Water provision  Soil protection
Habitat
Forest type Total ~ Ratio Total  Ratio Total  Ratio Total  Ratio qlzlialliti/
10°m’) (%) (10°H) (%) (10°m’) (%) (107H) (%)

Q. variabilis 2737 4429 92115 46.82 3195 5270 5479 4727 0.71954

Broad-leaved mixed forest 1225 19.83 4397 2234 1231 2031 26.18 2259 0.79984

Q.glandulifera var. brevipetiolata  10.12 16.38  29.63 15.05 7.45 12.28 16.18 13.96 0.88991

Q. aliena var. acuteserrata 6.00 9.71 16.67 8.47 3.56 5.88 7.29 6.29  0.97995

P. tabulaeformis 2.33 3.78 5.15 2.62 1.82 3.00 3.63 3.13  0.81979

Coniferous and broad-leaved 241 390 563 286 169 278 431 372 099998
mixed forest

P. massoniana 0.78 1.26 2.39 1.21 1.45 2.40 2.15 1.86  0.70949

P. armandi 0.53 0.86 1.24 0.63 0.40 0.66 1.37 1.18  0.99798

Total/Average 61.78 100 196.83 100 60.64 100 115.9 100 0.7934

The trends of changes in the total services of various forest types are generally consistent
with their area sizes (Table 4). Q. variabilis forest accounts for the largest area proportion
(49.03%), and the proportions of total services provided by this type of forest are also the
highest, 44%—-53%; especially, it contributes the most to water yield, exceeding 50%.
Broad-leaved mixed forest ranks the second (20.12%) and accounts for ~20% of the total
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services; this type of forest makes its greatest contribution to soil retention (22.59%) and
carbon sequestration (22.34%). Q. glandulifera var. brevipetiolata forest and Q. aliena var.
acuteserrata forest rank the third (13.83%) and fourth (7.25%), amounting to 12%—17% and
5%—10% of the total services, respectively; their contribution to forest volume is especially
the greatest, 16.38% and 9.71%, respectively. P. tabulaeformis forest (3.72%) and conifer-
ous and broad-leaved mixed forest (3.31%) account for comparable area proportions, and
their contribution to ecosystem services is also close, within the range of 2.6%—4%; com-
pared to P. tabulaeformis forest, coniferous and broad-leaved mixed forest makes a greater
contribution to forest volume, carbon sequestration, and soil retention, with the exception of
water yield. P. massoniana forest and P. armandi forest with low area proportions (1.96%
and 0.78%, respectively) make little contribution to total services, no more than 2.5% each;
P. massoniana forest makes it greatest contribution to water yield (2.4%), while P. armandi
forest contributes the most to soil retention (1.18%). In short, zonal broad-leaved forests,
including Q. variabilis, broad-leaved mixed tree species, Q. glandulifera var. brevipetiolata,
and Q. aliena var. acuteserrata, are the major contributors to the total forest ecosystem ser-
vices in the study area.

There are considerable differences in the habitat quality of various forest types (Table 4).
Among them, coniferous and broad-leaved mixed forest, P. armandi forest, and Q. aliena
var. acuteserrata forest show the highest habitat quality (all >0.97), followed by Q. glandu-
lifera var. brevipetiolata forest (~0.89). P. tabulaeformis forest and broad-leaved mixed
forest are comparable in terms of their habitat quality (~0.8), while Q. variabilis forest and P.
massoniana forest have the lowest habitat quality (~0.7). These results indicate that the hab-
itat quality of coniferous and broad-leaved mixed forest, Q. aliena var. acuteserrata forest,
and P. armandi forest dominated by natural forests is markedly higher than the habitat qual-
ity of Q. variabilis forest and P. massoniana forest dominated by natural secondary forests
or artificial plantations.

3.2 Spatial distribution and statistical analysis of service capacity levels

There are remarkable differences in the areas with differing levels of supply capacities of
ecosystem services in terms of the spatial distribution (Figure 3), forest area proportion
(Figure 4), total service quantity, and service quantity per unit area (Figure 5).

Service level
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£ Medium = 354,
mm High [—

Figure 3 Spatial pattern of the five ecosystem services based on the providing capacity classification in the
Funiu Mountain Region
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Figure 4 Forest area in different areas of the five ecosystem services in the Funiu Mountain Region
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Figure 5 Total amount and unit amount of different areas for various ecosystem services in the Funiu Mountain
Region

With regard to forest volume (Figures 3, 4 and 5a), the high value area comprises 35.51%
of the forest area, which is mainly distributed at mid-high elevations (>1500 m). In this area,
the forest volume per unit area reaches its highest level (62.82 m’/ha), which amounts to
45.29% of the total forest volume. The medium value area comprises the largest proportion
of the forest area (45.9%), yet its total forest volume (44.33%) is slightly lower than in the
high value area. In this area, the forest volume per unit area is 47.57 m’/ha, and it is mainly
located at the middle elevations surrounding the high value area. The low value area com-
prises the lowest proportion of the forest area (18.58%) and mainly appears at low elevations
(<1000 m) and in the piedmont. It has the forest volume per unit area (27.52 m’/ha) and only
amounts to 10.38% of the total forest volume.

Considering carbon storage service (Figures 3, 4 and 5b), the high value area comprises
41.34% of the forest area, which has the highest carbon density (174.11 t/ha) and accounts
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for 45.86% of the carbon storage. Such area is mainly distributed at mid-high elevations in
Lushi and Luanchuan on the north slope of Funiu Mountain. The medium value area com-
prises more than half of the forest area (52.1%) and also accounts for nearly half of total
carbon storage (49.68%) in the study area, with the carbon density of 149.63 t/ha. This area
mainly occurs at mid-low elevations on the south slope and in Lushan on the north slope.
The low value area comprises 6.56% of the forest area, with the carbon density of 106.74
t/ha and only accounting for 4.46% of the carbon storage. This area is mainly found in P.
massoniana forest on the south slope and P. tabulaeformis forest on the north slope. In
summary, the forest volume and carbon sequestration services are generally above the me-
dium level, but the proportion of medium value area is relatively high. In the future, im-
proving forest quality in the mid-low value areas will raise the overall level of these two
services more evidently.

As for water yield service (Figures 3, 4 and 5c¢), the high value area ranks the first for the
proportion of the forest area (47.2%), the proportion of water yield (56.08%), and the depth
of water yield (586.34 mm). It provides more than half of the water yield in the study area,
and is mainly distributed on the south slope and in Lushi and Lushan on the north slope of
Funiu Mountain associated with abundant precipitation. The medium value area comprises
35.34% of the forest area, with the water yield depth of 455.54 mm and accounting for
32.62% of the water yield. This area occurs at mid-high elevations with a high aridity index.
The low value area comprises the lowest proportion of the forest area (17.46%), with the
water yield depth of 319.32 mm and accounting for 11.3% of the water yield. This area is
mainly distributed in the northern part of Lushi, Luanchuan, and Songxian on the north slope
associated with low precipitation and high evaporation. These results indicate that on the
whole, the water yield service is above the medium level, yet there is prominent spatial dif-
ferentiation. In the northern part of the study area, the water yield capacity is low and the
situation of water resource security is relatively severe.

With respect of soil retention (Figures 3, 4 and 5d), the medium and high value areas
comprise 23.52% and 13.14% of the forest area and account for 31.61% and 47.67% of the
soil retention, with the soil retention per unit area of 1232.81 and 3328.4 t/ha, respectively.
The high value area is mainly distributed at the junction of the counties in the east, while the
middle value area is primarily distributed in the northern part of Xixia and at its junction
with Neixiang, Luanchuan, and Songxian. The low value area comprises the largest propor-
tion of the forest area (63.34%), while it only accounts for 20.72% of the soil retention, with
the lowest soil retention per unit area (only 300.08 t/ha). The low value area is mainly dis-
tributed at low elevations (<1000 m) on the south slope and mid-low elevations (<1200 m)
on the north slope. The soil retention per unit area in the high value area is approximately 3-
and 10-fold that in the medium and low value areas, respectively. According to the results,
more than half of the forests in the study area provide the soil retention service at a relatively
low level, and there is still great potential for this service. In the future, soil and water con-
servation work should be strengthened at low elevations on the south slope and mid-low
elevations on the north slope of Funiu Mountain, in order to improve the ecological envi-
ronment and raise the overall service level of soil retention in the study area.

In terms of habitat quality (Figures 3, 4 and 5e), the medium and high value areas com-
prise similar proportions of the forest area (47.75% and 49.13%, respectively), with the hab-
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itat quality indices of 0.72 and 0.87, respectively. The medium value area is mainly distrib-
uted in at mid-low elevations on the south slope and in Lushan on the north slope, while the
high value area is mainly located at the major ridge of Funiu Mountain and mid-high eleva-
tions in Lushi, Luanchuan, and Songxian on the north slope. The low value area comprises a
low proportion of the forest area (3.13%) with the lowest habitat quality index (0.709),
which is mainly distributed in the artificial plantation and secondary forest areas of P. mas-
soniana and Q. variabilis on the south slope of Funiu Mountain. Overall, the forests in the
study area maintain the habitat quality at a relatively high level. However, the habitat quality
of artificial plantations and secondary forests in the piedmont is still poor, and there is an
urgent need of strengthened management and ecological restoration to improve the overall
service level of habitat maintenance.

3.3 Multi-scale analysis of trade-off/synergistic effects of ecosystem services

3.3.1 Trade-off/synergistic effects of ecosystem services on the regional scale

There are high synergistic effects between the ecosystem services in 28.79% of the forest
area (Table 3 and Figure 6a), mainly at the major ridge of Funiu Mountain, mid-high eleva-
tions (>1000 m) on the south slope, and high elevations (>1500 m) on the north slope. Only
0.83% of the forest area shows high synergies among all the five ecosystem services, while
the best synergistic state is not reached among the five services in large areas of forests. In
addition, there are low synergistic effect between ecosystem services in 10.15% of the forest
area (Table 3 and Figure 6b), with low values among all the five services. Such area mainly
occurs innashih the piedmont of the north slope subjected to serious human interference.

(a) Good synergies (b) Bad synergies

= Good synergies Bad synergies

(c) Severe trade-offs (d) Weak trade-offs

Weak trade-offs

mm Severe trade-offs

Figure 6 Spatial distribution of trade-offs (severe or weak) and synergies (good or bad) among ecosystem ser-
vices in the Funiu Mountain Region
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This area is dominated by artificial plantations and secondary forests, characterized by rela-
tively young tree age and low service levels of forest volume, carbon storage, soil retention,
and habitat maintenance. Meanwhile, this area receives low precipitation, resulting in a low
service capacity of water yield. Therefore, it is imperative to strengthen the protection of
forest resources by implementing the restoration and optimized management of environ-
mental conditions and forest resources in a timely manner.

There are strong trade-off effects between ecosystem services in 24.56% of the forest area
(Table 3 and Figure 6¢); that is, only one service has high capacity, with fierce competition
between different various services, resulting in remarkable benefit conflicts. Part of this area
is distributed at mid-low elevations of the south slope and the southern part of Mount Lu,
where water yield is predominant. The remaining area is scattered in Luanchuan, Songxian,
and Lushi on the north slope, mainly including P. tabulaeformis plantation and aerial seed-
ing forest areas, with high elevations, weak human interference, and high habitat quality, but
low capacities of other services. A relatively high proportion of the forest area shows weak
trade-offs between ecosystem services (36.5%; Table 3 and Figure 6d); that is, at least two
services are provided at high levels, but at least one service is provided at low levels. One
part of this area occurs at high elevations on the north slope, which has relatively high ser-
vice capacities of forest volume and carbon sequestration, but its water yield capacity is
weak due to low precipitation and high aridity index. The remaining area is scattered at
mid-low elevations on the south slope, with high service capacities of water yield and forest
volume but low service capacities of habitat maintenance and soil retention.

In short, there exist high synergistic effects between ecosystem services in 28.79% of the
forest area in the study area, while the relationships among the five services are still unsat-
isfactory in the remaining 71.21% of the forest area. Thus, the overall benefits of the eco-
system services are still low in the study area. Therefore, low synergy and strong trade-off
areas should be considered as key objects for forest resource management and benefit regu-
lation in the future.

3.3.2 Trade-off/synergistic effects of ecosystem services on the scale of south-north slope

The trade-off and synergistic effects between forest ecosystem services show certain differ-
ences on the north and south slopes of Funiu Mountain (Figures 7a and 7b). In both cases,
the high synergy area accounts for the largest area proportion, but this proportion is mark-
edly higher on the south slope (37.09%) than on the north slope (22.32%). Conversely, the
low synergy area accounts for a considerably higher proportion on the north slope (17.06%)
than on the south slope (1.24%). These results indicate that the forest ecosystem services
achieve better synergies on the south slope compared with the north slope of Funiu Moun-
tain. Moreover, on the north slope, 17.51% and 17.39% of the area is dominated by syner-
gies of three services (FV+CS+HM) and two services (CS+HM), respectively, while the
remaining services show weak trade-offs with each other. In contrast, on the south slope, the
single service of water yield is dominant in a large proportion of the area (34.6%), with
strong trade-offs between ecosystem services.

3.3.3 Trade-off/synergistic effects of ecosystem services on the scale of vertical belt

There are also substantial differences in the trade-off and synergic effects between forest
ecosystem services across different vertical belts (Figures 7c¢—7i). In the deciduous
broad-leaved forest belt at low elevations on the north slope (NI; Figure 7¢), 28.95% of the
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area shows low synergies between ecosystem services, and 22.05% of the area shows high
synergies. Carbon sequestration + habitat maintenance services are synergistically dominant
in 17.27% of the area, while the single service of water yield is dominant 14.45% of the area.
In the deciduous broad-leaved forest belt on the north slope (NII; Figure 7d), 30.58%,
22.94%, and 19.31% of the area shows synergistic dominance of forest volume + carbon
sequestration + habitat maintenance services, high synergies of ecosystem services, and
synergistic dominance of carbon sequestration + habitat maintenance services, respectively.
It can be seen that a large proportion of the area is synergistically dominated by two or more
services, indicating the good synergistic relationship of forest ecosystem services in this
vertical belt. In the coniferous and broad-leaved mixed forest belt at middle elevations on
the north slope (NIII; Figure 7e), 26.71%, 24.31%, and 21.24% of the area is dominated by
synergy of forest volume + habitat maintenance services, single service of forest volume,
and synergy of forest volume + carbon sequestration + habitat maintenance services, respec-
tively. The proportion of high synergy area in NIII is 19.58%, which is slightly smaller than
in the other two vertical belts (NI and NII). Therefore, the best synergies are achieved
among forest ecosystem services in NII. Considering the large proportion of low synergy
area in NI, there is an urgent need for low-benefit forest transformation and optimized man-
agement; meanwhile, the improvement of forest volume and soil retention services should

(a) North slope = Area (%) (b) South slope = Area (%) (c) NI = Area (%)
High synergy High synergy Low synergy
FVIWY FV+CStHM  py+HM wY FVAWY ; High
Fyacs: CS+HM CSHWY+ Synergy
WY-+HM WY+SR M HM ) CS+HM
CS+WY+ Low Low Q
HM synergy FV+WY CS+Wy+ wY
FV wY synetey HM
FV+CS+ FV FV+CS+HM
FV-AHM HM FV+CS+HM  wy+HM
(d) NII = Area (%) (e) NIII = Area (%) ®sI = Area (%)
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Figure 7 Ecosystem service trade-off and synergy on the north and south slopes and on the vertical belt scale in
the Funiu Mountain Region
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be taken into account. In NIII, attention must be paid to improving water yield and soil re-
tention services.

In the deciduous broad-leaved forest belt at low elevations on the south slope (SI; Figure
71), the area dominated by the single service of water yield accounts for the largest propor-
tion (48.95%), followed by high synergy area (28.98%). In addition, 10.63% of the area is
dominated by synergy of carbon sequestration + water yield + habitat maintenance services.
In the coniferous and broad-leaved mixed forest belt containing evergreen species (SII) and
the deciduous broad-leaved forest belt at middle elevations on the south slope (SIII, Figure
7h), the proportions of high synergy area are comparable (~50%). In SII, 32.17% of the area
is dominated by the single service of water yield and the synergy of forest volume + water
yield services, while in SIII, 37.71% of the area is dominated by synergies of three
(FV+CS+HM) and four (FV+CS+WY+HM) services. This result indicates that the synergies
of forest ecosystem service in SIII are better than in SII. In the coniferous and broad-leaved
mixed forest belt at middle elevations on the south slope (SIV; Figure 7i), the area dominat-
ed by synergy of forest volume + habitat maintenance services accounts for the largest pro-
portion (33.52%), followed by high synergy area (26.74%). In addition, 21.61% and 12.24%
of area is dominated by the single service of habitat maintenance and synergy of forest
volume + carbon sequestration + habitat maintenance services, respectively. These results
indicate that the forest ecosystem services achieve their best synergies in SIII, followed by
those in SII. Forest volume and soil retention services should be improved in SI, while water
yield and soil retention services should be improved in SIV.

In summary, the best synergies of forest ecosystem services are achieved in the
mid-mountain deciduous broad-leaved forest belt on the south slope (SIII), while the worst
synergies occur in the deciduous broad-leaved forest belt at low elevations on the north
slope (NI).

4 Conclusions and discussion
4.1 Conclusions

(1) The forest ecosystem in the study area has the mean forest volume of 49.26 m’/ha,
carbon density of 156.94 t/ha, water yield depth of 494.46 mm, soil retention of 955.4 t/ha,
and habitat quality index of 0.79.

(2) The supply capacities of forest ecosystem services show certain differences across the
areas with different service capacity levels. The soil retention service shows considerable
changes, which is approximately 3- and 10-fold in the high value area compared with the
medium and low value areas, respectively. The other four services have relatively small
changes, which are approximately 1-2.5-fold in the high value area compared with the low
value area. Therefore, it is imperative to strengthen stand transformation in the mid-low
value area of soil retention, or take engineering measures to improve soil retention service,
in order to give full play to the potential of forest ecosystem for soil retention service in the
study area.

(3) On a regional scale, there are high synergies between ecosystem services in 28.79% of
the forest area, while low synergies occur in 10.15% of the forest area. Meanwhile, strong
and weak trade-offs exist in 61.06% of the forest area. Hence, the overall benefits of forest
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ecosystem services are still low and the relationships between services are unsatisfactory in
the study area. Low synergy and strong trade-off areas should be taken as the key targets for
forest resources management and benefit regulation in the future.

(4) On the scale of north-south slope, the synergies between forest ecosystem services are
better on the south slope than the north slope of Funiu Mountain. On the scale of vertical
belt, the best service synergies are achieved in SIII, while the worst service synergies occur
in NL

4.2 Discussion

In this study, spatial overlay analysis was used to identify the trade-offs and synergies be-
tween five services of forest ecosystems across three spatial scales (region, north-south slope,
and vertical belt). This method can identify the specific area where trade-offs occur between
multiple services (Cademus et al., 2014), and the results will facilitate the trade-off man-
agement decision to correspond to a specific spatial location, thereby implementing forest
resource management more effectively. The current study shows that the relationships of the
five ecosystem services are still unsatisfactory in 71.21% of the forest area in the Funiu
Mountain Region. There exist different degrees and types of benefit conflicts across various
spatial scales, which require region- and type-specific management of trade-offs.

On the scale of north-south slope, there are better synergies between forest ecosystem
services on the south slope than the north slope. On the north slope, low water yield capacity
is the primary cause leading to the occurrence of ecosystem service trade-offs, while on the
south slope, there is a prevailing dominance of single water yield service. Therefore, when
transforming low-benefit forests, scientific management schemes or engineering measures
should be adopted to improve water yield service on the north slope by taking into account
the climate background and site conditions, while the influence of forest structure changes
on water yield service needs to be monitored on the south slope. Considering the scale of
vertical belt, the worst synergies of forest ecosystem services appear in the deciduous
broad-leaved forest belt at low elevations on the north slope (NI), which requires optimized
management. The low synergy area is distributed in the piedmont of the north slope, where
the supply capacities of all the five services are relatively low. Therefore, it is suggested that
the protection of forest resources be strengthened and the deforestation be prohibited in this
area. One strategy is to improve the service levels of forest volume, carbon sequestration,
and habitat maintenance by increasing the proportion of mature and near-mature forests. The
other strategy is to improve water yield and soil retention services through engineering
measures based on climate background and site conditions.

In addition, strong trade-offs between forest ecosystem services are prevailing in the de-
ciduous broad-leaved forest belt at low elevations on the south slope (SI), which also re-
quires optimized management. Specifically, there is abundant precipitation in SI, most of
which is located in the middle and lower river reaches, with low elevation and high catch-
ment. Therefore, the water yield capacity is maximized in SI. However, due to relatively
gentle topographic relief and frequent human activity, the forest stands in SI have poor qual-
ity, mainly consisting of secondary forests and artificial plantations of young ages, such as Q.
variabilis forest, broad-leaved mixed forest, and P. massoniana forest. Therefore, the supply
capacities of the remaining four services are relatively low, resulting in prominent strong
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trade-offs between forest ecosystem services. In such area, firstly, it is recommended to
strength management of secondary forests and artificial plantations, promote coniferous and
broad-leaved mixed forests to replace pure forests, and improve the capacities of forest eco-
systems to supply forest volume, carbon sequestration, soil retention, and habitat mainte-
nance services, thereby attenuating the strong trade-offs between ecosystem services. Sec-
ondly, it is suggested to introduce ecological compensation measures based on the needs of
local economic development, or assist in the transformation of extensive agricultural pro-
duction methods in this area, and engage in the maintenance and supervision of forest re-
sources, thereby improving the overall benefits of forest ecosystem services.

In the above section, the trade-off management strategies are discussed by region and
type for forest resources in the Funiu Mountain Region. However, those strategies are most-
ly macro-scale recommendations, which are useful to provide guidance and scientific refer-
ence for the management objectives of forest resources across different spatial scales. Future
management of forest resources also needs to combine the knowledge of forest ecology,
takes into account local environmental conditions, and formulate management schemes
based on local conditions. Moreover, the mechanisms that drive the trade-offs between for-
est ecosystem services are not explored quantitatively in this study. Clarifying the mecha-
nisms by which natural processes and social economic development processes drive ecosys-
tem service trade-offs is useful to the development of scientific and efficient management
schemes (Dai et al., 2015). Therefore, future studies should be carried out to quantitatively
explore the influence of natural environmental factors, socio-economic factors, and forest
resource management behaviors on ecosystem service trade-offs and the associated differ-
ences, and clarity the major driving factors of ecosystem service trade-offs. On this basis,
the optimal natural environmental factors, socio-economic factors, and forest resource man-
agement behaviors can be selected, in order to improve the method of forest resource man-
agement and promote the sustainable supply of multiple services by forest ecosystems in the
study area, thereby achieving the sustainable operation and management of forest resources.
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