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In the context of global climate change, temperate forests in climate-sensitive
areas are inevitably affected. To deepen the understanding of the impact on
precipitation changes into the relationship between key ecosystem services
(ESs), this study selected net primary productivity (NPP), soil conservation (SC)
and water yield (WY) of temperate forest in northern China as objects, and the
Spearman correlation test and redundancy analysis were applied to analyze the
response of ESs relationship to precipitation gradient. The results show that
precipitation is the meteorological factor with the greatest impact (contribution
21.2%, p<0.01) on ESs and their relationships in temperate forests. The 600-
700 mm precipitation gradient is the key turning point in the change of ESs
relationship of WY with NPP and SC. This indicates that attention should be paid
to the spatial variation of the 600-700 mm precipitation region in the future
warm-wet in northern China, which should be used as a dividing line of forest
management and policy development. Based on the results, future restoration
projects in northern temperate forest should focus on (1) in areas with less than
600-700 mm of precipitation, attention should be paid to the selection of tree
species for afforestation to maintain regional water balance; (2) in areas with more
than 700 mm of precipitation, soil and water conservation projects need to be
planned, especially in mountainous area. The research can not only support the
management of temperate forest ecosystems in northern China, but also provide
reference to other forest ecosystems to cope with climate change.

temperate forest, forest ecosystem services, trade-offs and synergies, precipitation
gradients, northern China, climate change

1. Introduction

Forest ecosystems cover 30% of Earth’s land surface and are the primary ecosystems
supporting terrestrial life (FAO, 2020). As the source of essential ecosystem services (ESs)
such as timber supply, soil conservation, carbon sequestration, and climate regulation
(Gamfeldt et al., 2013; Brockerhoff et al., 2017; Ding et al., 2022), forest ecosystems are
susceptible and vulnerable to global climate change (Seidl et al., 2017; Wan et al., 2018;
Anderegg et al., 2022). Changes in precipitation are an important indicator of global climate
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change, which can directly or indirectly affect the growth and
distribution of forests, altering their structure and function, and thus
affecting ESs and their interrelationships (Weltzin et al., 2003; Xu
etal, 2020; Chen J. etal,, 2021; Liu et al., 2022). From the perspective
of the impact path on ESs on forest ecosystem, the intensity and
duration of precipitation can affect the flow production mechanism
and water yield, along with soil properties (Balasubramanian, 2017;
Li M. etal, 2021; Wu et al., 2022); Spatial and temporal variations
of precipitation can affect vegetation growth, change vegetation
productivity and biomass (Wang et al., 2020), and then affect the
carbon sequestration of forest. Forest canopy density and fine root
distribution, which are affected by precipitation, can also impact on
water yield and soil conservation (Lozano-Parra et al,, 2015; Jiang
etal., 2016; Thompson et al., 2016). In addition, temperate forest
growth and ESs are more sensitive to water restriction (Gilliam,
20165 Seidl et al., 2020; Zhang et al., 2020). Therefore, exploring the
response of temperate forest ESs and their inter-relationships to
precipitation can not only support local forest management, but also
provide basis for forest ecosystems to cope with global
climate change.

Forest ecosystems provide a variety of ESs to human beings. Till
now, most research on forest ESs focuses on the spatio-temporal
changes and the cold and hot spots identification (Ditt et al., 2010;
Mamat et al., 2018; Vatandaslar, 2022). Also, there are studies on forest
ESs under different water conditions. In water-scarce temperate
drylands, more attention has been paid to the dynamic interactions
between rainfall and vegetation coverage and the ESs they provide
(Wang et al., 2011; Rohatyn et al., 2018; Wang H. et al., 2022). In areas
with abundant hydrothermal conditions, studies have revealed the
effects of forest supply and support services on precipitation gradients
(Alamgir et al., 2016; Thomas et al., 2021). In addition, the influence
of temporal variation in precipitation on forest ESs is also one of the
hotspots, e.g., the effects of inter-annual and intra-annual temporal
dynamics of precipitation on forest area and regulation services (soil
erosion, nutrient retention and etc.) in eco-sensitive zones (Suesciin
etal,, 2017; Nelson et al., 2018; Rodrigues et al., 2020).

However, tradeoffs and synergies of ESs exist extensively in
forest ecosystem (Liu et al., 2019; Wang et al., 2021; Feng et al.,
2022; Jia et al., 2022), the dynamic of which can significantly affect
the forest growth and management (Biber et al., 2020). Compared
with the impact of precipitation on forest ESs (Hely et al., 2006; Lu
et al,, 2014), we still have relatively little understanding of the
effects of precipitation on the interrelationships of forest ESs,
especially the interconversion between tradeoffs and synergies.
Due to the various response of different ESs and precipitation, the
interrelationships among ESs with precipitation should be diverse.
Therefore, it is of necessity to clarify the response of forest ES
relationships to precipitation variation, especially in the temperate
zone which is sensitive to climate change (Galicia et al., 2015;
Wang et al., 2019).

The temperate forests of northern China are selected as the
study area, of which is important national ecological security
barriers. Forests in this area play the important role in regulating
the local and regional carbon and water cycles and mitigating
climate change (Thom etal.,, 2017; Jiao et al., 2021). In addition, the
temperate zone is climate sensitive (Wan et al., 2017, 2018), and
water conditions are the primary limiting factor for forest growth
and ESs supply (Fang et al., 2005; Galicia et al., 2015). Therefore, in
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this study, three ESs, e.g., Net Primary Product (NPP), soil
conservation (SC) and water yield (WY), which closely related to
water resources in temperate forests were selected. The specific
objectives are (1) to identify the relationship between the three ESs
and precipitation; (2) quantify the interrelationships of ESs in
response to precipitation gradients; and (3) assess the contribution
of precipitation to interrelationship of ESs. The results can provide
insight into the impact of precipitation changes on ES relationships
and the information for coping with possible damage to forest due
to climate change.

2. Materials and methods

2.1. Study area

To cover the overall temperature zone, the study area covers the
Songliao River Basin and Haihe River Basin in the north of China
(Figure 1). The area has warm-rainy summer and cold-dry winter with
445-973 mm in annual average rainfall and —7 to 13°C in annual
average air temperature. Based on the statistical results of national
weather stations in the study area, there was a significant downward
trend in precipitation in the region, with a precipitation change rate of
—7.35mm/10a during the period 1960-2018'. However, existing
models predict that the precipitation trend in the region will reverse
in the future (Jiang et al., 2020; Jiang R. et al., 2021). The model
simulations combined with IPCC SRES A2 scenario also indicate an
increasing precipitation trend of 0.08-2mm/d in the future (2035-
2044) (Tang et al., 2009).

The forests of this region are not only capable of providing high-
quality supplies and support services, but are also essential for local
and regional regulation services (Mao et al, 2019). Climate
fluctuations at large spatial and temporal scales will have irreversible
effects on the distribution and function of forest ecosystems. In order
to remove the influence of human disturbance, forest in 77 nature
reserves were selected as typical objects (Xu et al., 2017), and the forest
types are mainly coniferous broad-leaved mixed forest and deciduous
broad-leaved forest. Based on dry-wet boundary, precipitation is
divided into five gradients every 100mm (i.e., <500, 500-600,
600-700, 700-800, and >800 mm).

2.2. Quantification of ecosystem services

Based on the previous studies on temperate forest ESs, three major
ESs were selected, i.e., net primary product (NPP), soil conservation
(SC), and water yield (WY) (Li et al., 2020; Li X. et al., 2021; Wang
R. et al., 2022).

2.2.1. Net primary productivity

Net primary productivity (NPP) refers to the total amount of dry
organic matter accumulated by vegetation per unit of time and area.
It measures the net amount of carbon fixed in vegetation by
photosynthesis of CO, (Field et al., 1998). NPP is an important

1 http://data.cma.cn
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FIGURE 1
Distribution of precipitation gradients and forest natural reserves in the Songliao River Basin and Haihe River Basin, Northern China.

component of the terrestrial carbon cycle, not only directly reflecting
the production capacity of vegetation communities under natural
environmental conditions, representing the quality of the land
ecosystem, but also determining the main factors of the carbon source
and sink and regulating the ecological process, playing an important
role in global change and carbon balance (Zhao and Running, 2010;
Ji et al., 2020).

2.2.2. Soil conservation

Soil conservation service is the regulatory capacity of an ecosystem
to prevent soil erosion. In this study, soil conservation is calculated
based on the Revised Universal Soil Loss Equation (RUSLE), using the
difference between actual and potential soil erosion (Ouyang et al.,
2016). The calculation method is as follows:

SC =RKLS ~USLE = Rx K x LS x(1- Cx P)

where, Risthe rainfall erosion force factor ( MJ mm w2 n! a_l);
K is the soil erodibility factor ( # 2 hhm™2 M) mm_l); LSis the
slope length slope factor; C is the cover and management factor; P is
the soil conservation measure factor.

Frontiers in Ecology and Evolution

03

2.2.3. Water yield

In this study, the water yield module of the In'VEST model was
used for the simulation estimation of water yield (Sharp et al., 2018).
The module is based on the Budyko curve and the average annual
rainfall (Hamel and Guswa, 2015). The principle is briefly defined as
the amount of precipitation per calculation unit minus the amount of
water lost to storage and evapotranspiration, and the difference is the
water yield (Ouyang et al., 2016), as follows:

[1 _AETy j x Py

X
where, Yy is the average annual water supply in raster x , P is

Yy

the average multi-year precipitation in raster x , 4ET); is the average
annual evaporation in raster x of the jth land use and land cover type.

2.3. Data sources

Based on regional precipitation frequency analysis, the year 2015,
which is closest to the precipitation frequency p=50% (around
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617.8 mm), is selected as the reference year. The datasets involved used
for assessing ESs based on the ArcGIS platform were listed in Table 1.
ANUSPLIN interpolation was used for station data, and the spatial
scale of raster data was finally unified to 1 km.

2.4. Analysis of trade-offs and synergies of
ecosystem services

To derive trade-off/synergistic relationships between multiple
ecosystem services, we analyzed the correlation between the two
ecosystem services using the Spearman correlation test using the R
language. A negative correlation coefficient indicates a trade-off
between the two ESs, which means that as one ES increases, the other
decreases. In contrast, a positive value indicates a synergistic
relationship that grows or synergizes. The larger the absolute value of
the correlation coefficient, the stronger the trade-off/synergy between
the ESs and vice versa.

" (ESa(y) ~ ESa(y))* 31 (ESb(,)~ ESb(y)

\/ Z;'(ESa(n) - ESa(n))z x z;’(ESb(,,) - ESb(,,))z

Tab(n) =

where, ES, and ES} represent the rank of two ESs, 7,5 is the
correlation coefficient between ES, and ESj; n is the rainfall
gradient; Tab(n) 18 the correlation coefficient between ES, and ESj
at rainfall gradient n. Tab(n) >0 indicates a synergistic relationship
between ES, and ESp; Tab(n) =0 indicates no correlation between
ES, and ESp; Tab(n) < 0 indicates a trade-off relationship between
ES, and ES}p; a more significant of Tab(n) indicates a stronger
correlation between ES, and ESj, .

2.5. Redundancy analysis

Redundancy analysis (RDA) is a direct gradient analysis extension
of principal components analysis (Smilauer and Leps, 2014). It can
identify trends in the scatter of data points that are maximally and
linearly related to a set of constraining (explanatory) variables
(Makarenkov and Legendre, 2002). Mostly used by researchers to test
hypotheses relating response (e.g., species data) to explanatory (e.g.,
environmental) variables (Legendre and Anderson, 1999; Dai et al,,

TABLE 1 Data sources for ecosystem services assessment.

10.3389/fevo.2023.1132396

2020). In this study, ES were clustered to better understand the
analysis of the relationships between ES under different rainfall
gradients (trade-offs and synergies) and their relations to other
environmental factors.

3. Results

3.1. Correlations between ESs and
precipitation

Throughout the study area (Figure 2), there was a significantly
synergistic correlation with ecosystem services, with NPP having the
strongest correlation, followed by WY and SC. Between ESs, WY had
a significant synergy relationship with NPP and SC, respectively, and
there was no significant correlation between NPP and SC.

Under different precipitation gradients, the heterogeneity of the
relationships among ESs and precipitation was obvious. Precipitation
has a synergistic correlation with NPP only at 500-600 mm gradient,
and with water yield at >800 mm gradient. From the perspective of
internal relations between ESs, synergistic relationship was found only
between soil conservation and water yield at 600-700 mm gradient.
Besides, NPP exhibited trade-off relationship with the other ESs at
500-600 and 600-700 mm gradients.

3.2. Characteristics of ESs along the
precipitation gradients

As shown in Figure 3, all three ESs upraised with the increase of
precipitation, but there was significant variability in the growth trend.
By the analysis of variance between groups, it was also found that there
was considerable variability in the service values between different
precipitation gradients. The mean values of NPP under different
rainfall gradients were 481.4g C/m’, 546.1g C/m’, 657.2g C/m? 694.5g
C/m? and 710.7 g C/m?, respectively, with the growth rate decreased
significantly over 600-700 mm of gradient. The mean values of soil
conservation under different rainfall gradients were 77.7 t/km?, 139.8t/
km?, 259.5t/km?, 441.9 t/km?, and 535.4t/km?, respectively, with the
growth rate increased significantly over 600-700 mm of precipitation.
The mean values of WY under five rainfall gradients were 8.4, 30.8,
50.9, 67.4, and 118.2 mm, respectively, with a significantly increased
growth rate over the 600-700 mm of precipitation.

Data set Data sources and description

NPP Data for 2015 were derived from the Global Land Surface Satellite (GLASS) Products (Index of /NPP/AVHRR/GLASS_NPP_005D_YEAR)
Land use Land use data in 2015 was taken from the Resources and Environmental Science Data Center (https://www.resdc.cn/)
Meteorological Data Acquired from China Meteorological Administration (http://data.cma.cn/), including precipitation, temperature and evapotranspiration.
NDVI Data for 2015 was obtained from the Resources and Environmental Science Data Center (https://www.resdc.cn/)
Elevation Acquired from Resources and Environmental Science Data Center (https://www.resdc.cn/)
Potential
o Acquired from National Tibetan Plateau/Third Pole Environment Data Center (https://data.tpdc.ac.cn/)
evapotranspiration
Vegetation type Acquired from National Tibetan Plateau Data Center (http://www.tpdc.ac.cn/zh-hans/)
Soil property Acquired from National Tibetan Plateau Data Center (http://www.tpdc.ac.cn/zh-hans/)
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FIGURE 2

Relationship between ESs and precipitation. ***p<0.001; **p<0.01; *p<0.05. Blue and red represent significant positive and negative, respectively. Gray

represents all the study areas, and successive ones represent different precipitation gradients.

3.3. Ecosystem services relationships under
different precipitation gradients

The relationships between NPP, SC, and WY showed different
trends under precipitation gradients ( ). The relation
between NPP and SC showed a shift from tradeoff to synergy with
rainfall increase. The relations of NPP with soil conservation and
water yield showed an upward parabolic and downward parabolic
trend, respectively, along the rainfall gradient. The peak and valley
values of the relationship both appear in the precipitation gradient of
600-700 mm.

RDA results (
contributing meteorological factor (with contribution of 21.2%), after
the slope (with contribution of 68.5%), followed by NDVI (4.5%) and
Potential evapotranspiration (3.2%). Precipitation showed a positive
correlation with all three ESs, while WY and SC showed more distinct
clustering than NPP at different precipitation gradients. ESs under

) showed that precipitation was the most

600 mm precipitation are more distributed in the third quadrant,
which also indicated that ESs are relatively small in these gradients.
Under a 600-700 mm gradient, ESs are distributed in the second or
fourth quadrant, meaning that there is a clear trade-off between NPP,
WY, and SC. Meanwhile, in areas with precipitation less than 700, WY
and SC are significantly influenced by slope, temperature and potential
evapotranspiration. In areas with precipitation greater than 700, ESs
are all in the first quadrant, which indicates that the ESs are relatively
high, and the increasing trend is reflected in SC and WY driven by
NDVI and slope.
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4.1. Response of key ESs and their relations
to precipitation gradient

Our results quantify NPP, SC, and WY in temperate forest
ecosystem, which are consistent with previous studies in northern
China ( ). Although
the three ESs showed an increasing trend with precipitation, there was
a clear difference in the rate of increase with the 600-700 mm gradient
as the dividing line ( ). As precipitation increased, NPP tended
to increase faster and then slower, on the contrary, WY and SC showed
a increase of slow first and then fast. The main reason for this
difference is that the water limitation threshold in the climax
community of temperate forest is about 700 mm ( ). In
the area where the rainfall is less than 700 mm, the forest community
gradually succeed from shrubbery to arboreal forest, which leads to
rapid increase in vegetation productivity and NPP. However, the
vegetation cover is not yet high, and the water surplus is low after
meeting the needs of vegetation growth, the growth of SC and WY is
slow. In areas where rainfall is greater than 700 mm, the vegetation
community structure is stable and the growth of NPP slows down.
Moisture conditions in this area are already adequate for forest growth,
so WY has increased significantly. Although increased precipitation
also intensified the risk of soil erosion, these negative effects were
offset by changes in forest structure and improvements in the water-
holding capacity of the litter and soil water storage capacity,
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minimizing actual soil erosion (Hart and Frasier, 2003; Wu
et al., 2020).

In addition, the relationship between the three ESs showed
different trends with the precipitation gradient (Figure 4). As
precipitation increased, the relationship between NPP and SC
changed from a trade-off to synergy, while the synergy and trade-off
between WY with SC and NPP reached the maximum on the
600-700 mm precipitation gradient. For NPP and SC, increased
precipitation improved vegetation cover, while increased
temperature and vegetation uptake accelerated soil water evaporation
and soil erosion (Lu et al., 2014; Wang H. et al., 2020), resulting in
the relationship between NPP and SC changing from a trade-off to
a synergy (Figure 4D). For NPP and WY, NPP increased significantly
with precipitation, and the succession of shrubbery to arboreal forest
led to a relative decrease in WY, which intensifies the trade-off; after
the community structure stabilized (above the 600-700 mm
precipitation gradient), NPP and WY gradually reverted to synergy.
For WY and SC, in areas with less precipitation, where shrubs still
account for a certain proportion, and the combined effects of
vegetation structure succession, temperature and other
environmental factors keep SC and WY at a low level, showing a
synergy between them; in areas with high precipitation (>700 mm),
the growth of forest has been less restricted by water conditions (Chi
et al., 2018), and excessive precipitation will cause soil erosion,
making the synergistic relationship between SC and WY gradually

weakened (Dai et al., 2022; Li et al., 2022).
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4.2. Response of ESs and their relations to
other environment factors

Slope (contribution =68.5%; p <0.01) was the most important
factor influencing the relationship between ESs and ESs, and had a
strong impact on ESs in areas with rainfall greater than 600-700 mm.
Under this gradient, water demand of forest has stabilized, and slope
can directly influence runoff velocity, alter infiltration, and have a
positive correlation with erosion rates (Sun et al., 2018; Vanacker
et al, 2019). Larger slope enhance the possibility for runoff
generation (Hiimann et al, 2011; Balasubramanian, 2017), increase
the scouring force on the soil surface (Emmett, 1968), and change
the relationship between WY and SC from synergy to trade-off. Also,
slope is an important factor influencing local meteorological factor,
which is closely related to precipitation (contribution=1.0%;
p<0.05).

NDVI can reflect the state of vegetation coverage and biomass,
and is influenced by environmental conditions such as
precipitation and temperature (Defries and Townshend, 1994;
Seidl et al., 2020). In the RDA results, NDVI (contribution = 4.5%;
p<0.01) was the important vegetation factor affecting NPP and
WY, and was correlated with precipitation significantly and
positively. Under the gradient of less than 600-700 mm, vegetation
growth and carbon sequestration in temperate forest are limited
by water (Mao et al., 2014; Higgins et al., 2023); when rainfall is
greater than 700 mm, community succession and vegetation cover

frontiersin.org
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Changes in ES relationships between precipitation gradients [(A) soil conservation and NPP; (B) water yield and NPP; (C) water yield and soil
conservation and RDA analysis (D)]. SC, soil conservation; WC, water yield; and PET, potential evapotranspiration. Explanation of ESs by influences in
RDA and the permutation test result is 0.002, the explanatory variables account for 85.1% (adjusted explained variation is 83.3%).

in temperate forests stabilize, and ESs become progressively less
influenced by NDVI.

Potential evapotranspiration (PET) is comprehensively affected by
meteorological factors, higher PET means less water resources
available (Donohue et al., 2010; Tu and Yang, 2022). In the RDA
results, PET (contribution=3.2%; p <0.01) had a significant negative
effect on ESs in areas with less than 600 precipitation, indicating that
in areas with less precipitation, precipitation has difficulty in meeting
the water requirements of vegetation growth, which limit the provision
of temperate forest ESs (Rohatyn et al., 2018), and will also exacerbates
trade-off between ESs.

Except for the four environmental factors SLOPE, PRE, NDVI,
and PET that have outstanding contributions, the influence of other
environmental factors is not significant: temperature
(contribution =1.0%; p=0.042), vegetation type (contribution = 0.2%;
p=0.8) and soil type (contribution=0.7%; p=0.1). At the same time,
based on the multi-year average temperature gradient, and it was
found that there was no inter-group difference in WY under different
temperature gradients (ANOVA; p=0.085) (Supplementary Figure S1).
It can be inferred when precipitation increases and the vegetation
community tends to be stable, the sensitivity of forest water yield
changes to temperature will be weakened (Zhou et al., 2015; Chen

X. etal., 2021).
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4.3. Implications of ESs interrelations for
forest restoration and managements

Since 1960, both Northeast China and North China have
experienced a shift from wet to dry climates (Fu et al., 2009; Shi et al.,
2014), however, in the context of global climate change, it has been
predicted that the future climate change in northern China will tend
to be more wetter than warmer (Wu et al., 2010; Liu et al., 2017; Hui
etal., 2018).

The increase in rainfall and temperature will favor the growth
of promote the increase in the extent of coniferous and broad-leaf
forests and broadleaf forests (Zhao et al., 2013; Zhang et al,, 2022).
The future increase of precipitation will bring westward shift of
precipitation contour in northern China. For the new area with
rainfall from 400 mm to 700 mm, it is vital to select vegetation
types based on matching environmental elements such as
temperature and topography with plant characteristics. Besides,
Higher soil erosion rate may also be closely related to local
topography, slope, temperature and other environmental factors
(Fang and Guo, 2015). In areas with a future rainfall gradient of
below 600 mm, the scrub-dominated vegetation types require less
water for growth and are less capable of soil conservation,
promoting a shift to a trade-off between the two ESs, and therefore
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further soil conservation measures are needed in this part of the
area. Moreover, in the area where rainfall may increase to more
than 700 mm, there is still a need to focus on the construction of
soil and water conservation forests to cope with the potential for
increased trade-offs. In addition, to better capture the inflection
points and thresholds of ESs trade-offs, it is suggested that
additional ground-based data monitoring sites should be added in
the future, to avoid possible errors in ESs assessment of this study.
For other regions that are significantly affected by global climate
change, e.g., the forest area of the southeast Tibetan Plateau,
attention should also be paid to the changes in ES relationships.
Studies predict that the alpine meadows in the hinterland of the
plateau will be converted to shrub areas on a large scale (Korcz
et al, 2021). Our results reveal that in the region dominated by
shrubs, particular attention should be paid to the trade-offs
between vegetation growth and water related ESs (Jiang C. et al.,
2021; Jia et al.,
management of vegetation in these areas, it is necessary to

2022). Therefore, in the restoration and

comprehensively consider the vegetation selection, the trade-off
between vegetation water use and other water uses such as grain
production, in order to reduce the trade-off between ESs.

5. Conclusion

This study revealed the response of major ESs interrelationships
to precipitation gradient in temperate forest of northern China.
The results show that 600-700 mm is a clear inflection point of the
ESs and their correlations. The tradeoff between the regulation
services (SC and NPP) gradually turned into synergy with the
increase in precipitation, while the relationship between supply
(WY) and regulation services (SC and NPP) presents a
parabolic relationship.

The results indicated that afforestation and forest management
should pay attention to the selection of tree species and the density of
planting in areas where precipitation is less than 700 mm; while in
high precipitation area, especially in mountainous areas, soil and
water conservation projects should be paid focused. This study
improve the current understanding of the impact of rainfall on ESs
and relationships in temperate forests and provide predictive
information to proactively address the potential damage to ESs in
temperate forests from climate change.
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