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Abstract: Forest landscape multifunctionality (FLM) provides multiple benefits, such as climate
regulation, water storage, and biodiversity maintenance. However, the external factors limiting
FLM have not been fully identified, although addressing them could contribute to sustainable
development. The present study aimed to identify and quantify the role of urbanization as an
external factor that affects FLM. To this end, impervious area changes in Liaoyuan, China, were
observed from 2000 to 2018, and 10 buffer zones at 500 m intervals were established outside the
city. Within each buffer zone, we analyzed changes in forest landscape functions, including habitat
maintenance, carbon sequestration, and water yield, as well as changes in the multifunctionality of
their composition. The urbanization of Liaoyuan was significant in 2000–2018. The functions of the
forest landscape became stronger and more stable as they were located further away from the urban
edge. We refer to this pattern as the gradient effect of urbanization. Specifically, urbanization affected
the investigated functions at a distance of 1000–2500 m. The FLM showed a more significant gradient
effect of urbanization. The impact distance of urbanization on the FLM increased from 3000 m in
2000 to over 5000 m in 2018. This impact distance increased significantly whenever urbanization
strengthened significantly (i.e., in 2005–2010 and 2015–2018). These findings are instructive for forest
and urban managers working to achieve multiple Sustainable Development Goals.
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1. Introduction
Forest landscapes cover approximately one-third of the planet’s terrestrial area and
have become an important vehicle for human living and sustainable development with
their rich functions [1–4]. Forest landscapes play an irreplaceable role in preserving soil
and water resources, maintaining a healthy atmosphere, and preserving plant and animal
biodiversity [2,5–8]. Additionally, forest landscapes contribute significantly to the economy,
as approximately 410 million people depend on forestry-relevant jobs, such as logging
and wood processing, for their livelihoods and income [9]. These benefits are functions of
forest landscapes that advance multiple Sustainable Development Goals (SDGs), such as
No Poverty, Climate Action, and Life on Land.
Forests are typically managed for a specific subset of landscape functions that are
prioritized by specific stakeholder groups. To achieve a “win–win” scenario in forest
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management, it is crucial to enhance forest landscape multifunctionality, through which
multiple ecological and economic benefits (e.g., regulating air quality, storing water, preserving biodiversity, collecting timber) accrue to stakeholders [10]. Moreover, by enhancing
the multifunctionality of the forest landscape, more synergistic forest landscape functions are preserved [11], which advance the comprehensive achievement of SDGs, such
as preserving biodiversity, regulating air quality, and improving livelihood. To this end,
several studies have assessed the multifunctionality of forest landscapes and have given
insights in terms of research frameworks, cross-national comparisons, and influencing
factors [10,12,13]. Additionally, they have made greater use of inventory data, thus explaining the factors influencing forest land multifunctionality (e.g., biodiversity, climate, stand
age) [13–15]. However, urbanization as a potential influencing factor of forest landscape
multifunctionality has not yet been considered in relevant practices and studies.
Urbanization is the most visible change that the land surface is undergoing and
it has already affected the management, activity, and pattern of forest landscapes far
from cities [16–23]. A recent study showed that urbanization has prolonged the period
of vegetation activity in the urban periphery [16]. Accordingly, it can be predicted that
forest landscape functions outside the city have also suffered the effects of urbanization.
For example, the prolonged activity period of a forest landscape may have increased its
annual carbon fixations, thus enhancing the carbon sequestration function of the forest
landscape [24]. However, the water yield function of forest landscapes may decline because
of the trade-off between it and the carbon sequestration function [25]. A decline in water
yield functions may lead to a shortage of regional water resources. As a natural property,
landscape multifunctionality is bound to change because of variations between single
functions and their trade-offs with other functions [10]. Therefore, we urgently need to
assess the impact of urbanization on the multifunctionality of forest landscapes, which
is of importance to strengthen forest management and guarantee sustainable cities and
communities.
In this study, we quantified the impact of urbanization on the multifunctionality of forest landscapes in the urban periphery. The area assessed is Liaoyuan, a city in northeastern
China surrounded by temperate forest landscapes [26]. As the indicator of urbanization,
we quantified the spatiotemporal changes of impervious surfaces in Liaoyuan city from
2000 to 2018. Additionally, we used robust methodologies to quantify the spatiotemporal
variation of habitat maintenance, carbon sequestration, and water yield functions in forest
landscapes within 5 km of the urban periphery. By combining these three functions, we
found a gradient effect in the urbanization impact on the multifunctionality of the forest
landscape. Our practice builds on research that focused on forest multifunctionality and
the impact of urbanization on the land’s surface [16,27]. Additionally, our findings are
instructive for managing forest landscapes and delineating the limiting boundaries of
urban sprawl. Section 2 describes the method of this study; Section 3 declares the quantitative results; Section 4 records the contributions and limitations of this study; Section 5
summarizes the key points and findings of this study.
2. Materials and Methods
2.1. Study Area
Liaoyuan is a prefecture-level city in Northeast China. In this study, in order to
accurately quantify the urbanization process, we specify that Liaoyuan City refers to the
urban area where urban land expansion is most clear (Figure 1). To this end, global urban
boundaries (GUB) data are used as the city boundaries from 2000 to 2018 [28]. Based on the
GUB data, it is found that Liaoyuan urban area expanded in the form of outward expansion
from 2000 to 2018. Especially in the western part of the city, the outward expansion
of the city is spatially obvious. Specifically, the urban area of Liaoyuan City increased
about 2.6 times from 2925 ha to 7732 ha during 2000–2018. Since Liaoyuan is located in
the forest–agriculture ecotone of northeast China, urban expansion has encroached on
the surrounding forest and agricultural landscapes [26]. In terms of forest landscapes,
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Table 1. Data used in this study.
Data

Purpose of Use

Global urban boundaries

Urban boundary
Quantify landscape change;
Simulate functions
Simulate water yield;
Simulate carbon sequestration
Simulate carbon sequestration
Simulate water yield
Simulate carbon sequestration
Simulate water yield
Simulate water yield
Simulate water yield
Simulate carbon sequestration

China land cover dataset
Precipitation
Temperature
Evapotranspiration
Solar radiation
Digital elevation model
Soil depth
Normalized vegetation index
1
4

Resolution

Publisher
[28]

30 m

[29]

1000 m

NESSDC 1

1000 m
1000 m
100 m
30 m
100 m

NESSDC 1
NESSDC 1
Team-made 2
NESSDC 1
Team-made 3

100 m

Team-made 4

National Earth System Science Data Center. 2 Developed by interpolating meteorological data.
Developed by spatially calculating multispectral bands of Landsat images.

3

Developed by digitalizing soil map.

The soil depth, digital elevation, and vegetation index data are used to simulate
landscape functions. The normalized vegetation index (NDVI) data are developed by
calculating multispectral bands of Landsat images [27].
NDVI = (b n − br )/(b n +br )

(1)

where bn and br are the near-infrared band and red band of Landsat images, respectively.
Finally, since the data are not consistent in terms of their spatial resolution, we re-sampled
all the mentioned data into 100 m resolution to observe landscape changes and simulate
landscape functions.
2.3. Quantification of Urbanization
As the preset influencing factor, the quantification of the spatiotemporal characteristic
of urbanization in Liaoyuan is the research basis of this work (Figure 2). The assessment
of urbanization can be achieved by quantifying the changes in impervious surface area,
built-up area, and residential area [18,26,27,31]. In this study, as an indicator to assess
urbanization, we quantified the change in the total area of urban impervious surfaces from
2000 to 2018 based on the CLCD data. In addition, to assess the change in the speed of
urbanization over time, we defined four time periods, including 2000–2005, 2005–2010,
2010–2015, and 2015–2018 [1,26]. The speed of urbanization is equal to the difference in the
total impervious surface area within each period.
Us = In+1 − In

(2)

where Us refers to the urbanization speed during a period. n is the base year, and n + 1 is
the next investigating year. In+1 and In are the total area of urban impervious surfaces for
the base year and the next investigating year, respectively.
2.4. Simulation of Forest Landscape Functions
Forest landscape is of significance for maintaining regional ecological security, timber
security, and sustainable development [1,32,33]. In this study, we considered three forest
landscape functions that are critically important for maintaining ecological security and
sustainability in the study area, including habitat maintenance, carbon sequestration, and
water yield (Figure 2). Furthermore, the methodologies for assessing these three functions
are robust and have been applied in many relevant studies [34–36].
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of InVEST to simulate the WY function of the forest landscape [7]. In this module, input
data include precipitation, potential evapotranspiration, root depth, plant water content,
landscape type maps, sub-watershed boundaries, and ancillary parameter data. Based
on the water-heat balance theory, Equation (4) shows the basic formula for assessing WY
function by InVEST.



AET(x)
Y(x) = 1 −
× P(x)
(4)
P(x)
where Y(x) refers to the water yield (mm) in pixel x. AET(x) and P(x) are actual evapotranspiration and precipitation in the investigating year, respectively. As one of the output
data, AET(x) can be obtained by running the module. The output WY data is of raster type.
2.5. Quantification of Forest Landscape Multifunctionality
For this study, multifunctionality refers to the quantity and quality of functions that
are simultaneously present in the forest landscape [34,35,37]. To quantify the simultaneous
occurrence of the different landscape functions, we normalized the investigating functions
(i.e., HM, CS, and WY) into a domain of values from 0 to 1. In addition, we divide each
normalized function into five qualities into 20% intervals from low to high and assigned a
value of 1 to 5, respectively [34]. By spatially overlaying these quality data, we obtained a
multifunctionality map of the forest landscape for each year.
k

MFx =

∑ fkx

(5)

n=1

where MFx refers to the multifunctionality of forest pixel x and the value range of MFx
is from 1 to 15, k is the number of investigation functions, and fkx refers to the value of
reclassified function k in pixel x. The output MF data are of raster type, which are used to
assess the quality of the multifunctionality of the forest landscape in each year.
In addition, we assume that the distance of urbanization effects on the multifunctionality of urban peripheral forest landscape varies over time. A robust method to verify this
hypothesis is the buffer analysis that has been applied in related studies [16,21]. Through
buffer analysis, we quantified the distance of the impact of urbanization on forest multifunctionality for each year (Figure 2). To ensure that sufficient forest landscapes were
included in each distance for analysis, we established 10 buffer zones at 500 m intervals
around the city. In each buffer zone, the mean values (i.e., multifunctionality index) of
forest landscape multifunctionality are counted and mapped to a two-dimensional scatter
plot (Figure 3a). Since the multifunctional index (MFI) first grows and then stabilizes with
distance, we fitted this scatter plot using an exponential function (Equation (6), Figure 3a).
y = y0 +AeR0 x

(6)

where e is the natural constant. In addition, y0 , A, and R0 are correction parameters. Each
fitting process is iterative, and its stopping condition is that it reached the significance level
(i.e., p < 0.001).
To find the transition point of the MFI from increase to stable, the derivatives of
each MFI point are computed and mapped into a two-dimensional scatter plot (Figure 3b).
When the derivative is very close to 0 for the first time, we define this MFI point as the
transition point. Accordingly, the x-axis coordinate of the MFI transition point is the
influencing range (in meters) of urbanization on the forest landscape multifunctionality in
the urban periphery (Figure 3b).
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periphery. Within 5 km of the urban periphery, the habitat maintenance (HM) function
increased overall, with mean values of 0.71, 0.71, 0.72, 0.73, and 0.74 in 2000, 2005, 2010,
2015, and 2018, respectively (Figure 5). The HM in 2018 increased by approximately 5.53%
compared to 2000. By comparison, the growth of HM is especially noticeable in buffer
zones further away from the urban edge (Figure 5).
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The total impervious areas in Liaoyuan were 2625 ha, 2925 ha, 3693 ha, 4071 ha, and
5410 ha in 2000, 2005, 2010, 2015, and 2018, respectively. The fitting line shows that the
impervious area increased by approximately 140 ha per year (Figure 4g). Despite the significant urbanization (p < 0.01), the speed of urbanization has changed across periods in
Liaoyuan (Figure 4g,h). The impervious area increased the most during 2005–2010 and
2015–2018, by 154 ha and 446 ha, respectively (Figure 4h). In contrast, the growth of the
impervious area was 60 ha and 76 ha during 2000–2005 and 2010–2015, respectively. Together, the urbanization speed of Liaoyuan city switched frequently between slow and
fast from 2000 to 2018, with the interval being 3 to 5 years.
3.2. Change of Forest Landscape Functions from 2000 to 2018
From 2000 to 2018, the forest landscape functions changed significantly in the urban
periphery. Within 5 km of the urban periphery, the habitat maintenance (HM) function
increased overall, with mean values of 0.71, 0.71, 0.72, 0.73, and 0.74 in 2000, 2005, 2010,
2015, and 2018, respectively (Figure 5). The HM in 2018 increased by approximately 5.53%
compared to 2000. By comparison, the growth of HM is especially noticeable in buffer
zones further away from the urban edge (Figure 5).
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Similar to HM, the carbon sequestration (CS) function of forest landscape has increased,
with its mean value being within 5 km of the urban periphery increasing by 28.0% from
2000 to 2018. Specifically, the CS of urban peripheral forest landscape in 2000, 2005, 2010,
2015, and 2018 were 198.92 gC/m2 , 216.84 gC/m2 , 231.74 gC/m2 , 236.82 gC/m2 , and
254.63 gC/m2 , respectively (Figure 5). Additionally, the growth of CS is obvious in buffer
zones further away from the urban edge.
In contrast, the water yield (WY) function shows a decreasing trend during 2000–2018.
Within 5 km of the urban periphery, the WY in 2018 decreased by approximately 9.48% compared to 2000. Specifically, the mean value of WY was 141.70 mm, 138.84 mm, 134.82 mm,
130.19 mm, and 128.26 mm in 2000, 2005, 2010, 2015, and 2018, respectively (Figure 5).
Comparing these three functions reveals a synergistic relationship between the HM
and CS functions of urban peripheral forest landscapes under the influence of urbanization.
However, there was a trade-off between the WY function and the HM and CS functions for
extra-urban forest landscapes.
Furthermore, it was found that the investigating functions increased with an increase
in buffer distance regardless of the year (Figure 6). Nevertheless, the WY function is
reduced in all buffers (Figure 6c), while the opposite is true for the HM and CS functions
(Figure 6a,b). Additionally, the growth of CS function is significantly higher than that of
HM, indicating that the CS function of the urban peripheral forest landscape has been
enhanced more in the context of urbanization.
However, the impact of urbanization on these functions is spatially variable. We
found that the magnitude of change in both the increase in CS and HM functions and
the decrease in WY functions is more pronounced in the buffer zone at the edge of the
city (Figure 6). For example, in the 500 m buffer (i.e., in the area 0–500 m from the urban
edge), the HM and CS functions increased by 14.79% and 105.57%, respectively, while the
WY function decreased by 8.42% during 2000–2018 (Figure 6). In contrast, in the 5000 m
buffer zone (i.e., in the area 4500–5000 m from the urban edge), the HM and CS functions
increased by 3.87% and 17.19%, respectively, while the WY function decreased by 7.06%
during 2000–2018 (Figure 6). In fact, the magnitude of change in HM function is already
relatively similar in the buffer zone beyond 1000 m from the urban edge (Figure 6a). By
comparison, it is beyond 2500 meters that the CS function grows at a progressively similar
magnitude (Figure 6b).
Thus, the response of forest landscape functions to urbanization is inconsistent in terms
of both magnitude of change and distance. Within distance gradients of the urban periphery,
forest landscape multifunctionality is predicted to respond differently to urbanization.
3.3. Effects of Urbanization on Forest Landscape Multifunctionality
As predicted, there is a gradient effect in the response of urban peripheral forest
landscape multifunctionality (UPFM) to urbanization (Figure 7). From 2000 to 2018, the
UPFM in the 500 m, 1000 m, 1500 m, and 2000 m buffer zones decreased by 39.24%, 5.99%,
5.20%, and 0.78%, respectively. However, UPFM increased by 0.36%, 4.69%, 7.44%, 10.15%,
12.76%, and 14.78% in the buffer zones of 2500 m, 3000 m, 3500 m, 4000 m, 4500 m, and
5000 m, respectively. Hence, the UPFM at 2000 m to 2500 m around the city may change
from decreasing to increasing under the influence of urbanization.
In addition, the UPFM increased exponentially with the distance gradient (p < 0.001,
Figure 7). With this growth, there is a turning point from growth to flatness. We quantified
these turning points by calculating the derivatives of each UPFM point for each year (e.g.,
Figure 7(a-2)). In 2000, 2005, 2010, and 2015, the turning points of UPFM growth were
3000 m, 3000 m, 4000 m, and 4500 m, respectively (Figure 7(a-2–d-2)). However, in 2018,
the turning point seems to be beyond the 5000 m range because the derivative of UPFM is
greater than 0 at all ranges (Figure 7(e-2)).
Thus, the influencing range of urbanization on UPFM has been getting farther from
2000 to 2018. This influencing range has grown from 3000 m in 2000 to over 5000 m in 2018.
However, it is found that the influencing range did not change in 2000–2005. In 2010–2015,
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the influencing range increased by only 500 m. In contrast, the increase in influencing range
reached 1000 m in 2005–2010 and exceeded at least 1000 m in 2015–2018. This difference
coincides with the increase in impervious areas (Figure 4h). For example, the magnitude of
impervious area growth increased from 59.94 ha in 2000–2005 to 153.68 ha in 2005–2010
(Figure 4h). Accordingly, the influencing range of urbanization on UPFM increased from
unchanged to 1000 m from 2000–2005 to 2005–2010 (Figure 7(a-2–c-2)). During 2015–2018,
rests 2021, 12, x FOR PEER REVIEWthe impervious area of the urban area increased the most, reaching 446.19 ha (Figure 4h).
As a result, the influencing range of urbanization on UPFM increased by at least 1000 m
from 2010–2015 to 2015–2018 (Figure 7(c-2–e-2)). Ultimately, the stability interval of the
UPFM becomes farther from the urban edge whenever the city expands significantly.
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which means that other landscapes and their changes can influence the multifunctionality
of the forest landscape.
The findings of this study confirm that urbanization as an external factor exerts a
gradient effect on both the function and multifunctionality of forest landscapes in the
urban periphery. These findings are instructive for both urban management and forest
management. Urbanization has led to weak habitat maintenance and carbon sequestration
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functions in forest landscapes adjacent to cities (Figure 6a,b), which may slow down
biodiversity conservation and climate change mitigation. On the other hand, the water
yield function of forest landscapes in the urban periphery decreased (Figure 6c), which may
threaten the urban water supply and the daily needs of urban residents. All these negative
impacts may slow down the achievement of SDGs, such as climate change mitigation,
biodiversity conservation, and improving the wellbeing of urban residents. Therefore, to
enhance the function of the forest landscape, it is not enough to manage the forest alone;
we must also control the extent of urban expansion.
Our approach to simulating landscape multifunctionality has previously been used
in agriculture landscapes [35,36]. The advantage of this approach is that it allows us to
model the landscape multifunctionality at the pixel scale, thus allowing us to quantify the
influencing range of urbanization. The analysis of the influencing range of urbanization
on landscape multifunctionality extends previous studies aimed at identifying factors
associated with multifunctional landscapes in larger regions (e.g., Beijing–Tianjin–Hebei
region [34]). Since urbanization has been speeding up in China [4,22,23], our approach of
quantifying the influencing range can also be extended to a larger study area. In particular,
this approach can be used to analyze the impact of urbanization on the multifunctionality
of multiple landscapes, which can provide decision-makers with a “win–win” solution for
optimizing urbanization and enhancing the landscape functions in stakeholders’ interests.
Accordingly, we found a gradient effect of urbanization on the function and multifunctionality of the extra-urban forest landscape (Figures 6 and 7). With increasing distance
from the urban edge, the forest landscape function shows an exponential increase and
reaches stability after a certain distance (i.e., the turning point in this study). This exponential change suggests that the impact of urbanization on forest landscape function is
limited to roughly 1000–2500 m (Figure 6). However, the influencing range of urbanization
on the multifunctionality of forest landscapes is much longer. With urbanization, this
influencing range increased from 3000 m in 2000 to over 5000 m in 2018 (Figure 7). We find
that whenever urbanization accelerates (e.g., from 2000–2005 to 2005–2010), the influencing
range increases significantly (Figures 1 and 7). Therefore, it should be noted in future
studies that the gradient effects of urbanization on the function and multifunctionality of
forest landscape are different.
Besides direct effects, urbanization may also indirectly lead to changes in multifunctionality by affecting the trade-offs between forest functions. We found that the water yield
function showed a trade-off between habitat maintenance and carbon sequestration functions at each buffer (Figure 6), which is similar to the previous findings [10,43]. Although
not quantified, we infer from the magnitude of change in a single function (i.e., Figure 6)
that the trade-off between water yield and carbon sequestration functions weakens as
distance from the urban edge increases. In this regard, the impact of urbanization on
the trade-offs and synergistic relationships between external forest landscape functions is
worth investigating in future work. This would be helpful to explain the direct and indirect
effects of urbanization on the multifunctionality of forest landscapes.
The limitations of this study should be acknowledged in anticipation of improvement
in future work. First, our study could show the impact of urbanization on the multifunctionality of temperate forest landscapes, which cannot necessarily be generalized to other
climatic zones. Second, the definition of landscape function can be broad, such as ecological
function, economic function, and social function [36]. Our work focuses on the ecological
functions of forest landscapes (i.e., water yield, carbon sequestration, habitat maintenance)
without considering their economic and social functions. This is a precise application
of the definition of landscape function, which applies to interpreting certain landscape
benefits and their associated factors [34,35]. The proven economic and social functions of
forests (e.g., timber production, work provision, recreation) are what we suggest should be
considered in future work [9]. In addition, other urbanization factors (e.g., heat sources,
pollution, human activities) should also be considered, which can help to further reveal
the impact of urbanization on the multifunctionality of forest landscapes. To this end,
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future work will require a combination of inventory data, satellite data, and socioeconomic
data. Additionally, attempts to create more distant and finely spaced buffers may help to
quantify the precise range of urbanization’s influence. The development and application of
an effective analytical framework are necessary, which will be helpful to standardize and
accelerate the study of landscape multifunctionality [12].
5. Conclusions
The present work is an extension of studies that focus on forest multifunctionality
and the effects of urbanization on forests. Urbanization is found to have a significant
impact on both the function and multifunctionality of the extra-urban forest landscape.
With this finding, it can be predicted that the multifunctionality of forest landscapes may
be further diminished in the urban periphery, especially in developing countries where
urbanization is accelerating. However, the multifunctionality of a forest landscape with
multiple benefits is the main guarantor of regional ecological security and the achievement of sustainable development. It is important to note that with less than a decade
to go before the promise of the SDGs, reconciling the relationship between urbanization
and forest landscape multifunctionality may be difficult. Nevertheless, urban and forest
managers need to work together to minimize the negative effects of urbanization on the
multifunctionality of forest landscapes. Our method can be used to assess the impact of
other cities and the impact on other landscape types. Together, this study and the method
used are instructive for forest and urban managers and for the practitioners who provide
management recommendations.
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Appendix A
Table A1. Sensitivity of different landscape types to different threat factors.
Landscape Type
Cropland
Forest
Grass
Water
Wetland
Bare land
Impervious area
1

Habitat
0.3
0.9
0.6
0.9
0.9
0.01
0

Threat Factors 1,2

1

Cropland

Impervious Area

Bare Land

0
0.3
0.5
0.1
0.1
0.1
0

0.5
0.6
0.3
0.8
0.8
0.1
0

0.4
0.6
0.2
0.4
0.4
0
0

These factors were determined with reference to published studies [38,39]. 2 We assume that the impact of these
threat factors is exponentially decaying. The maximum influencing distance of cropland, impervious area, and
bare land are 0.5 km, 3 km, and 10 km, respectively [38]. The weight of cropland, impervious area, and bare land
are 0.5, 0.7, and 0.1, respectively [38].
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