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Abstract: Understanding how observational scale affects the interactions and spatial distributions of
ecosystem services is important for effective ecosystem assessment and management. We conducted
a case study in the Ussuri watershed, Northeast China, to explore how observational scale (1 km
to 15 km grid resolution) influences the correlations and spatial distributions of ecosystem services.
Four ecosystem services of particular importance for the sustainable development of the study area
were examined: carbon sequestration, habitat provision, soil retention, and water retention. Across
the observational scales examined, trade-offs and synergies of extensively distributed ecosystem
services were more likely to be robust compared with those of sparsely distributed ecosystem services,
and hot/cold-spots of ecosystem services were more likely to persist when associated with large
rather than small land-cover patches. Our analysis suggests that a dual-purpose strategy is the
most appropriate for the management of carbon sequestration and habitat provision, and cross-scale
management strategies are the most appropriate for the management of soil retention and water
retention in the study area. Further studies to deepen our understanding of local landscape patterns
will help determine the most appropriate observational scale for analyzing the spatial distributions
of these ecosystem services.
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1. Introduction

Understanding the impact of observational scale on the interactions and spatial dis-
tribution of ecosystem services is an integral part of mainstreaming the incorporation of
ecosystem services knowledge into ecosystem management strategies at the science—policy
interface [1-3]. In ecological studies, observational scale can be defined in several ways
depending on the context. For example, in studies based on remote sensing and modeling,
observational scale is usually described as having four components: (1) level of spatial
detail, (2) numerical fraction, (3) spatial extent, and (4) process scale [4—6], which together
indicate that ecological phenomena and objects each have their own distinct scale, or a
range of scales, at which their characteristics and patterns are best observed [7,8]. An
example to clarify the importance of observational scale selection is the competition be-
tween individual plants, which can be observed and discussed at the habitat scale but
not at the regional or global scale [9,10]. At these larger scales, the break-out of pests
or diseases (regional scale) and climate change (global scale) are more suitable topics
for observation [11].

Ecosystem services, which, broadly speaking, are the benefits humans receive from
the natural environment, are examples of ecological phenomena that have distinct observa-
tional scales at which their dynamics can be most efficiently observed and understood. In
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the context of ecosystem service assessment, observational scale is usually defined as the
scale at which samples are collected from the ecosystem service [8]. However, if observa-
tional scale is assumed to comprise several hierarchical levels, with each level associated
with a scale break [9,10], it can be expected that an ecosystem service could have different
characteristics at different observational scales. Recently, there has been increased interest
in the issue of appropriate observational scale selection, which has resulted in the terms
“scale effect” and “scale dependence” being used to describe the differences in ecological
patterns and processes when observed at different scales [12,13]. However, despite ecosys-
tem services currently being observed at many different observational scales [2], the effects
of observational scale on ecosystem service assessment remain under-explored [8].

Identifying strategies that favor the management of multiple ecosystem services
is an issue that is impacted by observational scale selection because ecosystem service
management practices are developed based on feedback obtained from direct observation
of ecosystem services [14-16]. Some scholars have recommended that ecosystem service
assessments be made at the spatial scale where decision making occurs (e.g., at the local,
subnational, national, regional, continental, or global scale) to provide assessments that
are relevant to pre-defined social concerns [17]. However, such social concerns often span
multiple spatial scales, and addressing those concerns requires an in-depth understanding
of the complexities associated with multi-scale assessments [18]. Thus, elucidating how to
identify the most appropriate observational scales at which to conduct ecosystem service
assessments remains an important concern in the area of ecosystem services management.

Recently, a study in northeast China has suggested the need to reduce the ecosystem
and service losses resulting from inappropriate policymaking and to improve the effec-
tiveness of ecosystem management in the area [19]. However, a simple tally of ecosystem
services would not reveal which factors are most important in this regard. Sometimes,
factors that hamper the effectiveness of ecosystem management could be the intrinsic
trade-offs among ecosystem services that were not anticipated during the management
design phase [1]. Typical trade-offs among ecosystem services could occur across obser-
vational scales [20]. For example, strengthened food production observed at the site scale
could impact habitat quality at a broader observational scale and potentially threaten water
quality when observing at the watershed scale [21]. Thus, comprehending the impact of ob-
servational scale on ecosystem services’ interactions is crucial for promoting the efficiency
of ecosystem management.

In previous ecological studies, the concept of hot/cold-spots has been used to delineate
areas of ecological importance [22]. In the context of ecosystem service assessment, hot-
spots indicate areas with a high concentration of ecosystem service value, whereas cold-
spots indicate the contrary. Greater understanding of the hot/cold-spots of ecosystem
services has led to the spatial distributions of ecosystem services becoming essential topics
of research [8,21]. However, most previous studies have used administrative divisions or
the original resolution at which the data were collected as the observational scale rather than
taking a multi-scale approach, which may have distorted the study outcomes [8]. Therefore,
improving our understanding of how observational scale affects the spatial distributions of
ecosystem services is expected to contribute to the development of improved ecosystem
service management strategies.

One approach to better understand observational scales” impact on ecosystem services
is to examine the robustness of ecosystem service assessments across various observational
scales and determine how the characteristics of each ecosystem service are influenced by
observational scale. Here, taking the Ussuri watershed in Northeast China as the study area,
we examined how observational scale affects four ecosystem services in the area. For our
observations, instead of using a conventional administrative scale (e.g., county, township),
we used grids with resolutions ranging from 1 to 15 km. We then used our data to examine
the changes in correlations between pairs of ecosystem services at increasing observational
scales and how ecosystem service distributions react to different observational scales. Based
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on our findings, we discuss policy-relevant implications of choosing a specific scale for
ecosystem service observation and assessment.

2. Data and Methods
2.1. Study Site and Ecosystem Services

The Ussuri watershed in the Northern China Plain covers an area of approximately
61,460 km? and comprises a range of land covers and natural habitats, although it is
predominantly plain in character (Figure 1A). The region is dominated by cropland (approx.
55% of the watershed in 2015) followed by green spaces (grassland, forest, and wetland;
approx. 40% in 2015), but it also contains sparsely distributed rural and urban settlements
(approx. 2.5% in 2015). The region is a typical peri-urban agricultural landscape that has
been subjected to progressively industrialized farming, settlement development growth,
and tourism exploitation (Figure 1B). A total of 15 cities/counties are entirely or partially
located in the watershed, giving it a population of about 3,700,000. The Ussuri watershed
is the largest component of the Sanjiang Plain (the largest marsh area in China and an
important grain production base). However, the region has experienced tremendous
wetland loss since the 1950s [23,24] and has been the recipient of strict management
attention since 2000 [19,25,26].

Management for the rational and sustainable use of resources in the watershed is
overseen by an assortment of government and public institutions. Alternative livelihood
activities have been jointly implemented by the government of Heilongjiang, the Asian
Development Bank, and the Global Environmental Facility to offer support and build
consensus on common objectives for the management and use of forest/wetland resources,
recognizing that the success of management strategies ultimately rests on the involvement
of individuals [26]. The National Wetland Conservation Project of the National Forestry
Administration is presently overseeing wetland resources management and is therefore
responsible for the management framework [27].

Ecosystem services in the Ussuri watershed and adjacent regions are frequently men-
tioned in the literature, providing methodologies and data for diagnosing management
problems [19,28,29]. In the present study, we examined four ecosystem services (i.e., carbon
sequestration, habitat provision, water retention, and soil retention) that are related to the
main concerns addressed by present ecosystem management strategies in the watershed
(i.e., climate change mitigation, habitat rehabilitation, and headwater protection) [27].
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Figure 1. Maps of the study site and elevation (m) (A) and land cover in 2015 (B). Forest: mixed forest,
deciduous broadleaf forest, deciduous conifer, deciduous shrub, evergreen conifer, evergreen shrub,
and tree garden; wetland: lake, reservoir, river, tree wetland, shrub wetland, herbaceous wetland,
and canal; grassland: temperate steppe, tussock, and lawn; cropland: paddy field and dry farmland;
built-up area: mine, transportation network, and settlements; other: barren land and desert [28].
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2.2. Methodological Steps

Figure 2 summarizes the methodological steps of estimating and analyzing ecosystem
services across varied observational scales. The following sub-sections describe each step
in detail.

Step 1. Land-cover classification
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Figure 2. Diagram of methodologies used in this study.

2.3. Land-Cover Classification

Panchromatic images with 15/30 m spatial resolution collected in 2015 by the LAND-
SAT Enhanced Thematic Mapper Plus (NASA) and Operational Land Imager (NASA)
were used as the source data for land-use classification (Table 1). Cloudless satellite im-
ages (cloud coverage < 8%) collected in July, August, and early September were used for
object-based classification. A total of 25 land-cover types were identified by using the
multi-resolution segmentation and object-based classification approach of Mao et al. [19].
The accuracy of classification was assessed based on a total of 2388 historical ground-truth
samples, affording an overall accuracy of 94%. Classification results were further com-
pared with the land-use maps presented in recent studies to guarantee the applicability of
the results for ecosystem service calculation [28-30]. For the quantification of ecosystem
services, we used the original land-cover map with 25 land-cover types; for clearer display,
the land-cover map for 2015 was further re-classified into six major land-cover types (forest,
wetland, grassland, cropland, built-up area, and other) using the classification system of
Wang et al. [28] (Figure 1B).
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Table 1. Descriptions of data used in land cover classification and ecosystem service assessment. All
the websites were accessed on 16th April 2020).

Data Resolution  Type Data Sources
Satellite image 15/30 m Raster Geospatial Data Cloud (http://www.gscloud.cn).
Precipitation 1 km Raster National Meteorological Information Center
(http:/ /data.cma.cn/user/toLogin.html)
Daily minimum/ 1 km Raster National Meteorological Information Center
maximum temperature (http:/ /data.cma.cn/user/toLogin.html)
DEM 30 m Raster Geospatial Data Cloud (http://www.gscloud.cn).
Soil features 1km Raster National Earth System Science Data Center
Carbon density - Text Reference: Xiang et al., 2020.

2.4. Quantification of Ecosystem Services
2.4.1. Carbon Sequestration

Carbon sequestration service (CS) measures the capture and secure storage of carbon
dioxide that would otherwise be emitted to, or remain, in the atmosphere and is of great
importance to tackling global warming. We used the Carbon module of InVEST 3.2.0 to
generate a distribution map of carbon sequestration in the study area [31] (Figure 3A). The
amounts of carbon stored in four carbon pools (above-ground biomass, below-ground
biomass, soil, and litter layer organic matter) for all land cover types was determined by
using the formula:

n
Crotal = Zci X §; 1)
i

where Cy,y,; is the total amount of carbon sequestration in the Ussuri watershed, C; is the
summed carbon density in the four carbon pools for land cover i, S; is the area of land
cover i, and n is the number of land cover types we detected in the land-cover classification
phase (1 = 25). Carbon density data were obtained from Xiang et al. (Table 1) [32].

(B}

o
sy
L

T
R

AN
1
AN
L

T
v

AN

s
1

agw0N
L

T T T T T
nEn0E e BreE ErVE HEV0E 13200E,

Figure 3. Distribution maps for the four ecosystem services examined in the present study.
(A) Carbon sequestration; (B) habitat provision; (C) soil retention; (D) water retention.
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2.4.2. Habitat Provision

Habitat provision services (HP) are relevant to both permanent and transient pop-
ulations of wildlife [33] and are extremely important for maintaining biodiversity [34].
We used the Habitat Quality module of InVEST to rate habitat quality on a scale of 0 to 1
(higher value indicates higher habitat quality) (Figure 3B). This module uses the following
formula to estimate the spatial extent, vegetation type across a landscape, and state of
degradation by combining information on land cover and threats to biodiversity:

G
X = Dy + K

where Q,; is the habitat quality of pixel x in land-cover type j, H; is the expert knowledge-
based habitat quality score obtained from the InVEST 3.2.0 User’s Guide, Dy; is the state of
degradation of pixel x in land-cover type j [31], and K is the half-saturation constant taken
as 0.3 [29]. Note that the exponent Z assigned to ij and K refers to the scaling parameter,
which was taken as 2.5 [29]. The data prepared for the estimation of Q,; comprise a land-
cover map, the sensitivity of each land cover to each threat, and a list of threats and their
features. The sensitivity of each land-cover type to each threat and the weight of their
impact were obtained from Xiang et al. [29].

2.4.3. Soil Retention

Soil retention (SR) (Figure 3C), here defined as the difference between the potential
worst case soil erosion under bare soil conditions and the actual soil erosion calculated by
using the Universal Soil Loss equation [35], was calculated as follows:

SR=RxKxLSx(1-C) (©)]

where R is rainfall erosivity (M] mm, ha=2 ha=! yr~!) (calculated based on daily precipita-
tion), K is soil erodibility (th MJ~! mm™1), LS is slope length gradient factor (calculated
based on DEM), and C is the percentage of vegetation coverage. Data sources of daily
precipitation, soil erodibility, and DEM are from the National Earth System Science Data
Center (http:/ /www.geodata.c, accessed 16 April 2020.) (Table 1).

2.4.4. Water Retention

Water retention service (WR) measures soil’s ability to retain water. A two-step process
was used to estimate water retention (Figure 3D). First, water yield was calculated using
the Annual Water Yield module of InVEST and the following formula [31]:

i
WYotar = ) (P — AET;) x A; )

n

where WY}, is annual total water yield (t yr_l), P; is annual precipitation (mm), AET; is
evapotranspiration (mm), A; is area (km?), and i is the pixel of interest. The calculation of
WYt followed the detailed methods presented in INVEST 3.2.0 User’s Guide. We then
used the value of WY}y, to calculate the water retention capacity using the method of
Wang et al. [36] as follows:

24 . TI K
WReapacity = MIN (1, V9> X MIN<1,09X> X MIN<1, 35”6) X WY,y (5)
- Sur face
= LOg(SoilDepth X PercentSlope) ©)

where WRqpacity is the annual average water retention capacity (mm); V is the veloc-
ity coefficient, which is a constant value (dimensionless); TI is the topographic index
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(dimensionless); and K is the saturated hydraulic conductivity (mm/d). “Surface” in
Formula (6) is the number of grids in the watershed, “Soil Depth” is the soil thickness (mm),
and “PercentSlope” is the slope percentage (Table 1). The calculation methods of T and
Ksat were referenced from Li et al. [37], and the data sources and biophysical parameters
used in Formulas (4)—(6) were obtained from Xiang et al. [29].

2.5. Method of Analysis
2.5.1. Observational Scales

The observational scales employed in this study were developed on the basis of man-
agement scales (scales at which ecosystem management is formally implemented in the
Ussuri watershed) and scale hierarchies [10]. The management scales were determined
by identifying the principal managers of ecosystem services. Usually, principal managers
of ecosystem services refer to individuals who are formally incentivized to engineer the
landscape to manage the ecosystem, and the institutions that develop rules to regulate
access to ecosystem services [8]. In the Ussuri watershed, the principal managers of ecosys-
tem services were (1) farmers who grant part of their croplands for wetland and forest
restoration or manage their farmland for soil condition and grain yield, and (2) the govern-
ment bureau that supervises national nature reserves therein [19,26,29]. The management
decisions and implementations often occur at the individual level, government level, or
some compromised level between them. Therefore, the 1 km grid, which was considered to
approximate the spatial scale at which individual land-use management occurs, was desig-
nated as the finest observational scale. Meanwhile, the 15 km grid, which was considered
to approximate areas of land similar in size to the smallest nature reserve (the Qixinghe
wetland reserves that covers an area of 208 km?) and the spatial scale at which national
directives and local interventions are applied, was designated as the coarsest observational
scale. In addition, 13 intermediate observation scales (scales between the 1 km and 15 km
grids where sampling is conducted and measurements are taken) were added to clarify
how features of ecosystem services react to changes in observational scale [8,38]. These
intermediate observational scales were simulated with a 1 km grid interval (i.e., from 2 to
14 km grid resolution). All 15 grids were generated in ArcGIS 10.7 using the Fishnet tool.

2.5.2. Correlations between Ecosystem Service Pairs

A correlation analysis was conducted to examine the suitability of using a dual-
purpose management strategy (a management strategy that regulates two ecosystem
services at the same time) for each pair of ecosystem services. We hypothesized that (1) a
dual-purpose management alignment will occur at an observational scale when there is syn-
ergy between a pair of ecosystem services, indicating that the two ecosystem services can be
managed simultaneously, and (2) a dual-purpose management mismatch will occur at an
observational scale when there is a trade-off or no correlation between a pair of ecosystem
services, indicating that the two ecosystem services cannot be managed simultaneously.

Pearson’s parametric correlation test was performed in IBM SPSS 22 to identify poten-
tial synergies and trade-offs among pairs of ecosystem services. Min max normalization
was applied to nondimensionalize the data before analysis. The Shapiro-Wilk test was
used to verify the normality of the data before the correlation analysis. If the coefficient
between pairwise ecosystem services was significant (p < 0.05), the correlation was consid-
ered valid. A significant negative coefficient was considered to indicate the existence of
a trade-off (one ecosystem service increases while the other decreases), and a significant
positive correlation was considered to indicate the existence of a synergy (both ecosystem
services increase) [39]. The correlation analysis was performed at each of the predetermined
observational scales to examine the changes in ecosystem service interactions across obser-
vational scales. When using the coarsest observational scale (15 km grid), the maximum
sample size of ecosystem services was 229 in this study. Therefore, the ecosystem service
samples at each observational scale were all set to 229 to avoid the impact of varied sample
sizes on the significance test. The sampling points at all observational scales except for
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the coarsest observational scale were randomly selected using ArcGIS 10.7 and manually
edited to avoid an over-concentrated distribution.

2.5.3. Spatial Patterns of Ecosystem Services

To quantify the spatial patterns of the ecosystem services, we used Anselin’s local
Moran’s indicator [40]. This indicator is used to decompose a global statistic into its
constituent parts [40], and then each part is classified as a hot-spot (high—high clusters),
cold-spot (low-low clusters), outlier (high-low or low-high clusters), or non-significant
spot. We used this approach to identify areas of the watershed where different manage-
ment approaches could be successful [22]. The hot-spots indicated areas where high-value
ecosystem services are highly aggregated, suggesting that a reactive management ap-
proach would be appropriate; the cold-spots indicated areas where low-value ecosystem
services are highly aggregated, suggesting that a proactive management approach would
be appropriate.

A step-wise process was used to analyze the spatial clusters of the ecosystem ser-
vices. First, the spatially explicit evaluation of the ecosystem services derived by InVEST
simulation was re-calculated in ArcGIS for all observational scales. Then, Anselin’s local
Moran’s indicator [40] with queen contiguity was calculated in ArcGIS and compared at
all observational scales. Finally, the hot/cold-spots were screened out and counted. A
local regression (LOESS) curve fitting was performed to visualize the general trends as the
observational scale was changed.

3. Results
3.1. Correlations between Ecosystem Service Pairs at Different Observational Scales

Correlation analysis revealed only one ecosystem service pair, CS-HP, with signifi-
cant, high synergy at all observational scales (r = 0.860-0.923; Table 2). A mix of syner-
gies and trade-offs were found for the other ecosystem service pairs depending on the
observational scale.

Table 2. Pearson correlation coefficients for pairs of ecosystem services at different observational
scales. Synergies are shown in green, trade-offs are shown in red, and no correlations are shown in
yellow. ** p < 0.01; * p < 0.05. CS, carbon sequestration; HP, habitat provision; SR, soil retention; WR,
water retention.

CS-HP CS-SR CS-WR HP-SR HP-WR SR-WR
Tkmgrid | 0.898* 0.423 ** —0.127 0.373 ** —0.198 —0.191
2kmgrid | 0.894 % 0.386 ** —0.136 0.351* —0.211 0.026

3 km grid 0.891 ** 0331* [0 0313 OSSN 0062
4 km grid 0.882 ** 0.306 * —0.031

5 km grid 0.877 ** 0.253 0.238 0.004
6kmgrid | 0.875* 0.244 0.120

7 km grid 0.874 ** 0.253 0.194 0.173
8kmgrid | 0.873* 0.254 0.187

9 km grid 0.869 ** 0.291 * —0.239 0.184 0.253
10km grid | 0.868 ** 0.302 * —0.231 0.188 0.304 *
11kmgrid | 0.867 ** 0.322 % —0.217 0.189 -%
12kmgrid | 0.860 ** 0.301 * —0.224 0.159 0.380 **
13kmgrid | 0.862 * 0.309 * —0.213 0.161 0.375 **
14kmgrid | 0.864 ** 0.323* —0.194 0.164 0.427 *
15kmgrid | 0923 * 0.674 ** 0.288 * 0.630 ** 0.181 0.613 **

Synergies were observed for C5-SR, HP-SR, and WR-SR. For CS-SR, low synergy
was observed at 14 km grid resolution (r = 0.306-0.423) and 9-14 km grid resolution
(r =0.291-0.323), and high synergy was observed at 15 km grid resolution (r = 0.674). For
HP-SR, low synergy was observed at 1-4 km grid resolution (r = 0.296-0.373) and high
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synergy was observed at 15 km grid resolution (r = 0.630). For WR-SR, low to high synergy
was observed at 10-15 km grid resolution (r = 0.304-0.613).

Negative correlations, which indicate trade-offs between ecosystem services, were
observed for CS-WR and HP-WR. For CS-WR, trade-offs were observed at 3-8 km grid res-
olution (r = —0.422 to —0.306) but synergy was observed at 15 km grid resolution (r = 0.288).
For, HP-WR, trade-offs were observed at 3-14 km grid resolution (r = —0.580 to —0.440).

3.2. Spatial Distributions of the Ecosystem Services at Different Observational Scales

We used the local Moran’s indicator to examine the spatial distribution of each of the
four ecosystem services across the 15 observational scales. Figure 4 shows the distributions
of hot-spots (high-high clusters), cold-spots (low-low clusters), outliers (high-low or
low-high clusters), and non-significant spots. When the observational scale was increased,
adjacent grid areas of any cluster type were merged and then smoothed before the new grid
area was assigned a new cluster type. This resulted in the scaling behavior of the different
ecosystem service clusters across the observational scales being characterized as either
merge-shrink or merge-expand. For example, for WR, small hot-spots were scattered
across the study area at the finest observational scale (1 km grid resolution); however, as
the observational scale was increased, these areas merged together and increased in size,
resulting in a merge—expand behavior.

1 km-grid resolution 5 km-grid resolution 10 km-grid resolution 15 km-grid resolution

" ' . "I
[ I |

k| -
v L

g 4
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P 1 =T
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y v

B ot spots (High-high clusters) High-low outliers Not significant
- Cold-spots (Low-low clusters) [j Low-high outliers

Figure 4. Spatial patterns of ecosystem service clusters (99% confidence interval) at four represen-
tative grid resolutions. CS, carbon sequestration; HP, habitat provision; SR, soil retention; WR,
water retention.



Sustainability 2021, 13, 10649

10 of 16

Figure 5 shows the changes in the proportion of land classified as hot/cold-spots
for each ecosystem service with increasing observational scale; LOESS curves are shown
to clarify the general trends. The proportion changes of 1 km vs. 15 km grid resolution
observation were calculated. For CS, HP, and SR, the proportion of cold-spots decreased
with increasing observational scale, with decreases of 25.2% for CS, 3.3% for HP, and 7.3%
for SR (Figure 5A-C). In contrast, for WR, the proportion of cold-spots increased by 4.5%
(Figure 5D). For CS and HP, the proportion of hot-spots decreased by 8.6% and 15.1%,
respectively (Figure 5A,B), whereas for SR and WR, the proportion of hot-spots increased
by 13.0% and 21.8%, respectively (Figure 5C,D).
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Figure 5. Changes in the proportion of land classified as hot/cold-spots with increasing observational
scale for the four ecosystem services. (A) Carbon sequestration. (B) Habitat provision. (C) Soil

retention. (D) Water retention. Gray curves are fitted curves that indicate the general trend (95%
confidence interval).

Shifts in whether hot- or cold-spots were dominant were observed for CS, HP, and WR
(Figure 5A,B,D). For CS and WR, there was a greater proportion of cold-spots compared
with hot-spots at lower grid resolutions, but a greater proportion of hot-spots compared
with cold-spots at higher resolutions; this reversal occurred at 10 km grid resolutions for
CS and at 8 km grid resolution for WR. For HP, the proportion of hot-spots was greater

than that of cold-spots at 1 km grid resolution, but this situation reversed from 2 km
grid resolution.

4. Discussion

Understanding the spatial distributions and interactions of ecosystem services is
crucial for the development of effective ecosystem service management strategies. The
scales at which ecosystem services are observed or monitored fundamentally shape this
understanding. Here, we conducted a case study of the area of the Ussuri watershed within
the border of the People’s Republic of China to examine how observational scale affects
the mapping of ecosystem services and their pairwise synergies and trade-offs. Based on
our findings, we discuss how best to select the most appropriate observational scale for
ecosystem service assessment and management.
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4.1. Synergies and Trade-Offs across Observational Scales

First, we determined pairwise correlations among the four ecosystem services to exam-
ine how their correlations change with increasing observational scale (Table 2). The authors
of previous case studies conducted for Quebec, Canada [8], and the Ningxia Hui Au-
tonomous Region, China [12], concluded that most pairwise correlations are robust across
different observational scales and that significant correlations are more often observed at
finer than at coarser observational scales. However, based on our present data, we do not
agree with these previous conclusions, although it must be noted that ecosystem service
selection and the biophysical context of the study area must be taken into consideration
when comparing the present and previous data.

In our analysis, we found that the correlation between CS and HP was robustly
synergistic across all observational scales. Our distribution maps for CS and HP revealed
that these ecosystem services are distributed extensively throughout the study area and
are frequently coincided with certain types of land cover (Figure 3). For example, areas
of high CS value and HP suitability score were found to be areas classified as forest and
wetland, which is natural given that these two land-cover types are characterized by their
large carbon pools and abundance of wildlife [19,41,42]. Turner et al. noted that land cover
types with extensive distribution tend to change evenly across observational scales because
the local configuration does not influence scaling [43]. We consider that Turner’s summing
applies equally to correlations between ecosystem services that are extensively distributed.

In contrast to the distribution maps for CS and HP, those for SR and WR revealed that
these ecosystem services were unevenly and sparsely distributed throughout the study
area. Areas of high SR were primarily areas of forest at high elevation, and that of WR
shared a similar distribution but appeared as more fragmented patches (Figure 3). In
addition, we found that the correlations involving these ecosystem services were a mix of
synergies, trade-offs, and no correlations (Table 2). For example, for CS-WR, trade-offs
of various strengths were observed from 3 to 8 km grid resolution; no correlations were
observed at 1, 2, and 9-14 km grid resolutions; and low synergy was observed at 15 km
grid resolution.

Collectively, the results of our correlation analysis suggest that the distribution of
an ecosystem service is an indicator of how robust its pairwise correlations are across
observational scales; that is, correlations among extensively distributed ecosystem services
are more likely to be robust, whereas those of ecosystem services with patchy distributions
are more likely less robust, suggesting that more judicious selection of observational scale
would be required when conducting assessments of these ecosystem services.

Assuming that observational scale equals the spatial scale at which future manage-
ment occurs, our data suggest two implications with regard to the use of a dual-purpose
ecosystem service management strategy. First, the robust synergy between CS-HP at
all observational scales suggests that dual-purpose management of these two ecosystem
services may be a cost-effective means of providing synergistic enhancements to both
ecosystem services, and that such a management strategy could be applied at any scale. Ev-
idence supporting our viewpoint could be found in several previous studies, where Zheng
etal. [44] and Xiang et al. [29] have reported that widespread natural habitat restoration has
increased biodiversity in the Sanjiang plain. The restoration of high-diversity ecosystems
on degraded or abandoned land merits further implementation for its potential to provide
increased CS [45].

Second, despite the present dual-purpose management of WR and SR in the Ussuri
watershed by the Grain for Green Project [19], which is overseeing the reforestation of
marginal cropland to reduce soil erosion and water loss, we only found synergies between
these two ecosystem services at the coarser observational scales examined (10 to 15 km grid
resolution; Table 2), suggesting that the current dual-purpose management approach is not
suitable at all observational scales. Improving SR by improving erosion control in specific
areas also improves WR [46,47]; however, WR often relies on large-scale landscape patterns
and watershed dynamics [48-50]. These characteristics of the two ecosystem services are
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consistent with our findings of a dual-purpose management mismatch between WR-SR
at the fine and intermediate scales. One means of resolving this mismatch could be to
increase the number of soil erosion control sites in the Ussuri watershed to create a more
extensive distribution pattern; however, soil erosion control is a costly investment when
implemented over a sizeable spatial scale. Therefore, we suggest introducing a cross-scale
strategy for the management of SR and WR [8]. That is, we suggest incentivizing the
participation of individual managers or management institutions in improving WR via
implementing erosion control, which will reduce the workload and financial burdens placed
on government-level WR management. Meanwhile, the government-level managers need
to carry out plans to specify the spatial extent in the Ussuri watershed to guide individual
and institutional managers to put erosion control into effect. It is also noteworthy that the
plans should be based on the in-depth knowledge of the local landscape and spatial pattern
of ecosystem services.

Despite our observation of moderate synergies for CS-SR and HP-SR at the 15 km
grid resolution, more low-level synergies and no-correlations occurred for them during the
scaling-up of observation (Table 2). Further research is needed to explore the potential of
dual-purpose management for such ecosystem service pairs in the Ussuri watershed.

4.2. Ecosystem Service Clusters at Different Observational Scales

Mapping hot/cold-spots provides straightforward information for determining where
to implement different management options. Cold-spots are areas where there is a lower
possibility of harvesting an ecosystem service, suggesting that the ecosystem service
therein is better left undisturbed. In contrast, hot-spots are areas where there is a higher
possibility of harvesting an ecosystem service, suggesting that the ecosystem service
therein may potentially be harvested with high acceptance by management institutions
and other stakeholders.

Here, we found that observational scale substantially influenced the spatial distribu-
tions of hot/cold-spots in two ways (Figure 4). First, increasing the observational scale
altered the location and size of the hot/cold-spot clusters, such that the land-cover type
associated with some of the clusters also changed. For example, whereas CS hot-spots
associated with large patches of forest and cold-spots associated with continuous cropland
were relatively preserved across the observational scales, those associated with wetland
in the central part of the study area at fine observational scales (1-3 km grid resolution)
had disappeared at the intermediate and coarse observational scales. Similar findings
were also observed for HP, SR, and WR, although the clusters associated with continuous
cropland, large patches of forest, and sizeable water bodies were relatively persistent across
the observational scales.

Second, changing the observational scale altered the proportion of land covered by the
cold /hot-spots, and for CS, HP, and WR, increasing the observational scale altered whether
it was hot- or cold-spots that were the dominant cluster type (Figure 5). Both the trends
and the spatial extent of the ecosystem service clusters varied at different observational
scales. We speculate that regardless of whether or not an ecosystem service is extensively
distributed throughout an area, observation at certain scales will fail to capture the real
spatial pattern of hot/cold-spots because land-cover features shape the distribution of these
clusters as well as how these clusters react at different observational scales. A widely used
principle that emerged in the field of mapping ecosystem services is observing ecosystem
services at the scale of administrative, policy, and management boundaries to facilitate the
relevance between the assessment output and management decision making [8,19]. This
principle implies that the mapping of ecosystem services should be based on the question
being asked and the type of details required. We argue that, indeed, the assessment needs
to match with the need of decision makers, but, more importantly, the assessment should
capture the complexities of ecosystem services. Therefore, the selection of an appropriate
observational scale for ecosystem service cold /hot-spots can only be interpreted by taking
into consideration the social-ecological heterogeneity of the local landscape. The landscape
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pattern in the Ussuri watershed is a combined result of the gradual encroachment of
cropland on wetland since the 1980s, the implementation of forest and wetland conservation
measures around 2000 [19], and the watershed’s distance from the urban agglomeration
of Harbin. Therefore, understanding the underlying mechanisms that shape local social-
ecological conditions can help define the appropriate scales for observing the spatial
patterns of ecosystem service hot/cold-spots.

We argue that, indeed, the assessment needs to match with the need of decision makers,
but, more importantly, the assessment should capture the complexities of ecosystem services.

4.3. Methodological Limitations and Future Study

Many previous studies have elucidated the factors that affect the correlations and
distributions of ecosystem services (e.g., the accuracy of input data and aggregation method
used), but observational scale has not yet been examined [51-53]. We found here that the
effects of changing observational scale are similar to those produced by smoothing to
create an approximate function that captures important patterns in a data set while leaving
out noise and outliers. That is, we found that when the observational scale was changed,
data points of value were modified so that individual points higher in value than the
adjacent points were reduced, and points that were lower in value than the adjacent points
were increased, leading to compromised values. Therefore, observational scale should be
considered a double-edged sword [47,54]. On the one hand, because it clearly determines
the fitness and coarseness of the data and patterns that are obtained, it brings convenience
to decision makers by letting the assessment results feed the management goal; on the other
hand, it brings challenges with respect to accuracy because increasing the observational
scale may introduce redundant or inaccurate data.

Other limitations of the present study are the simulation method and quality of input
data used to measure the ecosystem services. The INVEST model provides a straightfor-
ward approach to map and monitor habitat quality that can be used as an estimate of
biodiversity [55]. However, when there are multiple definitions of natural habitats and
threats (i.e., habitat patches would be defined differently by large mobile wildlife compared
to rare species of plants) [53], different spatial distributions or other land cover-based data
may be obtained. Although we conducted our analysis using the best available data to
provide qualified results, our use of average inventory values for carbon density associated
with specific land covers and default model parameters in the WR and SR simulations may
have failed to capture the effects of management types, climate factors, and geographic
traits. In addition, validation is often absent in ecosystem service mapping and monitoring,
so a better understanding of the uncertainties involved in the models used is needed [56].

Regarding future study, we suggest including more aspects of ecosystem services,
such as the societal values and consumption of ecosystem services, in multi-observational
scale analysis to select suitable observational scales [8,15]. The societal values of ecosystem
services influence the rules and actions that alter the provision and access to ecosystem
services [15], and the consumption of ecosystem services implies appropriate management
incentives [8]. Comprehending how these aspects of ecosystem services vary across differ-
ent observational scales allows identifying potential conflicts in ecological/environmental
management, particularly among different stakeholders and managers, thereby build-
ing an effective, accountable, and inclusive framework to guarantee the sustainability of
ecosystems in the Ussuri watershed.

5. Conclusions

Here, we present a case study conducted in the Ussuri watershed, Northeast China,
in which we examined how observational scale affects ecosystem service assessment. We
examined four ecosystem services (regulating and supporting services) at 15 observational
scales (1 to 15 km grid resolution), which included two approximate scales at which ecosys-
tem management is formally implemented. Correlation analysis revealed that ecosystem
service distribution may be an indicator of the robustness of the correlation between pairs
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of ecosystem services across various observational scales. That is, a correlation is likely
to be robust when an ecosystem service is extensively distributed across the study area
(i.e., CS and HP in the present study), but not robust when an ecosystem service is sparsely
distributed (i.e., SR and WR). Based on our findings, we suggest that a dual-purpose
management strategy is most appropriate for the management of CS-HP in the Ussuri
watershed, and that cross-scale management strategies are the most appropriate for the
management of WR and SR.

The pattern of ecosystem service clusters (cold /hot-spots) across the various observa-
tional scales was associated with the size of land cover patches. Indeed, complex networks
of ecosystem service clusters were observed in association with dispersed land covers at
finer observational scales, but these networks became less complex, homogenous clusters at
coarser scales. In contrast, the ecosystem service clusters associated with continuous land
covers were persistent across the various observational scales. Thus, selecting an appropri-
ate observational scale for delineating ecosystem service clusters should take into account
the local landscape patterns and an understanding of local social-ecological complexity.

Though our results have the potential to improve the management decision making
in ecosystem services, there are still several limitations that need to be addressed in
future study. Technically, enhancing the sensitivity of the models used results in better
accuracy of the input data, and the use of local parameters could help achieve a better
estimation of ecosystem services. Moreover, including societal values and consumption of
ecosystem services in the multi-observational scale analysis will bring better negotiation
and coordination between stakeholders and managers at different scales, thereby ensuring
the sustainable development of the Ussuri watershed.
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