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Abstract: Water conservation is an essential indicator of the hydrological regulation capacity of
terrestrial ecosystems. At the regional scale, the water conservation capacity of an ecosystem is
typically assessed using the water balance model (WBM). However, the estimation of the runoff
depth relies heavily on rainfall data and the ecosystem runoff coefficient look-up table, which
introduces uncertainties in the assessment results. To address this issue, this study constructed
a new method for quantifying the spatiotemporal distribution pattern of runoff depth based on
the ecosystem type and regional spatial heterogeneity characteristics using runoff observation data
from hydrological observation stations. We use this new method to evaluate the water conservation
capacity of the ecosystem on a regional scale and compare and analyze the differences between the
new and old methods in terms of connotation, data format, and evaluation results. Finally, we discuss
the advantages and potential applications of the new method.
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1. Introduction

Water conservation and soil conservation are commonly used indicators to assess
ecosystem regulating services from the perspective of “water” and “soil”. While soil
conservation has a relatively clear definition and calculation models, such as the Revised
Universal Soil Loss Equation (RUSLE) and the Revised Wind Erosion Equation (RWEQ),
for indirectly assessing ecosystem soil conservation services from hydraulic erosion and
wind erosion [1,2]. However, there is still no unified concept and mathematical expression
of water conservation in the academic community. This is mainly due to the fact that the
purpose of studies mainly include water storage and water use, and the corresponding
evaluation methods focus on the ecosystem’s ability to store water or generate runoff. In
general, in the process of eco-hydrology, an increase in water storage in the ecosystem
means a decrease in runoff production capacity [3–7]. As such, different assessment and
quantification methods often bring confusion to regional ecological protection and decision
making. Despite this, quantifying water conservation or storage capacity of an ecosystem is
necessary and common in the assessment of water conservation, regardless of the ecosystem
service or the functional characteristics of the ecosystem itself.

In general, an increase in water storage in the ecosystem means a decrease in runoff
production capacity, which is the focus of research on the eco-hydrological mechanism,
water resource utilization, flood control, and drought relief projects [8–11]. Conversely,
research on ecological function assessment aimed at regional ecological protection and
ecosystem restoration focuses more on describing the role of the ecosystem in water stor-
age [12–15]. Therefore, a clear definition and standardized mathematical expression of
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water conservation would be valuable in providing a more accurate and comprehensive
assessment of water conservation and management.

Currently, the water balance model (WBM) has the ability to accurately quantify the
input (rainfall) and output (evaporation and runoff) of an ecosystem at the regional and
watershed scales due to its black box nature. This allows for comprehensive analysis of
the characteristics and processes of the flow and storage of ecosystem water, making the
WBM a preferred model for ecosystem services and functions from both conservation and
runoff production perspectives [16–18]. Moreover, the WBM not only benefits the research
field, but also directly supports the administrative work of national and regional ecological
protection policies. It has become a common method of ecosystem assessment and even
restricts the implementation of projects in the form of standards and specifications, such as
in the assessment of forest ecosystem services, regular remote sensing investigation and
assessment of national ecological status in China, the spatial planning of national land in
China, the delimitation of ecological conservation redline in China [19–24], etc.

In the application of the water balance model, obtaining precise runoff data that
match the data format, spatial scale, and resolution at the same time is challenging. Pre-
cipitation and evapotranspiration data sets obtained through site monitoring or satellite
remote sensing monitoring are objective and consistent in time and space. However, the
flow data observed by hydrological stations, which are often distributed along the river,
cannot directly establish a quantitative relationship with the ecosystem, as they represent
a comprehensive reflection of the basin runoff. Moreover, difficulties in data sharing of
hydrological station observation flow data impede the establishment of a spatial data set of
runoff depth. Thus, obtaining runoff spatial distribution data is crucial for assessing the
water conservation of regional ecosystems using the WBM. Generally, the precipitation and
runoff coefficient of different ecosystem types are used to estimate the temporal and spatial
distribution of runoff depth. This method has found widespread application in the study
of ecosystem water conservation service assessment [13,19–24].

The runoff coefficient denotes the proportion of runoff to precipitation over a specified
period, influenced by various factors, such as topography, watershed morphology, vege-
tation, and soil type [25]. It is a comprehensive metric that reflects the interplay between
natural geographical factors and the rainfall–runoff relationshipSmall-scale investigations
of the runoff coefficient focus on municipal construction, flood control engineering, drought
relief, water and soil loss mechanisms, and drainage irrigation in small watersheds [26–32].
The use of remote sensing data allows for the development of spatial distribution grid data
sets of ecosystem types with relative ease. The integration of experimental observations and
ecological hydrological model research can aid in the acquisition of runoff coefficients for
various ecosystem types. Consequently, the creation of a lookup table matching ecosystem
type values with corresponding runoff coefficients can generate a spatial distribution grid
data set of runoff coefficients using the lookup table method (LTM). This technique has
been implemented in scientific research and technical guidance documents for evaluating
water conservation services at the national and regional level [33–36]. Several case studies
and methodological studies have confirmed its effectiveness [12,13,15,20–23]. Although
variations exist among the lookup tables utilized in these studies, there are no fundamental
differences or improvements in essence. The differences mainly stem from subjective
literature review differences and varying research objectives among researchers. For in-
stance, references [12,13] have different runoff coefficient values for evergreen broadleaf
forests, specifically 2.67 and 4.65, respectively, while reference [22] presents additional
runoff coefficient values for farmland and construction land.

The lookup table method (LTM) is a widely utilized approach for acquiring runoff
coefficients at a regional scale. However, this method is associated with notable deficiencies
in three main areas. Firstly, due to the absence of actual hydrological observation data, the
results of water conservation assessments are not representative of the true hydrological
regulation capacity of the ecosystem. Secondly, the physical and geographical characteris-
tics of the basin cannot be accurately described, as the runoff coefficient obtained from the
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LTM fails to consider the basin morphology and physical geographical features, resulting
in the masking of differences in the runoff production capacity of the same ecosystem
type in different watersheds. Thirdly, the lack of time-varying information is a significant
limitation, as the runoff coefficient is considered a constant, neglecting the changes in
vegetation growth, while the ecosystem type remains constant. These changes could be
critical in determining the impact of regional climate change and human activities on the
ecosystem [37]. Despite the widespread use of the LTM, there is a conspicuous paucity of
literature on water conservation assessment studies that can address its limitations and
offer alternative approaches for quantifying runoff depth.

In this investigation, we have developed a novel research framework termed “different
regions, different types” for the acquisition and spatialization of runoff data. Specifically,
we have introduced the runoff observation method (ROM), which utilizes data collected by
hydrological stations within a specific basin to obtain spatiotemporal distribution data of
runoff depth, enabling regional water conservation assessment. The ROM method involves
the integration of runoff observation data, soil data, and ecosystem classification data,
followed by the use of GIS spatial analysis to integrate the spatial information of different
soil regions and ecosystem types on the pixel scale. Moreover, we have employed a simple
and effective area-weighting method to directly derive the runoff depth spatial distribution
data set consistent with the ecosystem classification in spatial scale, data format, and
resolution by combining the real flow information observed by the watershed hydrological
stations. We have further utilized the water balance model to calculate the annual water
conservation amount and obtain the annual runoff coefficient spatial distribution data set.
To demonstrate the effectiveness of our proposed method, we have compared and analyzed
the results of runoff depth and water conservation based on the precipitation and runoff
coefficient lookup table.

2. Materials and Methods
2.1. Study Area

The water balance model is a comprehensive tool that can provide insights into the
water flow and storage characteristics within a basin to ensure that the input of water is
mainly from rainfall and runoff at the inlet of the basin and the consumption of water is
mainly evapotranspiration and runoff at the outlet of the basin. To this end, we selected
a representative basin in the upper reaches of the Yellow River (as shown in Figure 1)
and ensured that there was a national hydrological station located at both the inlet and
outlet of the basin. By assuming that the impact of human activities, such as industry and
agriculture, was negligible, we could focus on understanding the natural characteristics
of the ecosystem, the geography itself, and how they contribute to water storage and
runoff production.

The study area on the Yellow River (Figure 1) included Jimai Station as the inlet and
Lanzhou Station as the outlet, which are both national hydrological stations. This region
is situated at the intersection of the Qinghai–Tibet Plateau and the Loess Plateau, with an
average elevation of over 3400 m, and it is characterized by meadow grassland and natural
wetland. It serves as a crucial water source for the Yellow River basin, consisting of the main
stream of the Yellow River and four primary tributaries: Huangshui, Baihe, Heihe, and
Taohe. The basin is mainly dominated by animal husbandry, and the density of industry
and irrigated agriculture is relatively low. The basin boundary and the hydrological stations
locations were manually verified and corrected using the satellite remote sensing images
with a resolution of more than 2 m, combined with the existing boundary data, to ensure
their accuracy [38].
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Figure 1. Spatial distribution of the ecosystem in the study area.

2.2. Technical Framework

The technical process comprised five primary steps, as depicted in Figure 2.
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Firstly, satellite remote sensing imagery was utilized to generate ecosystem type data
for the study area, as detailed in Section 2.3.1. In Section 2.3.2, the relevant literature is
reviewed to gather information on the runoff coefficient values for various ecosystem types.
Additionally, the Harmonized World Soil Database version 1.2 (HWSD) was utilized to
extract the curve number (CN) values associated with different combinations of hydraulic
soil groups (HSG).
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Secondly, as described in Section 2.3.2, tables containing information on the runoff
coefficient and curve number (CN) values for various ecosystem types were combined with
the ecosystem classification to construct runoff index spatial data based on ecosystem type
and HSG. The comprehensive runoff index raster data set of “different regions, different
types” was synthesized using equal weighting to indicate the runoff generation capacity
of each grid on a pixel scale. A schematic diagram of the logical principle is presented in
Figure 3.
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Thirdly, the spatial distribution of runoff depth was generated by allocating the runoff
observed by hydrological stations in the comprehensive runoff index spatial raster data
using the area-weighted method, as outlined in Sections 2.3.3 and 2.4.1.

Fourthly, combining the rainfall obtained by meteorological station interpolation and
the evapotranspiration product data set obtained by satellite remote sensing, the spatial
distribution data set of water conservation capacity was calculated in accordance with the
WBM, as expounded in Section 2.4.2.

Finally, the runoff coefficient raster data sets were computed from the runoff depth
and rainfall data sets, as detailed in Section 2.4.3.

2.3. Data Sources and Processing
2.3.1. Ecosystem Types Data

In conformity with the ecosystem classification system prescribed by the national
ecological environment industry standard document [39], five phases of ecosystem clas-
sification data for the years 2000, 2005, 2010, 2015, and 2020 were procured by mean of
human–computer interactive interpretation of Landsat series satellite images, with a spa-
tial resolution of 30 m. The accuracy of the interpretation of the aggregated classes was
confirmed to have reached 94.3% [40].

2.3.2. Determine Runoff Index by Ecosystem Type and Hydrological Soil Group (HSG)

Firstly, the meta-analysis approach was implemented to extensively gather relevant
literature, enabling the acquisition of the runoff coefficient data of diverse ecosystem types
present in the study area or in areas geographically similar. The obtained data were utilized
to construct the runoff coefficient table (Table 1). The hydrological soil group (HSG) and
ecosystem types were employed to extract the curve number (CN) values from the HWSD
database (Table 2) [34].
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Table 1. Runoff coefficient (Rc) and runoff index of type (Rit).

Ecosystem Types Literature Rc (%) Rit

Broadleaf forest [41–45] 3.33 1.55

Coniferous forest [13,42,46–48] 2.15 1.00

Mixed forest [45,49] 2.4 1.12

Sparse forest [47,50] 16.02 7.45

Broadleaf shrub [41,46] 3.58 1.67

Coniferous shrub [46] 3.41 1.59

Open shrublands [47,50] 16.02 7.45

Marshy grassland [48] 9.11 4.24

Steppe [44,46,50] 12.34 5.74

Tussock [47,51] 10.18 4.73

Sparse grassland [47,50] 16.02 7.45

Marsh * - 0 0

Lakes * - 0 0

River * - 0 0

Farmland [52] 49.69 23.11

Plantation [41–50] 4.62 2.15

Settlement [26] 90 41.86

Urban green space [41–52] 7.91 3.68

Industrial, mining
and transportation [26] 73.33 34.11

Desert * [53] 30 13.95

Glacier/Permanent
snow cover - 0 0

Bare soil [54] 25 11.63
Note: * This study assumes that the runoff coefficient of marsh, lakes, river, and glacier/permanent snow cover
is 0.

Table 2. CN * of different HSG and runoff index of soil (Ris).

Ecosystem Types CNA CNB CNC CND Ris (A) Ris (B) Ris (C) Ris (D)

Broadleaf forest 36 62 75 81 1.00 1.72 2.08 2.25

Coniferous forest 37 62 75 81 1.00 1.68 2.03 2.19

Mixed forest 38 62 75 81 1.00 1.63 1.97 2.13

Sparse forest 72 82 83 87 1.00 1.14 1.15 1.21

Broadleaf shrub 45 65 75 80 1.00 1.44 1.67 1.78

Coniferous shrub 49 69 79 84 1.00 1.41 1.61 1.71

Open shrublands 72 82 83 87 1.00 1.14 1.15 1.21

Marshy grassland 49 69 79 84 1.00 1.41 1.61 1.71

Steppe 49 69 79 84 1.00 1.41 1.61 1.71

Tussock 49 69 79 84 1.00 1.41 1.61 1.71

Sparse grassland 72 82 83 87 1.00 1.14 1.15 1.21

Marsh 0 0 0 0 0 0 0 0
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Table 2. Cont.

Ecosystem Types CNA CNB CNC CND Ris (A) Ris (B) Ris (C) Ris (D)

Lakes 0 0 0 0 0 0 0 0

River 0 0 0 0 0 0 0 0

Farmland 67 78 85 89 1.00 1.16 1.27 1.33

Plantation 52 69 79 84 1.00 1.33 1.52 1.62

Settlement 80 85 90 95 1.00 1.06 1.13 1.19

Urban green space 52 70 79 84 1.00 1.35 1.52 1.62

Industrial, mining, and transportation 80 85 90 95 1.00 1.06 1.13 1.19

Desert 72 82 83 87 1.00 1.14 1.15 1.21

Glacier/permanent snow cover 0 0 0 0 0 0 0 0

Bare soil 72 82 83 87 1.00 1.14 1.15 1.21

Note: * The values in Table 2 of the literature [34] are classified according to the ecosystem types in this table.

Secondly, to capture the basin’s unique characteristics and gauge the comparative
runoff capacity of diverse ecosystems, this investigation postulates that the minimum
runoff coefficient for any given ecosystem is equal to 1, thereby serving as the reference
value for the ecosystem runoff index. Computation of the ecosystem runoff index (Rit) was
conducted by dividing the ecosystem’s runoff coefficient by the reference value, using the
division method (refer to Formula (1) and Table 1). Analogously, for each combination of
HSG and ecosystem type, the runoff index of oil (Ris) was derived using Formula (2).

Rit(j) = Rc(j)/Rc(min) (1)

In this formula, Rit(j) is the runoff index of type j, Rc is the runoff coefficient of type j,
and Rc(min) is the minimum value of the runoff coefficient of all ecosystem types.

Ris(j, K) = CN(j, K)/CN(min) (2)

In this formula, Ris(j, K) is the runoff index of the value of HSG classification K of type
j, CN(j, K) is the CN value of HSG classification K of type j, and CN(min) is the minimum
value of CN value of all HSG classification and ecosystem types.

Thirdly, based on the ecosystem type data, the two runoff indexes are added and
operated in an equal weight manner (see Formula (3)) pixel by pixel to generate the
comprehensive runoff index (Ri) raster data set.

Ri(j, K) = 0.5 × Rit(j) + 0.5×Ris(j, K) (3)

In this formula, Ri(j, K) is a comprehensive runoff index of the value of HSG classifi-
cation K of type j.

2.3.3. Hydrological Station Data and Processing

The runoff data used in this study were obtained from the Annual Hydrological Report
of P. R. China [55], which includes daily observation data from 2001 to 2020 at the inlet and
outlet hydrological stations of the basin. These data were summarized as annual values.
The basin’s total runoff was calculated as the difference between the flow at the outlet
hydrological station and the flow at the inlet hydrological station, as per Formula (4).

∆R = R(outlet)− R(inlet) (4)
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In this formula, ∆R is the total runoff in the basin, R(outlet) is the annual flow of the
outlet hydrological station (Lanzhou station), and R(inlet) is the annual flow of the inlet
hydrological station (Jimai station).

2.3.4. Precipitation Data and Interpolation

The precipitation was from the observation data of 251 meteorological stations pro-
vided by the China Meteorological Administration. The ANUSPLIN interpolation software
was used to generate the annual precipitation raster data set with a spatial resolution of
500 m from 2000 to 2020.

2.3.5. Evapotranspiration Data and Processing

The annual evapotranspiration data set with a spatial resolution of 500 m and a time
range of 2000–2020 was generated using the MODIS standard products (MOD16A2). The
data were derived by synthesizing the annual values [56].

2.4. Methods
2.4.1. Runoff Depth Calculation

The methodology comprises a series of steps, beginning with the determination of the
annual total watershed runoff (∆R) by following the procedures outlined in Section 2.3.3.
Subsequently, the sum of all pixel values (S) of the comprehensive runoff index grid data
was calculated. Thereafter, the runoff value (∆r) corresponding to the annual comprehen-
sive runoff index per unit was calculated through division operations. Finally, the annual
grid data set of runoff depth was obtained by multiplying the annual value (∆r) with the
comprehensive runoff index grid data. This approach, referred to as the runoff observation
method (ROM), involves the redistribution of the actual runoff values observed by hydro-
logical stations to each pixel. Moreover, as the spatial resolution of the comprehensive
runoff index grid data inherits the attributes of ecosystem type data, the spatial resolution
of the resulting runoff depth grid data set remains at 30 m.

To enable a comparison with the lookup table method (LTM), we generated an annual
runoff depth raster data set with a spatial resolution of 500 m by using the runoff coefficient
table (Table 1) and precipitation data.

2.4.2. Water Conservation Calculation

The annual water conservation amount is calculated according to Formula (5).

WR = P − E − R (5)

In this formula, WR is the water conservation amount, P is the annual precipitation,
and R is the annual evapotranspiration.

Similarly, we calculated the annual water conservation capacity based on the two
methods (ROM and LTM) for comparative analysis.

2.4.3. Runoff Coefficient Calculation

Based on the runoff observation method (ROM), the annual runoff coefficient raster
data set can be directly calculated using Formula (6).

Rc = R/P (6)

In this formula, Rc is the runoff coefficient, R is the runoff depth, and P is the an-
nual precipitation.

2.4.4. Trend Analysis Method

The Mann–Kendall (MK) trend test with Sen slope estimation was used to analyze
the time series changes in pixel scale [57–59]. It mainly includes the temporal variation
characteristics of runoff depth and water conservation.
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3. Results
3.1. Change in Runoff Depth
3.1.1. Spatial Variation

The average runoff depth from 2000 to 2020 was calculated by two methods (ROM
and LTM), respectively (Figure 4). The spatial differentiation characteristics were more
prominent in the ROM results. The runoff depth area (>200 mm) was mainly located in
the northeast of the basin (HU LL and DT), while the low runoff depth area (<150 mm)
area was in the northwest and west (DA ML and HM). The LTM results displayed a similar
spatial pattern, but the spatial heterogeneity was not apparent. The average runoff depth
computed by ROM was 146.08 mm, significantly higher than the average value of 61.66 mm
calculated by LTM. The ROM approach only required the ecosystem classification and soil
survey data, allowing a finer spatial resolution of 30 m for the runoff depth spatial data.
In contrast, the LTM method relied on precipitation data input, mainly from interpolating
data (1000 m in this study) from limited meteorological stations, resulting in a relatively
rough spatial resolution for the runoff depth.
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3.1.2. Time Variation

Over the period of 2000–2020, both the ROM and LTM methods showed an overall
increase in runoff depth (Figure 5). The ROM results exhibited a more pronounced increase
trend, with a significant 91% increase observed over 21 years. Notably, there was a sub-
stantial surge in runoff depth after 2017. Moreover, the ROM results indicated that changes
in precipitation have a delayed and cumulative effect on runoff depth, such as during
the years of 2003–2004 and 2012–2016. In contrast, the LTM results were relatively stable,
with a 24% increase observed over 21 years (corresponding to a 23% increase in precipi-
tation during the same period), and the variation in runoff depth was entirely controlled
by precipitation.
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3.1.3. Sub-Watershed Comparison

The finding revealed that the ROM method calculated a substantial increase (p < 0.01)
in runoff depth in all sub-watersheds, while LTM results only showed an increase (p < 0.05)
in specific regions, such as ML, DT, and HM, with no significant changes in other sub-
watersheds (Figure 6). This is in agreement with the overall basin trend observed in
Figure 5.
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In comparison to the mean value of runoff depth across various sub-watersheds, the
results obtained from ROM were considerably higher than those from LTM. The ROM
outcomes reveal substantial differences among the different sub-watersheds. The sub-
watershed HM had the lowest runoff depth, measuring 131.24 mm, and it mainly comprises
alpine meadow and wetland ecosystems. Conversely, sub-watershed HU had the highest
runoff depth, measuring 174.81 mm, and it is mainly characterized by farmland and urban
construction land. In contrast, the LTM outcomes indicate that the variation between HM
and HU is indistinct, and the maximum runoff depth is observed in DT (Figure 7).
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3.2. Change in Water Conservation
3.2.1. Spatial Variation

The average water conservation from 2000 to 2020 was calculated by two methods
(ROM and LTM), respectively (Figure 8). The results obtained from both methods exhibit a
general pattern of high values in the south and low value in the north but show different
spatial distribution patterns. Specifically, the areas with high values (>100 mm) in the ROM
calculation results are predominantly concentrated in the southern HM sub-watershed.
However, the LTM calculation results reveal that most areas in the basin possess a water
conservation capacity exceeding 100 mm. Furthermore, the ROM result showed an average
water conservation of 68.96 mm, while the LTM result was significantly higher, measuring
118.86 mm.
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3.2.2. Time Variation

Over the period of 2000 to 2020, the water conservation amount calculated using two
distinct methods (ROM and LTM) exhibited a gradual decline, as evidenced in Figure 9.
Both methods show a similar trend of interannual variation, indicating that the water con-
servation capacity is particularly sensitive to changes in precipitation. Nonetheless, ROM
is less influenced by precipitation when compared to LTM, mainly due to its interannual
fluctuations features. The ROM result portrays a distinct pattern of decreasing water conser-
vation capacity, indicating a decline of 45% over the 21-year period. In contrast, the results
generated by LTM show greater stability with a decrease of 21% over the same period (the
precipitation increased by 23% in the same period). Overall, the water conservation amount
obtained through LTM tends to be overestimated when compared with the result obtained
through ROM and exhibits more pronounced fluctuations.
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Figure 9. Interannual variation in water conservation and precipitation.

3.2.3. Sub-Watershed Comparison

The spatial pattern of the water conservation trend calculated by the two methods is
consistent. indicating a significant decrease (p < 0.01) in HU, LL, and DT in the northeast
region, which is mainly characterized by farmland and construction land. However, there
was no significant change observed in most other regions. The southern part of the basin,
dominated by alpine grassland and wetland ecosystem, exhibits a relatively stable water
conservation capacity (Figure 10).
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In comparison to the mean value of water conservation in various sub-watersheds,
the water conservation capacity calculated by LTM was considerably greater than that
obtained by ROM. Both methods reveal that the water conservation capacity of the DA
sub-watershed is the lowest, while that of HM sub-watershed is the highest (as depicted in
Figure 11). This trend is associated with the fact that the northern region of the entire basin
receives relatively lower precipitation compared to the southern region, which receives
comparatively higher precipitation.
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3.3. Characteristics of Runoff Coefficient
3.3.1. Spatial Characteristics

When comparing the two methods, it was found that the ROM generated a higher
runoff coefficient than the LTM (Figure 12). Moreover, areas covered by wetlands and
natural vegetation exhibited a lower runoff coefficient of less than 20%, while farmland
and bare land had a higher runoff coefficient of more than 30%. However, the LTM-based
results masked the spatial heterogeneity of the runoff coefficient, with natural vegetation
and water body having less than a 10% runoff coefficient and farmland having a runoff
coefficient between 10% and 20%. Conversely, the spatial pattern of the runoff coefficient
calculated by the ROM showed a higher value in the north and lower value in the south,
which is more consistent with the spatial pattern of water conservation capacity.
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3.3.2. Time Characteristics

The use of LTM can only provide static values of runoff coefficient for different ecosys-
tems, while ROM is capable of producing spatial distribution of the annual runoff coefficient.
In this study, three types of ecosystems, namely forest, shrub, and grassland, were selected
to analyze the annual change in the average value (Figure 13). The findings demonstrate
that the runoff coefficient obtained by ROM is higher than the results of the runoff plot test,
which reflects the overall characteristics of the landscape scale ecosystem. Furthermore, the
grassland ecosystem shows significant fluctuations in the runoff coefficient, with variations
of more than one time between different years (2003 and 2019), while forests and shrubs
exhibit relatively stable trends.
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3.3.3. Sub-Watershed Comparison

The analysis of the runoff coefficient of different ecosystem types in various sub-
watersheds reveals significant spatial heterogeneity (Figure 14). Specifically, the forest
runoff coefficient in DA and HM is 17.80% and 10.02%, respectively, while the grassland
runoff coefficient in LL and HM is 35.96% and 24.83%, respectively.
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4. Discussion

Accurate assessment of ecosystem status is a prerequisite for regional ecological
protection management and decision making, particularly in regions with disparate natural
resources endowment and unbalanced ecological functions, Doing so helps to identify and
quantify spatiotemporal differences and changes in ecosystem quality and function. The
quantification and spatiotemporal pattern analysis of regional water conservation capacity,
an essential function of the natural ecosystem, are critical to achieving regional ecological
protection and sustainable development. LTM relies mainly on data from runoff plots and
small-scale eco-hydrological experiments to determine the runoff coefficients of different
ecosystems and then employs precipitation data to estimate the spatiotemporal pattern of
runoff depth and the water conservation capacity of ecosystems. Based on the comparative
analysis, we have identified three main deficiencies of this approach:

The first deficiency of LTM is the absence of actual runoff data at the basin scale,
which results in the estimation method being more akin to “simulation” than “assess-
ment”. The assessment results are primarily driven by climate factors, such as precipitation.
Secondly, the local scale rainfall experiment-observation-generated runoff coefficient has
evident limitations in describing the runoff capacity of the landscape and regional scale
ecosystem and will significantly underestimate the runoff capacity of the area dominated
by vegetation distribution. This is primarily because the experimental design typically
selects the “special” situation where the vegetation presents continuous distribution in
space, and other geographical elements are almost entirely eliminated. Thirdly, as a fixed
constant, the runoff coefficient is restricted not only in its ability to accurately describe
the interannual change of the water conservation capacity of the ecosystem, but also in its
ability to meet the requirements of regional ecological protection management decisions.
Our findings underscore the importance of considering the spatial variability of the runoff
coefficient in assessing water resource availability and management strategies in different
sub-watersheds.

The presented ROM method serves as a viable alternative to the LTM approach
for assessing the water conservation capacity of regional ecosystems. A key advantage
of ROM lies in its ability to incorporate actual runoff data observed by hydrological
stations, enabling quantitative allocation of this data to every pixel across the entire basin
space. This process integrates differences in the underlying soil types’ runoff production
capacity, in addition to referencing the differences in ecosystem types’ runoff production
capacity. Thus, this new assessment method provides a more accurate and continuous
characterization of spatiotemporal changes, allowing for the generation of spatiotemporal
continuous runoff coefficient data sets that can facilitate more informed and scientific
macro-ecosystem protection decisions. In comparison, LTM’s ecosystem-type-based runoff
coefficient determination method not only disregards interannual variability in runoff
coefficient values but also underestimates the surface runoff at a regional scale while
overestimating the regional water conservation capacity, causing increased uncertainty
in the overall planning and layout of regional ecological protection. Consequently, LTM
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may not be suited to support the coordinated development of ecological protection and
economic development between the upstream and downstream areas of the basin.

Despite the strengths of the assessment method proposed in this study, several uncer-
tainties remain. Firstly, due to the presence of concentrated farmland in the northeast of
the basin and small cities, there is a risk of underestimating water consumption and then
overestimating regional water conservation capacity. Secondly, the impact of terrain slope
was not considered in the study design and therefore the runoff production capacity of
the ecosystem at a smaller watershed or landscape scale. This is particularly important
given that in the same ecosystem type and soil conditions, steep slopes tend to have more
runoff than gentle slopes. Thirdly, the evaluation of the water conservation capacity of the
ecosystem only considered the observation data of hydrological stations at the inlet and
outlet of the basin, as there was insufficient data available for internal sub-watershed nodes.
As a result, the study did not account for the scale effect on water conservation capacity.
We believe that increasing the quantity of actual observation data is the most effective way
to address these uncertainties in the evaluation methods and models.

5. Conclusions

Compared to the LTM method, the ROM method for estimating the spatial distribution
of surface runoff offers practical advantages that maximize the integration of data observed
by hydrological stations and provide a more accurate quantification and spatial pattern of
the actual runoff of the basin runoff. Additionally, ROM inherits the accuracy of ecosystem-
type data resolution, which may be obtained from high resolution satellite remote sensing,
thus enabling a fine description of the spatial pattern of surface runoff. Furthermore, the
ROM not only indicates the direct influence of precipitation on interannual variation in
runoff depth but also highlights the characteristics of delay and accumulation in a year with
a large fluctuation of rainfall. As such, ROM provides a more comprehensive reflection of
the changes in the underlying surface and ecosystem in the basin.

The spatial distribution patterns and temporal variation characteristics of water con-
servation estimates generated using LTM and ROM exhibit similarities. The results indicate
that farmland plays a significant role in reducing the regional water conservation capacity
on a long-term scale. However, the LTM results may be subject to significant overestimation
due to the lack of actual runoff observation data, particularly at the sub-watershed scale.
Specifically, the overestimation of water conservation capacity is one to two times higher at
the whole basin scale and, two to three times higher at the sub-watershed scale (such as
DA, HU, LL, etc.).

The utilization of the time-space dynamic data set derived from ROM’s runoff coeffi-
cient is beneficial in comprehending the mechanism behind the runoff coefficient. Notably,
the interannual variation patterns of the runoff coefficient should not be disregarded. More-
over, in comparable rainfall conditions, the same ecosystem type’s runoff coefficient could
have significant discrepancies in different sub-watersheds (such as DA and HM), which
highlights the ecosystem’s zonal geographical distribution attributes. As such, relying
solely on the “ideal” runoff coefficient obtained from runoff plot experiments is inadequate
to accurately assess water conservation in larger landscapes and regional scales. This
insufficiency is also the primary cause of the substantial overestimation in ecosystem water
conservation assessment by LTM.
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