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Abstract

Effective characterization of water and their relationship is the current focus and difficulty
of grassland soil and water loss research. This investigation utilized simulated rainfall to
conduct experiments. The findings revealed the following: (1) The sediment yield of grass-
land under different slopes decreases linearly with the increase in water yield. The sedi-
ment yield of grassland under different rainfall intensities increases linearly with the in-
crease in water yield. The decrease is more obvious between 30% and 40%, and 60% and
70%, coverage. (2) This phenomenon may be attributed to the stronger correlation be-
tween plant biomass and sediment yield compared to that between plant biomass and
water yield. The efficacy of vegetation coverage in characterizing grassland sediment
yield surpasses its ability to depict water yield. (3) The variability of is more obvious than
that of, and the relationship between and has cyclical characteristics. (4) This study uses
volume and root dry weight to establish an empirical equation for the relationship be-
tween sediment yield and water yield. Later studies should supplement field experiments
and determine the main controlling factors and the conduction paths between factors. The
research will provide technical guidance for grassland water and soil resource manage-
ment and soil erosion model optimization.

Keywords: the relationship between sediment yield and water yield; sand-producing and
water-producing; vegetation restoration; water resource utilization.

1. Introduction

Grass coverage is a very important index of grassland soil erosion [1-3]. Scholars
have studied many equations of runoff, erosion and grass coverage. Most of the equations
are linear equations and power equations [4-9]. The soil and water loss of grassland is
mainly affected by the characteristics of grass and soil. The indexes of grass coverage,
grass root volume, soil bulk density and soil micro-aggregates can be used to describe the
soil and water loss of grassland [10-16]. However, the current research has never consid-
ered the difference in coverage in the characterization of runoff and erosion. At present,
the problem of grassland soil erosion is a multi-dimensional problem, and the difference
mechanism of supplementary coverage in the characterization of soil erosion will help to
improve the depth of research.

The interaction between runoff and erosion plays a critical role in shaping local land-
scapes by influencing confluence and accelerated erosion. The correlation between grass-
land runoff and erosion is intricately linked to local confluence and accelerated erosion

Forests 2026, 17, 882

https://doi.org/10.3390/17080882


https://doi.org/10.3390/f17080882
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Forests 2026, 17, 882

2 of 13

[17,18]. Previous research has not prioritized the runoff—erosion relationship as a primary
indicator, leading to challenges in the early detection of grassland soil erosion [3,19-22].
Currently, scholarly research predominantly focuses on runoff and sediment yield, with
limited studies quantitatively examining their relationship. The ratio of water yield to sed-
iment yield (WS) is a composite indicator of water yield and sediment yield, and is an
index that can directly reflect the synergy of water yield and sediment yield. Current re-
search only focuses on a single indicator of water yield and sediment yield, but the actual
application scenario requires judgment of the synergy of water yield and sediment yield
to deal with early judgments of soil and water loss on slopes. Therefore, this study intro-
duces the indicator of WS to supplement the theory of early water and soil loss judgment
on slopes and deepen the research on water and soil loss. These findings contribute to a
deeper understanding of soil and water loss and support improved management of water
and soil resources in such environments. The objectives of this study are as follows: (1) to
conduct a comparative analysis of differences in water and sediment yields from grass-
lands; (2) to clarify the patterns and underlying mechanisms of sediment yield changes in
response to variations in water yield from grasslands; and (3) to elucidate the patterns and
mechanisms governing the relationship between water and sediment yields, specifically
the water-to-sediment yield ratio, in grassland ecosystems.

2. Research Methods

The study was conducted at the Artificial Simulation Hall, using loessial soil from
the loess hilly and gully region. Poa annua L. was chosen as the experimental grass species,
and strip planting was implemented. The experimental design included slopes of 7°, 10°,
15°,20°, and 25°, rainfall intensities of 0.7, 1.0, 1.5, 2.0, and 2.5 mm/min, and grass coverage
levels of 30%, 40%, 50%, 60%, and 70%. Each experimental design was replicated twice to
ensure reliability and consistency of the results. The setup comprised runoff plots and
simulated rainfall equipment utilizing a side spray method. The nozzles were positioned
at a height of 14.5 m, with a raindrop spray height of 1.5 m and a total rainfall height of
16 m, ensuring all raindrops reached terminal velocity. Prior to testing, a bare soil plot
was prepared with a 5 cm layer of fine sand at the base covered by permeable gauze to
mimic natural slope conditions. A layered filling approach was employed to ensure soil
uniformity.

Each layer, stratified by design bulk density, was filled to a depth of 5 cm to minimize
variability in underlying surface soil conditions. Compaction during soil filling mitigates
the impact of sidewalls on infiltration, runoff, sediment processes, and micro-morpholog-
ical development of slope erosion. Subsequently, the filled surface is leveled, and grass is
planted to establish a grassland plot. The grass is then carefully managed and protected
until stable vegetation growth is achieved, at which point rainfall testing is conducted.

Excel is utilized for mapping and data analysis, with primary methods including
time series and correlation analyses. To determine the impact or significance of each inde-
pendent variable on the dependent variable, the coefficient of determination in multiple
regression analysis must be computed. The coefficient of determination, denoted as R?,
signifies the proportion of variance in the dependent variable that is accounted for by the
independent variables under consideration. The formula for calculating the contribution
of grassland characteristics to grassland water yield, sediment yield, and water— sedi-

ment ratio is as follows:
2

P = 5 x100%

l 2
25 @

i=l1
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In formula (1): Pilt is the contribution rate of the ith factor; R? is the square of complex
(O

regression; 3, =b, .Among them, bi is the regression coefficient of the ith factor. o

(o}

y

is the mean square error of the ith factor, and oy is the mean square error of the dependent
variable.

3. Study on Water Yield Characteristics of Grassland with Different
Coverage

3.1. Response Characteristics of Water Yield of Grassland with Different Coverage to Coverage

Figure 1 illustrates a decrease in water yield from grassland as coverage increases
across varying slopes and rainfall intensities. Water yield varied between 10,322 g to
18,786 g and 497 g to 29,668 g, with significant reductions observed at coverage levels of
30-40% and 60-70%, resulting in decreases of 1058 g and 775 g, and 1287 g and 1012 g,
respectively. Empirical equations in Table 1 depict the relationship between water yield
and grass coverage under different slope or rainfall intensities. The data in Table 1 indicate
a strong and statistically significant correlation, described by a power equation. The coef-
ficients of determination range from 0.868 to 0.992 and 0.898 to 0.994, respectively. The
results of the study are similar to those of previous studies [6,12].
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Figure 1. Variations in water yield of grassland with cover under different slopes or rainfall inten-

sities.

Table 1. The empirical equations for the relationships between water yield and cover under differ-

ent slopes or rainfall intensities.

Rainfall In-

Empirical Equa- Coefficient of . Empirical  Coefficient of
Slope (°) . L tensity . L.
tion Determination : Equation  Determination
(mm/min)

7 W =16077C0145 0.868 0.7 W =3908.7C-048 0.957

10 W =14836C0174 0.977 1.0 W = 6495.5C-036 0.987

15 W =12997C-025 0.982 1.5 W =12997C-021 0.994

20 W =11499C-0268 0.959 2.0 W =18133C0» 0.988

25 W =9134.4C0312 0.992 2.5 W =23052C0-22 0.898

Note: W is water yield (g), C is cover (%).
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3.2. Correlation Analysis Between Water Yield and Grassland Characteristics of Different Cover-
age Grasslands

Figure 2 displays the correlation analysis outcomes of grassland water yield concern-
ing various grassland characteristics. The results in Figure 2 reveal that across different
slopes and rainfall intensities, the correlation between water yield and the specific gravity,
as well as the dry weight of grass leaves, is notably strong. Specifically, the correlation
coefficients are 0.966 and 0.994, 0.957 and 0.993, or 0.963 and 0.993, respectively. These
findings suggest that the specific gravity and dry weight of grass leaves exhibit the most
significant association with water yield in grasslands with varying coverage.
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Figure 2. The correlation analysis results of grassland water yield with different coverage on grass-

land characteristics.

The change in grassland water yield with specific gravity and leaf dry weight under
different slope, rainfall intensity, or slope and rainfall intensity can be described by a bi-
nary linear equation. The determination coefficients are 0.959, 0.955 and 0.957, and the
response equation is (2)—(4).
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W =-77799.2 + 34121.72P + 1580.934L.  R2=0.959 )
W =-70180.2 + 31061.54P + 2374.883L.  R2=0.955 3)
W =-77074.2 + 33802.97P + 1866.842.  R2=0.957 (4)

In the formula: W is the water yield, g; p is specific gravity, g/cm? and 1is the dry weight
of grass leaves, g. Calculated by the contribution rate formula (1), the contribution rates
of specific gravity and grass leaf dry weight to the change in grassland water yield under
different slope, rainfall intensity, or slope and rainfall intensity were 0.44% and 95.43%,
0.16% and 95.35% or 46.13% and 49.53%, respectively.

4. Study on the Characteristics of Sediment Yield of Grassland with
Different Coverage

4.1. Response Characteristics of Sediment Yield to Slope and Rainfall Intensity in Different Cov-
erage Grasslands

Figure 3 illustrates a decrease in grassland sediment yield with increasing coverage
across varying slopes and rainfall intensities. Sediment yield ranged from 199 g to 758 g
and 97 g to 924 g, with coverage levels of 30—40% and 60-70%. The reduction was sub-
stantial, with decreases of 61 g and 48 g, or 59 g and 64 g, respectively. Table 2 presents
the empirical equation depicting the relationship between sediment yield and grass cov-
erage under different slope gradients or rainfall intensities. The data in Table 2 indicate
that the relationship between grassland sediment yield and grass coverage under different
slope gradients or rainfall intensities can be effectively modeled by a power equation. The

correlation is strong and statistically significant, with determination coefficients ranging
from 0.938 to 0.995, or 0.940 to 0.987. The results of the study are similar to those of previ-
ous studies [13,14].
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Figure 3. Variations in sediment yield of grassland with cover under different slopes or rainfall in-

tensities.

Table 2. The empirical equations of the relationships between sediment yield and cover under dif-

ferent slopes or rainfall intensities.

Slope Empirical Equa- Coefficient of Deter- Rainfall Inten-  Empirical Coefficient of

©) tion mination sity (mm/min) Equation  Determination
7 S=171C048 0.985 0.7 S=49C110 0.963
10 S=207C03 0.936 1.0 S =94C08 0.987
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15 S=271C063 0.938 1.5 S =270C-056 0.968
20 S5 =299C054 0.977 2.0 S =486C04 0.940
25 S=464C04 0.995 2.5 S=521C051 0.940

Note: S is sediment yield (g), and C is cover (%).

4.2. Correlation Analysis Between Sediment Yield and Grassland Characteristics in Different
Coverage Grasslands

Figure 4 displays the correlation analysis results between sediment yield and grass-
land characteristics across varying coverage levels. The analysis reveals that specific grav-
ity and root dry weight exhibit the strongest correlation with sediment yield in grasslands
subjected to different slope gradients, rainfall intensities, or a combination of both. Spe-
cifically, the correlation coefficients for specific gravity and sediment yield were 0.968 and
0.960, for root dry weight and sediment yield were 0.979 and 0.999, and for the combined
effect of slope and rainfall intensity were 0.961 and 0.999, respectively. These findings un-
derscore the close relationship between specific gravity, root dry weight, and sediment
yield in grassland ecosystems. Further correlation analysis between sediment yield and
grassland characteristics in areas with varying coverage demonstrated that the fluctua-
tions in sediment yield concerning specific gravity and root dry weight across different
slope gradients could be accurately described by a binary power equation, yielding a de-
termination coefficient of 0.996 and response equations denoted as Equations (5)—(7).
Moreover, the variations in sediment yield associated with specific gravity and root dry
weight under different rainfall intensities or combinations of slope gradients and rainfall
intensities were effectively captured by a binary exponential equation. The determination
coefficients for these equations were 0.992 and 0.959, respectively, with a significance level
of 0.01, and the corresponding response equations were denoted as Equations (6) and (7).

S = 3202285 x P-8006x D033 R2=0.992 )
S = 435.8383 x @UUSL0008Y  R2=(0.996 6)
S = 4507062 X e—3.04612P—0‘04322L R2=0999 (7)

In the formula: S is sediment yield, g; p is specific gravity, (g/cm?); | is the dry weight of
grass leaves, g; v is the volume, cm?3; and d is root dry weight, g. Combined with the cal-
culation formula of contribution rate (1), the contribution rates of specific gravity and root
dry weight to the change in grassland sediment yield under different slope, rainfall inten-
sity, or slope and rainfall intensity were 0.03% and 99.14%, 5.19% and 94.36% or 4.70%
and 95.18%, respectively.
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Figure 4. The correlation analysis results of grassland sediment yield with different coverage on

grassland characteristics.

5. Study on the Variation in Sediment Yield with Water Yield in Differ-
ent Coverage Grasslands

Under varying canopy covers, the sediment yield of grasslands on slopes decreases
with increasing runoff. In contrast, under different rainfall intensities, sediment yield in-
creases as runoff rises. The sediment yield decreased by 559 g or 827 g within the respec-
tive runoff ranges of 10,322 g-18,786 g and 4670 g-29,668 g (Figure 5). Table 3 presents the
empirical equation depicting the relationship between sediment yield and water yield
across different slope gradients. The linear equations in Table 3 effectively describe the
variations in sediment yield with water yield under different slope gradients and rainfall
intensities for grassland under various coverage levels. The correlation is robust and sta-
tistically significant, with coefficients of determination ranging from 0.885 to 0.971 or 0.977
to 0.985.
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Figure 5. The variations in sediment yield with water yield at different slopes (a) or different rainfall

intensities (b) under different covers.

Table 3. The empirical equations of the relationship between sediment yield and water yield under

different covers.

Empirical Equation

Coefficient of

Empirical Equation

Coefficient of

Coverage (%) Determination Determination
At Different Slopes At Different Rainfall Intensities
30 S=-0.077W + 1817 0.885 S5=0.03W - 68 0.985
40 S=-0.057W + 1359 0.895 S=0.034W -72 0.980
50 S=-0.051W + 1197 0.939 S5=0.031W - 53 0.980
60 S=-0.061W + 1126 0.971 S=0.031W-72 0.978
70 S=-0.050W + 1026 0.965 S5=0.02W -74 0.977

Note: S is sediment yield (g), and W is water yield (g).

6. The Variation Characteristics and Mechanisms of the Relationship
Between Sediment Yield with Water Yield on the Grassland
Figure 6 illustrates a positive correlation between WS and coverage across varying

slope gradients and rainfall intensities. The WS values range between 18 g and 83 g or 29
g and 71 g, with more pronounced increases observed at coverage levels of 30-40% and

60-70%. Table 4 presents an empirical equation depicting the relationship between WS

and grass coverage under different slope gradients or rainfall intensities. The data suggest

a strong and statistically significant correlation, with coefficients of determination ranging
from 0.993 to 0.996 or 0.910 to 0.992.
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Figure 6. Variations in the WS with cover under different slopes or rainfall intensities.
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Table 4. The relationship between the WS and cover under different slopes or rainfall intensities.

Sope .. . Coefficient of Rainfall Inten-  Empirical Coefficient of
Empirical Equation s . . . .

) Determination sity (mm'min)  Equation Determination
7  WS=-23C2+75C+41 0.996 0.7 WS = 22e!4C 0.910
10 WS=86C?-44C +54 0.993 1.0 WS = 28e!04¢ 0.992
15 WS=123C2-77C+46 0.993 15 WS = 28e081¢ 0.971
20 WS=-10C2+28C+20 0.986 2.0 WS = 23e0-5€C 0.938
25 WS=11C2-7C+18.9 0.927 2.5 WS = 26e061¢ 0.959

Note: WS is the ratio of the water yield to sediment yield, and C is cover (%).

Figure 7 presents the correlation analysis results of grassland characteristics across
varying slopes, rainfall intensities, and their combinations, along with different levels of
coverage. The analysis revealed that the strongest correlations were observed between
volume and root dry weight with the parameter WS, with correlation coefficients of 0.996
and 0.917, 0.997 and 0.947, and 0.998 and 0.942 for different slope conditions, rainfall in-
tensities, and combined slope and rainfall intensities, respectively. This indicates a close
relationship between volume, root dry weight, and WS across different coverage levels.
Further correlation analysis between WS at different coverage levels and grassland char-
acteristics indicated that the variations in WS concerning volume and root dry weight
could be effectively modeled by a linear equation under diverse slope conditions, yielding
a coefficient of determination of 0.994 (Equation (8)). Conversely, under varying rainfall
intensities, slope gradients, and their combinations, the relationship between WS, root dry
weight, and volume was best described by a power equation. The determination coeffi-
cients were 0.999 or 0.997, with a significance level of 0.01, and the corresponding response
equations were represented by Equations (9) and (10).

WS = 36.6596 + 0.26211V + 0.05023D  R2=0.994 )
WS = 33.30627 x 00012000083V R2=().999 ©9)
WS = 34.44639 x e0006V-00016D  R2=().997 (10)

In the formula: WS is the relationship between water and sediment yield; v is the volume,
cm?; and d is root dry weight, g. The contribution rate of root volume and root dry weight
to the WS was 88.59% and 10.77%, 93.59% and 6.26% or 85.36% and 14.37%, respectively,
under different slope gradients, rainfall intensities, or slope gradients and rainfall inten-
sities.
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Figure 7. The correlation analysis results of WS with different coverage on grassland characteristics.

7. Discussion
7.1. The Characterization of Water Yield, Sediment Yield of Grassland

The figure and table in the study illustrate the impact of grassland coverage on grass-
land water yield, sediment yield, and the correlation between the two. The findings indi-
cate that grassland water yield surpasses the relationship between water yield and sedi-
ment yield, which in turn exceeds sediment yield. In specific soil and rainfall conditions,
the soil infiltration rate governs the runoff process, leading to stability. Water yield is typ-
ically modeled using linear or power equations [23,24] with high coefficients of determi-
nation, aligning with previous research. Conversely, sediment yield is influenced by to-
pography, soil characteristics, and vegetation [25,26], exhibiting greater variability and
requiring power function representation due to its prolonged stability process and notice-
able fluctuations [24]. Despite sediment yield’s higher variability dictating the water yield
and sediment yield relationship, the combined effect of both variables mitigates this vari-
ability, enhancing the characterization of water and sediment yield compared to sediment
yield alone.
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7.2. The Obvious Lag and Variability of Sediment Yield Make the Relationship Between Water
and Sediment Yield Cyclical with the Change in Coverage

Runoff contributes to erosion transport capacity, yet there is a time delay in the de-
composition of soil structure by runoff, leading to a lag in sediment yield compared to
runoff yield. Soil transport processes exhibit variability, with intermittent as well as sud-
den and substantial soil transport occurrences [27]. Certain soil types display regular de-
composition patterns over time, resulting in cyclical relationships between runoff and sed-
iment, as illustrated in Figure 2 of this study. The research indicates that early detection
of soil erosion hinges on assessing sediment yield variability, which is influenced by grass
roots. In this experiment, it was found that the key to the sediment yield—discharge rela-
tionship lies in the characterization of sediment variability, which is determined by grass
roots. A power function of root volume and root dry weight can be used to characterize
the sediment yield—discharge relationship.

7.3. For the Relationship Between Water and Sediment Yield in a Specific Area, Rainfall Charac-
teristics and Terrain Complexity Should Be Considered

For specific regions, if rainfall is relatively stable and the topography is diverse, the
relationship between runoff and sediment yield can be described using a polynomial of
the runoff-sediment ratio. In contrast, in areas with relatively uniform topography and
unstable, heavy rainfall, the relationship should be characterized by a power equation of
the runoff-sediment ratio. These outcomes facilitate the classification and enhancement
of soil and water loss management strategies [3]. From a mechanistic perspective, topog-
raphy, rainfall intensity, and changes in vegetation cover influence the relationship be-
tween runoff generation and sediment yield. These patterns can be applied to the man-
agement of water and soil resources.

7.4. From the Characterization and Analysis of Grassland Water and Sediment Yield and Their
Relationships to Soil and Water Loss Models and Water and Soil Resource Management

The optimal relationship between grassland water yield, sediment yield and their
relationship and coverage was determined by fitting equations, and the changing rules of
grassland water yield, sedimentation and their relationship were clarified. On this basis,
we analyze the correlation between grassland water yield, sediment yield and their rela-
tionship with the two dominant factors of soil and grass cover, select the soil and grass
cover indicators with the greatest correlation, explain the changes in grassland water yield,
sediment yield, and their relationship, and finally reveal the grassland water yield, sedi-
ment yield, and their relationship. Under experimental conditions, soil and grass indica-
tors have a high degree of explanation of grassland water and sediment yield and their
relationships. Empirical equations can not only be used for reference or optimization in
model establishment [28], but also can be used to guide grassland water and soil resource
management under different underlying surfaces or climate conditions [29]. However,
current research has not yet clarified the main controlling factors and transmission paths
between grassland water and sediment yield and their relationships, so the research con-
clusions remain superficial. Moreover, this study is suitable for indoor controlled test con-
ditions, and field tests should be supplemented later.

8. Conclusions

(1) Under different slopes or rain intensities, the water yield and sediment yield of grass-
land decrease with the increase in coverage, and both can be described by power
functions; under different covers, the sediment yield of grassland with different
slopes decreases with the increase in water yield, while the grassland sediment yield
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with different rainfall intensities increases with the increase in water yield, which can
be described by linear equations. Under different slopes or rainfall intensity, the ratio
of grassland water yield to sediment yield (WS) increases with the increase in cover-
age, which can be described by polynomial equations.

(2) The contribution rates of specific gravity and dry weight of grass blades to changes
in grassland water yield under different slopes, rain intensities, or gradients and rain-
fall intensities are 0.44% and 95.43%, 0.16% and 95.35%, or 46.13% and 49.53% respec-
tively; regarding the contribution of specific gravity and root dry weight to grassland
sediment yields, the rates were 0.03% and 99.14%, 5.19% and 94.36%, or 4.70% and
95.18% respectively. The contribution rates of root volume and root dry weight to
changes in the water and sediment yield ratio (WS) of grassland slopes were 88.59%
and 10.77%, 93.59% and 6.26%, or 85.36% and 14.37%, respectively.
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