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Abstract

To further explore the impacts of precipitation and soil and water conservation
measures on runoff and sediment, and to gain a deeper understanding of the
driving factors of water and sediment changes in small and medium-sized rivers
of the Yellow River basin, this study employed methods including the M-K test,
Morlet wavelet analysis, linear regression, and structural equation modeling to
investigate the changes in precipitation and soil and water conservation measure
areas and their mechanisms and processes affecting runoff and sediment in the
upper reaches of the Guanchuan River from 1957 to 2021. The results indicate
that annual precipitation showed a non-significant decreasing trend (P>0.05),
while runoff modulus and sediment transport modulus exhibited significant de-
creasing trends (P<0.05), and the area of soil and water conservation measures
showed an increasing trend. The response of runoff modulus and sediment
transport modulus to precipitation shifted from strong to weak, while their re-
sponse to soil and water conservation measures gradually strengthened. The key
pathways through which precipitation and soil and water conservation measures
influence water and sediment changes were “soil and water conservation measure
area — runoff modulus”, followed by “soil and water conservation measure area
— runoff — sediment transport modulus”; next was “precipitation — runoff
modulus”, and finally “precipitation — runoff modulus — sediment transport
modulus”. The total effects of precipitation on water and sediment changes were
0.42 and 0.38, respectively, while those of soil and water conservation measure
area were -0.72 and -0.65, respectively. The primary factor influencing basin wa-
ter and sediment changes was the area of soil and water conservation measures,
with precipitation being the secondary factor.
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Abstract

To further explore the influence of precipitation and soil and water conservation
measures on runoff and sediment, and to gain an in-depth understanding of
the driving factors behind water and sediment changes in small and medium-
sized tributaries of the Yellow River, this study employed the M-K test, Morlet
wavelet analysis, linear regression, and structural equation modeling to investi-
gate variations in precipitation and soil and water conservation measure imple-
mentation area in the upper Guanchuan River basin from 1957 to 2021, as well
as their mechanisms and processes of action on runoff and sediment. The results
showed that annual precipitation exhibited a non-significant decreasing trend
(P > 0.05), while runoff modulus and sediment transport modulus showed signif-
icant decreasing trends (P < 0.05), and the area of soil and water conservation
measures demonstrated an increasing trend. The response of runoff modulus
and sediment transport modulus to precipitation weakened over time, while
their response to soil and water conservation measures gradually strengthened.
The key pathways through which precipitation and soil and water conservation
measures influence water and sediment changes were: “area of soil and water
conservation measures — runoff modulus,” followed by “area of soil and wa-
ter conservation measures — sediment transport modulus,” then “precipitation
— runoff modulus,” and finally “precipitation — sediment transport modulus.”
The total effects of precipitation on water and sediment changes were 0.42 and
0.38, respectively, whereas those of soil and water conservation measures were
0.72 and 0.65, respectively. The primary factor affecting watershed water and
sediment changes is the area of soil and water conservation measures, with pre-
cipitation being the secondary factor.

Keywords: water and sediment changes; soil and water conservation measures;
structural equation model; upper Guanchuan River
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1 Data Sources and Research Methods
1.1 Study Area Overview

The Guanchuan River is a first-order tributary of the Zuli River, located in cen-
tral Gansu Province. The upper reaches of the Guanchuan River consist of two
tributaries: the Donghe and Xihe Rivers. The total watershed area is 1640.04
km?, with the Xihe River basin covering 637 km?. These two rivers converge
at Chengguan Town in Anding District before flowing into the main channel
of the Guanchuan River. The Donghe and Xihe Rivers flow from the southern
boundary of Anding District northward, with decreasing terrain that erodes the
surface to form landforms typical of loess hills and alluvial valleys, belonging
to a semi-arid loess hilly-gully region. The climate is temperate monsoonal,
characterized by dryness, drought, and low rainfall, with an average precipita-
tion of 413 mm that is unevenly distributed in time and space, concentrated
mainly in [month|. Annual evaporation exceeds 1400 mm. The dominant soil
types are loessial soil and sierozem. The watershed experiences primarily water
erosion, with an average soil erosion modulus of 4558.8 t+km™2. By [year],
the cumulative area of soil and water loss treatment reached 13.05 x 10* hm?,
including 60,963.01 hm? of terraced fields, 37,750 hm? of conservation forests,
5,380 hm? of artificial grassland, and 19,835 hm? of closed-off areas for natural
recovery. The study area has established several hydrological stations includ-
ing the Chankou Hydrological Station (established in [year]), Donghe (Dingxi)
Hydrological Station (established in [year]), and Xihe Station. The distribution
of hydrological and rainfall stations is shown in [Figure 1: see original paper].

1.2 Data Sources and Preprocessing

Annual precipitation data for the period [year]-[year] were provided by the
Gansu Provincial Bureau of Hydrology and Water Resources. The study area
contains six rainfall observation stations (Donghe, Xihe, Neiguanying, Hongtu,
Qinglan, and Chankou), with average annual precipitation calculated using the
Thiessen polygon method. Runoff and sediment discharge data for [year|-[year]
were obtained from observations at the Chankou Hydrological Station, while
data for [year|-[year| came from the Donghe and Xihe hydrological stations. To
minimize the impact of the Chankou station’s relocation, original runoff and sed-
iment discharge values were converted to annual runoff modulus and sediment
transport modulus as the basis for analysis.

Soil and water conservation measure implementation data were derived from
multiple sources: the Gansu Provincial Soil and Water Conservation Annual
Report ([year]-[year]), Anding District Soil and Water Conservation Annual Re-
port ([year]-[year]), research results from “Study on Benefits of Comprehensive
Soil and Water Conservation Measures in Gansu Province” [reference], Anding
District land survey data (second and third surveys), detailed survey data from
Anding District Forestry Bureau, and data from the Grain-for-Green Program
([year]-[year]). Using these materials, the actual implementation quantities of
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soil and water conservation measures in the project area at different time inter-
vals were corrected, and the preservation rates of measures from different periods
were applied to calculate the actual effective area of soil and water conservation
measures in the study area over the years.

1.3 Research Methods

1) The non-parametric Mann-Kendall (M-K) statistical test was used to ana-
lyze trends in precipitation, runoff modulus, and sediment transport mod-
ulus in the Guanchuan River, and to test the significance of these changes.

2) Morlet wavelet analysis was employed to examine precipitation patterns.
Based on the positive/negative values of closed centers in two-dimensional
contour plots and zero points of wavelet coefficients, we identified precip-
itation increase/decrease patterns and abrupt changes. The primary vari-
ation periods were determined with reference to peak values [reference].

3) Linear regression analysis was used to examine relationships between pre-
cipitation, soil and water conservation measure area, and runoff/sediment
modulus.

4) Structural Equation Modeling (SEM) was applied to measure and ana-
lyze relationships between precipitation, soil and water conservation mea-
sure area, and runoff/sediment modulus. A conceptual model of the rela-
tionships was established, and model parameters were determined using
annual precipitation, runoff, and sediment data from [year|-[year] [refer-
ence]. SEM consists of structural equations and measurement equations:
structural equations measure relationships between latent variables, while
measurement equations measure relationships between observed variables
and latent variables.

The measurement model is represented by formulas (1) and (2), while the struc-
tural model is represented by formula (3):

Where: X is the vector of exogenous measurement variables; A is the factor
loading matrix of X on ; § is the measurement error; Y is the vector of endoge-
nous measurement variables; A is the factor loading matrix of Y on ; is the
measurement error; is the vector of endogenous latent variables; is the vec-
tor of exogenous latent variables; B is the regression coefficient matrix between
endogenous latent variables; T' is the regression coefficient matrix of exogenous
latent variables on endogenous latent variables; and is the measurement error.

To evaluate model fit, we selected four indicators: Comparative Fit Index (CFI),
Goodness-of-Fit Index (GFT), Relative Fit Index (RFI), and Root Mean Square
Error of Approximation (RMSEA). Model construction and fitting were per-
formed using AMOS 21.0 and SPSS 26.0 software.
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2 Results
2.1.1 Interannual Variation Characteristics of Runoff Modulus

The average annual runoff modulus in the upper Guanchuan River was 45,221.97
m? « km ™2, with a maximum of 11,466.71 m? + km 2 (in [year]) and a minimum
of 564.33 m3+km™2 (in [year]). The maximum annual runoff modulus was
20.3 times the minimum. Overall, the runoff modulus showed a significant
decreasing trend (P < 0.05). Linear fitting revealed that the annual runoff
modulus decreased year by year, with a particularly significant decline after
[year] (P < 0.05). M-K test results (shown in [Figure 2: see original paper])
indicated an overall evolution from high to low runoff. The intersection of UFk
and UBk curves occurred in [year|, identifying this as the abrupt change point
for runoff modulus.

2.1.2 Interannual Variation Characteristics of Sediment Transport
Modulus

The average annual sediment transport modulus in the upper Guanchuan River
was 11,081.788 t - km 2, showing a fluctuating decreasing trend (see [Figure 3:
see original paper]). The maximum sediment transport modulus was 2,654.60
t +km™2 (in [year]), while the minimum was 1.33 t - km~2 (in [year]). Sediment
transport modulus increased during [period] and decreased during [period], with
a particularly significant declining trend after [year] (P < 0.05). The UFk
and UBk curves intersected in [year], indicating an abrupt change in sediment
transport modulus.

2.2 Precipitation Characteristics

2.2.1 Interannual Variation of Precipitation From [year] to [year], the
average annual precipitation in the upper Guanchuan River was 413.0 mm, with
a maximum of 715.6 mm (in [year]) and a minimum of 268.4 mm (in [year]). The
maximum was 2.7 times the minimum. Precipitation showed a non-significant
decreasing trend overall (P > 0.05). The UFk and UBk curves intersected in
[year], identifying this as the abrupt change year for precipitation (see [Figure
4: see original paper]).

2.2.2 Precipitation Periodicity Wavelet analysis revealed that precipita-
tion exhibited different cyclical patterns of wet and dry periods at various time
scales. The precipitation series showed three time-scale cycles: 9-18 years, 4—
9 years, and 2-4 years. At the 2-4 year scale, precipitation oscillations were
intense with clear periodic patterns and stable signals. At the 4-9 year scale,
cycles were evenly distributed with significant global characteristics. The 9-18
year scale corresponded to the largest peak, indicating the strongest periodic
amplitude and representing the first principal cycle of precipitation variation.
The 4-9 year scale corresponded to the second peak, representing the second
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principal cycle. The 2—4 year scale showed the weakest periodic oscillations,
with negligible effects.

At the 9-18 year scale, two complete global wet-dry alternations occurred, with
precipitation increase oscillation centers in [year] and [year], and decrease oscilla-
tion centers in [year] and [year]. Since 2015, the positive real contour lines have
not fully closed, suggesting that precipitation will show fluctuating decreases
after 2015. As the first principal cycle has greater oscillation intensity than
secondary peaks, the probability of precipitation decrease in the near future is
relatively high (see [Figure 5: see original paper]).

2.3.1 Soil and Water Conservation Measures and Changes in
Runoff/Sediment Modulus

With continuous implementation of soil and water conservation measures and
engineering projects, the quantity of various measures in the upper Guanchuan
River has continuously increased, and the level of soil and water conservation
treatment has improved year by year. Based on implementation intensity, the
study period can be divided into three stages: [year]—[year] (initial stage), [year|—
[year] (comprehensive treatment stage), and [year|-[year| (steady improvement
stage).

During the initial stage, soil and water conservation measures focused primarily
on terracing and afforestation, with scattered and single-method approaches.
The total area of measures was 6,560 hm?, with terraces comprising 70.41% of
the total area, achieving a treatment level of 12.96% and an annual treatment
rate of 0.56%.

During the comprehensive treatment stage, national and provincial key invest-
ments implemented small watershed comprehensive management, sloping farm-
land transformation, and check dam construction projects, significantly improv-
ing treatment levels. By [year], the total area of soil and water conservation
measures reached 21,249.24 hm?, with terraces covering 14,961.47 hm? (70.41%
of total), afforestation 3,279.55 hm?, and grass planting 5,380 hm?, achieving a
treatment level of 56.39% and an annual treatment rate of 2.17%.

During the steady improvement stage, large-scale Grain-for-Green programs
were implemented on the existing foundation. By [year], the total area reached
92,477.833 hm?, with terraces covering 42,060.01 hm?, afforestation 16,202.26
hm?, grass planting 6,096.301 hm?, and closed-off areas 19,835 hm?, achieving
a treatment level of 79.56% and an annual treatment rate of 1.10%.

As the area of soil and water conservation measures gradually increased, both
runoff modulus and sediment transport modulus showed fluctuating decreasing
trends (see [Figure 6: see original paper]).
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2.4.1 Relationship Between Precipitation and Runoff/Sediment Mod-
ulus

Precipitation and human activities (primarily soil and water conservation mea-
sures) are the main factors affecting runoff and sediment modulus. Based on
temporal periods, the time series of precipitation and runoff/sediment modulus
were divided into three stages. Average values for each stage are shown in .

Regression analysis revealed that during Stage 1, runoff and sediment moduli
responded strongly to precipitation variation with high trend synergy, and corre-
lations reached significant levels (P < 0.01). Precipitation explained 46.03% of
runoff modulus variation (R? = 0.46) and 14.59% of sediment transport modulus
variation (R? = 0.15). During Stage 2, the response remained strong with high
synergy, but correlation coefficients were lower than in Stage 1. Precipitation
explained 12.59% of runoff modulus variation (R? = 0.13) and 1.16% of sedi-
ment transport modulus variation (R? = 0.01), both reaching significant levels
(P < 0.01). During Stage 3, the response weakened rapidly, with correlations
failing to reach significance (P > 0.05). Precipitation explained only 0.25%
of runoff modulus variation (R? = 0.0025) and 0.29% of sediment transport
modulus variation (R? = 0.0029).

Runoff modulus and sediment transport modulus showed strong synergy, with
runoff modulus explaining 64.69%, 14.59%, and 2.13% of sediment transport
modulus variation in Stages 1, 2, and 3, respectively, all reaching extremely
significant levels (P < 0.01).

2.4.2 Relationship Between Soil and Water Conservation Measures
Area and Runoff/Sediment Modulus

During Stage 1, runoff and sediment moduli did not respond strongly to changes
in soil and water conservation measures area, with no significant correlations
(P > 0.05). Soil and water conservation measures area explained only 2.17%
of runoff modulus variation (R? = 0.0217) and 1.10% of sediment transport
modulus variation (R? = 0.0110).

During Stage 2, the response strengthened but remained non-significant (P >
0.05). Soil and water conservation measures area explained 6.38% of runoff
modulus variation (R? = 0.0638) and 1.445% of sediment transport modulus
variation (R? = 0.01445).

During Stage 3, the response became strong and highly significant (P < 0.01).
Soil and water conservation measures area explained 72.95% of runoff modulus
variation (R? = 0.7295) and 65.38% of sediment transport modulus variation
(R% = 0.6538). Average runoff modulus decreased from 19,551.10 m3 - km~2 to
2,153.30 m?3 - km 2, and average sediment transport modulus decreased from
4,558.80 t - km™2 to 247.64 t - km~2. This indicates that the impact of soil and
water conservation measures on runoff and sediment moduli gradually increased
over time, effectively controlling soil and water loss.
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2.5 Impact Pathways of Annual Precipitation and Soil and Water
Conservation Measures Area on Annual Runoff/Sediment Modulus

2.5.1 Model Fit SEM was used to quantify direct and indirect effects of
explanatory variables on response variables, analyzing relationships between an-
nual runoff modulus, annual sediment transport modulus, annual precipitation,
and soil and water conservation measures area. Preliminary fitting tests con-
firmed data reliability. Evaluation criteria were: CFI/GFI/RFI > 0.90 indicates
acceptable fit; > 0.95 indicates good fit; RMSEA < 0.08 indicates acceptable
fit; < 0.05 indicates good fit (see ). All indicators met fitting standards, demon-
strating good model fit and high data reliability.

2.5.2 Water-Sediment Change Pathways Path analysis results (see [Fig-
ure 7: see original paper] and ) showed that precipitation has a significant direct
effect on runoff modulus (standardized estimate = 0.42, P < 0.001), meaning
each one-standard-unit increase in precipitation increases runoff modulus by
0.42 standard units. Precipitation’s direct effect on sediment transport modulus
was not significant. Soil and water conservation measures area had a significant
direct effect on runoff modulus (standardized estimate = -0.72, P < 0.001),
indicating each one-standard-unit increase in measures area decreases runoff
modulus by 0.72 standard units. Its direct effect on sediment transport modu-
lus was also not significant. Runoff modulus had a significant direct effect on
sediment transport modulus (standardized estimate = 0.85, P < 0.001), show-
ing that each one-standard-unit increase in runoff modulus increases sediment
transport modulus by 0.85 standard units.

Effect value calculations (see ) revealed that precipitation’s total effects on runoff
modulus and sediment transport modulus were 0.42 and 0.38, respectively, while
soil and water conservation measures area’s total effects were 0.72 and 0.65,
respectively. The indirect effects of precipitation and soil and water conservation
measures area on sediment transport modulus were significant, indicating that
runoff modulus partially mediates the relationship between precipitation, soil
and water conservation measures area, and sediment transport modulus.

The key pathways affecting water and sediment changes were: soil and wa-
ter conservation measures area — runoff modulus (strongest), soil and water
conservation measures area — sediment transport modulus, precipitation —
runoff modulus, and precipitation — sediment transport modulus. These re-
sults demonstrate that soil and water conservation measures area is the primary
factor influencing water and sediment changes, while precipitation is secondary.

3 Discussion

In the upper Guanchuan River basin, precipitation, runoff modulus, and sedi-
ment transport modulus showed similar trends, but the precipitation decrease
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was not significant, while runoff and sediment moduli decreased extremely sig-
nificantly. Studies by Liu Qiang [reference] and Sheng Fei [reference] on water
and sediment changes in different watersheds concluded that water-sediment
relationships are significantly affected by soil and water conservation measures,
which can effectively reduce runoff and sediment discharge. Wang Jin [refer-
ence| found that in the Zuli River basin, precipitation and human activities
contributed 28.7% and 71.3% to runoff modulus changes, respectively, indicat-
ing that human activity is the major influencing factor and precipitation is
secondary—consistent with our findings.

This study shows that precipitation’s influence on runoff and sediment moduli
gradually decreased over time, while the influence of soil and water conservation
measures gradually increased. The substantial increase in soil and water con-
servation measures area is the main factor driving water-sediment relationship
changes, with precipitation being secondary. However, this study only explored
relationships between precipitation, soil and water conservation measures, and
runoff /sediment generation. Other factors (temperature, soil, watershed slope,
seasonal climate variations, rainfall intensity, and human activities such as pro-
duction and construction) also significantly affect water and sediment changes
but were not fully considered here, representing a limitation for future research.

4 Conclusions

1) In the upper Guanchuan River basin, runoff modulus and sediment trans-
port modulus showed strong synchronization and significant decreasing
trends during the study period, with abrupt change points in [year] and
[year|, respectively. Precipitation remained relatively stable with a non-
significant decreasing trend. Soil and water conservation measures area
increased continuously over time.

2) The response of runoff and sediment moduli to precipitation weakened
over time, while their response to soil and water conservation measures
area strengthened. Correlation coefficients (R) between precipitation and
runoff/sediment moduli decreased from 0.68 and 0.38 to 0.05 and 0.03,
respectively. Correlation coefficients between soil and water conservation
measures area and runoff/sediment moduli increased from -0.15 and -0.10
to -0.85 and -0.81, respectively, indicating that soil and water conservation
measures area has become increasingly important in affecting watershed
runoff and sediment generation.

3) Precipitation and soil and water conservation measures area directly af-
fect runoff modulus, which in turn directly affects sediment transport
modulus. Both factors indirectly influence sediment transport modulus
by directly affecting runoff modulus. Precipitation’s explanatory power
(R?) for runoff modulus decreased from 0.46 to 0.0025, and for sediment
transport modulus from 0.15 to 0.0029. Soil and water conservation mea-
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sures area’s explanatory power for runoff modulus increased from 0.0217
to 0.7295, and for sediment transport modulus from 0.0110 to 0.6538. This
indicates that the primary factor influencing water and sediment changes
has shifted from precipitation to soil and water conservation measures.

4) Pathway analysis showed that precipitation and soil and water conserva-
tion measures affect runoff and sediment moduli by directly influencing
runoff modulus, which then indirectly affects sediment transport modulus.
In terms of total effects, soil and water conservation measures area had
total effects of 0.72 and 0.65 on runoff modulus and sediment transport
modulus, respectively, while precipitation had total effects of 0.42 and
0.38. Therefore, soil and water conservation measures are the main factor
affecting water and sediment changes, with precipitation being secondary.
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