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Abstract: In semi-arid basins, riparian vegetation is an important part of the river ecosystem.
However, with the decrease in river runoff caused by human activities and the continuous
changes in climate, riparian vegetation has gradually degraded. To identify the main
influencing factors of riparian vegetation changes, we extracted the river flow indicators,
climate indicators, and riparian vegetation indicators of a Xiliao River typical section from
1985 to 2020 in spring and summer, and established a random forest model to screen the
key driving factors of riparian vegetation. Then, we simulated the response characteristics
of riparian vegetation to the key driving factors in spring and summer based on nonlinear
equations. The results showed that the contribution of river flow factors to riparian
vegetation was higher than that of climate factors. In spring, the key driving factors of
riparian vegetation were the average flow in May and the average flow from March to May;
in summer, the key driving factors were the average flow in May, the maximum 90-day
average flow, and the average flow from March to August. Among them, the average
flow in May contributed more than 50% to the indicators of riparian vegetation in both
spring and summer. The final conclusion is that in the optimal growth range of plants,
increasing the base flow and pulse flow of rivers will promote seed germination and plant
growth, but when the river flow exceeds this threshold, vegetation growth will stagnate.
The research results improve the existing knowledge of the influencing factors of riparian
vegetation in semi-arid basins, and provide a reference for improving the natural growth
of riparian vegetation and guiding the ecological protection and restoration of rivers in
semi-arid areas.

Keywords: semi-arid area; riparian vegetation; river flow; driving factors

1. Introduction
As important terrestrial ecological zones, riparian vegetation zones are significantly

affected by regional climatic factors [1,2] and river hydrological conditions [3,4]. While
in semi-arid areas, water is a key restrictive resource [5,6], the water required for riparian
vegetation mainly comes from a mixture of snowmelt, precipitation, and river runoff. Lan
and Yu [7] argued that in semi-arid areas, the restoration of riparian grassland vegetation
is largely dependent on the restoration of river runoff. Sims and Colloff [8] noted that in
addition to floods, many environmental factors such as precipitation, temperature, and
seasonality also affect the growth of flood plain plants. Therefore, to protect or restore
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riparian vegetation, it is necessary to identify the key drivers of vegetation and analyze the
response characteristics of vegetation to these factors.

Obviously, patterns of riparian vegetation change in semi-arid areas reflect both hydro-
logical and climatic conditions [9,10]. Climatic conditions are often the driving force on a
larger scale, whereas hydrological conditions are the dominant factor on a fine scale [11,12].
River hydrological condition affect riparian vegetation by maintaining or altering soil mois-
ture [13,14], transporting and fixing soil sediments [15,16], and other means. In semi-arid
regions, due to water resource constraints, research has primarily focused on the impact of
interannual river hydrological conditions on riparian vegetation [17]. The species compo-
sition and community structure of riparian plants [18,19], vegetation cover [20,21], NDVI
and productivity [22,23], the establishment of suitable habitats [24,25], and other vegetation
attributes all depend on the annual runoff patterns.

The influence of climate conditions on riparian vegetation is important at all scales [26],
as precipitation [27,28], temperature [29,30], and solar radiation [31] affect vegetation
physiological processes at different scales through various mechanisms [32,33], such as
respiration, transpiration, and photosynthesis [34–37], in addition to vegetation features
such as NDVI [38–40].

In conclusion, the above claims have been well supported by evidence, but the research
on the response of riparian vegetation to river flow changes in different seasons and months
during the year is still insufficient. In semi-arid regions, the relationship between riparian
vegetation phenology and seasonal variation patterns of river flow is very important [41].
For example, the flow upswing period usually coincides with the seed release and diffusion
period [41]. In riparian plant communities in semi-arid regions, the seed dispersal and
germination of some pioneer plants roughly coincide with the end of snowmelt runoff
each spring [42]. Thus, the release and dispersal of plant propagules must coincide with
the period during which riparian soils are suitable for settlement in order to maximize the
success of reproduction [43]. In addition, in some semi-arid climate regions of the Eurasian
continent, the response between riparian vegetation and river flow mainly occurs in spring
and summer, because spring and summer are the main stages of plant life activities [39].
Upon entering autumn and winter, the growth of plants will be restricted by climatic
conditions, especially herbs, which basically stop growing in autumn and winter and enter
the wilting period [44]. And at this time, the river runoff volume also begins to decline and
gradually freezes, losing the ability to act on riparian vegetation. Therefore, under different
environmental backgrounds, whether the key driving factors affecting riparian vegetation
growth are river runoff or climate factors such as precipitation and temperature, and how
riparian vegetation responds to key driving factors, still needs to be further explored. In
order to further enrich and improve the deficiencies of the corresponding research, we
designed this study, aiming to comprehensively consider the impact characteristics of river
flow and climate factors on typical riparian vegetation in semi-arid areas.

The typical riparian zone of the Xiliao River was selected as the research area, and the
corresponding indicators were extracted using the hydrological, climatic, and vegetation
data from 1985 to 2020 to explore the climatic or hydrological driving factors that have an
important impact on vegetation, and to reveal the response characteristics of vegetation to
key driving factors.

2. Materials and Methods
2.1. Study Area

The Xiliao River Basin is located in the southwestern part of the Songliao Plain, with
geographical coordinates of 42◦18′ to 44◦30′ north latitude and 119◦14′ to 123◦42′ east
longitude, covering an area of about 138,000 square kilometers. The region has a semi-arid
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temperate monsoon climate, characterized by dry and windy springs, humid and hot
summers, cool autumns, and cold and snowy winters. The average annual temperature is
5.0 ◦C~6.5 ◦C, the average annual sunshine hours are 800~3100 h, and the relative humidity
is 45%~58%. The average wind speed over the years is 2.7~4.0 m/s. The precipitation in
the Xiliao River Basin is unevenly distributed in terms of time and space. It increases from
northwest to southeast in space, and 85% of the precipitation is concentrated from June
to September. The amount of precipitation in autumn and winter is very small, with an
average annual precipitation of 338.8 mm and an average annual evaporation of about
1057 mm.

The surface water system includes the main stream of the Xiliao River and tributaries
such as the Xilamulun River, the Laoha River, and the Xinkai River. Due to the uneven
distribution of precipitation during the year, the main water inflow periods of the main
stream and tributaries of the Xiliao River are concentrated in spring and summer, and
the runoff volume of the river channel is less in autumn and winter, which is close to
drying up. We selected a typical reach in the study area that lay along the main channel
of the Xiliao River, between the lower reaches of the Xilamulun River (a major tributary
of the Xiliao River) and the Maixin Hydrological Station (Figure 1). In the river basin,
precipitation is decreasing due to a combination of climate change and a surge in industrial
and agricultural water consumption. As a result, the runoff of the main water systems
of the Xiliao River Basin has decreased year by year since 2000 [45]. The average annual
runoff of the Xilamulun River, where our study area is located, decreased by 47.5% from
2001 to 2021 compared with the value from 1956 to 1979 and by 46.3% compared with the
value from 1980 to 2000.
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Figure 1. Geographical location of study area and image of surrounding terrain.

2.2. Data Sources

We used monthly-scale hydrology, vegetation, and climate data from 1985 to 2020
in our analyses. The hydrological data were derived from the monthly measured runoff
at the Taihekou Hydrological Station (120◦26′0′′ E, 43◦23′0′′ N; Figure 1). We derived the
kNDVI and FVC data from the USGS Earth Explorer site (https://earthexplorer.usgs.gov/,
accessed on 25 May 2023), based on Landsat 5 TM, Landsat 7 ETM, and Landsat 8 OLI

https://earthexplorer.usgs.gov/
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images. Missing pixels were filled in by means of Kriging interpolation, and cloud-covered
pixels were cleaned by wavelet transform. We used the Haar wavelet as the wavelet
base, with the weight of the approximate coefficient set to 0.6 and the weight of the high
frequency coefficient was set to 4.

NPP data from May and August were obtained from the National NPP dataset from
1985 to 2015 created by the Institute of Geography, Chinese Academy of Sciences [46]; NPP
data from 2016 to 2020 were obtained from the USGS Earth Explorer website. The vegetation
data for the study area were also extracted on a monthly scale. We calculated the monthly
average of the riparian vegetation indicators in May (spring) and August (summer). We
obtained cumulative precipitation, solar radiation, and land surface temperature data
throughout the study area from the China Meteorological Data Sharing Service system
(https://data.cma.cn/, accessed on 17 May 2023). The data with different resolutions were
resampled to a resolution of 30 m by version 10.5 of ArcGIS (www.esri.com, accessed on
8 May 2023) to ensure the same pixel size.

2.3. Selection of Hydrological, Riparian Vegetation, and Meteorological Indicators

River hydrological indicators characterize a river’s natural flow patterns and their
significance for riparian ecosystems. More than 170 indicators have been proposed to
describe river hydrological regimes [47,48]. Richter et al. [49] proposed an approach based
on indicators of hydrological alteration, and this is the most widely used indicator system.
Based on Richter’s approach and the current situation in our study area, we selected the
average flows of each month from March to August, the average flow from March to May,
the average flow from March to August, and the maximum average flow for periods of 30
and 90 days as the river flow indicators in the spring and summer (i.e., the local vegetation’s
growing season). The spring river flow indicators were the average flows in each month
from March to May and the average flow for the whole period from March to May, and the
summer river flow indicators were the average flow in each month from March to August,
the average flow for the whole period from March to August, and the maximum 30-day
and 90-day average flows.

We chose three riparian vegetation indicators to characterize the activity of riparian
vegetation: kNDVI, FVC, and NPP. The spring and summer vegetation indicators were for
May and August, respectively. To better explain the changes of vegetation in the riparian
zone, we obtained data on the cumulative precipitation (CP), cumulative solar radiation
(CSR), and cumulative surface temperature (CST) as climate indicators. Table 1 summarizes
the indicator details. The values of these variables from March to May were taken as
spring climate indicators, and the values from March to August were taken as the summer
climate indicators.

Table 1. Selected river flow, riparian vegetation, and climate indicators.

Indicator Type Indicator Name Units Ecological Significance Extraction
Method

River flow
indicators

Average flow in each month
from March to August

Average flow for the whole
period from March to May
Average flow for the whole

period from March to August
Maximum 30-day average flow
Maximum 90-day average flow

m3/s

- Ensure suitable habitat condition and water
regime (quantity, quality, and temperature) for
aquatic and terrestrial organisms [50].

- Provide food and cover for fur-bearing
mammals [50].

- Provide adequate soil moisture and necessary
minerals in the soil [51].

- Shaping of the riverine ecosystem through
biotic and abiotic factors [51,52].

Numerical
statistics

https://data.cma.cn/
www.esri.com
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Table 1. Cont.

Indicator Type Indicator Name Units Ecological Significance Extraction
Method

Climate
indicators

Cumulative precipitation from
March to May and from March

to August
mm

- Highly related to the peak season of vegetation
growth. High rainfall will prolong the peak
season of vegetation growth [53].

- Provides the water needed to maintain the
growth of vegetation [54].

ENVI data
analyzed in

ArcGIS
(www.esri.com)

Cumulative solar radiation from
March to May and from March

to August
W/m2 - Provides the main energy for vegetation

photosynthesis [54].

Cumulative surface temperature
from March to May and from

March to August
K

- Under the condition that water is not the
limiting factor, higher temperatures lead to an
early start of the plant growing season [55].

- The increase of temperature will prolong the
growing season and promote carbon
assimilation by the vegetation [56].

Vegetation
indicators

kNDVI in May and August

- Reflect the change of vegetation greenness [57].
- Compared with NDVI, it can better deal with

saturation effects, complex phenological cycles,
and seasonal variation, and can solve the
problem of mixed pixels [58].

kNDVI =
tanh

(
NDVI2)
[59]

FVC in May and August
- Focuses on the description of vegetation

density, which directly reflects the change of
vegetation cover [33,60].

FVC =
NDVI−NDVImin

NDVImax−NDVImin
[61,62]

NPP in May and August gC/(m2·year)

- Focus on the growth and quality of vegetation,
that is, biomass [63].

- It reflects the growth status of vegetation and
the health status of the ecosystem [64].

ArcGIS and
ENVI statistics

In the FVC calculation formula in Table 1, NDVImin and NDVImax represent the values
of bare soil pixels (NDVIs) and pure vegetation pixels (NDVIv) in a specific confidence
interval. The values of NDVImin and NDVImax vary from region to region [65]. Therefore,
in the actual calculation, we relied on previous studies [66,67], and chose the gray value
distribution in the images to define the 95% confidence intervals for NDVImin and NDVImax.

2.4. Trend Tests and Relationship Simulation
2.4.1. Analysis of Key Driving Factors for Riparian Vegetation

The influence of river flow and climatic conditions on riparian vegetation is complex,
and the relationship between riparian vegetation and the two driving forces cannot be
characterized by a simple linear model. The Random Forest (RF) model has certain ad-
vantages in dealing with the feature selection and attribution problems of high-dimension
data similar to the data used in the present study. During training, Random Forest detects
the impact of the relationships between features and identifies which features are most
important after training. When there is a classification imbalance, Random Forest can
provide an effective way to balance errors in the dataset [68]. Moreover, Random Forest
models usually have better prediction ability than corresponding parametric models [69]. If
many values of the features are missing, Random Forest can still maintain accuracy. These
advantages indicate that the Random Forest model was suitable for our study. As a result,
we chose this approach to analyze the key driving factors for riparian vegetation.

Random Forest is based on a classification and regression tree implementation [70].
Through two randomization methods (selecting training samples and selecting variables
for each node of the tree), many independent trees can be generated to achieve the final
decision. We used version 4.7 of the Random Forest package (https://cran.r-project.org/
web/packages/randomForest/index.html, accessed on 10 June 2023) for version 4.3.2 of the

www.esri.com
https://cran.r-project.org/web/packages/randomForest/index.html
https://cran.r-project.org/web/packages/randomForest/index.html
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R software (https://www.r-project.org/, accessed on 13 June 2023) to create the Random
Forest model. To create the model, we calculated the feature importance for each river
flow and climate factor to identify the most important variables. We did this by adding
all the internal nodes of the classification and regression tree and improving the objective
function given by the segmentation criteria for all trees in the forest [69]. We standardized
the feature importance of each factor by dividing the score for each factor by the total score
for all factors. Finally, we selected the variable with the highest feature importance for
each vegetation indicator as the key driving factor. We then fit this factor to the vegetation
indicators following the method described in the next section.

2.4.2. Fitting of the Vegetation Indicators and Key Driving Factors

The curve for the physiological processes by which riparian plants respond to changes
of flow is often nonlinear [71]. Similarly, nonlinear correlation analysis is often used
to analyze the relationship between vegetation change and climate factors [72]. This
is necessary because linear correlation analysis alone may not be able to capture the
relationships between ecological characteristics and physical factors that affect the riparian
vegetation [4,73]. In comparison, nonlinear equation fitting better reflects the laws of
natural vegetation ecological evolution, better reflects the changes in riparian vegetation
with driving factors [23], and is more likely to determine whether there are corresponding
thresholds for the dynamic changes of riparian vegetation with driving factors [65].

Therefore, we used nonlinear equation to establish the relationship between the
vegetation indicators and the corresponding key driving factors identified in the previous
section. By defining the key driving factors of the riparian vegetation indicators in May and
August, the nonlinear equation was able to fit the relationship between these indicators
and the key driving factors in May and August. This let us clarify the characteristics of the
responses of riparian vegetation to the key driving factors in spring and summer.

3. Results
3.1. Analysis of Key Driving Factors for Riparian Vegetation
3.1.1. Analysis of Key Driving Factors for Riparian Vegetation in May

Based on the Random Forest model, we calculated the contribution of the statistically
significant river flow indicators, climate indicators, and riparian vegetation indicators in
May to determine the key driving factors for riparian vegetation growth in the spring. The
fitting results are shown in Table 2 and Figure 2.

Table 2. Random Forest analysis accuracy for riparian vegetation indicators, river flow indicators, and
climate indicators in May (spring). Abbreviations: FVC, fractional vegetation cover; kNDVI, kernel
normalized-difference vegetation index; MAE, mean absolute error; NPP, net primary production; R2,
regression goodness of fit; RMSE, root mean square error.

Riparian Vegetation Indicators
Accuracy of Calibration Accuracy of Validation

R2 RMSE MAE R2 RMSE MAE

kNDVI 0.869 0.003 0.003 0.837 0.003 0.003
FVC 0.851 0.012 0.010 0.803 0.016 0.013
NPP 0.874 1.018 0.811 0.886 0.841 0.743

Figure 2 showed that the average flow in May had the greatest contribution to kNDVI
and NPP, whereas the average flow from March to May had the greatest contribution to
FVC. Among the driving factors for riparian zone kNDVI in May, the influence was higher
for the average flows in May, in April, and from March to May, as well as for CST. In the
driving factors for FVC, the average flow from March to May, in April, and in March, as

https://www.r-project.org/
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well as CP, were the dominant factors. In the driving factors for NPP, average flows in May
and April were the main driving factors.
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Figure 2. Significance analysis for vegetation indicators and driving factors in riparian zones in May.
Abbreviations: CP, cumulative precipitation; CSR, cumulative solar radiation; CST, cumulative sur-
face temperature; FVC, fractional vegetation cover; kNDVI, kernel normalized-difference vegetation
index; NPP, net primary production.

According to the fitting results for the three spring vegetation indicators and the
driving factors, the average flow in May and from March to May were the key driving
factors leading to the spring growth of riparian vegetation. The Random Forest model
also showed that when the factors affecting the spring germination and growth of riparian
vegetation are more fully considered, the river flow factors played a leading role in the
germination of riparian plants. Among the climatic factors, CST had a greater influence on
kNDVI and NPP, and CP had a greater influence on FVC.

Table 2 also shows that the Random Forest simulation accuracy was high (R2 > 0.8) for
the three vegetation indicators, with accuracy in the order NPP > kNDVI > FVC, indicating
that the identification of the key driving factors for riparian vegetation identified by the
Random Forest model was reliable.

3.1.2. Analysis of Key Driving Factors for Riparian Vegetation in August

We also used a Random Forest model to analyze the contributions of the statistically
significant river flow and climate indicators to the riparian vegetation indicators in August
and to reveal the key driving factors for summer riparian vegetation growth. The fitting
results are shown in Figure 3 and Table 3.

Table 3. Analysis of Random Forest accuracy for riparian vegetation indicators, river flow indica-
tors, and climate indicators in August (summer). Abbreviations: FVC, fractional vegetation cover;
kNDVI, kernel normalized-difference vegetation index; MAE, mean absolute error; NPP, net primary
production; R2, regression goodness of fit; RMSE, root mean square error.

Riparian Vegetation Indicators
Accuracy of Calibration Accuracy of Validation

R2 RMSE MAE R2 RMSE MAE

kNDVI 0.921 0.017 0.014 0.898 0.018 0.014
FVC 0.915 0.015 0.012 0.858 0.016 0.011
NPP 0.899 1.715 1.374 0.851 2.015 1.666



Land 2025, 14, 198 8 of 19

Land 2025, 14, x FOR PEER REVIEW 8 of 20 
 

We also used a Random Forest model to analyze the contributions of the statistically 
significant river flow and climate indicators to the riparian vegetation indicators in 
August and to reveal the key driving factors for summer riparian vegetation growth. The 
fitting results are shown in Figure 3 and Table 3. 

 

Figure 3. Significance analysis for vegetation indicators and driving factors in the riparian zones in 
August. Abbreviations: CP, cumulative precipitation; CSR, cumulative solar radiation; CST, 
cumulative surface temperature; FVC, fractional vegetation cover; kNDVI, kernel normalized-
difference vegetation index; NPP, net primary production. 

Table 3. Analysis of Random Forest accuracy for riparian vegetation indicators, river flow 
indicators, and climate indicators in August (summer). Abbreviations: FVC, fractional vegetation 
cover; kNDVI, kernel normalized-difference vegetation index; MAE, mean absolute error; NPP, net 
primary production; R2, regression goodness of fit; RMSE, root mean square error. 

Riparian Vegetation Indicators 
Accuracy of 
Calibration 

Accuracy of 
Validation 

R2 RMSE MAE R2 RMSE MAE 
kNDVI 0.921 0.017 0.014 0.898 0.018 0.014 

FVC 0.915 0.015 0.012 0.858 0.016 0.011 
NPP 0.899 1.715 1.374 0.851 2.015 1.666 

Figure 3 shows that the average flow in May had the highest influence on kNDVI, the 
maximum 90-day average flow had the highest influence on FVC, and the average flow 
from March to August had the highest influence on NPP. Among the driving factors for 
riparian vegetation, kNDVI in August, the average flow in May, the average flow from 
March to August, the maximum 90-day average flow, and the average flow in June were 
strongest. Among the driving factors for FVC, the strongest driving factors were the 
maximum 90-day average flow, average flow in May, average flow from March to August, 
and average flow in August. Among the driving factors for NPP, the strongest factors 
were the average flow from March to August, average flow in June, maximum 90-day 
average flow, and average flow in May. 

In the fitting results for the three summer riparian zone vegetation indicators, the 
most important driving factors were the average flow in May, average flow from March 
to August, and maximum 90-day average flow. These all played an important role in the 
growth of riparian vegetation and were key driving factors. Among the climatic factors, 

Figure 3. Significance analysis for vegetation indicators and driving factors in the riparian zones in
August. Abbreviations: CP, cumulative precipitation; CSR, cumulative solar radiation; CST, cumu-
lative surface temperature; FVC, fractional vegetation cover; kNDVI, kernel normalized-difference
vegetation index; NPP, net primary production.

Figure 3 shows that the average flow in May had the highest influence on kNDVI,
the maximum 90-day average flow had the highest influence on FVC, and the average
flow from March to August had the highest influence on NPP. Among the driving factors
for riparian vegetation, kNDVI in August, the average flow in May, the average flow
from March to August, the maximum 90-day average flow, and the average flow in June
were strongest. Among the driving factors for FVC, the strongest driving factors were the
maximum 90-day average flow, average flow in May, average flow from March to August,
and average flow in August. Among the driving factors for NPP, the strongest factors were
the average flow from March to August, average flow in June, maximum 90-day average
flow, and average flow in May.

In the fitting results for the three summer riparian zone vegetation indicators, the
most important driving factors were the average flow in May, average flow from March
to August, and maximum 90-day average flow. These all played an important role in the
growth of riparian vegetation and were key driving factors. Among the climatic factors,
the contributions of CP to vegetation FVC and NPP were highest, and the contribution of
CST to vegetation kNDVI was highest.

Table 3 shows high simulation accuracy of the vegetation indicators (R2 > 0.85) by the
Random Forest model, which indicates that the model was reliable. The strengths were in
the order kNDVI > FVC > NPP.

3.2. Simulation of Relationships Between Riparian Vegetation and Its Key Driving Factors
3.2.1. Relationships Between Riparian Vegetation and Its Key Driving Factors in May

We used version 2018C of the OriginPro software (https://www.originlab.com/,
accessed on 18 June 2023) to simulate the nonlinear relationships between the riparian
vegetation kNDVI, FVC, and NPP and their corresponding key driving factors in May
based on data from 1985 to 2020. All simulation results passed the 0.05 significance level
test. Figure 4 shows the simulation results.

The fitting results for the riparian vegetation indicators and the corresponding key
driving factors in May were only moderately strong (R2 < 0.69), but were statistically
significant and reflected the responses of riparian vegetation to key river flow indicators
in the spring. The three curves initially increased rapidly, then stabilized. kNDVI of

https://www.originlab.com/


Land 2025, 14, 198 9 of 19

the riparian vegetation in the spring gradually increased with increasing average flow
in May until it stabilized around 0.06 (Figure 4a). With increasing average flow from
March to May, FVC increased initially and then stabilized at about 0.25 (Figure 4b). The
continuous increase of the average flow in May led to increasing NPP, which stabilized
near 16 gC/(m2·year) (Figure 4c). average flow in May
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3.2.2. Relationships Between Riparian Vegetation and Its Key Driving Factors in August

We used the OriginPro software to simulate the nonlinear relationships between the
riparian vegetation kNDVI, FVC, and NPP and the corresponding key driving factors in
August based on data from 1985 to 2020. All simulation results passed the 0.05 significance
level test. Figure 5 shows the simulation results.

Figure 5 reflects the responses of riparian vegetation to key flow factors in summer.
The three relationship curves were again moderately strong (R2 < 0.74) and were similar
to those in spring. The values of each vegetation indicator increased continuously with
increasing flow, and then tended to stabilize. Increasing the average flow in May increased
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kNDVI, which gradually stabilized at about 0.255 (Figure 5a). Increasing the maximum
90-day average flow increased FVC until it stabilized near 0.55 (Figure 5b). NPP increased
with increasing average flow from March to August and gradually stabilized at around
47 gC/(m2·year) (Figure 5c).
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tors in August: (a) kernel normalized-difference vegetation index (kNDVI); (b) fractional vegetation
cover (FVC); (c) net primary production (NPP). All regressions were statistically significant (p < 0.05).

4. Discussion
4.1. Flow Factors Had More Effect on Riparian Vegetation than Climate Factors

Our modeling results for May showed that the average flow in May and the average
flow from March to May play a significant role in the spring germination and growth
of riparian vegetation. These indicators represent the flow conditions in spring and are
key drivers of riparian vegetation in spring. For riparian vegetation in semi-arid regions,
soil moisture is the most direct and important source of moisture [74]. Plant germination
begins with drying seeds to absorb soil moisture, leading to radicle destruction of the seed
coat and ends with hypocotyl elongation [75], followed by mobilization of major nutrient
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reserves required for seedling growth [76]. In our study area, snowmelt-dominated spring
runoff meets the basic water needs of plant seeds and seedlings by replenishing shallow
soil water in riparian zones. Spring is therefore probably the most critical window for soil
moisture replenishment near rivers.

The modeling result of May also showed that the May average flow impact on riparian
vegetation occurred in the short term (within the same month), while the March–May aver-
age flow revealed a lagged (because persistent) effect of river flow on riparian vegetation.
These results confirm the critical timing of the release of spring flow. Most riparian plants
disperse their seeds and other propagules when river flow occurs in spring, which also
redistributes sediment, removes aging plants, and creates a suitable environment for new
plants [77,78], and due to conditions such as soil moisture content reaching an appropriate
range at this time, plant propagules begin to grow in a short period of time, which may
explain why the effects of river flow on riparian vegetation in spring exhibit immediate
and lagging characteristics.

In similar research both domestically and internationally, such as the Heihe River
Basin in Northwest China, spring runoff is also closely related to the overall development
and biomass of oasis vegetation in the lower reaches of the river [79,80]. Vegetation growth
in the lower reaches of the Heihe River is affected by April–May runoff [80]. In the Yampa
and Green River basins of the Southwest United States, the peak of spring snowmelt
flow arrives between mid-May and early June, during which the greenness and vitality
of riparian vegetation increases [16]. Similarly, spring water flow is closely related to
vegetation density along the Colorado River. The overlap between the late spring pulse
flow period and the stem elongation period of native vegetation increases the likelihood of
germination of native species along the Colorado River [81]. Since 2000, vegetation density
in the riparian corridor has declined significantly as runoff volume in the lower Colorado
River has decreased [20,82]. In some lowland rivers in southeastern Australia, the timing
of spring runoff release is also important [44], because river regulation changes the original
seasonal characteristics, and spring flow is even more important for wetland macrophytes
than summer flow [83]. This suggests the importance of spring flow conditions in restoring
riparian vegetation ecology in semi-arid regions. In addition to the runoff factors mentioned
above, temperature plays a key role in the life activities of riparian vegetation in spring [84],
and our analysis results showed that it is a climate factor that cannot be ignored.

The August modeling results revealed that the average discharge in May, the average
discharge from March to August and the maximum 90-day average discharge are the
key driving factors of riparian vegetation. For riparian vegetation in August, the river
runoff factors mainly show time-lag effects. This result is mainly due to the fact that in
late spring or early summer, water flow affects riparian vegetation through mechanisms
such as increasing the number of propagules reaching riparian [85,86], stimulating the
coexistence of pioneer species and their competitors [87], and improving the suitability
of shallow-water habitats [88]. All of these changes occur before the plant maturation
stage, thus combining to form a lag in the impact of runoff on riparian vegetation in
August. August is the transitional stage from seedling to maturity of riparian plants
in this study area. The growth state of these plants must be relatively stable to ensure
their vital function, which requires the river water to continuously replenish the riparian
soil with basic flow. In addition, summer floods alter plant community composition by
dispersing vegetation, providing a clean and moist substrate, and killing fragile plants
through hydraulic disturbances [12]. More natural flood dynamics may enhance the
transportation of plant propagules to suitable sites, promoting successful colonization at
new sites [75]. Therefore, the increase in river flow in summer increases the availability of
soil moisture, while also creating favorable growth for plants.
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Other scholars have also confirmed that riparian vegetation in summer is affected by
the time-lag effects of basic flow and flood pulses. In the Gwydir wetlands of Australia,
vegetation NDVI is very sensitive to river runoff volume 40 days after the flood event [22].
Due to the effects of summer flooding, vegetation in the Macquarie wetlands flourishes
from late spring to late summer and peaks in early summer [73]. Furthermore, river flow
during 30, 90, and 180 days before the improvement in vegetation greenness is significantly
associated with vegetation development in the Macquarie wetlands [89]. The above studies
all involved monthly or multi-monthly flow metrics, similar to the time scales we used for
May average flow, March–August average flow, and maximum 90-day average flow. All of
these results suggest that river water is a major factor affecting vegetation productivity and
NDVI in riparian wetlands in our study area.

In arid or semi-arid regions, herbs are sensitive to precipitation and demonstrate the
ability to utilize shallow soil water [90]. Generally speaking, wetland communities are
more sensitive to river flow, while terrestrial communities are more dependent on climatic
factors [73]. Due to the intermittent and seasonal characteristics of runoff in this study area,
most riparian areas often switch frequently between being submerged and becoming bare,
which makes riparian plant communities show varying degrees of sensitivity to river flow
and climatic factors. Due to the small spatial scale of this study, the climatic factors were
relatively stable on the monthly time scale and did not change significantly. On the contrary,
due to the influence of human activities, the river hydrological conditions in the study area
have changed significantly over the years, and the influence of river hydrological conditions
on riparian vegetation is more significant than that of climatic conditions. The reduction of
river runoff exacerbated the degradation of vegetation in the riparian zone, led to serious
riparian erosion, and severely damaged the river’s ecological functions. Therefore, the
dependence of riparian vegetation on river hydrological conditions is higher than that on
climatic conditions.

It can be found that the key driving factors of the three riparian vegetation indicators
in spring and summer are different. This can be understood as kNDVI, FVC, and NPP
indicate the attributes of different aspects of vegetation, so the environmental conditions
they rely on are different. kNDVI reflects the greenness of vegetation, that is, the degree of
growth health, which requires the supply quantity and timing of soil water; FVC reflects
the ability of vegetation to reproduce and expand, which may depend on the continuous
flow of rivers and water propagation; NPP indicates the utilization of nutrients and the
accumulation capacity of organic carbon by plants, which may depend on the transport
and migration of sediments and soil nutrients by water flow. Therefore, the key driving
factors of these three vegetation indicators show differences.

Comparing the key drivers of riparian vegetation in spring and summer, it was found
that the average flow in May had a significant impact on riparian vegetation in both spring
and summer. This is because May is the transition period between spring and summer, and
the middle and late part of May is the transition period for the nutritional and reproductive
growth of herbaceous plants in this research area. At this time, herbs are in a critical period
of root and leaf development, and stems and leaves begin to switch between vegetative and
reproductive growth. Therefore, runoff in late spring can promote this alternating process
and contribute to summer vegetation coverage [79]. Compared with the trees or shrubs
involved in other studies, we did not consider the contribution of groundwater to the
growth of riparian vegetation. This is mainly because the riparian vegetation in this study
is dominated by herbs, and the root system of herbs is short. For example, shallow-rooted
grasses in semi-arid grasslands in Inner Mongolia mainly use shallow (0–20 cm) soil water
during the growing season [91], so groundwater is generally considered to have little
effect on the growth of grassland vegetation. Therefore, only river runoff factors and main
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climatic factors were considered, which may be the main reason for the difference between
this study and other studies.

4.2. Riparian Vegetation Needs More Appropriate Pulse Flows and Base Flows

It can be found from the fitting results of the response curves of riparian vegetation
to key driving factors in spring and summer that the response of vegetation indicators
to key driving factor indicators showed a pattern of first increasing and then stabilizing.
The upward trend of the curve is related to the expansion of the flooded area due to the
increase in river flow [92] and the increase in soil moisture [13]. However, even though
the river flow continues to increase in spring, it is still early in the vegetation growth
period, and the scale of plant colonization in the riparian soil is still limited. Excessive
moisture beyond the needs of the plants does not necessarily promote better plant growth.
Conversely, over-saturation of soil moisture along riparian vegetation can limit the use of
other resources by plants, such as soil nutrients, soil air, and sufficient light energy [93],
thereby restricting the growth of plants and even repressing entire types of vegetation.

By August, with the increase in base flow and the occurrence of flood events, plants
reach the threshold for nutrient and reproductive growth. The increase in river runoff
volume does not enhance the physiological and metabolic activities of the plants; instead,
the riparian vegetation will begin to suffer from strong disturbances caused by continuous
scouring or long-term flooding [94,95]. Because the plant roots are under pressure of anoxia
during floods, this may inhibit the physiological processes of the plants. This explains
why the values of the plant indicators stabilize at a certain level of increased flow; that
is, they reach a maximum value, after which excessive river flow will not promote the
improvement of the riparian vegetation indicators.

In foreign studies similar to this one, such as some related to European riparian
systems, it was found that the optimal hydrological conditions for seedlings and mature
herbaceous plants are similar [86]. The rapid increase in runoff and water depth caused by
floods may make riparian soils almost completely saturated or submerged, leading to the
growth retardation of riparian vegetation. That is, the duration of high flow in summer
should not be too long, so as to reduce the risk of damage to riparian vegetation [96].
Studies in semi-arid regions of Australia have shown that riparian areas with moderate
flood frequencies have higher vegetation productivity [4,23]. Regular flood fluctuations can
affect seedling emergence, seedling recruitment, and interspecific competition in mature
plants [97]. A similar study in the Colorado River showed that lower pulse flow and
frequency can maximize riparian vegetation coverage [16]. In the lower reaches of the
Colorado River, the total vegetation coverage of moderately arid plots is lower than that
of lightly disturbed plots [98]. Moreover, a base flow of more than 10 m3/s can promote
the establishment of native plants in the riparian soils of the Colorado River basin, and
is sufficient to maintain soil moisture in all areas near the main river channel, which is
conducive to the utilization of water by riparian plants [81].

These studies collectively demonstrate that only moderate base flow and floods can
have a positive impact on riparian vegetation, and a continuous and stable water supply can
promote the germination and growth of riparian plants [99]. However, we must recognize
that although flood events can inhibit plant physiological processes, they can also promote
the successful establishment of more species in riparian areas by providing additional
habitat types and more ecological niches [77]. Therefore, floods are crucial for maintaining
the diversity and dynamics of vegetation in floodplains. Due to differences in the data
collection methods and characteristics of the study areas in previous studies, conclusions
about the impact of floods are not consistent. To support management of riparian vegetation
by managing river flows, it is therefore necessary to identify the impacts of a river’s unique
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geomorphology, climate, and hydrological conditions on the responses of the river’s unique
communities of riparian vegetation.

5. Conclusions
The key driving factors of riparian vegetation kNDVI, FVC, and NPP were identified

by extracting river flow indicators, main climate indicators, and riparian vegetation indi-
cators from the riparian zone of a typical section of Xiliao River using multi-year remote
sensing with runoff and climate data, and the response curves of riparian vegetation to key
driving factors in spring and summer were simulated.

The average flow in May and the average flow from March to May had a strong impact
on the growth and development of riparian vegetation in spring, while the average flow
in May, the average flow from March to August, and the maximum 90-day average flow
had the strongest effect on the growth and development of vegetation in August. The high
average flow in May significantly increased the growth of riparian vegetation in spring and
summer, indicating that the river runoff volume in May was a key factor in determining
the growth and reproduction of riparian vegetation in the growing season. Maintaining a
proper base flow and high flow in spring and summer improved vegetation vitality, thereby
increasing vegetation density and plant biomass.

The research results confirmed our hypothesis that in spring and summer, the impact
of river water flow conditions on riparian vegetation is more significant than that of climate
conditions. Moreover, riparian vegetation in spring is affected by both immediate and
delayed effects of river water flow, while riparian vegetation in summer is more affected
by delayed effects. This suggests that we should control the time and frequency of river
discharge in spring and summer to ensure the success of seed dispersal and the vitality of
riparian vegetation. Since the flood pulse in May is particularly important for vegetation in
spring and summer, one way to improve water resource management is to release flood
pulses from upstream reservoirs in May. The flow of water throughout the growing season
is also very important. Therefore, the ecological flow should be estimated and used to
guide the discharge of water throughout the growing season.

This study has certain limitations; that is, we only considered the impact of climate
factors and river flow factors on riparian vegetation, while the ecological environment
of the riparian region is strongly disturbed by human activities, such as riparian grazing
and agricultural reclamation and irrigation. The effects of these disturbances are complex
and difficult to accurately describe, and their impact on the research results cannot be
completely ruled out. In addition, although we have proven that some river flow patterns
are closely related to some indicators of vegetation quality, we cannot cover other indicators
more comprehensively, such as river factors in autumn and winter, snow accumulation,
temperature changes, and other ecological aspects and biological interactions. If these
factors are taken into account in the analysis, we may get different conclusions from the
current ones. Therefore, these limitations need to be addressed in future research.
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