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Investigating the contributions of the factors influencing lake water level and their related changes with regard to hydraulic facilities is vital for understanding the driving mechanism of water level variations under the manifold pressures from anthropogenic activities and climate change. In this study, a random forest (RF) model was used to investigate the changes of the relationship between water level and discharge of the Yangtze River and local tributaries in Poyang Lake, China, based on daily hydrological data from 1980 to 2018. The results indicated that RF exhibited robust capability for water level prediction in Poyang Lake, with average R2 of 0.95, 0.88, 0.92, and 0.94 for the dry, rising, wet, and recession seasons, respectively. Predictor importance analysis showed that the discharge of the Yangtze River had greater influence on the water level than the discharge of local tributaries except for the dry season in Poyang Lake, where the influence on the water level was evident with discharge less than 5,000 m3/s. The influence of the Yangtze River also showed a clear attenuation pattern as the distance from the outlet of the lake increased, where the water level was constantly regulated by the Yangtze River. In addition, the partial dependence plots also indicated that the Yangtze River discharge changes after the TGD operation have resulted in remarkable water level decreases in the wet and recession seasons, especially for the recession period. Meanwhile, a slight increase in water level was predicted under identical discharge of local catchment in the dry season, which was only concentrated in the outlet of the lake. This study indicated the RF model as a robust technique for water level predictions and attribution analysis under multiple temporal and spatial scales. Moreover, this study confirmed the uneven influences of the Yangtze River and local tributaries on water level across different seasons, gauging stations, and phases.
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1 INTRODUCTION
Water level fluctuations are dominant forces controlling the physical and ecological processes of lake ecosystems (Leira and Cantonati, 2008; Wantzen et al., 2008; Khanal et al., 2021). As the regulation of lake systems for anthropogenic purposes has become increasingly common across the world (Poff and Schmidt, 2016), the amplitude and direction of lake water level fluctuations are undergoing dramatic changes and have led to various water security issues, such as seasonal water shortage, dryness of lake wetland, and eutrophication (Guo et al., 2012; Feng et al., 2013; Jeppesen et al., 2015). Understanding the major influencing factors of lake water level variations could shed light on lake ecosystem management under intensified anthropogenic activities, such as upstream hydraulic facilities construction. However, water level variations may involve complex nonlinear processes integrating inflow from tributaries, lake bathymetry, and blocking the effects of downstream rivers, which is particularly true for floodplain lakes in the Yangtze River basin (e.g., Poyang Lake) in China.
Poyang Lake is the largest freshwater lake in China and is located approximately 1,050 km downstream of the largest dam in the world (Three Gorges Dam, TGD). Poyang Lake, which suffers from great intra- and inter-annual water level fluctuations, provides vital ecosystem services, such as water resources, flood regulation, and nutrient retention (Li et al., 2022). In addition, periodic inundation and exposure to wetlands make the lake a globally important ecoregion for migrating birds and other endangered species (Ramsar Convention, 2012). Poyang Lake receives water from the local catchment and direct rainfall within the lake region, which then drains into the Yangtze River through a narrow channel at the north of the lake. The blocking, emptying effects, and occasional intrusion of the Yangtze River on the lake make the water level variations even more complex at spatial and temporal scales (Hu et al., 2007; Dai et al., 2015; Li Y. et al., 2017). The water level of Poyang Lake was jointly influenced by the discharge of its tributaries and of the downstream Yangtze River (Hu et al., 2007; Zhang et al., 2012). For example, discharge of inflowing rivers and water level in the Yangtze River are adopted as major boundary conditions when establishing hydrodynamic models of Poyang Lake (Li et al., 2019). The rare floods of the Poyang Lake region since the 2000s could be attributed to the decrease in rainfall over the middle and lower Yangtze River basin which caused low streamflow of both the Yangtze River and Poyang Lake basin (Li et al., 2015). The operation of the TGD since 2003 has further altered the interaction between the Yangtze River and Poyang Lake in recent decades, and the associated water level and outflow variations of Poyang Lake have since attracted substantial attention (Guo et al., 2012; Gao et al., 2014; Mei et al., 2015). Evident water level decreases during the TGD impoundment period were reported, which could be largely attributed to the intensified emptying effect of the Yangtze River (Zhang et al., 2012). In addition, concurrent droughts of the lake catchment and the upper Yangtze River in spring, summer and autumn have intensified droughts in the lake through reduction of inflowing discharge since 2003 (Zhang et al., 2017). Zhang et al. (2015) have also indicated that the conjunction of the extreme drought in the upper Yangtze coinciding with the TGD operation was the primary cause of seasonal water shortage in Poyang Lake. Investigations of extensive hydrological data indicated that the Yangtze River discharge has a greater influence on the annual lake water level than the local catchment flow (Ye et al., 2014). Meanwhile, the local catchment discharge was reported to have obvious effects on the water level in the central areas (Zhang et al., 2022). However, the importance of the Yangtze River and the local catchment to the water level of Poyang Lake across different hydrological seasons and lake stations still remains to be elucidated.
Better understanding of the roles of the Yangtze River and local catchment in regulating the spatial and temporal water level variations in Poyang Lake is vital for the attribution analysis of the recent water security problems in the lake (Zhang et al., 2014). Many numeric models were established to investigate the water level variations of Poyang Lake (Li et al., 2018; Yao et al., 2018; Li et al., 2019). Hydrodynamic modeling indicated that the intensified draining effects of the Yangtze River induced by the TGD operation had a much greater impact on the seasonal dryness than the local catchment (Zhang et al., 2014). Yao et al. (2016) reported different contributions of the local catchment and the Yangtze River on the water level in spring and autumn for two typical years using a physical process–based model. Li X. et al. (2016) found that the discharges of both the Yangtze River and local catchment were significant contributors of the flood development and their contributions were uneven in space and time. However, the physical process–based models commonly demand exhaustive data and are time consuming (Zhang et al., 2012). Meanwhile, machine learning techniques, such as the random forest (RF) model, have been proven to have comparable water level prediction accuracy and could provide a measure of predictor importance (Li B. et al., 2016). Despite a “black box,” the RF could show how the predictions partially depend on the selected input predictors and have been widely used to identify the main impact factors in water-related studies (Li B. et al., 2017; Alnahit et al., 2022; He et al., 2022).
In the present study, the RF model was utilized to investigate the importance of the Yangtze River and the local catchment on the water level among different hydrological seasons and lake stations, with special attention to the TGD operation since 2003. The specific objectives of this study are as follows: 1) investigation of spatiotemporal variations of the standardized importance of the Yangtze River and the local catchment through the RF model and 2) clarification of spatiotemporal partial dependence of water level on the discharge of the Yangtze River and local tributaries.
2 MATERIALS AND METHODS
2.1 Study Area
Poyang Lake (115°47′–116°45′E, 28°22′–29°45′N) is located on the southern bank of the Yangtze River and is one of the two remaining lakes that are freely connected with the Yangtze River in the middle reach of the Yangtze River Basin. The lake receives discharge from five main tributaries, that is, the Gan, Fu, Xiu, Rao, and Xin rivers. After a natural impoundment process, the water drains into the Yangtze River through a narrow waterway in the northern part of the lake (Figure 1). The water level in the Yangtze River greatly influences the outflow capacity of the lake. Specifically, the lake water smoothly flows into the Yangtze River when its water level is lower than in the lake. A block effect, even backflow events, would occur when the water level in the Yangtze River increased, thus impeding the lake water outflow and resulting in the maximum water level in the lake within the year. The water level of Poyang Lake generally follows dry (from December to March), rising (from April to May), wet (from June to September), and recession (from October to November) patterns, with the seasonal water level ranging from less than 8 m to over 20 m (Dai et al., 2015; Yao et al., 2018). The TGD, operating since September of 2003, is located in the upstream of the Yangtze River. The general operating scheme of the TGD is to empty the storage before July to guarantee flood mitigation, to reduce the flood peaks during the flood season, and to impound water from late September to October, which is in accordance with the recession period of the lake. In addition, 27 large reservoirs (volume >1×108 m3) were constructed in the Poyang Lake basin, with a total storage capacity over 17 billion m3 (Xu et al., 2020). However, no evidence was found for the annual streamflow variations induced by these reservoirs (Zhang et al., 2011), the scheming and operation of large reservoirs play a supplementary role in runoff reduction in the wet season and increase in the dry season (Shao et al., 2017). Limited impacts of these reservoirs on water level were reported by a multireservoir optimization model including the TGD and Poyang Lake tributaries (Yang et al., 2021).
[image: Figure 1]FIGURE 1 | Sketch map of study area. (A) location of Poyang Lake in the Yangtze River basin, (B) location of Poyang Lake and the Three Gorges Dam and (C) related hydrological stations in Poyang Lake region.
2.2 Data Source
The combined impacts of the Yangtze River and local catchment on the daily water level in Poyang Lake were considered in this study. Daily discharge observations of the hydrological stations in the lake catchment (i.e., Waizhou, Lijiadu, Meigang, Wanjiabu, Hushan, and Dufengkeng) and in the upstream of Yangtze River (Hankou) from 1980 to 2018 were collected. Notably, Jiujiang station is closer to Poyang Lake than the Hankou station and may be more suitable to represent the effects of the Yangtze River, whereas limited data are available for Jiujiang station. Moreover, discharge in Jiujiang and Hankou showed strong correlation from 1988 to 2018, with a Spearman correlation coefficient of 0.994 (p < 0.001). Therefore, the discharge of Hankou station was adopted in the present study. In addition, the daily water level observations of the five gauging stations within the lake (i.e., Hukou, Xingzi, Duchang, Tangyin, and Kangshan) from 1980 to 2018 were collected accordingly. All data were obtained from and quality controlled by the Hydrological Bureau of Poyang Lake.
2.3 RF Model
The RF model is known as an ensemble machine learning technique used to deal with nonlinear and complex relationships (Breiman, 2001). RF does not require any assumption of input data distribution and overcomes the disadvantages of overfitting and instability through the bootstrap out-of-bag sampling technique and ensemble of decision trees. The basic idea of the RF model is to independently generate a large amount of decision trees on randomly selected variables and subset of training data. The predictions of each tree are averaged to generate a more robust model with high generalizability. The input data were partitioned into an in-bag subset for training and an out-of-bag subset for testing through a bootstrap sampling procedure, the latter of which was not included in the process of creating trees. The sample size of the in-bag and out-of-bag subsets for a single tree is usually set as 2:1 of the input dataset. Partitioning is unique for each tree in the forest and hence provides a significant internal validation. The built-in bootstrap-based out-of-bag sampling technique has been proven to generate an unbiased error rate (Breiman, 2001; Matthew, 2011). Accordingly, no extra testing subsets or cross-validation procedures are needed for the RF model. The three key parameters that should be calibrated in the RF model include the number of the trees in the forest (ntree), the number of randomly selected predictors at each node (mtry), and the minimum number of observations at the terminal nodes of the trees (nodesize). In addition, the RF model provides a nonparametric measure of the importance of each predictor, which is determined by comparing the OOB mean-squared error of the whole forest before and after permuting a predictor (Breiman, 2001). If the permuted predictor has an influence on the response variable, the model accuracy would decrease. Specifically, for the OOB dataset, the permutation importance of the jth predictor is defined as:
[image: image]
where Y is the response observation, [image: image] means the predicted response value using original predictor variables, and [image: image] denotes the squared error between Y and [image: image]. [image: image] denotes the predictors with the jth permuted predictor.
Meanwhile, partial dependence plots were used to depict the functional relationship between the predictors and the responses. Partial dependence provides a quantitative depiction of the dependence of a variable on the response and indicates the effect of each variable on the response variable after considering the average effect of all the other variables in the model (Elith et al., 2008). The partial dependence of the jth predictor could be calculated as follows:
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where Xj is the interested predictor in the RF model whose prediction function is [image: image]. X-ji (i = 1, 2, … , n) are the values of X-j (the compliment of Xj) in the training sample, through which the effects of predictors other than Xj are averaged out in the model.
In the present study, seven predictors consisting of discharge from both the Yangtze River and the local catchment were used as input variables for the water level modeling of the five gauging stations in Poyang Lake. The whole dataset was divided into eight subsets according to four seasons (i.e., the dry, rising, wet, and recession seasons) and two phases (i.e., 1980–2002 denoted as “pre the TGD” and 2003–2018 denoted as “aft the TGD”). The RF regression was implemented using multivariate regression in the R-package randomForestSRC for each subset (Ishwaran and Kogalur, 2022). The daily observations of five gauging stations were used as multivariate targets (Multivar function) at the same time to ensure comparability among the different stations (Kourgialas et al., 2015). The optimal mtry and nodesize were calibrated using out-of-bag errors, with mtry ranging from 1 to 7 and nodesize ranging from 1 to 100. The prediction performance on the training and testing subsets provided complementary information for model validation. We used the coefficient of determination (R2) and root mean square error (RMSE) between the observed and the simulated water levels to evaluate the model’s performance. In addition, the joint importance of six hydrological stations from the local tributaries were calculated using the vimp function to make the importance of the Yangtze River and local catchment comparable for each RF model. All important values were standardized by dividing by the variance of the response variables. To further exclude the randomness of the model prediction, 100 model runs were implemented, and the average performance metrics and important values were used. Moreover, the partial dependence of the water level of different seasons and phases on the discharge of the Yangtze River and local catchment were calculated using the gg_partial_coplot function. Notably, the partial dependence of water level on the Yangtze River discharge assumes constant values of the other predictors and vice versa for the local catchment.
3 RESULTS
3.1 RF Model Performance
The optimal parameters of the RF were calibrated according to the out-of-bag error for each model (Figure 2 as a typical example). The prediction error showed a sharp decrease with the number of trees ranging from 0 to 100, and then slowly decreased. The ntree of 500 was thus adopted in the RF models to get the best prediction performance. In addition, the prediction error showed clear response with both the nodesize and mtry. The optimal combinations of mtry and nodesize were thus identified for each model, which are 6–7 and 1, respectively. This procedure was repeated eight times for the RF models of four seasons and two phases to obtain the best prediction performance.
[image: Figure 2]FIGURE 2 | Tune of the three key parameters in the RF model. (A) Tune of ntree and (B) tune of nodesize and mtry (A typical example for the model of wet season before the TGD operation).
The RF models were constructed with 500 trees based on the optimal parameters searched using the tune function. Approximately 33.33% of the samples were randomly drawn from the input dataset as the out-of-bag testing sets for a single tree. Figure 3 shows the observed and simulated water levels of the five gauging stations during four seasons for the automatic generated testing sets. The average R2 values of the RF models for the dry, rising, wet, and recession seasons were 0.95, 0.88, 0.92, and 0.94, respectively. Meanwhile, the average RMSEs of the developed RF model for the dry, rising, wet, and recession seasons were 0.32, 0.50, 0.67, and 0.41 m, respectively. These metrics indicated that RF effectively performed in the water level predictions under different seasons. In addition, the average R2 values before and after the TGD phases were 0.90 and 0.92, respectively, denoting a relatively high prediction ability after the TGD operation. A clear pattern of water level changes for lake gauging stations from north to south could be observed in Figure 3, with an increasing water level from the Hukou to the Kangshan station for both phases. Moreover, distinct seasonal water level variations for all the lake gauging stations could also be indicated, with the highest water level in the wet season and lowest water level in the dry season. The comparison of the water level before and after the TGD operation demonstrated a significant decline in the water level for all the lake gauging stations and seasons, especially for the wet and dry seasons (p<0.001). Taking the Hukou station as an example, the average water level during the wet and dry seasons significantly decreased by 1.09 m and 2.11 m, respectively (p<0.001).
[image: Figure 3]FIGURE 3 | Observed and simulated water levels of the five gauging stations in the dry, rising, wet, and recession seasons for the out-of-bag testing sets. The black lines represent line of 1:1.
3.2 Variations of the Importance of the Yangtze River and Local Catchment
Beyond the water level prediction, the RF models also calculate the relative importance of predictors. To make the results comparable, joint importance of the six hydrological stations from the local tributaries were calculated. The average relative importance of both the Yangtze River and local tributaries across the five stations and two phases was compared for four seasons, as shown in Figure 4. The variance of importance analysis from the 100 model runs was relatively stable, indicating robust important analysis results for each prediction procedure. The discharge from the Yangtze River showed strong influences on Poyang Lake water level of all seasons except for the dry season, with the water level of the Hukou station holding the closest relationship with the Yangtze River. In addition, the importance of the Yangtze River gradually decreases from the northern to the southern part of the lake, with the water level of the Kangshan station showing the most limited relationship with the Yangtze River, especially for the dry season. Opposite results could be observed for the importance variations of the local tributaries, which showed increasing trend from the Hukou to the Kangshan station. Moreover, the importance of the Yangtze River on the Poyang Lake water level slightly increases for the wet and recession seasons after the TGD operation, especially for the gauging stations located in the northern part of the lake (i.e., Hukou, Xingzi, and Duchang stations). Notably, the rate of importance increase of the Yangtze River is much larger in the recession season than in other seasons. However, the importance of the local tributaries significantly increases after the TGD operation in the dry season (p<0.01), especially for the gauging stations located in the southern part of the lake (i.e., the Tangyin and Kangshan stations).
[image: Figure 4]FIGURE 4 | Relative importance of the Yangtze River and local tributaries on the water level across the five gauging stations and two phases for the (A) dry, (B) rising, (C) wet, and (D) recession seasons.
3.3 Variations of the Partial Dependence of Water Level Predictions on the Yangtze River and Local Tributaries
A partial dependence curve of one predictor for the water level responses measures the dependence of the water level on this predictor by considering the average effect of all other variables in the model. The partial dependence plots of the Yangtze River discharge and water level across the five gauging stations and four seasons are shown in Figure 5. The general increase of the water level with an increased discharge of the Yangtze River could be observed for all five gauging stations and four seasons. However, the slope of the partial dependence curve showed a pattern of flattening from the northern to southern part of the lake. The relationship between discharge changes in the Yangtze River and water level in the Hukou, Xingzi, and Duchang stations could be seen as convex types, with the linear slope decreasing after the discharge exceeded 30,000 m3/s, whereas the partial dependence curves of Tangyin and Kangshan stations acted as concave types, with the linear slope increasing after the discharge exceeded 30,000 m3/s. These results indicated that the sensitivity of the water level to discharge of the Yangtze River gradually decreases from the Hukou to the Kangshan station. In addition, the water level responses to the discharge changes in the Yangtze River were of lower magnitude in the dry season. Specifically, under the same Yangtze River discharge, the predicted water level was lower in the dry season than that in the other seasons, especially for the gauging stations located in the southern part of the lake. Moreover, no obvious variations of the partial dependence curves could be observed before and after the TGD operation, indicating that the impacts of the discharge from the local tributaries were not significant during the two phases.
[image: Figure 5]FIGURE 5 | Partial dependence plots of the discharge of the Yangtze River and predicted water level.
The partial dependence plots of the local tributary discharge and water level across the five gauging stations and four seasons are shown in Figure 6. Similarly, the water level exhibited an increasing pattern with the increase in the discharge of the local tributaries. However, clear differences could be observed when compared with the relationships between the Yangtze River and the water level predictions. A close relationship between the discharge from the local tributaries and water level was found with the discharge less than 5,000 m3/s, which showed approximately linear responses, especially for the Tangyin and Kangshan stations. The partial dependence curves remain relatively stable with the further increase in the discharge, indicating that the discharge of the local catchment has limited influences on the water level in Poyang Lake afterward. Distinct seasonal responses could also be observed, with the highest and lowest water levels in the wet and dry seasons under the same discharge conditions, respectively. In addition, in contrast with the Yangtze River impacts, the sensibility of discharge from the local tributaries gradually increases from the northern to southern part of the lake, with the Kangshan station showing the closest responses. Moreover, under the assumptions of the average state of the Yangtze River discharge before and after the TGD operation, the partial dependence curves showed clear decline in the wet and recession seasons after the TGD operation scenarios. This notion indicates that under the equivalent discharge from the local catchment, water level during the wet and recession seasons were greatly impacted by the Yangtze River. This impact also showed a decreasing pattern from the Hukou to the Kangshan stations, as shown by the changes of decline rates of the partial dependence curves for the five gauging stations. Meanwhile, despite the significant water level decrease in the dry season after 2003, which could be attributed to the increasing outflow capacity induced by lake bathymetry changes and the Yangtze River channel incision (Lai et al., 2014a; Yao et al., 2018). The partial dependence plot showed a slight water level increase under identical discharge of local tributaries for the Hukou station after the TGD operation in the dry season, indicating the replenishment discharge in the Yangtze River during this season after the TGD, the effect of which is limited as shown in other stations.
[image: Figure 6]FIGURE 6 | Partial dependence plots of the discharge of the local tributaries and predicted water level.
4 DISCUSSION
4.1 Responses of Water Level to Discharge of the Yangtze River and Local Tributaries
The water level generally showed close correlations with the discharges of the Yangtze River and local catchment in Poyang Lake. However, the relative importance of the Yangtze River and local tributaries varied across different seasons, gauging stations, and phases. The results obtained by the importance analysis showed that the discharge in the Yangtze River had stronger influences than the local tributaries except for the dry season, which was further confirmed by the slope variations of the partial dependence plots. The strong influences of the Yangtze River on water level have also been reported by previous research studies using other methods (Lai et al., 2014b; Ye et al., 2014; Li X. et al., 2016). The discharge of the Yangtze River determines whether water could steadily drain into the Yangtze River (Min 1995; Dai et al., 2015). For example, the large discharge of the Yangtze River exerts a strong blocking effect on the lake and can even cause backflow from the Yangtze River to Poyang Lake in the wet season (Li et al., 2015). The slight increase of importance of the Yangtze River in the wet season was found for the northern part of the lake after the TGD operation. This result could be attributed to the weakening of the blocking effect by the Yangtze River induced by climatic anomalies in the upstream of the Yangtze River and TGD operation that further promoted the outflow of the lake (Liu et al., 2013). Meanwhile, the water level showed a strong link with the discharge of the local tributaries only in the dry season, which is further confirmed by the partial dependence plot showing an approximately linear relationship with the local catchment discharge (discharge less than 5,000 m3/s). Moreover, the importance of the local catchment discharge also increased after the TGD operation, especially for the Tangyin and Kangshan stations. This could be possibly attributed to the relatively low discharge and water level, without extreme values intensifying the relationship between them. The obvious importance increase of the Yangtze River was found for the northern lake after the TGD operation in the recession season. This could be largely attributed to the operating scheme of the TGD, which started to impound water from late September. Zhang et al. (2014) demonstrated that the draining effect of the Yangtze River was the primary causal factor of the lake area and volume reduction for the period of 2001–2010, compared to those of 1970–2000. In addition, the importance of the Yangtze River decreased for all five lake stations after the TGD operation. However, no evident explanation could be provided currently, to our knowledge. A speculation of reason would be the difference of model performance before and after the TGD water level predictions (Figure 3).
The influence of the discharge from the Yangtze River decreased with the enlargement of the distance from the Yangtze River and vice versa for the influence of discharge from the local catchment. The water level at the Hukou station exhibited the closest linkage relation with the Yangtze River, which is consistent with previous studies denoting that the water level at the Hukou station is considered to reflect the effects of the Yangtze River (Guo et al., 2012). In addition, the effect of the Yangtze River is larger in the northern area than in the southern part of the lake (Zhang et al., 2022). The hydrodynamic modeling of the Yangtze River-to-lake also demonstrated that the effects of the Yangtze River attenuated with distance from the lake outlet (Li Y. et al., 2017). The results obtained by the partial dependence plots showed that the significant water level decline was predicted for the wet and recession seasons due to the discharge changes in the Yangtze River after the TGD operation in Poyang Lake, whereas no obvious effects were found for the effects of the local tributaries’ discharge changes. Consistent results have been drawn by other scholars using other methods (Min 1995). Huang et al. (2021) revealed that the lake water level is significantly correlated with the TGD operating scheme using the gated recurrent unit method, releasing or blocking of which at certain times could cause large changes in the lake water level. The lowering of flood peaks caused by the TGD impoundment and regulation have reduced the flood risk of Poyang Lake by 7% (Bing et al., 2018). In addition, the remarkable water level decline in the recession was also indicated to be largely attributed to the impoundment of the TGD during this period (Zhang et al., 2012; Zhang et al., 2014). Wang et al. (2019) indicated that the contributions of the TGD operation on the water level decline could reach 59% in early October, which is larger than the effects of the main channel erosion. Meanwhile, regional climate change also contributed to the seasonal dryness of Poyang Lake (Liu et al., 2013; Li et al., 2015). For example, the fewer floods in Poyang Lake since 2003 could be attributed to less rainfall over the local basin (Li et al., 2015). The droughts in the Poyang Lake Basin and upper Yangtze River played a crucial role in the low water level in Poyang Lake in the 2000s (Zhang et al., 2015). Moreover, incision of lake bathymetry in the northern part of the lake induced by sandmining and erosion has resulted in a great increase of the outflow capacity of the lake (Lai et al., 2014a; Yao et al., 2018). In addition, a slight water level increase in response to the discharge of the Yangtze River after the TGD operation was identified only in the dry seasons at the Hukou station, thus indicating the limited replenishment effect of the TGD by recharging the flow of the Yangtze River during this period. This result was also consistent with that of Dai et al. (2021), who reported that the effect of the Yangtze River flow increases during the dry season and diminishes quickly downstream of the dam.
4.2 Source of Uncertainty and Limitation
The RF exhibited generally good performance modeling water level and was comparable with our previous study that also considers previous water level as the model input (Li B. et al., 2016). However, the model performance differed across the spatiotemporal scales, with relatively low R2 values in the rising and wet seasons. The main uncertainty in the water level prediction models may lie in the sample size for the training and input predictors. First, the whole dataset was divided into eight subsets according to seasons and phases to investigate importance variations of the predictors, which will inevitably cause uneven observations for each RF model. Although a large training sample was desired to achieve a better modeling performance (Li B. et al., 2016), the relatively small dataset may cause the model to be undertrained, especially for conditions with extreme water levels. Moreover, the performance is better in the after TGD models than in the before TGD models, which could be attributed to the relatively low water levels without extreme values during the after TGD phase. These results have been indicated by Zhang et al. (2022) that the TGD contributed to reducing the variation amplitude of water levels anywhere in Poyang Lake and controlling the maximum and minimum water levels. Furthermore, this study only incorporated the discharge of the Yangtze River and of the local catchment in the model development processes. The meteorological factors and local ungauged inflows may also have certain influences on the water level. For example, Li et al. (2020) estimated that the ungauged inflows accounts for 12.2% of the yearly inflows through the water balance analysis. However, the study mainly focuses on the relationship between the water level and the discharge from the Yangtze River and local tributaries, which have been commonly recognized as the major contributors of the hydrological variations in Poyang Lake (Zhang et al., 2014; Li X. et al., 2016; Li et al., 2020).
The water level of the five gauging stations for a single model was simultaneously simulated using the multivariate regression. Accordingly, comparisons of the relative importance variations of the Yangtze River and local tributaries on the water level across different gauging stations could be deemed as unbiased. Limitations may also exist when comparing the variations of the relative importance across different seasons and phases, possibly due to the differences in the model structure for each water level prediction model. However, we used a standardized importance measure to efficiently deal with this limitation. The variations of the importance of the Yangtze River before and after the TGD operation are believed to adjoin unbiased but are to be interpreted with caution. Consequently, the partial dependence plots were further used to examine the relationship changes between the water level and the discharge from the external systems after the TGD operation.
5 CONCLUSION
In this study, the RF model was used to predict the daily water level in Poyang Lake by incorporating the influence of the discharge from the local catchment and the Yangtze River, where the impacts on spatiotemporal water level were further investigated using importance analysis and partial dependence plots. Generally, the RF exhibits a robust capability to predict water level from 1980 to 2018 in Poyang Lake, with average R2 values of 0.95, 0.88, 0.92, and 0.94 for the dry, rising, wet, and recession seasons, respectively. The discharge of the Yangtze River demonstrated overall stronger influences on the water level in all seasons, except for the dry season, when the discharge of the local tributaries showed approximately linear impacts. The influence of the Yangtze River showed a clear attenuation pattern with the distance increase from the outlet of the lake, of which the water level was constantly regulated by the Yangtze River. In addition, the partial dependence plots showed that the Yangtze River discharge changes have resulted in remarkable water level decreases in the wet and recession seasons after the TGD operation, especially for the recession period. The results of the impacts of the Yangtze River and local catchment on the water level obtained by RF modeling showed great consistency with previous studies using physically based modeling, demonstrating that the RF is a robust technique for water level prediction and attribution analysis of multiple temporal and spatial scales.
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