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The quantitative relationship between land use/cover change (LUCC) within basins, lake water environmental factors, and water quality has long been a popular research area. In this study, we investigated three typical basins (Ulansuhai Basin, Daihai Basin, and Dalinor Basin) in arid and semi-arid areas of China. The assessment was based on the China Land Cover Dataset (CLCD), which was used to calculate the land use dynamic degree index and Markov transfer matrix. Moreover, an econometric analysis model and a hybrid evolutionary algorithm (HEA) model were used to explore the quantitative relationship between LUCC and environmental factors on the lake water quality. The results showed that the LUCC of the three lake basins was dominated by cultivated land and grassland over the past 20 years. In all of the basins, grassland and water area were converted into cultivated land, water area decreased to varying degrees, and impervious surface area increased continuously. Moreover, the concentration of TN and TP were generally proportional to chemical oxygen demand concentration (COD), biochemical oxygen demand concentration (BOD5), and dissolved oxygen concentration (DO), but inversely proportional to water depth and transparency; the relationship between Nutrient concentration and pH was usually related to the ecological threshold. On the basin scale, the grassland and forestland played positive roles in improving water quality, while cultivated land and impervious surface were the main factors contributing to water pollution. Overall, this study provides a scientific theoretical basis for the rational utilization of land resources, improvement of lake water quality, and ecological protection of typical lake basins in arid and semi-arid regions.
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1 Introduction

Numerous academics believe that land use/cover change (LUCC), which is a direct outcome of human actions and natural forces, is one of the primary causes of global environmental changes (Turner, 1994; Li, 1996). Studies have mainly concentrated on the spatiotemporal changes in LUCC (Dewan and Yamaguchi, 2009), the driving force and mechanism (Lambin et al., 2001), and modeling and prediction (Tan et al., 2015). Studies on the effects of LUCC on the water environment are few (Yan and Chen, 1998). Water is essential for human life and production, and in recent years, water resources in developing countries have become increasingly scarce (Li et al., 2016). Moreover, these areas have undergone significant changes in land use type owing to the need for development, particularly in the arid and semi-arid regions of northern China (Liang et al., 2021). Studies have indicated that changes in land use patterns in basins can affect lake water quality in complex ways. Yang et al. (2019) investigated the relationship between different land uses and the quality of water from the Huaihe River Basin and found that forest land, grassland, and water areas could reduce water pollution, while barren and urban land were the major contributors to it. Ding et al. (2016) sampled basic flow in 56 low-order river basins in summer and classified the basins into two uniform geomorphic groups. Empirical models of multi-scale land use patterns and the water quality of low-order rivers in different geomorphic regions of the Dongjiang River Basin were established. These studies have also shown that land use at the catchment scale is a better explanation for overall water quality changes than land use at the reach-scale riparian, and the spatial scale of land use impact on water quality also varies with specific water parameters and geomorphic basis. Therefore, it is vital to investigate the impact of LUCC on the lake and river water quality at the watershed scale.

Studies of environmental factors on lake water quality have also attracted the attention of many researchers. Many nonlinear methods were used, such as the artificial network method, random forest models, and a generalized additive model (Recknagel et al., 1997; Quan et al., 2020; Shi et al., 2021). Cao et al. (2006) have developed the hybrid evolutionary algorithm (HEA) to determine the evolution of long time-series data through evolutionary simulation and genetic selection, and to make inductive inferences and predictions for multivariate nonlinear data. Using temporal changes in data to reveal ecological relationships. Current studies showed that the HEA model has a high level of prediction and has been successfully applied to drive the modeling of algal bloom data in lakes and rivers around the world (Guallar et al., 2016; Kim et al., 2019).

The Inner Mongolia Autonomous Region is an important ecological security barrier in northern China. Arid and semi-arid lakes in Inner Mongolia are facing problems such as shrinking lake areas and deteriorating water quality caused by human activities and climate change. The three representative lakes are Ulansuhai, Daihai, and Dalinor. Among them, Lake Ulansuhai, a representative lake in the Yellow River Basin, plays an important role in ecological protection, high-quality economic development, water conservancy structure, and the ecological environment of the Yellow River Basin (Li et al., 2020). However, in order to achieve the development of high grain yield, a large amount of fertilizer has been applied, which leads to serious non-point source pollution in the basin. The increase in the concentrations of nitrogen and phosphorus leads to the eutrophication of lake water and the decline of lake water quality (Koebbing et al., 2014). The Daihai Basin is a staggered basin of agriculture and animal husbandry. It is a typical transitional zone of different agricultural and animal husbandry production modes in northern China. Because the ecological environment has a strong transition and volatility, it is vulnerable to the effects of climate change and human activities (Gao et al., 2011). Lake Dalinor, a closed plateau lake, is the second-largest freshwater lake in Inner Mongolia. Over the years, the water quality of Dalinor has declined due to the decreased inflow of water volume, increased evaporation, and high pastoral activities. It is urgent to explore the driving mechanism of water quality change and water environment protection.

This paper has three main aims. The first is to research the characteristics of land use/land cover change and its relationship with water quality change in arid areas of northern China during 2000–2020. The second is the quantitative analysis of the influence of the change of lake water environmental factors on lake water quality in the long-term time scale. The third is to analyze the relative contribution of land use change and water environment change to water quality change. Three typical basins (Ulansuhai, Daihai, and Dalinor Basins) in agricultural regions, farming–pastoral ecotone, and the steppe region of Inner Mongolia were selected as research objects, respectively. This study could serve as a resource for the comprehensive management of water pollution control and provide theoretical support for the management and efficient distribution of watershed land resources to enhance water quality in arid regions.




2 Methods and materials



2.1 Study areas

This study was conducted in Lake Ulansuhai, Daihai, and Dalinor basins, Inner Mongolia, China (Figure 1). Located in northern China, they have a temperate monsoon climate, which is an important barrier for the security of the ecosystem in central and northern China. The total study area was 51863.84 km2. The eutrophication of these three lakes has worsened in recent years owing to the change in human activities and land use, and lake nutrient enrichment.




Figure 1 | Location of the study area.






2.2 Datasets



2.2.1 Land use data

The watershed boundaries were extracted from ASTER GDEM elevation data obtained from remote sensing images of the study area. The land use patterns of the Ulansuhai, Daihai, and Dalinor watersheds were classified and analyzed using the China Land Cover Dataset (CLCD) on an annual basis from 2000 to 2020 (Yang and Huang, 2021).




2.2.2 Water quality data

Monthly water quality monitoring data from environmental monitoring stations in Ulansuhai, Daihai, and Dalinor from 2000 to 2020 were used in this study. Linear interpolation was used to obtain the lacustrine characteristic data, which were used as the daily input data. To build 7-day prediction models, the interpolated daily input data were moved 7 days relative to the daily output data.





2.3 Methods

This study examined the dynamic land use and land use transfer matrix from 2000 to 2020 in order to investigate the relationship between LUCC and lake water quality. It then determined the nonlinear relationship between land use/cover mode and lake TN and TP through an econometric analysis model. At the same time, the quantitative relationship between lake water environment factors and TN and TP was analyzed by HEA. The main research methods used are as follows:



2.3.1 Markov transition matrix

The Markov model was used to describe the transitions between different land types and the direction of different land types. The Markov model was used to quantitatively analyze the changes in land type area in Ulansuhai, Daihai, and Dalinor Basins and the direction of land use transfer. Equation (1) is the Markov transfer matrix.



where Pij refers to the area of a land type changes from the initial stage to the final stage in a certain period of time, and N is the total number of land use types.




2.3.2 Hybrid evolutionary algorithm

The hybrid evolutionary algorithm (HEA) can discover rule sets from ecological time-series data through genetic programming and optimize the parameters of rule sets using a genetic algorithm. The model parameters were optimized through the hill climbing method, and several generations were repeated continuously until the termination criteria of the run were satisfied. “IF-THEN-ELSE” rule sets were constructed, and the threshold data of the model and the sensitivity analysis data of each branch were calculated. Numerous studies have demonstrated that HEA can discover rule sets that predict unseen data and represent the causal relationships between physical and chemical variables and lake eutrophication (Cao et al., 2014; Kim et al., 2019). We define the root mean square error (RMSE) as the fitness function:



where m is the number of data points, and  ,   are the  th observed value and the  th predicted value of the output variable, respectively. In addition to the RMSE of each rule set, the total R2 value between the predicted and measured values of a whole data set was also calculated to measure the accuracy of the algorithm.

Training and test data were obtained from the entire dataset. The training and test datasets were chosen randomly through the bootstrap method according to a predetermined division percentage (75% in this study) to improve the validity and stability of the model; that is, the computer randomly selected 75% of the total data as training data and the remaining data as test data for each run. Through this approach, more stable models can be produced, and the best model can be chosen according to the validation outcomes for the entire dataset. Figure 2 have showed a conceptual diagram of HEA. HEA for structure optimization were popsize = 100, maximum tree depth = 4, and maximum number of generations = 80 by using the programming language C++.




Figure 2 | Conceptual diagram of the hybrid evolutionary algorithm (HEA) for evolving the IF-THEN-ELSE rule models.






2.3.3 Econometric analysis model

An index model was used to reveal the impacts of LUCC on different water quality factors of lake basins over long-term scales. An econometric analysis model was established.



where NPS represents the water quality index; α is a constant; β1–β6 are correlation coefficients between the area ratio of each land type and the water quality index. A positive βi value indicates that the land use type has a positive impact on water quality, while a negative βi value indicates that the land use type negatively affects water quality. γ is the land use type, and n is the number of land use types.






3 Results



3.1 LUCC in the three lake basins

CLCD was used to classify the land uses of the Ulansuhai, Daihai, and Dalinor basins from 2000 to 2020 (Figure 3). From 2000 to 2020, the primary land uses of the Ulansuhai basin were grassland and cropland, which accounted for 50% and 30% of the total area of the basin, respectively. Water and forest accounted for quite minimal percentages. During the past 20 years, the majority of the land in the Hetao irrigation region was used for agriculture. The cultivated area has expanded by nearly 1000 km2 since 2000. The Daihai Basin was mainly composed of grassland and cultivated land, which fluctuates, with the area of forest gradually increasing and the area of water gradually decreasing. Darinor basin was mainly grassland, grazing development is relatively developed. Meanwhile, forest area occupies the largest proportion in the three basins, which is larger than the cultivated land area.




Figure 3 | Land use classification of Ulansuhai, Daihai, and Dalinor Basins from 2000 to 2020.



According to the dynamic land use attitude (Table 1), the forest area and impervious surface significantly increased, while the area of grassland and barren land decreased. The LUCC of the Ulansuhai basin from 2000 to 2020 was relatively significant based on the Markov transfer matrix (Table 2). Barren land was mostly converted into cropland (with a conversion rate of 56.14%), followed by grassland (20.77%), and then impervious land (23.09%).


Table 1 | Dynamic land use attitudes in the Ulansuhai, Daihai, and Dalinor Basins from 2000 to 2020(%).




Table 2 | The Markov transfer matrix of land use in Lake Ulansuhai Basin from 2000 to 2020 (%).



From 2000 to 2020, the cropland area shifted primarily to grassland and impervious land, and the rate of change decreased over the years in the Daihai basin (Tables 1, 3). The water area in the Daihai Basin showed a dynamic change that resulted in a considerable decline and was primarily transformed into cropland, grassland, and impervious land.


Table 3 | The Markov transfer matrix of land use in Lake Daihai Basin from 2000 to 2020 (%).



According to the dynamic of Dalinor Basin land use from 2000 to 2020 (Table 1), the Dalinor Basin in cropland and water area decreased to varying degrees. The Markov transition matrix (Table 4) revealed that agricultural land and water area were largely transformed into grassland, which was transformed into forests, indicating that the percentage of forest areas increased. All land use types in the basin were converted into impervious surfaces to different degrees, and the percentage of water area was the highest.


Table 4 | The Markov transfer matrix of land use in Lake Dalinor Basin from 2000 to 2020 (%).






3.2 The effect of LUCC along lake basins on the water quality of three lakes

Based on the econometric analysis model, the significant relationships between the LUCC of lake basins and lake water quality in Ulansuhai, Daihai, and Dalinor indicate that there was a significant overall impact of land use on the water quality of the lakes (Table 5).


Table 5 | Landuse/cover-lake water quality models of Lake Ulansuhia, Daihai, and Dalinor Basin from 2000 to 2020.



The negative correlation between cropland and the other factors, excluding the TN of Ulansuhai, indicates that cropland had an adverse effect on lake water quality. In the Ulansuhai and Daihai Basins, cropland was the most prevalent land type, accounting for 29.06% to 45.88% of the total basin area, respectively, and increasing yearly. The increase in the impervious surface was the most striking feature of urbanization. TN and TP were positively correlated with the impervious surface in the Daihai and Dalinor Basins, indicating that an increase in the impervious surface would facilitate an increase in the TN and TP concentrations of the lake. The TN and TP concentrations in the forestland were negatively correlated, indicating that the increase in forestland area suppressed water pollution and positively affected water quality. The soil layer under the forestland canopy exhibited functions of water conservation, soil erosion, interception, and water quality degradation (Sliva and Williams, 2001; Richardson et al., 2011). TN and TP were negatively correlated with the water area, indicating that the lake had a dilution and purification effect on the pollutants in the water (Zhao et al., 2020).




3.3 Establishment and optimization of simulation and prediction models for TN and TP in Lakes Ulansuhai, Daihai, and Dalinor



3.3.1 HEA of Lake Ulansuhai

The R2 values of the TN and TP of the selected model for Ulansuhai were 0.84 and 0.81, respectively. We established a quantitative relationship model between nutrient concentration and primary water quality parameters of Ulansuhai through HEA. The water quality parameters (i.e., Electrical conductivity [EC], chemical oxygen demand [COD], and depth) were used as input variables, while TN and TP were the output variables.

EC is the ecological threshold that influences the TN calculation method, as shown in the relationship model between TN and environmental components (Equations 3). The THEN branch determines TN when EC ≥ 349.71 ms/m. COD and dissolved oxygen (DO) are positively correlated with TN, while SD is negatively correlated with TN. Otherwise, according to the ELSE branch, TN is negatively correlated with depth and SD and positively correlated with COD.

The HEA of Lake Ulansuahi indicates that pH is the ecological threshold of the TP model (Equations 4). THEN branch analysis shows that TP was inversely correlated with water depth and positively correlated with pH at pH less than 8.92. TP was positively correlated with water temperature (WT) and pH at pH conditions greater than the ecological threshold but negatively correlated with SD and COD at pH conditions less than the ecological threshold.








3.3.2 HEA of Lake Daihai

To simulate and predict the quantitative relationship between TN, TP, and environmental parameters, we established a HEA model (from 2000 to 2020) for TN, TP, and other water quality data on Lake Daihai. The models achieved R2 of 0.68 and 0.67 for the TN and TP of Daihai, respectively.

The HEA revealed that biochemical oxygen demand (BOD5) = 7.8 mg/L was the ecological threshold of the TN model (Equations 5). TN was positively correlated with DO and BOD5 at BOD5 conditions greater than the ecological threshold. The ELSE branch simulated TN, which was positively correlated with DO and negatively correlated with depth.

The HEA revealed that the ecological threshold of the TP model was SD = 56.04 cm (Equations 6). When SD was less than or equal to the ecological threshold, TN was positively correlated with DO and COD and negatively correlated with WT. In contrast, TP was simulated through the ELSE branch, and TP was positively correlated with DO and COD.








3.3.3 HEA of Lake Dalinor

We also established a quantitative relationship model between the TN, TP, and other environmental factors of Lake Dalinor, and the selected models achieved R2 values of 0.57 and 0.60 for TN and TP, respectively.

The relationship model of TN illustrates that pH was the ecological threshold (Equations 7). TN was negatively correlated with SD but positively was correlated with COD at pH ≤ 9.44. The ELSE branch determines TN at pH > 9.44. TN was positively correlated with COD and DO but negatively correlated with SD.

The relationship model of TP illustrates that water depth was the ecological threshold (Equations 8). The THEN branch determines TP at water depth > 9.06 m. TP was positively correlated with the logarithm of COD and negatively correlated with the logarithm of depth. According to the ELSE branch, TP was positively correlated with COD and negatively correlated with pH and depth.









3.4 Sensitivity analysis of TN and TP simulation and prediction models in Lakes Ulansuhai, Daihai, and Dalinor

Sensitivity analysis was performed using recurrent supervised artificial neural networks (ANNs), and ordination and clustering analysis was performed using a non-supervised ANN according to 2000–2020 data on Lake Ulansuahi, Daihai, and Dalinor to study the complex relationships between TN, TP, and water quality conditions.



3.4.1 Sensitivity analysis of TN and TP in Lake Ulansuhai

Figure 4 shows the sensitivity functions for Lake Ulansuhai extracted from TN and TP models. According to the sensitivity analysis of the HEA model of TN in Ulansuhai, water depth exhibited a significant negative relationship with TN content (Figure 4A). As the water depth approached 3.12 m, TN gradually approached zero. With increasing SD, TN eventually decreased. In contrast, TN increased with increasing DO and COD (Figure 4B).




Figure 4 | Sensitivity analysis of HEA models of TN and TP in Ulansuhai: (A) THEN branch of TN; (B) ELSE branch of TN; (C) THEN branch of TP; (D) ELSE branch of TP.



The sensitivity analysis of the TP model revealed that the TP concentration at an ecological threshold pH of > 8.92 was significantly higher than that at an ecological threshold pH of< 8.92. This indicates that an alkaline environment was beneficial for TP growth. The THEN branch (Figure 4C) showed that the TP concentration slowly increased as pH increased progressively between 7.82 and 8.86. The ELSE branch (Figure 4D) showed that as WT increased between 7.36°C and 26.34°C, TP concentration rapidly increased, resulting in improved water stability, intensified stratification, and increased nutrient release. TP was inversely related to water depth and clarity.




3.4.2 Sensitivity analysis of TN and TP in Lake Daihai

The sensitivity analysis of TN in Daihai showed that BOD5 and DO significantly increased at a certain concentration range at BOD5 > 7.8 mg/L (Figure 5A). The ELSE branch of TN (Figure 5B) showed that with increasing water depth, TN increasingly decreased. However, BOD5 and DO gradually increased, and the TN concentration remained at 0.5 mg/L.




Figure 5 | Sensitivity analysis of HEA models of TN and TP in Daihai. (A) THEN branch of TN; (B) ELSE branch of TN; (C) THEN branch of TP; (D) ELSE branch of TP.



At an ecological threshold SD ≤ 56.04 m, TP was estimated using the THEN branch (Figure 5C). With the gradual increase in DO from 2.54 to 10.32 mg/L, the TP concentration exhibited a non-linear increase trend and increasing growth rate, while COD linearly increased between 7.73 and 18.03 mg/L. The TP concentration decreased with the gradual increase in WT from 10.69°C to 27.31°C because low temperatures were more conducive to phosphorus accumulation in areas of lower transparency. In the case in which the IF condition was not satisfied (SD > 56.04 m), TP was estimated using the ELSE branch (Figure 5D) and was positively correlated with DO and COD.




3.4.3 Sensitivity analysis of TN and TP in Lake Dalinor

At pH ≤ 9.44, the TN of Dalinor was calculated using the THEN branch (Figure 6A). With increasing SD, TN concentration sharply decreased from 0.56 to 0.11 mg/L, and TN was positively correlated with COD. At pH conditions greater than the ecological threshold, TN was calculated using the ELSE branch (Figure 6B). With the gradual increase in SD and DO, the TN concentration slightly decreased and remained at 0.2 mg/L.




Figure 6 | Sensitivity analysis of the HEA model of TN and TP of Dalinor. (A) THEN branch of TN; (B) ELSE branch of TN; (C) THEN branch of TP; (D) ELSE branch of TP.



The sensitivity analysis of TP showed that the TP concentration at an ecological threshold water depth > 9.06 m (THEN branch, Figure 6C) was significantly lower than that at a water depth ≤ 9.06 m. The ELSE branch (Figure 6D) demonstrated that the higher the water depth, the lower the TP concentration.






4 Discussion



4.1 LUCC and its effects on lake water quality

In recent years, owing to the policy of “returning cropland to forests and grazing land to grassland,” cropland has been primarily converted into grassland and forest land in China (Tian et al., 2019). Mountains, rivers, forests, fields, lakes, and grass are interrelated (Lu et al., 2019). In the Daihai Basin, the cultivated land area significantly decreased and was mainly converted into grassland, because Lake Daihai was designated as one of the 365 “Beautiful Lakes” under National Planning Protection in 2014, and the appropriate departments planted trees around the lake and implemented the “returning farmland to wetland” policy (Li et al., 2022). Moreover, the water area of the Daihai Basin was mainly transformed into cropland and impervious land. This change is attributable to the increasing population and demand for cropland and construction land (Cheng et al., 2017). The impervious land area has steadily increased over the past 20 years. Water and grassland were greatly harmed via the transformation process, owing to the increased agriculture, breeding, and tourism in Daihai and the new power plants and breeding farms constructed around the lake (Chen et al., 2018). Moreover, we found that the Dalinor Basin was mainly transformed into grassland and impervious ground because animal husbandry dominated the Dalinor Basin, and grassland was given priority as a land use type in the watershed. In 2019, the Government of Daihai Basin published a breeding balance scheme to protect the valley grassland ecological environment and enhance grassland water conservation. The grassland area tended to decrease from 2000 to 2020, but this trend was not significant. However, a smaller portion of the water area of the river basin was considered, owing to the location of the basin in the farming–pastoral zone of northern China, where animal husbandry has been practiced for a long time. Consequently, the demand for water resources increased, and because the lake is the primary source of animal husbandry, as the grass grows, the lake area decreases (Zhou et al., 2022).

Furthermore, we also explored the multiple regression relationship between land use type and lake nutrient concentration. According to several studies, the higher the negative influence on lake water quality, the higher the cropland area (Li et al., 2017). The runoff of contaminants on the soil surface into the lake during rainfall negatively affects the lake water quality (Jiang et al., 2006; Michael et al., 2018). From 2000 to 2020, impervious surface runoff pollution, caused by urbanization, was the second largest non-point source of pollution after agricultural surface pollution (Wilson and Weng, 2010). The impervious surface features a high population density, and numerous production activities and social activities, resulting in a large amount of domestic and industrial pollution runoff into the lake after limited purification and adsorption, leading to water quality decline, consistent with existing research results (Guo et al., 2006). Over the past 20 years, the temperatures of all three basins have increased, increasing evaporation. Overall, the excessive exploitation of groundwater has reduced the inflow of lake water, subjecting the areas of the three lakes to varying degrees of shrinkage, which is the main reason for the water quality deterioration (Hao et al., 2018; Chen et al., 2021).




4.2 Dynamics and drivers of lake water quality

TN and TP in Lake Ulansuhai showed a significant downward trend over the past 20 years; however, the lake water quality was still V, attributable to the improvement in water quality despite the increasing pressure from population increase and the demand for more farmland. This trend was related to the prior poor water quality of Ulansuhai, and the improvement in the water environment by basin management has exceeded the negative impact of the increased pressure (Chen et al., 2021).

The sensitivity analysis of the HEA model showed that the TN and TP concentrations decreased with increasing water depth and transparency. N and P in the water environment primarily originated from agricultural land fertilization; moreover, agricultural non-point source pollution was primarily concentrated in the lakeshore buffer zone and shallow water area, which led to a lower nutrient concentration and better water quality in the deep water area. These results are consistent with those of previous studies (Liang et al., 2016; Recknagel et al., 2016). In addition, DO and COD in the three lakes were positively correlated with TN and TP (Wang et al., 2019; Shi et al., 2020), but the increased amplitudes in DO and COD were significantly different, which was largely related to the ecological threshold of the model. This demonstrates that the reasons for the change in TN and TP concentrations were complex and influenced by the lake water environment.





5 Conclusion

1) The econometric model and mixed evolution algorithm were used to quantitatively reveal the driving mechanism of water quality change in three typical watersheds in the arid and semi-arid regions of northern China.

2) The econometric analysis model predicted that lake water quality declined with increasing cultivated land and impervious surface area and decreasing water area.

3) The HEA models for the TN and TP of the three lakes quantitatively revealed the relationship between environmental conditions and lake water quality. TN and TP were generally proportional to COD, BOD5, and DO, but inversely proportional to water depth and transparency.

4) The relative contribution analysis showed that the increase in human activities such as cultivated land was the main factor causing water pollution.

To combat emissions from non-point sources of pollution, the rate of urbanization needs to be decreased, and wetland coverage needs to be increased. This study could serve as a guide for the management of the water quality of basins and environmental planning in arid and semi-arid regions.
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