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Abstract

:

The Seungchon and Juksan Weirs were constructed in 2012 through four major river projects to control floods and secure water in the Yeongsan River. However, anthropogenic changes in the environment can lead to loss of biodiversity and longitudinal connectivity and the deterioration of ecosystem health. The objective of this study is to evaluate the effects of physical and chemical changes in the Yeongsan River on aquatic habitats through an integrated (water quality–aquatic habitat) model (i.e., Delft3D and HABITAT). The target species used to simulate habitat suitability included Squalidus chankaensis tsuchigae (an endemic fish), Cyprinus carpio, and Micropterus salmoides (an invasive species of fish). Based on the results, maintaining the lowest water level in one of the two weirs was predicted to improve the habitat of the target species. In particular, the habitat area was greatly improved, especially when the Juksan Weir was completely opened. Furthermore, resistance to environmental changes due to habitat area changes indicates that invasive species adapt more to environmental changes than endemic species. This study suggests that physical and chemical changes in the environment can predict the impact on the health of the aquatic ecosystems, which will be useful in establishing an integrated water management plan. These results can be used as basic data for supporting water management policy, to apply an aquatic ecology prediction model suitable for the Yeongsan River system, and to present a management plan for improving the health of an aquatic ecosystem.
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1. Introduction


Aquatic ecosystems include the habitats of living organisms and can change due to spatiotemporal changes in the physicochemical characteristics of the habitat and the physiological and behavioral characteristics of fish and benthic macroinvertebrates. In particular, artificial changes in the physical environment can lead to problems such as the loss of biodiversity and longitudinal connectivity, as well as the deterioration of ecosystem health. To address these problems, various methods have been proposed for the restoration of natural aquatic environments and the improvement of aquatic ecosystem health [1,2,3].



In the “second master plan to manage the national water environment” established in 2016, the Ministry of Environment (MOE) set the goal of maintaining and restoring aquatic ecosystem health to the excellent (B) grade or higher in river waters across the country by 2025 [3]. Subsequently, in the “first master plan for national water management” established in 2021, the restoration of natural aquatic environments and securing the health of aquatic ecosystems were presented as major strategies for achieving the goal of a “sound water cycle”. However, the Yeongsan River exhibits the worst aquatic system health among the five major rivers in Korea, and the epilithic diatom health index is lower than the national average at most of the survey points along this river [3,4].



Changes in an aquatic ecosystem require a comprehensive analysis that takes into consideration the organisms which inhabit the river, as well as the physical and chemical properties of the river. To achieve the present and future policy goals, it is important to develop an ecological information-based approach for comprehensively identifying the current status of this river ecosystem. To this end, recent research on aquatic ecosystem models has expanded to include the analysis of physical habitats. Physical habitat analysis involves analyzing habitat changes by combining the ecological information of aquatic organisms from a hydraulic perspective (including physical and chemical changes in rivers) and a hydrological perspective (including changes in water balance due to factors such as the weather, rainfall, and watersheds) [5,6]. Thus, this analysis comprises hydraulic analysis of physical and chemical changes and habitat analysis that simulates quantitative and qualitative changes in the conditions of habitats preferred by aquatic organisms [7,8,9]. In other countries, research has been conducted using the instream flow incremental methodology (IFIM) to examine the ecological flow needs required for the survival of aquatic organisms in rivers [1,10,11,12,13,14,15,16,17]. Physical habitat analysis has also been used in Korea since 2000, and plans have been established to minimize the adverse effects of various river-related projects on aquatic ecosystems. Studies have been conducted on the calculation of the environmental flow [12,18,19,20,21,22], the modification of dam discharge scenarios [12,23,24], the impacts of weir removal [25,26,27,28], the restoration of natural river channels [20,27,29], and the evaluation of habitat changes through river restoration projects [7,29,30]. However, previous studies have primarily focused on predicting changes in aquatic habitats due to changes in physical environments (such as water depth and flow velocity). These studies have limitations in evaluating integrated water management practices for managing water quantity, water quality, and aquatic ecosystems in a comprehensive manner. The efficient management of aquatic ecosystems in rivers requires an analytical tool that can comprehensively consider the functions of aquatic ecosystems by integrating physical, chemical, and biological information and also predict changes in aquatic ecosystem health due to environmental changes [31,32,33,34].



This study is a project planned over a total of three years. The main contents of the previous study were the changes in aquatic ecology due to changes in water quantity, and the one target fish species in Yeongsan River was applied [35]. However, this study aimed to qualitatively and quantitatively evaluate how physical and chemical changes in a river affect the habitats of aquatic organisms inhabiting the ecosystem. Based on our analysis, we present management plans from an integrated water management perspective by developing an integrated hydraulics–water quality–aquatic habitat prediction model suitable for the Yeongsan River system. To this end, we used the Delft3D model (a three-dimensional (3D) numerical model developed by Deltares in the Netherlands) and HABITAT (a habitat model). The Delft3D model can evaluate changes in the hydraulics, riverbed, water quality, and algae, according to various prediction purposes, and it can be linked with the HABITAT model to evaluate habitat suitability for various species. In this study, the Delft3D-FLOW, Delft3D-WAQ, and HABITAT models were linked for the freshwater section in the main stream of the Yeongsan River. Accordingly, we evaluated how changes in the physical and chemical environments (a result of the multi-function weir operation) affected aquatic habitats in the study area. The integrated hydraulics–water quality–aquatic habitat prediction model constructed in this study is expected to be a useful analytical tool for the management of various aquatic ecosystems in rivers.




2. Materials and Methods


2.1. Study Area and Input Data


In this study, the Delft3D model was constructed for an approximately 103 km long section of the main stream of the Yeongsan River (Figure 1). This section extended from Wuchi point (in the water quality monitoring network) to the Yeongsan River estuary bank. Orthogonal variable grids were used for grid configuration, and the number of grids was 2626. The horizontal grid sizes ranged from 47 m to 315 m, and the average grid size was 145 m in the lateral direction and 113 m in the longitudinal direction. The vertical direction was composed of five equally spaced water layers that were determined through the application of the σ-coordinate system. The altitudes of all grids were constructed using data from the Korea Institute of Civil Engineering and Building Technology (KICT) [36]. The inflow boundary conditions were defined for the model by constructing 20 boundary conditions, including 13 tributaries (e.g., the Hwangryong River, Jiseok Stream, and Gwangju Stream) and the effluent from 6 public sewage treatment plants (e.g., Gwangju, Damyang, and Naju). The weather boundary conditions were defined using hourly data provided by the Korea Meteorological Administration (KMA) [37], including information regarding the temperature, precipitation, and evaporation (including the amount of cloud cover). Data from the Gwangju and Mokpo weather stations were used.



To estimate flow according to the inflow boundary conditions, we used the weekly flow data from the Water Environment Information System (WEIS) [38] and the daily flow data from the Yeongsan River Flood Control Center of the Water resources Management Information System (WAMIS) [39]. The data from the WEIS were used for water quality, and the effluent data from the sewage treatment plants were constructed and applied using the daily data released by each research institute. In addition, the downstream boundary conditions were defined using data regarding the daily water level at the Yeongsan River estuary bank, as provided by the Yeongsan River Flood Control Center [39]. In addition, fish monitoring was carried out using the cast nets and kick nets. As a result of on-site monitoring, three species of dominant and subdominant species were found, which correspond to about 63% of the study area. In the present study, we performed physical habitat analysis on three species, i.e., Squalidus chankaensis tsuchigae, Cyprinus carpio, and Micropterus salmoides, to understand the effects of weir operation scenarios on the aquatic habitat.




2.2. Methods


2.2.1. The Delft3D Model


The Delft3D model is a 3D numerical model developed by Deltares in the Netherlands and can simulate flows (including sediment transport) and changes in water quality in freshwater, estuaries, and marine water bodies. This model allows the selection of various modules (hydraulics, water quality, algae, and sediment transport (including deposits)), and these can be linked and applied according to the research objectives. The Delft3D-FLOW module includes four options for numerical analysis (stability, implicit-explicit methods, error rate reduction, and rapid fluctuation simulation), and the advection term can be calculated by selectively combining and applying these options. The Delft3D-WAQ module can analyze water quality and is applied in connection with flow field information through hydraulic analysis. It can simulate the behavior of dissolved oxygen, nutrients, and organic matter—as well as changes in these factors—through a wide range of reaction networks of organic matter (e.g., mineralization, precipitation and resuspension, and nitrification and denitrification). The Delft3D-BLOOM module can simulate competition among various algae and populations based on the adaptation of species to various limiting factors and species extinction. The Delft3D model and its various modules have been applied in several studies [40,41,42,43].



The Delft3D-FLOW module consists of 3D nonlinear continuity equations and shallow water equations for mathematical analysis. The governing equations summarized under the Boussinesq assumption for an incompressible fluid are detailed below [43].


    ∂ ζ   ∂ t   +  1     G  ξ ξ     +    G    η η       ∂ (  (  d + ζ  )  U    G  η η       ∂ ξ   +  1     G  ξ ξ     +    G    η η       ∂ (  (  d + ζ  )  V    G  ξ ξ       ∂ η   =  (  d + ζ  )  Q  



(1)




where t is the time; ξ and η are the horizontal axes in a spherical coordinate system; Q is the flow rate (m3/s); ζ is the water depth above the datum level (m); d is the water level below the datum level (m); and U and V are the average flow velocities (m/s) in the ξ and η directions, respectively. In the Delft3D model, the flow velocity in the vertical direction is calculated from the continuity equation and the momentum equations in the horizontal (ξ) and vertical (η) directions are as follows [43]:
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where ω is the flow velocity in the vertical direction (m/s); f is the Coriolis constant (1/s); ρ0 is the density of seawater (kg/m3); ν is the kinematic viscosity (m2/s); Pξ  and Pη are pressure gradients and Fξ and Fη are the Reynolds pressure imbalances (m2/s) in the ξ and η directions, respectively; and Mξ and Mη are the generated and extinct momentums, respectively. In addition, the state (density), hydrostatic pressure condition, and turbulence terms are included in the basic equation to construct the basic Delft3D-FLOW module [43].
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where C is the water quality-related ecological variable; u, v, and ω are flow velocities in the x, y, and z directions, respectively; Kx, Ky, and Kz are turbulent diffusion coefficients in the x, y, and z directions, respectively; and Sc is the external and internal generation terms and extinction terms.



In the Delft3D-WAQ module, the basic equation is similar to the thermohaline conservation equation and biogeochemical internal generation and extinction terms can be added. In addition, it can take into account the dynamic responses of 32 water quality-related ecological variables. Moreover, generation and extinction actions for each water quality variable and interactions between them can also be considered. In this study, we included an empirical formula for the heat exchange between water and air and added the items of nitrification, denitrification, and oxygen consumption to the basic DO-BOD model. This allowed us to consider interactions between variables for external and internal generation and extinction terms. Detailed descriptions of the empirical formulas for water quality items and the interactions between variables (obtained through generation and extinction actions for each applicable water quality variable) can be found in [43].




2.2.2. The HABITAT Model


Depending on the purpose, the HABITAT model can be utilized in the form of various models, including data-based, structural, and habitat suitability assessment models. The HABITAT model in the form of a habitat suitability assessment model was developed by Deltares in the Netherlands, and it is a tool for spatiotemporal analysis that supports watershed-level planning as well as river environments. Lim et al. [35] and Haasnoot and van de Woolfshaar [44] reported that the habitat suitability assessment model is based on ecological information and can be used for qualitative (e.g., spatial distribution of a habitat) and quantitative (e.g., habitat area for specific species or communities of species) evaluations. In addition, it can be used to analyze changes in the distribution and area of habitats due to various external environmental changes (e.g., floods, droughts, and the installation and operation of artificial structures). In the HABITAT model, the main input variable is the response curve (knowledge rule), and the habitat suitability index (HSI) is applied for each species. To improve the quality of research for HABITAT model performance, Deltares provides formulas or graphs (free of charge) detailing the habitat distribution relationships for basic habitat environmental conditions, as well as information regarding various target species in ecosystems.



In the HABITAT model, four modules can be selected, depending on the independent variable (an environmental factor) and the dependent variable (the target species). The broken linear model—the most basic module in the HABITAT model—considers a single dependent variable (e.g., water depth and flow velocity) and is used to assess habitat suitability. However, because complex aquatic environments are reflected using only one variable, simulations of habitat suitability using this module show high uncertainty. Therefore, the formula-based module in the HABITAT model is used because it considers two or more environmental factors simultaneously. The classification module can identify changes in habitats according to the particle size of riverbed materials and assess the habitats of various species in a community according to water depth and flow velocity. This module applies one environmental factor for various independent variables and identifies results by designating independent variables corresponding to the ranges of environmental factors. In addition, it ensures the reliability of habitat change assessments for various species (e.g., lotic, lentic, and benthic species) by using data on various environmental factors.




2.2.3. Statistical Methods for Reproducibility


To verify the reproducibility of the Delft3D model applied to the main stream of the Yeongsan River, we performed model calibration from 1 January to 31 December 2018, and model verification from 1 January to 31 December 2019. Nash–Sutcliffe efficiency (NSE), percent bias (Pbias), bias, index of agreement (IOA), and mean absolute error (MAE) were used as indicators for the analysis of reproducibility. NSE was used as an indicator of the proficiency of model predictions; Bias and Pbias were used as indicators of the average direction of data; and MAE and IOA were used to analyze the differences in prediction accuracy. As NSE and IOA approached 1 and Bias and MAE approached 0, they were judged as target values. The indicators were expressed as follows [45]:
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where Pi is the simulated value (time i); Oi is the observed value (time i); and     O ¯  i    is the average value observed during the entire period.



A model based on the signal detection theory was used to examine and evaluate the reproducibility of the HABITAT model. Using this method, comparisons of model predictions and measured values can be expressed in four combinations: “True positive (Tp)”, which represents consistency between the prediction and reality; “False negative (Fn)” and “False positive (Fp)”, which indicate a discrepancy between the prediction and reality; and “True negative (Tn)”, which indicates nonreproducibility in terms of both prediction and reality. Based on this, the accuracy of the results was calculated using the correct classification rate (CCR) as follows [46]:
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where Tp, Tn, Fp, and Fn represent the number of times the corresponding results were obtained. The HSI calculated in the HABITAT model ranges from 0 (unsuitable) to 1 (suitable); therefore, it may affect the CCR, depending on the population and HSI standards obtained through an actual field survey [1,3,7,35].




2.2.4. Scenarios of Weir Operation


As part of the ‘Four Major Rivers Project’, two weirs were constructed in the main stream of the Yeongsan River to increase water use and flood control capacity. Although the amount of water has increased due to the construction of the weir, the water depth was deepened and the flow was delayed, and there are disadvantages, such as longitudinal disconnectivity and aquatic habitat deterioration.



Simulation conditions (scenarios) were constructed to identify the effects of hydraulic structure operations on changes in habitat suitability (Figure 2). For the Seungchon and Juksan Weirs installed on the main stream of the Yeongsan River, scenarios were constructed under the assumption that a certain water level would be maintained by opening the sluice gates according to recent weir-opening conditions.



Scenario 1 involved the partial opening of the Seungchon Weir (EL, 6.0 m) and partial opening of the Juksan Weir (average water level EL, 1.5 m), whereas Scenario 2 involved the full opening of the Seungchon Weir (EL, ~2.7 m) and partial opening of the Juksan Weir (average water level EL, 1.5 m). Scenario 3 involved the partial opening of the Seungchon Weir (EL, 6.0 m) and full opening of the Juksan Weir (EL, −1.35 m (lowest)). These scenarios include cases in which the weirs are partially or fully opened; therefore, it is possible to compare the changes in habitats according to the operation of existing hydraulic structures.






3. Results and Discussion


In this study, HABITAT 3.0 (Deltares, Delft, The Netherlands) was used to analyze changes in the habitat suitability for target species. The grids generated in the Delft3D model were converted and applied using the Surfer 16 software [35]. Physical habitat analysis is a numerical tool that quantifies the quality of the aquatic habitats for target species at a certain given discharge. For physical habitat analysis, hydraulic and habitat simulations must be performed. Therefore, the results of the Delft3D-FLOW and Delft3D-WAQ modules were utilized to assess physical and chemical changes, respectively. In the HABITAT model, the input data included the habitat suitability curves (HSCs) of the physical and chemical variables for each target species. The target species were selected based on the species that inhabit or occur in the Yeongsan River system. In the first year, the candidate species were examined to secure their ecological importance and association with the project. Subsequently, we selected the following target species for this study: Squalidus chankaensis tsuchigae, a dominant and endemic species in the Yeongsan River system; Cyprinus carpio, a species that overlapped with the project in the first year; and Micropterus salmoides, an exotic species.



Squalidus chankaensis tsuchigae is an endemic species of the Republic of Korea and mainly inhabits rivers flowing into the West Sea, such as the Han River, Mangyeong River, Geum River, and Yeongsan River. It mainly inhabits the middle of rivers or reservoirs, where there is a lot of aquatic vegetation and shallow water. Cyprinus carpio lives in places with muddy bottoms, such as puddles and ponds. In winter, they dive deep into the water, and when the water temperature rises, they flock to shallow places. Some live in the estuaries of rivers with slightly salty water. Micropterus salmoides is a species of fish belonging to the order Bass and is largely divided into freshwater bass and sea bass. The most common freshwater bass is the black bass, which lives mainly in lakes and rivers. The most significant characteristic of bass is that they reproduce easily and show rapid growth. The most common bass in Korea is the freshwater bass, which began to enter the domestic ecosystem in 1975 after the discharge of Lake Paldang. On the other hand, the bass, which is native to North America, is a very aggressive fish species [47,48,49,50,51].



Table 1 lists the input data of HSI for the target species applied to the HABITAT model. In addition, Figure 3 shows the HSCs of physical and chemical variables constructed using the Instream Flow and Aquatic Systems Group (IFASG) method [52]. The HSCs provide values of a habitat suitability index (HSI) as a function of physical habitat variables. In the present study, this method sets the range of each physical factor in fish monitoring data and gives the values of habitat suitability indexes 1.0, 0.5, 0.1, and 0.05 to the values of the population distribution of fish, corresponding to the top 50%, 75%, 90%, and 95% of the total population when the population of fish corresponds to each range [52]. These variables were constructed using available data, such as those collected by the basic environmental survey project and the eco-river project (2007–2011) [53].



3.1. Model Calibration and Verification


3.1.1. The Delft3D-FLOW Model


The Delft3D-FLOW model was used to examine the reproducibility of water levels at the Seungchon and Juksan Weirs on the Yeongsan River. The results confirmed that the simulated values approached the observed values and the indicators were calculated as follows: Bias, −0.11 to 0.43 m; MAE, 0.16 to 0.46 m; NSE, −2.71 to 0.97; Pbias, −2.08 to 6.54%; and IOA, 0.72 to 0.99 (Figure 4a,b). The reproducibility of the model for water temperatures was examined using water temperature data from the water quality monitoring network at the same locations, as provided by the MOE. For the observed and simulated values of water temperature, the Bias values ranged from −1.65 to 0.16 °C; MAE from 0.06 to 0.35 °C; NSE from 0.72 to 0.97; Pbias from −2.03 to 1.41%; and IOA from 0.88 to 0.99 (Figure 4c,d). The accuracy was also evaluated according to Moriasi et al. [54], and the results corresponded to grades ranging from ‘Satisfactory’ to ‘Very good’.




3.1.2. The Delft3D-WAQ Model


To examine the reproducibility of water quality-related items using the Delft3D-WAQ model, the simulated and observed values were compared for dissolved oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen demand (COD), and total nitrogen (T-N) at representative locations in the Seungchon and Juksan Weirs. The Bias values ranged from −5.15 to 5.83 mg/L; MAE from −2.25 to 3.58 mg/L; NSE from 0.65 to 0.82; Pbias from −5.75 to 7.18%; and IOA from 0.66 to 0.80 (Figure 5).



When the results of the Delft3D-FLOW/-WAQ modules were compared with the observed values, the tendencies were accurately predicted. However, some data with large fluctuations were either underestimated or overestimated. In the Delft3D-WAQ module, appropriate coefficient values were applied within the characteristics and ranges of the applied targets for 15 water quality-related factors (Table 2). In general, calibration and verification were performed using the environmental data, observed values, and modeling results. However, it was difficult to set appropriate coefficient values in situations with large data variability or the occurrence of singular values. Therefore, for the coefficients applied in this study, the accuracy of model prediction was judged to be significantly low when the water quality data of other target sections were predicted. The improved optimization of coefficients requires improvements in the data obtained from various water quality monitoring networks. Moreover, it is necessary to recalculate the appropriate ranges of coefficients suitable for the characteristics of rivers in Korea. The spatiotemporal results of the Delft3D-Flow and Delft3D-WAQ modules were used as time-series flow field information for the reference scenario in the HABITAT model. In addition, for the reference scenario, the changes in habitats were analyzed using the HSC data constructed for the target species in this study.




3.1.3. The HABITAT Model


To evaluate the reproducibility of the HABITAT model, the species distributions (confirmed by the results of a biomonitoring network) and the results of a basic environmental survey project were compared with the results of the HABITAT model. The fish field monitoring was conducted from August to October 2019, and reproducibility between the results, obtained using the HABITAT model, was compared with the results for August. This is because during the period, except August 2019, analysis was difficult due to the lack of fish monitoring data. In addition, three target fish species applied in the present study appeared in August. Moreover, we selected locations at which the HSI was >0.25 and where ≥3 populations had been monitored. Therefore, a total of 14 locations were selected for the examination of reproducibility. This included one survey point at Yeongsan Bridge that had been included in the basic environmental survey project.



Figure 6 shows the reproducibility of model results for the target species using the correct classification rate. The CCR values of Squalidus chankaensis tsuchigae, Cyprinus carpio, and Micropterus salmoides were 71.4%, 50.0%, and 42.9%, respectively. Squalidus chankaensis tsuchigae was found to be the dominant species inhabiting the Yeongsan River and showed high prediction accuracy when compared with the actual monitoring results. For Cyprinus carpio, the observed and calculated habitat suitability metrics were inconsistent because the actual number of observations was insufficient for proper analysis. If various monitoring data are recorded and used in future analyses, the accuracy of the results and model reproducibility are expected to improve. Micropterus salmoides is known to be highly adaptive to environmental changes, as it is a carnivorous species and exhibits lentic and lotic habitat characteristics [47,48,49,50,51].



Therefore, the species frequency was found to be high at the actual monitoring points, but the reproducibility of the model results was not high. This indicates that it is difficult to predict changes in aquatic habitats based only on the physicochemical changes caused by artificial weir operation practices under specific conditions. The accuracy of prediction is expected to improve if compared with model results under different conditions. Therefore, despite differences in the sections where the field survey results were insufficient, we found an average accuracy of about 55% for the target species. This indicates that the reproducibility of the HABITAT model is reasonable. If various analytical conditions and monitoring data are used in the future, the reproducibility and prediction accuracy of the HABITAT model are expected to improve.





3.2. Changes in the Composite Suitability Index and Weighted Usable Area


As detailed above, three weir operation conditions were applied to the HABITAT model (Figure 7). Both the Seungchon and Juksan Weirs were partially opened under Condition 1, whereas the Seungchon Weir was fully opened and the Juksan Weir was partially opened under Condition 2. Under Condition 3, the Seungchon Weir was partially opened and the Juksan Weir was fully opened.



3.2.1. Squalidus chankaensis tsuchigae


Squalidus chankaensis tsuchigae is a dominant and endemic species in the Yeongsan River. Under simulation of Condition 1, the habitat suitability in the river channel was found to deteriorate (except in the upstream region). Under simulation Conditions 2 and 3, the habitats in the river channel were improved. This was because the full opening of one weir allowed the water depth and flow velocity to reach the conditions preferred by the target species. From a quantitative perspective, the habitat suitability area was improved by approximately 47% when one weir was fully opened compared to the simulation of Condition 1 where both weirs were partially opened.




3.2.2. Cyprinus carpio


Cyprinus carpio exhibits the characteristics of a lentic species. Habitat suitability was found in areas where a suitable water depth was secured in the river channel, even under the condition of partial opening of a weir. It can be seen that the species is highly tolerant and adaptive to changes in the physical environment, such as artificial weir operation conditions. Compared to simulation condition 1, the habitat suitability area was improved by approximately 42% under fully opened conditions (Conditions 2 and 3).




3.2.3. Micropterus salmoides


Micropterus salmoides exhibits both lentic and lotic characteristics. The species was found to be less affected by artificial weir operations because the habitat suitability for this species was generally high in the river channel. As a carnivorous species, Micropterus salmoides is also known to be highly adaptive to environmental changes. When one weir was fully opened, the average habitat suitability area was improved by 36% compared to in conditions of partial opening. Because the habitat suitability of an exotic species was also improved despite artificial weir operations, it is necessary to prepare and establish plans to protect native species against exotic species in the future.




3.2.4. Degree of Tolerance for Environmental Changes (Adaptability)


As shown in the Figure 8, the average habitat area in the river channel was calculated according to the simulation conditions, compared, and analyzed using the aforementioned qualitative and spatial changes in habitat suitability. Changes in the average habitat area can be interpreted as the degree of tolerance (adaptability) for physical environmental changes caused by artificial weir operation. The average habitat suitability area, according to the simulation conditions, was found to be 604,560 m2 for Squalidus chankaensis tsuchigae, 1,599,441 m2 for Cyprinus carpio, and 1,766,941 m2 for Micropterus salmoides. When the degree of adaptability was examined based on these results, Micropterus salmoides and Cyprinus carpio were found to have strong tolerance for environmental changes, whereas Squalidus chankaensis tsuchigae (a native species) was found to be vulnerable to such changes. In addition, the habitat suitability area was more significantly improved under the simulated conditions of Scenario 3 than under the simulated conditions of Scenarios 1 and 2. This indicates that the habitat suitability area was maximized when the Juksan Weir (rather than the Seungchon Weir) was fully opened. Above all, the habitat affected by the Juksan Weir is more widely distributed than the section affected by the Seungchon Weir in the study area. Furthermore, in the case of the Juksan Weir, it is located in a downstream section of the Yeongsan River and, due to the backwater effect of the river, a wide stagnant water area is formed there. Therefore, when the weir gate is opened, changes in stream flow occur, and it is judged that these changes have a greater impact on aquatic habitats.






4. Conclusions


Predicting changes in aquatic ecosystems (as a result of environmental changes) and efficiently managing these changes requires an integrated model capable of analyzing the interactions between physical, chemical, and ecological factors. To this end, this study aimed to develop an integrated hydraulics–water quality–aquatic habitat prediction model that can be applied to the Yeongsan River system. Moreover, we aimed to develop management plans to improve aquatic ecosystem health through habitat prediction. In the second year of the study, the Delft3D-Flow and Delft3D-WAQ models were linked with the HABITAT model, and an integrated model was constructed for the main stream of the Yeongsan River. In addition, we evaluated and analyzed the changes in habitat suitability according to the three weir operation scenarios. Based on field survey data regarding the aquatic species inhabiting the river system, we used the IFASG method to construct the habitat suitability curves (HSCs) of the target species according to the physical and chemical variables of the environment.



The reproducibility of the Delft3D model was evaluated using five indicators (bias, Pbias, MAE, NSE, and IOA) of the water level, water quality, and water temperature. The results for water level and water temperature corresponded to the ‘Satisfactory’ grade or higher. However, although the simulated water quality tended to be in line with the observed data, some data were underestimated or overestimated. The reproducibility of the HABITAT model for Squalidus chankaensis tsuchigae, Cyprinus carpio, and Micropterus salmoides was evaluated using CCR, and the model simulated the appearance of the target species with about 55% accuracy.



When changes in habitat suitability were evaluated, the habitats of the target species were predicted to improve when at least one of the two weirs installed on the Yeongsan River remained fully open. In particular, habitat improvement was maximized when the Juksan Weir (rather than the Seungchon Weir) was fully opened. In addition, we used changes in the average habitat area to analyze the degree of tolerance of the species for physical environmental changes. In this analysis, Micropterus salmoides and Cyprinus carpio were found to have high adaptability, whereas Squalidus chankaensis tsuchigae exhibited low adaptability. Based on the results of this study, we expect that the integrated prediction models that links Delft3D with HABITAT could be used to predict the effects of physical and chemical environmental changes on aquatic ecosystems. Moreover, with these results, it is expected that the effect of changes in water quantity and water quality on aquatic ecology through the various weir operation scenarios will be analyzed and it will be helpful when planning rehabilitation in the future.



A future research direction involves using the construct a Delft3D-based model for predicting changes in algal populations according to changes in hydraulic features and water quality-related items. Using data related to the changes in weather conditions and hydraulic structures, we can predict associated changes in the characteristics of a specific algal species due to competition and adaptation under various scenarios. In addition, plans are underway to use machine learning algorithms to evaluate the spatiotemporal changes in algal communities by analyzing long-term zooplankton survey data in the weir sections of Yeongsan River. Field-based survey data, data from the basic environmental survey linked with this research project, and available databases in Korea will be used to construct HSCs for aquatic species inhabiting the river system (e.g., fish, benthic organisms, and epilithic diatom) and expand the available range of modeling. This is expected to improve the reliability of the results and the applicability of aquatic ecosystem models to species that inhabit the Yeongsan River system. We will also develop a hydraulic model to predict salinity changes and changes in the habitat environment of marsh clams in the Seomjin River estuary. This will improve the scalability of the integrated (hydraulics–water quality–aquatic habitat) prediction model and make it possible to identify the effects of efficient dam operation on the restoration of natural aquatic environments, thus improving the water circulation structure in river systems. The implementation of this prediction model based on the driver–pressure–state–impact–response (DPSIR) framework can help derive optimal water management plans and policies.
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Figure 1. Study area in ref. [35] (modified). 
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Figure 2. Operating rules for the coupled operation of the Seungchon and Juksan Weirs. 
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Figure 3. Habitat suitability curves (HSCs) of the physical (water depth, velocity, substrate) and chemical (DO, BOD, COD) variables for the target species. (a) Squalidus chankaensis tsuchigae; (b) Cyprinus carpio; (c) Micropterus salmoides. 
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Figure 4. Comparison of simulated and observed water levels and water temperature at (1) the Seungchon Weir and (2) the Juksan Weir. (a) Model calibration (water level); (b) model verification (water level); (c) model calibration (water temp.); (d) model verification (water temp.). 
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Figure 5. Comparison of simulated and observed water levels and water temperatures at the Seungchon and Juksan Weirs. (a) Model calibration (Seungchon Weir); (b) model verification (Seungchon Weir); (c) model calibration (Juksan Weir); (d) model verification (Juksan Weir). 
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Figure 6. Reproducibility of model results for the target species using the correct classification rate. 






Figure 6. Reproducibility of model results for the target species using the correct classification rate.



[image: Sustainability 14 06090 g006]







[image: Sustainability 14 06090 g007a 550][image: Sustainability 14 06090 g007b 550] 





Figure 7. Distributions of the habitat suitability index for the target species. (a) Scenario 1; (b) Scenario 2; (c) Scenario 3. 
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Figure 8. Changes in the optimal habitat suitability areas of the target species in each modeling scenario. 






Figure 8. Changes in the optimal habitat suitability areas of the target species in each modeling scenario.



[image: Sustainability 14 06090 g008]







[image: Table] 





Table 1. Habitat suitability index (HSI) ranges of each variable for target fishes.
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Parameter

	
Value

	
Unit






	
Squalidus chankaensis tsuchigae




	
physical

variables

	
water depth

	
[0, 0]; [0.35, 1]; [0.45, 1]; [1.0, 0.1]; [10, 0]

	
m




	
velocity

	
[0, 1]; [0.3, 1]; [1.0, 0.4]; [2.0, 0.1]; [100, 0]

	
m/s




	
substrate

	
[6 (Granules and Pebbles), 1]

	
-




	
chemical

variables

	
DO 1

	
[0, 0]; [1, 0.1]; [2, 0.3]; [3, 0.4]; [4, 0.45]; [5, 1]; [6, 1]; [7, 0.9]

	
mg/L




	
BOD 2

	
[0, 1]; [1, 1]; [2, 1]; [3, 1]; [4, 1]; [5, 0.8]; [6, 0.4]; [7, 0.0]

	
mg/L




	
COD 3

	
[0, 0.8]; [1, 1]; [2, 1]; [3, 1]; [4, 0.7]; [5, 0.6]; [6, 0.2]; [7, 0.0]

	
mg/L




	
Cyprinus carpio




	
physical

variables

	
water depth

	
[0, 0.5]; [0.5, 1]; [0.7, 1]; [1.0, 0.7]; [1.2, 0.2]; [10, 0]

	
m




	
velocity

	
[0, 1]; [0.3, 1]; [1.0, 0.7]; [1.5, 0.4]; [100, 0]

	
m/s




	
substrate

	
[4–5 (Silt and Clay, Fine Sand), 1]

	
-




	
chemical

variables

	
DO

	
[0, 0]; [1, 0]; [2, 0.6]; [3, 0.7]; [4, 0.8]; [5, 1]; [6, 1]; [7, 0.7]

	
mg/L




	
BOD

	
[0, 0.5]; [1, 0.8]; [2, 1]; [3, 1]; [4, 1]; [5, 1]; [6, 0.7]; [7, 0.5]; [8, 0.2]; [9, 0.1]; [10, 0]

	
mg/L




	
COD

	
[0, 0.6]; [1, 1]; [2, 1]; [3, 1]; [4, 1]; [5, 0.8]; [6, 0.6]; [7, 0.5]; [8, 0.4]; [9, 0.3]; [10, 0.1]; [11, 0]

	
mg/L




	
Micropterus salmoides




	
physical

variables

	
water depth

	
[0, 0.7]; [0.2, 1]; [0.4, 1]; [1.0, 0.7]; [1.5, 0.6]; [10, 0]

	
m




	
velocity

	
[0, 1]; [0.3, 1]; [0.7, 0.7]; [1.0, 0.8]; [2.0, 0.5]; [100, 0]

	
m/s




	
substrate

	
[5 (Medium Sand and Pebbles), 1]

	
-




	
chemical

variables

	
DO

	
[0, 0]; [1, 0.1]; [2, 0.7]; [3, 0.85]; [4, 1]; [5, 1]; [6, 1]; [7, 0.4]

	
mg/L




	
BOD

	
[0, 0.7]; [1, 0.9]; [2, 1]; [3, 1]; [4, 1]; [5, 1]; [6, 0.8]; [7, 0.6]; [8, 0.4]; [9, 0.2]; [10, 0]

	
mg/L




	
COD

	
[0, 0.5]; [1, 0.7]; [2, 1]; [3, 1]; [4, 1]; [5, 0.7]; [6, 0.5]; [7, 0.4]; [8, 0.3]; [9, 0.2]; [10, 0.1]; [11, 0]

	
mg/L








1 Dissolved oxygen, 2 Biochemical oxygen demand, 3 Chemical oxygen demand.
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Table 2. The information of water quality parameter based on Delft3D-WAQ results.
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	Parameter
	Description
	Unit
	Range
	Setting Factor





	SWSatOxy
	Switch saturation DO calculation
	-
	≤4
	2.000



	ThrAlgNH4
	threshold concentration uptake ammonium
	gN/m3
	0–1
	0.041



	ThrAlgNO3
	threshold concentration uptake nitrate
	gN/m3
	0–0.1
	0.020



	ThrAlgPO4
	threshold concentration uptake phosphate
	gP/m3
	0–0.1
	0.015



	RcDen20
	MM-denitrification reaction rate at 20 °C
	gN/m3/d
	0–0.1
	0.100



	TcDenWat
	temperature coefficient for denitrification
	-
	0.5–1.5
	1.070



	KsNiDen
	half saturation constant for nitrate cons.
	gN/m3
	0–0.1
	0.500



	KsOxDen
	half saturation constant for oxygen inhib.
	g/m3
	0–5
	1.000



	KsAmNit
	half saturation constant for ammonium cons.
	gN/m3
	0–3
	0.500



	KsOxNit
	half saturation constant for DO cons.
	g/m3
	default
	1.000



	RcNit
	first-order nitrification rate
	1/d
	0–2
	0.140



	OOXNIT
	optimum oxygen concentration for nitrification
	gO2/m3
	default
	5.000



	CFLNIT
	oxygen function level for oxygen below COXNIT
	-
	0–1.5
	0.025



	SWRear
	switch for oxygen reaeration formulation
	-
	default
	1.000



	TCRear
	temperature coefficient for reaeration
	-
	0.5–1.8
	1.016
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