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ABSTRACT. This study proposes an ecological reservoir operation by linking ecological model and optimization model of reservoir. 

A remote sensing based ecological model was developed in which water temperature and total dissolved solids were simulated in the 

surface layer of reservoir. Moreover, ecological suitability maps were generated by a fuzzy inference system in which water temperature 

and total dissolved solids were inputs and normalized suitability was output. An ecological reservoir operation model was developed 

consistent with the ecological model to minimize ecological suitability loss of the reservoir as well as water supply loss. Moreover, a 

non-ecological operation was developed to minimize water supply loss only. Reliability and vulnerability indices and average habitat 

suitability in the reservoir were applied to measure the performance of the optimization model. Results indicated that reliability of water 

supply is reduced 6% due to using ecological operation model of the reservoir. Furthermore, vulnerability of water supply is increased 

more than 14% using the ecological operation. In contrast, the average habitat suitability of the reservoir is increased more than 0.35 by 

ecological operation which means it is remarkably effective on mitigating ecological impacts. Based on case study results, applying 

ecological operation of the reservoir is necessary to mitigate the ecological impacts of the reservoir on the ecological sustainability of 

reservoirs as well as downstream. The proposed method is able to balance the habitat requirements and humans’ needs. 
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1. Introduction 

The role of reservoirs for water and electricity supply in 

the communities has been highlighted in the literature (e.g., 

Vasconcelos et al., 2021). Hence, optimal operation of the res-

ervoirs has broadly been addressed in the previous studies, 

which should be reviewed in terms of the objective function 

and the optimization methods. Linear programming (LP) was 

the first approach to optimize reservoir operation (e.g., Leela 

Krishna et al., 2018). Non-linear programming and dynamic 

programming were other approaches used in the reservoir op-

eration because the reservoir operation function is non-linear 

(Ahmad et al., 2014). Furthermore, evolutionary algorithms are 

soft computing methods, which could be used in the reservoir 

operation optimization (Jahandideh-Tehrani et al., 2019). Nu-

merous evolutionary algorithms have been used to optimize 

reservoir operation in recent decades (e.g., Afshar et al., 2011; 

Castelletti et al., 2014; Haddad et al., 2015; Yaseen et al., 2019; 

Saadatpour et al., 2021). These studies highlight the efficiency 

and superiority of the evolutionary algorithms to optimize the   
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reservoir operation. It seems that using these algorithms might 

be a reasonable solution for optimizing the reservoir operation 

due to complexities of the operation models. 

Another aspect of the optimal reservoir operation is the 

objective function in the optimization model. Using a loss func-

tion of the operation in which difference between target and 

demand might be minimized is recommended in many previous 

studies (e.g., Ehteram et al., 2018). However, adding some con-

strains to the optimization system such as storage constraints 

seems necessary (Ehteram et al., 2018). Hence, deviation from 

the minimum operational storage should be added to the model. 

This basic loss function is not able to integrate the environmen-

tal challenges and the operation model of the reservoir. Hence, 

prestigious efforts have been carried out to add the environ-

mental modelling to the structure of the reservoir operation 

model in which ecological flow requirement at downstream of 

the dam was the key point for mitigating environmental degra-

dations (e.g., Cai et al., 2013; He et al., 2018). Some previous 

studies added downstream environmental flow as an ecological 

indicator to the operation model for managing hydropower 

plants as well as reservoirs (Kuriqi et al., 2019; Kuriqi and Ju-

rasz, 2022). Not only adding environmental flow models to the 

reservoir operation needs more studies due to complexities in 

the assessment of environmental flow, but also ecological im-

pacts of the reservoir are beyond the downstream ecological 
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flow regime. Hence, it is needed to highlight the other ecolog-

ical aspects of the dam in the reservoir operation models, which 

is the focus of the present study. 

Interdisciplinary studies which link hydrological and eco-

logical assessments have been highlighted in recent decades 

due to complex and important interactions between hydrologi-

cal and ecological features in river basins. Some studies high-

lighted restoring ecological integrity using low flows (e.g., 

Mallen‐Cooper and Zampatti, 2020). Moreover, conceptual de-

cision-making systems have been developed for managing en-

vironmental flows in the structure of water resources manage-

ment (e.g., Cheng et al., 2019). Along with developing novel 

hydro-ecological frameworks in river basin management, many 

studies analysed interaction of hydrological features and eco-

logical sustainability especially in floodplains (e.g., Melack 

and Coe, 2021) which demonstrate the importance of interdis-

ciplinary assessment in catchment and infrastructures manage-

ment. Ecological modelling is generally a complex process, 

which needs an appropriate method for coming to picture the 

ecological status of the ecosystems. The initial studies proposed 

simpler statistical methods to model the ecological status (Sch-

molke et al., 2010). However, profound studies demonstrated 

that these methods might not be able to simulate key ecological 

factors such as population or habitat suitability in the ecosys-

tems. Thus, novel methods such as machine learning models 

have been recommended to simulate ecological status in which 

the effect of complex combination of inputs on the ecological 

status could be simulated (Schuwirth et al., 2019). However, 

utilizing machine-learning models might not be possible in all 

the cases due to technical limitations. Hence, fuzzy approach 

has been used and recommended in the ecological studies of 

the inland water bodies in which ecological expert opinions 

could be integrated in the fuzzy inference system to simulate 

the habitats suitability in waterbodies (Moutonet et al., 2008). 

Habitat suitability generally means how abiotic factors includ-

ing physical and water quality parameters can provide sustain-

able condition for key biological activities such as reproduction 

and searching for food. In streams, physical factors such as 

velocity are major and water quality factors are minor to define 

habitat suitability index. In contrast, water quality factors are 

major factors in lakes to define habitat suitability because phy-

sical tension is minimized due to high depth and low velocity. 

Many methods have been proposed for quantifying habitat suit-

ability including univariate analysis, multiple regression mod-

els, machine learning model and expert opinion models. Due to 

complex impact of abiotic factors and considerable costs of ex-

tensive and long-term field studies, expert opinion methods us-

ing long-term approximate observation by regional experts are 

popular methods in this regard. Furthermore, remote sensing is 

a known and popular method to analyse the abiotic factors such 

as water quality parameters in water bodies which is a prere-

quisite for ecological modelling (Elhag et al., 2019; Wang and 

Yang, 2019).  

Previous studies only highlighted downstream environ-

mental flow in the optimal reservoir operation. However, sim-

ulating upstream impacts on the lake itself as an active new 

habitat by advanced ecological models is not considered which 

was a research gap as the main motivation of this study. The 

novelty of this research work could be highlighted as follows: 

(1) Development of a novel ecological simulation-optimization 

framework for managing reservoir operation. (2) Integrating 

ecological suitability of the reservoir (upstream impacts) as 

well as downstream ecological flow (downstream impacts) in 

the operation optimization. (3) Using a novel remote sensing 

based ecological model of the lake for improving reservoir 

operation. (4) Comparing results of ecological and convention-

al reservoir operation models in terms of water supply and eco-

logical degradations of the reservoir. 

2. Application and Methodology 

2.1. Overview on the Methodology and Case Study 

Figure 1 displays a useful overview on the proposed meth-

od in which ecological storage model and the evolutionary opti-

mization of the reservoir are the main components. The ecolo-

gical storage model consists of two sub-model including re-

mote sensing data processing and ecological expert panel. The 

output of the ecological storage model will be the suitability 

distribution maps, which could be applied to develop a multi-

variate regression model to simulate the average ecological 

suitability in different storage levels. Then, the regression mod-

el is utilized in the structure of the reservoir operation in which 

the evolutionary algorithms is applied to optimize storage and 

release of the reservoir. More details on these parts will be pre-

sented in the following sections. 

We applied the proposed method in the Latian dam in Iran. 

This dam has been constructed on the Jajrood River in the Teh-

ran province as the capital territory of Iran where is responsible 

for satisfy the water demands in the urban areas. This reservoir 

does not have large catchment (jajrood catchment) and it can 

be classified as a middle size dam in Iran. However, its role is 

critical in terms of water supply as well as ecological impor-

tance. Due to increasing population of the study area in recent 

decades, not only this dam is not able to supply demands in the 

Tehran province, but also other available water resources might 

not be sufficient to supply the available water demands. Hence, 

the regional water authority is willing to abstract water from 

different resources as much as possible. On the other hand, the 

Jajroord river is a protected ecosystem in which many valuable 

aquatic species are inhabited. In other words, environmental 

advocators are highly concerned regarding the ecological im-

pacts of the Latian reservoir. One of the significant concerns is 

the role of reservoir to disconnect the downstream and up-

stream habitats of the fishes, which means the fishes are forced 

to use the artificial ecosystem of the lake for many biological 

activities. However, water authority does not consider the eco-

logical limitations of the reservoir operation, which means the 

previous ecological surveys have indicated the destructive ef-

fects of the inadequate storage of the reservoir on the fish pop-

ulation and habitat suitability. In fact, some endangered fish 

species are living there who are highly dependent on the reser-

voir ecological condition. Thus, integrating the ecological mod-

el of the lake ecosystem and the reservoir operation model is 

essential. Our initial investigation indicated that the surface of   
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Figure 1. Workflow of the proposed method. 

 

 

Figure 2. Jajrood river basin and location of the dam. 
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Figure 3. A sample of Land sat8 images in the case study (Band1 of one of the used spectral images). 

 

the lake is large enough for using spectral images of Landsat 

(due to finer size of cells compared with other satellites). More-

over, seasonal changes in the recorded spectral images were 

clear because considerable change of water quality factors have 

been demonstrated in long-term field measurements. The Fig-

ure 2 displays the location of the Latian dam and the upstream 

catchment. 
 

2.2. Ecological Storage Model 

The ecological model includes the remote sensing analysis 

for simulating the effective abiotic factors and the fuzzy infer-

ence system linked with the expert opinions to simulate the 

ecological status of the reservoir. Hence, it is needed to explain 

the sub-models and linking methods of the sub-models. Based 

on the initial ecological surveys in the Jajrood river, three water 

quality parameters were identified as the most important effec-

tive factors on the habitat suitability of the lake including water 

temperature and total dissolved solids (TDS). Other water qual-

ity parameters might be effective as well. However, their changes 

would be effective on altering the selected parameters, which 

means they might be the good water quality indices to simulate 

the ecological status of the lake. Recorded water quality data in 

the lake was applied to simulate a model for converting the 

spectral images to the water quality distribution in the lake. The 

research team has carried out a long-term field studies in this 

reservoir in which 11 points were selected as the sampling points. 

Main quality parameters including the selected parameters were 

measured in these points in the daily scale. The Landsat 8 OLI 

images were downloaded from the data bank of USGS for the 

remote sensing analysis. The images were available from 2013 

to 2021. Based the compatibility of the data in the sampling 

points and the date of the imagery, 20 images were selected to 

train and test the data driven models. In other words, 214 sam-

ples were utilized in the data driven models. Seven bands were 

utilized in the remote sensing analysis.  

Required images for the present study were freely availa-

ble in the data bank of USGS Landsat 8. Figure 3 displays a 

sample of downloaded images from the Landsat 8 data bank 

(band 1 of one of the used images). RS data processing and ma-

chine learning processes were performed using GIS and pro-

gramming packages. ANFIS based model was applied to con-

vert the spectral images to the water quality parameters in 

which Bands 1 to 7 of the OLI were the inputs of the model and 

the water quality parameters were the outputs of the model. In 

fact, two standalone models were developed to simulate water 

temperature and TDS in the lake respectively. Hybrid algo-

rithms was used in the training process of the model and sub-

tractive clustering was selected to generate the fuzzy rules. 

More details regarding the ANFIS based model have been ad-

dressed in the literature (e.g., Awanand Bae, 2014). 

The performance of the AI methods should be measured to 

investigate the robustness of the used methods in the data pro-

cessing of RS images. Hence, utilizing some indices for mea-

suring the performance of the driven models is essential. Two 

known indices were applied in the present study including The 

Nash–Sutcliffe model efficiency coefficient (NSE) and root means 

square error (RMSE). NSE has been applied in the many pre-

vious studies for comparing the results of the simulation and 

observed data. According to the literature, NSE = 1 demonstrates 

that a perfect model with an estimation error variance equal to 

zero is developed. In contrast, NSE = 0 highlights that the pre-

dictive skills of the data driven model is the same with the mean 

of the time-series in terms of the sum of the squared error. 

Clearly, development of a perfect model might not be possible 

in practice. However, the previous studies corroborate that NSE 

more than 0.5 indicates that the predictive skill of the model is 

highly reliable. Moreover, RMSE is a known index to compare 

observation and simulation that has been utilized in the pre-

vious studies broadly. In fact, this index shows the mean error 

of the model for simulation. Equations (1) and (2) display the 

mathematical form of these indices for the present study where 

Mt is modelled data in the sample t, Ot is observed data in the 

sample t, Om is mean observed data and T is total number of 

samples. It should be noted that RMSE was utilized for select-
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ing the optimal number of hidden layers as well (more details 

on these indices by Guptaand Kling, 2011; Chaiand and Draxler, 

2014): 
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The second part of the ecological model was the ecological 

expert system in which the fuzzy rules of the lake habitats was 

developed through an ecological expert panel. Three members 

were considered in the panel who were familiar with the water 

quality assessment and ecological status of the selected target 

species. Figure 4 shows the workflow of the panel in which two 

external reviewers might be involved for finalizing the fuzzy 

rules. An example of develop fuzzy rules is displayed as fol-

lows: “If water temperature suitability is low AND TDS suita-

bility is medium, THEN ecological combined suitability is low.” 

As displayed in the example of the fuzzy rules, it is needed 

to convert the value of the abiotic factors to ecological suitabil-

ity. The following models (Figure 5) developed in previous 

studies were applied to convert the abiotic factors to the eco-

logical suitability. More details regarding these types of bio-

logical models have been addressed in the literature (e.g., Sedi-

ghkia et al., 2019) 

Theory and fundamentals of Mamdani fuzzy method for 

including expert opinions in simulating different phenomena in 

engineering have been discussed in the literature (Pourjavad 

and Mayorga, 2019). However, we used Mamdani fuzzy ap-

proach for assessing combined suitability in the artificial lake 

of the dam. To sum up, the following steps were considered for 

using expert opinions methods: 

(1) Selecting two habitat suitability functions in which water 

temperature and TDS are inputs respectively and their suit-

ability indices are outputs based on previous studies in the lit-

erature and ecological observations in the study area on the tar-

get species. 

(2) Ecological panel defined three membership functions in-

cluding water temperature suitability index and TDS index (in-

puts of Mamdani fuzzy model) and combined habitat suitability 

index (output of Mamdani fuzzy model). Membership func-

tions are not shown to avoid prolonging the manuscript. How-

ever, samples of membership functions in aquatic ecology have 

been shown in the literature (Schneider and Wieprecht, 2013). 

(3) Defining fuzzy rules by an expert panel (expert panel ap-

proach for defining rules is shown in Figure 4). 

(4) Using fuzzy rules in the simulation-optimization model of 

the reservoir. 

Twenty spectral images were totally used to generate the 

combined suitability distribution in the lake. Then, average suit-

ability of the lake was calculated by the Equation (3). It should 

be noted that it was needed to apply the outputs of the ecolo-

gical model in the structure of the reservoir operation optimiza-

tion. In other words, the ecological status of the lake should be 

linked with the hydrological and water resources parameters of 

the reservoir. Hence, a multivariate linear model was developed 

in which available storage in the reservoir and the net flow (net 

flow = inflow – outflow) were the inputs and the average suit-

ability was the outputs of the model. Finally, the multivariate 

linear model was applied din the reservoir operation model to 

simulate the ecological suitability in each time step. In Equa-

tion (3), CSI is combined suitability index, A is area of each cell 

in the spectral image (30 × 30 in Landsat images) and total area 

means surface area of the reservoir. 
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i ii
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2.3. Optimization Models 

Defining objective function and constraints are the main 

requirements of the optimization framework. We used a con-

ventional optimization model for the reservoir and developed a 

new form of the optimization model for comparing the results 

of the ecological and non-ecological reservoir operation, which 

would be presented in this section. In the conventional model, 

a basic form of loss function is applicable for a wide range of 

reservoir operation models. Storage benefits should be added 

to structure of reservoir operation optimization as well. Hence, 

we defined objective function as displayed in Equation (4) where 

Dt is maximum water demand in time step t and Rt is release 

from the reservoir. Three main constraints must be added to 

optimization model including constraint on minimum opera-

tional storage, capacity, and maximum water demand. Storage 

must not be exceeded than maximum possible storage in the re-

servoir. Secondly, storage must not be less than minimum op-

erational storage in the reservoir. Thirdly, release for water de-

mand should not be more than requested water demand at down-

stream. Three penalty functions (P1 ~ P3) were added to opti-

mization model as follows. These functions will increase the 

reservoir operation penalty if constraints are violated. 

In Equation (5), St is storage in each time step, Smax is 

capacity of the reservoir and Smin is minimum operational stor-

age: 
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Moreover, storage in each time step should be updated. 

Hence, the Equation (6) was used to update the storage where 

I in is inflow, ENV is downstream environmental flow regime  
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Figure 4. Workflow of the expert panel for developing fuzzy rules. 

Figure 5. (a)Water temperature, and (b) TDS biological models. 

 

defined in the previous regional studies (Abdoli et al., 2020), 

EVAP is evaporation from the surface of the reservoir, A is area 

of the reservoir surface and SP is overflow calculated by the 

Equation (6): 
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In the ecological reservoir operation, the objective func-

tion was developed as shown in the Equation (7) where EAH is 

excellent average habitat suitability for the lake and AH is av-

erage habitat suitability in each time step. Furthermore, P4 is 

an additional penalty function as displayed in the Equation (8) 

in which AHmin is minimum accepted average habitat suitability 

in the lake. In the present study, we assumed a direct and linear 

relationship between the fish population and the suitability 

which is recommended and used in previous studies. The min-

imum average suitability and excellent average suitability were 

considered 0.5 and 0.8 respectively. In other words, the fish 

population should not be less than 50% of the maximum poten-

tial population and the optimal value is to protect 80% of the 

population. The biogeography-based optimization (BBO) as a 

known evolutionary algorithm was applied in the optimization 

process of both models. More details on this evolutionary 

optimization have been addressed in the literature (Simon, 2008).  
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Figure 6. (a) Inflow and (b) evaporation from the reservoir as the inputs of the optimization model. 

 

Figure 6 displays the inflow and evaporation from the reservoir 

as the inputs of the optimization model. It should be noted that 

we simulated two years in the daily scale for testing the capa-

bilities of the proposed method: 
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Two indices were applied in the assessment of the reser-

voir operation optimization including reliability index and vul-

nerability index as displayed in the Equations (9) and (10). More 

details regarding these indices have been addressed in the liter-

ature (Ehteram et al., 2018): 
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3. Results 

In the first step, it is necessary to present the result of the 

ecological storage model. Figure 7 shows the outputs of the 

training and testing process of the ANFIS based model to sim-

ulate water temperature and TDS concentration at surface wa-

ter using spectral images. If NSE is more than 0.5, the model 

could be reliable for further applications. NSEs for TDS and 

water temperature models are more than 0.5, which corrobo-

rates the applicability of these models to apply in the reservoir 

operation optimization. Furthermore, RMSE was used to eval-

uate the goodness of fit of the models. RMSEs of both models 

are highly low which means they are able to simulate the abi-

otic factors using spectral images similar to observations. 

Figure 8 displays the Pseudo-colour graph of the devel-

oped fuzzy rules in which X and Y-axes are suitability of ef-

fective abiotic factors and the coloured grid is combined habitat 

suitability. In this graph, dark red mean the lowest suitability, 

while yellow means the highest habitat suitability. It should be 

noted that the impact of parameters on the combined suitability 

might not be similar. In other words, their interactions might be 

dependent on the unknown parameters. However, the expert 

opinions help to recognize the unknown interactions, which is 

a significant advantage. More discussion will be presented in 

the next section in this regard. 

Due to extensive outputs of the present study, we show the 

main outputs of the research work or the sample of some results. 

Figure 9 displays a sample of results of ecological storage mod-

el in which water temperature suitability, TDS suitability and 

combined suitability for one of the spectral images have been 

shown. The water temperature suitability alters between 0.5 and 

0.73, which indicates the changes of suitability in different 

points of the reservoir. Moreover, TDS suitability changes in 

the range of 0.49 to 0.81, which demonstrates all the available 

habitats of the reservoir might not be suitable for living the 

aquatic species. However, the combined suitability maps show 

higher range of suitability in the lake. In other words, combined 

suitability alters between 0.65 and 0.75, which means interac-

tion of the parameters might increase the habitat suitability in 
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Figure 7. Training and testing process of the ANFIS based models for simulating effective abiotic factors: (a) temperature, and  

(b) TDS. 

 

Figure 8. Pseudo-colour graph of ecological fuzzy rules (red dark: highly unsuitable, and Yellow: highly suitable). 

 

the lakes. Equation (11) displays developed multivariate linear 

model in which computed NSE = 0.82 and RMSE = 0.09 high-

light the robustness of the model for further applications: 

 

0.042 (0.0057 ) (0.0079 )AH netflow storage= +  +   (11) 

In the next step, it is required to present the outputs of the 

optimization model including water supply and storage in the 

reservoir. Moreover, average habitat suitability in the simulate 

period should be shown as well. All the optimization results are 

displayed in the Figure 10. It seems that the ecological reservoir 



M. Sedighkia et al. / Journal of Environmental Informatics 43(2) 105-117 (2024) 

113 

Figure 9. Samples of suitability maps in the lake generated by the ecological storage model: (a) temperature suitability, (b) TDS 

suitability, and (c) combined suitability.  

 

operation changes the water supply in the simulated period con-

siderably. In other words, the non-ecological reservoir opera-

tion can supply the demand between 0.4 and 0.7 mcm in all the 

time steps, while the ecological reservoir operation reduces the 

water supply in some time steps remarkably. Hence, the impact 

of ecological condition on the water supply might be significant. 

The impact of ecological storage on the available storage of the 

reservoir is remarkable as well. Based on the results, the stor-

age is not less than 60 mcm in the ecological reservoir opera-

tion in all the time steps. Conversely, the available storage of 

the reservoir by the non-ecological reservoir operation is less 

than 50 mcm in most of the time steps, which indicates the tan-

gible impact of using ecological storage model in the operation 

of the dam. Changing average habitat suitability of the reser-

voir in the simulated period corroborates the effect of environ-

mental operation on increasing the ecological suitability of the 

lake. 

4. Discussion 

Some limited studies developed the concept of ecological 

reservoir operation, which was helpful for understanding the 

importance of applying the ecological orientation in the reser-

voir management. However, the previous studies mainly focus-

ed on the downstream environmental flow as the ecological ori-

entation of reservoir operation modelling. Hence, developing 

new frameworks to integrate complex aspects of the regional 

ecology on the reservoir operation is necessary. The proposed 

framework assessed ecological storage in the case study. Based 

on general definition on different types of storage in a reservoir, 

dead storage in a reservoir means the volume which is not ac-

cessible under normal operation condition because the water 

level is lower than the lowest outlet. In contrast, strategic stor-

age is defined as safe water level which can cover minimum 

expectations from the dams based on the defined purposes such 
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Figure 10. Outputs of the optimization model: (a) water supply, (b) storage, and (c) habitat suitability. 

 

as water supply or generating hydropower. This study focused 

on determining ecological storage of a reservoir which is de-

fined as required storage/water level for sustaining ecological 

performance of dam’s artificial lake. We considered the lake of 

the dam as an active ecosystem, which needs a robust model 

for ecological management. In fact, the high ecological suita-

bility of the reservoir might compensate for part of destructive 

impacts of reservoir on disconnection of the habitats at up-

stream and downstream of the rivers. Thus, it is reasonable to 

add the ecological status of the reservoir to the reservoir oper-

ation models. 

In the case study, maximum water demand was 1.81 mcm 

monthly. Supply of the maximum demand by the reservoir might 

not be possible. However, our aim was to supply the demand 

as much as possible. The reliability index of the ecological op-

eration model is 20%, while the reliability index of the non-

ecological model is 26%. Hence, it seems that the impact of 

ecological operation on the total supplied water is not consi-

derable. In contrast, the vulnerability index of water supply by 

the ecological operation is 100%, while the vulnerability index 

of the non-ecological operation is 86%. Hence, the impact of 

ecological operation on the vulnerability of water supply is 

considerable which implies water supply might not be possible 

in some time steps. The average suitability in the ecological op-

eration is 0.73, while the average suitability in the non ecologi-

cal model is 0.36. Hence, using the ecological operation of the 

reservoir is essential to balance the environmental requirement. 

However, water supply might be difficult in some time steps 

and using other water resources might be essential. 

We applied remote sensing analysis to simulate the water 
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quality distribution of the reservoir. This method is extensively 

recommended in previous studies. However, it was not applied 

in the water resource models such as reservoir operation di-

rectly. The present study indicated the abilities of the remote 

sensing for accurate assessment of the reservoir in the structure 

of the ecological reservoir operation. Moreover, the ecological 

expert system was utilized to generate the combined suitability 

map of the lake, which is a highly applicable novelty for future 

studies. It should be noted that interactions between abiotic fac-

tors for the ecological assessment of the water bodies is com-

plex. It matters to assess the ecological status of the water bod-

ies in the water resource planning and management accurately 

because underestimation of the ecological suitability might in-

crease the environmental degradations in the long-term opera-

tion of the dams. In contrast, overestimation of the ecological 

suitability might restrict the stakeholders for water abstraction. 

Due to these challenges, applying ecological expert models are 

recommendable because the regional ecological experts who 

are familiar with the regional species and had numerous obser-

vations might be able to reflect the unknown interaction of the 

parameters in the development of fuzzy rules. 

Pseudo-color graph of fuzzy rules demonstrated that the 

role of the TDS and water temperature on the habitat suitability 

might not be the same and interactions might be complex. 

Hence, using fuzzy rules of the habitat suitability for all the 

abiotic factors is recommendable. According to the ecological 

requirement of the case study, two parameters were considered 

in the present study to simulate the ecological status. However, 

adding other parameters might be needed in other cases. For 

example, adding physical factors of the flow might be needed 

in some cases or adding other water quality factors might be 

essential as well. The proposed expert system is highly capable 

of considering the interaction of several abiotic parameters. Us-

ing expert panel opens an ample space for effective communi-

cation of the water resources and ecological engineers.  

Another issue, which highlights the necessity of applying 

the proposed method is the difference between combined suit-

ability and suitability of each effective factor. In the case study, 

minimum water temperature suitability and TDS suitability are 

0.5, while the minimum combined suitability is 0.65 which de-

monstrates using uncombined suitability might overestimate 

the environmental degradation of the reservoir. In other cases, 

this complexity might show itself by underestimating the envi-

ronmental degradation of the lake. Increasing the number of 

abiotic factors might have more uncertainties for applying un-

combined suitability in ecological modeling. This study pro-

posed a reasonable method in terms of accuracy and cost which 

can provide an appropriate framework for integrating the eco-

logical models and water resources models for improving the 

management of the reservoirs. 

Two types of limitations should be noted including tech-

nical and computational limitations of the method. The most 

important technical limitations of the proposed method are to 

establish a proficient expert panel, which can provide the fuzzy 

rules with the lowest uncertainties. In other words, lack of a 

proficient panel might be highly damaging for the ecological 

assessment of the reservoir because unreliable rules would re-

duce the accuracy assessment of the ecological status. Thus, 

considering this technical limitation is indispensable for apply-

ing the proposed method in future studies.  

Computational complexities are a significant problem in 

simulation-optimization frameworks. As a brief definition of 

this term, it is defined as the required time and memory for 

solving an optimization problem. Direct use of complex data 

driven model in the structure of the optimization algorithm 

might be highly problematic in terms of computational costs. 

The engineers who are the end users of all these optimization 

frameworks are not willing to apply complex frameworks. In 

fact, it needs numerous simulations and covering a long-term 

period in practical projects, which means using simulation-

optimization models with high computational complexities, 

might not be reasonable especially in the small-scale projects. 

The proposed optimization model is beneficial in terms of com-

plexities of the optimization algorithms because a multivariate 

linear model was added to the optimization model, which would 

not increase the complexities considerably. However, workload 

of the simulation framework might be remarkable due to using 

remote sensing data processing and several preprocessing and 

post-processing steps to finalize the ecological model for ap-

plying in the structure of the optimization model. Integrating 

all the steps of ecological modeling in a programming package 

might not be a suggestion for future studies. 

Selecting abiotic factors is one of the tasks which should 

be carried out based on the initial ecological studies in each 

case. In our case study, water temperature and dissolved oxy-

gen were recognized as the key abiotic factors which should be 

simulated in the ecological reservoir operation. These parame-

ters are highly effective on the biological activities and growth 

of fish species in the reservoir. Changing other water quality 

parameters would change these parameters which means these 

are good environmental indices in our case study. Other water 

quality processes in the reservoir such as eutrophication might 

change biological dissolved demand (BOD) or dissolved oxy-

gen (DO) concentration which means direct modelling of DO 

by remote sensing can reflect occurred water quality processes 

of the reservoir. It should be noted that we considered the change 

of water quality in the surface layer of the reservoir for defining 

ecological storage level. However, stratified thermal layers and 

eutrophication are recommendable for adding to the developed 

approach for defining more accurate ecological storage in re-

servoirs. Adding thermal stratification model can cover con-

cerns regarding changing of water temperature from surface 

layer to the deep layers of a reservoir. Furthermore, eutrophica-

tion due to accumulation of nutrients and growing algae might 

reduce the level of dissolved oxygen considerably. Hence, add-

ing these models is recommendable for assessing ecological stor-

age along with the developed approach in future studies. 

In our case study, remote sensing data has been only ap-

plied to assess surface water quality because initial ecological 

studies demonstrated that main biological activities of the key 

fish species such as searching for food are done in the surface 

water. Moreover, water quality of the surface layers was iden-
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tified as an important abiotic factor effective on biological ac-

tivities. Hence, we only focused on the surface layer using re-

mote sensing analysis. However, other case studies might have 

other ecological considerations which means methodology of 

the ecological assessment should be changed consistent with 

the species and ecological expert opinions. 

The result of the present study demonstrated that ecologi-

cal requirement might be beyond the downstream environmen-

tal impacts. Our framework might reduce negotiations between 

stakeholders and environmental managers considering upstream 

and downstream ecological impacts as well as water supply 

loss. Based on case study results, increasing ecological benefits 

would reduce the reliability of water supply which might have 

an impact on the water users. Due to using other resources for 

water supply in the study area, it is recommendable to supply 

more water through other resources to compensate reliability 

of water supply for the water users. However, integrating all 

water resources in a new water resources planning system is 

necessary before finalizing the plan of water supply. 

5. Conclusions 

The present study developed a novel environmental reser-

voir operation model in which an ecological storage model and 

evolutionary optimization are linked to balance benefits of the 

reservoir and ecological suitability of the lake as the ecosystem 

for aquatic habitats. The outputs of the present study indicated 

that using new tools such as remote sensing analysis is highly 

beneficial for simulating abiotic factors in the lake ecosystems. 

Moreover, applying the ecological expert system can reduce 

the uncertainties of the ecological modelling in the reservoirs. 

According to the results, the developed ecological model is re-

liable to simulate the ecological status of the lake. In the case 

study, reliability indices of water supply in the ecological and 

non-ecological operations are 26 and 20%, respectively. In con-

trast, the vulnerability indices are 86 and 100% in the non-

ecological and ecological models respectively. The average 

habitat suitability of the lake in the non-ecological model is 

0.36, while the ecological operation model increases the suit-

ability to 0.73. Improving ecological model is the main future 

research need for improving the proposed method. For example, 

we considered fish species in this study due to ecological status 

of the lake. However, other species might have different eco-

logical requirements which could be added in future studies to 

the model. 

 
Acknowledgments. Remote sensing data are available in the Landsat 

8 data bank in this address: https://earthexplorer.usgs.gov/. 
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