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Abstract: Agricultural water serves various functions, including public interest purposes, beyond its
primary role in agricultural production. In order to evaluate the various public interest purposes of
agricultural water, a quantified study of the effect of agricultural water on river flow, water quality,
and aquatic ecosystems is needed. Therefore, this study quantified the impact of agricultural water
on the environmental and ecological maintenance function of downstream rivers, taking into account
the return flow of agricultural water in rural areas. To this end, first, the effect of agricultural return
flow on river maintenance function was evaluated by comparing the return flow quantity calculated
using the reservoir supply data with the simulated river flow rate through the SWAT model. Second,
the effect of the agricultural return flow on the downstream river environmental ecological function
was analyzed using the optimal flow rate results calculated through the PHABSIM model. The lastly,
the effect of agricultural water by farming period on the water quality of downstream rivers was
analyzed. As a result of the analysis, it was found that the return flow of agricultural water had a
large effect on the river flow rate in the case of the non-rainy season, but the optimal ecological flow
rate was not satisfied. In the case of river water quality, it was confirmed that the effect of agricultural
water (mainly considered as a pollutant) was not significant, except for the drainage duration of rice
paddies. Therefore, it can be understood that agricultural water is not only used for the purpose of
production but can also have a positive impact on the aquatic ecology of downstream rivers.

Keywords: agricultural return flow; SWAT model; PHABSIM model; water quality; aquatic ecology

1. Introduction

Agricultural water holds significant importance not merely in terms of its primary
function for crop production and irrigation but also plays a crucial role from a broader
public interest standpoint. This encompasses aspects such as maintaining the ecosystem
balance, supporting biodiversity, and contributing to the landscape’s aesthetic and recre-
ational value. Additionally, it serves as a vital resource for sustaining rural communities
and their economies, thereby underlining its multifaceted value beyond mere agricultural
productivity. From this perspective, it is necessary to secure agricultural water and re-
evaluate its value (in terms of water quantity, quality, and aquatic ecology). In Korea, the
demand for agricultural, domestic, and industrial water is continuously increasing [1].
However, the development of new water sources for securing the water supply is facing
considerable restrictions due to environmental protection concerns, leading to a growing
interest in identifying alternative water resources [2,3]. In addition, efficient water resource
use is subject to integrated project management policies and the demands of the times [4,5].
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Recently, changes in farming practices and the industrialization of rural areas have led
to an increased demand for agricultural water in these regions [6]. Additionally, the fre-
quency of droughts and floods, exacerbated by climate change, has heightened the need
for the rational and efficient management of agricultural water to ensure a stable water
supply [7-9]. Therefore, the reasonable and efficient management of agricultural water is
required to ensure a stable water supply [10]. Agricultural water, which accounts for 41% of
Korea’s total water resources, is broadly defined as water used for agricultural activities
ranging from livestock production to irrigation water for crop cultivation and has social and
environmental functions, such as atmospheric circulation, groundwater recharge, provision
of river maintenance water, and amenity and ecosystem conservation [11-13]. In particular,
the agricultural return water drained from rice paddies flows into nearby rivers (rapid
return flow) and groundwater (delayed return water), greatly affecting the river ecosystem
and performing a multidisciplinary function in the agricultural environment [14,15].

Recently, there has been an increasing interest in the multifunctional aspects of agri-
cultural water [16,17]. The perception of agricultural water, previously understood solely
as irrigation water necessary for crop growth, is shifting towards a more inclusive concept
that encompasses various environmental and ecological uses, such as improving rural
living environments and supporting the environmental flow for ecosystems. Return flows
from agricultural water play a crucial role in efficient water use and the maintenance of
the environmental flow for ecosystems. They are significantly important for watershed
water supply planning, predicting river flow conditions, determining irrigation water
usage, preventing river dry-up, protecting aquatic ecosystems, and ensuring biodiversity.
These processes underscore the importance of managing agricultural water not just for
agricultural productivity but also for broader environmental and ecological health [18,19].

In Korea, according to previous studies [20], the return rate of agricultural water
greatly varies from 38.1% to 70.5%, depending on the regional characteristics and crop
cultivation methods used. Accurate calculation of the return rate of agricultural water is
required for rational and economical water resource use and water management. Song
et al. [21] calculated the amount of irrigation return during 2011-2012 for the irrigation
district of the Idong Reservoir. They found that, the higher the supply of agricultural
water, the higher the irrigation return rate and the return rate of agricultural water and
that agricultural return water was the main component contributing to the river flow rate.
Also, as part of a survey on river water use, a systematic survey of the return flow rate of
agricultural water was conducted; based on the results, approximately 35% of the supply
of agricultural water is expected to return to rivers.

Recent changes in rivers, including the installation of hydraulic structures for water
diversion and flood control, water quality deterioration from various pollution sources, and
alterations to the water cycle system due to industrialization and urbanization, have led to
river contamination. Therefore, restoring river functions to conserve river ecosystems and
create environmentally stable rivers requires the efficient management of environmental
flows [22,23]. To recover the self-purification capability and normal functions of rivers,
various conditions are needed, including creating habitats for aquatic organisms, blocking
sources of pollution, and maintaining appropriate river flow levels, with the maintenance
of ecological flows in rivers serving as a fundamental component for other habitat for-
mations. The Ministry of Environment in Korea defines environmental ecological flow
as the minimum flow necessary to maintain the health of aquatic ecosystems. The Water
Environment Conservation Act mandates consideration of the environmental ecological
flow when announcing river maintenance flows, allowing for the announcement of such
flows at representative points in small streams, dried-up tributaries, or branches [24]. For
larger rivers, like national rivers, maintenance flows have often been established based on
drought flows rather than calculated flows considering the aquatic ecosystem, necessitating
the determination and development of necessary flow measures to protect habitats of
endangered species in these rivers [25].
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Although recent studies on calculating the return flows of agricultural water and
estimating ecological flows have been actively carried out [26-28], research on the impact
of agricultural water on the quantity and quality of water in downstream rivers and its
effects on aquatic ecosystems remains insufficient. In the past, the management of water
resources in rivers focused on quantity and quality [29], but as interest in the environment
has increased, the aspect of aquatic ecology has been emphasized in river flow manage-
ment [30,31]. Furthermore, agricultural water is often perceived as a potential source of
pollution in downstream rivers from an environmental perspective. However, there is
still a lack of seasonal and quantitative studies conducted on this matter. From this view,
the calculation of the environmental and ecological flow rates of rivers can be of great
significance, and the integrated management of river quantity, water quality, and aquatic
ecology is needed.

Therefore, in this study, the effect of agricultural water on the water quantity and
quality and the ecology in downstream rivers were evaluated considering agricultural
water return in a rural basin. This research assessing the effective impact of agricultural
water return flows not only in terms of quantity and quality but also from an aquatic ecology
perspective can serve as fundamental data for quantitatively assessing the public benefits
of agricultural water. This information can be foundational for decision-making in policy
and institutional development aimed at the efficient management of agricultural water.

2. Materials and Methods

In this study, the river flow and water quality were monitored in the main stream and
inflow streams of the reservoir irrigation district (this study site), and aquatic health was
evaluated using data from the National Biometric Network and previous studies [32,33]. In
addition, the return flow for agricultural water was calculated using the reservoir supply
data, and the long-term flow rate of downstream rivers was simulated using the Soil and
Water Assessment Tool (SWAT) model to evaluate the impact of the return water on river
function maintenance. Using the simulation results of the optimal ecological flow, the
impact of return water for agricultural use on the environmental ecological function of the

downstream rivers was evaluated (Figure 1).
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Figure 1. Flowchart of this study.
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2.1. Study Area

This study was conducted in the Heungeop Reservoir irrigation district located in
Maeji-ri, Heungeop-myeon, Wonju-si, Gangwon-do, Korea, where it is possible to analyze
the contribution of agricultural water to downstream river pollution. The Heungeop
Reservoir was built to supply agricultural water, and the irrigation area is approximately
165 ha. The water volume of the reservoir is 1,098,000 tons, the basin area is 1750 ha, and
the full water area is 25 ha. The reservoir is managed by the Wonju Branch of the Rural
Community Corporation.

There are six weather stations in Wonju, where the Heungeop Reservoir is located.
The Wonju weather station was selected as a representative observatory for this study.
The average annual precipitation (2011-2020 years) was 1209.9 mm, which is less than
the national average precipitation (1397.7 mm). The total annual precipitation in Wonju-si
shows a decreasing trend; it decreased significantly from 2011 to 2014, then gradually
increased until 2020, except in 2019. In particular, in 2020, the precipitation was approxi-
mately 545 mm higher than in 2019. The total annual precipitation was 1063.6 mm in 2017,
1229.2 mm in 2018, and 771.9 mm in 2019. Rainfall occurrences of 30 mm or more occurred
10 times in 2017, 14 times in 2018, and 3 times in 2019 and, thus, were the most prevalent
in 2018.

2.2. Monitoring for Analysis of the Contribution of Agricultural Return Flow to
Downstream Rivers

2.2.1. River Flow Monitoring

To assess the quantitative and aquatic ecological impact of agricultural water on
downstream rivers, precise investigations into the river flow are essential. This necessitates
accurate cross-sectional surveys and ongoing flow measurements. In this study, the water
level gauges were installed at monitoring points selected during a preliminary field survey
to measure the river flow rate and to monitor the long-term water-level and flow rate
changes (Figure 2a). River flow monitoring was conducted at two points: Bonghyeon
Bridge (H1), located downstream in the benefiting area, and Heongeop 2 Bridge (H2),
where the Majicheon (M]) and Seogokcheon (SG) tributaries converge. For flow monitoring
at each point, a float level meter and river gauge were installed on the bridge piers, and
flow rates were measured using the velocity-area method. In addition, tributaries inflowing
from downstream areas other than the Seogok Stream were identified, and at the inflow
point (H3), regular on-site flow measurements were conducted instead of using a water
gauge. The primary aim of this study is to analyze the contribution of agricultural return
flows to the flow rates in the downstream rivers at the extents of the Heungeop Reservoir
beneficiary areas. Consequently, monitoring sites were selected to assess the proportion
of agricultural return flows compared to the total flow originating from the Heungeop
Reservoir watershed, including the beneficiary regions. The final downstream location, H1,
was chosen, and other specific points such as Seogok Stream (H2) entering at the middle
part of the Heungeop Reservoir beneficiary area and a downstream tributary (H3) were
selected to exclude their flows. In addition, the flow rate change before the Seogok Stream
was measured by monitoring the flow rate in the Maeji Stream at point H4. The river flow
monitoring data were used as correction data for the basin model used for the long-term
river flow simulation. The river flow rate was measured using the velocity-area method,
in which the average flow rate and the flow rate in a cross-section of a small section are
calculated by dividing the flow channel into several small sections and measuring the depth
of the water in each small section using a flow meter. In this study, the water flow and
water quality were monitored at 11 time points during rainfall and non-rainfall periods.
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Figure 2. (a) River flow, water quality, and (b) aquatic ecological monitoring points. Red box means
the irrigated area as shown in (b). Arrows mean the flow direction. H1~H3 means flow monitoring
sites. MJ(Mae]Ji) and SG(SeoGok) are the aquatic ecological monitoring sites.

2.2.2. Aquatic Ecological Monitoring

In this study, monitoring was conducted to assess the health of aquatic ecosystems in
a downstream river of a district receiving agricultural water, utilizing methods such as the
Trophic Diatom Index (TDI), Benthic Macroinvertebrate Index (BMI), and Fish Assemblage
Index (FAI) at selected aquatic ecological monitoring sites. Additionally, representative
fish species were selected based on fish surveys, and their optimal ecological flow was
calculated to evaluate the impact of agricultural water on the downstream river’s aquatic
ecology. Monitoring was conducted on downstream rivers directly affected by agricultural
return flows from the Heungeop Reservoir (Figure 2b), and the investigation point was
selected to reflect the current operating aquatic ecological monitoring sites (operated by the
Ministry of Environment) to verify aquatic ecosystem monitoring data. The SG monitoring
site was selected for its suitability for aquatic ecological monitoring, including fish surveys,
due to adequate space available near the downstream flow and water quality monitoring
sites conducted in this study. For the M] site, located upstream, a currently operating
national biometric network site was chosen, allowing for comparative validation of the
aquatic monitoring performed in this study. Therefore, we selected point MJ, which was,
to some extent, secured from the upstream flow, and we selected the point SG near the
Bonghyeon Bridge located at the end of the beneficiary area as the branch.

Considering the physical water system and seasonal characteristics, the major habitat
characteristics and cluster structures (including species diversity, wind patterns, and uni-
formity) were analyzed, and aquatic health was analyzed and evaluated. The monitoring
was conducted twice at two points (M] and SG) on 30 May and 21 September 2020 (once
a month for each site), before and after the flood season, to exclude the effects of rainfall
and typhoons in the summer. The field survey followed the “Guidelines for Surveying and
Evaluating River Ecosystem Health” by the Ministry of Environment. As outlined in the
guidelines, surveys were conducted once each in the spring and autumn annually. Moni-
toring was conducted in a relatively uniform condition, without any issues such as rainfall,
and all biotas were investigated considering the hydraulic and hydrologic parameters, such
as river width, water depth, and flow rate. In addition, data of the site from the National
Biometric Network were collected and used to evaluate the aquatic ecology health. The
health of the river aquatic ecosystems at each branch was evaluated using three indices:

—  Fish Assessment Index (FAI),

—  Tropic Diatom Index (TDI),
—  Benthic Macroinvertebrate Index (BMI).
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In the case of fish, the species composition, population, share, dominant species,
and least dominant species were analyzed for the fish collected through monitoring. In
this study, fish communities were collected along a 50-100 m stretch of the water system
around the survey points using a throw net (mesh size 7 x 7 mm) and a dip net (mesh size
5 x 5 mm). To ensure the quantification of fish communities between locations, collections
with the throw net were repeated 10 times, and those with the dip net were conducted
over 50 min. The collected fish were preserved in a 10% formalin solution. In addition, the
distribution of legally protected species, such as rare and endangered species of classes I and
II and foreign, introduced species, was analyzed. Tolerance guilds and feeding guilds of fish
were analyzed. Tolerance guilds were classified into sensitive species, intermediate species,
and tolerant species, respectively, and feeding guilds were classified into insectivores,
omnivores, carnivores, and herbivores, according to their feeding characteristics. The FAI
was calculated based on the scores for eight metrics (total number of domestic species;
number of riffle-benthic species, sensitive species; proportion of the population of tolerant
species; proportion of omnivores; proportion of domestic insectivores; total number of
domestic species collected; and proportion of individuals with disease, tumors, fin damage,
and other anomalies), and the end score (0-100) was classified as very good, good, normal,
bad, or very bad. Cluster analysis was used to calculate the likelihood, variety, uniformity,
and abundance of species based on the species and populations collected quantitatively at
each survey point [34,35].

In the case of epilithic diatoms, the total taxonomic groups, species composition,
density, dominant species, subdominant species, and cumulative dominant frequency of
epilithic diatoms were analyzed, and cluster analysis was conducted. The dominant species
was determined as the species with the largest population in each survey section. The
epilithic algae collection was conducted in riffle areas of the streambed, ideally located
near the center of the river with average flow rates between 10 and 50 cm/s and composed
primarily of substrates larger than gravel size. The substrate chosen for algae collection
was the most stable and solid natural material available within the river, specifically flat-
surfaced rocks. Approximately 250 cm? of the collection area was brushed off to gather
samples. The collected material was preserved on-site in 10% formalin and later identified
in the laboratory. The health of the aquatic ecosystem at each point was evaluated using
the TDL

In the case of benthic macroinvertebrates, the total taxonomic groups, species compo-
sition, density, dominant species, and subdominant species of benthic macroinvertebrates
were analyzed, and the dominance, diversity, abundance, and evenness indices of small
benthic macroinvertebrates were calculated for each monitoring point. Collection was
conducted at each survey site using a Surber net (30 x 30 cm?, 1 mm mesh size), taking into
account the flow and environment of each location. Quantitative collection was performed
once at riffle and pool areas at each site. The collected samples were preserved on-site in
10% formalin, transported to the laboratory, and then sorted using a sieve (1 mm mesh).
Finally, the samples were stored in 75% ethanol. Aquatic ecosystem health was evaluated
by calculating the BMI based on benthic macroinvertebrates for each survey section and
calculating scores based on the evaluation criteria. In addition, we calculated the ecological
score of the benthic macroinvertebrate community (ESB), which is another biological index
widely used for rivers, wetlands, and lakes. The ESB is used to evaluate the water environ-
ment by assigning an environmental quality score (Qi) to each benthic macroinvertebrate
species according to the National Natural Environment Survey Guidelines issued by the
Ministry of Environment. The calculation method of each index is shown in Table 1.
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Table 1. Calculation method for each index.
Index Formula for Calculation Indicators Reference
S - H’: diversity
Species d1(\17;/351w index H = — i piln p; S: total number of appearances [35]
i=1 Pi: percentage of the i-th species
Evenness index , J , evenness
0 J=H'/In(S) H': diversity [36]
S: total number of appearances
. . R: richness
Rlchnzzls{s) index R=(5-1)/In(N) S: total number of appearances [37]
N: total cover degree
Dominance index D: dominance
D) D= (n1+n2)/N nl: cover degree of first dominant species [34]
n2: cover degree of second dominant species
Ecological score of benthic ESB: eC.OIOglcal score of benthlc
macroinvertebrate community ESB = ; macroinvertebrate community [38]
(ESB) - El Qi S: total number of species
B Qi: environmental quality score of i-th species
i dtom nds el spedesmemnple 00
(TDI) 100 — [(WMS x 25) — 25] J: PO Y Ol SPX
Vj: indicator value of j species
BMI: benthic macroinvertebrates index
Benthic macroinvertebrate i: the m.lmber assigned to thfe species
index BMI — <4 o Si'hi'8i> 05 n: the number of species [40]
(BMI) - T higi si: the saprobic value of the species i
hi: the relative abundance of the species i
gi: the indicator weight value of the species i
M1: total number of native fish species
M2: number of riffle-benthic species
MB3: total number of sensitive species
Fish assessment index FAI = M1+ M2+ M3+ M4+  M4: proportion of tolerant species individuals [41]

(FAI)

M5 + M6 + M7 + M8 MB5: proportion of omnivorous individuals
MBe6: proportion of native insectivore individuals
M7: total number of individuals

MB8: proportion of abnormal individuals

2.2.3. Monitoring of River Water Quality

To assess the impact of agricultural water discharge on downstream river water quality
during the farming season, additional monitoring of the river water quality was conducted
at point H1 (Bonghyeon Bridge) located at the outlet of the basin. In this study, biological
oxygen demand (BOD5) and total phosphorus (T-P) were chosen as indicators to evaluate
the quality of agricultural water. BOD5 was selected because it measures the level of organic
matter contamination and is widely used in water pollution assessments. T-P was chosen as
it represents non-point source pollutants such as agricultural and livestock wastewater and
serves as an indicator of eutrophication in rivers and lakes. Moreover, in Korea, the current
Total Maximum Daily Load (TMDL) program sets and manages water quality targets for
the BOD5 and T-P. The BOD5 was measured using the method that involves collecting a
water sample, measuring its initial dissolved oxygen (DO) level, incubating it at 20 °C in the
dark for five days, remeasuring the DO, and calculating the oxygen depletion to determine
the organic pollution level. Total phosphorus (TP) was measured by digesting the water
sample with acid to convert all phosphorus forms to orthophosphate, which was then
quantified using a spectrophotometer after reacting with a color reagent, typically resulting
in a blue color. Water quality monitoring was conducted on the same dates as the river
flow monitoring, including 14 May, 16 June, 25 June, 14 July, 29 July, 10 August, 27 August,
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11 September, 25 September, 8 October, and 26 October, totaling 11 sessions. Water quality
analysis was performed by collecting samples and transporting them to a laboratory, where
they were analyzed according to the water pollution testing standards. According to the
management manual for each crop (agricultural day management schedule) proposed by
the Rural Development Administration, the management schedule varies depending on
the climate characteristics and temperature of the year, but the rice field is usually drained
completely for 30-35 days from the end of September to October. From November to
December, the rice straw is ploughed to prepare for farming activities in the following year.
In this study, the effect of agricultural water discharge on the water quality of downstream
rivers during rainy periods was evaluated in different farming management periods.

2.3. Modeling for the Analysis of the Contribution of Agricultural Water to Downstream
River Parameters

2.3.1. Determining Long-Term Flow Rate Fluctuations Using the SWAT Model

Long-term river flow was simulated using the SWAT model to identify long-term flow
rate fluctuations in the basin. The SWAT model can simulate the behavior of agricultural
chemicals based on soil properties, land use, and land management status, as well as the
water quality of basins with complex characteristics, using similar principles [42]. The
predictive ability of the SWAT model was assessed based on the coefficient of determination
(R?) and Nash-Sutcliffe efficiency (NSE) between the simulated and measured results. R
is a statistical measure that indicates the correlation between simulated and measured
values and takes a value between 0 and 1, with 1 indicating a completely linear relationship.
NSE is a normalized statistic that indicates the relative magnitude of the residual variance
between measured and simulated values. It takes a value from —co to 1, with 1 indicating a
perfect match between measured and simulated values [43]. The interpretation of these
parameters for model evaluation is presented in Table 2.

Table 2. Statistic interpretation guidance for model assessment.

Statistic = Measurement Frequency Very Good Good Fair Poor Reference
) Daily 080<R><1  070<R?><0.80  0.60<R?<0.70 R? < 0.60 ]
R 44
Monthly 0.86<R><1 0.75 <R? < 86 0.65<R? < 0.75 R? < 0.65
NSE Monthly 075<NSE<1 065<NSE<0.75 050<NSE <065 NSE <0.50 [45]

The parameters of the SWAT model for long-term river flow simulation were optimized
based on the measured results of the river flow rate monitoring at points H1 and H2, using
the SWAT-CUP calibration and uncertainty program. SWAT-CUP was developed for model
calibration and validation and sensitivity and uncertainty analyses of SWAT models. In
this study, the parameters were optimized using the SUFI2 algorithm, which can quantify
and represent parameter uncertainty. The parameters calibrated in this study are described
in Table 3.

Table 3. Definition and scope of the parameters for SWAT model calibration.

Num Parameter Description Min Max
1 CN2 Initial SCS runoff curve number for moisture condition 2 35 95
2 ALPHA_BF Baseflow alpha factor (1/days) 0 1

3 GWQMN Threshold depth of water in the shallow aquifer required for 0 5000

return flow to occur (mm H,O)

4 LAT_TTIME Lateral flow travel time (days) 0 180

5 CH_K2 Effective hydraulic conductivity in main channel alluvium —0.01 500
SOL_AWC Available water capacity of the soil layer (mm H,O/mm soil) 0 1
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Table 3. Cont.

Num Parameter Description Min Max
7 ESCO Soil evaporation compensation factor 0 1
8 SURLAG Surface runoff lag coefficient 0.05 24
9 SOL_K Saturated hydraulic conductivity (mm/h) 0 2000
10 SLSOIL Slope length for lateral subsurface flow (m) 0 150
11 EPCO Plant uptake compensation factor 0 1
12 GW_DELAY Groundwater delay time (days) 0 500
13 RCHRG_DP Deep aquifer percolation fraction 0 1
e It i ot e allow s o o
15 GW_REVAP Groundwater “revap” coefficient 0.02 0.2
16 HRU_SLP Average slope steepness (m/m) 0 1

2.3.2. Evaluation of the Contribution of Return Water to Downstream River Parameters

The agricultural return water quality varies greatly depending on the natural envi-
ronment, crop cultivation method, and regional characteristics. According to long-term
comprehensive water resource planning, rationalization of rural water use planning, and
the Ministry of Land, Infrastructure, and Transport in Korea, approximately 35% of the
agricultural water supply is expected to return to rivers (rapid and delayed returns) in
Korea [24]. In this study, the environmental preservation function of agricultural water
return was indirectly evaluated using the available data, and the return was quantified
by setting the return rate of agricultural water to 35%. The effect of the agricultural water
return quantity on the river was evaluated using the calculated return quantity results and
the river flow rate data simulated with the SWAT model.

2.3.3. Environmental Ecological Flow Estimation Using the Physical Habitat Simulation
System (PHABSIM) Model

The ecological flow rate in rivers downstream of the Heungeop Reservoir was calcu-
lated using the PHABSIM model, which was developed to evaluate the effect of agricultural
water return on the aquatic ecology of downstream rivers. The PHABSIM model predicts
the physical habitat of aquatic species according to their growth stage based on changes in
the flow characteristics (e.g., flow rate and water depth) and calculates the optimal flow rate
required for the aquatic species of interest in relation to the available habitat area (weighted
available area). This model can calculate the ecological flow rate for representative fish
species in the simulated area and was used to quantitatively evaluate the environmental
conservation function of agricultural water return based on the environmental ecological
flow rate (Figure 3). The PHABSIM model uses river cross-section data, flow rate data
by depth, and flow rate data by water level as the input data. In this study, we utilized
Habitat Suitability Indices (HSI) for the depth and velocity for key fish species as presented
through field surveys in the existing literature [46]. Additionally, river cross-section data
for the targeted research area were sourced from the River Maintenance Basic Plan for point
HI1. River sections and depth-specific velocities were also measured on-site using Acoustic
Doppler Current Profiler (ADCP) equipment and incorporated into the model (Figure 4).
Following the collection of this baseline data, the PHABSIM model was employed to cal-
culate the relationship curves between Weighted Usable Area (WUA) and the flow rate
based on the Instream Flow Incremental Methodology (IFIM). These curves were then used
to estimate environmental ecological flows corresponding to the physical habitats. The
effect of agricultural water on downstream rivers was evaluated by calculating the optimal
ecological flow rate for representative fish species in the Seogok Stream, a terminal river
in the study area. Ecological flow satisfaction was analyzed by comparing the simulation
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Figure 4. Water level-flow curves for monitoring sites H1 (Bonghyeon Bridge) and H2 (Heongeop
2 Bridge).

3. Results and Discussion
3.1. Water Quantity and Water Quality Monitoring Results
3.1.1. River Flow Monitoring Results

The flow rate at point H1 showed the largest change after rainfall and was the lowest,
at 0.170 m3/s, in May, the dry season. Similarly, the flow rate at point H2 was the highest,
at3.641 m3/s, in July, and the lowest, at 0.059 m3/s, in May. At point H3, the basin area
was small, and the flow rate was 1.206 m?/s in August, the flood season. At point H4, the
flow rate was 0.527 m3/s at the 9th measuring time point but only 0.055 m?/s at the 11th
measuring time point after a relatively long period of rainless days (26 days). The water
level flow curves for H1 and H2 were calculated to be y = 2.6374 x 4.9741 (R? = 0.988) and
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y = 3.1816 x 4.2827 (R? = 0.956), respectively, using flow rate data obtained from river flow
monitoring and water level data at H1 and H2, where water level gauges were installed
(Figure 4).

3.1.2. River Water Quality Monitoring Results

To evaluate the effect of agricultural water return on the aquatic ecological health
of downstream rivers, which was the purpose of this study, long-term aquatic ecology
monitoring at the Seogok Stream point at the end of the beneficiary area downstream
of the Heungeop Reservoir was conducted. River water quality monitoring at point H1
(at the outlet of the basin) revealed an average BODS5 value of 1.3 mg/L (0.6-2.6 mg/L),
indicating a river living environment standard of Ia (very good) to II (slightly good)
(Table 4). The average T-P value was 0.067 mg/L (0.034-0.135 mg/L), representing Ib
(good) to III (normal).

Table 4. River living environment standards.

Grade Standard BOD T-P
Very good ITa <1 <0.02
Good Ib <2 <0.04
Slightly good 1II <3 <0.1
Normal I <5 <0.2
Slightly bad v <8 <0.3
Bad \% <10 <0.5
Very bad VI >10 >0.05

The factors that affect river water quality vary widely depending on the characteristics
of the watershed and of the pollution source. In the rural basin, we considered that
pollutants running off from crop fields flow into the river depending on farming activities
and affect the river water quality; therefore, the river water quality was analyzed in
different farming periods. In the rice transplanting period in May, the BOD5 value was
1.7 mg/L, and in the active tillering stage in early June, it was 2.3 mg/L. In late June and
early July, the water quality was good, as indicated by BOD5 values of 0.7 mg/L and
1.2 mg/L, respectively. At the end of July, when the water was drained, the water pollutant
concentration was the highest, with a BODS5 value of 2.6 mg/L. After the water was drained,
the water pollutant concentration decreased, and it increased again in October.

The T-P value was 0.088 mg/L at the end of May, and it decreased from the end of
June to mid-July but was the highest, at 0.135 mg/L, around the end of July, when the water
was drained. Then, the T-P value decreased, but it increased again during the complete
draining period from late September to October, showing a similar tendency to the BOD5
parameter. The average BOD5 value during the water draining period was 1.5 mg/L, which
was 1.6 times higher than that in other periods (1.0 mg/L). The average T-P value during
the water draining period was 0.081 mg/L, which was 1.9 times higher than the average
value in other periods (0.043 mg/L) (Figure 5).

The agricultural land area in the irrigation district of the Heungeop Reservoir is
815.2 ha, accounting for 14.5% of the total basin area (Figure 6). The fertilizers used for soil
amendment and agricultural activities during rainy periods, including the end of May, the
end of July to early August, and the end of September to October, were found to affect water
pollution in the river. The effect of agricultural water discharge on the river water quality
was limited, except for run-off during intensive farming periods. Therefore, appropriate
measures should be taken to reduce pollutant runoff during water drainage periods. In
addition, the target water quality for small basins in the future should be set according
to the characteristics of the basin and in agricultural areas, considering the characteristics
of the different farming periods. However, as this study did not account for the effect of
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prior precipitation and analyzed only short-term monitoring data, it is necessary to analyze
long-term river water flow and quality and account for prior rainfall in future studies.
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Figure 5. Analysis of the water quality(BOD and T-P) according to the farming period at point H1.

3.2. Aquatic Ecology Monitoring Results

In the case of fish, a total of six families and 10 species of freshwater fish were surveyed
at the aquatic ecological monitoring sites (Table 5). A total of 100 freshwater fish from three
families and six species were detected at the M]J site, and 188 fish from five families and
eight species were detected at the SG site. No legally protected species (rare and endangered
species) were detected. One specimen of Odontobutis interrupta was found in each of the
M] and SG sites, respectively, and Micropterus salmoides, an ecosystem disturbance species,
was detected at the SG site in the autumn. In terms of comparative abundance according to
family, at the MJ site, carps were the most abundant, at 66.6%, and the Korean dark sleeper
and Gobiidae each had an abundance of 16.7%. At the SG site, carps were the most abundant,
at 50.0%, while loach, catfish, black rockfish, and Korean dark sleeper each had an abundance of
12.5%. These results indicate that carps were predominant in both streams. At the species
level, Chinese minnow was the most abundant, at 45.0%, at the MJ site, followed by the
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striped shiner, pale chub, Korean spotted sleeper, and Amur goby. At the SG site, the striped
shiner was the most abundant, at 40.4%, followed by the pale chub, Chinese minnow, Korean
spotted sleeper, and dojo loach. Thus, striped shiner was the most abundant, followed by pale
chub, Chinese minnow, Korean spotted sleeper, and Amur goby.

LandUse

Orchard
etc
Paddy
Urban
Forest
Field

il 'l 8

0 045 09 1.8 2.7 3.6

Figure 6. Land use in the study area.

We next calculated the clustering index for each stream. The dominance index
was 0.36-1.00 for the MJ site and 0.71-0.86 for the SG site, and the diversity index was
0.44-1.49 for the M]J site and 1.06-1.40 for the SG site. The abundance index was higher
for the SG site (0.88-1.34) than for the M]J site (0.34-1.09). The evenness index for the MJ
site was 0.63-0.83 and, for the SG site, was 0.66-0.78. The FAI for freshwater fish was
evaluated as normal (grade C), with an average value of 46.9 for the M]J site and 53.2 for
the SG site. In the first survey conducted in May, the FAI for the M] site was 68.8, which
is considered good (grade B), whereas, in the second survey conducted in September, it
was 25.0, which is interpreted as bad (grade D). The MJ site has various flow rates and
various riverbed structures; however, numerous fish were lost due to flooding caused by
excessive rainfall, and the FAI was low because the fish population did not recover in the
second survey. In contrast, the SG site was located downstream, and due to the influence
of various pollutants, such as drainage of the surrounding agricultural land and soil, the
FAI was evaluated as normal (grade C).

In the case of epilithic diatoms, a total of 2 order, 3 suborders, 8 families, 20 genera,
and 54 species were identified. For the M]J site, the average cluster index was 0.39, the
diversity index (H') was 1.93, the abundance index (R) was 2.31, and the evenness index (J)
was 0.58. In the first survey, the diversity, abundance, and evenness indices were found
to be high, and in the second survey, the dominance index was high. For the SG site, the
dominance index was 0.44, the diversity index was 3.51, the abundance index was 1.96, and
the evenness index was 1.10. In the first survey, the dominant species, diversity, abundance,
and evenness indices were all high. The abundance index for the MJ site was higher than
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that for the SG site, whereas the dominance, diversity, and evenness indices for the SG site
were higher than those for the M]J site. The TDI for epilithic diatoms was normal (grade C)
for the M]J site, with an average of 58.7, and bad (grade D), based on a value of 35.8, for the
SG site.

Table 5. Fish species results collected in this study for each site.

MJ SG

Name Total
May Sep. Sum May Sep. Sum

CYPRINIDAE

Carassius auratus 3 3 3

Pseudogobio esocinus 1 1 1

Pungtungia herzi (Striped shiner) 18 18 25 51 76 94

Rhynchocypris oxycephalus 45 45 26 26 71

Zacco platypus 16 16 32 30 62 78
COBITIDAE

Misgurnus anguillicaudatus 4 4 4
SILURIDAE

Silurus asotus 1 1 1
CENTRACHIDAE

Micropterus salmoides 2 2 2
ODONTOBUTIDAE

Odontobutis interrupta 9 3 12 6 10 16 28
GOBIIDAE

Rhinogobius brunneus 6 6

In the case of benthic macroinvertebrates, a total of 5 phyla, 6 classes, 13 orders,
31 families, and 41 species were identified at each of the two points at the MJ and SG sites.
The analysis according to season revealed that relatively many species were present in
both rivers in autumn. The average population density per unit area was 137 for the MJ
site and 188, which was relatively high, for the SG site. On average, insects accounted for
69.8% of the population of benthic macroinvertebrates, with percentages of 56.2% at the
MJ site and 79.7% at the SG site. In the cluster index analysis, the dominance index was
0.52-0.59 for the MJ site and 0.49-0.66 for the SG site, the diversity index was 2.00-2.15 for
the MJ site and 1.85-2.26 for the SG site, the abundance index was 2.60-3.72 for the M]J site
and 3.23-4.22, which was higher, for the SG site, and the evenness index was 0.68-0.82 for
the M] site and 0.64-0.72 for the SG site.

The BMI values of 63.2 for the MJ site and 59.4 for the SG site in the first survey
were evaluated as normal (grade C). In the second survey at the MJ site in autumn, the
BMI of 65.3 was evaluated as good (grade B). The BMI values for the MJ site were higher
than those for the SG site, likely because the MJ site has various habitat environments,
various flow rates, and various riverbed structures, whereas, at the MJ site, land use,
including agricultural land use and soil sedimentation, is higher. An environmental quality
evaluation based on the ESB revealed that, in the first survey, the M] site showed a grade 1II,
whereas, in other surveys, the MJ site, and the SG site in all the surveys, showed a grade II.

The TDI was evaluated as normal (grade C), based on an average value of 58.7, for the
M] site and as bad (grade D), based on an average value of 35.8, for the SG site. We believe
this is because the proportion of saproxenous taxa, which are more tolerant to relatively
polluted water, was higher at the SG site than at the M]J site.
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Measured Data

As a result of the two times of monitoring, the average BMI and FAI at both points
were evaluated as normal (grade C). However, in the autumn survey, the FAI for the MJ
site was evaluated as bad (grade D). We believe this temporal low was observed because
numerous fish were lost due to flooding caused by excessive rainfall and the fish population
had not yet recovered.

According to the analysis of the data from 2010 to the present, at the M] site, the TDI
had little effect on flow fluctuations and tended to gradually improve (Figure 7). The BMI
tended to decrease, but we reason that this was a temporal phenomenon due to low flow
rates because of drought damage in 2015 and 2016. The FAI has been improving, and
in 2020, we reasoned that the lower rating was because numerous fish were lost due to
flooding caused by excessive rainfall.

DI BMI FAI
A\ 7 A A
\ / \
AN T
/ ¢ \ § \
/ D \\ // D _/ / \
/ E \ E

2010 2011 2012 2013 2014 2015 2016 2019 2020 2010 2011 2012 2013 2014 2015 2016 2019 2020 2010 2011 2012 2013 2014 2015 2016 2019 2020

e Spring === Autumn weSpring === Autumn e Spring === Autumn

Figure 7. Analysis of past aquatic health evaluation data (TDI, BMI, FAI) of the MJ site.

3.3. Analysis of the Agricultural Return Flow Contribution to Downstream Rivers through Stream
Flow and Ecological Modeling

3.3.1. Identification of Long-Term Flow Rate Variation Using the SWAT Model

Simulation of the river flow rate using the SWAT model revealed R? =0.737, NSE = 0.706
at point H1 and R? = 0.749, NSE = 0.673 at point H2, all of which were rated as good,
indicating that the model well simulated reality (Figure 8). Although model optimization
was limited by a slight difference between the precipitation data collected at the weather
station and flow measurement data obtained through monitoring, the results of the river
flow measurements and simulation showed similar trends, as shown in Figure 9.
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Figure 8. Correlation between river monitoring data and SWAT model simulation results (* mark
means multiplication).
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Figure 9. Comparison of river monitoring results and simulation results.

3.3.2. Evaluation of River Contribution of the Return Water

To evaluate the effect of agricultural water return on downstream rivers, we used data
on the supply volumes from Rural Community Corporation reports to calculate the return
quantity. The return quantity was calculated setting the return rate of agricultural water to
35%. The return quantity in the downstream beneficiary area of the Heungeop Reservoir
was calculated to be approximately 45,000 tons (0.02 m3/s) to 498,000 tons (0.19 m3/s)
from April to October 2017, 46,000 tons (0.02 m3/s) to 465,000 tons (0.17 m3/s) in 2018, and
63,000 tons (0.02 m3/s) to 754,000 tons (0.28 m3/s) in 2019. The flow rate of the main stream
at the end of the beneficiary area downstream of the Heungeop Reservoir calculated by
the hydrological model was calculated to be 0.17-7.66 m?/s from April to October 2017,
1.20-3.24 m? /s in 2018, 0.16-2.33 m? /s in 2019, and 0.23-2.28 m? /s in 2020 (Figure 10).
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Figure 10. Comparative analysis of the total flow and return flow in rivers at the outlet of the
watershed.

The ratio of return water to main stream flow was 1.5-77.8% in 2017, 1.4-7.0% in
2018, and 5.7-96.5% in 2019. Therefore, it differed depending on the rainfall, ranging from
a minimum of 1.4% to a maximum of 96.5%. The ratio of return water to main stream
flow, excluding the inflow tributary flow at the end of the beneficiary area downstream of
the Heungeop Reservoir, was 1.4-100.0% in 2017, 2.3-15.4% in 2018, 10.7-100.0% in 2019,
and 6.5-35.9% in 2020. This ratio also differed depending on the rainfall, ranging from a
minimum of 1.4% to a maximum of 100.0%. Comparison of the flow rate and return water
by season for each year revealed that the fiver flow significantly increased during summer
rainfall; therefore, the effect of the return water was generally small, but during the rainy
season (April-June), it was significant.

3.3.3. Results of Environmental Ecological Flow Rate Calculation Using the
PHABSIM Model

The optimal ecological flow rate for a representative fish species, striped shiner, was
calculated considering the performance of river and aquatic ecology monitoring using the
PHABSIM model and was approximately 1.2 m?/s, as shown in Figure 11. Furthermore,
according to the literature review [46], the optimal ecological flow for striped shiner was
found to be 1.0 m?/s, which is similar to the results of this study. It also indicates that the
optimal ecological flow rate for striped shiner is 1.2 m3/s, which implies that the habitat
area for striped shiner is the most widely distributed

A comparison of the long-term runoff simulation results with the optimal ecological
flow rate of the river at the outlet of the basin revealed that it differed by year depending
on the difference in rainfall. In general, in the summer months of July-September—except
in 2018, when the rainfall was higher than normal—the flow rate of the main stream was in
line with the optimal ecological flow rate (1.2 CMS). In contrast, in April-June, which are
non-rainy months, the optimal ecological flow rate was not reached. Therefore, the ratio of
return water for agricultural use is not small during rainy periods, and the return water
can play an important role in securing the optimal ecological flow rate of the river.
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Figure 11. Result of the calculation of the optimal ecological flow for striped shiner.

4. Conclusions

In this study, the Heungeop Reservoir located in Wonju-si, Gangwon-do, was moni-
tored to evaluate the impact of agricultural water on the downstream river quantity, quality,
and ecology, considering the agricultural return water quantity in the rural watershed.
Analysis of the aquatic ecology monitoring results and data from 2010 to the present for
the Maeji Stream Branch revealed that the TDI was not substantially affected by flow rate
fluctuations and gradually improved. The BMI tended to decrease, but we reasoned this
was because of a temporal low due to a decrease in the flow rate because of drought in
2015 and 2016. The FAI showed an improving trend, except in 2020, when there was a
temporary loss of fish due to floods caused by heavy rainfall. The results revealed that the
average water pollutant concentration as reflected by the BOD5 and T-P was 1.6-1.9 times
higher than the average during autumn, when paddy water is drained to prepare for
farming activities in the following year. The effect of discharged agricultural water on
the water quality of downstream rivers was found to be very limited, except during the
autumn farming season. As a result of calculating the optimal ecological flow rate for the
representative fish species (striped shiner) using the PHABSIM model, it was found to
be about 1.2 m?/s. As a result of comparing the optimal ecological flow rate calculation
with the stream flow rate simulated by the SWAT model and comparing the flow rate and
return water for each period, the river flow significantly increased during the summer rainy
period. The effect of return water was small, but during the rainy period (April-June), it
was significant. Comparison of the flow rate of long-term runoff simulation results and
the optimal ecological flow rate (1.2 m3/s) revealed that, at the outlet of the watershed,
the optimal ecological flow rate was achieved in July-September, except in 2018, when
the rainfall was higher than usual. In contrast, the optimal ecological flow rate was not
achieved in April-June, which are non-rainy months. Thus, the ratio of return water for
agricultural use was not small during rainstorms, and return water may play an important
role in securing the optimal ecological flow rate of the river.
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According to the results of this study, it is necessary to reduce the loss of agricultural
water supplied from agricultural reservoirs and to secure river maintenance water by
managing the ecological flow rate in downstream rivers. To secure the ecological flow
rate in the dry season, it is necessary to secure the reservoir water volume and create a
sufficient flow rate, and to secure the minimum flow rate for normal river function and
river ecosystem conservation, the agricultural return water volume has to be secured.
The optimal ecological flow rate calculated in this study can be used to evaluate the
environmental function of agricultural return water and can be expected to reevaluate
agricultural water.
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