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ABSTRACT

The purpose of this study was to evaluate the applicability of the AQUATOX model and to sug-
gest a methodology for its practical use as an ecological toxicity model in Korea. Paldang res-
ervoir was selected as the study area, and the BASINS/WinHSPF watershed model was used in
conjunction with AQUATOX model to provide a linked simulation of the Paldang watershed. The
AQUATOX model was run based on the simulation results of WinHSPF. AQUATOX was used
to perform an analysis of the ecological state and characteristics of the Paldang reservoir and
the ecological impact of toxicants; alachlor, paraquat, and copper sulfate. In the case of alachlor,
which has been classified as a second-degree toxic material for fish, the biomass of minnow and
bass declined considerably when the inflow concentration was above 100 ug/L. In the case of
paraquat, the biomass of minnow and bass declined significantly when the inflow concentration
was 10 pg/L. Biomass of daphnia and bluegill was significantly decreased due to the copper
sulfate. The AQUATOX model could be considered to be applicable to water bodies in Korea
and can be used with existing watershed models to determine the total maximum daily load
(TMDL). Seasonal or monthly ecological monitoring data of common species should be provided

to increase its feasibility.
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1. Introduction

South Korea is a densely populated country with over
48 million people living in an area of less than 100,000 km?.
Until the late 1980s, rapid industrialization was responsi-
ble for severe damage to South Korea’s natural environ-
ment. However, since then, environmental conditions have
been improving due to various restoration programs. The
“Special Act on Watershed Management for Four Major
Rivers” enacted in 1998, includes several programs that aim
to improve, maintain, or restore the water quality in national
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water systems [1]. These programs include discharge limits,
permits for point sources, funding for wastewater treatment
facilities, and the setting of a total maximum daily load
(TMDL). From 2010, over 90.1% of the domestic wastewa-
ter generated nationally was collected and treated in public
sewers [2].

Recently in Korea, public interest in the quality of life has
increased alongside improvements in the standard of living
and a rise in the national income. The social consciousness
toward water resources and quality, which can have a direct
influence on life, the environment, and essential human
activities, is rapidly changing. Water resource management
oriented toward rivers to secure an adequate water sup-
ply and prevent disasters had been a major concern until

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.



40 C.G. Yoon et al. / Desalination and Water Treatment 60 (2017) 39-47

the late part of the last century. Water-quality management
has now become one of the most important social issues in
Korea. Following several high-profile environmental acci-
dents, including the contamination of the Nakdong River by
phenol in 1991 and organic solvents in 1994, public aware-
ness of water-quality management and the environment was
enhanced by active public relation programs including pub-
lic campaigns and educational programs by governmental
and nongovernmental organizations (NGOs).

Since the late-2000s, nonpoint sources, aquatic life, eco-
systems, and environmental toxicity have become key words
incorporated into environmental policies. The current envi-
ronmental policies in Korea have the stated aim of the “pro-
tection and restoration of a sustainable, healthy, and sound
environment,” and new systems, including toxicological
evaluation and the risk assessment of treated sewage, pollut-
ant release and transfer registers (PRTR) and the evaluation
of healthy aquatic life, have been established [3].

Various modeling techniques have been applied as use-
ful tools for the development of water-quality management
policies through the establishment of suitable pollution con-
trol measures in watersheds, prior environmental review,
prediction of future water quality, and the development of
TMDL. However, meeting the targets of recent policies is
difficult using only currently available modeling techniques.
Most existing models have generally focused on physico-
chemical water-quality parameters, coliform, and chloro-
phyll a (chl-a). Therefore, the development of new integrated
modeling techniques, which can predict the environmental
fate of various pollutants and their effects on aquatic life, is
required.

The AQUATOX model is a general ecological risk assess-
ment model that represents the combined environmental
fate and effects of conventional pollutants, such as nutri-
ents, sediment, and toxic chemicals in aquatic ecosystems
[4,5]. This model can be applied through a link with the
Better Assessment Science Integrating point and Nonpoint
Sources (BASINS), Hydrologic Simulation Program-Fortran
(WinHSPF), and the Soil and Water Assessment Tool (SWAT),
which have already been already used in the national
water-quality modeling system in Korea [9]. In terms of pol-
icy direction and the social requirements for the water envi-
ronment, AQUATOX is likely to be a very useful model in
Korea. However, a full review of its applicability is essen-
tial for the introduction of this new modeling system, even
though it has already been sufficiently verified in other coun-
tries [5-8]. Furthermore, AQUATOX is not yet commonly
used, and the form of the data required is different from gen-
eral ecological monitoring data.

To address these concerns, a study of the applicabil-
ity of AQUATOX was performed and the methodology
adopted for its practical use was reviewed. For this reason,
the BASINS/WinHSPF model was used to produce a simu-
lation for the Paldang watershed, and the AQUATOX model
was then run based on the HSPF simulation results through
the BASINS AQUATOX extension. Various ecological data
were collected following a literature review and assessed the
ecological impact due to inflows of selected toxicants (i.e.,
alachlor, paraquat dichloride and copper sulfate). The use-
fulness of AQUATOX was examined based on the stability
and predictability of the model result.

2. Materials and methods
2.1. Study area

Paldang reservoir, which was selected as the study area,
is the major source of water supply to Seoul metropolitan city
and the capital area; Kyeongan stream and the North and
South Han rivers flow into the reservoir. Cheongpyeong dam
is located on the northeast side of the reservoir, and Ipo weir
is located on the southeast shore (Fig. 1). Paldang reservoir is
a riverine-type reservoir, with a relatively small surface area
(36.5 km?) and storage capacity (244 million tons), average
water depth (6.5 m), and short detention time (about 5.4 d) in
comparison with the watershed area (23,800 km?) and aver-
age inflow rate (44 million tons/day). Paldang water-
shed includes parts of Gangwon-do, Gyeonggi-do, and
Chungcheongbuk-do provinces. Thirty-three watersheds
for TMDL and 13 large dams, including Paldang dam, are
located in this watershed. The average annual precipitation is
about 1,270 mm, approximately 70% of which falls in summer
from July to September, with the remainder occurring from
October to May. Due to the Asian monsoon cycle, precipita-
tion has large seasonal and spatial variation [10].

2.2. Watershed modeling

The HSPF model (version 12.0) is a sophisticated contin-
uous watershed model capable of simulating a hydrologic
time series of runoff quantity—quality events [11]. It can be
used to determine flows (hydrographs) and conventional
pollutants (pollution graphs). HSPF has been widely used
for watershed management because it is capable of simu-
lating various hydrologic conditions [12,13], the transport
of nonpoint source pollution, including contaminated sed-
iment [14,15], and land-use management and flood control
scenarios [16,17]. It also has been used to simulate water flow
and water quality for water resource management in Korea
[18-21].

In this study, the HSPF model was used as a preproces-
sor for AQUATOX to produce a linked simulation. Hourly
precipitation, air temperature, dew point temperature, wind
speed, cloud cover, and solar radiation were obtained from
the 19 weather stations [22]. In total of 86 environmental-
infrastructure facilities which had higher than 500 ton/day
capacity was included as point source data [23]. Land-use
map and digital elevation model (DEM) in the study area
were obtained from the Korean Ministry of Environment [24].
Total of 23 land-use types from the original map was reclas-
sified into seven categories of urban area, agricultural land,
forest, pasture, wetland, barren land, and water. Sub-basins
were determined by natural drainage boundaries using
the DEM and the Paldang watershed was divided into 50
sub-basins.

2.3. Calibration and validation of watershed model

The calibration and validation for hydrologic simula-
tions using the HSPF model were performed at the locations
of the 31 TMDL monitoring stations, and water quality was
assessed at 9 of these stations (Fig. 1) using observed data
for Korean TMDL at 8-d intervals [23]. INFILT, KVARY and
AGWRC, among the many parameters related to hydrologic



C.G. Yoon et al. / Desalination and Water Treatment 60 (2017) 3947 41

Choongjin

Dandong
NORTH' “Hamhung

2Ll Ngrtﬁ' Korea

w
Tasjon K OREA

South-Korea

angju

1
.‘gwu
[
Oj ng-A

5

Legend

@ Monitoring station
= Stream
= Watershed boundary

20 30km

Fig. 1. Paldang reservoir watershed and location of monitoring stations.

simulation, were relatively sensitive. Calibration and val-
idation for the water quality simulation, including water
temperature, dissolved oxygen (DO), biochemical oxygen
demand (BOD), total nitrogen (T-N), and total phosphorus
(T-P), was performed for nine selected locations (Golji-A,
Hangang-B, Hangang-D, Hangang-E, Heukcheon-A,
Bukhan-D, Jojong-A, and Kyongan-B) (Fig. 1). The period
of calibration (2007-2008) and validation (2009-2010) was a
total of 4 years, and the Nash-Sutcliffe efficiency (NSE) and
RMSE-observations standard deviation ratio (RSR) was used
to evaluate the model performance [25].

NSE measures normalized relationship between the resid-
ual and observed data variances [26]. NSE represents not only
the correlation between observed and simulated value but also
indicates how close the slope of regression line to 1. Optimal
value of NSE is 1 and the model has “satisfactory” and “very
good” if NSE value greater than 0.5 and 0.75, respectively [25].
RSR standardizes RMSE using standard deviation of observa-
tions. Zero residual variations or RMSE gives the optimal value
of 0 for RSR. Less than or equal to 0.5 of RSR value indicates
“very good” model performance and model performance is
“satisfactory” when RSR is less than or equal to 0.7 [25].
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2.4. Application of AQUATOX

Data from HSPF were linked to the AQUATOX model
through the BASINS AQUATOX extension. AQUATOX
accepts inputs for the volume of water in the system, a
time-series of nutrient loadings, a time-series of organic
chemical loadings, and the physical characteristics of the sys-
tem [27]. The AQUATOX model was applied to the Paldang
reservoir based on the HSPF simulation results (geographic,
meteorologic, hydrologic, and water-quality data) between
2007 and 2010. AQUATOX model was stabilized in 2007, and
then the simulation results during 2008-2010 were used in
this study. The linkage function of BASINS can support this
process by converting data from the HSPF simulation results
to an appropriate form, which compensates for the relatively
vulnerable hydrologic simulation of AQUATOX.

The food web used in AQUATOX has to consist of at
least one aquatic life-form for each trophic level. These life-
forms are categorized as “Plants (algae and macrophytes),”
“Invertebrates,” or “Fish” [27]. The plants category can
be reclassified as diatoms, green algae, blue-green algae,
other algae, and macrophytes. The second trophic level is
zooplanktons. The invertebrate category includes shred-
ders, bottom sediment feeders, suspended sediment feed-
ers, clams, grazers, snails, and predatory invertebrates.
Foraging fish, bottom fish, and game fish are sub-class of
the fish category. All of the ecological data regarding aquatic
life must be reclassified to the family or order level of bio-
logical classification and input as biomass (AFDM; mg/L

Table 1

dry, g/m? dry). Finally, the information regarding trophic
interactions among aquatic organisms was applied based on
default values provided in AQUATOX as listed in Table 1 [27].

Algae and fish species included in this study were
selected based on the data availability and model capability
(Table 1). Ecological data (density: cells/L or ind./L and car-
bon content: pg C/L) regarding the plants and invertebrates of
Paldang reservoir were collected through a literature review
[9,28-31]. Carbon content (ug C/L) of algae and macrophyte
is approximately 36% of its dry weight (mg/L dry) [32-35].
Pace et al. [36] considered the carbon content of zooplank-
ton to be about 48% of dry weight. Therefore, biomass data
as the dry weight of plants and zooplankton categories were
obtained from the carbon content by applying a conversion
factor (plants: 0.36 and zooplankton: 0.48). Five phytoplank-
ton, including diatoms, green algae, blue-green algae, flagel-
lates, and myriophyllum, and three zooplankton, including
copepods, cladocerans, and rotifers, were selected to simu-
late algae population in this study [28]. The fish population
and the dry weight of different species in the Han River
system were obtained from NIER [30]. The four fish spe-
cies, that is, minnow, bluegill, carp, and bass, were selected
for model simulation because they had higher biomass
compared with other species observed in Paldang reservoir
and the AQUATOX has complete ecological database for the
four species.

The population of zooplankton and phytoplankton
were affected by not only the environmental conditions of

Initial condition (biomass) and trophic interactions among selected aquatic organisms in AQUATOX

Category Initial Trophic interactions (preference, %) [27]
biomass®  Copepod Cladoceran  Rotifer ~ Minnow Bluegill Carp Bass
Refractory detritus of sediment -
Labile detritus of sediment - 22.2
Refractory detritus of particulate matter - 13.0 8.2
Labile detritus of particulate matter - 9.1 43.5 10.0 8.2 22.2
Plants Phytoplankton Diatom 0.553 18.4
Greens 0.481 18.4 5.6
Blue-Greens 0.036 54.5 18.4 5.6
Flagellate 0.380 36.4 435 90.0
Macrophyte Myriophyllum 0.003 22.2
Inverte-  Susp. Feeders® Copepods 0.017 14.3 100.0 11.1 1.5
brates Cladocerans ~ 0.069 14.3 11.1
Rotifers 0.011
Fish Small forage =~ Minnow 3.131 10.6
Large forage  Bluegill 2.253 7.3
Large bottom  Carp 0.583 14.7
Large game Largemouth 0.301
Bass

“Phytoplankton and invertebrates is in the unit of mg/L dry and macrophyte and fish is in the unit of g/m? dry.

"Suspended sediment feeders.
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the water body and its food supply but also by the inflow or
outflow, because of their planktonic movement characteris-
tics. In contrast, fish display a strong capacity for free move-
ment and have relatively large body sizes compared with
other aquatic organisms, allowing them to swim upstream.
However, the movement of fish into Paldang reservoir is
blocked by the Cheongpyeong dam in the direction of the
North Han River and Ipo weir, which was started to build in
2009, in the direction of the South Han River. The movement
or external loads of fish species were assumed to below 3%
(the limit of the cross-sectional area of the water body at the
reservoir boundary) of the internal population in this study
to reflect current situation for the toxicant scenarios.

2.5. Scenarios

Alachlor, paraquat dichloride (paraquat), and copper sul-
fate were selected for use in the simulation of ecological impact
in the AQUATOX model. Default chemical parameterization
from the AQUATOX database was applied for the three chemi-
cals. The acute toxicity data were obtained from literature review
[37-39] and used in AQUATOX simulation (Table 2). Alachlor
is one of the most popular herbicides and it has been detected
several times in environmental samples in a range from 0.002
to 0.030 pg/L [3]. Alachlor can produce adverse human health
effects, including endocrine disruption, and damage to the eyes,
liver, kidney, and spleen. Paraquat is also known as methyl
viologen or Gramoxone and it has been very commonly used in
agricultural practices in Korea [3]. Copper sulfate has been used
as an additive in most livestock feeds in Korea [3]. The gain rate
of livestock is improved when copper sulfate is mixed at a rate
of 125-250 mg/kg in the feedstuff of pigs or chicken. Therefore,
copper sulfate can be discharged into a water body alongside
livestock manure [3,9]. Some aquatic organisms (copepods,
minnows, carp, and bass) were excluded in the copper sulfate
scenario due to a lack of toxicity data.

Hypothetical scenarios for model application were pro-
duced when the inflow concentration of each toxicant was
increased exponentially to five levels [0 (control), 1, 10, 100,

and 1,000 ppb]. This scenario is impractical, but examining
extreme changes in the biomass of aquatic organisms can be
advantageous during relatively short model run times. The
scenarios were applied to test whether the ecological effects
and responses by aquatic organisms to the toxicants were rea-
sonable because the aim of this study was to evaluate the appli-
cability and availability of AQUATOX. Difference of 3 years
average aquatic species biomasses between different toxicant
scenarios (2008-2010) were tested using t-test in R 3.2.3 [40].

3. Results and discussions
3.1. HSPF model results

Calibrated model parameters were presented in Table 3
and the final values were selected to achieve highest NSE
and lowest RSR. The specificity of the hydrologic simula-
tion results became comparatively small because of the large
area of each sub-basin considered in this study. Therefore,
the adjustment of only three parameters (INFILT, KVARY,
and AGWRC) was sufficient to achieve an acceptable level
of hydrologic calibration results. The main parameters used
for water quality calibration are KBOD20, KODSET, REAK,
BRBOD and BRNIT. Generally, ELEV (elevation parameter)
and LEVAP (parameter for the latent heat of vaporization)
were the important parameters for the calibration of water
temperature [19]. However, they were not used in this study
because their use was considered unnecessary. The hydro-
logic simulation results were evaluated to be “Very good” for
28 sub-basins and “satisfactory” for 5 sub-basins based on the
NSE and RSR values. Model performance for the water qual-
ity simulation showed “satisfactory” to “very good” level.
The NSE and RSR values were summarized in Table 4.

3.2. Modeling results of AQUATOX

The monthly average biomass of algae, zooplankton and
fish was presented in Fig. 2. Diatom and green algae showed
highest population in September and flagellate increased in

ngllfeztoxicity data for the three toxicants used in AQUATOX [37-39]

Aquatic life Exposure time (hour) Endpoint Alachlor (ug/L) Paraquat (ug/L)  Copper sulfate (ug/L)
Diatom 96 EC50 460 559 35
Green algae 96 EC50 460 0.55 5
Blue-green algae 96 EC50 4,600 1,120 85
Flagellates 96 EC50 460 559 35
Macrophyte 96 EC50 198 51 -
Copepod 48 LC50 35,003 11,680 -
Cladoceran 48 LC50 9,000 4,000 182
Rotifer 48 LC50 - - 76
Minnow 96 LC50 5,000 41,090 -
Bluegill 96 LC50 2,800 13,000 1,500
Carp 96 LC50 3,311 15,000 -
Bass 96 LC50 2,891 20,045 -
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The range of parameters used for hydrologic and water-quality calibration in HSPF

Parameter Definition Unit Model range Initial value Final value
INFILT Index to infiltration capacity in./h 0.0001-100 0.16 0.1-0.27
KVARY Variable groundwater recession 1/in. 0.0-5.0 0.0 0.0-0.8
AGWRC Base groundwater recession none 0.001-0.999 0.98 0.92-0.98
KBOD20 Unit BOD decay rate at 20°C 1/h 1.0E-30 < 0.004 0.004-0.067
KODSET BOD settling rate ft/h 0< 0.027 0.011-0.027
REAK Empirical constant in the equation used to 1/h 1.0E-30 < 0.2 0.05-0.2
calculate the reaeration coefficient
BRBOD Base release rate of BOD materials mg/m? 0.0001 < 0.001 0.001-150
BRNIT The benthal release rates of ammonia under mg/m? 0.0< 0.0 0.0-95
aerobic and anaerobic condition
Table 4
Range of the model performance parameter and evaluation result for HSPF simulation®
Parameter Calibration (2007-2008) Validation (2009-2010)
NSEP RSR® NSEP RSR¢
Flow rate 0.678-0.958 S-VG 0.205-0.506 S-VG 0.768-0.966 VG 0.185-0.485 VG
Temperature 0.804-0.963 VG 0.193-0.568 S-VG 0.814-0.969 VG 0.176-0.432 VG
DO 0.654-0.802 S-VG 0.342-0.615 S-VG 0.765-0.801 VG 0.446-0.639 S-VG
BOD 0.503-0.953 S-VG 0.216-0.645 S-VG 0.559-0.737 S-VG 0.382-0.513 S-VG
TN 0.624-0.923 S-VG 0.278-0.639 S-VG 0.685-0.945 S-VG 0.235-0.528 S-VG
T-P 0.579-0.809 S-VG 0.437-0.674 S-VG 0.512-0.884 S-VG 0.298-0.694 S-VG

S and VG represents “satisfactory” and “very good” performance, respectively.

*Nash-Sutcliffe efficiency.
‘RMSE-observations standard deviation ratio.

spring season. Zooplankton increased from early spring to
summer. There were limited temporal biological monitoring
data, but one study reported high pelagic zooplankton dry-
weights between May and July 2008 in Paldang reservoir [41].
Peak zooplankton dry-weight was reported in May 2008 due
to the high B. longirostris population of 0.546 mg DW/L [41].
Planktonic biomass was affected by climate, nutrient inflows,
and hydrologic variation. However, the food web was also a
very important factor in biomass variation, especially the bio-
mass of zooplankton (copepods, cladocerans, and rotifers),
which were commonly feeding on flagellates (36.4%-90.0%
of preference) or blue greens (54.5% of preference by cope-
pod) and were therefore related to the biomass of flagellates
or blue greens, and not diatoms or green algae according to
the AQUATOX database (Table 1). The biomass of minnows,
which prefer algae and zooplankton, increased until autumn.
Increased minnow population was related with decreased
zooplankton. The biomass of carp, which is consumed by
bass as a pray (14.7% of preference), decreased as the bio-
mass of bass increased. Previous study surveyed fish pop-
ulation at the upstream of Paldang reservoir (i.e., Gyeongan
stream) in June and October 2010, and the result showed
that higher minnow and carp population was observed in
June than in October 2010 [42]. The variation of the biomass
of bass might be also related to that of minnows. Current
AQUATOX model result showed that biomass of largemouth
bass was increased from late summer and peak was observed

in October. Similarly, one study reported that total number
of bluegill and largemouth bass was 2 and 6 in June 2010 and
207 and 20 in October 2010 using casting net method at the
upstream of Paldang reservoir [42]. Further monitoring cam-
paign needs to be considered because the survey method and
location may change the observed fish species and popula-
tion. Modeling the food web is considered to be very com-
plex, but it can provide comprehensive information.

3.3. Application of scenarios

The AQUATOX simulation was used to examine the eco-
logical impact of various scenarios, especially the variation
in average biomass according to the inflow concentration of
toxicants. Toxicant scenarios were simulated during a 3-year
(2008-2010) period after stabilizing AQUATOX using initial
year (2007). Average biomass for each scenario was tabulated
in Table 5 and control scenario represents normal aquatic
environment without any toxicant release.

Alachlor pollution scenario showed that the planktonic
biomass did not vary significantly (p < 0.01). Positive asso-
ciation was observed between Alachlor concentration and
algae, zooplankton and Daphnia biomass. Diatom, green
algae, flagellates and daphnia biomass was 0.150, 0.162,
0.167 and 0.047 mg/L in control scenario, respectively, and
it was increased or similar for 1,000 pg/L of alachlor con-
tamination due to the decline of predator populations as
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Fig. 2. Boxplot of monthly average biomass for each simulated aquatic species over a simulation period of 3 years.

Table 5

Simulated average biomass according to the type and concentration of the toxicant scenario

12

Species 3 years average biomass according to the toxicant scenario

Alachlor (ug/L) Paraquat (ug/L) Copper sulfate (ug/L)

Control 1 10 100 1,000 Control 1 10 100 1,000 Control 1 10 100 1,000
Diatom 0.150 0.148 0.149 0.166 0.175 0.150 0.150 0.155 0.170 0.174 0.174  0.173 0.172 0.170 0.155
(mg/L dry)
Green algae 0.162 0.161 0.161 0.181 0.190 0.162 0.162 0.168 0.185 0.189 0.194  0.189 0.187 0.188 0.182
(mg/L dry)
Flagellates 0.167 0.164 0.164 0.164 0.164 0.167 0.167 0.164 0.163 0.164 0.199  0.163 0.162 0.164 0.153
(mg/L dry)
Daphnia 0.047 0.047 0.047 0.060 0.070 0.047 0.047 0.051 0.066 0.069 0.070  0.070 0.068 0.044 0.015
(mg/L dry)
Minnow 4.761 4775 4.718 2027 0.103 4.761 4761 3.800 1.139 0.317 - - - - -
(g/m? dry)"
Bluegill 0.629 0.601 0.602 0.851 1.322 0.629 0.629 0.613 1.058 1.256 1.423  1.405 1.224 0.531 0.030
(g/m?* dry)
Carp 0.932 0.896 0.897 1.152 0.243 0.932 0.932 0.909 1.373 1.509 — - - - -
(g/m? dry)*
Largemouth 4.486 4.825 4.782 1.849 0.047 4.486 4486 4.234 1.033 0252 — - - - -
Bass (g/m? dry)*®

“Minnow, carp and largemouth bass was not included in the AQUATOX model for the copper sulfate due to the lack of toxicity information.



46 C.G. Yoon et al. / Desalination and Water Treatment 60 (2017) 39-47

described below. These floating communities could contin-
uously enter into the reservoir from upstream during the
period of the simulation. In addition, death rate was low due
to the EC,; of the plant category was established to be from
460 to 4,600 ug/L (LC,: 14,290-142,900 ug/L, Table 2), which
was higher than the inflow concentration in the various sce-
narios. However, the biomass of fish, including minnow, carp
and bass, displayed significant decrease in the higher level of
alachlor contamination (p < 0.05). Minnow and largemouth
bass was dominant species in control scenario, but biomass
of minnow and largemouth bass was decreased to 0.103 g/m?
(98% decrease) and 0.047 g/m? (99% decrease), respectively.
Decreased predator population (i.e., minnow or largemouth
bass) might effect on biomass of small species located in
lower food chain (i.e., algae or bluegill).

In the case of paraquat scenario, the planktonic
biomass displayed similar results to those observed
for alachlor (p < 0.01). Biomass of diatom, green algae,
flagellates and daphnia was 0.174, 0.189, 0.164 and 0.0169
for 1,000 pg/L of paraquat scenario, respectively. The LC,,
(4,000-41,090 pg/L) and EC,, (0.55-1,120 pg/L) for paraquat
were lower than those for alachlor (Table 2), but higher
elimination rate constant and decreased predation might
give similar survival rate for algae population. Algae and
zooplankton have a relatively higher elimination rate
constant (11,252-391,085) for paraquat than alachlor [43].
Minnow and largemouth bass was most sensitive species
among the tested aquatic life. The biomass of minnows and
largemouth bass decreased significantly depending on the
paraquat concentration (p < 0.01), but we observed opposite
relationship for bluegill and carp. Bluegill has the highest
elimination rate constant for alachlor and paraquat among
these fish species (about 18 times that of largemouth bass)
[37,39]. Furthermore, it has a relatively low lipid fraction
which can store pesticides [37].

Control scenario results for the copper sulfate were differ-
ent compared with the alachlor and paraquat because minnow,
carp and largemouth bass was excluded in the AQUATOX sim-
ulation. The simulation results for the copper sulfate scenario
indicated that there was no difference in algae population (p <
0.05). Copper sulfate is well-known algaecide, but the impact
was not observed due to the inflow algae biomass. The bio-
mass of daphnia decreased from 0.070 mg/L to 0.015 mg/L for
1,000 pg/L of copper sulfate scenario (79% decrease), although
both a decrease in predators and a continuous inflow of zoo-
plankton from upstream occurred. The biomass of bluegill
also decreased when concentrations were above 10 pg/L and
significantly lower biomass was observed (up to 98% decrease)
at concentrations above 100 ug/L (P < 0.01).

3.4. Strengths and limitations

This study successfully explored feasibility of the HSPF-
AQUATOX simulation applicable to water bodies in Korea
and can be used in conjunction with other established water-
shed and water-quality models for Korean TMDL practices.
The AQUATOX model could generate stable results without
crashing or exploding. The result from three scenarios might
provide better understanding of the impact of chemical com-
pounds. However, following limitations should be addressed
to make the AQUATOX applicable in Korea.

The limitation of this study is that the AQUATOX model
could not be calibrated due to the lack of ecological monitor-
ing data. In order to guarantee the reliability of prediction,
site-specific calibration should be conducted depending on
the objectives and data availability [5]. The detailed ecologi-
cal monitoring data and information for various toxicants in a
water body are essential to resolve data gap. The continuous
seasonal monitoring of ecological data that expressed as dry
biomass should adopt the biological classification of phyto-
plankton, periphyton, macrophytes, invertebrates (including
zooplankton) and dominant fish species in the water body.
Additional data of toxicants (ug/L) in the water body and from
chemical discharge facilities, including PRTR data, should
be collected depending on the study goal. If the weaknesses
related to hydraulics can be overcome by supplementing with
other suitable models, such as EFDC, the AQUATOX will
become more available for prediction and analysis in sustain-
able water resource management. Moreover, the AQUATOX
database for the trophic interaction might not appropriate
to the Korean aquatic environment. The trophic interactions
were based on the foreign species, so it needs to be updated to
reflect Korean domestic species. Database of average biomass,
feeding behavior and chemical uptake rate for aquatic organ-
isms can improve the applicability of the AQUATOX.

Despite of the limitations, the AQUATOX model has a
relatively high compatibility with existing watershed mod-
els for TMDL, such as HSPF and SWAT. The AQUATOX can
be applied to reflect the current conditions in Korea, where
a social consensus regarding the importance of healthy eco-
systems and toxicologically safe water resources has formed.
The AQUATOX is expected to be usable as a scientific tool
for safe and sustainable water resource management, if this
model is properly used to predict ecological impacts and risk.

4. Conclusion

This study was initiated to evaluate the applicability of
AQUATOX and to determine a methodology for its practical
use as an ecological toxicity model in South Korea. The
AQUATOX model was used in conjunction with BASINS/
WiInHSPF to produce a linked simulation. The AQUATOX
model was used to predict ecological states and character-
istics, including seasonal variation associated with trophic
levels in the Paldang reservoir. The ecological impact of an
inflow of toxicants was also assessed using hypothetical
scenarios. The AQUATOX could address three scenarios but
the significant data challenges (e.g., ecological observation
and trophic interaction data) need to be resolved to apply
AQUATOX in Korea. Therefore, further monitoring
campaigns and pilot scale experiments will be conducted to
calibrate AQUATOX model to be applied as an integrated
modeling package for the Korean TMDL program.
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