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functions of water temperature, light, and nutrients, 
respectively. The limitation functions can be defined 
from 0 to 1, representing the positive influence against 
phytoplankton growth. For example, the smaller the 
value 𝑓𝑓𝑇𝑇, the greater the growth inhibition due to 
temperature. Generally, 𝑓𝑓𝑇𝑇 is defined using an optimal 
temperature 𝑇𝑇opt as follows (Nguyen et al. 2010, Bui & 
Dang 2020)

𝑓𝑓𝑇𝑇 = { 𝑇𝑇
𝑇𝑇opt

exp (1 − 𝑇𝑇
𝑇𝑇opt

)}
𝜉𝜉

� (3),

where 𝜉𝜉 is a constant generally determined in the range 
of 1 to 3. The relationship between the photosynthetic 
rate and light intensity can be represented with Steel’s 
equation (Steel 1965). When the vertical profile of 
underwater light intensity can be represented by the 
Lambert-Beer law, the light limitation function for the 
light intensity averaged for the whole depth can be 
expressed based on Steel’s equation as follows:

𝑓𝑓𝐼𝐼 =
1
𝜅𝜅ℎ {exp(1 −

𝐼𝐼0
𝐼𝐼opt

exp(−𝜅𝜅ℎ)) − exp (1 − 𝐼𝐼0
𝐼𝐼opt

)}
� (4),

where 𝐼𝐼opt is the optimal light intensity, 𝐼𝐼0 is the solar 
radiation at the water surface, and 𝜅𝜅 is the extinction 
coefficient of underwater light intensity. The above 
equation shows that the photosynthetic rate reaches a 
maximum at the optimal light intensity and that 
phytoplankton growth has a strong light-inhibiting 
characteristic when 𝐼𝐼 > 𝐼𝐼opt . Furthermore, the growth 
limitation functions for DIN and DIP can be described by 
the Michaelis–Menten equation and Liebig’s law of the 
minimum as follows:

𝑓𝑓𝑁𝑁 = min ( 𝐶𝐶𝐷𝐷𝐼𝐼𝐼𝐼
𝐾𝐾DIP+𝐶𝐶𝐷𝐷𝐼𝐼𝐼𝐼

, 𝐶𝐶𝐷𝐷𝐼𝐼𝐼𝐼
𝐾𝐾DIN+𝐶𝐶𝐷𝐷𝐼𝐼𝐼𝐼

)
� (5),

where 𝐾𝐾DIN and 𝐾𝐾DIP are half-saturation constants. The 
above equation expresses that the least available nutrient 
determines growth.

The model parameters, for example, the biochemical 
reaction rate constant and the mass ratios such as [P:CPP], 
were set in relation to previous studies (Nguyen et al. 
2010, Bui & Dang 2020). They were calibrated by 
trial-and-error adjustment to best match trends in the 
observed water quality data in 2019 and 2021. A dominant 
single species in the general ecosystem model would be 
considered a typical phytoplankton through all seasons. 
It is difficult to consider algal species’ diversity and the 
seasonal change of the dominant algae. However, it is 
hard to handle the typical phytoplankton in the long term 

over several months in the eutrophic water areas where 
actual dominant species drastically vary in multiple algal 
classes (Chlorophyceae, Cyanobacteria, diatoms, etc). 
Particularly, the difficulty of model application to the 
hypertrophic water area would be more conspicuous 
because algal blooms abruptly appear or disappear in 
response to meteorological conditions in the heating 
season. Therefore, it is required to uniquely determine 
the parameters related to the photosynthesis for the 
seasonal change such that the dominant species would 
alter significantly at algal class-differentiated levels 
corresponding to water temperature and solar radiation. 
In this study, several temperature zones were set, and the 
values of 𝛼𝛼𝑔𝑔, 𝜉𝜉, 𝑇𝑇opt, 𝐾𝐾DIN, 𝐾𝐾DIP and 𝐼𝐼opt  were determined 
in each zone. By first setting the maximum growth rate 
𝛼𝛼𝑔𝑔 in the water temperature zones, it was possible to 
suppose that typical phytoplankton is a dominant species 
determined to correspond to the water temperature. Also, 
it was possible to reflect the typical phytoplankton to 
determine the model parameters, 𝑇𝑇opt, 𝐾𝐾DIN, 𝐾𝐾DIP, and 
𝐼𝐼opt  characterize the limitation functions by temperature, 
light, and nutrients. By handling model parameters, it 
would be expected that the significant changes in 
phytoplankton concentration corresponding to 
meteorological environment factors could be reproduced.

The Runge-Kutta-Gill method was applied to the 
numerical solution of the ordinary differential equations 
at 10-minute intervals to reproduce the periodically 
observed results of Chl-a. The initial condition of the 
model was set on July 2, 2019, and September 10, 2021, 
and the calculation period was 151 days and 104 days in 
2019 and 2021, respectively. In the targeted reservoir, 
macroalgae, such as filamentous algae, flourished from 
spring to summer. However, it was proven to be 
challenging to incorporate macroalgae into the ecosystem 
model, so the initial condition was set after the 
disappearance of filamentous algae in both years. This 
simulation required observation data under the numerical 
conditions as follows. The time series data of water 
temperature, continuously measured at approximately 
1.5 m below the water surface as an overall average value 
of the reservoir, was essential to consider the temperature 
dependency of biochemical rates. Also, the periodic 
observations of transparency 𝐷𝐷𝑠𝑠 were applied to calculate 
an extinction coefficient of underwater light intensity by 
the relationship 𝜅𝜅 = 1.7/𝐷𝐷𝑠𝑠 . They were used to calculate 
the limitation functions expressed in Equation (4) 
together with the continuously observed results of solar 
radiation 𝐼𝐼0. Furthermore, the continuous measurements 
of water depth at the center were utilized not only for 
calculating the reservoir’s volume 𝑉𝑉 , but also for 
estimating the outflow discharge through broad crested 
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weirs by considering a difference of ℎ from a weir height 
as an overflow depth to evaluate the outflow loadings of 
𝐿𝐿out,DIN, and 𝐿𝐿out,DIP . In addition, the continuously 
measured inflow discharge via the box culvert was 
applied to the calculations of 𝐿𝐿in,DIN and 𝐿𝐿in,DIP using 
LQ equations.

This proposed water quality prediction model was 
applied to scenario analyses to assess how much the 
reduction of DIN and DIP inflow loadings influence the 
inhibition of phytoplankton overgrowth. The scenario 
was set up for the same period as the calculation period in 
the model. The seriousness of algal bloom occurring in 
autumn might be affected by the timings when the 
nutrient concentration in the reservoir’s water would 
increase due to inflow loadings during heavy rainfall. In 
2019, heavy rains in summer caused a significant influx 
of nutrients, leading to high levels of both DIN and DIP 
by September. In 2021, despite low summer rainfall 
maintaining low nutrient inflow, the concentration of 
both DIN and DIP increased from September due to 
substantial nutrient inflows from autumn rain. Based on 
the results of field observation in these two years, which 
will be discussed in more detail later, we set up two cases 
for scenario analysis. The case in 2019 was determined 
by focusing on the excessive inflow-loadings due to local 
severe rain in late summer. This scenario analysis was 
applied to assess the influence of controlling the high 

DIN and DIP concentrations in late summer on the 
inhabitation of algal bloom in the case of little 
precipitation in autumn. The case in 2021 was set to 
evaluate how high concentrations of phytoplankton could 
be inhibited by reducing the excess inflow loadings of 
nutrients during the proliferation period of cyanobacteria 
in autumn. In each case, three scenarios were set up to 
quantitively evaluate the responses of Chl-a concentration 
to changes in the inflow loading in 2019 and 2021 of 1) 
DIP only, 2) DIN (NH4-N and NO3-N) only or 3) DIP and 
DIN together. The increase in the inflow loading of DIP 
and DIN in these scenarios was determined by 
multiplying the observed values with (1 + α/100), where α 
was the rate of change and was set from −100% to 50% at 
intervals of 10%.

Results and discussion

1. Seasonal characteristics of water quality 
parameters based on periodic field observations

Figure 3 shows periodically observed results of 
Chl-a concentrations and algal class-differentiated ratios 
of the average water surface points (north-side, center, 
and south-side) in 2019 and 2021. Additionally, the 
seasonal changes in the average of water quality 
observations (Chl-a, PO4-P, NH4-N, NO3-N, and N/P 
ratio) at the water surface, the inflow discharge and 
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inflow loadings of each type of nutrients, and the 
temporal changes in daily rainfall measured on the 
farmland near the targeted reservoir were summarized in 
Figure 4A for 2019 and Figure 4B for 2021. In Figure 4, 
the N/P ratio indicates the ratio of TN and TP. 
Furthermore, Figure 5 shows the water depth and 
transparency of the targeted reservoir in 2019 and 2021, 
and the LQ equations acquired based on the field 
observations are shown in Figure 6.

 The descriptive statistical characteristics of the 

above-observed results are summarized in Table 1. When 
comparing this table with the trophic status standard by 
OECD, the targeted reservoir was classified into the 
hypertrophic status (the average and maximum in Chl-a: 
more than 25 μg/L and more than 75 μg/L, the average in 
TP: more than 0.1 mg/L, and the average and minimum 
in transparency: less than 1.5 m and less than 0.7 m). 
However, applying the trophic classification to the OECD 
standard was not necessarily adequate without using 
full-year data. To supplement the judgment of the severity 
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of eutrophication, this study employed the trophic 
classification scheme by Forsberg & Ryding (1980). In 
this scheme, the trophic status could be classified by 
averages of TP, TN, Chl-a, and transparency in the 
summer season from June to September. As the 
observation period in this research was in a heating 
season and TN was included as a eutrophication index, 
the trophic classification scheme by Forsberg & Ryding 
(1980) seemed suitable for evaluating the water 
environment in the targeted reservoir. According to this 

scheme, most of the water quality index in 2019 and 2021 
exceeded the determination criteria of eutrophic status 
(TP: 0.25 to 0.1 mg/L, TN: 0.6 to 1.5 mg/L, Chl-a: 7 to 
40 μg/L, and transparency: 1.0 to 2.5 m). Although the 
average TN in 2019 was 1.393 mg/L in the eutrophic 
range, its average value in the determinate period of June 
to September was 1.835 mg/L, or over the eutrophic 
range. Therefore, it was confirmed that the targeted 
reservoir was hypertrophic.

From Figure 3, the overall trend of seasonal changes 

Fig. 5. Water depth and transparency of target reservoir in 2019 and 2021
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in Chl-a averaged on the water surface points (north-side, 
center, and south-side) bore a resemblance between 2019 
and 2021 in that the concentration had significant 
fluctuation throughout the observation period in the wide 
order (2019: range of 100 to 103 and 2021: 101 to 103). The 
seasonal changes were characterized by three periods: 
the relatively low concentration period of April to June, 
in which a variation was significant due to large 
fluctuation, the increasing period of July to 
mid-November, and the decreasing period in late 
November. Chl-a increased in two steps from July to 
mid-November 2019 because of the temporal decrease 
from late August to early September. The remarkable 
point was that the Chl-a concentration in both years 
exponentially increased with a high temporal change 
rate. Its order ranged from 102 to 103 in summer and 
autumn, although it drastically lowered to 101, together 
with the temporary decline of cyanobacteria from late 
August to early September. In the increasing period in 
2019 and 2021, a dominance of cyanobacteria with an 
algae class-differentiated composition ratio of 60%-90% 
intermittently engendered the mat-like algal bloom over a 
wide range in two terms of July to early August and 
October to mid-November, as shown in Figure 7. In 
addition, both years had the characteristics in common in 
that the Chl-a averaged on water surface points 
exponentially increased to a peak value over the order of 

102 in the autumn which included the maximum 
concentrations (2019: 696.9 µg/L and 2021: 3847.0 µg/L) 
shown in Table 1, and that the increasing period was 
prolonged to mid-November even though the optimal 
water temperature for the cyanobacteria growth leans 
toward higher temperatures.

According to Figure 4A, the N/P ratio in 2019 
changed from 2 to 7 (with an average of 3.8) throughout 
the observation period. According to Guildford & Hecky 
(2000), when the N/P ratio is less than 20, the nutrient 
status of the reservoir is determined as nitrogen limitation 
of growth. This denotes that the targeted water body was 
significantly nitrogen-limited in the aquatic ecosystem, 
as the balance between nitrogen and phosphorus 
necessary for photosynthesis was not maintained. 
Particularly, high Chl-a concentrations were sustained 
from July to mid-November without alleviation of 
nitrogen limitation. Additionally, in Figure 4B, the N/P 
ratio in 2021 exhibited a nitrogen-limiting condition, 
similar to 2019, throughout spring to autumn. However, 
there were differences between both years: the N/P ratio 
in 2021 varied from 1 to 14, and the nitrogen limitation 
was temporarily alleviated in May and July, unlike in 
2019. The alleviation of nitrogen limitation in 2021 is 
linked to a balance between nitrogen and phosphorus 
available for photosynthesis. Nevertheless, an increase in 
Chl-a due to this balance was unclear, and the alleviation 

Fig. 7. �Cyanobacteria blooms occurred on the water surface of the target reservoir in (A) 
October 2019 and (B) October 2021

BA

Table 1. �The average, maximum, and minimum of main observed water environmental  
parameters in 2019 and 2021

Year Chl-a
(μg/L)

TP
(mg/L)

PO4-P
(mg/L)

TN
(mg/L)

NO3-N
(mg/L)

NH4-N
(mg/L) N/P

2019 Ave 48.9 0.345 0.158 1.393 0.089 0.267 3.776

Max 696.9 2.253 0.309 10.709 0.829 0.557 15.433

Min 1.3 0.030 0.005 0.363 0.000 0.044 1.265

2021 Ave 95.3 0.595 0.120 2.415 0.248 0.057 5.613

Max 3847.0 21.923 0.486 44.560 1.183 0.486 15.424

Min 4.9 0.028 0.002 0.296 0.113 0.001 0.900
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of nitrogen limitation did not always lead to the apparent 
proliferation of phytoplankton. In the following 
discussion, we examined the responsiveness of Chl-a to 
the seasonal changes in nitrogen and phosphorus 
according to rainfall events as meteorological conditions 
based on Figure 4.

In 2019, PO₄-P exceeded 0.1 mg/L except for April 
and changed at a higher concentration than the DIP level 
in general eutrophic freshwater areas. Based on 
Figure 4A, it was evident that PO₄-P noticeably increased 
in response to rainfall events with daily precipitation 
exceeding 50 mm/d from mid-May. Consequently, such a 
rainfall event led to a significant increase in PO₄-P 
concentration exceeding 0.2 mg/L from July. Notably, 
during heavy rainfall events associated with the stagnant 
rainy season in mid-July and the linear precipitation zone 
in late August, PO₄-P levels increased to as high as 
0.3 mg/L due to substantial inflow loadings from the 
watershed. According to the 2019 agricultural records at 
the experimental farm upstream of the targeted reservoir, 
DIP was intermittently applied as a supplementary 
fertilizer at multiple frequencies from April to November. 
Therefore, this excessive phosphorus fertilization, 
surpassing the adsorption ability in soil, seemed to result 
in a high concentration of PO₄-P in the targeted reservoir. 
This occurred because of an extensive inflow loading 
from agricultural fields through a box culvert. Moreover, 
during the increasing period of Chl-a in the summer, the 
reservoir received an excessive inflow loading of 
phosphorus. It was impossible to confirm a significant 
decrease in PO₄-P caused by algal uptake for 
photosynthesis. That is, the temporal excessive inflow 
loading of phosphorus is linked to an excessive 
nitrogen-limited status. On the other hand, NH₄-N in 
2019 changed in the range of 0.25 to 0.4 mg/L with a 
slight increase due to inflow loading in mid-July and 
mid-August. However, there was no significant seasonal 
variation in the observation of NH₄-N. This result showed 
that the overall impact of inflow loading on NH₄-N 
concentration was minimal, and the decrease in NH₄-N 
due to uptake by algae was relatively small.

Meanwhile, NO₃-N temporally changed at a low 
level in the order of 10−2 throughout the observation 
period except for a temporary increase over 0.1 mg/L 
during rainfall events in mid-July, late August, and late 
October. These sudden increases in NO₃-N concentration 
triggered by rainfall events rapidly lowered to zero within 
a few days or weeks when Chl-a stayed over 20 to 30 
µg/L, corresponding to the maximum concentration in 
the hypertrophic status. The decreases in NO₃-N resulted 
from phytoplankton uptake as a nitrogen source for algal 
growth. Based on species composition at the algal class, 

cyanobacteria likely dominated this uptake (Fig. 3). This 
consideration seemed identical to the understanding that 
cyanobacteria would preferentially utilize NO₃-N in DIN 
as a nitrogen source necessary for photosynthesis. Of 
particular note is the drastic and temporary increase of 
NO₃-N exceeding 0.7 mg/L derived from a rainfall event 
of approximately 200 mm/d at the end of August. This 
event seemed to impact the growth of cyanobacteria 
under intensive nitrogen-limited conditions, resulting in 
the prolonged occurrence of algal bloom until 
mid-November. In July, ammonium sulfate was applied 
as an additional fertilizer at the experimental farm. This 
application led to the inflow loading of NO₃-N derived 
from the nitrification of NH₄-N supplied in soil, 
significantly alleviating the substantial nitrogen 
limitation for the growth of cyanobacteria.

In Figure 4B, there were very few rainfall events 
exceeding 20 mm/d until July 2021, and it was considered 
that the impact of inflow loading on PO₄-P was extremely 
minimal during this period. Although temporary 
increases in PO₄-P over 0.1 mg/L due to some rainfall 
events in the period of mid-May to early June resulted in 
a relatively strong nitrogen-limited state with an N/P 
ratio of about 5, its concentration in the reservoir changed 
at the low level with the order of 10−2. So, the relatively 
high N/P ratio over 10 in this period did not result from 
increased nitrogen concentration through the inflow 
loading. Instead, it was because phosphorus remained 
low, unaffected by the inflow loading of nutrients 
associated with rainfall events. However, Chl-a from 
April to July 2021 seasonally changed over 20 µg/L, 
unlike in 2019, and frequently reached a high 
concentration of about 80 µg/L. Therefore, until July, 
photosynthesis wasn’t inhibited due to low concentrations 
of DIN and DIP, and the impact of decreases in nutrient 
inflow loadings on the phytoplankton growth was 
minimal. That is, the potential accumulation of nitrogen 
and phosphorus until the last year was confirmed, unlike 
in 2019. In addition, both NO₃-N and PO₄-P in the 
waterbody took high concentrations of approximately 
0.5 mg/L during the heavy rainfall, including two events 
with precipitation of 150 to 200 mm/d in August and 
September. These results indicate the influence of heavy 
rainfall events on excess nutrient inflow loadings from 
fertilization in upstream agricultural fields. NO₃-N 
decreased sharply in late September and was kept at zero 
during the increasing period of Chl-a exceeding 100 µg/L 
from October.

In contrast, NH₄-N remained almost constant from 
September. These results suggest that the supply of 
NO₃-N via external loading promoted the growth of 
cyanobacteria, which would not require NH₄-N but 
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NO₃-N as a nitrogen source. PO₄-P in autumn was kept at 
a high concentration of around 0.2 mg/L, resulting in a 
substantial nitrogen limitation. However, it decreased 
from the peak value of heavy rainfall events in August 
and September.

It could be concluded from a common point in both 
2019 and 2021 that the response of the phytoplankton, 
mainly including cyanobacteria, had an exceptionally 
sensitive response to the temporary supply of NO₃-N via 
the inflow loadings derived from heavy rainfall events 
while maintaining high PO₄-P concentrations exceeding 
0.1 mg/L. This response led to a significant increase in 
Chl-a concentrations, reaching levels beyond the order of 
103. Therefore, the control of NO₃-N elevation during the 
summer and autumn periods in nitrogen-limited 

eutrophic water bodies could link to crucial 
countermeasures for inhibiting cyanobacterial blooms in 
nitrogen-limited eutrophic water bodies.

2. Scenario analyses for water quality improvement 
using the ecosystem model

Comparisons of the calculated and the observed 
results of main variables, including Chl-a, DIP, and DIN, 
the observed results of water temperature and rainfall 
events, and the limitation function at actual simulation 
are shown in Figure 8. Also, the values of the model 
parameters (𝛼𝛼𝑔𝑔, 𝜉𝜉, 𝑇𝑇opt, 𝐾𝐾DIN, 𝐾𝐾DIP and 𝐼𝐼opt) concerning 
the photosynthesis rate are summarized in Table 2. As 
described above, the parameter is generally determined 
to be in the range of 1 to 3. 𝜉𝜉 However, in the target 

Fig. 8. �Observed results of water temperature and rainfall, the comparison of calculated and observed 
changes of Chl-a, DIP, DIN, and the limitation function in actual simulation in 2019 and 2021
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reservoir, the concentration of Chl-a was extremely high, 
exceeding 100 μg/L, a level typically not observed in 
general reservoirs. Therefore, it was necessary to set the 
value of 𝜉𝜉 to be larger than the general range to reproduce 
this abnormal algae growth. The observation results in 
the figure are the values obtained by averaging the 
measurement results of the water at the surface and the 
bottom. The results indicate the model’s robustness and 
precision in replicating observed trends in Chl-a 
concentrations over time. The model successfully 
mirrored the growth and decline patterns in Chl-a during 
seasonal changes, capturing notable events such as 
increases from July to August, a surge from early 
September to the end of October, and decreases from 
November onwards in 2019. Similarly, in 2021, the model 
accurately replicated the sudden Chl-a concentration 
fluctuations in late October, stable periods from 
mid-September to mid-October, and reductions during 
late November.

That is, it was possible to satisfactorily simulate the 
Chl-a dynamic by determining model parameters 𝛼𝛼𝑔𝑔, 𝜉𝜉, 
𝑇𝑇opt, and 𝐼𝐼opt without adjusting values of 𝐾𝐾DIN and 𝐾𝐾DIP 
according to temporal changes in water temperature. 
Setting parameters of equation (3) in each water 
temperature zone led to reproduce, to some extent, sharp 
fluctuations in the concentration of Chl-a together with a 
large transformation in the existence ratio of 
cyanobacteria. However, such results were never 
reproduced by determining the model parameter as a 
constant throughout the calculation period. However, 
there was a need to examine whether the division of 
temperature zones and setting parameter values was 
appropriate from the viewpoint of algology. Moreover, 
the model effectively accounted for the influence of 
external factors such as heavy rainfall events, accurately 
predicting DIP and DIN concentration spikes in response 
to these occurrences in 2019 and 2021. While there were 
minor discrepancies in the simulation of DIP and DIN 
attributed to challenges in assuming perfectly mixed 
water due to changing weather conditions, the model’s 
overall performance remained strong. In the actual 
phenomenon, the inflow loading of DIP and DIN came in 

from the box culvert, spreading out over a small area. 
However, in the model, we considered the inflow loading 
to mix suddenly throughout the entire water body. That is 
why there was a period when the reproducibility of DIN/
DIP was low due to the complete mixture model. The 
growth limitation function of nutrients is determined by 
lower values of the Michaelis–Menten equation of DIN 
and DIP, as shown in Equation (5). Figure 8 illustrates 
each growth limitation function value of DIN and DIP. In 
both 2019 and 2021, the limitation function of DIN 
consistently remained lower than DIP throughout the 
experimental period, indicating that the reservoir was 
experiencing nitrogen limitation, consistent with field 
observation findings. Therefore, the ecosystem model is 
deemed suitable to effectively predict the seasonal 
prevalence of phytoplankton and nutrients in this 
hypereutrophic reservoir. Based on the results of the 
inflow loadings, the study could be conducted 
successfully in different scenarios.

Figure 9 illustrates the simulated condition based on 
2019 results, examining the rate of change in the average 
concentration of Chl-a when altering nutrient inflow 
loadings in three scenarios: DIP only (Fig. 9A), DIN only 
(Fig. 9B), and DIP and DIN together (Fig. 9C). In 
Figure 9A, a 30% reduction in DIP concentration has no 
immediate impact on the average Chl-a concentration, 
indicating stability. However, a discernible decrease in 
Chl-a concentration occurs when the DIP reduction is 
over 30%, signaling a shift from nitrogen to phosphorus 
limitation. The Chl-a concentration reaches the eutrophic 
level, as defined by OECD standards (Ave: 8-25 µg/L), 
with a 60% reduction in DIP loading. In the second 
scenario (Fig. 9B), when only DIN changes, there is a 
direct relationship between increasing DIN concentrations 
and a corresponding growth in Chl-a concentration, 
indicative of nitrogen limitation. Especially when DIN 
rises by 60% of the initial concentration, Chl-a reaches 
60 µg/L, emphasizing the critical need to address 
nitrogen loading for effective algae control. Achieving a 
eutrophic Chl-a level (Ave: 8-25 µg/L) necessitates a 
significant 40% reduction in DIN loading. The third 
scenario, when changing both DIP and DIN, is shown in 

Table 2. Setting values of model parameters concerning the photosynthesis rate

Water temperature 
zones ξ Topt

(oC)
α g

(1/d)
Iopt

(W/m2)
KDIP

(mg/L)
KDIN

(mg/L)

T ≥ 25.0 5.0 32.0 8.5 20.0

0.0075 0.012

21.0 ≤ T < 25.0 4.0 30.0 8.0 20.0

19.0 ≤ T < 21.0 2.0 25.0 3.5 35.0

12.0 ≤ T < 19.0 3.0 25.0 3.0 35.0

T < 12.0 2.0 21.0 2.0 35.0
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Figure 9C. The effect of reducing the DIN load varies 
depending on the change rate in the DIP load. For 
example, when the DIP reduction rate is 40%, the 
decrease of DIN loading by 40% is necessary to reduce 
the average concentration of Chl-a to the eutrophic level. 
In addition, it is expected that Chl-a could reduce to a 
mesotrophic level (Ave: 2.5-8 μg/L) only by reducing 
80% of the DIN load.

In the second condition in 2021, shown in Figure 10, 
the change rate in the Chl-a average concentration during 
the calculation period in each scenario was examined 
when the initial loadings of nutrients changed in three 
different scenarios: DIP only (Fig. 10A), DIN only 
(Fig. 10B), and DIP and DIN together (Fig. 10C). In 
Figure 10A, the Chl-a concentration remains steady with 
a 20% reduction in DIP from the initial concentration. 
However, a substantial decrease in Chl-a becomes 
noticeable when the DIP reduction exceeds 20%. If the 
DIP concentration drops by over 80% from the initial 
level, the reservoir’s water quality could reach the 
eutrophic state (Ave Chl-a: 8-25 μg/L). Moving on to 
Figure 10B, the Chl-a concentration decreases to 
eutrophic levels when the DIN reduction surpasses 70% 
of the initial concentration. These findings underscore 

the nitrogen-limited nature of the reservoir. In Figure 10C, 
when both the initial concentrations of DIP and DIN 
decrease simultaneously, maintaining Chl-a at the 
eutrophic level necessitates reductions of over 70% or 
80% in DIP. Moreover, to bring Chl-a down to the 
mesotrophic level (Ave: 2.5-8 μg/L), it is imperative to 
reduce DIN concentrations by at least 90%.

Drawing insights from both scenarios, it becomes 
evident that in this reservoir with a limitation in nitrogen, 
diminishing nitrogen levels has a more pronounced effect 
in curbing phytoplankton growth than phosphorus 
reduction. The study’s results highlight the importance of 
accurately identifying the limiting factor, whether 
nitrogen or phosphorus, within the reservoir’s ecosystem. 
This understanding is key to implementing effective 
measures for preventing algal blooms.

Conclusion

This study provided novel evidence concerning the 
influence of nitrogen and phosphorous inflow loadings 
on the abnormal proliferation of phytoplankton through 
periodic observations and the actual status of aquatic 
environmental issues in the hypertrophic nitrogen-limited 
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reservoir. In particular, the seasonal change in 
phytoplankton, algae species dominance, nitrogen, and 
phosphorus levels were studied through water quality 
monitoring for two years in the reservoir where the 
long-term cyanobacteria blooms had occurred at the 
water surface during autumn. The water quality 
prediction model was constructed by considering the 
results obtained from the periodic water quality 
observations. This model provided scenario analyses to 
evaluate how to inhibit the occurrence of cyanobacterial 
blooms. The main outcomes obtained by this study can 
be summarized as follows:

From the observation results, the targeted reservoir 
was confirmed to be hypertrophic under nitrogen-limited 
conditions. Additionally, the temporal nitrogen loadings 
were the main cause of algal abnormalities. Severe 
hypereutrophication was confirmed with mat-like 
cyanobacteria blooms over a wide area in summer in 
2019 and autumn in 2019 and 2021. Cyanobacteria was 
the dominant species throughout the two-year research 
period. The research observed a consistent trend in two 
years: phytoplankton, particularly cyanobacteria, 
displayed a remarkable sensitivity to temporary increases 
in nitrate-nitrogen (NO₃-N) caused by heavy rainfall. 
This sensitivity, combined with consistently high 
phosphate-phosphorus (PO₄-P) concentrations exceeding 
0.1 mg/L, significantly elevated Chl-a levels, surpassing 
the order of 103.

The validity of the ecosystem model was confirmed 
through two different cases. The first case was set based 
on the observation results in 2019 when the overgrowth 
of phytoplankton occurred mainly by the nutrient inflow 
loading due to rainfall in summer. The second was 
established using observation data in 2021 when nutrients 
from autumn rain events promoted abnormal 
phytoplankton growth. The Chl-a, DIP, and DIN 
simulation results successfully reproduced both the 
tendencies and seasonal changes of both cases. Therefore, 
the ecosystem model has high validity in effectively 
predicting the seasonal prevalence of phytoplankton 
growth in this hypereutrophic reservoir. The model 
successfully replicated certain sharp fluctuations in 
Chl-a levels, a phenomenon previously unattainable when 
employing a constant model parameter throughout the 
simulation period. However, further investigation is 
necessary to ascertain the suitability of segmenting 
temperature zones and assigning parameter values from 
an algological perspective. Thus, a future imperative lies 
in refining the categorization of water temperatures and 
aligning model parameters accordingly.

The trend of phytoplankton growth was predicted 
when the nutrient inflow loadings were changed in 

different scenarios. The research outcomes demonstrate 
that in reservoirs characterized by nitrogen limitation, 
the reduction of nitrogen has a substantially more 
pronounced effect in curbing phytoplankton growth than 
reducing phosphorus levels. These findings emphasize 
the critical necessity of accurately identifying the limiting 
factor, whether nitrogen or phosphorus, within the 
reservoir’s ecological system. This precise understanding 
is paramount in implementing targeted strategies to 
effectively prevent the occurrence of algal blooms.
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