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ABSTRACT

This study demonstrates the use of inferential models for scenario analyses by simulating direct and indirect effects of predictor variables on
state variables through model ensembles. Two model ensembles have been designed to predict the response of the cyanobacterium
Microcystis aeruginosa and the diatom Stephanodiscus hantzschii to modified flow regimes of the River Nakdong (Korea) by a scenario
analysis. Whilst flow-independent predictor variables of growth ofMicrocystis and Stephanodiscus such as water temperature and pH remain
unchanged during the scenario analysis, flow-dependent predictor variables such as turbidity, electrical conductivity, phosphate, nitrate, silica
and chlorophyll a are forecasted by inferential models. In the course of scenario analysis, flow-independent and flow-dependent predictor
variables feed into the Microcystis and Stephanodiscus models to make sure that both direct and indirect effects of altered flow regimes
are taken into account. The eight inferential models that were incorporated into the model ensembles have been developed by the hybrid
evolutionary algorithm based on 19 years of time-series monitored in the River Nakdong between 1993 and 2012. The models achieved good
accuracy in terms of timing and magnitudes reflected by coefficients of determination r2 = 0.94 for Microcystis and r2 = 0.83 for
Stephanodiscus. The scenario analysis revealed that extreme summer blooms of Microcystis as observed between 1994 and 1997, and winter
blooms of Stephanodiscus as observed between 1994 and 1997 and in 2004 can be prevented in the River Nakdong by adaptive management
of seasonal water release from adjacent dams. Copyright © 2017 John Wiley & Sons, Ltd.
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INTRODUCTION

The ecology of regulated rivers is detrimentally affected by
harmonized natural flow patterns, extended water residence
times and fragmented river habitats, making rivers more
vulnerable to eutrophication and harmful algal blooms
(HABs) (e.g. Marker and Collett, 1997; Al-Tebrineh et al.,
2012). Recurrent HABs are recently more often observed
in regulated rivers in East Asia (e.g. Yoshimura et al.,
2005; Harashima et al., 2006; Kim et al., 2007) that are
subjected to summer monsoon and sporadic typhoons, and
increasingly impacted by fast-growing local economies
and global warming.
The Nakdong River stretches 525 km across South Korea

with a catchment of 23 380 km2 and is regulated by dams
that supply irrigation and drinking water to adjacent
communities. The river has a history of phytoplankton
proliferation dominated by cyanobacteria in summer and
diatoms in winter (Ha et al., 1999, 2003). Seasonally altered

river flow by optimum water release from dams appears as
viable option for algal bloom control (e.g. Jeong et al.,
2007; Hong et al., 2014), which can be determined by
modelling techniques.
Forecasting population dynamics of phytoplankton in

rivers requires models with high accuracy and time resolu-
tion that reflect both direct effects of flow on algae as well
as indirect effects caused by flow-altered physical and
chemical water properties. Such models also need to be
applicable and valid for long-term time-series data reflecting
not only seasonal but also inter-annual dynamics. Even
though process-based models are well suited for analysing
complex direct and indirect relationships in river ecosystems
(e.g. Chapra et al., 2008), the strong influence of hydrody-
namic processes in rivers complicates predictive modelling
of phytoplankton development and constrains the accuracy
required for daily forecasts of species-specific population
growth over long-term periods (e.g. Park and Lee, 2002;
Kannel et al., 2007). Here, we test ensembles of inferential
models as alternative modelling approach in order to over-
come these limitations. Scenario analysis is traditionally
considered the domain of process-based models by running
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the process equations with scenario specific parameter and
input settings, and displaying the likely scenario effect by
resulting state trajectories. However, ad hoc designed
ensembles of inferential models allow to cascade informa-
tion between key state variables (Recknagel et al., 2014b),
thus also enabling scenario analysis.
To control outbreaks of algal blooms in the lower

Nakdong River by flow regimes that are managed by
optimum water release from dams requires operational

models that forecast population dynamics of dominant
algal species. This study aims to develop model ensem-
bles by the hybrid evolutionary algorithm (HEA) for
forecasting Microcystis aeruginosa that is dominant in
the Nakdong River in summer and Stephanodiscus
hantzschii dominant in the river in winter. Hybrid evolu-
tionary algorithm has been developed for inferential
modelling of complex ecological data (Cao et al.,
2014) and previously successfully applied for assessing

Figure 1. Definition of flow scenarios 1 and 2 in relation to the reference flow regime monitored at Mulgeum Station of the Nakdong River
from 1993 to 2012. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 2. Crossover between the IF-trees of two IF–THEN–ELSE models by GP. (WT = water temperature °C, TURB = turbidity NTU,
EC = electrical conductivity μS cm�1, DO = dissolved oxygen mg L�1, NO3 = nitrate mg L�1, N:P = nitrate to phosphate ratio, SiO2 = silica

mg L�1). [Colour figure can be viewed at wileyonlinelibrary.com]

F. RECKNAGEL ET AL.950

Copyright © 2017 John Wiley & Sons, Ltd. River Res. Applic. 33: 949–958 (2017)

DOI: 10.1002/rra

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


cyanobacteria blooms in lakes (e.g. Recknagel et al.,
2013, Recknagel et al., 2014a, 2014b; Zhang et al.,
2015; Recknagel et al., 2016).
In this study, novel model ensembles have been devel-

oped by HEA that allow to test the following hypotheses:
(i) blooms of M. aeruginosa in summer and of S. hantzschii
in winter are significantly affected by flow regimes of the
Nakdong River; (ii) altered flow regimes not only change
water residence time that directly affects growth of M.

aeruginosa and S. hantzschii, but also change physical and
chemical water quality parameters that indirectly affect
growth of M. aeruginosa and S. hantzschii.
In order to test the hypotheses by scenario analysis, two

flow regimes have been created from historical data that
maintain the base flow in winter above the threshold of
350 m3 s�1 and limit the peak flow in summer to
700 m3 s�1. This can be practically managed by maintaining
the flow threshold during the dry winter season with

Figure 3. Model ensemble for simulating flow scenarios for Microcystis

Figure 4. Flow correlations of predictor variables NO3–N and turbidity (a), Chl-a (b), and water temperature and dissolved oxygen (c). [Colour
figure can be viewed at wileyonlinelibrary.com]
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additional water released from adjacent dams and maintain-
ing the peak flow limit by less water released in summer.

MATERIALS AND METHODS

Data of Nakdong River

The study site Mulgeum Station is located 27 km upstream
from the estuarine barrage at the river mouth. Water samples
were collected from 1993 to 2012 on a weekly/biweekly
basis. Water temperature (WT), dissolved oxygen (DO),
electrical conductivity (EC), pH and turbidity (TURB) were
measured by a YSI multiprobe sonde. Chlorophyll a (Chl-a)
was extracted by a 90% acetone method after filtering water
samples using 0.45-μm membranes. The filtrates were
subsequently analysed for nitrate (NO3–N), phosphate
(PO4–P) and silica (SiO2) by a QuikChem Automated Ion
Analyser (Model 8000, Lachat Instruments). M. aeruginosa
and S. hantzschii have been counted in sedimentation
chambers using an inverted microscope (Utermöhl, 1958).
Daily flow rates Q were measured 5 km upstream of the
Mulgeum Station by the Korean Meteorological Adminis-
tration (www.kma.go.kr). Data for the year 2002 were
incomplete and have been excluded from this study.
Scenarios have been based on the suggestion, 350 m3 s�1

is the flow threshold above which Chl-a concentrations
decline significantly (Hong et al., 2014). Accordingly, the
scenario 1 assumes a two-fold increase and scenario 2 a
three-fold increase of flow that is below the threshold,

whereby flow rates exceeding 700 m3 s�1 (≈83rd percentile
of the river flow) have been halved (Figure 1).

Hybrid evolutionary algorithm

Evolutionary computation infers models from data based on
principles of natural selection and evolution (Holland et al.,
1986). The HEA (Cao et al., 2014, 2016) has been designed
to evolve ‘fittest’ IF–THEN–ELSE rules from ecological
data by integrating genetic programming (GP) and differen-
tial evolution (DE). It applies GP according to Koza (1992)
to evolve the optimum structure of the rule model, and DE
according to Storn and Price (1997) to optimize the param-
eters of the rule model. Because GP typically operates on
parse trees rather than on bit strings, it suits well to evolve
IF–THEN–ELSE rules for multivariate relationships.
Genetic programming uses the logic functions FL = {AND,
OR}, comparison functions FC = { >, <, ≥ , ≤ } and arith-
metic functions FA = { +, � , * , /, exp, ln} to represent
IF–THEN–ELSE rules as vector of multiple trees. Tree1
denotes the IF condition with the function set Ftree1 = FL ∪
FC ∪ FA, and tree2 and tree3, respectively, denote the THEN
and ELSE branches with the function set Ftree2/tree3 = FA.
Figure 2 illustrates exemplarily one crossover step by GP

for the optimization of the IF-trees of two IF–THEN–ELSE
models for 5-day-ahead forecasts of the concentration of
chlorophyll-a (μg/L) in River Nakdong (see also Figure 6c).
Figure 2a and e represents parent models. Figure 2b, c, f and
g illustrates the crossover of IF-conditions between the

Figure 5. Model ensemble for simulating flow scenarios for Stephanodicus
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parent models. Figure 2d and h represents two offspring
models after the crossover.
Differential evolution extracts information on distance

and direction of the current population of solutions towards
global optimum to guide the search for optimal parameters
in the IF–THEN–ELSE rules. Because DE does not require
separate probability distributions, the scheme becomes
completely self-organizing. Differential evolution has been
implemented in HEA for multi-objective parameter optimi-
zation as described by Cao et al. (2014).
The daily-interpolated time series data of the River

Nakdong from 1993 to 2012 provided a wealth of seasonal
and inter-annual patterns of abiotic and biotic limnological
properties for modelling by HEA. Daily data interpolation is
required in order to match dissimilar monitoring frequencies
between physical, chemical and biological data, and to allow
short-term forecasting for days ahead. By keeping a time shift
of 5 days between predictor and output variables, we aimed to
empower resulting models for 5-day-ahead forecasting and
avoid possible same-day feedback effects of Microcystis
and Stephanodiscus on physical and chemical parameters.In
order to take full advantage of the information content of
the data, a cyclic boot-strap scheme was applied that ran-
domly selected different data-subsets for training (75% of
all data points) and testing (25% of all data points) for each

of 80 generations of models. After 100 boot-strap runs, it de-
termined the overall ‘fittest model’ of all generations by
cross-validation for the 19 years of data assuming that there
is no bias by the 25% of data points randomly selected for
testing during the boot-strap runs. The fitness of each model
was evaluated by the root mean squared error between the
measured training data ŷi and the predicted data yi defined as:

Fitness ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
k
∑
k

i¼1
ŷi � yið Þ2

s

The software HEA automatically carries out sensitivity anal-
yses for the input variables of each discovered model. For
this purpose, it calculates output trajectories separately for
each input range (mean ± SD) by keeping remaining input
variables constant at mean values. Resulting sensitivity
curves visualize the output trajectories in percentage terms
(0–100%) within their range of each input.

RESULTS

Model ensembles enabling scenario analysis

The model ensemble in Figure 3 has been designed for
analysing the impact of alternative flow scenarios of the

Figure 6. Illustration of IF–THEN–ELSE models and threshold conditions for: Microcystis (a, b), chlorophyll-a (c, d) and Stephanodiscus (e,
f). [Colour figure can be viewed at wileyonlinelibrary.com]
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River Nakdong on population dynamics of the cyanobacte-
riumMicrocystis. It was based on the best performing model
for 5-day-ahead forecasts of Microcystis (Figure 6a) that
achieved a coefficient of determination r2 = 0.94 (see
Figure 7a). A WT of 27.7°C has been identified as threshold
by HEA above which the model forecasts events of high
abundances of Microcystis with greater than 50 000 cells
mL�1 (see Figure 6b). The temperature threshold
corresponds well with literature findings suggesting that

Microcystis tend to have optimum growth rates above 25°C
(e.g. Robarts and Zohary, 1987).With regards to the predictor
variables of theMicrocystismodel, WT was considered least
affected by flow (see Figure 4c) and therefore maintained un-
changed for the scenario analysis. However, because TURB
as well as NO3–N and Chl-a was expected to be flow
dependent (see Figure 4a, b), following forecasting models
have been developed for TURB (r2 = 0.31) and NO3–N
(r2 = 0.33):

IF (pH/371.7)*Q<=72 THEN TURB =((-25.85/(WT-33.48))+(((Q/15.3)+84.66)/DO))
ELSE TURB = (((-489.97/(WT-17.15))/(WT-23.88))-433.49/(WT-31.65))

IF pH>=9.1 OR Q<76.7 THEN NO3–N = (((3.364-(WT/19.24))-0.052)-((31.93/(25.987-Q))/107.28))
ELSE NO3–N = (((3.127-(WT/29.1))-(37.6/(Q+DO)))-((1.84/(7.01-pH))/173.48)),

as well as for Chl-a (Figure 6c), and incorporated into the
model ensemble for Microcystis (Figure 3). The model for
TURB includedWT,DO and pH as predictor variables which
were considered to be flow independent (see Figure 4c) and
therefore maintained unchanged for the scenario analysis.

The model for NO3–N was based on the predictor variables
WT, DO and pH which were maintained unchanged for the
scenario analysis. The Chl-a model included the
flow-dependent predictor variables EC and SiO2 for which
following forecasting models have been developed:

IF (DO>=19.5 AND Q>=46.53) OR (Q>=30.15 AND (pH-Q)>-28.61)
THEN EC = (451.96-((-16.32-(WT*(-0.536)))*ln(|(Q-88.43)|)))

ELSE EC = (410.95-((18.05-(WT*(-0.536)))*ln(|(Q-44.83)|))), r2=0.54;

Figure 7. Five-day-ahead forecasting of Microcystis in River Nakdong from 1993 to 2012 based on: (a) reference flow, (b) flow scenario 1
(Figure 1b) and (c) flow scenario 2 (Figure 1c). [Colour figure can be viewed at wileyonlinelibrary.com]
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IF Q>395.35 THEN SiO2 = ln(|(((WT*TURB)*(WT*TURB))*((-208.55/DO)/Q))|)
ELSE SiO2 = ln(|(((Q*0.03)*(Q*0.102))+(277.9/(WT-0.367)))|), r2=0.37.

The Chl-a model achieved an r2 = 0.54 (Figure 8a)
assuming WTs greater than 26.2°C and pH values greater
than 9.6 as threshold conditions for forecasting of Chl-a
concentrations greater than 15 μg L�1 (see Figure 6d). Both
thresholds indicate that Chl-a in the River Nakdong is
seasonally related to the cyanobacterium Microcystis which
is dominating in summer at optimumWTs greater than 25°C
(see above) and causing pH values to rise above 8.5
(Shapiro, 1984; Reynolds, 1986).The model ensemble in
Figure 5 has been designed for analysing the impact of

alternative flow scenarios of the River Nakdong on popula-
tion dynamics of the diatom Stephanodiscus. It is based on
the 5-day-ahead forecasting model for Stephanodiscus
(Figure 6e) that achieved a coefficient of determination
r2 = 0.83 (see Figure 9a). Whilst most of its flow-dependent
predictor variables were already determined, it required an
additional model for PO4–P in order to provide the
NO3–N/PO4–P ratio for forecasting Stephanodiscus. To suit
that purpose, the following PO4–P model (r2 = 0.37) has
been developed:

IF (TURB<8.2 OR Q<=136.5) OR (WT<28.7 OR (TURB<97.6 AND TURB>=48.5))
THEN PO4–P = ((3.2/(246.9-(WT*27.4)))+54.3-(41.22/(TURB-88.185)))
ELSE PO4–P = (((TURB/0.36)-DO)+62.89).

Figure 8. Five-day-ahead forecasting of Chl-a in River Nakdong from 1993 to 2012 based on: (a) reference flow, (b) flow scenario 1
(Figure 1b) and (c) flow scenario 2 (Figure 1c). [Colour figure can be viewed at wileyonlinelibrary.com]
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The Stephanodiscus model assumed a Chl-a concentra-
tion of 140.2 μg L�1 as threshold for forecasting popula-
tion densities of greater than 50 000 cells mL�1 that
would indicate a bloom event (see Figure 6f). As previ-
ously discussed, Chl-a is largely reflecting the biomass

of the cyanobacterium Microcystis that dominates the
phytoplankton community of River Nakdong in summer.
High Chl-a concentrations in winter, however, seem to
be closely associated with Stephanodiscus that is dominat-
ing in winter.

Figure 9. Five-day-ahead forecasting of Stephanodiscus in River Nakdong from 1993 to 2012 based on: (a) reference flow, (b) flow scenario 1
(Figure 1b) and (c) flow scenario 2 (Figure 1c). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 10. Comparison of percentage changes of water quality parameters and phytoplankton forecasted in response to scenarios 1 and 2.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Scenario analysis of alternative flow regimes of the river
Nakdong

Whilst bloom events of Microcystis with more than 50 000
cells/mL occurred frequently in River Nakdong, major
blooms in 1994, 1996 and 1997 exceeding 1 million
cells/mL (Figure 7a) were of particular interest and have
been forecasted accurately in terms of timing and magnitude
by the model documented in Figure 6a. The scenario analy-
sis by means of the model ensemble in Figure 3 predicted a
70% lower magnitude of the Microcystis bloom in 1994 and
the prevention of major bloom events in 1996 and 1997
(Figure 7b) by the flow regime 1 (see Figure 1b) and the pre-
vention of all three bloom events (Figure 7c) by the flow re-
gime 2 (Figure 1c).
The model for chlorophyll-a predicted the prevention of

peak concentrations of Chl-a in 1996 and 1997 by the 2
scenarios, but only a gradual reduction to 50% and 30% of
the peak concentration of Chl-a in 1994 (Figure 8b and c).
Results for Stephanodiscus in River Nakdong show good

accuracy by the model documented in Figure 6e by
matching well both timing and magnitudes of population
dynamics (Figure 9a). The scenario analysis by means of
the model ensemble in Figure 3 has indicated that bloom
events of more than 50 000 cells/mL, as observed from
1994 to 1997 and in 2004, can gradually be prevented by
adaptive flow management according to scenarios 1 and 2
(Figure 9b and c).
Figure 10 represents results of the scenario analysis in

terms of percentage of average change of water quality
parameters in response to the two flow scenarios forecasted
by the models for TURB, EC, PO4–P, NO3–N and SiO2 as
well as the models in Figure 6. It illustrates that EC
increased up to 110% under the influence of the scenarios
whilst concentrations of PO4, NO3 and SiO2 decreased.
Turbidity decreased most significantly to almost 80%,
whilst Chl-a diminished up to 96%. Figure 10 provides fur-
ther evidence that the altered flow regimes as suggested in
Figure 1 can prevent extreme algal blooms in River
Nakdong suggesting that average population densities of
Microcystis decrease to 96% and of Stephanodiscus to 81%.

DISCUSSION AND CONCLUSIONS

Results have given evidence that abundances of M.
aeruginosa in summer and of S. hantzschii in winter are
significantly affected by flow regimes of the Nakdong River
as postulated by hypothesis (i). Whilst increased flow
shortens the water residence time at a certain location of
the river, it also increases turbulences that prevent
Microcystis to access optimum nutrient and light conditions
by buoyancy. Stephanodiscus relies on turbulences to with-
stand high sedimentation losses and access light, but high

flow may also inhibit vital physiological processes (e.g.
Reynolds, 1994). It has also been demonstrated that altered
flow regimes change physical and chemical water quality
parameters that impose indirect effects of flow on
abundances ofM. aeruginosa and S. hantzschii as postulated
by hypothesis (ii). Whilst the high concentrations of PO4

and NO3 in River Nakdong are suggested to decrease only
marginally by dilution effects, SiO2 declined by more than
10% and TURB decreased by 20%. The increase in EC
might be attributed by higher loads of ions along with
changed flow regimes.
Overall, this research has demonstrated that: (i) inferential

models developed by HEA achieved good accuracy in
forecasting of population densities of Microcystis and
Stephanodiscus in the regulated River Nakdong and are
suitable for scenario analysis provided that both direct and
indirect effects of flow are taken into account by ad hoc
designed model ensembles; and (ii) risks of high population
densities of Microcystis and Stephanodiscus in the Nakdong
River can be gradually minimized by adaptive management
of seasonal water release from adjacent dams as reflected by
scenarios 1 and 2.
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