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Abstract

The occurrence of large blooms of Dinoflagellates composed primarily of Ceratium hirundinella, in hypertrophic reservoirs 
in South Africa has become more pronounced since 1999. The financial and operational impact of these blooms on the drink-
ing water industry is high as this species produces bad tastes and odours and clogs filters.
 In order to enable real-time forecasting for dinoflagellate blooms a hybrid evolutionary algorithm rule set for hypertrophic 
reservoirs in South Africa was developed. Data from three known hypertrophic systems were used for training and develop-
ing the rule set. Testing was done on two years respectively from the same reservoirs as the training data. The rule set was 
also tested on unseen data from two other hypertrophic reservoirs that are known to experience dinoflagellate blooms.
 The results show that the developed rule set predicts real-time dinoflagellate blooms quite accurately and the sensitivity 
analysis showed that the rule set developed on hypertrophic reservoirs in the summer rainfall and temperate region of South 
Africa, is applicable to reservoirs within the same climatic region and of the same hypertrophic status

Keywords: rule-based agents, hybrid evolutionary algorithms (HEA), Dinoflagellates, Ceratium, hypertrophic 
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Introduction

Numerous studies attempt to increase the understanding of the 
significant input variables that drive the establishment of algal 
blooms of different dominant species for prediction purposes 
(Bowden et al., 2006; Cao et al., 2006; Jeong et al., 2006; Reck-
nagel et al., 2006) with new and emerging computational meth-
ods. The emerging discipline of ecological informatics provides 
a variety of computational techniques such as fuzzy logic, cel-
lular automata, evolutionary algorithms and adaptive agents that 
can be applied to non-linear, dynamic and complex limnological 
systems (Jeong et al., 2006). 
 The occurrence of large blooms of Dinoflagellates composed 
primarily of Ceratium hirundinella, in hypertrophic reservoirs 
in South Africa, became more pronounced since 1999 (Van Gin-
kel et al., 2001b) and other South African reservoirs (Hart 2006). 
The main characteristics of C. hirundinella are well known. It 
has a mean cell length of 180 µm. It has the ability to migrate 
from one water-column layer to another with the flagella, to 
utilise nutrients; this gives this species an advantage over other 
phytoplankton species and may lead to bloom-forming condi-
tions. Furthermore the ability to assimilate both organic and 
inorganic phosphorus gives it an advantage over other algal 
species that can only utilise inorganic phosphorus. Its ability 
to undergo seasonal polymorphism or cyclomorphosis has been 
studied by numerous researchers (Hutchinson, 1957; Cranwell, 
1976; Heaney, 1976; Harris et al., 1979; Heaney and Furness, 

1980; Moore, 1981; Frempong, 1984; Sommer et al., 1984; Muel-
lerelser and Smith, 1985; Padisak, 1985; Rybak, 1985; Heaney 
et al., 1986; Buck, 1989; James et al., 1992; Buck and Zurek, 
1994; Péres-Martínez and Sánchez-Castillo, 2001; Wetzel, 2001; 
Grigorszky et al., 2003). All these features give C. hirundinella 
the potential to form algal blooms.
 The main external growth-controlling factors are also well 
known, namely the impact of the light intensity in the water 
(Buck, 1989; Muellerelser and Smith, 1985), the optimum 
growth temperature (ranging from 5°C to 30°C according to 
Buck (1989)) and the need for sufficient nutrients within the 
water body (Reynolds, 1978; Buck, 1989).
 According to Moore (1981), C. hirundinella is primarily a 
midsummer species and is scarce or absent in winter, thus mero-
planktonic. However, in South Africa the species was also found 
during winter (Van Ginkel et al., 2001b). The winter water tem-
peratures in many South Africa impoundments seldom go below 
10°C (Van Ginkel et al., 2001a), which is within the optimum 
growth temperature range suggested by Buck (1989). In Spain 
the species occurs during all four seasons (Péres-Martínez and 
Sánchez-Castillo, 2001).
 C. hirundinella is a dinoflagellate species that has been impli-
cated in filter clogging and taste and odour problems associated 
with the drinking water industry. It has a financial implication 
and although it is not a health risk to consumers, numerous com-
plaints showed it to be a problem for the purification industry.
 This study was done in order to improve our understanding 
of the cause of these extreme dinoflagellate blooms that are cur-
rently experienced in a number of South African reservoirs and 
to be able to predict future dinoflagellate blooms.
 The hypertrophic reservoirs, Bon Accord, Hartbeespoort, 
Klipvoor and Rietvlei Reservoirs in South Africa are warm, 
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monomictic impoundments, known to experience dinoflagel-
late blooms, primarily Ceratium hirundinella (Van Ginkel et al., 
2001b) and Roodeplaat Reservoir show occasional presence of 
Dinoflagellates. Only Hartbeespoort, Rietvlei and Roodeplaat 
Reservoirs have water treatment works that withdraw water for 
potable use, but all four these reservoirs are used extensively for 
recreation. 
 The real time rule-based agents for the dinoflagellate group 
have been developed and validated by means of limnological time-
series data and the hybrid evolutionary algorithm HEA according 
to Cao et al. (2006). The HEA was designed to assemble and opti-
mise both the structure and parameters of real-time predictive rules 
using genetic programming and genetic algorithms. In order to 
develop the rule-based agent for Microcystis and the dinoflagellate 
group, merged limnological time-series data of the hypertrophic 
reservoirs Hartbeespoort, Rietvlei and Roodeplaat Reservoirs 
have been used for training. Rigorous leave-k-out cross-validation 
for a total of 36 years (12 years from each reservoir during the 
period 1991 to 2004) of data was used to do the rule-based devel-
opment training, excluding the years 1993 and 2004 (from each 
reservoir) to use for testing the developed rule. This rule set was 
then also tested on Bon Accord and Klipvoor Reservoir data that 
had not been used in the training data set. These reservoirs are of 
the same trophic status and most are known to experience severe 
dinoflagellate blooms (Van Ginkel, personal observation).
  The agent proved to be generic for five warm, temperate and 
hypertrophic lakes of which four were monomictic and one dimic-
tic. It can be implemented for forecasting outbreaks of the dino-
flagellate (Ceratium) blooms, which affect the drinking water sup-
ply and water treatment costs of many South African reservoirs.

Materials and methods

Study sites and data collection

The Bon Accord, Hartbeespoort, Klipvoor, Rietvlei and Roode-
plaat Reservoirs are situated in the Crocodile West/Marico 
Water Management Area, downstream of the most populated 

centres of South Africa. These study sites are situated in a sum-
mer rainfall area known for afternoon thunderstorms usually 
causing flash floods with high flows of short duration. The mean 
annual precipitation, across the catchments, is between 500 mm 
and 600 mm. The mean air temperatures at the 5 reservoirs 
varied between –3.5°C and 36.5°C. Water surface temperatures 
ranged between 10.1°C and 30.7°C in the reservoirs.
 A number of limnological variables have been collected over 
a period of 14 years (1991 to 2004) for Hartbeespoort, Rietvlei 
and Roodeplaat Reservoirs. Klipvoor has been monitored regu-
larly since 1999. All these reservoirs are monitored regularly 
as part of the National Eutrophication Monitoring Programme 
(NEMP), the National Chemical Monitoring Programme 
(NCMP) and the National Hydrological Monitoring Programme 
of the Department of Water Affairs and Forestry (DWAF) of 
South Africa. DWAF provided the chemical and biological data 
for the reservoirs. The South African Weather Service (SAWS) 
and the Institute for Soil Climate and Water of the Agricultural 
Research Council (ARC) provided the meteorological informa-
tion. The meteorological site used for the Hartbeespoort Reser-
voir is the Brits Agricultural Site (17085). The meteorological 
sites used for the Klipvoor Reservoir are the Borakalalo Site 
(05495196) and the Brits Agricultural Site (17085). The mete-
orological information for the Bon Accord and the Roodeplaat 
Reservoir was extracted from four sites (Pretoria, Roodeplaat 
(30093); Pretoria National Botanical Inst. (30687); Roodeplaat–
AGR (17254) and Irene (0153385)).
 Bi-weekly sampling was done. In situ temperature profiles, 
oxygen profiles and Secchi depths were determined at all four 
reservoirs. Integrated water samples (0 to 5m) were collected 
close to the dam wall and the following water quality param-
eters were measured by Resource Quality Services Laboratories 
at Roodeplaat: pH, dissolved inorganic nitrogen (DIN= ΣNO3, 
NO2 & NH4), dissolved inorganic phosphorus (DIP as PO4-P); 
total phosphorus (TP); total nitrogen (TN as ΣKN, NO3 & NO2-
N); Chl a and dinoflagellate dominance (DinoD) as a percent-
age of the phytoplankton population. The dinoflagellate biomass 
(DinoB) was calculated as:

TABLE 1 
General characteristics of Hartbeespoort, Klipvoor, Rietvlei and Roodeplaat Reservoirs

Reservoir Bon Accord Hartbeespoort Klipvoor Rietvlei Roodeplaat
Latitude -25.6214 -25.724722 -25.131111 -25.876389 -25.622
Longitude 28.18889 27.85 27.811111 28.265278 28.373
Climate Temperate Temperate Temperate Temperate Temperate
Trophic status Hypertrophic Hypertrophic Hypertrophic Hypertrophic Hypertrophic
Volume (fsl) (106 m3) 4.293 195 43.8 12.88 41.9
Level (asl) (m) 1203 1162 989 1476 1 314
Maximum depth (m) 7.4 32.5 20.9 19 43
Mean depth (m) 3.6 9.6 5.78 6.2 10.6
Surface area (km2) 1.7 20 7.58 2.06 3.97
Catchment size (km2) 315 4112 6138 492 690
Mean annual residence time (year) NA 0.51 0.32 NA 0.69
Mean air temperature (Min/Max) (°C) 0.8/35.0 -3.5/33.8 -1.6/36.5 -3.4/28.7 1.8/36.2
Water surface temperature (Min/Max) (°C) 10.6/29.3 14.4/25.7 12.8/30.2 10.1/30.7 15.2/27.8
Circulation Type Warm

Dimictic
Warm 

Monomictic
Warm 

Monomictic
Warm 

Monomictic
Warm 

Monomictic
Catchment Composition (%)
  Urban developments
  Agricultural
  Natural veld
  Industrial

43.2
22.7
34.0
0.1

18.3
4.5
76.7
0.4

7.1
24.9
68.0
0.0

21.2
35.0
43.5
0.3

29.4
8.7
61.5
0.4
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 DinoB = (DinoD/100)*(Chla/2.5)           (1)

where:
 DinoB is the dinoflagellate biomass measured as cm3/m3

 DinoD is the dinoflagellate dominance (measured as %) 
 Chl a is the measured chlorophyll a concentration 
 (measured in µg/ℓ)

A simple linear interpolation was used to fill in missing values to 
produce a complete daily time series for the assessment period. 

Rule development by hybrid evolutionary algorithms

The data sets for the Hartbeespoort, Rietvlei and Roodeplaat 
Reservoirs were merged because of their similarity in hyper-
trophic and climatic conditions. For this study the data training 
was done with data from 1991 to 2004, excluding 1993 and 2004 
that had been used for testing the rule set. This gave a total of 36 
years (12 years from each reservoir) for training and 6 years (2 
years from each reservoir) for testing. 
 The adaptive evolutionary algorithm (EA) methods mimic 
biological evolution processes, natural selection and genetic 
variation. The method uses genetic operators and the ‘survival 
of the fittest’ principle to search for suitable representations of a 

problem solution (Cao et al., 2006). The merits of self-organisa-
tion, self-learning, intrinsic parallelism and generality, enable 
EA to be applied to recognise patterns, predict outcomes, opti-
mise control and do parallel processing (Goldberg, 1989; Bäck et 
al., 1997).
 The basic framework of the rule discovery for real-time fore-
casting of dinoflagellate biomass in hypertrophic South African 
reservoirs is represented in Fig. 1. The detailed algorithm for the 
rule discovery and parameter optimisation by HEA is the same 
as used by Cao et al. (2006) (Fig. 2).
 Genetic programming (GP) is used in the HEA to generate 
and optimise the structure of rule sets. The genetic algorithm 
(GA) is used to optimise the parameters of the rule set. GP com-
puter programs are represented as parse trees, where a branch 
node represents an element from the functions set (this can be 
arithmetic operators, logic operators and elementary functions 
of at least one argument). A leaf node can be an element from a 
terminal set (this can be variables, constants and functions of no 
arguments) (Cao et al., 2006). With each run of the program the 
results are evaluated by means of ‘fitness cases’. Fitter results 
are selected for recombination to create the next generation by 
using the genetic operators, e.g. crossover and mutation. These 
steps are repeated for consecutive generations until the crite-
ria for termination of the program are met. A general genetic 

TABLE 2
Limnological properties of the Bon Accord, Hartbeespoort, Klipvoor, Rietvlei and Roodeplaat reservoirs

Reservoir Bon Accord Hartbeespoort
Measured variables Mean ±STD Min Median Max Mean ±STD Min Median Max
Water temperature (°C) 20.1±4.8 10.6 21.4 29.3 20.9±4.5 11.3 21.6 32.4
Secchi depth (m) 0.4±0.2 0.2 0.4 1.0 1.5±1.0 0.2 1.3 6.6
PH 8.3±0.5 7.1 8.3 9.6 8.5±0.4 7.2 8.5 9.7
Dissolved inorganic nitrogen (mg/ℓ) 21.6±47.8 0 1.0 163.1 1.4±0.8 0.02 1.4 3.6
Total nitrogen (mg/ℓ) 23.9±48.0 0.9 3.0 167.5 2.7±0.7 0.02 2.7 5.85
Dissolved inorganic phosphorous (µg/ℓ) 163±155 12 114 1190 54.5±53.2 3.0 35.0 493
Total phosphorous (µg/ℓ) 383±322 96 285 1978 112.7±59.3 26 93 493
Chlorophyll a (µg/ℓ) 304±334 7.0 196.3 2281 46.3±59.6 0.58 26.1 617.4
Dinoflagellate biomass (cm3/m3) 91±126 0.0 49.2 820.2 6.5 ±22.5 0.00 0.01 176.1
Reservoir Klipvoor Rietvlei
Measured variables Mean ±STD Min Median Max Mean ±STD Min Median Max
Water temperature (°C) 22.6±4.55 12.8 23.8 30.2 19.6±4.4 9.3 20.6 30.7
Secchi depth (m) 1.2±0.5 0.02 1.2 3.0 1.9±0.9 0.1 1.9 4.5
pH 8.6±0.5 5.7 8.7 9.5 8.5±0.5 7.3 8.4 9.9
Dissolved inorganic nitrogen (mg/ℓ) 0.27±0.52 0.04 0.09 4.35 1.1±1.0 0.0 0.9 4.7
Total nitrogen (mg/ℓ) 1.18±0.81 0.33 0.97 4.82 2.5±1.5 0.0 2.2 8.8
Dissolved inorganic phosphorous (µg/ℓ) 482±192 34 490 1451 578±705 6.0 219.6 4084.0
Total phosphorous (µg/ℓ) 699±291 56 699 2447 920±986 0.0 370.1 5582.0
Chlorophyll a (µg/ℓ) 110.6±131.9 2.8 66.0 966.9 54.8±105.9 1.0 26.2 1290.0
Dinoflagellate biomass (cm3/m3) 24.8±49.9 0.0 6.9 298.1 7.6±28 0.0 0.01 205.9
Reservoir Roodeplaat
Measured variables Mean ±STD Min Median Max
Water temperature (°C) 21.0±4.4 10.4 21.9 30.5
Secchi depth (m) 1.9±1.0 0.1 1.7 7.2
pH 8.8±0.5 7.0 8.8 10.1
Dissolved inorganic nitrogen (mg/ℓ) 0.8±0.7 0.0 0.6 4.5
Total nitrogen (mg/ℓ) 1.8±0.6 0.6 1.7 4.5
Dissolved inorganic phosphorous (µg/ℓ) 156.1±120.9 5.0 132.8 620.0
Total phosphorous (µg/ℓ) 238.3±139.6 12.0 208.0 712.0
Chlorophyll a (µg/ℓ) 37.3±27.8 1.7 32.9 197.2
Dinoflagellate biomass (cm3/m3) 2.6±16.1 0.0 0.0 143.5
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algorithm is then used to optimise the random parameters in the  
rule set. 
 The rule sets are expressed in an IF_THEN/ELSE tree for-
mat and are simplified as discussed in Cao et al., 2006. This 
allows for the development of the rule set to consider and make 
provision for different conditions within the data set.

 Using Hartbeespoort, Rietvlei and 
Roodeplaat Reservoir data for the experi-
mental programming using HEA, sea-
sonal succession of Dinoflagellates, the 
daily input data of the following vari-
ables: TP, DIP, Secchi depth, pH, TN, 
DIN, SO4, Tsurf, Chl a and dinoflagellate 
biomass were used respectively. For the 
application of the HEA during this study, 
an initial population of 200, a maximum 
of 100 generations and 20 runs, were pre-
set for the data set. The experiment was 
performed on a Hydra supercomputer 
(IBM eServer 1350 Linux) with a peak 
speed of 1.2 TFlops using C++ program-
ming language developed by Cao et al. 
(2006). The parameter settings are listed 
in Table 3.
 To validate the results of the rule set the 
correlation coefficient of the measured and 
fitted data were determined and the root 
mean square error (RMSE) of the training 
error and the testing error were calculated 
as follows:

                                               
            (2)

where:
 m is the number of testing data points
 yi and ŷi are the ith observation and the  
 ith predicted value  of the output 
 variable, namely the dinoflagellate 
 biomass

Testing of the rule set 

The developed rule set was tested for 5 reservoirs, namely the 
3 reservoirs that it had been trained on (Hartbeespoort, Riet-
vlei and Roodeplaat) and 2 unseen reservoirs (Bon Accord and 
Klipvoor). Both the latter reservoirs annually experienced large 

Figure 1 
Conceptual diagram of HEA for the discovery of a predictive rule set for Dinoflagellate

biomass in three hypertrophic South African reservoirs. 
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dinoflagellate blooms during the period 2000 to 2005. The rule 
set was applied to 1993 and 2004 on the Hartbeespoort, Riet-
vlei and Roodeplaat Reservoirs. The rule set was applied to the 
2000 to 2005 period for the unseen reservoirs, Bon Accord and 
Klipvoor Reservoirs.
 To validate the results of the rule set the correlation coef-
ficient of the measured and fitted data was determined. The root 
mean square error (RMSE) of the testing error was also calcu-
lated for the different reservoirs using Eq. (2) to indicate the 
standard error of the estimate.

Sensitivity analysis of developed rule set

Sensitivity analyses were done on the tested data for the Hart-
beespoort, Rietvlei and Roodeplaat Reservoirs for the period 
1993 and 2004. The sensitivity analysis was done for both the 
THEN and the ELSE rule set.
 The input range changes (as percentage) were determined by 
applying the rule set to calculate changes in each variable that 
was used in the rule set, while median values were used for the 
other variables. The starting point of the variable was the mini-
mum and the maximum values measured. This gives an indica-
tion of the importance of each variable in driving the changes 
(increases or decreases) of the outcome, namely dinoflagellate 
biomass. 

Results

All 5 reservoirs are situated in a temperate climate and have 
been classified as hypertrophic systems with excessive nutri-
ents available. Four of the 5 reservoirs are warm monomictic 

(Hartbeespoort, Klipvoor, Rietvlei and Roodeplaat), while 
Bon Accord Reservoir is warm dimictic.  Hartbeespoort is 
the largest of the 5 reservoirs and Bon Accord the smallest. 
Hartbeespoort and Roodeplaat are deep reservoirs with maxi-
mum depths of 32.5 m and 43 m and mean depths of 9.6 m and 
10.6 m respectively. The other three reservoirs, Bon Accord, 
Klipvoor and Rietvlei had maximum depths of 20.9 m, 19 m 
and 7.4 m respectively and mean depths of below 6.2 m, and 
can thus be classified as shallow reservoirs. Of the 5 reservoirs 
the mean annual residence time of only three was available. 
These 3 reservoirs had a mean annual residence time of less 
than one year.

Rule development by hybrid evolutionary algorithms

Real-time rule-set discovery for dinoflagellate 
biomass in Hartbeespoort, Roodeplaat and Rietvlei 
Reservoirs
The 36 years of real-time training on the Hartbeespoort, Rietvlei 
and Roodeplaat Reservoirs daily data produced a rule set for the 
prediction of dinoflagellate biomass as shown in Fig. 4. The corre-
lation coefficient (r2 = 0.83) and the root mean square error (RMSE 
= 6.3233) for the training data and the correlation coefficient (r2 
= 0.85) and the root mean square error (RMSE = 6.7857) for the 
tested data are significant. Figure 3 shows the results of the tested 
data on the 3 reservoirs for the period 1993 and 2004 for the Hart-
beespoort, Roodeplaat and Rietvlei Reservoirs. It is clear that the 
rule set fits the Hartbeespoort Reservoir better than the Roodep-
laat and the Rietvlei data, where under- and over-predictions were 
found. However, the magnitudes of the maximum dinoflagellate 
biomass peaks were predicted quite well in all 3 the reservoirs.

TABLE 3
Parameter settings of the hybrid evolutionary algorithm rule set discovery for the 

Hartbeespoort, Rietvlei and Roodeplaat reservoirs

 Structure Optimisation (GP)
N = 200 
FL = {AND, OR}  FC = { >, <, ≥, ≤}  FA = { +, −, ∗, /, sin, cos, exp, ln}
MAXK = 1  DIF = DTHEN/ELSE = 4   MAXGEN = 100

 Parameter Optimisation (GA) popsize = 50  a = −0.5  b = 1.5   M = 8  MAX = 500
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	 The	conditions	for	the	rule	set	included	TP	and	Chl	a	con-
centrations	that	were	used	to	determine	if	the	THEN	branch	or	
the	ELSE	branch	of	the	rule	set	was	to	be	used	for	forecasting	
the dinoflagellate biomass. The THEN branch is applicable to 
situations	 when	 the	 Chl	 a concentrations and the dinoflagel-
late biomass are very high (Fig. 4). The sensitivity analysis that 
was	 done	 on	 the	 real-time	 testing	 data	 for	 the	 3	 reservoirs	 to	
determine the dinoflagellate biomass shows that with the THEN 
branch	of	the	rule	set	Chl	a,	TN	and	TP	are	the	variables	that	the	
dinoflagellate biomass is most sensitive to. The TN concentra-
tions vary between 2.1 mg/ℓ and 4.53 mg/ℓ and TP concentra-
tions vary between 110.86 ug/ℓ and 272 ug/ℓ. Under these high 
nutrient conditions, other variables were not important in the 
forecasting of the dinoflagellate biomass.
	 The	ELSE	branch	of	 the	 rule	 set	 is	used	when	Chl	a	 con-
centrations varied between 2.1 ug/ℓ and 282.45 ug/ℓ and the 
dinoflagellate biomass was below 10 cm3/m3. The temperature 
change of the surface water is important in determining the 
dinoflagellate biomass. Increases in the temperature input were 
important in the decrease of the dinoflagellate biomass (Fig. 4). 
This showed that the optimum growth temperature that ranged 
from 5°C to 30°C according to Buck (1989) is only important 
under	 low	Chl	a concentrations and up to 17°C. Temperatures 
higher than 17°C showed no significance on the dinoflagellate 
biomass. Higher dinoflagellate biomass is more regulated by the 
availability of sufficient nutrients (Reynolds, 1978; Buck, 1989) 
within the water body as shown by the THEN rule set. Under 
lower	Chl	a concentrations, the availability of DIP was impor-
tant up to 82 ug/ℓ after which the effect of the change in DIP 
input on the determination of the dinoflagellate biomass was 
insignificant. 

Real-time rule-set for dinoflagellate biomass testing 
in Bon Accord and Klipvoor Reservoirs
Five years of data from both the Bon Accord and Klipvoor 
Reservoirs were used to test the applicability of the rule set 
to unseen data. The correlation of the measured and predicted 
dinoflagellate biomass in the Bon Accord Reservoir (Fig. 5) was 
0.62, which is statistically highly significant (P < 0.001). The 
RMSE of 6.803 also indicates that the results were significant. 

The extent of the peaks was under-predicted or over-predicted in 
certain instances, but all the peaks were predicted.
	 On two occasions peaks were predicted that did not occur 
(autumn 2003 and spring 2004). This may be due to the occur-
rence of other phytoplankton taxa (e.g. Microcystis) that 
dominated	 the	 community	 and	 the	 rule	 set	 used	 the	 Chl	 a		
concentration in determining the predicted biomass of the 
Dinoflagellates in the Bon Accord Reservoir. The maximum 
peak of dinoflagellate biomass in the spring of 2004 was 	
predicted very well.
 In the Klipvoor Reservoir (Fig. 6) the correlation of the 
measured and predicted dinoflagellate biomass was 0.48, which 
is significant (P < 0.001). Although the correlation coefficient is 
less than for Bon Accord the results is still statistically signifi-
cant. The RMSE, as an ‘estimation’ of the standard deviation, 
of 2.53 also indicated that results were significant. The extent 
of the peaks was under-predicted or over-predicted, but all the 
peaks were predicted. Peaks were predicted in the spring of 
2002 and the autumn of 2003, which did not occur.
 These results indicated that the rule set developed on hyper-
trophic reservoirs in the summer rainfall and temperate region of 
South Africa is applicable to reservoirs within the same climatic 
region and of the same hypertrophic status. The methods used 
may be investigated further for applicability in other climatic 
regions of South Africa and on reservoirs with different trophic 
status to determine if a separate rule set needs to be developed 
for different climatic zones or for reservoirs of different trophic 
status.

Conclusions

The developed hybrid evolutionary algorithm (HEA) for fore-
casting dinoflagellate biomass proved to be applicable to com-
plex unseen ecological data of South African reservoirs with the 
same trophic status as the reservoirs that were used to develop 
the rule set. The 5 reservoirs used for the testing of the rule set 
are all within the same temperate climatic region of South Africa 
and all had the presence and dominance of Dinoflagellates dur-
ing the study period, even though the reservoir sizes and other 
limnological characteristics differed. 

IF

THEN ELSE

Dinoflagellate biomass = 
DinoB=(TN*(ChLa/(62.266/ln(|TP|)))) 

Dinoflagellate biomass = 
((ChLa/((Tsurf*0.662)-5.829))/ln(|DIP|)) 

(ChLa>190.453) 
AND

((TP/ChLa)<=1.342) 

Figure 4
Sensitivity analysis of the input 
data for the THEN-branch (left) 
and the ELSE-branch (right) of 
the rule set for real-time Dino-
flagellate biomass forecasting
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 The developed rule set indicates that a temperature range of 
5°C to 17°C and DIP concentrations below 82 ug/ℓ are important 
during the development of the initial low dinoflagellate biomass. 
In the development of excessive dinoflagellate blooms TN is the 
most important variable in determining the extent of the dino-
flagellate bloom.
 The sensitivity analysis and the best rule set correspond 
well with theoretical hypotheses and experimental findings in 
previous studies. It can also refine ranges of variables that are 
deterministic in the development of the dinoflagellate biomass. 
This study is promising for the application of machine learning 
to complex ecosystems such as man-made reservoirs.
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