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a b s t r a c t

In situ fluorometers can be used as a real-time cyanobacteria detection tool to maintain safe drinking
and recreational water standards. However, previous studies into fluorometers have established issues
arising mainly from measurement inaccuracies due to green algae interference. Therefore, this study
focusses on developing correction factors from a systematic study on the impact of green algae as an
interference source. This study brings a novel technique where the chlorophyll-a (Chl-a) and
phycocyanin measurements are used to correct the fluorometer output for interference bias; four
fluorometers were tested against three key cyanobacterial species and the relationship between
phycocyanin output, green algae and cyanobacteria concentrations were investigated. Good correla-
tion (R2 > 0.9, p-value < 0.05) was found between the fluorometer phycocyanin output and increasing
green algae concentration. The optimal correction method was selected for each of the fluorometer
and cyanobacteria species pairs by validating against data from the investigation of green algae as an
interference source. The correction factors determined in this study reduced the measurement error
for almost all the fluorometers and species tested by 21%e99% depending on the species and fluo-
rometer, compared to previous published correction factors in which the measurement error was
reduced by approximately 11%e81%. Field validation of the correction factors showed reduction in
fluorometer measurement error at sites in which cyanobacterial blooms were dominated by a single
species.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Real time management of cyanobacteria remains a growing
challenge for water utilities and health authorities to maintain
water supplies to a safe and aesthetically acceptable standard
(Ho et al., 2009; Newcombe et al., 2009; Otten and Paerl, 2015;
Zamyadi et al., 2016a). Climate change and increased human
activities have prompted favourable conditions for the prolifer-
ation of cyanobacterial blooms (Merel et al., 2013). Additionally,
environmental factors such as temperature and nutrient loading
can influence the size, frequency and composition of cyano-
bacterial blooms. Cyanobacteria remain a concern as the
enderson).
presence of blooms may indicate the potential production of
cyanotoxins which can have detrimental health impacts
(Carmichael and Boyer, 2016). In addition, direct contact with
blooms in recreational waters is another source of cyanotoxin
exposure which has authorities concerned (Otten and Paerl,
2015). Furthermore, nuisance taste and odour compounds pro-
duced by cyanobacteria are a major source of consumer com-
plaints (Ho et al., 2009; Newcombe et al., 2009) and often give
consumers the false impression that the water is unsafe for
consumption. Water utilities and health authorities require a
method for rapid cyanobacteria detection to adequately respond
to fluctuations in cyanobacterial blooms. This makes detection in
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real-time a pressing issue in both recreational and drinking
water sources (Bowling et al., 2016; Merel et al., 2013).

Current techniques used to detect cyanobacteria include lab-
oratory analysis of field samples such as microscopic enumera-
tion and speciation (Chorus and Bartram, 1999), particle imaging
analysis, flow cytometry, pigment quantification such as chloro-
phyll-a extraction (Lawrenz et al., 2011) and polymerase chain
reaction (PCR) (Gaget et al., 2017). Routine monitoring of lakes,
reservoirs and other bodies through remote sensing (Randolph
et al., 2008; Stumpf et al., 2016) has also been used by utilities.
However, the main issues with these detection techniques are
that analytical methods can be slow (delays attributed to trans-
port of samples, preparation and analysis of samples), costly and
may require highly trained personnel for obtaining and inter-
preting the data (Izydorczyk et al., 2009; Zamyadi et al., 2016a).
Consequently, delays in obtaining monitoring results will delay
the application of adequate treatment adjustments by drinking
water treatment plants (DWTPs) which could lead to the break-
through of cyanobacteria cells and their harmful metabolites in
the product water (Zamyadi et al., 2016b). Similarly, health au-
thorities will have less time to respond to blooms and take
necessary actions to reduce the risk of public exposure to
harmful cyanobacterial blooms (Koreivien _e et al., 2014). Conse-
quently, a method that has attracted renewed interest and can
address the need for real-time cyanobacteria monitoring is the
application of in situ fluorometers (Zamyadi et al., 2016a).

However, certain problems have been associated with the use
of in situ fluorometers such as measurement inaccuracy which
has significantly impacted the fluorometer's ability to deliver
reliable measurements (Bowling et al., 2016; Choo et al., 2018;
Zamyadi et al., 2016a; Bertone et al., 2018). Previous studies have
reviewed the interference sources that impact fluorometers and
measured their inaccuracy (Catherine et al., 2012; Chang et al.,
2012; Choo et al., 2018; Kring et al., 2014; Zamyadi et al.,
2012). The main contributors to fluorometer measurement in-
accuracy are the impact of green algae and to a lesser extent
turbidity (Choo et al., 2018; Richardson et al., 2010; Zamyadi
et al., 2016a; Bertone et al., 2018). Previous investigations into
real time fluorescence measurement inaccuracies have rarely
analysed several fluorometers and cyanobacteria species in a
systemic investigation (Beutler et al., 2002; Catherine et al.,
2012; Chang et al., 2011; Choo et al., 2018; Izydorczyk et al.,
2009; Jakob et al., 2005; Kring et al., 2014; Ziegmann et al.,
2010); even less so have correction factors been developed
from available studies (Chang et al., 2012; Zamyadi et al., 2012).
Correction factors were developed from investigation of Micro-
cystis aeruginosa and one fluorometer (2012) and the correction
factors have been published (Chang et al., 2012). Other correc-
tions have been applied but the method is not published and the
results cannot be validated (Loisa et al., 2015). Measurement
inaccuracy has been systematically investigated (Choo et al.,
2018) and a need to develop tailored correction factors was
demonstrated. Correction methods reviewed depend on: 1) one
cyanobacteria species (usually Microcystis aeruginosa) used to
develop the correction factor; 2) compensation of Chl-a through
a factor generated from known concentrations of green algae and
3) correction factors rely on measured samples and requires
knowledge of the cyanobacteria and green algae concentration in
the sample.

Development of interference source compensating correction
methods through a systematic examination of Chl-a has rarely
been undertaken (Chang et al., 2012; Zamyadi et al., 2012).
Therefore, the objective of this study was to develop the most
suitable correction method to minimise the impact of Chl-a
interference for several fluorometers and key cyanobacterial
species of interest to public health. Correction factor methods
were developed by a combination of: 1) utilising the Chl-a and
phycocyanin fluorometer measurements collected from the
investigation of green algae as an interference source; 2) evalu-
ating the performance of correction factors in samples with
green algae and turbidity as interference sources; and, 3) using
data collected from five sampling events at two southern
Australian drinking water treatment plants (DWTPs). The novelty
in these correction factors is that they rely on the fluorometer
phycocyanin and chlorophyll-a outputs (which all the fluorom-
eters have sensors for) and do not require the determination of
green algae concentrations either by Chl-a extraction or cell
enumeration.

2. Materials and methods

2.1. Laboratory experimental set up

2.1.1. Fluorometer description
For this study, correction factors and the subsequent selection

protocol for the optimal correction factor were developed for
four commonly used in situ fluorometers (Zamyadi et al., 2016a):
EXO2 (YSI, USA), V6600 (YSI, USA), Algaetorch (AT) (bbe Mol-
daenke, Germany) and the Microflu (MF) (TriOS, Germany).
Fluorometer specifications were presented in Choo et al. (2018).
The main factor that differentiates the fluorometers from each
other is the optic design specifications (the bandpass filter width
for the excitation wavelength light source and emission wave-
length detectors). The phycocyanin and chlorophyll-a (Chl-a)
sensors were attached to the fluorometers; turbidity sensors
were also utilised where possible. For this study, the phycocyanin
and Chl-a measurements were used to develop the correction
factors. Turbidity was also analysed as a complementary variable
(using a benchtop 2100AN Laboratory Turbidimeter (Hach, USA))
to determine if the developed correction method is impacted by
the presence of another interference source.

2.1.2. Cell culture maintenance
The cyanobacteria used in this study were: 1) two strains of

Microcystis aeruginosa (reference strain MIC338, Australian Water
Quality Centre (AWQC), South Australia and reference strain CS-
564, Australian National Algae Culture Collection (ANACC),
Australia); 2) three strains of Dolichospermum circinale (reference
strain ANA131cr and ANA188b, AWQC, South Australia, and
reference strain CS-553, ANACC); and, 3) two strains of Cylin-
drospermopsis raciborskii (reference strain CYP011K, AWQC,
Adelaide SA, Australia, and reference strain CS-508, ANACC). Two
green algae species were used in these experiments Chlorella
vulgaris (reference strain CS-42, ANACC) and Ankistrodesmus sp.
(reference strain ANK011A, AWQC). ASM-1 media was used to
sustain the MIC338, ANA131cr and CYP011K, MLA media was
used to sustain CS-564, CS-553, CS-508, Jaworski media was used
to sustain CS-42 and ANK001A. For this study, cyanobacteria and
green algae cells in the stationary phase were used and cultures
were maintained under a 16:8-h white fluorescent based light
cycle at 21 �C. The light intensity in the incubator was approxi-
mately 770 mmol/m2/s, whereas the light intensity experienced in
Australia can range from 53 to 1864 mmol/m2/s (based on daily
global solar exposure values) (BOM, 2009; Sager and McFarlane,
1998).

2.1.3. Experiments to determine correction factors
For this study, five species specific calibration curves were

prepared using serial dilutions for M. aeruginosa, D. circinale, C.
raciborskii, C. vulgaris and Ankistrodesmus sp. An aliquot of
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cultured cells was diluted into de-chlorinated tap water to form a
suspension of known concentration. The fluorometers were used
to measure seven cell concentrations (0 cells/mL, 2000 cells/mL,
10,000 cells/mL, 20,000 cells/mL, 65,000 cells/mL, 100,000 cells/
mL and 170,000 cells/mL). Determination of the amount of cul-
ture stock needed to achieve the specified cell concentrations
was calculated using the dilution equation and through micro-
scopic enumeration, as per Choo et al. (2018).

Correction factors were developed through investigating the
impact of green algae on fluorometer phycocyanin measurements.
This experiment used a similar setup as the species specific cali-
bration curves but increasing concentrations of green algae
(1000 cells/mL, 10,000 cells/mL, 20,000 cells/mL, 65,000 cells/mL,
100,000 cells/mL and 170,000 cells/mL) were added to three
increasing predetermined cyanobacteria concentrations (for
instance using M. aeruginosa; 1000 cells/mL, 30,000 cells/mL,
130,000 cells/mL). Chl-a and phycocyanin measurements were
taken for the four fluorometers as well as samples for cell
enumeration. This experiment was repeated for D. circinale and
C. raciborskii for the three cyanobacteria concentrations, details
published in Choo et al. (2018).

2.1.4. Experiments to validate correction factors
To validate the correction factors developed from the experi-

ments in section 2.1.3, the factors were applied to bench scale
samples containing a mixture of cyanobacteria, green algae and
turbidity. For these sets of experiments, a predetermined concen-
tration of Chl-a (as green algae) and turbidity (as 4 g/L bentonite or
kaolin solution in milli-Q water which gave a working stock solu-
tion of 100 NTU) was added to a predetermined concentration of
cyanobacteria (M. aeruginosa, D. circinale and C. raciborskii). The
fluorometer measurements were collected in triplicate. The con-
centrations of green algae, cyanobacteria and turbidity added for
each suspension is listed in Table 1.

For all the experiments, measurements were recorded 2min
after the fluorometers were submerged into the suspension, with
samples also collected for microscopic enumeration and turbidity
analysis. Biovolume was calculated following calculations devel-
oped by DEPI (2014). The mono species suspensions curves were
used to determine the appropriate multiplier factor to convert
fluorometer output to cell biovolume equivalent measurement.

2.2. Analysis of fluorometer data to confirm systematic
measurement error

To develop the correction factors and equations for the four
fluorometers, the data was analysed for the presence of systematic
measurement error. That is, was there a proportionate change in
Table 1
Green algae, turbidity and cyanobacteria concentrations required to investigate the

Prepared Equivalent Chl-a (mg/L) Prepared Turbidity (N

0 0
15.3 41.6
25.6 68.6
25.6 37.5
46.2 68.4
38.6 65.4
83.2 80.1
52.3 25.6
148.4 90.1
80.8 151
275.4 114.3
150.2 180.2
331.6 348.2
the fluorometer measurement error with respect to an observed
increase in green algae concentration (Gujer, 2008; Salkind, 2010).
The presence of systematic measurement error is determined if the
phycocyanin measurements increase proportionately to the
increasing green algae concentrations (fitting the data through
linear regression). For this study, systematic error was judged to be
significant and was quantified through linear regression analysis.
2.3. Development, selection and evaluation of correction factors

2.3.1. Development and selection of correction factors
The correction factor methods were developed through multi-

ple regression using the Chl-a and phycocyanin fluorometer mea-
surements from the experiments investigating the impact of green
algae as an interference source and the species specific calibration
curves. Relationships between growing green algae concentration
and phycocyanin fluorometer response in suspensions containing
a) green algae only and b) predetermined concentrations of cya-
nobacteria and green algae were found. These relationships were
compiled in an attempt to quantify the raw fluorometer phycocy-
anin output as a combination of signals detected from excited
phycocyanin and Chl-a pigments (Chang et al., 2012; Choo et al.,
2018; Waters, 2009; Zamyadi et al., 2016a; Ziegmann et al., 2010).
A standard t-test was applied to determine if there was a statically
significant difference between the corrected and uncorrected
measurements.

To select the best fluorometer correction method for each
fluorometer and species pair, all four correction factor methods
were applied to the green algae interference experiments. The
corrected fluorometer measurements were then compared to the
true cyanobacteria concentration (through microscopic enumera-
tion). The correction method that was the closest to the true cya-
nobacteria concentration was selected as the best correction
method for the fluorometer and cyanobacteria species pair. This
optimal correction method was determined by averaging the
measurement error values and selecting the value with the lowest
measurement inaccuracy.

Chang et al. (2012) developed a correction method for the
V6600 and M. aeruginosa. The method developed by Chang et al.
(2012) was applied to the experiments investigating the impact of
green algae and turbidity to determine if the correction factor can
be transferred successfully to the other fluorometers and the other
cyanobacteria species. The corrected fluorometer measurements
using the method developed by Chang et al. (2012) was compared
directly with the correction factors found in this study. A t-test was
applied between the groups to determining if there were any sta-
tistically significant differences between the two tested correction
factors.
impact of green algae and turbidity on fluorometer performance.

TU) Spiked Cyanobacteria Cell Number (cells/mL)

1000
1000
1000
2500
2500
5000
5000
10,000
10,000
50,000
50,000
100,000
100,000
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2.4. Validation of correction factors

2.4.1. Evaluation of correction factor performance with bench scale
laboratory samples containing green algae and turbidity as sources
of interference

The correction methods were also applied to the results of
measurements found in the green algae and turbidity experiments.
Turbidity was measured to determine if a secondary impact source
can impact the performance of the correction factors. The corrected
measurements were compared to corrected measurements from a
previously developedmethod by Chang et al. (2012). The correction
factor methods were applied to all four fluorometers and the three
cyanobacteria species tested. A standard t-test was applied to
determine if there was a statically significant difference between
the corrected and uncorrected measurements.
2.4.2. Validation of correction factors using field data
Two sites (WTP1 and WTP2) were used in southern Australia to

validate the developed fluorometer correction factors. Fluorometer
sampling and grab sampling for microscopic enumeration was
collected through key treatment points (raw water intake, clarified
water and supernatant return). Three visits were conducted at
WTP1 and two visits were conducted for WTP2. Fluorometer
measurements were converted to cell count equivalent from mono
species calibrations and were compared for association through a
standard t-test. Water quality parameters for both sites can be
found in supplementary data Table S1.
Fig. 1. (a) Fluorometer measurements in the presence of green algae only which show system
presence of green algae and turbidity show that the measurement error is to a certain degree
reader is referred to the Web version of this article.)
3. Results and discussion

3.1. Confirmation of systematic measurement error

The results of the experiments described in section 2.3.1 were
subject to regression analysis to determine if the measurement
error exhibited by the fluorometers were systematic and to validate
the method development. Three out of the four fluorometers
showed systematic measurement error (Fig. 1a); there was an in-
crease in the fluorometer phycocyanin output in the absence of
cyanobacteria as the presence of green algae increased.

A strong linear correlation (r> 0.9, p-value< 0.05, via a Pear-
son's product-moment correlation) was found for the EXO2, V6600
and MF. This was not the case for the AT (r>�0.35, p-value> 0.05),
however, the AT had been shown to have irregular fluctuations
(over and under estimation) of fluorometer output in the presence
of green algae (Choo et al., 2018). Hence, correction factors were
also developed for the AT.

The EXO2, V6600 and MF outputs increased systematically in
response to increases in both green algae and turbidity sources
(Fig. 1b). A strong correlation was found for the EXO2 and V6600
(R2> 0.89, p-value< 0.05) while a weaker relationship (R2¼ 0.68,
p-value< 0.05) was found between the MF output and interference
sources. Increasing the concentration of turbidity increased the
fluorometer output at similar concentrations of green algae. For
instance, at an added concentration of green algae of 20mm3/L, the
fluorometer output was approximately double at the higher con-
centration of added turbidity (8.1 RFU) than that of the lower
atic measurement error is inherently linear and (b) Fluorometer measurements in the
also systematic. (For interpretation of the references to colour in this figure legend, the
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turbidity (3.4 RFU). This is also seen for the other two cyanobacteria
species tested (Supplementary data, Fig. S1).

Overall, the measurement inaccuracy is dependent on the
fluorometer for a cyanobacteria species type (Fig. 1a and b). This
means that previously published correction factors which were
developed for one fluorometer and species (Chang et al., 2012), may
not be applicable for other fluorometers and species. This high-
lights the limitation of previously developed correction factors as
those factors do not incorporate the range in variability between
fluorometers and species tested. Consequently, new correction
factors will need to be adjusted and developed to cover a wider
range of fluorometers and species.
Corrected fluorometer output 2 ¼ fluorometer BGA output � CVFðBGAoutput :GAbiovolumeÞinterference experiment
� GAfluorometer reading

CVFGAoutput :GAbiovolume

(3)
3.2. Development of correction factors for one interference source
(green algae)

3.2.1. Correction factor derivation for one interference source (green
algae)

Four correction methods were found through multiple re-
gressions (equations ((1), (3), (5) and (6)). The full derivation of the
correction factor method is shown in SI section A of the
supplementary data.
3.2.1.1. Correction method 1.

Corrected fluorometer output 1 ¼ Raw fluorometer BGA output

� CVFðBGA:GAbiovolumeÞmono suspension

� GAfluorometer reading

CVFGA:GAbiovolume

(1)

Where CVF is the conversion factor found by Choo et al. (2018), BGA
refers to blue green algae (cyanobacteria) and GA refers to green
algae. BGABGA is the component of phycocyanin response that
should only correlate to cyanobacteria. GAGA is the component of
chlorophyll-a response that should only correlate to green algae.
BGAGA is the component of chlorophyll-a response that should only
correlate to cyanobacteria. The units for the raw fluorometer output
can vary (ie. RFU or mg/L), CVFs were derived through linear
regression and the units are fluorometer output/mm3/L.

Correction methods 2 and 3 rely on similar principles and as-
sumptions that were used for method 1. The correction factors are
developed through experiments where green algae and cyanobac-
teria are present in the suspension. Correction method 2 (equation
(3)) uses a conversion factor calculated from the green algae
Corrected fluorometer output 3 ¼ fluorometer BGA output �
 
CVFðBG

þ bBGAoutput :GAbiovolume

!

interference experiments (the conversion factor is CVF4 and is the
gradient between the green algae cell biovolume and the fluorom-
eter reading for the specific concentration of cyanobacteria).
3.2.1.2. Correction method 2 (based on interference sources of green
algae and cyanobacteria).

BGABGA ¼ fluorometer BGA output � CVF4�
GAfluorometerreading

m2
(2)
Where CVF4 is calculated the gradient from green algae interfer-
ence experiments.

Correction method 3 is similar to correction method 2 but it
assumes the fluorometer output is not influenced by an offset
amount (b s 0).

3.2.1.3. Correction method 3.

BGABGA ¼ fluorometer BGA output �
 
CVF4�

GAfluorometerreading

m2

þ b

!

(4)

Corrected fluorometer output 3 ¼ fluorometer BGA output

�
 
FBEUBGAoutput :GAbiovolume

�
GAfluorometerreading

CVFGAoutput :GAbiovolume

þ bBGAoutput :GAbiovolume

!
(5)

This correction factor (method 4), is similar to correction factor
1 and relies on the assumption that in equation (2) there is an offset
in the raw fluorometer output (b s 0).

3.2.1.4. Correction method 4.
Aoutput :GAbiovolumeÞinterference experiment
�

GAfluorometerreading

CVFGAoutput :GAbiovolume

(6)



Table 2
Correction factors for the following fluorometers and species.

Fluorometers Correction Method Species

Microcystis aeruginosa Dolichospermum circinale Cylindrospermopsis raciborskii

aa b c a b c a b c

EXO2 C1 8.36 1.41 8.36 1.41 8.36 1.41
C2_Lb 8.36 0.77 8.36 0.87 8.36 0.85
C2_M 8.36 0.51 8.36 1.04 8.36 0.68
C2_H 8.36 0.56 8.36 0.81 8.36 0.43
C3_L 8.36 0.77 0.09 8.36 0.87 0.11 8.36 0.85 0.37
C3_M 8.36 0.51 0.75 8.36 1.04 0.29 8.36 0.68 0.26
C3_H 8.36 0.56 12.50 8.36 0.81 2.42 8.36 0.43 1.42
C4 8.36 1.41 1.04 8.36 1.41 1.04 8.36 1.41 1.04

AT C1 48.51 �0.05 48.51 �0.05 48.51 �0.05
C2_L 48.51 �0.18 48.51 �0.09 48.51 �0.03
C2_M 48.51 �0.29 48.51 �0.58 48.51 �0.12
C2_H 48.51 0.60 48.51 0.55 48.51 �0.31
C3_L 48.51 �0.05 1.69 48.51 �0.09 0.05 48.51 �0.03 �0.03
C3_M 48.51 �0.05 3.24 48.51 �0.58 3.30 48.51 �0.12 1.10
C3_H 48.51 �0.05 85.32 48.51 0.55 17.34 48.51 �0.31 8.44

V6600 C1 3.01 0.56 3.01 0.56 3.01 0.56
C2_L 3.01 0.37 3.01 0.33 3.01 0.28
C2_M 3.01 0.30 3.01 0.39 3.01 0.26
C2_H 3.01 0.55 3.01 0.14 3.01 0.19
C3_L 3.01 0.37 0.70 3.01 0.33 0.06 3.01 0.28 0.20
C3_M 3.01 0.30 3.95 3.01 0.39 0.97 3.01 0.26 0.38
C3_H 3.01 0.55 9.03 3.01 0.14 �1.74 3.01 0.19 4.07
C4 3.01 0.56 0.36 3.01 0.56 0.36 3.01 0.56 0.36

MF C1 5.52 0.21 5.52 0.21 5.52 0.21
C2_L 5.52 0.03 5.52 0.06 5.52 0.06
C2_M 5.52 0.35 5.52 0.31 5.52 0.36
C2_H 5.52 0.24 5.52 2.40 5.52 0.19
C3_L 5.52 0.03 0.93 5.52 0.06 0.93 5.52 0.06 0.93
C3_M 5.52 0.35 0.33 5.52 0.31 8.40 5.52 0.36 0.33
C3_H 5.52 0.24 3.30 5.52 2.40 21.94 5.52 0.19 3.30
C4 5.52 0.21 0.78 5.52 0.21 0.78 5.52 0.21 0.78

a Where the Corrected fluorometer phycocyanin output ¼ ðFluorometer phycocyanin output�
�
Fluorometer Chla output�

�
b
a

�
þ c

�
. The units for the raw fluorometer

output can vary (ie. RFU or mg/L), the units for a and b are (fluorometer output)/(mm3/L), the units for c are in the same units as the fluorometer output.
b Where L, M and H refer to the low, medium and high concentrations of cyanobacteria used to determine the correction factors.
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The correction factor methods were developed for all four
fluorometers and the three cyanobacteria species tested.

3.2.2. Analysis of correction methods and selection of most
appropriate factor

Four correction factors (C1, C2, C3 and C4) were developed for all
four fluorometers and three species of cyanobacteria (see Table 2
for full list of all the corresponding factors). Not all correction
methods had the same efficacy for each fluorometer and species
pair (Fig. 2).

For example, for the corrected values of the EXO2 and V6600,
underestimation of up to 200% was observed for high concentra-
tions of green algae and medium to high concentrations of cyano-
bacteria. This was most likely caused by an over compensation for
Chl-a. Consequently, certain correction factors weremore suited for
particular fluorometer-species pairs (Fig. 3).

Using M. aeruginosa as an example (Fig. 3), compared to the
uncorrected fluorometer measurement error, most correction fac-
tors reduced the relative measurement error: Correction method 1
reduced the relative measurement error for the EXO2 (600%
to �200%) and the MF (20%e2%) but did not reduce the measure-
ment error for the AT (15%e30%) and the V6600 (100% to �250%).
Similar observations were observed for the reduction in measure-
ment of the fluorometers for the other species (Supplementary
Data, Figs. S2eS3). Fig. 3 also illustrates that certain correction
factormethods weremore effective than others; correctionmethod
1 had the smallest relative measurement error compared to the
other correction methods for the AT and the MF, correction method
2 gave the V6600 the smallest relative measurement error and
correction method 3 gave the EXO2 the smallest relative mea-
surement error for M. aeruginosa. Additionally, the correction fac-
tors between the same fluorometer models should be transferrable
but not between different models of the same manufacturer. This is
seen through the different values for the correction factors (Table 2)
between models of the same manufacturer (such as EXO2 and
V6600).

The optimal correction method for each fluorometer and cya-
nobacterial species pair is summarized in Table 3. It was possible to
correct for all cyanobacteria species although certain fluorometers
performed better without a correctionmethod added to the output.
Correction factors contributed to fluorometer underestimation of
cyanobacterial biovolume, see correction method 1 for the EXO2
and MF from Fig. 3 and correction method 2 for the V6600. Also,
some fluorometers perform poorly with correction factors applied,
for example the AT and MF using M. aeruginosa in Fig. 3. Unex-
pectedly, the best performing fluorometer after the application of
correction factors was the EXO2 while the MF and AT were the
worst performing fluorometers after correction factors.

The correction factors developed relied on the phycocyanin and
chlorophyll-ameasurements produced by the fluorometers and not
on cell enumerations of green algae or cyanobacteria. The varying
success of the correction factors rely on the following assumptions:
1) the only source of interference in the experiments was from the
green algae; 2) the raw fluorometer output for cyanobacteria
comprises the fluorescence signal from the cyanobacteria and the
overlapping fluorescence signal from the green algae (Chang et al.,



Fig. 2. Correction method 1 and all fluorometers for Microcystis aeruginosa and three different cyanobacteria concentrations (low: 1000 cells/mL, medium: 30,000 cells/mL and
high: 130,000 cells/mL).
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2012; Choo et al., 2018; Waters, 2009; Zamyadi et al., 2016a;
Ziegmann et al., 2010); and, 3) the measurement error is systematic
and correlational (Gujer, 2008; Salkind, 2010). However, a limita-
tion of this method is that the measurement error was systematic
and correlational to the cyanobacterial species used in this study.
Even though previous studies (Bowling et al., 2016; Choo et al.,
2018; Zamyadi et al., 2016a) found that the EXO2 exhibited high
measurement inaccuracy in the presence of green algae, the find-
ings and correction factors developed in this study indicate that the
interference exhibited by the EXO2 is in fact systematic. Conse-
quently, the EXO2 becomes the best performing fluorometer post
correction; the EXO2 output was able to be successfully corrected
by applying three of the four correction factors, unlike the AT and
MF, and showed the lowest corrected measurement error (Table 3,
Fig. 1 and Figs. S1e3). The measurement error reduction for the
EXO2 responds well to the correction factors as error exhibited by
the EXO2 is systematically correlated (Fig. 1) and also shown to
have the second strongest correlation between fluorometer output
and presence of green algae out of the four fluorometers tested. The
error was easily compensated by the correction factor as a certain
portion of the EXO2 Chl-a output was attributed to correlational
systematic interference which can be estimated based on Fig. 1.

A possible explanation for the poorer response of the MF and AT
to correction is that the fluorometers might have had low mea-
surement inaccuracy to begin with and an application of a correc-
tion factor method over compensates the interference of green
algae which in turn results in a huge underestimation of the cya-
nobacteria (see progression of underestimation as the corrections
for MF are applied in Fig. 3). Another possible explanation, specific
to the AT, is that the interference of green algae is not systematic, as
seen in Fig. 1a where the cyanobacteria concentration does not
increase in response to an increasing green algae concentration. As
a result, the correction factors developed for the AT may not
necessarily be the most suitable. Another possible factor that can
influence the success of the correction factor could be the
morphology of the species and the design optics and limitations
that exist in the fluorometer (Catherine et al., 2012; Richardson
et al., 2010). Choo et al. (2018) and Waters (2009) showed that
fluorometer optic design can greatly impact the fluorometer
detection accuracy; that is wider bandpasses are more susceptible
to background noise and other signals. Other studies (Catherine
et al., 2012; Chang et al., 2012; Richardson et al., 2010; Zamyadi
et al., 2012) have shown that morphology and impact of self-
shading can impact fluorometer measurements as well. Overall,
certain fluorometers may not necessarily have success with certain
correction factors; fluorometers with high measurement inaccu-
racy could be easily corrected while fluorometers with low mea-
surement inaccuracy were often over corrected.

3.3. Correction factor validation through bench-scale and field
samples

3.3.1. Comparison of corrected fluorometer performance with the
addition of green algae and turbidity

Application of the correction factors on the data found in the
green algae and turbidity impact experiments showed a reduction



Fig. 3. Comparison of the success of different correction methods on all four fluorometers while measuring samples containing Microcystis aeruginosa and green algae, the data
presented is the average (and standard deviation) of all the data collected for that experiment. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 3
Table summarising the most suitable correction method for the following fluo-
rometer and species pairs.

AT EXO2 MF V6600

M. aeruginosa Uncorrected/C1 C3 Uncorrected/1 C2
M. flos-aquae Uncorrected/C1 C1 n/a C4
D. circinale C4 C4 Uncorrected/1 C4
C. raciborskii C2 Uncorrected/C2 2 C3
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in measurement error exhibited by the fluorometers. At low green
algae concentrations (0e10mm3/L), the optimal correction method
for the EXO2-M. aeruginosa pair reduced the average relative
measurement error from 800% to 200% (Fig. 4a).

Similarly, at high green algae concentrations (>10e52mm3/L),
the optimal correction method reduced the average relative mea-
surement error from 400% to 180%. The correction factor for the
V6600 changed the average relative measurement error at low and
high green algae concentrations from 24% to �60% and �50%
to �20% respectively. The correction factors for the EXO2 e

M. aeruginosa pair reduced the measurement error by four times at
low green algae concentrations and by two times at high green
algae concentrations. The V6600 exhibited mixed results as the
correction factor worked more successfully at high concentrations
of green algae than at low concentrations (Fig. 4). Themeasurement
inaccuracy exhibited by the EXO2 was observed to be systematic as
the error was minimised to approximately 100%e400% over-
estimation for all concentrations of green algae tested (Fig. 4a).
Most of the measurement error observed by the EXO2 was over-
estimation. However, the V6600 tended to overestimate the cya-
nobacteria at low concentrations of interference sources and
underestimate the cyanobacteria concentration at high concen-
trations of interference sources (Fig. 4b). This has led to an initial
underestimation in the cyanobacteria concentration after the
correction factors were applied to the V6600. The corrected relative
measurement errors fluctuate from �150% to 50% for the V6600.
On the other hand, the AT and MF (Fig. 4c and d) performed

poorly with the added correction factors; however, the uncorrected
relative measurement error was also low. The correction factor for
the AT changed the average relative measurement error at low and
high green algae concentrations from �70% to 150% and �110% to
40% respectively. The correction factor for the MF changed the
average relative measurement error at low and high green algae
concentrations from 100% to 32% and�30% to 114% (Figs. S4 and S5
for the other tested species). When comparing the uncorrected
fluorometer measurements with the corrected measurements
(Fig. 4a), the turbidity did not adversely impact the correction
factors. This was observed in Fig. 4a as the relative fluorometer
measurement for the EXO2 fluctuates from 0 to 400% evenwith the
increase of green algae and turbidity. It suggests that correction
factors may not be applicable for certain fluorometer-species pairs
and that the uncorrected measurement output can give the closest
cyanobacteria estimate in these cases. For this study, a range of
turbidity was selected based on historic data that was provided for
a range of waterbodies frequently challenged by cyanobacteria;
cyanobacterial blooms were typically found in waters of average
turbidity between 0 and 100 NTU, hence, turbidity within the range
0e350 NTU was considered in this study. Additionally, the
composition of turbidity can differ as well in natural waters
(NHMRC, 2013). However, in this study, turbidity does not
adversely impact the correction factor efficiency and some fluo-
rometers are better suited for uncorrected measurements.
3.3.2. Validation with previously published correction factor
methods

Fig. 4a and b showed that the correction factors developed in
this study were able to reduce the relative measurement error in
the presence of two interference sources. To the best of the authors’
knowledge, there are only a couple of published studies where



Fig. 4. Figure 4 shows the uncorrected and corrected relative fluorometer measurement error of samples containing a known mixture of Microcystis aeruginosa, green algae and
turbidity. The size of the bubble reflects the relative turbidity concentration from 0 to 100 which has been normalised from 0 to 331 NTU). The fluorometers tested were a) EXO2, b)
V6600, c) AT and d) MF. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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correction factors have been applied to in situ fluorometer mea-
surements (Chang et al., 2012; Loisa et al., 2015). Out of the few
studies, only Chang et al. (2012) published a correction factor
equation, the correction factor was produced for the V6600 and
M. aeruginosa in their study.

Fig. 4a showed that the correction factors developed in this
study yielded lower relative measurement errors than the correc-
tion factor developed by Chang et al. (2012). The correction factor
found in this study produced a lower relative measurement error
(200%) compared with the method developed by Chang et al.
(2012) (835%) at low green algae concentration. Similarly, at high
green algae concentrations, after application of the correction
method determined in this study, a lower relative measurement
error (180%) was obtained when compared to the method devel-
oped by Chang et al. (2012) (460%). Statistical analysis shows that
the corrections found in this study were significantly different to
corrections found by Chang et al. (2012) (through the Welch Two
Sample t-test, p< 0.05). On the other hand, in terms of magnitude,
the correction factor developed by Chang et al. (2012) produced a
lower relative measurement error than the correction factor found
in this study, 14% from themethod developed by Chang et al. (2012)
compared with �16% against the study's correction method
(Fig. 4b). Statistical analysis shows that the corrections found in this
study were significantly different to corrections found by Chang
et al. (2012) (through Two Sample t-test, p-value< 0.05). When
the method developed by Chang et al. (2012) was applied to the
other fluorometers and other species, the correction methods
found in this study yielded lower relative measurement errors
(Fig. 4 and Supplementary Data Figs. S4e5).

This study was able to validate the method developed by Chang
et al. (2012) for the V6600 and M. aeruginosa, and showed the
method was slightly better than the correction method developed
in this study. However, this study also showed that the correction
factor developed by Chang (2012) was not as robust for other
fluorometers and cyanobacterial species (Fig. 4 and SI Figs. S4e5).
The correction factors found in this study provided an adjusted
method for correcting outputs for different fluorometers and target
species.

3.3.3. Fluorometer field application
The corrected fluorometer outputs which have been converted

to cell count equivalent through the adaption of the method pro-
posed by Choo et al. (2018) were similar to the cell counts deter-
mined through microscopic enumeration (Fig. 5a).

Statistically, there was not enough evidence to suggest the two
groups true difference in means were not equal to zero (p-
value> 0.05). There was a strong correlation between the corrected
fluorometer output and the cell counts (Pearson's product-moment
correlation r¼ 0.95, p-value< 0.05). This suggests that using the
best correction method (in this case no correction method for the
fluorometer MF e D. circinale), the fluorometer was able to give an
estimate of the cyanobacteria concentration (with the largest
measurement error of 30%) during the three visits for WTP1. The
most likely reason for the similar results is because the cyanobac-
teria found at and throughout the treatment plant was mainly
D. circinale.

On the other hand, the corrected fluorometer outputs showed a
larger variance from the cell count for WTP2 (Fig. 5b and c). For day
1 at WTP2, both fluorometers overestimated the cyanobacteria
concentration for the raw water intake and tended to underesti-
mate the cyanobacteria concentration throughout the treatment
process. Application of the correction factors were able to reduce



Fig. 5. Application of fluorometer corrections to determine cell count for two southern Australian water treatment plants; a) is the MF corrected sampling output at plant location 1
spread over 3 sampling visits whereas b) and c) are the MF and EXO2 corrected sampling outputs for plant location 2 respectively and are spread over two sampling visits. All the
corrected fluorometer measurements are validated against cell counts collected during the sampling visits for each site.
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the measurement error shown by fluorometers but not to the same
extent as in WTP1. The smallest reduction was seen by the appli-
cation of the correction factor for the EXO2 with a reduction from
1120% to 900% at the raw inlet sample. Although the measurement
reduction shown by the correction factors was small, it was still an
improvement from the uncorrected measurements. During the
second sampling trip, the EXO2 gave similar results to the cell count
(measurement error of �6%) but the MF was still overestimating
the cyanobacteria concentration (overestimation of 42%). The
variability between the corrected fluorometer and the cell counts
could be attributed to the variability of the bloom diversity.

The samples collected from the second water treatment plant
showed a mixed community of Dolichospermum, Aphanizomenon
and Pseudanabaena. The combination of the different cyanobacte-
rial species present and the lack of correction factors for the two
later species may provide conditions too uncertain for the correc-
tion factor to work for the fluorometers. This suggests that the
fluorometers should be able to reasonably estimate the concen-
tration of cyanobacterial cells present in the water if the bloomwas
predominantly comprised of one species. When the cyanobacterial
bloom comprises of a mixture of different cyanobacterial species,
the correction methods were not as effective. Additionally, fluo-
rometers can only detect total phycocyanin and no available fluo-
rometer is currently able to distinguish between species (Bertone
et al., 2018; Choo et al., 2018; Zamyadi et al., 2016a). As a result,
the fluorometers are more practical for sites with a history of
blooms dominated by single species.

4. Conclusion

This study aimed to develop correction factors which minimise
the impact of green algae on fluorometer measurements for cya-
nobacteria detection. The main message from this paper is that
tailored Chl-a compensation correction factors can be developed
and applied to the fluorometers for measurement error reduction.
Additionally, this study found the following outcomes:

� Different correction methods for fluorometer and species pairs
have varying degrees of success which meant that selection for
the optimal correction method for each pair is critical.

� The efficiency of correction methods is species dependent.
� Field validation shows that current correction factor methods
work better for sites which are dominated by a single cyano-
bacteria species than for sites with co-dominated or mixed
blooms.

� A limitation was that some of the correction factors require
modification as the measurement inaccuracy caused by the
presence of green algae was not systematic.



F. Choo et al. / Water Research 148 (2019) 86e9696
Consequently, for water utilities and regulators there is a bal-
ance between measurement accuracy, cost and effort required to
achieve adequate results. It is important to know which fluorom-
eter is used and the historical background of the intended site (such
as the cyanobacteria which usually bloom) which allows for the
application of the most suitable correction factor. There are still
fluorometers that have been untested as well as other cyanobac-
teria species which have the potential to cause issues for water
utilities and health authorities (such as Pseudanabaena and Apha-
nizomenon). Further work is needed in developing correction fac-
tors for different and mixed species and other fluorometers to
augment the practicability of these methods. Also, developing
correction methods through non-linear regression and exploring
the impact of turbidity should also be investigated to determine if
more accurate corrections can be achieved. Although the correction
methods can reduce the measurement error, there will always be
some level of measurement inaccuracy exhibited by the fluorom-
eters. Incorporating these correction factors into the fluorometer
algorithms requires further investigations. Although conditions
simulated in the laboratory can vary highly to field conditions, the
work presented in this study shows that developing site specific
correction factors should be considered.
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