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a b s t r a c t
Optical sensors for ﬂuorescence of chlorophyll a (f-Chl a) and phycocyanin (f-PC) are increasingly used
as a proxy for biomass of algae and cyanobacteria, respectively. They provide measurements at highfrequency and modest cost. These sensors require site-speciﬁc calibration due to a range of interferences. Light intensity affects the ﬂuorescence yield of cyanobacteria and algae through light harvesting regulation mechanisms, but is often neglected as a potential source of error for in-situ f-Chl a and
f-PC measurements. We hypothesised that diel light variations would induce signiﬁcant f-Chl a and fPC suppression when compared to dark periods. We tested this hypothesis in a controlled experiment
using three commercial ﬂuorescence probes which continuously measured f-Chl a and f-PC from a culture of the cyanobacterium Dolichospermum variabilis as well as f-Chl a from a culture of the green alga
Ankistrodesmus gracilis in a simulated natural light regime. Under light, all devices showed a signiﬁcant
(p<0.01) suppression of f-Chl a and f-PC compared to measurements in the dark. f-Chl a decreased by
up to 79% and f-PC by up to 59% at maximum irradiance compared to dark-adapted periods. Suppression
levels were higher during the second phase of the diel cycle (declining light), indicating that quenching
is dependent on previous light exposure. Diel variations in light intensity must be considered as a significant source of bias for ﬂuorescence probes used for algal monitoring. This is of high relevance as most
monitoring activities take place during daytime and hence f-Chl a and f-PC are likely to be systematically
underestimated under bright conditions. Compensation models, design modiﬁcations to ﬂuorometers and
sampling design are discussed as suitable alternatives to overcome light-induced ﬂuorescence quenching.
© 2021 Elsevier Ltd. All rights reserved.

1. Introduction
Phytoplankton dynamics are of central interest to scientists and
water managers because they are important contributors to aquatic
primary production and an important indicator of trophic state and
ecosystem health. Changes in phytoplankton community composition and biomass are associated with eutrophication and can potentially result in harmful algal blooms (HABs), often dominated
by cyanobacteria (Heisler et al., 2008). HAB mitigation measures
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should be supported by proactive and continuous monitoring because cyanobacteria populations are spatially and temporally dynamic.
Multiple methods can be used to estimate phytoplankton populations. Traditional methods include species enumeration using
microscopy or estimates of chlorophyll a with solvent extraction
of pigments (Millie et al., 2010a), which tend to be labor, cost
and time intensive. Continuous and high-frequency monitoring
is beneﬁcial to advance our understanding of phytoplankton dynamics (Dubelaar et al., 2004), through early and rapid detection
of HABs, as well as by providing data to improve performance of
predictive and forecasting models of HABs (Rousso et al., 2020).
These factors have prompted a rapid increase in emerging technologies that provide high-frequency monitoring of phytoplankton
populations in an affordable and reliable manner after proper
calibration. Recent advances in monitoring techniques include
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high-frequency ﬂow cytometry (Thyssen et al., 2008), acoustic
methods (Ostrovsky et al., 2018), remote sensing (Dörnhöfer and
Oppelt, 2016; Yan et al., 2018) and ﬂuorescence-based in-situ
sensors (Bertone et al., 2018). Compared to traditional methodologies, these technologies generally provide low-cost, high-eﬃciency
spatial and temporal information, but may trade-off precision (e.g.,
taxonomic rank) and accuracy (e.g., interferences).
Fluorescence in-situ probes are currently employed worldwide
by water utilities, government agencies and research institutes
to monitor phytoplankton communities in real-time. This technology is generally based on the ﬂuorescence properties of two
pigments of interest: chlorophyll a (Chl a), common to all algal
groups, and phycocyanin (PC), exclusive to cyanobacteria. Chl a
ﬂuorescence (f-Chl a) is commonly used as proxy for total algal
biomass and PC ﬂuorescence (f-PC) as a proxy for cyanobacteria
biomass.
Several factors have been identiﬁed as sources of optical interference that may impact f-Chl a and f- PC (Zamyadi et al., 2016;
Bertone et al., 2018). Such factors include species-speciﬁc geometry, volume and pigment content (Bertone et al., 2019; Kong et al.,
2014), organization of algae in colonies (Korak et al., 2015), interference by turbid, colored or organic-rich waters (Bowling et al.,
2013; Millie et al., 2010b), overlap of similar pigment ﬂuorescence emission frequencies (e.g. f-Chl a and f-PC; Zamyadi et al.,
2016), water temperature (Hodges et al., 2018), and variations
in pigment content with growth stage (Chang et al., 2012;
Ziegmann et al., 2010), nutrient and light availability (Beutler et al.,
2003; Erickson et al., 2012). Regular site-speciﬁc calibration is
therefore recognised as a critical part of ﬁeld deployments using
this technology (Zamyadi et al., 2012). However, sources of bias
related to light-induced ﬂuorescence quenching are often ignored
even though its occurrence has been extensively documented (e.g.
Falkowski and Woodhead, 2013).
Fluorescence generally originates from a small proportion of the
absorbed light by algae and cyanobacteria (Ibelings et al., 1994)
and is affected by variations in the light regime and photochemical
processes (i.e. photosynthesis) including ability to dissipate excess
energy as heat. Thus, light harvesting regulation mechanisms in algae and cyanobacteria may affect the ﬂuorescence yield, and consequently f-Chl a and f-PC estimates. Phytoplankton can optimize
light harvesting during periods of low light exposure by increasing
the proportion of energy directed through photochemical pathways
compared to emitted ﬂuorescence, resulting in a decrease in the
ﬂuorescence yield, i.e. photochemical quenching (PQ) (Müller et al.,
2001). In contrast, during high and variable irradiance periods, excess energy may cause photoinhibition of photosynthesis, generally resulting in increased energy dissipation as heat through nonphotochemical quenching (NPQ) which also leads to ﬂuorescence
yield decrease (Falkowski and Woodhead, 2013; Karapetyan, 2007;
Krause and Jahns, 2004). NPQ is often recognized as an energythermal regulation response that occurs during periods of highintensity or transient light, but other processes besides thermal
dissipation can result in NPQ (Malnoë, 2018). PQ and NPQ occur
in most photosynthetic organisms, from land plants to cyanobacteria, even though light harvesting regulation varies among different
photosynthetic groups due to differences in pigments and physiological pathways (Stransky and Hager, 1970).
The implications of light-induced ﬂuorescence quenching for
real-time algal and cyanobacteria sensor measurements have often
been ignored or suspect values discarded, partly due to a lack of
appropriate methodologies to compensate for ﬂuorescence quenching (Roesler et al., 2017; Leach et al., 2018). With the increasing
use of ﬂuorescence probes for continuous monitoring or rapid discrete readings or proﬁles at multiple sites (taken mostly during
daytime), a quantitative assessment of ﬂuorescence reduction due
to light variability would be valuable.

To address the limited literature on light variability as a potential source of error on f-Chl a and f-PC, we designed an experiment
to assess the impact of diel light variability on measurements from
widely employed ﬂuorescence sensors for phytoplankton monitoring. We hypothesised that diurnal light cycle variation could signiﬁcantly affect ﬂuorescence-based estimates, resulting in underestimation of these measurements during periods with higher light
intensity. We quantiﬁed the impact of light exposure on f-Chl a
and f-PC during simulated diel light cycles under controlled conditions. Three commercial ﬂuorescence probes were assessed in order to rule out whether the light-induced effects on ﬂuorescence
yield may differ among different sensors designs. Moreover, we
used two different algal cultures, the cyanobacterium Dolichospermum variabilis, a genus widely distributed globally that has been
known to produce anatoxins (Li et al., 2016), and the chlorophyte
Ankistrodesmus gracilis, in order to quantify potential differences
between different eukaryotic and prokaryotic phytoplankters.
2. Materials and methods
2.1. Experiment setup
The cyanobacterium Dolichospermum variabilis (strain ATCC
29413 from the American Type Culture Collection) and the green alga
Ankistrodesmus gracilis (strain SAG 278–2 from the Culture Collection of Algae of the University of Göttingen) were initially cultured
in Erlenmeyer ﬂasks at room temperature in modiﬁed WC media according to (Guillard and Lorenzen, 1972). One week before
the experiments started, the cultures were transferred to individual mesocosms (length = 56 cm, width = 78 cm, depth = 41 cm,
~150 L tank volume) to begin mass culture (see 2.1.2). Mesocosms
were placed in a climate chamber adjusted to maintain water temperature around 18 °C. The mesocosms were continuously mixed
with a stirrer (D. variabilis culture) and an aerator (A. gracilis culture). Constant gentle mixing and regulation to a constant temperature were employed in both mesocosms to exclude the possibility
of stratiﬁcation and interferences induced by gradients of temperature, stratiﬁcation and vertical movement of the cyanobacterium
and green alga. Mesocosms were subjected to multiple light treatments (see 2.1.2). Trials were run for ﬁve days or until the culture
in the mesocosm ‘collapsed’ (i.e. no detectable ﬂuorescence measurement).
2.1.1. Fluorescence-based measurements of Chl and PC
Each mesocosm was equipped with three commercial ﬂuorescence probes (Table 1): an EXO2 sonde (YSI; Yellow Springs, OH,
USA); a Fluoroprobe (BBE moldaenke, Kiel, Germany); and an Aqua
TROLL 500 or 600 sonde (In-Situ; Fort Collins, CO, USA) for the
D. variabilis and A. gracilis mesocosms, respectively. EXO2 measures Chl a and PC with the Total Algae sensor, which has a separate excitation wavelength for Chl a and PC, and the same emission wavelength for both excitations targeting Chl a ﬂuorescence
(YSI, 2020). The ﬂuoroprobe (BBE) distinguishes ﬁve algal groups
through the use of six diodes with speciﬁc excitation wavelengths
according to the peripheral antenna pigment of interest (i.e., Chl
a and PC), while measuring the same emission wavelength for
these pigments, again targeting Chl a ﬂuorescence (Beutler et al.,
20 02). Aqua TROLL 50 0 (AQT 50 0) and Aqua TROLL 60 0 (AQT 60 0)
have separate dedicated emission and excitation wavelengths for
Chl a and PC (In-situ, 2019a, 2019b). Note that the differences between AQT500 and AQT600 relate to technical speciﬁcations of the
probe’s central unit but the two sensors are identical.
Probes were placed at 15 cm below the water surface and measured f-Chl a for the A. gracilis tank and f-PC for the D. variabilis
tank at sampling intervals ranging from 5 s to 10 min. EXO2, AQT
50 0 and AQT 60 0 provide output as Raw Fluorescence Units (RFU)
2
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Table 1
Excitation and emission wavelengths of the three tested ﬂuorescence sensors.
Parameter wavelength

EXO2a

Chl a excitation (nm)
Chl a emission (nm)
PC excitation (nm)
PC emission (nm)

470
685
590
685

a
b
c
d

±
±
±
±

15
20
15
20

Fluoroprobe (BBE)b

Aqua TROLL 500 (AQT 500)c

Aqua TROLL 600 (AQT 600)d

450
685
610
685

430
675 – 750
590
640 – 690

430
675 – 750
590
640 – 690

YSI (2020).
Beutler et al. (2002).
In-situ (2019a).
In-situ (2019b).

and BBE outputs biomass (μg/L). Measurements for each probe and
trial were normalized from 0 to 1 for comparison purposes:

(15 cm depth) of ﬂuorescence sensors. Water level in the mesocosms was constant and observations indicated that mesocosms
were fully mixed vertically (see 2.1). Duplicate water samples were
taken for both c-Chl a and c-PC. Water samples were ﬁltered
through glass ﬁber ﬁlters (Whatman GF/F) and the ﬁlters stored
in a freezer at −18 °C until extraction and measurement. c-Chl a
was extracted in 90% ethanol and measured photometrically according to German laboratory standard DIN 38,412 (DIN, 1985). Extraction of c-PC from ﬁlters was done with a method adapted from
Horváth et al. (2013). Filters were immersed in 10 ml distilled water and placed in an ultrasonic bath for 90 s. The suspension was
ﬁltered after 1 h through 0.2 μm pore size cellulose acetate ﬁlters in order to remove cell debris. Photometric measurement at
620 nm was used for quantiﬁcation based on calibration of photometric readings against a PC standard (Merck, Germany).
Determination of c-Chl a was performed throughout the three
trials for the green algae mesocosm. Determination of c-PC was
undertaken only during decreasing phase of the ﬁrst trial and increasing phase of the second trial for the D. variabilis mesocosm
due to operational limitations.

 

xij, norm

=

xij − min x j

 

 

max x j − min x j

where x is the ﬂuorescence-based measurement, I is the sample, j
is the trial, min is the minimum measurement in trial j, and max
is the maximum measurement in trial j.
2.1.2. Light regime
Light intensity was varied from complete darkness up to a maximum level of either 334 or 665 μmol m − 2 s − 1 in each
trial. These light intensities were the maximum number of Sunstrip 800-mm daylight LED lamps (ECONLUX GmbH, Cologne, Germany) that a ﬂat platform over the tank (n = 7 lamps, 334 μmol
m − 2 s − 1 ) or a triangular gable structure (n = 12 lamps, 665
μmol m − 2 s − 1 ) could accommodate without compromising the
experimental setup. The maximum light intensities of 335 to 665
μmol m − 2 s − 1 are equivalent to around 160 to 317 W m − 2
of total solar irradiation, assuming 45% of total solar irradiation
is photosynthetically active (Thimijan and Heins, 1983). The light
exposure is at the lower end of maxima that phytoplankton may
experience in situ (see Talling, 1971; Ganf, 1974) and above minimum light-saturated photosynthetic rates for algal primary production (Reynolds, 1989). Photosynthetically active radiation (PAR)
was measured with a LI-193 spherical underwater quantum sensor
connected to a LI-1400 logger-unit (Li-COR Environmental, Lincoln,
USA) 15 cm below the water surface. Light intensity was varied by
coupling Sunstrip lamps with digital timers. The timing and number of lamps turned on were set to simulate a diel pattern of 12 h
of daylight. From darkness (12 h), light intensity was progressively
increased at 30 min intervals for 2 h until a constant maximum
light intensity for 8 h, followed by progressive decrease in light for
2 h before darkness (Fig. 1). Light treatments were categorized by
phase of the cycle, i.e., before maximum exposure (increasing light
phase) or after maximum exposure (decreasing light phase).
Four trials were conducted for the green alga A. gracilis. Three
of four trials had maximum light intensity of 354 μmol m − 2 s − 1
and one trial had maximum light intensity of 665 μmol m − 2
s − 1 . Dilution was undertaken in A. gracilis mesocosm in some
trials to maintain similar levels of algal concentration throughout
the experiment. In contrast, only 2 trials for D. variabilis mesocosm
were conducted because the culture collapsed on the third day. For
D. variabilis trials, one had maximum light intensity of 354 μmol
m − 2 s − 1 and the other had 665 μmol m − 2 s − 1 . Trials with
maximum light exposure of 665 μmol m − 2 s − 1 consisted of half
diel cycles due to operational limitations (i.e. pause of the experiment to setup preparation and culture dilution).

2.1.4. Statistical analyses
Expected trends of normalized ﬂuorescence-based estimates for
dark periods and light periods (i.e., when there was a potential
light-quenching effect) were calculated for each trial using local
polynomial regression ﬁtting (loess function from R base package;
R Core Team, 2020). The smoothed functions were assumed to
mimic the theoretical population increase over the light phase as
illustrated in Fig. 2. Light -induced quenching (herein named normalized quenching) was calculated as the absolute difference between the smoothed trends of normalized ﬂuorescence-based estimates (f-Chl a or f-PC) from dark periods and light periods (Fig. 2)
and proportional quenching was calculated as the ratio between
the calculated quenching (i.e. vertical arrows length in Fig. 2) and
the normalized estimate from dark period (i.e. dashed black line in
Fig. 2).
Direct comparison of f-Chl a and f-PC in different stages of
the diel cycle would introduce bias due to biomass changes from
growth that occurred during the light period. Since the calculations
performed to determine quenching levels require measurements
taken during dark periods in the beginning and end the day, and
in our experiment the trials with 665 μmol m-2 s − 1 consisted of
half diel cycles (see 2.1.2), quenching calculations were performed
only for trials with maximum exposures of 354 μmol m-2 s − 1 .
Differences in f-Chl a and f-PC between light and dark periods in the treatments were tested with Welch’s Analysis of variance (ANOVA) performed using the oneway.test function from the
R base package (R Core Team, 2020). If a statistical difference was
observed between any of the light treatments, pairwise differences
between light treatments were tested with the post-hoc GamesHowell test using the oneway function from the package ‘userfriendlyscience’ (Peters, 2018). The Welch’s ANOVA and GamesPowell tests minimize Type I errors (Fagerland, 2012) and are recommended where data variances are not homogeneous and there

2.1.3. Pigment measurements based on chemical extraction and
photometry
Chemical extraction of Chl a (c-Chl a) and PC (c-PC) for A. gracilis and D. variabilis, respectively, was performed for ﬁltered water samples collected throughout trials (Fig. 1b) at similar depth
3
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Fig. 1. Experimental setup and light regime for the phytoplankton ﬂuorescence experiment. a) Both mesocosms had three commercial ﬂuorescence probes. D. variabilis
mesocosm (in blue) was mixed with a stirrer and A. gracilis mesocosm (in green) was mixed with an aerator. Light intensity was varied using digital timers to turn lamps
on/off. Top lamp with dashed ellipse represents the lamp used to simulate dawn and dusk (0.13 μmol m − 2 s − 1 ). b) Simulated diel pattern with two possible maximum
light intensities (not to scale). Maximum light intensity in trials was either 354 μmol m − 2 s − 1 (continuous black line) or 665 μmol m − 2 s − 1 (dashed black line) (see
text). Vertical red lines represent sampling times for solvent extraction analysis.

is variable sample size between treatments, which was the case for
our data with different light exposure durations.

(Supplementary Material A). A. gracilis f-Chl a was systematically
lower than A. gracilis c-Chl a during periods with light (Table 2).
D. variabilis did not grow during the trials, showing similar levels
of f-PC and c-PC at the beginning and end of trials. D. variabilis
f-PC was lower than D. variabilis c-PC when light intensity was
higher than 134 μmol m − 2 s − 1 . During the experiment, c-Chl
a and c-PC ranged from 50 to 205 μg/L and 40 to 85 μg/L, respectively. These ranges are within the stated measurement range
in the ﬂuorescence sensor manuals (YSI, 2020; In-situ (2019a); Insitu (2019b); BBE (2020)).
Quenching analysis (as described in 2.1.4 and illustrated in
Fig. 2) showed that A. gracilis f-Chl a and D. variabilis f-PC
quenched under light (Table 2). The proportional quenching reduction for A. gracilis f-Chl a reached up to 79% during maximum
light intensity (354 μmol m − 2 s − 1 ). Identical light intensities
(e.g. 134 i vs 134 d) in the increasing and decreasing phases produced signiﬁcantly different (Welch’s ANOVA, Games-Powell posthoc test; p<0.01) quenching levels for f-Chl a of A. gracilis culture.
A. gracilis f-Chl a was suppressed to a greater extent during the
decreasing phase (Fig. 7, Table 2). D. variabilis f-PC quenching analysis also indicated larger suppression during the decreasing phase
compared with identical light intensities in the increasing phase
(Fig. 8, Table 2). D. variabilis f-PC maximum proportional quenching was 58.9% during maximum light exposure (354 μmol m − 2
s − 1 ) (Table 2). Low light treatments in increasing and decreasing
phases (i.e. 0.13 and 7 μmol m − 2 s − 1 ) did not result in D. variabilis f-PC suppression. The 0.13 μmol m − 2 s − 1 regimes actually
resulted in a signiﬁcant increase in f-PC compared with dark peri-

3. Results
Light induced a gradual decrease in f-PC and f-Chl a in both the
D. variabilis and A. gracilis mesocosms, with greater suppression at
higher light intensity. The absolute ﬂuorescence values varied according to the probe manufacturer, indicating that calibration to
other direct or proxy measures of phytoplankton or cyanobacteria biomass is required for each sensor type separately. However,
normalized f-PC and f-Chl a (refer to equation 1) revealed similar
patterns of ﬂuorescence reduction during light exposure for all devices (Figs. 3 and 4, respectively).
As illustrated in Fig. 3, the AQT 500 exhibited much higher variability for f-PC than the BBE and EXO2 probes, but mean values
showed a weaker light-induced depression of f-PC than the other
sensors (Fig. 5). D. variabilis c-PC was collected only during the second half cycle due to operational limitations as illustrated in Fig. 3.
Due to the high variability in AQT500 readings, f-PC measurements
from this probe were not considered for quenching analysis. For A.
gracilis f-Chl a, all probes showed similar patterns and variability
amongst devices was lower than for D. variabilis f-PC. BBE-based A.
gracilis f-Chl a appeared to be slightly higher than the EXO2- and
AQT600-based A. gracilis f-Chl a in treatments during the decreasing phase with light intensities >134 μmol m − 2 s − 1 (Fig. 6).
The f-Chl a from A. gracilis strongly increased between the
dark phases, indicative of intense growth during the light cycle
4
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Fig. 2. Schematic to show calculations performed to determine quenching levels. gray and yellow circles denote ﬂuorescence measurements taken during the dark and light
periods, respectively. The black dashed line indicates the smoothed trend of measurements taken during dark periods using loess regression and the continuous yellow
line shows the trend of measurements during light periods. The vertical red arrows are the calculated quenching levels. The proportional quenching is deﬁned as the ratio
between the quenching level (red arrows length and smoothed trend of measurements taken during dark periods (dashed black line).

Fig. 3. Example of normalized f-PC from D. variabilis culture during one trial. Different light treatments are denoted by coloured points. The continuous blue lines represent
the smoothed trend ﬁt to the light period and the dashed blue lines represent the expected f-PC estimates if light-induced suppression was removed, based on loess
regression (see text). White circles and vertical error bars denote the mean and standard deviation of c-PC. Note that c-PC was not quantiﬁed in the ﬁrst half of this trial
(see text).

ods (Games-Powell post-hoc test; p<0.01), while the two 7 μmol
m − 2 s − 1 treatments were not different from dark periods.

and 59%, respectively). These variations are large compared to
other factors known to impact f-Chl a and f-PC measurements,
such as changes in turbidity, dissolved organic matter (DOM) and
species composition. Increased mineral turbidity was found by
Zamyadi et al. (2012) to result in underestimation of cyanobacterial biovolume by up to 48.8% for three different commercial
ﬂuorometers and 5 cyanobacteria species. Increasing DOM has
been shown to cause underestimation in f-PC and f-Chl a by up
to 16% (Bertone et al., 2019). Mixed species cultures resulted in
overestimation of f-Chl a and f-PC by 14 and 18% when compared with estimates derived from single species calibration curves

4. Discussion
4.1. Magnitude and causes of light-induced quenching
Suppression of A. gracilis f-Chl a and D. variabilis f-PC occurred during light periods of the simulated diel light-dark cycle. f-Chl a and f-PC were most reduced during maximum light
intensities compared to values in the dark (reductions up to 79%
5
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Fig. 4. Example of normalized f-Chl a from A. gracilis culture during one trial. Different light treatments are denoted by coloured points. The continuous blue line represents
the smoothed trend ﬁt to the light period and the dashed lines represent the expected f-Chl a estimates if light-induced suppression was removed, based on loess regression
(see text). White circles and vertical error bars denote mean and standard deviation of normalized c-Chl a.

Fig. 5. Normalized D. variabils f-PC boxplot for multiple light intensity treatments categorized by phase (i = increasing, d = decreasing) and by probe. Lower and upper
hinges correspond to 25th and 75th percentiles. Error bars (whiskers) extend from the hinge to 1.5 times the difference between the 25th and 75th percentiles.

(Bertone et al., 2019). Seasonal variations in temperature variability
can cause decreases in algal ﬂuorescence, with variability among
measurements ranging from non-signiﬁcant to almost 50% according to sensor manufacturer and cell densities (Hodges et al., 2018).
Many models have been suggested to compensate for the abovementioned interferences (Zamyadi et al., 2012; McBride & Rose,
2018; Choo et al., 2019).Conversely, no appropriate method to compensate light-induced quenching has yet been proposed for such
devices even though error rates observed in our study exceed most
of those derived from other interferences.
Only a few studies have quantiﬁed light-induced quenching impacts on f-Chl a. Kaylor et al. (2018) showed a consistent discrepancy between f-Chl a estimates taken in situ in the shade
versus directly under midday sun in 50 sites in Grande Ronde
River basin, Oregon, USA. Fluorescence in the shade were 5 to
113% higher than under sunlight exposures across the 50 sites.

The authors reported a consistent pattern of ﬂuorescence increase with increased time in the shade after sun exposure,
with short recovery periods (6 to 14 min). Recovery duration
longer than 30 min may be required only in cases where photodamage of cells has occurred (Maxwell and Johnson, 20 0 0).
Kaylor et al. (2018) also compared in-situ f-Chl a and chemically extracted Chl a. Similarly to our study, ﬂuorescence-based
estimates taken under intense irradiance were consistently lower
than chemically extracted estimates. Serra et al. (2009) assessed
the occurrence of light-induced quenching in Sau reservoir, Spain,
where the phytoplankton community was dominated by diatoms.
f-Chl a in the surface layer was underestimated by up to 50%
during daytime relative to c-Chl a measured at the same time.
During the night, Serra et al. (2009) did not observe any significant difference between f-Chl a and c-Chl a, which they concluded as an indication of NPQ occurrence during daytime. Simi-

6
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Fig. 6. Normalized A. gracilis f-Chl a boxplot for multiple light intensity treatments categorized by phase (i = increasing, d = decreasing) and by probe. Lower and upper
hinges correspond to 25th and 75th percentiles. Error bars (whiskers) extends from the hinge to 1.5 times the difference between the 25th and 75th percentiles.
Table 2
Summary statistics and post-hoc results for A. gracilis f-Chl a and D. variabilis f-PC quenching levels (grouped probes) for all light treatments categorized
by phase (i = increasing, d = decreasing).
Light treatment (μmol.m
f-Chl a
[a] 0 i k
[b] 0.13 i
[c] 7 i j
[d] 134 i
[e] 255 i
[f] 354
[g] 255 d
[h] 134 d
[i] 7 d e
[j] 0.13 d c
[k] 0 d a
f-PC∗∗
[a] 0 i c,i,k
[b] 0.13 i j
[c] 7 i a,i,k
[d] 134 i
[e] 255 i h
[f] 354
[g] 255 d
[h] 134 d e
[i] 7 d a,c,d,k
[j] 0.13 d b
[k] 0 d a,c,i

− 2

.s

− 1

)

N

Quenching mean

Quenching SD

Proportional
quenching (%)

SD from proportional
quenching (%)

p-value∗

679
47
48
48
48
784
69
69
69
68
689

0.00
−0.05
−0.12
−0.19
−0.24
−0.45
−0.38
−0.31
−0.22
−0.12
0.00

0.06
0.02
0.02
0.02
0.02
0.07
0.03
0.03
0.04
0.04
0.06

−0.1
−16.6
−38.3
−56.3
−70.0
−79.0
−46.4
−36.7
−46.4
−13.5
+0.1

21.2
8.3
7.3
6.0
4.7
11.2
4.9
5.0
5.1
5.3
6.8

<0.001

168
12
12
12
12
96
12
12
12
12
120

0.00
+0.08
0.00
−0.07
−0.14
−0.40
−0.26
−0.15
−0.03
+0.12
0.00

0.12
0.02
0.02
0.02
0.02
0.09
0.03
0.03
0.04
0.04
0.13

0.0
+13.4
0.0
−12.4
−23.3
−58.9
−35.8
−21.4
−5.6
+16.3
+0.1

19.5
4.2
3.8
3.4
3.0
11.4
3.9
4.7
5.6
6.5
21.9

<0.001

Letters superscripts (e.g. a, b, c) indicated that a result is not signiﬁcantly different (p<0.01) from the light treatment with the corresponding letter based
on Games-Howell post-hoc test.
∗
based on Welch’s ANOVA test.
∗∗
For f-PC, AQT 500 estimates were excluded due to large variability. For f-Chl a, all sensor measurements were considered.

larly, Serôdio et al. (2001) observed a maximum reduction of 45.9%
f-Chl a for a P. tricornutum culture exposed to irradiance of 2200
μmol m − 2 s − 1 at 35 °C water temperature. Lower water temperatures resulted in lower ﬂuorescence quenching, indicating a
positive correlation between them and corroborating with other
studies that proposed correction methods for algal ﬂuorescence according to temperature (McBride & Rose, 2018). Our study complements the ﬁndings from these studies and consolidates i) the
signiﬁcant effect of light on ﬂuorescence in the absence of other
confounding factors, ii) the universality of this phenomenon due
to a consistent suppression in all tested devices, and iii) substantial error (up to 79%) of light-induced quenching in a green alga
and cyanobacterium species under bright light.

Studies assessing the impact of light-induced quenching on
f-PC and implications for in situ monitoring are also scarce.
Misumi et al. (2015) identiﬁed that, for six cyanobacteria species
cultures, the highest ﬂuorescence suppression occurred when the
cultures were exposed to light intensities higher than those during
culturing, attributing the suppression to NPQ. In addition, pigment
composition varied among the six cyanobacteria species, resulting in variable quantum yield values, i.e., the theoretical maximum
light energy available for inducing ﬂuorescence. Nevertheless, ﬂuorescence suppression under strong light (1200 μmol.m − 2 .s − 1 )
was similar among the six assessed species, around 20 to 25%
(Misumi et al., 2015) but lower than the maximum f-PC suppression of 59% observed in our study.
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Fig. 7. Quenching levels for A. gracilis f-Chl a for different light intensities. Measurements taken during the increasing and decreasing phases are coloured blue and red,
respectively, and maximum light intensity (one period only) is coloured yellow.

Fig. 8. Quenching levels for D. variabilis f-PC for different light intensities. Measurements taken during the increasing and decreasing phases are coloured blue and red,
respectively, and maximum light intensity (one period only) is coloured yellow.

The different light harvesting regulation mechanisms between
cyanobacteria and green algae may explain the different responses
of f-PC for D. variabilis and f-Chl a for A. gracilis in our study.
While D. variabilis f-PC slightly increased for the cyanobacterium
during the low-light-intensity treatments, A. gracilis f-Chl a did
not. Decreases in f-Chl a for A. gracilis during low irradiances
(i.e. 0.13 and 7 μmol m − 2 s − 1 ) may have been caused by
PQ, as this alga attempted to optimize its photochemical antennae (Müller et al., 2001). In contrast, since cyanobacteria cannot activate the xanthophyll cycle to dissipate excess light energy
(Stransky and Hager, 1970) state transition is often the main light
harvesting regulation mechanism in cyanobacteria. In state transition, phycobilisomes migrate from Photosystem I in the dark to
the Photosystem II in the light, resulting in rapid increases of the
ﬂuorescence yield under moderate irradiance (Bailey et al., 2005).
A slight and fast increase of f-PC, indicative of a state transition,
was observed during darkness or at the low irradiances used in
our study (0.13 and 7 μmol m − 2 s − 1), which are much lower
than in other studies where state transition occurred in irradiances
up to 300 μmol m − 2 s − 1 irradiance (Bailey et al., 2005). Ad-

ditionally, we found signiﬁcant reductions in f-Chl a, indicative of
light-induced quenching, for irradiances as low as 134 μmol m − 2
s − 1.
Previous light exposure affects the magnitude of ﬂuorescence
suppression and in our study, identical light intensities during
increasing and decreasing phases of a diurnal cycle have different quenching levels for both the cyanobacteria and green alga
species (Fig. 7 and 8). Similar patterns of hysteresis were observed in the ﬁeld where ﬂuorescence and photosynthesis suppression in the afternoon was higher than in the morning periods for the same level of irradiance (Neale and Richerson, 1987;
Dandonneau and Neveux, 1997; Kurzbaum et al., 2007). In contrast, other researchers did not identify diurnal periodicity of phytoplankton photoinhibition (e.g. Yoshikawa and Furuya, 2006) and
have attributed changes to variations in mixing, light and nutrients
with depth. In our study, the prolonged exposure to high light (i.e.,
stress to the photosynthetic apparatus) may explains why the decreasing light phase has higher ﬂuorescence suppression. Physiologically, photoinhibition relates to a decrease in replenishment of
the D1 recovery protein and an increased in the damage constant,
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resulting in the observed diurnal hysteresis (Han et al., 20 0 0).
The rapid ﬂuorescence recovery and symmetry between increasing and decreasing phases indicates that photodamage was minimal (Kroon, 1994).
The magnitude of light-induced ﬂuorescence suppression may
also be inﬂuenced by factors other than light intensity, such as
nutrients. In our study we attempted to ensure that D. variabilis
and A. gracilis were replete with nutrients (including micronutrients) by providing appropriate media used in laboratory cultures
during culturing and throughout the experiment (see 2.1). Nutrient limitation may lead to variable occurrence and magnitude
of light-induced quenching. For instance, Bailey et al. (2005) observed that marine and freshwater Synechococcus sp. strains
had larger light-induced NPQ when cells were iron- starved.
Spijkerman et al. (2016) observed ﬂuctuations in the f-Chl a of
the green alga Chlamydomonas acidophila when it was subjected
to variable P and C co-limitation. Spijkerman et al. (2016) observed
a severe decrease in ﬂuorescence with additions of inorganic phosphorus, CO2 , H2 O and NaHCO3 , despite constant light intensity of
120 μmol m − 2 s − 1 . Similarly, nutrient induced NPQ was observed for dark-adapted and light-adapted cyanobacteria Aphanothece sp. and Synechococcus sp. when sulﬁde (≥0.1 nM) was added to
the laboratory culture (Oren et al., 1979). Since the nutrient replete
state of cultures in our study most likely is not representative of
most often experienced nutrient status by phytoplankton in situ,
f-Chl a and f-PC from ﬁeld estimates could be subjected to even
larger ﬂuorescence quenching levels than observed in our study.

hours can be more problematic for correction using these approaches and other innovative ways of correction may be needed.
Light induced quenching correction using compensation/calibration models instead of excluding data potentially
affected by light-induced quenching can be a challenge for ﬁeld
conditions. Variable quenching levels for similar irradiance in
the short timespans (i.e. without considerable changes in the
phytoplankton community, water quality and nutrient status)
should be taken into consideration since our results indicate
that ﬂuorescence suppression is dependent on previous light
exposure. Other factors (e.g. vertical migration and diel variations
in mixed layer depth (Imberger and Patterson, 1989) can lead
to phytoplankton concentration variations in similar diel scale,
resulting in uncertainty about whether the recorded ﬂuorescence
ﬂuctuations derive from biomass change or from light-induced
quenching as a result of diel light and stratiﬁcation cycles. The
analysis of high-frequency data with simulations using ecological
models can assist with the differentiation of a sensor inaccuracy (i.e. derived from the PQ/NPQ phenomena) or movement of
motile or buoyant phytoplankton (e.g. Hamilton et al., 2015). The
identiﬁcation of the dominant species can be crucial to assess
if vertical migration is possible (e.g. presence of cyanobacteria
that are strongly buoyant or can migrate vertically) since vertical
migration of several cyanobacteria and motility of green algae
species has been extensively documented (e.g. Ibelings et al.,
1991; Whittington et al., 20 0 0). Phytoplankton species differentiation from ﬂuorescence sensors is not yet possible even though
alternatives have been suggested (Rousso et al., 2019), resulting
in the need to rely on traditional monitoring techniques, such
as microscopic enumeration, for species identiﬁcation. Vertical
migration and light-induced quenching are two adaptation strategies that may be caused by diel light variability and are likely to
be closely linked or occur simultaneously (Laviale et al., 2016),
since their kinetics have been shown to have similar time scale
responses. Other factors that simultaneously alter vertical changes
in biomass and NPQ are mixing patterns, diel stratiﬁcation and
nutrient levels (Laviale et al., 2016). Appropriate correction models
for light-induced quenching bias will need to take into account
these potential drivers at subdaily timescales.
Modiﬁcations to probe design or sampling methods could also
help minimize light-induced quenching. NPQ can be rapidly reversed in some cases by placing the phytoplankton in the dark.
The return to maximum ﬂuorescence yield is related to the extent of photodamage of the photosynthetic apparatus (Kolber and
Falkowski, 1993). In cases where photodamage is minimal, recovery rates are fast (from seconds to minutes), while cases with signiﬁcant photochemical damage usually require hours of readaptation in the dark. The recovery of optimal ﬂuorescence yield
after dark adaptation in natural phytoplankton communities has
half-lives on the order of 5–15 min when photodamage extent
is minimal but has a half life of the order of 2–4 h when photodamage was signiﬁcant (Kolber and Falkowski, 1993). However,
there is still no clear consensus on what levels of irradiance result in photodamage in different phytoplankton groups. Different algal classes have signiﬁcantly different light requirements for
growth and photosynthesis (Richardson et al., 1983), and therefore
have different tolerance levels for photodamage. Testing of recovery time from various phytoplankton groups (e.g. cyanobacteria,
Karapetyan (2007); red algae, Figueroa et al. (1997); green algae,
Neidhardt et al. (1998); Antarctic diatoms, Reeves et al. (2011) has
shown a range of recovery times, from seconds to hours, according to the light intensity and extent of photodamage to the photosynthetic apparatus. This aspect of photoinhibition is also time
dependent, related to the damage and recovery of D1 protein in
photosynthetic reaction center II, which may vary signiﬁcantly between different species (Han et al., 20 0 0). Thus, recovery times

4.2. Implications for ﬁeld monitoring and the water industry
Our results suggest that diel light variability can greatly supress
f-Chl a and f-PC, with up to 79% and 59% reduction, respectively,
during our highest tested irradiances. Marked diel light variability occurs in all regions of the world, except for isolated waterbodies in extreme latitudes for some periods of the year. This diel
light variability needs to be considered in ﬂuorescence-based estimates of phytoplankton Chl a and PC in situ. Failing to do so, particularly when surface-water ﬂuorescence measurements are taken
during times of the day when there is bright sunlight, is likely to
lead to f-Chl a and f-PC readings that are inaccurate when used as
proxies for phytoplankton or cyanobacteria biomass, respectively.
HAB monitoring plans and early warning systems based on highfrequency ﬂuorescence sensors will also be compromised in the
absence of adjustments for variations in solar radiation. For instance, identiﬁcation of daily vertical migration patterns of phytoplankton can be confounded with light-induced quenching during times of the day with strong irradiance (Laviale et al., 2016).
Additionally, HABs that are related to longer daylight hours and
higher light intensities during summer could be underestimated or
not accurately captured by monitoring conducted during daylight
hours.
Continuous ﬂuorescence monitoring systems may use nighttime measurements to calibrate daytime measurements through
similar calculations to those used in our study, or may even disregard daytime measurements as being unreliable. Alternatively,
an irradiance threshold value could be used where NPQ begins,
and measurements taken during these periods removed, as done
by Roesler et al. (2017). However, a clear-cut irradiance threshold that triggers NPQ is not clear since various factors other than
light intensity, as previously discussed, play a role in light-induced
quenching occurrence and magnitude. Even though threshold cutoffs or the dismissal of daytime measurements would ultimately
reduce the potential of high-frequency monitoring of pigments by
ﬂuorescence sensors, they can effectively reduce bias due to lightinduced quenching. In contrast, discrete multi-site measurements
or proﬁling taken in routine monitoring programs during daylight
9
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are most likely not constant within species as preadaptation conditions also affect the ﬂuorescence yield as shown in our study.
Further studies examining recovery times among phytoplankton
groups and species are required to quantify photodamage in natural phytoplankton communities. Isolation of samples in dark chambers may minimize NPQ. These designs should be based around
non-invasive principles to least affect phytoplankton physiological responses. Well-known issues in conventional monitoring techniques (e.g., cell counts and biovolumes), such as lysis of cells with
preservation and sampling biases from phytoplankton net samples
(Benﬁeld et al., 2007; Erickson et al., 2011), have been highlighted
by the use of non-invasive technologies such as autonomous vertical proﬁling systems with ﬂuorometers, acoustic sensors or microscopic imaging. Non-invasive monitoring tools should minimize
the introduction of these biases.
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Conclusions
An experiment was conducted to test the hypothesis that diel
light variations would signiﬁcantly suppress f-Chl a and f-PC from
commercial ﬂuorescence sensors employed worldwide for phytoplankton monitoring. The results have shown that diel light intensity variation signiﬁcantly affected A. gracilis f-Chl a and D. variabilis f-PC due to light induced quenching. A consistent suppression of ﬂuorescence-based estimates was observed in all devices
during light treatments, with only small variations in quenching
magnitude among devices. Maximum suppression of ﬂuorescencebased estimates were as large as 79% (f-Chl a) and 59% (f-PC). The
level of suppression was mostly larger than the errors observed
from other factors known to affect f-Chl a and f-PC (e.g. turbidity, phytoplankton species composition, DOM). The universality of
diel light intensity variation implies that ﬂuorescence probe estimates will be subject to light-induced quenching in surface waters
of most waterbodies.
The ability to deploy robust and accurate high-frequency sensors for monitoring phytoplankton communities has long been a
goal of researchers and practitioners worldwide. While our results
indicate that the light-induced quenching must be taken into account to achieve this goal, further investigations on causes, triggers and magnitude of PQ and NPQ on f-Chl a and f-PC estimates
should be initiated considering different species and environmental conditions (e.g. trophic state, light availability and mixing conditions). Studies that combine controlled experiments, ﬁeld monitoring and innovative sensors design (i.e. dark chambers) should
be undertaken to provide a comprehensive analysis of factors that
confound our understanding of phytoplankton photochemistry, including photoprotective (NPQ) and light readaptation mechanisms
for both sudden and prolonged exposure to light intensity, besides
environmental triggers (e.g. water temperature, stratiﬁcation and
nutrient levels). This understanding can assist with the development of compensation models and innovative designs of ﬂuorescence sensors to minimize light induced quenching as a source of
bias for ﬂuorescence-based estimates.
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