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In situ fluorometers are the optimal means of providing high-frequency estimates of phytoplankton communities.
However, they may be subjected to measurement biases originating from variations in the physiological states of cells,
the use of spectral fluorescence signatures (SFS) defined on the basis of inappropriate phytoplankton groups and the
lack of linear independence between selected sets of SI'S. We assessed correction procedures for measurement biases
in mono and mixed cultures of five freshwater phytoplankton species. We investigated the impacts of total Chla levels,
the lack of linear independence between SFS and varying physiological states on the accuracy of the Chla estimates
that were provided by the FluoroProbe (bbe Moldaenke GmbH, Germany). The use of species-specific SIS allowed
for the correction of quantification and classification biases. In some cases, the procedure led to a lack of linear inde-
pendence between SFS, which significantly reduced estimation accuracies. A convenient method to evaluate linear
independence between SES is provided. Differences in the physiological states of phytoplankton cultures following
light pre-acclimation and/or N-starvation appeared to be species specific. Light pre-acclimation led to an underesti-
mation of biomass (up to —28.5%) through fluorescence quenching. The responses of the phytoplankton cultures to
N-starvation varied depending on the species (from —40.3 to +336% biases in Chla quantification). Overall, the
application of appropriate corrective measures increased data accuracy. However, optimal data reliability can only be
achieved by estimating phytoplankton community composition and associated environmental conditions.
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INTRODUCTION

Following the adoption of the Water Framework Directive
(EC, 2000), European countries are required to assess the
state of aquatic ecosystems and to define management
measures that guarantee their optimal ecological status.
Phytoplankton communities are of paramount importance
in the assessment of aquatic ecosystems (Spatharis and
Tsirtsis, 2010) because they are related to ecosystems
productivity and to eutrophication status (Reynolds and
Petersen, 2000).

Traditional approaches for the estimation of phytoplank-
ton biomass (e.g. chlorophyll a extraction) by spectroscopy
and community composition by microscopy (e.g: Utermahl-
based methods) are time-consuming and thus unsuitable for
high-resolution data acquisition. Alternative methods that
are based on differences in accessory pigments among
phytoplankton taxonomic groups (Jeffrey and Vesk, 1997)
have been proposed and include chemotaxonomic and
spectrofluorometric methods. Among the chemotaxonomic
methods, the CHEMTAX approach, which requires the
HPLC analysis of pigment contents, is widely used (Mackey
el al., 1996; Liu e al., 2012). However, it does not allow for
high-resolution ~data  acquisiion.  Spectrofluorometric
methods enable low-cost, rapid measurements (Beutler ¢t al.,
2002; Richardson et al., 2010). These methods are derived
from fluorescence-based chlorophyll ¢ (Chle) quantification
methods that were proposed by several authors in the 1960s
and applied either m vt (Yentsch and Menzel, 1963;
Holm-Hansen et al., 1965) or in viwo to continuous measure-
ments (Lorenzen, 1966; Yentsch and Yentsch, 1979; Yentsch
and Phinney; 1985).

While some spectrofluorometric methods involve the
measurement of fluorescence emission using phycobilins
(Watras and Baker, 1988; Seppild et al., 2007), the latest
fluorometers measure the fluorescence excitation spectra
of the photosystem II (PSII) core Chla following the
selective excitation of antenna/accessory pigments at
multiple wavelengths (Beutler ¢t al., 2002). These fluo-
rometers allow for the discrimination of four to six spec-
tral groups (depending on the number of excitation
wavelengths of the device) that are based on differences
in accessory pigments among phytoplankton taxonomic
groups (Johnsen and Sakshaug, 2007). Among these
devices, the FluoroProbe (FP; bbe Moldaenke GmbH,
Germany) enables the discrimination and quantification
of four phytoplankton spectral groups (expressed in g
Chla L") following the excitation of accessory pigments
at five wavelengths. For each taxonomic group, a mean
spectral fluorescence signature (SFS) is defined based on
analysis of multiple representative species.

Several studies have sought to assess the ability of the
FP and its on-line version, the Algae Online Analyser

(AOA), to characterize phytoplankton communities in
the field. The accuracies of FP estimations have been vali-
dated in rivers and reservoirs (Gregor and Marsalek,
2004; Izydorczyk et al., 2009). However, these studies
used limited data sets involving ecosystems that exhibited
low phytoplankton diversities and thus mainly assessed
the ability of the FP to quantify the total phytoplankton
Chla. Other data quality assessment studies that have
used either the FP or the AOA have been performed on
marine (Richardson et al., 2010; Goldman et al., 2013)
and freshwater (Gregor ¢ al., 2005; Catherine e al., 2012)
samples. However, the FP data were compared either
with CHEMTAX data or cell counts that were obtained
using the Utermohl method. It is well known that the
CHEMTAX method may lead to biases in taxonomic
classifications (Lewitus ¢t al., 2005). In addition, the
agreement between cell counts and the FP data may be
masked by inter- and intra-specific variations in Chla cel-
lular quota (Maclntyre et al., 2002) and cell biovolumes
(Catherine et al., 2012) and also by the inability to quan-
tify picophytoplankton using the Utermohl method.
Furthermore, due to the complexity of field samples, a
comprehensive characterization of unexplained var-
iances in correlations between methods is difficult to
achieve (Catherine et al., 2012).

Measurement biases may lead to significant issues in
terms of water monitoring, such as inappropriate esti-
mates of @ situ cyanobacteria blooms (Zamyadi et al.,
2012). Among the factors that underlie these measure-
ment biases, the impacts of the species compositions of
natural phytoplankton assemblages and the physiological
states of cells have long been recognized (Kiefer, 1973;
Poryvkina et al., 1994). Working on pure cultures of
marine species, MacIntyre et al. (Maclntyre et al., 2010)
showed that the assumption of SFS being invariant
within phytoplankton spectral groups (Beutler e al.,
2002)1s often violated. This originates from differences in
pigment compositions between phytoplankton taxa of
the same spectral groups and also to intraspecific varia-
tions in pigment quotas, for example, in response to light
and nutrient availabilities. However, the impacts of such
biases on FP (or AOA) data should also be assessed in
mixed cultures because measurement error may vary
depending on selected SFS combinations. Houliez et al.
(Houliez et al., 2012) calibrated a new SFS for the dis-
crimination of the marine Haptophyte Phacocystis globosa
and identified interferences due to the presence of other
groups of microalgae that led to significant spectral group
misclassifications.

Although informative, these results corresponded to
specific case studies and did not allow for a comprehensive
assessment of the limits of the FP algorithm with regard to
the accurate deciphering of the species compositions of
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mixed assemblages. While these studies have provided
novel insights into the impacts of varying physiological
states on SFS in pure culture, neither of them tested the
linear independence of newly defined SFS combinations
or the potential biases originating from variations in
physiological states in mixed assemblages.

In this study, we aimed to assess the relevance of apply-
ing species-specific calibrations to improve the ability of
the FP to quantify total Chle in five freshwater species
representative of different spectral groups. We also exam-
ined the robustness of the corrections that were provided
by the species-specific SFS depending on the total levels
of Chla, the variability in fluorescence emissions in rela-
tion to certain physiological states, such as those asso-
ciated with light acclimation and/or nutrient stress and
the species compositions of mixed assemblages. Their
relative impacts were quantified and discussed in the
context of the applicability of the FP data for environ-
mental monitoring purposes. Lastly, we proposed a novel
procedure for assessing the conditions under which
newly defined signatures can be incorporated without
inducing a lack of linear independence between SFS.

METHOD

Culture conditions

Five clonal non-axenic freshwater microalgae and cyano-
bacteria strains were selected from the Paris Natural
History Museum Collection of Cyanobacteria (PMC) and
Eukaryotic Algae (ALCP) (Table I). The diatom Nitzschia
palea (Kiitzing) W. Smith, the cryptophyte Cryptomonas tetra-
pyrenoidosa Skuja, the chlorophyte Pediastrum — boryanum
(Turpin) Meneghini and the cyanobacteria Limnothrix
redeket  (van Goor) Meftert and Planktothrix  agardhu
(Gomont) Anagnostidis and Komarek were selected based
on their co-occurrences in freshwater lakes and rivers
(Catherine et al., 2012). Each species was characterized
by distinct PSII pigmentations (Table I) that corresponded
with distinct pigment groups (PG; Johnsen and Sakshaug,
2007).

Pre-cultures were grown in stirred 1 L batches using spe-
cific growth media (Table I) and maintained in
temperature-controlled growth chambers (KBW 4001,
Binder, Germany) on a 16/8 h light/dark cycle using day-
light fluorescent tubes (Lumilux®, OSRAM, Germany).
Light intensities were measured using a LI 190 Quantum
Sensor (LiCor, Lincoln, USA).

Exponentially growing pre-cultures were used to in-
oculate 500 mL batch cultures with 200 mL of corre-
sponding growth medium. For each treatment, the
cultures were grown for 5 days in triplicate and were used
for the SFS evaluations and mixture experiments. For the
N-depleted conditions, the cultures were transferred into
N-free media after several washes. The depleted medium
was obtained by replacing the N-containing salts with
N-free salts (typically NaNOg by NaCly) to maintain the
same ionic strength. The growth medium was buffered
with MOPS to avoid any effect of pH variations between
cultures. The N-depleted cultures were obtained after
being grown for 6 days in the corresponding N-free
medium.

Species-specific SFS definition

Fluoroprobe operating principle

The functioning principle of the FP is detailed in Beutler
et al. Beutler et al., 2002). The FP measures the fluores-
cence that 1s emitted by the PSII core Chla following the
sequential excitation of accessory pigments of the PSII an-
tennae and provides estimates of total Chla (ug Chla L")
in phytoplankton samples. Total Chle is then parsed
among four phytoplankton groups on the basis of their
fluorescence excitation spectra. To excite the accessory
pigments, the FP uses five LEDs emitting at 470, 525, 570,
590 and 610 nm. A sixth LED, which emits at 370 nm,
allows for the quantification of coloured dissolved organic
matter and the correction of Chla estimates. Following the
excitation of the accessory pigments, the fluorescence
emission of Chlea at 680 nm is measured by a photomulti-
plier that is positioned orthogonally to the LED:s.

Table I Characteristics and growth conditions of the microalgae and cyanobacteria strains used in this study

Pigment Irradiance
Species Strain number  Class Main accessory pigments  group T¢CC)  (wmolm™2s™")  Medium
Nitzschia palea ALCP 134.1 Bacillariophyceae  fucoxanthin, chl ¢, 2 PG1 20 20 DM2
Cryptomonas tetrapyrenoidosa ~ ALCP 147.1 Cryptophyceae phycobiliproteins, chl ¢, PG12 20 20 JM2
Pediastrum boryanum ALCP 093.1 Chlorophyceae chl b PG9 25 30 BB
Limnothrix redekei PMC 345.08 Cyanophyceae phycobiliproteins PG13 25 20 Z8
Planktothrix agardhii PMC 532.08 Cyanophyceae phycobiliproteins PG13 25 20 78

Pigment groups were defined according to Johnsen and Sakshaug (Johnsen and Sakshaug, 2007). DM2 and JM2 correspond to classical diatom medium
(DM) and Jaworski medium (JM) in which Ca(NOz), and NaNO3 concentrations were doubled.
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In a first step, the FP is calibrated by using, as a reference,
four SFS measured on cultures of species representative of
each spectral phytoplankton group. The four spectral
groups include the “green” algae (Chlorophyta and
Euglenophyta) containing chlorophylls ¢ and 4, the “blue”
phycocyanin-rich algae (Cyanobacteria), the “brown” algae
(Bacillariophyta, Dinophyta and Chrysophyta) containing
chlorophylls @ and ¢ and xanthophylls (fucoxanthin and dia-
dinoxanthin) and the “red” algae (Cryptophyta), which are
rich in chlorophylls ¢ and ¢ and phycoerythrin (PE). In this
study; these groups were, respectively; represented by P borya-
num, P agardhu and L. redeker, N. palea and C. tetrapyrenoidosa
(Table I).

The identification of the phytoplankton composition
of unknown samples is then obtained through an algo-
rithm procedure, which compares the SFS measured on
unknown samples to the SFS that serve as a reference. In
brief, the bbe-FluoroProbe software is used to estimate
the best sum of the four reference SFS to classify the total
Chla concentrations among each group. The algorithm
performs a linear unmixing of the four reference SFS to
determine the best weighing factor to apply to the error
sum calculation. The procedure differs from classical
linear regression by taking into account the confidence
envelope of SFS at each wavelength in the error sum cal-
culation, which is reduced by an iterative procedure.

The FP operating principle relies on the following
three assumptions: (i) the normed SFS are constant and
thus independent of the physiological states of the cells or
the strains that are considered within a given group, (ii)
they are linearly independent and thus cannot be
approximated by the weighted sums of the other spectral
groups’ SFS, and (iii) the normed spectra must be deter-
mined with sufficient accuracy (Beutler ez al., 2002).

SES definition

Species-specific SFS for the five selected phytoplankton
species were obtained by estimating, for each LED, the
slopes of the linear regressions between the Chla concen-
trations that were obtained from the pure stock cultures
and the FP raw fluorescence data (in arbitrary units). Five
calibration points were prepared that ranged from 5 to
200 wg Chla L™,

The Chla concentrations of the stock cultures were
measured in triplicate using spectroscopy according to
Talling and Driver (Talling and Driver, 1963) following
90% v/v methanol extractions (Catherine e al., 2012).
The calibration curves were then prepared using succes-
sive dilutions. FP measurements were obtained for each
calibration point after dark acclimation for 30 min.
Growth media measurements were also performed to
subtract the corresponding offsets.

All of the measurements were obtained using a FP series
2 (bbe-Moldaenke GmbH, Schwentinental, Germany) that
was equipped with the Workstation 25 (bbe-Moldaenke
GmbH, Schwentinental, Germany) to allow benchtop use
of the device. This application requires smaller sample
volumes (25 mL) and enables constant sample homogeniza-
tion by stirring. Measurements were obtained every 2 s for
1 min (n = 30). The signal transmission exceeded 85% in
every case, which was well above the 50% threshold
that has been reported to decrease total Chla estimations
by 5% (Beutler ¢t al., 2002). The species-specific SFS were
then normed to their respective maximum weighting
coeflicients.

Impact of physiological state on SES characterization

To study the impacts of varying physiological states, the
SFS were defined using N-replete (N+4) and N-depleted
(N —) cultures for each species. The effects of light accli-
mation on fluorescence emission were also investigated
by defining new SFS (for both N+ and N— conditions)
from calibration points that were dark acclimated (DA)
for 30 min (Maxwell and Johnson, 2000) or pre-
acclimated (LA) for 2 h at species-specific growth irradi-
ance levels (either 20 or 30 pmol m™ %! depending on
the phytoplankton species; Table I). Species-specific SFS
were thus defined using four experimental conditions
(N+/DA, N+/LA, N—/DA and N—/LA) with the
N-replete and dark-acclimated (N4/DA) treatment
corresponding to the control treatment. The specific SFS
corresponding to the control treatment was loaded (and
the respective factory signature deactivated) to post-
calibrate the data using the bbe-Fluoroprobe software.

Species mixtures

Potential Chle quantifications and classification biases
were also investigated in binary mixtures of the five
selected species. Each combination of species was
assessed at two Chla levels (5 and 50 pg Chla L™") using
three different mixtures of the two species (ca. 25/75,
50750 and 75/25%) to check for threshold effects on P
performances. The different proportions of each mixture
were sequentially prepared using stock cultures and mea-
sured by FP after being DA for 30 min. The theoretical
ratios of each species in the mixtures were calculated
from the Chla concentrations of the stock cultures and
the final dilution factors. Species mixture experiments
were performed using N-replete (N+) and N-depleted
(N—) cultures. In both cases, the theoretical values were
compared with the post-calibrated FP data with the
control (N+/DA) species-specific SFS values.
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Data analyses

Data analyses were performed using the statistical environ-
ment R version 3.0.2 (R Development Core Team, 2013)
and MATLAB (2012) (MathWorks, USA). The relation-
ships between the spectroscopy Chla measurements and
FP data were assessed using major axis type II linear
regressions (R package “lmodel2”; Legendre, 2008).
Deviations from the 1:1 theoretical relationship were
tested using the R package “smart” (Warton e al., 2013).

To compare the factory-made and species-specific SFS,
a similarity matrix that was based on Euclidean distance
was defined and represented using a non-metric multidi-
mensional scaling plot with the R package “MASS”
(Ripley et al., 2013).

The linear independence of the factory-made and
species-specific SFS was checked by the row reduction
echelon form method using Gauss Jordan elimination
with partial pivoting (MATLAB function “rref”, Lindfield
and Penny, 2012). The degree of linear independence was
further studied using multivariate regression models that
were based on non-negative least-squares restrictions
(MATLAB function “Isgqnonneg”) on the weighting factors
Huet al., 2010).

RESULTS

Pure culture measurements

Total Chla quantifications

For both the factory-made and species-specific SFS, the
Pearson’s association coeflicients between Chla estimates
by FP and spectroscopy were highly significant (P <
0.001) for all of the N-replete cultures (Table II). These
results confirmed the ability of FP to provide reliable
fluorescence measurements within a range of total Chla
concentrations from 5 to 200 pg L™ " Interestingly, for all
of the investigated species, the slope values that were
obtained using factory settings departed significantly
(P<<0.05) from the 1:1 theoretical relationship (Table II).

For the eukaryotic species and the cyanobacteria
L. redeker, these values indicated underestimations of total
Chla by the FP, while total Chla was overestimated for
P agardhii. Using control species-specific SFS allowed for
the acquisition of slope values that were no longer
significantly different (P> 0.05) from the 1:1 theoretical
relationship (Table II).

Spectral group classifications

In addition to errors in total Chla quantification, biases
in spectral group classifications were observed when
factory settings were used (Table III). The level of mis-
classification to an incorrect spectral group depended on
the degree to which a given control species-specific SFS
differed from the corresponding factory-made SFS
(Fig. 1). The SF'S that was specific to N. palea was situated
outside of the tetrahedron formed by the four factory
SFS and between the “brown” and “red” SFS. This
translated to a 15.6 £ 1.5% misclassification of total
Chla towards the “red” group. Similarly, a pure culture of
L. redeker was 1dentified to be a binary mixture composed
of “blue” and “red” algae (67.8 + 2.1% towards the
“red” group). Cryptomonas tetrapyrenoidosa was positioned
inside of the tetrahedron and the corresponding Chla
misclassification (18.0 + 4.3%) was divided among the
three remaining spectral groups (“brown”, “blue” and
“green”, Table III). Pediastrum boryanum specific SFS was
also located inside of the tetrahedron but was closest to
the “green” SFS, leading to a smaller proportion of Chla
misclassification (7.8 + 3.1%). Lastly, P agardhi had a spe-
cific SFS that was nearly identical to the “blue” SFS and
displayed only a marginal (0.6 4 1.0%) classification bias
towards the “red” group.

The use of species-specific SFS allowed for the correc-
tion of spectral group misclassifications (<4% error;
Table III). Surprisingly, the use of P agardhi SFS led to
slightly increased spectral group misclassifications (from
0.6 £ 1 to 3.2 + 2.9%). The results that were obtained
from both the factory and species-specific SFS indicated

Table 1I: “Type 11 linear regression model resulls for the relationship between Chla levels that were estimated
by spectroscopy (m = 3) and FP (n = 30) using factory or species-specific SE'S as defined i the control

conditions (N+/DA)
Factory SFS Species-specific SFS
Species FP = f(Chla_extr) R? FP = f(Chla_extr) R?
Nitzschia palea y=0.46bx+ 1.212 0.998 y=1.000x + 3.411 0.998
Cryptomonas tetrapyrenoidosa y=0.486x+ 1.188 0.999 y=0.999x + 1.951 0.999
Pediastrum boryanum y=0.864x + 2.102 0.998 y=0.999 x + 2.417 0.997
Limnothrix redekei y = 0.846x + 2.449 0.998 y=1.001x+ 2.621 0.998
Planktothrix agardhii y=3.513x+ 1.699 0.998 y = 1.005x + 0.344 0.996
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Table III: Relative spectral group misclassifications of total Chla levels that were measured by the FP in
monocultures using factory-made or species-specific SFS.

Species Calibration Misclassification (%) Groups
N. palea (“brown") Factory 156+ 15 “red”
Specific 34+3.0 “green” (3.3%), “blue” (0.1%)
C. tetrapyrenoidosa (“red") Factory 18.0+4.3 “brown” (11%), “blue” (6.8%), “green” (0.2%)
Specific 3.0+26 “blue” (1.7%), “green” (1.1%), "brown" (0.2%)
P. boryanum (" green”) Factory 7.8+ 3.1 “brown"” (4.6%), “blue” (1.7%), “red” (1.5%)
Specific 25429 "blue” (1.3%), “brown"” (1%), “red"” (0.2%)
L. redekei ("blue”) Factory 678+ 2.1 “red”
Specific 3.7+562 “red”
P. agardhii (“blue”) Factory 06+1.0 “red”
Specific 3.2+29 “red” (2.1%), “green” (0.7%), “brown" (0.4%)

Species-specific SFS were obtained under control conditions (N+/DA). Means + standard deviations were calculated from the five calibration dilutions

(n= 150 measurements).

Stress 1=0.004
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Fig. 1. Non-metric multidimensional scaling (NMDS) plot of normed
factory and control (using N-replete, dark-acclimated cultures)
species-specific SFS. Lines connecting the SFS of the different spectral
groups define the reference tetrahedron within which linear unmixing
was performed under factory settings. Stress value indicates minor
distortion resulting from the ordination in two dimensions.

higher classification errors at the low Chla level of 5 pg
Chla L™,

Impact of physiological state
(N-limitation and light acclimation)

Total Chla quantifications

The pre-acclimation of the N-replete cultures to light
(N+/LA) resulted in an overall reduction in fluorescence
emission (and thus to an underestimation of total Chle) in

all of the investigated species compared with the control
DA cultures (Table IV). The Chle quantifications of the

P agardhii cultures were only marginally impacted by the
absence of dark acclimation (—1.9%), and these results
did not significantly differ from those of the control [i.c.
the slope did not significantly (P> 0.05) differ from the
1:1 theoretical relationship]. The PE-rich species,
L. redekei and C. tetrapyrenoidosa, were characterized by
moderate underestimations (—11.2 and —7.9%, respect-
ively) of total Chla. The most pronounced effect was
observed for N palea and P boryanum (—27.1 and
—28.5%, respectively).

The N-depleted conditions (N—) had much stronger
effects on the Chla quantification errors than the lack of
dark acclimation. Indeed, no marked differences were
observed between the N—/DA and N— /LA conditions
(Table IV). Following N-limitation, increased fluorescence
emissions occurred for P boryanum (19.6%), N. palea (99.1%)
and L. redeker (336.0%). An opposite trend was observed
for C. tetrapyrenoidosa and P agardhu, for which fluorescence
emissions decreased by 40.3 and 17.4%, respectively.

Spectral group classifications

The normed SFS for P boryanum and P agardhii were
shown to be unaffected by N-depletion (Fig. 2A and D).
Accordingly, no differences in spectral group classifica-
tions were observed compared with the control (N+/
DA) conditions (see Supplementary data, Table SI). This
was also true for L redeker, although its normed SFS
under N-depleted conditions indicated slightly decreased
fluorescence emissions following excitation at 370, 470
and 610 nm (Fig. 2E). The impacts of N-depletion on the
normed SFS for N palea and C. tetrapyrenoidosa were more
pronounced (Fig. 2B and C) as they both exhibited mark-
edly decreased fluorescence emissions after excitation at
525, 570, 590 and 610 nm. Indeed, the application of the
respective control (N+/DA) species-specific SFS for
N. palea and C. tetrapyrenoidosa led, respectively, to 17.4 +
2.8 and 22.6 + 1.4% total Chle misclassifications
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Table IV: Impacts of light pre-acclimation and N-depletion on the relationships between spectroscopic Chla

estimates and FP Chla estimates using species-specific SES as defined in the control conditions (using

N-replete dark-acclimated (N+-/DA) cultures)

Species Conditions FP = f(Chla_extr) R? A_Control (%)
N. palea N-+/LA y=0.728x — 1.650 1.000 (<0.001) —27.1
N—/DA y=1.989 x — 0.168 0.997 (<0.001) 99.1
N—/LA y=1.981x —4.196 0.997 (<0.001) 98.2
C. tetrapyrenoidosa N+/LA y=0.920x — 1.531 1.000 (<0.001) -7.9
N—/DA y=0.596x — 0.776 0.999 (<0.001) -40.3
N—/LA y=0.567x — 2.246 0.999 (<0.001) —43.2
P. boryanum N-+/LA y=0.714x + 3.201 0.999 (<0.001) —285
N—/DA y=1.194x + 0.569 1.000 (<0.001) 19.6
N—/LA y=1.419x — 2.297 0.999 (<0.001) 42.2
L. redekei N-+/LA y=0.889x + 1.182 1.000 (<0.001) -11.2
N—/DA y=4.363x — 1.196 0.997 (<0.001) 336.0
N—/LA y=4.342x — 2.811 0.997 (<0.001) 334.0
P. agardhii N-+/LA y = 0.985x + 0.002 1.000 (<0.001) -1.9
N—/DA y=0.829x — 0.424 0.999 (<0.001) —-17.4
N—/LA y=0.792x — 0.455 1.000 (<0.001) =211

The numbers in bracket correspond to the P-value of the statistical tests.
N, N-depleted; LA, light-acclimated.

towards the “green” group (Supplementary data,
Table SI).

The acclimation of cultures (N-replete or N-depleted)
to light did not introduce any variations of their normed
SFS compared with those of the corresponding DA con-
ditions (see Supplementary data, Figs S1 and S2).

Assessment of binary phytoplankton
mixtures

Total Chla quantification

The FP performances in mixed binary conditions were
evaluated by alternately replacing two of the four factory-
made SFS with the corresponding species-specific SFS
that were defined in the control conditions (N+/DA).
The deactivated factory-made SFS corresponded with
the spectral groups of the investigated species. Under the
control conditions, the FP data correlated well with the
expected total Chla concentrations for all of the tested
binary mixtures (Table V), and the relative errors never
exceeded 12% in cases of under- or overestimation. The
maximum Chle underestimation (—11.8 + 8.0%) was
obtained for the P boryanum/ L. redeker mixture at the low
Chla level (5 pg Chle L™"). In contrast, the maximum
Chla overestimation (10.4 + 7.1%) was observed for the
P agardhii/ N. palea mixture at the highest Chla level (50 pg
Chla L™"). No relationship between total Chla level and
relative quantification accuracy was observed.

Using the control (N+4/DA) species-specific SFS in the
assessments of the N-depleted mixed cultures led to
limited total Chle quantification biases (Table V). In most
cases, the relative error did not exceed 14%. However,

mixed assemblages were prepared based on the FP mea-
surements of the stock cultures and not from the spectro-
scopic Chla estimates. Because the physiological states of
the cells were demonstrated to impact the Chla quantifi-
cations in the pure cultures, this procedure corrected the
inherent quantification errors that may have originated
from nutrient stress. However, a noticeable exception
(46.1 £+ 22.2% misclassification) was found at the low
Chla level (5 wg Chla L™ for the C. tetrapyrenoidosa/ L.
redekel mixture.

Spectral group classifications

Opverall, under the control conditions, higher rates of mis-
classification were observed at the low Chla level of 5 g
Chle ™" (Fig. 3 and Table V). However, even at low
levels, the relative spectral group misclassifications
remained in the range of + 13% in most cases (Fig. 3A—
E L J). Strong misclassifications were also found for the
P agardhit/ N. palea and P boryanum/ L. redekei mixtures, in-
cluding the underestimations of the relative Chla levels in
N. palea (—26.9%, Fig. 3G and Table V) and P boryanum
(—21.3%, Fig. 3H and Table V).

Although the row reduction echelon form (rref) tests
concluded that the SFS combinations were linearly inde-
pendent for all of the mixtures (data not shown), further
investigations using multivariate regression analyses
demonstrated that the degree of linear independence was
variable depending on the SFS combinations that were
considered (Table VI). Compared with the factory settings,
some SFS combinations (e.g. N palea/C. tetrapyrenoidosa
mixture) displayed high degrees of linear independence,
which were associated with limited misclassifications under
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Fig. 2. Normed SFS (in arbitrary units) of N-replete (solid line) and
N-depleted (dashed line) dark-acclimated cultures of (A) P boryanum, (B)
N. palea, (C) C. tetrapyrenoidosa, (D) P agardhii and (E) L. redekei. 'The
normed factory SFS of the corresponding spectral groups is represented
by a bold line. Error bars correspond to the standard deviations of the
slope estimates of the regressions between Chla concentrations (by
spectroscopy) and FP raw fluorescence data at each wavelength.

the control conditions (N4 /DA) (Fig. 3B). In contrast, for
the P boryanum/ L. redekeir and P agardhi/N. palea mixtures,
the SFS for the “red” group was well predicted (R? =
0.919 and R®=0.865, respectively; Table VI) by a

weighted sum of these species’ SFS, which led to strong
spectral group misclassifications towards the “red” group
(Fig. 3G and H).

Under N-depleted conditions, the FP data displayed
increased spectral group misclassifications compared
with the control conditions. The observed errors
appeared to be independent of the Chla levels that were
considered (Fig. 3 and Table V). Overall, the strongest
Chla misclassifications were found for the mixtures that
contained either N palea or C. tetrapyrenoidosa. These
results are concordant with the fact that their specific
SFS were affected by N-depletion (Fig. 2), which
increased their similarity to the SIS of the “green” group
(data not shown) and explained the observed misclassifi-

cations towards either the “green” group or P boryanum
(Fig. 3A-D, E G).

DISCUSSION

Initial performances of FP and
post-calibration

Near-perfect correlations were revealed for the
FP-derived estimations of the Chla concentrations of the
monocultures using the factory settings (Pearson’s r >
0.997) for all of the investigated species (Table II). Thus,
in our experimental conditions, all of the species dis-
played above-blank fluorescence measurements, and the
fluorescence readings that were obtained by the I'P were
linear with regard to the Chla levels that were measured
by spectroscopy at concentrations of up to 200 pg Chla
L', These results are consistent with those of Beutler
et al. (Beutler et al., 2002), who defined 400 g Chla L'
as the upper limit above which an algal solution is too
dense to allow for proper signal transmission.

However, the slopes relating the Chla estimates that
were obtained using FP and spectroscopy fell below the
1:1 theoretical relationship in four of the five species
(N palea, C. tetrapyrenoidosa, P boryanum and L. redeket), while
the slope value of P agardhii was 3.5 higher than the
expected value (Table II). The observed differences may
originate from the fact that the ratio of fluorescence emis-
sion per unit of Chla (F) is known to be species de-
pendent (Strickland, 1968) and the amounts of pigments
that are associated with PSII vary greatly across species
(Johnsen and Sakshaug, 2007). In addition, the Chla ana-
lysis method that was used to initially calibrate the FP
may also have influenced the results. Indeed, the Chla ex-
traction yield is known to be dependent on the extraction
solvent, the species compositions of the samples (Papista
et al., 2002) and the equations that were used to derive the
Chla concentrations (Ritchie, 2006).
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Table V- Total Chla quantifications and classification errors in binary mixtures

Mixture Condition A_Quantification (%) A_Classification (%)
C. tetrapyrenoidosa/P. boryanum 5_Control 0.0+ 85 59423
50_Control 7.4 +9.1 0.9+0.8
5_N— 54+46 7.3+1.9
50_N— 16+5.7 0.2+0.3
C. tetrapyrenoidosa/N. palea 5_Control 41479 104+ 0.8
50_Control 1.5+5.1 52+1.0
5 N— 07+79 273405
50_N— -0.8+6.8 243419
C. tetrapyrenoidosalL. redekei 5_Control 92451 0.0+ 0.1
50_Control 7.0+84 0.0+ 0.0
5 N— 46.1 +£22.2 0.0 +0.1
50_N— —-32+44 16.7 +10.3
C. tetrapyrenoidosalP. agardhii 5_Control —6.8+9.2 43426
50_Control 6.6 +8.0 29+1.0
5_N— —-13.74+19.2 258 +5.1
50_N— —-3.7+10.5 246 +4.7
L. redekei/N. palea 5_Control —54+48 96+26
50_Control 71497 1.1+06
5 N— —-2.8+86 15.8+0.3
50_N— 19+71 08+13
P. boryanum/N. palea 5_Control 42440 444+18
50_Control 37+78 0.0+ 0.0
5 N— 6.6 +6.1 08+14
50_N— 28+48 0.0+0.0
P. agardhii/N. palea 5_Control 6.5+ 8.7 18.3 +8.3
50_Control 1044+71 81+1.0
5 N— 10.7 +83 31.3+1.2
50_N— 82+26 286+ 1.6
P. boryanum/L. redekei 5_Control -11.8+8.0 306+24
50_Control 23+35 5.0+ 0.8
5 N— —-14.04+5.0 316+78
50_N— -64+50 12.3+10.1
P. agardhiilL. redekei 5_Control —-1.2+85 41419
50_Control 3.3+104 04+0.6
5_N— -45+70 6.44+1.1
50_N— —-28+54 0.0+ 0.0
P. agardhiilP. boryanum 5_Control 00+75 22+13
50_Control 7.0+44 1.0+ 0.9
5 N— 47 4+3.0 0.0+0.0
50_N— 56 +4.3 0.0+0.0

Measurement biases were evaluated at two Chla levels (5 and 50 wg Chla L™") under N-replete (Control) and N-depleted (N—) conditions following dark
acclimation. Means + standard deviations were calculated from the three mixtures ratios of two species for each condition.

With regard to spectral group misclassifications in
mono or mixed suspensions, higher error rates were
always observed at the lowest Chla level that was tested
(5 wg Chla L™, which was previously reported by Twiss
et al. (Twiss et al., 2012). In addition, the performance of
the FP was dependent upon the species that was being
considered (Table III). Indeed, the factory SIS that were
originally included in the FP software correspond with
mean signatures that were obtained from various species
considered as representative of the four spectral groups
(Beuder e al., 2002). Maclntyre et al. (MacIntyre et al.,
2010) showed that species within spectral groups display
some variability in their SFS, which depends on PSII
antenna pigmentation (Johnsen and Sakshaug, 2007).
The degrees of similarity between the species-specific
and factory-made SFS will thus be a determinant factor
impacting the accuracy of FP data when using factory

settings. Because the signatures integrate a confidence en-
velope at each wavelength, even slight deviations from
the mean group SFS can lead to spectral group misclassi-
fications (Table III). In this study, the most striking
example was observed for L redeker, which showed a
67.8 + 2.1% misclassification in favour of the “red”
group, confirming previous observations (Beutler ¢/ al.,
2004; Catherine et al., 2012). Limnothrix redeker 1s a PE-rich
cyanobacteria (Suda et al., 2002) that thus displays an
intermediate SFS between the “blue” and “red” groups
(Fig. 1). Some species (P boryanum and P agardhit) showed
very little differences when compared with the factory-
made SIS (Figs 1 and 2), leading to almost perfect spec-
tral group classifications (Table III). Nitzschia palea and
C. tetrapyrenodosa displayed moderate Chla misclassifica-
tions, which mainly biased the measures towards the
“red” and “brown” spectral groups, respectively.
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Table VI: Weghted coefficients obtained from multivariate linear regression model outputs of selected
factory-made and control (N4 /DA) species-specific SES combinations

Selected SFS combinations “green” "blue” “brown” “red” L. redekei  P. boryanum N. palea C. tetra. P. agardhii  R?

“green” - 0.065 0.946 0.000 - - - - - 0.918
"blue” 0.000 - 0.000 0.603 - - - - - 0.028
“brown” 0.873 0.000 - 0.085 - - - - - 0.914
“red"” 0.000 0.629 0.992 - - - - - - 0.675
N. palea 0.687 0.000 - - - - - 0.267 - 0.851
C. tetrapyrenoidosa 0.000 0.470 - - - - 0.979 - - 0.901
“green” - 0.051 - - - - 0.880 0.000 - 0.812
“blue” 0.000 - - - - - 0.000 0.624 - 0.000
L. redekei - - 0.000 0714 - 0.000 - - - 0.098
P. boryanum - - 0.960 0.016  0.000 - - - - 0.915
“brown” - - - 0.000 0.061 0.947 - - - 0.930
“red"” - - 0.000 - 0.715 0.838 - - - 0.919
N. palea 0.763 - - 0.199 - - - - 0.000 0.838
P. agardhii 0.000 - - 0.5656 - - 0.000 - - 0.041
“green” - - - 0.000 - - 0.892 - 0.033 0.805
“red"” 0.000 - - - - - 1.004 - 0.627 0.865

All of the species-specific SFS reduced the percentages
of misclassifications to incorrect algal groups to below 4%
(Table III) and allowed for the correction of the slopes relat-
ing the FP data to the spectroscopic estimates (Table II).
These corrections were also assessed using binary assem-
blages under the control conditions (N+/DA), and the FP
was shown to correctly estimate total Chla with a relative
error of 4 12% (Table V). Moreover, in most cases, the use
of species-specific SFS reduced classification biases to
+13%, even when mixing L redeket with another
PE-containing species, such as C. letrapyrenoidosa (Fig. 3 and
Table V). In similar binary mixtures of P globosa with
marine diatoms or cryptophytes, Houliez ¢ al. (Houliez
et al., 2012) observed higher errors in spectral group classifi-
cations compared with our results. However, the authors
calibrated the device using a combination of factory and
species-specific SFS, despite having demonstrated the limits
of factory-made SF'S to correctly estimate pure cultures. In
addition, they did not check the linear independence of the
corresponding set of SF'S, and this procedure, according to
the data that were presented in this study, appears to be
central to the validation of the use of newly defined signa-
tures. Indeed, despite the fact that the rref analysis did not
identify any linear dependence between the SFS (factory-
made and/or species-specific), some configurations that
were used 1n this study were shown to be inappropriate by
multivariate regression approaches and led to reduced FP
performances (Fig. 3G and H; see later in this section).

SFS dependence on physiological variability
Light fluorescence pathways

Overall, light acclimation for the N-replete cultures
(N+/LA) resulted in the underestimation of Chla levels
when compared with the control DA conditions

II

(Table IV). Given that light acclimation did not induce
any changes in the shape of SFS, this underestimation
originated from variations in the magnitudes of F and
more specifically;, on the balance of excitation energy that
was used in photochemistry or dissipated by fluorescence
or by other dissipative pathways (MacIntyre et al., 2010).
Because the I'P uses saturating light pulses, the variations
that were observed between the measurements obtained
following DA (F,, or maximum fluorescence in dark-
acclimated state) or LA (F,,” or maximum fluorescence in
light-acclimated state) treatments may reflect changes in
the efficiency of the non-photochemical quenching
(NPQ) of fluorescence (Maxwell and Johnson, 2000). The
NPQ corresponds to excess energy dissipation as heat.
This mechanism prevents the structural damaging of the
photosystems (PS) reaction centres originating from the
production of reactive oxygen species when the electron
transport chain is saturated (Asada, 2006). Nitzschia palea
and P borpanum were the most susceptible species to these
effects, showing similar reductions in fluorescence that
may have been associated with xanthophylls cycle activity
(Demmig-Adams, 1990). In comparison, C. fetrapyrenor-
dosa, L. redeker and P agardhii showed moderate reductions
in their fluorescence emissions under LA conditions.
These species display different NPQ mechanisms
(Schubert et al., 1995; Campbell ¢t al., 1998; Kana et al.,
2012) that are probably related to the fact that these
species are adapted to low-light conditions (Gervais,
1998; Reynolds and Petersen, 2000). These results em-
phasize the need to perform FP measurements following
dark acclimation, particularly under field conditions in
which irradiance may be much higher and significantly
impact I'P data accuracy (Serra et al., 2009). When fluo-
rometers, such as the FP, are used for real-time n situ
monitoring, diel F*™ variability should also be considered
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because it may lead to day—night variations in fluores-
cence emissions (Dandonneau and Neveux, 1997). When
dark acclimation cannot be performed, concurrent PSII
photochemical yield estimations may be used to adjust
for the effects of NPQ on chlorophyll fluorescence
(Chekalyuk and Hafez, 2011).

Impacts of nutrient stress on_fluorescence measurements
N-depletion, which was characterized by a lack of growth
of corresponding cultures, was shown to produce varying
effects, depending on the species in consideration, on the
magnitude and spectral dependence of F™. These effects
may result from variations in the absolute and relative
quantities of light harvesting pigments, the energy transfer
efficiencies towards PSII and the amounts of energy that
are used in the photochemistry reactions or dissipated by
fluorescence or quenching (Beutler ¢f al., 2002; MacIntyre
etal., 2010). Indeed, compared with the control conditions,
N-depletion resulted in strong Chla estimations and classi-
fication biases. The N-depleted cultures of N palea and
L. redeker exhibited marked increases (approximately two to
four times) of F"!, while these effects were less pronounced
for P boryanum (Table IV). Increased F™ levels in response
to environmental stresses (N-depletion in particular) have
been previously reported (Kiefer, 1973; Kruskopf and
Flynn, 2007; MacIntyre et al., 2010), and our data
matched the reported amplitudes. However, we also found
that some species (C. tetrapyrenoidosa and P agardhit) showed
reductions (40.3 and 17.4%, respectively) in F™ following
N-depletion (Table IV). Despite the opposite responses
that were observed with some species (either increased or
decreased F™), these findings may reflect reductions in
photochemical efficiencies following nutrient stress. In
some cases, these reductions may be related to the down-
regulation of pigment synthesis or to structural damage to
PSII, which both would reduce energy transfer to the core
Chla (Geider et al., 1997). This was likely the case for the
N palea and C. tetrapyrenoidosa normed SFS (Fig. 2), for
which N-depletion induced reductions in fluorescence
emission after excitations at 525 and 590—610 nm. A pos-
sible hypothesis is that the reduced fluorescence emission
may originate from alterations in the fucoxanthin/Chla
ratio in N, palea (Hou et al., 2007) and in the PE/Chla ratio
(Sciandra et al., 2000) in C. tetrapyrenoidosa. Increased F™
may, in some cases, partially compensate for the decreased
pigment contents (Kruskopf and Flynn, 2007) and explain
the varying responses that were observed among the
species following N-depletion.

The SFS shape, in the 470—570 nm range, is critical
for the differentiation of eukaryotic species (Maclntyre
et al., 2010). The observed modifications in the SFS shape
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of N palea and C. tetrapyrenoidosa made them more similar
to the “green” SFS, thus reducing their degrees of linear
independence. Accordingly, in the binary mixtures of
these two species, all of the misclassified Chla was direc-
ted towards the “green” group (or P boryanum) at both
Chla levels that were tested (Fig. 3). The relative consist-
ency of the SFS of P agardhu, P boryanum and L. redeke:
(Fig. 2) likely originates from the lower sensitivity of these
species to N-depletion. Resistance to N limitation may
originate from the storage of N as cyanophicin granules
in Cyanobacteria (Kolodny et al., 2006), while the corre-
sponding mechanisms remain unclear for P boryanum.
Regarding L. redekei, the changes in SFS likely originated
from phycobilisome degradation.

Spectral fluorescence methods and
implications for environmental monitoring

The necessity of applying specific calibrations to overcome
some of the FP limitations originating from factory calibra-
tions was confirmed. First, it allows for a better agreement
of the FP data with the Chle quantification reference
methods (e.g. spectroscopy). Additionally, it provides more
consistent estimates for those species whose corresponding
factory settings lead to classification biases (Leboulanger
et al., 2002). However, the selection of a given set of SFS
may perfectly correlate with the results of the reference
methods in some cases but may also produce erroneous
data due to successions in the composition of communities
and the occurrence of species with different spectral prop-
erties. Thus, discrete samples remain necessary to track
changes that may occur in the composition of phytoplank-
ton communities (e.g. by conventional microscopy-based
methods).

In addition, newly defined SFS should not blindly be
applied in FP without testing for linear independence
between the SFS combinations. Although all of the com-
binations that were tested in this study were considered to
be linearly independent by conventional rref tests, multi-
variate regression models identified some associations
that lacked linear independence and resulted in reduced
FP performances (Fig. 3H and Table VI). Such interfer-
ences were shown to be more problematic under low
Chla conditions and illustrate FP algorithm limits to ac-
curately estimate the spectral groups’ compositions of
samples displaying weak fluorescence signals. This may
be critical for health risk assessments in relation to cyano-
bacteria blooms, especially if the FP data are compared
with local guidelines (Zamyadi e al., 2012). It also brings
the quality of the FP data into question for ecosystems
that are characterized by low total phytoplankton
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biomass, such as marine ecosystems or oligotrophic lakes
and rivers. Because the FP data can be post-calibrated,
users should implement the proposed multivariate regres-
sion approach to validate the use of new SIS associations
and apply the combinations ensuring maximum linear
independence. If linear independence cannot be
achieved, then the FP estimates should be considered
with caution. Because the FP uses a least squares-based
approach to deconvolute the fluorescence spectra, the
number of spectral groups that can be discriminated is
dependent upon the number of excitation wavelengths of
the device. The spectral group classification may be
biased even in the presence of slight collinearities
between selected SFS. The addition of excitation wave-
lengths could thus be beneficial, especially in the 470—
570 nm range, because it would improve the spectral
resolution of eukaryotic species, such as diatoms and
dinoflagellates. In addition, alternative fluorescence
spectra analysis methods that are based on factorial
regressions, such as the partial least square analysis, are
less sensitive to SFS collinearity and could also be imple-
mented (Seppild and Olli, 2008). Alternatively, the multi-
variate processing of raw fluorescence measurements (e.g
using a principal component analysis; Alexander et al.,
2012) can be used to identify the dominant fluorescence
spectra of mixed phytoplankton assemblages. However,
the fluorescence spectra (and thus the corresponding
spectral groups) that are identified using such a method
may correspond with quite heterogeneous phytoplankton
mixtures (Alexander ef al., 2012).

Finally, our results have confirmed that F™™ is impacted
by the physiological states of cells, which strictly violates
the SFS constancy assumption. Changes in the magni-
tude of F™ due to varying physiological states (c.g fol-
lowing short-term responses to light stress) would result
in quantification errors (under-estimation). In addition,
some physiological stresses (e.g. N starvation) may lead to
changes in both the magnitude and spectral dependence
of F™, which may induce varying degrees of Chla quan-
tification and classification errors depending on the
species under consideration. The results that are pre-
sented in this study correspond with extreme laboratory
conditions, which are rarely encountered in the field.
Previous field studies have indeed reported fair relation-
ships between FP Chla estimates and biomass data that
have been obtained using reference methods (Catherine
et al., 2012). Certainly, Chla cannot be strictly considered
as a measure of biomass (Kruskopf and Flynn, 2007),
which is usually estimated based on biovolume or carbon
(C) data. However, a strong covariance between fluores-
cence and biomass estimates may be achieved if the
dynamic range of the fluorescence signal is higher than
the range of intra- and interspecific variability in Chla
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per unit of carbon or biovolume (approximately one
order of magnitude), which is likely to be the prime deter-
minant of F™ (MacIntyre et al., 2010). Alternatively,
tracking of changes in fluorescence emission per unit of
Chla could also be used as a convenient indicator of
physiological stress in phytoplankton.

CONCLUSIONS

This study demonstrates that the FP represents an effi-
cient method for the quantification of phytoplankton
Chla and community composition and that the applica-
tion of specific calibrations greatly improves the agree-
ment of the FP data with those of the reference methods.

However, the robustness of the corrections that are
provided by calibrations may be subjected to some biases
that users must be aware of when using the probes’ data.
In this context, complementary sampling is indeed neces-
sary for identifying phytoplankton community succes-
sions and selecting appropriate sets of SFS. A novel
procedure is also proposed to assess the linear independ-
ence of the selected SFS sets.

In this sense, a library of species-specific signatures
would also be highly desirable. However, it is currently im-
possible to apply signatures that have been obtained from
a given fluorometer in the calibration process of another
due to hardware differences. Further work should aim at
overcoming this limitation to allow for the interoperability
of species-specific SFS.

Keeping these limitations in mind, fluorescence-based
tools, such as the B remain unparalleled for achieving
the high spatial/temporal coverage of phytoplankton
community dynamics.

SUPPLEMENTARY DATA

Supplementary data can be found online at http://plankt.
oxfordjournals.org,
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