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Abstract The intracellular concentration of internal nitrogen
(the Bcell nitrogen quota^) is crucial to explain the rate at
which phytoplankton populations grow. Hence, understand-
ing changes in cell nitrogen quota is informative on aquatic
primary productivity, phytoplankton ecology, eutrophication,
and algal blooms. However, current methods to directly mon-
itor per-cell nitrogen quota remain inaccurate, expensive, and
time consuming. This study tested the hypothesis that nitrogen
limitation triggers systematic optical changes in single cells,
which can be rapidly and accuratelymonitoredwith a standard
flow cytometer. The freshwater microalgae Desmodesmus
armatus, Mesotaenium sp., Scenedesmus obliquus, and
Tetraëdron sp. were reared in nitrogen-limited batch culture
conditions across two treatments of initial population densities
and monitored for cell nitrogen quota, medium nitrogen, and
optical flow cytometric properties of red fluorescence and
forward and side light scatters. Changes in nitrogen quota
could be described with high accuracy (R2=0.9) from obser-
vations of flow cytometric variables and medium nitrogen,
and the relationship did not change across different species

or initial population sizes. Red fluorescence was the most
important variable explaining 77 % of the total variability in
total cell nitrogen and up to 87 % when combined with side
light scatter, the second most important variable. Our results
indicate that optical flow cytometric variables are a convenient
and reliable method to estimate nitrogen quota in microalgal
cells.
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Introduction

Identifying nitrogen limitation and quantifying the degree of
nitrogen stress in phytoplankton cells is of primary importance
in ecological and applied phytoplankton fields. Nitrogen is the
nutrient required in highest amounts for cell division and is
often the first to become limiting. A limiting nutrient is de-
fined as the element whose availability inside the cell is the
lowest in relation to the cell’s requirement (typically nitrogen,
phosphorous, or iron; Howarth 1988). The capacity of a spe-
cies to store internal nitrogen (here referred as Bcell nitrogen
quota^) is a main determinant of primary productivity, nutrient
competition outcomes, and a key mechanism for the mainte-
nance of phytoplankton diversity (Grover 1991; Holt 2008).
Furthermore, especially in oligotrophic waters, a sudden re-
lease of nitrogen can lead to increasing chances of an algal
bloom, often with negative ecological and economic conse-
quences (Cloern 2001). Therefore, substantial resources are
allocated to monitor changes in phytoplankton nitrogen con-
tent, in order to regulate nitrogen loading budgets from an-
thropogenic activities (Shelly et al. 2010). Changes in phyto-
plankton nitrogen quotas are also routinely monitored in algal
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aquaculture practices: an intermediate degree of nitrogen lim-
itation is needed to balance the quality (i.e., stress-related in-
crease in lipid and carbohydrate contents) and quantity of the
final product (Adams et al. 2013).

Current techniques to determine phytoplankton nitrogen
status can be divided into direct and indirect methods, both
with limited employability (Shelly et al. 2010; Beardall
et al. 2001). The two most common direct methods are
elemental analysis and digestion protocols. These tech-
niques quantify the absolute and relative concentrations of
single elements in biomass samples and infer the nitrogen
quota of single cells (e.g., Li et al. 2014; Bertilsson et al.
2003; Raimbault et al. 1999). However, direct techniques
tend to be costly, rely on sophisticated instruments, and,
most importantly, cannot differentiate between elements
derived from live and dead cells or inorganic particles,
which can substantially overestimate per-cell nutrient com-
position (Beardall et al. 2001). Alternatively, indirect
methods to quantify nitrogen status consist of Bbioassays^
or Benrichment experiments,^ where the degree of nitrogen
limitation is determined by comparing the response (usual-
ly growth rate, but also changes in protein content or spe-
cific enzymatic activities) of an indicator species (or of a
community of species) in a sample when re-supplied with
nitrogen (e.g., Hecky and Kilham 1988; Hayes et al. 1984;
Dodds et al. 1993). Compared to direct methods, indirect
techniques generally do not rely on costly equipment and
can exclude the contribution from non-autotrophic parti-
cles. However, these experiments are more time consuming
(lasting up to weeks) and their results are more controver-
sial due to influences associated with extended confinement
of natural assemblages in bottles (Beardall et al. 2001;
Shelly et al. 2010; Graziano et al. 1996). Collectively, these
shortcomings highlight the need for a reliable and more
rapid method to quantify nitrogen status in phytoplankton
communities.

An alternative way to improve current estimation tech-
niques for phytoplankton nitrogen limitation is through the
analysis of single-cell optical properties. Nitrogen limitation
influences many physiological and morphological aspects of
phytoplankton cells such as cell volume, cell roundness, pig-
ment composition, quantities of internal organelles, and con-
centrations of storage molecules (e.g., lipids, carbohydrates,
proteins; Vanucci et al. 2010; Rodolfi et al. 2009; Adams et al.
2013; Kolber et al. 1988). The conventional way to quantify
cell morphological features is with flow cytometers, which
measure optical properties such as light refraction and fluores-
cence signals as a laser beam excites individual cells (Sosik
et al. 2010; Veldhuis and Kraay 2000; Collier 2000). In this
way, flow cytometric variables only depend on intrinsic prop-
erties of a cell without being influenced by total population
size. Three types of flow cytometric optical signals directly
relate to the anatomy and physiology of phytoplankton cells.

The red fluorescence signal is proportional to the internal
concentration of chlorophyll a inside the cell and can be
used to d i f f e ren t i a t e phy top lank ton ce l l s f rom
chlorophyll-free particulate matter (Sosik et al. 1989;
Dubelaar and Jonker 2000). The forward light scatter rep-
resents the light travelling along the same axis of the laser
beam, and its intensity is proportional to the cell cross sec-
tion (Dubelaar and Jonker 2000). Finally, the side light
scatter represents the light travelling orthogonally to the
incident laser beam and its intensity relates to the internal
and external structures and granularity of the cell (Dubelaar
and Jonker 2000). If the oncoming of nitrogen limitation
leads to systematic anatomical and physiological changes
within a cell, then, a flow cytometric optical analysis should
provide a quantifiable signal for evaluating cell nitrogen
quota in ways that are instantaneous, non-destructive, pre-
cise, and practical to monitor with automatic programmable
instruments.

Optical properties detected with flow cytometers have
already been successfully used to infer specific features in
phytoplankton cells (Balfoort et al. 1992). The red fluo-
rescence signal accurately (R2>0.8) predicted per-cell
concentration of various pigments across different marine
phytoplankton species (Cavender-Bares et al. 1999). Fur-
thermore, analysis of forward light scatter signals provid-
ed in fo rmat ion about the ca lc i f i ca t ion leve l in
coccolithophore cells (von Dassow et al. 2012). Regarding
the relationship between optical proprieties and nitrogen
s t a t u s , f l ow c y t ome t r i c r e d f l u o r e s c e n c e o f
Prochlorococcus, Synechococcus, and picoeukaryotes
showed a significant increase following nitrogen addition,
which did not occur when supplied with non-limiting iron
and phosphorous (Davey et al. 2008). Also, Microcystis
aeruginosa showed a positive relationship between flow
cytometric red fluorescence and medium nitrogen avail-
ability (Brookes et al. 2000). Therefore, flow cytometric
variables of red fluorescence and forward and side scatter,
all appear to be sensitive to changes in nitrogen status
across different phytoplankton species and growth
conditions.

It is important to consider and account for the effects of
photoperiod when evaluating the use of optical properties
as a proxy for nutrient status in phytoplankton cells
(DuRand and Olson 1998; Mas et al. 2008). Photoperiod
regulates the cell cycle: formation of cleavage furrows in
the cell wall, organelle replication, increase in photosyn-
thetic performance, and change in cell shape and size
(Roenneberg and Mittag 1996; Luning 2005). As a result,
optical properties of a cell also change depending on cell
cycle relative to photoperiod (DuRand and Olson 1998;
DuRand et al. 2002). Hence, in order to eliminate diurnal
effects, data collection was standardized with respect to
sampling time.
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The aim of this study was to investigate whether cell optical
properties measured daily at 18:00 with a standard flow
cytometer can be used as an accurate predictor of nitrogen
quota in four nitrogen-limited microalgal species
Desmodesmus armatus, Mesotaenium sp., Scenedesmus
obliquus, and Tetraëdron sp. grown in laboratory batch cul-
ture. In the experiment, nitrogen-limited cultures were re-
supplied with nitrate and monitored daily until stationary
phase across two treatments of initial inoculation densities.
Our results demonstrate that flow cytometric optical proper-
ties can serve as excellent proxies for nitrogen quota in labo-
ratory batch cultures.

Material and methods

Monoclonal 1.2 L batch cultures of three green microalgae,
Desmodesmus armatus (R. Chodat) E. Hegewald (culture
accession: NQAIF301), Scenedesmus obliquus (Turpin)
Kützing (NQAIF299), and Tetraëdron sp. (NQAIF295),
and one charophyte, Mesotaenium sp. (NQAIF303), were
sourced from the North Queensland Algal Culturing and
Identification Facility at James Cook University (Towns-
ville, QLD). The four species coexist in nature and are
among the most common and resilient species in the area
where they were originally isolated, at the Tarong Power
Station ash-dam (Tarong, Queensland, Australia). Mother
cultures were reared in standard Bold Basal Medium
(BBM; Nichols 1973). All chemicals for culturing and nu-
trient analyses were purchased from Sigma-Aldrich. Nitro-
gen was set as the limiting factor for growth in all experi-
mental cultures, by acclimatizing in nitrogen-free BBM pri-
or to the beginning of the experiments until population den-
sity reached stationary phase and successively supplying
1000 μmol-N L−1 of sodium nitrate (NaNO3), which repre-
sents a third of the original BBM nitrogen concentration.
Potential for carbon limitation was minimized by ensuring
pH levels below 7 by buffering the modified nitrate-BBM
with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) at 8 mmol L−1 and by supplying NaHCO3 at
2.38 mmol L−1. Cultures were kept in a temperature-
controlled room at 27±3 °C with a 14–10-h day-night cycle
at a light intensity of 70 μmol photons m2 s−1. Cultures
were continuously mixed with magnetic stirrers at
300 rpm (IKA RCT Basic, IKA Labortechnik, Germany)
and aerated with 0.45 μm filtered air (Durapore, Millipore).
Glassware was acid-washed (10 % HCl), and all culturing
materials were autoclaved and handled aseptically in a
laminar flow cabinet.

Experimental design To test for the influence of light pene-
tration and per-cell medium nitrogen availability, two inde-
pendent replicate cultures for each of the four species were

grown at two treatments of initial inoculation densities, lead-
ing to different per-cell nitrogen availabilities and mean light
penetrations. Culture volume was standardized at 1 L. To
standardize initial conditions for biomass and light penetration
across species with different cell sizes, starting inoculation cell
densities were set at optical densities of 0.01 for the low initial
inoculation treatment and were increased fivefold to 0.05 for
the high initial inoculation treatments. Initial medium nitrogen
was kept constant at 1000 μmol-N L−1, which meant an ap-
proximate fivefold difference in per-cell medium nitrogen
availability between the two treatments. Inoculation densities
were based on preliminary analysis of the species to ensure
from 3 to 6 days of fast nitrogen-driven population growth.
Optical densities were measured at 750 nm on three 250 μL
mother culture samples loaded on standard 96-well plates
(EnSpire® Multimode Plate Reader; PerkinElmer, USA).

It is important to consider and account for the effects of
photoperiod when evaluating the use of optical properties
as a proxy for nutrient status in phytoplankton cells (Mas
et al. 2008; DuRand and Olson 1998). Photoperiod regu-
lates the cell cycle: formation of cleavage furrows in the cell
wall, organelle replication, increase in photosynthetic per-
formance, and change in cell shape and size (Luning 2005;
Roenneberg and Mittag 1996). As a result, optical proper-
ties of a cell also change depending on cell cycle relative to
photoperiod (DuRand et al. 2002; DuRand and Olson
1998). Hence, data collection was conducted every day at
18:00, in order to control for any diurnal fluctuations.

Flow cytometric analysis Three replicate measurements
per culture were taken every day at 18:00 loading 250 μL
on a 96-well plate and measured with a Guava EasyCyte
flow cytometer (Millipore, USA). Before cytometric anal-
ysis, each sample was diluted with deionized (DI) water
between 25 and 50 times to maintain the optimal precision
range of the instrument (50 to 500 cells μL−1). Optical var-
iables are represented by the mean of the cytometric histo-
grams for red fluorescence, forward scatter, and side scatter.
The excitation light was a blue laser at 488 nm and 75 MW,
and emission was recorded at 488±6 nm for forward and
side light scattering and at 690±50 nm for red fluorescence
as individual cells pass through a microcapillary flowcell at
0.1 μL sec−1. Population size and optical coefficients were
estimated after excluding dead cells and inorganic particles
characterized by low red fluorescence signals. Instrument
precision was periodically checked with Guava easyCheck
beads (Catalog No. 4500-0025, Millipore), ensuring a co-
efficient of variation (CV) <5 % for all detectors. Flow
cytometric optical values are relative to the voltage applied
to the photodetector. We controlled for the sensitivity of the
photodetector by keeping it constant throughout all
experiments and all species. Moreover, we facilitated
result reproducibility by normalizing flow cytometric
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readings by the optical mean values of the easyCheck
beads, a strategy already adopted by DuRand and Olson
(1996, 1998) and Mas et al. (2008).

Medium nitrogen analysis Phytoplankton cells can respond
with nitrite (NO!

2 ) excretion when initially exposed to a surge
of ambient nitrate (NO!

3 ; Malerba et al. 2012). Hence, we
quantified total medium nitrogen as the sum of nitrate and
nitrite ambient concentrations with the ultraviolet spectromet-
ric screening method (Lanoul et al. 2002). Three 1.25 mL
replicate samples per culture of filtered supernatant were acid-
ified with 25μL 1NHCl to prevent interference from hydrox-
ide or carbonate molecules (Clescerl et al. 1999). After
vortexing, 250 μL was transferred onto a 96-well plate (Ultra-
violet-Star, Greiner Bio-One GmbH) and optical density was
measured at 230 nm (OD230; EnSpire). Also, because certain
types of dissolved organic matter can also absorb at 230 nm
and NO!

3 and NO!
2 do not absorb at 275 nm, a second mea-

surement at 275 nm (OD275) was used to correct each OD230

reading (Clescerl et al. 1999). The standard curve for (OD230–
OD275) was linear across the range of nitrogen concentrations
used in the experiments (R2≥0.995).

Total particulate nitrogen and cell nitrogen quota Estimation
of total particulate nitrogen content was performed by
digesting biomass samples and oxidizing all nitrogen to nitrate
following the persulfate oxidation method (Eaton et al. 2005;
Delia et al. 1977; Solorzano and Sharp 1980) and later esti-
mating total nitrate-only concentration with the salicylate
method (Cataldo et al. 1975). Cell nitrogen quota was then
estimated for each sample by dividing total particulate organic
nitrogen by the population size at each day of the experiment.
The persulfate digestion required two reagent solutions: (1)
2.01 g of K2S2O8 and 1.5 mL of 5 M NaOH in 100 mL DI
water (made fresh daily) and (2) 6.18 g H3BO3 and 0.8 g
NaOH in 100 mL DI water (stable solution). Nitrate determi-
nation with the salicylate protocol required two reagent solu-
tions: (3) 0.5 g of C7H6O3 in 10 mL of conc. H2SO4 (made
fresh daily) and (4) 200 g NaOH in 1 L DI water (stable
solution). Inorganic and organic standard nitrogen stocks were
(1) 1.011 g KNO3 in 1 LDIwater for the inorganic control and
(2) 0.75 g of glycine in 1 L DI water for the organic control.

The procedure for determining total particulate nitrogen
consisted of three steps. Firstly, cells were separated from
the supernatant by centrifuging between 2 to 14 mL of sample
(depending on the total nitrogen content in the sample) at
3000×g at 5 °C for 10 min, gently removing 12 mL of super-
natant, and re-suspending the biomass by diluting with DI
water to a total volume of 14 mL. The procedure was repeated
four times and, at the end of the fourth cycle, cells were con-
centrated in 2 mL. Secondly, biomass digestion was carried
out by mixing 2 mL of reagent (1) with the concentrated

biomass samples, autoclaving the solution for 30 min at
121 °C, and allowing to rest in the autoclave overnight. We
checked that increasing autoclaving time to 45 and to 60 min
did not change the digestion efficiency. Thirdly, total nitrate
was determined by mixing 300 μL of digested sample and
400 μL of reagent (3), vortexing, and incubating at room
temperature for 20 min. Then, 5.7 mL of reagent (4) was
added to the solution. Optical density was read at 410 nm after
loading 350 μL on a 96-well plate (EnSpire). For each sample,
total nitrogen concentration was calculated based on a linear
regression from a 7-point calibration curve, made daily from
potassium nitrate stock (R2>0.99). A second 7-point calibra-
tion curve made daily from organic glycine and served as
positive control for the persulfate oxidation method.

Statistical analysis A multiple linear regression was carried
out to examine daily changes in cellular internal nitrogen as a
function of five continuous explanatory variables of per-cell
red fluorescence, per-cell forward and side light scatters, me-
dium N concentration, population size, and two categorical
explanatory variables of the two experimental initial condi-
tions and the four species. To ensure linearity, red fluores-
cence, forward light scatter, side light scatter, and population
size were natural log transformed, while medium N concen-
tration was square root transformed. To satisfy the assump-
tions of generalized linear models, we avoided biases due to
multicollinearity between main effects by setting a cutoff var-
iance inflation factor value of 5 (Zuur et al. 2009). In the data,
all dynamics transitioned from states of high nitrogen-low
population size to zero nitrogen-high population size; as a
result, the variables for medium nitrogen and population size
were highly negatively correlated (variance inflation factor of
12) and could not be both included as explanatory variables in
the same model. However, availability of medium nitrogen
was clearly the underlying driver: a decrease in irradiance
from increased population size and increased self-shading is
expected to increase per-cell red fluorescence, due to higher
pigmentation from photoacclimatization (Sosik et al. 1989).
Conversely, a decrease in medium nitrogen availability should
coincide with a decline in cell red fluorescence, due to reduced
photosynthetic rate from factors such as reduced N-rich pig-
ments, reduced thylakoid efficiency, decline in photosystem II
density, reduction in light-harvesting complex, and a decline
in enzymatic activities (Turpin 1991). Because we observed
decreasing red fluorescence during the experiments, medium
nitrogen is implicated as the driver. Hence, population size
was removed from the initial full model and this reduced the
maximum variance inflation factor score to 2.7, which was
below the assumed cutoff value of 5.

Combinations between the four species and two initial inoc-
ulation densities could produce different interactive effects on
optical properties, medium nitrogen, or total cell nitrogen. To
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account for this, nine two-way interaction terms were included
for all combinations between all continuous variables and the
categorical explanatory variables of species and initial popula-
tion size (also including an interaction term between the two
categorical variables). Furthermore, three additional interaction
terms were included between all combinations of optical prop-
erties with each other, to account for likely interactions between
physical properties of a cell (e.g., fluctuations in red fluores-
cence can depend on changes in forward or side light scatters).
Overall, 31 estimated parameters were included in the initial
full model, with a total of 89 residual degrees of freedom. Stan-
dard diagnostic plots on model residuals were examined to
ensure normality (QQ plot), homoscedasticity (standardized re-
siduals vs. fitted values) and absence of influential observations
or outliers (Cook’s distance <0.5). Bayesian information crite-
rion (BIC; Schwarz 1978) was adopted to determine the best-
fitting model from all possible candidates, obtained by remov-
ing single or combination of parameters from the initial fully
parameterized model. The best-fitting model following BIC
model selection is the one that minimizes the formula: !2" L
þ2" k " ln nð Þ ! ln 2πð Þð Þ; where L is the maximum likeli-
hood score, k is the total number of calibrated parameters, and n
is the sample size.ΔBICwas then calculated by subtracting the
BIC score of the best model from all other scores (i.e., the
ΔBIC for the best model is 0). In general, models with ΔBIC
between 0 and 2 should be considered as having substantial
empirical support (Kass and Raftery 1995; Strong et al.
1999). Model selection was carried out with the R package
MuMIn (Barton 2014).

For the best-fitting model selected by BIC, the independent
contribution of each explanatory term to the total explained
variability was calculated with the hierarchical partitioning
method (HPM) by Chevan and Sutherland (1991). The
HPM method isolates the unique contribution of each single
variable in a multiple regression analysis. For example, the
contribution of variable U to the total R2 of a multiple regres-
sion including U, V, Y, and Z is calculated by evaluating the
incremental improvement in total explained variance R2

U

! "

when introducing U to all possible model configurations, av-
eraged within a certain model size (i.e., first order: V, Y, Z;
second order: VZ, YZ, VY; third order: VYZ). Finally, the

unique contribution of U to the total R2 in the multiple regres-

sion is calculated by taking the average of the three RU
2 scores

across the first, second, and third orders of model sizes
(Gromping 2006). The 95 % confidence intervals (CI) for
the relative contributions are calculated by ordinary non-
parametric bootstrapping of all observations in the dataset
(with replacement) 104 times and repeating the HPM method

for each bootstrapped dataset (Gromping 2006). HPM and
bootstrapped CI were calculated with R package relaimpo
(Gromping 2006, 2007). Statistical computer software R and

RStudio were used for all analyses and graphs (R Core Team
2014; RStudio 2013).

Results and discussion

This study confirmed the hypothesis that flow cytometric op-
tical properties could reveal information about nitrogen quota
in laboratory batch cultures. Of all the competing models de-
rived from removing single or combinations of parameters
from the starting full model, only one fell within the threshold
level ofΔBIC<2 (Table 1). This best-fitting model explained
90.2 % of the changes in cell nitrogen quota as a function of
the main effects for all three optical properties (i.e., red fluo-
rescence and forward and side light scatters) and available
medium nitrogen (Tables 1 and 2). Model selection did not
detect any important main or interactive effects of species
(Table 1), implying that the effects of the main explanatory
variables were consistent across all four species. Similarly,
initial population size was not included in the best model
(Table 1), indicating that any effects of different per-cell me-
dium nitrogen availabilities were implicitly accounted for by
optical properties and medium nitrogen. The best-fitting mod-
el performed very well across all four species and for both
initial nitrogen conditions (r=0.87–0.94), showing no evi-
dence of bias (Fig. 1). Red fluorescence had the highest ex-
planatory power in the analysis. The total explained variability
in the best-fitting model was 90 %, but optical parameters of
red fluorescence, forward scatter, and side scatter contributed
to 88 %, and only the remaining 2 % was explained by medi-
um nitrogen (Fig. 2). Indeed, a linear model including only the
two most influential explanatory variables, red fluorescence
and side scatter, could explain 87 % of the total variability in
total cell nitrogen (Fig. 3), of which the overwhelming major-
ity (77 %) could be explained with a simple linear regression
only including red fluorescence (Fig. 4). Overall, these results
strongly support the hypothesis that optical variables are a
potential proxy for nitrogen quota for all four algal species
reared in laboratory nitrogen-limited batch culture conditions.

The existence of a relationship between nitrogen quota and
cell optical properties is consistent with our understanding of
nutrient-limited growth in autotrophic cells. Together with
carbon, nitrogen is the element in the highest demand during
cell division, and when nitrogen is in short supply, cells re-
spond by relocating nitrogen from storage molecules to vital
metabolic functions (Mulholland and Lomas 2008; Dortch
et al. 1984). Hence, low nitrogen status usually coincides with
a decline in N-rich pigments, density of internal organelles,
and decrease in cell size, which are all related to the optical
properties recorded with a flow cytometer: the intensity of the
red fluorescence signal is mainly proportional to the total pig-
ment concentration (especially chlorophyll a), forward light
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Table 1 Summary table for the ten best models following Bayesian information criterion (BIC) model selection

Model #Model terms

Intercept Exp. log(Fwd) log(Red) log(Side) Species sqrt(MdN) Exp:log(Side) Exp:sqrt(MdN) log(Fwd):log(Red)

1 −17.77 0.32 0.90 0.35 0.01
2 −18.21 −0.57 1.06 0.32 0.01 0.39
3 −17.66 + 0.32 0.86 0.37 0.01
4 −17.95 0.96 0.41 0.01
5 −18.00 0.36 0.98 0.15 0.01
6 −17.64 + 0.30 0.83 0.34 0.01 +
7 −17.74 0.45 0.90 0.37 0.01
8 −17.87 + 0.30 0.92 0.34 0.01 +
9 −19.09 + 0.90 1.23 −0.90 + 0.02 +
10 −17.87 + 0.28 0.89 0.30 0.01 + +

Model #Model terms

log(Fwd):log(Side) log(Fwd):Species log(Red):log(Side) log(Side):Species R2 df LogLik BIC ΔBIC Cum. Weight

1 0.90 6 16.38 −4.03 0.00 0.46

2 0.90 7 17.46 −1.42 2.61 0.12

3 0.90 7 17.15 −0.79 3.23 0.09

4 0.89 5 11.97 0.00 4.02 0.06

5 0.07 0.90 7 16.75 0.01 4.04 0.06

6 0.91 8 18.89 0.52 4.55 0.05

7 0.08 0.90 7 16.42 0.68 4.71 0.04

8 0.91 8 18.80 0.71 4.73 0.04

9 + 0.35 + 0.94 18 42.66 0.85 4.88 0.04

10 0.91 9 20.92 1.26 5.28 0.03

Rows represent individual models ordered from lowest to highest BIC score. Columns indicate each model term (main effects or interactions that were selected at least once in the top ten models),
coefficient of determination (R2 ), degree of freedom (df), maximum log-likelihood score (LogLik), BIC score,ΔBIC, and cumulative weight. Presence for model terms is indicated with either its estimated
parameter value for continuous variables or with a B+^ sign for categorical variables. Models were judged based onΔBIC, calculated by subtracting the overall best BIC score from the scores of each model
(hence, by definition, the ΔBIC of the best model is 0). Interaction terms between two variables are represented with the column sign (B:^)

Exp. the two initial conditions of starting population densities, Fwd forward light scatter, Red red fluorescence, Side side light scatter, MdN the available medium nitrogen
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scatter is a proxy for cell cross section and cell volume, and
side light scatter is proportional to the general internal com-
plexity of the cell (or its granularity; Dubelaar and Jonker
2000). In principle, similar mechanisms should also apply
for cells limited by different nutrients. For instance, positive
trends in flow cytometric optical values have been recorded
from nutrient-limited cultures resupplied with iron (Zettler
et al. 1996; Timmermans et al. 2001; Liu and Qiu 2012;
Davey et al. 2008), phosphorous (Demers et al. 1989; Cleve-
land and Perry 1987), and silicon (Demers et al. 1989).

This is the first documentation of flow cytometric optical
properties as a quantifiable proxy for cell nitrogen quota in

phytoplankton cells. These findings have implications for the
way we monitor phytoplankton species. Firstly, optical prop-
erties are among the few measurements that can be quantified
non-destructively from phytoplankton cells. This circumvents
having to indirectly calculate per-cell concentrations by divid-
ing two estimates for total elemental concentration and total
population size, which inevitably leads to propagation and
compounding of the uncertainty around the overall mean.
Secondly, measuring optical properties in field or laboratory
samples easily allow filtering out the contributions from all
non-autotrophic particles through the intensity of the red fluo-
rescence signal, which is mainly proportional to the
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Fig. 1 Observed and predicted
nitrogen quota values extracted
from the best-fitting model for
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day of the experiment, with
different symbols indicating the
two different initial per-cell
nitrogen availabilities. The
correlation coefficient quantifies
the goodness of fit for each
species pooled across both
treatments of initial nitrogen. The
diagonal line is the unity line,
where observed and predicted
values are equal

Table 2 ANOVA table for the
best-fitting multiple linear
regression on total cell nitrogen
following BIC model selection
(see model #1 in Table 1)

Source (transformation) Sum of squares df Mean square F value Prob (F)

Red fluorescence (loge) 41.8 1 41.8 899.1 <0.0001

Side scatter (loge) 5.6 1 5.6 119.6 <0.0001

Forward scatter (loge) 0.5 1 0.5 11.1 <0.0001

Medium N (sqrt) 1.3 1 1.3 28.9 <0.0001

Residuals 5.3 115 0.05

F4,115=265, Prob (F) <0.0001; R2 =0.902, adj. R2 =0.899
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concentration of pigments in photosynthetic tissues (Dubelaar
and Jonker 2000).Moreover, it is now technologically feasible
to measure phytoplankton optical properties from automated
monitoring stations (Thyssen et al. 2014; Zhou et al. 2012).
The temporal resolution from such flow cytometric time series
can provide important information about the influence of bi-
otic and abiotic factors on nitrogen quota dynamics.

Introducing a protocol for flow cytometric analysis of
nitrogen status can also benefit microalgal biotechnological
production systems. Imposing a nitrogen-limited regime to
a culture can substantially enhance the production of stor-
age lipids (e.g., triacylglycerols) and carbohydrates (mainly

starch), leading to a significant increase in the specific val-
ue of the microalgal biomass (Ikaran et al. 2015). Today,
conventional analytical methods are often implemented for
monitoring and optimizing biomass quality, but with results
only available considerable time after each sample is taken
(da Silva et al. 2012). Only recently, flow cytometric sys-
tems for continuous culture monitoring of lipid content, cell
size, enzyme activity, and identification of microbial spe-
cies are starting to emerge (da Silva et al. 2012; Hyka et al.
2013). While not common, such near-instantaneous
methods have already produced some improvements in
the productivity and the reproducibility of microalgal cul-
tivation processes (de la Jara et al. 2003; Gouveia et al.
2009; Doan and Obbard 2011). Our approach can comple-
ment such applications of flow cytometry, by facilitating
rapid assessments of culture nitrogen status.

It is important to quantify the variability of the rela-
tionship between optical properties and nitrogen quota
across different species. Trends in optical properties
mainly depend on the relative composition of different
types of pigments within a cell (Sosik et al. 1989).
Hence, it is likely that taxonomically related species
will often show consistent relationships in optical prop-
erties. In this study, the calibrated relationship between
nitrogen quota and cell optical properties was consistent
across three chlorophytes and one charophyte species
(BIC selected against species-specific coefficients; see
Tables 1 and 2). This means that an increase in internal
nitrogen corresponded to the same response in optical
properties across all four species. The extent to which
this relationship remains consistent across more
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Fig. 3 Multiple linear regression for total cell nitrogen as a function of
the two most important model explanatory variables: flow cytometric red
fluorescence and side scatter (see Table 1 and Fig. 2). Optical values are in
relative units and normalized by mean optical values of the flow
cytometric beads. Each point is a daily measurement at 18:00 collected
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Fig. 2 The unique contribution of explanatory variables for red
fluorescence (Red), side light scatter (Side), forward light scatter
(Forward), and medium nitrogen (Medium N) to the coefficient of
determination (R2±95 % bootstrapped confidence intervals) of the
multiple regression model (see Table 1), as calculated by the
hierarchical partitioning method (HPM). Total model explained
variability (i.e., sum of the four unique contributions) was 90 %
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taxonomically disparate species, however, requires fur-
ther investigation.

Future research should assess the reliability of optical prop-
erties as a proxy for nitrogen quota when extended from lab-
oratory cultures to field samples of mixed assemblages. This
requires analyzing the effects of additional covariates, such as
the effects of multiple potentially limiting nutrients. Further-
more, cells can photoacclimatize and change their pigment
concentrations when exposed to different light intensities
(Collier 2000; Dusenberry et al. 1999; Jacquet et al. 1998).
Hence, the influence of light irradiance on the relationship
between optical properties and nitrogen quota should be cali-
brated. Finally, optical characteristics also change throughout
the diel cycle, usually increasing intensity throughout the light
phase (Mas et al. 2008; DuRand and Olson 1998), highlight-
ing the need to standardize for time of sampling. Assessing
each individual contribution from these factors can facilitate
the comprehensive interpretation of time series of per-cell op-
tical properties with respect to nitrogen quota from field
samples.

The capacity of phytoplankton cells to assimilate and store
growth-limiting nutrients has important implications in nature
and in engineered systems. Presently available techniques for
directly measuring nitrogen quota in phytoplankton cells are
difficult and not feasible for monitoring frequently or over
large areas (Shelly et al. 2010). The use of optical proxies
has already revolutionized the scale and frequency of phyto-
p lankton moni tor ing. For ins tance , the MODIS
spectroradiometer installed on satellites Terra and Aqua doc-
umented, for the first time, patterns of global primary produc-
tion on ocean surfaces by recording total chlorophyll

fluorescence as a proxy for phytoplankton biomass (Bordi
et al. 1999). Today, flow cytometers are installed in most
oceanographic vessels and can even be designed as automated
submersible units for continuous monitoring of natural phyto-
plankton assemblages or microalgal bioreactors (Yentsch et al.
1983; Olson et al. 2003). The results of the present study
indicate that flow cytometric data does not just indicate total
population size but also has the potential to provide informa-
tion on nitrogen quota of phytoplankton cells.
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