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Exploring the complex interaction between algal growth and their photo-physiology is of significant interest
as it can further the understanding of harmful algal blooms. To this end, we investigate variations in
cell abundance and chlorophyll fluorescence parameters during the algal bloom formation of Prorocentrum
shikokuense in the field and batch culture via the pulse amplitude modulated fluorometry. Furthermore, based
on the interaction between algal growth and its photo-physiology status, we develop a novel algal growth
model incorporating cell growth delay. The model parameters are estimated by fitting the experimental data
of P. shikokuense and validated by the experimental data of Symbiodinium sp. The experimental results show
that the growth status and photosynthetic parameters of algal cells fluctuate in both field and laboratory
experiments and that the photosynthetic parameters have a faster response than growth parameters. According
to the experimental and mathematical results, the time delay between the slow growth of algae and the rapid
change of photosynthetic parameters may be a physiological mechanism leading to the fluctuations in algal
growth. These results are significant for studying the relationship between phytoplankton growth dynamics
and photosynthetic parameters and will help resource managers to predict and deepen the understanding of

harmful algal blooms.

1. Introduction

In the East China Sea (ECS), the species of dinoflagellates Proro-
centrum shikokuense (formerly named P. donghaiense; (Shin et al., 2019;
Goémez et al., 2021; Lu et al., 2022)) frequently forms harmful algal
blooms (HABs) in the late spring and early summer that last for weeks
or months. These HABs have occurred annually since 2000 and have
adverse effects on the coastal area from the estuary of Changjiang
River down to Fujian Province, China (Lu et al., 2022; Chen and
Chen, 2021). The frequency and severity of P. shikokuense HABs have
resulted in significant ecological damages, such as plankton community
structure changes (Chai et al., 2020; Chen et al., 2020; Lin et al., 2014;
Shen et al., 2019, 2022). Furthermore, these detrimental impacts of P.
shikokuense blooms include a decreased abundance of copepods (good
food organisms for fish) accompanied by an increased abundance of
small jellyfish, which will inevitably affect the fishery resources leading
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to economic losses (Lin et al., 2014; Shen et al., 2022). An outbreak of
dinoflagellates blooms (e.g. P. shikokuense) has been observed on the
coast of ECS after the spring diatom blooms and is often accompanied
by low orthophosphate (P;) levels (Kong et al., 2016; Wang et al., 2019;
Zhang et al., 2019b,a). This is because dinoflagellates have strategies
for assimilating and storing different resources as pools (nitrogen,
phosphorus, and trace elements) (Kustka et al., 2003; Jiang et al.,
2019; Qi et al., 2013). While both diatoms and dinoflagellates can store
polymers of P;, the larger size of dinoflagellates may have a greater
cell P; storage capacity, allowing some dinoflagellates to maintain a
relatively high growth rate under a low P; environment (Hou et al.,
2007; Diaz et al., 2008). In addition, P. shikokuense using organic forms
of phosphorus is an important adaptive strategy under phosphorus
limitation (Ou et al., 2008; Zhang et al., 2019c). Significant evidence
suggests that dissolved organic phosphorus is an important source of
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phytoplankton phosphorus in low P; areas (Mclaughlin et al., 2013; Wu
et al., 2000). Remote sensing or field investigations have shown a very
high abundance of P. shikokuense in every bloom formation, between
May and June, in the ECS since the year 2000 (Lin et al., 2014; Shen
et al., 2019; Tao et al., 2015, 2017; Lu et al., 2022). Therefore, P.
shikokuense has been a key research species in the field of HABs in the
ECS during the last two decades (Lu et al., 2022).

Photosynthesis (affected by phosphorus) is the dominant factor
in algal growth and reproduction. Chlorophyll a (Chla) concentra-
tion, maximal quantum yield (F,/F,), actual quantum yield (F,/F,),
efficiency of electron transport (a), and maximum relative electron
transport rate (rfETR,,,) are important evaluation indexes of photo-
synthesis as they describe many photosynthetic characteristics. F,/F,,
indicate that the intrinsic light energy conversion efficiency of PSII
reaction center is measured after leaf dark adaptation for 20 min. Under
non-stress conditions, the change of this parameter is very little and
is not affected by species and growth conditions, while under stress
conditions, the parameter decreases significantly (Xu et al., 1992).
F‘; /F) reflects the actual light energy capture efficiency of the PSII
reaction center in the case of partial closure, which is measured directly
without dark adaptation. Several studies indicate that F, /F,, and F‘; /F)
are affected by environmental changes, such as nutrition and light
intensity, and are directly related to the growth of algae (Misra et al.,
2012; Shi et al., 2016; Wang et al., 2018). Over the past few decades,
quantification of Chla concentration and algal cell abundance has been
extensively used to detect bloom-forming algal biomass. However,
with the development of pulse amplitude modulated (PAM) fluorom-
etry (Schreiber et al., 1986, 1997), the use of chlorophyll fluorescence
parameters to estimate photosynthetic performance and stress in algae
is now widespread in phytoplankton physiology both in the laboratory
and field studies (Falkowski and Kolber, 1995; Higo et al., 2017; Lippe-
meier et al., 2001; Parkhill et al., 2001; Shen et al., 2016; Wang et al.,
2014; Ma et al., 2021). For example, numerous studies have shown
that in vivo fluorescence characteristics, such as F,/F, and F,/F,
of photosystem II (PSII) are altered significantly under environmental
stress in the field and algal cultures. This finding is especially pro-
nounced in nitrogen and/or phosphorus limited scenarios suggesting
that F,/F, and Fq’ /F) are good proxies of algal physiological sta-
tus (Geider et al., 1993; Higo et al., 2017; Lippemeier et al., 2001, 2003;
Liu et al., 2011; Wang et al., 2014). On the other hand, some researches
indicated that these chlorophyll fluorescence parameters can only be
used as a diagnostic for unbalanced growth conditions (e.g. nutrient-
starved), and further results found that F,/F,, is not a good indicator
to measure the physiological state of algae under sufficient nutrition
condition (Parkhill et al., 2001; Kruskopf and Flynn, 2006; Bergmann
et al., 2002; Springer et al., 2005). Moreover, the sensitivity of F,/F,,
to nutrient limitation is different among algal species (Qi et al., 2013).
Further studies indicated that F,/F,, has a species-specific response to
the different growth phases (Lopez-Sandoval et al., 2014). Therefore, it
is important to explore how chlorophyll fluorescence of phytoplankton
responds to various environmental stresses.

In the fluctuating growth process of algae, the variation trend of
algal cell density can be characterized by oscillatory dynamics, which
widely exist in nature and can be observed in many systems such
as aquatic ecosystems, predator—prey systems, nervous systems, and
epidemiological systems (Esmaeili et al., 2022; Chaffee and Kuske,
2011; Droop, 1983; Shen et al., 2019; Huisman et al., 2006). Photo-
physiology status, as an indicator of algae density change, has not
been fully studied in the fluctuating growth of algae. Mathematical
modeling is becoming increasingly important for describing the dy-
namic growth process of algae and predicting the development trend of
algal blooms. Many researchers used mathematical models to study the
dynamic growth process of algae and obtained significant results. Song
et al. (2019) studied the effects of seasonal light intensity and nu-
trient availability on algae fluctuation during an algal bloom in the
Bohai Sea using a stoichiometric model. Heggerud et al. (2020) used
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a stoichiometric model to study the specific mechanisms that drive
the transient dynamics of an algal bloom. Considering the influence of
environmental randomness, Zhao et al. (2020) proposed and studied
a stochastic algal growth model based on the model in Song et al.
(2019) and obtained the threshold conditions that determine the per-
sistence and extinction of algae. In addition, with the development of
chlorophyll fluorescence dynamics, several mechanistic models based
on photosynthetic electron flow response to light have been widely
applied (Eilers and Peeters, 1988; Han, 2002; Garcia-Camacho et al.,
2012; Gao et al., 2018). These mechanistic photosynthetic models can
better describe the phenomenon of photoacclimation, photoinhibition
and photodamage during photosynthesis (Straka and Rittmann, 2018).
Some researchers used biophysical models to study the productivity of
microalgae culture systems. To study the effect of photoinhibition on
the productivity of algae in the runway pool culture system, Hartmann
et al. (2014) proposed a model considering both photosynthesis and
growth dynamics of algae. Based on the Droop-Han model (Hartmann
et al., 2014), Nikolaou et al. (2016) further studied the effect of pho-
toacclimation on algal growth by considering the kinetics of pigment
synthesis. Sun et al. (2017) used a coupled biophysical model to explore
the growth characteristics of P. shikokuense under different irradiance
and phosphorus limitation scenarios. To the best of our knowledge,
few studies have carried out the fluctuations in cell density and pho-
tosynthetic parameters of algae during the long-term culture process,
especially for P. shikokuense. Therefore, this paper intends to construct
a novel mathematical model based on photosynthetic parameters to
describe the variation trend of algal density.

In this paper, we select P. shikokuense, a key bloom-forming di-
noflagellate species in ECS, as the research object. We hypothesize that
the growth and photosynthetic parameters of P. shikokuense will show a
fluctuating trend in the field or batch culture, and in order to adapt to
the changes of physiological processes in different growth phases, the
fluctuation amplitude will gradually decrease. To test this hypothesis,
we investigate the variations in bulk community values of cell abun-
dance and its chlorophyll fluorescence parameters, such as F//F), a,
and rETR,, via PAM fluorometer during the outbreak of P. shikokuense
bloom in May 2016. In addition, we estimate the same parameters for
a batch culture of P. shikokuense over 12-time points covering a 50-
day period. Moreover, to understand the relationship between algal
growth and its photo-physiology status, we construct a mathematical
model based on Fl; /F) of PSII and algal cell density. The model are
calibrated based on experimental data of P. shikokuense and validated
by the experimental data of Symbiodinium sp. The experimental and
mathematical results provide a new insight to elucidate the mechanism
of bloom formation and dissipation.

2. Materials and methods
2.1. Field sample

The field study area is found between Dongtou and Nanji Islands,
located on the coast of Zhejiang Province, China (Fig. 1). According
to the development of a bloom from May 9 to May 20, 2016, phyto-
plankton water samples were collected at a total of 57 stations. The
station information, phytoplankton sample collection, species identifi-
cation, and cell number counting details can be seen in our previous
work (Shen et al., 2019). An aliquot of 50 ml surface seawater was
separately sampled from each station to determine Chla concentration,
F}/F,, and rETR using the pulse amplitude modulated fluorometer
(PHYTO-PAM-ED, Walz, Effeltrich, Germany) according to the previous
method (Shen et al., 2019). The parameters (¢« and rETR,,,,) of the
rETR vs. light curves were analyzed according to FEilers and Peeters
(1988). The detection method of P; was according to Jiang et al. (2019)
with minor modification. 100 mL seawater was sampled underwater
at 0.5 m and filtered by 0.45 pm cellulose acetate membrane immedi-
ately, and P; concentration was analyzed with phosphomolybdate-blue
spectrophotometry.
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Fig. 1. The field sample investigation area in the spring of 2016 between Dongtou and Nanji Islands in the coast of Zhejiang Province (the area of the dashed frame in the right

figure is the ship observation areas).

2.2. Laboratory experiment

An axenic strain of P. shikokuense (GY-H40) was purchased from
Shanghai Guangyu Biotechnology Co., Ltd., China. The algal culture
was maintained in f/2 medium (Guillard, 1975) with sterile-filtered
(121 °C, 20 min, 0.45 pm Millipore membranes) seawater at a salinity
of 30. The cultures ware kept at 20 + 1 °C under a 14:10 h light-
dark cycle at a photon flux of 65-70 pmol photons m=2 s~!. The
initial P; concentration of these batch cultures is about 1.62 pM. The
culture was routinely shaken twice daily until the cells reached the
exponential growth phase to be used in the following experiments. All
the experiments were carried out with three biological repeats.

To explore the growth status of P. shikokuense under long-term
culture conditions, the batch cultures were grown in 600 mL of fresh
f/2 media in 1000 mL flasks at an initial cell density of 7.3 x 10°
cells L~!. The algal culture conditions are consistent with the pre-
experiments. A 0.9 mL sample was collected and preserved in 0.1 mL
Lugol’s solution, and 0.1 mL samples were counted in a phytoplankton
counter frame (CC-F, Beijing Purity Instrument Co., Ltd., China) with
an optical microscope (ECLIPSE 80i, Nikon, Japan) at 0, 2, 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50 days. In addition, the determination
and calculation methods of the fluorescence parameters (Chla, F[; /F),
rETR, a, and rETR,,,) and P; concentration followed as with the field
samples by synchronous sampling.

2.3. Statistical analysis

For the field sample data, due to the non-normal distribution of the
data (Shapiro-Wilk test), the differences in characteristics among the
sample days are analyzed using the Kruskal-Wallis test with Dunn—
Bonferroni post hoc tests (IBM SPSS 22.0). For the laboratory exper-
iment, the data are presented as the mean + SE of triplicates, which
is normally distributed and with homogeneous variance (Levene tests).
Statistical differences among the sample days are analyzed using one-
way ANOVA followed by Tukey’s multiple range test. The generalized
additive model (GAM) was used to evaluate the trend of cell abundance
and fluorescence parameters over time (Fei et al., 2022; Li et al., 2019).
The GAM model is constructed and calculated using the mgcv function
library of the R package, and the model selection is performed using the
AIC value. The relationship function adopts Gaussian distribution. The
smoothing function adopts an adaptive smoothing function based on P
spline, and the optimal function order is selected by automatic model
simulation. In addition, generalized linear mixed model (GLMM) was
used to study the relationship between cell abundance and PAM param-
eters (Bolker et al., 2009; Wang et al., 2018). The total phytoplankton

cell density was used as the response variable. The Chla, Fq’ /F}, a, and
rETR,,,, were used as predictor variables. Sampling sites are incorpo-
rated into the model as random effects. p values < 0.05 were considered
significant. All analyses were performed using IBM SPSS Statistics 22.0
(IBM SPSS Software, Chicago, USA) and R 4.2.2, and all charts were
generated using Origin Pro 2018 (OriginLab, Northampton, USA) and
MATLAB (R2016b). In addition, the calculation of the dominance index
(Y) is according to Sun et al. (2003).

2.4. Derivation of the model

To explore the relationship between the growth process of algae
and its photo-physiology status, we propose a mathematical model to
describe the interaction between the actual photochemical quantum
yield of PSII (F [; /F}) and the cell density of algae (N). F, [; /F) can
characterize the operational efficiency of PSII in algal cells. Under a
given photosynthetically active photon flux density, this value pro-
vides a quantum yield to estimate the linear electron flux through
PSII (Baker and Neil, 2008). During photosynthesis, the light energy
absorbed by algal cells is mainly used for photochemical reactions and
excessive excitation energy will be dissipated in the form of heat and
fluorescence (Garcia-Camacho et al., 2012). It is worth noting that
photochemical reactions, heat dissipation, and chlorophyll fluorescence
compete for energy consumption. The actual photochemical quantum
efficiency of algal cells characterizes the ratio of energy used for photo-
chemical reactions to total absorbed light energy. Therefore, the change
of F(; /F], is composed of two aspects, and the capture of light energy
increases the energy available for photochemical reactions. We assume
that the rate of light energy captured by algal cells is proportional to
the irradiance, yielding

r, =K I(0),

where K|, is the light absorption coefficient of algal cell, and I(z) is the
irradiance. We treat I(7) as a periodic function with a light-dark cycle
of 14:10 h and photon flux of 65-70 pmol photons m=2 s~!.

With the increase of algal cell density, the specific absorption cross-
section of algal cells will be reduced, thereby reducing the light capture
rate of the cell (Garcia-Camacho et al., 2012). At the same time, the
absorption of light energy is also limited by the maximum actual
photochemical quantum yield of algal cells. For the convenience of
model expression, we use F to represent F q’ /F). Therefore, the final
form of light capture rate of algal cells is

r =K,,L(1— £
r E+ KN F,

max

@),
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Table 1
Parameters in model (1).
Parameter Unit Explanation
K, m2 pmol ™! The light absorption coefficient of algal cell
& m? Cellular light absorption cross-section
K, m? L cell™ Self-shading coefficient
nax Maximum actual quantum yield of photosystem II of algal cell
r day™! Energy loss rate
Hinax day™ Maximum growth rate of algae
K, Half-saturation constant for algae growth
e day™! Death rate of algae
b L day™" cell™! Density limiting coefficient
T day Time needed for the absorbed light energy to form new algal cells

where ¢ is the cellular light absorption cross-section, K is the self-
shading coefficient and F,,,, is the maximum actual quantum yield of
PSII of algal cells. Additionally, respiration has been long recognized
as an integral part of the algae energy budget (Garcia-Camacho et al.,
2012). Therefore, energy loss due to algae respiration should be consid-
ered. We assume that the energy loss due to respiration is proportional
to F and the energy loss rate is r (Garcia-Camacho et al., 2012; Alijani
et al., 2015). Thus, we arrive at the following equation for the change
in the actual quantum yield

g (-
dr E+ KN F,

max

>I(I)—rF.

For the process of algal growth, we use the traditional Monod
equation to describe the relationship between the specific growth rate
of algae (u) and the actual photochemical quantum yield (Wang et al.,
2007; Monod, 1949),

F

H = Hmax ?K/

where pp,, is the maximum growth rate of algae and K is the half-
saturation constant for algal growth. Compared with the changes of
photosynthetic parameters of algae, cell growth is a slow process.
Therefore, the time delay = needed for the absorption of light energy to
form new cells should be considered when exploring the growth process
of algal cells (Garcia-Camacho et al., 2012). Hence, at time ¢, the final
form of the specific growth rate of algae can be represented as

T

H() = Hmax FTTKf

here the notation F, means F(t — 7). We assume that the loss of algal
cells due to natural death is proportional to cell density and the natural
mortality rate is e. We further assume that the loss of cell density caused
by intraspecific competition is proportional to the square of cell density
and the loss rate is b (Chen et al., 2015). Then the change of N can be
expressed as

dN F
7 T Hmax \ 7o

N —eN — bN2.
dr F.+K;

According to the above formulations, we obtain a novel algal growth
model.

dN F,
— =y ——— N- eN — bN?
dr F. +K, —— ——

— Cell death  Crowding loss

Monod equation
(S —
9 p: Cell growth (@]
dF F
—=KGL 1-— )10~ rF
dr E+ KN Froax ——
Energy loss due to respiration
rp: Absorption of light energy

All parameters of the model are positive and their biological meanings
are listed in Table 1.

3. Results

3.1. Fluctuation of growth during the process of P. shikokuense bloom in
the field

During the investigation period, the concentration of P; ranged
from 0.06 to 2.96 pM, with an average of 0.56 pM. In the first three
days (May 9, May 10, and May 12), the average values were lower
than those of other days (P < 0.05, Fig. 2a), and the N:P ratio was
about 200 (unpublished data), indicating that this investigation area
was phosphorus limited. We analyzed the abundance and dominant
species of phytoplankton in water samples during the investigation
period (from May 9 to May 20, 2016) and that a typical P. shikokuense
bloom occurred (the average abundance of total phytoplankton and P.
shikokuense respectively were 6.64x 103 cells L~! and 6.59x10° cells L™,
the dominance of P. shikokuense was 0.82). This bloom process can
be divided into three phases: growth phase (May 9-12), maintenance
phase (May 13-18) and dissipation phase (May 19-20) (Fig. 2b, (Shen
et al., 2019)).

There are three troughs and two peaks during the process of this
bloom in the phytoplankton abundance and perhaps more pronounced
in P. shikokuense abundance. A similar trend is also found in Chla con-
centration. Fig. 2b shows the fluctuation of phytoplankton abundance
and Chla concentration, where the values declined to the minimum
values on May 12 and then increased significantly on May 13 and de-
creased again on May 14. It is worth noting that the substantial increase
of Chla and the large error bars on May 13 were due to the sharp
increase in biomass at the site of NC1. The second peak was observed
on May 17, and then these values declined until May 20. In addition,
the total phytoplankton and P. shikokuense abundances are very close
during the maintenance phase with a dominance of P. shikokuense
of 0.99. In addition, we used the GAM to evaluate the trend of cell
abundance and fluorescence parameters over time. The results showed
that cell abundance and fluorescence parameters changed significantly
with time (Fig. 4 and Table 2). As can be seen from Fig. 4, the GAM
results are consistent with the ANOVA results. The total phytoplankton
abundance and Chla concentration had the same change trend, both
experienced two peaks and finally showed a downward trend (Figs. 4a
and 4d). It can be seen from the variation of the abundance of P.
shikokuense that this bloom is obviously divided into three stages, which
is consistent with the results of ANOVA (Fig. 4e).

3.2. Fluctuation of photosynthetic characteristics during the process of P.
shikokuense bloom in the field

Fig. 3 and the GAM fitting results (Figs. 4b and 4c) show that the
fluctuating trend of F//F] and a is evident and consistent with that of
the growth trend. The values of F,; /F,, and « displayed a slight increase
on May 10 (0.49 and 0.194, respectively) and declined markedly on
May 13. The values of F z; /F! and a increased significantly again and
maintained a high level in the following days (from May 14 to 18)
and subsequently dropped to 0.28 and 0.119, respectively, on May
19 and increased at the end of the investigation (Figs. 3 and 4b).
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Table 2

Statistical parameters of generalized additive model.
Formula AIC Deviance explained (%) Rﬁ ” Deviance p-value
In(Total phytoplankton abundance)~ s(time) 208.96 0.7424 0.6942 80.32 <2e710
ln(F‘;/F’;)~ s(time) 41.49 0.4654 0.3760 4.86 0.000333
In(a) ~ s(time) 30.25 0.4661 0.3740 3.96 0.000416
In(Chla)~ s(time) 125.34 0.4713 0.3772 20.84 0.000338
In(P. shikokuense abundance)~ s(time) 362.94 0.6029 0.5346 1358.11 1.18¢7¢
In(rETR,,,,) ~ s(time) 75.97 0.4277 0.3336 8.94 0.00117

Table 3
Results of a GLMM to examine the association between cell abundance in the field and
fluorescence parameters.

Model parameter Coefficient (SE) t-value p-value
Chla 0.086 (0) 1855.441 < 0.001
Fq’/F,; —12.99 (0.031) —421.904 < 0.001
a 64.916 (0.095) 683.055 < 0.001
rETR, ., 0.003 (0) 293.796 < 0.001

A similar trend was also observed for rETR,,, but when the values
steadily declined after reaching the second peak on May 14 with a
maximum of 290.3 (Figs. 3 and 4f). Comparing the results of growth
and photosynthetic parameters (Figs. 2 and 3) we found that the higher

the phytoplankton abundance the lower values of the photosynthetic
parameters, especially in rETR,,,. Furthermore, to verify the practi-
cability of fluorescence parameters for estimating cell abundance in
harmful algal blooms, we used Chla, F,/F,, a, and rETR,,, fitting
the GLMMs. The results showed that all tested fluorescence parameters
had significant effects on cell abundance ( Table 3). Therefore, these
parameters may be selected to construct the model of chlorophyll
fluorescence parameters and algal cell interactions.

3.3. Fluctuation of growth in P. shikokuense laboratory experiment

To aid in the characterization of the fluctuation mechanism of
growth and photosynthetic parameters in the field, we performed
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Data expressed as mean + SE.

the growth experiment for the dominant species P. shikokuense in the
laboratory using batch culture for 50 days. In the first half of the
experiment (day 0-20) the concentration of P; was high and the values
exceeded 4 pM, except for the first two days, indicating that the P; in
water is not limited. In the latter half of the experiment (day 21-50)
the values of P; were low, indicating that the P. shikokuense culture was
under phosphorus limitation (Fig. 5a). As can be seen from Fig. 5b,
P. shikokuense abundance and Chla concentration showed an upward
trend in volatility in the first 25 days and respectively obtained the
maximum values of 6.67 x 107 cells L~! and 1331.26 pg L~! on day 25.
After day 25, the values displayed a significant decrease until day 40
or 45 and then increased slightly at the end of the experiment.

3.4. Fluctuation of photosynthetic characteristics in P. shikokuense labora-
tory experiment

We determine the photosynthetic parameters from the same time
samples as the laboratory growth experiment. Fig. 6 shows that F(; /F],
a, and rETR,,,, fluctuate and decrease gradually until the end of the
experiment. In detail, rETR,,, increased significantly (P < 0.05) in the
first 2 days and obtained a maximum value of 285.4 on day 2, and
then decreased in the next 3 days, afterwards there were three obvious
peaks on days 10, 25 and 35 and finally reached a minimum value of
7.6 at the end of the experiment. Similar trends were observed in the
other two parameters, only the fluctuation amplitude of F,/F, 7 and a
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Table 4
Parameter values of model (1) estimated from experimental data of
F,/F, and N in P. shikokuense.

Parameter Unit Value

K, m? pmol™! 1.124x1073
£ m? 1.8x10712
K, m? L cell™ 2.8553x107!3
Foax 0.9

r day™! 0.23

Hona day™! 0.76

K, 0.52

e day™! 0.175

b L day™" cell! 6.8x10710
T day 4.8

is not as prominent as that of rETR,,,, in the middle and later parts of
the experiment.

3.5. Experimental data fitting

Model (1) is calibrated based on the experimental data of
P. shikokuense using the least square method and is implemented by
the function “fmincon” in MATLAB R2016b. The model fitting results
and parameter values are shown in Fig. 7 and Table 4, respectively.
In addition, the model cost and relative error are calculated using the
method in Gao et al. (2022). Fig. 7 shows that the fitted curve of model
(1) fits the experimental data of N well, with the model cost of 0.632
and relative error of —1.1707. For F; /F), the model fits the overall
trend of the experimental data well, especially the first peak and the last
15 days. The corresponding model cost and relative error are 0.9336
and —2.1483, respectively. It is worth noting that the simulation curve
has a small wave trend, which indicates that the model can reproduce
the diurnal periodic changes of algae photosynthesis. In addition, the
model was validated by the experimental data of Symbiodinium sp. The
initial cell density and phosphate concentration are 4.74 x 10° cells
L~! and 2.74 pM, respectively. During the experiment, the cultures
were kept at a 12:12 h light-dark cycle with the photon flux of 50
pmol photons m~2 s~!. The other culture conditions are the same as
in Section 2.2. Fig. 8 shows a comparison between our simulation and
experiment data. The variations of cell density and actual quantum
yield are shown in Fig. 8(a) and 8(b). It can be seen from the fitting
results that the experimental data of Symbiodinium sp. can be well fitted
by the trained model, here the model parameter values from in Table 4
only changed the irradiance 1(r) and energy loss rate r. Combined with
the calibration and validation results, it shows that the model can well
describe the interaction between photosynthetic parameters and cell
density during algae growth.
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3.6. Sensitivity analysis

To provide a comprehensive understanding of the influence of the
change of parameter values on the results of the model, we perform
a sensitivity analysis. Here, the sensitivity system given by the partial
derivatives of variables X = { N, F} of the model (1) is derived with re-
spect to the parameters g = {K,, fpmaxs € by K|s Frao K 7l (the detail
methods please see Bortz and Nelson (2004), Sourav et al. (2020)). The
parameter’s baseline values are from Table 4. The logarithmic sensitiv-
ity curves (‘;—)q( %) for all variables of model (1) are displayed in Fig. 9.
From the logarithmic sensitivity solution curve, the dynamic response
of the model solution to parameter changes at different times can be
obtained. In addition, we can also get the percentage change of the
model solution caused when that parameter is doubled. As can be seen
from Fig. 9, the logarithmic sensitivity solution of all parameter show
a fluctuation state in the early time and eventually reaches a steady
state. From the results of sensitivity analysis, the maximum growth
rate (pn,), the light absorption coefficient (K,), and the maximum
actual quantum yield of photosystem II (F,,,) have positive effects
on the algal density, and the other parameters have negative effects.
Here, u..x has the largest positive effect on cell density, and e has
the largest negative effect. In contrast, u,, has the most negative
effect on the actual quantum yield, and e has the most positive effect.
This may be due to the self-shading effect. As the density of algae
increases, the light energy captured by individual algae cells decreases,
SO pma has a negative effect. It is worth noting that the logarithmic
sensitivity solutions with respect to K; and r tend to the same steady-
state values over time, indicating that the two parameters have similar
effects on cell density and actual quantum yield when the system is
stable. Interestingly, K, has a positive effect on cell density and b has a
negative effect, both of them have a positive effect on actual quantum
yield, and the effects of the two parameters on actual quantum yield
are similar when the system reaches a steady state.

4. Discussion

This study exhibits the first attempt to compare the growth and
photosynthetic parameters of a P. shikokuense bloom/batch culture
at different time points throughout a bloom process/growth cycle.
We aim to test the hypothesis that the values of algal abundance
and photosynthetic parameters would fluctuate to suit the changes of
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intracellular biological processes. These experimental results indicate
that the growth and photosynthetic parameters of P. shikokuense show
a fluctuating phenomenon and that the photosynthetic parameters have
a faster response than growth parameters. According to the results of
GLMMs fitted by photosynthetic parameters and cell abundance, these
photosynthetic parameters have significant effects on cell abundance.
Therefore, using the actual quantum yield and cell density as the re-
search variables, we proposed a novel algal growth model incorporating
cell growth delay. Then, the model was calibrated by the long-term
experimental data of P. shikokuense and validated by the experimental
data of Symbiodinium sp. Based on the model calibration and verifica-
tion results, the model can better describe the interaction between cell
density and photosynthetic parameters during the growth of algae. It is
worth noting that, unlike the statistical model, our model is a delay
differential equation. For the parameterized model, when the initial
value of variables is given, the model has a unique solution curve.
Therefore, the model can predict the growth of algae based on the
relevant data before the occurrence of HABs, and provide new insight
for the early warning of HABs combined with the critical threshold of
biomass when HABs occurs.
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) for both variables of model (1), with respect to the model parameters. The parameter values are shown in Table 4.

4.1. Fluctuation of growth and photosynthetic characteristics P. shikokuense
bloom in the field

Many studies have begun to focus on the application of PAM tech-
nology to in situ determination of chlorophyll fluorescence parameters
to assess the photosynthetic physiological status of algae during the
blooming process rather than to record the changes of algal abundance
merely. For example, some researches indicated that changes in pho-
tosynthetic characteristics (e.g. F,/F,,) could be a good indicator of
algal bloom formation and succession in the field (Higo et al., 2017;
Wang et al., 2014). On the contrary, Springer et al. (2005) found
that the values of F,/F,, were consistently 0.6-0.8 during the bloom,
providing little evidence of photo-physiological stress, as would have
been expected under nutrient-limiting conditions. The reason for these
two different results may be due to differences in measurement systems
and sampling intervals or differences in species growth status (Higo
et al., 2017; Springer et al., 2005; Wang et al., 2014; Parkhill et al.,
2001). An additional mechanism was shown in detail by Parkhill et al.
(2001), who indicated that F,/F,, is not a robust diagnostic for all
nutrient-stressed conditions because variable fluorescence can only be
used as a diagnostic for nutrient-starved unbalanced growth conditions.
To further examine this possibility, we take daily sampling to limit
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the differences of measurement. The GLMMs results showed that the
variable chlorophyll fluorescence parameters are closely related to the
abundance of algae ( Table 3) and the presence of a time-lag phe-
nomenon (Figs. 2b and 3). In addition, our investigation results showed
that the concentration of P; was deficient during the P. shikokuense
bloom (Fig. 2a). It is shown that the water body is in a phosphorus
limited state when the dinoflagellate blooms occur, but it is very
difficult to determine whether algal cells are in unbalanced growth
conditions during this stage (later spring to early summer). Therefore,
we speculate that whether or not P; is acting as a stressor on algal
cells may be more closely related to the photo-physiological status.
Furthermore, the concentration of intracellular P; (the total cellular P,
including the intracellular P; and surface-adsorbed P; where latter may
account for 15% to 45% of total cellular P; in the different phases of
blooms (Safiudo-Wilhelmy et al., 2004)) can be used as a good indicator
to measure whether algal cells are under phosphorus stress. Our previ-
ous study found that intracellular P; is important to algal growth (Jiang
et al., 2019; Gao et al., 2022) and the photosynthetic phosphorylation
level, Calvin cycle efficiency, photosynthetic rate, and block recycling
of NADP and NADPH will be inhibited by this limitation (Fredeen
et al., 1990). Therefore, further investigation of the exact mechanisms
involved in intracellular P; and photo-physiological parameters in the
field is needed.

4.2. Fluctuation of growth and photosynthetic characteristics P. shikokuense
in the laboratory

Phosphorus is considered to be a common limiting factor for the
growth of phytoplankton especially when blooms occur (Huang et al.,
2007). In this study, phosphorus limitation clearly affected cell abun-
dance and Chla concentration after 25 days of culturing compared with
the first 20 days in phosphorus sufficient conditions (Fig. 5). During the
experiment, the concentration of P; was low in the first 2 days because
the culture of P. shikokuense was in a phosphorus starvation state (the
value of alkaline phosphatase was about 14000 fmol cell™! h™!, unpub-
lished data) and a lot of P; were quickly absorbed in the cell surface, a
similar result was observed in our previous studies (Jiang et al., 2019).
However, excessive P; was released into the water because it could not
be absorbed and utilized before being exuded. The concentration of P;
increased on day 5 with a maximum value of 18.70 pM in the medium.
Although the P; concentration in the medium was low after the 20th
day, the algae continued to grow rapidly, and the abundance and Chla
concentration continued to increase and began to decrease after 5 days
(Fig. 5). During the experiment, from day 25 to day 40, the algal
abundance decreased significantly, followed by the values increasing
again until the end of the experiment. This has also been observed in
other studies, such as Alexandium minutum (Lippemeier et al., 2003),
Thalassirosira weissflogii (Liu et al., 2011). In addition, there was a small
fluctuation of P. shikokuense abundance in the first 25 days (in P; suffi-
cient conditions) followed by a large fluctuation in the later 25 days
(in P; deficient condition). By comparison, chlorophyll fluorescence
parameters have a faster response than that of algal growth during the
experiment (Fig. 6). Furthermore, there were obvious fluctuations in P.
shikokuense abundance and photosynthetic characteristics.

In particular, we see fluctuations in rETR,,,, which clearly iden-
tified algal photo-physiological status under different nutrient condi-
tions. Although there are differing opinions about the use of these
parameters as indicators for algal blooms under various environmental
stressors (Kruskopf and Flynn, 2006; Lippemeier et al., 2001; Liu et al.,
2011; Parkhill et al., 2001), this study showed a clear time delay rela-
tionship between the photosynthetic characteristics and the abundance
of P. shikokuense under various degrees of phosphorus limitation. With
the extension of culture time, the concentration of P; decreased to a
very low level in the last 25 days (Fig. 5a), indicating the cultures
were under phosphorus limitation. Note that P. shikokuense was not
under nitrogen limitation because the growth of P. shikokuense has little
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demand for nitrogen, especially on nitrate, which had concentrations
still above 37 pM after 33 days of culture when the initial nutrient was
at a f/2 level (Shen and Li, 2016). The values of F;/F,;, a, and rETR
fluctuated and decreased to 0.15, 0.032, and 7.55, respectively, at
the end of the experiment (Fig. 6). Similar results have been ob-
served in the harmful Raphidophyte Chattonella antiqua reported by Qiu
et al. (2013) where they conducted the complete growth cycle culture
experiment under different nutrient conditions. The control group’s
results showed the F,/F, value changes; from 0.58 to 0.70 during
the exponential phase, from 0.16 to 0.55 during the stationary phase
with some fluctuations, and increased slightly during the decline phase.
The relative pattern of variation in F,/F,, in the nutrient-limited group
was similar to the control group. There were many reasons for the
fluctuation of photosynthetic parameters during the long time culture.
Some studies suggested that the value of F,/F, was overestimated
because of the presence of photosynthetically non-functional (dead)
cells and cell detritus (Franklin et al., 2009). However, there is strong
evidence that photosynthetic parameter values of some algae decrease
under phosphorus stress (Liu et al., 2011; Qi et al., 2013) and increase
immediately after being supplemented (Lippemeier et al., 2001, 2003).
Therefore, we believe that photosynthetic parameter values are the key
to understanding whether the intracellular P; of algae is in a limited
state.

4.3. Model fitting of experimental data of P. shikokuense

In this paper, we establish a novel algal growth model incorporating
growth delay based on the interaction between the actual quantum
efficiency of photosynthesis and algal growth. Intuitive fitting results,
model cost, and relative error show that the model can reproduce
the changes in cell abundance and photo-physiology status during P.
shikokuense culture. It is worth noting that this model coupled the
photo-physiology status and growth state of algae, which is similar
to the models of Hartmann et al. (2014) and Nikolaou et al. (2016).
Compared with the models of Hartmann et al. (2014) and Nikolaou
et al. (2016), our model is simpler and has fewer free parameters. Our
model can directly describe the change of cell density based on the
photosynthetic parameters of algae, which makes the measurement of
experimental data of model variables simpler and more convenient for
model verification. In addition, the time delay between algal growth
status and photo-physiology status was incorporated. This model can
simulate the phenomenon of fluctuation of cell density and photo-
physiology status in the process of P. shikokuense culture. During the
whole culture period, the experimental data and the fitted curve of
the model show a trend of large oscillatory variation (Fig. 7), which
may be caused by the delay between the slow growth of algae and
the rapid change of photo-physiology status. The time delay may cause
the system to lose stability, and oscillation may occur when there is
a phase change between the received signal and the response to the
signal (Droop, 1983; Mackey and Glass, 1977; Misra et al., 2020; An
et al., 2019). Melendez-Alvarez et al. (2021) found that the feedback
mechanism of cell growth can lead to the fluctuation of cell density
through a molecular mathematical model combined with experimental
data.

In this model, we only consider the effect of the photo-physiology
status of algae on cell growth, while the effect of limited nutrients
(e.g., phosphorus) was ignored. Phosphorus plays an important role
in the photosynthesis of phytoplankton, such as the Calvin cycle and
regulation of some enzyme activity (Wang et al., 2004; Shen and Li,
2016). An interesting avenue of future work would be to incorporate
the effects of phosphorus on algal growth and photo-physiology sta-
tus into the model. An ecological stoichiometry model is a powerful
tool for combining energy balance with various of nutrients in an
ecosystem. Models based on ecological stoichiometry have been widely
used to explore various ecological mechanisms, such as predator—prey
systems, algae-daphnia interactions, and nutrient uptake processes in
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phytoplankton (Peace and Wang, 2019; Yuan et al., 2020; Davies and
Wang, 2021; Yan et al.,, 2021; Zhang et al., 2021; Heggerud et al.,
2020). To describe the growth characteristics of algae more accurately,
the influence of limiting nutrients on algal growth can be further
considered based on the model proposed in this paper combined with
stoichiometric mechanisms. Lopez-Sandoval et al. (2014) have shown
that the size of the cell can affect the metabolic rate of the species.
For example, the relationship between photosynthesis and cell size is
unimodal, with the highest rate measured in medium-sized species.
Therefore, our model is unlikely to be applied to all algae species.
We need to combine the actual data to adjust the relevant model
parameters according to the species specificity, in order to be suitable
for other HABs species. In addition, we speculate that for species with
close taxonomic status (such as species of the same family or genus),
the applicability of the model is better due to the similarity of their
ecological characteristics. We validate the model with the data of
Symbiodinium sp. and obtain good fitting results. One possible reason is
that P. shikokuense and Symbiodinium sp. have similar taxonomic status.
In general, combined with marine field data, the established prediction
model for specific phytoplankton species will help to effectively predict
the outbreak of harmful algal blooms.
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