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Summary

Models are widely used tools in aquatic science to understand the mechanism of phytoplankton 

growth and anticipate the occurrence of harmful algal blooms (HABs). However, model 

parameterization remains challenging and issues that may introduce prediction uncertainty exist. 

Many models use the Monod equation to predict cyanobacteria growth rate based on ambient 

nutrient concentrations. The half-saturation concentrations in the Monod equation varies greatly 

among different studies and depends on environmental conditions. In this study we estimated the 

growth rate due to nutrient limitations for two cyanobacteria species (Microcystis aeruginosa and 

Dolichospermum flos-aquae) using a modified Monod model which allows the half-saturation 

concentration to vary according to initial nitrogen (N) conditions. The model is calibrated 

against observations from laboratory experiment where cyanobacteria growth and ambient nutrient 

concentrations were measured simultaneously, which is rarely done in the literature. Our results 

show this modified model produce better predictions on growth rate and biomass, indicating many 

commonly used mechanistic models may need improvement regarding phytoplankton growth 

representation. Furthermore, our study quantifies the flexibility in cyanobacteria growth parameter 

across a wide range of environmental N in eutrophic lakes thus provides important information for 

large-scale modelling applications.
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1. Introduction

Cyanobacteria-dominated harmful algal blooms (HABs) are increasingly causing global 

environmental concerns because of their disturbance to aquatic ecosystems (Paerl et al. 

2016a, 2016b), economic impacts (Dodds et al. 2009), and detriments to human health 

(Harke et al. 2016). Efforts to control HABs have focused on the two essential elements 

that limit primary production (Elser et al. 2007); nitrogen (N) and phosphorus (P). Nutrient 

control has a demonstrated success at decreasing biomass and toxicity of cyanobacteria 

blooms (Gobler et al. 2016). Microcystis aeruginosa and Dolichospermum flos-aquae 
(species formerly assigned to genus Anabaena) are two taxa that cause HABs (Harke et 

al. 2016; Li et al. 2016). Consequently, they have been the subjects of numerous studies 

designed to quantify their growth kinetics in response to nutrient availabilities. Such 

information is important to precisely predict the timing and magnitudes of HABs and to 

support decision-making in environment management.

In natural ecosystems where resource availabilities fluctuate and are rarely at equilibrium 

(Beversdorf et al. 2015), cyanobacteria growth and nutrient metabolism are highly dynamic 

and vary greatly with environmental cues (Harke and Gobler 2015). Modeling has been 

widely used to simulate ecosystem dynamics and models have been developed to predict 

phytoplankton growth and to identify their environmental controls (James and Boriah 2010; 

Rousso et al. 2020). Despite the enormous diversity of different modeling approaches, 

they share a common objective; to mathematically represent biological processes, which 

requires parametrization of cyanobacteria physiological traits. Specifically, there are two 

commonly used approaches to describe nutrient limitation of phytoplankton growth. First, 

the Monod equation, hypothesizes that growth rate is a function of the ambient concentration 

of the limiting nutrient, and requires model users to assign a value for the half-saturation 

concentration of the limiting nutrient (Monod 1949):

μ = μmax × S
S + Ks

1)

where μmax is the theoretical maximum growth rate achieved at non-limiting nutrient 

concentration, S is ambient nutrient concentration, and Ks is half-saturation concentration. In 

the second approach, cellular nutrient content (q) is a variable, and growth rate is modeled as 

a function of q using the Droop equation based on the assumption that nutrients are stored in 

the cell before being utilized (Droop 1974):

μ = μmax × q − qmin
q 2)

where μmax is the theoretical maximum growth rate, q is the amount of nutrient per cell, 

qmin is defined as the minimal cellular nutrient content below which phytoplankton will not 

grow. It has been suggested that the Monod equation has limitations for failing to consider 

nutrient luxury uptake and storage (Sommer 1991). However, it is still being widely used 
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in current modeling practice (Table 1), since measuring external nutrient concentrations has 

more feasibility than measuring intracellular nutrient content.

When applying models that employ the Monod equation, users must specify value for μmax
and Ks, which are typically derived from reported values in the scientific literature (Robson 

et al. 2018). The issues associated with such approach are: 1) Reported values from the 

literature are obtained from experiments under different conditions thus parameters vary 

broadly both within and among species, and 2) Treating the half-saturation concentration as 

one static value may not account for the ability of a phytoplankton species to adjust growth 

kinetics in response to changing environmental conditions (Song and Ward 2007). From a 

physiological perspective, changes in nutrient uptake activities may explain the variation in 

the half-saturation concentrations because studies have found changes in the transcription 

of nutrient (N and P) acquisition and transport genes at varied ambient nutrient conditions 

in cyanobacteria (Harke and Gobler 2015, Wang et al. 2018). Further, M. aeruginosa’s 

maximum growth rate from Ghaffar et al. (2017) is less than half of the value reported 

by Amano et al. (2012), and reported half-saturation concentrations for phosphate from 

different studies differ by two orders of magnitude (Table 2). On the other hand, reported 

D. flos-aquae physiological traits are relatively rare in the literature, but studies on other 

filamentous N2-fixing cyanobacteria (e.g. Cylindrospermopsis raciborskii) have found high 

variability in maximum growth rate (Xiao et al. 2020), and half-saturation concentrations for 

phosphate (Table 2). Simply applying published physiological traits on modeling practice 

may introduce significant uncertainty in model predictions. Furthermore, different laboratory 

culture studies were conducted under different experimental conditions (e.g., temperature, 

light intensity; Table 2), which are known to alter cyanobacteria physiological traits. In fact, 

there are studies showing that cyanobacteria half-saturation concentration for nutrient uptake 

varies depending on ambient nutrient concentrations (Chen and Liu. 2015). However, most 

models do not represent such flexibility.

The objective of this study is to establish parameter values for cyanobacteria growth 

models using the Monod nutrient-limitation function with a specific emphasis on the non-

diazotrophic strain, M. aeruginosa, and the diazotrophic strain, D. flos-aquae. Maximum 

growth rates and nutrient half-saturation concentrations were estimated based on laboratory 

measurements where nutrient concentrations were carefully controlled to yield the 

varied nutrient conditions that cyanobacteria could experience in natural habitats. More 

importantly, we hypothesized that a modified Monod model (i.e., the variable K model) that 

allows variable half-saturation concentration based on initial N concentration will yield more 

accurate predictions in cyanobacteria growth than using a static half-saturation concentration 

across 3 different initial N concentrations (i.e., the constant K model).

2. Results

2.1. Model predictive performance comparison

Overall, we observed a decreasing trend in M. aeruginosa growth rate as dissolved nutrient 

decreased through time. For cultures with 23 μM initial N concentration, M. aeruginosa 
growth rate decreased from ~ 0.35 day−1 on day 1 to less than 0.1 day−1 on day 6 then 
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stayed at low rate for the rest of the experiment. Two models were both able to predict 

this pattern and using the variable Κ model did not show much advantage over the constant 

Κ model (Fig. 1 A, B). For cultures with 184 μM initial N concentration, M. aeruginosa 
growth rate predictions by constant Κ model were higher than observations from day 1 to 

day 7, and predictions were lower than observations from day 8 to day 14 (Fig. 1 C). On the 

other hand, the variable K model had better prediction in growth rate (Fig. 1 D). In cultures 

with 1152 μM initial N concentration, M. aeruginosa growth rate declined gradually from 

~ 0.5 day−1 on day 1 to 0.3 day−1 on day 11. Growth rate predictions by the constant Κ 
model were lower than the observations (Fig. 1 E) and the difference between predictions 

and observations was more distinct from day 7 to day 14 (Fig. 1 E). In contrast, predictions 

by the variable K model fit the observation variations better (Fig. 1 F).

Similarly, D. flos-aquae growth rate decreased with decreasing nutrient concentrations. In 

cultures with 23 μM initial N concentration, the variable K model had better growth rate 

predictions than the constant K model from day 10 to day 14 (Fig. 2 A, B). In cultures with 

184 μM initial N conditions, the constant K model was able to capture growth rate variation 

from day 1 to day 7 while the variable K model had more accurate predictions from day 7 to 

day 14 (Fig. 2 C, D). In cultures with 1152 μM initial N conditions, growth rates predicted 

by the variable K model were more accurate from day 7 to day 14 although the predictions 

were higher than the observations from day 1 to day 7 (Fig. 2 E, F).

For M. aeruginosa, we observed biomass increased after nitrate N concentration depleted 

in cultures with 23 μM and 184 μM initial N conditions. Since cyanobacteria biomass 

is calculated based on growth rate, we observed similar patterns in biomass predictions. 

Overall, the variable K model had better predictions in biomass for M. aeruginosa (Fig. 3), 

although the performance difference between two models was not obvious in cultures with 

23 μM initial N conditions (Fig. 3A, B). On the other hand, the variable K model exhibited 

advantage over the constant K model in D. flos-aquae biomass predictions for all 3 initial 

N conditions (Fig. 4). Overall, we found that the variable K model had better performance 

since the RMSE was significantly lower than using the constant K model (Welch two sample 

t-test, t = 79.07, df = 5.16, p < 0.001 for M. aeruginosa. t = 13.99, df = 5.20, p < 0.001 for D. 
flos-aquae). Using the variable K model, the maximum growth rate was estimated as 0.48 /d 

and 0.41 /d for M. aeruginosa and D. flos-aquae, respectively.

2.2. Half-saturation concentration of nitrate KNO3

Using the variable K model, we found different KNO3 due to different initial N 

concentrations (two-way ANOVA, df = 2, F = 113.1, p < 0.001), species (df = 1, F = 

54.98, p < 0.001) and the interaction of species and initial N concentrations (df = 2, F = 

24.43, p < 0.001). For M. aeruginosa, KNO3 was estimated as 0.12 μM in cultures with 23 

μM initial N conditions (Fig. 5A) and higher initial N concentrations (184 μM) resulted in a 

greater KNO3 of 0.90 μM. However, the KNO3 in cultures with 1152 μM initial N conditions 

was not statically different from 184 μM initial N conditions (p = 0.75). On the other hand, 

D. flos-aquae exhibited greater KNO3 value than M. aeruginosa in cultures with 23 μM and 
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1152 μM initial N concentrations (Fig. 5A). Additionally, we found that two species had 

similar KNO3 with 184 μM initial N conditions (p = 0.99).

2.3. Half-saturation concentration of phosphate KPO4

Similarly, we found different KPO4 values due to different initial N concentrations (two-way 

ANOVA, df = 2, F = 48.07, p < 0.001), species (df = 1, F = 86.26, p < 0.001), and the 

interaction of N concentration and species (df = 2, F = 40.22, p < 0.001). For M. aeruginosa, 

the KPO4 was estimated as 4.1 μM in cultures with 23 μM initial N conditions (Fig. 5B), 

1.30 μM with 184 μM initial N conditions, and 0.11 μM in cultures with 1152 μM initial 

N conditions. In contrast, D. flos-aquae exhibited lower KPO4 than M. aeruginosa across 3 

initial N concentrations and we found no significant difference in KPO4 for D. flos-aquae 

regardless of initial N concentrations.

3. Discussion

While the flexibility in phytoplankton nutrient kinetics has been recognized (Bonachela 

et al. 2011), many models still use the Monod equation with static parameter values 

for nutrient half-saturation concentration (Table 1). In this study, we simulated nutrient-

limited cyanobacteria growth rates using a modified Monod model that allows dynamic 

half-saturation concentrations of N and P according to the initial nutrient conditions. Our 

results indicated that nutrient half-saturation concentration is a dynamic trait both within 

and among cyanobacterial species and dependent on the initial nutrient concentration. Thus, 

many commonly used mechanistic models may need improvement regarding phytoplankton 

growth representation to yield more accurate predictions, and more rigorous assessments are 

required when applying parameter values obtained from literature culture studies.

3.1. Cyanobacteria N limitation

It is conventionally assumed that N-fixing cyanobacteria have a competitive advantage 

over other phytoplankton because they can overcome N limitation by fixing N2 (Smith 

1983). However, studies have found contradictory evidence showing no increase of N-fixing 

cyanobacterial biovolume when ambient N concentration decreased (Kolzau et al. 2018) 

and indicating strict growth tradeoff caused by increased energy demand during diazotrophy 

(Osburn et al. 2021). It’s typically assumed that N-fixing cyanobacteria have a lower half-

saturation concentration for dissolved inorganic N than other phytoplankton (Shimoda and 

Arhonditsis, 2016). Our model demonstrated decrease in growth rate due to the depletion of 

ambient N in D. flos-aquae with low-N scenario (Fig. 2) and more importantly, indicated 

the KNO3 for diazotrophic growing cyanobacteria is not different from the non-dizotrophic 

cyanobacteria (Fig. 5). Although our study did not directly test the competition between two 

cyanobacteria species, our results suggest that M. aeruginosa may outcompete D. flos-aquae 
when environmental N is scarce because they may achieve the maximum growth rate at 

a lower nitrate-N concentration than D. flos-aquae (Fig. 5). Our results support the field 

observations that M. aeruginosa can dominate in N-limited lakes (Liu et al. 2011; Jankowiak 

et al. 2019). The ability to fix atmospheric N2 may contribute to the more constrained 
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N stoichiometry in diazotrophic cyanobacteria species than other phytoplankton taxa, as 

observed in field studies and culture experiments (Dickman et al. 2006; Osburn et al. 2021). 

Additionally, our model revealed a lower KNO3 for M. aeruginosa than D. flos-aquae under 

N-rich conditions (1152 μM initial N concentration, Fig. 5A), indicating a species-specific 

N metabolic trait. Our model is capable of making credible predictions for non-diazotrophic 

growing D. flos-aquae; however, simulating diazotroph growth rate without combined N 

source may require more sophisticated models that consider photosynthesis, intracellular 

carbon and nitrogen reserve (for example Rabouille et al. 2006 and Grover et al. 2020).

3.2. Cyanobacteria P limitation

We found that D. flos-aquae had lower half-saturation concentrations for P than M. 
aeruginosa in cultures with low N and intermediate N conditions (Fig. 5). It has been 

demonstrated that P has structural and functional roles for diazotrophically growing 

cyanobacteria, which may increase their P requirement (Mills et al. 2004; Scott and 

McCarthy 2010). In fact, we found that D. flos-aquae started N2 fixation on day 5 with 

low N conditions (Fig. S6A) and day 11 with intermediate N conditions (Fig. S6B), 

therefore D. flos-aquae acquired P more rapidly than M. aeruginosa. Previous studies on 

D. flos-aquae monocultures have reported similar results (Yema et al. 2016) and further 

demonstrated that D. flos-aquae upregulated the genes involved in P uptake in response to N 

limitation (Wang et al. 2018). In contrast, M. aeruginosa growth rate was mainly limited by 

N rather than P in cultures with 23 μM initial nitrate (Fig. S4), resulting in a much greater 

half-saturation concentrations for P (Fig. 5B). Our nutrient treatment created a wide range 

of N: P initial ratio from 2 to 100 (by mole), representing P-sufficient and P-limited systems 

that cyanobacteria blooms may occur (Scott et al. 2019). Microcystis is known to uptake 

P in excess relative to immediate metabolic demand (Jacobson and Halman 1982). Our 

results suggest that such high-affinity uptake for P was facilitated by an N-rich environment 

because we found the lowest KPO4 in the cultures with 1152 μM initial nitrate. Further, some 

cyanobacteria may accumulate polyphosphate intracellularly and consume those stored P to 

support growth in P-limited environments, which can partly explain the plasticity in their 

C: P stoichiometry (Willis et al. 2017). Additionally, both M. aeruginosa and D. flos-aquae 
can migrate in water column by manipulating their gas vesicles, thereby gaining access to 

benthic P (Gobler et al. 2016; Li et al. 2016). This trait may contribute their ability to form 

blooms in deep oligotrophic lakes (Reinl et al. 2021).

3.3. Intraspecific variation in cyanobacterial growth parameters

Parameterization is arguably one of the most important tasks in model applications (Robson 

et al. 2018). However different studies reported drastically different parameter values, 

even within species (Table 2). For example, the maximum growth rate of a particular 

cyanobacteria strain depends on the experimental conditions, and there are models that 

represent effects of temperature and photoperiod by which model users can convert 

published values to specific conditions (Grimaud et al. 2017, Xiao et al. 2020). While 

there is growing evidence showing that cyanobacteria actively adjust nutrient (N, P) 

acquisition in response to changing environmental nutrient availabilities (Harke et al. 2012; 

Wang et al. 2018), half-saturation concentrations of N and P are still treated as constant 
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in some commonly applied models that use the Monod equations to describe nutrient 

limited phytoplankton growth (see references in Table 1). Our study demonstrates that the 

Monod model with flexible half saturation concentration makes more accurate predictions 

on cyanobacteria growth rate and biomass. Furthermore, we quantified the Monod model 

parameters that can be used to predict cyanobacteria blooms across a wide range of nitrate 

concentrations in eutrophic lakes.

3.4 Monod vs. Droop model

The Monod model is generally considered to be less physiologically accurate for 

representing phytoplankton growth than the Droop model (Sommer 1991), which computes 

population averaged growth rate based on population averaged nutrient cell quotas. 

However, for biogeochemical process prediction, the Droop model may introduce an error 

due to the intra-population variations in nutrient cell quotas (Lomnicki, 1999). In this study, 

we found that cyanobacteria N and P cell quotas varied as initial nitrate concentration 

increased (Fig. S7). Further, we found that Dolichospermum P quota increased when 

population initiated N fixation (Fig. S8B), likely due to the increased P requirement to 

support diazotrophic growth. On the other hand, we found that N-limited Microcystis 
populations have a greater P cell quota than P-limited populations (Fig. S8B). Overall, 

our results weakly support the utility of the Droop model for simulating batch culture 

cyanobacteria populations (Fig. S9, Fig. S10). However, it has been recognized early that 

the Droop model fits better for steady-state single-nutrient simulations (Burmaster, 1979). 

Incorporating additional physiological features such as cell size and cell age may improve 

the predictive accuracy for Droop type models (Hellweger and Kianirad, 2007).

3.5 Conclusions and Implications

Anticipating cyanobacterial HABs occurrence and predicting population dynamics by 

mathematical models has been widely used as a tool to assist water resources management. 

Although it is acknowledged that cyanobacterial blooms are triggered by the interaction 

of a variety of factors, nutrients have been demonstrated to be a critical predictor 

of cyanobacterial HAB models (Rousso et al. 2020). Therefore, nutrient limitation 

parameters may pose major controls on model predictions. In this study, we estimated 

cyanobacteria growth due to nutrient limitations (N and P) based on the Monod model, 

and further demonstrated the flexibility in cyanobacteria growth parameters that reflect their 

physiological and ecological traits KNO3, KPO4  for two HAB-forming species. Our work 

improves current understanding about cyanobacteria bloom ecology, provides insights for a 

wide variety of large-scale aquatic modelling applications.

4. Experimental procedures

4.1. Cultures, culture maintenance, and experimental conditions

The unicellular non-diazotrophic cyanobacterium Microcystis aeruginosa strain 2385 and 

the filamentous diazotrophic cyanobacterium Dolichospermum flos-aquae strain 1444 were 

obtained from the culture collection of algae at the University of Texas at Austin (UTEX). 

Cultures were maintained on batch cultures with sterile 0.5x BG-11 medium (Sigma 
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C3601), with 8800 µM NaNO3 and 115 µM K2HPO4 as initial nutrient concentrations. 

Batch cultures were grown in Erlenmeyer flasks at 26 °C on a 14h-10h light-dark cycle 

and irradiance of ~ 100 μmol /m2 /s measured by a quantum meter (Spectrum Technologies, 

3415FQF). Cultures were maintained by transferring 1% cell culture into freshly prepared 

medium monthly.

4.2. Effects of dissolved N and P on cyanobacteria growth rates

To examine the effects of dissolved N and P on non-diazotrophic and diazotrophic 

cyanobacteria growth, quadruplicate experimental units were made by diluting N-free 

BG-11 to 5% and supplementing with vitamin B12 (concentration of 1.35 µg/L). Three 

N-availability treatments were created by varying initial N concentrations in the media 

(23, 184, 1152 µM as nitrate-N for N treatment 1, 2, and 3, respectively), whereas initial 

P concentrations in the media were the same (11.5 µM) for all treatments. We expected 

to see N-limited cyanobacteria population in the cultures with 23 µM initial nitrate and 

P-limited population in the cultures with 1152 µM initial nitrate concentrations due to the 

N: P stoichiometries. These nutrient concentrations are comparable to field observations in 

eutrophic lakes (Scott et al. 2019). In this study, nitrate was chosen over ammonium as the 

N source because of reported prohibitive effects of ammonium on M. aeruginosa at high 

concentrations (Chen et al. 2019), and nitrate is the stable form of inorganic N in well-mixed 

oxic lake ecosystems. The initial cell densities to start the experimental blooms were ~ 9.0 

×108, 1.0×109 cells/L for M. aeruginosa and D. flos-aquae, respectively. Cells were grown 

in 2000-mL Erlenmeyer flasks (culture volume of 1200 mL) for 14 days on a light: dark 

cycle of 14h: 10h at a constant temperature of 26°C and light intensity of ~ 100 μ mol/m2/s 

measured by a quantum meter (Spectrum Technologies, 3415FQF). The flasks were shaken 

each day during the experiment to homogenize culture and prevent settling. Growth was 

monitored by measuring in vivo chlorophyll a fluorescence (Relative fluorescence unit, 

RFU; Turner Designs Trilogy) during the experiment. Additionally, 2 mL sub-samples were 

preserved with Lugol’s iodine daily for cell enumeration. On days 5, 7, 9, 11, 12, and 14 

of the experiment, cells were collected by filtering through 0.7µm pre-combusted glass fiber 

filters (GF/F) for POC measurements.

For M. aeruginosa, cell concentrations were determined using a flow cytometer (BD 

Diagnostic Systems, FACS55 Verse, San Jose, CA, USA), using the forward-scatter side-

scatter method as previously described by Wagner et al. (2019). Quality control was 

performed using standardized beads to check for instrument functionality. For D. flos-aquae, 

cell count was performed using a light microscopy at 400X magnification (Nikon Eclipse 

80i) on a subset of samples and cell counts were related to in vivo chlorophyll a fluorescence 

(R2= 0.94, p < 0.001, degrees of freedom = 26, Supplementary Information, Fig. S1). The 

obtained linear equation was applied to in vivo chlorophyll a data for samples without direct 

cell count to predict cell concentration.

To quantify biomass (POC), filters were first dried at 60°C in an oven and POC was 

measured using an elemental analyzer (Thermo-Fisher Flashsmart NC soil, CE Elantech, 

USA). The concentration of POC was determined by comparing the peak area obtained from 

the unknown sample to the known weight of standard (aspartic acid). We found that POC 
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concentrations were correlated to cell concentration and a significant linear relationship was 

found for M. aeruginosa (R2 = 0.91, p < 0.001, degrees of freedom = 81, Supplementary 

Information, Fig. S2). The correlation equation was applied to cell concentrations to infer 

biomass when POC measurement was unavailable (day 2–4, 6, 8, 10, and 13). For D. 
flos-aquae, POC was correlated to RFU and a significant (R2= 0.92, p < 0.001, degrees of

freedom = 76, Supplementary Information, Fig. S3) linear relationship was established. The 

correlation equation was applied to D. flos-aquae RFU to infer biomass for samples without 

direct POC measurement (day 2–4, 6, 8, 10 and 13).

We used cell concentrations to calculate the specific growth rate (μ) from the following 

equation:

μt1 =
ln C2

C1
t2 − t1

3)

where C1 and C2 are the cell concentrations for M. aeruginosa or/and D. flos-aquae on day t1 

and day t2.

Dissolved inorganic N and P (DIN, DIP) concentrations were analyzed according 

to spectrophotometric standard methods (APHA, 1998) using a Lachat QuikChem 

autoanalyzer (Lachat Instrument, USA). When DIN/DIP measurements were not available 

(day 2–4, 6, 8, 10 and 13), we fit models to measured data based on the Akaike 

Information Criterion (AIC), thus DIN/DIP concentrations were predicted from regressions. 

Additionally, we assigned less weight on observations without direct measurement. The 

temporal variations of DIN and DIP concentrations for M. aeruginosa and D. flos-aquae are 

in the Supplementary Material (Fig. S4, Fig. S5).

4.3. Model theory and configuration

The Monod model (Monod 1949) is widely used to describe phytoplankton-specific growth 

rates in response to resource concentrations/availabilities. Overall, cyanobacteria growth 

rate was formulated as the product of the maximum growth rate and appropriate limitation 

functions as:

μ = μmax × min f N ,   f P × f I 4)

where f N  and f P  are the Monod equations for N and P limitation, respectively. And f I
is light limitation equation. Any number of additional limitation functions could be included, 

such as limitations due to micronutrients or constraints due to temperature or salinity. The 

Monod limitation functions for N and P are,

f   N = NO3
NO3 + KNO3

5)
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f   P = PO4
PO4 + KPO4

6)

where [NO3] is the concentration of nitrate in the media (µM), KNO3 is the half-saturation 

concentration of nitrate (µM) for each species, [PO4] is the concentration of phosphate 

in the media (µM), KPO4 is the half-saturation concentration of phosphate (µM) for each 

species. Additionally, the maximum growth rate μmax  was estimated for each species. 

Cyanobacteria biomass was calculated based on the initial carbon concentration and 

cumulative additions to biomass from variable modeled growth rate.

The experiments were designed to examine the effects of DIN and DIP concentrations 

on cyanobacteria growth rates. The light intensity was set sufficiently high to avoid light-

limiting conditions. Initially, cyanobacteria growth should not be limited by light intensity, 

however, as biomass accumulates, light penetration through the medium decreases, therefore 

light extinction due to chlorophyll-a was considered and incorporated into the model. 

Steele’s equation (Steele 1962) was used to describe light limitation:

f I = I
Iopt

exp 1 − I
Iopt

7)

where I is the light intensity (μmol/m2/s) and Iopt is the optimal light intensity (μmol/m2/s).

The light extinction coefficient was calculated as a function of chlorophyll-a concentration 

using Riley’s empirical equation (Riley 1956):

K = 0.06 + 0.0088 Cℎl + 0.054 Cℎl0.667
8)

where K is the extinction coefficient, and [Chl] is the chlorophyll-a concentration (μg/L). 

Because chlorophyll-a was not measured in this study, the concentration was estimated 

from cyanobacteria biomass (POC) using the C:Chl ratio, which was also considered as an 

adjustable model parameter (Table 3).

Light intensity in water was calculated according to the Beer–Lambert Law (Weiskerger et 

al. 2018):

I = I0 × exp − 0.06 + K d 9)

where I the light intensity (μmol /m2 /s) in the incubator, the constant 0.06 /m is the light 

extinction coefficient of pure water, and K (/m) is the extinction coefficient calculated from 

(8), d is the water depth, which was 0.1 meter in this study. The cyanobacteria growth model 

was written in FORTRAN with parameter definitions, units, ranges and references listed in 

Table 3, 4.
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Our initial model calibration indicated that light limitation was negligible even in the 

cultures with the greatest biomass (cell concentration), therefore we focused on discussing 

nutrient limitations and nutrient-related parameters. Firstly, we ran and calibrated the 

model against observations using one half-saturation concentration of nitrate, one half-

saturation concentration of phosphate across three initial N conditions (i.e., the constant 

K model). Secondly, we ran and calibrated the model using three different half-saturation 

concentrations of nitrate and phosphate depending on initial N concentrations (i.e., the 

variable K model). We used one maximum growth rate for each species in two modelling 

approaches. Then we compared the performance of two modeling approaches by calculating 

the root mean square error (RMSE):

RMSE = n−1
i = 1

n
(ei)2

1/2
10)

where n is the number of samples and ei is the itℎ error.

4.4. Model calibration

The cyanobacteria growth model was calibrated with the model-independent parameter 

estimation software, PEST (Doherty 2004), which was developed to facilitate data 

interpretation, model calibration, and predictive analyses. It assesses parameters and 

searches for optima through an objective function, which is a weighted sum-of-squared 

residuals (differences between the model predictions and corresponding observations). Best-

fit parameters are those that minimize the objective function:

ϕ =
i = 1

m
ωiri

2 11)

where ωi is the weight associated with the ith residual, ri, and m is the number of 

observations.

In this study, growth rates and biomass were measured from four replicates (identical 

experimental units), therefore, these observations were assigned weights inversely 

proportional to the standard deviations of the four replicates. Measured growth rates from 

(3) and biomass for M. aeruginosa and D. flos-aquae are in the Supplementary Materials 

(Table S1).

4.5. Statistical analysis

Because the experiments were conducted in quadruplicate, we obtained 4 sets of 

observations (growth rate and biomass) for each species at each initial N concentrations. 

Therefore, we calibrated the model 4 times yielding 4 values for each parameter. We 

used a two-way analysis of variance (ANOVA) to test for differences among initial N 

concentrations, species, and their interaction for KNO3 and KPO4. Significant main effects 

Wang et al. Page 11

Environ Microbiol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and interactions were compared using a Tukey’s post hoc multiple comparison test (R Core 

Team 2017).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Originality-Significance Statement

The Monod equation is commonly used to describe the growth of bacteria and 

phytoplankton according to ambient nutrient concentrations. Although a growing number 

of studies has shown the flexibility in cyanobacteria nutrient metabolism, the half-

saturation concentration in Monod equation is still considered as a static constant in 

many aquatic environment modelling applications. In this study, we demonstrated that 

a modified Monod model with variable half-saturation concentrations for nitrogen and 

phosphorus produced better prediction on cyanobacteria growth across a wide range of 

ambient nitrogen concentrations that may promote harmful algal blooms in eutrophic 

lakes. Our work quantified the physiological traits for two ubiquitous cyanobacteria and 

advances the understanding about harmful algal bloom ecology.
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Figure 1. 
Model performance comparison for M. aeruginosa growth rate prediction between constant 

half saturation concentration model and variable half saturation concentration model under 

different initial N concentrations.
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Figure 2. 
Model performance comparison for D. flos-aquae growth rate prediction between constant 

half saturation concentration model and variable half saturation concentration model under 

different initial N concentrations.
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Figure 3. 
Model performance comparison for M. aeruginosa biomass prediction between constant 

half saturation concentration model and variable half saturation concentration model under 

different initial N concentrations.
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Figure 4. 
Model performance comparison for D. flos-aquae biomass prediction between constant 

half saturation concentration model and variable half saturation concentration model under 

different initial N concentrations.
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Figure 5. 
Half saturation concentration of nitrate-N (A) and phosphate-P (B) for M. aeruginosa and 

D. flos-aquae under different initial N conditions. Letters indicate significant difference by 

Tukey’s post hoc comparison
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