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Abstract  

To improve the specificity and accuracy of ammonia detection in Chlorella vulgaris 
under high temperature, high light, and ammonia stress conditions, fast chlorophyll a 
fluorescence induction (OJIP) curve was measured using varying saturation pulse intensities 
and analyzed through multivariable statistical methods. The OJIP curve shapes alone showed 
limited discriminative power, as the fluorescence signals at the J and I phases were similar 
across the three stress conditions. Quantitative evaluation using OJIP parameters revealed 
relatively high correlations between ammonia concentration and specific parameters such as VL 
and VK (R² = 0.683 and 0.642, respectively). Moreover, the application of multivariable analysis 
using a broader set of OJIP parameters significantly improved both prediction accuracy and 
correlation (0.84 and 0.92, respectively). Additionally, the use of different saturation pulse 
intensities enabled clearer detection of the L- and K-bands, enhancing the reliability of these 
fluorescence features. These precisely captured parameters contributed to the improved 
performance of ammonia detection (prediction accuracy and correlation were 0.91 and 0.96). 
On the other hand, the model generated at different saturation pulse intensity largely 
misestimated ammonia concentration.  
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1. Introduction 

1.1.  Ammonia inhibition of wastewater treatment 
Microalgae have been utilized for a tertiary treatment process of various types of 

wastewater, domestic wastewater (Sawayama et al., 1992), livestock wastes (Lincoln et al., 
1986), and urban wastewater (Gentil et al., 2017), due to their ability to remove nutrients such 
as nitrogen and phosphorus, while simultaneously producing valuable compounds such as 
proteins, fatty acids, and pigments. 

 However, these wastewaters contain high concentrations of ammonia. Livestock 
wastewater, such as piggery effluent, contains ammonia at concentrations ranging from 120 to 
2945 mg L⁻¹ (Lee et al., 2021). In contrast, the EC₅₀ (the concentration at which algal growth is 
reduced by 50%) for ammonia in microalgae is relatively low, ranging from 0.05 to 34 mg L⁻¹ 
(Collos and Harrison, 2014). Therefore, various strategies have been employed to mitigate 
ammonia toxicity in algal-based wastewater treatment systems. For example, Marchão et al. 
(2018) demonstrated that diluting brewery wastewater to a dilution rate of 0.26 d⁻¹ maximized 
the biomass productivity of Scenedesmus obliquus. Sutherland (2022) reported that the addition 
of glucose alleviated ammonia toxicity in food-waste concentrate wastewater. These findings 
highlight the importance of controlling ammonia concentration and its inhibitory effects when 
using microalgae for wastewater treatment. Accordingly, the management of ammonia 
concentration has emerged as a critical and extensively studied aspect in the context of 
wastewater treatment. 

1.2.  OJIP measurement as ammonia monitoring 
OJIP measurement is widely used to evaluate performance of photosynthetic system, 

mainly PSII. The OJIP curve is a change of chlorophyll fluorescence intensity over 
microseconds to a second obtained by exposing photosynthetic systems to strong light, 
characterized by multiple peaks (O, J, I and P) that reflect different stages of the photochemical 
process (Fig. 1). As each peak corresponds to the electron transfer rate at a specific step within 
the photosynthetic electron transport, the overall shape of the OJIP curve varies according to 
the specific inhibitory conditions applied. This method is easy, fast, and supplies a lot of 
information about function of photosynthetic system of PSII. From this, OJIP measurement is 
used for detection of some inhibition factors such as temperature, high light, drought, salinity 
and ammonia stress (Thach et al., 2007; Wang et al., 2011, Koller et al., 2013; Markou et al, 
2016). As these facts, OJIP curve can be the tool to monitor ammonia inhibition of microalgae 
in wastewater treatment. In fact, detection of other inhibition factors of microalgae using OJIP 
curve has been studied in recent years. For example, Gan et al. (2023) reported that six typical 
toxic pollutants (Cd, atrazine, 1,4-benzoquinone, 1,4-dichlorobenzene, chloroacetic acid, and 
trichloroacetonitrile) characteristically changed OJIP curve by different inhibition mechanisms 
in experiments that used Chlorella pyrenoidosa. In addition, using OJIP fluorescence intensity, 
Duarte et al. (2021) successfully distinguished various heavy metal inhibitors (Cr, Cu, Zn, and 
Hg) with a fairly high accuracy from 60% to 100%. They achieved such high accuracy 
discrimination by raw OJIP datasets with multivariable statistical analysis method. These 
findings suggest that OJIP can be an effective tool for detection and discrimination of ammonia 
inhibition from other inhibitions. 
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Fig. 1. Modified OJIP curve from Kalaji et al., 2014 

 
1.3.  Challenges of ammonia management in outdoor wastewater treatment 

Although OJIP curve has been used to detect and distinguish various inhibition factors, 
knowledge of distinguishing ammonia inhibition from environmental inhibition factors such as 
heat and high light stress is limited. However, since most wastewater treatment plants using 
microalgae are located outdoors, high temperature and high irradiation can be inhibiting factors 
for microalgae. Under these conditions, specific ammonia inhibition distinction is necessary for 
ammonia management.  

Previous studies reported that both heat and ammonia stress can harm the oxygen-
evolving complex (OEC) of PSII (Strasser, 1997; Georgieva et al., 2000), suggesting these two 
inhibitors to photosystem may be difficult to distinguish. Furthermore, ammonia toxicity is 
enhanced under high light intensity condition (Markou et al., 2016). These facts indicate that 
temperature, high irradiation and ammonia stresses have the possibility to be complex inhibitors 
for microalgae in outdoor conditions. Hence, specific ammonia detection is required for 
ammonia management. In addition to that, the accuracy of detection is also necessary. As 
mentioned above, wastewater contains a large amount of ammonia, which can exceed limit of 
microalgal ammonia tolerance, and microalgae may be heavily damaged. To avoid such 
irreversible damage, ammonia management should be operated based on accurate ammonia 
inhibition detection. 

 

1.4. Multivariable analysis for the detection of ammonia 
  Although inhibitory factors alter the OJIP curve, it also varies depending on the intensity 
of the inhibition, indicating that distinguishing specific inhibitory causes based solely on the 
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OJIP curve is difficult. Therefore, by identifying OJIP parameters that are particularly sensitive 
to specific inhibitory factors, it may be possible to specifically detect ammonia-induced 
inhibition. Conventional statistical methods are not an effective tool to analyze large amounts 
of data like OJIP datasets. In contrast, multivariable analysis provides an efficient tool for OJIP 
data analysis. For example, Duarte et al. (2021) successfully applied multivariable statistical 
analysis to OJIP parameters, achieving high-accuracy detection of heavy metal inhibitors. In 
addition, Kishi conducted experiments using Chlorella vulgaris Beijerinck SAG 211-11b, 
Acutodesmus obliquus (Turpin) Hegewald et Hanagata SAG 276-3a, and the cyanobacterium 
Arthrospira platensis (Nordstedt) Gomont SAG 21.99. By applying Lasso regression analysis, 
a type of multivariable analysis, to the OJIP data obtained from these microalgae that were 
exposed to ammonia stress, Kishi successfully predicted ammonia concentrations with a 
relatively high probability exceeding 60% (unpublished data). These findings suggest that 
processing OJIP data through multivariable analysis enables the selective detection of ammonia 
stress from other inhibitory factors. 
1.5.  Saturation pulse for accurate ammonia prediction 

Since the accuracy of multivariable analysis is highly dependent on the quality of the 
raw OJIP data obtained, precise measurement of OJIP curves is essential for improving the 
accuracy of ammonia detection. A research conducted at the Institute of Sustainable Processes 
observed that the OJIP transients of microalgae treated with NO₃ and NH₄ changed depending 
on the intensity of the saturating pulse used for measurement of OJIP curve (unpublished). 
When measured under low saturating light (750 µmol m⁻² s⁻¹), no difference was observed 
between the NO₃ and NH₄ treatments. In contrast, when measured under high saturating light 
(14000 µmol m⁻² s⁻¹), the OJIP curves differed between the two treatments. This is likely due 
to either enhanced inhibition in the NH₄-treated samples under high saturation pulse intensity 
or increased fluorescence intensity, making the differences more detectable. In either case, 
adjusting the saturating light intensity may contribute to more accurate measurement of OJIP, 
then improve the detection of ammonia-induced inhibition. 

 
2. Objectives 

The aim of this study was to distinguish ammonia inhibition for microalgae from 
environmental inhibition factors, temperature, and high light stress, and improve the accuracy 
of detecting ammonia inhibition as an ammonia monitoring tool. This study focused on the 
detection of specific ammonia inhibition and the improvement of the ammonia detection 
accuracy by applying multivariable analysis and saturation pulse intensity changing, 
respectively. This study’s results can contribute to ammonia management in wastewater 
treatment plants using microalgae outdoors.  

 
3. Materials and methods 

3.1.  Algal strains, culture media and cultivation conditions 
The green alga Chlorella vulgaris Beijerinck var. vulgaris SAG 211-11b and was used 

in this study. C. vulgaris was cultured in 3N-BBM media (CCAP, 2024) with the following 
composition: 750 mg/L NaNO3, 25 mg/L CaCl2･2H2O, 75 mg/L MgSO4･7H2O, 75 mg/L 
K2HPO4, 175 mg/L KH2PO4, 25 mg/L NaCl, 0.8 mg/L Fe(III)EDTA and 1 mL trace metal 
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solution; 3.7 g/L Na2EDTA･2H2O, 246 mg/L MnSO4･4H2O, 30 mg/L ZnCl2, 12 mg/L CoCl2･
6H2O and 24 mg/L (NH4)6Mo7O24･7H2O, 168 mg/L NaHCO3. In addition, Tris-hydroxymethyl 
1M (pH 7.5) was added as pH buffer of 3N-BBM media.  

The preculture was conducted in continuous mode in a 1-L glass Roux bottle 
photobioreactor with an optical path length of 5 cm and an effective volume of 500 mL. 
Aeration is conducted at 1 L min−1 (2 vvm), and the cultivation bottle was irradiated at 100 
µmol m−2 s−1.  The media feeding rate was controlled with a peristaltic pump (Watson pump 
323S) at 100 mL d−1 resulting in the dilution rate of 0.2 d−1, so that the cell state of late log-
growth phase is constantly maintained. During the steady-state, the optical density (OD) was 
maintained between 0.8 and 1.8 (Fig. 2), and the pH fluctuated within the range of 8 to 9 (Fig. 
3). The cells at the steady state were used for the experiment.  

  

Fig. 2. Time course of OD750 of C. vulgaris at continuous preculture 
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Fig. 3. Time course of pH of C. vulgaris at pre-continuous culture 

 
In the experiment, the concentration of MgSO₄·7H₂O in the 3N-BBM medium was 

reduced from 75 mg/L to 7.5 mg/L in order to prevent magnesium precipitation with the 
addition of high-concentration NH4Cl. In addition, to prevent carbon limitation during the 
microalgal growth, NaHCO3 was added at a concentration of 672 mg/L. The pH of the medium 
was carefully adjusted to 8.3 to maintain the concentration of free ammonia at levels known to 
inhibit microalgal activity. 

3.2.  Experiment 1: Characterization of OJIP curve under NH3, heat, and high light stress 
Chlorella vulgaris was exposed to five ammonia concentrations (N0, N1, N2, N3 and 

N4; Table 1) in five 120 mL serum bottles, under triplicate conditions. Ammonia was added to 
the culture media in the form of NH₄Cl, and the concentration of free ammonia (NH₃) was 
calculated based on pH, temperature, and ionic strength. Since the acid dissociation constant 
(pKa), which governs the equilibrium between NH₄⁺ and NH₃, is temperature-dependent, the 
resulting NH3 concentrations from N0 to N4 varied across experimental conditions (Table 1). 
Chlorella vulgaris was inoculated from pre-culture to 120 mL serum bottles to be OD750 of 0.1 
as initial concentration with fresh modified 3N-BBM medium. Following inoculation, these 
cultures in serum bottles were dark-adapted for 10 min, and then ammonia was added to each 
serum bottle. Measurement of pH, fluorescent analysis, and OD750 were performed after adding 
ammonia. After 5 hours of incubation, the same measurement was performed.  

 
Table 1. Free ammonia concentration (mM) of N0 to N4 at each experimental condition 

 
 

High light: 500 µmol m-2 s-1 environmental  
 

To expose the cells to heat and high light stress, various temperature and light intensity 
conditions were adopted for the 5-h incubation of the algal cells. As a control condition, 25°C 
with 100 μmol photons m-2 s-1 was used. For the heat stress, 35°C and 40°C was conducted. As 
for the high light stress, 500 μmol photons m−2 s−1 was used while maintaining the control 
temperature of 25°C. At 35, 40°C and high light conditions, except 25°C, values of pH, OJIP, 
and OD750 were measured only after 5 hours, assuming the same cell conditions at the start of 
the experiments throughout all conditions because of the steady state preculture. 

From the obtained fluorescent transient data, three fluorescent parameters, Fv/Fm, VK, 
and VL, were calculated to investigate their response towards each stress. These parameters 
were selected because of their frequent appearance in the study of photosystem inhibition 
(Wang et al., 2011; Cai et al., 2023; Zhou et al., 2015).  
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3.3.  Experiment 2: Effects of saturation pulse intensity on chlorophyll fluorescence  
Three intensities of saturation pulse (SP1, SP2, and SP3 corresponding to 575, 1405, 

and 2700 µmol m⁻² s⁻¹, respectively) were used for the measurement of OJIP fluorescent 
transient to assess the effects on the fluorescence values. For this purpose, two distinct sets of 
measurements were conducted as follows.  

First, the samples from Experiment 1 were used to analyze the effect of saturation pulse 
intensity, so that its effect on the distinction of different photosystem stresses can be 
simultaneously investigated. The measurement was conducted after 5 hours of incubation in the 
respective conditions.  

Second, the combined effects of saturation pulse intensity and optical density (OD) on 
the fluorescent signals were investigated, so as to provide the basis for the development of 
standardized procedures for fluorescence data acquisition and interpretation. OJIP transients 
were measured at seven biomass concentrations ranging from 0.04 to 2.48 OD₇₅₀ (Table 2) using 
three different saturation pulse intensities (SP1, SP2, and SP3). To obtain the high-density 
biomass, the precultured cells were centrifuged at 2400 rpm for 10 minutes. The resulting 
pellets were resuspended and diluted using fresh 3N-BBM medium of the same composition as 
the preculture to achieve the desired concentrations. Following a 10-minute dark adaptation 
period, OJIP measurements were conducted in triplicate. Under high optical density (OD) and 
high saturation pulse intensities, fluorescence signals reached saturation and were excluded for 
the analysis (Table 3). 

Table 2. Optical density at each OD condition 

 

Table 3.  Relationship between OD condition at each saturation pulse intensity (L1, L2 an L3) 

 
 

3.4. Analysis and calculations 
Fluorescent measurements, namely OJIP and LC2 protocols, were conducted with 

AquaPen-C (AP110-C, PSI, Czech Republic). For evaluation of microalgal biomass, optical 



 

                                                

 

 

Detection of ammonia toxicity in microalgae by chlorophyll fluorescence 

 9 

MÁSTER EN INGENIERÍA AMBIENTAL 

density at 750 nm (OD750) was measured using a spectrophotometer (SHIMADZU UV-2550). 
For the measurement of pH, a pH meter (CRISON basic 20+) was utilized. 

Specific growth rate (µ; d-1) was calculated using OD750 at Time 0 and Time 5 using 
the following formula. 

𝜇 =
ln(𝑋!) − ln(𝑋")

𝑡! −	𝑡"
 

where Xi is the biomass concentration (OD750) at time ti (d). 
3.4.1. Fluorescent parameter calculations and data quality assurance  

VL and VK are the relative variable fluorescence at 150 µs and 300 µs and were 
calculated using Equations (1) and (2), respectively. These two values are commonly used as 
indicators of stress conditions such as salinity, drought, and chemical stress (Wang et al., 2011, 
Koller et al., 2013, Cai et al., 1917). 

VL = (F150µs –Fo)/ (FM –Fo)      (1) 
VK = (F300µs –Fo)/ (FM –Fo)      (2) 
where Fo = fluorescence at 40 µs, FM = maximum value under saturating illumination. 

In addition, to visualize changes in the K and L bands, the double-normalized SP1 fluorescence 
values between FO (40 µs) and FJ (2 ms) and between FO and FK (300 µs) were calculated for 
each condition, and the values for the control condition were subtracted from those for the 
treatment conditions (e.g., ammonia-stressed). As the time to reach both L-band and K-band 
peaks shortened, specific time points were defined for parameter extraction. In SP2, the 
fluorescence intensity at 130 µs (F130) was used to calculate V130. In SP3, fluorescence 
intensities at 70 µs (F70) and 520 µs (F520) were used to derive V70 and V520, respectively. These 
values were incorporated as OJIP parameters in the multivariable analysis. Other values were 
defined using OJIP parameters as determined by the AquaPen (Table 4). 
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Table 4. Modified OJIP parameters from the instructions of  AquaPen-C 

To assure the quality of fluorescent data, each fluorescent measurement was evaluated with a 
set of criteria as follows to exclude irregular or noisy measurement. First, double-
normalizedormSP1 (with FM and FO) standard deviation of the fluorescent values between 250 
and 350 µs (K-band) exceeding 5 were removed. 
3.4.2.  Multivariable analysis 

Lasso regression analysis was performed in this study to identify the variables 
contributing to the classification of ammonia levels. Lasso (Least Absolute Shrinkage and 
Selection Operator) regression is a linear regression method that employs SP1 regularization to 
both prevent overfitting and perform automatic variable selection by shrinking the coefficients 
of less relevant variables to zero. The same dataset was used for both the training and validation 
phases in the analysis.  

ExplanationAbbreviation
BackgroundBckg
F₀ = F₅₀μs, fluorescence intensity at 50 μsF₀
Fⱼ = fluorescence intensity at J-step (at 2 ms)Fⱼ
Fᵢ = fluorescence intensity at I-step (at 30 ms)Fᵢ
Fₘ = maximal fluorescence intensityFₘ
Fᵥ = Fₘ - F₀ (maximal variable fluorescence)Fᵥ
FL = fluorescence intensity at L-band (at 150 µs)FL
FK = fluorescence intensity at K-step (at 300 µs)FK
Flast = fluorescence intensity at 2 sFlast *
F70 = fluorescence intensity at 70 µsF70 *
F70 = fluorescence intensity at 130 µsF130 *
F520 = fluorescence intensity at 520 µsF520 *
Vⱼ = (Fⱼ - F₀) / (Fₘ - F₀)Vⱼ
Vᵢ = (Fᵢ - F₀) / (Fₘ - F₀)Vᵢ
VL = (FL - F₀) / (Fₘ - F₀)VL

VK = (FK - F₀) / (Fₘ - F₀)VK

Vlast = (Flast - F₀) / (Fₘ - F₀)Vlast *
V70 = (F70 - F₀) / (Fₘ - F₀)V70 *
V130 = (F130 - F₀) / (Fₘ - F₀)V130 *
V520 = (F520 - F₀) / (Fₘ - F₀)V520 *
-Fₘ / F₀
-Fᵥ / F₀
-Fᵥ / Fₘ
-Vᵢ/Vⱼ
Mo = TR₀/RC - ET₀/RC = 4 × (F₃₀₀ - F₀) / (Fₘ - F₀)Mo (or dV/dt)₀
Sₘ = Area / (Fₘ - F₀) (multiple turn-over)Sₘ
Sₛ = the smallest Sₘ turn-over (single turn-over)Sₛ
N = Sₘ · Mo · (1 / Vⱼ), turn-over number QAN
Phi_P₀ = 1 - (F₀ / Fₘ) (or Fᵥ / Fₘ)Phi_P₀
Phi_Pav = Phi_P₀ (Sₘ / tₘ) ; tₘ = time to reach Fₘ (in ms)Phi_Pav
ABS / RC = Mo · (1 / Vⱼ) · (1 / Phi_P₀)ABS / RC
TR₀ / RC = Mo · (1 / Vⱼ)TR₀ / RC
ET₀ / RC = Mo · (1 / Vⱼ) · Psi₀ET₀ / RC
Times ; Fluorescence value showed maximumP time *
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The overall analysis was divided into three major sample groups: the temperature set 
(Temperature set), which combined three temperature conditions; the light set (Light set), which 
included both normal and high light conditions; and the temperature-light combined set 
(Combined set), which combined three temperature and one high light conditions. To assess the 
inhibitory effects of ammonia under high temperature and high light stress, to evaluate the 
variables common to both conditions, and to investigate the influence of saturation pulses, each 
variable group was evaluated under the following conditions: (1) Temperature set at each 
saturation pulse condition (SP1, SP2, and SP3), (2) Light set at each saturation pulse condition, 
(3) Combined set at each saturation pulse condition (4) the combination of all three saturation 
pulse conditions (SP1, SP2, and SP3) for each set, (5) the combination of two saturation pulse 
conditions (SP1 and SP3) for each set, and (6). Model performance was evaluated using several 
statistical indicators, including Mean Squared Error (MSE), the coefficient of determination 
(R²) for predictive accuracy, the Pearson correlation coefficient (r), the number of variables 
selected by the model, and the identities of the selected variables. 

 

4. Results 
4.1.  Growth of C. vulgaris in this experiment 

The specific growth rate ranged between 1.3 d−1 to negative values (Fig. 4). At 25°C 
and 35°C, the specific growth rate increased from N0 to N1, followed by a gradual decline 
toward N4 with increasing NH3 concentrations. While NH3 concentrations were higher in 35°C 
than in 25°C owing to the pKa change with high temperature, the growth remained relatively 
high even at N4 condition. Under the high light condition, no growth was observed even at no 
or low NH3 conditions (N0-N2). In the high temperature (40°C) and high light conditions, 
biomass decreased compared to Time 0 in N3 and N4 treatments. 

Fig. 4. Specific growth rate (µ) at each experimental condition 

4.2. Detection of photosystem stress through fluorescence 

4.2.1. NH3 stress 
In the treatment groups N1 to N4, increasing ammonia concentrations resulted in a 

decline in Fv/Fm values, indicating that the photosynthetic activity of C. vulgaris was inhibited 
by ammonia toxicity (Table 2). A few minutes after ammonia addition (Time 0), clear changes 
in the fluorescence values and OJIP fluorescence transients were observed in all treatment 
groups compared to the non-treated condition (N0) (Fig. 5A and C), demonstrating that 
ammonia-induced stress could be detected at a very early stage using chlorophyll fluorescence 
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measurements. At Time 0, an ammonia-concentration-dependent increase in O peak was 
observed from N0 to N3. On the other hand, in N4, a further increase in O peak was not 
observed, but instead, P peak decreased, and the I peak was no longer observed (Fig. 5A and 
C).  

At Time 5, the I and P peaks progressively declined from N0 to N4 (Fig. 5B and D). 
In the N4 treatment, the transient curve showed a different shape compared with other treatment 
conditions; the J peak even exceeded the P peak (Fig. 5D). In the relative fluorescence (Fig. 
5D), substantial concentration-dependent increase of the slope before the J peak was observed 

 
Fig. 5. OJIP curve at 25oC; OJIP fluorescence at Time 0 (A and C)  and Time 5 (B and D), OJIP. 

fluorescence curve (A and C), normalized OJIP fluorescence curve (B and D) 

 

4.2.2. High temperature stress 
At 25 °C and 35 °C, the Fv/Fm values remained comparable for each NH3 condition 

(Table 2). However, a substantial decrease in Fv/Fm was observed at 40 °C, particularly under 
ammonia-treated conditions (N1–N4) where values approached zero or were completely 
undetectable. The fluorescent data obtained in these conditions did not satisfy the required 
standard for further analysis owing to the large variation. The Fv/Fm of the N0 condition at 
high heat stress with 40°C was reduced to 0.20±0.02, which was less than half of that at 25°C 
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and 35°C (Table 5). 
Table 5. Fv/Fm of each ammonia concentration at each experimental condition 

 
Between 25 °C and 35 °C, no substantial alterations were observed in the shape of the 

OJIP curves, although J, I, and P peaks were slightly high at 25 °C (Fig. 6A). In contrast, under 
40 °C conditions, the OJIP curves exhibited obvious change: the J peak became elevated and 
closely approached the intensity of the P peak (Fig. 6B).  

 
Fig. 6. OJIP curve of N0 at three temperature conditions: (A) OJIP fluorescence curve, (B) normalized 
OJIP fluorescence curve. 

N4N3N2N1N0

0.35±0.030.44±0.000.52±0.000.58±0.000.66±0.00Time0

0.08±0.030.22±0.010.32±0.020.41±0.020.56±0.0125°C Time5

0.01±0.000.23±0.000.37±0.020.44±0.010.56±0.0135°C Time5
0.0000.000.000.000.20±0.0240°C Time5

0.02±0.000.05±0.010.12±0.010.14±0.000.21±0.01High light Time5
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4.2.3. High environmental light stress 
At high light (500 µmol m-2 s-1) conditions, Fv/Fm without NH3 (N0) was reduced to 

0.22±0.02, which was close to the value of highly inhibited 40°C (Table 4). The Fv/Fm of N1 
and N2 remained relatively high despite the combined high-light and ammonia stress, while 
that of N3 and N4 were low. The fluorescent data of N3 and N4 did not satisfy the criteria and 
thus were not used for further analysis.  

Fig. 7. OJIP curve under high light condition; (A) OJIP fluorescence curve, (B) normalized OJIP fluorescence curve 

The fluorescence intensity near the I peak was lower in the ammonia-treated groups 
compared to the control. Under all three conditions, including without N0, the J peak exhibited 
close values to the P peak (Fig. 7. A and B). 

4.2.4. Comparison of the fluorescence and growth among different types of stress 
SP2 OJIP curves of three stresses, namely heat (40 oC N0), high light (500 µmol m-2 s-

1 N0), and high ammonia (25 oC N4), were compared with that of the control condition (25°C 
N0) (Fig. 8A and B). As a result, increases of fluorescence before the I peak were observed in 
all stress condition. The I peak was not observed in high light and ammonia conditions, and 
relative fluorescence value gradually decreased from the J peak to approximately 100 ms.  

 
Fig. 8. (A) OJIP curve and (B) Normalized OJIP curve under stress conditions; Control (25oC N0), Heat (40oC 
N0), High light (500 µmol m-2 s-1 N0), Ammonia (25oC N4) 
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The value of Fv/Fm decreased in an ammonia-dependent manner. However, it also 
declined under high temperature and high light conditions, resulting in a low correlation with 
ammonia concentration (R2 = 0.156) (Fig. 9A). 

Both VL and VK values increased in an ammonia-dependent manner under all 
conditions except for the high-light condition. Among the three temperature conditions (25 oC 
Time 0, 25 oC Time 5 and 35 oC), a similar increasing trend was observed. Although the values 
of VL and VK also shifted upwards with rising temperature, relatively high correlation 
coefficients of 0.68 for VL and 0.64 for VK were obtained by using all the data (Fig. 9B and C). 

Fig. 9. (A) Fv/Fm, (B) Specific growth rate (µ), (C) VL, and (D) VKof each ammonia concentration at different 
experimental conditions 
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4.3.  Effects of saturation pulse intensity 
4.3.1. Effects of saturation pulse intensity on OJIP curve 

In the SP1 OJIP curves corresponding to the three levels of saturation pulse, the first 
step of fluorescence rise (before the J peak) was elevated with increasing saturation pulse 
intensity (Fig. 10). When the fluorescent values were compared among different pulse 
intensities, a characteristic peak of L to K bands were observed. While the L and K bands 
corresponded well with ammonia concentration (Fig. 11A, B and C, 12A, B and C), increase in 
the saturation pulse intensity also induced L and K band increase (Fig. 10A, B and C, 11A, B 
and C). Furthermore, the fluorescent maxima shifted leftward from approximately 300 µs in 
SP1 to 120 μs in SP2 (Fig. 10B and 11B). The maxima further divided into two in SP3 (2700 
μmol m−2 s−1) at around 70 μs and 520 μs depending on the ammonia concentration (Fig. 10C).  

Fig. 10. Normalized OJIP curve of 25oC of L1, L2 and L3 at N0 condition 

On the other hand, noisy variation of the fluorescent values decreased with higher saturation 
pulse intensity, as apparent in the O-J SP1 values (Fig. 11A, B and C). The reduction of variation 
was even more apparent in the L-band characterization (Fig. 12), where the difference among 
NH3 levels is obscure with low saturation pulse intensity SP1 (Fig. 12A), while it is clear in 
higher intensity SP2 and SP3 (Fig. 12B and C).  
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Fig. 11. Normalized K-band of 25oC of L1 (A), L2 (B) and L3 (C) 
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Fig. 12. Normalized L-band of 25oC of L1 (A), L2 (B) and L3 (C) 
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4.3.2. Relationship between saturation pulse intensity and optical density 
To evaluate the effect of increasing saturation pulse intensity and OD, the K bands 

were analyzed using the data of the lowest pulse intensity and OD (OD1-SP1) as the control 
(Fig. 13). As a result, the saturation pulse intensity exhibited stronger influence on the change 
of fluorescence than the OD did. While the change of relative fluorescence caused by OD 
ranged within 0.1, that by the pulse intensity reached as high as 0.5. Similarly, the peak position 
shift was pulse intensity dependent than OD. Still, higher OD induced the opposite effect of the 
higher saturation pulse intensity; namely reduction of K band and the peak shift towards right 
(Fig. 13A, B and C). The effect of the OD was more apparent with higher saturation pulse 
intensity. Thus, at SP1, there was negligible difference among OD1 through OD4, while clear 
differences were observed in SP2 and SP3.  

Fig. 13. K-band of different OD at each SP condition; (A) 575, (B)1405, and (C)2700 µmol m⁻² s⁻¹ 
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4.4.  Selected variables and detection accuracy of multivariable analysis 
4.4.1. Temperature data set 

At Temperature set of each saturation pulse intensity, Lasso regression selected 6, 6 
and 3 parameters as variables for SP1, SP2 and SP3 conditions, respectively (Table. 6). The 
prediction accuracy, correlation coefficient, and mean squared error (MSE) for conditions SP1, 
SP2, and SP3 were 0.88, 0.95, and 0.22 (SP1); 0.87, 0.94, and 0.23 (SP2); and 0.91, 0.96, and 
0.18 (SP3), respectively (Fig. 14A, D and G). Among the three conditions, SP3 exhibited the 
highest prediction accuracy and correlation coefficient, as well as the lowest MSE. TRo/RC, 
Vlast, VL, ABS/RC, Phi_Pav, VK, Mo, P time, V520 and V70 were selected as variables. While 
TRo/RC, Vlast, VL and VK were selected in both SP1 and SP2 conditions, the three variables 
V520, V70 and Phi_Pav were selected in SP3 condition. 
4.4.2. High light data set 

For each level of saturation pulse intensity (SP1, SP2, and SP3), the Lasso regression 
model selected 6, 4, and 3 variables, respectively. The corresponding values of prediction 
accuracy, correlation coefficient, and mean squared error (MSE) were 0.82, 0.91, and 0.30 for 
SP1; 0.79, 0.89, and 0.33 for SP2; and 0.83, 0.92, and 0.28 for SP3 (Fig. 14B, E and H). Among 
the three settings, SP1 demonstrated the best model performance, showing the highest 
prediction accuracy and correlation along with the lowest MSE. The selected variables included 
TRo/RC, VK/Vj, Phi_Pav, Vlast, VL, VK, N, V520, Sm, V70, and ABS/RC. Of these, TRo/RC and 
VL were common to both SP1 and SP2, while V520, V70 and Sm were selected under the SP3 
condition. 

4.4.3. Combined temperature and light conditions data set 
At each saturation pulse intensity (SP1, SP2, and SP3), Lasso regression identified 4, 

5, and 3 variables, respectively. The associated prediction accuracy, correlation coefficient, and 
mean squared error (MSE) were 0.83, 0.92, and 0.29 for SP1; 0.84, 0.92, and 0.27 for SP2; and 
0.84, 0.92, and 0.27 for SP3 (Fig. 15C, F and I). Among these conditions, the SP1 setting 
exhibited the most favorable model performance, with the highest prediction accuracy and the 
lowest MSE. The selected variables reflected the same values in the Temperature set and Light 
set analyses, TRo/RC, Vlast, and VL were commonly selected in both SP1 and SP2, while V520, 
Sm and V70 were specific to the SP3 condition. 
4.4.4. All saturation pulse combinations 

For the Temperature set, Light set, and Combined set, the prediction accuracy, 
correlation coefficient, and mean squared error (MSE) were 0.91, 0.96, and 0.15; 0.88, 0.94, 
and 0.19; and 0.90, 0.96, and 0.16, respectively (Fig. 15A, C and E). All conditions 
demonstrated comparable or higher performance relative to each corresponding set (T, L and 
Combined set). A total of 9, 7, and 8 variables were selected for the Temperature set, Light set, 
and Combined set, respectively. 

4.4.5. SP1&SP3 combination  
The Temperature set, Light set, and Combined set yielded prediction accuracies, 

correlation coefficients, and mean squared errors (MSE) of 0.92, 0.96, and 0.16; 0.88, 0.94, and 
0.20; and 0.91, 0.96, and 0.16, respectively (Fig. 15B, D, and F). These results indicate that all 
models exhibited comparable or superior performance compared to their respective individual 
sets. The number of variables selected by Lasso regression was 7 for the Temperature set, 7 for 
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the Light set, and 9 for the Combined set. 
4.4.6. The Temperature set analysis using the Light set as teaching data. 

Using the Light set, data from the Temperature set excluding 25°C (i.e., 35°C and 
40°C) were analyzed. The prediction accuracy, correlation coefficient, and mean squared error 
(MSE) were 0.41, 0.78, and 0.96, respectively (Fig. 16). These results showed that the Light set 
was capable of reasonably estimating the ammonia stress levels even under high-temperature 
conditions. 
4.4.7. Effects of saturation pulse on estimation of ammonia concentration 

The data obtained from OJIP measurement by SP1 was used as teaching data, and the 
data obtained from OJIP measurement by SP3 was predicted. In addition to that, data of SP3 
was also used as teaching data, and SP1 was predicted. The results showed negative value of 
R-squared. Prediction accuracy showed low value compared to other Lasso regression 
analysis. In the case that teaching data was SP1, predicted ammonia concentration was high 
compared to actual value. On the other hand, predicted ammonia concentration was low when 
the SP3 data was used as teaching data (Fig. 17A, B). 
Table 6. The variables selected by multivariable analysis 

 

SP1&3AllSPSP3SP2SP1

79366Temperature set

77346Light set

98354Combined set
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Fig. 14. Results of Lasso regression; Temperature data set (A, D and G), Light data set (B, E and H) and 
combined both conditions (C, F and I) at saturation pulse SP1 (A, B and C), SP2 (D, E and F) and SP3 
(G, H and I)  

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)
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Fig. 15. Results of Lasso regression; Temperature data set (A and B), Light data set (C and D) and 

combined both conditions (E and F) at all saturation pulse (A, C and E) and combined SP1 and SP3 (B, D and F) 
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Fig. 16. Results of Lasso regression; Temperature set analysis using the Light set as teaching data.  

Fig. 17. Results of Lasso regression; teaching data is SP1 and predicted data is SP3  

 

Fig. 16. Results of Lasso regression; teaching data is SP1 and predicted data is SP3 (A) and teaching data is SP3 and 
predicted data is SP1 (B)
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5. Discussion 

5.1. Difference of chlorophyll fluorescence between three stresses (NH3, heat and high light) 
The rapid response of fluorescence and OJIP curves after addition of ammonia (Table 

3) is consistent with findings by Markou et al. (2016) and Kishi et al. (unpublished). OJIP curve 
can be useful as a tool to monitor algal ammonia inhibition as it can respond quickly to the 
change of the culture environment. 

Ammonia is known to disrupt the manganese cluster of the oxygen-evolving complex 
(OEC), impairing oxygen evolution (Oyala et al., 2015). The overall reduction in fluorescent 
intensity (Fig. 5C) indicated that ammonia stress inhibited not only the OEC but also other 
components of photosystem II (PSII). The overall reduction of fluorescent intensity agreed with 
the results reported by Markou et al. (2016). The rise before the J peak in relative fluorescence 
reflects the appearance of the K-band, which is widely recognized as a diagnostic marker of 
OEC damage (Strasser et al., 2004). Given that this increase accelerates with rising ammonia 
concentrations, it suggests that the fluorescence characteristics before the J peak may contribute 
to the early detection of ammonia-induced inhibition in photosynthetic systems. 

Compared to the relatively low heat stress observed at 25 °C and 35 °C, exposure to 
40 °C resulted in a pronounced photosynthetic inhibition, indicating that the photosynthetic 
system is highly sensitive to extreme heat stress at this temperature. These results strongly 
indicate that exposure to 40 °C causes severe inhibition of photosynthetic activity, overriding 
any additional stress effects induced by ammonia. In fact, under 40 °C conditions, the OJIP 
curves exhibited pronounced distortion (Fig. 6B). The J peak of 40 °C became elevated and 
closely approached the intensity of the P peak, suggesting severe disruption of electron transport 
through PSII.  

The increase in the J peak under ammonia, heat, and light stress has been reported in 
previous studies (Markou et al., 2016; Jedmowski and Brüggemann, 2015; Jin et al., 2017), and 
our experimental results are consistent with these findings. Comparison of the OJIP curves 
showed that under high ammonia conditions, the O peak value was elevated compared to both 
the control condition (25 °C) and the high light condition. However, under heat stress, a similar 
O peak was observed (Fig. 8A). Moreover, since raw fluorescence intensity is largely influenced 
by microalgal biomass concentration and the intensity of the saturation pulse, it is difficult to 
use as a reference in actual monitoring. In the normalized OJIP curves, an increase in the J peak 
and similar trends leading to the P peak were observed, suggesting that specific detection of 
ammonia using OJIP curves alone may be challenging (Fig. 8B). 

As such environmental stresses can simultaneously occur in outdoor wastewater 
treatment and algal cultivation facilities, a way to precisely distinguish the cause of inhibition 
is required. Although Fv/Fm is commonly used as an indicator for detecting photosynthetic 
inhibition (Makarova et al., 1998; Zhou et al.; 2015; Lin et al., 2022), it was found to drastically 
decrease under high-temperature and high-light stress conditions. For instance, the value of the 
N3 condition at Time 5 under 25 °C was comparable to that of the N0 condition under high light 
intensity (Table 2). This suggests that while a correlation between Fv/Fm and ammonia 
concentration was observed within each controlled condition, the overlapping effects of 
multiple stresses may hinder the detection of ammonia-specific inhibition in field environments. 
In contrast, VL and VK appeared to be less sensitive to high temperature or photoinhibition. 
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Despite a slight increase in their values with rising temperature, these parameters exhibited 
relatively strong correlations with ammonia concentration across various conditions (Fig. 9B 
and C). Elevated VL and VK values are indicative of the appearance of the L-band and K-band, 
which are known markers of structural and functional disruptions in PSII.  

The K-band and L-band have previously been reported to appear under specific stress 
conditions, such as heat or nitrogen deficiency for the K-band, and high temperature or salt 
stress for the L-band (Strasser et al., 2004; Chen et al., 2016; Wang et al., 2023). The present 
results demonstrate that ammonia toxicity can also induce both bands. Furthermore, their 
appearance showed a strong correlation with increasing ammonia concentration, in a range 
larger than the heat and photoinhibition, suggesting that the parameters derived from 
fluorescence transients may serve as sensitive indicators of ammonia-induced PSII inhibition. 

 

5.2.  Effects of saturation pulse on chlorophyll fluorescence 
The increase in saturation pulse intensity elevated the fluorescence before the J peak, 

namely K and L bands (Fig. 10) most likely because of the accelerated reduction rate of QA by 
the stronger light energy. Not only the peak height but also shifts of the peak time was observed 
with increased pulse intensity (Fig. 11A, B and C, 12A, B and C). These phenomena can be 
problematic for the selective detection of NH3, because the useful parameters for NH3 detection, 
namely VK and VL, can be altered by the saturation pulse intensity, which can vary among the 
fluorometer. Actually, the model that treated the data obtained from SP1 as teaching data 
overestimated predicted ammonia concentration of SP3 data (Fig. 17). Furthermore, if cell self-
shading within the measurement cuvette alters the effective saturation pulse intensity, the 
standardization of ammonia monitoring is further complicated.  

Increasing the saturation pulse caused the peaks of the K band and L band to shift to 
the left. However, this leftward shift became less pronounced as the OD increased. As discussed 
later, the peak positions of the K and L bands significantly influence the prediction of ammonia 
concentrations. Therefore, standardization of OD and saturation pulse intensity is essential for 
accurate measurement of ammonia concentration. Furthermore, increasing the saturation pulse 
intensity improved the detection of the K and L bands. This improvement is likely due to the 
enhancement of fluorescence intensity, which facilitates the differentiation of conditions. Thus, 
it is considered important to maintain a saturation pulse intensity above a certain threshold. 

However, it was suggested that OD has much less effect than the saturation pulse 
intensity irradiated from the fluorometer (Fig. 13). For example, at a low saturation pulse (SP1), 
the 4-times increase of OD from 0.04 to 0.16 (OD1 to OD4) had negligible effect on the K-
band. On the other hand, less than 3-time increase of pulse intensity (575 to 1405 μmol photons 
m−2 s−1) induced drastic effect (Fig. 13A and B). Furthermore, the leftward shift of the K-band 
due to increased saturation pulse intensity also had a more pronounced effect than the influence 
of microalgal biomass concentration (OD₇₅₀) especially at high saturation pulse. Based on these 
findings, the same fluorescent parameter could be used for a good range of OD if saturation 
pulse intensity is fixed. Nevertheless, self-shading still exerted some influence, as the K-band 
amplitude decreased with increasing OD especially at high saturation pulse intensities. In 
addition, another problematic phenomenon occurred was the range limit of fluorometer. In the 
SP2 condition, where the K-band was relatively well-defined, the maximum detectable OD was 
0.33. However, actual biomass concentrations in wastewater treatment facilities are typically 
higher. Under conditions of both high saturation pulse and high OD, fluorescence intensity 
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reached saturation, resulting in measurement failure. Therefore, further improvements in 
instrumentation or method are necessary to enable detection under higher biomass conditions.  

Concluding this section, saturation pulse intensity affected on OJIP parameters more 
than OD of microalgae. It suggests that saturation pulse intensity should be constant when OJIP 
is used as a tool of ammonia monitoring. 
5.3.  Multivariable analysis 

The Lasso multiple regression analysis was able to create models that can estimate the 
NH3 concentration at prediction accuracy of up to R2 = 0.92 (Fig. 14 and 15) with reduced 
number of variables (3–11; Table 5) despite the variable temperature and light conditions. This 
result indicates that OJIP fluorescent data contains enough information to selectively and 
quantitatively detect NH3 stress under the existence of heat and light stress. The prediction 
accuracy was much higher than that obtained solely by VL and VK (R2 = 0.68 and 0.64, 
respectively; Fig. 9B and C) owing to the combination of parameters.  

The higher predictive performance observed from the Temperature set compared to the 
Light set (Fig. 14G and H) may be attributed to the limited number of samples under the latter. 
Analysis across both temperature and light datasets revealed considerable variability in the 
predicted values for the N0 condition, which overlapped with those of the N1 condition. This 
suggests that the heat and light stress on PSII components deteriorates the prediction accuracy 
at a low-level NH3 (N0 to N1), while that has less effect at higher NH3 levels. Furthermore, 
despite the exclusion of highly variable samples based on a predefined criterion, predicted N4 
values remained lower than the actual values. This shift of N4 indicates that severe ammonia 
inhibition may not be accurately captured, most likely because of the limited capable range of 
PSII response to a severe stress.  

Among the variables selected for both the Temperature set and Light set in SP1 and 
SP2 conditions, VL, TRₒ/RC and Vlast were consistently included. TRₒ/RC, which represents 
the trapped energy flux per reaction center (RC), is known to be a reliable indicator under stress 
conditions such as high temperature and salinity (Wassie et al., 2019; Guo et al., 2019), and its 
increase with rising ammonia concentration suggests that RCs are inhibited by ammonia. Vlast, 
derived from the final fluorescence intensity (Flast) at 2000 ms, was effective with a low 
saturation pulse intensity (SP1) and showed a decreasing trend with increasing ammonia levels. 
VL, which demonstrated a relatively strong correlation with ammonia concentration (R² = 0.68), 
was also effective in SP1 analysis. 

While SP1 and SP2 primarily included parameters known to be associated with other 
environmental stresses, SP3 consistently selected V70 and V520 across all data sets. This 
highlights the critical role of K-band peaks measured at high saturation pulse intensity in 
detecting ammonia toxicity. An increase in saturation light intensity did not always contribute 
to an improvement in accuracy. However, combining data from different saturation light 
intensities led to enhanced accuracy (Fig. 15A, C, E), albeit with an increased number of 
variables. When parameters from all three saturation pulse levels (SP1, SP2, and SP3) were 
included, improvements were observed in prediction accuracy, correlation, and MSE across all 
data sets compared to the analysis conducted at individual saturation pulse intensity. However, 
variables selected from SP1 and SP3 dominated the model, while those from SP2 were 
comparably a few. This suggested that combining parameters from both low (SP1) and high 
(SP3) saturation pulse intensities can sufficiently enhance ammonia prediction performance, 
achieving comparable or superior accuracy. 



 

                                                

 

 

Detection of ammonia toxicity in microalgae by chlorophyll fluorescence 

 28 

MÁSTER EN INGENIERÍA AMBIENTAL 

In the combined analysis of SP1 and SP3, five identical variables (V520 (SP3), TRo/RC 
(SP1 and SP3), Phi-Pav (SP1), and Vlast (SP1)) were selected across both the Temperature set 
and the Light set. Consequently, when predicting the Temperature set (excluding 25°C to avoid 
overlap between teaching and predicting data) using the Light set as the model-teaching dataset, 
relatively high prediction accuracy was achieved. This suggests that a single model can be used 
to predict NH3 level, distinguishing it from heat and light stress, probably because these five 
variables are more strongly correlated with ammonia stress than with temperature or light stress. 
While relatively low ammonia stress levels, such as N1 and N2, were predicted accurately, the 
predicted values for N0 were overestimated by approximately 0.5 to 1.0 mM compared to the 
estimation value. This indicates that when temperature or light causes inhibitory effects similar 
to those of ammonia stress, the model may misinterpret them as ammonia stress, and its 
accuracy is deteriorated at low NH3 levels. Increase in the teaching dataset may improve model 
refinement to avoid such issues in the future, as better prediction accuracy was observed when 
both Temperature and Light sets were used for model teaching (Fig. 15F). 

The model that treated the data obtained from SP1 as teaching data overestimated 
predicted ammonia concentration of SP3 data, and the opposite model underestimated predicted 
ammonia concentration. Chlorophyll fluorescence intensity is enhanced by increasing 
saturation pulse. Additionally, some parameters, such as VL and VK, exhibited a positive 
correlation with ammonia concentration. It is considered that the high chlorophyll fluorescence 
intensity of the data obtained from SP3 was misrecognized by the model SP1 used as teaching 
data as high ammonia inhibition. This result showed that this model must be used under same 
saturation pulse intensity measurement.   
5.4. Implication 

In this study, Lasso regression analysis model was found to be able to estimate 
ammonia concentration by OJIP measurement under high light and high temperature stress 
conditions. This indicates that OJIP measurement has the possibility of being used as a 
monitoring tool for ammonia concentration in a wastewater treatment reactor. On the other hand, 
there are still challenges. Firstly, ammonia prediction of this model has a range that functions 
effectively. High ammonia concentration conditions were underestimated through this study. 
Furthermore, effects of high light, high temperature, and ammonia stress on OJIP parameter are 
somewhat similar, although the effects were relatively more strongly observed with ammonia 
stress. The relative fluctuation of prediction was large at low ammonia concentration of nearly 
0 mM mainly owing to the effects of light and temperature stress. Therefore, in the case that 
very sensitive monitoring is needed, this model should be combined with other monitoring tools 
that can measure very low ammonia concentrations. Secondly, it was found that saturation pulse 
intensity elevates important OJIP parameters. Inaccurate prediction was observed when a model 
created by a different saturation pulse intensity was used. This result suggests that the saturation 
pulse intensity needs to be carefully adjusted essential for the prediction of ammonia toxicity. 
On the other hand, if saturation pulse intensity is accurately adjusted, combination of different 
intensities was found to enhance the prediction accuracy under high light and high temperature 
stress.  

 

6. Conclusion 
While qualitative OJIP curves did not allow for distinction between stress types such 
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as temperature, high light intensity, and ammonia inhibition, quantitative parameters such as 
VL and VK showed a relatively high correlation with ammonia concentration. Furthermore, 
multivariable analysis enabled a more accurate prediction of ammonia levels. An increase in 
saturation pulse intensity accelerated the emergence of the K-band peak, and the resulting 
parameters (V70 and V520) contributed significantly to the prediction accuracy. These findings 
suggest that enhanced saturation pulse intensity improves the precision of ammonia 
concentration estimation. However, as saturation pulse intensity increases, the measurable 
range of biomass concentration without fluorescence signal saturation narrows. Therefore, 
further instrument and/or method development and standardization of saturation pulse settings 
are essential to ensure accurate and robust application of this method in practice. 
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