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Preface 
 

Background 
 The strawberry (Fragaria × ananassa Duch.) is a widely cultivated horticultural crop 

in temperate, subtropical, and Mediterranean climates (Menzel, 2021), and currently, 

strawberry plants are predominantly cultivated in the greenhouse (Neri et al., 2012; Samtani et 

al., 2019), where various environmental control technologies have been developed to achieve 

high yield (Lu et al., 2015) with a focus on enhancing photosynthetic rate, which is an essential 

physiological function of crops closely linked to yield (Long et al., 2006). For example, Hidaka 

et al. (2016) reported that supplemental lighting with elevated CO2 concentration and 

temperature accelerated flowering and resulted in significant increase in fruit yield. 

Furthermore, in recent years, new technologies, which also focus on reducing energy 

consumption, have been reported (Yoneda et al., 2020; Hidaka et al., 2022). For more accurate 

utilization of these technologies, the establishment of predictive tools for reproductive growth 

dynamics throughout the cultivation period is required. 

 While many row crops and vegetable crops are typically harvested once at the end of 

the growing season, strawberry fruits are usually harvested every 3 to 4 days. Furthermore, 

considering that there are multiple high yield waves occurring throughout cultivation period 

(MacKenzie and Chandler, 2009) and that the unit price fluctuates significantly depending on 

the timing (Wu et al., 2015), the significance of reproductive growth dynamics prediction for 

environmental control and consequently the optimization of yield is substantial. In light of these 

situations, statistical predictive models based on correlations with environmental conditions 

(Lobell et al., 2006; Pathak et al., 2016) and machine learning (Khoshnevisan et al., 2014) have 

been developed and reported. However, the reproductive growth dynamics of strawberries 

involves many eco-physiological functions (e.g., the relationship between fruit growth and the 
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rate of translocation of photosynthetic products from leaves to fruits as reported by Hidaka et 

al., 2019). Consequently, it is necessary to consider not only environment but also eco-

physiological functions to construct a more universal and accurate predictive model for 

reproductive growth dynamics, while such examples are currently lacking. 

 

Objectives and summary of this thesis 
In this thesis, the objective is to analyze the reproductive growth dynamics (i.e., 

flowering and harvest after fruit maturation) in greenhouse-grown strawberries, based on not 

only environment but also eco-physiological functions (such as photosynthesis). To achieve this, 

I addressed the following three matters. Summary is presented in Fig. P.1. 

 In chapter 1, As measuring photosynthetic rate throughout the cultivation period was 

not practical, I investigated whether leaf photosynthetic rate was limited by environmental 

stresses on sunny days for more accurately estimating photosynthetic rate of greenhouse-grown 

strawberries. Furthermore, the diurnal variations in the factors of photosynthesis reduction were 

analyzed, considering the changes in greenhouse environmental conditions and leaf water 

potential from sunrise to sunset. The content of this chapter was published as Yokoyama and 

Ono et al. (2023 co-first) in Photosynthetica. 

 In chapter 2, I hypothesized that cumulative photosynthetic rate, which combines 

information on multiple environmental factors and eco-physiological functions, could be more 

useful as an index for predicting days from flowering to harvesting compared to cumulative 

light intensity and temperature, which have been conventionally used for indices. To test this, I 

measured the daily environmental conditions and dates of reproductive growth events of 

approximately 2,700 fruits (e.g., flowering, fruit set, and harvesting). Additionally, building 

upon the results from chapter 1, I estimated the photosynthetic rate while considering limitation 

by environmental stresses. Finally, the variability of cumulative values among each index from 
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flowering to harvesting were statistically compared. The content of this chapter was published 

as Ono et al. (2023) in The Journal of Horticultural Science and Biotechnology. 

 In chapter 3, I analyzed the relationship between daily flowering dynamics of the first 

inflorescence, which directly correlates with harvesting dynamics during the most lucrative 

period, and the history of environmental factors and leaf photosynthetic rate. To conduct these, 

I daily obtained the environments inside the greenhouse, photosynthetic rate, and flowering 

dynamics throughout the three cultivation periods. The content of this chapter is currently being 

prepared for submission.  

  

Figure P.1 Schematic diagram of summary of this study. 

Question…
For modeling leaf photosynthetic rate, how is 
the photosynthesis limited by environmental 
stress in well-watered greenhouse?

Question…
Is cumulative leaf photosynthetic rate 
suitable for an index to predict the harvest 
timing?

Question…
How the history of environmental factors 
and leaf photosynthetic rate influences the 
flowering dynamics?

Daily environmental 
condition measurement

Gas exchange 
measurement and
daily estimation

Daily reproductive 
growth dynamics 

measurement
Analyze

Chapter 1

Chapter 2

Chapter 3

Flow of this thesis (conducted using strawberries of 3 cultivation periods)

Future

For this…
Measured gas exchange  
parameters and investigated 
limitation factors

For this…
Measured days to harvest and 
assessed variability in cumulative 
values for each index

For this…
Obtained daily data of three 
years and analyzed relationship 
with flowering dynamics

Universal and accurate modeling reproductive growth based on environment
and eco-physiological functions



4 

Chapter 1 
For modeling leaf photosynthetic rate, how is the 

photosynthesis limited by environmental stress in 

well-watered greenhouse? 
 

1.1. Introduction 

On sunny days, plants actively engage in photosynthesis; however, despite sufficient 

solar radiation, the photosynthetic rate often decreases around midday. Under strong solar 

radiation, a decrease in photosynthetic rate around midday, known as midday depression of 

photosynthesis (hereafter midday depression), is frequently observed (Roessler and Monson 

1985; Raschke and Resemann 1986; Ayari et al., 2000; Muraoka et al., 2000; Pelletier et al., 

2016). Notably, identifying the environmental factors limiting the photosynthetic rate is 

essential for preventing crop yield loss caused by a decrease in photosynthesis. 

Owing to the high solar heat load, environmental conditions in greenhouse often 

become unfavorable for photosynthesis, especially on sunny days in warmer climate regions 

(He et al., 2007; López et al., 2012). As the photosynthetic process consists of diffusion of CO2 

from the atmosphere to the carboxylation site, which was thought to be largely regulated by 

stomatal functioning and activity of biochemical process at the carboxylation site (Wilson et al., 

2000), the regulation of photosynthesis by environmental factors has been investigated in 

greenhouse-grown crops in relation to stomatal and biochemical limitations (Ayari et al., 2000; 

Fan et al., 2010; Yuan et al., 2016; Rodrigues et al., 2018; Sarabi et al., 2019). Common 

environmental stresses in greenhouse agriculture include high light and temperature stresses, 

which inhibit the activity of photosynthetic enzymes and electron transport chains and induce 

biochemical limitations (He et al., 2007; Hu et al., 2009; Fan et al., 2010; Szymańska et al., 
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2017; Lu et al., 2017). Although high light and temperature conditions are the primary 

contributors to biochemical limitations, they can indirectly increase stomatal limitation. The 

transpiration rate is elevated under high light and temperature conditions to suppress an increase 

in leaf temperature. If water uptake from the roots is insufficient to compensate for water loss 

via transpiration, plants close their stomata to prevent further water loss (Robinson and Bower 

1988). In addition, an increase in temperature results in an elevated vapor pressure deficit (VPD), 

which increases stomatal limitation by inducing stomatal closure (Lu et al., 2015; Zhang et al., 

2015, Yuan et al., 2016). Depending on stress severity, water stress increases stomatal and non-

stomatal limitations. Under mild water stress conditions, stomatal limitation is the predominant 

factor for the decrease in photosynthetic rate, whereas non-stomatal limitation increases under 

severe water stress conditions (Yuan et al., 2016; Song et al., 2020). These studies showed that 

different photosynthetic limitations (e.g., stomatal or biochemical limitations) regulate 

photosynthesis depending on the environmental conditions. As the environmental conditions 

inside the greenhouse change dynamically throughout the day, photosynthetic limiting factors 

would also change throughout the day. Moreover, rather than a single physiological factor, 

multiple concurrently operating factors can limit the photosynthetic rate. Therefore, to 

understand how environmental factors limit the photosynthetic rate, diurnal changes in the 

relative proportions of photosynthetic limitation factors require evaluation. 

Quantitative limitation analysis, which was proposed by Jones (1985) and further 

extended by Wilson et al., (2000) and Grassi and Magnani (2005), is one of the common 

methods for investigating dynamic changes in photosynthetic limitations. Traditionally, the 

constraints imposed by environmental stress on photosynthesis have been analyzed in terms of 

stomatal and biochemical limitation (i.e., maximum carboxylation rate) (Wilson et al., 2000), 

whereas Grassi and Magnani (2005) showed the importance of including mesophyll 

conductance in the analysis. Since then, quantitative limitation analysis has often been used 

under field conditions to examine the changes in relative proportions of photosynthetic 
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limitations (i.e., stomatal, mesophyll, and biochemical limitations) under limited soil–water 

conditions over relatively long periods (Grassi and Magnani 2005; Galle et al., 2009; Grassi et 

al., 2009; Flexas et al., 2009; Egea et al., 2011; Zhu et al., 2021). However, this quantitative 

analysis was infrequently used to examine greenhouse-grown horticultural crops (Chen et al., 

2014; Zhang et al., 2021). Because the environmental conditions inside a greenhouse differ 

from those outside in the field, changes in photosynthetic limitations and their proportion to 

reductions in photosynthetic rate would differ from previous field-based studies conducted 

under water stress. For example, Grassi et al. (2009) reported that diffusional limitation (i.e., 

stomatal and mesophyll limitations) was the dominant limiting factor for photosynthesis under 

water stress conditions, whereas the proportion of biochemical limitation was higher when 

water stress was less severe. Because greenhouse-grown horticultural crops are generally well-

watered, biochemical limitation would play a greater role in the photosynthetic regulation of 

greenhouse-grown crops than it would in studies conducted under water stress. 

In this chapter, I examined how different photosynthetic limitations (i.e., stomatal, 

mesophyll, and biochemical limitations) regulate leaf photosynthetic rate in response to diurnal 

changes under greenhouse environment conditions. I hypothesized that diffusional limitations 

(i.e., stomatal and mesophyll) have a relatively smaller proportion than biochemical limitations 

in well-watered greenhouse-grown strawberry. To achieve this, the gas exchange and 

chlorophyll fluorescence of greenhouse-grown strawberries were measured on a diurnal scale 

for three days under varying environmental conditions, followed by quantitative limitation 

analysis to evaluate the diurnal changes in photosynthetic limitations. 
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1.2. Materials and methods 

1.2.1. Plant materials and growth conditions 

Strawberry nurseries (Fragaria × ananassa Duch. cv. Fukuoka S6) were grown in a 

greenhouse (37 m long × 9 m wide × 4.5 m high) located at the National Agricultural and Food 

Research Organization (Kyushu Okinawa Agricultural Research Center, Japan; 33°18.4′ N, 

130°32.8′ E). The nurseries, which were selected from mother stocks, were planted in plastic 

pots filled with a 3:5:2 (v:v:v) mixture of peat moss, coconut shell, and charcoal on June 11, 

2020. A nutrient solution (OK F-1, OAT Agrio Co., Ltd., Tokyo, Japan; electrical conductivity 

= 0.6 dS m−1) was supplied at a rate of 300 mL d−1 / plant at 9:00, 11:00, 13:00, 15:00, and 

17:00 each day. To induce anthesis, nutrient supplementation was stopped between mid-August 

and mid-September; thus, only water was supplied during this period. Flower buds 

differentiated on the first inflorescence until mid-September, and other growth conditions were 

set as described by Hidaka et al., (2019). On October 1, 2020, 288 plants were transplanted on 

cultivation beds (15 m long × 30 cm wide × 80 cm high) and filled with the culture soil (Good 

Soil, Kaneya Co., Ltd., Aichi, Japan) in a greenhouse (20 m long × 8 m wide × 4 m high) located 

at Ito Plant Experiment Fields & Facilities, Faculty of Agriculture, Kyushu University, Fukuoka, 

Japan (33°35.5′ N, 130°12.9′ E), with 20 cm intervals between plants and inter-row spacing of 

15 cm (Fig. 1.1). The plants were supplied with a nutrient solution (same as that described 

above) at a rate of 200 to 300 mL d−1/plant depending on the temperature inside the greenhouse, 

at 1-h intervals during daytime (6:00–18:00). The greenhouse was equipped with an oil heater 

(HK2027TEV, NEPON Inc., Tokyo, Japan) and a ventilation system comprising roof and side-

wall windows to keep the temperature between 8°C and 22°C. In addition, to prevent excessive 

high temperature and drying inside the greenhouse, the fine mist cooling system (the mist 

nozzle diameter, 0.15 mm; dynamic injection pump flow rate, 1.5 L min−1; Green.com Inc., 

Tokyo, Japan) was operated for 2 min at 15-min intervals from 10:00 to 16:00 only on sunny 
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days. Flowers were pollinated by bees. 

Inside the greenhouse, the environmental conditions such as photosynthetic photon 

flux density (PPFD), temperature (Ta), and relative humidity (RH) were measured using a 

quantum sensor (PAR-02D, Prede Co., Ltd., Tokyo, Japan) and temperature/humidity sensor 

(HMP60, Vaisala, Helsinki, Finland), respectively. A single set of meteorological sensors was 

placed around the center of the greenhouse between plant rows at a height of 1.2 m (near the 

canopy top; Fig. 1.1). Data were measured at 5-s intervals, and 10-min means were logged in a 

programmable data logger (CR-1000, Campbell Scientific Inc., Logan, USA). The vapor 

pressure deficit (VPD) inside the greenhouse was calculated from Ta and RH. In addition, the 

outside solar radiation (I) at the same interval was obtained from a meteorological station 

(pyranometer: CHF-SE20-JM, Climatec Inc., Tokyo, Japan) located about 120 m away from 

the greenhouse used in the experiment. 

  

Figure 1.1 Photographs of the exterior (A) and interior (B) of the greenhouse used in the 

experiment. 
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1.2.2. Measurements of photosynthetic parameters and leaf water potential 

Diurnal changes in photosynthetic parameters (light-saturated photosynthetic rate 

Anmax, stomatal conductance to water vapor gsw, and chlorophyll fluorescence) under light-

saturated conditions were measured using a portable gas exchange system (LI-6400, LI-COR, 

Lincoln, NE, USA) equipped with a leaf chamber fluorometer (LI-6400-40, LI-COR, Lincoln, 

NE, USA) on May 22, 23, and 30, 2021, which were relatively sunny days. This measurement 

was conducted to evaluate the diurnal changes in mesophyll conductance (gm) using the variable 

J method (Harley et al., 1992) and maximum carboxylation rate based on CO2 concentration at 

the carboxylation site using the one-point method (De Kauwe et al., 2016; Fig. 1.2). The 

measurements were conducted on randomly selected fully expanded sun leaves from 6:30 am 

to 18:00 pm at an interval of about 30 min under light-saturating PPFD of 1500 μmol m−2 s−1 

with a CO2 concentration of 400 μmol mol−1. In addition, the temperature and vapor pressure 

deficit inside the chamber were allowed to follow ambient conditions. 

From the fluorescence measurements, the effective quantum yield of PSⅡ 

photochemistry (ΦPSⅡ) was determined as follows: 

ΦPSII  =  𝐹𝐹′m − 𝐹𝐹s 𝐹𝐹′m⁄ , (1.1) 

where Fs is the steady-state fluorescence yield at a PPFD of 1500 µmol m−2 s−1 and F′m is the 

maximum fluorescence measured with a light-saturating pulse. Then, the electron transport rate 

(ETR) was calculated as follows: 

𝐸𝐸𝐸𝐸𝐸𝐸 =  𝛼𝛼 ∙ 𝛽𝛽 ∙ ΦPSII ∙ PPFD, (1.2) 

where α is the leaf absorptance, which was assumed to be 0.85 (Evans and Loreto, 2000), and 

β is the portioning of absorbed quanta between PSⅠ and PSⅡ, which was assumed to be 0.5 

(Laisk and Loreto, 1996). 

Diurnal changes in leaf water potential (Ψw) were also measured along with the gas 

exchange measurements every two hours from 6:00 to 18:00 (n = 3 for each measurement point). 
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Ψw was measured using a pressure chamber (Pump-up Chamber, PMS Instruments, Albany, OR, 

USA). The measurements of Ψw were made on a different plant used for the gas exchange 

measurements to avoid any effects by sampling leaves for the Ψw measurement. 

 

1.2.3. Assessing the risk of intercellular CO2 concentration miscalculations 

To derive a reliable value of the maximum carboxylation rate based on CO2 

concentration at the carboxylation site and gm, an accurate measurement of intercellular CO2 

concentration (Ci; i.e., accurate measurement of Anmax and gsw) is important (Pons et al., 2009). 

The effect of cuticular transpiration on gsw calculation is negligible when transpiration through 

the stomata is sufficiently large relative to cuticular transpiration. However, when gsw becomes 

lower under high evaporative demand conditions, gsw could be overestimated due to a relative 

increase in cuticular transpiration, resulting in an error in Ci value (e.g., Boyer et al., 1997; 

Márquez et al., 2021). Thus, I recalculated Ci to account for the effect of cuticular transpiration. 

Cuticular conductance was determined using the method of Sack et al. (2003). Briefly, 

Figure 1.2 Relationship between the maximum carboxylation rate (Vcmax) obtained by A–Ci 

curve method and by one point method (A) and between maximum electron transport rate (Jmax) 

obtained by A–Ci curve method and by one point method (B). These relationships were obtained 

using strawberry leaves grown in the same greenhouse as this experiment. The dashed line and 

plot color denote a one-to-one relationship and leaf temperature (Tleaf), respectively. 
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strawberry leaves were dried on a laboratory bench for 2−4 h, and the leaves were weighed at 

intervals of 1−5 min. Leaf temperature (Tleaf), temperature, and relative humidity were 

measured by the infrared thermography camera (FLIR i5, IRIE SHOKAI Co., Ltd., Tokyo, 

Japan) and the temperature–humidity recorder (TR-72Ui, T&D Co., Nagano, Japan), 

respectively, and used to calculate leaf-to-air VPD. Cuticular transpiration was estimated from 

the slope of the decline in leaf weight and then normalized by the leaf area. The leaf area was 

estimated from the measured leaf’s picture using ImageJ v. 1.53 software. Finally, cuticular 

conductance was evaluated by dividing cuticular transpiration by leaf-to-air VPD. Moreover, to 

avoid errors, CO2 leakage in the gas exchange measurement was corrected, as described by 

Flexas et al. (2007a).  

 Because patchy stomatal closure could cause an error in Ci when plants are subjected 

to stress conditions, I checked the reliability of the measured Ci value based on the Ci−gsw 

relationship, as described by Grassi et al. (2009). Owing to the sharp increase in Ci for gsw 

values less than 0.05 mol m−2 s−1 (Fig. 1.3), data below this threshold were omitted from the 

estimation of photosynthetic parameters.  

Figure 1.3 Relationships between stomatal conductance to water vapor (gsw) and intercellular 

CO2 concentration (Ci) measured by a portable gas exchange system (LI-6400, LI-COR, 

Lincoln, NE, USA) equipped with a leaf chamber fluorometer (A) and clear top chamber (B) 

on the day when gas exchange measurements were conducted (i.e., yellow circle: May 22; blue 

triangle: May 23; purple square: May 30). 
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1.2.4. Calculation of mesophyll conductance and biochemical capacity 

parameters 

From the method proposed by Harley et al. (1992), gm was calculated as follows: 

𝑔𝑔m =  𝐴𝐴nmax
𝐶𝐶i −

𝛤𝛤∗[𝐸𝐸𝐸𝐸𝐸𝐸 + 8 (𝐴𝐴nmax + 𝑅𝑅d)]
𝐸𝐸𝐸𝐸𝐸𝐸 − 4 (𝐴𝐴nmax + 𝑅𝑅d)

� , (1.3) 

where Anmax and Ci are taken from gas exchange measurements at saturating light, and ETR is 

calculated by Eq. 1.2. Rd is the mitochondrial respiration rate in the light, estimated by 

multiplying the maximum carboxylation rate on intercellular CO2 concentration by 0.015, and 

Γ* is the CO2 compensation point in the absence of mitochondrial respiration (Bernacchi et al., 

2001). 

From the transport equation for CO2 diffusion into the leaf, the CO2 concentration at 

the carboxylation site (Cc) was calculated as follows: 

𝐶𝐶c = 𝐶𝐶i −  𝑃𝑃Nmax 𝑔𝑔m⁄ . (1.4) 

Also, from the measurement of gas exchange under light-saturated conditions, I calculated the 

maximum carboxylation rate based on CO2 concentration at the carboxylation site at the 

respective Tleaf [Vcmax(Cc,Tleaf)] by the one-point method (De Kauwe et al., 2016), as follows: 

𝑉𝑉cmax(𝐶𝐶c,𝑇𝑇leaf) =  𝐴𝐴nmax �
𝐶𝐶c + 𝐾𝐾m
𝐶𝐶c − 𝛤𝛤∗

− 0.015� , (1.5) 

where Km is the Michaelis−Menten constant defined by Bernacchi et al. (2001). Other Rubisco 

kinetics and their temperature dependencies were also taken from Bernacchi et al. (2001). 

Moreover, I used the following Arrhenius function to standardize Vcmax(Cc,Tleaf) to 25°C: 

𝑉𝑉cmax(𝐶𝐶c,𝑇𝑇leaf) = 𝑉𝑉cmax(𝐶𝐶c) exp �
𝐸𝐸a �𝑇𝑇leaf,K − 298.15�

298.15 𝑅𝑅 𝑇𝑇leaf,K
� , (1.6) 

where Vcmax(Cc) is the maximum carboxylation rate based on CO2 concentration at the 

carboxylation site at 25°C, R is the universal gas constant (8.314 J mol−1 K−1), and Ea is the 

activation energy obtained by fitting Eq. 1.6 to the relationship between Vcmax(Cc,Tleaf) and Tleaf 
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(61.00 kJ mol−1; Fig. 1.4). 

 

1.2.5. Quantitative limitation analysis 

To evaluate the contributions of stomatal, mesophyll, and biochemical limitations on 

the midday depression of photosynthesis in strawberry plants, quantitative limitation analysis 

proposed by Jones (1985) and further extended by Wilson et al. (2000) and Grassi and Magnani 

(2005) was performed. According to Grassi and Magnani (2005), relative changes in Anmax can 

be expressed in terms of parallel relative changes in stomatal conductance, mesophyll 

conductance, and biochemical capacity [i.e., Vcmax(Cc)]: 

d𝐴𝐴nmax
𝐴𝐴nmax

= 𝑆𝑆L + 𝑀𝑀𝑀𝑀L + 𝐵𝐵L = 𝑙𝑙s
d𝑔𝑔sc
𝑔𝑔sc

+ 𝑙𝑙mc
d𝑔𝑔m
𝑔𝑔m

+ 𝑙𝑙𝑏𝑏
d𝑉𝑉cmax(𝐶𝐶c)
𝑉𝑉cmax(𝐶𝐶c)

 , (1.7) 

𝑙𝑙s =
𝑔𝑔tot 𝑔𝑔sc⁄ ∙ 𝜕𝜕𝐴𝐴nmax 𝜕𝜕𝐶𝐶c⁄
𝑔𝑔tot + 𝜕𝜕𝐴𝐴nmax 𝜕𝜕𝜕𝜕c⁄  , (1.8) 

𝑙𝑙mc =
𝑔𝑔tot 𝑔𝑔m⁄ ∙ 𝜕𝜕𝐴𝐴nmax 𝜕𝜕𝐶𝐶c⁄
𝑔𝑔tot + 𝜕𝜕𝐴𝐴nmax 𝜕𝜕𝜕𝜕c⁄  , (1.9) 

𝑙𝑙b =
𝑔𝑔tot

𝑔𝑔tot + 𝜕𝜕𝐴𝐴nmax 𝜕𝜕𝜕𝜕c⁄ , (1.10) 

where gsc is stomatal conductance to CO2 (i.e., gsw/1.6); gtot is total conductance to CO2 between 

Figure 1.4 Relationships between leaf temperature (Tleaf) and maximum carboxylation rate 

based on the CO2 concentration at the carboxylation site at Tleaf [Vcmax(Cc,Tleaf)]. The solid line 

was calculated from the fitting curve using the Arrhenius function. Linear regression was 

conducted with R (version 4.0.2; R Development Core Team, Vienna, Austria). 
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the leaf surface and carboxylation site (i.e., 1/gtot = 1/gsc + 1/gm); SL, MCL, and BL are the 

contributions of gsc, gm, and Vcmax(Cc) to relative change in photosynthetic rate (i.e., 

dAnmax/Anmax), respectively; ls, lmc, and lb are the corresponding relative limitations (0 < li < 1, i 

= s, mc, b). Then, dAnmax/Anmax was defined as follows: 

d𝐴𝐴nmax
𝐴𝐴nmax

≈
𝐴𝐴nmax,ref − 𝐴𝐴nmax

𝐴𝐴nmax,ref
, (1.11) 

𝐴𝐴nmax,ref =
𝑉𝑉cmax,ref ∙ �𝐶𝐶a − 𝐴𝐴nmax,ref ∙ �1 𝑔𝑔sc,ref⁄ + 1 𝑔𝑔m,ref⁄ � − 𝛤𝛤∗�
�𝐶𝐶a − 𝐴𝐴nmax,ref�1 𝑔𝑔sc,ref⁄ + 1 𝑔𝑔m,ref⁄ � + 𝐾𝐾c ∙ (1 + 𝑂𝑂 𝐾𝐾o⁄ )�

− 𝑅𝑅d, (1.12) 

where gsc,ref, gm,ref, and Vcmax,ref are the reference values of gsc, gm, and Vcmax(Cc) defined as the 

maximum measured values; Anmax,ref is the reference photosynthetic rate assuming gsc,ref, gm,ref, 

and Vcmax,ref are reached simultaneously; O is the O2 concentration; Kc and Ko are the Michaelis 

constants for carboxylation and oxygenation defined by Chen et al. (2014), respectively; Rd is 

the day respiration rate. In addition, ∂Anmax/∂Cc in Eqs. 1.8−1.10 was calculated as follows: 

𝜕𝜕𝐴𝐴nmax 𝜕𝜕𝐶𝐶c = 𝑉𝑉cmax ∙⁄ [𝛤𝛤∗ + 𝐾𝐾c(1 + 𝑂𝑂 𝐾𝐾o⁄ )] [𝐶𝐶c + 𝐾𝐾c ∙ (1 + 𝑂𝑂 𝐾𝐾o⁄ )]2⁄ . (1.13) 

 

1.2.6. Statistical analysis 

Descriptive statistics [determination of means and standard error of all parameters, i.e., 

Ψw, Anmax, gsc, gm, Vcmax(Cc), ETR, and respective limitations] was done using the R software 

(version 4.0.2, R Development Core Team, Vienna Austria). Linear regression was used to 

analyze the relationship between Anmax and respective parameters [gsc, gm, Vcmax(Cc), ETR, Ci, 

Cc]. The significance of the correlations between Anmax and respective parameters was checked 

with Pearson’s correlation test using R software. 
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1.3. Results 

1.3.1. Diurnal changes in environmental conditions in the greenhouse 

Although all days were relatively sunny, with a maximum PPFD around 1800 μmol 

m−2 s−1, differences in environments were observed each day (Fig. 1.5). The lowest average 

PPFD of 631.1 μmol m−2 s−1, Ta of 20.8°C, and VPD of 0.79 kPa were observed on May 22, 

whereas the highest average PPFD of 717.7 μmol m−2 s−1, Ta of 25.5°C, and VPD of 1.72 kPa 

were observed on May 30. On May 23, the average PPFD, Ta, and VPD were 698.3 μmol m−2 

s−1, 24.6°C, and 1.31 kPa, respectively, which were intermediate between May 22 and 30.  

Figure 1.5 Diurnal changes in outside solar radiation (I; dashed line) and PPFD (solid line; A, 

B, C), temperature (Ta; D, E, F), and vapor pressure deficit (VPD; G, H, I) inside the 

greenhouse. The respective rows indicate the day when gas exchange measurements were 

conducted (i.e., A, D, G: May 22; B, E, H: May 23; C, F, I: May 30). 
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1.3.2. Diurnal changes in leaf water potential and photosynthetic 

parameters 

The diurnal changes in Ψw were similar among the measurement days, which decreased 

during the morning periods and then increased in the afternoon periods (Fig. 1.6). Ψw at 6:00 

was −0.08, −0.09, and −0.07 MPa on May 22, 23, and 30, respectively, showing that strawberry 

plants had an appropriate water status in the early morning. During the morning periods, Ψw on 

May 30 was relatively lower than those on May 22 and 23. The lowest Ψw value was observed 

between 12:00 and 14:00, which was −0.65, −0.90, and −0.91 MPa on May 22, 23, and 30, 

respectively. Ψw tended to increase from 14:00 to 18:00. 

Midday depression was observed depending on the environmental stress on each 

measurement day (Figs. 1.7 and 1.8). Owing to the severe environmental stress around midday 

(10:00 to 14:00) on May 30, gsw was lower than 0.05 mol m−2 s−1, which resulted in an unreliable 

Ci value (Fig. 1.3). Therefore, most data between 10:00 and 14:00 were discarded, and fewer 

data points were shown (Fig. 1.8C, F, I, L). 

 

 

Figure 1.6 Diurnal changes in leaf water potential (Ψw) on the day when gas exchange 

measurements were conducted (May 22, 23, and 30). Means ± SE (n = 3) are shown. 
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On May 22, Anmax was maintained at around 15 μmol m−2 s−1 until around 13:30 and 

then sharply decreased to 12.2 μmol m−2 s−1 by 14:30 (Fig. 1.8). gm exceeded gsc throughout the 

day. gm peaked (0.27 mol m−2 s−1) at around 8:30 and decreased to 0.17 mol m−2 s−1 by 13:30, 

whereas gsc showed a relatively constant value of 0.09 mol m−2 s−1 from 8:30 to 13:30 and 

decreased to 0.06 mol m−2 s−1 by 14:30. Vcmax(Cc) gradually increased during the morning period 

and showed a relatively constant value of around 130 μmol m−2 s−1 and then decreased after 

14:45. On May 23, Anmax peaked (13.7 μmol m−2 s−1) at around 7:30 and then decreased to about 

half of the maximum value by 12:00. In addition, gm was almost constant around 0.20 mol m−2 

s−1 during the morning periods and then decreased to 0.10 mol m−2 s−1 in the afternoon, whereas 

gsc peaked (0.07 mol m−2 s−1) at 7:30 and then decreased to 0.04 by 14:00. gm and gsc were 

almost the same value in the afternoon period compared with those in the morning period. 

Vcmax(Cc) tended to increase from 6:30, peaking (136.4 μmol m−2 s−1) at around 10:50 and then 

decreasing thereafter. On May 30, Anmax peaked (13.4 μmol m−2 s−1) at 8:30 and then constantly 

decreased to 7.8 μmol m−2 s−1 by 15:00. gm peaked (0.33 mol m−2 s−1) at 8:30 and then sharply 

decreased to 0.16 mol m−2 s−1 by 10:00. gm gradually decreased to 0.10 mol m−2 s−1 by 15:00. 

gsc peaked (0.07 mol m−2 s−1) at 8:30 and decreased to 0.05 mol m−2 s−1 by 13:30. Vcmax(Cc) 

increased in the early morning and varied between 146.1 μmol m−2 s−1 and 92.7 μmol m−2 s−1. 

Figure 1.7 Relationships among PPFD and leaf photosynthetic rate (An) on the day when gas 

exchange measurements were conducted (i.e., A: 22 May; B: 23 May; C: 30 May). NS and S 

indicate An before (yellow circle) and after (purple square) decrease, respectively. 



18 
 

Figure 1.8 Diurnal changes in light-saturated photosynthetic rate (Anmax; A, B, C), stomatal 

conductance to CO2 (gsc; D, E, F), mesophyll conductance (gm; G, H, I), and maximum 

carboxylation rate based on the CO2 concentration at the carboxylation site [Vcmax(Cc); J, K, L]. 

The respective rows indicate the day when gas exchange measurements were conducted (i.e., 

A, D, G, J: May 22; B, E, H, K: May 23; C, F, I, L: May 30). The measurements were conducted 

from 6:30 am to 18:00 pm (Japan standard time). Means ± SE (n = about 3) are shown. 
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1.3.3. Relationship between photosynthetic rate and parameters 

The relationships among Anmax and gsc, gm, Vcmax(Cc), Ci, and Cc are shown in Fig. 1.9. 

Anmax and diffusion conductance (i.e., gsc and gm) were significantly positively correlated on all 

three measurement days (Fig. 1.9A, D, G). No significant correlation was found between Anmax 

and Vcmax(Cc) (Fig. 1.9B, E, H). A significant positive correlation existed between Anmax and Ci 

on May 22 but was negligible on May 23 and 30 (Fig. 1.9C, F, I). However, Anmax and Cc were 

significantly positively correlated on all three measurement days (Fig. 1.9C, F, I).   
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Figure 1.9 Relationships among light-saturated photosynthetic rate (Anmax) and stomatal 

conductance to CO2 (gsc; yellow circle) and mesophyll conductance (gm; purple square; A, D, 

G), maximum carboxylation rate based on CO2 concentration at the carboxylation site 

[Vcmax(Cc); yellow circle; B, E, H], and intercellular CO2 concentration (Ci; yellow circle) and 

the leaf CO2 concentration at the carboxylation site (Cc; purple square; C, F, I). The respective 

columns indicate the day when gas exchange measurements were conducted (i.e., A, B, C: May 

22; D, E, F: May 23; G, H, I: May 30). The solid lines indicate respective linear regression. The 

Pearson correlation coefficients (r) and statistical significance are also shown (*: p < 0.001). 
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1.3.4. Diurnal changes in photosynthetic limitations 

The respective limitation dynamically varied throughout each day (Fig. 1.10). On May 

22, the Anmax was limited by 44.8% in total (i.e., SL + MCL + BL), largely due to SL (26.5%) and 

BL (11.8%) at around 7:30. From 8:30 to 13:30, the limitation sum varied between 21.1% and 

28.9%. During this period, SL and MCL were the main limiting factors for photosynthesis, 

whereas BL was relatively lower, varying between 1.6% and 4.4%. The limitation sum sharply 

increased at around 14:30 mainly due to an increase in SL. On May 23, the limitation sum was 

59% at around 6:45 and then sharply decreased to 31% at around 7:30 mainly due to SL. From 

7:30 to 9:20, BL increased from 9.7% to 18.9%, thereby increasing the limitation sum from 

31.5% to 47.2%. While BL decreased and had a relatively lower value than SL and MCL after 

9:20, SL and MCL tended to increase, thereby increasing the total limitation sum. On May 30, 

the limitation sum decreased from 43.2% to 23% at around 8:10 and then increased thereafter. 

SL and MCL were relatively higher than BL throughout most of the day.  

Figure 1.10 Diurnal changes in the limitations to light-saturated photosynthetic rate on the day 

when gas exchange measurements were conducted (i.e., A: May 22; B: May 23; C: May 30). 

SL, MCL, BL, and SUM indicate stomatal limitation (yellow circle), mesophyll conductance 

limitation (blue triangle), biochemical limitation (purple square), and the sum of each limitation 

(black rhombus), respectively. The measurements were conducted from 6:30 am to 18:00 pm 

(Japan standard time). Means ± SE (n = 3−5) are shown. 
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1.4. Discussion 

1.4.1. Diurnal variations in photosynthetic limiting factors 

In the present study, diurnal changes in photosynthetic limitations were investigated in 

well-watered greenhouse-grown strawberries. A diurnal variation in the proportion of 

photosynthetic limitation was observed, varying between measurement days under different 

environmental conditions (Fig. 1.10). While SL accounted for a large proportion of the 

photosynthetic limitation on all three measurement days, MCL also accounted for a large 

proportion of the photosynthetic limitation under severe environmental conditions (i.e., May 23 

and 30). Contrary to my hypothesis, BL was relatively lower than SL and MCL on all three 

measurement days. This finding was unexpected because previous studies have reported that 

diffusional limitation is larger under water stress conditions, while the relative importance of 

BL increases when water stress is less pronounced (Grassi et al., 2009). Strawberry plants’ 

stomatal sensitivity to plant water status may account for the higher proportion of SL. Jensen et 

al. (2009) reported that the soil moisture at which a decrease in gsw was observed surpassed that 

at which a decrease in leaf water potential was observed, suggesting conservative stomatal 

behavior in strawberry plants. In my study, the observed Ψw when gsc decreased was between 

−0.6 and −0.7 MPa on all measurement days, which was insufficient to induce stomatal closure 

for most crops (West and Gaff 1976; Syvertsen, 1982; Wankmüller and Carminati 2022). This 

result suggests that strawberry plants conserve plant water status by closing their stomata at an 

early stage of water stress, thereby preventing a decrease in biochemical activity caused by 

severe water stress. In addition, Klamkowski and Treder (2006) reported that gsw of 0.05 mol 

m−2 s−1 was the threshold of stomatal and non-stomatal limitations in strawberry plants. Because 

gsw below 0.05 mol m−2 s−1 was not used in my analysis to ensure photosynthetic parameter 

accuracy, SL was expected to be one of the dominant limiting factors for photosynthesis. 

In addition to SL, MCL accounted for a large proportion of photosynthetic limitations 
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under severe environmental conditions (i.e., May 23 and 30). While Anmax showed significant 

positive correlations with both Ci and Cc when the environmental condition was less severe, it 

showed a significant positive correlation with only Cc (Fig. 1.9C, F, I) under severe 

environmental conditions. This result suggests that Anmax was limited by the supply of CO2 from 

intercellular air spaces to chloroplasts, which in turn caused gm to be the main limiting factor 

of Anmax. Although recent studies have shown the effect of gm on photosynthetic limitation (e.g., 

Flexas et al., 2009), studies on photosynthetic limitations in horticultural crops have been 

investigated in terms of stomatal and non-stomatal limitations (Ayari et al., 2000; Fan et al., 

2010; Yuan et al., 2016; Rodrigues et al., 2018; Sarabi et al., 2019), with only a few studies 

considering gm (Chen et al., 2014; Zhang et al., 2021). In my study, gm was almost constant or 

increased during the early morning and then decreased toward the afternoon (Fig. 1.8D, E, F). 

gm can respond to several environmental and physiological factors, such as light intensity 

(Douthe et al., 2011; Xiong et al., 2015), ambient CO2 concentration (Düring, 2003; Rho et al., 

2011), leaf temperature (von Caemmerer and Evans; 2015, Xiong et al., 2020), and water stress 

(Grassi and Magnani 2005i Galle et al., 2009; Flexas et al., 2009). A decrease in gm was 

observed when PPFD exceeded 1000 µmol m−2 s−1 in the current study. Because gm increases 

with increasing light intensity (Flexas et al., 2007b) and ambient CO2 concentration inside the 

studied greenhouse was relatively constant due to ventilation, changes in leaf temperature and 

plant water status might have affected the changes in gm in my study. von Caemmerer and Evans 

(2015) reported that gm increased when the leaf temperature was 15°C–40°C in Oryza sativa, 

Nicotiana tabacum, Gossypium hirsutum, Glycine max, and Eucalyptus pauciflora, whereas the 

gm values of Triticum aestivum, Lophostemon confertus, and Quercus engelmannii were 

relatively constant or decreased for leaf temperature exceeding 30°C. In my study, the leaf 

temperature was between 30°C and 36°C when a decrease in gm was observed, suggesting that 

high leaf temperature might decrease gm in strawberry plants. In addition to high leaf 

temperatures, a decrease in gm has been extensively reported under water stress conditions 
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(Grassi and Magnani 2005; Galle et al., 2009; Flexas et al., 2009). The overall trends of gm and 

Ψw were relatively similar in my study. For example, sharp decreases in gm and Ψw were 

observed in the morning periods on May 30, whereas decreases in gm and Ψw were observed 

around noon on May 22 and 23. Therefore, a decrease in Ψw might be involved in gm reduction. 

 

1.4.2. Implications for future research 

Although many studies have applied quantitative limitation analysis to investigate the 

relative proportion of photosynthetic limitations (e.g., Grassi and Magnani 2005; Galle et al., 

2009; Flexas et al., 2009; Varone et al., 2012; Chen et al., 2014; Xiong et al., 2017; Zhang et 

al., 2021), to the best of my knowledge, none of these studies, including this study, have 

considered limitation by boundary layer conductance, which is an important factor for heat and 

mass exchange processes of leaves. The limitation of photosynthesis by boundary layer 

conductance might be negligible if the wind speed is high. However, the influence of boundary 

layer conductance is important under calm wind conditions, which are often observed inside 

greenhouses (Boulard et al., 2002). Kitaya et al. (2003) reported that gas exchange in sweet 

potato leaves was strongly limited by boundary layer conductance when the wind speed was 

less than 0.2 m s−1. In addition, as lower boundary layer conductance limits heat exchange of 

the leaf surface, leaf-to-air temperature difference would be larger when boundary layer 

conductance is small (Kimura et al., 2017). These findings show that if the boundary layer 

conductance is low during the daytime, it would affect photosynthesis, both directly and 

indirectly, by acting as resistance to gas exchange and by increasing leaf temperature. Therefore, 

incorporating boundary layer conductance into quantitative limitation analysis will provide 

more insights into how diffusional and non-diffusional limitations affect photosynthetic rates. 

Moreover, quantitative limitation analysis stems from the biochemical model of C3 

photosynthesis, which is defined as the photosynthetic rate limited by the carboxylation of 



25 

RuBP (ribulose-1,5-bisphosphate) or by RuBP regeneration (Farquhar et al., 1980). In my study, 

photosynthetic rate was assumed to always limited by RuBP carboxylation. However, light 

intensity inside greenhouses frequently fluctuates mainly due to a greenhouse structure 

(Cabrera-Bosquet et al., 2016; Fig. 1.4A, B, C), thereby fluctuating the limiting step of 

photosynthetic rate. Kimura et al. (2022) reported that PPFD inside the greenhouse varied 

spatiotemporally due to changes in sun position and greenhouse structures (i.e., the spatial 

variability of the daily integral of PPFD was 40%). In other words, because the light-receiving 

conditions of leaves change frequently, the limiting factor of the photosynthetic rate would also 

often change (i.e., when leaves receive adequate light, the photosynthetic rate is limited by 

RuBP carboxylation; when the light is interrupted by a greenhouse structure, the photosynthetic 

rate is limited by RuBP regeneration). Therefore, to more accurately assess the limiting factors 

of leaf photosynthetic rate in greenhouse-grown plants, the limitation by ETR and maximal 

electron transport rate should also be evaluated based on the light-receiving conditions of leaf 

surfaces (Chen et al., 2014). 

 

1.5. Conclusion 

In this chapter, quantitative limitation analysis, which distinguishes the factors of 

photosynthesis reduction into the three photosynthetic limitations (SL, MCL, and BL), revealed 

a decrease in Anmax even under well-watered greenhouse conditions. The respective limitations 

also showed different diurnal changes depending on the environmental stress on each 

measurement day. Under relatively moderate environmental stress, SL was the primary 

limitation of Anmax, whereas SL and MCL were the primary limitations under relatively severe 

stress, suggesting that stomatal closure was the main photosynthetic limitation and that the 

decline in mesophyll conductance was not negligible, especially under strong environmental 

stress and even under well-watered greenhouse conditions. The above results suggest that when 
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estimating leaf photosynthetic rate by using model, it is necessary to consider environmental 

stress. In the next chapter, I analyzed and discussed the cumulative leaf photosynthetic rate, 

which was estimated by model with considering the environmental stresses, from flowering as 

a predictive index for days from flowering to harvest. 
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Chapter 2 
Is cumulative leaf photosynthetic rate suitable for an 

index to predict the harvest timing? 
 

2.1. Introduction 

Environmental factors have a significant impact on strawberry reproductive growth 

dynamics such as flowering, fruit setting, and harvesting. (Sønsteby et al., 2016; Twitchen et 

al., 2021). In particular, light intensity is especially important (Konsin et al., 2001; Cervantes 

et al., 2019; Wang et al., 2020). Hidaka et al. (2013) reported that supplemental lighting using 

a high irradiance light-emitting diode for 12 h increased fruit weight by 8 g and the number of 

fruits per plant 1.5-fold. Growth is also affected by temperature (Ariza et al., 2015; Sønsteby et 

al., 2016; Cui et al., 2021). Ledesma et al. (2008) found that high temperatures (30°C/25°C) 

during fruit growth shortened the time to harvest by 7 days and reduced fruit set by 20%. To 

date, the responses of growth to the environment have been investigated on a daily to weekly 

basis using 10 to 60 plants with a 1 to 7-month cultivation period. However, high-resolution 

(daily) longitudinal data on days from flowering to harvest are necessary to model the timing 

of flowering, fruit set, and harvesting and to develop efficient management strategies for 

maximizing strawberry production. 

Cumulative values of light intensity and temperature from flowering are 

conventionally used as harvest indices in strawberry farming (Kawanobu et al., 2010; Opstad 

et al., 2011; Krüger et al., 2012). However, several studies suggested the relationship between 

the reproductive growth and photosynthesis. For example, Hidaka et al. (2019) reported a close 

relationship between fruit enlargement and the translocation of photosynthates from leaves to 

fruits. Furthermore, Nakai et al. (2022) reported a role for translocation rate and cumulative 
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leaf photosynthetic rate. Additionally, photosynthesis is affected by multiple environmental 

factors, such as light, temperature, and CO2 concentration, and eco-physiological functions 

(Farquhar et al., 1980). Thus, cumulative photosynthesis from flowering may be a superior 

index for predicting the time of harvest better than cumulative light intensity and temperature. 

 In this chapter, I tested whether photosynthesis could describe strawberry HD better 

than conventional indices. To do this, I monitored the daily dynamics of flowering, fruit setting, 

and harvesting in 144 strawberry plants (> 2,700 fruits) over 9 month cultivation period and 

monitored the growth dynamics of each inflorescence and fruit position. Furthermore, I 

estimated single-leaf photosynthetic rate using a biochemical photosynthesis model with 

considering the environmental stresses. Finally, I statistically compared the appropriateness of 

cumulative leaf photosynthetic rate, light intensity, and temperature from flowering to predict 

the time of harvest. 

 

2.2. Materials and methods 

2.2.1. Plant materials and growth conditions 

Similar to chapter 1, June-bearing strawberry plants (Fragaria × ananassa Duch. cv. 

Fukuoka S6) were used as the experimental crop. The nursery plants were grown in a 

greenhouse at the National Agriculture and Food Research Organization, Kyushu Okinawa 

Agricultural Research Center, Japan on June 6, 2019, and 288 plants were transplanted to beds 

filled with culture soil (Good Soil; Kaneya Co., Ltd., Aichi Japan) in a greenhouse at the Ito 

Plant Experiment Fields & Facilities, Faculty of Agriculture, Kyushu University, Fukuoka, 

Japan (Fig. 1.1) on October 3, 2019. The other growth condition is similar to that in chapter 1. 

In total, one hundred and forty-four of the original two hundred and eighty-eight plants were 

used. 
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2.2.2. Measurement of environmental conditions 

Photosynthetic photon flux density (PPFD), temperature, relative humidity, CO2 

concentration, and wind speed inside the greenhouse were measured at a height of 1.2 m. The 

sensors included a quantum sensor (PAR-02D; Prede Co., Ltd., Tokyo, Japan), a 

temperature/humidity sensor (HMP60; Vaisala, Helsinki, Finland), an infrared CO2-gas 

analyzer (GMP252; Vaisala, Helsinki, Finland), and an ultrasonic anemometer (model 81000; 

R.M Young Company, Traverse City, Michigan, USA). Data were measured every 5 seconds 

and 5 minutes means logged in a programmable data logger (CR-1000; Campbell Scientific 

Inc., Logan, Utah, USA). 

 

2.2.3. Simulation of the single-leaf photosynthetic rate 

2.2.3.1. Model description 

In this study, I estimated the leaf photosynthetic rate (A) in strawberry plants using a 

combination of the biochemical photosynthesis model (Farquhar et al., 1980), the stomatal 

model (Medlyn et al., 2011), and an energy balance equation. In the photosynthesis model, A is 

limited by the smaller values of the Rubisco-limited rate (Ac) and RuBP-limited rate (Aj): 

𝐴𝐴 =  min�𝐴𝐴c,  𝐴𝐴j�, (2.1) 

𝐴𝐴c  =  𝑓𝑓
𝑉𝑉cmax (𝐶𝐶i  −  𝛤𝛤∗)

𝐶𝐶i  +  𝐾𝐾c(1 +  𝑂𝑂 𝐾𝐾o⁄ )  −  𝑅𝑅L, (2.2) 

𝐴𝐴j  =  
𝐽𝐽 (𝐶𝐶i  −  𝛤𝛤∗)
4𝐶𝐶i  +  8𝛤𝛤∗

 −  𝑅𝑅L, (2.3) 

where Vcmax is the maximal carboxylation rate based on intercellular CO2 concentration, Ci is 

the intercellular CO2 concentration, Γ* is the CO2 compensation point without the mitochondrial 

respiration rate, Kc and Ko are the Michaelis–Menten constants for carboxylation and 

oxygenation, respectively, and O is the O2 concentration. Also, f is the attenuating function, 

which represents the effects of environmental stresses on leaf photosynthetic rate, and it is 
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described in 2.2.3.2. In Eq. 2.3, J is the electron transport rate: 

𝐽𝐽 =  
𝜙𝜙𝜙𝜙 +  𝐽𝐽max −  {(𝜙𝜙𝜙𝜙 +  𝐽𝐽max)2  −  4𝜙𝜙𝜙𝜙𝐽𝐽max𝜃𝜃}1 2⁄

2𝜃𝜃
, (2.4) 

where Φ is the initial slope of the curve, I is the PPFD, Jmax is the maximal electron transport 

rate, and θ is the convexity of the curve. In Eqs. 2.2 and 2.3, RL is the mitochondrial respiration 

rate and is estimated using the relationship between the day respiration rate (Rd) and night 

respiration rate (Rn) (Villar et al., 1995): 

𝑅𝑅L = 𝑅𝑅n (𝑖𝑖𝑖𝑖 𝐼𝐼 = 0 μmol m−2s−1), (2.5) 

𝑅𝑅L = 𝑅𝑅d = 0.4 𝑅𝑅n (𝑖𝑖𝑖𝑖 𝐼𝐼 >  0 μmol m−2s−1). (2.6) 

The photosynthesis model parameters, i.e., Γ*, Kc, Ko, Rn, Vcmax, and Jmax, depend on leaf 

temperature (Tleaf), and the temperature dependency of Γ*, Kc, Ko, and Rn can be described using 

the following Arrhenius function: 

𝑘𝑘 =  𝑘𝑘25 exp �
𝐸𝐸a �𝑇𝑇leaf,K − 298.15�

298.15 𝑅𝑅 𝑇𝑇leaf,K
� , (2.7) 

where k and k25 represent the parameter values at Tleaf in K and 25°C, respectively, Ea is the 

activation energy, and R is the universal gas constant (8.314 J mol−1 K−1). The temperature 

dependency of Vcmax and Jmax is expressed as a peaked Arrhenius function describing enzyme 

deactivation at high temperatures (Johnson et al., 1942): 

𝑘𝑘 =  𝑘𝑘25 exp �
𝐸𝐸a �𝑇𝑇leaf,K − 298.15�

298.15 𝑅𝑅 𝑇𝑇leaf,K
�  

1 + exp �298.15 ∆𝑆𝑆 − 𝐻𝐻d
298.15 𝑅𝑅 �

1 + exp �𝑇𝑇leaf ∆𝑆𝑆 − 𝐻𝐻d
𝑇𝑇leaf 𝑅𝑅

�
, (2.8) 

where ΔS is the entropy factor and Hd is the deactivation energy. 

 Following Medlyn et al. (2011), stomatal conductance for water vapor (𝑔𝑔sw) was given 

by the following equation: 

𝑔𝑔sw  =  𝑔𝑔0 + 1.6 �1 +
𝑔𝑔1

√𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
�
𝐴𝐴
𝐶𝐶s

, (2.9) 

where 𝑔𝑔0  and 𝑔𝑔1  represent the residual conductance and empirical constant of stomatal 

conductance, respectively, VPDL is the leaf-to-air vapor pressure deficit in kPa, and Cs is the 

CO2 concentration at the leaf surface. 
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2.2.3.2. Considering the environmental stress 

Since a decrease in leaf photosynthetic rate due to environmental stress has been 

measured in Chapter 1, the following attenuating function f representing the effects of 

environmental stresses by daily cumulative evapotranspiration Eaccum from leaves was defined 

and multiplied by Eq. 2.2: 

𝑓𝑓 =
1 + exp(𝑎𝑎𝐸𝐸ref)

1 + exp�𝑎𝑎(𝐸𝐸ref − 𝐸𝐸accum)�
 , (2.10) 

where a and Eref are the slope at the inflection point of attenuating function f and the threshold, 

respectively. Then, Eaccum was calculated as follows (simplification of the Penman-Monteith 

equation): 

𝐸𝐸accum = �𝐸𝐸 = �
𝑔𝑔′ah𝜌𝜌a𝑐𝑐𝑝𝑝𝐷𝐷a + ∆𝑅𝑅ni

𝑙𝑙 �∆ + �1 + 𝑔𝑔′ah 𝑔𝑔′sw,max� �𝐴𝐴γ�
 , (2.11) 

where g’
ah is the leaf boundary layer conductance to heat (m s−1), ρa is the mean air density at 

constant pressure (kg m−3), cp is the specific heat of the air (1.004 kJ kg−1 K−1), Da is the vapor 

pressure deficit of the air (hPa), Δ is the slope of the saturation vapor pressure temperature 

relationship (hPa °C−1), Rni is the isothermal net radiation (W m−2), l is the latent heat of 

vaporization (kJ kg−1) g’
sw,max is the daily maximum stomatal conductance to water vapor (m 

s−1), and Aγ is the psychrometric constant (hPa °C−1). Then, g’
ah in Eq. 2.11 was the calculated 

as follow (Kimura et al., 2020b): 

𝑔𝑔′ah =
1

41.4
0.21(𝑢𝑢 𝑑𝑑leaf⁄ )0.5, (2.11) 

where a value of 41.4 is the amount of substance per unit volume of air (mol m−3), u is the wind 

speed (m s−1), and dleaf is the leaf characteristic dimension (0.064 m). Δ in Eq. 2.11 was 

calculated as follow (Allen et al., 1998): 

∆=
40980 �0.6108exp �17.27𝑇𝑇air

(𝑇𝑇air + 237.3)� ��

(𝑇𝑇air + 237.3)2 , (2.13) 

where Tair is the air temperature (°C). Furthermore, Aγ in Eq. 2.11 is calculated as follow: 
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𝐴𝐴γ =
𝑐𝑐𝑝𝑝𝑃𝑃
𝜀𝜀𝜀𝜀

, (2.14) 

where P is the atmospheric pressure (1,013 hPa), and ε is the ratio molecular weight of water 

vapor/dry air (0.622; Allen et al., 1998). Also, Rni in Eq. 2.11 is calculated as follow: 

𝑅𝑅ni = 𝑅𝑅s,abs + 𝑅𝑅l,abs − 𝜀𝜀l,leaf𝜎𝜎(𝑇𝑇air + 273.15)4, (2.15) 

Rs,abs and Rl,abs are the absorbed shortwave and longwave radiation, respectively, εl,leaf is the leaf 

emissivity to longwave radiation (0.97; Gates, 1980), and σ is the Stefan-Boltzmann constant 

(5.67 × 10−8; W m−2 K−4). Rs,abs in Eq. 2.14 was calculated as follow: 

𝑅𝑅s,abs = 0.495𝛼𝛼s,leafPPFD, (2.16) 

where 0.495 is the ration of total shortwave energy to photosynthetic photon flux (Mavi and 

Tupper, 2004), and αs,leaf is the leaf absorptivity of shortwave radiation (0.56; Buckley et al., 

2014). Rl,abs in Eq. 2.14 was calculated as follow (De Boeck et al., 2012; Kimura et al., 2020b 

and 2022): 

𝑅𝑅l,abs = 𝛼𝛼l,leaf𝜏𝜏l,gh𝜀𝜀l,atm𝜎𝜎(𝑇𝑇air + 273.15)4 + 𝛼𝛼l,leaf𝜀𝜀l,gh𝜎𝜎�𝑇𝑇gh + 273.15�
4

+
𝛼𝛼l,leaf𝜌𝜌l,gh𝜀𝜀l,leaf𝜎𝜎(𝑇𝑇air + 273.15)4, (2.17)

 

where αl,leaf is the leaf absorptivity of longwave radiation (0.97; Gates, 1980); εl,atm is the 

atmospheric emissivity of longwave radiation; Tgh is the greenhouse temperature, assumed to 

equal Tair (De Boeck et al., 2012); and τl,gh, εl,gh, and ρl,gh are the longwave radiation 

transmissivity, emissivity, and reflectivity of the greenhouse material, respectively, using 

typical values for a polyvinyl-chloride greenhouse (0.11, 0.15, 0.74; De Boeck et al., 2012). 

εl,atm is calculated as follow (Leuning et al., 1995): 

𝜀𝜀l,atm = 0.642 �0.1𝑃𝑃
𝑊𝑊a

𝑇𝑇air + 273.15
�
1 7⁄

, (2.18) 

where Wa is the ambient water vapor concentration (mmol mol−1). 
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2.2.3.3. Model parameterization 

I determined the photosynthetic model parameters [i.e., the maximum carboxylation 

rate at 25°C (Vcmax,25) and the maximum electron transport rate at 25°C (Jmax,25; in Eqs. 2.2, 2.4, 

2.8)] and stomatal model parameters [i.e., the residual stomatal conductance (𝑔𝑔0 ) and the 

empirical constant of stomatal conductance (𝑔𝑔1; in Eq. 2.9)] by gas exchange measurement. To 

identify Vcmax,25 and Jmax,25, I conducted the gas exchange using a portable gas exchange system 

(LI-6400; LI-COR, Lincoln, Nebraska, USA) equipped with a LED light source chamber 

(6400-02B; LI-COR) and periodically obtained the response curves of the leaf photosynthetic 

rate (A) to intercellular CO2 concentrations (Ci; i.e., the A–Ci curve), at different times [i.e., at 

309, 310, 317, and 338 days of the year (DOY) in 2019 and 49 and 95 DOY in 2020]. At, this 

time, I set Tleaf and PPFD to 25°C and 1500 μmol m−2 s−1, respectively. During all measurements, 

the vapor pressure deficit in the LI-6400 system was kept at < 2 kPa as much as possible. Curve-

fittings for the measured data were performed using the “fitaci” function in the “plantecophys” 

package (version 1.4.6; Duursma, 2015) in R (version 4.0.2; R Development Core Team, Vienna, 

Austria), and Vcmax,25 and Jmax,25 were estimated. To identify 𝑔𝑔0 and 𝑔𝑔1, I measured diurnal 

changes in A, 𝑔𝑔w, CO2 concentration, and VPDL using the LI-6400 system with a transparent 

top chamber (standard leaf chamber; LI-COR) under ambient light, temperature, and humidity 

conditions at different times (at 353 and 360 DOY in 2019 and 92, 97, 133, and 141 DOY in 

2020). The stomatal model (Eq. 2.9) was fitted to the measured data using the “fitBB” function 

in the “plantecophys” package, and 𝑔𝑔0  and 𝑔𝑔1  were estimated. To identify the dark 

respiration rate (Rn; Eqs. 2.5, 2.6), I measured the leaf gas exchange rate using the LI-6400 

system with a LED chamber in darkness and a chamber reference CO2 concentration of 400 

μmol mol−1. Measurements were repeated at various leaf temperatures to estimate the 

temperature dependence of Rn. The Arrhenius equation (Eq. 2.7) was fitted to the obtained data 

and temperature-dependent parameters were determined, i.e., the night respiration rate at 25°C 
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(Rn,25) and the activation energy for Rn [Ea(Rn)]. 

 

2.2.3.4. Solving model 

To estimate A with an ever-changing Tleaf, I followed Nakai et al. (2022). Firstly, I set 

the arbitrary stomatal conductance (𝑔𝑔sw,SET) as the initial value and estimated Tleaf using the 

“tleaf” in the “tealeaves” package (version 1.0.5; Muir, 2019) in R. This allows users to set leaf 

and environmental parameters, as well as physical constants. For the environment and leaf 

parameters, I used the measured environmental conditions and a leaf characteristic dimension 

of 0.064 m (Kimura et al., 2020a), respectively. I used the default values for the other 

parameters. Secondly, I obtained Rn using Rn,25, Ea(Rn) in Eq. 2.7, and the estimated Tleaf. Thirdly, 

I estimated A using the “Photosyn” function in the “plantecophys” package with the estimated 

Tleaf and Rn values. I determined Vcmax,25 and Jmax,25 (in Eqs. 2.2, 2.4, 2.8). Other model 

parameters related to temperature dependence such as the activation energy for Vcmax [Ea(Vcmax)] 

and Jmax [Ea(Jmax)], entropy factor for Vcmax [ΔS(Vcmax)] and Jmax [ΔS(Jmax)], and deactivation 

energy for Vcmax [Hd(Vcmax)] and Jmax [Hd(Jmax)] were obtained from Kimura et al. (2020b), who 

took measurements in real cultivation settings using the same cultivar (Table 2.1; in Eq. 2.8). I 

used measured PPFD, temperature, relative humidity, CO2 concentration, and wind speed for 

the environmental parameters, while default values were used for the remaining parameters. 

Fourthly, I estimated stomatal conductance (𝑔𝑔sw,NEW ) using the stomatal model with the 

estimated A value, identified 𝑔𝑔0 and 𝑔𝑔1 (in Eq. 2.9), and measured environmental conditions. 

This process was repeated until the difference between 𝑔𝑔sw,SET and 𝑔𝑔sw,NEW was minimal. 

Finally, the obtained 𝑔𝑔sw,NEW was used as the next 𝑔𝑔sw,SET, and A was continuously estimated 

throughout the cultivation period. 
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Parameter Value (month of use) Unit Reference 

Vcmax,25 106.59 (Oct. and Nov. 2019) 

120.47 (Dec. 2019 and Jan. 2020) 

105.07 (Feb. and Mar. 2020) 

110.43 (Apr. 2020) 

109.61 (May and June 2020) 

μmol m−2 s−1 This study 

Ea(Vcmax) 53.20 (whole period) kJ mol−1 Kimura et al. (2020b) 

ΔS(Vcmax) 0.637 (whole period) kJ K−1 mol−1 Kimura et al. (2020b) 

Hd(Vcmax) 200 (whole period) kJ mol−1 Kimura et al. (2020b) 

Jmax,25 203.55 (Oct. and Nov. 2019) 

233.59 (Dec. 2019 and Jan. 2020) 

232.16 (Feb. and Mar. 2020) 

228.00 (Apr. 2020) 

204.49 (May and June 2020) 

μmol m−2 s−1 This study 

Ea(Jmax) 23.74 (whole period) kJ mol−1 Kimura et al. (2020b) 

ΔS(Jmax) 0.639 (whole period) kJ K−1 mol−1 Kimura et al. (2020b) 

Hd(Jmax) 200 (whole period) kJ mol−1 Kimura et al. (2020b) 

𝑔𝑔0 0.035 (Oct. 2019–Jan. 2020) 

0.019 (Feb. 2020–Apr. 2020) 

0.017 (May and June 2020) 

 This study 

𝑔𝑔1 2.75 (Oct. 2019–Jan. 2020) 

2.83 (Feb. 2020–Apr. 2020) 

1.57 (May and June 2020) 

mol m−2 s−1 This study 

Rn,25 1.46 (whole period) μmol m−2 s−1 This study 

Ea(Rn) 53.50 kJ mol−1 This study 

Table 2.1 Physiological parameters used to estimate the photosynthetic rate and stomatal 

conductance in strawberry leaves each month. 
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2.2.4. Acquisition of reproductive growth data 

All the flowers were tagged daily, and the dates of flowering, fruit setting, and 

harvesting recorded. The growth stage of the fruit was determined based on specific 

characteristics (Fig. 2.1). Flowering was defined when the petals were fully unfolded and the 

receptacle and all anthers were visible. Fruit setting was defined as the falling of petals and the 

expansion of the achenes on the receptacle. Harvesting was defined as the fruit surface evenly 

red. The number of flowerings (FLt), fruit settings (FRt), and harvestings (Ht) per day and plant 

were determined by dividing the daily values by the total number of plants (144). The number 

of flowers (NFLt), fruit (NFRt), and cumulative harvests (NHt) per day and plant were calculated 

using the following: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡  =  𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡−1  −  𝐹𝐹𝐹𝐹𝑡𝑡  +  𝐹𝐹𝐹𝐹𝑡𝑡, (2.19) 

𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡  =  𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡−1  −  𝐻𝐻𝑡𝑡  +  𝐹𝐹𝐹𝐹𝑡𝑡, (2.20) 

𝑁𝑁𝑁𝑁𝑡𝑡  =  𝑁𝑁𝑁𝑁𝑡𝑡−1  +  𝐻𝐻𝑡𝑡 , (2.21) 

where t is any given day after planting (d).  

Figure. 2.1 Schematic diagram of the reproductive growth process (flowering, fruit setting, and 

harvesting) in strawberries. Flowering–fruit setting and fruit setting–harvesting were defined 

as flower and fruit, respectively. The number of days from flowering to harvesting was defined 

as HD. 
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2.2.5. Statistical analysis 

To analyze changes in environmental factors and leaf photosynthetic rate, daily 

cumulative PPFD (I), daily averaged temperature (Ta), daily averaged CO2 concentration (Ca), 

and daily cumulative leaf photosynthetic rate (An) were calculated. Average and cumulative 

values during the fruit growing period for light, temperature, and leaf photosynthetic rate were 

calculated using the averaged and cumulative I, Ta, and An from flowering to harvest denoted 

as IA, Ta,A, An,A and IC, Ta,C, An,C, respectively. The root mean square error (RMSE) was used to 

evaluate the accuracy of simulating A. 

A suitable analysis method was needed to evaluate and compare the appropriateness 

of each index. Although the multiple regression analysis is used to compare the influence of 

each index (Doan and Tanaka, 2022), it was not suitable for this study since the aim was not to 

investigate the degree of influence. It was better to compare the coefficient of variation that 

represents variations in IC, Ta,C, and An,C. However, since there was only one sample for each 

index, statistical comparison was not possible. Therefore, the determining degree (D) was 

newly defined here as a dimensionless quantity and calculated using the following equation: 

𝐷𝐷 =  |𝑥𝑥𝑖𝑖 − 𝑥̅𝑥| 𝑥𝑥,�⁄ (2.22) 

where xi is the ith data point (i.e., IC, Ta,C, or An,C of the ith fruit) and 𝑥̅𝑥 is the mean value for 

each index. The index with the smallest average D has the smallest variance (i.e., the highest 

appropriateness). Significant differences in D between the indices were determined using the 

Steel–Dwass test in R. 
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2.3. Results 

2.3.1. Environmental conditions and leaf photosynthetic rate 

The environmental conditions inside the greenhouse exhibited seasonal variations (Fig. 

2.2). I gradually decreased from 0 to 90 days and then increased to 230 days, after which I 

decreased because the shade curtains were activated (Fig. 2.2A). Ta changed with I: it gradually 

decreased from 0 to 50 days as I decreased but was constant at 13°C from 50 to 200 days (Fig. 

2.2B). Thereafter, Ta increased as I increased. Ca increased from 0 to 80 days and then decreased 

(Fig. 2.2C). Furthermore, to assess the accuracy of leaf photosynthetic rate estimation, I 

investigated the relationship between the diurnal variations of measured A over three days in 

each season and the estimated A (Fig. 2.3). The use of f allowed for a successful reproduction 

of the decline in the leaf photosynthetic rate, especially in the afternoon on each experimental 

date. Also, estimated A showed reasonable values, and it was observed that considering 

environment stresses led to a significant reduction in RMSE (= 2.87 and 1.61 μmol m−2 s−1 

respectively; Fig. 2.4). An changed seasonally, with large fluctuations in response to change in 

I (Figs. 2.2 and 2.5). On sunny days, An gradually decreased from 0 to 90 days, increased from 

90 to 230 days, and then decreased to 200 mmol m−2 d−1. 

Figure 2.2 Changes in daily cumulative photosynthetic photon flux density I (A), daily average 

temperature Ta (B), and daily average CO2 concentration (C) measured at a fixed point in the 

center of a greenhouse throughout the experimental period (October 3, 2019–June 30, 2020). 
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Figure. 2.3 Diurnal changes in measured and estimated photosynthetic rate (A) for cased 

without (A, C, E) and with consideration of environmental stresses (B, D, F) on May 22, 2021, 

October 28, 2021, and January 12, 2022. The black solid line denotes the measured A, and the 

colored solid line denoted the estimated A (yellow: January 12, 2022; blue: May 22, 2021; 

purple: October 28, 2021). 
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Figure. 2.5 Change in daily cumulative photosynthetic rate (An) estimated using biochemical 

photosynthesis model parameters, including the measured maximum carboxylation rate (Vcmax) 

and maximum electron transport rate (Jmax), environmental factors inside a greenhouse, and 

environmental stresses throughout the experimental period (October 3, 2019–June 30, 2020). 

Figure. 2.4 Relationship between the measured and estimated photosynthetic rate (A) for cased 

without (A) and with consideration of environmental stresses (B) on May 22, 2021, October 

28, 2021, and January 12, 2022. The dashed line denotes a one-to-one relationship. The mean 

values of the photosynthetic capacities (Vcmax,25 and Jmax,25; n = 5) and stomatal characteristics 

(𝑔𝑔0 and 𝑔𝑔1) estimated using the gas exchange measurements were used. 
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2.3.2. Daily dynamics of reproductive growth 

A FLt wave was followed by a FRt wave and a Ht wave (Fig. 2.6A). These three waves 

occurred three times during the cultivation period, and these groups were regarded as the first, 

second, and third inflorescences, respectively. In the first inflorescence, the waves of flowering, 

fruit setting, and harvesting were close to Gaussian and occurred 45 to 101, 52 to 108, and 89 

to 150 days after planting, respectively. The waves of the second inflorescence were skewed to 

the left compared with the first and occurred at 108 to 180, 119 to 195, and 157 to 213 days, 

respectively. The waves of the third inflorescence occurred at 183 to 249, 189 to 255, and 215 

to 270 days, respectively, and took the form of Gaussian distributions. The maximum values of 

these waves of the third inflorescence were smaller, and the variation increased compared with 

those of the first inflorescence. Waves of NFLt, NFRt, and NHt were observed periodically (Fig. 

2.6B). In the first inflorescence, maximum values for NFLt (2.1), NFRt (6.6), and NHt (6.7) 

were recorded of the 70, 92, and 150 days, respectively. The maximum NFLt was smaller than 

the maximum NFRt because the number of days from flowering to fruit set was shorter than 

that from fruit set to harvest, and fruit set started before all flowers had opened. In the second 

inflorescence, maximum values for NFLt (1.8), NFRt (6.1), and NHt (6.4) were recorded of the 

161, 175, and 213 days. In the third inflorescence, maximum values for NFLt (1.0), NFRt (4.4), 

and NHt (6.1) were recorded of the 217, 232, and 270 days, respectively. 
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2.3.3. Days to harvesting, light, temperature, and photosynthesis for each 

inflorescence and fruit position 

The mean days to harvesting (HD) in the first, second, and third inflorescences was 

51.75, 34.91, and 23.2 days, respectively. Thus, HD shortened with as inflorescence advanced 

(Fig. 2.7). The mean HD changed among the primary, secondary, and tertiary fruit positions in 

the first (48.7, 50.8, and 53.0 days, respectively), second (40.1, 35.7, and 33.3 days, 

respectively), and third (22.8, 22.9, and 23.5 days, respectively) inflorescence. However, the 

distribution of HD in the primary and secondary fruit positions in the second inflorescence was 

Figure. 2.6 Daily dynamics of the rate of flowering (FLt; yellow circle), fruit set (FRt; blue 

circle), and harvesting (Ht; purple circle) (A), and the daily dynamics of the number of flowers 

(NFLt; yellow circle), fruits (NFRt; blue circle), and harvests (NHt; purple circle) in each 

inflorescence (B) per plant throughout the cultivation period (October 3, 2019–June 30, 2020). 

The number of flowers, number of fruits, and cumulative harvest at each date was estimated 

using Eqs. 2.19–2.21. 
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wider than that in the other inflorescences. IA increased from 6.2 to 16.4 mol m−2 d−1 as growth 

progressed (Figs. 2.8A to C). Although the mean IA changed among the primary, secondary, and 

tertiary fruit positions in the first (6.3, 6.1, and 6.2 mol m−2 d−1, respectively) and second 

inflorescence (12.6, 13.0, and 13.4 mol m−2 d−1, respectively), no significant difference was 

detected in third inflorescence (16.6, 16.6, and 16.2 mol m−2 d−1, respectively). Ta,A of each fruit 

in the first, second, and third inflorescence increased as IA increased (13.2°C, 16.0°C, and 

21.1°C, respectively; Figs. 2.8D to F). The mean Ta,A also changed among the fruit positions in 

the first (13.3°C, 13.1°C, and 13.2°C, respectively), second (15.6°C, 15.9°C, and 16.2°C, 

respectively), and third (20.2°C, 20.7°C, and 21.5°C, respectively) inflorescence. IC increased 

in the order of the second, third, and first inflorescence, and the mean values were 458.9, 380.6, 

and 322.0 mol m−2, respectively (Figs. 2.8G to I). Although the mean IC changed among the 

fruit positions in the first (306.1, 311.8, and 331.5 mol m−2, respectively) and second 

inflorescence (500.1, 462.7, and 447.4 mol m−2, respectively), no difference was detected in the 

third inflorescence (378.5, 380.2, and 381.4 mol m−2, respectively). The IC distribution in the 

primary and secondary fruit position in the second inflorescence was wider than that in the other 

inflorescences. Unlike IC, Ta,C decreased as growth progressed, and the mean values in the first, 

second, and third inflorescence were 682.8, 557.9, and 488.0°C d, respectively (Figs. 2.8J to 

L). The mean Ta,C also changed among the fruit positions in the first (645.5, 665.8, and 701.4°C 

d, respectively), second (619.9, 564.3, and 540.3°C d, respectively), and third (458.5, 474.4, 

and 503.8°C d, respectively) inflorescence. Similar to IC, the distribution of Ta,C in the primary 

and secondary fruit position in the second inflorescence was wider than that in the others. 
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An,A increased from 195.1 to 358.7 mmol m−2 d−1 as growth progressed, and the same 

trend was detected for IA and Ta,A (Figs. 2.9A to C). In contrast, mean An,A in the fruit position 

was similar within the first (198.0, 195.1, and 195.9 mmol m−2 d−1, respectively), second (304.9, 

313.1, and 323.4 mmol m−2 d−1, respectively), and third (358.7, 358.6, and 354.7 mmol m−2 d−1, 

respectively) inflorescence. An,C was stable among different inflorescences and fruit, with 

means values of 10.14, 11.05, and 8.28 kmol m−2 for the first, second, and third inflorescences 

respectively (Figs. 2.9D to F). Similar to IC and Ta,C (Fig. 2.8), the distribution of An,C in the 

primary and secondary fruit position in the second inflorescence was wider than that in the 

others. 

  

Figure. 2.7 Days to harvest (HD) in each inflorescence and each fruit position. Each row 

indicates inflorescence (A: 1st; B: 2nd; C: 3rd). In the boxplots, the boxes indicate the 25th 

percentile to the 75th percentile, and the median is shown by a line within the box. The whiskers 

extend to 1.5 times the interquartile range from the 25th and 75th percentiles. Mean values are 

represented by white circles. 
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Figure. 2.8 Average and cumulative values of daily cumulative PPFD and daily average 

temperature from flowering to harvesting in each inflorescence and each fruit position (IA, IC, 

Ta,A, and Ta,C, respectively). Each row indicates inflorescence (A, D, G, J: 1st; B, E, H, K: 2nd; 

C, F, I, L: 3rd). In the boxplots, the boxes indicate the 25th percentile to the 75th percentile, and 

the median is shown by a line within the box. The whiskers extend to 1.5 times the interquartile 

range from the 25th and 75th percentiles. Mean values are represented by white circles. 
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2.3.4. Comparison of determining degrees among each predictive index on 

fruit harvest 

The D values of IC, Ta,C, and An,C were 0.149, 0.145, and 0.139, respectively, and the 

D value of An,C was significantly smaller than that for others (Table 2.2). As shown in the third 

and fourth rows of panels in Fig. 2.8 and in the second row of panels in Fig. 2.9, the average 

values of each index were 386.2 mol m−2, 579.4°C d, and 9.9 kmol m−2, respectively, and the 

standard deviations were 70.2 mol m−2, 94.8°C d, and 1.5 kmol m−2, respectively. 

 

Figure. 2.9 Average and cumulative values of the daily integral of leaf photosynthesis from 

flowering to harvesting per fruit per inflorescence (An,A and An,C, respectively). Each row 

indicates inflorescence (A, D: 1st; B, E: 2nd; C, F: 3rd). In the boxplots, the boxes indicate the 

25th percentile to the 75th percentile, and the median is shown by a line within the box. The 

whiskers extend to 1.5 times the interquartile range from the 25th and 75th percentiles. Mean 

values are represented by white circles. Mean values are represented by white circles. 
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Table 2.2 Determining degree (D) among each predictive index [i.e., cumulative values of daily 

integral of PPFD, daily average of temperature, and daily integral of leaf photosynthesis (IC, 

Ta,C, and An,C, respectively)] in all inflorescences. Different letters indicate significant 

differences (p < 0.001) as determined by a Steel–Dwass test. 

 

2.4. Discussion 

2.4.1. Relationships of light intensity, temperature, and leaf photosynthesis 

with strawberry reproductive growth 

In this study, all environmental factors inside the greenhouse, leaf photosynthetic rate, 

and the dynamics of flowering, fruit setting, and harvesting changed markedly throughout the 

cultivation period (Figs. 2.2, 2.5, and 2.6). The increases in IA, Ta,A, and An,A with growth 

progression accelerated fruit harvest timing (Figs. 2.7–2.9). Although several studies have 

shown that using such relationships to control the environment inside a greenhouse can 

effectively promote reproductive growth (Hidaka et al., 2014, 2016, 2022; Yoneda et al., 2020), 

some studies have reported that extremely low or high temperatures adversely affect strawberry 

reproductive growth (Ledesma et al., 2008; Ledesma and Kawabata, 2016; Ariza et al., 2015). 

For example, Cui et al. (2021) found that short periods of high (35°C) and low temperatures 

(2°C) decreased strawberry pollen viability and germination rate, increasing the rate of 

malformed strawberry fruits. My results are generally consistent with these studies (i.e., the 

change in temperature within the appropriate range reduced HD), whereas an extremely low 

temperature suppressed reproductive growth (100 to 150 days after planting; Fig. 2.6). Thus, 

the distributions of HD, IC, Ta,C, and An,C in the primary and secondary fruit positions in the 

second inflorescence were likely wider due to differences in reproductive growth activity. 

Photosynthesis is a fundamental biochemical process in crop production (Long et al., 

 IC Ta,C An,C 
D value 0.149b 0.145b 0.139a 
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2006), and its relationship with reproductive growth has been previously reported (Choi et al., 

2016; Hidaka et al., 2019). For example, Hidaka et al. (2016) found that the use of supplemental 

lighting increased the photosynthetic rate, number of flowers per inflorescence, and flowering, 

and these effects were further increased by elevated CO2 concentration and temperature. 

Miyoshi et al. (2021) divided strawberry fruit growth into different developmental stages and 

revealed that white-ripening strawberry fruits, the developmental stage during which fruits 

begin to expand rapidly and increase greatly in size, had the highest translocation rate as well 

as the highest accumulation of photosynthates. Furthermore, I have discovered that the fruits 

respiration rate varies according to their developmental stages (Fig. 2.10; Ono et al., 2022). 

These studies and my findings suggest that eco-physiological functions, including 

photosynthesis, also affect strawberry reproductive growth. Additionally, the fruit-bearing 

history after the second inflorescence varied among plants due to different first inflorescence 

timings in fruit harvesting. Hence, individual fruit's photosynthate accumulation offers a more 

accurate description of harvest timing throughout cultivation, compared to light intensity or 

temperature as indices. 

I examined various predictive HD indices in 2,752 strawberry fruits harvests and found 

that An,C demonstrated superior accuracy while maintaining simplicity of sampling when 

compared to cumulative light and temperature, conventional indices. This is due to An,A 

significantly changing in each inflorescence, whereas An,C remained almost stable throughout 

the experimental period (Fig. 2.9). Although similar trends were observed for IC and Ta,C (Fig. 

2.8), the D value of An,C was significantly lower than that of other indices (Teble 2.2). Thus, 

when An,C reaches a specific value, it would be possible to consistently determine whether 

strawberry fruits can be harvested. Describing the time from flowering to harvesting is essential 

in forecasting yield dynamics. Therefore, several studies have reported the cumulative values 

of light intensity or temperature from flowering as indices of harvest timing (Opstad et al., 

2011; Krüger et al., 2012). Kawanobu et al. (2010) reported that the strawberry fruits were 
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harvested when cumulative solar irradiance and temperature from flowering to harvesting 

reached about 400 MJ m−2 d and 630°C d, respectively. Although my study is generally 

consistent with that of Kawanobu et al. (2010), they did not statistically compare and discuss 

the suitability of indices in terms of the variability of each cumulative value. Doan and Tanaka 

(2022) showed that mathematical models including cumulative solar radiation and temperature 

could accurately predict the reproductive growth of tomato clusters. However, their study 

differed from mine because solar radiation was used as an index of photosynthesis, and 

reproductive growth was not directly evaluated using photosynthesis. Hernandes-Santana et al. 

(2021) found that leaf turgor pressure was more linked to fruit development stage of olive fruits 

than photosynthesis. They also emphasized that photosynthesis is crucial in early fruit 

enlargement, while turgor pressure affects fruit ripeness. However, the cumulative leaf 

photosynthetic rate, which can be estimated continuously by models, can be a more useful index 

for predicting the harvest period than turgor pressure, which is continuously difficult to measure. 

Therefore, although my study does not necessarily support that photosynthesis drives fruit 

ripeness, I have demonstrated for the first time that An,C can accurately predict the harvest timing 

of strawberry fruits as well as or even better than IC and Ta,C. 

  



50 

 

2.4.2. Implications for future research 

I believe that the findings of this study can be applied to change strawberry production 

practices. In recent years, with the advent of image analysis technology, it is now possible to 

measure the number of flowers and fruits consistently over an extended period, even in large-

scale cultivation (Chen et al., 2019; Abd-Elrahman et al., 2021). This is a promising 

development that will improve the data acquisition while reducing labor and costs. Furthermore, 

Kaneko et al. (2022) and Nomura et al. (2022) have shown that a hybrid ANN model, 

combining process-based and empirical models can accurately estimate the leaf photosynthetic 

rate. This model can be used to predict the leaf photosynthetic rate based on environmental 

factors, which are available from forecasts, without the need for periodic parameter 

measurements using expensive equipment. Given these advancements, in the near future, it will 

be possible to optimize fruit harvest timing and improve greenhouse management. For example, 

using a camera to acquire images and the hybrid ANN model to estimate the leaf photosynthetic 

Figure. 2.10 Respiration rate per fruit (R) of intact strawberry fruits at different growth stages. 

Growth stage classified as green, white, and red stages: average fruit volume at each ripening 

stage was 2.22, 15.27, and 21.32 cm3, respectively. The means ± SE (n = 7) are shown. Different 

letters indicate significant differences among different ripening stages with the Tukey–Kramer 

test (p < 0.05). 
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rate, it is possible to predict HD and optimize harvest timing by controlling the environment. 

This approach can be used to develop more efficient strawberry cultivation plans based on the 

photosynthesis and fruit-bearing histories of individual plants. 

Although this study demonstrated that An,C can be used as an accurate index for 

strawberry harvest timing, this study has a limitation. The reproductive growth dynamics were 

examined in strawberries grown under normal CO2 concentrations. However, CO2 enrichment 

can enhance crop growth, flowering, and yield by promoting photosynthesis (Hidaka et al., 

2016; Miyoshi et al., 2017; Nomura et al., 2021). In this study, the dynamics of An showed the 

same tendency as I throughout the experimental period (Figs. 2.2 and 2.5) because the 

photosynthesis was largely dependent on light intensity; thus, there was little difference in the 

D values between IC and An,C. Therefore, the usefulness of An,C as a predictive index should be 

examined also under CO2 enrichment conditions. Despite the limitation, my study represents 

progress toward realizing accurate forecasting and optimizing the reproductive growth 

dynamics required for efficient strawberry production. 

 

2.5. Conclusion 

In this chapter, I investigated the daily responses of strawberry fruit reproductive 

growth to the environmental factors inside a greenhouse and to leaf photosynthetic rate, which 

was simulated considering the environmental stresses, using a high number of samples 

throughout the entire cultivation period. Furthermore, I evaluated statistically whether leaf 

photosynthetic rate, in comparison to light intensity and temperature, was an appropriate index 

for the number of days from flowering to harvesting using determining degree values. In 

conclusion, determining degree analysis in each index showed that the D of An,C was the lowest, 

suggesting that cumulative leaf photosynthetic rate from flowering could be a suitable index 

for predicting the days to harvest. The use of this method can contribute to more accurate 



52 

forecasting and optimization of fruit yield dynamics, which will in turn improve the efficiency 

of strawberry production. The above results will be used when extending from the flowering 

dynamics model to the harvest dynamics model.  
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Chapter 3 
How the history of environmental factors and leaf 

photosynthetic rate influences the flowering dynamics?
 

3.1. Introduction 

 Strawberry fruits are usually harvested every 3 to 4 days throughout the cultivation 

period. Also, there are multiple high yield waves occurring throughout cultivation period 

(MacKenzie and Chandler, 2009; Fig. 2.5) and the unit price fluctuates significantly depending 

on the timing (Wu et al., 2015). Furthermore, it is known that delays in harvesting the 

strawberry fruits of the first inflorescence, which typically occurs in late November to 

December, can result in losses amounting to several million yen in Japan (personal 

communication). Therefore, to achieve the stable and planned production of strawberry fruits, 

it is essential to accurately predict and optimize the peak timing and extent of harvesting 

throughout the cultivation period. However, there are no examples of constructing predictive 

models focusing on environment and eco-physiological functions, especially in relation to the 

peak dynamics of yield. Hence, there is a need to develop predictive models for the flowering 

dynamics, which serve as crucial foundational information for harvest prediction. 

 Flowering represents the transition from vegetative growth to reproductive growth in 

a life cycle of plants and is a highly significant trait that influences fruit yield and quality 

through processes like pollination. It has been extensively reviewed in various crop species, 

e.g., tomato: Lozano et al. (2009); strawberry: Stewart and Folta (2010); Maize: Xu et al. 

(2012); citrus: Agusti et al. (2022). However, while modeling of flowering dynamics is actively 

pursued within the field of tree phenology (Pope et al., 2014; Sperling et al., 2019), there are 

no existing examples of modeling throughout the cultivation period, especially in the case of 

greenhouse-grown strawberries. This is believed to be due to the fact that the peak of strawberry 
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flowering dynamics not only occurs multiple times throughout the cultivation period but also 

is intricately controlled by environment and eco-physiological functions. Therefore, in order to 

construct predictive models for flowering dynamics, it is essential to thoroughly investigate 

how environment and eco-physiological functions influence the shape of these fluctuations. 

In this chapter, I fitted the existing exponential sine equation to the flowering dynamics 

of greenhouse-grown strawberries obtained throughout the three cultivation periods and 

analyzed the relationship between the parameters, which represent the shape of the flowering 

dynamics, and the history of environmental factors and leaf photosynthetic rate. 

 

3.2. Materials and methods 

3.2.1. Plant materials and growth conditions 

Similar to chapters 1 and 2, June-bearing strawberry plants (Fragaria × ananassa 

Duch. cv. Fukuoka S6) were used as the experimental crop for the three cultivation years. The 

nursery plants were grown in a greenhouse at the National Agriculture and Food Research 

Organization, Kyushu Okinawa Agricultural Research Center, Japan on June 6, 2019, June 11, 

2020, and June 14, 2021. Two hundred and eighty-eight plants were transplanted to beds filled 

with culture soil (Good Soil; Kaneya Co., Ltd., Aichi Japan) in a greenhouse at the Ito Plant 

Experiment Fields & Facilities, Faculty of Agriculture, Kyushu University, Fukuoka, Japan (Fig. 

1.1) on October 3, 2019, October 1, 2020, and September 24, 2021. The other growth conditions 

were like that in chapter 1. 
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3.2.2. Acquisition of environment, photosynthesis, and flowering dynamics 

 Similar to chapter 2, the environmental conditions (i.e., photosynthetic photon flux 

density PPFD, temperature, relative humidity, CO2 concentration, and wind speed) inside the 

greenhouse were measured and recorded at the same time intervals throughout the three 

cultivation periods using the same set of sensors and data logger. The obtaining of leaf 

photosynthetic rate and reproductive growth dynamics was also carried out throughout the 

cultivation periods using the methods described in chapter 2. The model parameters used for 

leaf photosynthetic rate estimation are listed in Tables 2.1, 3.1, 3.2 and Figs. 3.1, 3.2. 

Additionally, the flowering dynamics of the first inflorescence (FLt) was daily obtained using 

a methodology similar to that described in Chapter 2. 
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Table 3.1 Physiological parameters used to estimate the leaf photosynthetic rate and stomatal 
conductance in strawberry leaves each month and year for 2020. 

 

 

 

 

Parameter Value Unit Reference 

Vcmax,25 93.08 μmol m−2 s−1 This study; Fig. 3.1A 
Ea(Vcmax) 85.17 kJ mol−1 This study; Fig. 3.1A 
ΔS(Vcmax) 0.65 kJ K−1 mol−1 This study; Fig. 3.1A 
Hd(Vcmax) 200 kJ mol−1 This study; Fig. 3.1A 
Jmax,25 221.60 μmol m−2 s−1 This study; Fig. 3.1B 
Ea(Jmax) 45.47 kJ mol−1 This study; Fig. 3.1B 
ΔS(Jmax) 0.65 kJ K−1 mol−1 This study; Fig. 3.1B 
Hd(Jmax) 200 kJ mol−1 This study; Fig. 3.1B 
Kc,25 404.90 μmol mol−1 Bernacchi et al. (2001) 
Ea(Kc) 79.43 kJ mol−1 Bernacchi et al. (2001) 
Ko,25 278.40 mmol mol−1 Bernacchi et al. (2001) 
Ea(Ko) 36.38 kJ mol−1 Bernacchi et al. (2001) 
Γ*

25 42.75 μmol mol−1 Bernacchi et al. (2001) 
Ea(Γ*) 37.83 kJ mol−1 Bernacchi et al. (2001) 
Rn,25 1.46 μmol m−2 s−1 This study 
Ea(Rn) 53.50 kJ mol−1 This study 
𝑔𝑔0 0.03 mol m−2 s−1 This study 
𝑔𝑔1 3.15  This study 

Figure 3.1 Relationships of the maximum carboxylation rate (Vcmax; A) and the maximum 

electron transport rate based on intercellular CO2 concentration (Jmax; B) with leaf temperature 

(Tleaf) for 2020. The dushed line is calculated from the fitting curve using Arrhenius function 

(Eq. 2.8). For, the parameters concerning the temperature dependencies of each variable, please 

refer to Table 3.1. Means ± SD (n = 7) are shown. 
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Table 3.2 Physiological parameters used to estimate the leaf photosynthetic rate and stomatal 
conductance in strawberry leaves each month and year for 2021. 

 

 

 

 

Parameter Value Unit Reference 

Vcmax,25 80.72 μmol m−2 s−1 This study; Fig. 3.2A 
Ea(Vcmax) 75.18 kJ mol−1 This study; Fig. 3.2A 
ΔS(Vcmax) 0.65 kJ K−1 mol−1 This study; Fig. 3.2A 
Hd(Vcmax) 200 kJ mol−1 This study; Fig. 3.2A 
Jmax,25 201.24 μmol m−2 s−1 This study; Fig. 3.2B 
Ea(Jmax) 65.37 kJ mol−1 This study; Fig. 3.2B 
ΔS(Jmax) 0.66 kJ K−1 mol−1 This study; Fig. 3.2B 
Hd(Jmax) 200 kJ mol−1 This study; Fig. 3.2B 
Kc,25 404.90 μmol mol−1 Bernacchi et al. (2001) 
Ea(Kc) 79.43 kJ mol−1 Bernacchi et al. (2001) 
Ko,25 278.40 mmol mol−1 Bernacchi et al. (2001) 
Ea(Ko) 36.38 kJ mol−1 Bernacchi et al. (2001) 
Γ*

25 42.75 μmol mol−1 Bernacchi et al. (2001) 
Ea(Γ*) 37.83 kJ mol−1 Bernacchi et al. (2001) 
Rn,25 1.46 μmol m−2 s−1 This study 
Ea(Rn) 53.50 kJ mol−1 This study 
𝑔𝑔0 0.04 mol m−2 s−1 This study 
𝑔𝑔1 2.93  This study 

Figure 3.2 Relationships of the maximum carboxylation rate (Vcmax; A) and the maximum 

electron transport rate based on intercellular CO2 concentration (Jmax; B) with leaf temperature 

(Tleaf) for 2021. The dushed line is calculated from the fitting curve using Arrhenius function 

(Eq. 2.8). For, the parameters concerning the temperature dependencies of each variable, please 

refer to Table 3.1. Means ± SD (n = 7) are shown. 
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3.2.3. Applying exponential sine equation to flowering dynamics 

 The exponential sine equation (Malo, 2002; referred to as the Malo model) was 

employed to describe the flowering dynamics: 

𝐹𝐹𝐹𝐹𝑡𝑡 = 𝑎𝑎{sin[π((𝑡𝑡 − 𝑏𝑏) 𝑐𝑐⁄ )𝑑𝑑]}𝑒𝑒 . (3.2) 

The Malo model has five parameters (i.e., a, b, c, d, and e) and these parameters represent the 

peak height of FLt, the start date of FLt, the duration of the flowering period, the peak skewness 

of FLt, and the peak kurtosis of FLt, respectively (Fig. 3.3). The Malo model allows for 

characterizing FLt with the minimal number of parameters. The model parameters a, b, and c 

for each cultivation period and fruit position could be determined from the observed data, while 

d and e could not be directly observed. Therefore, I fitted the Malo model to the observed FLt 

in order to numerically characterize them. In this study, Bayesian optimization was conducted 

using GPyOpt package (version 1.2.6) in Python (version 3.10.11). This method employs a 

probabilistic model to guide the search for optimal parameters. It iteratively selects parameter 

sets, evaluates them, and updates the model to find the best configuration with minimum 

experimental effort. The optimization of the model parameters was carried out by treating the 

unfolding dynamics as a probability distribution. 
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3.2.4. Analyzing the relationship of the shape of flowering dynamics with 

environment and photosynthesis 

 The reproductive growth dynamics of crops are significantly influenced by 

environment and eco-physiological functions spanning from past to present. Although various 

data analysis techniques have been employed in this field, they are not suitable for analyzing 

how far back in the past, for what duration of data, and in what way they influence the target 

variables. Therefore, I conducted an analysis using the utility functions to investigate how the 

historical data of environment and photosynthesis influence various parameters of flowering 

dynamics (Iwao et al., 2023). Illustrate the overview of the utility function analysis in Fig. 3.4. 

Figure 3.3 The influence of changes in each parameter (a, b, c, d, and e) of the Malo model on 

curve shape. Respective panels indicate the change in the shape of the curve when only one 

parameter is varied: only a (A), b (B), c (C), d (D), and e (E), respectively. The parameters in 

the blue curves in respective panels are set as follows: 1 for a, 0 for b, 20 for c, 1 for d, and 1 

for e, respectively. 
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This method represents the target variable (i.e., each model parameter when fitting the Malo 

model to FLt) as the cumulative value of z, which is the product of the utilities of each 

component (environmental factors and leaf photosynthetic rate) at a specific time, integrated 

over any desired time period. In this case, each model parameter can be expressed as follows: 

𝑃𝑃𝑗𝑗,est = �𝑧𝑧𝑗𝑗

𝑛𝑛

𝑗𝑗=1

= ��𝑓𝑓𝑖𝑖�𝑥𝑥𝑗𝑗,𝑖𝑖,1, … , 𝑥𝑥𝑗𝑗,𝑖𝑖,𝑚𝑚�
𝑙𝑙

𝑖𝑖=1

𝑛𝑛

𝑗𝑗=1

, (3.3) 

where, Pj,est is the specific target parameter, j is the specific time (h), zj is the utility of j, i is the 

specific factors number, xj,i,m is the factor m of the i-th element at j, and fi(xj,i,1, …, xj,i,m) is the 

utility function of each factor. The parameters for the utility function of each factor were 

determined to make the following equation match: 

𝑓𝑓𝑖𝑖
(𝑡𝑡+1)�𝑋𝑋𝑗𝑗,𝑖𝑖� = 𝑓𝑓𝑖𝑖

𝑡𝑡�𝑋𝑋𝑗𝑗,𝑖𝑖� −
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝑓𝑓𝑖𝑖�𝑋𝑋𝑗𝑗,𝑖𝑖�

, (3.4) 

where Xi,j represents (xj,i,1, …, xj,i,m). Then, loss is the loss function as follow: 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
1
2
�(𝑦𝑦�𝑘𝑘 − 𝑦𝑦𝑘𝑘)2
𝑘𝑘

. (3.5) 

In this study, I used PPFD, temperature, air vapor deficit (VPD; which was calculated by 

temperature and relative humidity), and leaf photosynthetic rate as explanatory variables to 

investigate their impact on each parameter, which was defined by fitting the Malo model to the 

respective FLt. Also, each explanatory variable was converted to hourly cumulative PPFD (IC,h), 

hourly averaged temperature (Ta,A,h), hourly averaged VPD (VPD,A,h), and hourly cumulative 

leaf photosynthetic rate (An,C,h), respectively.  

Figure 3.4 Graphical description of the utility function analysis. 
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3.3. Results 

3.3.1. Environmental conditions and leaf photosynthetic rate 

 Similar to chapter 2, the environmental conditions inside the greenhouse exhibited 

consistent seasonal variations for 3 years (Fig. 3.5). On sunny days, I gradually decreased to 10 

mol m−2 d−1 from 0 to 90 days and subsequently increased to 30 mol m−2 d−1 to 230 days, after 

which I decreased to 15 mol m−2 d−1 (Fig. 3.5A). Ta changed with I: it gradually decreased from 

0 to 0 days as I decreased but was constant at 13°C from 90 to 180 days (Fig. 3.5B). Thereafter, 

Ta increased to 25°C as I increased. Ca increased to 500 µmol mol−1 from 0 to 80 days and then 

decreased to 400 µmol mol−1 (Fig. 3.5C). Similarly, An exhibited a consistent trend of change 

over the 3 cultivation periods (Fig. 3.6). An changed seasonally, with large fluctuations in 

response to change in I (Fig. 3.5A). On sunny days, although An gradually decreased from 0 to 

90 days in all cultivation periods and reached to 200 mmol m−2 d−1, it differently changed in 

from 90 days after planting. In the cultivation period of 2019, An increased to 600 mmol m−2 

d−1 from 90 to 230 days, and then decreased to 300 mmol m−2 d−1. In 2020, An similarly 

increased from 90 to 230days, reaching 600 mmol m−2 d−1, and then remained relatively stable 

value. In 2021, it gradually increased from 90 to 230 days, reaching 500 mmol m−2 d−1.  
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Figure 3.5 Changes in daily cumulative photosynthetic photon flux density I (A), daily average 

temperature Ta (B), and daily average CO2 concentration (C) measured at a fixed point in the 

center of a greenhouse throughout the respective cultivation periods (yellow line: October 3, 

2019–June 30, 2020; blue line: October 1, 2020–June 16, 2021; purple line: September 24, 

2021–May 14, 2022). 

Figure 3.6 Changes in daily cumulative photosynthetic rate (An) estimated using biochemical 

photosynthesis model parameters, including the measured maximum carboxylation rate (Vcmax) 

and maximum electron transport rate (Jmax), environmental factors inside a greenhouse, and 

environmental stresses throughout the respective cultivation periods (yellow line: October 3, 

2019–June 30, 2020; blue line: October 1, 2020–June 16, 2021; purple line: September 24, 

2021–May 14, 2022). 
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3.3.2. Daily flowering dynamics 

 FLt of the first inflorescence exhibited generally similar trends during each cultivation 

period (2019, 2020, and 2021), and the initiation days were 47, 50, and 58 days after planting, 

respectively, while the termination days were 110, 106, and 110 days after planting, respectively 

(Fig. 3.7). In the 2019 cultivation period, FLt for the primary, secondary, and tertiary fruit 

position occurred within periods ranging from 47 to 68, 55 to 81, and 62 to 110 days after 

planting, respectively (Fig. 3.7A). Also, the peak heights of FLt for the primary, secondary, and 

tertiary fruit position were 0.19, 0.22 and 0.43 d−1/plant, respectively, increasing in order of 

fruit position. Similarly, in the 2020 cultivation period, FLt for the primary, secondary, and 

tertiary fruit position occurred within periods ranging from 50 to 63, 57 to 77, and 63 to 106 

days after planting, respectively (Fig. 3.7B). However, the peak heights of the primary, 

secondary, and tertiary fruit position in the 2020 cultivation period exhibited a different trend 

in 2019, with values of 0.20 0.50, and 0.29 d−1/plant, respectively. In this case, the peak heights 

followed the order of the primary, tertiary, and secondary fruit positions, showing a variation 

from the typical order. In the 2021 cultivation period, FLt for the primary, secondary, and 

tertiary fruit position occurred within periods from 58 to 74, 62 to 93, and 70 to 110 days after 

planting, respectively (Fig. 3.7C). Additionally, similar to the 2019 cultivation period, the peak 

heights of the primary, secondary, and tertiary fruit position were 0.13, 0.33, and 0.37, 

respectively, increasing in order of fruit position. 
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3.3.3. Shape of flowering dynamics of each fruit position 

 The results of fitting the Malo model to FLt in first inflorescence and each fruit position 

for the three cultivation periods (2019, 2020, and 2021) are presented in Fig. 3.8. The Malo 

model successfully reproduced FLt in each cultivation period and fruit position relatively well. 

However, it should be noted that the shape of the Malo model, which fitted to FLt for the primary 

fruit position in the 2021 cultivation season, differed from the others. Also, the model 

parameters (a, b, c, d, and e), which defined by fitted the Malo model to FLt are presented in 

Table 3.3. The parameter a, b, and c did not exhibit significant differences based on the fruit 

position across each cultivation period, showing generally similar increasing trends. In 

strawberry plants, the primary, secondary, and tertiary fruit position have 1, 2, and 4 fruits, 

respectively. Thus, it is natural to observe an increase in parameters a, b, and c with the 

progression of fruit positions since fruits develop in order of their positions. On the contrary, 

although the parameter d for each fruit and cultivation period showed a significantly smaller 

value only for the primary fruit position in 2021, no notable trends were detected for the other 

Figure 3.7 Daily dynamics of the flowering rate (FLt) in first inflorescence and each fruit 

position for each cultivation period [i.e., 2019 (A), 2020 (B), and 2021 (C), respectively]. The 

yellow circle, blue triangle, and purple square denote the primary, secondary, and tertiary fruit 

position, respectively. 



65 

cases. No clear trend of parameter e was also observed in each cultivation period. However, 

lower values were noted, such as for the primary fruit position in 2021. 

 

Table 3.3 Malo model parameters (a, b, c, d, and e) fitted to the flowering dynamics in first 

inflorescence for three cultivation periods (2019, 2020, and 2021). 

Year Parameter Primary Secondary Tertiary 
2019 a 0.19 0.22 0.43 
 b 46.00 54.00 61.00 
 c 24.00 29.00 51.00 
 d 0.71 0.48 0.60 
 e 10.00 8.31 10.00 
2020 a 0.20 0.50 0.29 
 b 49.00 56.00 62.00 
 c 16.00 23.00 46.00 
 d 0.70 0.66 0.69 
 e 10.00 10.00 10.00 
2021 a 0.13 0.33 0.38 
 b 57.00 61.00 69.00 
 c 19.00 34.00 43.00 
 d 0.04 0.50 0.59 
 e 0.60 10.00 3.60 

Figure 3.8 Result of fitting the Malo model for the flowering dynamics (FLt) in first 

inflorescence and each fruit position for each cultivation period [i.e., 2019 (A), 2020 (B), and 

2021 (C), respectively]. The yellow circle, blue triangle, and purple square denote the primary, 

secondary, and tertiary fruit position, respectively. 
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3.3.4. Utility among the history of environmental factors and leaf 

photosynthetic rate to flowering dynamics 

 The utility of IC,h, Ta,A,h, VPDA,h, and An,C,h for each parameter (b, c, d, and e) changed 

in intensity in the three cultivation periods (Fig. 3.9). The utility for b was mainly influenced 

by IC,h and An,C,h (> 0 mmol m−2 h−1) emerging as the key determining factors (Figs. 3.9A, E, I, 

M). The average values for each utility were 0.55, 0.27, 0.11, and 0.21 (0.41 in the case of An,C,h 

> 0 mmol m−2 h−1), respectively. The utility for c was influenced not only by IC,h and An,C,h (> 0 

mmol m−2 h−1) but also by VPDA,h (Figs. 3.9B, F, J, N). The average values for each utility were 

0.66, 0.35, 0.77, and 0.24 (0.41 in the case of An,C,h > 0 mmol m−2 h−1), respectively. For d, in 

addition to Ta,A,h, the utility of VPDA,h was also high (Figs. 3.9C, G, K, O). The average values 

for each utility were 0.03, 0.43, 0.54, and 0.15 (0.32 in the case of An,C,h > 0 mmol m−2 h−1), 

respectively. Moreover, in this context, the utility of VPDA,h increased with higher VPDA,h 

values. For e, the utility was high for Ta,A,h, VPDA,h, and An,C,h (> 0 mmol m−2 h−1) (Figs. 3.9D, 

H, L, P). The average values for each utility were 0.30, 0.59, 0.86, and 0.29 (0.57 in the case of 

An,C,h > 0 mmol m−2 h−1), respectively. Additionally, in contrast to the case of d, the utility 

increased with lower VPDA,h values. 
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Figure 3.9 Changes in the utility of hourly cumulated photosynthetic photon flux density (IC,h; 

A, B, C, D), hourly averaged temperature (Ta,A,h; E, F, G, H), hourly average vapor pressure 

deficit (VPDA,h; I, J, K, L), and hourly cumulated photosynthetic rate (An,C,h; M, N, O, P) on the 

flowering dynamics of the first inflorescence across three cultivation period s. Each column 

represents the utility associated with various parameters when fitting the flowering dynamics 

with the exponential sine equation (Malo, 2002), denoted by the parameters: start date (b; A, E, 

I, M), duration (c; B, F, J, N), skewness (d; C, G, K, O), and kurtosis (e, D, H, L, P). The color 

of each plot indicates the magnitude of utility for the respective parameters. 
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3.4. Discussion 

3.4.1. Influences of environmental factors and leaf photosynthetic rate on 

the flowering dynamics 

 In this study, I obtained daily data of environmental conditions inside the greenhouse 

and photosynthesis over the three cultivation periods (Figs. 3.5, 3.6). Throughout each 

cultivation period, FLt of the first inflorescence exhibited generally similar trends during each 

cultivation period (Fig. 3.7). In addition, FLt observed in each year and fruit position were 

quantified by fitting the Malo model, and this allowed me to numerically characterize the shape 

of flowering dynamics, which dynamically varies, influenced by various factors (Figs. 3.8 and 

3.9; Table 3.3). In general, although the model fitting was successful for almost all flowering 

dynamics, there were cases where the accuracy in representing the actual flowering dynamics 

was notably low (Fig. 3.8C). This result is considered to be due to a small number of measured 

fruits and the significant deviation of flowering dynamics from a normal distribution shape.  

 The start date and rate of flowering in many crops are known to be influenced by 

various environmental factors in a complex manner. For example, Hidaka et al. (2016) reported 

that the flowering initiation of each inflorescence was accelerated through supplement light 

treatment with elevated CO2 concentration and temperature in strawberries. Additionally, 

Kobayashi et al. (2010) revealed, through analysis using a generalized linear model in rise, that 

solar radiation, temperature, and vapor pressure deficit significantly impact the onset of 

flowering. Furthermore, Bakker (1989) observed a positive correlation between nighttime 

vapor pressure deficit (< 1 kPa) and the number of flowers in bell peppers. The above results 

suggest similar trends for the influence of each environment (IC,h, Ta,A,h, and VPDA,h) and eco-

physiological function (An,C,h) obtained in this study on the parameters b (start date) and c 

(duration) of the Malo model fitting to FLt at each cultivation period and fruit position (Fig. 

3.9A, B, E, F, I, J, M, N). In other words, the environmental condition, which does not impose 
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drought stress on the gas exchange of strawberry leaves, likely led to the promotion of 

photosynthetic products accumulation, and in turn, this would have resulted in the increased 

development of terminal flowers and a higher flowering rate. Furthermore, regarding the 

parameter d (skewness) influencing the characteristics of the peak in FLt, a significant impact 

was observed from both Ta,A,h, and high values of VPDA,h (Fig 3.9C, G, K, O). The influence 

on parameter d with VPDA,h exhibited opposite behavior compared to the case of parameter c. 

It is suggested that drought stress, by hindered flowering and acted to synchronize the flowering 

of many plants during the same timing. Similarly, for the parameter e (kurtosis) influencing the 

peak, it was dominantly impacted by Ta,A,h, low lebel of VPDA,h, and An,C,h (Fig. 3.9D, H, L, P). 

The influence of VPDA,h on parameter e showed a similar trend to that of parameter c (Fig. 3.9J). 

It is suggested that the relatively low environmental stress influenced uniform flowering 

distribution. In summary, analyzing the influence of the history of environment and eco-

physiological functions as a foundation for the yield predictive model on the FLt of the first 

inflorescence based on the utility functions revealed that VPD strongly impact the 

characteristics of the flowering peak. 

 

3.4.2. Implications for future research 

 In this study, I focused on the flowering dynamics of only the first inflorescence during 

the three cultivation periods and analyzing its relationship with the history of environment and 

eco-physiological functions. However, for the modeling of flowering dynamics and, 

consequently, the construction of predictive models for yield dynamics, a more comprehensive 

analysis is necessary. In strawberries, flowering and harvesting occur alternately and 

periodically throughout the cultivation period (Fig. 2.6; MacKenzie and Chandler, 2009). 

During this consideration, one crucial factor to take into account is the variation in fruit load. 

Fruit load, indicating how much fruits the plant holds at given point, is crucial index that 
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significantly influences the distribution dynamics of photosynthates from leaves to fruits 

(Edwards et al., 2010). Since strawberries undergo a cycle of (1) an increase in fruit load due 

to flowering and fruit growth, (2) a decrease in fruit load due to harvesting, and (3) triggering 

of the flowering of next inflorescence as a result of decrease in fruit load, repeating in a 

continuous cycle throughout the cultivation period, and it is considered that fruit load 

significantly influences on the shape of flowering dynamics. Fruit load can be assessed as the 

total fruit volume per plant, and fruit volume can be non-destructively and continuously 

evaluated based on the fruit dimensions (Hidaka et al., 2017). Furthermore, it is also essential 

to consider the transition between reproductive growth and vegetative growth throughout the 

cultivation period. Indeed, flowering reflects the transition from vegetative growth to 

reproductive growth in a life cycle of crops, and it is a crucial trait that significantly influences 

both fruit yield and quality (Lozano et al., 2009; Stewart and Folta, 2010; Xu et al., 2012; Agusti 

et al., 2022). thus, it is necessary to also considered the interactions between these factors. Leaf 

area index (LAI) is commonly used as an index of vegetative growth, and in recent years, several 

methods for measuring LAI have been developed [e.g., using the spectral analysis of light 

wavelength transmitting through the canopy (Yamaguchi et al., 2023); utilizing image analysis 

(Nomura et al., 2022)]. Therefore, it is believed that these methods allowed me to non-

destructively and continuously measure fruit load and vegetative growth dynamics in 

strawberries as well.  

 Additionally, in this study, I estimated leaf photosynthetic rate (Figs. 2.3; 2.4; 2.5; 3.6); 

however, it is conceivable that by gaining a more detailed understanding of vegetative growth, 

I can extend the estimation of photosynthetic rate to the plant/canopy level, enabling more 

meaningful analysis in terms of reproductive growth. In fact, Parry et al. (2011) suggested a 

relationship between canopy photosynthesis and crop reproductive growth or yield. Also, 

Kaneko et al. (2022) and Nomura et al. (2022) have shown that a hybrid ANN model, 

combining process-based and empirical models can accurately estimate the photosynthetic rate. 
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This model can be used to estimate the canopy photosynthetic rate based on environmental 

factors and LAI. By utilizing the mentioned methods and continuously obtaining data on the 

environment, canopy photosynthesis, fruit load, vegetative growth, and reproductive growth, I 

believe that not only can I conduct a more detailed analysis of flowering dynamics but also 

pave the way for modeling flowering dynamics and yield dynamics. 

 

3.5. Conclusion 

 In this chapter, I obtained daily data on environmental conditions inside the greenhouse, 

leaf photosynthetic rate, and flowering dynamics of first inflorescence throughout the three 

cultivation periods of strawberries. Furthermore, I fitted the existing exponential sine equation 

to characterize the shape of the flowering dynamics in each fruit position, while conducting a 

detailed analysis of how the history of environment (PPFD, temperature, and VPD) and eco-

physiological functions (leaf photosynthetic rate) influenced these parameters. As a result, it 

became evident that each historical record had varying degrees of impact on the flowering 

dynamics of the first inflorescences and each fruit position. These findings have the potential 

to contribute to the construction of predictive models for flowering dynamics and would be 

applied to the development of the yield model when combined with the results from chapter 2. 
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General conclusion 
 

 In this study, for the purpose of constructing a universal and accurate predictive model 

for the reproductive growth dynamics of strawberry plants, I aimed to elucidate the relationship 

between various environmental factors and leaf photosynthetic rate with the reproductive 

growth dynamics. 

 Firstly, for accurately estimating leaf photosynthetic rate, I investigated the necessity 

of considering the environmental stresses during photosynthesis estimation by analyzing the 

diurnal variation of photosynthetic limiting factors (i.e., stomatal conductance, mesophyll 

conductance, and maximum carboxylation rate). As a result, even under well-watered 

conditions, it became evident that leaf photosynthetic rate was limited by a decrease in stomatal 

conductance due to environmental stresses (e.g., strong solar radiation, high temperature, and 

drought). Also, mesophyll conductance, which has often been disregarded in the past, was 

highlighted as a potential limiting factor under strong environmental stress. Moreover, it was 

observed that the stomatal response of strawberry plants to environmental stress was more 

sensitive compared to the other crops, emphasizing the necessity of considering environmental 

stresses when estimating leaf photosynthetic rate. 

 Secondary, using data obtained throughout the cultivation period for various 

environmental factors (e.g., photosynthetic photon flux density PPFD, temperature, humidity, 

CO2 concentration, wind speed), leaf photosynthetic rate, and reproductive growth dynamics 

(flowering, fruit setting, and harvesting), I investigated the utility of the cumulative 

photosynthetic rate after flowering as a predictive index for the harvesting date. A model 

combining photosynthetic biochemical model, stomatal model, leaf gas diffusion model, and 

leaf thermal balance model was developed. This model incorporated stress coefficient estimated 

from environmental factors, enabling the long-term continuous estimation of leaf 
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photosynthetic rate while accounting for environmental stresses. Furthermore, the statistical 

comparison of various indices (cumulative values from flowering to harvesting of PPFD, 

temperature, and leaf photosynthetic rate) for individual fruits was conducted to assess their 

usefulness as harvest prediction indices. The results revealed, for the first time, the utility of the 

cumulative leaf photosynthetic rate was highest compared to the other indices, contributing 

valuable insights to the construction of a harvest prediction model. 

 Finally, the impact of the historical records of each environmental factor and leaf 

photosynthetic rate on the flowering dynamics, which serve as crucial foundational information 

for harvest prediction, was analyzed. Flowering dynamics for the first inflorescence obtained 

over the three cultivation periods were subjected to regression analysis using the Malo model, 

which combines exponential and sine functions. The analysis involved examining the 

relationships between the obtained model parameters (i.e., representing the start, end skewness, 

and kurtosis of the flowering dynamics) and the historical records of environmental factors 

(PPFD, temperature, and vapor pressure deficit VPD) as well as leaf photosynthetic rate. As a 

result, it was revealed for the first time that PPFD and leaf photosynthetic rate strongly influence 

the start of flowering, PPFD, leaf photosynthetic rate, and VPD influence the end of flowering, 

temperature and VPD influence skewness, and temperature, VPD, and photosynthetic rate 

strongly influence kurtosis. These findings contribute valuable insights to the construction of a 

predictive model for flowering dynamics. 

 As described above, this thesis established the foundation for the construction of a 

predictive model for reproductive growth dynamics in greenhouse-grown strawberries through 

the acquisition and analysis of extensive and accurate long-term continuous data on 

environment and eco-physiological functions. I believe my research will contribute to 

improving strawberry production in the near future. 
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