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ABSTRACT 

Strawberry production in the United States is almost entirely done in open-fields. 

Recently, interest in off-season strawberry production using controlled environment (CE) 

systems such as greenhouses and soilless cultivation has increased in the US. However, 

strawberry production in greenhouses is relatively new in North America and available 

information about greenhouse strawberry production is limited. Plant physiological 

responses to the environment must be well understood to maximize production using CE 

systems. In the present research, photoperiodic and photosynthetic responses of 

strawberry plants in greenhouse were studied. To evaluate photoperiodic response eight 

cultivars of strawberry widely cultivated in North America were subjected to varied 

photoperiods under an average daily temperature of 17 °C. Short-day (SD) cultivars 

included ‘Radiance’, ‘F-127’, ‘Shuksan’ and ‘Chandler’, and day-neutral/ever-bearing 

(DN/EB) cultivars included ‘Albion’, ‘Portola’, ‘Monterey’ and ‘San Andreas’. SD 

cultivars were subjected to treatments of 11-h, 12-h, 13-h and 14-h photoperiod for 8 

weeks.  DN/EB cultivars were subjected to separated treatments of 8-h, 11-h, 14-h and 

17-h photoperiod for up to 10 weeks. After 8 and 10 weeks of photoperiodic treatments in 

SD and DN/EB cultivars respectively, shoot apical meristems (SAM) were observed 

under microscope and classified into one of twelve developmental stages (Indices: 0-11). 

All SD cultivars examined showed a critical photoperiod between 13 h and 14 h. DN/EB 

cultivars ‘San Andreas’, ‘Albion and ‘Monterey’ presented facultative long-day response 

with positive correlation between SAM developmental indices and photoperiod after 8 

weeks of treatment. ‘Portola’ showed non-significant influences of photoperiodic 

treatments in flower primordial development, suggesting day neutral response. However, 
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further experiments must be conducted to confirm cultivar responses and identify 

possible interactions between photoperiod and temperature.  

The effect of light intensity and plant sink/source balance on strawberry plant 

photosynthesis was also investigated. Measurements of leaf net photosynthetic rate (Pn), 

stomatal conductance, intercellular CO2 concentration (Ci) and transpiration rate under 

near-saturated photosynthetically photon flux of 1,000 mol m
-2

 s
-1

 and ambient CO2 

concentration in strawberry cultivars ‘Albion’ and ‘Nyoho’; and tomato cultivar 

‘Speedella’ (comparison purposes) were conducted monthly in greenhouse during May 

2014, and monthly from September 2015 through May 2016 (winter/spring production 

season). Hourly measurements were recorded hourly from 9 AM to 4 PM. Potential 

source strength was determined by the number of leaves and the daily light integral (DLI, 

400-700 nm) and sink load from flowers and fruits was represented as the number of 

flowers and fruits. Seasonal changes in daily maximum Pn were observed, as well as 

diurnal change in Pn in both strawberry cultivars. A significant positive correlation was 

determined between the estimated ratios of sink/source and the slopes representing 

diurnal linear decline of Pn. Also, Pn was negatively correlated with Ci but not 

significantly correlated with vapor pressure deficit (VPD) in greenhouse, suggesting 

diurnal decline in Pn was likely due to negative feedback of photosynthesis caused by 

unbalance of sink and source, and not to water stress from high VPD. The photosynthetic 

capacity as affected by seasonal changes in greenhouse environment and its diurnal 

change as affected by sink/source balance could help develop more effective practices in 

CE strawberry production to maximize production. Also, photoperiodic response 
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revealed in this study for American strawberry cultivars will specify conditions to induce 

flowering in these economically important cultivars off-season. 

INTRODUCTION 

Strawberry (Fragaria × ananassa Duch.) is an important crop grown in the US 

with a market value of $2.2 billion dollars, producing 86,430 tons of strawberry from 

58,960 acres planted in 2015 (USDA, 2015). Most production of strawberry in the US is 

done in open fields. In the US year-round production is achieved by shifting production 

between regions across California and Florida. Recently US growers are confronting 

challenges in open field production. In California, where more than 90% of the total 

strawberry production is done, annual acreage for strawberry is getting lower due to 

prolonged drought periods in the field; also, dry weather is increasing pests making 

challenging to manage and control diseases (Green, 2014).Other challenge of US 

production is the emerging of a strong competitor in strawberry market, Mexico. 

Strawberry production is rapidly increasing in Mexico having a 40% increase in total 

acreage for strawberry production from 2008 to 2014 (Secretaria de Hacienda y Credito 

Publico, 2015).  

Control environment structures and strategies using hydroponic systems in 

strawberry production could help to address the current challenges in US open field 

production; additionally, due to the increase in consumer demand for locally grown 

products (USDA, 2014a) local growers in US have notice the opportunity of achieving 

premium price during off-seasons by producing locally grown strawberries in 

greenhouses.  
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Despite of the interest in production of strawberry using control environment 

technology in the US, key physiological responses to consider in controlled environment 

agriculture (CEA) and their response to environmental conditions has not been fully 

characterized yet in strawberry plants. The areas of study in maximization of productivity 

by controlled environment agriculture (e.g. Sruamsiri and Lenz, 1985b; Hidaka et al., 

2016), fruit management and timing, optimization of irrigation and fertigation (e.g. 

Cantliffe et al., 2007; Paranjpe et al., 2003) and effect management of pest (e.g. 

Mohammad and Un, L, 2016) in greenhouse have been studied before for greenhouse 

production of strawberry; however these areas should be further studied in American 

strawberry cultivars to introduce successfully the greenhouse production of strawberry in 

the US.  

Majority of American strawberry cultivars grown in the US are conventionally 

classified as cultivars with a flowering sensitive to photoperiod (short-day or long-day 

response). Growers can target production timing for off-season production by providing 

the optimum conditions to trigger or accelerate flowering initiation under controlled 

environment. In order to target production timing, especially when off-season production 

is intended, it is necessary to determine specific photoperiodic flowering response of 

important strawberry cultivars. In addition to photoperiodism, photosynthesis and the 

factors affecting allocation of photoassimilates are also important plant responses critical 

for fruit production in controlled environment agriculture. In common crops grown under 

controlled environment (i.e. Tomato), seminal knowledge base of photosynthetic 

response and sink-source relationship has been developed and contributed to develop 
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better management of light in greenhouse. However, information on photosynthetic 

response of strawberry plants to environmental conditions is limited.   

The present study aims to investigate the physiology of flowering and diurnal net 

photosynthetic response in American strawberry cultivars under controlled environment 

conditions with the purpose to generate knowledge that could lead to develop effective 

practices for greenhouse production of strawberry in the US.   

A study evaluating photoperiodic response in strawberry cultivars is presented in 

APPENDIX A. Cultivars conventionally classified as short-day (SD), Ever-bearing (EB) 

and day-neutral (DN) were grown in various photoperiodic treatments. The objective was 

to analyze the effect of photoperiodic treatments on flowering initiation of the strawberry 

cultivars. This study helped determine critical photoperiod to induce flowering in 

American SD cultivars, as well as, to, identify day-neutral responses and measure 

quantitative response strength in American EB/DN cultivars. 

Research on diurnal net photosynthetic response in strawberry cultivars is 

presented in APPENDIX B. Monthly measurements of leaf net photosynthetic rate (Pn), 

stomatal conductance, intercellular CO2 concentration (Ci), transpiration rate, and 

potential source strength and sink load in strawberry cultivars were measured in ‘Albion’ 

(EB type) and ‘Nyoho’ (SD type) strawberry cultivars. The objective was to evaluate the 

effect of light intensity and plant sink/source balance on strawberry net photosynthetic 

rate when growing in greenhouse. Results from this research could lead to further 

research to develop practices for strawberry greenhouse production. 
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LITERATURE REVIEW 

1. Strawberry production under controlled environment  

Early form of controlled environment strawberry production was the use of plastic 

tunnels. The use of tunnels began around 1946 (Oda and Kawata, 1993), this type of 

systems are still used for strawberry production and are typically built over strawberry 

rows to extend the season (Rowley et al., 2011), provide rain protection (Hancock, 1999) 

and reduce insect and disease pressures. After the successful introduction of the use of 

tunnels for strawberry production, growers around the world became interested in 

greenhouses (Lieten, 1993). 

Some growers around the world use greenhouses for strawberry production. For 

example, China produced 2,997,504 metric tons of strawberry during 2013 (FAOSTAT, 

2016) where 80% of the total strawberry production came from plastic covered 

greenhouses (Carter et al., 2005). Also in Japan, most strawberry production is done in 

greenhouses in order to control the environment and produce high quality fruit for off-

season market (December to early May). Strawberry production on elevated bench using 

hydroponic systems is getting popular among Japanese strawberry farmers (Takei, 2010). 

European countries have been growing strawberries in greenhouses successfully since the 

early 1970's (Dale, 2013). The Netherlands is the primary country in Europe using 

controlled environment agriculture for strawberry production, with over 350 hectares of 

strawberries planted under glass, producing 29,000 metric tons of strawberries in 2014 

(Statistics Netherlands, 2015). Dutch and Belgian growers have implemented the use of 

hydroponic systems for strawberry production in order to eliminate the need for soil 

fumigants and herbicides, and minimize the use of fungicides (Lieten, 2013).  
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Few strawberries are produced in greenhouses in North America. Recently growers 

in Canada (Dale, 2013), Mexico (SAGARPA, 2012) and the US (Mississippi Department 

of Agriculture and Commerce, 2012) became interested in the use of greenhouses for 

strawberry production. In Canada, small number of greenhouse companies such as 

Orangeline Farms (Lemmington, ON) and La Frissonnante (Drummondville, QC) 

recently implemented greenhouse technology for off-season strawberry production 

(Agriculture and Agri-Food Canada, 2013). Mexico implemented greenhouse production 

with hydroponic systems in the state of Baja California with the purpose to increase fruit 

quality and reduce pest and water use (SAGARPA, 2009). Few companies in Mexico 

have yet adopted hydroponic greenhouse production of strawberry; however, this 

technology is gaining grower’s attention quickly and new projects to implement 

greenhouse systems in Guanajuato and Michoacan, the major states of open-field 

strawberry production in Mexico, were reportedly planned (Pacheco, 2010). Although 

greenhouse technology for producing strawberries is available, only limited strawberry 

growers in the US adopted these techniques for strawberry production. Advances towards 

the introduction of greenhouses for strawberry production in the US will be described in 

detail in the next section. 

 

2. Strawberry production in the United States 

The US is the second largest strawberry producer in the world following China 

(FAOSTAT, 2016). The strawberry crop in the US has shown a continuous increase in 

production and consumption since 1994, being the fourth most valuable fruit crop in the 

US following grapes, apples and oranges (USDA, 2014b).  
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2.1. Production regions  

California is the state leading production of strawberry in the US, producing 91.2% 

of the total production (USDA, 2015). Florida is the second largest strawberry producer 

producing 6.8% of the total supply. The third largest commercial strawberry producer is 

Oregon, providing less than 1% of the nation’s strawberries (USDA, 2013). Other states 

contributing to the total US strawberry production include North Carolina, Washington, 

Pennsylvania, Michigan, New York, Wisconsin, Ohio and Arkansas (USDA, 2013). 

In California strawberries are produced in about 40,000 acres of open field and 

production shifts along different regions for different seasons (California Strawberry 

Commission, 2016). The University of California had defined the regions of strawberry 

production in the state as follow (Westerlud et al., 1999): 

 Oxnard Plain Region: Comprised of Oxnard and Ventura County. Area where 

winter production starts in October and 30.9% of the total strawberries where 

produced in 2015 (California Strawberry Commission, 2015). 

 South Coast Region: The Primary counties involved are Orange, Los Angeles, 

San Diego and western Riverside Counties. Production in south coast region starts 

on December or January ending on April or May and in 2015 produced around 

1.5% of the total production in California (California Strawberry Commission, 

2015). 

 Central Coast Region: Comprised of Watsonville, Salinas, Gilroy, Aromas and 

adjacent areas. Production in Central Coast Region starts in April having a peak in 

May and continues through November. This region is one of the largest producers 
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in California, producing 33.6% of the total strawberry production during 2015 

(California Strawberry Commission, 2015). 

 Santa Maria Region: Comprised of Santa Cruz, Santa Clara, Monterey, San Luis 

Obispo, and northern Santa Barbara counties. Production in Santa Maria Region 

starts in March and continues until late fall. During 2015 this region was the 

largest producer of strawberries in California, producing 33.8% of the total 

production California Strawberry Commission, 2015). 

 Central Valley Region: About 2% of production comes from interior valleys such 

as the central San Joaquin Valley. 

Most strawberry planting in California is made with transplants grown in low-

elevation nurseries of Sacramento and San Joaquin Valleys or high-elevation nurseries in 

the intermountain valleys of Northern California (Strand, 2008). Low-elevation nurseries 

initiate the planting of strawberry in mid-May and harvest transplants in December and 

January. Plants are held in cold storage (-2 °C) until following summer to be planted in 

the fields or are used by high-elevation nurseries. High-elevation nurseries initiate 

planting of strawberry in early April using transplants dug from low-elevation nursery 

fields, transplants from high-elevation nurseries are harvested from September to mid-

November (Strand, 2008). Transplants for fruit production are preferred from high-

elevation nurseries because of their shorter time to flowering and fruiting, more 

manageable plant vigor and better fruit quality due to the lack long-term storage, like 

plants from low-elevation nurseries (Strand, 2008). 

California production decreases in October. However, production of strawberries in 

Florida initiates in December in northern (Starke, Brooker and Lake Butler cities) and 
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central (Palmetto and Ruskin, Plant City and Balm cities) regions and in January in the 

southern (Homestead city) region of Florida (Whitaker et al., 2015; Florida Department 

of Agriculture, 2013). Due to the relatively mild winters, Florida is the largest supplier of 

fresh strawberries during winter (Whitaker et al., 2015; Mossier, 2012). Table 1 

summarizes the major production areas of the US and harvesting periods of Canada, 

Mexico and US. 

 

2.2. Cultivar classification  

Strawberry cultivars are conventionally classified based on their flowering 

characteristics in three groups: short-day (June-bearing), ever-bearing and day neutral 

cultivars. Darrow and Waldo (1929) classified about 81 strawberry cultivars; this study is 

recognized as the first attempt of strawberry cultivar classification in the US. In their 

research, Darrow and Waldo (1934) described the terms of June-bearing and ever-

bearing. June-bearing cultivars were described as short-day cultivars that typically 

produce flower buds in the fall and produce a single flush of visible flowers per year 

during spring in open field conditions (Darrow and Waldo, 1934) and ever-bearing 

cultivars were classified as long-day plants that produce flower buds under the long days 

of summer in the Northern States (Darrow and Waldo, 1934). Day-neutral cultivars were 

introduced by Bringhurst and Voth (1980) as a cultivar type different from ever-bearing, 

with multiple flushes (more than two) of flowers in a season (Bringhurst and Voth, 1980). 

The first day-neutral cultivars ‘Aptos’, ‘Brighton’ and ‘Hecker’ described by Bringhurst 

and Voth (1980) were cultivars derived from crosses between June-bearing types and F. 

virginiana spp. (Bringhurst and Voth, 1980).  
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Despite of the proposed classification by Bringhurst and Voth (1980), Nicoll and 

Galletta (1987) proposed to discard the use of ‘day-neutral’ as strawberry cultivar type 

and instead, to use two classes, June-bearing and ever-bearing, representing cultivars with 

single (short-day response) and multiple flushes of production (ever-bearing response) 

respectively. In this classification, day-neutral cultivars are considered as identical with 

ever-bearing cultivars. However, disagreement between classifications proposed by 

Bringhurst and Voth (1980), and Nicoll and Galletta (1987) caused confusion in cultivar 

classification. As consequence, some growers classify long-day and day-neutral plants as 

ever-bearing cultivars while others consider ever-bearing and day-neutral as two different 

groups. Disagreement in cultivar classification is likely due to the fact that strawberry 

cultivars in the US are classified based on genetic background and flowering responses 

observed in open fields. Evidence was found indicating that ever-bearing trait is regulated 

by a single dominant gene (everbearing gene) (Honjo et al.,2016) leading to conclude an 

ever-bearing response in offsprings obtained between crossings containing at least one 

individual with ever-bearing response. However, the everbearing gene was also found in 

day-neutral cultivars (Honjo et al.,2016), making challenging the accurate classification 

of cultivars based on genetic background, even using gene expression analysis. In 

addition, cultivar classification made based in flowering responses observed in open field 

can lead to erroneous classification of cultivars due to the simultaneously change of 

photoperiod and temperature, the key environmental conditions affecting flower 

development. These issues make challenging to identify photoperiod-specific responses 

and also interactions between photoperiod and temperature in plants, and thereby has led 

to discrepancies on the accurate photoperiod response of the cultivars. A list of main 



18 
 

American strawberry cultivars grown in the US reported from 2013 to 2014 is shown in 

Table 2 (California Strawberry Commission, 2014; Whitaker et al., 2015) 

 

2.3. Strawberry greenhouse production in the United States  

In the US, use of controlled environment structures such as greenhouses or tunnels 

are not very common and almost all strawberry production is done in the open field using 

raised-beds fumigated with methyl bromide and covered with plastic mulch (University 

of Florida, 2009). Use of high tunnels to cover the field temporality has been practiced in 

Oxnard regions in California to protect the crop from rain or low temperature, but the 

majority of production period is still without any protection (I. Justus, personal 

communication). The main reason why strawberry industries in the US have not yet 

adopted greenhouse technology for extending strawberry production may be due to the 

fact that year-round production can be realized by combining different climate regions as 

shown in Table 1. However, increasing interest among retailers and consumers in locally 

grown strawberries and the opportunity of achieving premium price during off-seasons 

has been noticed recently. Still, only limited research has been conducted testing the 

response of American strawberry cultivars growing in controlled environment conditions 

in order to adopt new technologies for strawberry production. For example, the effect of 

substrate and nutrition on yield (e.g. Cantliffe et al., 2007; Paranjpe et al., 2003), 

identification of important factors affecting growth and productivity in the semi-arid 

climate of the desert southwest during winter season (e.g. Kubota and Kroggel, 2014), 

management of tipburn in greenhouse (e.g. Kroggel and Kubota, 2016) photoperiod 

response of American cultivars (e.g. Garcia and Kubota, 2016a; Bradford et al., 2010), 
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photosynthetic response of American cultivars growing in greenhouse (Garcia and 

Kubota, 2016b), effect of soilless substrates (e.g. Durner, 1999; Takeda, 2000), chilling 

treatment (e.g. Durner, 1999) and effect of plastic film mulches in greenhouse strawberry 

production (Meyer et al., 2012). In order to promote greenhouse strawberry production in 

the US the areas of study in maximization of productivity by controlled environment 

agriculture, fruit management and timing, optimization of irrigation and fertigation, and 

effect management of pest in greenhouse should be further developed.. 

3. Physiology of flowering 

3.1. Photoperiod and flowering regulation 

One of the most important environmental factors affecting flowering induction in 

plants is the period of time that plants are exposed to light in a daily cycle, the 

photoperiod. Garner and Allard (1920) discovered the photoperiodism, and described it 

as the physiological reaction of organisms to changes in day-length (photoperiod). The 

physiological reactions of plants to photoperiod can involve changes in time to flower. 

Plants can be classified based on photoperiodic response in day-neutral, short-day 

and long-day plants. Day-neutral plants flower at the same time irrespective of the 

photoperiod (Vince-Prue, 1975). Short-day plants are plants that require a photoperiod 

shorter than a specific threshold (called ‘critical photoperiod’) to initiate flowers 

(qualitative short-day response) or plants that flower initiation is accelerated by shorter 

photoperiods (quantitative short-day response) (Vince-Prue, 1975). Long-day plants are 

plants that require a photoperiod longer than a specific threshold to initiate flowers 

(qualitative long-day response) or plants that flower initiation is accelerated (quantitative 

long-day response) by longer photoperiods (Vince-Prue, 1975). 
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Plants with photoperiodic response (short-day and long-day plants) are further 

classified into 2 groups based on the specific response to varied photoperiods: qualitative 

and quantitative response (Thomas and Vince-Prue, 1997). Qualitative response in plants 

happens when a particular photoperiod is an absolute requirement for the occurrence of 

flowering initiation. In contrast, quantitative response is when plant flower initiation 

takes place in both short and long days but one condition accelerates flowering initiation 

(Thomas and Vince-Prue, 1997). The degree of quantitative responses is typically 

cultivar-specific and cultivars with weaker quantitative responses may be mistakenly 

considered as day-neutral plants.   

The response of plants to photoperiod involves: a mechanism of time 

measurement, a systemic signaling from leaf to the shoot apex involving production of a 

mobile protein which is transmitted throughout the plant and activation of flowering 

genes (Andres and Coupland, 2012).  

Short-day and long-day plants have different photoperiodic response mechanisms, 

involving components of photo-perception and biological timing (Jackson, 2009). The 

roles of photoreceptors are essential in the signaling of the photoperiodic control 

mechanism. Plant photoreceptors are light-sensitive molecules conformed by a protein 

and a light sensible pigment capable to regulate flowering by altering the expression of a 

key flowering regulator (Endo and Nagatani, 2008). The main photoreceptors involved in 

flowering regulation are the red/far-red light receptors, called phytochromes (Endo and 

Nagatani, 2008). Phytochromes are proteins responsible for photoperiod sensitivity in 

plants that utilize a linear tetrapyrrole, bilin chromophore to sense red/far-red light, 

existing in two inter-convertible forms (Moglich et al., 2010). One form of phytochrome 
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is Pr, which is considered the inactive form of phytochrome and has a primary absorption 

peak at the wavelength of 660 nm (red) and a secondary absorption peak at wavelength 

around 380 nm (UV-A). The other form of phytochtome is Pfr, which is considered the 

active form of phytochrome with an absorption peak at 730 nm far-red wavelengths and a 

smaller peak at 408 nm blue wavelengths (Moglich et al., 2010).  

Function of phytochrome in flowering induction was discovered after testing 

flower regulation under day extension and night break by modifying the phytochrome 

between active and inactive form using light quality treatments, results demonstrated the 

need of phytochrome in active form (Pfr) in order to sense photoperiod (Thomas and 

Vince-Prue, 1997). Also, the function of phytochrome in flowering induction have been 

proven numerous times by isolation of null mutants, deficient in all individual 

phytochromes, showing in all cases deficiency in flowering initiation (Franklin and 

Quail, 2010). In addition, it is known that PhyA and Cry2 photoreceptors are involved in 

activation of CONSTANT gene, which is regulated by circadian rhythms and activates the 

transcription of the protein Flowering Locus T (FT). FT protein moves from leaves to the 

meristem through the phloem and activates flowering-time genes which make possible 

the flower initiation (Rost, 2006). 

 

3.2. Temperature effect on flower induction 

Flower induction is a complex systemic process involving numerous genes, 

promoters and inhibitors, which are triggered by various signals, such as photoperiod and 

temperature. Temperature is the most commonly manipulated environmental factor in 

greenhouse production and plays a significant role in flower induction and plant 
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development of many species. It is important to differentiate between the effect of 

ambient temperature and vernalization effect in flower induction. Ambient temperature is 

defined as the physiological non-stressful temperature range of given plant species 

(Capovilla et al., 2014) and can affect flower induction and development. Optimum 

ambient temperature for triggering flower initiation varies by species. Flowering 

induction process can be accelerated as a consequence of photoperiod and ambient 

temperature interaction. This process takes place in conditions where plants are growing 

under ideal photoperiod and the average daily temperature optimal to trigger flower 

initiation (Balasubraman et al., 2006). When temperature increases above the highest 

point of optimal temperature to flower, flower initiation delays or is inhibited (Moccaldi 

and Runkle, 2007). In addition, in some species low ambient temperatures can trigger 

flowering under all photoperiods (Heide, 1977). Ambient temperature can also affect 

plant development by accelerating or delaying growth rate, which can affect flower 

development once that flowering induction is triggered (Capovilla et al., 2014). The 

molecular mechanisms involved in flowering initiation triggered by ambient temperature 

and how temperature effect interacts with photoperiod in plants are not well understood.  

Vernalization effects on flowering of plants and the molecular mechanisms 

involved are better understood. Vernalization is the prolonged exposure to cold (usually < 

5 ºC) that lead to flower initiation. This phenomenon takes place at the end of plant 

dormancy, which is a period when growth, development, and physical activity are 

temporarily stopped, minimizing metabolic activities (Sosteby and Heide, 2006). 

Vernalization has not been reported precisely in strawberry; however strawberry 

undergoes dormancy under low temperatures (usually < 5 ºC), without going through the 
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process of flower initiation. Vernalization is regulated by activation and deactivation of 

FLC gene. During the beginning of vernalization, FLC repress flowering gene FT. 

Repression action from FLC is reduced when chilling hours from vernalization increase 

until reach total deactivation, after this stage flowering initiation begins (Rost, 2006).  

Due to the influence of temperature in flower initiation and its complexity, 

Salisbury (1982) proposed additional responses to the general responses previously 

described. Plants can be classified into short-day, long-day, dual-day length, intermediate 

day-length, ambio-photoperiodic and day-neutral relative to its response to interaction 

between temperature and photoperiod. Following Salisbury (1982) classification; short-

day plants are plants that have a qualitative short-day response or plants that have an 

either qualitative  or  quantitative short-day response under only low or high 

temperatures, long-day plants are plants that have a qualitative long-day response or 

plants that have an either qualitative or quantitative long-day response under low or high 

temperatures, dual-day length can as act as either short-day or long-day depending on the 

temperature, intermediate day-length plants flower when days are neither too short nor 

too long, ambio-photoperiodic plants are quantitatively inhibited by intermediate 

photoperiods and day-neutral plants are plants that flower at the same time in all 

photoperiods under high or low temperature or plants that flower about the same time 

under all photoperiods under just in low temperatures (Salisbury, 1982). So far, in 

strawberry the most common flowering responses reported following Salisbury (1982) 

classification are: qualitative short-day response between 12 to 26 °C, quantitative long-

day response, day neutral (triggered under all temperatures or in low temperature for 

some cultivars) and few reports on dual-day length response (Bradford et al., 2010).      
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3.4. Flowering induction in strawberry 

Strawberry is an herbaceous perennial with strong response to environmental 

conditions. Flowering response is an important trait, which affects seed and fruit 

development. In strawberry two main factors are influencing flowering: photoperiod and 

temperature (Stewart and Folta, 2010). Due to the strong response of strawberry to these 

environmental factors, horticulturists have shown interest in understanding and 

controlling flowering and fruiting habit of the strawberry and therefore many studies aim 

to elucidate photoperiod and temperature response in strawberry. One of the earlier 

studies of strawberry response to photoperiod analyzed the flowering response of 81 

cultivars in different photoperiod conditions (Darrow and Waldo, 1934). Darrow and 

Waldo tested shortening and lengthening the daily light using 4 different photoperiodic 

treatments: 8 h, 10 h, 12 h and 16 h photoperiod in an average temperature of 21 °C. The 

results from Darrow and Waldo (1934) experiments lead to the conclusion of the 

classification of June-bearings as short-day plants and ever-bearing as long-day plants. 

However, the report made by Darrow and Waldo (1934) does not provide the light source 

or light intensity used in longer treatments (12 h and 16 h), which were achieved by 

artificial supplemental lighting, making conclusions questionable. Darrow and Waldo 

(1934) did not examine temperature-photoperiod interactions.  

Despite of conclusion obtained by Darrow and Waldo (1934) for the response of 

strawberry cultivars to photoperiod and the cultivar classification, conventionally 

classified June-bearing and ever-bearing cultivars were reported to show a discrepancy 

between the conventional cultivar classification and their photosynthetic response when 
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subjected to various temperatures. Much study of strawberry photoperiod and 

temperature interaction has been done in countries such as Norway and Japan, where 

controlled environmental agriculture is applied for strawberry production and forcing 

flowering techniques using photoperiod and temperature treatments are used. Ito and 

Saito (1962) tested the interaction between photoperiod and temperature using three daily 

average temperatures (9, 17, and 24°C) and two different photoperiods (8 h and 24 h). 

Their results showed that short-day (June-bearing) cultivars had mostly a qualitative 

response (flower under 8 h but no flower under 24 h) at 17 and 24°C while they flowered 

irrespective of photoperiod when average temperature was 9 °C. Guttridge (1985) and 

Larson (1994) designed experiments separately exposing the critical photoperiods and 

effects of night-interruption in strawberry cultivars (Guttridge, 1985; Larson, 1994) 

finding a qualitative response to photoperiods in short-day cultivars and flower induction 

with the night interruption treatment in ever-bearing cultivars. Morishita and Yamakawa 

(1991) and Sonsteby and Nes (1998) studied photoperiodic response of Japanese and 

Norwegian June-bearing cultivars respectively, both presented a report on the critical 

number of short-day and low temperature cycles necessary for flower induction, 

indicating a minimum of 15 cycles of SD treatment (8 h) at 12 °C to trigger flowering in 

‘Nyoho’, ‘Toyonoka’, and ‘Harunoka’ cultivars (Morishita and Yamakawa, 1991) and a 

minimum of 16 cycles of SD photoperiod (8 h) at 15 °C to trigger flowering in ‘Korona’ 

and ‘Elsanta’ (Sonsteby and Nes, 1998). Sonsteby and Nes (1998) also reported flower 

induction in June-bearing cultivars imposed to 24 h photoperiod at 9 °C. 

The research of strawberry flowering has been more focused on short-day (June-

bearing) cultivars, because is the most common type of cultivar. However, some 
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information is also available for other types of strawberry cultivars. One of the earlier 

studies testing all three types, June-bearing, ever-bearing and day-neutral cultivars was 

done by Durner et al. (1984) who tested photoperiodic response under short-day (9 h) and 

long-day (3 h night interruption) treatments at four different temperatures (day/night 

temperature): 18/14, 22/18, 26/22 and 30/26 °C. Results showed that ever-bearing 

cultivars have different flowering responses under different temperature: All plants 

flowered under short-day and long-day treatments at 18/14 °C and flowering only under 

long-day at 22/18 °C. Also, inhibition of flowering regardless of photoperiod was 

reported at 30/26 °C. (Durner et al., 1984). Day-neutral cultivars exhibited the same 

flowering time under long-day and short-day treatments at 18/14 °C, faster flowering 

under long-day at 22/18 °C and flower inhibition at 26/22 °C and 30/26 °C in all 

photoperiodic treatments (Durner et al., 1984).  

 Some other research have shown that ever-bearing cultivars can have a consistent 

long-day response, Nishiyama et al. (1999) tested ever-bearing cultivars under 24 h and 8 

h photoperiods at three different temperatures (20/15, 25/20, and 30/25 °C for day/night 

temperature) found flower inhibition at highest temperature (30/25 °C) and delay and/or 

inhibition under 8 h photoperiod, concluding that ever-bearing cultivars tested have a 

long-day response.  

Some recent research has shown discrepancies between current American 

strawberry cultivar classification and obtained results for photoperiodic response in 

strawberry. Serçe and Hancock (2005) tested ‘Fort Laramie’ and ‘Quinatl’ ever-bearing 

cultivars and ‘Aromas’ and ‘Tribute’ day-neutral cultivars under 8 h and 16 h 

photoperiod at daily average temperature of 18 °C in growth chamber where light 



27 
 

intensity was fixed to have an equal DLI among the different treatments. Results obtained 

in this research showed that cultivars previously classified as day-neutral have a 

facultative long-day response at 18 °C. In addition, Bradford et al. (2010) demonstrated 

that conventionally grown American cultivars classified as short-day (‘Honeoye’) and 

day-neutral (‘Tribute’) exhibited different photoperiodic response under different 

temperature. Bradford et al. (2010) tested 6 different temperatures (14, 17, 20, 23, 26 and 

29 ºC) under 9 h and 16 h photoperiod and found that day-neutral cultivars can have an 

obligate or facultative long-day or short-day response under different temperatures. 

 

3.5 Research methodology in the study of strawberry photoperiodic response  

The research conducted to study photoperiod and temperature interaction by 

different groups demonstrated the complex and inconsistent response of strawberry 

cultivars to different environmental conditions. This may indicate the importance and 

necessity of a standardized methodology for analyzing flowering response in strawberry 

cultivars in order to obtain accurate responses. In contrast, flowering response has been 

well studied in floriculture due to the importance of flowering control technology and a 

standardized procedure seems to be well established. When researchers design 

experiments to test photoperiodic responses of plants, specific light intensity and quality 

must be selected due to the influence of these factors in flowering initiation. Downs et al. 

(1958), Heins et al. (1997) and Runkle et al. (2001) exposed that ratio of red and far-red 

light delivered by artificial lighting is important in flowering induction. Runkle et al. 

(2001)  tested 4 different light qualities in Echinacea purpurea (dual-day length plant) to 

determine the specific effects of modified light wave-lengths on flowering, finding the 
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lowest percent of flowering under two different treatments deficient in blue light and red 

light each. Heins et al. (1997) and Downs et al. (1958) exposed that cool-white 

fluorescent lamps emit very little far-red light and their flowering induction effectiveness 

have been proven to be lower than the flowering induction effectiveness of incandescent 

lamps. Summerfield and Roberts (1987) proposed that plants have a threshold irradiance 

below which flowering is not induced or hastened by photoperiod and a saturation 

threshold of irradiance above which flowering is triggered by light intensity regardless of 

photoperiod. Horticulturally, the knowledge of threshold of saturation irradiance is 

important to avoid inadvertent induction of flowering (Heins et al., 1997). To avoid this 

issue, light intensity must be maintained as low as possible to keep photoperiodic 

response but avoiding the influence of high light intensity in flowering induction. For 

incandescent lamps the threshold irradiance for flower induction by photoperiod is 

between 0.02 µmol m
-2

 s
-1

 and 1 µmol m
-2

 s
-1 

(Vince-Prue, 1975). A light intensity of 2 

µmol m
-2

 s
-1

 is recommended to use as supplemental lighting for avoiding unplanned 

induction of flowering, this conditions promote the generation of accurate results on 

photoperiodic response, separating photoperiod effect on flower initiation from DLI 

effect to accelerate flower development (Heins et al., 1997). Despite of the knowledge on 

factors affecting flowering and methodology known and applied by floriculture research 

groups, photoperiodic response research in strawberry have not yet adopted these 

standardized procedures to evaluate flowering induction and as consequence huge 

variability between procedures used between different research groups is found. A 

common issue found in the research done in photoperiodic response of strawberry is the 

use of high light intensity in supplemental lighting which could lead to inaccurate results 
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when the photoperiod effect on flower initiation and the DLI effect are not accurately 

separated causing acceleration in flower development. Also, few studies use cool-white 

fluorescent lamps as only source of light to give photoperiodic treatments by 

supplemental lighting, which is known, can delay flowering time in long-day plants. 

 

4. Light, photosynthesis and sink/source balance 

Photoassimilates move from source to sink to provide energy to developing organs 

or store energy in the plant. Sink in plants refers to the organs that consume or store 

photoassimilates. The sources in a plant are photosynthetic organs that produce 

photoassimilates. Photoassimilates transported to sinks.  

Translocation of photoassimilates depends on the amount of photoassimilates 

produced by the source and consumed/stored by the sink. When production of 

photoassimilates in source and sink activity are both high, transport of photoassimilates 

from source to sink starts when the high concentration of photoassimilates in source 

creates an osmotic gradient that draws water from the xylem into phloem cells creating an 

hydrostatic pressure in the phloem, then movement of phloem sap containing 

photoassimilates moves by mass flow from source to sink (Ainsworth and Bush, 2011). 

Due to high activity of sinks there is a greater rate of unloading of photoassimilates from 

phloem to sink cells, which reduces turgor of sink phloem and thereby increasing mass 

flow. This stimulates phloem loading and lowers accumulation of carbohydrates in source 

organs (i.e., leaves) (Ainsworth and Bush, 2011). Lower photoassimilate concentration in 

sources organs, enhance expression of the gene promoting Rubisco function (rbcL) and 

reduce mobilization of photoassimilates by downregulation of sucrose transporter 
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proteins (Koch, 1996). In contrast, when sink demand is low, carbohydrates accumulate 

in the source, down-regulating photosynthesis by suppressing photosynthetic gene (rbcL) 

expression (Paul and Foyer, 2001). The amount of photoassimilates in leaves available 

for transport to sinks depends on photosynthetic activity (Lemoine et al., 2013).  

Light drives photosynthesis and production of photoassimilates; therefore, light 

intensity affects translocation from source to sink through changes in photosynthesis 

activity (Fatichi et al., 2014). Low light conditions not only create a shortage of 

photoassimilate supply from the leaves due to low photosynthetic rate, but also decrease 

photoassimilate transport due to downregulation of sucrose transporter, transport of 

photoassimiles is decreased but not interrupted avoiding the accumulation of sucrose in 

leaves (Ishibashi et al., 2014),. High light intensities had been reported to induce a 

negative feedback in photosynthesis which reduces expression in genes for 

photosynthesis, and Rubisco carboxylation activities as consequence of accumulation of 

sucrose in leaves (Koch, 1996; Fuentes et al., 2005; Barajas-Lopez et al., 2008). 

Understanding the factors affecting allocation of photoassimilates to fruit is critical 

in fruiting crop production. In strawberry, studies on sink-source relationship are not very 

common. Among limited literature available, translocation and distribution of 

photoassimilates in strawberry were studied by Nishizawa and Hori (1988). In this 

research, translocation of photoassimilates was traced by using 
14

C. Results showed that 

distribution of photoassimilates varied at different stages of development. Before 

flowering, most of assimilates (40%) were translocated to roots rather than rest of plant 

organs. However, when 
14

C was traced after flowering, distribution of photoassimilates to 

the roots was reduced and most 
14

C was found in the fruits. Kumakura and Shishido 
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(1994) also studied the translocation and distribution of photoassimilates and found that, 

despite of the 9 day/night air temperature regimens tested, the percentage of 
14

C 

translocated in the terminal inflorescence increased as the fruit grew and matured, 

concluding that air temperature does not influence the distribution pattern of 

photoassimilates while the inflorescence is developing. Forney and Breen (1985) 

analyzed sucrose uptake during fruit development (From day 9 to day17 after anthesis) 

from anthesis to ripening and found the highest rate of sucrose uptake at day 9 after 

anthesis followed by a rapidly decrease, suggesting that most uptake of sucrose in 

strawberry takes place when the fruit is at early stage of development.   

As mentioned before, photosynthesis is the process used by plants to generate 

photoassimilates and is a critical factor in crop production. Studies in photosynthetic 

response of strawberry in controlled environment include the evaluation of the effect of 

air temperature (Hancock and Flore, 1990), CO2 enrichment (Hidaka et al., 2016; 

Keutgen et al., 1997), carbon translocation (Nishizawa and Hori, 1988) and light 

(Garrison et al., 1990; Hidaka et al., 2016; Hidaka 2014, 2015).  

Hancock and Flore (1990) evaluated photosynthesis acclimation in US strawberry 

cultivars ‘Earlyglow’ and ‘Redchief’ at pre-conditioning conditions of (day temperature/ 

night temperature): 20/10 °C or 30/20 °C for 3 weeks, and then measure leaf 

photosynthetic rate in air temperatures ranging from 10 °C to 35 °C, results showed both 

cultivars acclimated to all tested temperatures. Maximum photosynthetic rate was found 

between 18 °C and 24°C in plants acclimated at low temperatures (20/10 °C), and 

between 24 °C and 30 °C in plants acclimated to high temperature (30/20 °C). 
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 Hidaka et al. (2016) reported the response of supplemental lighting and elevated 

CO2 levels in strawberry photosynthetic rate under different air temperatures (10, 20 and 

30 °C) showing a significant increase in flower number and yield when plants were 

exposed to elevated CO2 and supplemental lighting. This study also shows the differences 

in photosynthetic rate found when growing strawberries under different CO2 

concentrations and temperature (Hidaka et al., 2016). Lower photosynthetic rates were 

found under lower air temperature when CO2 concentration was higher than 400 µmol 

mol
-1

 (Hidaka et al., 2016). Other studies by Hidaka (2014, 2015) showed that 

supplemental lighting significantly enhanced leaf photosynthesis, leading to an 

acceleration of flower bud differentiation. However, supplemental lighting for longer 

than 12 h per day inhibited flower initiation of the short-day cultivar employed in this 

study, decreased photosynthesis, and led to lower yields.  

Keutgen et al., 1997 tested the effect of elevated CO2 in strawberry leaf 

photosynthesis, finding that CO2 concentrations between 300 and 600 µmol mol
-1

  

increase photosynthetic rate and levels above 750 ppm reduced the photosynthetic rate in 

strawberry. Garrison et al., 1990 studied the effect of shade in strawberry photosynthesis 

in greenhouse, finding that leaves of strawberry plants growing under 30% and 63 % 

shade and saturating light intensities decreased saturation point. Despite of the research 

done on photosynthetic response of strawberry in controlled environment conditions, 

photosynthetic response of strawberry in controlled environment is not fully understood. 

Inaba (2007) showed in a preliminary study that photosynthetic capacity in strawberry 

leaves declined linearly over time during the day and similar pattern of diurnal decline 

was also shown by Wu et al. (2012), who compared the diurnal photosynthetic 
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characteristics of strawberry when growing under three different light quality lamps 

(warm white, cool white and tubular lamp with red additive lamps). Results showed that 

diurnal photosynthetic characteristics of strawberry were different among the light 

treatments. Strawberry plants grown under warm white and cool white lamps showed a 

diurnal photosynthetic response with a single peak curve in the day, and double peak 

curve in a day when grown under tubular lamp with red additive. Studies from Inaba 

(2007) and Wu et al. (2012) also showed the linearly decline in stomatal conductance 

through the day, possibly caused by water stress (Inaba, 2007) or light quality (Wu et al., 

2012). Inaba (2007) also suggested the possible negative feedback of photosynthesis. 

However, no detailed analyses were made to confirm the causal factor of the diurnal 

decline and further research must be done in order to fully understand strawberry 

physiology under controlled environment and develop strategies to maximize production. 
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TABLES 

Table 1. Major strawberry production areas of US and harvestable months in US areas, 

Mexico and Canada (California Strawberry Commission, 2014; Whitaker et 

al., 2015; SAGARPA, 2016; Ontario Berry Growers Association, 2016).  

 

 Months 

Location Jan Feb Mar Apr May Jun  Jul  Aug Sep  Oct Nov Dec 

Oxnard Palin 

Region, CA 
x x x x      x x x 

South Coast 

Region, CA 
x x x x x       x 

Central Coast 

Region, CA 
   x x x x x x x x  

Santa Maria 

Region, CA 
  x x x x x x x x x x 

Central Valley,  

CA 
   x      x x  

North of Florida 

(Starke, Brooker 

and Lake Butler 

cities) 

x x x x x x      x 

Central of Florida 

(Palmetto and 

Ruskin, Plant 

City and Balm 

cities) 

x x x x x x      x 

South of Florida 
(Homestead city) 

x x x x x x       

Mexico (Baja 

California, 

Michoacan and 

Guanajuato) 

 

x x x x x x x x x    

Canada (Ontario 

and Quebec) 

 

     x x      
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Table 2. List of main American strawberry cultivars grown in the US reported from 2013 

to 2014 (California Strawberry Commission, 2014; Whitaker et al., 2015; 

Oregon Strawberry Commission, 2014). 

Strawberry cultivars Pedigree Released Develop by Patent Current 

classification 

Albion Diamante x Cal 

94.16-1 

2006 University of 

California 

US PP16228 P3 Day-neutral 

Benicia Palomar x Cal 

0.18-601 

2012 University of 

California 

US PP22542 P3 Short-day 

Benton OSC 2414 X Vale 1975 USDA-ARS, Oregon - Short-day 

Camarosa Douglas x Cal 

85.218-605 

1992 University of 

California 

US PP8708 P Short-day 

Camino Real Cal 89.230-7 x 

Cal 90.253.3 

1994 University of 

California 

US PP13079 P2 Short-day 

Chandler Douglas x Cal 

72.361-105 

1983 University of 

California 

US PP5262 P Short-day 

Charm BC 91-14-31 x  
WA 94023-1 

2001 Secretary of 
Agriculture Washigton 

DC 

USPP25,300 P2 Short-day 

Diamante Cal 87.112-6 × 
Cal 88.270-1 

1991 University of 
California 

US PP10435 P Day-neutral 

Earliglow (Fairland × 

Midland) × 
(Redglow × 

Surecrop) 

1975 USDA - Day-neutral / 

Ever-bearing 

Festival Rosa Linda x Oso 

Grande 

2004 Florida Foundation 

Seed Producers 

US PP14,739 P2 Short-day 

Florida Elyana FL 96-114 x FL 

95-200 

2008 Florida Foundation 

Seed Producers 

US PP21317 P3 Short-day 

Fronteras Cal 4.18-4 x Cal 

5.165-1 

2008 University of 

California 

US 20150230374 P1 Short-day 

Honeoye Vibrant x Holiday 1979 Cornell/NYSAES - Day-neutral 

Hood OSC 2315 × Puget 
Beauty 

1965 USDA-ARS /Oregon 
State 

- Short-day 

Mojave Palomar x Cal 

1.57-601 

2004 University of 

California 

US PP22589 P3 Short-day 

Monterey Albion x Cal 
97.85-6 

2009 University of 
California 

US PP19767 P2 Day-neutral 

Palomar Camino real x 

Ventana 

2000 University of 

California 

US PP19472 P3 Short-day 

Portola Cal 97.93-7 x Cal 
97.209-1 

2009 University of 
California 

US PP20552 P3 Day-neutral 

Puget crimson Schwartze and 

Valley Red 

2003 Washington State 

University 

US PP22781 P2 Short-day 

Puget reliance BC 72-2-72 x 
WSU 

1994 Washington State 
University 

US PP9310 P Short-day 

Radiance Winter dawn x 

PL99-35 

2008 University of Florida 

Board of Trustees 

US PP20363 P2 Short-day 

San Andreas Albion x Cal 
97.86-1 

2008 University of 
California 

US PP19975 Day-neutral 

Seascape Selva x Douglas 1990 University of 

California 

US PP7614 Day-neutral 

Sensation (F-127) FL 05-107 x FL 

02-58 

2013 Florida Foundation 

Seed Producers 

US20140359905 P1 Short-day 

Sequoia Cal 51s11 x Cal 

52.16 

1969 University of 

California 

US PP3178 P Day-neutral 

Shuksan (Northwest x 

Sierra) x 

Columbia 

1970 Washington State 

University 

- Short-day 

Sweet Ann 4A28 x 10B131 2005 Lassen Canyson 
Nursery 

US PP22472 P3 day-neutral 
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Sweet bliss B 753 x ORUS 

1735-1 

1998 USDA-ARS breeding 

program Oregon 

- Short-day 

Sweet charlie FL 80-456 x 
Pajaro 

1980 Florida Foundation 
Seed Producers 

US PP8729 P Short-day 

Sweet sunrise Puget Reliance x 

B 754 

2000 Secretary of 

Agriculture , USA 

US PP25223 P2 Short-day 

Tillamook Cuesta x Puget 
Reliance 

2002 USDA-ARS, Oregon 
Agr. Expt. Station, 

Washington State 

Univ. Agr. Research 
Center 

US PP22781 P2 Short-day 

Totem Puget Beauty x 

Northwest 

1972 Agriculture and Agri-

Foods Canada, BC 

- Short-day 

Tribute EB 18  x MdUS 
4258 

1981 Maryland Agr. Expt. 
Station and 

USDA_ARS 

- day-neutral 

Valley red Anaheim × 
Puget Reliance 

2009 USDA-ARS, the 
Oregon Agr. Expt. 

Station, the 

Washington State 
Univ. Agr. Research 

Center 

- Short-day 

Ventana Cal 93.170-606 x 

Cal 92.35-601 

1996 University of 

California 

US PP13469 P3 Short-day 

Winter dawn FL 93-103 x FL 

95-316 

2005 Florida Foundation 

Seed Producers 

US PP21558 P3 Short-day 

Winterstar Radiance x 
Earlibrite 

2011 University of Florida 
Coast Research Center 

- Short-day 
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PRESENT STUDY 

The research for this thesis is presented as two manuscripts in separate appendices; 

appendix A and appendix B. Each manuscript contains an introduction, methods, results, 

discussion, and conclusions. Important findings from each of the manuscripts are 

summarized below: 

APPENDIX A: FLOWERING RESPONSES OF NORTH AMERICAN 

STRAWBERRY CULTIVARS  

The objective of study in Appendix A was to evaluate the photoperiodic response of eight 

cultivars of strawberry widely cultivated in North America. The experiment was divided 

in two sections where short-day (SD) and ever-bearing/day-neutral (DN/EB) cultivars 

were tested separately, at average daily temperature of 17 ºC. SD cultivars ‘Radiance’, 

‘F-127’, ‘Shuksan’ and ‘Chandler’ were tested subjecting plants to 11-h, 12-h, 13-h and 

14-h photoperiod in order to find their critical photoperiod to trigger flowering and 

DN/EB cultivars were subjected to 8-h, 11-h, 14-h and 17-h photoperiod in order to 

quantify strength in quantitative long-day response and identify day-neutral responses. 

After 8 weeks of treatment SD cultivars under 11-h, 12-h and 13-h showed a critical 

photoperiod between 13 h and 14 h. DN/EB cultivars ‘San Andreas’, ‘Albion’ and 

‘Monterey’ presented quantitative long-day response with positive correlation (p < 0.001) 

between shoot apical meristem developmental indices and photoperiod after treatment. 

‘Portola’ showed non-significant influences in flower primordial development, 

suggesting day neutral response. 
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This manuscript was accepted for publication in Acta Horticulturae and an updated 

version with additional data is presented.  

APPENDIX B: PHYSIOLOGY OF STRAWBERRY PLANTS UNDER 

CONTROLLED ENVIRONMENT: DIURNAL CHANGE IN LEAF NET 

PHOTOSYNTHETIC RATE 

 

The objective of the study presented in appendix B was to evaluate the effect of 

light intensity and plant sink/source balance on strawberry plant photosynthesis.  In this 

experiment, monthly measurements (hourly from 9AM to 4PM) of leaf net 

photosynthetic rate (Pn), stomatal conductance, intercellular CO2 concentration (Ci) and 

transpiration rate under a photosynthetically near-saturating light intensity (1,000 mol 

m
-2

 s
-1

) in strawberry cultivars ‘Albion’ and ‘Nyoho’ were done in greenhouse during 

winter/spring production seasons, tomato cultivar ‘Speedella’ was also subjected to the 

measurement for comparison purposes. During the experiment, potential source strength 

was evaluated based on number of leaves and the daily light integral (DLI, 400-700 nm) 

and sink load from flowers and fruits was estimated in strawberry.  Results from two 

seasons showed seasonal changes in maximum Pn, values of max Pn were significant 

correlated with DLI (‘Albion’ p= 0.003, ‘Nyoho’ p=0.006) and diurnal decline in 

photosynthetic capacity for strawberry during winter/spring production was also found. 

In addition, analysis of measured variables showed significant positive correlation 

between estimated ratios of sink/source and slopes of linear equations applied for diurnal 

change in Pn. We also found that Pn was negatively correlated with Ci suggesting diurnal 

decline in Pn was likely due to negative feedback of photosynthesis. Results from this 
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research could lead to develop practices in strawberry production under controlled 

environment in order to expand and maximize production. 

This manuscript was accepted for publication in Acta Horticulturae and an updated 

version with additional data is presented. 
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ABSTRACT 

Flowering time is critical in strawberry production and regulated by temperature 

and photoperiod. Strawberry cultivars in North America are classified as short-day (June-

bearing), ever-bearing and day-neutral. However, most cultivars are classified based on 

field performances and/or genetic background; therefore, precise experiments are 

required to find optimum conditions to promote reproductive stage under controlled 

environment. In this research, eight cultivars of strawberry widely cultivated in North 

America were subjected to varied photoperiod treatments. Short-day (SD) cultivars 

included ‘Radiance’, ‘F-127’, ‘Shuksan’ and ‘Chandler’, and day-neutral/ever-bearing 

(DN/EB) cultivars included ‘Albion’, ‘Portola’, ‘Monterey’ and ‘San Andreas’. SD 

cultivars were pretreated with 16-h photoperiod during their vegetative/propagation stage 

and subjected to 11-h, 12-h, 13-h and 14-h photoperiod for 8 weeks.  DN/EB cultivars 

were grown in pretreatments of 8-h or 17-h photoperiod during their 

vegetative/propagation stages and subjected to 8-h, 11-h, 14-h and 17-h photoperiod for 

10 weeks. Photoperiod was created by extension lighting at 2 ± 0.5 µmol m
-2

 s
-1

 (400-800 
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nm) inside growth chambers after 7 h of natural light in greenhouse. Daily average 

temperature was 17.2 ± 1.3 ̊C and 17.3 ± 0.4 ºC for SD and DN/EB cultivars respectively. 

Dissections were made to classify shoot apical meristems (SAM) into different 

developmental stages (Indices: 0-11) after 7, 8 or 10 weeks. SD cultivars under 11-h, 12-

h and 13-h showed reproductive stage with average index of development from 4.0 to 

7.3, while plants under 14-h were all vegetative (stage index: 0), showing critical 

photoperiod between 13 h and 14 h. SD/EB cultivars ‘San Andreas’, ‘Albion and 

‘Monterey’ presented facultative long-day response with positive correlation (p < 0.001) 

between SAM developmental indices and photoperiod after 8 and 10 weeks. ‘Portola’ 

showed non-significant influences in flower primordial development, suggesting day 

neutral response. Further experiments must be conducted to confirm cultivar responses 

and identify possible interactions between photoperiod and temperature. 

 

INTRODUCTION 

Strawberry (Fragaria × ananassa Duch.) is an herbaceous perennial with strong 

response to environmental conditions. Flowering time is an important trait, which affects 

seed and fruit development (Runkle et al., 2012). Controlled environment agriculture 

(CEA) can provide optimum conditions to minimize flowering time or to allow growers 

to target the flowering response and harvest fruits during a selected time of the year. 

However, strawberry production under controlled environment is relatively new in North 

America and more precise studies must be done in order to find optimum flowering 

conditions. 
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One of the factors affecting flowering induction is the period of time that 

strawberry plants are exposed to light (or darkness) in a daily cycle. Traditionally, North 

America strawberry cultivars have been classified into short-day (SD) (June-bearing), 

ever-bearing (EB) and day-neutral (DN) types. Day-neutral plants flower at the same 

time irrespective of the photoperiod under otherwise the same conditions (Durner et al., 

1984). Short-day plants in strawberry have typically an obligate response, and are plants 

that require a photoperiod (day length) shorter than a specific threshold (called ‘critical 

photoperiod’) to initiate flowers. Ever-bearing type of strawberry plants is generally 

known to have facultative long-day flowering response, accelerating flowering response 

when photoperiods are longer (Darrow and Waldo, 1934; Heide, 2013). 

In North America, most modern strawberry cultivars are developed in Florida and 

California for open field production. Strawberry production in California has introduced 

day-neutral/ever-bearing cultivars in 1979 (University of California, 1979) while most 

strawberry cultivars around the world are short-day type (U.S National Germplasm 

System, 2016). Advantages of using cultivars relatively insensitive to photoperiod 

include longer harvest seasons compared with short-day cultivars (Durner et al., 1984). 

Traditionally, flowering types are classified based on field performances and/or genetic 

background. Under open field environment, however, key environmental conditions 

affecting flower development change simultaneously and thereby it is challenging to 

identify photoperiod-specific responses in plants when other factors (such as temperature) 

have interactions. Recent research conducted by Bradford et al. (2010) and Serçe and 

Hancock (2005) using five American cultivars has revealed potential discrepancy 

between current classification of photoperiodic flowering responses in strawberry and 
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research results from photoperiod experiments, inferring that classification previously 

done could have some errors. Also, inaccuracy in determining photoperiodic flowering 

responses based on observations in open field created a continuous confusion in 

classification of DN and EB types and as consequence some strawberry cultivars are 

classified in both types. 

In order to target production timing, especially when off-season production is 

intended, it is necessary to determine specific photoperiodic flowering response of 

important cultivars; therefore, the objective of this preliminary study was to precisely 

examine flowering responses of selected North American strawberry cultivars to 

determinate critical photoperiods and qualitative(obligate) or quantitative (facultative) 

responses. 

 

MATERIAL AND METHODS 

 

Photoperiod response of cultivars conventionally classified as short-day (SD) plants 

(Experiment 1) 

 

1. Plant material and growth conditions. 

The conventionally classified SD cultivars, ‘Radiance’ (University of Florida), ‘F-

127’ (University of Florida), ‘Shuksan’ (Washington State University) and ‘Chandler’ 

(University of California Davis) were selected in the present study. However, due to the 

limitation of growth chambers, the experiment was divided into two parts, each with two 
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cultivars at a time. All experiments were done at the Controlled Environment Agriculture 

Center (CEAC) the University of Arizona (Tucson, AZ).   

Strawberry runner plants were propagated from mother plants grown in a non-

flowering-inductive LD pretreatment of 17-h photoperiod. Runners with 2 to 3 leaves 

were excised from the mother plants and rooted for 2 weeks under frequent misting. 

During the rooting, the pretreatment to achieve 17-h photoperiod was continued. 

The LD condition of 17 h was created by exposing the plants to 8 h of natural light 

inside a greenhouse, followed by 9 h of low intensity extension lighting applied inside a 

growth chamber.  Air temperature and daily light integral (DLI) ranged between 23.3 ℃ - 

28.7 ℃ and 8.6 –18.0 mol m
-2

 d
-1

during the main 7-h photoperiod (8 am – 3 pm) of the 

pretreatment. Air temperature and DLI were 14±0.3 °C and 0.06 ± 0.005 mol m
-2

 d
-1

 

during the extension lighting inside the growth chamber (VWR model 2015, Cornelius, 

Oregon, USA); therefore, impact of extension lighting on biomass production should be 

negligible. Light source used in the growth chamber was Green Power LED flowering 

lamp (Model DR/R/FR; Philips, Amsterdam, The Netherlands) illuminating at a photon 

flux of 2±0.4µmol m
-2

 s
-1

 (biological active radiation (BAR), 400-800 nm) over plant 

canopy. After the 9-h extension lighting, plants were kept inside the growth chamber to 8 

am of the following morning and were returned to the greenhouse.  

 

2. Photoperiodic treatment. 

After runners rooted, the plants were divided into four groups of ten plants and 

subjected to one of four different photoperiods: 11-h, 12-h, 13-h and 14-h for 8 weeks. 

Similarly to the mother plant preparation and runner rooting stage, plants were grown in 
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the greenhouse for 7 h (air temperature 21.5-28.6 ̊C), followed by additional 4 h, 5 h, 6 h, 

or 7 h of photoperiodic lighting inside a growth chamber every night. The air temperature 

inside the growth chambers was adjusted every week in the range of 14.1 - 15.3°C, in 

order to achieve a 24-h average air temperature of 17°C. Air temperature and DLI during 

the photoperiodic treatment are summarized in Table 1. 

 

3. Data collection. 

The experiment was done once testing ‘Shuksan’ and ‘Chandler’ from December 

18
th

 2014 to February 12
th 

2015 and ‘Radiance’ and ‘F-127’ from June 5
th

 to July 31
st 

2015. Number of leaves (length >1 cm) and runners were recorded every week. Shoot tip 

dissections of 10 plants sampled per treatment were made after 8 weeks of the experiment 

to classify the apical meristems and flower buds into 12 developmental stages (stage 

indices 0-11), modified from the classifications described by Sato and Kitajima (2006) 

(stages 0-4) as shown in Figure 1. Data of mean indices of developmental stage of shoot 

tips were subject to Kruskal Wallis analysis due to the non-parametric nature of data. 

Number of leaves and runners were subject to ANOVA and Tukey honest significant 

difference (HSD) analyses. All analyses were conducted using JMP Software (SAS 

Institute, Cary, NC, USA). 

 

Photoperiodic flowering response of cultivars conventionally classified day-neutral (DN) 

and ever-bearing (EB) plants (Experiment 2) 

 

1. Plant material and growth conditions. 
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Four cultivars conventionally classified either as DN or EB, ‘Albion’, ‘Portola’, 

‘Monterey’ and ‘San Andreas’ (all from University of California, Davis), were tested for 

the present experiment. In Experiment 2, all four cultivars were examined at the same 

time. 

Strawberry runner plants were propagated in the similar manner as described earlier 

but under two different pretreatments of LD and SD conditions.  The 17 h of LD and 8 h 

of SD conditions were created by exposing the plants to 7 h of natural light followed by 

10 h and 1 h, respectively, of low intensity electric lighting. Air temperature and DLI 

during the main photoperiod in greenhouse was 23±5.3 ̊C and 14.1 ± 0.7µmol m
-2

 s
-1

.  

 

2. Photoperiod treatment. 

The photoperiods examined for DN/EB cultivars were 8h, 11h, 14h and 17h, which 

were created by combining the main photoperiod of 7 h in greenhouse and the following 

1 h, 4 h, 7 h, and 10 h of photoperiod extension in the growth chamber.  Similar to 

Experiment 1, the growth chamber temperature was adjusted in the range of 14.5-15.5°C 

to achieve the 24-h average air temperature of 17°C. The duration of experiment was 10 

weeks. Air temperature and DLI during the photoperiodic treatment are summarized in 

Table 1. 

 

3. Data collection 

The experiment was done twice from December 3
rd

 2015 to January 28
th

 2016 and 

from March 17
th

 2016 to May 5
th

 2016. Number of leaves and runners were recorded 

every week. Shoot tip dissections of a sample of 7 plants per treatment were made during 
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the weeks 8 and 10 in first repetition and 14 plants per treatment were analyzed during 

week 7 in second repetition. Plants from second repetition were dissected in week 7 of 

the experiment due to the presence of visual flower buds in order to be able to measure 

the effect of treatments in SAM developmental indices. Due to the non-significant 

difference between data obtained from first repetition at week 8 and second repetition at 

week 7 (p=1); and lack of interaction between replications (p= 0.9), results from week 7 

and week 8 were analyzed together. 

Spearman’s regression analysis that is known as suitable for non-parametric data 

was applied to the average stage of shoot tip developmental indices (stages) in order to 

identify the potential facultative long-day response. Number of leaves and runners were 

subject to ANOVA and Tukey HSD analyses. 

 

RESULTS AND DISCUSSION 

 

Experiment 1: SD plants 

After 8 weeks of the experiment, all plants except those under 14-h photoperiod 

initiated flower primordia at various stages ranging from 4 to 7.2. No significant 

difference was observed in SAM developmental indices (Figure 2) between 11-h, 12-h 

and 13-h photoperiods in ‘Radiance’, ‘F-127’ and ‘Shuksan’, which indicates that plants 

under 11-h, 12-h and 13-h treatment would flower around the same time. Regardless of 

cultivar, all plants under 14-h photoperiod showed no sign of flower initiation (SAM 

stage index = 0).  
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Number of runners and leaves of plants exposed to 14-h photoperiod was 

significantly higher (p < 0.05) than the rest of treatments (Table 2), confirming that short-

day cultivars under longer days develop more runners and leaves than plants under 

reproductive stage. These results are supported by previous research (Durner, 2015) 

where the SD cultivars ‘Cavedish’, ‘Earliglow’, ‘Jewel’ and ‘Seneca’ presented 

significantly higher number of runners when growing in non-flowering conditions of 16-

h photoperiod than under 8-h photoperiod. Nicoll and Galletta (1987) described 

differences in plant architecture in SD plants under different photoperiods: the main axis 

of SD plants remains vegetative and most axillary buds develop as runners under long 

days, while under short days, the main axis terminates in an inflorescence.  

Our results showed that the four short-day cultivars examined in this experiment 

had a critical photoperiod between 13 h and 14 h, having an obligate short-day response. 

Photoperiod of 13 h generally occurs in September in most regions of North America. 

This would likely to bring the first harvest in late December considering a total of three 

months between the onset of critical photoperiod and the first harvest when average 

temperature is in a moderate range. In fact, two cultivars used in this present study are 

from Florida and their photoperiodic responses in the present experiment agree with the 

typical production schedule in Florida with planting untreated fresh-dug plants in October 

and harvesting in December/January (Brown, 2012). In order to bring the first harvest 

earlier than December, growers need to apply super-forcing treatments on strawberry 

plants during the vegetative stage (Hidaka et al., 2015).  Knowing the exact critical 

photoperiod for various cultivars helps growers to manage lighting in greenhouse. It is 

also helpful to determine the maximum photoperiod in the greenhouse when 
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supplemental lighting to promote photosynthesis is attempted during the off-season 

winter production, as the photoperiod cannot exceed the critical hours.   

 

Experiment 2: DN and/or EB plants 

Results for SD and LD pre-treatments in mother plants did not show significant 

difference (p= 0.42), meaning that runners in young stage of development (2 to 3 leaves) 

are not affected by growing conditions of mother plants. There was no interaction 

between the pretreatment and the photoperiod treatment; therefore, the data of these 

pretreatments were pooled to analyze the effects of photoperiod for each cultivar.   

Regardless of cultivar and photoperiod, all plants reached reproductive stage (stage index 

> 0) during the first dissection of the experiment. But SAM developmental stage was 

more advanced under longer photoperiods in ‘Albion’, ‘Monterey’ and ‘San Andreas’ 

cultivars. Also, significant less number of leaves and runners (p<0.05) were found in the 

longest photoperiod (17 h) in comparison to shorter photoperiod (8 h) in ‘Albion’, 

‘Monterey’ and ‘San Andreas’ during week 8 and 10 (Table 3). These results are in 

agreement with previous research done by Sønsteby and Heide (2007a) where LD 

cultivar ‘Elan’ showed enhanced vegetative growth, developing more runners and leaves 

under short-day conditions (10-h photoperiod) in comparison with LD treatment (24-h 

photoperiod) when growing at 15 ºC and 20 ºC. Ever-bearing cultivars in strawberry were 

shown to exhibit a facultative long-day response under intermediate temperatures 

(Sønsteby and Heide, 2007a; Sønsteby and Heide, 2007b). 

In order to compare the strength of facultative long day response between cultivars, 

we performed regression analysis. A significant positive correlation was observed 
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between SAM developmental indices and photoperiod in ‘Albion’, ‘Monterey’, and ‘San 

Andreas’ (Figure 3) after 8 weeks. This suggests that plants of ‘Albion’, ‘Monterey’, and 

‘San Andreas’ initiated flower primordia earlier under longer photoperiods. Slopes of the 

linear responses for ‘Monterey’ and ‘San Andreas’ were higher than those for ‘Albion’, 

indicating a stronger facultative response in these two cultivars than in ‘Albion’.  In 

contrast, ‘Portola’ showed no significant correlation and SAM developmental stage index 

was the same regardless of photoperiod after either first or second dissection of the 

experiment, suggesting that flower primordial development was initiated about the same 

time along the treatments, regardless of photoperiod. Significant positive correlation was 

maintained after 10 weeks in cultivars ‘Monterey’ and ‘San Andreas’. However, ‘Albion’ 

showed no significant correlation although visually we noted more advanced flower stage 

in longer photoperiods. The discrepancy between these 2 weeks of observations for 

‘Albion’ is possibly due to the varied development of the flower buds after reaching 

higher stages (SAM stage index= 7-8). This was also indicated by that the smaller 

difference between the maximum and minimum index of developmental stage after 10 

weeks, compared with those after 8 weeks within the same cultivar.  

Results in this experiment showed that ‘‘Albion’, ‘Monterey’, and ‘San Andreas’ 

were facultative long-day plants and therefore they should not be classified in ‘day 

neutral’ flowering type.  ‘Portola’ exhibited a day neutral response in our experiment, 

which is to be confirmed in our further analysis. 
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CONCLUSIONS 

Our preliminary study showed that critical photoperiods for initiating flower 

development in ‘Radiance’, ‘F-127’, ‘Shuksan’, and ‘San Andreas’ were between 13 h 

and 14 h photoperiod under an average daily temperature of 17 °C. This result confirms 

that they are obligate short-day plants.  However, the experiment using cultivars 

conventionally classified day-neutral or ever-bearing cultivar showed some discrepancy. 

‘Albion’ showed a relatively weak facultative long-day response under an average daily 

temperature of 17 °C. ‘San Andreas’ and ‘Monterey’ were found to have a relatively 

strong facultative long-day response. ‘Portola’, also conventionally classified as ever-

bearing and day-neutral cultivar, showed a consistent day-neutral response in our 

experiment. Further experiments must be conducted to confirm cultivar-specific 

responses and identify possible interactions in photoperiod response with varied 

temperatures. 
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TABLES 

 

 

 

Table 1.  Air temperature inside the greenhouse (GH) and the growth chambers (GC) and 
DLI (daily light integral, 400-700 nm) inside the greenhouse during the photoperiodic 
experiments. 
 

Experiment/cultivars Air temp. in 

GH (°C) 

Air temp. in 

GC (°C) 

Air temp. (24 

h) (°C) 

DLI in GH (mol m
-2

 

d
-1

) 

SD cultivars (Expt. 1)     

   ‘Shuksan’ and ‘Chandler’ 21.2± 0.9 14.8± 0.4 17.1± 1.1 16.0± 6.2 

   ‘Radiance’ and ‘F-127’ 24.9± 1.5 14.1± 0.5 17.3± 0.9 19.7±1.3 

DN/EB cultivars (Expt. 2) 21.3± 1.0 15.0± 0.4 17.3± 0.4 10.8± 0.8 

Means ± SD are shown 
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Table 2. Average number of runners and leaves observed in short-day cultivars under 
different photoperiods after 8 weeks of the treatments (Experiment 1). 

Cultivar Photo- 
period 

Runner No.  
(per plant) 

Leaf No.  
(per plant) 

Chandler 11 h 
12 h 
13 h 
14 h 

 

1.5 ± 0.3 a 
2.3 ± 0.3 a 
2.3 ± 0.2 a 
3.6 ± 0.3 b 

 

5.2 ± 0.75 a 
5.4 ± 0.67 a 
5.2 ± 0.64 a 
7.5 ± 0.67 b 

 
 

F-127 11 h 
12 h 
13 h 
14 h 

 

0.4 ± 0.2 a 
0.3 ± 0.2 a 
0.7 ± 0.2 a 
1.4 ± 0.3 b 

 

10.3 ± 0.46 a 
  9.8 ± 0.44 a 
10.6 ± 0.44 a 
   12 ± 0.53 b 

 
 

Radiance 11 h 
12 h 
13 h 
14 h 

 

0.4 ± 0.3 a 
0.5 ± 0.2 a 
0.4 ± 0.2 a 
1.7 ± 0.2 b 

 

 9.2 ± 0.77 a 
 8.4 ± 0.58 a 

 10.1 ± 0.58 a 
 11.6 ± 0.40 b 

 
 

Shuksan 11 h 
12 h 
13 h 
14 h 

 

2.3 ± 0.2 a
a 

2.8 ± 0.6 a 
2.6 ± 0.2 a 
4.8 ± 0.2 b 

 

  6.2 ± 0.62 a 
  6.9 ± 0.65 a 
  6.6 ± 0.62 a 
     8 ± 0.52 b 

 
 

a Means with different letters within the same cultivar are significantly different by Tukey’s 

HDS honest significance test at P ≤ 0.05. 
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Table 3. Average number of runners and leaves, observed in day-neutral/ever-bearing 
cultivars under different photoperiods during dissection 1 and dissection 2 of the 
experiment) (Experiment 2). 

  Dissection 1   Dissection 2 

Cultivar Photo- 
period 

Runner No. 
(per plant) 

Leaf No. (per 
plant) 

 Runner No. 
(per plant) 

Leaf No. (per 
plant) 

Albion 8 h 
11 h 
14 h 
17 h 

 

 2.0 ± 0.2 a
a
 

2.2 ± 0.8 a 
2.0 ± 0.6 a 

   0.5 ± 0.7 b 
 

7.6 ± 0.8 a 
  7.3 ± 0.9 a 
6.7 ± 0.2 a 

  5.7 ± 0.2 b 

 2.1 ± 0.1 a 
3.5 ± 0.1 a 
1.6 ± 0.3 b 
1.3 ± 0.2 b 

 

7.6 ± 0.4 a 
7.4 ± 0.3 a 
7.4 ± 0.1 a 

  5.1 ± 0.1 b 

Monterey 8 h 
11 h 
14 h 
17 h 

 

   2 ± 0.8 a 
2.1 ± 0.3 a 
1.1 ± 0.3 a 
0.5 ± 0.7 b 

 
 

7.5 ± 0.2 a 
7.4 ± 0.6 a 
  6  ± 0.6 b 
5.8 ± 0.3 b 

 

 2.3 ± 0.2 a  
2.6 ± 0.7 a  
2.1 ± 0.2 a  
1.6 ± 0.6 b  

 

8.3 ± 0.3 a 
   9 ± 0.4 a 
6.2 ± 0.1 b 
6.6 ± 0.1 b 
 

 

Portola 8 h 
11 h 
14 h 
17 h 

 

1.1 ± 0.6a 0.44 ± 0.2 a 
 0.3 ± 0.3 a 0.33 ± 0.2 a 
 1.3 ± 0.8 a 0.7 ± 0.2 a 
 1.2 ± 0.6 a 1.4 ± 0.3 b 

 

    8  ± 1.6 ab 10.3 ± 0.46 a 
8.4 ± 0.8 a 9.8 ± 0.44 a 

  7.8 ± 0.8 ab 10.6 ± 0.44 a 
7.3 ± 1.2 b 12 ± 0.53 b 

 

 2.3 ± 0.4 a 7.3 ± 0.8 a 
1.2 ± 0.2 a 5.4 ± 0.8 a 
1.9 ± 0.1 a 5.6 ± 0.7 a 
2.3 ± 0.1 b 0 b 

 

  9.8 ± 0.5 a 
10.7 ± 0.7 ab 
10.1 ± 0.1 ab 
  9.1 ± 0.2 b 
 

 

San 
Andreas 

8 h 
11 h 
14 h 
17 h 

 

1.1 ±  0.7a 
2.6 ± 0.7 a 

     1 ± 0.9 ab 
0.7 ± 0.6 b 

 
 

8.4 ± 0.9 a 
   7 ± 0.6 a 
6.6 ± 0.7 a 
5.1 ± 0.6 b 

 

 3.2 ± 0.3 a 
2.6 ± 0.3 a 
2.9 ± 0.3 a 
1.3 ± 0.2 b 

 
 

  9 ± 0.2 a 
   8 ± 0.2 a 
6.1 ± 0.2 a 
4.9 ± 0.1 b 

 

a Means with different letters within the same cultivar are significantly different by Tukey’s HDS honest significance 

test at P ≤ 0.05 
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FIGURES 

 
 

Figure 1. Indices representing strawberry shoot apical meristem stages (indices: 0-11) 
used in the present experiments. Stages of indices 0 to 4 were after Sato 
and Kitajima (2006). Additional 7 stages were developed to cover the further 
developmental status. 

 
 

 
Figure 2.Stage of development in shoot apical meristem (SAM) for conventionally 

classified short-day cultivars: (A) ‘Chandler’,(B) ‘F-127’,(C) ‘Radiance’, and 
(D)‘Shuksan (Experiment 1).Verticals bars denote SE. Tukey HDS honest 
significance test at P ≤ 0.05.The specific stages are shown Figure 1. 

 



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Spearman’s regression analysis performed between SAM stage indices 

of development and photoperiod in (A) dissection 1 and (B) dissection 2 of photoperiod 

treatments (Experiment 2). (A) ‘Albion’: y=0.14x+5.55, (p=0.01); ‘Monterey’: 

y=0.4633x+1.03, (p=<0.0001); ‘Portola’: y=0.4x+7.2, (p=0.8); ‘San Andreas’: y=0.59x+-

1.1, (p=<0.0001). (B) ‘Albion’: y=0.0183x+7.6, (p=0.81); ‘Monterey’: y=0.465x+1.35, 

(p=<0.0001); ‘Portola’: y=0.025x+7.5, (p=0.31); ‘San Andreas’: y=0.2517x+4.36, 

(p=0.0008).  

A 

B 
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ABSTRACT 

Effect of light intensity and plant sink/source balance on strawberry plant 

photosynthesis was investigated in this study. Previous research (Inaba, 2007) showed 

diurnal decline of photosynthetic capacity in strawberry, indicating potential presence of 

negative photosynthesis feedback. We conducted monthly measurements of leaf net 

photosynthetic rate (Pn), stomatal conductance, intercellular CO2 concentration (Ci) and 

transpiration rate in strawberry cultivars ‘Albion’ and ‘Nyoho’ in greenhouse, during 

winter/spring production season. Measurements were taken hourly from 9 AM to 4 PM 

using portable leaf photosynthesis measurement system under 1000 µmol m
-2

 s
-1

 

photosynthetic photon flux (PPF) and 400 µmol mol‐
1
 CO2. Pn measurements were 

conducted for ‘Speedella’ tomato for comparison. Sink load from flowers and fruits was 

estimated from number of flowers and fruits at the measurement day and the fruit yield 

from the consecutive 4 weeks. Potential source strength was evaluated based on number 

of leaves and the daily light integral (DLI, 400-700 nm). We observed seasonal changes 

in maximum Pn, as well as diurnal change in Pn in both strawberry cultivars. As 

expected, in tomato, Pn was relatively constant regardless of time of day or month. 
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Analysis showed significant positive correlation between estimated ratios of sink/source 

and slopes of linear equations applied for diurnal change in Pn. Also, Pn was negatively 

correlated with Ci but not significantly correlated with vapor pressure deficit in 

greenhouse, suggesting diurnal decline in Pn was likely due to negative feedback of 

photosynthesis and not to water stress. Results indicate morning hours as critical time for 

promoting photosynthesis in strawberry, when negative feedback of photosynthesis is 

occurring. Understanding diurnal change of plant photosynthetic capacity could lead to 

develop practices in strawberry production under controlled environment in order to 

maximize production. 

 

INTRODUCTION 

Strawberry (Fragaria x ananassa Duch.) production has been increasing since 1970 

in the US (FAOSTAT, 2016), and is recognized as one of the world leading producers. 

US strawberry production is almost entirely in open-fields and a small amount of local 

production has been conducted in high tunnels. However, interest in off-season 

strawberry production using controlled environment (CE) systems such as greenhouses 

has increased in the US. In order to maximize production using CE systems, plant 

physiological responses to the environment must be well understood.  

Strawberry production in greenhouses is relatively new in North America, 

comparing to other crops such as tomato (Solanum lycopersicum L.); therefore, available 

information about greenhouse strawberry production is limited.  Photosynthesis is 

important plant response to consider in controlled environment agriculture (CEA); 
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however, information on photosynthetic response of strawberry plants to environmental 

conditions is limited.  

In addition to photosynthesis, understanding the factors affecting allocation of 

photoassimilates to fruit is critical in fruiting crop production. For tomato, for example, 

seminal knowledge base of sink-source relationship has been developed (Ho, 1988; 

Heuvelink and Dorais, 2005) and contributed to, for example, developing better 

management of light in greenhouse (e.g., Klaring and Krumbein, 2013, 2013; Cossu et 

al., 2014) and improving productivity and quality of fruit by manipulating sink/source 

balance (e.g., Osorio et al., 2014; Li et al., 2015).  For strawberry, studies on sink-source 

relationship include those for quantifying sink strength of fruit (e.g., Nishizawa and Hori, 

1988; Kumakura and Shishido, 1994) and difference in gas exchanges (e.g., Sruamsiri 

and Lenz, 1985a) at different developmental stages; and distribution pattern of 

photoassimilates as affected by positions of leaf (e.g., Kumakura and Shishido, 1994) and 

inflorescence (e.g., Forney and Breen, 1985). Also, studies on photosynthetic response 

for strawberry include the effect of high CO2 levels (Sruamsiri and Lenz, 1985b; Hidaka 

et al., 2016) and supplemental lighting (Hidaka et al., 2014; Hidaka et al., 2015; Hidaka 

et al., 2016). However, sink-source relationship and net photosynthetic rate in strawberry 

as affected by environmental conditions has not been fully characterized yet.  

Among limited information, Inaba (2007) showed in his preliminary study that 

photosynthetic capacity in strawberry leaves linearly declined over time during the day in 

greenhouse. A similar pattern of diurnal decline was also shown by Wu et al. (2012) 

when plants were grown under electric lighting with different spectral qualities. Both 

studies also showed the simultaneous reduction in stomatal conductance, possibly caused 
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by water stress (Inaba, 2007) or light quality (Wu et al., 2012). Inaba (2007) also 

suggested the possible negative feedback of photosynthesis but no detailed analyses were 

made to confirm the causal factor of the diurnal decline. A negative feedback in 

photosynthesis or reduction in CO2 fixation is induced when sucrose is accumulated in 

leaves, reducing Rubisco carboxylation activities in photosynthesis (Fuentes et al., 2005).  

The objective of this study was to further investigate the response of strawberry to 

light environment in the greenhouse and determine the possible factors inducing the 

diurnal change in photosynthetic capacity.  The results were also compared with tomato 

which is known that diurnal decline of photosynthetic capacity was rare in our 

greenhouse growing conditions.   

 

MATERIAL AND METHODS 

 

Plant materials and growing conditions 

 ‘Albion’ and ‘Nyoho’ strawberry and ‘Speedella’ tomato plants were grown in two 

different greenhouses (Tucson, AZ, USA). The greenhouse used for strawberry had 108 

m
2
 floor area, north-south orientation, and covered with ETFE film (F-Clean, AGC 

Green-Tech, Tokyo, Japan) for the roof and double-layer acrylic glazing for the 

sidewalls. A ~50% shade (Redusol, Baarle-Nassau, The Netherlands) was applied in 

March and removed in October (overall light transmission of the unshaded greenhouse: 

74 %). The greenhouse was equipped with a pad-and-fan cooling system, a high-pressure 

fogging system, an under-bench misting system and a natural-gas forced-hot-air heating 

system. Strawberry plants with 4-5 true leaves were transplanted in September and grown 
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hydroponically in Styrofoam troughs (Inochio-Agri, Aichi, Japan) filled with substrate 

consisting of 50% perlite, 25% coconut coir and 25% peat. The plants were irrigated with 

nutrient solution containing (mg L
-1

): 70 NO3-N, 7 NH4-N, 21 PO4-P, 117 K, 55-85 Ca, 

12 Mg, 45 Cl, 16 SO4-S and micronutrients (Yamazaki strawberry formula).  

Photosynthetic photon flux (PPF), temperature and relative humidity were recorded by 

using a quantum sensor (Li-Cor, Lincoln, NE, USA) over the plant canopy, 

thermocouples (type T, gauge 24, Omega Inc., Stamford, CT, USA) and a relative 

humidity sensor (Vaisala, Woburn, MA, USA). Relative humidity was converted to vapor 

pressure deficit (VPD) at the corresponding temperature. All the sensors were connected 

to a data logger CR1000 (Campbell Scientific, Logan, UT, USA).  

‘Speedella’ tomato cultivar was grown inside a greenhouse with a 483 m
2 

floor area, 

a roof with a ‘saw-tooth’ design covered with single layer polycarbonate (overall light 

transmittance of the greenhouse: 66%). The greenhouse was north-south orientated and 

was equipped with a pad-and-fan cooling system and a natural-gas forced-hot-air heating 

system. Tomato plants were transplanted in August and grown hydroponically with 

coconut coir as substrate. Plants were irrigated with nutrient solution containing (mg L
-1

): 

189 N, 39 P, 341 K, 170 Ca, 65 Mg, 101.8 S and micronutrients. Typical high-wire 

tomato crop management techniques including bee-pollination, leaf and fruit pruning, and 

vine training were applied. Growing conditions of light, temperature and relative 

humidity, were recorded by sensors located in the greenhouse. A quantum sensor was 

used to record PPF and DLI. Air temperature and relative humidity were recorded by a 

MT/MTV sensor unit (HortiMaX, MTV2N, Maasdijk, The Netherlands) from which 

VPD was calculated.  
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Measurements and experimental design 

Leaf net photosynthetic rate (Pn), stomata conductance, leaf temperature, 

intercellular CO2 concentration and transpiration rate were measured once every hour 

from 9 AM to 4 PM during clear sunny day during May 2014, and monthly from 

September 2015 through May 2016. Measurement dates and corresponding greenhouse 

DLI, daytime average air temperature and VPD are shown in Table 1. A portable leaf 

photosynthesis measurement system (PP System CIRAS-2; Amesbury, MA, USA) was 

used with a leaf chamber set under 1000 µmol m
-2

 s
-1

 PPF (light source: halogen lamp) 

and 400 µmol mol
-1

 CO2.  For strawberry, the Pn measurements were taken for three 

leaves at approximately the same stage of development selected from three different 

plants. Sink strength associated with flower and fruit load was estimated by number of 

flowers and fruits and also by the total harvested fruit yield during the consecutives 4 

weeks after each Pn measurement. Source strength for strawberry was evaluated as 

potential DLI intercepted by plant, using number of leaves, planting density (10 plants m
-

2
) and DLI. Sink/source ratio was expressed simply as the fraction of these values 

representing sink and source strength. For tomato, one leaf was selected from the top and 

middle canopy of three different plants. Measurements were done in the outer-most 

leaflet from each leaf. 
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Data analyses 

Pearson’s regression analysis was used to identify correlations between selected 

variables and parameters (JMP, SAS Institute, Cary, NC, USA). As there was no 

significant difference, two-year data for May (2014 and 2015) were pooled.   

 

RESULTS AND DISCUSSION 

 

Seasonal fluctuation in diurnal change of leaf Pn  

Diurnal decline in Pn was observed for both ‘Albion’ and ‘Nyoho’ strawberry for 

September, October, March, April and May but not in November, December, January and 

February during the experiment. When decline was observed, it was typically a linear 

decrease over time as shown in Figure 1 with some exceptions in months of January and 

February where we found brief initial increase in Pn between 9am and 10am, followed by 

the similar linear decrease over time (Figure 2). The greatest decline was found during 

May, where ‘Albion’ and ‘Nyoho’ showed a decline in Pn by 25.5% and 29.37%, 

respectively (Figure 1 and Table 2). These trends agreed with Inaba (2007) where a 

decrease of ~15% in daily Pn was reported for ‘Nyoho’, ‘Tochiotome’ and ‘Toyonoka’ 

strawberry plants during May.   

When a significant decline in Pn was observed, a significant decrease in stomatal 

conductance as well as significant increase in intercellular CO2 concentration (Ci) was 

also found (Table 2). Decline of Pn through the day can be explained by a potential 

presence of negative feedback of photosynthesis caused when Rubisco activity is reduced 

due to accumulation of sucrose in leaves (Fuentes et al., 2005; Barajas-Lopez et al., 
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2008). The decline observed in stomatal conductance also suggests a possibility of water 

stress that could reduce photosynthesis, although these plants in our experiment were 

irrigated multiple times over the day.  

Figure 3 shows the seasonal (monthly) changes in diurnal slope obtained from the 

change in Pn for ‘Albion’ and ‘Nyoho’ strawberry and ‘Speedella’ tomato. Each slope 

was obtained by applying a linear equation to changes in Pn over time (hours after the 

start of measurement). As we expected, ‘Speedella’ tomato plants exhibited consistent Pn 

regardless of time of day or month (p = 0.46).  Seasonal fluctuations in slope showed a 

consistent trend in ‘Nyoho’ and ‘Albion’ strawberry, where Pn slope was significantly 

affected by month (p < 0.0001) with an increased in slope at the beginning of the season 

to reach the maximum value in February, followed by a decline to more negative value.  

 

Effect of environmental conditions in Pn, stomatal conductance and Ci 

In addition to diurnal change, the strawberry Pn exhibited varied daily maximum 

level per different months (Table 3). Since this is due to a potential acclimation to the 

seasonal change in light environment inside the greenhouse, we have applied a 

correlation analysis between the daily maximum Pn (often observed at 9 or 10 am) and 

DLI inside the greenhouse. Regardless of cultivar, strawberry plants showed a significant 

correlation between max Pn and DLI (p=0.003 for ‘Albion’; p=0.006 for ‘Nyoho’) (Table 

4), while tomato plants did not show such significant correlation (p=0.23). Maximum Pn 

for ‘Albion’ was more strongly corrected with DLI than those for ‘Nyoho’. Compared 

with tomato, strawberry was more responsive to different light environment in the present 

experiment.  
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In order to determine the potential causes for the diurnal decline and seasonal 

change in Pn observed in this experiment, regression analyses between environmental 

conditions in the greenhouse through the months and leaf Pn parameters measured were 

applied. Since stomatal conductance was declined together with Pn (Table 2) and 

environmental condition affecting transpiration rate such as VPD can have strong effect 

on the stomata closing (Aliniaeifard and Meeteren, 2013), Pn in our experiment could 

have declined due to prolonged exposure to high VPD (low humidity) causing the water 

tress during the day. However, the regression analysis between Pn and daily average 

VPD showed that day time VPD was not significantly correlating with Pn (‘Albion’ p= 

0.27; ‘Nyoho’ p= 0.12) (Figure 3A and B). This suggests that reduction in Pn was not 

likely due to water stress. 

Light intensity can also affect stomatal closure (Wilmer and Fricker, 1996). We 

found significant correlation between Pn and DLI for both cultivars (p=0.02 for ‘Albion’; 

p=0.03 for ‘Nyoho’). Similar to the correlation between the daily maximum Pn and DLI, 

this could explain the seasonal change in Pn but not the diurnal change.   

An increase of Ci was found when diurnal decline in Pn occurred (Table 2). 

Additional regression analyses showed that there was a strong correlation between Pn and 

Ci regardless of cultivar (p<0.0001) (Figure 3C and D). Previous research has shown that 

water stress conditions reduced both photosynthesis and Ci (Warren et al., 2004). On the 

contrary, Ci increases during negative feedback of photosynthesis (Willmer and Fricker, 

1996); therefore, the diurnal decline in Pn observed in our experiment was likely caused 

by a negative feedback in photosynthesis rather than water stress. 
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Effect of sink/ source ratio in diurnal fluctuation of net photosynthetic rate  

In order to further analyze our data to confirm if the diurnal decline of Pn was 

attributed to a negative feedback of photosynthesis, we performed regression analyses 

between various indices associating sink/source strength and Pn slope. Index of sink 

strength examined in our study was either the number of reproductive organ (flowers and 

fruits) or the cumulative yield as described earlier. Since both showed similar trend, 

results using the cumulative yield was shown in this paper. There was no correlation 

between sink strength and Pn slope (p=0.19 for ‘Albion’; p=0.23 for ‘Nyoho’) (Table 4). 

However, sink/source ratio and Pn slope showed a significant positive correlation 

(p=0.004 for ‘Albion’; p<0.001 for ‘Nyoho’) (Table 4); therefore, the diurnal decline in 

Pn observed in our experiment could be caused by a negative feedback of photosynthesis 

associated with unbalanced demand and supply of photoassimilates when sink strength is 

low at the beginning of the season (September and October) and when source is very high 

towards the end of the season (March, April and May).  

 

CONCLUSION 

The present research confirmed the diurnal decline in photosynthetic capacity for 

strawberry, possibly due to negative feedback in photosynthesis in some periods of 

winter/spring production of strawberry. Our preliminary results supported that imbalance 

of sink and source was the primary factor in the negative-feedback of photosynthesis; 

therefore, morning hours are critical time for promoting photosynthesis when negative 

feedback of photosynthesis is occurring and could lead to develop practices in strawberry 

production in CEA in order to maximize production. 



83 
 

 

ACKNOWLEDGMENTS 

The authors would like to thank Mark Kroggel and Dr. Patricia Rorabaugh at the 

University of Arizona for allowing us to use their strawberry and tomato plants for our 

analysis of photosynthesis; Neal Barto for technical assistance; University of California 

Davis for the permission to use plant material (Albion). 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 
 

TABLES 

Table 1.  Leaf photosynthesis measurements dates and environmental conditions (daily 
light integral, DLI, air temperature, and vapor pressure deficit, VPD) inside 
the greenhouse for strawberry and tomato. 

 

Means ± SD are shown 

 

 

 

 

 

 

 
 
 

Strawberry greenhouse  Tomato greenhouse 

Measure

-ment 

date 

DLI 

(mol m-2 

d-1 ) 

Average air 

temperatur

e from 9 

AM to 4 

PM (°C) 

Average 

VPD from 

9 AM to 4 

PM (kPa) 

 Measure-

ment date 
DLI 

(mol m-2 

d-1 ) 

Average air 

temperature 

from 9 AM 

to 4 PM (°C) 

Average 

VPD from 

9 AM to 4 

PM (kPa) 

2-May-14 27.2 25.5 ± 3.8 1.4 ± 0.7  30-May-14 31.2 26.6 ± 5.5 1.1 ± 0.3 

-- -- -- --  12-Dec-14 14.5 21.6 ± 4.3 0.8 ± 0.3 

5-Jan-15 20.0 23.7 ± 3.0 1.2 ± 0.5  -- -- -- -- 

8-Feb-15 25.5 24.9 ± 2.9 1.3 ± 0.7  -- -- -- -- 

11-Apr-15 26.1 24.1 ± 2.2 1.3 ± 0.5  13-Apr-15 30.0 26.1 ± 6.2 1.1 ±0.5 

3-May-15 27.6 24.9 ± 2.9 1.5 ± 0.5  19-May-15 35.2 26.5 ± 5.5 1.1 ± 0.5 

30-Sep-15 22.0 25.8 ± 2.1 1.4 ± 0.1  20-Sep-15 29.7 25.8 ± 4.2 1.2 ± 0.4 

23-Oct-15 20.5 24.8 ± 1.8 1.4 ± 0.3  9-Oct-15 27.1 24.5 ± 4.3 1.0 ± 0.3 

18-Nov-15 18.9 23.7 ± 3.0 1.2 ± 0.3  20-Nov-15 20.6 21.5 ± 4.6 0.8 ± 0.2 

16-Dec-15 16.9 22.7 ± 2.9 1.0 ± 0.4  18-Dec-15 18.0 22.1 ± 3.1 0.8 ± 0.3 

22-Jan-16 17.9 23.8 ± 3.0 1.2 ± 0.5  24-Jan-16 20.2 22.8 ± 3.1 1.3 ± 0.4 

17-Feb-16 27.6 23.7 ± 2.1 1.3 ± 0.5  20-Feb-16 25.0 23.5 ± 3.2 1.1 ± 0.4 

23-Mar-16 24.2 23.5 ± 2.5 1.1 ± 0.6  25-Mar-16 32.2 24.3 ± 4.2 1.2 ± 0.3 

14-April-16 25.6 23.9 ± 2.3 1.2 ± 0.3  18-April-16 30.3 25.9 ± 3.2 1.3 ± 0.6 

19-May-16 24.7 24.7 ± 3.2 1.3 ± 0.2  21-May-16 30.5 25.6 ± 3.5 1.3 ± 0.3 
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Table 2. Percent diurnal decrease in leaf net photosynthetic rate and stomatal 
conductance (GS); and increase in intercellular CO2 concentration (Ci) in 
‘Albion’ and ‘Nyoho’ strawberry plants. The percentage was computed using the 
maximum and minimum leaf net photosynthetic rate (Pn) of the day. 
Measurements (n=3) were made under 1000 µmol m

-2
 s

-1
 photosynthetic photon 

flux and 400 µmol mol
-2

 CO2 concentration. 
 
 

Months of 
measurements 

Diurnal decrease in 
Pn (%) 

 Diurnal increase in 
Ci (%) 

 Diurnal decrease in 
GS (%) 

‘Albion’ ‘Nyoho’  ‘Albion’ ‘Nyoho’  ‘Albion’ ‘Nyoho’ 
September 11.9*** 16.3***  2.8* 4.3*  13.2** 11.9** 
October 13.8** 11.9**  9.6* 7.6**  4.7* 12.1** 
November N.S. N.S.  N.S. N.S.  N.S. N.S. 
December N.S. N.S.  N.S. N.S.  N.S. N.S. 
January N.S. N.S.  N.S. N.S.  N.S. N.S. 
February N.S. N.S.  N.S. N.S.  N.S. N.S. 
March 10.1** 9.3*  12.9** 13.4**  36.9*** 22.1*** 
April 10.1* 4.4**  3.6* 10.0**  17.2** 27.5*** 
May 25.4*** 29.4***  24.1*** 12.1**  17.0*** 20.6** 
*,**,*** Significance at p<0.05, 0.01, and 0.001, respectively by Pearson’s regression analysis. 

N.S.: Diurnal changes were not significant according to Pearson’s regression analysis. 
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Table 3. Average daily maximum leaf net photosynthetic rate level per month in ‘Albion’ 
and ‘Nyoho’ strawberry cultivars. Pn were measured under 1000 µmol m

-2
 s

-1
 

PPF and 400 µmol mol
-1

 CO2.  
 

Months of measurements Average Maximum Pn (µmol m
-2

 s
-1

 )   
‘Albion’ ‘Nyoho’ 

September 20.8 ± 1.2 17.9 ± 2.3 
October 19.2 ± 0.9 17.3 ± 0.6 

November 18.6 ± 1.1 17.4 ± 2.3 
December 17.6 ± 0.8 17.4 ± 2.1 

January 20.5 ± 1.0 20.1 ± 0.9 
February 21.3 ± 1.3 20.5 ± 0.5 

March 21.6 ± 1.2 21.1 ± 2.6 
April 22.8 ± 2.3 20.6 ± 2.6 
May 22.2 ± 2.2 22.1 ± 2.1 
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Table 4. Pearson’s correlations between daily maximum leaf net photosynthetic rate (Pn) 
and daily light integral (DLI) in ‘Speedella’ tomato and ‘Albion’ and ‘Nyoho’ 
strawberry; and between sink strength or sink/source ratio and slope of diurnal 
change in leaf net photosynthetic rate (Pn) in ‘Albion’ and ‘Nyoho’. Pn were 
measured under 1000 µmol m

-2
 s

-1
 PPF and 400 µmol mol

-1
 CO2. In this analysis 

sink strength was estimated as the yield over the consecutive 4 weeks after the 
Pn measurement and the source was DLI intercepted by plant.   

 
 Cultivar/ Crop Correlation 

DLI vs max Pn  

 Correlation 

Sink vs Pn slope 

 Correlation 

sink/source ratio vs 

Pn slope 

Coefficient  p-value  Coefficient p-value  Coefficient p-value 

‘Albion’ 

strawberry 

0.8 0.003  0.27 0.17  0.52 <0.0001 

‘Nyoho’ 

strawberry 

0.7 0.006  -0.25 0.23  0.82 <0.0001 

‘Speedella’ 

tomato 

0.1 0.30  - -  - - 
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FIGURES 

 

Figure 1. Example of diurnal decrease in leaf net photosynthetic rate (Pn) in strawberry 

cultivars ‘Nyoho’ and ‘Albion’. Pn measured under 1000 µmol m
-2

 s
-1

 PPF 

decreased by as much as 24.5% and 29.4 % over time for ‘Albion’ and 

‘Nyoho’ respectively (percent decrease was computed using the minimum and 

the maximum Pn observed). 
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Figure 2. Example of diurnal leaf net photosynthetic rate (Pn) in strawberry cultivar 

‘Albion’ during January and February 2016. Brief initial increase in Pn was measured 

between 9am and 10am, followed by decrease over time. Pn measured under 1000 µmol 

m
-2

 s
-1

 PPF.  
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Figure 3. Seasonal fluctuation in diurnal slope of leaf net photosynthetic rate (Pn) 
in strawberry cultivars ‘Nyoho’ and ‘Albion’ and tomato cultivar 
‘Speedella’. Pn were measured under 1000 µmol m

-2
 s

-1
 PPF and 400 

µmol mol
-1

 CO2 conc. inside the leaf chamber. 
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Figure 4. A. Spearman’s 
regression analysis between Pn 
and VPD in strawberry cultivar 
‘Albion’ (A), ‘Nyoho’(B) and 
between Pn and Ci in 
strawberry cultivar ‘Albion’ 
(C) and ‘Nyoho’ (D).  
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