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Abstract 

Under a dynamic greenhouse climate control regime, temperature is adjusted to optimise plant 

physiological responses to prevailing irradiance levels; thus, both temperature and irradiance are 

used by the plant to maximise the rate of photosynthesis, assuming other factors are not limiting. 

The control regime may be optimised by monitoring plant responses, and may be promptly adjusted 

when plant performance is affected by extreme microclimatic conditions, such as high irradiance or 

temperature. To determine the stress indicators of plants based on their physiological responses, net 

photosynthesis (Pn) and four chlorophyll-a fluorescence parameters: maximum photochemical 

efficiency of PSII [Fv/Fm], electron transport rate [ETR], PSII operating efficiency [F′q/F′m], and 

non-photochemical quenching [NPQ] were assessed for potted chrysanthemum (Dendranthema 

grandiflora Tzvelev) ‘Coral Charm’ under different temperature (20, 24, 28, 32, 36 °C) and daily 

light integrals (DLI; 11, 20, 31, and 43 mol m-2 created by a PAR of 171, 311, 485 and 667 µmol m-

2 s-1 for 16 h). High irradiance (667 µmol m-2 s-1) combined with high temperature (>32 °C) 

significantly (p < 0.05) decreased Fv/Fm. Under high irradiance, the maximum Pn and ETR were 

reached at 24 °C. Increased irradiance decreased the PSII operating efficiency and increased NPQ, 

while both high irradiance and temperature had a significant effect on the PSII operating efficiency 

at temperatures >28 °C. Under high irradiance and temperature, changes in the NPQ determined the 

PSII operating efficiency, with no major change in the fraction of open PSII centres (qL) (indicating 

a QA redox state). We conclude that 1) chrysanthemum plants cope with excess irradiance by non-

radiative dissipation or a reversible stress response, with the effect on the Pn and quantum yield of 

PSII remaining low until the temperature reaches 28 °C and 2) the integration of online 

measurements to monitor photosynthesis and PSII operating efficiency may be used to optimise 

dynamic greenhouse control regimes and to detect plant stress caused by extreme microclimatic 

conditions. 
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Abbreviations: Ci, inter cellular CO2; DLI, daylight integral; ETR, electron transport rate; Fo, 

minimal fluorescence from dark-adapted leaf; F′, fluorescence emission from light adapted leaf; 

F′o, minimal fluorescence from light adapted leaf; Fm, maximal fluorescence from dark adapted 

leaf; F′m, maximal fluorescence from light adapted leaf; F′v, variable fluorescence from light 

adapted leaf; F′q, difference in fluorescence between F′m and F′; Fv/Fm, maximum 

photochemical efficiency of PSII; gs, stomatal conductance; Pn, Net photosynthesis; PSII, 

photosystem II; NPQ, non-photochemical quenching; F′q/F′m, PSII operating efficiency ; ΦPSII, 

the quantum efficiency of PSII; ΦNPQ, the yield for dissipation by down-regulation; ΦNO, the 

yield of other non-photochemical losses; qL, fraction of PSII centres that are open; QA, (primary 

electron acceptor quinine); RH, relative humidity; VPD, vapour pressure deficit.  
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1. Introduction 

A dynamic greenhouse climate control regime is based on plant physiology, outside solar 

irradiance and the microclimate of the crop within the greenhouse [1– 3]. Dynamic climate 

conditions facilitate greater precision in the regulation of temperature and humidity inside the 

greenhouse, thereby improving energy efficiency by reducing unnecessary heating or ventilation [2, 

4, 5]. The temperature fluctuates more with solar irradiance under a dynamic control system 

compared to a traditional control system. This phenomenon allows the plants to utilise both 

temperature and irradiance to maximise the rate of photosynthesis, provided CO2 is not limiting. 

The system optimises carbon gain at high irradiance, and reduces energy consumption at low 

irradiance [1, 6]. 

On sunny days, a dynamic greenhouse climate regime in a regular greenhouse may be compared 

to a semi-closed greenhouse type, because greenhouse air temperature is high due to a higher 

temperature set point and delayed screen folding, while vent opening is minimised via a higher 

ventilation set point. In addition, on a sunny day, plants may absorb more irradiance than needed for 

photosynthesis [7, 8]. With increasing greenhouse air temperature, plant tissue temperature may 

increase rapidly (i.e. within seconds; [9], due to low stomatal conductance, because stomata respond 

comparatively slowly (i.e. within minutes; [10]). This phenomenon may create both temporary and 

long-term stress reactions in the plants. Photosynthesis has a temperature optimum, depending on 

the irradiance, the growth temperature, CO2 concentration and plant species [11, 12]. When the 

temperature rises above optimum, photosynthesis declines, at first gradually and reversibly, but, at a 

certain critical temperature level, the photosynthesis apparatus may be irreversibly damaged [13– 

15]. In most plants species, the light-saturated rates of photosynthesis decline as a direct response to 

extremely high temperatures, and operate at an optimum at intermediate temperatures [16]. 
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Photoinhibition is one of the basic responses when plants are subjected to excess irradiance, 

representing the photo-inactivation of the photosynthetic apparatus [7, 17, 18]. Most plants have 

developed tolerance and/or acclimation mechanisms to avoid excess irradiance by different 

physiological mechanisms [19– 21]. For instance, an increase in non-radiative dissipation (NPQ: 

non-photochemical quenching of chlorophyll fluorescence) is a feedback regulatory mechanism 

induced upon exposure to high irradiance exceeding that which may be used at maximum quantum 

yield by photosystem II (PSII) [20, 22–26]. Previous studies have shown that low irradiance 

protects the photosynthetic apparatus from the adverse effects of high temperature, while 

photoinhibition protects against both high irradiance and high temperature stress [7, 27, 28]. 

Moreover, photoinhibitory and photooxidative damage to the photosynthetic apparatus represent 

plant responses to high irradiance and high temperature stress [17, 18, 29].  

However, to advance the dynamic climate control regime based on photosynthesis, it is vital to 

understand plant responses under dynamic and potentially extreme greenhouse microclimate 

conditions. Therefore, in this study, we aimed to determine the stress indicators of plants based on 

their physiological responses by testing two hypotheses. First, it was hypothesised that an optimum 

physiological response may be provided for the early adjustment of a climate control system, 

especially when plant performance is affected by extreme microclimate conditions, such as excess 

light and high temperature. Second, it was hypothesised that integrating online measurements of 

physiological processes may assist climate control decisions under a dynamic climate control 

regime. Both high light and high temperature conditions were applied in a growth chamber, while 

both chlorophyll fluorescence and gas exchange were continuously measured under high light and 

temperature conditions in a greenhouse. The results of this study are anticipated to contribute 

towards enhancing dynamic climate control regime based on photosynthesis to maximise plant 

growth and, hence, the economic benefits of crop production. 
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2. Materials and Methods 

2.1 Plant material  

Cuttings of chrysanthemum were rooted in plastic pots (9.7 cm high, 11 cm diameter) and filled 

with a commercial peat mixed containing granulated clay (Pindstrup 2, Pindstrup A/S, Ryomgaard, 

Denmark) in a greenhouse at Aarhus University (Aarslev, Denmark 55° 22' N) in three different 

batches: (1) spring (06/04–30/04/2012); (2) spring/summer (30/04–16/06/2012); and (3) 

summer/fall (10/08–10/09/2012). 

The plants were grown on a growing bench in the greenhouse at a plant density of 40 plants 

per m2. The greenhouse climate data for the three batches is in Table 1. Nutrients 

(macronutrients: N, 185 ppm; P, 27 ppm; K, 171 ppm; and Mg, 20 ppm; micronutrients: Ca, Na, 

Cl, 18 ppm; SO4, 27 ppm; Fe, 0.9 ppm; Mn, 1.17 ppm; B, 0.25 ppm; Cu, 0.1ppm; Zn, 0.77 ppm; 

and Mo, 0.05 ppm) were incorporated into the irrigation water, and automatically supplied twice 

a day as ebb and flood irrigation (08:45 and 16:15). The electrical conductivity (EC) of the 

irrigation water was 1.88 µS cm-1 and the pH was 5.8. Biological controls against insects were 

used twice during the growing period. 

2.2 Temperature and irradiance treatments 

The first two experiments were conducted in a growth chamber (MB-teknik, Brøndby, 

Denmark). The two experiments included two combinations of three different temperatures 

(Experiment 1: 20, 24 and 28 °C; Experiment 2: 20, 32 and 36 °C; Table 2). In each experiment, a 

total of 240 six week old uniformly sized plants (plant height of 0.12 ± 0.01 m) were transferred 

from the greenhouse to three growth chambers. For the higher temperature settings (28, 32 and 36 

°C), the temperature was increased stepwise (1–2 °C every 2 h) in the climate chamber on the first 

day, to avoid temperature shock.  
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In each growth chamber, four irradiance levels were created by combining shading screens with 

different transmissions (F-80 Extra, Fibertex Nonwovens A/S, Aalborg, Denmark and P19 Utrasil, 

Lundhede Planteskole, Feldborg, Denmark). Three rectangular aluminium frames (width x length x 

height = 0.78 x 1.13 x 0.83 m) were constructed for each chamber, and the frames were covered 

with the screen material, which covered two-thirds of the frame height from the top, to ensure that 

the minimum irradiance was reflected from the side, in addition to supplying sufficient air 

movement under the screens. The frames were placed above the bench, leaving an open space for 

full light. The irradiance in the open space and inside each frame with the screens was measured at 

pot height (0.11 m), 0.25 m and 0.35 m high (maximum plant height) above the bench using a 

quantum sensor (LI-250 Irradiance meter, LI-COR, Lincoln, Nebraska, USA). At each level of 

irradiance, 20 plants were used, with a total of 80 plants per chamber. The treatments were a 

factorial combination of five temperatures and four light levels.  

The light source was metal halide lamps (HQI, 400W, Osram, Munich, Germany), operated at a 

16 h/8 h light/dark photoperiod. The CO2 level in the chambers was maintained at 600 µmol mol-1. 

The vapour pressure deficit (VPD) was kept constant at 0.82 (± 0.004) kPa for each temperature 

using different relative humidity levels (Table 2). Irradiance (LI-190SA quantum sensor, Lincoln, 

USA), air temperature (Pt 100 DIN 43760B, Helsinki, Finland) and air humidity (Humitter 50U, 

Helsinki, Finland) were recorded at 5-min intervals with a data logger (dataTaker DT605, CAS 

DataLoggers, Chillicothe OH, USA). 

2.3 Chlorophyll-a fluorescence measurement  

Chlorophyll-a fluorescence was measured before the plants were transferred to the growth 

chambers and during the treatment period when it was placed alternately in each batch for three 

days. The measurement was done in the morning (2 h after the light was switched on) and in the 

afternoon (3 h before the light was switched off) using a plant efficiency analyser (PEA) (Hansatech 
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Instruments, Kings Lynn, UK) after dark-adapting the leaves for 30 min using a leaf clip 

(Hansatech, Instruments, Kings Lynn, UK), and then subsequently exposing the leaves to 3000 

µmol m-2 s-1 measuring irradiance to generate maximal fluorescence (Fm) [30–33], to measure the 

maximum photochemical efficiency Fv/Fm = (Fm - Fo)/Fm of dark adapted leaves. In parallel, a 

MINI-PAM (Walz, Effeltrich, Germany) was used to measure the PSII operating efficiency F′q/F′m 

= (F′m - F′)/F′m [34] and linear electron transport rate (ETR), which were calculated as described by 

Genty et al. [35], at the ambient irradiance in the treatments.  

2.4 Gas exchange measurement  

Net photosynthesis (Pn) and stomatal conductance (gs) were measured on three randomly 

selected plants from each treatment on the third or fourth fully developed and illuminated leaves for 

three subsequent days during the treatment period. The IRGA system (CIRAS-2, PP-systems, MA, 

USA) was used for this measurement. The irradiance, temperature and relative humidity of the leaf 

cuvette was set according to treatment, and recorded when Pn was at a steady state.  

2.5 Long term measurements of fluorescence 

Diurnal changes and acclimation (e.g. short or long term) of PSII was monitored for the same 

leaf in each treatment. One measuring head (compact/robust metal tube of 3 cm diameter and 22 cm 

length with a complete PAM chlorophyll fluorometer) was used per light treatment and a total of 

four measuring heads were used in the Monitoring-PAM (Walz, Eifeltrich, Germany), which were 

connected to a Moni-Bus (Field bus, RS485) and computer controlled by the WinControl-3 

software (Version 2.xx). The Moni-PAM continuously measured the fluorescence emission from 

the light adapted leaf (F′),  the maximum fluorescence during saturating pulses (F′m), irradiance and 

leaf temperature were measured every 30 min, from which the PSII operating efficiency was 

calculated, F′q/F′m. The mean measurements of F′m at night was used as maximal fluorescence from 

dark adapted leaves (Fm), and was used to calculate the fraction of open PSII based on the lake 
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model for the photosynthetic unit (qL) and heat dissipation through non-photochemical quenching 

(NPQ) [32]. Furthermore, in addition to the PSII operating efficiency (F′q/F′m), which, in the 

nomenclature of Kramer et al. [36], is the quantum efficiency of PSII, ΦII, the quantum yield of the 

down-regulatory non-photochemical process (ΦNPQ) and the quantum yield for other energy losses 

(ΦNO) were also calculated, where ΦII + ΦNPQ + ΦNO = 1 [36] (Table 3).  

The Moni-PAM was also used to obtain long-term measurements in the greenhouse on sunny 

days, where the average daily irradiance integral exceeded 12 mol m-2 day-1. Microclimate data, 

such as air temperature, leaf temperature and humidity, were measured using the methods described 

in Section 2.2.  

2.6 Data analysis 

To avoid the outlier effect, a function mvoutlier (R-package, version 2.15.0) was applied to 

identify any outliers. A univariate normality test was applied to test the normality, and the Bartlett 

test function was used to test the equality of variance of the data. The means of the Fv/Fm, F'q/F'm , 

qL, NPQ and Pn were used for analysis of variance (ANOVA). The experimental design was a split 

plot, where temperature was the main factor and irradiance was the split factor. A nonlinear mixed 

effect model for repeated measurement was used to test interactions between factors. Treatment 

effects were tested at the 5% probability level. R version 2.15.0 (www.r-project.org) was used for 

ANOVA and regression analysis, while SigmaPlot 11.0 (Systa software, Inc. Washington USA) 

was used for graphics. 
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3. Results 

3.1 Maximum photochemical efficiency of PSII (Fv/Fm) and the electron transport rate (ETR)  

The statistical analysis showed that irradiance and temperature had a significant interaction 

effect on Fv/Fm by the third day of the treatment (P < 0.05). At a low temperature (20 °C) Fv/Fm was 

4% lower at high irradiance compared to low irradiance; however, this value changed to 12% when 

the temperature was high (36 °C) (Fig. 1A). The decrease in Fv/Fm was highly correlated with 

increased irradiance and temperature. For instance, an increase in irradiance from 171 to 667 µmol 

m-2 s-1 decreased Fv/Fm by 4 to 10% at the high temperature of 36 °C. The effect of irradiance was 

consistent during the treatment period and, on day six of the treatment, the irradiance and 

temperature showed significant interaction (P < 0.01) effect on Fv/Fm. However, after day five, the 

difference in Fv/Fm between the irradiance levels (high and low) at each temperature setting reduced 

until the temperature exceeded 32 °C, while the effect of high irradiance and high temperature 

showed a significant decline of Fv/Fm at 36 °C (Fig. 1B).  

Irradiance and temperature had a significant interaction effect on the ETR on the third and sixth 

day of the treatment (Fig. 1C, D). The ETR was high at 20 °C and 24 °C under high light 

conditions, exhibiting the most pronounced temperature optimum at 24 °C under high light 

conditions on the sixth day of the treatment. However, at lower irradiances, there was no significant 

change in ETR with increasing temperature. At the two high light levels, ETR overlapped at 

temperatures ≥28 °C, indicating that light saturation had already been reached at around 485 µmol 

m-2 s-1 under these conditions. 

3.2 Gas exchange (Pn) and stomatal conductance (gs) 

The photosynthesis measured at the ambient irradiance showed that Pn was significantly different 

(P < 0.01) for the irradiance levels under the respective temperature treatments, with the 

temperature optimum being 24 °C for all irradiance levels (Fig. 2A). The Pn slowly declined above 
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the temperature optimum and the difference between the irradiance levels decreased with increasing 

temperature above the temperature optimum. There was no significant difference in Pn among the 

temperatures at the low irradiance level (171 µmol m-2 s-1). The gs showed no significant difference 

for the various irradiance and temperature combinations, except at 24 °C, where gs was high at the 

two lowest irradiances (Fig. 2B). The same pattern was observed for the measurement of 

intercellular CO2 (Ci) (Fig. 2C).  

3.3 PSII operating efficiency (F'q/F'm), fraction of open PSII (qL) and non-photochemical quenching 

(NPQ) (long term measurements of fluorescence) 

Monitoring F′q/F′m, qL and NPQ in the controlled climates based on dark-adapted Fm values from 

the previous night showed that irradiance had a significant effect (P < 0.01), in addition to a clear 

interactive effect of irradiance and temperature (Fig. 3). F′q/F′m decreased with increasing 

irradiance, with the rate of decrease being dependent on temperature. At 24 °C, the decrease in 

F′q/F′m stopped at 485 µmol m-2 s-1 (Fig. 3A), whereas it continued to decrease to 667 µmol m-2 s-1 

at 32 °C (Fig. 3B). qL primarily decreased to 485 µmol m-2 s-1, and was generally unaffected by 

temperature (Fig. 3B, E). At the two lowest irradiances, NPQ was not affected by temperature; 

however, at the two highest irradiances, NPQ increased with increasing temperature, exhibiting 

more fluctuations through the day as irradiance increased (Fig. 3C, F).  

3.4 The quantum yield of the competing pathways for de-excitation; ΦPSII, ΦNPQ and ΦNO (long 

term measurements of fluorescence) 

The Moni-PAM measurements were used to calculate the quantum yield of the competing 

pathways for de-excitation based on the equations of Kramer et al. (2004) (Fig. 4). The quantum 

efficiency of photosystem II (ΦPSII, = F′q/F′m, is PSII operating efficiency based on Baker and 

Rosenqvist 2004) decreased with increasing irradiance, but was not affected by temperature (Fig. 

4A–C), except under the highest irradiance (32 °C and 36 °C), where it decreased (Fig. 4D). This 
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effect was balanced by a slight increase in both ΦNPQ and ΦNO with increasing light (Fig. 4A–C), 

except under the highest irradiance (32 °C and 36 °C), where ΦNPQ increased in a similar pattern to 

ΦPSII (Fig. 4D). 

The continuous measurement of F′q/F′m in the greenhouse showed a direct relationship with 

irradiance and leaf temperature during the course of the day, where a significant decrease was 

observed during the middle of the day with an increase in irradiance and leaf temperature (Fig. 5). 

F′q/F′m and NPQ were more dynamic with fluctuating irradiance conditions in the greenhouse. The 

NPQ showed an increase with increasing irradiance and leaf temperature, which resulted in a 

decrease in F′q/F′m (Fig. 5D), while qL never dropped below 0.5, indicating that PSII was ≥50% 

open at all times (Fig. 5E).  

4. Discussion 

4.1 Maximum photochemical efficiency of PSII (Fv/Fm), electron transport rate (ETR) and gas 

exchange (Pn) 

The current study demonstrated that the combination of high irradiance and high temperature 

caused the photoinhibition (i.e. decrease in Fv/Fm; [28] of chrysanthemum. Specifically, the highest 

level of irradiance had a significant negative effect on Fv/Fm at high temperatures. Furthermore, as 

irradiance increased, Fv/Fm decreased at each temperature, with temperature having a limited effect 

during the first three days of the treatment (Fig. 1A). The short term stress that caused the Fv/Fm to 

decrease at higher irradiances was attributed to partial photoinhibition [37, 38]. The Fv/Fm slightly 

increased after the third day of the treatment, except under temperature conditions exceeding 32 °C, 

with Fv/Fm significantly declining under high irradiance (Fig. 1B). This result shows that, during the 

final days of the treatment, acclimation to high irradiance might have alleviated the effect of high 

irradiance on Fv/Fm at temperatures below 32 °C. In contrast, at temperatures above 32 °C, 

temperature mediated photoinhibition might have been occurred [39, 40]. In general, the decrease in 
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Fv/Fm occurs as a result of the inactivation of PSII photochemistry and/or the increase in thermal 

energy dissipation from PSII associated chlorophyll antennae [28]. The acclimation of 

photosynthesis to high irradiance may arise due to an increase in PSII and a concomitant decrease in 

light harvesting complex II (LHCII); in other words, reduced antenna size is matched by a 

corresponding increase in the number of PSII units [41].  

The acclimation of Fv/Fm over time for plants under high irradiance and low temperature (below 

28 °C) conditions possibly indicates that the PSII is protected by a mechanism that dissipates excess 

energy (NPQ) to prevent the photosynthetic apparatus from becoming damaged. Plants grown under 

high irradiance often have substantially increased capacities for ∆pH-dependent protective energy 

dissipation [41]. However, when high irradiance was combined with high temperature in the current 

experiment, the Fv/Fm decreased significantly. This phenomenon might be associated with the effect 

of high temperature on the PSII reaction centre [30, 42, 43]. The current study indicated that the 

PSII reaction centre might be damaged by temperatures above 28 °C combined with high 

irradiance. Even though it is extremely important to dissipate excess irradiance to avoid possible 

photo-damage to the PSII, the current study demonstrated that this response would cause a major 

reduction in the net gain of CO2 when temperature stress was imposed under high irradiance 

conditions (Fig. 2A).  

At all irradiance levels, ETR and Pn reached an optimum at 24 °C (Fig. 1C, D, Fig. 2A), whereas 

ETR noticeably changed above 28 °C under high irradiance conditions. Hence, this study 

demonstrates that ETR, gs and Ci limitation (Fig. 2B and C) do not cause a decline in Pn with 

increasing temperature (Fig. 2B and C). Rather, we found that this phenomenon is caused by to 

photorespiration (i.e. embraces several processes associated with O2 uptake in the light, 

photoinhibition and photorespiration [44]), supporting previous studies [44–46]. Moreover, 

reversible photoinhibition of PSII efficiency is prevalent under high irradiance conditions and hence 
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non-stomatal factors play a major role in regulation photosynthesises under high irradiance and high 

temperature stress [46]. A decrease in PSII operating efficiency is always accompanied by an 

increase in NPQ [24, 47], as a reversible down regulation of PSII under high irradiance conditions 

[18, 48]. As Chrysanthemum are able to cope with excess irradiance at temperatures below 28 °C, 

we suggest that the process involved in acclimating the photosynthetic apparatus to high irradiance 

and temperature stress might be due to changes in the efficiency of the open PSII reaction centre 

and the dissipation of excess absorbed energy (NPQ) [48, 49]. 

4.2 PSII operating efficiency (F′q/F′m), fraction of open PSII centres (qL) and non-

photochemical quenching (NPQ)  

F′q/F′m is determined by the concentration of open PSII reaction centres and the efficiency of 

excitation energy capture by the open PSII centres [35]. However, in the current study, F′q/F′m 

declined under high irradiance and high temperature conditions (Fig. 3D), because temperature 

stress enhances the extent of photoinhibition [27, 50]. The decrease in F′q/F′m was accompanied by 

a decrease in qL, which is an indicator of the QA redox state [36]. However, as more than 50% of 

PSII centres were open (Fig. 3B, E) we concluded that the PSII operating efficiency was primarily 

determined by changes in NPQ (Fig. 3C, F). Furthermore, Kramer et al. [36] showed that a large 

increase in NPQ induces a large decrease in PSII operating efficiency, with little change in qL. 

4.3 The quantum efficiency of PSII (ΦPSII), yield for dissipation by down-regulation (ΦNPQ) and 

yield of other non-photochemical losses (ΦNO) 

The exciton fraction dissipated via photochemistry (ΦPSII) and via the two competing non-

productive pathways (ΦNPQ and ΦNO) [36], based on estimates for the different temperature and 

light combinations (Fig. 4). Our data showed that high temperature (i.e. above 28 °C) combined 

with high irradiance increased the extent of PSII photoinactivation through increased ΦNPQ and 

decreased ΦPSII. It has been previously shown that PSII photoinactivation is indirectly dependent on 
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the level of thermal energy dissipation [23, 47]. Supporting previous studies, the current study 

demonstrated that ΦNO was relatively stable for all temperature and light combinations, as a result 

of compensatory changes in ΦPSII and ΦNPQ [36]. We suggest that high irradiance and temperature 

above 28 °C might limit the capacity of NPQ to regulate light capture by Chrysanthemum. In 

comparison, certain stress tolerant plant species are able to cope with high irradiance and high 

temperature by an effective regulating mechanism in energy partitioning of PSII complexes [49]. 

Under greenhouse conditions, Chrysanthemum plants tend to respond to high irradiance and high 

leaf temperature (Fig. 5A, B) by decreasing the PSII operating efficiency and increasing the NPQ, 

but with minimal change in qL (Fig. 5C–E). The increase in leaf temperature might be associated 

with the possible closure of stomata at midday [51]. Therefore, by down-regulating the PSII 

operating efficiency through increasing NPQ might cause an increase in photorespiration when CO2 

is a limiting factor. Moreover, under high irradiance, increased capacities for NPQ and 

photorespiration are essential to avoid photoinhibitory damage and to tolerate high temperature 

stress under excess irradiance [44]. 

5. Conclusions 

A dynamic climate control regime facilitates the precise regulation of high temperature and 

irradiance conditions, under which a plant may utilise both temperature and irradiance to maximise 

the rate of photosynthesis. However, we also observed that excess irradiance and high temperature 

(above 28 °C) creates temperature mediated photoinhibition and photorespiration, which may cause 

temporary or long-term stress on Chrysanthemum plants. Yet, the effect of photorespiration may be 

alleviated by elevating CO2 concentrations, which is a regular practice in greenhouse cultivation. 

Therefore, the continuous monitoring of plant responses, based on the quantum yields of PSII and 

photosynthetic rates, provides a useful tool for predicting both short- and long-term stress resulting 

from extreme microclimate conditions. In conclusion, continuous monitoring systems could be up-
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scaled from the leaf- to the crop-level, with crop models being used to assist with real-time stress 

detection. 
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Table 1 The climate set point and measured climate data in the greenhouse for each experimental 

period. Climatic parameters were collected by respective climatic sensors at 10 min intervals, 

with the data being recorded on a climate computer. Values are means ± SE, n = 4.  

Exp.  Date Set points Measured climatic parameters 

Temp. 

(°C, 

day/night) 

RH 

(%) 

VPD 

(kPa) 

CO2 

(µmol 

mol-1) 

Temp. 

(°C, 

day/night) 

RH 

(%) 

VPD 

(kPa) 

CO2 

(µmol 

mol-1) 

DLI 

(mol 

m-2) 

I 06/04–

30/04 

2012 

24/18 60 0.82 600 24/21 

(± 0.1) 

48.0 

(±0.2) 

1.65 

(±0.09) 

587 

(±4.9) 

9.6 

II 30/04–

16/06 

2012 

24/24 60 0.82 600 26/26 

(± 0.1) 

45.8 

(±0.2) 

1.98 

(±0.09) 

461.2 

(±3.8) 

11.5 

III 10/08–

10/09 

2012 

20/20 60 0.82 600 24/24 

(± 0.1) 

50.7 

(±0.2) 

1.75 

(±0.18) 

536 

(±5.7) 

12.9 
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Table 2 The five irradiance and temperature treatment combinations in the growth chambers. 

Irradiance was measured at maximum plant height (n = 5). The VPD was set to a constant level by 

varying the RH. The CO2 concentration was kept the same in all treatments.  

Treatments Temperature 

(°C, day/night) 

DLI 

(mol m-2) 

VPD (kPa) RH (%) CO2 

(µmol mol-1) 

I 20/20 11 (± 1.03) 0.82 65 600 

  20 (± 1.22)    

  31 (± 2.51)    

  43 (± 0.72)    

II 24/22 11 (± 1.03) 0.82 72 600 

  20 (± 1.22)    

  31 (± 2.51)    

  43 (± 0.72)    

III 28/26 11 (± 1.03) 0.82 78 600 

  20 (± 1.22)    

  31 (± 2.51)    

  43 (± 0.72)    

IV 32/30 11 (± 1.03) 0.82 83 600 

  20 (± 1.22)    

  31 (± 2.51)    

  43 (± 0.72)    

V 36/34 11 (± 1.03) 0.82 86 600 

  20 (± 1.22)    

  31 (± 2.51)    

  43 (± 0.72)    
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Table 3 Chlorophyll fluorescence parameters used, descriptions of how they are used to analyse 

irradiance and their temperature effect on PSII, in addition to the equations used to calculate 

respective parameters.  

Parameter Description Formula Reference 

F′o  Minimum fluorescence from light 

adapted leaf 

F'o = Fo/(Fv/Fm + Fo/F′m) [34] 

ΦPSII/ F′q/F′m Quantum efficiency or operating 

efficiency of PSII 

ΦPSII = F′q/F′m = F′m - F′/ F′m [34, 36] 

ETR Linear electron transport ETR = F′q/F′m * 0.5 *0.84  [35] 

NPQ Non-photochemical quenching  NPQ = (Fm/F′m) - 1 [34] 

ΦNPQ  Yield for dissipation by down-

regulation 

ΦNPQ = 1- F′q/F′m - 1/(NPQ 

+ 1 + qL*(Fm/Fo - 1) 

[36] 

ΦNO  Yield of other non-photochemical losses ΦNO = 1/(NPQ + 1 + 

qL*(Fm/Fo - 1) 

[36] 

qL Fraction of open PSII centres (lake 

model for PSU) 

qL = (F′q/F′v)*(F′o/F′) [34] 
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Legends of figures 

Fig. 1 The fluorescence parameters as a function of temperature at the four irradiance levels. The 

maximum photochemical efficiency (Fv/Fm) measured from a dark-adapted leaf for 30 min on the 

third (A) and sixth (B) day of the stress treatment. The electron transport rate (ETR) on the third (C) 

and sixth day (D) of the stress treatment. The standard was 20 °C with a PAR of 171 µmol m-2 s-1. 

The error bar represents the standard error and n = 5. 

 

Fig. 2 Net leaf photosynthesis (A), stomatal conductance (B) and inter cellular CO2 as a function of 

temperature at the four irradiance levels on the sixth day of the stress treatment. The error bar 

represents the standard error and n = 5.  

 

Fig. 3 The diurnal change of PSII operating efficiency, fraction of PSII centres that were open (qL) 

and non-photochemical quenching (NPQ) at the four irradiance levels and at two temperatures, 24 

°C (A, B and C) and 32 °C (D, E and F), respectively. Fluorescence parameters were measured 

every 30 min, and the data was averaged using 2.5 h intervals. The error bar represents the standard 

error and n = 5.  

 

Fig. 4 Effects of temperature on the quantum efficiency of PSII (ΦPSII), the yield for dissipation by 

down-regulation (ΦNPQ) and the yield of other non-photochemical losses (ΦNO) at the four 

irradiance levels. The error bar represents the standard error and n = 5.  

 

Fig. 5 Irradiance on typical sunny days during August 2012 in a greenhouse (A), leaf temperature 

(B), the diurnal course of PSII operating efficiency (C), non-photochemical quenching (D) and 

fraction of PSII centres that are open (E). The error bar represents the standard error and n = 4. 
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