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Propositions 

1. Under canopy shade, the adaptive significance of plant responses to low light 

depends on responses to light quality. 

 (this thesis) 

 

2. Far-red light reflected upwards by lower parts of the plant increases canopy 

performance.  

(this thesis) 

 

3. The chaperone effect in scientific publishing (Sekara et al., 2018, PNAS, 115, 

12603-7) makes fame in our science more about who we are than what we do. 

 

4. Artificial intelligence will increase the level of thinking by human beings. 

 

5. Human beings are less plastic than plants in living with their neighbours. 

 

6. The existence of social classes is largely driven by the resource inheritance 

between generations. 

 

7. The methodology of writing a scientific paper is the same as that of writing a 

novel, in the sense that a good scientist should always be a good storyteller.  
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This is a Chinese poem (七言绝句) I wrote to describe my time in Wageningen. 七言绝句 (Qi 

Yan Jue Ju) is a typical format of traditional Chinese poem. This type of poem always contains 

four lines, with each line has seven characters. In the present poem, putting the first character 

(the character in bold) of each line together makes a word 光合作用 , which means 

photosynthesis in Chinese. This word is also a keyword of my thesis. Below is the meaning of 

each line. 

Time flies and never come back. 

Although doing a PhD sometimes can be stressful, I had a nice time in this journey. 

Today I finish my thesis and let’s drink lots of wine. 

Finishing my PhD is not an ending but only a starting point of my research career. 





 
 

Abstract 

Variations in environment factors, e.g., light intensity, light spectrum, water and nutrient level, 

and crop structure manipulations may occur in the greenhouse. Changes in these factors could 

affect ornamental crop production in the greenhouse through affecting plant photosynthesis at 

different levels, e.g., leaf, plant and crop level. The aim of this thesis was to quantify 

photosynthesis responses to (i) combined changes in photosynthetically active radiation (PAR) 

and red to far-red ratio (R:FR), (ii) water and nitrogen stress combinations and (iii) crop 

structure manipulations at different levels for two ornamental crops: lily and rose.  

Using the photosynthesis model of Farquhar, von Caemmerer and Berry (the FvCB model) 

and the stomatal conductance model of Ball, Woodrow and Berry (the BWB model), leaf 

photosynthesis responses to water and nitrogen stress combinations were quantified for lily. 

The changes of the FvCB model parameters due to variations of water and nitrogen conditions 

were linearly correlated with the changes of leaf nitrogen per unit leaf area. Most of the BWB 

model parameters did not depend on the nitrogen level. Using a functional-structural plant 

model, photosynthesis responses to changes in PAR and R:FR, and the presence of bent shoots 

were quantified at plant and crop level for rose. At mild shade, plant responses to low R:FR 

were more important for plant photosynthesis, while with the increase of shade level, plant 

responses to low PAR became more important. Moreover, the consequences of responses to 

changes in PAR and R:FR for plant photosynthesis tended to mitigate each other. The presence 

of bent shoots increased flower shoots dry weight, which was entirely due to the contribution 

of extra photosynthesis by bent shoots. In addition, bent shoots reflected relatively more far-

red than red light, which lowered the R:FR in light reflected upwards that can be received by 

flower shoots. The low R:FR from below was associated with a steeper leaf angle in flower 

shoots, which increased canopy photosynthesis by allowing more light to penetrate to the lower 

plant parts.  

Overall this thesis illustrates the importance of considering the interactions of multiple factors 

when quantifying photosynthesis responses to environmental variations. A functional-

structural plant model is a useful tool to upscale photosynthesis responses from leaf to crop 

level.
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General introduction 
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The importance of quantifying photosynthesis responses to multiple greenhouse 

conditions for ornamental crop production 

The global population is expected to be 9.5 billion by 2050, which is an increase of 35% 

compared to today’s population (Long et al., 2015). This will lead to an increase in the demand 

for crop production not only in food crops, but also in ornamental crops. Unlike food crops 

which are generally harvested for biomass (fresh or dry weight), ornamental crops are 

generally evaluated based on quality attributes (e.g., morphological quality traits like stem 

length and flower size, and vase life). This makes that studies on plant biomass production 

have received much more attention in food crops (e.g., Centritto et al., 2009; Evers et al., 2010; 

Pallas et al., 2010; Chen et al., 2014) than in ornamental crops (e.g., Gutierrez Colomer et al., 

2006; Lin et al., 2011). However, plant biomass is essential for guaranteeing many quality 

traits of ornamental crops. For example, stem length and diameter are positively affected by 

assimilate supply in rose (Marcelis-van Acker, 1994), flower number is positively correlated 

with plant dry weight in chrysanthemum (Carvalho & Heuvelink, 2003), and the tepal 

carbohydrate content is important for flower longevity in lily (Van der Meulen-Muisers et al., 

2001). Therefore, to increase ornamental crop production while keeping product quality, 

biomass production needs to be optimized.  

Plant biomass production is largely driven by photosynthesis, which is strongly affected by 

environmental factors, e.g., light, temperature, water and nutrient conditions. These 

environmental variables affect photosynthesis at both leaf, plant and crop (i.e., the population 

of crop plants) level. For instance, photosynthesis responses to light environment occur at leaf 

level, being that not only leaf photosynthetic rate is affected by instantaneous light 

environment, but also photosynthetic capacity of individual leaves could acclimate to a 

specific light intensity (Oguchi et al., 2003, 2005); responses also occur at plant and crop level, 

being that the distribution of light energy in the canopy drives the distribution of leaf nitrogen, 

which further determines the distribution of leaf photosynthetic capacity in the canopy and 

affects canopy photosynthesis (Hikosaka et al., 2016a). Therefore, to optimize plant biomass 

production, a crucial step is understanding photosynthesis responses to environmental 

variables at both leaf, plant and crop level.  

As highly economically valuable products, ornamental crops are largely growing in the 

greenhouse, which is the most controlled and interfered production system used on a large 
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scale by growers. For instance, the glasshouse area in the Netherlands is ca 9300 hectare 

(Vermeulen, 2016); in China, the greenhouse area has reached ca 0.3 million hectare in 2016 

(National Bureau of Statistics of China, 2017). Since greenhouse environments can be highly 

controlled, greenhouses provide the opportunities to grow crops at optimal environmental 

conditions and to achieve high level of photosynthesis. However, in reality, environmental 

fluctuations and unfavourable growth conditions may occur in the greenhouse, which affect 

plant photosynthesis.  

First, light levels in the greenhouse are typically at lower levels than outside because a 

significant fraction (ca 25% to 40%) of solar radiation is intercepted by glass and greenhouse 

construction frames (Hemming et al., 2008; Kempkes et al., 2012). Supplementary lighting is 

frequently used to improve light conditions in the greenhouse. The assimilation lamps 

normally provide light that has a different spectral composition comparing with the sunlight 

spectrum. For instance, high-pressure sodium (HPS) lamps normally provide light with 

wavelength between 550 and 700 nm, red light emitting diodes (LED) normally provide light 

with wavelength between 600 and 700 nm, and blue LEDs normally provide light with 

wavelength between 400 and 500 nm. The use of supplementary lighting, on the one hand, 

increases the amount of light that can be used for plant photosynthesis; on the other hand, it 

changes the light spectrum which is different from the sunlight. The change of light spectrum 

could affect plant architectural development. This is because plants typically exhibit 

photomorphogenic responses to light quality (van Ieperen, 2012, and see section 

“Photosynthesis responses to light intensity and spectrum”). These responses can strongly 

affect plant light interception and photosynthesis. Second, water and nutrient supplies may not 

always be optimal and stable in the greenhouse. In developing countries, low-tech greenhouses 

are widely used, in which irrigation and fertilization may not always be kept at optimal levels 

due to lack of resources or knowledge (Dai et al., 2011; Lin et al., 2011). Thus in low-tech 

greenhouses, crops are frequently growing with sub-optimal and fluctuating supplies of water 

and nutrients, which may hamper plant photosynthesis. Third, crop structure manipulations 

(e.g., pruning and shoot bending) are regularly done in the greenhouse (as well as in many 

field crops and trees) to optimize e.g. canopy structure and source-sink relations for yield 

production (Kim & Lieth, 2004; Han et al., 2007; Lopez et al., 2014). The manipulation of 

plant structure, on the one hand, directly changes canopy structure and affects the associated 

canopy light interception. On the other hand, structure manipulations entail e.g. losses of 
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branches and leaves (due to pruning) and local buckling of the stem tissue (due to bending), 

which may induce plant plastic responses such as activations of dormant buds and acclimations 

in leaf photosynthetic capacities (Anten et al., 2003). All these effects following crop structure 

manipulations could in turn affect plant photosynthesis. 

To optimize photosynthesis of greenhouse crops, photosynthesis responses to the 

aforementioned greenhouse conditions need to be quantified. Thus, the overall goal of this 

thesis is to quantify photosynthesis responses to multiple environmental variables (light, water 

and nitrogen) and crop structure manipulations at different levels (leaf, plant and crop level) 

for two flower crops (lily and rose) growing in the greenhouse. In the remaining part of this 

general introduction, I will give background information of current knowledge of 

photosynthesis responses to variations in light, water and nitrogen conditions and changes in 

crop structure.  

Photosynthesis responses to light intensity and spectrum 

The effects of light on photosynthesis include effects of both light intensity and light spectral 

composition. Being the source of energy, light intensity on the one hand directly drives the 

rate of photosynthesis. On the other hand, plant architecture and leaf photosynthetic traits can 

adapt to different growth irradiances. Plants adapt their canopy structure due to different 

functioning purpose at high light (avoiding excessive radiation) and low light (maximizing 

light capture) environments (Pearcy et al., 2005). Plants also adapt their leaf photosynthetic 

characteristics to light environments. Leaves growing at high light normally have higher 

photosynthetic capacity than leaves growing at low light (Hirose & Werger, 1987a; Murchie 

& Horton, 1997; Evans & Poorter, 2001). The acclimation of leaf photosynthetic capacity to 

growth irradiance relies on the plasticity in leaf thickness and tissue mass density (these two 

together gives the leaf mass per unit area, LMA), changes in leaf anatomy and changes in leaf 

chemical compounds. Lower photosynthetic capacity in low-light leaves is associated with a 

lower LMA of these leaves (Evans & Poorter, 2001). In mature leaves with fixed leaf thickness, 

photosynthetic capacity can adapt to changes in light intensities by adjusting the size and 

distribution of chloroplasts in the leaf tissue (Oguchi et al., 2003, 2005) or through changes in 

leaf nitrogen and the ratio between light harvest pigments and Rubisco (Murchie & Horton, 

1997; Meir et al., 2002; Dai et al., 2009). The low photosynthetic capacity in low-light leaves 

is also associated with reductions in respiration rate of these leaves (Sims & Pearcy, 1991; 
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Niinemets et al., 1998). This is an important strategy for plants growing under low light, where 

reducing carbon loss is more beneficial for plants than maximizing carbon gain (Walters & 

Reich, 2000).  

The effects of light spectral composition on photosynthesis occur at multiple levels. At plant 

level, light spectrum could affect plant architectural development, which further affects plant 

light absorption. For example, low red to far-red ratio (R:FR) induces longer internodes and 

steeper leaf inclination angles in some species (Ballaré & Pierik, 2017). As plants 

preferentially absorb red light (R) and reflect far-red (FR), light reflected from plants has a 

lower R:FR than natural sunlight. Thus within dense vegetation there is also a gradient in R:FR. 

Low R:FR is considered to be a cue for neighbour plant presence. The responses to low R:FR 

are important in light competition as they help plants to position their leaves above those of 

their neighbours  (Dudley & Schmitt, 1996; Pantazopoulou et al., 2017). At least in some plant 

species, the R:FR gradient in the canopy also appears to drive the distribution of their leaf 

nitrogen among leaves (Pons et al., 1993; Pons & De Jong-Van Berkel, 2004). This affects the 

distribution of leaf photosynthetic capacity in the canopy, which further affects canopy 

photosynthesis. At leaf level, leaf anatomy is affected by the spectral distribution of light which 

may directly affect leaf photosynthesis. For instance, adding blue to red light increases the 

thickness of palisade and spongy parenchyma and the number of chloroplasts per palisade 

mesophyll cell in pepper plants (Schuerger et al., 1997); blue light also induces chloroplast 

movements in Arabidopsis (Jarillo et al., 2001); ultraviolet-B radiation decreases the thickness 

of both palisade and mesophyll tissue in cotton plants (Kakani et al., 2003). At the chloroplast 

level, plants acclimate their photosystem composition to their growth light spectrum. Plants 

growing under enriched far-red light, which is preferentially absorbed by photosystem I (PSI), 

increase the relative size of photosystem II (PSII) (resulting in an increased PSII/PSI ratio) 

(Chow et al., 1990). By contrast, plants growing under blue light, which is preferentially 

absorbed by PSII, decrease their PSII/PSI ratio (Hogewoning et al., 2012). The adjustment of 

photosystem stoichiometry is important to ensure an efficient flow of electrons from one 

photosystem to the other, thereby optimizing electron transport and improving photosynthetic 

efficiency under changes in light spectrum, especially when light is limiting (Walters, 2005). 

Specific combinations of light intensity and spectrum usually indicate specific environments 

in natural ecosystems. For example, as noted low photosynthetically active radiation (PAR) 
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together with low R:FR normally occurs when plants are shaded by surrounding vegetation. 

However, the use of artificial lighting in the greenhouse may create new combinations of light 

intensity and spectrum that do not exist in natural environments. Ancestors of these greenhouse 

crop plants may have never experienced such light combinations during natural selection. In 

greenhouse conditions, changes in different light factors (i.e., light intensity and spectrum) 

occur simultaneously, while different light factors may entail changes in different traits (e.g., 

plant architectural traits and leaf photosynthetic traits). Therefore, quantifying photosynthesis 

responses to such conditions requires (i) separately quantifying plant responses to each light 

factor, (ii) separately quantifying the effects of individual plant traits induced by each light 

factor on plant photosynthesis, and (iii) quantifying how these individual trait responses 

interact in determining plant photosynthesis. Knowledge of these three aspects is crucial for 

understanding crop photosynthesis responses to light conditions in the greenhouse.  

Photosynthesis responses to water and nitrogen 

Photosynthesis responses to water stress are affected by changes in both diffusional processes 

and biochemical processes (see reviews in Chaves et al., 2002, 2009; Lawlor & Cornic, 2002; 

Flexas et al., 2004; Pinheiro & Chaves, 2011). Effects of drought on diffusional processes 

include decreases in both stomatal conductance (gs) and mesophyll conductance (gm). Plants 

close their stomata (i.e., decrease gs) in response to both scarce water in the soil and dry air. 

This may directly decrease the amount of CO2 that goes into the leaf tissue through stomata 

(i.e., decreases the intercellular CO2 concentration Ci). Stomatal closure can be caused by the 

decrease of leaf turgor, the increase of vapour pressure deficit (VPD) in the air and root 

signalling (Chaves et al., 2009). For example, drought induces an increased production of 

abscisic acid (ABA) in roots, which is transported to leaves and causes stomatal closure 

(Schachtman & Goodger, 2008). After CO2 travelling from air to the intercellular space in the 

leaf tissue, intercellular CO2 needs to diffuse to the chloroplast where the carbon assimilation 

takes place. This process is limited by the mesophyll resistance (equal to 1/gm). gm may be 

reduced by drought stress, resulting in that CO2 concentration in the chloroplast (Cc) decreases 

to a larger extent than the decrease of Ci (Renou et al., 1990). The decrease of gm may result 

from changes in leaf anatomic traits due to leaf shrinkage (Lawlor & Cornic, 2002). gm 

responses may also be regulated by biochemical signalling processes as rapid responses of gm 

(within few minutes) are found after cutting leaf petiole (Flexas et al., 2006). In addition, CO2 
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can laterally travel in the mesophyll tissue (Morison et al., 2007). This could be important for 

maintaining photosynthesis under drought, as drought could induce patchy stomatal closure 

and lateral CO2 diffusion allows CO2 travelling in the mesophyll between positions under open 

stomata and closed stomata (Sharkey & Seemann, 1989; Chaves et al., 2009). 

The biochemical limitation to photosynthesis under drought is generally estimated to be 

smaller than the diffusional limitation (Galmés et al., 2007a). Under mild water stress, down-

regulation of photosynthesis in response to the decreasing of Ci could be achieved through 

thermal dissipation to prevent excessive energy impairing photosystem (Demmig-Adams & 

Adams, 1996; García-Plazaola et al., 2003). Biochemical limitation generally happens at 

severe drought when maximum gs is below a certain threshold (Flexas et al., 2004). The 

impairment of photosynthetic metabolism is mainly caused by a decrease of Rubisco activity 

(mostly due to reduced Rubisco content and less due to decreased activation state), the 

impairment of RuBP regeneration capacity, and the breakdown of other metabolic proteins 

such as chlorophyll (Flexas et al., 2004).  

Apart from diffusional and biochemical limitations that affect photosynthesis under drought, 

the respiratory response to drought is important to determine plant net carbon gain together 

with photosynthesis. The effects of water stress on leaf respiration rates are inconsistent in 

different species, ranging from decreasing, maintaining and increasing respiration rate under 

drought (Galmés et al., 2007b; Gratani et al., 2007; Gimeno et al., 2010). However, changes 

observed in respiration rates under drought are generally smaller than decreases in 

photosynthesis, resulting in the net carbon uptake being even more limited under water stress 

as the proportion of respiration to photosynthesis increases (Pinheiro & Chaves, 2011). 

The positive correlation between leaf nitrogen content and photosynthetic capacity is well 

established in many species (Field & Mooney, 1986; Evans, 1989; Reich et al., 1994, 1995; 

Hikosaka, 2004). Most nitrogen in the leaf is used to build photosynthesis relevant proteins 

such as RuBP carboxylase and thylakoid proteins (Evans, 1989; Makino & Osmond, 1991). 

Changes in leaf nitrogen content, which may be caused by variations in nitrogen supply in the 

soil or leaf senescence, therefore lead to changes in leaf photosynthesis (Grassi et al., 2002; 

Kitajima & Hogan, 2003; Dordas & Sioulas, 2008). The effects of nitrogen on photosynthesis, 

however, can be strongly linked with photosynthesis responses to water stress. On the one 

hand, nitrogen transformation processes, such as mineralization and nitrification, are closely 
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dependent on water and its mobility in the soil (Gonzalez-dugo et al., 2010). Less water uptake 

may also accompany with less mass transport in the soil, resulting in less nitrogen transporting 

to roots. Thus drought stress could affect nitrogen availability in the soil and affect plant 

nitrogen uptake (White et al., 2004). On the other hand, responses of CO2 diffusional processes 

(i.e., gs and gm responses) to water stress can be affected by leaf nitrogen, though the reported 

combined effects of water and nitrogen on gs are not consistent. The sensitivity of gs to water 

stress is found to increase or decrease with the increase of nitrogen supply (Radin & Ackerson, 

1981; Green & Mitchell, 1992; Liu & Dickmann, 1996). In general, gm is found to positively 

correlate with leaf nitrogen content (Evans, 1989; Lauteri et al., 1997). 

Since irrigation and fertilization are usually applied together in the greenhouse, variations in 

water and nitrogen levels occur simultaneously during crop growth, especially in low-tech 

greenhouses in which irrigation and fertilization may not always be optimized. Although the 

separate effects of water and nitrogen on photosynthesis have been extensively studied (e.g., 

Tenhunen et al., 1990; Grassi et al., 2002; Cechin & de Fátima Fumis, 2004; Misson et al., 

2004; Gu et al., 2012), the combined effects of water and nitrogen on photosynthesis have 

received less attention (e.g., Shangguan et al., 2000). Quantifying photosynthesis responses to 

water and nitrogen stress combinations is an important step towards understanding and 

optimizing crop photosynthesis in low-tech greenhouses. 

Photosynthesis responses to changes in plant structure 

Plant structure can be physically changed by many external factors during plant growth. In 

natural environments, plants endure loss of leaf area (i.e., partial defoliation) due to herbivore 

feeding and physical damage. While losses of leaves and branches reduce leaf area, the 

reduction in plant growth could be partly alleviated by plant compensatory responses. 

Defoliated plants often show an increased leaf photosynthesis mainly through increasing their 

leaf photosynthetic capacity (Amax) and improving light penetration in the canopy (Anten & 

Ackerly, 2001). The increase in Amax upon defoliation is associated with several factors 

including improved leaf nitrogen availability (Lavigne et al., 2001; Ozaki et al., 2004), 

increased stomatal conductance (Ozaki et al., 2004), increased availability of water, nutrient 

and hormones (Mc Naughton, 1983), delayed leaf senescence and increased soluble protein 

concentrations (Nowak & Caldwell, 1984), increased specific activity of Rubisco (Turnbull et 

al., 2007), and decreased source:sink ratio at whole-plant level (Eyles et al., 2013). Besides, 
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after certain period following defoliation, the increased Amax in defoliated plants decreases to 

the level similar to that of non-defoliated plants (Turnbull et al., 2007). Furthermore, 

remaining parts of the defoliated plants could adapt their architecture to optimize light 

interception. Defoliated plants could alter their pattern of resource allocation to favour leaf 

area production (Pinkard & Beadle, 1998; Anten et al., 2003; Cooper et al., 2003; Eyles et al., 

2009). In addition, other plant architectural traits (e.g., leaf inclination angle) relevant to light 

interception may also change in defoliated plants, since light environment around the 

remaining plant parts changes following defoliation.  

Branch pruning and shoot bending are two types of structure manipulations often used in crop 

production to optimize plant architecture and source-sink relations to achieve a better yield 

and product quality (Medhurst et al., 2003; Kim & Lieth, 2004). In general, plant responses to 

branch pruning are similar to responses to partial defoliation, except that pruning also results 

in losses of stems in addition to leaves. This may affect compensatory responses such as leaf 

area production due to changes in source-sink relations, as stem can be a storage organ for 

assimilates. Branch pruning also stimulates axillary bud break because of the removal of 

correlative inhibition and the increase of light intensity at the positions of axillary buds due to 

branch removal (Wubs et al., 2013). Shoot bending is normally applied in some woody species 

crops (e.g., rose) and fruit trees (e.g., apple and pear) (Ito et al., 1999; Kim & Lieth, 2004; Han 

et al., 2007; Liu & Chang, 2011; Lopez et al., 2014). In cut-rose production, weak and non-

flowering shoots are bent downwards such that they do not shade the flower shoots while 

producing assimilates that can be used for flower shoot growth to improve their ornamental 

quality (e.g., stem length and thickness) (Kool & Lenssen, 1997; Särkkä & Eriksson, 2003; 

Kim et al., 2004). Bending away some upwardly growing shoots reduces self-shading in the 

remaining upright shoots, which may increase upright shoot light interception and 

photosynthesis. On the other hand, bent shoots are located below upright shoots where light 

intensity is relatively low. Leaves on bent shoots could acclimate to the shade environment, 

resulting in low photosynthetic capacity of these leaves (González-Real et al., 2007). Bent 

shoots could also endure local buckling of the stem, which decreases xylem transectional area 

and hydraulic conductance, and thus reduce leaf photosynthesis (Schubert et al., 1995; Kim et 

al., 2004). 
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To analyse photosynthesis responses to crop structure manipulations, we need to (i) quantify 

the instantaneous effects of changes in plant architecture on plant light absorption and 

photosynthesis, (ii) quantify the acclimation responses of plant architectural development and 

leaf photosynthesis following crop structure manipulations, and (iii) quantify the effects of 

these acclimation responses on plant photosynthesis. Knowledge of the three aspects is 

important for optimizing photosynthesis responses to crop structure manipulations in 

greenhouse crop production. 

Experimental systems and research approaches used in this thesis 

In this thesis, I aim to quantify photosynthesis responses (at leaf, plant and crop level) to 

multiple greenhouse conditions, including variations in PAR and R:FR levels, water and 

nitrogen conditions, and crop structure manipulations. To this end, a combination of 

experimentation and modelling is applied, taking lily and rose crops growing in the greenhouse 

as examples.  

To study photosynthesis responses at leaf level, I choose lily crop (Lilium auratum × 

speciosum) that is subjected to water and nitrogen stress combinations as the experimental 

system. This choice is made because of the following three reasons. (i) Water and nitrogen are 

two factors that may have strong interactive effects on photosynthesis at leaf level (see section 

“Photosynthesis responses to water and nitrogen”). (ii) Lily is an important cut-flower crop 

worldwide. In particular, this crop is widely growing in low-tech greenhouses in China, in 

which fluctuations in water and nitrogen levels frequently occur (Dai et al., 2011; Lin et al., 

2011). As a result, lily plants are frequently subjected to different combinations of water and 

nitrogen stress. (iii) Lily is a monocotyledonous herbaceous species which has a single-

stemmed growth form, resulting in a relatively simple plant architecture. As the focus of 

photosynthesis responses to water and nitrogen stress combinations in lily crop is at the leaf 

level, the simple plant architecture of lily is favourable for excluding effects occurring at plant 

and crop level to some extent. Subsequently, to quantify the leaf-level photosynthesis 

responses, I use a combination of the biochemical photosynthesis model of Farquhar, von 

Caemmerer and Berry (the FvCB model) (Farquhar et al., 1980) and the stomatal conductance 

model of Ball, Woodrow and Berry (the BWB model) (Ball et al., 1987), which is revised by 

Leuning (1995) and Yin & Struik (2009a). The FvCB model and BWB model respectively 

describe photosynthetic processes and CO2 diffusional processes at leaf level. 
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To study photosynthesis responses at plant and crop level, I choose rose crop (Rosa hybrida) 

that is subjected to combined reductions in PAR and R:FR, and shoot bending as the 

experimental system. This choice is made because of the following three reasons. (i) PAR and 

R:FR are two factors that are known to strongly affect leaf photosynthetic and plant 

architectural traits (see section “Photosynthesis responses to light intensity and spectrum”). 

Bending part of the shoots in plants not only directly changes the canopy structure, which 

affects plant light interception and photosynthesis, but also may induce photosynthesis 

responses at the leaf level (see section “Photosynthesis responses to changes in plant 

structure”). Therefore, the combined reductions in PAR and R:FR, and shoot bending entail 

strong photosynthesis responses at both leaf, plant and crop level. (ii) Rose is widely grown in 

modern greenhouses worldwide, in which artificial lighting is frequently applied. In addition, 

shoot bending is largely used in cut-rose production to improve flower shoot quality. As a 

result, rose plants are frequently subjected to simultaneous changes of PAR and R:FR, and 

shoot bending treatment. (iii) Rose is a dicotyledonous woody species whose structure is 

mainly determined by the branching pattern and its manipulation. Thus plant architecture of 

rose crop is relatively variable and is favourable to entail photosynthesis responses at both leaf, 

plant and crop level. Subsequently, to quantify photosynthesis responses at plant and crop level, 

a functional-structural plant (FSP) model is used. The FSP model simulates plant light 

absorption and photosynthesis of individual organs and considers plant architectural 

development in three-dimension (3D) (Vos et al., 2010). Thus the FSP model is suitable for 

upscaling photosynthesis from leaf to plant and crop level without specific assumptions for the 

canopy constitutes (e.g., homogeneous canopies with a uniform light distribution among 

individual leaves). By contrast, most canopy photosynthesis models (e.g., multi-layer, big-leaf, 

or sun-shade models) assume a homogeneous canopy, in which a strong light gradient only 

occurs at the vertical direction in the canopy (Hikosaka et al., 2016b). This assumption, 

however, does not hold for heterogeneous canopies in which light gradients could occur at 

both vertical and horizontal directions, such as the rose canopy in Chapters 4 and 5.  

Outline of this thesis 

From the background and questions introduced in this general introduction (Chapter 1), four 

research chapters are defined (Figure 1.1) as outlined below. 
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In Chapter 2, I quantify leaf photosynthesis responses to water and nitrogen stress 

combinations (Figure 1.1). First, I conduct an experiment in which lily plants are subjected to 

different water and nitrogen treatments. Then, I parameterize the FvCB model and the BWB 

model and estimate the mesophyll conductance for each water and nitrogen treatments. Finally, 

I investigate whether or not changes of these parameters with water and nitrogen stress 

combinations can be correlated with changes in leaf nitrogen content. The relationships 

between these parameters and leaf nitrogen content are incorporated into the combined FvCB 

and BWB model to explore leaf photosynthesis responses to different water and nitrogen stress 

combinations. 

In Chapter 3, I quantify plant photosynthesis responses to combined reductions in PAR and 

R:FR (Figure 1.1). First, I conduct an experiment in which rose plants are subjected to different 

combinations of PAR and R:FR levels by applying neutral shading screen and far-red LED on 

top of the plants. From the experiment, individual plant trait responses (including leaf 

photosynthetic responses and plant architectural responses) to PAR and R:FR levels are 

separately quantified. Then, an FSP model of rose is used to quantify the effects of each 

individual trait responses on plant light absorption and photosynthesis, and to explore the 

interactions between individual trait responses to PAR and to R:FR levels on plant 

photosynthesis. 

In Chapter 4, I quantify the contribution of bent shoots to plant photosynthesis in a 

heterogeneous rose canopy (Figure 1.1). In cut-rose production, weak and non-flowering 

shoots are bent downwards, resulting in the rose plants consisting of vertically growing flower 

shoots (i.e., upright shoots) and horizontally growing bent shoots. First, I conduct an 

experiment in which rose plants are subjected to different numbers of bent shoots (0, 1 or 3). 

From the experiment, the effects of bent shoot presence on upright shoot architectural 

development and leaf photosynthesis are quantified. Then, an FSP model is used to separately 

quantify the contribution of upright shoots and bent shoots to photosynthesis of the whole 

canopy. 

As leaves mostly absorb red light and reflect a large fraction of far-red light, the presence of 

bent shoots may also entail a low R:FR signal in light reflected upwards, which may affect 

upright shoot architecture. In Chapter 5, I tested whether and how reflection of far-red light by 

bent shoots may induce upright shoot responses and how this in turn indirectly affects plant 
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photosynthesis (Figure 1.1). First, I conduct an experiment in which rose plants, with or 

without bent shoots, were grown with neighbour rose plants with or without bent shoots. From 

the experiment, I quantify the relationships between the presence of bent shoots and the R:FR 

ratio (in both incident light, side-reflected light and light reflected upwards) distributions in 

upright shoots, as well as the upright shoot architectural responses. Then, an FSP model is 

used to evaluate the consequences of responses to R:FR signals in light reflected from below 

for plant performance in terms of light absorption and photosynthesis.  

Results in Chapters 2-5 are further discussed in a broader context in the general discussion 

(Chapter 6). Specifically, I discuss three main themes, inducing the combination of multiple 

factors affecting plant performance, the upscaling of photosynthesis from leaf to canopy, and 

the applications of FSP models, in the broader perspective of crop production. First I discuss 

the importance of studying plant responses to combinations of multiple environmental factors. 

Then I discuss the relevance of upscaling from responses of individual functional traits to 

performance at plant and crop levels. Following this part, I discuss how FSP models can be 

useful tools to do the upscaling, and discuss the potential strength of combining FSP models 

with other modelling approaches. Finally, I discuss the implications of the three main themes 

for crop breeding and cultivation in the greenhouse and field. 
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Abstract 

Accurately predicting photosynthesis in response to water and nitrogen stress is the first step 

towards predicting crop growth, yield and many quality traits under fluctuating environmental 

conditions. While mechanistic models are capable of predicting photosynthesis under 

fluctuating environmental conditions, simplifying the parameterisation procedure is important 

towards a wide range of model applications. In this study, the biochemical photosynthesis 

model of Farquhar, von Caemmerer and Berry (the FvCB model) and the stomatal conductance 

model of Ball, Woodrow and Berry which was revised by Leuning and Yin (the BWB-

Leuning-Yin model) were parameterised for Lilium (L. auratum × speciosum ‘Sorbonne’) 

grown under different water and nitrogen conditions. Linear relationships were found between 

biochemical parameters of the FvCB model and leaf nitrogen content per unit leaf area (Na), 

and between mesophyll conductance and Na under different water and nitrogen conditions. By 

incorporating these Na-dependent linear relationships, the FvCB model was able to predict the 

net photosynthetic rate (An) in response to all water and nitrogen conditions. In contrast, 

stomatal conductance (gs) can be accurately predicted if parameters in the BWB-Leuning-Yin 

model were adjusted specifically to water conditions; otherwise gs was underestimated by 9% 

under well-watered conditions and was overestimated by 13% under water-deficit conditions. 

However, the 13% overestimation of gs under water-deficit conditions led to only 9% 

overestimation of An by the coupled FvCB and BWB-Leuning-Yin model whereas the 9% 

underestimation of gs under well-watered conditions affected little the prediction of An. Our 

results indicate that to accurately predict An and gs under different water and nitrogen 

conditions, only a few parameters in the BWB-Leuning-Yin model need to be adjusted 

according to water conditions whereas all other parameters are either conservative or can be 

adjusted according to their linear relationships with Na. Our study exemplifies a simplified 

procedure of parameterising the coupled FvCB and gs model that is widely used for various 

modelling purposes. 

Keywords: mesophyll conductance; model; nitrogen; photosynthesis; stomatal conductance; 

water 
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Introduction 

In the past decades, many crop models have been developed for predicting yield in response 

to changing environments. Some studies evaluated the performance of different crop models 

under different growth conditions such as different temperature, water supply and soil fertility 

(Jamieson et al., 1998; Adam et al., 2011; Palosuo et al., 2011). Surprisingly, when testing 

these models under a large land scale or long time span, the yield predictions in most models 

turned out to be an artefact of the balance between incorrect predictions of assimilation and 

leaf area index (Jamieson et al., 1998) or between biomass production and harvest index 

(Palosuo et al., 2011). The radiation-use efficiency approach that was taken in many crop 

models may over-simplify underlying processes and a more detailed approach, based on 

quantitative functional relationships for underlying processes, is needed in order to capture the 

effects of high temperature and high radiation intensities on crop growth under changing 

environments (Adam et al., 2011; Challinor et al., 2009). While detailed models usually 

require more effort in terms of model parameterisation, some parameters and functional 

relationships are found to change very little (i.e. are conservative) among crop types (von 

Caemmerer et al., 2009) and environmental conditions (Yin, 2013). Therefore, it is important 

to test the conservative level of commonly used functional relationships, so as to balance 

between the level of detail in these models and the efforts needed for model parameterisation.  

Photosynthesis is the primary physiological process that drives crop growth and productivity 

and influences many plant quality traits, and is strongly affected by environmental factors. 

Accurately predicting photosynthesis is the first step towards predicting crop growth, yield 

and quality in response to environmental changes. Water and nitrogen variations frequently 

occur in crop fields. The effects of water and nitrogen on photosynthesis have been extensively 

and separately studied (Grassi et al., 2002; Xu & Baldocchi, 2003; Gu et al., 2012). The 

combined effect of water and nitrogen on photosynthesis, however, has received less attention. 

Previous modelling studies have shown that the use of empirical factors to capture the effect 

of stresses, does not model photosynthesis reliably in many cases (Jamieson et al., 1998). The 

effects of environmental factors on leaf photosynthesis can be best investigated by use of the 

biochemical model of Farquhar, von Caemmerer and Berry (the FvCB model hereafter) 

(Farquhar et al., 1980) combined with diffusion models. The FvCB model has been widely 

used to describe photosynthesis in response to multiple environmental changes (Harley et al., 
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1992; Grassi et al., 2002; Xu & Baldocchi, 2003; Monti, 2006; Qian et al., 2012). The model 

describes photosynthesis as the minimum of the Rubisco-limited rate and the electron 

transport-limited rate. Major parameters in this model are the maximum Rubisco carboxylation 

rate (Vcmax, definitions of all model variables hereafter are listed in Table 2.1), the maximum 

electron transport rate (Jmax) and the mitochondrial day respiration (Rd). These biochemical 

parameters have been found to be linearly correlated with leaf nitrogen content per unit leaf 

area (Na) under environmental changes such as various nitrogen supply (Grassi et al., 2002; 

Yin et al., 2009) and elevated CO2 (Harley et al., 1992; Yin 2013), as well as seasonal changes 

(Zhu et al., 2011). However, whether or not the linear relationships between these biochemical 

parameters and Na exist under drought is debatable, mainly due to inconsistent effect of 

drought on Na (Díaz-Espejo et al., 2006; Damour et al., 2008, 2009).  

The FvCB model itself requires the CO2 concentration in the chloroplast (Cc) as an input 

variable. To this end, estimating stomatal conductance (gs) and mesophyll conductance (gm) is 

necessary to enable the FvCB model to predict photosynthesis using the atmospheric CO2 level 

(Ca) as input. The stomatal conductance model of Ball, Woodrow and Berry (1987) (the BWB-

type model hereafter), as one of the most commonly used models of gs, is often coupled with 

the FvCB model (Harley et al., 1992; Kosugi et al., 2003). In the BWB-type model, gs responds 

to net photosynthetic rate, relative humidity and CO2 concentration at the leaf surface. 

Although it is phenomenological, the BWB-type model is widely used to model gs at leaf level 

(e.g. Leuning, 1995) and is the most feasible yet biologically robust tool for extrapolating gs 

at the field or forest stand level (Misson et al., 2002; Alton et al., 2007). The original BWB-

type model does not capture stomatal responses to soil water status, thus some efforts were 

made towards modifying the BWB-type model to predict gs under drought. Either the slope 

used in the BWB-type model (describing the response of gs to photosynthetic rate, relative 

humidity or vapour pressure deficit and CO2 concentration) (Tuzet et al., 2003; Maseyk et al., 

2008; Héroult et al., 2013) or the residual stomatal conductance (the value of gs when 

irradiance approaches to zero) (Misson et al., 2004) was reported to decrease under drought, 

and was related to soil moisture or leaf water potential (Baldocchi, 1997; Misson et al., 2004; 

Keenan et al., 2010; Egea et al., 2011; Li et al., 2012; Müller et al., 2014; Wang and Leuning, 

1998; Zhou et al., 2013). In another study, however, neither of these two parameters was 

affected by drought (Xu & Baldocchi, 2003). So far, there is no consensus as to how to adjust 

the BWB-type model parameters to properly model gs under drought. Moreover, there are very 
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few studies that investigated the responses of these parameters to nitrogen supply and to the 

combination of water and nitrogen supply. 

gm has been considered as infinite in most early studies, in which intercellular CO2 

concentration (Ci) was used to substitute Cc in the FvCB model (Harley et al., 1992; Kosugi et 

al., 2003). However, this assumption has later been proved not true since Cc is lower than Ci 

(Warren, 2004). Ignoring gm leads to the underestimation of Vcmax, especially under stress 

conditions such as drought (Monti, 2006). gm has been found to decrease under water-deficit 

conditions and low nitrogen availability in many previous studies (reviewed in Flexas et al., 

2008). There have been only a few attempts to incorporate the effect of drought on gm in the 

photosynthesis model by using a dependence of gm on gs (Cai et al., 2008) based on the 

observation of a close correlation between gs and gm in response to water-deficit conditions 

(Flexas et al., 2002; Warren, 2008; Perez-Martin et al., 2009) or by including an empirical soil 

moisture dependent function for gm (Keenan et al., 2010). Given that so far no consensus exists, 

more investigations are needed to incorporate the responses of gm to water and nitrogen 

variations into the photosynthesis model. 

When applying the combined FvCB, gs and gm model for predicting photosynthetic responses 

to fluctuating environmental variables, inevitably many parameters need to be quantified. 

Information about which parameters are conservative and which are variable depending on the 

treatment is extremely useful for predicting photosynthesis under diverse environmental 

conditions. Given the previous experience that the FvCB model parameters, once expressed as 

a function of Na, are not altered by environmental variables such as elevated [CO2] (Yin 2013), 

we are particularly interested in examining whether the responses of FvCB, gs and gm model 

parameters to water and nitrogen stress can be modelled using a single set of parameters when 

they are related to leaf nitrogen content. The objectives of this study are (i) to test whether or 

not water and nitrogen stress combinations change the linear relationships between 

photosynthetic biochemical parameters and leaf nitrogen content, and (ii) to investigate the 

responses of stomatal conductance model parameters and mesophyll conductance to different 

water and nitrogen conditions and to quantify these responses for the purpose of model 

simplicity. To this end, we used Lilium (L. auratum × speciosum ‘Sorbonne’) as the test plant, 

as this plant is commonly grown under low-investment greenhouses where plants are 

frequently subject to  different water and nitrogen regimes.   
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Table 2.1. List of model variables and their definitions and units. 

Variable  Definition Unit 

Ac Rubisco carboxylation-limited photosynthetic rate mol CO2 m-2 s-1 

Aj Electron transport-limited photosynthetic rate mol CO2 m-2 s-1 

An Net photosynthetic rate mol CO2 m-2 s-1 

a1 Ratio of Ci to Ca for vapour saturated air -- 

b1 Decreasing slope of Ci/Ca ratio with the increase of VPD kPa-1 

Ca Ambient CO2 level bar 

Cc CO2 level in the chloroplast bar 

Ci Intercellular CO2 level bar 

Ci* Ci-based CO2 compensation point in the absence of Rd bar

DJmax Deactivation energy of Jmax J mol-1

Dgm Deactivation energy of gm J mol-1

Egm Activation energy of gm J mol-1

EJmax Activation energy of Jmax J mol-1

EKmC Activation energy of KmC J mol-1

EKmO Activation energy of KmO J mol-1

ERd Activation energy of Rd J mol-1

EVcmax Activation energy of Vcmax J mol-1

fcyc Fraction of electrons at PSI following the cyclic transport 

around PSI 

-- 

fpseudo Fraction of electrons at PSI following the pseudocyclic 

transport 

-- 

F�
�  Maximum fluorescence -- 

Fs Steady-state fluorescence -- 

gm Mesophyll conductance mol m-2 s-1 bar-1 

gm25 Value of gm when leaf temperature is 25 °C mol m-2 s-1 bar-1 

gs Stomatal conductance for CO2 diffusion mol m-2 s-1 

g0 Residual stomatal conductance when the irradiance approaches 

to zero 

mol m-2 s-1 

Iinc Incident irradiance mol photon m-2 s-1 

J PSII electron transport rate that is used for CO2 fixation and 

photorespiration 
mol e- m-2 s-1 

Jmax Maximum value of J under saturating irradiance  mol e- m-2 s-1 

Jmax25 Value of Jmax when leaf temperature is 25 °C mol e- m-2 s-1 

KmC Michaelis-Menten coefficients of Rubisco for CO2 bar 

KmC25 Value of KmC when leaf temperature is 25 °C bar 

KmO Michaelis-Menten coefficients of Rubisco for O2 mbar 

KmO25 Value of KmO when leaf temperature is 25 °C mbar 

LMA Leaf mass per area g m-2 

Na Leaf nitrogen content per unit leaf area g N m-2 leaf 

Nb Base leaf nitrogen content at or below which An is zero g N m-2 leaf 

O Partial pressures of O2 in the chloroplast mbar 

R Universal gas constant (=8.314) J K-1 mol-1 

Rd Mitochondrial day respiration mol CO2 m-2 s-1 
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Variable  Definition Unit

Rd25 Value of Rd when leaf temperature is 25 °C mol CO2 m-2 s-1 

s Factor used to calculate electron transport rate from chlorophyll 

fluorescence 

-- 

SJmax Entropy term of Jmax J K-1 mol-1

Sgm Entropy term of gm J K-1 mol-1

T Leaf temperature °C 

Vcmax Maximum Rubisco carboxylation rate mol CO2 m-2 s-1 

Vcmax25 Value of Vcmax when leaf temperature is 25 °C mol CO2 m-2 s-1 

VPD Vapour pressure deficit kPa 

J Slope of the linear relationship between Jmax25 and Na mol e- (g N)-1 s-1 

V Slope of the linear relationship between Vcmax25 and Na mol CO2 (g N)-1 s-1 

F Apparent operating efficiency of PSII photochemistry mol e- (mol photon)-1 

* CO2 compensation point in the absence of Rd bar 

k2LL Conversion efficiency of incident light into J at strictly limiting 

light 

mol e- (mol photon)-1 

q Convexity factor for response of J to Iinc -- 

β Absorptance of light by leaf photosynthetic pigments -- 

ρ2 Proportion of absorbed light partitioned to PSII -- 

PSI: photosystem I; PSII: photosystem II. 

 

Materials and methods 

Plant materials and experimental design 

Four experiments with the same type of water and nitrogen treatments were conducted in 

different growth seasons in a plastic greenhouse located at Nanjing, China (32°N, 118°E) 

during 2009 to 2011 (Table 2.2). The greenhouse, covered by anti-drop polyvinyl chloride film, 

was composed of two spans and east-west oriented with a length of 28 m, span width of 8 m, 

gutter height of 3 m and arch height of 5 m. Heating pipes were installed during winter season. 

During summer season, the greenhouse was cooled through natural ventilation and an inner 

shading screen installed at the position with a distance of 1.01.4 m to the top. Temperature, 

vapour pressure deficit and photosynthetically active radiation are shown in the supporting 

information (Figures S2.1, S2.2, S2.3). No CO2 enrichment was applied, and standard 

cultivation practices for disease and pest control were used as is common for commercial 

Lilium production in China. Lilium bulbs, with a circumference of 1416 cm, were planted in 

plastic pots filled with substrates of sand, turf and soil (3:1:1). The physicochemical properties 
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of the substrate are shown in Table 2.2. The pots, with a depth of 14 cm, upper diameter of 18 

cm and bottom diameter of 12 cm, were put on seedling beds (l × w × h = 25.0 m × 1.7 m × 

1.0 m) and arranged at a density of 36 plants m-2. 

Two water levels were used: well-watered conditions, with a soil water potential (SWP) of −4 

to −15 kPa according to Li et al. (2012), and water-deficit conditions, with a SWP of −20 to 

−40 kPa. The SWP at 0.1 m below the soil surface was monitored using tensiometers (SWP-

100, Institute of Soil Science, Chinese Academy of Sciences) with three replicates per water 

level. When the SWP reached its designed lower limit value, plants were irrigated until it 

reached the designed upper limit value. The SWP at 0.1 m below the soil surface and the 

corresponding gravimetric soil water content were measured to establish calibration curves. 

These curves were then used to determine the amount of water required for irrigation. The 

dates of starting water treatment in the four experiments are shown in Table 2.2. 

At each water level, there were four levels of nitrogen supply: 25, 45, 65 and 85 mg available 

nitrogen per kg substrate (hereafter N25, N45, N65 and N85, respectively). Nitrogen was 

added in the substrate as urea taking into account that urea can be converted into nitrate within 

one or two days (Harper, 1984). The amount of urea needed was calculated based on the 

targeted treatment level and the amount of available nitrogen in the substrate (Table 2.2), and 

urea was directly spread in the substrate, with the dates shown in Table 2.2. According to Sun 

(2013), 65 mg available nitrogen per kg substrate is the optimal level of nitrogen supply in 

commercial Lilium production for the cultivar used in this study. Treatments, with a plot area 

of 2.0 ×1.5 m2 and three replicates per treatment, were arranged in a split-plot design with 

water level assigned to the main plots and nitrogen level to the sub-plots. 
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Gas exchange and chlorophyll fluorescence measurements 

Gas exchange was measured on newly fully expanded leaf (the 4th leaf counting from the top 

downward) at flower bud visible stage using the LI-6400 Portable Photosynthesis System (Li-

Cor BioScience, Lincoln, NE, USA) under 21% O2. In Exp. 1, both light response curves and 

Ci response curves were measured in order to identify any differences in photosynthesis 

parameter estimation by using these two types of curves. For light response curves, incident 

irradiance (Iinc) in the leaf cuvette was decreased in the series of 1500, 1200, 1000, 600, 400, 

200, 100, 50, 20 and 0 mol m-2 s-1, while keeping Ca at 370 mol mol-1. For Ci response 

curves, Ca was increased stepwise: 50, 100, 150, 200, 250, 380, 650, 1000 and 1500, while 

keeping Iinc at 800 mol m-2 s-1. The microclimate conditions in the leaf chamber were 

automatically controlled. The CO2 concentration and water vapour between leaf and the 

reference chamber were automatically matched before data were recorded. We found that 

photosynthesis parameters estimated from An-Iinc curves and An-Ci curves were similar (see 

Results). Therefore, in Exps. 2, 3 and 4, only An-Iinc curves were measured, as measurement of 

An-Ci curves inevitably involves the problem of CO2 leakage into and out of the leaf cuvette, 

which would require additional measurements to correct for.  

Chlorophyll fluorescence was simultaneously measured using FMS2 (Hansatech Instruments 

Ltd, UK) at a similar position on the leaf where gas exchange was measured. The steady-state 

fluorescence (Fs) was measured under natural radiation level (ranged from 0 to 1200 mol m-

2 s-1) and saturating Iinc (at 1500 mol m-2 s-1) after 3 to 5 mins light adaptation, followed by 

applying a light pulse > 7000 mol m-2 s-1 for < 1 s to measure maximum fluorescence F�
� . 

The apparent operating efficiency of photosystem II photochemistry (F) was calculated as 

Φ� = 1 − �� ��
�⁄  (Genty et al., 1989). 

Due to inadequate environmental control in the low-investment greenhouse, air temperature 

and vapour pressure deficit (VPD) hardly stayed constant although they were kept within the 

range suitable for Lilium growth (Figures S2.1 & S2.2). Therefore, all gas exchange and 

chlorophyll fluorescence measurements in the four experiments were subjected to variations 

of temperature and VPD. 

In order to convert chlorophyll fluorescence data on Finto electron transport rate, combined 

measurement of gas exchange and chlorophyll fluorescence was conducted using the LI-
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6400XT Portable Photosynthesis System (Li-Cor BioScience, Lincoln, NE, USA) at low 

oxygen using a gas blend of 2% O2 and 98% N2 in the leaf chamber at flower bud visible stage 

(Exp. 1). An−Iinc curves were measured while keeping Ca at 1000 mol mol-1, to create non-

photorespiratory conditions. An at high Ca levels (i.e. 650, 1000 and 1500 mol mol-1) at 2% 

O2 was also measured while keeping Iinc at 800 mol m-2 s-1. F was assessed using the same 

procedure as described above. In order to establish the correlation of estimating Rd using 

different methods, combined measurement of gas exchange and chlorophyll fluorescence for 

An−Iinc curves (under 21% O2, keeping Ca at 370 mol mol-1 ) was also conducted in Exp. 1. 

All gas exchange data wherever the set-point Ca differed from the ambient CO2 level were 

corrected for CO2 leakage from measurements using thermally killed leaves. 

Leaf characteristics 

After gas exchange and chlorophyll fluorescence measurements, the leaves were cut, and leaf 

area was measured before being put in the oven at 105°C for 30 min and subsequently at 80°C 

until constant weight. Leaf nitrogen concentration (for organic nitrogen) was measured by 

using the Kjeldahl digestion method (Sun, 2013). Briefly, leaf dry samples were ground, and 

a 0.5 g of ground sample was digested with 30% hydrogen peroxide and 5 mL of concentrated 

sulphuric acid at 340 C. 10 mL of 10 mol L-1 sodium hydroxide was then added for distilling 

the digested solution. The distillate was titrated using 0.02 mol L-1 sulfuric acid, and 

bromocresol green-methyl red was used as the indicator. Leaf nitrogen content per unit leaf 

area (Na, g m-2 ) was calculated based on leaf nitrogen concentration, leaf dry weight and leaf 

area. 

Estimation of photosynthetic model parameters 

The FvCB model (Farquhar et al., 1980) predicts net photosynthetic rate (An) as the minimum 

of the Rubisco carboxylation-limited rate (Ac) and the electron transport-limited rate (Aj): 

�� = mi n(��, ��)        (2.1) 

�� =
(���Γ∗)�����

������(���/���)
− ��        (2.2) 

�� =
(���Γ∗)�

�����Γ∗
− ��         (2.3) 
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where Cc and O are the chloroplast partial pressures of CO2 and O2, respectively; KmC and KmO 

are the Michaelis-Menten coefficients of Rubisco for CO2 and O2, respectively; Rd is day 

respiration; * is the CO2 compensation point in the absence of Rd and was calculated as 

0.5�
���

���
[exp (−3.3801 +

����

����(�����)
)] (Yin et al. 2004), derived from the parameter values 

of Bernacchi et al. (2001); J is the photosystem II electron transport rate that is used for CO2 

fixation and photorespiration.  

Rd was firstly estimated as the y-axis intercepts of the linear regression plots of An against Iinc 

(the Kok method hereafter) (Sharp et al., 1984). The Kok method tends to underestimate Rd 

(Sharp et al., 1984; Yin et al., 2011). Therefore, Rd was also estimated from the linear 

regression of An against (IincΦ2/4) (the Yin method hereafter) (Yin et al., 2009; 2011) using 

data available from the combined measurement of gas exchange and chlorophyll fluorescence, 

in order to establish the calibration relationship between values of Rd estimated by the two 

methods. As combined gas exchange and chlorophyll fluorescence data were used only in part 

of our measurements, all the Rd estimated based on the Kok method was then corrected 

according to the established calibration relationship to obtain Rd estimates for all treatments. 

The calculation of Ac or Aj in the FvCB model requires Cc, which is unknown beforehand. 

Therefore, Aj relevant parameters were estimated based on Yin et al. (2009) using chlorophyll 

fluorescence data. To convert fluorescence-based data on F2 into electron transport rate J, a 

calibration needs to be made for each water and nitrogen treatment. This was done by linear 

regression plot of Aj against (IincΦ2/4), using data obtained under non-photorespiratory 

conditions from low light levels of the An−Iinc curve and three high CO2 levels. The slope s of 

this linear regression was used as a calibration factor to calculate values of electron transport 

rate under all conditions: J = sIincΦ2 (Yin et al., 2009). The obtained J was then fitted to the 

following equation to obtain electron transport parameters of the FvCB model: 

� =
k����� ������� ��(k����� ������� )�������� ������ ��

��
       (2.4) 

where k2LL is the conversion efficiency of incident light into J at strictly limiting light; Jmax is 

the asymptotic maximum value of J when Iinc approaches to saturating level; q is a convexity 

factor for response of J to Iinc, and was assumed to have a constant value of 0.8 (Yin & Struik, 

2015). Since chlorophyll fluorescence measurement was conducted under fluctuating 
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temperature, the value of Jmax at 25 °C (Jmax25) and k2LL were calculated by combining Eq. 2.4 

with Eq. 2.7 (see later) that describes the temperature response of Jmax. 

With Jmax25 and k2LL calculated as described above, Jmax for each An−Iinc curve from gas 

exchange measurement was derived according to the temperature level during each 

measurement using Eq. 2.7 (see later). J at each light level in the An−Iinc curve was then derived 

using Eq. 2.4 based on Jmax and k2LL calculated before. 

With J and Rd calculated, gm was then estimated assuming that gm was constant across the 

entire light response curve. Whether or not gm is constant across light or CO2 levels remains 

debatable, but this assumption allows the identification of any differences among water and 

nitrogen treatments in the actual average gm. For that purpose, a relatively less measurement 

error-sensitive method, the NRH-A method (Yin and Struik, 2009a), was used to estimate the 

value of gm as constant, by fitting the following non-rectangular hyperbolic (NRH) equation 

for the Aj part of the Ci-based FvCB model: 

� = 0.5 ��� − �� + ��(�� + ��) − �
[�� − �� + ��(�� + ��)]� −

4��[(�� − �∗)�� − ��(�� + ��)]
�  (2.5) 

where x1 = J/4 and x2 = 2*; Ci is the intercellular CO2 level. According to our experimental 

data, Aj-limitation in a light response curve of Lilium usually occurred at or below 1000 mol 

m-2 s-1, as a good linear relationship between An and J was observed within this range (Figure 

S2.4). The advantages of the NRH-A method over other existing methods including the most 

widely used variable-J method in deriving the average gm was fully illustrated by Yin and 

Struik (2009a). 

Eq. 2.5 can also be applied to calculate Ac by setting: x1 = Vcmax and x2 = ��� (1 + � ���⁄ ). 

Vcmax was then estimated by fitting the combined Eqs. 2.1, 2.4 and 2.5 to the entire light 

response curve or Ci response curve using the already estimated values of Jmax, k2LL, Rd and gm 

as input.  

Temperature responses of photosynthesis parameters 
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To account for the effect of the varying temperature during measurement, temperature 

response functions were introduced so that the estimation of key parameters could be adjusted 

to the same reference temperature for the comparison among treatments. The temperature 

responses of Rd and Rubisco kinetic properties (Vcmax, KmC and KmO) were described by an 

Arrhenius function Eq. 2.6, and the temperature responses of Jmax and gm were described by a 

peaked Arrhenius function Eq. 2.7, normalized with respect to their values at 25 °C: 

� = ����(����)��/[����(�����)]         (2.6) 

� = ����(����)��/[����(�����)][
���(��������)/����

���[(�����)�����]/[�(�����)]]     (2.7) 

where X stands for each parameter; X25 is the value of each parameter at 25 °C (Rd25, Vcmax25, 

KmC25, KmO25, Jmax25 and gm25); Ex is the activation energy of each parameter (ERd, EVcmax, EKmC, 

EKmO, EJmax and Egm); Sx and Dx are the entropy term and the deactivation energy, respectively 

(applying to Jmax and gm); T is the leaf temperature; R is the universal gas constant. Since 

Rubisco kinetic properties are generally assumed conserved among C3 species (von 

Caemmerer et al., 2009), values of KmC25, KmO25, EKmC and EKmO were fixed at 272.4 bar, 

165.8 mbar, 80990 J mol-1 and 23720 J mol-1, respectively, according to Bernacchi et al. (2002). 

To avoid over-parameterisation, ERd was fixed at 46390 J mol-1 (Bernacchi et al., 2001); SJmax 

and DJmax were fixed at 650 J K-1 mol-1 (Harley et al., 1992) and 200000 J mol-1 (Medlyn et 

al., 2002), respectively; Egm, Sgm and Dgm were fixed at 49600 J mol-1, 1400 J K-1 mol-1 and 

437400 J mol-1, respectively (Bernacchi et al., 2002). 

The relationships between biochemical parameters and leaf nitrogen content 

The photosynthetic capacity parameters Vcmax25 and Jmax25 are linearly related to Na (Harley et 

al., 1992; Braune et al., 2009): 

������� = ��(�� − ��)         (2.8) 

������ = ��(�� − ��)         (2.9) 
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where Nb is the base leaf nitrogen content at or below which An is zero, and a value of 0.35 g 

N (m2 leaf)-1 was used in this study (Archontoulis et al., 2012); V is the slope of Vcmax25 against 

Na, and J is the slope of Jmax25 against Na. 

Parameterisation of the stomatal conductance model 

A phenomenological model for stomatal conductance for CO2 transfer was first described by 

Ball et al. (1987), revised by Leuning (1995), and further revised by Yin and Struik (2009b). 

Li et al. (2012) called this model the BWB-Leuning-Yin model. In the model, stomatal 

conductance was described by: 

�� = �� +
����

�����∗
����                    (2.10) 

where g0 is the residual stomatal conductance when the irradiance approaches to zero; Ci* is 

the Ci-based CO2 compensation point in the absence of Rd and was calculated as (Γ∗ − ��/��) 

using *, Rd and gm calculated before as input; fvpd is a function describing the effect of VPD, 

which is not yet understood sufficiently and may be described empirically as (Yin and Struik, 

2009b): 

���� =
�

�/(��������)��
                    (2.11) 

where a1 represents the ratio of Ci to Ca for vapour saturated air, and b1 represents the 

decreasing slope of this ratio with increasing VPD, if g0 approaches to zero. Because of this 

obvious meaning of a1 and b1, we chose Eq. 2.11, instead of the equation of Leuning (1995), 

for our analysis of the effect of VPD on gs. Combining Eqs. 2.10 and 2.11, g0, a1 and b1 can 

be estimated by using the data of An, Ci and VPD obtained from gas exchange measurement. 

For that, measured stomatal conductance for water vapour transfer was divided by a factor 1.6 

to convert it to gs for CO2 transfer that is required for Eq. 2.10. 

Statistical and model analyses 

Using a non-linear regression with the GAUSS method in PROC NLIN of SAS (SAS Institute 

Inc., Cary, NC, USA), FvCB model parameters (Vcmax25, Jmax25, k2LL, Rd25, gm25, EVcmax and 

EJmax) and BWB-Leuning-Yin model parameters (g0, a1 and b1) were estimated. Whether or 
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not the treatment effect on each estimated parameter was significant was tested using an F test. 

Following that, conserved parameter values across treatment classes were also estimated.  

With these estimated parameters available, we aimed to test to what extent conserved 

parameter values could be used to predict An and gs under water and nitrogen stress 

combinations, for the purpose of simplifying model parameterisation. For such, a step-wise 

procedure was followed. First, we analysed whether or not water and nitrogen stress 

combinations change the linear relationships between biochemical parameters and Na, and 

tested to what extent conserved parameter values in the Ci-based FvCB model (Eq. 2.5) could 

be used to predict An under different water and nitrogen conditions. Second, we tested to what 

extent conserved parameter values could be used in the BWB-Leuning-Yin model to predict 

gs under different water and nitrogen conditions. Third, we explored the coupled FvCB and 

BWB-Leuning-Yin model (for the analytical solution for this coupled model, see Yin and 

Struik, 2009b), which allows using Ca as input to predict An. We used this coupled model to 

assess to what extent conserved parameter values in both the FvCB model and the BWB-

Leuning-Yin model could be used to predict An (using Ca as input) across various water and 

nitrogen treatment regimes.  

Results 

Model parameterisation  

Data of An−Iinc curves showed that both water-deficit conditions and low nitrogen supply 

decreased An (Figure 2.1). The initial linear part of these curves was explored to estimate Rd. 

Values of Rd estimated by the Kok method were generally lower than those estimated by the 

Yin method (Figure 2.2). The linear correlation between values of Rd estimated by the two 

methods (Figure 2.2) was used to correct all Rd estimated by the Kok method.  

The plot of Aj against (IincΦ2/4) using data obtained under low O2 condition from low light 

levels of the An−Iinc curves and three high CO2 levels was essentially linear (Figure 2.3). Both 

water and nitrogen conditions affected the value of the linear slope s, the calibration factor 

used to convert F2 into J. The factor decreased by low nitrogen supply and by water-deficit 

conditions. 
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Figure 2.1. Response curves of net CO2-assimilation rate (An) to incident irradiance (Iinc). 

(A) Curves obtained under well-watered conditions. (B) Curves obtained under water-deficit 

conditions. N85: diamond; N65: square; N45: triangle; N25: circle. Mean ± standard error of 

6 replicated plants. Leaf temperature during measurement = 20±2°C. 

 

 

Figure 2.2. The relationship between values of day respiration (Rd) estimated by Kok and 

Yin methods. Each point represents the estimate of Rd using the same An-Iinc curve. 
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Figure 2.3. Net CO2-assimialtion rate (An), measured under a non-photorespiratory 

condition, as a function of IincΦ2/4. Measurements were conducted under well-watered 

conditions (A,C,E,G) and water-deficit conditions (B,D,F,H). N85: A,B; N65: C,D; N45: E,F; 

N25: G,H. Closed symbols are from low light levels of the An-Iinc curves; open symbols are 

from three high CO2 levels at the same Iinc of 800 mol m-2 s-1; data for open symbols and 

closed symbols in the same panel were measured on the same leaf; see the text. 
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Vcmax estimated from An-Iinc curves and from available An-Ci curves under the same 

measurement conditions were very similar when using the same input values of Jmax, k2LL, Rd 

and gm (Figure 2.4). This suggested the reliability of using An-Iinc curves to estimate Vcmax. The 

estimated parameter values of the FvCB model for each treatment are listed in Table 2.3, and 

those of the BWB-Leuning-Yin model and gm are listed in Table 2.4. All parameters were 

reliably estimated, as the standard error values of the estimates were relatively small (Tables 

2.3 and 2.4). 

 

 

Figure 2.4. Comparison of Vcmax estimated from An-Iinc curves and An-Ci curves. 

Estimations were conducted using the same input values of Jmax, k2LL, Rd and gm. Each point 

represents value of Vcmax estimated from An-Iinc curve or An-Ci curve measured on the same 

leaf. 
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The response of estimated parameter values to water and nitrogen treatments 

Water-deficit conditions significantly decreased Vcmax25, Jmax25, k2LL and Rd25 at all nitrogen 

levels (Table 2.3). Vcmax25, Jmax25 and Rd25 decreased with decreasing of nitrogen availability 

whereas k2LL showed such a response to a much less clear extent under both water-deficit 

conditions and well-watered conditions (Table 2.3). Vcmax25, Jmax25 andk2LL were significantly 

lower in the combined water deficit and low nitrogen availability treatments than in other 

treatments (Table 2.3). Neither EJmax nor EVcmax was significantly affected by water and 

nitrogen treatments (Table S2.1). 

Water-deficit conditions significantly decreased g0, a1, b1 and gm25 at all nitrogen levels (Table 

2.4). g0 and gm25 decreased with decreasing nitrogen availability whereas a1 and b1 responded 

little to nitrogen treatments under both water-deficit conditions and well-watered conditions 

(Table 2.4). gm25 was significantly lower under the combined water deficit and the lowest 

nitrogen availability treatment than in other treatments (Table 2.4). 

The relationships between estimated parameter values and leaf nitrogen content 

Under both water-deficit conditions and well-watered conditions, Vcmax25, Jmax25, k2LL, Rd25, 

gm25 and g0 linearly increased with increasing Na (Figure 2.5). XV and XJ were determined as 

62 mol (g N)-1 s-1 and 93 mol (g N)-1 s-1, respectively (Figure 2.5A,C). The Na-dependent 

relationship was relatively less clear for other parameters (Figure 2.5B,D−F), but an F test 

revealed that water and nitrogen treatments did not significantly alter the linear relationships 

in all the six parameters. Linear relationship existed between Vcmax25 and Jmax25 with a slope of 

1.49 under different water and nitrogen treatments (Figure 2.6). 
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Figure 2.5. The estimated parameter values as a function of leaf nitrogen content (Na) 

under different water and nitrogen treatments. The estimated parameters include: (A) the 

maximum electron transport rate (Jmax25), (B) the conversion efficiency of limiting incident 

light into linear electron transport of photosystem II (k2LL), (C) the maximum Rubisco 

carboxylation rate (Vcmax25), (D) day respiration (Rd25), (E) mesophyll conductance (gm25), and 

(F) residual stomatal conductance when the irradiance approaches to zero (g0). Well-watered 

conditions: closed symbols; water-deficit conditions: open symbols. N85: diamond; N65: 

square; N45: triangle; N25: circle. Vertical error bar indicates standard error of estimate; 

horizontal error bar indicates standard error of the mean measured value. 
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Figure 2.6. The relationship between the maximum Rubisco carboxylation rate (Vcmax25) 

and the maximum electron transport rate (Jmax25) under different water and nitrogen 

treatments. Well-watered conditions: closed symbols; water-deficit conditions: open symbols. 

N85: diamond; N65: square; N45: triangle; N25: circle. Error bars indicate standard error of 

estimate. 

 

Comparison between model predictions and measured values for An and gs  

Since the linear relationships between biochemical parameters and Na were found to exist 

under different treatment combinations (Figure 2.5), we further tested to what extent conserved 

parameter values could be used in the FvCB model to predict An under different water and 

nitrogen conditions. Two sets of comparisons between the measured An and the predicted An 

were conducted, (i) using treatment-specific parameter values (i.e. using specific parameter 

values obtained under each treatment) (Figure 2.7A,B), and (ii) using shared parameter values 

(i.e. incorporating the Na-dependent linear relationships and using overall EJmax and EVcmax 

values) (Figure 2.7C,D). For this second set of comparison, the overall values of EJmax and 

EVcmax for all treatments were estimated (Table S2.1) by incorporating the linear relationships 

between parameters (Vcmax25, Jmax25, k2LL, Rd25 and gm25) and Na. The coefficient of 

determination (r2) between estimated and measured An in both comparisons ranged from 0.85 

to 0.94 (Figure 2.7).  
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Figure 2.7. Comparisons between the measured net CO2-assimilation rate (An) and the 

predicted An. An was predicted by the Ci-based FvCB model either using treatment-specific 

parameter values (A,B), or using shared parameter values (C,D). Well-watered conditions: 

A,C; water-deficit conditions: B,D. N85: diamond; N65: square; N45: triangle; N25: circle. 

The equation in each panel represents the linear regression of predicted (y) versus measured 

values (x) by forcing the line through the origin, r2 is the determination coefficient of the 

regression, and rRMSE is the relative root-mean-square error (= 
�

�̅
�

∑ (�����)��
���

�
, where n is the 

number of data points, and �̅ is the mean of the measured values). 
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We also tested to what extent conserved parameter values could be used in the BWB-Leuning-

Yin model (Eqs. 2.10 and 2.11) to predict gs under different water and nitrogen conditions. 

Since nitrogen had been found to have little effect on a1 and b1 (Table 2.4) and g0 could be 

linearly correlated with Na under both well-watered conditions and water-deficit conditions 

(Figure 2.5F), we tested to what extent conserved values of a1, b1 and g0 can be used. For this 

purpose, we incorporated the linear relationships between model parameters (g0 and gm25) and 

Na, and estimated overall values of a1 and b1 for all treatments (Table 2.4). Three sets of 

comparisons between the measured gs and the predicted gs were conducted, (i) using treatment-

specific parameter values (Figure 2.8A,B), (ii) using shared parameter values for each water 

treatment (i.e. incorporating the Na-dependent linear relationships and using overall values of 

a1 and b1 for each water treatment group given in Table 2.4) (Figure 2.8C,D), and (iii) using 

shared parameter values for all treatments (i.e. incorporating the Na-dependent linear 

relationships and using overall values of a1 and b1 for all treatments given Table 2.4) (Figure 

2.8E,F). Using treatment-specific parameter values in the BWB-Leuning-Yin model, the r2 

between estimated and measured gs was 0.61 under well-watered conditions and 0.57 under a 

water deficit (Figure 2.8A,B); using shared parameter values for each water treatment, the r2 

was 0.55 for well-watered plants and 0.43 under a water deficit (Figure 2.8C,D). When shared 

parameters were used for all treatments, gs was appreciably underestimated under well-watered 

conditions (Figure 2.8E), but overestimated under a water deficit (Figure 2.8F).This third set 

of predictions of gs, when compared with the first set of predictions, underestimated gs by 9% 

under well-watered conditions and overestimated gs by 13% under water-deficit conditions. 
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Figure 2.8. Comparisons between the measured stomatal conductance for CO2 diffusion 

(gs) and the predicted gs. gs was predicted by the BWB-Leuning-Yin model either using 

treatment-specific parameter values (A,B), or using shared parameter values for each water 

treatment (C,D), or using shared parameter values for all treatments (E,F). Well-watered 

conditions: A,C,E; water-deficit conditions: B,D,F. N85: diamond; N65: square; N45: triangle; 

N25: circle. For further details, see Figure 2.6. 
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As gs was either underestimated or overestimated by the BWB-Leuning-Yin model using 

shared parameter values for all treatments (Figure 2.8E,F), we further assessed the impact of 

this inaccurate estimation of gs on the prediction of An. Two sets of comparisons between the 

measured An and the predicted An were conducted. In the first comparison, shared values of the 

FvCB model parameters for all treatments and shared values of the BWB-Leuning-Yin model 

parameters for each water treatment were used in the coupled model; the r2 between estimated 

and measured An was 0.89 under well-watered conditions and 0.80 under water-deficit 

conditions (Figure 2.9A,B). In the second comparison, shared values of both the FvCB model 

parameters and the BWB-Leuning-Yin model parameters for all treatments were used; the r2 

was 0.89 under well-watered conditions (Figure 2.9C), but An was overestimated by 9% under 

water-deficit conditions (Figure 2.9D). 

Discussion 

Methodology to estimate photosynthetic parameters  

In our study, all model parameters were estimated based on the An-Iinc curves, instead of An-Ci 

curves, for estimating the FvCB parameters. We tested that the estimated Vcmax values by using 

these two types of curves were quite similar (Figure 2.4), as also shown in a previous study 

(Archontoulis et al., 2012). The approach of using An-Iinc curves provides an alternative to the 

prevailing approach of using An-Ci curves and has its own advantages. First, the FvCB model 

is commonly used to predict leaf photosynthesis in canopies under field conditions, where it 

is the light level, not the CO2 level, that fluctuates most significantly in space and in time. This 

suggests that the FvCB parameters estimated from An-Iinc curves should more closely represent 

field situations, relative to those based on An-Ci curves. Second, using An-Ci curve is known to 

have problems of CO2 leakage and down-regulation of Rubisco at the low level of CO2 during 

the measurement. The An-Iinc curve-based approach avoids these problems since the whole 

response curve is measured under ambient CO2 level. However, using An-Iinc curves also tends 

to have problems. First, Vcmax cannot always be estimated from An-Iinc curves since the entire 

An-Iinc curve can be Aj limited sometimes (Archontoulis et al., 2012), especially for field crops 

that have high light saturating point (e.g. cotton, Wise et al., 2004). Second, the rate of TPU 

(triose phosphate utilization), if exerting a limitation on photosynthesis, cannot be estimated 

using An-Iinc curves since like Rubisco limitation, any TPU limitation on An-Iinc curves also 

happens at high irradiance levels (Archontoulis et al., 2012). Nevertheless, our limited data 
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(Figure 2.4) show the evidence in support of using An-Iinc curves as an alternative approach to 

estimate Vcmax. More comparisons between the two approaches using An-Iinc and using An-Ci 

curves are needed for different crop types and environments. 

 

 

Figure 2.9. Comparisons between the measured net CO2-assimilation rate (An) and the 

predicted An. An was predicted by the coupled FvCB and BWB-Leuning-Yin model using 

shared values of the FvCB model parameters for all treatments combined either with shared 

values of the BWB-Leuning-Yin model parameters for each water treatment (A,B), or with 

shared values of the BWB-Leuning-Yin model parameters for all treatments (C,D). Well-

watered conditions: A,C; water-deficit conditions: B,D. N85: diamond; N65: square; N45: 

triangle; N25: circle. For further details, see Figure 2.6. 
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We adopted some parameter values from the literature as input to avoid over-parameterisation 

of the FvCB model. First, q (the convexity factor for response of electron transport rate to 

incident light) was set to a constant value of 0.8 according to Yin and Struik (2015). It is 

worthy to notice that the actual value of q could vary across species and environments. In our 

experiment, q may be affected by different water and nitrogen treatments, as well as different 

light environment caused by different growth season. Initial analyses showed that letting q be 

fitted as well resulted in enormous unrealistic variation of the estimated Jmax and k2LL. Since 

the biological meaning of qis less obvious than that of Jmax and k2LL, we decided to set q as a 

constant value to avoid biased estimations of Jmax and k2LL. Eq. 2.4 with q of 0.8 generates a 

very similar light response shape as given by the other widely used quadratic equation initially 

used by Harley et al. (1992). Second, in line with some previous studies (Xu & Baldocchi, 

2003; Li et al., 2012), we adopted the activation energy of Rd (ERd) and gm (Egm), the 

deactivation energy of Jmax (DJmax) and gm (Dgm), and the entropy term of Jmax (SJmax) and gm 

(Sgm) from literature (Bernacchi et al. 2001; Bernacchi et al. 2002). Whether or not these 

temperature response parameters change with water and nitrogen conditions is still not clear 

and further studies are needed. Third, Rubisco kinetic properties (KmC25, KmO25, EKmC and EKmO) 

were adopted from Bernacchi et al. (2002). Despite the generally assumption that Rubisco 

kinetic properties are conserved among C3 species (von Caemmerer et al., 2009), values of 

these constants reported in the literature are different (Bernacchi et al., 2001; Bernacchi et al., 

2002; Dreyer et al., 2001). The choice of Rubisco parameters also affected our FvCB 

parameter estimation. Since all parameters in the FvCB model are interrelated with each other, 

potential errors in our parameter estimation exist if parameter values we adopted from the 

literature were not applicable in our study. 

Photosynthetic biochemical parameters in response to water and nitrogen conditions 

Our study showed that a long-term mild water deficit and water and nitrogen stress 

combinations did not have significant effects on the linear relationships between biochemical 

parameters of the FvCB model (i.e. Jmax25, k2LL, Vcmax25) and leaf nitrogen content per unit area 

(Na) (Figure 2.5). Previous studies showed that a short-term water deficit did not change the 

linear relationships between biochemical parameters and Na (Díaz-Espejo et al., 2006; Gu et 

al., 2012), whereas under long-term drought, either the slopes of the relationships between 

biochemical parameters and Na were changed (Wilson et al., 2000; Díaz-Espejo et al., 2006) 
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or considering the effect of leaf mass per area (LMA) in the linear regressions was needed (Xu 

& Baldocchi, 2003). A few other studies (Damour et al., 2008; Damour et al., 2009) found 

that drought totally modified the fundamental relationships between Jmax and Na since Na was 

either increasing (Damour et al., 2008) or not affected (Damour et al., 2009) under drought 

whereas Jmax decreased. The discrepancy of the response of Na to drought found in different 

studies may be caused by different species. Damour et al. (2008) worked with lychee tree and 

Damour et al. (2009) worked with mango tree, whereas we focused on herbaceous species 

Lilium and Gu et al. (2012) worked with rice. Besides, different approaches used to estimate 

FvCB parameters could also affect the results in different studies. First, as stated earlier, we 

used An-Iinc curves to parameterize the FvCB model. Whether or not the approach of using An-

Iinc curves and the approach of using An-Ci curves yield similar results under drought still 

requires more comparisons. Second, early studies tend to ignore s (the calibration factor for 

converting fluorescence-based efficiency of photosystem II photochemistry F2 into electron 

transport rate J) and gm (mesophyll conductance) during the estimation of biochemical 

parameters. This could lead to inaccurate estimation of biochemical parameters since both s 

(Figure 2.3) and gm (Table 2.4; also reviewed in Flexas et al., 2008) decreased under drought. 

The calibration factor s used to convert F2 into J is actually a lumped physiological parameter 

(s = ρ2β[1–fpseudo/(1−fcyc)]) that includes the absorptance of light by leaf photosynthetic 

pigments (β), the proportion of absorbed light partitioned to photosystem (PS) II (ρ2), and the 

fraction of electrons at PSI following the cyclic transport around PSI (fcyc) and following the 

pseudocyclic transport (fpseudo) (Yin et al. 2009; Yin and Struik, 2009b). s was found to decrease 

by low nitrogen supply in previous study (Yin et al., 2009), which is also found in our study 

(Figure 2.3). This decrease may be explained by the decreasing of β as a result of the decreased 

photosynthetic pigments in low-nitrogen leaves (Evans & Terashima, 1987). Interestingly, we 

found that s was smaller under water-deficit conditions compared to that under well-watered 

conditions despite the similar Na (e.g. s in N65 under well-watered conditions compared with 

s in N85 under water-deficit conditions). It has been reported that drought did not change the 

partitioning of electrons between PSI and PSII (Genty et al., 1987). However, stomatal closure 

caused by drought results in the decreasing of CO2 concentration in the leaf, and consequently 

the amount of electrons used for CO2 fixation decreases (Cornic & Briantais, 1991). Excessive 

electrons need to be consumed by other sinks apart from CO2 fixation by following pseudo-

cyclic electron transport (Cornic & Briantais, 1991; Biehler & Fock, 1996), or electrons need 
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to follow cyclic flow around PSI (Kohzuma et al., 2009). Our results for the decreased s under 

water-deficit conditions independent on Na suggest that drought induced an increase of fpseudo 

or fcyc or both in our experimental conditions. 

Associated with estimating the factor s, mitochondrial day respiration (Rd) was estimated. 

Water-deficit conditions did not affect Rd in all N treatments, and there were non-significant 

effects of nitrogen on Rd under both well-watered conditions and water-deficit conditions 

(Table 2.3). Nevertheless, water-deficit conditions significantly decreased Rd in N85 and N45 

treatments and generally there was a trend showing that drought and decreasing of nitrogen 

level decreased Rd (Table 2.3), as also revealed in some previous studies (González-Meler et 

al., 1997; Huang & Fu, 2000). Therefore, we established an Na-dependent relationship of Rd 

(Figure 2.5F) and applied this relationship to capture the changes of Rd under different water 

and nitrogen conditions. The linear relationship between respiration rate and leaf nitrogen 

content was also found under different light conditions (Ryan, 1995) and growth locations 

(Reich et al., 1998). 

A relatively stable Jmax25/Vcmax25 ratio among different water and nitrogen treatments was found 

in our study (Figure 2.6), in line with some previous studies (Makino et al., 1992; Walcroft et 

al., 1997; Díaz-Espejo et al., 2006). Some studies simplified the parameterisation of the FvCB 

model by using a fixed value for either the Jmax/Vcmax ratio (Kosugi et al., 2003) or the 

Jmax25/Vcmax25 ratio (Müller et al., 2005). However, care needs to be taken in setting a constant 

Jmax/Vcmax ratio. First, when temperature varies, this ratio cannot be constant because Jmax and 

Vcmax have different temperature response curves. In fact, the Jmax/Vcmax ratio was found to 

decrease with temperature increase (Walcroft et al., 1997; Medlyn et al., 2002; Díaz-Espejo et 

al., 2006). When scaled to a common temperature, a better correlation between Jmax and Vcmax 

was found (Leuning, 1997). Second, gm has a strong influence on this Jmax/Vcmax ratio. In early 

studies (Grassi et al., 2002) when gm was not considered, a Jmax/Vcmax ratio of ca 2.0 was 

obtained (Leuning, 1997), which is higher than our estimate where gm was considered (ca 1.5, 

Figure 2.6). Finally, some studies found that water and nitrogen conditions also affected the 

Jmax/Vcmax ratio (Grassi et al., 2002; Gu et al., 2012). Therefore, the approach using a fixed 

value for the Jmax/Vcmax ratio to parameterise the FvCB model should receive critical 

reservation (Xu & Baldocchi, 2003; Archontoulis et al., 2012).  
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In short, our study suggested that it is feasible to incorporate linear relationships between 

biochemical parameters and Na in the FvCB model to predict photosynthesis under different 

water and nitrogen conditions, since the FvCB model using shared parameter values for all 

treatments gave satisfactory predictions of An under different water and nitrogen conditions 

(Figure 2.7C,D). 

Stomatal conductance parameters and mesophyll conductance in response to water and 

nitrogen conditions 

Accurately modelling stomatal conductance (gs) and mesophyll conductance (gm) are 

necessary steps towards predicting An under changing environments. The BWB-type model of 

gs takes into account the effects of both environments and plant physiological status on gs, and 

has been widely tested able to satisfactorily predict gs for well-watered plants (Leuning, 1995; 

Li et al., 2012). Some efforts have been devoted to predict gs under drought conditions using 

the BWB-type model by introducing proper approaches to adjust parameter values used in the 

model. In general, most studies kept g0 (residual stomatal conductance when the irradiance 

approaches to zero) as a fixed value and adjusted the value for the slope (roughly represents 

a1 and b1 in the BWB-Leuning-Yin model used in our study) by introducing a modifying factor 

of soil moisture (Egea et al., 2011; Li et al., 2012), or precipitation and evaporation (Baldocchi, 

1997), or predawn xylem water potential (Sala & Tenhunen, 1996), or leaf nitrogen content 

and leaf water potential (Müller et al., 2014). Leuning (1995) suggested that the BWB-type 

model should be able to predict gs under water-deficit conditions by only adjusting the value 

for a1. We found that both a1 and b1 decreased with the decreasing of soil water potential 

(Table 2.4), and without considering these decreases, gs was overestimated under water-deficit 

conditions (Figure 2.8F). Further estimation of a1 under water-deficit conditions by using the 

value for b1 obtained under well-watered conditions resulted in a value of 0.586 for a1, which 

is much larger than the original value of 0.262 obtained under water-deficit conditions (Table 

2.4). Therefore, values for both a1 and b1 need to be adjusted to properly predict gs under water-

deficit conditions. However, a1 and b1 were little affected by nitrogen availability (Table 2.4) 

and no correlation between a1 and Na, nor between b1 and Na, under different water and nitrogen 

conditions was found in our study. The approach introducing a modifying factor of leaf 

nitrogen content on the slope (Müller et al., 2014) is able to predict gs in response to drought, 

and this could merely be due to similar responses of leaf nitrogen content and the slope to soil 
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water condition rather than because a functional relationship exists between the slope and leaf 

nitrogen content. Our study did not present a quantitative relationship of a1 and b1 with water 

supply conditions since there were only two water-level treatments. Further studies including 

more water levels would be needed to quantify changes of a1 and b1 under different water and 

nitrogen conditions. 

g0 was affected by both water conditions and nitrogen availability (Table 2.4), and a linear 

relationship between g0 and Na (Figure 2.5F) was used in our study to take into account the 

changes of g0 under different water and nitrogen conditions. Although this linear relationship 

is less clear compared to linear relationships between Na and biochemical parameters (e.g. 

Jmax25 and Vcmax25) (Figure 2.5), an F test showed that there is no significant difference between 

using a conserved linear relationship and using separate relationships to describe the Na 

dependence of g0 in response to water-deficit conditions. Under drought, plants tend to reserve 

water by reducing water loss, which makes it unlikely that g0 is unaffected by water-deficit 

conditions. However, few modelling studies considered the change of g0 under drought 

condition (Misson et al., 2004; Keenan et al., 2010). The reason for using a fixed value for g0 

in previous studies could be that changing the value of g0 should not affect the prediction of gs 

very much for plants with relatively high gs since the value of g0 itself is normally very small 

and approaches to zero. However, this may not hold true for plants with low gs, as is the case 

in our study, since the value of g0 may have relatively larger impact on predicting gs. 

gm has received growing attentions in modelling photosynthesis (Niinemets et al., 2009), since 

gm has been found to be finite and vary greatly among environments (Flexas et al., 2008; Yin 

et al., 2009). Previous studies found that gm decreased under drought and low nitrogen 

availability (reviewed in Flexas et al., 2008). We found that gm was enhanced by high nitrogen 

level and strongly decreased by the combination of water deficit and low nitrogen availability 

(Table 2.4). A relatively strong linear correlation between gm and Na was found in our study 

(Figure 2.5E), as also found in previous studies (von Caemmerer & Evans, 1991; Warren, 

2004). Such a correlation may be explained by the surface area of the chloroplasts facing the 

cell walls, an anatomical determinant of gm (von Caemmerer & Evans, 1991; Evans et al., 

1994), which depends on Na.  

Our results showed that the relation between gm and Na was hardly changed by water-deficit 

conditions (Figure 2.5E). In contrast, Gu et al., (2012) found that the change of gm by water-
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deficit conditions was not explained by the change of Na but was negatively correlated with 

LMA. Nevertheless, LMA is generally considered as setting a limitation for the maximum gm 

(Flexas et al., 2008; Perez-Martin et al., 2009) rather than is used to model gm in response to 

environments, mainly because the change of LMA results from the long-term environmental 

adaptation of the plants (Poorter et al., 2009) whereas gm can vary quickly in response to 

environmental changes (Flexas et al., 2006). This is supported by our result of using the Na-

dependent linear relationship to take into account the effects of water and nitrogen on gm. 

Together with the incorporation of other Na-dependent relationships of biochemical parameters, 

the model yielded similar results of An prediction compared to those using treatment-specific 

parameter values (Figure 2.7).  

Some studies incorporated a dependence of gm on gs in the photosynthesis model (Cai et al., 

2008) as a close correlation between gs and gm in response to soil water deficit was commonly 

observed (Flexas et al., 2002; Warren, 2008; Perez-Martin et al., 2009). An approach 

incorporating the dependence of gm on gs was shown to give better prediction of An of different 

genotypes than the one incorporating the dependence of gm on leaf nitrogen (Ohsumi et al., 

2007). However, the approach has been criticized as having no physiological justification 

(Niinemets et al., 2009) since gm and gs respond differently to other environmental factors such 

as VPD (Warren, 2008; Perez-Martin et al., 2009). As there is not yet sufficient physiological 

knowledge to reliably quantify the variability of gm, some studies merely used a modifying 

factor of soil water conditions to take into account the effect of water deficit on gm (Keenan et 

al., 2010; Egea et al., 2011). Whether or not the linear relationship between gm and Na could 

be a promising step towards modelling the variation of gm needs to be further tested.  

The effect of gs estimation on the prediction of An 

The coupled FvCB and BWB model has been increasingly used to model photosynthesis in 

response to environmental changes such as elevated CO2 (Harley et al., 1992) and drought 

stress (Keenan et al., 2010; Müller et al., 2014) and seasonal changes (Kosugi et al., 2003). 

Normally in those previous studies, values of the biochemical parameters were related to the 

leaf nitrogen content and values of the stomatal conductance model parameters were changed 

according to the CO2 level (Harley et al., 1992), leaf water potential (Müller et al., 2014), or 

growth season (Kosugi et al., 2003).  
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Our study showed that considering the decreases of the stomatal conductance model 

parameters (a1 and b1) by drought was needed, otherwise, the coupled FvCB and BWB-

Leuning-Yin model overestimated An under drought (Figure 2.9D) due to an overestimation of 

gs (Figure 2.8F). The strong decrease of a1 by drought (Table 2.4) indicates the decreasing of 

Ci/Ca ratio for vapour saturated air. The decrease of b1 by drought (Table 2.4) suggests a 

negligible control of VPD on gs under drought condition. These results are in line with previous 

studies that under drought condition, gs at vapour nearly saturated air tended to be lower and 

gs was less sensitive to VPD (Forseth & Ehleringer, 1983; Perez-Martin et al., 2009). However, 

an exceptional case, which gs showed much stronger sensitivity to VPD under drought, was 

also found in the previous study without an explanation provided (Perez-Martin et al., 2009). 

The BWB-Leuning-Yin model without considering the effect of water level on a1 and b1 also 

underestimated gs under well-watered conditions (Figure 2.8E). But the subsequent prediction 

of An was not affected much (Figure 2.9C). This is probably explained by that under well-

watered conditions, Ci is generally high and changing Ci at its high level only slightly affects 

An according to the diminishing-return relationship of An versus Ci. Therefore, as shown in 

Figure 2.9, the estimation of gs had more effect on the prediction of An under water-deficit 

conditions than under well-watered conditions. 

Concluding remarks 

A previous analysis (Yin 2013) showed that the relationship of many crop model parameters 

(including those FvCB biochemical parameters) as a function of plant nitrogen status was little 

altered by elevated CO2 concentration. Our present study examined whether this assertion 

could be extended for the water and nitrogen stress combinations. We showed that the Na 

dependence of biochemical parameters of the FvCB model, g0 of the BWB-Leuning-Yin 

model and the gm value were little altered by water and nitrogen stress combinations (Figure 

2.5). By incorporating these Na-dependent relationships with the FvCB model and BWB-

Leuning-Yin model, parameterisation of these models could be simplified while maintaining 

satisfactory predictions. The obvious exception is parameters a1 and b1 of the BWB-Leuning-

Yin model, which depended little on nitrogen treatments but greatly on water treatments (Table 

2.4). This is probably because the BWB-Leuning-Yin model is largely phenomenological, and 

its related conclusions are only valid for the specific species and conditions examined in this 

study. While the variation of parameters a1 and b1 had a great impact on the prediction of 
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stomatal conductance, it had a considerably lower impact on the prediction of leaf 

photosynthesis. Nevertheless, a further study is needed to quantify how these two parameters 

vary with water-deficit conditions, as they have a stronger bearing on modelling leaf 

transpiration.  
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Supporting information 

Table S2.1. Activation energy of Jmax and Vcmax estimated for each water and nitrogen 

treatments and their shared values for all treatments. Values in brackets are standard errors 

of estimates. Different letters following the data in the same column indicate significant 

difference (P<0.05).  

Treatment EJmax (J mol-1) EVcmax (J mol-1) 

Well-watered conditions  

N85 54618 (6862) ab 57874 (8377) a 

N65 57737 (3539) a 47231 (6745) ab 

N45 48441 (4122) b 41964 (5920) b 

N25 46384 (5581) b 41749 (6870) b 

Water-deficit conditions  

N85 51658 (6275) ab 48296 (9459) ab 

N65 49017 (2519) b 43407 (8421) ab 

N45 49854 (6782) b 42842 (7082) ab 

N25 47369 (6782) b 46310 (8884) ab 

Estimation of overall EJmax and EVcmax shared for all treatments 

-- 52083 (1040) 45909 (2291) 
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Figure S2.1. Daily mean, maximal and minimal air temperature. Measurements were 

conducted at the height of 1.5 m above ground inside the greenhouse during (A) Exp. 1, (B) 

Exp. 2, (C) Exp. 3, and (D) Exp. 4. Solid curve is daily mean air temperature, dashed curve on 

top is the daily maximal air temperature, dotted curve at bottom is the daily minimal air 

temperature.  
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Figure S2.2. Vapour pressure deficit (VPD). Measurements were conducted at the height of 

1.5 m above ground inside the greenhouse during (A) Exp. 1, (B) Exp. 2, (C) Exp. 3, and (D) 

Exp. 4. Curve is daily mean VPD, solid line is the average daily mean VPD during the whole 

growth period, and dashed lines are the maximal and minimal daily mean VPD during the 

whole growth period, respectively. 
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Figure S2.3. Daily mean photosynthetically active radiation (PAR). Measurements were 

conducted above crop canopy inside the greenhouse during (A) Exp. 1, (B) Exp. 2, (C) Exp. 

3, and (D) Exp. 4. Curve is daily mean PAR, and line is the average daily mean PAR during 

the whole growth period. 
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Figure S2.4. Relationships between An and J under well-watered conditions (A,C,E,G) 

and water-deficit conditions (B,D,F,H). N85: A,B; N65: C,D; N45: E,F; N25: G,H. All data 

points were chosen from light levels at or below 1000 mol m-2 s-1 and leaf temperature at 20 

± 2 ℃. Vertical error bar indicates standard error of measured An; horizontal error bar indicates 

standard error of calculated J.   
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Abstract 

Background and Aims Understanding plant phenotypic plasticity to shading by leaves in 

vegetation stands and its consequences for plant performance needs separate analysis of plant 

responses to reductions in both photosynthetically active radiation (PAR) and red to far-red 

ratio (R:FR) of light.  

Method We measured plasticity in leaf photosynthesis and canopy architecture separately to 

reductions in PAR, R:FR and to a combination of the two in woody perennial rose (Rosa 

hybrida). Using a functional-structural plant model, we mimicked these plastic responses, 

separately quantified their effects on plant photosynthesis, and evaluated the relative 

importance of these plastic responses for plant photosynthesis at different shade levels.  

Key Results Observed plastic responses to reduced PAR (e.g., reduced leaf photosynthetic 

capacity) were clearly different from responses to reduced R:FR (e.g., increased internode 

length and leaf angle). At mild shading levels, simulated plant photosynthesis was affected 

most by plastic responses to reduced R:FR, while at heavy shading, the effects of plastic 

responses to reduced PAR became dominant. Plasticity in leaf physiological traits had larger 

effects on plant photosynthesis than plasticity in architectural traits, even at mild shading when 

plasticity to low R:FR (typically inducing plant architectural responses relevant to shade 

avoidance) was dominant. The effects of low-R:FR responses and low-PAR responses on plant 

photosynthesis tended to mitigate each other. 

Conclusions Phenotypic plasticity to shading in vegetation stands entails both plant 

physiological and architectural responses to different factors (reduced PAR and reduced R:FR). 

The relative importance of individual plastic responses to these shading factors for plant 

photosynthesis changes with shade levels. The adaptive significance of plasticity to one 

shading factor depends on the other. 

Keywords: canopy architecture; functional-structural plant model; light interception; 

phenotypic plasticity; photosynthesis; red to far-red ratio; rose (Rosa hybrida); shade
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Introduction  

Plants have the ability (i.e., phenotypic plasticity) to change their phenotype according to the 

environmental conditions they grow in (Bradshaw, 1965; Schlichting, 1986; Sultan, 2000). 

The assumption that phenotypic plasticity helps plants to optimize their performance under 

certain environments is often accepted while less tested by experiments (Dorn et al., 2000; van 

Kleunen & Fischer, 2005; Richards et al., 2006; Weijschedé et al., 2006; Liu et al., 2016). 

Analysing plant phenotypically plastic responses to environmental conditions and their 

subsequent effects on plant performance is complicated, particularly because (i) phenotypic 

plasticity often includes changes in multiple interacting functional traits, and (ii) changes in 

environmental conditions typically include changes in multiple factors that can induce 

different phenotypic responses and thus influence plant performance in different ways 

(Callaway et al., 2003; Anten et al., 2010).  

A typical example is analysing the effects of phenotypic plasticity to shading caused by leaves 

(i.e., canopy shading) on plant photosynthesis, which is an important plant performance 

measure. Plants grow in dynamic vegetation stands with other growing plants where they shade 

one another creating a light environment that varies considerably in time and space. This 

canopy shading entails multiple factors including reductions in photosynthetically active 

radiation (PAR) and changes in spectral composition especially reductions in the red (655-665 

nm) to far-red (725-735 nm) ratio (R:FR) in addition to other spectral changes (Smith, 1982). 

The reductions in PAR and R:FR occur simultaneously but in different magnitudes with the 

increasing level of canopy shading. The reductions in PAR and R:FR also induce different 

plant plastic responses. Reductions in PAR on one hand directly decrease plant photosynthesis 

due to reductions in light as a resource. On the other hand, reductions in PAR induce plastic 

responses such as decreasing leaf photosynthetic capacity and respiration rate, changing leaf 

anatomy, increasing leaf photosynthetic nitrogen partitioning to light harvesting, increasing 

specific leaf area, and increasing the fraction of assimilates partitioned to the leaf (Gulmon & 

Chu, 1981; Lichtenthaler et al., 1981; Sims & Pearcy, 1991; Walters et al., 1993; Evans & 

Poorter, 2001; Oguchi et al., 2005; Baird et al., 2017). Reductions in R:FR by contrast induce 

plastic responses of plant morphogenesis including increased elongation of hypocotyls, 

internodes, petioles, leaf sheaths and blades, increased leaf inclination angle, reduced 

branching and tillering, and early flowering (Franklin, 2008; Casal, 2012; Pierik & De Wit, 
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2014). These plastic responses to reductions in PAR and R:FR may affect plant photosynthesis 

in different directions (i.e., positive and negative) and magnitudes. Moreover, the effects of 

individual plastic responses on plant photosynthesis may interact with each other. For instance, 

plant photosynthesis can be affected by both responses in plant architecture (affecting plant 

light capture) and leaf photosynthetic traits (affecting plant light use); these responses interact 

as effects of changes in leaf photosynthetic traits depend on the amount of light that the leaf 

receives.   

To fully understand the effect of phenotypic plasticity on plant photosynthesis under canopy 

shading, we need to (i) determine individual trait responses to each factor (reduced PAR and 

reduced R:FR) separately, (ii) determine how these trait effects change with shading levels and 

(iii) quantify how the syndrome of trait responses to these shading factors in coherence 

determine plant photosynthesis. Several studies have quantified the effects of some plastic 

responses of individual traits (e.g., longer petiole length and larger specific leaf area) on plant 

performance under low PAR or low R:FR (Weijschedé et al., 2006; Liu et al., 2016). However, 

hardly any study has separately quantified the effects of multiple plastic trait responses induced 

by low PAR and low R:FR and compared their relative importance for plant photosynthesis 

under canopy shading. These analyses cannot be done by experiments alone, because it is 

impossible to induce each plastic trait response independently while preventing the 

expressions of other traits in real plants. Creating virtual plants by models can be very helpful 

in addition to experiments, since models allow to combine any trait in virtual phenotypes. 

Functional-structural plant (FSP) models simulate plant growth in response to environmental 

changes taking into account both plant architecture in three dimensions and physiological 

processes such as photosynthesis, respiration and biomass allocation  (Vos et al., 2010). Thus 

FSP models can be used to disentangle individual plastic trait responses to canopy shading and 

to separately quantify the effects of individual plastic trait responses on plant photosynthesis. 

By creating virtual phenotypes that include one plastic trait response at a time, the effect of 

each plastic trait on plant photosynthesis can be assessed separately (Bongers et al., 2014). 

Subsequently the interactive effects of several plastic trait responses on plant photosynthesis 

can be quantified. 

The objective of this study is to quantify the extent to which plastic responses to different 

shading factors interact in determining plant photosynthesis under canopy shading. First the 
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separate phenotypically plastic responses to two main factors of canopy shading (reduced PAR 

and reduced R:FR) were assessed experimentally. Then, an FSP model was applied to quantify 

the effects of individual plastic responses and the consequences of their interactions for plant 

photosynthesis. To this end, a greenhouse experiment was conducted in which plants of the 

woody perennial (shrub) rose (Rosa hybrida) were subjected to different light treatments: 

reductions in only PAR and R:FR, and combinations of the two, to evaluate plant plastic 

responses of plant architecture and leaf photosynthesis to reduced PAR and reduced R:FR. We 

chose rose as an experimental system as it is a crop whereby both lighting and plant 

architecture are often intensely manipulated to optimize production (Gonzalez-Real & Baille, 

2000). An FSP model of rose was then developed and validated using the experimental data, 

and the model was used to conduct simulation studies to quantify the effect of each plastic trait 

response on light interception and plant photosynthesis. 

Materials and methods 

Plant materials and growth conditions 

The experiment was conducted in two compartments (8 m × 8 m) of a Venlo-type glasshouse 

located in Wageningen, the Netherlands (52° N, 6° E). In each compartment, there were four 

rolling growth tables (1.70 m × 3.25 m). Rose plants (Rosa hybrida cv. ‘Red Naomi!’) with 

one-node cuttings bearing a shoot were grown in rockwool cubes (0.1 m × 0.1 m × 0.1 m). On 

April 5, 2016, plants were placed on growth tables with a distance of 0.15 m between each 

plant. When on average one flower bud had just appeared per plant, the shoots were pruned 

just above the 3rd 5-leaflet leaf and this leaf was removed to stimulate axillary bud break, as 

rose growers commonly do in practice. We started the light treatments one week after pruning, 

when the axillary buds were broken (average shoot length of 1cm). The experiment lasted for 

6 weeks and finished by end of May 2016. 

In total six light treatments (Table S3.1) were established as a randomized block design with 

four blocks, with 100 plants in each treatment plot (1.7 m × 1.6 m). In each plot, two rows of 

plants at each side of the plot were used as border plants that were not included in 

measurements. Light treatments included reductions in photosynthetically active radiation 

(PAR) and reductions in red to far-red ratio (R:FR), and a combination of the two. Reductions 

in PAR were achieved by adding neutral shading screen (50% transmissivity) at a distance of 
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20 cm above the canopy. One layer of neutral shading screen was added in treatment of 

‘medium PAR’ and two layers of neutral shading screen were added in treatment of ‘low PAR’. 

Reductions in R:FR were achieved by adding additional far-red light-emitting diode (LED) 

modules (GreenPower far-red production modules, Philips, Eindhoven, The Netherlands) at a 

distance of 50 cm above the canopy. This allowed us to manipulate R:FR independent of PAR. 

Two LED modules per plot were added in treatment of ‘medium R:FR’, resulting in an 

additional 50 mol m-2 s-1 far-red light intensity from LED modules at the canopy level. Four 

LED modules per plot were added in treatment of ‘low R:FR’, resulting in an additional 100 

mol m-2 s-1 far-red light intensity from LED modules at the canopy level. When there were 

less than four LED modules in a plot, we added fake modules to ensure similar shading by the 

frame of LED modules for all treatments. Each treatment plot was surrounded by plastic film 

(with white colour facing the plot and black colour facing outside) with 20 cm depth from the 

top of LED frames to minimize light treatments affecting each other. The actual levels of PAR 

and R:FR achieved in different treatments are given in Table S3.1. 

Assimilation lighting (high-pressure sodium lamps, Philips, Eindhoven, The Netherlands) was 

only used to prevent that assimilation lighting of neighbouring compartments disturb the 

treatments and to prevent gradients within the compartments. During the experimental period, 

the assimilation lighting was on for approximately six hours per day with an intensity of 150 

µmol m-2 s-1. Set points of day and night temperature were 22°C and 17°C respectively, and 

the average realized day and night temperatures during the experiment were 24°C and 18°C 

respectively. Set point of relative humidity was 65% during day and night, and the average 

realized day and night relative humidities during the experiment were 65% and 75%, 

respectively. CO2 was not controlled. Watering (EC = 1.6 mS cm-1; pH = 6) was done with an 

ebb and flood system four times a day. 

Measurements  

Plant architecture measurements. In each plot, five plants were randomly chosen to measure 

plant architectural traits when flower buds started to open. Internode length, leaf area and leaf 

inclination angle were measured for every second internode or leaf on the plant. Plant height, 

total leaf area, peduncle length and flower bud diameter were also measured. Length 

measurements were conducted using a ruler. Leaf inclination angle was measured as the 

insertion angle of the leaf compared with the horizontal level using a protractor. Leaf area was 
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measured using a leaf area meter (LICOR-3100, Lincoln, NE, USA). Flower bud diameter was 

measured using a caliper. 

Leaf gas exchange measurements. In four treatments (high PAR + high R:FR, medium PAR + 

high R:FR, high PAR + low R:FR, medium PAR + low R:FR), two plants in each plot were 

randomly chosen at the flower bud visible stage to perform a combined measurement of gas 

exchange and chlorophyll fluorescence using the LI-6400XT Portable Photosynthesis System 

(Li-Cor BioScience, Lincoln, NE, USA) on leaves at the upper, middle and lower level of the 

canopy. The measurement was conducted on the terminal leaflet of each leaf. Light response 

curves of photosynthesis were made by decreasing incident light in the leaf cuvette in the series 

of 1500, 1200, 1000, 750, 550, 350, 200, 150, 100, 50, 20 and 0 mol m-2 s-1, while keeping 

ambient CO2 at 400 mol mol-1, leaf temperature at 25 °C, and leaf-to-air vapour pressure 

difference at 1~1.6 kPa. The steady-state fluorescence (Fs) was measured simultaneously with 

the gas exchange measurement after 3 to 5 minutes light adaptation, followed by applying a 

light pulse > 8000 mol m-2 s-1 for less than one second to measure maximum fluorescence 

��
′

.  

Estimation of photosynthetic parameters 

Leaf photosynthetic parameters were estimated by stepwise fitting the combined 

measurements to a non-rectangular hyperbola (Eq. 3.1) (Marshall & Biscoe, 1980): 

� =
F�����(���)�����������(F�����(���)���������)���q����F�����(���)����

�q
− ��  (3.1) 

where A (mol CO2 m-2 s-1) is the net leaf photosynthetic rate; FCO2LL(inc) (mol CO2 mol-1 

photon) is the quantum yield of CO2 assimilation on the basis of incident light; Iinc (mol m-2 

s-1) is the incident irradiance; Amax (mol CO2 m-2 s-1) is the maximum leaf photosynthetic rate 

at saturating incident irradiance; q is the curvature factor of the light response curve; Rd (mol 

CO2 m-2 s-1) is the dark respiration rate. Details on procedure of estimating FCO2LL(inc), Amax, q 

and Rd can be found in supporting information (Method S3.1). 
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Rd was assumed to be linearly related to Amax and this linear relationship was quantified by 

curve fitting Eq. 3.2 (Hikosaka et al., 2016b) using the estimates of Amax and Rd (in Eq. 3.1) 

for top, middle and low leaves in the canopy. 

�� = � × ����          (3.2) 

The coefficient a is the Rd to Amax ratio, which is an input parameter of the model (see 

descriptions in Model development). 

To quantify the relationship between light gradient and Amax gradient in the canopy, light level 

at top, middle and bottom of the canopy was measured on a cloudy day at flowering stage 

using a line quantum sensor (Li-Cor BioScience, Lincoln, NE, USA). Using estimated Amax 

values and measured light level for top, middle and low leaves in the canopy, the relationship 

between light gradient and Amax gradient was quantified by fitting Eq. 3.3 (Niinemets & Anten, 

2009): 

����,� ����,���⁄ = (��/����)�        (3.3) 

where Q0 (mol m-2 s-1) is the light intensity at middle or low level of the canopy; Qtop (mol 

m-2 s-1) is the light intensity on top of the canopy; Amax,0 (mol CO2 m-2 s-1) is the estimated 

Amax for the middle or low leaf in the canopy; Amax,top (mol CO2 m-2 s-1) is the estimated Amax 

for the top leaf in the canopy; b is the coefficient describing the relationship between light 

gradient and Amax gradient in the canopy. Amax,top and b are input parameters of the model (see 

descriptions in Model development).  

Quantifying the effect of plastic trait responses on light interception and plant photosynthesis 

Model development. A functional-structural plant (FSP) model of rose was developed to 

quantify the effect of plastic trait responses to low PAR and low R:FR on light interception 

and plant photosynthesis under canopy shading. The model was constructed in the plant 

modelling software GroIMP (Hemmerling et al., 2008). The model includes (i) a static 

representation of the three-dimensional (3D) architecture of rose plants in a canopy at 

flowering stage, (ii) a radiation model to simulate light capture of individual organs, and (iii) 

a photosynthesis model to calculate net daily photosynthesis of the whole plant.  
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(i) The 3D rose plants. The plant 3D architecture was represented using a repetition of basic 

units (i.e., phytomers), which consist of an internode and a compound leaf. Each phytomer 

was sequentially placed along the growth axis of the plant. The size of the phytomer and the 

number of leaflets of the compound leaf were determined by actual plant architectural 

measurements, with the assumption that the phytomer size between every second phytomer 

can be linearly interpolated. Leaf insertion angle was assumed to follow a normal distribution 

according to the average leaf angle and standard deviation of all replicates in each treatments. 

For plants with a flower bud, a red sphere with the measured flower diameter was added on 

top of the 3D plant representation to mimic the similar shading from the flower.  

(ii) The radiation model. The light environment was modelled using both a diffuse light dome 

with moderate gradation towards zenith and azimuthal uniformity and a direct light source 

spread over the solar path (Evers et al., 2010). To eliminate the border effects in the light 

environment, each plot of a simulated plant population was replicated 10 times in the x and y 

directions for the light model calculations, resulting in averaged light conditions that were 

experienced by 100 copies of each individual plant population (de Vries et al., 2018). The 

amount of light reaching the 3D objects (e.g., internode and leaf) was simulated using a Monte-

Carlo ray tracer embedded in GroIMP (Hemmerling et al., 2008). The light absorption of an 

individual organ was calculated based on the amount of light reaching that organ and the 

optical properties of that organ (Evers et al., 2010; Buck-Sorlin et al., 2011).  

(iii) The photosynthesis model. Plant net photosynthesis was calculated as the sum of net 

photosynthesis of each individual leaf. Leaf net photosynthesis was calculated using Eq. 3.1 

based on the photosynthetic parameters and light absorption of that leaf. Each leaf had its own 

photosynthetic parameters. Amax and Rd of each individual leaf were calculated using Eq. 3.2 

and Eq. 3.3 based on the input parameter values of coefficient a, b and Amax,top, and the relative 

light intensity reaching that leaf. FCO2LL(inc) and q were assumed to be constant in all leaves 

since we did not find any substantial difference between leaves at different canopy levels. 

Average FCO2LL(inc) and q values of the top, middle and low leaves were used in the model. 

Model evaluation. The simulated fraction of light intercepted by the plants, plant height and 

plant total leaf area in each plot were compared with the measurements by calculating the 

coefficient of determination (r2) and the relative root-mean-square error (rRMSE, 
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= 
�
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�
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�
, where yi is the simulated value, xi is the measured value, n is the number of 

data points, and �̅ is the mean of the measured values). 

Model simulation design. Essentially in the simulations we created situations in which our 

target plants experience different levels of canopy shading. Plants were simulated at the stage 

when all leaves were fully developed. Distance between plants was kept the same as in the 

experiment (0.15 m) and a plant population on 1 m2 soil area was simulated. The background 

incoming light intensity (i.e., at non-shaded condition) was assumed to be 500 mol m-2 s-1, 

which represented the average light level during the experiment. The reduction of PAR by 

canopy shading was calculated according to the Beer-Lambert equation using a value of 0.6 

for the light extinction coefficient (Yin & Struik, 2015). The reduction of R:FR by canopy 

shading was calculated based on the fraction of reduced PAR according to Eq. 3.4 (Evers et 

al., 2006):  

 �: �� = 0.87 × exp (−2.32 × ���� �����������)      (3.4) 

where fPAR intercepted is the fraction of PAR intercepted by the canopy. Based on these 

calculations, our medium PAR treatment and low PAR treatment represent shading by a 

canopy with a leaf area index (LAI_C) of 1.2 and 2.3 m2 m-2 respectively. The medium R:FR 

treatment and low R:FR treatment represent shading by a LAI_C of 1 and 1.6 m2 m-2 

respectively. Therefore, in the simulation studies, we simulated four levels of canopy shading 

that represent shading by a LAI_C of 0.5, 1, 2 or 3 m2 m-2, which were reasonably bracketed 

by our treatments.  

Virtual plant phenotypes under each level of canopy shading were created based on the 

assumption that plant parameters were linearly related with the PAR and R:FR levels. The 

linear relationships between plant parameters and the PAR and R:FR levels were quantified 

using the values obtained in the experiment. By including one single plastic trait response or 

the response of one plastic trait combination at a time, we estimated the effect of individual 

plastic responses on the fraction of light interception and plant photosynthesis using Eq. 3.5: 

� = (�������� − �) �⁄          (3.5) 
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where E is the relative effect of plastic trait responses on the fraction of light interception or 

plant photosynthesis; Yplastic is the fraction of light interception or plant photosynthesis 

calculated under the reduced incoming light intensity by LAI_C, using the target plastic trait 

values that are changed according to the PAR and R:FR levels under LAI_C, while keeping 

all other trait values the same as values of non-shaded plant phenotype; Y is the fraction of 

light interception or plant photosynthesis calculated under the reduced incoming light intensity 

by LAI_C, using the non-shaded plant phenotype. 

The interaction between trait effects on plant photosynthesis was estimated using Eq. 3.6: 

� = ������ − ���������         (3.6) 

where Etotal is the E (in Eq. 3.5) of which Yplastic is calculated by changing all target plastic traits 

simultaneously; Eadditive is the sum of E values estimated for each individual target trait. 

Statistical analysis 

The effects of reductions in PAR and R:FR on plant architectural traits were analysed using a 

simple linear regression model (P < 0.05) of R (R Core Team) with PAR and R:FR levels 

considered as continuous factors. The effects of PAR and R:FR levels on leaf photosynthetic 

parameters were analysed using an one-way ANOVA (P < 0.05) of R with PAR and R:FR 

levels considered as independent fixed factors. The effects of PAR and R:FR levels on 

coefficients a and b were tested by comparing whether or not the same regression model can 

be used in different treatments using an F-test (P < 0.05) of SAS (SAS Institute Inc., Cary, 

NC, USA).  

Results  

Plant responses to reductions in PAR and R:FR 

Reductions in PAR decreased plant height, total leaf area, number of leaves and area of 

individual leaves while it did not significantly affect other architectural traits (Table 3.1, Figure 

S3.1). Reductions in PAR decreased the maximum leaf photosynthetic rate (Amax) and dark 

respiration rate (Rd) while it did not significantly affect other photosynthetic parameters 

(Figure 3.1A-D, Table S3.2). The coefficient a (in Eq. 3.2), representing the Rd to Amax ratio, 
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was decreased by reductions in PAR (Figure 3.1E). The coefficient b (in Eq. 3.3), describing 

the relationship between light gradient and Amax gradient in the canopy, was only slightly 

increased by reductions in PAR (Figure 3.1F). 

Reductions in R:FR increased plant height, internode length and leaf inclination angle while it 

did not significantly affect total leaf area, number of leaves and area of individual leaves (Table 

3.1, Figure S3.2). The curvature of light response curve (q) was decreased by reductions in 

R:FR under high PAR, and reductions in R:FR also tended to decrease q at medium PAR, 

albeit not significantly (Figure 3.1D, Table S3.2). All other leaf photosynthetic parameters 

were not significantly affected by R:FR (Figure 3.1A-C, Table S3.2). Reductions in R:FR 

tended to increase b (Figure 3.1F), indicating that the decline in Amax from more illuminated 

leaves in the top of the canopy to the more shaded ones lower down might be steeper in low 

R:FR plants than in high R:FR plants. Reductions in R:FR did not significantly affect a (Figure 

3.1E). 

Evaluation of the FSP model of rose 

The plant total leaf areas and plant heights simulated with our model were closely aligned with 

the measured values (Figure 3.2A, B), i.e., the regression lines were very close to the line of 

1:1 correspondence. The regression line for simulated values vs. measured values of the 

fraction of light intercepted by the plants was also very close to the line of 1:1 correspondence, 

indicating that on average the model gave a good estimate of the fraction of light interception 

(Figure 3.2C). However, the r2 of the regression line was relatively low, indicating a fair 

amount of scatter around the line; indeed in individual cases simulated values deviated up to 

15% from measured values. Overall we conclude that the model gave a representation of plant 

architecture sufficient for the purpose of this study, as also illustrated in Figure 3.3, and gave 

a reasonable prediction of the fraction of light interception. 
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Figure 3.1. Measured effects of photosynthetically active radiation (PAR) and red to far-

red ratio (R:FR) on photosynthetic parameters of top leaves in the canopy: (A) quantum 

efficiency (FCO2LL(inc)), (B) dark respiration rate (Rd), (C) maximum leaf photosynthetic rate 

(Amax) and (D) the curvature of the light response curve (q), and effects of reductions in PAR 

and R:FR on (E) coefficient a, describing the relationship between Amax and Rd in Eq. 3.2: 

�� = � × ���� and (F) coefficient b, describing the relationship between light gradient and 

Amax gradient in the canopy in Eq. 3.3: ����,� ����,���⁄ = (��/����)�. The error bars denote 

1SE of means (A-D) or estimations (E, F). Different letters indicate significant difference (P 

< 0.05) according to one-way ANOVA (A-D) or F-test (E, F). 
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Figure 3.2. The comparisons between measured and simulated results in different 

photosynthetically active radiation (PAR) and red to far-red ratio (R:FR) treatments. 

The comparisons were conducted for (A) plant total leaf area, (B) plant height, and (C) the 

fraction of light intercepted by the plants. Each symbol represents the measured and simulated 

value for one treatment plot. The equation in each panel represents the linear regression of 

simulated (y) vs. measured (x) values by forcing the line through the origin, r2 is the 

determination coefficient of the regression, and rRMSE is the relative root-mean-square error. 
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Figure 3.3. A comparison of real and virtual rose plants. (A) A rose plant population in the 

experiment at flowering stage. (B) A simulated rose population at flowering stage. 

 

Effects of plant plasticity to reductions in PAR and R:FR on light interception and plant 

photosynthesis 

Under simulated canopy shading, reductions in R:FR happened earlier than reductions in PAR 

(Figure 3.4). By using the simulation model, it was shown that plasticity in plant architecture 

as a whole (i.e., introducing the combined effects of R:FR and PAR on internode length, leaf 

angle and leaf area) decreased the fraction of light interception, and this effect (i.e., E 

calculated with Eq. 3.5) increased with canopy shading from 2% at an LAI_C of 0.5 m2 m-2 

to 10% at an LAI_C of 3 m2 m-2 (Figure 3.5). Decreased leaf area by reductions in PAR had 

the largest effect on the fraction of light interception (1% to 8%), followed by increased leaf 

inclination angle by reductions in R:FR that slightly decreased the fraction of light interception 

(1% to 2%), while increased internode length hardly affected the fraction of light 

interception (Figure 3.5). 

Plant plasticity as a whole (i.e., ‘Full phenotype’; the combination of all plastic trait responses 

to the combination of reduced PAR and reduced R:FR) decreased plant net photosynthesis by 

7% to 8% at mild shade levels (LAI_C = 0.5 and 1 m2 m-2) but increased net photosynthesis 

by 10% to 83% at heavy shade levels (LAI_C = 2 and 3 m2 m-2) (Figure 3.6A). The relative 

contribution to these effects by the plastic responses to the two shading factors (i.e., reduced 
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PAR and reduced R:FR) tended to be in the opposite direction and depended on the level of 

shading. At mild shade levels, the reduction in photosynthesis was mainly caused by plasticity 

to reduced R:FR. Conversely, at heavy shade levels, the increase in photosynthesis was mainly 

caused by plasticity to reduced PAR (Figure 3.6A). 

 

 

Figure 3.4. The fraction of reductions in photosynthetically active radiation (PAR) and 

red to far-red ratio (R:FR) by canopy shading of leaf area index (LAI_C) at different 

levels. Lines are simulated results. Triangles and circles are the relative PAR and R:FR levels 

at LAI_C = 0.5, 1, 2 and 3 m2 m-2. 
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Figure 3.5. Estimated trait effects on the fraction of light intercepted by the plants. Trait 

effects were estimated for plant architectural trait responses to reduced photosynthetically 

active radiation (PAR) (i.e., leaf area), to reduced red to far-red ratio (R:FR) (i.e., internode 

length and leaf angle), and to the combination of the two (i.e., ‘Full phenotype’) on the fraction 

of light intercepted by the plants under canopy shading caused by a leaf area index (LAI_C) 

of 0.5, 1, 2 and 3 m2 m-2. Trait effects were calculated as the relative changes of light 

intercepted by plants caused by changing targeted traits compared with light intercepted by the 

non-shaded plant phenotype (see Eq. 3.5 for the calculation). ‘Full phenotype’ represents the 

phenotype that plastic trait responses to both reduced PAR and reduced R:FR are changed 

simultaneously. 

 

Among all plastic traits, plasticity in leaf photosynthetic characteristics (i.e., changes in q and 

b by reduced R:FR, changes in Amax and a by reduced PAR) had a larger effect on plant 

photosynthesis than plasticity in plant architecture (i.e., changes in internode length and leaf 

inclination angle by reduced R:FR, changes in leaf area by reduced PAR) (Figure 3.6B). 

Among all plastic trait responses to reduced PAR, changes in a had the largest effects on plant 

photosynthesis (4% to 94%) at all shade levels, followed by changes in Amax (3% to 72%; 

note that the effect of Amax was both direct through changes in Amax itself and indirect through 

changes in Rd, see Eq. 3.2) and leaf area (2% to 13%). With the increased shading, all trait 

responses to reduced PAR tended to more positively affect photosynthesis (Figure 3.6B). 
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Among all plastic trait responses to reduced R:FR, the relative effect of changes in b on plant 

photosynthesis increased (1% to 14%) while the relative effect of plasticity in q became more 

negative (7% to 9%) with increasing shade. Changes in internode length and leaf inclination 

angle only slightly affected plant photosynthesis compared with other trait effects (Figure 

3.6B). 

Interactions between effects of trait responses to reductions in PAR and R:FR on plant 

photosynthesis 

Effects of individual plastic trait responses to reduced PAR on plant photosynthesis negatively 

interacted with each other (Figure 3.7A), in that effects of combined trait responses on plant 

photosynthesis were less positive than when effects of individual trait responses were added. 

This negative interaction was mainly caused by the negative interaction between the effect of 

changing Amax and the effect of changing a on plant photosynthesis (Figure 3.7B); i.e., the 

marginal effect of lowering Rd by reducing a (Eq. 3.2) became less when Rd had already been 

reduced by lowering Amax. In addition, effects of changing Amax and a on plant photosynthesis 

became less when leaf area was also reduced (Figure 3.7B). Conversely, there was hardly any 

interaction between effects of trait responses to reduced R:FR (Figure 3.7A). Further analysis 

showed that interactions between each low-R:FR response were very small and occurred in 

both positive and negative directions (Figure S3.3), possibly compensating each other leading 

to overall no interaction between the effects of individual low-R:FR responses. 
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Figure 3.6. Estimated effects of (A) the combination of plastic traits and (B) individual 

plastic traits on plant photosynthesis under canopy shading caused by a leaf area index 

(LAI_C) of 0.5, 1, 2 and 3 m2 m-2. Trait effects are calculated as the relative changes of plant 

photosynthesis by changing targeted traits compared with plant photosynthesis of non-shaded 

plant phenotype (see Eq. 3.5 for the calculation). In panel (A), ‘RFR’ represents the phenotype 

that all plastic trait responses to reduced red to far-red ratio (R:FR) are changed simultaneously; 

‘PAR’ represents the phenotype that all plastic trait responses to reduced photosynthetically 

active radiation (PAR) are changed simultaneously; ‘Full’ represents the phenotype that all 

plastic trait responses to both reduced R:FR and reduced PAR are changed simultaneously. In 

panel (B), solid bars are plastic trait responses to reduced R:FR; open bars are plastic trait 

responses to reduced PAR; Theta’ is the curvature factor q of light response curve; ‘Amax’ is 

the maximum leaf photosynthetic rate Amax; ‘Amax-Light’ is the coefficient b describing the 

correlation between light gradient and Amax gradient in the canopy; ‘Rd’ is the coefficient a 

describing the relationship between Amax and dark respiration rate. 
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Figure 3.7. Estimated interaction between effects of plastic trait responses on plant 

photosynthesis under canopy shading caused by a leaf area index (LAI_C) of 0.5, 1, 2 

and 3 m2 m-2. Interactions of trait effects are calculated as the differences between the 

combined effects of changing all targeted traits on plants photosynthesis and the additive 

effects of separately changing individual targeted traits on plant photosynthesis (see Eq. 3.6 

for the calculation). In panel (A), ‘RFR’ represents the interaction between effects of all plastic 

trait responses to reduced red to far-red ratio (R:FR); ‘PAR’ represents the interaction between 

effects of all plastic trait responses to reduced photosynthetically active radiation (PAR); ‘Full’ 

represents the interaction between effects of all trait combination to reduced R:FR and all trait 

combination to reduced PAR. In panel (B), each bar represents the interaction between the 

effects of two individual low-PAR responses. In panel (C)-(F), each bar represents the 

interaction between the effect of an individual low-R:FR response and the effect of an 

individual low-PAR response. Detailed descriptions of trait names can be found in Figure 3.6. 
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The negative interaction also existed between the effect of ‘PAR’ phenotype (i.e., the 

combination of all plastic trait responses to reduced PAR) and the effect of ‘RFR’ phenotype 

(i.e., the combination of all plastic trait responses to reduced R:FR) on plant photosynthesis 

(Figure 3.7A). This indicates that the effects of ‘Full’ phenotype on plant photosynthesis were 

more negative under mild shade levels and were less positive under heavy shade levels than 

when the effects of ‘PAR’ phenotype and ‘RFR’ phenotype were added (as also shown in 

Figure 3.6A). The negative interaction between the effects of ‘PAR’ phenotype and ‘RFR’ 

phenotype on plant photosynthesis was mainly caused by the interaction between q and Amax 

(i.e., the effect of changing Amax is smaller when q  is reduced; Figure 3.7E) and the interaction 

between b and all low-PAR trait responses (changes in Amax, leaf area and a) (i.e., the effect of 

changing the distribution of Amax in the canopy is smaller when Amax itself is lower, when leaf 

area is reduced, and when Rd to Amax ratio is lower; Figure 3.7F). Some trait effects (e.g., those 

of internode length and leaf area) interacted positively with each other, but these interactive 

effects were small  (< 2%, Figure 3.7C-E). 

Discussion  

The relative importance of individual shade responses for plant photosynthesis changes with 

shade level 

Understanding the adaptive significance of plastic trait responses to canopy shading involves 

quantifying how responses to the individual shading factors interact in determining plant 

functions such as plant photosynthesis. Here, we showed that plastic responses to reduced PAR 

and reduced R:FR involve different traits, and that effects of plastic responses to these two 

shading factors on plant photosynthesis are different and can operate in opposite directions. In 

addition, the directions of individual trait effects and their relative importance changed with 

the level of canopy shading itself, being that effects of responses to low R:FR were more 

dominant at mild shading while effects of responses to low PAR dominated at heavy shading 

(Figure 3.6A, Figure 3.8). This is in line with the common view that reductions in R:FR operate 

as an early warning signal for future shading, in contrast to drops in PAR which are only 

occurring while shading is occurring (Ballaré, 1999). 
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Figure 3.8. Concept figure of changing dominant factor that affects plant photosynthesis 

with the increasing level of canopy shading (LAI_C). 

 

In early stages of canopy development, plants could immediately experience significant 

reductions in R:FR when reductions in PAR are still absent or relatively minor (Ballaré, 1999), 

as also found in our simulations (Figure 3.4). Therefore, low R:FR is widely considered as an 

early warning signal for plants about proximity of neighbours, and the subsequent shade 

avoidance responses are considered to improve plant performance by preventing plants from 

becoming shaded (Ballaré, 1999; Vandenbussche et al., 2005). However, in our simulations in 

which constant shade was considered, effects of these low-R:FR responses on plant 

photosynthesis were negative, and these effects were also larger than the effects of low-PAR 

responses at mild shade levels (Figure 3.6A, Figure 3.8). Moreover, leaf physiological changes 

induced by low R:FR (i.e., changes in curvature of light response curves and the correlation 

between light gradient and Amax gradient in the canopy) had a relatively large impact on plant 

photosynthesis compared to typically observed shade avoidance responses in plant architecture 

(i.e., internode elongation and leaf hyponasty) (Figure 3.6B). These results suggest that apart 

from the well-observed architectural responses to reduced R:FR, leaf physiological responses 

to reduced R:FR also substantially affect plant performance. When plant architectural 
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responses do not lead to a higher light acquisition, overall responses to low R:FR are not 

beneficial to plant photosynthesis. 

With the canopy fully developing, plants experience continuing reductions in PAR while the 

R:FR ratios stay at constantly low levels (Figure 3.4). Under heavy shading, effects of 

plasticity to low PAR on plant photosynthesis became larger than effects of plasticity to low 

R:FR (Figure 3.6A, Figure 3.8), indicating that plasticity to low PAR is high under heavy 

shading. In contrast to the negative effect of low-R:FR responses on plant photosynthesis, 

plastic trait responses to low PAR had a positive effect on plant photosynthesis (Figure 3.6A). 

This indicates that under canopy shading, it is the plant response to low PAR rather than the 

response to low R:FR, which helps maintaining a positive carbon balance. The positive effect 

of trait responses to low PAR on plant photosynthesis was mainly caused by responses that 

reduce respiration costs (Figure 3.6B). In our simulations, lower Rd associated with the 

decreases in both Amax and the Rd to Amax ratio (= a) (Figure 3.6B). Under low light, both Amax 

and Rd have been found to decrease (Sims & Pearcy, 1991; Walters et al., 1993), as also found 

in our experiment (Figure 3.1B, C). Furthermore, Rd has been found to decrease more strongly 

than Amax (Sims & Pearcy, 1991), as also suggested by our result that Rd to Amax ratio decreased 

by reductions in PAR (Figure 3.1E). Although the lower leaf area and lower Amax hardly 

affected net plant photosynthesis at mild shading, the reduction in respiration associated with 

lower leaf area and Amax positively affected net plant photosynthesis (Figure 3.6B). Further 

analysis indicates that if Amax and Rd were not correlated, the lower Amax itself would reduce 

plant photosynthesis (Figure S3.4). Walters & Reich (2000) showed that under low light 

conditions, minimizing carbon loss is more beneficial to plants than maximizing carbon gain. 

This result is in concert with ours showing that under canopy shading, plant plasticity to low 

PAR is beneficial to plant carbon balance due to reduced respiration costs. 

Effects of low-R:FR responses and low-PAR responses on plant photosynthesis negatively 

interact 

Interactions occurred between effects of low-R:FR responses and effects of low-PAR 

responses on plant photosynthesis (Figure 3.7A). The effect of shade responses as a whole on 

plant photosynthesis was more negative at mild shading and less positive at heavy shading 

than if effects of low-R:FR responses and low-PAR responses of individual traits would be 

added (Figure 3.6A). This negative interaction was mainly caused by interactions between 
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effects of individual low-PAR responses and the effect of low R:FR induced changes in the 

correlation between light gradient and Amax gradient (Figure 3.7F). A steeper decline of this 

correlation (i.e., a higher b value) means the heavy shaded leaves lower in the canopy have 

less photosynthetic capacity, resulting in less respiration costs in these leaves. This could 

potentially improve photosynthesis of the whole plant especially at heavy shading (Figure 3.6B) 

when leaves in the lower canopy hardly receive any light resource for photosynthesis and these 

leaves are mainly consuming rather than producing assimilates. When Rd to Amax ratio and leaf 

area decreases, reductions in respiration costs resulted from the decreased photosynthetic 

capacity of shaded leaves would become less due to the negative interactions of Amax vs. Rd to 

Amax ratio and Amax vs. leaf area (Figure 3.7B). However, when Amax itself decreases, the more 

illuminated leaves at upper canopy have less capacity for photosynthesis as well, resulting in 

the interactive effect of b and Amax on plant photosynthesis in a negative direction (Figure 3.7F).  

More generally these results show that effects of low-PAR responses on plant photosynthesis 

depend on effects of low-R:FR responses and vice versa. This suggests that if there is genetic 

variation in plant plasticity to different shading factors (reduced PAR and reduced R:FR), 

selection for plasticity to one shading factor depends on the level of plasticity to the other 

factor. This result further connects to the broader literature on divergent evolution of shade 

responses, which has shown differentiation in plasticity to low R:FR between ecotypes from 

different shade habitats. Typically ecotypes e.g. in the annuals Impatiens capensis from forest 

habits experiencing shading from taller plants show much reduced low-R:FR responses 

compared with grassland ecotypes experiencing from more similar sized plants (Dudley & 

Schmitt, 1995; Donohue & Schmitt, 1999; Donohue et al., 2000; Huber et al., 2004; Anten et 

al., 2009). The question arising from our work is whether this divergence also involved a 

different balance between responses to low R:FR and low PAR.    

Limitations of this study and future perspectives 

Essentially, our simulations mimic the situation whereby target plants are shaded by an 

overhead canopy. This situation is commonly found in forest understory, or in certain 

intercropping and agro-forestry systems. However, as noted, plants also often experience 

canopy shading caused by crowding of similar-sized neighbours (e.g., high plant density), 

which, while not necessarily taller than target plants, still cause reductions in R:FR and the 

amount of PAR available for individual plants. In those situations, responses to low R:FR 



82 
 

maybe be relatively more important than those to low PAR. We did not simulate those 

situations because our experiments did not allow us to make reasonable assumptions to create 

reliable virtual phenotypes in crowding populations. However, if combined with appropriate 

experiments, the modelling approach presented in our study could account for those situations 

too. 

We quantified the effects of all plastic trait responses observed under canopy shading and 

compared their relative importance by using a combination of experiments and modelling. To 

our knowledge, this has not been done before. The relative importance of plastic responses to 

low PAR and low R:FR changed with the increasing level of canopy shading, being that low-

R:FR responses had a dominant effect on plant photosynthesis at mild shading whereas low-

PAR responses became dominating at heavy shading. Moreover, low-R:FR responses and low-

PAR responses interacted functionally with each other, mostly in negative directions, 

indicating that the adaptive significance of- and thus selection for- plasticity to one shading 

factor is dependent on the plasticity to the other factor. Like canopy shading, other 

environmental changes may involve multiple factors, e.g., wind involves both mechanical 

stress and micro-climatic changes (Anten et al., 2010). A combination of experiments that can 

separate individual environmental factors and FSP modelling is a useful tool to disentangle the 

effects of individual plastic architectural and physiological trait responses to these factors on 

plant performance and to investigate the interactions between trait effects. 

Conclusions 

Phenotypic plasticity to shading in vegetation stands entails both physiological and 

architectural responses to reduced PAR and R:FR. The effects of these responses on plant 

photosynthesis can operate in opposite directions and can be strongly inter-dependent. The 

relative importance of these responses on plant photosynthesis also changes with the level of 

shade. Our results indicate that environmental changes entail multiple factors that induce 

plasticity in different traits, and the effects of plasticity in one trait on plant performance 

strongly depend on the level of plasticity in another. 
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Supporting information 

Table S3.1. Information on the actual reductions in photosynthetically active radiation 

(PAR) and red to far-red ratio (R:FR) achieved in different light treatments. 

Treatments  Actual levels  

PAR R:FR PAR R:FR 

High High  100% 1.05 

Medium High  60% 0.94 

Low High  29% 0.93 

High Medium  100% 0.36 

High Low  100% 0.25 

Medium Low  70% 0.16 
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Figure S3.1. Measured effects of reductions in photosynthetically active radiation (PAR) 

under high red to far-red ratio on plant architectural traits. Measurements were conducted 

on internode length (a), leaf area (b), and leaf inclination angle (c) for the even numbered leaf 

ranks (counted from the base) of rose stems. Error bars represent 1SE. * indicates a significant 

effect according to a simple linear regression model (P<0.05). 
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Figure S3.2. Measured effects of reductions in red to far-red ratio (R:FR) under high 

photosynthetically active radiation on plant architectural traits. Measurements were 

conducted on internode length (a), leaf area (b), and leaf inclination angle (c) for the even 

numbered leaf ranks (counted from the base) of rose stems. Error bars represent 1SE. * 

indicates a significant effect according to a simple linear regression model (P<0.05). 
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Figure S3.3. Estimated interactions between trait effects on plant photosynthesis. The 

interactions were estimated between effects of individual trait responses to low red to far-red 

ratio on plant photosynthesis under canopy shading caused by a leaf area index (LAI_C) of 

0.5, 1, 2 and 3 m2 m-2. Each bar represents the interaction between two individual traits. ‘Theta’ 

is the curvature factor q of light response curve; ‘Amax-Light’ is the coefficient b describing 

the correlation between light gradient and the gradient of leaf photosynthetic capacity in the 

canopy. 

 

 

Figure S3.4. Estimated effect of plasticity in leaf photosynthetic capacity (Amax) on plant 

photosynthesis. The estimations were calculated at shade levels caused by a leaf area index 

(LAI_C) of 0.5, 1, 2 and 3 m2 m-2, without considering the correlation between changing Amax 

and the dark respiration rate. 



88 
 

Method S3.1. Estimating leaf photosynthetic parameters 

The combined measurement of gas exchange and chlorophyll fluorescence was used to 

determine a set of photosynthetic parameters as reported in the main text, using the method as 

described by Yin et al (2009, 2014). Compared with conventional photosynthetic parameter 

estimations, this method explores the decrease of the operating photosystem II photochemical 

efficiency with increasing irradiance, which is likely more relevant to crops grown in relatively 

low light environment such as in the greenhouse. 

The operating efficiency of photosystem II (PSII) photochemistry (F2) at each irradiance level 

was measured from fluorescence signals, according to Genty et al (1989), as: 

F� = 1 − �� ��
�⁄                      (S3.1) 

where Fs is the steady-state fluorescence and Fm’ is the maximum fluorescence. Fs and Fm’ 

were obtained directly from the combined gas exchange and chlorophyll fluorescence 

measurements. 

First, according to Yin et al (2009), the decrease of F2 with increasing irradiance can be fitted 

to the equation below: 

F� = (a������� + ����� − �(a������� + �����)� − 4b�����a�������)/(2b
�

����) 

                      (S3.2) 

in which �� = ���� F���⁄                      (S3.3) 

���� = F��� × (1 − ����)/(
F���

F���
+ �1 − �����)                  (S3.4) 

where Iabs is the irradiance absorbed by the leaf, which is calculated as Iinc multiplied by leaf 

absorbance; J2max (mol m-2 s-1) is the total rate of electron transport passing PSII under 

saturating irradiance; b is the curvature factor; 2 is the factor of excitation partitioning to PSII; 

a2LL (mol e mol-1 photon) is the PSII photochemical efficiency under strictly limiting light on 

the basis of light absorbed by both PSI and PSII; F1LL (mol e mol-1 photon) is the 

photochemical efficiency of PSI and a value of 1.0 can be used for C3 species; fcyc is the fraction 

of cyclic electron transport in the total electron flux passing PSI and a value of 0.05 can be 
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used for C3 species (Yin et al., 2014). The estimated from F2LL from this fitting does not 

depend on the pre-set values of F1LL and fcyc. 

Next, using the combined measurements of net rate of photosynthesis (A, mol CO2 m-2 s-1) and 

F2 at different incident irradiance levels (Iinc, mol m-2 s-1), a lumped parameter s’ and the 

respiration rate in the light or called day respiration (Rd, mol CO2 m-2 s-1) were estimated, 

based on the linear regression equation (Yin et al., 2014): 

� = �� �
����F�

�
� − ��                     (S3.5) 

Thirdly, according to Yin et al (2014), the quantum yield of CO2 assimilation on the basis of 

incident light (FCO2LL(inc), mol CO2 mol-1 photon) was calculated as: 

F�����(���) = ��F���/4                     (S3.6) 

where F2LL (mol e mol-1 photon) and the lumped parameters s’ were estimated in the 

preceding steps. 

Finally, with the FCO2LL(inc) and Rd estimated above, the maximum leaf photosynthetic rate at 

the saturating incident irradiance level (Amax, mol CO2 m-2 s-1) and the curvature factor of the 

light response curve (q) were estimated by fitting the gas exchange measurements to the non-

hyperbola rectangular equation below: 

� =
F�����(���)�����������(F�����(���)���������)���q����F�����(���)����

�q
− ��              (S3.7) 
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Abstract  

Background and Aims The success of using bent shoots in cut-rose (Rosa hybrida) production 

to improve flower shoot quality has been attributed to bent shoots capturing more light and 

thus providing more assimilates for flower shoot growth. We aimed at quantifying this 

contribution of photosynthesis by bent shoots to flower shoot growth.  

Methods Rose plants were grown with four upright flower shoots and with 0, 1 or 3 bent shoots 

per plant. Plant architectural traits, leaf photosynthetic parameters and organ dry weight were 

measured. A three-dimensional simulation model of rose was used to calculate photosynthesis 

of upright shoots and bent shoots separately.  

Key Results We found that plant traits relevant to flower shoot quality (e.g., stem length and 

shoot fresh weight) were all increased by the presence of bent shoots. Bent shoots contributed 

to 43% to 53% of cumulative plant photosynthesis. The cumulative plant photosynthesis 

increased by 73% and 117% in plants with, respectively, 1 and 3 bent shoots compared with 

plants without bent shoots. Upright shoot dry weight increased by 35% and 59% in plants with, 

respectively, 1 and 3 bent shoots compared to plants without bent shoots. The increased upright 

shoot dry weight was entirely due to the contribution of extra photosynthesis by bent shoots, 

as the cumulative upright shoot photosynthesis itself was not affected by the presence of bent 

shoots. At least 47% to 51% of the photosynthesis by bent shoots was translocated to upright 

shoots to support their biomass increase.  

Conclusions We conclude that the positive effect of shoot bending on flower shoot growth and 

quality in cut-rose production system can entirely be attributed to assimilate supply from bent 

shoots. Functional-structural plant modelling is a useful tool to quantify the contributions of 

photosynthesis by different parts of heterogeneous canopies. 

Keywords: bent shoots; biomass allocation; functional-structural plant model; heterogeneous 

canopy; light absorption; photosynthesis; rose (Rosa hybrida)
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Introduction  

Rose (Rosa hybrida) is one of the most popular ornamental crops worldwide. In cut-rose 

production, weak and non-flowering shoots are usually bent downwards (the so-called bent 

shoots) to intercept light not captured by the upright shoots, which are the economically 

valuable flower shoots (Ohkawa & Suematsu, 1997). Bending part of the shoots in rose plants 

increases stem length, flower size and dry weight of upright shoots, resulting in high 

commercial quality of harvestable flower shoots (Kool & Lenssen, 1997; Warner & Erwin, 

2002; Särkkä & Eriksson, 2003; Kim & Lieth, 2004). The advantages of bent shoots in cut-

rose production have been attributed to the extra assimilates produced by bent shoots from 

which growth of the upright flower shoots benefits (Kim & Lieth, 2004). However, bent shoots 

are down in the canopy and only receive limited amount of light. Keeping too many bent shoots 

may lead to a negative carbon balance especially in the lower layers of bent shoots (Pien et al., 

2001), resulting in competition between bent shoots and upright shoots for assimilates 

produced by the whole plant canopy. To optimize the number of bent shoots and to maintain 

upright shoot quality, it is imperative to quantify to what extent photosynthesis by bent shoots 

may contribute to upright shoot photosynthesis and biomass production. No studies have ever 

quantified such contributions. 

Bent shoots can contribute to upright shoot growth both directly and indirectly. The assimilates 

produced by bent shoots can directly contribute to upright shoot growth when they are 

translocated to the upright shoots (Baille et al., 2006; Kajihara et al., 2009). Photosynthesis of 

upright shoots themselves can also be indirectly affected by bent shoots. Upright shoot 

photosynthesis is determined by both upright shoot light interception and leaf photosynthetic 

characteristics. Although leaf photosynthetic characteristics of upright shoots is unlikely 

affected by bent shoots (Kim et al., 2004; González-Real et al., 2007), upright shoot light 

interception may be affected by the presence of bent shoots. The assimilate supply from bent 

shoots may enhance the establishment of leaf area in upright shoots and result in an increased 

light interception and photosynthesis.  

To quantify the direct and indirect contributions of bent shoots to upright shoot growth, a 

crucial step is to separately quantify both contributions to plant photosynthesis in the canopy, 

as photosynthesis drives growth. This contribution is difficult to derive experimentally, but 

can be done using simulation models. However, most canopy photosynthesis models (e.g., 
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multi-layer, big-leaf, or sun-shade models) assume an even light distribution in the canopy 

(Hikosaka et al., 2016b). Since the rose plants consist of vertically growing upright shoots and 

horizontally growing bent shoots, they constitute a spatially heterogeneous canopy, which 

cannot be represented in conventional canopy photosynthesis models to calculate canopy 

photosynthesis. This issue can be solved by using functional-structural plant (FSP) models. In 

FSP models, individual plants and their architecture and functioning in a canopy are 

represented in three dimensions (Vos et al., 2010), which has been applied to rose before 

(Buck-Sorlin et al., 2011). This approach can therefore be applied to calculate photosynthesis 

of a heterogeneous rose crop at the leaf level. 

The objective of this study was to quantify the relative contributions of bent shoots and upright 

shoots to photosynthesis of the whole plant. To this end, first a greenhouse experiment with 

rose plants was conducted to investigate the effects of bent shoots on upright shoot 

architectural development, leaf photosynthesis and biomass production. The plants were 

subjected to bending treatments whereby different numbers of bent shoots (0, 1 or 3 shoots) 

were retained on the plant and four shoots were retained to grow vertically (the so-called 

upright shoots). Upright shoot morphology, leaf photosynthesis and organ biomass were 

measured. Then, an FSP model of rose was developed based on morphology and 

photosynthesis measurements and was used to calculate photosynthesis of bent shoots and 

upright shoots for plants in the different bending treatments. 

Materials and methods 

Experimentation  

Plant growth conditions. Rose plants (Rosa hybrida cv. ‘Red Naomi!’) were grown  in a 

compartment (12 m × 12 m × 4 m) of a Venlo-type glasshouse located in Wageningen, the 

Netherlands (52° N, 6° E). The compartment contained six growth beds each consisting of two 

gutters. On these gutters, rooted rose-cuttings bearing a shoot (the primary shoot) were planted 

on 4 January 2017 at a plant density of 7.5 plants m-2 to closely resemble a realistic commercial 

cultivation set-up. On 24 January 2017 when all primary shoots had formed a flower bud, the 

flower buds were removed. On 6 February 2017 when all primary shoots had developed side 

shoots on the top, these primary shoots were bent downwards (primary bent shoots, hereafter). 

This mimics the primary bending done in practice. After bending the primary shoots, on 
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average two axillary buds per plant sprouted. These newly sprouted shoots were harvested on 

9 March 2017 because they were too thick to bend. After the harvest, on average four axillary 

buds per plant sprouted, with two axillary buds on each parent stem. When these axillary buds 

had developed into mature shoots, two of these shoots were bent downwards (secondary bent 

shoots, hereafter) on 5 April 2017. The other two shoots were harvested on 12 April 2017. 

After this harvest, four axillary buds sprouted on most plants. For plants which had more than 

four axillary buds, only four axillary buds were kept on the plant and the excessive ones were 

removed. For a few plants which had less than four axillary buds, these plants were not used 

for measurements. All axillary buds left on the plants were allowed to grow upwards (upright 

shoots, hereafter) to become the economically valuable cut-flower products. 

High-pressure sodium (HPS) lamps (600W, Philips, Eindhoven, The Netherlands) were used 

between 2:00 and 21:00 hours, only when global radiation outside the greenhouse dropped 

below 200 W m-2 and were switched off when outside global radiation increased to values 

higher than 300 W m-2. Light intensity from the HPS lamps when they were on was ca 150 

mol m-2 s-1 at canopy level. Shading screen (HARMONY 4215 O FR, Ludvig Svensson, 

Hellevoetsluis, The Netherlands) was closed when outside global radiation increased to values 

higher than 600 W m-2 and was opened when outside global radiation dropped below 500 W 

m-2. CO2 was supplied when CO2 concentration inside the greenhouse was lower than 700 ppm, 

which is similar to the commercial greenhouse settings. However, when windows were opened, 

CO2 supply stopped. The average light intensity (photosynthetically active radiation, i.e. PAR, 

from both sun and lamps) during photoperiod (2:00-21:00 hours) inside the greenhouse during 

the experiment (from 24 April to 31 May 2017) was 360 mol m-2 s-1. The average daily 

temperature, relative humidity and CO2 concentration inside the greenhouse during the 

experiment were 21.6 °C, 72% and 524 ppm, respectively. Plants were irrigated hourly 

between 7:00 and 19:00 with standard nutrient solution (EC = 2.2 mS cm-1; pH = 5.8) for rose 

crop used in practice. 

Treatments. On 24 April 2017, treatments started. At that point, each plant had four axillary 

buds and three bent shoots (including one primary bent shoot and two secondary bent shoots). 

In total three treatments were established: (i) all bent shoots were removed from the plants 

(0B), (ii) the secondary bent shoots were removed from the plants and the primary bent shoots 

were kept on the plants, resulting in one bent shoot per plant (1B), and (iii) all bent shoots were 
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kept on the plants, resulting in three bent shoots per plant (3B). In all treatments, four axillary 

buds were kept, resulting in four upright flower shoots per plant. On 1 June 2017, all upright 

shoots were harvested when they were blooming, and the experiment ended.  

Plant architecture and biomass measurements. Six plants per plot were randomly chosen and 

one upright shoot on each plant was used to measure architectural traits and biomass 

production. Shoot architectural traits were measured non-destructively on day 6, 9, 14, 19 and 

25 after start of treatments. The non-destructive measurements included the number of leaves 

on the shoot, length and width of all individual leaves on the shoot, stem length, length of all 

internodes on the shoot, and flower width. On 31 May 2017, all upright shoots used for non-

destructive measurements were harvested for destructive measurements. The destructive 

measurements included shoot fresh weight, stem length, length and diameter of all internodes 

on the shoot, length, width, leaflet number, area and inclination angle of all individual leaves 

on the shoot, and flower width. An allometric relationship between leaf area and the product 

of leaf length and width was derived from the destructive measurements (r2 = 0.92; relative 

root-mean-square error = 0.13), and was used to calculate leaf areas on days when non-

destructive measurements on leaf length and width were performed. Length of the compound 

rose leaf was measured from the tip of the terminal leaflet to the end of the petiole that the leaf 

attached with the stem, and leaf width was measured at the widest part of the leaf. After the 

destructive measurements, individual organs were put in the oven for 48 hours at 105 °C to 

measure organ dry weight. Stem length was measured using a measuring tape. Leaf length and 

width, internode length and flower width were measured using a ruler. Internode diameter was 

measured using a pair of callipers. Leaf area was measured using a leaf area meter (LICOR-

3100, Lincoln, NE, USA). Leaf inclination angle was measured as the insertion angle of the 

leaf with the horizontal level using a protractor. Shoot fresh weight was measured using a 

common electronic balance. Organ dry weight was measured using an analytic balance. 

Light measurements. On day 13 and 30 after start of treatments (both were overcast days), light 

measurements were performed using a line quantum sensor (Li-Cor BioScience, Lincoln, NE, 

USA). In each plot, measurements were performed at three locations (at the front, middle and 

back of the plot; the distance between front and middle and between middle and back was 60 

cm). At each location, light intensities were measured above, in the middle of and at the bottom 

of upright shoots, and above and below bent shoots.  
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Leaf gas exchange measurements. At flowering stage, two plants per plot were chosen from 

the six plants used for architecture and biomass measurements. One shoot per plant was chosen 

to perform a combined measurement of leaf gas exchange and chlorophyll fluorescence using 

the LI-6400XT Portable Photosynthesis System (Li-Cor BioScience, Lincoln, NE, USA). The 

measurements were performed on terminal leaflets of leaves at upper, middle and lower level 

of the upright shoots and leaves on the bent shoots. Light response curves of photosynthesis 

were made by decreasing incident light in the leaf cuvette in the series of 1500, 1100, 700, 400, 

200, 150, 100, 75 and 50 mol m-2 s-1, while keeping ambient CO2 at 400 mol mol-1, O2 at 

21%, leaf temperature at 25 °C, and leaf-to-air vapour pressure difference at 1~1.6 kPa. The 

steady-state fluorescence (Fs) was measured simultaneously with the gas exchange 

measurement after 3 to 5 minutes light adaptation. The maximum fluorescence ��
′

 was 

measured using the multiphase flash method. The flash intensity (Iflash) was increased from the 

background light level in the leaf cuvette to ca 6300 μmol m-2 s-1 in phase 1, and Iflash 

maintained at ca 6300 μmol m-2 s-1 for 300 ms; then Iflash was decreased by 35% and maintained 

at this level for 300 ms in phase 2; in phase 3, Iflash was back to the level of phase 1 and 

maintained at this level for 300 ms. The intercept of linear regression of fluorescence yields 

during phase 2 against 1/Iflash gives the estimate of  ��
′

 from the multiphase flash method 

(Loriaux et al., 2013).  

Estimating leaf photosynthetic parameters. Leaf photosynthetic parameters were estimated by 

stepwise fitting the combined measurements of gas exchange and chlorophyll fluorescence to 

a non-rectangular hyperbola (Eq. 4.1) (Marshall & Biscoe, 1980): 

� =
F�����(���)�����������(F�����(���)���������)���q����F�����(���)����

�q
− ��  (4.1) 

where A (mol CO2 m-2 s-1) is the net leaf photosynthetic rate; FCO2LL(inc) (mol CO2 mol-1 

photon) is the quantum yield of CO2 assimilation on the basis of incident light; Iinc (mol m-2 

s-1) is the incident light; Amax (mol CO2 m-2 s-1) is the maximum leaf photosynthetic rate at 

saturating incident light; q is the curvature factor of the light response curve and was kept at 

0.8 (Yin & Struik, 2015); Rd (mol CO2 m-2 s-1) is the dark respiration rate. Details on the 

procedure of estimating FCO2LL(inc), Amax and Rd can be found in the supporting information in 

Chapter 3 (Method S3.1). 
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The relationships between light gradient and Amax gradient in upright shoots and bent shoots 

were described using Eq. 4.2 (Niinemets & Anten, 2009): 

���� = �� × (�/��)�         (4.2) 

where Amax (mol CO2 m-2 s-1) is the estimated Amax for a leaf; A0 (mol CO2 m-2 s-1) is the 

photosynthetic capacity of the highest most illuminated leaves in upright shoots (A0,upright) or 

in bent shoots (A0,bent); Q (mol m-2 s-1) is the measured light intensity at the level of 

photosynthesis measurements for estimating Amax; Q0 (mol m-2 s-1) is the measured light 

intensity above the plants; k is a coefficient. Taking logarithm of both sides of Eq. 4.2 gives a 

linear equation (Eq. 4.3): 

log ���� = log �� + � × log(�/��)       (4.3) 

By curve fitting Eq. 4.3 with values of Amax and Q/Q0 obtained from measurements on top, 

middle and lower leaves of upright shoots, A0,upright and k were derived. Assuming that the same 

k holds for bent shoots, A0,bent was derived by fitting the intercept of Eq. 4.3 with values of 

Amax and Q/Q0 obtained from leaves of bent shoots.  

Statistical analysis. The treatments were established with a randomized block design, with 

three blocks and 72 plants per plot. In the analysis, the treatments were considered as 

independent fixed factors. The treatment effects on upright shoot architectural traits, upright 

shoot fresh weight, upright shoot and organ dry weight, upright shoot biomass allocation, and 

leaf photosynthetic parameters were analysed using a one-way ANOVA (P < 0.05) of R 

(version R 3.3.3, R Core Team). 

Simulation  

Model development. A three-dimensional (3D) rose model was constructed in the plant 

modelling software GroIMP (Hemmerling et al., 2008). The model includes (i) a 3D 

representation of rose plant architecture that changes every three days, (ii) a radiation and 

photosynthesis model to calculate plant light absorption and photosynthesis, and (iii) virtual 

sensors to measure light intensities in the canopy analogous to the measurements done in the 

experiment.  
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(i) 3D rose plants. Three-dimensional representations of rose plants were constructed for the 

three treatments. Each plant was composed of four upright shoots, and 0, 1 or 3 bent shoots. 

Upright shoots were constructed using phytomers consisting of a internode and a compound 

rose leaf, that together make up the shoot. Architectural parameters used for constructing each 

individual upright shoot included length and width of all internodes, length, width, leaflet 

number and inclination angle of all leaves, and flower width. Architectural measurements 

(measured every 3-5 days) were used to build a database which contains sets of individual 

architectural parameters. Each parameter set was obtained from architectural measurements of 

one shoot. In simulations, architecture of individual shoots was changed every three days (from 

day 1 to 25 after start of treatments) according to the parameter sets that were randomly 

selected from the database. In case architectural measurements were not performed on that day, 

parameters were derived from linear interpolations of parameter values measured on two 

closest days. From day 25, the architectural parameters did not change anymore, as parameter 

values measured on day 25 were similar to the final measurements on day 35. Due to the 

architectural complexity of bent shoots, they were constructed by randomly distributing a 

number of leaves in the area occupied by bent shoots. Total leaf areas of bent shoots used for 

treatments with one (1B) and three (3B) bent shoots were obtained from the experiment. For 

the treatment with no bent shoots (0B), simulations were performed without bent shoots. Plant 

density was set to the same values as in the experiment to mimic the actual plant arrangements 

in the experiment. 

(ii) The radiation and photosynthesis model. The light environment was modelled using a 

dome of light sources representing diffuse light emitted by an overcast sky with moderate 

gradation towards zenith and azimuthal uniformity (Evers et al., 2010). To eliminate the border 

effects in the light environment, the simulated plant population (in total 18 plants were 

simulated, with two rows and nine plants in each row) was replicated 10 times in the x and y 

directions, resulting in average light conditions as experienced by 100 copies of each 

individual plant population (1800 plants in total) (de Vries et al., 2018). The amount of light 

reaching the plant organs was simulated using a Monte-Carlo ray tracer embedded in GroIMP 

(Hemmerling et al., 2008). The light reflectance (= 0.08) and transmittance (= 0.06) values of 

rose leaves were obtained from spectrophotometric measurements on rose leaves of the same 

cultivar in another experiment; stems were assumed to have the same reflectance as leaves but 

with no transmission. Plant net photosynthesis was calculated as the sum of net photosynthesis 
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of individual leaves, which was in turn calculated based on the light absorption and 

photosynthetic parameters of individual leaves (see Eq. 4.1). Amax of individual leaves in 

upright shoots and bent shoots was derived based on the relative light intensity (Q/Q0 in Eq. 

4.2) experienced by that leaf and parameter values of A0,upright, A0,bent and k. Rd of individual 

leaves was assumed to be proportional to Amax of that leaf (Hikosaka et al., 2016b). All leaves 

were assumed to have the same quantum efficiency (FCO2LL(inc)) as we found that neither the 

treatments nor the positions of the leaves in the canopy affected this parameter.  

(iii) Virtual sensors. Virtual light sensors were constructed such that the light intensity could 

be monitored similar to the line quantum sensor used in the experiment. Virtual sensors were 

placed at the same locations as where actual light measurements were performed in the 

experiment.  

Model evaluation. Light measurements by virtual sensors were performed for the three 

treatments using 3D representations of plant architecture on day 14 and 25 after start of 

treatments. The incoming light intensity in the model was kept at 360 mol m-2 s-1, which 

represented the average light intensity (including light from both sun and lamps) inside the 

greenhouse during the experiment. Light measurements by virtual sensors were compared with 

the actual light measurements on day 13 and 30 after start of treatments. Since the incoming 

light intensity varied during the actual measurements, light intensities relative to that above 

upright shoots were used for model evaluation. Relative light intensities obtained in the 

experiment were compared with simulations by calculating the coefficient of determination 

(r2) and the relative root-mean-square error (rRMSE): 

����� =  
�

�̅
�

∑ (�����)��
���

�
        (4.4) 

where yi is the simulated value, xi is the measured value, n is the number of data points, and �̅ 

is the mean of the measured values. 

Calculating plant daily photosynthesis. Plant daily net photosynthesis (inducing 

photosynthesis of upright shoots and bent shoots) was calculated for the three treatments over 

the growth cycle. Photosynthesis was calculated from the first day after start of treatments until 

the day of destructive measurements of upright shoots (in total 35 days). Light conditions 
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(including the global radiation outside the greenhouse, and the applications of shading screen 

and the assimilation lighting inside the greenhouse) were documented every day at a five-

minute interval. Based on these measurements, the hourly light intensity inside the greenhouse 

during the light period was calculated and was used to calculate the hourly net photosynthetic 

rate of individual leaves. Daily photosynthesis of individual leaves was then calculated by 

summing up their hourly photosynthesis during the light period in each day. Daily 

photosynthesis of bent shoots and upright shoots were calculated as the sum of the daily 

photosynthesis of individual leaves attached on bent shoots and upright shoots. Daily whole 

plant photosynthesis was then calculated as the sum of daily photosynthesis of bent shoots and 

upright shoots.  

Two additional simulations were performed. First, in the commercial greenhouse, leaf area 

index (LAI, m2 leaf m-2 floor) of bent shoots can be higher than in our experiment. Thus we 

further calculated daily photosynthesis for 3B treatment using an LAI of 5 for bent shoots. The 

calculation was done for the whole growth period (35 days) according to the approach 

described previously. Second, a common situation in practise is that the rose flower shoots at 

different developmental stages are coexisting on the plants all year round, with harvestable 

shoots being pruned every day. Thus we further calculated daily photosynthesis for 3B 

treatment with upright shoots consisting of shoots at different developmental stages. The 

phenotypes of individual upright shoots on the plants were randomly obtained from the non-

destructive measurements (on day 6, 9, 14, 19 and 25) in 3B treatment, resulting in a mixed 

developmental stages of upright shoots on the same plant. In this simulation, plant net 

photosynthetic rate was calculated for once, with the incoming light intensity being kept at the 

average level during the experiment (= 360 mol m-2 s-1). Number of upright shoots was 

respectively kept at 4, 6 and 8 shoots per plant in the calculation, and bent shoot LAI was kept 

at the same level of 3B treatment (= 3.6). 

Results  

Effects of bent shoots on upright shoot morphology and biomass  

Plants with bent shoots (1B and 3B plants) had longer and thicker upright shoots than plants 

without bent shoots (0B plants) (Table 4.1). Stem biomass per unit of length was also higher 

in 1B and 3B upright shoots than in 0B upright shoots (Table 4.1), indicating that plants with 
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bent shoots had stronger flower stems than plants without bent shoots. Individual internode 

length, mostly for internodes located in the middle of upright shoots, and individual internode 

diameter at harvest were increased when number of bent shoots increased (Figure 4.1A,B). 

Bent shoots did not affect the number of leaves on upright shoots (Table 4.1), but increased 

shoot total leaf area by increasing areas of individual leaves located in the middle of upright 

shoots (Table 4.1; Figure 4.1C). This resulted in higher upright shoot LAIs of plants with bent 

shoots (Figure S4.1). Leaf mass per area was not affected by bent shoots (Table 4.1), nor was 

leaflet number of individual leaves (Figure 4.1D). Flower width at harvest was not affected by 

bent shoots (Table 4.1). 

 

Figure 4.1. Measurements of internode length (A), internode diameter (B), leaf area (C), 

and leaflet number (D) at harvest. Rank numbers are counted from the base towards the 

flower on the shoot. Error bars are standard errors of means. 0B, 1B and 3B represent no, one 

or three bent shoots per plant. 

 

Upright shoot fresh weight was 28% higher in 1B and was 47% higher in 3B than in 0B plants 

(Table 4.1). Upright shoot dry weight was higher in 1B and 3B plants than in 0B plants, as 

well as individual organ (stem, leaf and flower) dry weight of upright shoots (Figure 4.2A). 

The fraction of biomass allocated to stem was higher in 1B and 3B upright shoots than in 0B 

shoots, which was at the expense of the fractions of biomass allocated to leaf and flower 

(Figure 4.2B). 
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Figure 4.2. Organ dry weight (A) and the fraction of dry weight allocated to different 

organs of upright shoot (B) at harvest. Letters in columns indicate significant differences 

when comparing the same organ between treatments with different numbers (0,1,3) of bent 

shoots per plant (columns in the same colour) (P < 0.05). Letters above columns indicate 

significant differences when comparing shoot dry weight between treatments (P < 0.05). 

Negative error bars are standard errors of means for leaf, stem and flower. Positive error bars 

are standard errors of means for the whole shoot. 

 

Effects of bent shoots on leaf photosynthetic parameters 

Leaf photosynthetic parameters of upright shoots, including the maximum leaf photosynthetic 

rate (Amax) (Figure 4.3A-C), dark respiration rate (Rd) (Figure 4.3E-G) and quantum efficiency 

(FCO2LL(inc)) (Figure 4.3I-K), were hardly affected by the presence of bent shoots, except that 

Amax of lower leaves was higher in 0B upright shoots than in 1B and 3B upright shoots (Figure 

4.3C). The number of bent shoots hardly affected photosynthetic parameters of leaves in bent 

shoots (Figure 4.3D,H,L). The distribution of Amax for leaves in upright shoots was correlated 

with the relative light intensity experienced by that leaf (Q/Q0 in Eqs. 4.2 and 4.3). By curve 

fitting Eq. 4.3, leaf photosynthetic capacity of the most illuminated leaf in upright shoots 

(A0,upright) was quantified as 21.0 mol CO2 m-2 s-1 and the slope k of Eq. 4.3 (the same as the 

curvature factor k of Eq. 4.2) was determined as 0.09 (Figure 4.4). Assuming that the same 

correlation between Amax and Q/Q0 holds for leaves in bent shoots (i.e., same k value for bent 

shoots), leaf photosynthetic capacity of the most illuminated leaf in bent shoots (A0,bent) was 
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quantified as 16.9 mol CO2 m-2 s-1 (Figure 4.4), indicating that bending of a shoot decreased 

photosynthetic capacity of its leaves. 

 

 

Figure 4.3. Leaf photosynthetic parameters of leaves at upper (A,E,I), middle (B,F,J) and 

lower (C,G,K) levels of upright shoots and leaves of bent shoots (D,H,L). Amax (A-D) is the 

maximum leaf photosynthetic rate. Rd (E-H) is the dark respiration rate. FCO2LL(inc) (I-L) is the 

quantum efficiency. Letters above columns indicate significant difference (P < 0.05). Error 

bars are standard errors of means. 
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Figure 4.4. The relationships between the logarithm of the maximum leaf photosynthetic 

rate (Amax) of upper, middle and lower leaves in upright shoots and leaves in bent shoots 

and the logarithm of the relative light intensity (Q/Q0) experienced by that leaf (see Eq. 

4.3: log ���� = � × log � ��⁄ + log ��). Closed symbols are upright shoots. Open symbols 

are bent shoots. Solid line is the fitted curve for leaves in upright shoots in the three treatments. 

Dashed line is the fitted curve for leaves in bent shoots in 1B and 3B treatments, obtained by 

only fitting the intercept, but keeping the slope the same as for the upright shoots. Intercepts 

of the solid line and dashed line with y axis represent the logarithm of Amax of the most 

illuminated leaf in upright shoots (Log A0,upright) and in bent shoots (Log A0,bent) respectively. 

Slope of the solid line and dashed line represents the k value used for both upright shoots and 

bent shoots. 0B, 1B and 3B represent no, one or three bent shoots per plant. 

 

Calculations of daily plant net photosynthesis during the whole growth period 

The FSP model sufficiently captured the fraction of light interception in both upright shoots 

and bent shoots, being that the r2 and rRMSE between the measured and simulated relative 

light intensities (Q/Q0) were 0.84 and 0.31 respectively (Figure S4.2). This indicates the 3D 

representation in the model sufficiently represented the rose plants (both with and without bent 

shoots) for simulations of light absorption and photosynthesis. 

Simulated PAR absorption and net photosynthesis of the upright shoots were hardly different 

between plants with and without bent shoots during the whole growth period (Figure 4.5). 

When upright shoots were at their early developmental stages, daily PAR absorption of the 

whole plant was respectively three and five times higher in 1B and 3B plants than in 0B plants 
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(Figure 4.5A), due to the additional leaf area of bent shoots. This results in that daily 

photosynthesis was respectively four and seven times higher in 1B and 3B plants than in 0B 

plants (Figure 4.5C). When upright shoots were fully developed, plant daily PAR absorption 

was respectively 57% and 82% higher in 1B and 3B plants than in 0B plants (Figure 4.5A). 

This results in that plant photosynthesis was respectively 51% and 83% higher in 1B and 3B 

plants than in 0B plants (Figure 4.5C). At harvest, the cumulative plant PAR absorption was 

76% and 111% higher, and cumulative plant photosynthesis was 73% and 117% higher 

respectively in 1B and 3B plants than in 0B plants (Figure 4.5B,D). The cumulative PAR 

absorption by bent shoots in 3B plants was 40% higher than that in 1B plants, resulting in 54% 

higher bent shoot photosynthesis (Figure 4.5B,D). At early stages of upright shoots, the 

relative contribution of bent shoots to daily PAR absorption of the whole plant was 76% in 1B 

and 81% in 3B plants (Figure 4.6A). This results in that the relative contribution of bent shoots 

to plant photosynthesis was 78% in 1B and 85% in 3B plants (Figure 4.6C). With the growing 

of upright shoots, the relative contributions of bent shoots to daily plant PAR absorption and 

photosynthesis decreased (Figure 4.6A,C). At harvest, bent shoots contributed 43% 

cumulative PAR absorption and photosynthesis of 1B plants and 51% PAR absorption and 53% 

photosynthesis of 3B plants (Figure 4.6B,D). 

To compare the differences of upright shoot photosynthesis and biomass production between 

treatments, we normalized these values in all treatments to values obtained in 0B (resulting in 

all values in 0B = 1). Upright shoot dry weight at harvest was 35% higher in 1B and 59% 

higher in 3B than in 0B plants (Figure 4.7A). However, cumulative upright shoot 

photosynthesis at harvest was not different between treatments (Figure 4.7B), indicating that 

the higher dry weight in 1B and 3B upright shoots did not come from photosynthesis of upright 

shoots themselves, thus should come from their bent shoots. In addition, owning to the 

contribution of bent shoots, cumulative whole-plant photosynthesis at harvest was 73% higher 

in 1B and was 17% higher in 3B than in 0B plants (Figure 4.7C). These fractions were even 

higher than the fractions of dry weight increases in upright shoots of 1B (35%) and 3B (59%) 

plants (Figure 4.7A), indicating that their bent shoots produced more assimilates than the 

amount that had been contributed to upright shoot dry weight increase. 
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Figure 4.5. Simulated daily (A,C) and cumulative (B,D) photosynthetically active 

radiation (PAR) absorption (A,B) and net photosynthesis (C,D). Closed symbols with 

dashed lines are simulated results of upright shoots. Open symbols with dotted lines are 

simulated results of the whole plant. 0B, 1B and 3B represent no, one or three bent shoots per 

plant. PAR absorption and photosynthesis of upright shoots equal to that of the whole plant in 

0B treatment. 

 

As in the commercial rose greenhouse, LAI of bent shoots is often higher than in our 

experiment (bent shoot LAI in the experiment was given in Figure S4.1), we calculated the 

effect of increasing bent shoot LAI to 5 on photosynthesis in 3B plants. Increasing bent shoot 

LAI led only to a 6% increase in cumulative photosynthesis of bent shoots and a 3% increase 

in cumulative plant photosynthesis at harvest when compared with a LAI of 3.6 in 3B plants 

in the experiment (Figure 4.8A). The relative contribution of bent shoots to plant 

photosynthesis was slightly (2%) higher at a bent shoot LAI of 5 than a LAI of 3.6 (Figure 

4.8B). Furthermore, we tested if the contributions from the bent shoots would change if more 

upright shoots would have been retained on the plant and if these shoots were in different 

developmental stages instead of all being in the same developmental stage. These scenarios 

are also common situations in the commercial greenhouse. When upright shoots were 
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consisting of shoots at different developmental stages, bent shoot photosynthesis decreased 

with the increasing number of upright shoots (Figure 4.9A). At the presence of 4 upright shoots 

per plant, bent shoots contributed 48% of plant photosynthesis, and this contribution decreased 

to 43% at the presence of 6 and 8 upright shoots per plant (Figure 4.9B). 

 

 

 

Figure 4.6. Simulated photosynthetically active radiation (PAR) absorption (A,B) and 

net photosynthesis (C,D) by bent shoots as a fraction of the whole plant. (A,C) Simulated 

daily PAR absorption and photosynthesis. (B,D) Simulated cumulative PAR absorption and 

photosynthesis. 1B and 3B represent respectively one and three bent shoots per plant.  
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Figure 4.7. Comparisons between shoot dry weight and plant photosynthesis. Upright 

shoot dry weight at harvest (A). Cumulative upright shoot (B) and plant (C) photosynthesis 

from bud break until harvest. All data were calculated relative to the data for plants with zero 

bent shoot. 

 

 

 

Figure 4.8. Simulated cumulative photosynthesis (A) and the cumulative photosynthesis 

by bent shoots as a fraction of the whole plant (B). Closed symbols with solid lines are 

simulated results of upright shoots; open symbols with dashed lines are simulated results of 

bent shoots. Simulations were conducted for treatment with three bent shoots per plant (3B 

treatment, with a leaf area index LAI of bent shoots being 3.6, in red colour) and for the 

situation in which LAI of 3B plants increased to 5 (in black colour).  
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Figure 4.9. Simulated net photosynthesis (A) and the relative contribution to whole-plant 

photosynthesis (B) by bent shoots and upright shoots. Simulations were done using 3B 

plants (in treatment with three bent shoots per plant) consisting of 4, 6 or 8 upright shoots at 

different developmental stages. 

 

Discussion  

Bent shoots increased upright shoot biomass due to the contribution of additional 

photosynthesis by bent shoots  

In cut-rose production, bent shoots are normally considered as an extra source of assimilates 

for the growth of upright flower shoots (Kim & Lieth, 2004). We found that upright shoot dry 

weight was increased by 35% in plants with one bent shoot and by 59% in plants with three 

bent shoots than in plants with no bent shoots (Figure 4.7A). The benefit of applying bent 

shoots in cut-rose production to increase upright shoot dry weight is also found by Kim and 

Lieth (2004). However, the contribution of photosynthesis by bent shoots to upright shoot 

biomass production has never been quantified. Here, we quantified such a contribution using 

a 3D modelling approach. The increased upright shoot dry weight could either come from 

higher upright shoot photosynthesis in plants with bent shoots, or from assimilate translocation 

from bent shoots, or from both. Our model simulations clearly indicate that all the increased 

upright shoot dry weight was from additional photosynthesis by bent shoots, which may entail 

direct assimilate translocation to upright shoots, since net photosynthesis of upright shoots 

themselves was hardly affected by the presence of bent shoots. Mor and Halevy (1979) applied 

labelled carbon and showed that the growth of rose flower shoots, from axillary bud breaking 
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until the appearance of flower bud, is largely dependent on the supply of assimilates by the 

foliage of the previous growth cycles. Thus the additional photosynthesis by bent shoots may 

increase the assimilate supply during this period, resulting in an increase of assimilate 

translocation to upright shoots and a higher shoot dry weight. At flowering stage, the 

assimilates produced by bent shoots are mainly translocating to the roots and basal part of the 

plant (Kajihara et al., 2009).  

Interestingly, the cumulative whole-plant photosynthesis was increased by 73% to 117% in 

plants with bent shoots compared to plants without bent shoots (Figure 4.7C). These fractions 

were higher than the fractions of increases in upright shoot dry weight in plants with bent 

shoots (Figure 4.7A,C), indicating that bent shoots produced relatively more amount of 

assimilates than the relative increase in upright shoot biomass. Assuming that the assimilates 

in upright shoots increased with the same fraction (35% to 59%) as the biomass increase of 

upright shoots in plants with bent shoots, the amount of increased assimilates in upright shoots 

accounted for 47% to 51% of the cumulative assimilates produced by bent shoots during the 

growth period. However, to properly convert photosynthates to biomass growth, also the 

respiration cost and the conversion cost from photosynthates to biomass needs to be considered. 

Thus, to support upright shoot biomass increase, the fraction of assimilates produced by bent 

shoots that are translocated to upright shoots should be higher than 47% to 51%. Measured 

bent shoot dry weight at the end of treatments did not significantly differ from that at the start 

(Figure S4.3), indicating that none of the assimilates produced by bent shoots were remained 

in bent shoots. These assimilates may be used for plant respiration and conversion cost 

between photosynthates and biomass, or they may be translocated to other parts (e.g., roots) 

of the plant (Kajihara et al., 2009). 

Bent shoots increased morphological quality traits of upright shoots  

The benefits of applying bent shoots in cut-rose production, e.g., increasing shoot fresh weight 

and stem length, has been demonstrated in previous studies (Warner & Erwin, 2002; Kim & 

Lieth, 2004) as well as in ours (Table 4.1; Figure 4.1). Longer stems and larger shoot leaf areas 

of upright shoots in plants with bent shoots were resulting from longer internodes and larger 

leaves located in the middle of the shoot, whereas internode length and leaf area at lower and 

higher ranks of upright shoots were hardly affected by bent shoots (Figure 4.1A,C). This is 

likely because at early developmental stages, sink demand is relatively low and upright shoots 
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could use assimilates stored in basal part of the plant, while at later developmental stages, 

upright shoots could produce enough assimilates by themselves (Baille et al., 2006), resulting 

in less pronounced effects of assimilate supply from bent shoots on growth of organs appeared 

at early or late developmental stages. However, diameters of all individual internodes in 

upright shoots were larger in plants with bent shoots than in plants without bent shoots (Figure 

4.1B), indicating that positive effects of assimilate supply from bent shoots on upright shoot 

organ size exists during the whole shoot growth period. This is in line with Marcelis-van Acker 

(1994) who found strong positive effects of assimilate supply on stem length and diameter and 

leaf area in rose. The effects of bent shoots on flower size and dry weight were less pronounced 

compared with the effects on the stem and leaf (Table 4.1; Figure 4.2A), as also found by Kim 

and Lieth (2004).   

Although upright shoot leaf area was increased by 20% to 40% in plants with bent shoots 

compared to plants without bent shoots, this hardly affected upright shoot light absorption and 

photosynthesis (Table 4.1; Figure 4.5). This may be caused by the fact that upright shoots in 

plants without bent shoots received additional light reflected from the ground. When bent 

shoots were present, this reflected light was mostly absorbed by the bent shoots rather than by 

the upright shoots. When we ran a simulation assuming that the ground does not reflect any 

light, upright shoots in plants that had bent shoots increased their light absorption by 6% to 

11% compared with upright shoots in plants without bent shoots (Figure S4.4A). This lead to 

an increase of upright shoot photosynthesis by 5% to 9% (Figure S4.4B). In the case of 100% 

light reflection by the ground, upright shoot light absorption and photosynthesis were even 

lower in plants with bent shoots than in plants without bent shoots, because the latter received 

more light reflected from the ground (Figure S4.4). However, even in the case of a zero ground 

reflectance, the increase of upright shoot light absorption (6%-11%) and photosynthesis (5%-

9%) in plants with bent shoots were not proportional to the increase in upright shoot leaf area 

(20%-40%) (Table 4.1; Figure S4.4). This may be caused by the fact that upright shoot LAI 

reached relatively high levels soon after start of treatments (Figure S4.1). Thus, a further 

increase in upright shoot LAI did not result in a proportional increase in light capture and 

photosynthesis by upright shoots. Note that due to the patchy distribution of leaves in a 

heterogeneous canopy (e.g., the rose canopy), a same LAI value could indicate much more 

dense leaves occupying part of the area compared with a homogeneous canopy. LAI of bent 

shoots was found to be ca 3.8 in practice (Warner & Erwin, 2002), which is similar to our 
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treatment with three bent shoots per plant (Figure S4.1). This level of LAI for bent shoots is 

possibly a reasonable level to keep in practice as our simulations showed that increasing LAI 

to a higher level (= 5) hardly increased photosynthesis of bent shoots and the whole plants 

(Figure 4.8A). 

Calculating photosynthesis of a heterogeneous canopy 

Previously, Baille et al. (2006) quantified the biomass import and export in rose flower shoots, 

under the assumption of a spatially uniform light environment around the growing flower 

shoots. This assumption, however, does not hold for a rose canopy with both vertically grown 

upright shoots and horizontally grown bent shoots, in which the light conditions can be quite 

heterogeneous. We represented the heterogeneous rose canopy in 3D using an FSP modelling 

approach, which allowed us to simulate light absorption and photosynthesis at individual leaf 

level without assuming a homogeneous canopy.  

It is worthwhile to notice that the approach we used to derive the distribution of leaf 

photosynthetic capacity in upright shoots and bent shoots is originally proposed in 

homogeneous canopies. The principle behind this approach is largely based on the premise 

that light distribution in the canopy drives leaf nitrogen distribution, which in turn determines 

the distribution of leaf photosynthetic capacity in the canopy (Hirose & Werger, 1987a; 

Hikosaka, 2014). Although some studies argue that plants could also potentially distribute their 

leaf nitrogen according to the gradient of red to far-red ratio in the canopy (Pons et al., 1993; 

Pons & De Jong-Van Berkel, 2004). Our results indicate that this approach cannot be used for 

the entire heterogeneous rose canopy, since we found that Amax of leaves in bent shoots was 

apparently lower than Amax of leaves in upright shoots at the same relative light intensity 

(Figure 4.4). However, we can use this approach to derive the distribution of leaf 

photosynthetic capacity in upright shoots and bent shoots separately, since the gradient of Amax 

was found in both upright shoots and bent shoots (Gonzalez-Real & Baille, 2000; González-

Real et al., 2007). The coefficient of the relationship between light distribution and Amax 

distribution (k in Eqs. 4.2 and 4.3) in upright shoots of rose plants was determined as 0.09 

(Figure 4.4), which is lower than the average value (ca 0.37) found across different species but 

is still within the range of woody species (Hikosaka et al., 2016a). We assumed the same k 

also holds for bent shoots (Figure 4.4), based on the fact that extinction coefficients of leaf 

nitrogen distribution in upright shoots and in bent shoots are similar (González-Real et al., 



115 
 

2007). However, Amax of the most illuminated leaf in upright shoots (A0,upright) was higher than 

in bent shoots (A0,bent) (Figure 4.4), indicating that shoot bending may decrease leaf 

photosynthetic capacity of leaves in bent shoots, which is also found by others and in other 

crops (Schubert et al., 1995; Kim et al., 2004).  

Several explanations are proposed to explain the lower photosynthesis of leaves in bent shoots. 

Kim et al. (2004) found that the xylem tissue of rose bent shoots was damaged due to bending, 

and this could reduce hydraulic conductivity of bent shoots and decrease photosynthesis. The 

damage of xylem tissues, however, could recover over time under the possible involvement of 

the phytohormone ethylene (Mitchell, 1996; Liu & Chang, 2011). Even when xylem 

conductivity is not affected by shoot bending, it induces a transient variation in the hydraulic 

pressure within the xylem of bent shoot (Lopez et al., 2014). This transient increase in the 

xylem pressure could be rapidly propagated along the vascular system and such hydraulic 

signals could be converted into chemical signal abiscisic acid (ABA), which is relevant to 

stomatal closure in leaves (Christmann et al., 2013; Huber & Bauerle, 2016). In addition, a 

decrease in Rubisco is found in leaves of downward bending shoots of grapevine (Schubert et 

al., 1995). Given that there is no consensus on the mechanism of the effect of shoot bending 

on photosynthesis of its leaves, while shoot bending is a common practise used in woody crops 

(e.g. rose) and fruit trees (e.g. pear) (Schubert et al., 1995; Ito et al., 1999; Kim et al., 2004; 

Liu & Chang, 2011), further studies on the mechanisms are worthwhile. 

Conclusions 

Bent shoots increased upright shoot fresh and dry weight, and improved shoot morphological 

quality (e.g., longer and thicker stems). The increased upright shoot dry weight (by 35% to 

59%) in plants with bent shoots was entirely resulting from the contribution of additional 

photosynthesis by bent shoots, as upright shoot photosynthesis was not affected by the 

presence of bent shoots. At least 47% to 51% of the assimilates produced by bent shoots was 

translocated to upright shoots to support their dry weight increase. The remaining assimilates, 

however, did not remain in bent shoots, but may be used for maintenance respiration and 

energy cost during the conversion of photosynthates to biomass, or may be translocated to 

other parts (e.g., roots) of the plant. We conclude that in cut-rose production, the increased 

flower shoot dry weight and quality can be entirely attributed to the assimilate supply from 

bent shoots. Functional-structural plant models can be very useful to quantify the relative 
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contributions of upright shoots and bent shoots to photosynthesis of the heterogeneous rose 

canopy, and thus to balance between the number of harvestable flower shoots and shoot quality. 
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Supporting information 

 

Figure S4.1. Leaf area index (LAI, m2 leaf m-2 floor) of upright shoots and bent shoots. 

Upright shoot LAI was measured during the experiment (closed symbols and solid lines). Bent 

shoot LAI was measured at the start and end of the experiment (open symbols). 0B, 1B and 

3B represent no, one or three bent shoots per plant. 

 

 

 

Figure S4.2. Measured and simulated relative light intensities, i.e. Q/Q0. Q is light intensity 

at middle or bottom of upright shoots (circles) or above or below bent shoots (triangles), and 

Q0 is light intensity above upright shoots. Measurements were conducted on day 13 (closed 

symbols) and 30 (open symbols) after start of treatments. Solid line is the 1:1 line. Dotted line 

is the fitted curve for all data points by forcing the line goes through the origin. rRMSE is the 

relative root-mean-square error. 0B, 1B and 3B represent no, one or three bent shoots per plant. 
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Figure S4.3. Individual bent shoot dry weight measured at the start and end of 

experiment. Letters above each bar indicate significant difference. Error bars are standard 

errors of means.  

  

 

Figure S4.4. Simulated light absorption (A) and photosynthesis (B) by upright shoots 

with the reflectance of photosynthetically active radiation (PAR) by the ground is 0.0, 0.3 

or 1.0. 0.3 is the value used in the simulations. In the simulations, incoming light intensity was 

kept at the average value during the experiment (=360 mol m-2 s-1). 0B, 1B and 3B represent 

no, one or three bent shoots per plant. All data were calculated relative to the data for 0B plants. 
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Abstract 

In vegetation stands, plants receive red to far-red ratio (R:FR) signals of varying strength from 

all directions. However, plant responses to R:FR reflected from below have been largely 

ignored despite their potential consequences for plant performance. 

A heterogeneous rose canopy, consisting of bent shoots down in the canopy and vertically 

growing upright shoots, was used to quantify the relationship between far-red reflected by bent 

shoots and upright shoot architectural responses. Using a three-dimensional plant model, we 

assessed the consequences of these responses to R:FR from below for plant light absorption 

and photosynthesis. 

Bent shoots reflected a substantial amount of far-red and lowered the R:FR ratios in the light 

reflected upwards. Leaf inclination angle increased in upright shoots which received low R:FR 

reflected by bent shoots, irrespective of whether these bent shoots belonged to the same plant 

or neighbour plants. Simulated plant light absorption and photosynthesis were increased by 

responses to R:FR from below when plants had bent shoots themselves.  

Plant response to R:FR from below is an under-explored phenomenon which may induce 

contrasting consequences for plant performance depending on the type of crop system. The 

responses are beneficial for performance only when R:FR is reflected by lower foliage of the 

same plants. 

Keywords: heterogeneous canopy; light absorption; photosynthesis; red to far-red ratio; 

reflection; shade avoidance; rose (Rosa hybrida); three-dimensional plant modelling 
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Introduction 

Plants have limited options to escape competitive environments during their lifetime. To 

optimize competitiveness to ensure survival and reproduction, plants growing in vegetation 

stands need to show appropriate growth responses to neighbour presence by perceiving and 

interpreting environmental signals. Among all environmental signals perceived by plants, the 

low red to far-red ratio (R:FR) of light reflected by neighbouring vegetation is well-known to 

be recognized by plants as an early warning signal of neighbour proximity (Casal, 2013; Pierik 

& De Wit, 2014; Ballaré & Pierik, 2017). The R:FR is perceived through phytochrome 

photoreceptor activity that convert between the active (Pfr) and inactive (Pr) form upon 

absorption of red and far-red light, respectively (Smith, 2000). The phytochrome 

photoequilibrium, defined as the fraction of Pfr in the total phytochrome pool, then drives 

changes in plant traits to avoid competition for light, the so-called shade avoidance responses 

(Holmes & Smith, 1977; Smith, 2000; Casal, 2013). 

Although the actual amounts of red and far-red light determine the photoequilibrium, the 

directions that the R:FR ratios come from could also potentially contain competitive 

information. In vegetation stands, a plant receives R:FR signals coming from all directions 

(i.e., from above, the side and below). These signals are transmitted or reflected by surrounding 

foliage that can belong either to neighbouring plants or the plant itself. This origin of the R:FR 

signal may be embedded in the direction that R:FR signals come from. In general, vertically 

propagating R:FR signals are more likely to originate from foliage of the same plant (self-

signalling), whereas horizontally propagating R:FR signals are more likely to come from 

neighbours (nonself-signalling). For nonself-signals, the directions of R:FR may to some 

extent indicate the type of the neighbour, as the angle of the incoming signal is likely to be 

correlated to the size difference between the neighbour and the target plant. Competitiveness 

and size of the neighbour are linked, as for instance small neighbours may not pose a direct 

threat, but similar-sized neighbours might. Therefore, plants may need to respond differently 

according to the origin of the R:FR signals (Dudley & Schmitt, 1995). Many studies focused 

on plant responses to R:FR signals in incident light or horizontally reflected light, as R:FR 

ratios from these directions are likely coming from large or similar-sized neighbours (Smith et 

al., 1990; Van Hinsberg & Van Tienderen, 1997; Héraut-Bron et al., 2001; Evers et al., 2006). 

However, plant responses to R:FR reflected from below have been largely ignored.  
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Although low R:FR induced shade avoidance responses are largely confirmed to be beneficial 

for plant performance when growing in dense canopies (Dudley & Schmitt, 1996; Bell & 

Galloway, 2007; Keuskamp et al., 2010), low R:FR may not always be a reliable indicator of 

the competitive strength of neighbours. Coloured (e.g., red and green) soil mulches and small 

weeds were found to increase shoot-root ratio and stem length and decrease biomass allocated 

to reproductive organs in crop plants, indicating that low R:FR in the light reflected from below 

by soil mulches and weeds also induces shade avoidance responses (Hunt et al., 1989; 

Kasperbauer, 1994; Rajcan et al., 2004; Page et al., 2010; Green-Tracewicz et al., 2012). 

However, R:FR signals coming from below are unlikely to be reliable signals for light 

competition, as these can be nonself-signals generated by low vegetation of small neighbours. 

Additionally, R:FR signals from below could be self-signals, generated by foliage of the same 

plant. In either case, light competition is unlikely to happen. No studies have investigated the 

consequences of responses to R:FR signals reflected from below for plant performance.  

In this study, we choose a rose crop (Rosa hybrida), which has a heterogeneous canopy with 

distinctly different crop parts, as our study system. In rose production, weak and non-flowering 

shoots are bent such that they point slightly downwards (the ‘bent shoots’, see Figure 5.1), 

which contributes to the growth of upright flower shoots as a source of assimilates to improve 

their commercial quality (Kim & Lieth, 2004). The heterogeneous structure of a rose canopy 

consisting of alternating strips of bent shoots and upright shoots makes it possible to generate 

R:FR signals in light reflected upwards by the lower part of the canopy, i.e., the bent shoots. 

The objective of this study was to quantify upright shoot responses to low R:FR reflected from 

below and their consequences for plant performance. First, a greenhouse experiment was 

conducted, in which focal plants with or without bent shoots were grown with neighbour plants 

with or without bent shoots. The experiment was used (i) to investigate the effects of bent 

shoots on the distribution of R:FR ratios as perceived by the upright shoots and (ii) to quantify 

the relationship between upright shoot architectural responses and the R:FR ratio reflected by 

the bent shoots. Subsequently, to quantify the consequences of upright shoot architectural 

responses to R:FR from below for performance of upright shoots themselves, the bent shoots 

and the whole plant in terms of light absorption and photosynthesis, a three-dimensional (3D) 

plant simulation analysis was done. 
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Materials and Methods 

Experimentation  

Plant growth conditions. Rose plants (Rosa hybrida cv. ‘Red Naomi!’) were grown in a 

compartment (12 m × 12 m) of a Venlo-type glasshouse located in Wageningen, the 

Netherlands (52° N, 6° E). On January 4th 2017, one-node cuttings bearing a shoot grown in 

rockwool cubes were transplanted in the compartment at a density of 7.5 plants m-2 (Figure 

S5.1). Plants were first grown for four growth cycles (one growth cycle is defined as the time 

duration from one harvest of flowering shoots to the next, approximately six to eight weeks) 

to allow the basal part growing thick enough to support multiple axillary buds growing 

simultaneously on the plant. Then plants were pruned to keep four axillary buds sprouting on 

each plant. When 80% of the shoots were flowering, the flower buds were removed and the 

shoots were bent downwards, resulting in four bent shoots on each plant. When new axillary 

buds sprouted on all plants after the bending, the plants were pruned to keep four axillary buds 

on each plant. Treatments started on September 1st, 2017 (the next day after the pruning) and 

lasted for four weeks. 

During the experiment, assimilation lighting (600W high-pressure sodium lamps, Philips, 

Eindhoven, The Netherlands) was turned on for approximately 13 hours per day with a light 

intensity of ca. 150 mol m-2 s-1 at the canopy level. Average day and night temperatures 

during the experiment were 21.7°C and 18.6°C respectively. Average day and night relative 

humidities during the experiment were 75% and 86% respectively. Average CO2 concentration 

at light period during the experiment was 461 ppm. Plants were irrigated hourly between 7:00 

and 19:00 with standard nutrient solution (EC = 2.2 mS cm-1; pH = 5.8) for rose crop used in 

practice. 

Treatments. In total four treatments were established. In each treatment, plants chosen for 

measurements were considered as focal plants. All other plants were considered as neighbour 

plants. Four focal plants per plot were randomly chosen on condition that at least three 

neighbour plants were in between two focal plants. The four treatments were (i) focal plants 

(F) without bent shoots (; all bent shoots were removed from the plant) and neighbour plants 

(N) with bent shoots (+; all bent shoots were kept on the plant) (FN+), (ii) focal plants with 

bent shoots and neighbour plants with bent shoots (F+N+), (iii) focal plants without bent shoots 



124 
 

and neighbour plants without bent shoots (FN), and (iv) focal plants with bent shoots and 

neighbour plants without bent shoots (F+N) (Figure S5.2). The four treatments were 

established in a randomized block design with three blocks, four plots (treatments) per block  

and 72 plants in each plot (Figure S5.1).   

R:FR measurements. The R:FR ratios (red: 660±20 nm, far-red: 730±20 nm) were measured 

using a spectrometer (SpectroSense2 system, Skye Instruments Ltd, UK) on day 4 (early 

developmental stage), day 13 (shoot elongation stage) and day 21 (flowering stage) after start 

of treatments. Measurements were conducted at three locations (front, middle and back) in 

each plot (Figure S5.1). At each location, R:FR ratios were measured at three heights: above, 

in the middle of and at the bottom of upright shoots but still being above the bent shoots (Figure 

5.1). At each height, R:FR ratios were measured at seven positions: the middle point of the 

plot (M) and 20 cm, 40 cm and 60 cm from the middle point to the right (R20, R40 and R60) 

and left (L20, L40 and L60) (Figure 5.1). R:FR measurements inside the upright shoots (at M, 

R20 and L20) were done with the sensor facing up, down, right (facing the right path) and left 

(facing the left path) (Figure 5.1). R:FR measurements outside the upright shoots (at R40, R60, 

L40 and L60) were done with the sensor facing all the aforementioned directions except for 

the directions facing the upright shoots (Figure 5.1), as light from such directions was 

propagating away instead of towards upright shoots, rendering those signals irrelevant for focal 

plant responses. 

Plant architecture measurements. Length of every internode and leaf of focal plants was 

measured non-destructively at day 6 and 12 after start of treatments. When flower buds started 

to open (day 25), focal plants were destructively harvested to measure length and diameter of 

all internodes, leaf length, width, area, leaflet number and leaf inclination angle of all leaves, 

peduncle length and diameter, and flower bud diameter. Length and width measurements were 

conducted using a ruler. Diameter was measured using a calliper. Leaf area was measured 

using a leaf area meter (LICOR-3100, Lincoln, NE, USA). Leaf inclination angle was 

measured as the insertion angle of the leaf relative to the horizontal level using a protractor.  

Statistical analysis. The effects of the four treatments on R:FR ratios from each direction 

(upward, downward, left and right), and on plant architectural traits were analysed using a one-

way ANOVA (P < 0.05) of R (version R 3.3.3, R Core Team). 
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Figure 5.1. The red to far-red ratio (R:FR) measurement plan. Measurements were 

conducted at three heights (above, in the middle of, and at the bottom of upright shoots but 

still above bent shoots) and seven positions (L60, L40, L20, M, R20, R40 and R60) with 

spectrometer sensor facing up, down, right and left. M represents the middle point of the plot; 

R20, R40 and R60 respectively represent the positions at 20 cm, 40 cm and 60 cm from the 

middle point to the right; L20, L40 and L60 respectively represent the positions at 20 cm, 40 

cm and 60 cm from the middle point to the left. Arrows represent the directions that the 

spectrometer sensor was facing. In all yellow circles (positions L40 and L60) three 

measurements were taken, with the spectrometer sensor facing up, down and left; in all green 

circles (positions L20, M and R20) four measurements were taken, with the sensor facing up, 

down, right and left; finally in all white circles (positions R40 and R60), again three 

measurements were taken, now with the sensor facing up, down and right. 

 

Model simulations  

Model development. A 3D rose model was constructed in the plant modelling software GroIMP 

(Hemmerling et al., 2008). The model includes (i) a 3D representation of rose plants at 

flowering stage, (ii) a radiation and photosynthesis model to simulate light absorption and 

photosynthesis of rose plants and R:FR distribution in the canopy, and (iii) virtual sensors to 

measure R:FR in the canopy. 
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(i) 3D rose plants. Each plant included four upright shoots, and either with or without bent 

shoots. Upright shoots were constructed using basic plant units representing internodes with 

compound rose leaves that together make up the shoot. Architectural parameters used for 

constructing an individual upright shoot included length and diameter of all internodes, length, 

width, area and leaflet number of all leaves, peduncle length and diameter, and flower width. 

Architectural measurements of focal plants (measured on day 25) were used to build a 

database for each treatment. The database contains sets of individual architectural parameters. 

Each parameter set was obtained from architectural measurements of one shoot. In 

simulations, architecture parameters of individual upright shoots were randomly selected 

from the database. Due to the architectural complexity of bent shoots, they were constructed 

by randomly distributing a number of leaves in the area occupied by bent shoots. Total leaf 

area of bent shoots was obtained from the experiment. The model was set up such that bent 

shoot presence could be switched on or off according to the type of treatment to be simulated. 

Row distance and plant density were set to the same values as in the experiment. 

(ii) The radiation and photosynthesis model. The light environment was modelled using a 

diffuse light dome with moderate gradation towards zenith and azimuthal uniformity (Evers et 

al., 2010). The light dome started at 60° above the horizontal plane taking into account that 

most of the light inside the glasshouse compartment (including sunlight and light from the 

assimilation lamps) comes from the top. Incoming light intensity was kept at 200 mol m-2 s-

1 and incoming R:FR was kept at 1.4, which represented the average light intensity and R:FR 

(from both sun and assimilation lamps) inside the glasshouse compartment during the 

experiment. In each simulation, two rows were simulated, with nine plants in each row. To 

eliminate the border effects in the light environment, the simulated plant population (18 plants 

in total) was replicated 10 times in the x and y directions, resulting in average light conditions 

as experienced by 100 copies of each individual plant population (1800 plants in total) (de 

Vries et al., 2018). The amount of photosynthetically active radiation (PAR), red and far-red 

light reaching the plant organs was simulated using a Monte-Carlo ray tracer embedded in the 

GroIMP (Hemmerling et al., 2008). Leaf reflectance and transmittance of PAR, red and far-

red were obtained from spectrophotometric measurements on rose leaves. Internodes were 

assumed to have the same reflectance of PAR, red and far-red as leaves, but without 

transmission. Plant net photosynthesis was calculated as the sum of net photosynthesis of 

individual leaves, which was in turn calculated based on the light absorption and 
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photosynthetic parameters (including leaf photosynthetic capacity, dark respiration rate and 

quantum efficiency) of individual leaves. Photosynthetic parameters of rose leaves were 

obtained from another experiment with the same rose genotype in the same growth conditions 

(see Chapter 4). Photosynthetic capacity of individual leaves in upright shoots and bent shoots 

was assumed to be proportional to the fraction of light intercepted by that leaf (Niinemets & 

Anten, 2009). Dark respiration rate of individual leaves was assumed to be proportional to 

photosynthetic capacity of that leaf (Hikosaka et al., 2016b). All leaves were assumed to have 

the same quantum efficiency.  

(iii) Virtual sensors. The virtual sensors were constructed such that the amount of red and far-

red light coming from different directions within 180° was measured, similar to the 

spectrometer used in the experiment. The virtual sensors were rotated and located to mimic 

the actual measurement plan used in the experiment (Figure 5.1; Figure S5.3). 

Model evaluation. The simulated distributions of R:FR ratios in the canopy at flowering stage 

were compared with the measurements for the four treatments. Virtual sensors were put at the 

same virtual locations as where the actual R:FR measurements were performed, with sensor 

facing up, down, right and left. The R:FR ratios measured by virtual sensors were compared 

with R:FR ratios measured by the spectrometer in the experiment by calculating the coefficient 

of determination (r2) and the relative root-mean-square error (rRMSE):  

����� =  
�

�̅
�

∑ (�����)��
���

�
        (5.1) 

where yi is the simulated value, xi is the measured value, n is the number of data points, and �̅ 

is the mean of the measured values. 

Scenarios. The model simulations were conducted to quantify changes in plant light absorption 

and photosynthesis resulting from upright shoot architectural responses to the low R:FR ratio 

reflected from below. Since we found that leaf inclination angle in the upright shoots increased 

when R:FR from below decreased by the presence of bent shoots, we specifically evaluated 

the consequences of increasing leaf angle for light absorption and photosynthesis of the upright 

shoots, the bent shoots and the whole plant. In all simulations, canopies contained both upright 

shoots and bent shoots (Table 5.1). The bent shoots were always there to generate R:FR signals. 

In scenarios (i), (iii) and (v), upright shoots and bent shoots together made up the whole plant 
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(Table 5.1). In scenarios (ii), (iv) and (vi), bent shoots were considered independent foliage 

that did not belong to the plant, and thus the focal plants were only consisting of upright shoots 

(Table 5.1). The measurements of the phenotypes of the upright shoots from the four 

treatments were used to build the upright canopy in the model. First, in scenarios (i) and (ii), 

we constructed upright shoots using phenotypes obtained from treatments in which neighbour 

plants did not have bent shoots, i.e., experimental treatments F+N (i) and FN(ii) (Table 

5.1). Thus, simulations combining such upright shoot phenotypes in the presence of bent 

shoots represented the case that upright shoots receive low R:FR from below but do not show 

any responses to the presence of bent shoots. Then, in scenarios (iii) and (iv), leaf angle in 

upright shoots was progressively increased by 10%, 20%, 30% and finally 40%, to test 

situations in which upright shoot leaf angles respond with different strengths to low R:FR 

signalling from below. The percentages chosen covered the range of changes in leaf angle 

between treatments observed in the experiment Finally, in scenarios (v) and (vi), we 

constructed upright shoots using phenotypes obtained from treatments in which neighbour 

plants had bent shoots, i.e., experimental treatments F+N+ (v) and FN+ (vi), which 

represented a full phenotype including all measured architectural responses to low R:FR from 

below. In scenarios (i), (iii) and (v) in which plants had both upright and bent shoots, whole 

plant light absorption and photosynthesis were calculated as the sum of upright shoots and 

bent shoots. In scenarios (ii), (iv) and (vi) in which bent shoots were independent foliage, plant 

light absorption and photosynthesis equalled to that of upright shoots. The relative changes of 

light absorption and photosynthesis (f) were calculated (Eq. 5.2) to evaluate the consequences 

of responses to R:FR from below for plant performance. 

f = (� − ����)/����          (5.2) 

where Yref is the light absorption or photosynthesis calculated in simulation scenarios (i) or (ii); 

Y is the light absorption or photosynthesis calculated in simulation scenarios (iii)-(vi). f is 

calculated either between scenarios (i), (iii) and (v) (F+ phenotype) or between scenarios (ii), 

(iv) and (vi) (F phenotype). Note that the differences between scenarios (i) vs. (v) and (ii) vs. 

(vi) could result from not only the differences in architectural traits, but also in shoot 

arrangements and leaf area distribution. The former may due to random selection of individual 

shoot phenotype from a different treatment database and the latter may be caused by 

simultaneous changes of individual internode length and leaf area.
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Table 5.1. Descriptions for the simulation scenarios. The scenarios were conducted to study 

the effects of upright shoot responses to the red to far-red ratio (R:FR) reflected from below 

on light absorption and photosynthesis of bent shoots and upright shoots. Phenotypes of 

upright shoots were taken as measured in four treatments of the experiment (scenarios i, ii, v, 

vi). In Scenario iii and iv the leaf angles of the phenotypes obtained from the experiment were 

respectively increased by 10%, 20%, 30% and 40%. The column “Experimental treatment used 

for upright shoot phenotype” gives the treatment from which the phenotype was simulated in 

each scenario. “F” represents focal plant. “N” represents neighbour plant.  indicates plant 

with no bent shoots.  indicates plant with bent shoots. 

Scenario 

type 

Experimental treatment used for upright shoot 

phenotype 

Attribute of the bent 

shoots 

(i) F+N Part of the focal plants 

(ii) FN Independent foliage 

(iii) F+N, leaf angles increase by 10% to 40%  Part of the focal plants 

(iv) FN, leaf angles increase by 10% to 40% Independent foliage 

(v) F+N+ Part of the focal plants 

(vi) FN+ Independent foliage 

 

Results 

The presence of neighbour bent shoots decreased R:FR reflected from below 

At all three developmental stages of the upright shoots, measured R:FR ratios reflected from 

below (with sensor facing down) were lower when neighbour plants had bent shoots (FN+ 

and F+N+) than when neighbour plants did not (FNand F+N), especially for ratios 

measured in the middle and at bottom of upright shoots (Figures 5.2, S5.5, S5.6). Such trends 

were not affected by the presence of bent shoots in focal plants (Figures 5.2, S5.5, S5.6). The 

R:FR from below, especially at the bottom of the upright shoots, were slightly lower in 

F+Nthan in FNdue to the scattering of far-red by bent shoots of focal plants (Figures 5.2, 

S5.5, S5.6). The R:FR of the incident light (measured with sensor facing up) and of 

horizontally travelling light ( with sensor facing right and left) were hardly affected by 

treatments at all developmental stages (Figures S5.4, S5.5, S5.6). 
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Leaf inclination angle increased in upright shoots that experienced low R:FR from below 

At all developmental stages, internode and leaf length of upright shoots were larger when focal 

plants had bent shoots (F+N+ and F+N than when focal plants did not (FN+ and FN) 

(Figures 5.3A-D, S5.7). These trends were not affected by the presence of bent shoots in 

neighbour plants (Figures 5.3A-D, S5.7), suggesting that internode length and leaf length were 

determined by the assimilates produced by their own bent shoots while their lengths were not 

affected by R:FR from below. In addition, leaf areas were also larger when focal plants had 

bent shoots, while the presence of neighbour bent shoots hardly affected leaf area (Figure S5.8). 

The inclination angles of individual leaves and the average leaf angle in upright shoots were 

increased in treatments in which neighbour plants had bent shoots (FN+ and F+N+), 

regardless of whether or not shoots on the focal plant had been bent (Figure 5.3E,F). This 

suggested that leaf angle was affected by R:FR from below. Other light signals (e.g., blue and 

green light) were unlikely to play a role here as we found that the most pronounced effect of 

neighbour bent shoots on light spectrum in upright shoots was within the range of red and far-

red wavelength (Figure S5.9).  

The consequences of responding to R:FR from below depended on the type of plants (i.e., with 

or without bent shoots) 

Our model gave sufficiently accurate simulations of R:FR ratios from different directions (up, 

horizontal and down) and at different heights (above, middle and bottom) in upright shoots 

(Figure S5.10). The overall rRMSE between measured and simulated R:FR values from all 

directions and at all heights was 0.23, and the overall r2 was 0.88. This result indicates that the 

3D architecture of rose plants both with and without bent shoots was accurately represented in 

the model, which allowed us to do simulations to explore the consequences of responding to 

low R:FR from below for plant performance. 
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Figure 5.2. Measured red to far-red (R:FR) ratios above (A), in the middle of (B) and at 

the bottom of (C) upright shoots at flowering stage (day 21 after start of treatments) with 

spectrometer sensor facing down. In x-axis, positive and negative values are distances from 

the center of the canopy respectively to the right and to the left of the canopy. Details on 

measurement positions can be found in Figure 5.1. Positive error bars (only given in the highest 

line in each panel) are standard errors of means. * indicates significant treatment effects when 

comparing at the same measurement positions (P < 0.05). Triangles indicate focal plants (F) 

without bent shoots (). Circles indicate focal plants with bent shoots (+). Closed symbols with 

solid lines indicate neighbour plants (N) with bent shoots. Open symbols with dotted lines 

indicate neighbour plants without bent shoots. 
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Figure 5.3. Measurements of upright shoot architectural traits. Measurements were 

conducted on individual organ length at each rank and the average organ length for internodes 

(A,B) and leaves (C,D), leaf inclination angle at each rank (E), and the average leaf angle (F) 

in upright shoots at final harvest (day 25 after start of treatments). Positive error bars are 

standard errors of means (only given in the highest line in panels A,C,E). * (in panels A,C,E) 

and different letters (in panels B,D,F) indicate significant difference when comparing different 

treatments at the same rank and for the same trait (P < 0.05). “F” represents focal plant. “N” 

represents neighbour plant.  indicates plant without bent shoots.  indicates plant with bent 

shoots. 

 

When plants respond to low R:FR by increasing the leaf angle of upright shoots, the simulated 

light absorption and photosynthesis of upright shoots decreased (Figure 5.4). This occurred in 
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plants both with and without bent shoots (Figure 5.4). Light absorption and photosynthesis of 

bent shoots increased due to increasing leaf angle in upright shoots (Figure 5.4). For plants 

with bent shoots, responses to R:FR from below in upright shoots resulted in an unchanged 

whole-plant light absorption (Figure 5.4A), as the light not intercepted by upright shoots had 

been intercepted by bent shoots. Whole-plant photosynthesis was increased by allowing more 

light to penetrate to bent shoots (Figure 5.4C). When full responses to R:FR from below 

(including leaf angle and other trait responses that were not statistically significant) were 

considered, plants with bent shoots increased light absorption and photosynthesis in their bent 

shoots and the whole plant (Figure 5.5A). However, upright shoot light absorption and 

photosynthesis were also increased when upright shoots showed full responses to R:FR from 

below (Figure 5.5A). For plants without bent shoots, full responses to R:FR from below 

slightly decreased plant light absorption, while plant photosynthesis was not affected (Figure 

5.5B).  

Discussion 

A “bottom-up” effect of far-red on shoot architecture in heterogeneous canopies 

Leaves preferentially absorb red light and transmit and reflect a large fraction of far-red light. 

As a result the R:FR ratio in a plant canopy shows a gradient with the lowest values at the 

bottom (Holmes & Smith, 1977). Here, we showed that in a heterogeneous canopy, the lower 

part of a canopy also reflects a substantial amount of far-red to the upper part of the canopy 

and by consequence the upper canopy perceives low R:FR from below (Figures 5.2, S5.5, 

S5.6). The decrease in R:FR from below caused by the presence of a lower canopy is the likely 

cause of an increase of leaf inclination angle in upper shoots (Figure 5.3E,F), as low R:FR is 

known to induce shade avoidance responses such as leaf hyponasty (Ballaré & Pierik, 2017). 

In previous studies, the low R:FR reflected from green mulches or weeds below the plants 

induced longer stems and higher shoot-root ratio in plants (Kasperbauer, 1994; Rajcan et al., 

2004). Although we did not find longer internodes in upright shoots that experienced low R:FR 

from below (Figure 5.3A,B), their internode length per dry weight was higher (Figure S5.8), 

indicating that these shoots may invest relatively more assimilates into their length growth. 

Our results together with previous studies indicate that lower vegetation may substantially 

affect R:FR perception in higher layers, eliciting shade avoidance responses. 
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Figure 5.4. The relative changes of simulated plant light absorption (A,B) and 

photosynthesis (C,D) with increasing leaf angle of upright shoots by 10% to 40%, 

compared with the case that leaf angle did not respond to low red to far-red ratio from 

below. In panels (A) and (C), upright shoot phenotype was obtained from the treatment in 

which focal plants had bent shoots and neighbour plants did not have bent shoots (closed 

symbols with solid lines). In panels (B) and (D), shoot phenotype was obtained from the 

treatment in which both focal and neighbours plants did not have bent shoots (open symbols 

with dotted lines), and upright shoot light absorption and photosynthesis equalled to that of the 

whole plant. The black dashed line in each panel indicates the level of 0%.  
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Figure 5.5. The relative changes of simulated plant light absorption and photosynthesis 

when the full phenotype of upright shoots that did not respond to far-red from below was 

replaced by the full phenotype that responded to far-red from below. In panel (A), upright 

shoot phenotypes were obtained from the treatments in which focal plants had bent shoots and 

neighbour plants either had or did not have bent shoots. In panel (B), upright shoot phenotypes 

were obtained from the treatments in which focal plants did not have bent shoots and neighbour 

plants either had or did not have bent shoots; upright shoot light absorption and photosynthesis 

equalled to that of the whole plant; the black dashed line indicates the level of 0%.  

 

In addition to inducing shade avoidance responses, R:FR could also potentially function as a 

signal for optimizing canopy performance. Plant canopies are characterized by dramatic 

gradients of light within the canopy, resulting in leaves in the upper canopy experiencing 

saturating light conditions whereas leaves in the lower canopy being heavily shaded 

(Niinemets, 2007). To optimize canopy photosynthesis, plants could (i) distribute their leaf 

photosynthetic capacities according to the light gradient in the canopy by regulating 

photosynthetic nitrogen distribution among individual leaves and (ii) optimize light 

distribution within the canopy by altering canopy structure (Gutschick & Wiegel, 1988; Anten 

et al., 1995). Although the former has been extensively studied, there is still a debate on what 

exactly drives leaf nitrogen distribution in the canopy. Light gradient in the canopy either or 

not through an induction in a transpiration gradient has been proposed as an important 

mechanism (Boonman et al., 2007). However, plants could also potentially distribute their leaf 

nitrogen according to the top-down R:FR gradient in the canopy (Pons et al., 1993; Pons & De 

Jong-Van Berkel, 2004). Here, we showed that the R:FR reflected from the lower canopy (a 

“bottom-up” R:FR gradient) may also function as a signal to optimize canopy structure, as a 
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steeper leaf angle in the upper canopy (likely induced by the low R:FR from below) allows 

more light to penetrate to the lower canopy (Figure 5.4A). Nevertheless, the increase of leaf 

angle in the upper canopy only led to a marginal increase (1% to 2%) in plant photosynthesis 

(Figure 5.4C). 

The “bottom-up” R:FR effect, however, has been ignored in both shade avoidance studies and 

canopy performance optimizations. Most shade avoidance studies have focussed on horizontal 

or top-down light gradient thus implicitly assuming that only R:FR signals from similarly-

sized or larger neighbours matter (Evers et al., 2006; Weijschedé et al., 2006; Liu et al., 2007; 

Bongers et al., 2018). Similarly, only the top-down R:FR gradient has received some attentions 

in studies on optimizing canopy photosynthesis (Pons et al., 1993; Pons & De Jong-Van Berkel, 

2004). However, in most natural systems and some crop production systems that feature 

spatially heterogeneous canopies, such as the rose crop in our experiment but also strip 

intercropping systems (Brooker et al., 2015), far-red light is transmitted or reflected not only 

from above and the side, but also from below. Since such signals may elicit plant responses 

affecting their performance, the relevance of R:FR signals coming from below should not be 

ignored. 

R:FR from below: to respond or not? 

Both lower leaves of a plant canopy or lower vegetation of neighbours located below the plants 

could induce low R:FR reflection from below. Our simulations showed that the consequences 

of responding to R:FR from below in terms of leaf angles depend on the type of the signal 

(Figure 5.4). The responses are only beneficial when R:FR from below is reflected by the 

lower part of the same plant canopy, as responses in the upper canopy to R:FR from below 

increase whole-plant photosynthesis by allowing more light to penetrate to the lower canopy, 

at the expense of light absorption of upper shoots (Figure 5.4A,C). This result suggests that 

for a heterogeneous plant canopy consisting of distinctly different parts, responses of the upper 

canopy to R:FR from below decrease the level of competition within the plant, being that the 

upper canopy “gives away” part of its light absorption to the lower canopy, and such responses 

increase whole-plant performance. When low R:FR is reflecting from lower canopy of 

independent foliage, responses to R:FR from below decrease plant light absorption and 

photosynthesis (Figure 5.4B,D). This result suggests that for plants growing with independent 

lower vegetation, responses to R:FR from below decrease plant performance, as such 
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responses are unnecessary competitive responses to unthreatening neighbours. Our results 

support the idea that plants need to avoid wasteful competition, including self-competition 

with other parts of the same plant and unnecessary competition with non-competitive 

neighbours, to optimize performance (Novoplansky, 2009; Pierik et al., 2013). As far as we 

know, we are the first to exemplify this idea with results in light absorption and photosynthesis 

of shoots aboveground. While in previous studies, this idea is mostly exemplified by results in 

roots belowground (Falik et al., 2003, 2006). 

To avoid such wasteful competition aboveground, ideally, plants should only respond to R:FR 

signals from below when such signal comes from lower canopy of the same plant. This requires 

plants to be able to discriminate between R:FR neighbour signals and self-signals. Evidence 

on self- and nonself-recognition is mostly documented for belowground signals. Several 

species are found to be able to discriminate between roots of themselves and roots of 

neighbours, thus to reduce self-competition in roots and allow more assimilates being allocated 

to aboveground for competition for other resources such as light (Falik et al., 2003, 2006; 

Gruntman & Novoplansky, 2004; Chen et al., 2012). Further studies are needed to investigate 

whether or not plants can discriminate between self- and nonself-signals aboveground and how 

do plants use self-signals aboveground to optimize canopy structure to increase plant 

performance. 

Future perspectives 

Understanding the mechanisms of plant responses to far-red reflected from below may provide 

new insights in breeding of ideotypes for different crop systems. In mixed-species systems, 

shade avoidance responses of the large crop induced by R:FR signals reflected by the small 

crop may allow more light to penetrate to the small crop, reducing the competition for light by 

the large crop and thus increase productivity of the whole system. In such a case, R:FR signals 

from below can be regarded as a “self-signal” for the system as a whole, and responses to this 

signal could reduce “self-competition” within the system and may improve overall light 

capture and productivity (similar to our simulation results in Figure 5.4A,C). Therefore, if 

possible, trait selection could focus on crop phenotypes with responses in some traits (e.g., 

increasing leaf angle) to R:FR from below. In contrast, in crop-weed systems, shade avoidance 

responses of the crop plants induced by the low R:FR reflected by weeds, especially in early 

crop developmental stages, could be relevant to crop yield loss (Page et al., 2010). This is 
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possibly because low R:FR reflected by weeds (i) induces an increase of biomass allocation to 

stem at the expense of other organs and decreases leaf area and harvest index of the crop and 

(ii) increases the shoot-root ratio of the crop and may hamper the belowground competition 

for water and nutrients with weeds (Ballaré & Casal, 2000; Rajcan & Swanton, 2001; Page et 

al., 2010). Our simulations also suggested that responses to R:FR from independent foliage 

below the plants decreased plant light absorption and photosynthesis (Figure 5.4B,D). Hence, 

for higher crop productivity in weed-infested systems, crop genotypes with less or no shade 

avoidance responses to R:FR signals from below could be selected for. These two examples 

show the relevance of further research on how and by which plant parts R:FR signals are 

perceived (Pantazopoulou et al., 2017) and how this information can be used to optimize plant 

responses through breeding. 

Concluding remarks 

A “bottom-up” effect of far-red on the architecture of upper shoots in terms of increasing leaf 

inclination angle was observed in a heterogeneous canopy, indicating that lower vegetation 

could affect higher parts of the canopy through R:FR signalling. The consequences of 

responding to R:FR signals from below depend on the origin of the signal. Responses to R:FR 

from below are beneficial for plant performance when this signal is reflecting from lower part 

of the same plant canopy. However, such responses are not beneficial for plant performance 

when R:FR is reflected by independent foliage. We propose that more attention should be paid 

on plant responses to light signals coming from below to understand plant performance in 

heterogeneous canopies and guide breeding of ideotypes for different crop systems.  
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Supporting information  

 

Figure S5.1. Block design in the glasshouse compartment. Each solid blue square represents 

a rose plant. The solid red lines separate the blocks. The dashed red lines separate the 

treatments. 

 

  



140 
 

 

Figure S5.2. Pictures of the four treatments in the experiment. (a) FN+: focal plants (F; 

marked with red crosses) without bent shoots () and neighbour plants (N) with bent shoots 

(+); (b) F+N+: focal plants with bent shoots and neighbour plants with bent shoots; (c) FN: 

focal plants without bent shoots and neighbour plants without bent shoots; (d) F+N: focal 

plants with bent shoots and neighbour plants without bent shoots. 
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Figure S5.3.  Examples of simulated rose plants with bent shoots and virtual sensors. 

Virtual sensors are located at the bottom (a,b) and in the middle (c,d) of upright shoots, and 

facing up (a), down (b), right (c) and left (d). 

 

 



142 
 

 

Figure S5.4. Measured red to far-red (R:FR) ratios above (a,b), in the middle of (c,d) and 

at the bottom of (e,f) upright shoots on day 21 after start of treatments with spectrometer 

sensor facing up (a,c,e) and horizontal (b,d,f). In x-axis, positive and negative values are 

distances from the center of the canopy respectively to the right and to the left of the canopy. 

Results of spectrometer sensor facing horizontal are the R:FR ratios measured with sensor 

facing left at -60 and -40 cm to the center of the canopy, the R:FR ratios measured with sensor 

facing right at 60 cm and 40 cm to the center of the canopy, and the average values of R:FR 

ratios measured with sensor facing right and left at -20, 0 and 20 cm to the center of the canopy. 

Positive error bars (only given in the highest line in each panel) are standard errors of means. 

* indicates significant treatment effects when comparing at the same measurement positions 

(P < 0.05). Triangles indicate focal plants (F) without bent shoots (). Circles indicate focal 

plants with bent shoots (). Closed symbols with solid lines indicate neighbour plants (N) with 

bent shoots. Open symbols with dotted lines indicate neighbour plants without bent shoots. 
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Figure S5.5. Measured red to far-red (R:FR) ratios above (a-c), in the middle of (d-f) and 

at the bottom of (g-i) upright shoots on day 4 after start of treatments with spectrometer 

sensor facing up (a,d,g), horizontal (b,e,h) and down (c,f,i). In x-axis, positive and negative 

values are distances from the center of the canopy respectively to the right and to the left of 

the canopy. Details on measurements with sensor facing horizontal can be found in Figure 

S5.4. Positive error bars (only given in the highest line in each panel) are standard errors of 

means. * indicates significant treatment effects when comparing at the same measurement 

positions (P < 0.05). Triangles indicate focal plants (F) without bent shoots (). Circles 

indicate focal plants with bent shoots (). Closed symbols with solid lines indicate neighbour 

plants (N) with bent shoots. Open symbols with dotted lines indicate neighbour plants without 

bent shoots. 
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Figure S5.6. Measured red to far-red (R:FR) ratios above (a-c), in the middle of (d-f) and 

at the bottom of (g-i) upright shoots on day 13 after start of treatments with spectrometer 

sensor facing up (a,d,g), horizontal (b,e,h) and down (c,f,i). In x-axis, positive and negative 

values are distances from the center of the canopy respectively to the right and to the left of 

the canopy. Details on measurements with sensor facing horizontal can be found in Figure 

S5.4. Positive error bars (only given in the highest line in each panel) are standard errors of 

means. * indicates significant treatment effects when comparing at the same measurement 

positions (P < 0.05). Triangles indicate focal plants (F) without bent shoots (). Circles 

indicate focal plants with bent shoots (). Closed symbols with solid lines indicate neighbour 

plants (N) with bent shoots. Open symbols with dotted lines indicate neighbour plants without 

bent shoots. 
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Figure S5.7. Measurements of internode length (a,b) and leaf length (c,d) at each rank of 

upright shoots on day 6 (a,c) and 12 (b,d) after start of treatments. Positive error bars (only 

given in the highest line in each panel) are standard errors of means. * indicates significant 

treatment effects when comparing at the same rank (P < 0.05). Triangles indicate focal plants 

(F) without bent shoots (). Circles indicate focal plants with bent shoots (). Closed symbols 

with solid lines indicate neighbour plants (N) with bent shoots. Open symbols with dotted lines 

indicate neighbour plants without bent shoots. 
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Figure S5.8. Measurements of upright shoot architectural traits. Measurements were 

conducted on individual leaf area at each rank (a), shoot total leaf area (b), individual internode 

length per dry weight at each rank (c), and average internode length per dry weight (d) in 

upright shoots at final harvest (day 25 after start of treatments). Positive error bars are standard 

errors of means. Different letters (in panels b,d) indicate significant difference (P < 0.05). “F” 

represents focal plant. “N” represents neighbour plant.  indicates plant without bent shoots. 

 indicates plant with bent shoots. 
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Figure S5.9. Light spectral measured above (a-c), in the middle of (d-f) and at the bottom 

of (g-i) the upright shoots at flowering stage with sensor facing up (a,d,g), horizontal 

(b,e,h) and down (c,f,i). The presented results are the light spectrum outside the upright shoots, 

which is calculated as the average of measurements at 40 cm and 60 cm from the middle to 

the right and left respectively. These results represent the spectrum composition of light 

propagating towards (thus can be received by) upright shoots. The red and orange areas in each 

panel respectively indicate the range of red (660±20 nm) and far-red (730±20 nm) wavelength 

that corresponds with the ranges of the spectrometer sensor used to measure red to far-red ratio 

in the experiment. “F” represents focal plants. “N” represents neighbour plants.  indicates 

plants without bent shoots.  indicates plants with bent shoots. 
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Figure S5.10. Comparisons between measured and simulated red to far-red (R:FR) ratios 

at flowering stage with sensor facing up (a), horizontal (b) and down (c). Each panel 

contains measured and simulated R:FR ratios above, in the middle and at bottom of upright 

shoots. Solid lines are 1:1 line. Dashed lines are fitted curve by forcing the line through the 

origin. rRMSE is the relative root-mean-square error. “F” represents focal plants. “N” 

represents neighbour plants.  indicates plants without bent shoots.  indicates plants with bent 

shoots. 

 

 



 
 

Chapter 6 

General discussion 
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In my thesis, I aimed to quantify photosynthesis responses to multiple environmental factors 

and changes in crop structure linking leaf, plant and crop levels. I did this taking lily and rose 

crops growing in the greenhouse as examples. First, I quantified photosynthesis responses to 

water and nitrogen stress combinations at leaf level in lily (Chapter 2). Second, I quantified 

the consequences of functional trait responses to the combination of low photosynthetically 

active radiation (PAR) and low red to far-red ratio (R:FR) for photosynthesis at leaf and plant 

level in rose (Chapter 3). Third, I studied the effects of bent shoots on flower shoot 

photosynthesis and growth in rose production. In rose, non-flowering shoots are bent 

downwards (the so-called bent shoots) to support growth of upright flower shoots. (i) I 

analysed the extent to which photosynthesis by bent shoots contributes to upright shoot growth 

and thus increases upright shoot biomass and morphological quality traits (Chapter 4). (ii) I 

studied whether and how reflection of far-red light by bent shoots induces responses in upright 

shoots and how this in turn indirectly affects plant photosynthesis (Chapter 5). 

There are three main themes which flow through my thesis. First, as plants are frequently 

exposed to simultaneous changes of multiple environmental factors and cues, the combination 

of multiple factors that affect plant photosynthesis is embedded in my thesis. In all research 

chapters of my thesis, plants are subjected to simultaneous variations of two factors, e.g., water 

and nitrogen stress combinations (Chapter 2) and low PAR and low R:FR combinations 

(Chapter 3). In Chapters 4 and 5, shoot bending entails a combined effect of extra assimilate 

supply and the far-red reflection on upright flower shoots. Second, an important factor that 

determines crop performance is canopy photosynthesis rather than photosynthesis of one 

single leaf or an individual plant. Thus upscaling photosynthesis from leaf to plant and crop 

level is an important topic in my thesis. Third, computational models are useful tools for 

quantitative analyses in my thesis. In Chapter 2, I applied the Farquhar, von Caemmerer and 

Berry (FvCB) model to quantify photosynthesis responses at leaf level. In Chapters 3-5, I 

applied a functional-structural plant (FSP) model to quantify photosynthesis responses at plant 

and crop level. 

In this general discussion, I will place the three main themes of my thesis in the broader 

perspective of crop production and provide some thoughts for future studies. First, I will 

discuss the importance of studying plant responses to the combinations of multiple 

environmental factors. Then I will discuss the relevance of upscaling from responses of 
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individual functional traits to performance at plant and crop levels. Following this part, I will 

discuss how an FSP model can be a useful tool to do the upscaling, and discuss the potential 

strength of combining the FSP model with other modelling approaches. Finally, I will discuss 

the implications for crop breeding and cultivation in the greenhouse and field. 

Plant responses to simultaneous changes in multiple environmental factors 

The complex growth conditions for plants 

Plants deal with variations in multiple environmental factors during their life cycle. In natural 

conditions, plants can hardly achieve potential growth due to the occurrence of growth 

reducing factors (i.e., stresses). The main abiotic stresses frequently occurring in the field 

include drought, salinity, heat, chilling and excessive radiation, and the main biotic stresses 

include pathogens, viruses, nematodes and herbivore pests (Suzuki et al., 2014). The effects 

of individual stresses on plant growth and reproduction have been extensively studied under 

controlled conditions in the laboratory where these effects can be studied in isolation (reviews 

by Mittler, 2006; Mittler & Blumwald, 2010; Atkinson & Urwin, 2012; Suzuki et al., 2014). 

However, in natural field conditions, variations of multiple environmental factors generally 

occur simultaneously. For instances, in semi-arid regions, plants not only suffer from drought 

stress but also may experience excess heat and radiation that often interact with drought 

(Carvalho et al., 2016). Drought in turn may be accompanied by low nutrient availability in 

the soil. In Chapter 2, I showed that even plants growing in protected cultivation conditions 

(in this case low-tech greenhouses) may suffer from water and nitrogen stress combinations. 

Plants growing in vegetation stands normally experience simultaneous changes in light 

intensity and spectral composition. These two factors may also change simultaneously in the 

greenhouse due to the use of artificial lighting. Next to abiotic factors, plants are affected by 

multiple biotic stresses such as pathogens and pests (Atkinson & Urwin, 2012). This entails 

that plants need to cope with simultaneous changes of multiple factors during their growth. 

The frequency and intensity of stresses may be strongly modified by global climate change. 

The average surface temperature is predicted to increase by 35 °C in the next 50100 years, 

with the concurrent increases in the frequency of extreme weather conditions which lead to 

drought, flood and heat waves (IPCC, 2014). The changes in climate factors in combination 

will not only affect growth and reproduction of crop plants but also possibly change the habitat 
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range and behaviour of pests and pathogens, which in turn affects crop production (Gregory et 

al., 2009). Under such circumstances, agricultural production could be significantly reduced. 

In the meantime, the global population is expected to reach 9.5 billion by 2050, which requires 

increases in productions of all crop types (e.g., food crops and ornamental crops) in both field 

and greenhouse to meet global needs. This leads to a great demand for crop management 

strategies that optimize crop production, as well as crop varieties that are tolerant to stress 

combinations (Newton et al., 2011). Understanding the mechanisms underlying plant 

responses to simultaneous changes of multiple factors is crucial for developing such multi-

stress tolerant crop varieties (Mittler & Blumwald, 2010; Atkinson & Urwin, 2012). 

Quantifying the consequences of responses to multiple factors for plant performance under 

environmental variations 

Currently there is a consensus that plant responses to stress combinations are unique and 

cannot be directly derived from responses to individual stresses (Rizhsky et al., 2002, 2004; 

Hewezi et al., 2008; Atkinson et al., 2013; Suzuki et al., 2014). The unique responses are 

caused by the fact that (i) the expressions of some genes are only up- or down-regulated under 

stress combinations but not by individual stresses (Rizhsky et al., 2004; Atkinson et al., 2013) 

and (ii) hormone signalling pathways that control plant responses to individual stresses interact 

with each other (both antagonistically or synergistically) when multiple pathways are induced 

simultaneously under stress combinations (Anderson et al., 2004; Melotto et al., 2006; 

Atkinson & Urwin, 2012). The identification of specific genes and the interactions between 

signalling pathways associated with different stresses has received ample attention in the past 

decades (reviews by Mittler & Blumwald, 2010; Atkinson & Urwin, 2012; Suzuki et al., 2014). 

Such studies are crucial for understanding the mechanisms that underlie plant responses to 

stress combinations. However, the ultimate goal of developing new varieties that are tolerant 

to stress combinations is to increase or at least maintain crop yield production in current and 

future adverse growth conditions. To achieve this goal, the consequences of plant responses to 

stress combinations for crop performance need to be understood in detail. This requires 

upscaling from responses at cellular or organ level to the performance at plant and crop level. 

This further entails: (i) separately quantifying the consequences of individual functional traits 

for plant performance to identify which traits are beneficial and which are not and (ii) 
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quantifying how these functional traits interact in determining plant performance under stress 

combinations. Such studies are difficult to be done using conventional experiments alone.  

In my thesis, I showed that a combination of experimentation and modelling makes it possible 

to quantify the consequences of individual trait responses to combinations of environmental 

factors for plant performance. In Chapter 3, I showed an example of quantifying the interactive 

effects of individual functional trait responses to a combination of low PAR and low R:FR on 

plant performance in terms of plant photosynthesis. To this end, I applied a combined approach 

of a light experiment and an FSP model. The light experiment allowed me to separately study 

the effects of low PAR and low R:FR on leaf photosynthetic and plant architectural traits. In 

the experiment, R:FR was manipulated by adding additional far-red light emitting diodes (LED) 

above the plants without changing the PAR level, and PAR was manipulated by adding neutral 

shading screen above the plants without changing the R:FR. While under natural canopy shade, 

R:FR reduced with the lowering of PAR. This makes that the plant phenotype under canopy 

shade is an integrated result of multiple responses to both low PAR and low R:FR. From this 

experiment, I found that plant responses to low PAR (e.g., decreased leaf photosynthetic 

capacity) were clearly different from responses to low R:FR (e.g., increased internode length 

an leaf angle). The plant data that I collected in the light experiment were then used to develop 

an FSP model. Using the FSP model, I was able to separately quantify the effects of individual 

trait responses on plant photosynthesis by only changing one trait parameter at a time while 

keeping all other parameters at the unshaded level. This would be very difficult to do by 

experiments alone, as we then need to have mutants that only show responses in one specific 

trait when exposing to changes of an environmental factor. Whereas using the FSP model, any 

phenotype of interest, including ones that do not exist in reality, can be created virtually. From 

the simulations, I found that the relative importance of individual trait responses for plant 

photosynthesis changed with shade levels. Moreover, the consequence of one trait response 

for plant photosynthesis under shade depended on responses in other traits. For example, lower 

respiration rate was found under low light and this response was beneficial for plant 

photosynthesis under shade. However, the positive effect of lower respiration rate was 

mitigated by the fact that leaf area was also reduced under shade (Chapter 3, Figure 3.7). My 

results thus suggest the need of considering the interactions between the consequences of 

multiple plant trait responses to environmental factors for plant performance (i.e., the trait 

response syndrome). Otherwise, we may overestimate or underestimate the effect of each 
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individual trait response for plant performance. The approach presented in Chapter 3 

(combining experimentation with modelling) can be further extended to other study systems 

which entail simultaneous changes of multiple factors, to quantify the interactive 

consequences of individual trait responses to multiple factors for plant performance.  

The dynamically changing environments 

Natural environments are never constant. Thus plants need to cope with dynamically changing 

environments during their growth period. Fast responses of functional traits to changes in 

environmental factors can be induced by chemical signalling. For example, fast stomatal 

closure can be induced by abscisic acid (ABA) signalling within seconds or a few minutes 

under drought (Geiger et al., 2011). The fast stomatal closure may increase plant fitness under 

drought through increasing water use efficiency (Jakab et al., 2005). In general, such a 

response is almost fully reversible, i.e., plants can open stomates again once water availability 

improves.  However, many other traits, especially architectural and resource allocation traits, 

need time to adapt to the environment and can be at least to some extent irreversible. For 

example, plants may respond to low water availability by increasing biomass allocation to 

roots at the expense of leaves (Li et al., 2000). This helps to maintain a balance between water 

uptake and loss, and helps the plant to maintain its water status (Sperry et al., 1998). However, 

once water availability improves, the low leaf area hampers plant light absorption and 

photosynthesis and associated growth. Thus, when plants suddenly experience a new 

environment, trait responses that increased plant performance in the previous environment 

may no longer increase it in the new environment. In other words, plastic adjustments to 

conditions early in life may compromise performance later in life when conditions change.   

The example I showed in Chapter 3 can roughly be extrapolated to agroforestry systems in 

which small woody species are shaded by overstory tree foliage (the so-called canopy shade). 

However, it is possible that woody plants suddenly receive high light due to the removal of 

overstory layers, which may be caused by harvest of timber or when overstory trees lose 

branches or fall over. This raises the question, how would a plant that plastically adjusts its 

functional traits to shade conditions perform when the plant is suddenly exposed to high light? 

Using the same approach as in Chapter 3, I further assessed the consequences of functional 

trait responses to shade for plant photosynthesis at high light. To this end, I used the simulated 

shaded phenotype at a shading leaf area index (LAI) of 3 as an extreme case, which was the 
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most heavy shade simulated in Chapter 3. All plant trait parameters used in this shaded 

phenotype were directly adopted from parameters used in Chapter 3. The high light intensity 

was set to 1000 mol m-2 s-1, which represented more than 10-fold increase in light intensity 

compared to the simulated light level (= 85 mol m-2 s-1) under a canopy with LAI = 3 (Chapter 

3). The simulation results showed that most of the trait responses induced by low PAR that 

increased plant photosynthesis under shade were not beneficial anymore at high light (Chapter 

3, Figure 3.6; Figure 6.1A). For example, the lower Amax increased plant photosynthesis by up 

to 70% under shade due to the concomitant reduction in respiration cost (Chapter 3, Figure 

3.6B); however, once the plants were suddenly exposed to high light, this reduced Amax had a 

negative effect (40%) on plant photosynthesis (Figure 6.1A). Thus a plastic adjustment to low 

PAR can at least to some extent compromise performance if light suddenly increases, as it will 

take time for the plant to readjust its photosynthesis to high light. There are two ways for plants 

to readjust their Amax. First, plants could produce new leaves that develop in and thus adapt to 

high light environment. This will take time before the leaves are mature and able to contribute 

to plant photosynthesis. Second, plants could readjust Amax in existing leaves by enlarging their 

chloroplasts. This process, however, can be limited by the thickness of shaded leaves which 

determines the open palisade cell wall space to accommodate the enlargement of chloroplasts 

(Oguchi et al., 2003, 2005). Overall, the full phenotype obtained under shade had a 50% lower 

photosynthesis at high light compared with the unshaded phenotype (Figure 6.1B). These 

results emphasize the need of taking into account the dynamically changing environments 

when assessing the consequences of trait responses for plant performance. FSP models can be 

useful in this regard as they can realistically simulate consequences of plastic trait responses 

for plant performance.   

Upscaling from individual trait responses to performance at plant and crop levels 

Yield production is dependent on crop performance rather than performance of one individual 

plant or photosynthesis of one single leaf (Donald, 1968; Anten & Vermeulen, 2016). 

Therefore, maximizing crop performance is generally an objective in agricultural production 

systems. Crop performance is strongly determined by the way individual plants in the crop 

interact (Hirose & Werger, 1987a; Anten & Hirose, 2001; Anten, 2005). Plant performance in 

turn is an integrated result of responses of individual functional traits to multiple 

environmental factors. As noted I found strong interactions between the consequences of 
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individual trait responses for plant photosynthesis (Chapter 3). This makes that understanding 

crop performance under changes of multiple environmental factors requires quantifying how 

responses at organ or plant level interact in determining crop performance, which entails (i) 

separately quantifying the consequences of individual trait responses to each environmental 

factor for plant performance and (ii) upscaling from these individual trait responses and their 

interactions to performance at plant and crop levels. 

 

 

Figure 6.1. The effects of responses of individual functional traits (A) and the 

combination of traits (B) to canopy shade on plant photosynthesis at high light (= 1000 

mol m-2 s-1). Trait parameters of the shaded phenotype are directly adopted from the 

parameters used in the simulated shaded phenotype under a shading leaf area index of 3 in 

Chapter 3. Trait effects are calculated as the relative changes of plant photosynthesis caused 

by changing an individual trait or a combination of traits compared with plant photosynthesis 

of non-shaded phenotype (Chapter 3, Eq. 3.5). In panel (A), solid bars are trait responses 

induced by low red to far-red ratio (R:FR); open bars are trait responses induced by low 

photosynthetically active radiation (PAR); Theta’ is the curvature factor of light response 

curve; ‘Amax’ is the maximum leaf photosynthetic rate Amax; ‘Amax-Light’ is the coefficient 

describing the correlation between light gradient and Amax gradient in the canopy; ‘Rd’ is the 

coefficient describing the relationship between Amax and dark respiration rate. In panel (B), 

‘RFR’ represents the phenotype for which all trait responses to low R:FR are changed 

simultaneously; ‘PAR’ represents the phenotype for which all trait responses to low PAR are 

changed simultaneously; ‘Full’ represents the phenotype for which all trait responses to both 

low R:FR and low PAR are changed simultaneously. 
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Trait responses that decrease performance at organ or plant level may be beneficial for crop 

performance. In Chapter 5, I showed that shoot bending in cut-rose production system entailed 

a substantial amount of far-red reflected by the bent shoots towards the upright flower shoots 

(Chapter 5, Figure 5.2). This induced an increase of leaf inclination angle in upright shoots 

(Chapter 5, Figure 5.3E,F), which decreased light absorption and photosynthesis of upright 

shoots (Chapter 5, Figure 5.4). The steeper leaf angle, however, allowed more light to penetrate 

to the bent shoots, which increased photosynthesis of the whole plant canopy (Chapter 5, 

Figure 5.4). Conversely, trait responses that are beneficial for individual plant performance 

may decrease performance at the crop level (Anten & Vermeulen, 2016). For instances, a taller 

plant could capture more light in crop stands, thus the increase of plant height is beneficial for 

individual plant performance (Falster & Westoby, 2003). However, the increase of plant height 

also entails costs such as biomass investment in the stem for support and maintenance costs 

for the stems and vasculature (Givnish, 1982; Midgley, 2003). These costs otherwise may be 

used to increase seed biomass, which is normally of interest to grain crop production. Thus the 

increase of plant height may decrease crop performance.  

In addition, the consequences of trait responses for crop performance may differ in different 

types of crop systems. The results shown in Chapter 5 generally indicate that responses of the 

upper canopy to the R:FR of light reflected by the lower canopy are beneficial for performance 

of the crop that features a heterogeneous canopy structure. Similarly, such responses may also 

be beneficial for performance of the strip or mixed intercropping system, where responses of 

the large crop (occupying the upper canopy of the whole system) to R:FR reflected by the 

small crop (occupying the lower canopy) may increase photosynthesis of the whole system. 

However, responses to R:FR from below may not be beneficial when a crop is interacting with 

a smaller weed, as responses to R:FR reflects off weeds may decrease light absorption and 

photosynthesis of the crop plants.  

Therefore, to avoid any biased evaluations of the benefits of individual traits for crop 

production, the consequences of trait responses for crop performance, should be assessed at 

both organ, plant and crop levels and specified for different types of crop systems.  
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Functional-structural plant model as a tool 

The upscaling from individual trait responses to performance at plant and crop level cannot be 

done by experiments alone, but needs a combination of dedicated experimentation and 

modelling. Photosynthesis at the canopy level is a crucial factor that drives crop performance. 

An essential step towards understanding crop performance is properly modelling canopy 

photosynthesis, which generally involves modelling (i) light distribution and leaf light 

absorption, (ii) the distribution of leaf photosynthetic parameters, and (iii) the distribution of 

other environmental factors that are relevant to the photosynthetic process (e.g., temperature 

and relative humidity) in the canopy. In conventional canopy photosynthesis models, canopy 

light distribution is normally modelled using the Beer-Lambert equation (Monsi & Saeki, 

2005). Some approaches further consider the distributions of direct and diffuse light, solar 

angle, and leaf angle (de Wit, 1965; Goudriaan, 1977). The distribution of leaf photosynthetic 

capacity is modelled according to the leaf nitrogen distribution in the canopy, or modelled 

according to the fraction of light intercepted by the leaf assuming that light distribution in the 

canopy drives the distribution of leaf nitrogen (Hirose & Werger, 1987b; Niinemets & Anten, 

2009). These assumptions are largely used in modelling canopy photosynthesis of the 

monoculture crop system that consists of the same plant species. In such a system, the strong 

light gradient exists in the vertical direction in the canopy whereas the horizontal light 

distribution in the canopy is assumed to be uniform. The distributions of environmental factors 

other than light, however, are generally assumed to be uniform (in both vertical and horizontal 

directions) in these canopy photosynthesis models.  

Next to the strong gradient of light in the canopy, the distributions of other environmental 

factors can also be quite heterogeneous. For example, the ambient air temperature differs with 

the temperature at the leaf or meristem level (Kichah et al., 2012; Savvides et al., 2013). Also, 

there were strong gradients of temperature and relative humidity in the rose canopy (van 

Westreenen, unpublished). Furthermore, many natural or agroforestry and intercropping 

systems consist of mixed stands with species having distinct differences in their architecture 

(Bellow & Nair, 2003; Brooker et al., 2015). In some crop systems, such as the rose production 

system with bent shoots used in this study (Chapters 4 and 5), plant architecture is tailored to 

favour crop management (e.g., reducing the work load of harvesting fruits) or the production 

of harvestable plant parts (fruits and flower production) (Schubert et al., 1995; Ito et al., 1999; 
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Kim & Lieth, 2004; Han et al., 2007; Lopez et al., 2014). In these situations, canopy structure 

can be spatially heterogeneous in the horizontal direction, resulting in strong light gradients in 

both vertical and horizontal directions in the canopy. Thus, the assumptions in the conventional 

canopy photosynthesis models do not hold for such heterogeneous situations.  

A further key point in upscaling from individual plant performance to the crop level is to 

consider the interactions between individual plants (described in the previous section). 

Individual plants in a vegetation stand (including both mono and mixed species vegetation, 

and especially the natural ones) are not identical, due to intra- and inter-specific variations. 

Understanding how the performance of a given individual plant affects its neighbours, either 

by competition or facilitation, is an important topic in ecological research (Brooker, 2006; 

Aschehoug et al., 2016). This requires a modelling approach that can quantify differences 

between individuals to investigate the consequences of plant-plant interactions for plant 

performance. 

The FSP model explicitly simulates plant architecture in three-dimensions (3D) taking into 

account the physiological processes (e.g., photosynthesis and transpiration) and the local 

environments at the individual organ level (Vos et al., 2010). An FSP model, thus can take 

into account the variations of environmental factors (not only light, but also other factors like 

temperature and humidity) in the canopy, including both ones with homogeneous and 

heterogeneous canopy structures. As FSP models can specifically simulate the 3D architecture 

of each individual plant in the canopy taking into account the differences between individual 

plants, they are suitable for simulation studies on crop performance in mixed stands (Zhu et 

al., 2015; Evers et al., 2018), photosynthesis of heterogeneous canopies (Buck-Sorlin et al., 

2011; also see Chapters 4 and 5) and local responses induced by plant-plant interactions (de 

Wit et al., 2012; Pantazopoulou et al., 2017). Moreover, the FSP model can be further 

combined with other modelling approaches. 

As FSP models explicitly simulate plant 3D architecture and the local light environment at 

organ level, these models are frequently combined with detailed leaf photosynthesis models, 

e.g., to simulate plant growth and biomass allocation at the detailed level (Evers et al., 2010) 

and to analyse limiting factors for photosynthesis in different canopy layers (Chen et al., 

2014a). Combing these two types of models results in a useful tool to upscale from leaf 

photosynthesis to plant and canopy photosynthesis, when plant responses to environmental 
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variations occur at different levels (e.g., leaf, plant and crop level). For example, in Chapter 2, 

I quantified responses of photosynthesis and CO2 diffusional processes to water and nitrogen 

stress combinations at the leaf level, using the FvCB model (Farquhar et al., 1980) and the 

Ball, Woodrow and Berry (BWB) (Ball et al., 1987) model which is revised by Leuning (1995) 

and Yin & Struik (2009a). Plant architecture, however, can also be affected by drought and 

nitrogen stresses. For instances, leaf folding and changes in leaf inclination angles and leaf 

orientations are found under drought (Comstock & Mahall, 1985; Kusaka et al., 2005). These 

changes may reduce the leaf area that is directly irradiated by sunlight. A reduction in leaf area 

may result in a low light absorption, which will lead to both less transpiration and less 

photosynthesis. The combination of an FSP model and a leaf photosynthesis and stomatal 

conductance model can then be applied to analyse how changes in plant architecture affect 

local light environment, and together with changes in leaf photosynthetic and transpirational 

processes, affect plant and canopy photosynthesis and water use efficiencies under stress 

conditions. In addition, there is currently an increasing attention on dynamic photosynthesis, 

and how to increase yield through manipulating processes that are relevant to photoprotection 

at the fluctuating light environment (Kaiser et al., 2015; Kromdijk et al., 2016). Light in plant 

canopies is very dynamic, resulting in leaves frequently experiencing sharp fluctuations of 

irradiance. When light increases very fast, leaf photosynthetic rate cannot immediately 

increase to the level of steady-state. Similarly when light suddenly goes from high to low levels, 

relaxation of photoprotection processes is normally delayed, resulting in losses of 

photosynthesis at low light (Zhu et al., 2004; Kaiser et al., 2015). This makes that steady-state 

photosynthesis models tend to overestimate photosynthesis in fluctuating light environments 

(Naumburg & Ellsworth, 2002). Detailed dynamic photosynthesis models have been 

developed to take the fluctuating situations into account (Thornley, 1998; Morales et al., 2018). 

By combining a dynamic photosynthesis model with an FSP model, the consequences of 

dynamic photosynthesis can be up-scaled from leaf to canopy level, to assess the impact of 

dynamic photosynthesis on yield production. 

An FSP model can also be combined with a phylloclimate model, as many physiological 

processes (e.g., photosynthesis) and disease and pathogen development (e.g., fungal diseases) 

are driven by local environmental conditions. Phylloclimate models calculate the distribution 

of light, temperature, and humidity around each organ (Chelle, 2005). A combination of these 

two types of models can be used to investigate the feedbacks between local climate conditions 
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and physiological and disease processes at organ level. Subsequently, these organ-level 

responses can be up-scaled to performance at plant and crop level using the combined model. 

For example, stomatal opening, on the one hand, affects local humidity and temperature levels 

by regulating water vapour exchange between leaf and ambient air (Collatz et al., 1991); the 

local humidity and temperature levels then affect the development and activity of disease and 

pests (Boulard et al., 2002). In addition, stomatal closure can be a defence strategy of plants 

to prevent bacterial invasion through open stomates (Melotto et al., 2006). On the other hand, 

stomatal opening affects the CO2 diffusion from ambient air into the leaf, which affects leaf 

photosynthesis (Farquhar & Sharkey, 1982). These processes in concert cause a trade-off 

between local disease development or defence processes and local photosynthesis (or growth). 

For instance, stomatal closure may lower the chance of bacterial invasion (i.e., increase the 

level of defence), while it also reduces leaf CO2 uptake and photosynthesis (i.e., decrease 

growth). However, whether or not the trade-off at local level affects growth at plant level, is 

dependent on processes at other parts of the plant, e.g., whether or not the decrease of growth 

at this location can be compensated by growth of other plant parts. Using a combination of an 

FSP model and a phylloclimate model, these processes can be simulated and their feedbacks 

can be quantified (Figure 6.2). A parallel project next to my thesis is working on quantifying 

the distribution of microclimate factors in a rose canopy, and then combining the phylloclimate 

model with an FSP model to simulate the development of fungal diseases (van Westreenen, 

on-going PhD project). 
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Figure 6.2. An example of combining a functional-structural plant model (FSPM) and a 

phylloclimate model (PCM). The concept map shows how stomatal opening affects 

phylloclimate factors, plant physiological processes and disease development, and how these 

processes and their feedbacks can be simulated by an FSPM and a PCM. *Modelling disease 

development or bacterial invasion using an FSPM requires the incorporation of specific sub-

models to simulate these processes in the FSPM. 

 

Implications for crop breeding and cultivation in the greenhouse and field 

The next generation of crop varieties is expected to have a higher yield potential and to be able 

to tolerate multiple stress combinations (Newton et al., 2011; Long et al., 2015). In the 

greenhouse where stress levels tend to be lower than in the open field, crops also need to deal 

with the combination of multiple factors due to intense human interference (e.g., the use of 

supplementary lighting and manipulations of crop structure). Understanding the mechanisms 

underlying plant responses to simultaneous changes of environmental factors is a crucial step 

towards developing new crop varieties for both field and greenhouse conditions (Mittler & 

Blumwald, 2010; Atkinson & Urwin, 2012). However, achieving a complete overview of these 

mechanisms is difficult, as plant responses are governed by expressions of many genes and 
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signalling pathways which interact with each other. Therefore, to speed up crop breeding, it is 

important to narrow down research and direct it to the specific traits that are relevant to yield 

production. Crop performance is an end result of multiple plant responses to environmental 

variations, which are in turn induced by regulations of gene expression and signalling 

processes (i.e., from genes to plant traits to crop performance). However, with the application 

of modelling tools, trait selection for crop breeding can go the other way around, i.e., from 

crop performance to plant traits to genes. Plant traits that are most relevant to crop performance 

in a specific environment can be identified through model scenario studies (Sarlikioti et al., 

2011; also see Chapter 3). The benefits of these trait responses can be tested across a range of 

environments using models, noting that environmental conditions dynamically change in the 

field (Sambatti & Caylor, 2007). These results can then guide studies on the mechanisms 

underlying specific plant trait responses. 

In greenhouse production systems, growth conditions can be highly controlled and optimized 

for crop yield and quality all year round. This increases land use efficiency, resulting in a 

promising avenue to cope with the decreasing availability in arable land together with the 

increasing demand for crop production. The greenhouse system allows the environmental 

factors to be fine-tuned for crop growth and development. However, managements of 

greenhouse conditions also entail complex effects on plants. For example, the use of artificial 

lighting (e.g., high-pressure sodium lamps and LEDs) simultaneously change light intensity 

and spectrum. In addition, assimilation lamps can be put in different positions in the 

greenhouse (e.g., inter lighting) to optimize light distribution in the canopy (Hovi-Pekkanen 

& Tahvonen, 2008; Hao et al., 2012). This entails that light in the greenhouse not only comes 

from the top of the canopy, but also from the middle and even bottom of the canopy, which 

makes that some leaves may receive relatively more light from abaxial side than adaxial side 

of leaves. As the leaf photosynthetic rate is generally higher when the leaf receives light from 

the adaxial side compared to the abaxial side (Paradiso & Marcelis, 2012), changes of the light 

directions could affect crop photosynthesis. The FSP models (in Chapters 3-5) that include the 

simulations of photosynthesis and plant morphogenesis responses to light spectrum and 

directions can be helpful in designing the optimal light recipe for greenhouse crop production. 

Studies have been done to investigate responses of plant photosynthesis efficiency and 

morphogenesis to different light spectrum (e.g., red, blue and far-red) and directions (Evans & 

Vogelmann, 2003; Hogewoning et al., 2010, 2012; Trouwborst et al., 2010; also see Chapters 
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3 and 5). It is worthwhile to put further effort in modelling these responses, and incorporating 

these processes in FSP models to facilitate designing light recipe for crop production and 

ideotype for crop breeding in the greenhouse.  

Concluding remarks  

Plants generally are exposed to simultaneous changes of multiple abiotic and biotic factors. 

Plant responses to the combination of multiple environmental factors are unique and cannot 

be derived from responses to individual factors. Understanding plant responses to 

simultaneous changes of multiple factors requires not only to understand the mechanisms 

underlying these unique responses, but also to quantify the consequences of these responses 

for plant performance under environmental variations. For the latter purpose, the interactions 

between the consequences of individual trait responses for plant performance need to be 

considered, as well as the upscaling of trait effects from organ level to plant and crop levels. 

An FSP model is a very useful tool to quantify the interactive effects of individual trait 

responses on plant performance and to do the upscaling. Further combining the FSP model 

with detailed leaf photosynthesis models (for both steady-state and dynamic photosynthesis) 

and phylloclimate models can be used to quantify the feedbacks between environmental factors, 

plant responses and biotic processes and the effects of these feedbacks on plant performance. 

Moreover, the FSP model can be used to identify promising traits for crop breeding to guide 

research on the underlying mechanisms, and to design optimal growth conditions for 

greenhouse crops. 
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Summary 

Plant biomass is essential for guaranteeing many quality traits of ornamental crops, which are 

often grown in a greenhouse. However, variations in greenhouse conditions may occur, which 

may affect plant biomass production through affecting photosynthesis. First, variations in light 

intensity and spectrum occur in the greenhouse due to the use of supplementary lighting. 

Second, fluctuations in water and nutrient supplies could occur in low-tech greenhouses due 

to suboptimal crop managements. Third, canopy structure is often intensely manipulated in the 

greenhouse to optimize crop production. Therefore, to optimize crop photosynthesis (i.e., in 

terms of maximum assimilation or maximum resource use efficiency) in greenhouse 

conditions, photosynthesis responses at both leaf, plant and crop (i.e., the population of crop 

plants) level to the aforementioned conditions and their interactions need to be adequately 

understood. The aim of this thesis was to quantify photosynthesis responses to multiple 

greenhouse conditions, including the combined changes of photosynthetically active radiation 

(PAR) and red to far-red ratio (R:FR), water and nitrogen stress combinations, and plant 

structure manipulations (i.e., shoot bending in cut-rose production). To reach this objective, 

first experiments in greenhouses with cut-flower crops (lily and rose) were conducted to 

investigate plant responses (including responses in leaf photosynthetic traits and plant 

architectural traits) to changes in PAR, R:FR, water and nitrogen levels, and the presence of 

bent shoots. Then modelling studies were conducted to quantify photosynthesis responses to 

these conditions at leaf, plant and crop levels. 

In the general introduction (Chapter 1), first I justified the importance of quantifying 

photosynthesis responses to multiple greenhouse conditions for ornamental crop production. 

Then I reviewed the current knowledge of photosynthesis responses to variations in light 

intensity, light spectrum, water and nitrogen conditions and changes in plant structure. Finally, 

I introduced the study approach of combining experimentation and modelling, and outlined 

the reasoning underlying the choices for the experimental systems and modelling approaches 

in this thesis. 

In Chapter 2, photosynthesis responses to water and nitrogen stress combinations were 

quantified at leaf level in lily (Lilium. auratum × speciosum), using the photosynthesis model 

of Farquhar, von Caemmerer and Berry (the FvCB model) and the stomatal conductance model 
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of Ball, Woodrow and Berry (the BWB model). The changes of the FvCB model parameters 

due to variations of water and nitrogen conditions were linearly correlated with the changes of 

leaf nitrogen content per unit leaf area. These linear relationships were incorporated into the 

FvCB model to accurately simulate net photosynthetic rate in response to different water and 

nitrogen conditions. Most of the BWB model parameters needed to be adjusted specifically to 

water conditions (independent with the nitrogen level) to allow the model to accurately predict 

stomatal conductance.  

In Chapter 3, plant functional trait responses to the combined changes in PAR and R:FR were 

quantified in rose (Rosa hybrida), and the consequences of individual trait responses for plant 

light absorption and photosynthesis under different levels of canopy shade were quantified 

using a functional-structural plant (FSP) model. At mild shade, functional trait responses to 

low R:FR were more important for plant photosynthesis, while at heavy shade, trait responses 

to low PAR became more important. Moreover, the consequences of individual trait responses 

for plant photosynthesis under shade tended to mitigate each other.  

In Chapter 4, the contribution of bent shoots to plant photosynthesis in a heterogeneous rose 

canopy was quantified using a combination of experimentation and FSP modelling. In cut-rose 

production, weak and non-flowering shoots are bent downwards (the so-called bent shoots) to 

support the growth of upright flower shoots. Bent shoots contributed to 43% to 53% of the 

total assimilated CO2 by the plant. The presence of bent shoots increased flower shoot dry 

weight by 35% to 59%, which was entirely due to the contribution of extra photosynthesis by 

bent shoots. At least 47% to 51% of the bent shoot photosynthesis was translocated to flower 

shoots to support their biomass increase. 

In Chapter 5, the relationship between the presence of bent shoots and the R:FR ratio 

distribution in upright shoots was quantified, as well as the upright shoot architectural 

responses. Bent shoots reflected substantial amounts of far-red light and this lowered the R:FR 

ratio in light reflected upwards. The low R:FR reflected from below was associated with an 

increase of leaf inclination angle in upright shoots. The consequences of responses to R:FR 

from below for plant performance in terms of light absorption and photosynthesis were 

quantified using an FSP model. Responses to R:FR from below were beneficial for plant 

performance when the low R:FR was reflected by the lower part of the same plant canopy, as 

in this case, responses in the upper canopy allowed more light to penetrate to the lower canopy, 
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and thus increased whole-plant photosynthesis. However, when the low R:FR was reflected 

by independent foliage located below the plants, responses to this signal decreased plant light 

absorption and photosynthesis.  

In Chapter 6, I outlined three main themes in this thesis and discussed the three main themes 

in the broader perspective of crop production. The three main themes were (i) the combination 

of multiple environmental factors, (ii) the upscaling of photosynthesis from leaf level to plant 

and crop level, and (iii) the application of the FSP model to do the upscaling. First I discussed 

the importance of studying plant responses to multiple environmental factors in combination. 

In this section, I proposed that understanding those plant responses requires not only 

understanding the mechanisms underlying those responses, but also quantifying the 

consequences of those responses for plant performance. Second, I discussed the need of 

upscaling plant performance from individual trait responses to plant and crop levels. In this 

section, I highlighted the importance of quantifying the consequences of individual trait 

responses for performance at both individual organ, plant and crop level, as trait responses that 

are not beneficial for performance at the organ level may beneficial at the crop level and thus 

favour yield production, and vice versa. I also discussed how different types of crop systems 

could lead to opposite directions for traits selections. Third, I introduced the FSP model as a 

useful tool to do the upscaling, and discussed the potential strength of further combining the 

FSP model with a detailed leaf photosynthesis model and a phylloclimate model. Finally, I 

discussed the implications for crop breeding and cultivation in the greenhouse and field. 
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