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Abstract 

Kailei Tang, 2018. Agronomy and photosynthesis physiology of hemp (Cannabis sativa L.). 

PhD thesis, Wageningen University, Wageningen, the Netherlands, 174 pp. 

Hemp (Cannabis sativa L.) is a sustainable high-yielding crop that delivers valuable fibres, 

seeds and psychoactive substances. However, there is a lack of field experimental data on the 

cultivation of hemp because its production was largely abandoned in the last century. Hemp is 

now considered as an ideal crop to produce innovative biomaterials, and in particular, the dual-

purpose hemp production (fibre + seed) is now the norm in European countries, driven by the 

shift of a rapidly expanding market for hemp seeds coupled with lower quality fibre 

requirements for innovative biomaterials. This study brought new information on the agronomy 

and photosynthesis physiology for the resurging production of hemp, particularly for dual-

purpose production in Europe. 

The effects of important agronomic factors, i.e. cultivar, planting density, and nitrogen 

fertilization, on the performance of the hemp crop were investigated under contrasting 

European environments. Based on the experimental data, for dual-purpose hemp production, a 

planting density of 90–150 plants m-2 is recommended for a monoecious cultivar that gives a 

long vegetative phase while leaving enough time for seed growth. A nitrogen fertilization rate 

of 60 kg N ha-1 was generally sufficient in the tested environments whereas further optimization 

of nitrogen fertilization requires accurate and precise assessment of plant nutritional status. To 

facilitate assessing plant nutritional status, a critical nitrogen dilution curve was determined for 

hemp.  

The responses of leaf photosynthesis to nitrogen content and temperature were quantified 

using a biochemical model of C3 leaf photosynthesis, based on a complete set of photosynthetic 

measurements for hemp leaves. Then, by combining measurements and modelling, an upscaling 

was made from the leaf to the canopy level to analyse hemp’s photosynthetic nitrogen-use 

efficiency (NUE) and water-use efficiency (WUE) in response to water and nitrogen supply. 

The effect of nitrogen supply level on hemp’s NUE and WUE was largely determined by its 

effect on canopy size or leaf area index (LAI). The effect of short-term water stress on WUE 

and NUE was reflected in the stomatal regulation, whereas long-term water stress enhanced leaf 

senescence, reduced LAI but retained total canopy nitrogen content, and thus resulted in a 

further increase in WUE.  



Findings in this thesis provided an improved understanding of the agronomy and 

photosynthesis physiology of hemp, particularly in relation to the dual-purpose production of 

hemp in Europe. Such understanding not only provides additional evidence that hemp can be 

grown as a sustainable crop over a wide range of climatic and agronomic conditions, but also 

provides essential information for parameterizing crop growth models. Prospects for further 

research were discussed in view of using the findings in this thesis in combination with a crop 

growth model to develop strategies for optimization of hemp cultivation and breeding. 

Keywords: canopy; critical dilution curve; cultivar; density; fibre; hemp (Cannabis sativa L.); 

leaf; modelling; nitrogen; nitrogen use efficiency; phenology; photosynthesis; seed; stem; 

temperature; water; water use efficiency. 
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Abstract  

This chapter first provides a brief introduction to the hemp (Cannabis sativa L.) plant and the state of 

knowledge on hemp agronomy and crop physiology. Subsequently, the aim of the thesis, the 

methodological framework and an overall thesis structure are outlined.   
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1.1 Hemp plant 

Hemp (Cannabis sativa L.) is an annual dicotyledonous angiosperm plant belonging to the 

Cannabaceae family and the Cannabis genus. Hemp seedlings have two sessile seed leaves but 

all true leaves have a 1–3 cm petiole. The first pair of true leaves have a single narrowly elliptic 

blade with serrate margins. A leaf from the second pair has 3–13 cm palmately composed 

serrate leaflets. Each leaflet has a length of 5–15 cm and a width of 1–2 cm. In young hemp 

plants the number of leaflets per compound leaf increases progressively and the phyllotaxis is 

opposite, but as flowering begins, the number of leaf leaflets per compound leaf declines and 

phyllotaxis changes from opposite to alternate.  

The stem of the hemp plant is hollow. Its size at maturity is very variable. At high planting 

densities hemp plants develop thinner stems with fewer branches whereas at low density the 

plants are highly branched with much thicker stems. Technically hemp stems can be separated 

into two components: the stem tissues outside the vascular cambium (bark) and the stem tissues 

inside the vascular cambium (core). The bark, accounting for 24–47% of whole stem weight 

(De Meijer, 1994), consists of the epidermis, the cortex and the phloem. In the phloem are sieve 

tubes and primary bast fibres, arising from the prodesmogen. The primary fibres have a length 

ranging between 3 mm and 55 mm with a mean of 20–28 mm (Amaducci et al., 2005). In old 

hemp plants, the phloem may contain secondary bast fibres arising from the cambium. The 

mean length of secondary bast fibres is about 2 mm (Amaducci et al., 2005). Wood core mainly 

consists of short fibres with length of about 5 mm (Li et al., 2013).  

Naturally hemp is dioecious, meaning that male and female flowers develop on separate 

plants. The two sexes are morphologically indistinguishable before the development of 

inflorescences, but in the generative phase sexual dimorphism is extremely pronounced. Male 

plants have a loose and branched inflorescence in the top of the plant, with few or no leaves. 

Each male flower has five white to yellowish-green petals about 5 mm long, and five stamens 

which at maturity release abundant yellow pollen for wind-pollination. The male plants die after 

flowering. Female plants have a compacted and leafy inflorescence in the top of the plant. 

Female flowers, that are surrounded by green bracts, are only recognizable after the emission 

of stigmas that are only a few millimetres long. In modern times, monoecious varieties, meaning 

that male and female flowers develop on the same plant, have been selected and cultivated 

(Salentijn et al., 2015).  

The seed of commerce is an achene with a hard shell, tightly covered by the thin wall of the 
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ovary. The seed is ellipsoid, slightly compressed, smooth, 2–6 mm in length and 2–4 mm in 

diameter. It is light brown to dark grey, in some cases mottled, containing about 28% oil and 

26% crude protein (Vonapartis et al., 2015).  

It should be mentioned that industrial hemp generally contains a low percentage of Δ9-

tetrahydrocannabinol (THC, the principal intoxicant cannabinoid found in marijuana). Current 

laws in many countries constrain cultivation of hemp cultivars bearing THC above a (low) 

threshold. The threshold is arbitrarily set at 0.3% in China and Canada, although a THC level 

of 1% is considered a minimum value to elicit an intoxicating effect (Grotenhermen & Karus, 

1998). In the European Union (EU), the THC threshold is even down to 0.2% in the interest of 

safety. However, there is an appeal to bring the European threshold up to 0.3% (Carus et al., 

2017).  

1.2 Growing interest for multi-purpose hemp cultivation 

In recent years, the pressing need for renewable resources and sustainable materials has fuelled 

a renewed interest in natural plant fibres. Actual markets of natural plant fibres are dominated 

by cotton that, on average, accounts for over 70% of the global natural fibre production (2010-

2014) (FAOSTAT, 2017). However, cotton poses particular concerns with regard to 

sustainability as it has one of the worst environmental footprints of any crop, with particularly 

high demands for irrigation and agricultural chemicals (Pfister et al., 2011). An increasing 

concern on sustainable development of agricultural bio-economy appeals for cultivation of 

profitable fibre crops with positive environment effects.  

 Hemp has potential to produce up to 25 Mg ha-1 biomass yield at relatively low inputs (Struik 

et al., 2000) and it was said to improve soil structure, suppress weeds effectively, and to be 

virtually free from disease or pests (Desanlis et al., 2013). Moreover, traditionally cultivated 

mainly for the production of textiles and ropes, hemp is now considered as an ideal crop to 

produce innovative biomaterials. Its stems contain high-quality cellulose (De Meijer & van der 

Werf, 1994); its seeds contain healthy oil (Leizer et al., 2000); high added-value compounds 

can be recovered from the female inflorescence and from threshing residues after harvesting 

seeds (Calzolari et al., 2017; Bertoli et al., 2010). Examples of actual and potential innovative 

uses of hemp plant are numerous (Carus et al., 2013). Hemp stem can be used as raw materials 

for making paper (Van der Werf et al., 1994a); hemp fibre can be used as reinforcement in 

composites materials, to produce insulation mats (Grohe, 2004) and car interior panels (Holbery 

& Houston, 2006); hemp shives alone (Jarabo et al., 2012) or shives together with bast fibre 
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(de Bruijn et al., 2009) mixed with a binder (lime, clay, plaster, etc.) are used to form hemp 

concrete; hemp seeds can be used as food, feed (Callaway, 2004) and to make cosmetics 

(Sapino et al., 2005). A summary of the many applications of hemp in Europe is presented in 

Figure 1.1.  

 Hemp is one of the oldest crops known to man that is estimated to have begun with a first 

harvest around 8500 years ago (Fike, 2016). As one of the most important fibre crops, hemp 

cultivation peaked between the 16th and the 18th century. Its cultivation declined in the last 

 

 

Figure 1.1 Hemp: a natural bio-refinery. Reprinted from a poster produced during EC funded 
Multihemp project (www.multihemp.eu). 
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century and was displaced largely by cotton and synthetic fibres (Allegret, 2013). This decline 

was hastened by concerns over the use of its illegal narcotics.  

 According to FAOSTAT, there was about 70,000 ha year-1 of hemp cultivated worldwide 

(excluding the acreage in Canada) in the last decade (2004–2014). The main cultivation areas 

of hemp were North Korea, China, Canada and the EU. The area of hemp in North Korea was 

estimated at about 20,000 ha year-1 mainly for the purpose of fibre production. In China, hemp 

was cultivated on about 18,000 ha year-1, with about half of the area for the production of textile 

fibre in the North-eastern, Central-eastern and South-western parts while another half of the 

area for seed production, mainly in Northern China.  

 In recent years, the innovative uses of hemp materials and the increasing concern on 

sustainable development of the agricultural bio-economy have encouraged and sustained a 

development of the hemp industry that supports the cultivation, processing and use of hemp 

and its products, particularly in Canada and Europe (www.eiha.org). The cultivation of hemp 

in Canada and in the EU was reauthorized in the 1990s. Canadian hemp production has been 

steadily increasing since 2008 after some market adjustments during the early years. At present, 

licensed hemp cultivation in Canada reaches more than 20,000 ha year-1, almost exclusively for 

the production of seeds (Cherney & Small, 2016). A fast growth of hemp cultivation was also 

seen in Europe, where hemp acreage increased from 8,000 ha in 2011 to more than 33,000 ha 

in 2016 (Carus & Sarmento, 2016). In Europe, the main cultivation areas are in France, the 

Netherlands, the Baltic Countries and in Romania. However, many other European countries 

started or expanded their hemp cultivation, mainly for dual-purpose hemp production: for the 

seeds and for the fibre. The dual-purpose hemp production in Europe is driven by the shift of a 

fast expanding market for hemp seeds coupled with lower quality fibre requirements for 

innovative biomaterials (Amaducci et al., 2015).  

1.3 Rapidly improved hemp production 

Despite the renewed interest in hemp’s obvious potential as a biorefinery crop, hemp remains 

poorly developed (Wirtshafter, 2004), as a consequence of the declination of its production in 

the last century when intensive breeding and agronomic programmes have driven great 

improvements in major crops. Since 2012, a comprehensive 4-year study, the European project 

Multihemp (http://multihemp.eu/), covered the levels from molecular genetics through to end 

product demonstration, with the aims to have significant impacts from both scientific and 

economic aspects by building on fundamental scientific understanding in the development of 
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hemp raw materials through to providing the basis for innovations in the areas of crop breeding, 

agronomy and harvesting, and biorefining. The ambition of Multihemp was to develop an 

integrated hemp-based biorefinery in which improved feedstock is subjected to efficient and 

modular processing steps to provide fibre, oil, construction materials, fine chemicals and 

biofuels using all components of the harvested biomass, and to generate new opportunities 

within the developing knowledge based bio-economy. This thesis reports on a major part of the 

research activities on the agronomy and photosynthesis physiology of hemp carried out within 

the Multihemp framework, paying particular attention to the effects of genotype, environment 

and management on dual-purpose hemp production (fibre + seed). It also investigates the 

physiological basis of hemp’s high resource-use efficiencies (RUE). Such understanding will 

help to parameterize a generic crop growth model for hemp to develop strategies for 

optimization of cultivation and breeding in hemp.  

1.3.1 Understandings of the effects of genotype, environment and management on dual-

purpose hemp production 

Knowledge of genotype, environment and management effects on hemp production is of 

paramount importance for developing strategies to optimize cultivation and breeding in hemp.  

The number of registered cultivars has risen rapidly since the 1990s when hemp cultivation 

was progressively authorized throughout the EU. In 2016, there were more than 60 hemp 

cultivars registered in the common catalogue of varieties of agricultural plant species 

(https://ec.europa.eu/). These cultivars differ not only in many characters, such as stem fibre 

content and sex type (Höppner & Menge-Hartmann, 2007), but also in their response to the 

growing environment (Legros et al., 2013). Cultivars bred at low latitudes show a very long 

vegetative phase or even fail to reach flowering when cultivated at higher latitudes, which not 

only results in low seed yield but also in frequent frost damage affecting the fibre quality. In 

contrast, cultivars bred at high latitudes have very short vegetative phases and limited biomass 

production when cultivated in southern environments (Amaducci et al., 2015). Therefore, there 

is a need to characterize currently available cultivars or potential breeding lines to identify their 

suitability for specific environments and end-use destinations.  

In the absence of water limitation, management factors that have a major influence on hemp 

cultivation, in terms of quality and/or quantity of products, are planting density and nitrogen 

fertilization. While the effects of these factors on hemp cultivation have been subjected to a 

number of research studies (Finnan & Burke, 2013, Westerhuis et al., 2009; Amaducci et al., 
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2002; Struik et al., 2000), their effects on both stem and seed yields have not been properly 

addressed so far, and important agronomic information such as optimal planting and crop 

nitrogen demand has not been made available for growing hemp as a dual-purpose crop.  

1.3.2 Understandings of hemp’s resource-use efficiency 

Besides a high yield potential, an important characteristic for an industrial crop, adapted to 

modern sustainable production systems, is the ability to use resources efficiently. The higher is 

the RUE of a crop, the higher is the yield for a given level of the resource and the lower is the 

impact on the environment. 

Hemp RUE depends on growth environment and plant physiological state (Amaducci et al., 

2015). The most important physiological process determining RUE is photosynthesis, at both 

leaf and canopy levels. Leaf photosynthetic capacity is strongly related to leaf nitrogen content 

(Sinclair & Horie, 1989). Studies of hemp photosynthesis in response to nutritional status are 

generally scarce although increased hemp leaf nitrogen content (Marija et al., 2011; Ivanyi &  

Izsaki, 2009) and biomass yield (Finnan & Burke, 2013) were reported when nitrogen was 

applied. Moreover, hemp RUE was widely reported to decrease after flowering (Struik et al., 

2000, Van der Werf et al., 1994b) and this decrease was proposed to be a result of leaf 

senescence (Van der Werf et al., 1996). In senescent leaves, chlorophyll is degraded and 

photosynthesis related enzymes and other proteins are broken down into amino acids (Chiba et 

al., 2003) that are exported as a source of nitrogen transfer to seeds. Literature evidence that 

the photosynthetic rate of hemp decreases as a result of nitrogen loss resulting in lower RUE is 

lacking for hemp. On the other hand, leaf photosynthesis has been studied in detail for major 

crops (Sinclair & Horie, 1989; Yin et al., 2009), and a biochemical leaf photosynthesis model 

has been developed (Farquhar et al., 1980). The experimental protocols for parameterizing this 

model have also been standardised (Yin et al., 2009; Sharkey et al., 2007). Therefore, there is 

an excellent opportunity to fully understand hemp leaf photosynthesis and its variation in 

response to growth environment, developmental stage and nutritional status at leaf level. 

RUE at leaf level may not represent that at canopy level (Tomás et al., 2012) because the 

latter also depends on canopy size and the distributions of light intensity and leaf nitrogen 

concentration within canopy. On the basis of a thorough understanding of the underlying 

mechanisms of leaf and canopy photosynthesis, models have been developed to quantify the 

response of canopy photosynthesis to varying micro-environments under different 

physiological conditions (Hikosaka et al., 2016). Such canopy models are capable of simulating 
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instantaneous canopy gas exchange measurements by micro-meteorological techniques (Wright 

et al., 2013; Leuning et al., 1998) and in canopy chambers (Müller et al., 2005). In this context, 

the RUE of hemp at canopy level could be quantitatively assessed using a well-defined canopy 

model. 

1.4 Objectives of the present study  

The overall objective of this study is to obtain an enhanced understanding of the agronomy and 

photosynthesis physiology for dual-purpose production of hemp (fibre + seed) in Europe. To 

this end, studies are defined to assess the effects of genotype, environment and management on 

the functioning of hemp crops, and to elucidate the physiological basis of hemp resource-use 

efficiencies. The specific objectives are:  

1) to compare hemp cultivars for dual-purpose production under contrasting environments; 

2) to assess the effects of planting density and nitrogen fertilization on hemp production, and 

to quantify the optimal planting density and nitrogen demand of hemp as a dual-purpose crop; 

3) to quantitatively analyse the photosynthetic capacities of hemp leaf under varying 

physiological and environmental conditions; 

4) to upscale hemp photosynthesis from leaf level to canopy and to assess water- and 

nitrogen-use efficiencies of hemp crop; 

5) to discuss potential strategies to develop cultivars and cropping practices for dual-purpose 

hemp production. 

1.5 Structure of this thesis 

This thesis consists of six chapters. Chapter 1 (this chapter) provides a brief introduction to the 

hemp plant and the state of knowledge on hemp agronomy and photosynthesis physiology. 

Knowledge gaps on the effects of genotype, environment and management on hemp production 

and on hemp’s RUE are identified, and a list of objectives is presented. Chapter 2 evaluates the 

genotypic variation of hemp productivity over a wide range of environments, and potential 

strategies to develop cropping practices and new cultivars for dual-purpose hemp production 

are discussed thereof. Chapter 3 assesses the effects of planting density and nitrogen 

fertilization on hemp stem and seed productivities. Specific effort is dedicated to the 

determination of optimal planting density for dual-purpose hemp production and nitrogen 

demand of hemp crops during the growing season. Chapters 4 and 5 aim to understand the 
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physiological basis of hemp’s high RUE by analysing leaf and canopy photosynthesis, 

respectively, of hemp grown under varying physiological and environmental conditions. 

Chapter 6 provides a synthesis of the main findings and discusses the potential role of hemp in 

sustainable development of agricultural bio-economy. Finally, the current state and prospects 

of hemp research are discussed.  
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Abstract 

Interest in hemp as a multi-purpose crop is growing worldwide and for the first time in 2015 it was 

cultivated in Europe on more than 20,000 ha as a dual-purpose crop, for the seeds and for the fibre. In 

the present study, fibre and seed productivity of 14 commercial cultivars were tested in four contrasting 

European environments (Latvia, the Czech Republic, France, Italy). At full flowering, the stem yield 

ranged from 3.7 Mg ha-1 to 22.7 Mg ha-1, the bast fibre content ranged from 21% to 43%, and the bast 

fibre yield ranged from 1.3 Mg ha-1 to 7.4 Mg ha-1. When harvesting was postponed from full flowering 

until seed maturity, the stem yield of monoecious cultivars significantly increased but in dioecious 

cultivars it decreased at all tested sites, except for Italy. The seed yield ranged from 0.3 Mg ha-1 to 2.4 

Mg ha-1 in Italy, France and the Czech Republic. Only the early cultivars Fedora 17 and Markant 

produced seed in the most northern location Latvia.The cultivar effect on stem and seed yield was mainly 

determined by the genetic variation in time of flowering. Stem yield at full flowering was strictly related 

to the duration of the vegetative phase while seed yield was lowest in the late flowering cultivar. The 

late cultivar CS is suitable for stem and fibre production as it had the highest stem yield at full flowering 

in all locations. Both Fedora 17 and Futura 75 are candidate cultivars for dual-purpose production in 

Italy, France and the Czech Republic, with Fedora 17 being more suitable for seed production and Futura 

75 for fibre production.  

 The application of modelling to design production strategies for dual-purpose hemp is promising. 

However, accurate parameterisation is needed based on large data sets and diverse genetic background. 

Key words: hemp (Cannabis sativa L.); cultivar; phenology; modelling; seed; fibre. 
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2.1 Introduction 

Hemp is a high-yielding crop (Struik et al., 2000) that requires little technical inputs (Amaducci 

et al., 2015) and has a positive impact on the environment (Barth & Carus, 2015; Bouloc & 

Werf, 2013). Its stem contains high-quality cellulose (De Meijer, 1994), the seed contains high-

quality oil (Callaway, 2004) and the inflorescence contains valuable resins (Bertoli et al., 2010). 

From speciality pulp and paper to nutritional food, medicine and cosmetics, a wide variety of 

products can be derived from hemp stem, seed and inflorescence (Carus et al., 2013). However, 

once an important non-food crop for the production of textiles and ropes, hemp cultivation 

progressively declined during the 20th century due to the competition from other feedstocks 

such as cotton and synthetic fibres (Allegret et al., 2013). Recent research (Amaducci, 2005) 

and entrepreneurial attempt (Amaducci, 2003) to develop a hemp production chain for high 

quality fibre have not been successful. Consequently, hemp has not been subjected to the 

intensive agronomic and breeding research and development that have driven great 

improvements in major crops in the last 50 years (Amaducci et al., 2015; Salentijn et al., 2015). 

A renewed interest in hemp cultivation for multi-purpose production is apparent, and 

particularly for the combination of fibre and seeds, a profitable practice that is now the norm in 

European countries (Carus et al., 2013). However, agronomic information to support dual-

purpose hemp cultivation is scarce. 

 Genotype and environment have large effects on both fibre and seed production (Legros et 

al., 2013). Since the 1990s, when hemp cultivation was progressively authorized throughout 

the European Union (Wirtshafter, 2004), the number of registered cultivars has risen rapidly, 

from 12 cultivars in 1995 to 45 in 2008 and 51 in 2013 (Salentijn et al., 2015). Given the large 

variation in environmental conditions throughout Europe and the limited information available 

on hemp genotypes, it is a challenge for the farmers to choose suitable cultivars that maximize 

the economic returns. This study aims to assess the fibre and seed productivity of commercial 

hemp cultivars for dual-purpose production. 

 It has been reported that hemp stem yield increases proportionally with the length of 

vegetative phase (Faux et al., 2013); thus, high stem yields are obtained with late flowering 

cultivars (Amaducci & Gusovius, 2010; Höppner & Menge-Hartmann, 2007). These are 

preferred when maximization of stem biomass is a priority, as in biomass production for 

bioenergy (Finnan & Styles, 2013; Prade et al., 2011). In addition to high stem yield, a cultivar 

with high bast content is desirable because it contains high-cellulose, low-lignified long fibre 
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that is generally considered of higher value than the woody core. Fibre content was found stable 

across environments, but varied largely among genotypes, from 25% to 47% in cultivars bred 

during the 20th century (Amaducci & Gusovius, 2010; Westerhuis et al., 2009b; De Meijer, 

1994).  

 Late-flowering cultivars have high stem yield but low seed yield (Höppner & Menge-

Hartmann, 2007) which was not a problem in traditional hemp for fibre production, for which 

harvesting was carried out at full flowering when bark yield reaches its maximum and fibre 

quality is high (Amaducci et al., 2008a; Mediavilla et al., 2001). Postponed harvesting time 

until seed maturity could increase stem yield as a consequence of continuous accumulation of 

secondary fibre and xylem (Amaducci et al., 2005; Keller et al., 2001) or decrease it due to 

senescence (Mediavilla et al., 2001). The effect of delayed harvesting on bast fibre content and 

yield are modest (Höppner & Menge-Hartmann, 2007), but an increase of lignified fibre was 

observed (Westerhuis et al., 2009a; Amaducci et al., 2005), which is undesirable for 

applications such as textile and specialty pulp (De Meijer & van der Werf, 1994). In traditional 

hemp cultivation, seed production was further complicated by the use of dioecious cultivars 

that produced high stem yield with a large proportion of male plants that were considered of 

superior quality for textile applications (Berenji et al., 2013). However, the male plants start 

their senescence soon after flowering which results in biomass loss and an increase in fibre 

heterogeneity. The shift of modern hemp cultivation to lower quality fibre coupled to seed 

production has led hemp breeding to focus on the development of monoecious cultivars that are 

considered suitable for producing stem and seed simultaneously (Salentijn et al., 2015; Berenji 

et al., 2013). 

 The large influence of flowering time on biomass production and seed set has stimulated 

numerous studies on the influence of genotype by environment interactions on hemp flowering 

(Hall et al., 2012). Hemp is a quantitative short-day plant with temperature and photoperiod 

having strong effects on hemp development. The development rate increases with increasing 

temperature between a base and a cut-off temperature and with decreasing day-length during 

the photoperiod-sensitive phase (Amaducci et al., 2008b; Lisson et al., 2000a). Few studies are 

aimed at predicting hemp flowering as affected by temperature and photoperiod (Cosentino et 

al., 2012; Amaducci et al., 2008b; Lisson et al., 2000a). Amaducci et al. (2008b, 2012) 

successfully modelled the flowering time of several cultivars across diverse environments in 

Europe on the basis of temperature and photoperiod. Such model could facilitate developing 

strategies for dual-purpose hemp production in different environments by simulating hemp 
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flowering time and hemp flowering duration, that in particular conditions can be longer than 2 

months (Amaducci et al., 2008c).

Relatively few studies have compared the stem and seed yield potential of a large selection 

of commercial hemp cultivars (Faux et al., 2013; Höppner & Menge-Hartmann, 2007) and no 

information is available on the productivity of hemp cultivars in a wide range of European 

environments. In this study, stem and seed productivity of diverse commercial cultivars were 

compared in contrasting European environments, with the aim of providing novel information 

to support dual-purpose cultivation of hemp in Europe. In particular, we aim: 1) to investigate 

the effects of genotype and environment on hemp stem and seed productions; and 2) to discuss 

potential strategies to develop cultivars and cropping practices for dual-purpose hemp 

production. 

2.2 Materials and methods

2.2.1 Environmental conditions, plant materials and trial arrangement

Field trials were carried out in four contrasting locations (Latvia, the Czech Republic, France, 

Italy) in 2013, to compare 14 commercial hemp cultivars (Tables 2.1, 2.2). The southern 

location (Italy; IT) had a hot and dry summer while the other three environments were cool and 

humid. The average temperature between May and October (during the hemp season) ranged 

from 16.0 oC (the Czech Republic; CZ) to 21.6 oC (IT), the total precipitation ranged from 227 

mm (IT) to 419 mm (Latvia; LV). The latitude difference between the most northern (LV) and 

most southern (IT) location is 12o which corresponds to 2 h of maximum day-length (Figure

2.1). 

Ten monoecious and four dioecious commercial cultivars were sown in a randomized 

complete block design with four replicates. Single plot size was 40 m2. Sowing was carried out 

between the end of April and the middle of May according to local conditions. In IT, sowing 

was delayed until the middle of May due to unfavourable weather conditions. A total of 240 

germinable seeds m-2 were drilled at 3-4 cm depth using experimental-plot sowing machines. 

The distance between rows varied between 15 cm and 25 cm, depending on the sowing machine 

used at each location. Nitrogen fertilization was carried out at sowing (Table 2.2), with the 

exception of IT where fertilisation was carried out after emergence. Irrigation was only applied 

in IT (120 mm in total), due to the late sowing and an exceptionally dry summer. Herbicide
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(Afalon, active ingredient: 37.6% w/w linuron) was only applied in CZ to control 

dicotyledonous weeds after sowing.  

 

 

Table 2.1 List of origin and sexual type of tested cultivars. 

Cultivar Abbreviation Origin Sexual type 

Beniko BEN Poland Monoecious 

Bialobrzeskie BIA Poland Monoecious 

Epsilon 68 EPS France Monoecious 

Fedora 17 FED France Monoecious 

Felina 32 FEL France Monoecious 

Férimon FER France Monoecious 

Futura 75 FUT France Monoecious 

Markant MAR Netherlands Monoecious 

Monoica MON Hungary Monoecious 

Tygra TYG Poland Monoecious 

CS CS Italy Dioecious 

KC Dora KC Hungary Dioecious 

Tiborszallasi TIB Hungary Dioecious 

Tisza TIS Hungary Dioecious 

 

 

 

 

 

Figure 2.1 The meteorological parameters during the growing season of hemp. Panel a: the time course 
of mean temperature (line) and precipitation (bar); Panel b: the time course of photoperiod, the critical 
photoperiod for hemp (13.7 h) reported by Amaducci et al. (2012) is presented with a horizontal dashed 
line. Sowing dates are presented with an open triangle. The locations name are abbreviated as: LV 
(Latvia); CZ (the Czech Republic); FR (France); IT (Italy). 
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2.2.2 Determination of development and yield 

The number of emerged plants in each plot was counted in one row on a length of 1 m or in two 

rows on a length of 50 cm, every two days from the appearance of the first plant until full 

emergence. The emergence date for each cultivar was set as the date when 50% of seedlings 

had appeared. On 10 representative plants that were selected and marked before flowering, 

flowering state (i.e. onset of flowering, full flowering and end of flowering) was recorded 

weekly. To capture the full flowering date precisely, the observation was conducted twice a 

week when the full flowering stage was approaching. For each cultivar it was considered that a 

specific phenological stage was reached when 50% of the observed plants had reached that 

stage. 

Harvesting was carried out in each plot twice: at full flowering (H1) and seed maturity (H2) 

(see Supplementary Material Table S2.1). The first harvest was carried out within 10 d from 

full flowering in IT, CZ and LV, while in France (FR) it was carried out with a certain delay 

(from 11 d to 25 d to full flowering depending on cultivars). The second harvesting was 

conducted for both stem and seed production at 46 d (from 40 d to 52 d), 37 d (from 26 d to 52 

d), 38 d (from 26 d to 51 d) and 27 d (from 18 d to 35 d) after full flowering in IT, FR, CZ and 

LV, respectively. With the exception of the two early-flowering cultivars, Fedora 17 (FED) and 

Markant (MAR), the second harvesting in LV was conducted at the beginning of October after 

a killing frost. At that time, seeds were still immature, therefore, seed yield in LV was only 

determined for FED and MAR.  

At each harvesting time, all plants in a 4-m2 area were cut above soil surface and fresh weight 

was immediately measured. Ten representative plants were then subsampled, and their fresh 

weight was measured. Subsequently, their dry weight was measured after oven drying at 105 

oC until constant weight. Dry matter content was calculated as the ratio of dry weight: fresh 

weight. The proportion of stem, leaf and seed (H2) in the total biomass was determined from 

another subsample of ten representative plants after oven drying. Plant density at harvesting 

was calculated by counting all the plants in the first harvested 1 m2. Stem diameter at 10 cm 

from the stem base and whole stem length were measured on 25 representative plants in each 

plot.  

After harvesting stems were air-dried in a ventilated place. Bast content in the stem was then 

determined on ten representative stems by mechanically separating bark and woody core. The 

dried stems were pressed to break by passing them through a laboratory decorticator and, 
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subsequently, remaining shives were removed manually from the bast. The decorticator in IT 

and LV had four pairs of rollers while in FR it had six pairs of rollers. Decortication was 

conducted with a UTR-scutching machine in CZ. The entire stem was decorticated in FR while 

in IT, LV and CZ the base 20 cm containing coarse fibre was removed and the next 1 m of stem 

was decorticated. The bast content of the selected stem section was considered representative 

for the whole stem (Van der Werf et al., 1994). Stems harvested at full flowering were 

decorticated at all four locations while stems harvested at seed maturity were only processed in 

IT and CZ. Bast yield (in Mg ha-1) was estimated by multiplying stem yield (in Mg ha-1) by bast 

content in the stem (in percentage). 

2.2.3 Calculating parameters of a phenological model 

To characterise the phenology of the tested cultivars, flowering data was used to calibrate the 

phenological model developed by Amaducci et al. (2008b). The model divides post-emergence 

hemp phenology into three phases: the basic vegetative phase (BVP), the photoperiod induction 

phase (PIP), and the flower development phase (FDP). The latter ends when 50% of plants in a 

stand have visible flowers. Among the 13 parameters of the model, the days needed to complete 

BVP under the optimal condition (D1) and the steepness of the photoperiod response curve 

during PIP (n) were considered to depend on genotype while the other ones were considered 

constant (Amaducci et al., 2012). Therefore, only D1 and n were estimated in the present study 

by minimizing the difference between observed and predicted flowering time. The other 

parameters calculated by Amaducci et al. (2012) were used as default value in our calculations. 

Evaluation of fitting was performed via the performance indices relative root mean square error 

(RRMSE, %) and modelling efficiency (EF):  

����� =
���

�
�
∑ (�����)

��
���

�
           (2.1) 

�� = 1 −
∑ (�����)

��
���

∑ (����)
��

���

             (2.2) 

where E is the estimated value, O the observed value,	� the mean of the observed values, i the 

ith E/O pair, and N is the number of E/O pairs. RRMSE varies from 0 (best) to positive infinity. 

EF can give either positive or negative values, 1 being the upper limited, while negative infinity 

is the theoretical lower boundary. Negative values of EF indicate that the model introduces 

more ambiguity than that introduced by simply using the mean value of the observations as an 

estimator.  
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2.2.4 Statistical analysis 

Statistical analyses were performed to assess the effects of cultivar and location on phenophases, 

biometric traits and yield components using SPSS statistics 22.0 (SPSS, Chicago, IL, USA). 

Data was subjected to a two-way ANOVA to assess the effect of cultivar × location. The “block” 

was considered to be discrete and random. The effect of harvest on biometric traits and yield 

components were analysed in each sexual type, i.e. dioecious and monoecious. The duration of 

the phenophases was expressed in days and degree-days when the rate of development was 

correlated to the temperature. The degree-days was calculated as the time integral of Tave – Tb, 

with Tave being the daily average temperature and Tb = 1 oC, the base temperature for hemp 

development (Lisson et al., 2000b; Van der Werf et al., 1995).  

2.3 Results 

2.3.1 Development 

Of the seedlings, 50% appeared between 6 to 12 days after sowing, depending on locations and 

cultivars (Tables 2.3, 2.4). A significant effect of genotype on emergence was observed in IT, 

FR and LV, where MAR emerged significantly earlier than Tisza (TIS). The degree-days 

Figure 2.2 Degree-days required to complete phenological stages of tested varieties in different 
locations. The line in the bar indicates emergence time. The average of 14 varieties at each location is 
indicated as AVE. The LSD (0.05) for the emergence and vegetative growth periods were 17.3 oCd 
and 54.1 oCd, respectively. The locations name are abbreviated as: LV (Latvia); CZ (the Czech 
Republic); FR (France); IT (Italy). The cultivars name are abbreviated as: BEN (Beniko); BIA 
(Bialobrzeskie); EPS (Epsilon 68); FED (Fedora 17); FEL (Felina 32); FER (Férimon); FUT (Futura 
75); MAR (Markant); MON (Monoica); TYG (Tygra); CS (CS); KC (KC Dora); TIB (Tiborszallasi); 
TIS (Tisza). 
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required for emergence varied significantly among locations, with 69 oCd, 125 oCd, 144 oCd, 

and 154 oCd required in FR, IT, LV and CZ, respectively (Figure 2.2).  

Flowering was observed from the beginning of July until the end of September. The duration 

of the vegetative phase, from emergence until full flowering, ranged from a minimum of 56 d 

(FED in IT) to a maximum of 121 d (Monoica and MON in LV) (Table 2.4). The vegetative 

phase, which was generally shorter in IT and was longer at higher latitudes, varied significantly 

among cultivars. As an example, the vegetative phase of MAR was 26 d shorter in IT than in 

LV while that of MON was 52 d shorter in IT than in LV. The variation among locations was 

smaller when expressed in degree-days than when expressed in days (Table 2.3). The degree-

days required to complete the vegetative phase was positively correlated with the latitude for 

the cultivars Beniko (BEN), Bialobrzeskie (BIA), Felina 32 (FEL), Ferimon (FER), Tygra 

(TYG), Futura 75 (FUT) and Tiborszallasi (TIB) (P < 0.05) while the trend was not significant 

for the other cultivars (P > 0.05) (Table 2.5). 

The duration of the vegetative phase was significantly different among cultivars (Table 2.4). 

On average the dioecious cultivars reached flowering later than the monoecious ones, with the 

exception of the dioecious cultivar TIB which was significantly earlier (107 d) in LV than the 

monoecious cultivars MON (121 d) and FUT (119 d). CS was the latest among all the cultivars 

while FUT was the latest among the 8 monoecious cultivars. Cultivars MAR and FED were the 

earliest ones in IT (60 d and 56 d), FR (86 d and 83 d) and LV (80 d and 94 d), whereas the 

flowering time of Epsilon 68 (EPS; 89 d) was significantly earlier than that of FED (92 d, P < 

0.05) in CZ. 

 
Table 2.5 The correlation between degree-days from emergence to full flowering and latitude.  

Cultivar r P  Cultivar r P  

BEN 0.97  0.033  MAR  0.54  0.456  

BIA  0.93  0.038  MON  0.92  0.077  

EPS  0.87  0.128  TYG 0.98  0.020  

FED 0.87  0.133  CS -0.27  0.728  

FEL 0.97  0.032  KC  0.45  0.553  

FER 0.99  0.014  TIB 0.99  0.004  

FUT 0.95  0.048  TIS 0.73  0.265  

   Average 0.94  0.057  
Numbers in bold are significant at P = 0.05 (2-tailed). 
The cultivars name are abbreviated as: BEN (Beniko); BIA (Bialobrzeskie); EPS (Epsilon 68); FED 
(Fedora 17); FEL (Felina 32); FER (Férimon); FUT (Futura 75); MAR (Markant); MON (Monoica); 
TYG (Tygra); CS (CS); KC (KC Dora); TIB (Tiborszallasi); TIS (Tisza). 
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The flowering time was simulated using the model developed by Amaducci et al. (2008b) 

on the basis of daily average temperature and photoperiod (Figure 2.3). The maximum 

difference between observed and simulated flowering time was 8 days. The relative root mean 

square error (RRMSE) was between 1.2% and 5.8%, model efficiency (EF) was between 0.85 

and 1.0 (Table 2.6). Comparing with the parameters calculated by Amaducci et al. (2012) and 

Amaducci et al. (2008b) for the three cultivars that are common to our study (FEL, FUT and 

TIB), the values calculated with our observations were higher for D1 (the days needed to 

complete basic vegetative phase under optimal conditions) but lower for n (the steepness 

parameter of the photo-inductive phase). The parameter values reported in Amaducci et al. 

(2012) enabled a relatively accurate estimation of flowering time for FEL and FUT but the EF 

of TIB was low (0.19). The parameter values reported in Amaducci et al. (2008b) provided an 

acceptable estimation of flowering time for FUT, but the EF of FEL and TIB was low.  

2.3.2 Biomass yield  

The average plant density at full flowering was 106 plants m-2 in CZ, 134 plants m-2 in both IT 

and FR, and 169 plants m-2 in LV (see Supplementary Material Table S2.2), at seed maturity 

plant density remained constant in FR and LV, while it decreased significantly in IT and CZ for 

both monoecious and dioecious cultivars (Table 2.7).  

Stem dry matter yield at full flowering ranged from 3.7 Mg ha-1 to 9.5 Mg ha-1 in IT, from 

3.8 Mg ha-1 to 10.2 Mg ha-1 in FR, from 10.2 Mg ha-1 to 17.9 Mg ha-1 in CZ and from 8.8 Mg 

ha-1 to 22.7Mg ha-1 in LV (Table 2.8). The average plant height and stem diameter ranged 

respectively from 122 cm (BEN in IT) to 309 cm (CS in CZ) and from 3.8 mm (BEN in IT) to 

10.4 mm (CS at CZ) (see Supplementary Material Table S2.2). The effects of genotype on stem 

 

Figure 2.3 Predicted and observed duration between emergence and full flowering. Observed 
phenological data was fitted to the phenological model developed by Amaducci et al. (2008b).  
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yield, plant height and stem diameter were significant in all locations (Table 2.3). With the 

exception of FR, higher stem yields from taller and thicker stems were obtained from late-

flowering cultivars (Figure 2.4). As a consequence of its long vegetative phase, the late-

flowering cultivar CS produced the highest biomass yield across all experimental sites; among 

monoecious cultivars, FUT had the highest stem yield. Stem yield of monoecious cultivars 

increased significantly from full flowering to seed maturity in IT and CZ while, with the 

exception of IT, the stem yield of dioecious cultivars decreased significantly (Table 2.7). 

Table 2.6 The calculated parameter values for the phenological model developed by Amaducci et al. 
(2008b) when the difference between observed and predicted flowering date were minimized. D1: the 
days needed to complete the basic vegetative phase (BVP) under optimal conditions; n: steepness 
parameter of the photo-inductive phase. The other model parameters were set according to Amaducci 
et al. (2012); RRMSE: relative root mean square error; EF: modelling efficiency.  

Cultivar D1 n RRMSE EF 

BEN 50.2  21.7  5.8 0.89 

BIA 43.7  23.9  3.9 0.95 

EPS 43.9  25.8  1.3 0.99 

FED 37.2  21.4  5.8 0.91 

FEL 39.1  25.2  2.2 0.98 

FEL (2012)a 11.1  33.4  9.3 0.74 

FEL (2008)a 13.2  47.0  13.0 -0.29 

FER 44.8  24.3  5.6 0.91 

FUT 25.1  33.6  1.2 1.00 

FUT (2012)a 14.7  39.6  5.6 0.92 

FUT (2008)a 19.7  52.1  2.2 0.99 

MAR 41.9  12.6  3.9 0.91 

MON 26.8  34.0  1.4 1.00 

TYG 42.0  25.5  5.0 0.93 

CS 51.6 77.4 3.9 0.85 

KC 32.5  50.9  2.6 0.97 

TIB 60.9  14.1  2.9 0.95 

TIB (2012)a 20.6  38.6  10.6 0.19 

TIB (2008)a 18.5  66.7  13.3 0.50 

TIS 61.5  15.6  3.1 0.95 
a: 2008 indicates value of parameters reported by Amaducci et al. (2008b); 2012 indicates value 
parameters reported by Amaducci et al. (2012) 
The cultivars name are abbreviated as: BEN (Beniko); BIA (Bialobrzeskie); EPS (Epsilon 68); FED 
(Fedora 17); FEL (Felina 32); FER (Férimon); FUT (Futura 75); MAR (Markant); MON (Monoica); 
TYG (Tygra); CS (CS); KC (KC Dora); TIB (Tiborszallasi); TIS (Tisza). 
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Bast fibre content ranged from 21% to 43% at full flowering, depending on cultivar (Table 

2.8). The ranking of the 14 cultivars according to bast fibre content was rather similar in the 

different experimental sites (Figure 2.5). Cultivars BEN and BIA had the highest bast fibre 

content while the lowest contents were found in TIB, KC and FED. The bast fibre content 

decreased significantly from full flowering to seed maturity in CZ in both monoecious and 

dioecious cultivars while only in monoecious cultivars in IT (Table 2.7).  

Bast fibre yield depended on both stem yield and bast fibre content in the stem. Cultivar 

CS had the highest stem yield and a medium bast fibre content at full flowering; consequently, 

 

Figure 2.5 Bast content ranking order of the tested varieties in different locations at full flowering. The 
locations name are abbreviated as: LV (Latvia); CZ (the Czech Republic); FR (France); IT (Italy). The 
cultivars name are abbreviated as: BEN (Beniko); BIA (Bialobrzeskie); EPS (Epsilon 68); FED (Fedora 
17); FEL (Felina 32); FER (Férimon); FUT (Futura 75); MAR (Markant); MON (Monoica); TYG 
(Tygra); CS (CS); KC (KC Dora); TIB (Tiborszallasi); TIS (Tisza). 

 

 

Figure 2.4 Plant height (panel a), stem diameter (panel b) and stem yield (panel c) against days from 
emergence to full flowering. Data are presented as percentage of the average at each location. The 
locations name are abbreviated as: LV (Latvia); CZ (the Czech Republic); FR (France); IT (Italy). 
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it had the highest bast fibre yield in CZ, IT and LV (Table 2.8). Similarly, FUT had the highest 

bast fibre yield among the monoecious cultivars in IT and FR. It is interesting to note that 

cultivars having a modest stem yield could still have a high bast yield, due to a high bast fibre 

content in the stem. As an example, the stem yield of BEN in CZ was significantly lower than 

that of the cultivars TIB and KC whereas its bast yield was significantly higher due to the high 

bast fibre content. At full flowering, bast fibre yield ranged from 1.3 Mg ha-1 to 3.1 Mg ha-1 

in IT, from 1.6 Mg ha-1 to 3.6 Mg ha-1 in FR, from 3.2 Mg ha-1 to 5.2 Mg ha-1 in CZ and from 

2.6 Mg ha-1 to 7.4 Mg ha-1 in LV. At seed maturity, the bast fibre yield of monoecious cultivars 

increased significantly in IT, whereas the bast fibre yield of dioecious cultivars decreased 

significantly in CZ (Table 2.7). 

Seed yield ranged from 1.1 Mg ha-1 to 2.4 Mg ha-1 in IT, from 0.7 Mg ha-1 to 2.3 Mg ha-1 in 

CZ and from 0.3 Mg ha-1 to 1.0 Mg ha-1 in FR (Table 2.9). Only FED (1.5 Mg ha-1) and MAR 

(1.4 Mg ha-1) produced seeds in LV; the other cultivars flowered too late. In contrast to stem 

yield, the highest seed yield and seed harvest index were found in earlier cultivars (Figure 2.6). 

The early-flowering cultivar FED had the highest seed harvest index and the highest seed yield 

in all locations, while the seed yield of late-flowering dioecious cultivars was the lowest. Only 

 

Figure 2.6 The seed yield (panel a) and seed harvest index (panel b) against calendar date at full 
flowering. Early-flowering varieties had high seed yield and seed harvest index, except for Markant 
(solid marker, excluded from regression) which flowered early while it had a low seed yield and a low 
harvest index. The locations name are abbreviated as: CZ (the Czech Republic); FR (France); IT 
(Italy). Regression lines are indicated as solid line (IT); dash line (FR); dot line (CZ).  
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MAR deviated significantly from this behaviour, showing low seed yield and harvest index 

while being a relatively early cultivar in FR and IT (Figure 2.6).  

2.4 Discussion 

Hemp has a great potential as a high yielding multi-purpose crop (Amaducci et al., 2015; 

Salentijn et al., 2015) but so far it has been bred mainly for stem yield and bast fibre content 

(Salentijn et al., 2015) or for seed yield (Callaway & Laakkonen, 1996). Since the value of 

hemp seed is being gradually recognized, the production of seed is gaining attention (Carus et 

al., 2013) but very limited information on yield potential from dual-purpose crops (fibre + seed) 

is available in the literature. In this paper we present and discuss the results from 14 commercial 

hemp cultivars tested in four contrasting environments, with the aim of providing novel 

information to support dual-purpose cultivation of hemp in Europe. 

2.4.1 The effect of genotype and environment on dual-purpose production 

Average hemp stem yield in Europe was 7.3 Mg ha-1 in 2010 (Carus et al., 2013), so considering 

the maximum stem yield measured in our trial (22.7 Mg ha-1 in LV) (Table 2.8), which was 

slightly higher than the maximum stem yield reported in a previous work that compared hemp 

yield potential across Europe (Struik et al., 2000), a large potential to improve actual hemp stem 

yield can be expected. 

The significant effect of genotype on stem yield has been widely reported (Cosentino et al., 

2013; Pahkala et al., 2008; Höppner & Menge-Hartmann, 2007; Struik et al., 2000). In spite of 

the large variation in stem yields observed among locations, our results (Figure 2.4) confirm 

that stem yield at full flowering is proportional to the duration of the vegetative phase (Faux et 

al., 2013). Hemp tolerates low temperatures during early and late stages of growth, 0–2.5 ºC in 

early stages (Amaducci et al., 2012; Lisson et al., 2000a; Van der Werf et al., 1995) and even 

light frost (-2 ºC) in late stages (Pahkala et al., 2008). In Northern Italy, it is often recommended 

to sow at the end of March or at the beginning of April (personal observation). In our experiment, 

the length of vegetative phase and stem yield in IT were limited by a combination of late sowing 

and early flowering (Tables 2.2, 2.4). Given the relation between stem yield and the duration 

of the vegetative phase, large increases in stem yield can be achieved by prolonging the 

vegetative growth phase, particularly in southern environments.  

High bast fibre content is desirable because fibre has a higher economic value than the 

woody core (Carus et al., 2013). Our results show that the ranking of the tested cultivars based 
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on bast fibre content was relatively stable among locations (Figure 2.5), which is in agreement 

with previous studies (Amaducci et al., 2008a; Sankari, 2000) and indicates that fibre content 

is under strong genetic control (Hennink, 1994). Westerhuis et al. (2009b) reported that stem 

fibre content (retted) can be considered as a genotypic parameter because the difference of fibre 

content among genotypes was not influenced by environmental conditions and harvesting times. 

Thus, high bast fibre yield can be pursued by choosing late cultivars that in a given environment 

have the highest stem yield, and by selecting cultivars with a high bast fibre content, considering 

that a high variability for this trait was found in our experiment (Table 2.8).  

Although stem yield was high in late-flowering cultivars, their seed yield was low (Figures 

2.4, 2.6). Similarly, Höppner & Menge-Hartmann (2007) reported that late-maturing cultivars 

produced consistently lower seed yield than early cultivars. This is most likely a consequence 

of the lower temperatures, shorter day-length and lower light intensities that are experienced 

during seed development of late-flowering cultivars. As an example, in IT the mean temperature 

between full flowering and seed harvesting of FED was 23.2 ºC, while it was 17.7 ºC for the 

late cultivar CS; day-length at full flowering was 15.0 h and 13.5 h for FED and CS, respectively; 

average daily global radiation between full flowering and seed harvesting was 21.2 MJ m-2 d-1 

and 13.7 MJ m-2 d-1 for FED and CS, respectively. The effects of such differences in 

temperature, day-length and light intensities during the reproductive period on hemp seed 

production are unknown. However, cold temperature could induce flower abortion, pollen and 

ovule infertility, causes reduced fertility and poor seed set (Thakur et al., 2010). Examples were 

widely reported on crops such as rice (Oryza sativa L.; Gunawardena et al., 2003), maize (Zea 

mays L.; Lafitte & Edmeades, 1997) and soybean [Glycine max (L.) Merr; Ohnishi et al., 2010]. 

Faux et al. (2013) assumed that the temperature during seed-fill duration may affect seed yield 

in hemp. Short day-length was reported to promote leaf senescence in soybean (Han et al., 

2006). As an evidence in hemp, the leaf yield of early-flowering cultivar FED was significantly 

higher than that of the late-flowering cultivar CS in all locations at seed maturity, in contrast to 

the low stem yield (Table 2.9). The fast senescence of leaf in association with low light 

intensities during the reproductive period of late-flowering cultivars suggests low availability 

of photosynthates for seed production. It was reported that decreasing total resource availability 

during reproductive period results in low seed number in soybean cultivars (Kantolic et al., 

2013; Jiang et al., 2011; Kantolic & Slafer, 2007, 2001).  

Considering that long vegetative growth results in high stem yield while early flowering 

favours seed yield, it can be concluded that genotype affects the production of stem and seed 



Comparing hemp cultivars 

37 
 

mainly through its effect on flowering time. In our experiment, no cultivar produced both the 

highest stem and seed yields. Dioecious cultivar CS had the highest stem and bast fibre yield 

(Table 2.8) but low seed yield and it is therefore preferable for fibre production. Moreover, the 

stem yield of dioecious cultivars decreased significantly from flowering to seed maturity in FR 

and CZ (Table 2.7), which is an additional reason for discarding dioecious cultivars (i.e., CS, 

TIB, KC and TIS in our experiment) for dual-purpose production. FED had the highest seed 

yield in all locations due to early flowering (Figure 2.7), thus it can be considered as a good 

option for seed production. FED can also be cultivated for dual-purpose production in FR and 

CZ as it had a higher stem yield than average among the tested cultivars at seed maturity (Table 

2.9). However, the low bast fibre content in the stem limits its bast fibre yield. Special attention 

should be paid when choosing MAR for seed production because its seed yield was low despite 

its early flowering (Figure 2.6). Such low seed yield was probably due to the high percentage 

of male flowers, which is under genetic as well as environmental control (Faux & Bertin, 2014; 

Faux et al., 2013). The bast fibre yield of FUT was constantly the highest among the 

monoecious cultivars tested in IT, CZ and FR, as a consequence of late flowering and high bast 

fibre content, while its seed yield was close to the average yield in our experiment (Figure 2.7). 

Thus, FUT can be chosen for dual-purpose production when high fibre yield is desirable. 

 

Figure 2.7 The stem and seed yields compared with the average in Europe. The average of stem yield 
was 7.3 Mg ha-1, given by Carus et al. (2013). The average of seed yield was 1.0 Mg ha-1, average 
between 0.9 Mg ha-1 and 1.1 Mg ha-1 given by Desanlis et al. (2013). The locations name are abbreviated 
as: CZ (the Czech Republic); FR (France); IT (Italy). 
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Among the tested locations, IT, FR and CZ had both seed and stem yield close to the average 

yield in Europe (Figure 2.7). Hemp cultivation for dual-purpose production is therefore 

foreseeable in these three locations by cultivating FED or FUT. High seed yield can also be 

expected in LV with cultivar FED. However, considering that FED was harvested in LV in the 

middle of September, which was very close to the first frost, it seems advisable to choose an 

earlier cultivar for dual-purpose production in LV, for example, Finola which flowered in the 

beginning of September in LV in 2014 (unpublished data) and had high seed yield at high 

latitude, 1.7 Mg ha-1 seed yield was produced in Finland (Callaway, 2002).  

2.4.2 The effect of genotype and environment on hemp development  

Days from sowing to emergence measured in our study is in agreement with values reported 

from other European experiments (Cosentino et al., 2013; Van der Werf et al., 1995). The large 

variation of degree-days until emergence among locations was probably a consequence of soil 

structure and moisture at sowing (Hyatt et al., 2007; Nasr & Selles, 1995), and sowing depth. 

Even though it was relatively small (CV 8%), a significant variation in emergence time among 

cultivars was observed in our experiments (Table 2.4). Different germination rates among 

cultivars were also observed during germinability tests (unpublished data). The difference of 

germination rates among cultivars could be attributed to the variation of seed quality (i.e. 

maturation degree and storage duration) but also genetic differences as noted in other crops, 

such as soybean (Hopper et al., 1979) and wheat (Triticum aestivum L.) (Lafond & Baker, 1986). 

In view of the importance to have a uniform and simultaneous emergence in hemp crop (Struik 

et al., 2000), further study is needed to investigate the effect of genotype on seed vigour and 

rate of emergence. 

As discussed above, flowering is the main developmental event that affects the production 

of stem and seed in hemp genotypes. An accurate prediction of flowering time would facilitate 

agronomic activities. Hemp is a quantitative short-day crop that requires shorter thermal time 

to reach flowering at low latitude (Figure 2.2). The good fitness between observed and 

simulated flowering time, using the phenological model developed by Amaducci et al. (2008b) 

indicates that hemp flowering time can be modelled on the basis of temperature and photoperiod 

(Figure 2.3). However, it should be noted that the parameterisation found in our study is 

different from the one previously published Amaducci et al. (2012) and Amaducci et al. (2008b) 

for the common cultivars (i.e., FUT, FEL and TIB) (Table 2.6). Although the reason for this 

discrepancy is not clear, it might be partly due to the limited number of observations in our 
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trials. The parameters reported in Amaducci et al. (2012) were derived from a wide range of 

environmental conditions, sites ranged from Sicily to Finland and sowing time ranged from 

March to August. The relatively accurate estimation of flowering time of FEL and FUT using 

the parameter values reported in Amaducci et al. (2012) indicates that these parameter values 

enable the prediction of flowering time of FEL and FUT across a wide range of environmental 

conditions in Europe. 

2.4.3 Strategies to develop dual-purpose cultivars — crop growth modelling approach 

Dual-purpose hemp production requires a long vegetative phase that leaves enough time for 

seed growth. Using the phenological model developed by Amaducci et al. (2008b) and 

parameter values reported in Amaducci et al. (2012), we explored the effect of emergence time 

on flowering date of FEL and FUT in IT. The results show that procrastinating emergence date 

from May to August in IT gradually decreases the length of vegetative phase of FEL and FUT 

while the flowering date is slightly delayed (Figure 2.8). Similar results were reported by Faux 

et al. (2013) in central Europe where early sowing resulted in a long vegetative growth period 

while flowering date was advanced. It would therefore be possible to prolong the vegetative 

phase of FEL and FUT while still having a relatively early flowering by sowing early in IT so 

that high yield of stem and seed can be obtained from the same crop. Unfortunately, early 

sowing of early cultivars at low latitudes results in very early flowering, which is documented 

as “pre-flowering” in sites like Southern Italy where hemp was once traditionally grown 

(Barbieri, 1952, cited by Amaducci et al., 2008). This behaviour is adequately simulated by the 

hemp phenological model (Figure 2.8, FEL, Amaducci et al., 2008b) and it is suggested not to 

 

Figure 2.8 Simulated flowering time of Futura 75 (panel a) and Felina 32 (panel b) in response to 
emergence date in Italy by using the phenological model developed by Amaducci et al. (2008b) and 
parameters provided by Amaducci et al. (2012). Solid line: days from emergence to flowering; dashed 
line: flowering date.  
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plant FEL before May in IT.  

The abovementioned application of modelling to develop strategies for dual-purpose hemp 

production is promising. However, the model parameterisation is time consuming and multi-

location trials are required to accurately parameterise the model for all the available commercial 

cultivars. Considering that flowering is under genetic control (Table 2.6), the development of a 

gene-based phenological model, as done for rice (Nakagawa et al., 2005) and barley (Yin et al., 

2005), would provide a powerful tool to plan hemp cultivation and to aid breeders in the 

development of hemp cultivars suitable for dual-purpose production in various environments.  

Under the framework of the MultiHemp project (http://multihemp.eu/) a genome-wide 

association mapping is being carried out and a hemp crop growth model is being developed. 

These unique works will provide an excellent opportunity to use the combined modelling and 

genetic mapping approach for unravelling the complexity of hemp growth and production.  

2.5 Conclusions 

The stem and seed productivity of 14 commercial hemp cultivars were compared in four 

contrasting environmental conditions in Europe. The variation of stem and seed yield among 

genotypes was mainly determined by the difference in flowering time, which is under control 

of temperature and photoperiod. In late cultivars stem yield was high and seed yield was low. 

When harvesting was postponed from full flowering to seed maturity, the stem yield of 

monoecious cultivars significantly increased but that of the dioecious cultivars decreased, with 

the exception of Italy. Among the tested cultivars, not one combined the highest stem with the 

highest seed yield. The late cultivar CS is suitable for stem production as it had the highest stem 

yield. Both FED and FUT are suitable for dual-purpose production in IT, FR and CZ, with FED 

producing the highest seed yield and FUT the highest stem yield.  

 The application of modelling to develop strategies for dual-purpose hemp production is 

promising. However, accurate estimation of modelling parameters from field observations or 

based on genetic information is needed.  
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Abstract 

Harvesting hemp (Cannabis sativa L.) for both stems and seeds is now a common practice in Europe 

while crop management strategies for dual-purpose hemp cultivation have not been properly addressed 

so far. In the present study, the effects of planting density and nitrogen fertilization on hemp stem and 

seed yields were tested with the cultivars Futura 75 and/or Bialobrzeskie in eight contrasting 

environments (Italy in 2013; Italy and Latvia in 2014; Italy (two sites), Latvia, the Czech Republic, and 

France in 2015). Stem yield ranged between 1.3 Mg ha-1 and 22.3 Mg ha-1. The effects of planting 

density and nitrogen fertilization on stem yield did not interact significantly with each other, or with 

cultivar and harvest time. Increasing planting density from 30 plants m-2 to 120 plants m-2 and increasing 

nitrogen fertilization rate from 0 to 60 kg N ha-1 increased stem yield by 29% and 32%, respectively. 

Further increase in planting density and nitrogen fertilization did not result in a significant increase in 

stem yield. Seed yield ranged from 0.3 Mg ha-1 to 2.1 Mg ha-1. The seed yield was not affected 

significantly by planting density between 30 plants m-2 and 240 plants m-2. Although the seed yield 

showed an increasing trend with increasing nitrogen fertilization, the effects of nitrogen fertilization on 

seed yield were not statistically significant.  

 To grow hemp as a dual-purpose crop it is recommended to plant 90–150 plants m-2 across all tested 

environments. Nitrogen fertilization rate at 60 kg N ha-1 was generally sufficient in the tested 

environments whereas further optimization of nitrogen fertilization requires accurate assessment of plant 

nitrogen status. To facilitate assessing plant nutritional status, a critical nitrogen dilution curve was 

determined for hemp and a practical method to determine nitrogen nutritional status was discussed. 

Key words: hemp (Cannabis sativa L.); density; nitrogen; critical dilution curve; stem; seed.
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3.1 Introduction 

Hemp (Cannabis sativa L.) is resurging as an ideal multipurpose crop worldwide (Aubin et al., 

2016; Amaducci et al., 2015; Faux et al., 2013; Bertoli et al., 2010). For the first time, it was 

cultivated in Europe on more than 33,000 ha in 2016 mainly as a dual-purpose crop where 

stems and seeds were harvested simultaneously (Carus et al., 2017). However, hemp was 

traditionally a fibre crop and most past research focused on this purpose (Westerhuis et al., 

2009; Amaducci et al., 2008a, 2002a; Struik et al., 2000; Van der Werf et al., 1996). Very 

limited information is available on growing dual-purpose hemp (Amaducci et al., 2015). In the 

frame of the EC funded project Multihemp (www.multihemp.eu), extensive experiments have 

been carried with the aim of providing novel information to support dual-purpose hemp 

cultivation in Europe. Aspects related to cultivar choice for dual-purpose hemp cultivation have 

been presented in Chapter 2. The present study focuses on the effect of the two main agronomic 

practices affecting the performance of dual-purpose hemp: planting density and nitrogen 

fertilization. 

 The effects of planting density and nitrogen fertilization on both stem and seed yields have 

not been properly addressed so far. Previous researches indicate that planting density has little 

effect on stem yield, but plants grown at high density are shorter and thinner than those grown 

at low density (Amaducci et al., 2002b; Struik et al., 2000). Slender stems are desirable for 

fibre hemp production because they produce more long fibre (Westerhuis et al., 2009) and 

require less energy for their mechanical processing (Khan et al., 2010). Thus, a high planting 

density is generally used, ranging from 90 plants m-2 to 350 plants m-2 (Martinov et al., 1996; 

Starcevic, 1996), to achieve required fibre quantity and quality. On the other hand, a low 

planting density, ranging from 30 plants m-2 to 75 plants m-2, is recommended for producing 

hemp seeds (Amaducci & Gusovius, 2010 and references therein). Optimal planting density 

has not been researched for growing hemp as a dual-purpose crop.  

 The effect of nitrogen fertilization on stem yield varies in literature. For relatively low 

fertility conditions, Amaducci et al. (2002b) reported that stem yield increased by 20 kg kg-1 

N. Finnan & Burke (2013) reported a very high stem yield increase with increasing fertilization 

from 0 up to 120 kg N ha-1 (as high as 60 kg kg-1 N). In contrast, the yield response of hemp to 

nitrogen fertilization was found negligible when soil fertility was high (Prade et al., 2011; 

Struik et al., 2000). Few studies have been conducted considering the response of seed yield 

to nitrogen fertilization. Aubin et al. (2015) and Marija et al. (2011) reported that both stem 
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and seed yields were positively related to nitrogen fertilization. Vera et al. (2010, 2004) 

reported that hemp seed yield increased progressively with increasing nitrogen availability 

until a high fertilization rate, ranging from 99 kg N ha-1 to 198 kg N ha-1 depending on growing 

conditions. Given the wide range of the results regarding stem and seed yields in response to 

nitrogen fertilization and the large variation of soil nitrogen availability, it is a challenge for 

farmers to optimize fertilization rate and to maximize economic return.  

 Nitrogen fertilization affects crop yield mainly through its effect on plant nitrogen status 

(Sadras & Lemaire, 2014). When nitrogen supply is deficient, aboveground biomass yield (W) 

increases with increasing nitrogen uptake until a critical nitrogen concentration (Ncritical) has 

been reached; further increasing nitrogen uptake has little impact on increasing W (Lemaire & 

Meynard, 1997). In general, the Ncritical decreases exponentially with increasing W during plant 

growth, which is called the Ncritical dilution curve (Greenwood et al., 1991, 1990). Although the 

Ncritical dilution curve varies among species, it remains fairly consistent at different 

environmental growth conditions (Lemaire & Gastal, 2009). Therefore, the Ncritical dilution 

curve has been used to determine the nitrogen status for many crops, including rice (Oryza 

sativa L.; Ata-Ul-Karim et al., 2013; Sheehy et al., 1998), maize (Zea mays L.; Ziadi et al., 

2010), oilseed rape (Brassica napus L.; Colnenne et al., 1998) and linseed (Linum 

usitatissimum L.; Flénet et al., 2006). Estimating a Ncritical dilution curve for hemp would be 

useful to optimize its nitrogen fertilization. 

 The objective of this study was to assess the effects of planting density and nitrogen 

fertilization across a wide range of environments to support dual-purpose hemp cultivation in 

Europe. First, the effects of planting density and nitrogen fertilization on hemp stem and seed 

yields were investigated. Second, the characteristics of hemp’s nitrogen demand were analysed, 

and a critical nitrogen dilution curve was assessed for hemp.  

3.2 Materials and methods 

3.2.1 Experimental locations and field layout 

Field experiments were carried out at five locations in Europe: Piacenza-IT (Piacenza, Italy), 

Budrio-IT (Budrio, Italy), FR (La Trugalle, France), CZ (Sumperk, the Czech Republic) and 

LV (Vilani, Latvia) from 2013 to 2015 (Table 3.1). Latitude difference between the most 

northern (LV) and the most southern (Budrio-IT) location was 12º, which corresponds to 2 h 

of maximum day-length. Average temperature between May and October (during the hemp 
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growing season) ranged from 14.9 °C (LV) to 21.8 °C (Piacenza-IT); total precipitation ranged 

from 212 mm (CZ) to 297 mm (FR). The most southern locations, Piacenza-IT and Budrio-IT, 

were hot and dry in the summer while the other three locations were cool and humid 

(Supplementary Material Figure S3.1).  

Planting density was varied from 30 plants m-2 to 240 plants m-2; nitrogen fertilization range 

was from 0 to 120 kg N ha-1. The planting density × nitrogen fertilization interaction was tested 

with the cultivar Futura 75 in Piacenza-IT in 2013. The planting density × cultivar and nitrogen 

fertilization × cultivar interactions were tested with the cultivars Futura 75 and Bialobrzeskie 

in Piacenza-IT and LV in 2014. As the effects of planting density and nitrogen fertilization on 

stem and seed yields did not interact with each other in 2013 and did not interact with cultivar 

in 2014 (see Results section), the effects of planting density and nitrogen fertilization were 

tested separately in 2015 for the cultivar Futura 75 at all five locations (Piacenza-IT, Budrio-

IT, FR, CZ and LV). 

The main factors (i.e., planting density, nitrogen fertilization and cultivar) were tested in a 

randomized complete block design with four replicates. Single plot size was 42 m2 when only 

two harvests were scheduled, or 60 m2 when multiple harvests were scheduled for a detailed 

growth analysis. Sowings were carried out as soon as the soil was accessible and average daily 

temperature rose above 8–10 °C. Sowing dates spanned from the earliest on 7 April 2014 in 

Piacenza-IT to the latest on 14 May 2015 in Budrio-IT (Supplementary Material Table S3.1). 

Seeds were drilled at 3–4 cm depth using experimental-plot sowing machines. The distance 

between rows varied between 15 cm and 25 cm, depending on the sowing machine used at 

each location. Seed rates were calculated based on the target density considering weight of 

1000 seeds and results of seed germination tests. In Piacenza-IT and Budrio-IT, densities of 30 

plants m-2 and 60 plants m-2 were obtained by sowing seeds in excess (90 plants m-2) and hand-

thinning to target density after emergence. Hand-thinning was conducted carefully so that any 

impact (e.g. increase of soil compaction due to worker’s footprint) on plant growth would be 

minimized. Nitrogen fertilizer was distributed at sowing or immediately after emergence. 

Irrigation was only applied in Piacenza-IT; in total 120 mm, 60 mm and 155 mm of water was 

provided with a travelling sprinkler in 2013, 2014 and 2015, respectively. 

3.2.2 Assessing crop development and yields 

Seedling emergence was monitored in the plots with 120 plants m-2 by counting the emerged 

plants in one row over a length of 1 m or in two rows over a length of 50 cm, every two days 
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from the appearance of the first plant until full emergence. Date of emergence was set when 

50% of final seedlings had emerged. Flowering was monitored on 20 representative plants that 

were selected and labelled before flowering. A single plant was considered at the full flowering 

stage when its top appeared as a compact (i.e., with very short internodes) inflorescence with 

visible stigmata. The full flowering stage of a plot was set when 50% of the monitored plants 

had reached full flowering.  

In each plot, harvest was carried out at least twice: at full flowering (H1) and at seed maturity 

(H2). At each harvest, all plants in an area of 4 m2 were cut just above the soil level. Fresh 

weight of all harvested plants was assessed immediately and the number of plants in the first 

harvested 1 m2 was counted. Among the plants of this first 1 m2, 20 representative plants were 

sampled. A subsample of 10 plants was dried at 75 °C until constant weight to assess dry matter 

content. On the remaining 10 plants, stem diameter (at 10 cm from stem base), plant height and 

proportion of stem, leaf and seed (H2) in the above ground biomass (after oven drying) were 

assessed. W (aboveground biomass yield) was calculated as the product of fresh weight and 

dry matter content. The yields of stem (Wstem), leaf (Wleaf) and seed (Wseed) were estimated as 

the product of W and the corresponding proportions.  

In addition to H1 and H2, periodic samplings were carried out on 1 m2 area in Piacenza-IT 

(2014 and 2015) and in Burdio-IT (2015), in total 4–5 times. At each sampling date, all plants 

in an area of 1 m2 were cut just above the soil level using pruning scissors. Plant number, plant 

height, stem diameter, W, Wstem, Wleaf and Wseed (when present) were assessed following the 

same procedure described for H1 and H2. Total nitrogen concentration in stem (Nstem), leaf 

(Nleaf) and seed (Nseed, if present) was analysed for each nitrogen treatment plot using a CN 

analyser (Vario Max CN Analyzer; Elementar Americas, Inc., Hanau, Germany). In Piacenza-

IT (2014 and 2015), the interception of photosynthetically active radiation (PAR) by the 

canopy was measured before each sampling with a ceptometer (Decagon Devices, Inc., 

Pullman, Washington, USA); leaf area index (LAI) was calculated as the product of Wleaf and 

specific leaf area (SLA). The SLA was determined as the ratio of leaf area and dry weight of all 

leaves of two representative plants per plot. The leaf area was determined from scanned 

pictures using ImageJ (version 1.49; https://imagej.nih.gov/). In Piacenza-IT in 2015, SPAD 

(SPAD-502, Minolta, Japan) measurements were taken at each harvesting time on 3 marked 

representative plants per plot. 
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3.2.3 Nitrogen demand analysis 

When plant nitrogen is limiting, W generally increases with increasing nitrogen concentration 

(N) until a Ncritical (critical nitrogen concentration) has been reached; above the Ncritical, W is 

little dependent of N indicating that nitrogen is in excess. The Ncritical (%) decreases with 

increasing W (Mg ha-1) during the vegetative growth period. This relationship can be described 

by a negative power function (Lemaire et al., 2008a; Greenwood et al., 1991, 1990): 

��������� = �
����											�	 ≥ 	����������

���������						�	 < 	����������
          (3.1) 

Where a represents the value of Ncritical for W = 1 Mg ha-1; b represents the ratio between the 

relative decline in Ncritical and the relative crop growth rate. Wthreshold (Mg ha-1) represents the 

minimum W for which the relationship between Ncritical and W can be described using Eqn. (3.1); 

Nconstant (%) means the N when W < Wthreshold. Multiplying Eqn. (3.1) by W (Mg ha-1) gives the 

critical curve for above ground nitrogen uptake (Nuptake,cri; kg N ha-1):  

�������,��� = �
10�����											�	 ≥ 	����������

10����������				�	 < 	����������
          (3.2) 

 The ratio of N: Ncritical or Nuptake: Nuptake,cri, called nitrogen nutrition index (NNI), can be used 

to diagnose plant nitrogen status. NNI < 1 indicates nitrogen is limiting while NNI ≥ 1 indicates 

nitrogen is sufficient. 

To determine a Ncritical dilution curve for hemp, the relationship between W and Nuptake in 

Piacenza-IT (2014 and 2015) and in Budrio-IT (2015) was assessed for solving the coefficients 

a, b, Wthreshold and Nconstant in Eqn. (3.1) and Eqn. (3.2). The methodology proposed by Justes et 

al. (1994) was adopted. Specifically, for each sampling date when both nitrogen limiting and 

non-limiting treatments occurred, a value of Nuptake,cri was identified at the intersection of an 

oblique line (positive linear regression between Nuptake and W) and a vertical line (relative to 

the average value of W in non-limiting nitrogen conditions) in the plot of Nuptake against W (see 

Figure 3.7a in Results section), using the GAUSS method in PROC NLIN of SAS (SAS 

Institute Inc., Cary, North Carolina, USA). The nitrogen limiting and non-limiting treatments 

were identified by analysis of variance (SPSS statistics 22.0, SPSS, Chicago, Illinois, USA). 

A condition of nitrogen limitation occurs whenever W increased significantly (P < 0.05) with 

an increase in Nuptake. A condition of non-limiting nitrogen condition occurs whenever W 

remained unchanged with an increase in Nuptake. All identified Nuptake,cri-W points were fitted to 

Eqn. (3.2) for the value of a, b, Wthreshold and Nconstant. 
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Under changing nitrogen supply in the field, rather than instant nitrogen status, the plant 

biomass production is the result of the nitrogen nutrition status during the whole growth season. 

Therefore, nitrogen deficiency duration and intensity were integrated into an index of crop 

nitrogen status, NNIint (Jeuffroy & Bouchard, 1999). The NNIint was calculated as: 1/n niNNIi, 

where n means the growth duration, expressed in degree-days (°Cd) in this study; ni means the 

representing duration of ith sampling; NNIi means the NNI at ith sampling. The degree-days 

was calculated as the time integral of Tave - Tb, with Tave being the daily average temperature 

and Tb  = 1 °C (Lisson et al., 2000; Van der Werf et al., 1995a). 

3.2.4 Statistical analysis 

Mixed models were used to assess the effects of planting density (D) and nitrogen fertilization 

(N) on biomass production and biometric traits using SPSS statistics 22.0 (SPSS, Chicago, 

Illinois, USA). Harvests at different times were conducted in the same plot; therefore, 

harvesting time (H) was considered as a repeated factor. Location, year and block were 

considered as random factors (Blouin et al., 2011). If the effect of one factor on a dependent 

variable was significant, multiple comparison was performed using the Bonferroni method. 

The data collected in 2013 was analysed to assess the D × N effect. The data collected in 2014 

was analysed to assess the D and N effects in association with cultivar (G). The overall D and 

N effects were analysed by pooling the data collected in 2014 and 2015 at different locations. 

3.3 Results 

Seedling emergence was attained at 75–112 °Cd after sowing and full flowering at 1150–

1982 °Cd, depending on growing location and cultivar (Supplementary Material Table S3.1). 

Harvest was carried out on average at 94 °Cd and 878 °Cd after full flowering for H1 (full 

flowering) and H2 (seed maturity), respectively.  

3.3.1 The effects of planting density and nitrogen fertilization on stem and seed yields 

Wstem (stem yield) ranged from 1.3 Mg ha-1 until 10.6 Mg ha-1, from 7.8 Mg ha-1 until 9.6 Mg 

ha-1, from 2.8 Mg ha-1 until 5.2 Mg ha-1, from 8.1 Mg ha-1 until 18.8 Mg ha-1 and from 13.7 

Mg ha-1 until 22.3 Mg ha-1 in Piacenza-IT (2013, 2014 and 2015), Budrio-IT, FR, CZ and LV 

(2014 and 2015), respectively. The effect of planting density and nitrogen fertilization on Wstem 

did not interact significantly with each other (Supplementary Material Table S3.2), or with the 

effects of cultivar (Supplementary Material Table S3.3) and harvest time (Table 3.2). The Wstem 

was increased significantly with increasing planting density and nitrogen fertilization rate 
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(Table 3.2). Increasing planting density from 30 plants m-2 to 120 plants m-2 resulted in an 

overall increase in Wstem by 29% while the difference in Wstem was not significant between 120 

plants m-2 and 240 plants m-2 (Table 3.2). Increasing nitrogen fertilization rate from 0 to 60 kg 

N ha-1 resulted in an overall increase in Wstem by 32% while the difference in Wstem was not 

significant between 60 kg N ha-1 and 120 kg N ha-1. The effect of planting density and nitrogen 

fertilization on Wstem varied at specific environments. The variation was larger among nitrogen 

treatments than among planting densities (Figure 3.1).  

Plant height ranged from 55 cm (Piacenza-IT, 2014) to 312 cm (LV, 2015); stem diameter 

ranged from 2.6 mm (Piacenza-IT, 2014) to 11.4 mm (CZ, 2015). Increasing planting density 

from 30 plants m-2 to 240 plants m-2 resulted in overall decreases in plant height and stem 

diameter by 15% and 37%, respectively (Table 3.2). Increasing nitrogen fertilization rate from 

0 to 120 kg N ha-1 resulted in overall increases in plant height and stem diameter by 22% and 

20%, respectively.  

Wseed (seed yield) range was 0.75–2.14 Mg ha-1, 0.26–0.37 Mg ha-1, 0.56–0.75 Mg ha-1 and 

0.88–1.09 Mg ha-1 in Piacenza-IT (2013 and 2015), Budrio-IT, FR and CZ, respectively. Wseed 

 

Figure 3.1 The effect of planting density (panel a) and nitrogen fertilization (panel b) on relative stem 
yield (Wstem,relative) in different environments. The data presented was collected at full flowering in 2013 
(red), 2014 (green) and 2015 (black). The location names are abbreviated as: Piacenza-IT (Piacenza, 
Italy); Budrio-IT (Budrio, Italy); FR (La Trugalle, France); CZ (Sumperk, the Czech Republic) and LV 
(Vilani, Latvia). The Wstem,relative was calculated as the ratio of actual stem yield and the maximum stem 
yield at each location. In 2013, the maximum stem yield in Piacenza-IT was 8.2 Mg ha-1 and 8.7 Mg ha-

1 across density and nitrogen treatments, respectively. In 2014, the maximum stem yield across density 
treatments in Piacenza-IT and LV was 5.6 Mg ha-1 and 19.2 Mg ha-1, respectively; across nitrogen 
treatments, it was 8.5 Mg ha-1 and 22.3 Mg ha-1, respectively. In 2015, the maximum stem yield across 
density treatments in Piacenza-IT, Budrio-IT, FR, CZ and LV was 7.9 Mg ha-1, 9.5 Mg ha-1, 5.6 Mg ha-

1, 15.2 Mg ha-1 and 16.8 Mg ha-1, respectively; across nitrogen treatments, it was 7.9 Mg ha-1, 9.5 Mg 
ha-1, 5.0 Mg ha-1, 15.9 Mg ha-1 and 18.1 Mg ha-1, respectively. 
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was not determined in 2014 in both locations (i.e., Piacenza-IT and LV) nor in 2015 in LV. 

Wseed showed an increasing trend with an increase in nitrogen fertilization whereas the overall 

effects of both planting density and nitrogen fertilization on Wseed were not statistically 

significant (Table 3.2, Figure 3.2).  

3.3.2 The effects of planting density and nitrogen fertilization on plant growth 

Canopy closure was reached fast at high planting density and high nitrogen fertilisation. In 

Piacenza-IT in 2015, light interception with 240 plants m-2 reached 90% at 732 °Cd after 

emergence that was significantly earlier than with 30 plants m-2 (1065 °Cd; Figure 3.3a); 90% 

of light interception with 120 kg N ha-1 was reached at 700 °Cd after emergence that was 

402 °Cd and 1072 °Cd earlier than with 30 kg N ha-1 and the unfertilised control treatment, 

respectively (Figure 3.4a). The overall light extinction coefficient was 0.96. The earlier canopy 

closure was mainly a consequence of a significantly higher leaf area index (LAI) that was 

proportional to the level of planting density and nitrogen fertilization (Figures 3.3b, 3.4b). After 

canopy closure, the LAI continued to increase until full flowering while light interception 

remained constant, slightly above 90%. The difference of LAI among planting density 

treatments progressively reduced after canopy closure while it remained significant among 

nitrogen fertilization treatments. In Piacenza-IT in 2015, no significant difference of LAI 

among planting densities was observed at full flowering while the LAI with the highest nitrogen 

fertilization level (6.4 m2 m-2) was about three times higher than that of the control treatment 

(2.3 m2 m-2). W (aboveground biomass yield) increased in accordance with LAI 

Figure 3.2 The effect of planting density (panel a) and nitrogen fertilization (panel b) on seed yield 
(Wseed) in 2013 (red bars) and 2015 (black and white bars). The location names are abbreviated as: 
Piacenza-IT (Piacenza, Italy); Budrio-IT (Budrio, Italy); FR (La Trugalle, France) and CZ (Sumperk, 
the Czech Republic). Vertical bars indicate standard error. D30, D60, D120 and D240 stand for 
planting density 30 plants m-2, 60 plants m-2,120 plants m-2 and 240 plants m-2, respectively. N0, N30, 
N50, N60, N100 and N120 stand for nitrogen application rate 0 kg N ha-1, 30 kg N ha-1, 50 kg N ha-1, 
60 kg N ha-1, 100 kg N ha-1 and 120 kg N ha-1, respectively.  
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(Figures 3.3b, 3.4b). The relationship between LAI and W was not affected by planting density 

or nitrogen fertilization (Figure 3.3d, 3.4d).  

Plant height and stem diameter increased exponentially with increasing Wstem (R2 > 0.76; 

Figure 3.5). This relationship was affected by planting density but it was independent from 

nitrogen fertilization. Considering the same stem yield level, plants cultivated at low planting 

densities were tallest and thickest.  

3.3.3 Dynamics of nitrogen uptake and nitrogen concentration 

Nuptake (above ground nitrogen uptake) and N (above ground nitrogen concentration) were 

proportional to the level of nitrogen fertilisation. At the first sampling date in Piacenza-IT in 

2015, Nuptake and N of the unfertilised control treatment were 34.8 kg N ha-1 and 4.3%, 

respectively. Nitrogen fertilization with 120 kg N ha-1 resulted in increases in Nuptake and N by 

 

Figure 3.3 The effect of planting density on growth. Panels a, b and c indicate the time course of light 
interception, leaf area index (LAI) and biomass yield (W), respectively. Panel d is the plot of LAI against 
W before flowering. Data presented was collected in the field in Piacenza, Italy in 2015. D30, D60, 
D120 and D240 stand for planting density 30 plants m-2, 60 plants m-2, 120 plants m-2 and 240 plants 
m-2, respectively. Vertical bars in Panels a, b, c indicate the Bonferroni LSD for which the effect of 
planting density was significant at P = 0.05.  
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5.3 times and 1.9 times, respectively (Figure 3.6a, b). During the growing season, Nuptake 

increased uniformly in the unfertilised control treatment until the end of flowering while the 

increase at increasing fertilisation levels was more intense before canopy closure. The Nuptake: 

LAI ratio was higher with additional fertilization than with no fertilization (Figure 3.6c). From 

the end of flowering to seed maturity, Nuptake was consistent in the unfertilised control treatment 

while it decreased slightly in the fertilized plots. N decreased moderately in the unfertilised 

control treatment and progressively more intense at increasing fertilisation levels. In Piacenza-

IT in 2015, significant differences in N among nitrogen treatments were present until full 

flowering (1970 °Cd). After full flowering, the N was identical among nitrogen treatments.  

Considering the analysis of samples collected at seed maturity in Piacenza-IT in 2013–2015, 

Nleaf, Nstem and Nseed ranges were 1.5–2.6%, 0.5–0.7%, and 2.7–4.0%, respectively (Table 3.3). 

Without fertilization Nuptake at seed maturity was 150.5 kg N ha-1, 23.0 kg N ha-1, and 

 

Figure 3.4 The effect of nitrogen fertilization on growth. Panels a, b and c indicate the time course of 
light interception, leaf area index (LAI) and biomass yield (W), respectively. Panel d is the plot of LAI 
against W before flowering. Data presented was collected in the field in Piacenza, Italy in 2015. N0, 
N30, N60 and N240 stand for nitrogen fertilization rate 0 kg N ha-1, 30 kg N ha-1, 60 kg N ha-1 and 120 
kg N ha-1, respectively. Vertical bars in Panels a, b and c indicate the Bonferroni LSD for which the 
effect of nitrogen fertilization was significant at P = 0.05. 
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74.2 kg N ha-1 in 2013, 2014, and 2015, respectively (Table 3.3). With respect to the 

unfertilised control treatment the Nuptake at the highest fertilisation treatment (120 kg N ha-1) 

increased by 57.7 kg N ha-1, 94.3 kg N ha-1, and 53.5 kg N ha-1 in 2013, 2014, and 2015, 

respectively. Nitrogen utilization efficiency at seed maturity ranged from 75.8 kg DM kg N-1 

to 108.8 kg DM kgN-1, independently of nitrogen treatments and growing years (Table 3.3). 

3.3.4 The plant nitrogen nutrition status  

None of the sampling dates in Piacenza-IT in 2014 includes both nitrogen limiting and non-

limiting treatments. Among the sampling dates in Piacenza-IT and Budrio-IT in 2015, 10 

sampling dates were identified for which both nitrogen limiting and non-limiting treatments 

were included. By assessing Nuptake,cri-W points for each of the 10 sampling dates and fitting 

the Nuptake,cri-W points to Eqn. (3.2), the coefficients a, b, Wthreshold and Nconstant were obtained. 

 

Figure 3.5 The relationship between stem yield (Wstem) and plant height (panels a, c), and between 
(Wstem) and stem diameter (panels b, d). Panels a and b: the open symbols denote planting density at 30 
plants m-2 while the closed symbols indicate planting density at 240 plants m-2. Panels c and d: the open 
symbols indicate no fertilization was applied while the closed symbols indicate fertilization rate at 120 
kg N ha-1. Data presented was collected in 2015 in Budrio, Italy (■, □), Piacenza, Italy (●, ○), the Czech 
Republic (♦, ◊) and Latvia (▲, ∆).  
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The Nuptake,cri (kg N ha-1)-W (Mg ha-1) curve is represented in Figure 3.7 and its mathematical 

expression is as follows:  

�������,��� = �
32.6��.��													�	 ≥ 	0.78	Mg	ha��

36.0�																			�	 < 	0.78	Mg	ha��
       (3.3) 

Therefore, the Ncritical (%) dilution curve can be expressed as: 

��������� = �
3.26���.��														�	 ≥ 	0.78	Mg	ha��

3.60																												�	 < 	0.78	Mg	ha��
       (3.4) 

The Nuptake,cri-W curve separated accurately the nitrogen status of hemp crops in Piacenza-

IT (2014 and 2015) and Budrio-IT (2015) (Figure 3.7b). Nitrogen nutrition index (NNI), 

calculated as the ratio of N: Ncritical, for each nitrogen treatment and sampling date in Piacenza-

IT in 2015 is presented in Figure 3.6d. The NNI of the unfertilised control treatment remained 

 

Figure 3.6 The effect of nitrogen fertilization on plant nitrogen dynamics. Panels a, b and d indicate 
the time course of shoot nitrogen concentration (N), nitrogen uptake (Nuptake) and nitrogen nutrition 
index (NNI), respectively. Panel c is the plot of Nuptake against LAI before flowering. Data presented was 
collected in the field in Piacenza, Italy in 2015. N0, N30, N60 and N240 stand for nitrogen fertilization 
rate 0 kg N ha-1, 30 kg N ha-1, 60 kg N ha-1 and 120 kg N ha-1, respectively. Vertical bars in Panels a, b, 
d indicate the Bonferroni LSD for which the effect of nitrogen fertilization was significant at P = 0.05.  
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constant throughout the whole growing season at about 0.5. Nitrogen fertilization increased 

NNI at all sampling dates. During plant growth, the NNI with additional fertilization decreased 

gradually. At 30 kg N ha-1 and 60 kg N ha-1 the decrease of the NNI was limited to the period 

between the first and the second samplings whereas it decreased steadily throughout the whole 

growing season with 120 kg N ha-1. Consequently, at flowering the difference of NNI among 

nitrogen treatments was reduced. NNIint, calculated on the basis of nitrogen deficiency duration 

and intensity, positively correlated with relative W (Wrelative: calculated as the ratio of actual W 

and maximum W at the same sampling date) when the NNIint was lower than 1. The relationship 

between Wrelative and NNIint was independent of growth environments (Figure 3.8).  

3.4 Discussion 

Growing hemp as a multi-purpose crop is gaining attention, particularly for producing both 

stems and seeds (Aubin et al., 2016; Faux et al., 2013). While numerous studies have been 

carried out to improve hemp cultivation for fibre production (e.g., Westerhuis et al., 2009; 

Amaducci et al., 2008a, 2002a; Struik et al., 2000; De Meijer et al., 1995), very limited 

information is available on the agronomy of dual-purpose (i.e., stems and seeds) hemp crops 

(Amaducci et al., 2015). In this paper, data obtained in eight environments (combinations of 

year and location) at five contrasting locations throughout Europe were analysed to study the 

effect on stem and seed yields of the main agronomic factors affecting hemp production: 

Figure 3.7 Panel a: Determination of critial nitrogen uptake (Nuptake,cri) curve. Dotted lines represent 
broken stick model for relationship between nitrogen uptake (Nuptake) and above ground biomass yield 
(W); Squares denote Nuptake,cri-W points obtained in Budrio (■) and Piacenza (□), in Italy in 2015. The 
solid line represents the Nuptake,cri as a function of W (see Eqn. 3.2). Panel b: The Nuptake,cri curve in relation 
to field measurements of Nuptake. The solid line represents the Nuptake, cri curve. × denotes data collected in 
Piacenza-IT, Italy in 2014. ∆ and ○ denote nitrogen limiting treatment in Budrio and Piacenza, Italy, 
respectively, in 2015. ▲ and ● denote nitrogen non-limiting treatment in Budrio and Piacenza, Italy, 
respectively, in 2015. Note the data collected in 2015 were used to estimate the critial Nuptake curve.  
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planting density and nitrogen fertilization. Considering that the effect of these two factors on 

hemp stem and seed yields did not interact with each other in 2013 in Piacenza-IT 

(Supplementary Material Table S3.2) and did not interact with cultivar in 2014 in Piacenza-IT 

and LV (Supplementary Material Table S3.3), which confirms results of previous research 

(Amaducci et al., 2008a, 2002a; Struik et al., 2000), results of planting density and nitrogen 

fertilization will be discussed separately. 

3.4.1 The effects of planting density on stem and seed yields  

In line with previous studies (Amaducci et al., 2008a, 2002a; Struik et al., 2000), increasing 

planting density from 30 plants m-2 to 240 plants m-2 had limited effect on Wstem (stem yield) 

(Table 3.2). The lack of response of Wstem across a wide density range is mainly a consequence 

of the high incidence of self-thinning at high planting density (Van der Werf et al., 1995b; 

Willey & Heath, 1969) and of the plastic behaviour that hemp generally shows for above 

ground and below ground development (Amaducci et al., 2008b). Until canopy closure, LAI 

increases fast at high planting density which goes hand-in-hand with a high W accumulation 

rate and is accompanied by a density independent ratio LAI: W (Figure 3.3). Therefore, canopy 

closure is reached fast at high planting density. Hemp canopies have a light extinction 

coefficient (k) close to 1 (Amaducci & Stutterheim, 1999; De Meijer et al., 1995). The initially 

high LAI at high planting density results in severe light competition and reduction in plant 

number after canopy closure (unshown data and Van der Werf, 1997). As a result, the yield 

advantage in the first growth phases is lost at high planting density (Figure 3.3c). When 

planting density is extremely low, however, the canopy closure is significantly delayed and W 

 
Figure 3.8 The relationship between integrated nitrogen nutrition index (NNIint) and relative biomass 
yield (Wrelatvie; calculated as the ratio of actual and maximum biomass at the same sampling date) at 
H1 (full flowering). ○ and ● denote samplings in Piacenza, Italy in 2014 and 2015, respectively; □ 
denotes samplings in Budrio, Italy in 2015. 
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is reduced due to the reduction of intercepted radiation during the growing cycle. Consequently, 

the Wstem at 60 plants m-2 and 30 plants m-2 was the lowest among planting density treatments 

(Figure 3.1a). It should be noted that planting at extremely low density could result in weed 

competition, which could result in further significant yield reduction (Hall et al., 2014 and 

authors' experience). 

Even when the effect of planting density on Wstem is limited, there are very large effects on 

plant biometrics (Struik et al., 2000). Plants grown at high densities are usually shorter and 

thinner than those grown at low planting densities (Figure 3.5a, b). The results in this study 

suggest that the effect of planting density on stem diameter is higher than on plant height. For 

example, when yield was 5 Mg ha-1, at 240 plants m-2 stems were 31% shorter and 45% thinner 

than at 30 plants m-2 (Figure 3.5a, b). This effect indicates an increase in stem slenderness at 

high planting density (Westerhuis et al., 2009; De Meijer et al., 1995). 

The Wseed (seed yield) were not significantly affected by planting density between 30 plants 

m-2 and 240 plants m-2 (Table 3.2, Figure 3.2). This result confirms the observation of Legros 

et al. (2013) that Wseed was independent of planting density until a seeding rate of 40 kg ha-1 

(corresponding to 200 plants m-2). A constant Wseed across a wide range of planting densities is 

a consequence of the increase in seed yield per single plant with decreasing planting density, 

which is a result of the increase in inflorescence length (data not shown) and number of 

branches bearing seeds (Desanlis et al., 2013).  

The optimal planting density for dual-purpose production should be chosen to optimise both 

stem and seed yields and also considering that planting density, affecting stem biometrics, 

interacts with long bast fibre production (Westerhuis et al., 2009; Amaducci et al., 2002b) and 

with mechanisation of harvest and post-harvest processing (Amaducci & Gusovius, 2010; 

Amaducci et al., 2008a). It has been recommended to sow at a lower density for hemp seed 

production (30–75 plants m-2) than for fibre production (90–200 plants m-2) (Amaducci et al., 

2015 and references therein). Seed yield in the present study was not significantly affected by 

plant population across a wide range of plant densities (Table 3.2, Figure 3.2a); it is therefore 

recommended to aim at plant populations exceeding 90 plants m-2 as lower densities reduce 

stem fineness, increase the cost of weeding and render mechanical harvesting more difficult 

due to increased plant height, stem diameter and spike length. On the other hand, although the 

stems are more slender at higher planting density, densities above 150 plants m-2 are not 

recommended because they do not only increase seed input but also the risk of lodging due to 
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very fine stems (Legros et al., 2013), particularly when soil fertility and/or nitrogen fertilization 

are high. Considering that stems are more slender at high density and Wstem reaches plateaus at 

a planting density above 120 plants m-2 in all environments in the present study (Tables 3.2, 

Figure 3.2), the optimum planting density for dual-purpose hemp cultivation could be set at 

90–150 plants m-2. It should be noted that the optimal planting density should also consider the 

effects on fibre quality in terms of post-harvesting processing and final products, which 

requires further researches.  

3.4.2 The effect of nitrogen fertilization on stem and seed yields 

The effect of nitrogen fertilization on Wstem interacted with the environment (Figure 3.1b), 

confirming the wide range of responses found in literature (Finnan & Burke, 2013; Prade et al., 

2011; Amaducci et al., 2002b; Struik et al., 2000). The results of this study suggest that the 

effect of nitrogen fertilization on hemp Wstem is a consequence of the duration and the intensity 

of nitrogen deficiency (Figure 3.8). Crops respond to nitrogen deficiency through a reduction 

in resource capture and/or resource use efficiency (Lemaire et al., 2008b). In this study, the 

ratio LAI: W, which is an approximate measure of radiation capture efficiency, was not affected 

by nitrogen fertilisation, while the Nuptake: LAI ratio, which is an approximate measure of 

radiation use efficiency, decreased when nitrogen was deficient (Figures 3.4d, 3.6c). The 

response of hemp to nitrogen deficiency is similar to that reported in maize and in tall fescue 

(Festuca arundinacea) while it is different to that of wheat (Triticum aestivum L.) and oilseed 

rape, which respond to nitrogen deficiency keeping Nuptake: LAI constant while decreasing LAI: 

W (Lemaire et al., 2008b). The reduction of Nuptake: LAI in hemp under nitrogen deficient 

condition results in a low biomass accumulation rate (Figure 3.4c). Consequently, canopy 

development is restricted and canopy closure is delayed (Figure 3.4b). After canopy closure, 

self-shading occurs and as consequence nitrogen use efficiency of fertilized plots was reduced. 

Thus, the differences in biomass accumulation rate among nitrogen treatments decreased after 

canopy closure despite the level of nitrogen deficiency was still high (Figure 3.6d).  

It has been commonly observed that additional nitrogen fertilization increases hemp plant 

height and stem diameter (Finnan & Burke, 2013; Amaducci et al., 2008a; Forrest & Young, 

2006). The results of the present study suggest that plant height and stem diameter are strongly 

correlated with Wstem (Figure 3.5c, d). Given that Wstem is generally modelled in process based 

models (e.g. GECROS: Yin & van Laar, 2005), the relationships presented in Figure 3.5 are 

useful to model plant biometrics under different nitrogen regimes.  
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The positive effect of nitrogen fertilisation on Wseed (Table 3.2, Figure 3.2b) confirms the 

results of previous experiments (Aubin et al., 2015; Marija et al., 2011; Vera et al., 2010; Vera 

et al., 2004). Wseed is the product of seed number and seed mass (i.e., 1000 seed weight). It has 

been reported that nitrogen availability has little effect on hemp seed mass (Marija et al., 2011; 

Vera et al., 2004). Therefore, we hypothesise that the increase of Wseed achieved with additional 

nitrogen fertilization is a consequence of the positive effect of nitrogen on seed number, as 

reported for crops such as oilseed rape (Asare & Scarisbrick, 1995; Allen & Morgan, 1972). 

The reason for the lack of significant effect of nitrogen fertilisation on Wseed in our study is not 

clear (Table 3.2). In 2015 in Piacenza-IT and Budrio-IT, this is probably a consequence of 

unfavourable weather during the seed filling period. From the beginning of August to 

September, the crops suffered from limited and unevenly distributed rainfall and high 

temperature (Supplementary Material Figure S3.1). Drought during the seed filling period 

results in a reduction in seed dry matter accumulation rate, seed mass and Wseed (Plaut et al., 

2004). Indeed, in Piacenza-IT in 2015, the seed mass at seed maturity was 37% lower than that 

measured for the seed used for sowing and the average Wseed was 43% lower than that obtained 

in 2013. Further study is needed to investigate the effect of the interaction between nitrogen 

fertilization and drought on hemp Wseed, which has been reported for crops such as wheat 

(Ercoli et al., 2008). Ercoli et al. (2008) reported that wheat grain yield reduction by severe 

post-anthesis water stress was high when combined with additional nitrogen application and 

was associated with a decrease in kernel weight. 

It should be pointed out that determination of Wseed at plot level in hemp is very challenging 

due to the large heterogeneity in the crop (Van der Werf et al., 1995b) and bird predation. Bird 

predation can only partially be prevented at high cost using nets or bird scarers. Heterogeneity 

is determined by the contemporary presence of plants of different height, with short plants 

having short inflorescences with few seeds, and it is aggravated by the duration of hemp seed 

ripening (from the first seed ripening to the last) which can last for weeks depending on 

genotype and environmental conditions (Amaducci et al., 2008c) and can cause significant 

reduction of seed yield by seed shattering or bird predation. The large degree of heterogeneity 

in our experiments is demonstrated by the high coefficients of variation for Wseed ranging from 

19% to 36%. These high values might also partly explain the lack of nitrogen fertilization effect 

on Wseed.  

While Wstem and Wseed are restricted by nitrogen deficiency, excess nitrogen supply is not 

desirable for hemp production. When nitrogen fertilisation is excess, stems stay green for 
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longer and this can lead to difficulties in harvesting, longer drying times and difficulties with 

fibre processing (Legros et al., 2013). Moreover, not only does it increase production cost, 

excess nitrogen supply has also been widely criticized for its negative environmental effects 

such as eutrophication of surface water (London & Häusser, 2005) and gaseous emissions of 

oxides and ammonia into the atmosphere (Stulen et al., 1998). Therefore, sustainable hemp 

production requires a supply of nitrogen considering the critical demand. 

3.4.3 Nitrogen demand of hemp 

To illustrate hemp nitrogen requirement, a comparison of Ncritical (critical nitrogen concentration 

in W) dilution curves between hemp and other crops is presented in Figure 3.9a and 

Supplementary Material Table S3.4. In hemp the relationship between W and Ncritical became 

exponential at W > 0.78 Mg ha-1, a value lower than that found for wheat (Justes et al., 1994) 

and rice ( ssp. japonica, Ata-Ul-Karim et al., 2013) but close to that of oilseed rape (Colnenne 

et al., 1998) and sunflower (Helianthus annuus L.; Debaeke et al., 2012). Generally the 

decrease of Ncritical at increasing W is a consequence of self-shading and of the decreasing ratio 

LAI: W (Lemaire et al., 2008a). Considering that the LAI: W ratio in hemp remained relatively 

stable until a high W (> 5 Mg ha-1; Figure 3.4d) was reached, the low threshold W (0.78 Mg ha-

1) is a sign that self-shading occurred before canopy closure (the incident radiation reached 90% 

at W ≈ 2 Mg ha-1) (Figure 3.4a, c). This is probably a consequence of the horizontal leaves and 

the high planting density that has triggered intra-row light competition shortly after emergence.  

 

 
Figure 3.9 Illustration of hemp critical nitrogen (Ncritical) dilution curve (panel a) and minimum nitrogen 
(Nmin) dilution curve (panel b) in comparison with linseed (only in panel a), maize, rice (ssp. japonica) 
and cotton. W denotes above ground biomass yield. See Supplementary Material Table S3.4 for 
parameters and references of Ncritical dilution curve. The Nmin dilution curve presented for hemp is 
determined using data collected from the unfertilised treatment.  
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The position of hemp Ncritical dilution curve is at the low range of C3 crops (Figure 3.9a, 

Supplementary Material Table S3.4): consistently lower than that of rice (ssp. japonica; Ata-

Ul-Karim et al., 2013) and cotton (Xiaoping et al., 2007) and similar to that of the C4 crop 

maize (Plénet & Lemaire, 1999). The Ncritical is comparable for hemp and linseed (Flénet et al., 

2006) when W is higher than 5 Mg ha-1 whereas it is lower for hemp than linseed when W is 

lower than 5 Mg ha-1. The low position of the hemp Ncritical dilution curve indicates a relatively 

high nitrogen use efficiency (Table 3.3). For example, under non-limiting nitrogen conditions, 

the minimum nitrogen requirement to produce 10 Mg ha-1 of W for hemp is 3%, 7%, 15%, 47% 

and 58% less than that for linseed, maize, sorghum, oilseed rape and cotton, respectively. The 

high nitrogen use efficiency of hemp confirms the widely reported low fertilization 

requirement of this crop (Finnan & Burke, 2013; Prade et al., 2011; Struik et al., 2000).  

Although the mechanisms underlying high nitrogen use efficiency for hemp are not clear, 

we speculate that this is probably the consequence of two reasons. First, hemp contains low 

structural nitrogen, which is confirmed by the low minimum nitrogen content in W (Nmin) that 

is consistently lower than that of cotton (Xiaoping et al., 2007) and rice (ssp. japonica; Ata-Ul-

Karim et al., 2013) (Figure 3.9b). The low Nmin of hemp could be explained by the high 

proportion of stem, on above ground biomass, having very low nitrogen content. Second, hemp 

has high leaf photosynthetic nitrogen use efficiency at low nitrogen level. In Chapter 4, we 

found that the light saturated net leaf photosynthesis rate of hemp was higher than that of cotton 

when leaf nitrogen content is lower than 2 g N m-2. 

3.4.4 Determination of nitrogen nutrition status 

Direct determination of NNI (nitrogen nutrition index) requires very time consuming 

procedures and these procedures are beyond the expertise and labour availability of farmers 

(Lemaire et al., 2008a). Thus, a practical estimation is desirable for optimizing hemp 

fertilization. Several indirect methods to estimate NNI have been summarized by Lemaire et 

al. (2008a). Since estimation of Nleaf (leaf nitrogen concentration) is relatively easy, it has been 

proposed to correlate it with NNI directly (Ziadi et al., 2009). However, such a direct estimating 

does not seem correct for hemp because Nleaf and Nstem (stem nitrogen concentration) are not 

linearly correlated (Supplementary Material Figure S3.2a). As the relationship between Nleaf 

and Nstem is consistent, though, Nstem can be approximated using Nleaf. Having Nleaf and W and 

an estimate of Nstem, the NNI can in turn be estimated. This empirical method resulted in a better 
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estimation of NNI than by the correlation between Nleaf and NNI (Supplementary Material 

Figure S3.3).  

In agronomic practice, a fast and indirect estimation of Nleaf is required. SPAD, an indicator 

of the leaf chlorophyll concentration, could be a useful index for quantifying Nleaf as a good 

correlation between Nleaf and SPAD was observed (Supplementary Material Figure S3.2b). 

However, despite the fact that many authors found a good correlation between SPAD and Nleaf 

(Lin et al., 2010; Matsunaka et al., 1997), one should be aware that this relationship is highly 

variable from one study to another due to differences in environmental conditions and 

genotypes. In an attempt to eliminate the effect of environmental conditions and genotypes on 

the diagnosis of plant nitrogen status through SPAD, several SPAD based indexes have been 

proposed such as: normalized SPAD index (Yuan et al., 2016) and positional differences 

chlorophyll measurements index (Zhao et al., 2016). Further study is necessary to evaluate the 

performance of these SPAD based indexes on hemp nitrogen status diagnosis before a nitrogen 

nutrition status based decision on nitrogen management can be attempted.  

3.5 Conclusions 

The effects of planting density and nitrogen fertilization on hemp stem and seed productions 

were assessed in eight environments (combinations of year and location) at five contrasting 

locations throughout Europe. The effects of these two factors on hemp stem and seed yields 

neither interacted with each other nor with cultivar. Changing planting density over a wide 

range had limited effect on both stem and seed yields while plant height and stem diameter 

decreased with increasing population. The optimum planting density for dual-purpose hemp 

cultivation could be set at 90–150 plants m-2. Nitrogen deficiency reduced stem yield and seed 

yield. The effect of nitrogen deficiency on plant height and stem diameter was in accordance 

with its effect on stem yield. Hemp has a high nitrogen use efficiency and 60 kg N ha-1 was 

generally sufficient in the tested environments for dual-purpose hemp cultivation. However, 

optimization of nitrogen fertilization requires assessment of plant nitrogen status. Direct 

determination of nitrogen status for hemp are too complex while SPAD based diagnosis 

techniques requires further investigations. 
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Supplementary Materials in Chapter 3 

 

 

Table S3.1 Sowing date and growth degree day at emergence, full flowering (H1) and harvesting (H2). 

Year Locationa 
Sowing 
date 

Emergence  
(°Cd)b 

Full flowering 
(°Cd)b 

H1 
(°Cd)b H2 (°Cd)b 

2013 Piacenza-IT 14-May 79.3 1532 (Futura 75) 1759 2608 

2014 Piacenza-IT 07-Apr 96.5 1742 (Futura 75) 
1150 (Bialobrzeskie) 

1832 2970 

LV 02-May 75.1 1835 (Futura 75) 
1632 (Bialobrzeskie) 

1717 2058 

2015 Piacenza-IT 16-Apr 112.5 1982 (Futura 75) 1882 2966 

 Budrio-IT 14-May NA  1582 (Futura 75) 1757 2648 

 FR 22-Apr NA 1772 (Futura 75) 2085 2805 

 CZ 24-Apr 77.0 1758 (Futura 75) 1910 2396 

 LV 05-May 97.4 1858 (Futura 75) 1874 NA 
a The location names are abbreviated as: Piacenza-IT (Piacenza, Italy); Budrio-IT (Budrio, Italy); FR 
(La Trugalle, France); CZ (Sumperk, the Czech Republic) and LV (Vilani, Latvia). 
b The growth degree day was calculated with a base temperature of 1 °C.  
NA: data not available. 
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Table S3.3 The effect of planting density and nitrogen application associated with cultivar on the 
biomass yields and plant biometrics. Data presented was collected at full flowering in Piacenza-IT 
(Piacenza, Italy) and LV (Vilani, Latvia) in 2014.  

  
Plant number  
(plants m-2) 

Height  
(cm) 

Diameter 
(mm) 

Biomass yield  
(Mg ha-1) 

Stem yield  
(Mg ha-1) 

Leaf yield 
(Mg ha-1) 

Density (D)a      

 D60 57.4 cc 185.6 a 6.9 a 11.6 b 9.4 a 2.3 a 

 D120 102.2 b 191.4 a 6.6 a 13.2 ab 10.4 a 2.8 a 

 D240 179.5 a 180.4 a 5.7 b 13.8 a 11.0 a 2.1 a 

Nitrogen (N)b      

 N0 107.3 a 152.3 d 5.5 c 9.5 c 7.7 c 1.8 c 

 N30 117.3 a 176.1 c 6.2 b 10.9 c 8.7 c 2.2 c 

 N60 110.1 a 197.0 b 6.8 ab 13.8 b 11.0 b 2.9 b 

 N120 117.6 a 218.0 a 7.1 a 17.1 a 13.6 a 3.6 a 

Cultivar (G)      

 Bialobrzeskie 110.5 a 171.9 b 6.1 a 12.0 a 9.3 b 2.8 a 

 Futura 75 115.6 a 199.7 a 6.7 a 13.6 a 11.2 a 2.5 a 

Statistics (P values)      

 D 0.000 0.323 0.000 0.310 0.055 0.050 

 N 0.387 0.000 0.000 0.000 0.000 0.000 

 G 0.517 0.001 0.340 0.750 0.009 0.235 

 D × G 0.511 0.651 0.968 0.870 0.863 0.945 

 N × G 0.895 0.236 0.340 0.687 0.687 0.828 
a D60, D120 and D240 stand for planting density 60 plants m-2, 120 plants m-2 and 240 plants m-2, 
respectively.  
b N0, N30, N60 and N120 stand for nitrogen application rate 0 kg N ha-1, 30 kg N ha-1, 60 kg N ha-1 

and 120 kg N ha-1, respectively. 
c Numbers followed by different letters under the same category are statistically different at P = 0.05 
(Bonferroni test).  
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Table S3.4 Comparison of the coefficients of hemp critical nitrogen concentration (Ncritical) dilution 
curve with other crops. a denotes the Ncritical at above ground biomass yield (W) equal to 1 Mg ha-1; b 
denotes the ratio between the relative decline in Ncritical and the relative W increasing rate; Wthreshold 
means the minimum W for which the relationship between Ncritical and W can be described using a 
negative exponential curve (i.e. Eqn 3.3). Nconstant means the nitrogen concentration when W ≤ threshold 
W. NA: data not available. 

Species a b Wthreshold Nconstant References 

C3 
      

 
Hemp (Cannabis sativa L.) 3.3 0.38 0.80 3.57 Present studies 

 
Linseed (Linum usitatissimum L.) 4.7 0.53 NA NA Flenet et al. 2006) 

 
Oilseed rape (Brassica napus L.) 4.5 0.25 0.88 4.63 Colnenne et al. (1998) 

 
Wheat (Triticum aestivum L.) 5.3 0.44 1.55 4.4 Justes et al. (1994) 

 
Rice (Oryza sativa L. ssp. indica) 5.2 0.52 NA NA Sheehy et al. (1998) 

 
Rice (Oryza sativa L. ssp. 
japonica) 

3.5 0.28 1.55 3.05 Ata-Ul-Karim et al. 
(2013) 

 
Sunflower (Helianthus annuus L.) 4.5 0.42 0.75 5.1 Debaeke et al. (2012) 

 
Cotton (Gossypium hirsutum L.) 4.3 0.13 NA NA Xiaoping et al. (2007) 

C4 
      

 
Maize (Zea mays L.) 3.4 0.37 1.0 3.4 Plénet (1999) 

 
Sorghum [Sorghum bicolor (L). 
Moench] 

3.9 0.39 NA NA Plénet and Cruz 
(1997)  
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Figure S3.3 Indirect estimation of nitrogen nutrition index (NNI). Panel a: relationship between leaf 
nitrogen concentration (Nleaf) and NNI. Panel b: estimation of NNI combining Nleaf and above ground 
biomass yield (W). Note the stem nitrogen concentration (Nstem) is estimated using the relationship 
presented in Figure S3.2a.  
 

Figure S3.2 Panel a: the relationship between stem nitrogen concentration (Nstem) and leaf nitrogen 
concentration (Nleaf). Data was measured in Piacenza in 2014 and in 2015, and in Budrio in 2015, in 
Italy. Panel b: the relationship between SPAD and Nleaf. Data was measured in Piacenza in 2015. The 
first measurement was excluded from the regression line. Bars indicate standard error. 
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Abstract  

Hemp (Cannabis sativa L.) may be a suitable crop for the bio-economy as it requires low inputs while 

producing a high and valuable biomass yield. With the aim of understanding the physiological basis of 

hemp’s high resource use efficiency and yield potential, photosynthesis was analysed on leaves exposed 

to a range of nitrogen and temperature levels. Light-saturated net photosynthesis rate (Amax) increased 

with an increase in leaf nitrogen up to 31.2 ± 1.9 μmol m-2 s-1 at 25 ºC. The Amax initially increased with 

an increase in leaf temperature (TL), levelled off at 25–35 °C and decreased when TL became higher than 

35 °C. Based on a C3 leaf photosynthesis model, we estimated mesophyll conductance (gm), efficiency 

of converting incident irradiance into linear electron transport under limiting light (κ2LL), linear electron 

transport capacity (Jmax), Rubisco carboxylation capacity (Vcmax), triose phosphate utilization capacity 

(Tp) and day respiration (Rd), using data obtained from gas exchange and chlorophyll fluorescence 

measurements at different leaf positions and various levels of incident irradiance, CO2 and O2. The 

effects of leaf nitrogen and temperature on photosynthesis parameters were consistent at different leaf 

positions and among different growth environments except for κ2LL, which was higher for plants grown 

in the greenhouse than for those grown outdoors. Model analysis showed that compared with cotton and 

kenaf, hemp has higher photosynthetic capacity when leaf nitrogen is less than 2.0 g N m-2. The high 

photosynthetic capacity measured in this study, especially at low nitrogen level, provides additional 

evidence that hemp can be grown as a sustainable bio-energy crop over a wide range of climatic and 

agronomic conditions. 

Key words: hemp (Cannabis sativa L.), photosynthesis, model, nitrogen, temperature, sustainable crop. 
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4.1 Introduction 

The multiple societal challenges such as climate change, natural resource scarcity and 

environmental pollution have fuelled interest in bio-economy (Jordan et al., 2007). Previous 

comprehensive research programmes indicated that hemp (Cannabis sativa L.) fits well in the 

concept of bio-economy (Amaducci et al., 2015; McCormick & Kautto, 2013). Hemp has the 

potential to produce up to 27 Mg ha-1 biomass yield (Chapter 2) at relatively low inputs 

(Amaducci et al., 2002; Struik et al., 2000) and has a positive impact on the environment (Barth 

& Carus, 2015; Bouloc & van der Werf, 2013). Its stem contains high-quality cellulose (De 

Meijer & van der Werf, 1994), the seeds contain high-quality oil (Oomah et al., 2002) and the 

inflorescence contains valuable resins (Bertoli et al., 2010). From speciality pulp and paper to 

nutritional food, medicine and cosmetics, there are as many as 50,000 uses claimed for hemp 

products derived from its stem, seed and inflorescence (Carus & Sarmento, 2016; Carus et al., 

2013). Recent research demonstrated that hemp is also a suitable feedstock for bioenergy 

production (Kreuger et al., 2011; Prade et al., 2011; Rice, 2008).  

 Although once an important crop for the production of textiles and ropes, hemp has not been 

subjected to the intensive research that has driven great improvements in major crops in the last 

50 years (Amaducci et al., 2015; Salentijn et al., 2015) due to the continuous decrease in hemp 

acreage after the Second World War and its slow revival in the last couple of decades (Allegret, 

2013; Wirtshafter, 2004). To advance research needed to consolidate and expand the market of 

hemp renewable materials, within the frame of the EC funded project Multihemp 

(www.multihemp.eu), it was proposed to develop a process based hemp growth model similar 

to the successful models for major staple crops (Bouman et al., 2007). With the aim of 

understanding the physiological basis of hemp’s high resource use efficiency and yield potential 

using a modelling approach, this study focuses on analysing leaf photosynthesis of hemp as a 

primary source of biomass production. 

 Very few studies report on leaf photosynthesis of hemp. De Meijer et al. (1995) reported a 

light-saturated rate of leaf photosynthesis for hemp of 30 kg CO2 ha-1 hr-1 (equivalent to 19 

μmol m-2 s-1) under field conditions. Chandra et al. (2015, 2011a,b, 2008) showed the response 

of leaf photosynthesis of hemp to irradiance intensity, CO2 concentration and temperature by 

measuring gas exchange of leaves from greenhouse grown plants. Marija et al. (2011) found 

that nitrogen fertilization significantly affected different aspects of photosynthetic 

photochemistry, as shown by chlorophyll a fluorescence analysis. To the best of our knowledge, 
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a comprehensive analysis of the relation between leaf nitrogen status and photosynthesis rate is 

not yet available for hemp. 

 Leaf photosynthesis rate depends on both nitrogen nutrition status and environmental 

conditions (Sinclair & Horie, 1989). Thanks to a thorough understanding of the biochemical 

mechanisms of leaf photosynthesis, the response of leaf photosynthesis to irradiance intensity 

and CO2 concentration can be modelled (von Caemmerer et al., 2009; Yin et al., 2006; Farquhar 

et al., 1980). Such a model dissects net leaf photosynthesis into mesophyll conductance (gm), 

linear electron transport capacity (Jmax), Rubisco carboxylation capacity (Vcmax), triose 

phosphate utilization capacity (Tp) and day respiration (Rd). The effects of leaf nitrogen status 

and temperature on leaf photosynthesis are considered through their effects on these 

photosynthetic parameters (Hikosaka et al., 2016). Experimental protocols for parameterizing 

the biochemical photosynthesis model have been well documented (Bellasio et al., 2015; Yin 

et al., 2009; Sharkey et al., 2007), and the model has been successfully embedded as a sub-

model in process based crop growth models for upscaling to canopy photosynthesis and crop 

production (Yin & Struik, 2009), such as the GECROS crop model (Yin & van Laar, 2005). 

Therefore, parameterizing the photosynthesis model for hemp is an excellent opportunity to 

understand its photosynthetic resource use efficiency, as well as to provide essential 

information for modelling hemp growth.  

 The first objective of the present study was to analyse leaf photosynthesis of hemp as 

affected by irradiance intensity, CO2 concentration, temperature and nitrogen status. Secondly, 

this study aimed to parameterize a widely used C3 leaf photosynthesis model (Yin et al., 2006; 

Farquhar et al., 1980) for hemp. In the final section, the photosynthetic capacity of hemp is 

compared with that of two other bio-economic crops, cotton (Gossypium hirsutum L.) and kenaf 

(Hibiscus cannabinus L.), using a modelling method. Cotton and kenaf were chosen because 

they are bioeconomically important crops and, in particular, kenaf is considered as an 

alternative for hemp in tropical and sub-tropical climates (Alexopoulou et al., 2015; Lips & van 

Dam, 2013; Patanè & Cosentino, 2013). 

4.2 Materials and methods 

4.2.1 Plant growth and data collection 

Three independent experiments were carried out at the research facilities of the Università 

Cattolica del Sacro Cuore (45.0° N, 9.8° E, 60 m asl; Piacenza, Italy). Seeds of hemp (cv. Futura 
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75) were received from the Fédération National des Producteurs de Chanvre, Le Mans, France. 

The plants were grown outdoors in 2013 and 2014, and in a greenhouse in 2015.  

4.2.1.1 An experiment on the effect of nitrogen on leaf photosynthetic capacity (N-trial) 

Seeds were sown in 18 containers (40 × 40 × 30 cm3) placed outdoors on 9 May 2014. Each 

container was filled with 23 kg of soil (dry weight) that contained 0.22% total nitrogen and had 

a clay-silt-sand ratio of 30:43:27. After seedling emergence, the plants were hand-thinned to 18 

plants per container and three levels of urea fertilization were applied (0, 1.0 and 2.0 g N per 

container, respectively). There were six containers for each fertilization level. Other nutrients 

(e.g. phosphate and potassium) were assumed not limiting factors according to historic 

experience in the field from which the soil was collected. The same applies to the other two 

trials. During plant growth, all containers were positioned randomly and tightly in one block 

surrounded by a green shading net (transmitting 3% of the light). The net height was adjusted 

daily according to the increment of plant height. The plants were well watered during the entire 

experiment. The daily temperature and global radiation during the growth period are presented 

in Supplementary Material Figure S4.1. 

 Photosynthetic measurements were started on 46 days after sowing (the 6th–8th pair of leaves 

had appeared) in a growth chamber with the temperature set at 25 °C. The container was moved 

into the growth chamber 2 hrs before measurements. On one representative plant in each 

container, the middle leaflets of the youngest, fully expanded top leaf and of the middle leaf 

(i.e., two nodes below the top leaf) were measured. Simultaneous gas exchange (GE) and 

chlorophyll fluorescence (CF) measurements were implemented in situ using a portable open 

gas exchange system with a 1.7 cm2 clamp-on leaf chamber (CIRAS-2, PP Systems 

International, Inc., USA) combining with FMS2 (Hansatech Instruments Ltd, UK). The system 

setup of the combined CIRAS-2 and FMS2 for performing simultaneous GE and CF 

measurements was implemented according to the instructions provided by PP Systems 

International, Inc., USA. Light response curve of net photosynthesis rate (A) (A-Iinc) and its CO2 

response curve (A-Ca) were assessed for each leaf under ambient O2 (i.e. 21%) conditions. The 

A-Iinc curves were assessed by decreasing incident light intensity (Iinc) as: 2000, 1500, 1000, 

500, 300, 200, 150, 100, 60 and 30 µmol m-2 s-1, while keeping leaf chamber CO2 concentration 

(Ca) at 400 µmol mol-1. At the end of assessing the A-Iinc curve, the light source was turned off 

for 15 minutes to measure leaf respiration in darkness (Rdk). The A-Ca curves were assessed by 

changing Ca as: 400, 250, 150, 80, 70, 60, 50, 400, 400, 600, 800, 1000, and 1500 µmol mol-1, 
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while keeping Iinc at 1000 µmol m-2 s-1. Leaf temperature (TL) and vapour pressure of supplying 

air during measurements were set constant at 25 °C and 2 kPa, respectively. The response 

curves were started when the leaf had adapted to the condition at the first Iinc or Ca level for 30 

min. Data was recorded programmatically with 2 min interval for A-Iinc curves and 3 min 

interval for A-Ca curves. Pre-measurements indicated these time intervals were sufficiently long 

for A to reach a steady state. Three plants were measured for each fertilization level. 

 To obtain a calibration factor that can properly convert fluorescence-based PSII efficiency 

into linear electron transport rate, parts of A-Iinc and A-Ca curves were also assessed under 2% 

O2. This condition was realized by supplying the CIRAS-2 with a humidified mixture of 2% O2 

and 98% N2. To avoid O2 leakage, the air-in pump in the CIRAS-2 was replaced by a sealed 

one according to the manufacturer’s instruction. The curves for 2% O2 were assessed in 

accordance with the ones for ambient O2 but the A-Iinc curves were only assessed at Iinc ≤ 150 

µmol m-2 s-1 and the A-Ca curves were only assessed at Ca ≥ 600 µmol mol-1. These particular 

Iinc and Ca conditions are required for obtaining the calibration factor (Yin et al. 2009), i.e., to 

ensure that A is limited by electron transport.  

 When the photosynthetic measurements were completed, SPAD, a proxy for chlorophyll 

concentration, was measured using a SPAD-502 (Minolta, Japan). Leaf area was determined 

from scans using ImageJ (version 1.49; https://imagej.nih.gov/). Dry weight was measured after 

drying at 75 °C until constant weight. Total leaf nitrogen concentration was analysed using a 

CN analyser (Vario Max CN Analyzer; Elementar Americas, Inc., Hanau, Germany). Specific 

leaf nitrogen (SLN; g N m-2) was calculated for each measured leaf using the leaf dry weight, 

leaf area and nitrogen concentration. CO2 leakage of the CIRAS-2 leaf chamber was assessed 

by performing A-Ca curves on three heat-killed leaves. Based on these measurements, values of 

A and the intercellular CO2 concentration (Ci) of A-Ca curves were recalculated using the 

CIRAS-2 built-in formulae. 

4.2.1.2 An experiment on the effect of temperature on leaf photosynthetic capacity (T-trial) 

Seeds were sown in 6 pots (10 × 10 × 15 cm3) placed in a greenhouse on 12 February 2015. 

Each pot contained 1 kg of soil that had identical properties with the ones in the N-trial. The 

temperature in the greenhouse was maintained at approximately 25 °C. A LED lamp (270 Watt, 

Shenzhen GTL Lighting Co. Ltd, China) mounted 50 cm above the canopy for 16 hrs each day 

gave the light level in greenhouse of approximately 600 μmol m-2 s-1. After emergence, the 
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plants were hand-thinned to 2 plants per pot and urea fertilization was applied (0.3 g N per pot). 

The plants were well watered during growth. 

 Starting on 46 days after sowing, GE measurements were conducted in a temperature 

controllable chamber. On one plant in each pot, the middle leaflet of the youngest, fully 

expanded top leaf was measured. The A-Iinc and A-Ca curves were assessed subsequently at TL 

15, 20, 25, 30, 35 and 40 °C. The levels of Iinc and Ca were set in accordance with the N-trial 

under ambient O2. During the measurements, the temperature in the growth chamber was 

controlled close to the targeting TL and the vapour pressure of supplying air was set at 1.5 kPa 

for all temperature levels except for 15 °C, when it was set at 1.0 kPa to avoid water 

condensation. Three plants were measured. SPAD, SLN and gas leakage were analysed using 

the procedures described for the N-trial.  

4.2.1.3 An experiment on leaf photosynthesis in response to fluctuating temperature under 

different leaf nitrogen levels (TN-trial). 

Seeds were sown in 18 containers (60 × 20 × 18 cm3) placed outdoor on 5 August 2013. Each 

container was filled with 10 kg of soil that contained 0.11% of total nitrogen and had a clay-

silt-sand ratio of 15:22:63. After seedling emergence, the plants were hand-thinned to 10 plants 

per container and three levels of urea fertilization were applied (0, 0.78 and 1.95 g N per 

container, respectively). Each fertilization level had six containers. The plants were well 

watered during growth. Because of very late sowing, a halogen lamp (54 Watt) that was 

mounted at 50 cm from the top of canopy was turned on for 16 hrs per day to prevent plants 

from flowering. The daily temperature and radiation during the growth period are presented in 

Supplementary Material Figure S4.1.  

 Starting on 50 days after sowing (the 8th–10th pair of leaves had appeared), GE measurements 

were conducted outdoors on three representative plants for each nitrogen level. A-Iinc and A-Ca 

curves were assessed on the middle leaflet of the youngest, fully expanded leaf. The levels of 

light for the A-Iinc curves were identical to those in the N-trial under ambient O2, while the A-

Ca curves were assessed by increasing Ca as: 50, 60, 70, 80, 150, 250, 400, 650, 1000, and 1500 

µmol mol-1 while keeping Iinc at 1000 µmol m-2 s-1. During measurement, TL and vapour 

pressure were not controlled, therefore, varied depending on ambient conditions. A response 

curve was started when the leaf had adapted to the leaf chamber for 15 min at the first Iinc/Ca 

level. Data were recorded manually when the real-time net photosynthesis (A) had apparently 
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reached steady state (~ 3 min for A-Iinc and ~ 5 min for A-Ca). SPAD, SLN and gas leakage were 

analysed using the procedures described for the N-trial.  

4.2.2 Model description 

The photosynthesis model of Farquhar et al. (1980) coupled with CO2 diffusion model, as 

described in Yin & Struik (2009), was used in this study.  

4.2.2.1 Modelling net leaf photosynthesis rate at the carboxylation sites of Rubisco 

The net leaf photosynthesis rate (A, μmol m-2 s-1) was modelled as the minimum of the Rubisco 

limited rate (Ac), the electron transport limited rate (Aj) and the triose phosphate utilization 

limited rate (Ap): 

A=min (Ac, Aj, Ap)              (4.1) 

 Ac is described, following the Michaelis–Menten kinetics, as: 

�� =
(����∗)�����

������(��� ���⁄ )
− ��          (4.2) 

where Cc (µmol mol-1) and O (mmol mol-1) are the CO2 and O2 levels at the carboxylation sites 

of Rubisco; Vcmax (μmol m-2 s-1) is the maximum rate of carboxylation; Kmc (µmol mol-1) and 

Kmo (mmol mol-1) are Michaelis-Menten constants of Rubisco for CO2 and O2, respectively; Rd 

(μmol m-2 s-1) is the day respiration (respiratory CO2 release other than by photorespiration); 

Г*(μmol mol-1) is the CO2 compensation point in the absence of Rd.  

 Aj is described as: 

�� =
(����∗)�

������∗
− ��         (4.3) 

where J (μmol m-2 s-1) is the potential linear e- transport rate that is used for CO2 fixation and 

photorespiration, and it is described as: 

� =
���������������(�������������)

����������������

��
         (4.4) 

where Jmax (μmol m-2 s-1) is the maximum value of J under saturated light; Iinc is the incident 

light (μmol m-2 s-1); κ2LL (mol mol-1) is the conversion efficiency of incident light into J at 

strictly limiting light; θ (dimensionless) is convexity factor for the response of J to Iinc. 
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 Ap is described as: 

�� = 3�� − ��         (4.5) 

where Tp (μmol m-2 s-1) is the rate of triose phosphate export from the chloroplast.  

 The TL response of Rd, Tp and kinetic properties of Rubisco (involving Vcmax, Kmc, Kmo and 

Г*) are described using an Arrhenius function normalized with respect to their values at 25 °C 

(Eqn. 4.6) while the response of Jmax is described using a peaked Arrhenius function (Eqn. 4.7): 

 � =  ���exp �
��(�����)

����(������)
�            (4.6) 

 � = ���exp �
��(�����)

����(������)
� �

������
��������

����
�

������
�������������

�(������)
�
�         (4.7) 

where X25 is the value of each parameter at 25 °C (i.e., Rd, Vcmax, Kmc, Kmo, Γ* and Jmax). Ex and 

Dx are the energies of activation and deactivation (i.e., ERd, EVcmax, EKmc, EKmo, ETp, EΓ*, EJmax 

and DJmax, all in J mol-1); Sx is the entropy term (SJmax in J K-1 mol-1); R is the universal gas 

constant (=8.314 J K-1 mol-1).  

4.2.2.2 Modelling mesophyll conductance for CO2 

The CO2 concentration at intercellular space (Ci) was taken from gas exchange measurement 

whereas the estimation of Cc relies on proper estimation of mesophyll conductance (gm). gm, 

calculated by the variable J method (Harley et al., 1992a), appeared to vary with CO2 and 

irradiance levels (see Results section). Whether or not gm varies with CO2 and irradiance levels 

is debatable (Flexas et al., 2012, 2007). We used the model of Yin et al. (2009) that is able to 

deal with both constant and variable gm models, and have a similar form as Eqn. (4.8): 

g
�

= g
��

+
�(����)

����∗
              (4.8) 

where gm0 (mol m-2 s-1) is the minimum gm if irradiance approaches zero; parameter δ 

(dimensionless) in this model defines the Cc : Ci ratio at saturating light as (�� − Γ∗)/(�� −

Γ∗) = 1/(1 + 1/�). Any positive value of δ predicts a variable gm pattern in response to Ci and 

Iinc, and a higher δ implies higher gm and therefore a higher Cc : Ci ratio. If δ = 0, Eqn. (4.8) 

predicts an independence of gm on Ci and Iinc (i.e., gm = gm0), equivalent to the constant-gm 

model.  
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4.2.3 Model parameterization and validation 

The data collected in the N-trial was used to assess the effect of leaf nitrogen on the values of 

model parameters at 25 °C. The data collected in the T-trial was used to assess the effect of leaf 

temperature on the values of (peaked) Arrhenius model parameters. The parameterized model 

was validated against the data collected in the TN-trial. In the model, Rubisco kinetic properties 

related parameters (i.e., Kmc, Kmo and Γ*) and �, convexity factor for the response of J to Iinc, 

are conserved amongst C3 species (von Caemmerer et al., 2009). Thus, the value of � was set 

to 0.7 (Ögren & Evans, 1993); the values of Kmc, Kmo and Γ* at 25 °C were set to 272 μmol  

mol-1, 165 mmol mol-1 and 37.5 μmol mol-1 (at 21% O2), respectively (Bernacchi et al., 2002). 

The energies of activation EKmc, EKmo and EΓ* were adapted from the values of Bernacchi et al. 

(2002) as EKmc = 80990 J mol-1; EKmo = 23720 J mol-1; EΓ* = 24460 J mol-1. 

4.2.3.1 Model parameterization with data collected in the N-trial: nitrogen effect 

The step-wise parameterizing procedures described by Yin et al. (2009) were adapted in this 

study. Specifically:  

Step 1: Estimating electron transport parameters (Jmax and κ2LL) and Rd 

According to Yin et al. (2009), the observed Aj under non-photorespiratory conditions can be 

expressed using Eqn. (4.9): 

�� =
�������

�
− ��             (4.9) 

� = ���(1 −
�������(�)

������
)           (4.9a) 

where s is a lumped parameter; Φ2 is PSII operating efficiency, usually assessed from the 

chlorophyll fluorescence measurements, indicating quantum efficiency of PSII e- flow on PSII-

absorbed light basis; β is leaf absorptance; ρ2 is proportion of absorbed Iinc partitioned to PSII; 

f
cyc

	 and f
pseudo(b)

	 are the fraction of cyclic and basal pseudocyclic electron transport, 

respectively. Thus, a simple linear regression can be performed for the observed A against 

(IincΦ2/4) using data of the e- transport-limited range under non-photorespiratory conditions 

(measurements conducted at 2% O2). The slope of the regression yields an estimate of the 

calibration factor s, and the intercept gives an estimate of Rd under 2% O2 condition. The 

estimated s allowed the conversion of CF-based PSII operating efficiency into the actual rate 

of linear electron transport as:  
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� = �������               (4.10) 

Thus, Jmax and κ2LL can be estimated from fitting Eqn. (4.4) to the values of J.  

 The same linear regression for the observed A against (IincΦ2/4) using data of the e- transport-

limited range may be applied as well to photorespiratory conditions (i.e., ambient O2) for 

estimating Rd although the slight variation of Ci with Iinc can have bearing under these 

conditions (Yin et al., 2011, 2009).  

Step 2: Parameterization of the gm model and Vcmax and Tp 

Combining Eqn. (4.8) with Eqn. (4.2) and Eqn. (4.3), and replacing Cc with (Ci − A g
m

⁄ ) yields 

(Yin et al. 2009): 

��	or	�� =
���√������

��
            (4.11) 

where  

� = �� + Γ∗ + 	�(�� + ��) 

�	 = −{(�� + Γ∗)(�� − ��) + (�� + ��)[g��
(�� + Γ∗) + 	�(�� − ��)] + �[��(�� − Γ∗)

− ��(�� + ��)]} 

� = �g
��

(�� + Γ∗) + �(�� − ��)�[��(�� − Γ∗) − ��(�� + ��)] 

with �� = �
�����												for	��	
�

�
																		for	��

 

and �� = �
���(1 +

�

���
)											for	��	

2Γ∗																												for	��

 

Thus, Vcmax, Tp, and δ (or gm0) can be estimated simultaneously by fitting Eqn. (4.1), Eqn. (4.4), 

Eqn. (4.5) and Eqn. (4.11) to A-Iinc and A-Ci using pre-estimated Jmax, κ2LL and Rd as input.  

 Since it is uncertain if gm varies with CO2 and irradiance levels, gm was first assessed 

according to the variable J method (Harley et al., 1992a): 

g
�

=
�

���
�∗[���(����)]

���(����)

             (4.12) 
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where A and Ci were taken from gas exchange measurements and J was calculated by Eqn. 

(4.10). If gm does vary in response to changing Ci and Iinc, we could fit only � by fixing gm0 to 

0 (Yin et al. 2009). In such a case, gm can be calculated as: 

g
�

=  
���(����)

����∗
             (4.13) 

4.2.3.2 Model parameterization with data collected in the T-trial: temperature effect 

By assuming the value of � is independent of leaf temperature, the values of Jmax, κ2LL, Vcmax 

and Tp at each leaf temperature were solved from Eqn. (4.1), Eqn. (4.4), Eqn. (4.5) and Eqn. 

(4.11) by simultaneously fitting A-Iinc and A-Ci. Subsequently, the parameter values at different 

TL were fitted to either Eqn. (4.6) for estimating ERd, EVcmax, ETp, or Eqn. (4.7) for estimating 

EJmax, DJmax and SJmax.  

4.2.3.3 Model validation 

The parameterized model was validated against the data obtained in the TN-trial. The model 

parameters Rd, Jmax, Vcmax and Tp at 25 °C were derived from their linear relationships with SLN 

(see Results section), and the effect of TL on the values of these parameters was quantified 

through Eqn. (4.6) or Eqn. (4.7) with the estimated ERd, EVcmax, ETp, EJmax, DJmax and SJmax. 

4.2.4 Comparison of hemp leaf photosynthetic competence with that of cotton and kenaf 

To illustrate the leaf photosynthetic competence of hemp in comparison with cotton and kenaf, 

A-Ci, A-Iinc, A-TL and A-SLN curves were constructed for hemp using the validated model while 

those of cotton and kenaf were constructed using the FvCB models and corresponding 

parameters reported in Harley et al. (1992b) for cotton (cv. Coker 315) and in Archontoulis et 

al. (2011) for kenaf (cv. Everglades 41).  

4.2.5 Statistics 

Simple linear regression was performed using Microsoft Excel. Non-linear fitting was carried 

out using the GAUSS method in PROC NLIN of SAS (SAS Institute Inc., Cary, NC, USA). If 

parameters were proven independent from leaf nitrogen or temperature, the dummy variables 

method was used to estimate one common value (Yin et al., 2009). The goodness of fit was 

assessed by calculating the coefficient of determination (r2) and the relative mean root square 

(rRMSE). The effect of leaf position on parameter values was tested by performing ANOVA 

test considering leaf nitrogen as covariate. 
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4.3 Results 

4.3.1 Results of model parameterization and validation 

4.3.1.1 Results of the N-trial: nitrogen dependent photosynthetic capacity  

Measurements to assess the effect of leaf nitrogen on leaf photosynthetic capacity of hemp (N-

trial) were conducted on leaves having an average SLN of 0.87 g N m-2, 1.25 g N m-2 and 1.75 

g N m-2 at the top of the canopy, or 0.65 g N m-2, 0.78 g N m-2 and 1.22 g N m-2 at the middle 

of the canopy, for the three N treatments, respectively. Examples of A-Iinc and A-Ci curves at 

different SLN levels are shown in Figure 4.1. The Rdk (µmol m-2 s-1; leaf respiration in the dark) 

and light-saturated net photosynthesis rate (Amax; measured at 2000 μmol m-2 s-1) increased 

linearly with increasing SLN, and these linear relationships did not differ between the top and 

middle leaves (Figure 4.2).  

 Using the data of electron transport limited range under non-photorespiratory conditions (i.e., 

at 2% O2, Ca ≥ 600 μmol mol-1 in the A-Ca curve and Iinc ≤ 150 μmol m-2 s-1 in the A-Iinc curve), 

parameter s was estimated as the slope of a linear regression of A against (IincΦ2/4). The value 

of s was independent of SLN and canopy position (P > 0.05; see Supplementary Material Figure 

S4.2a). Thus, a common s (0.33 ± 0.01) was estimated from pooled data. κ2LL and Jmax were 

estimated from fitting Eqn. (4.4) to the data on calculated J from Eqn. (4.10). A preliminary 

estimation indicated that κ2LL was unlikely to change with SLN and canopy position 

 

Figure 4.1 The net leaf photosynthesis (A) in response to incident irradiance (Iinc; panel a) and 
intercellular CO2 concentration (Ci; panel b) under different leaf nitrogen levels. Data presented were 
measured at 21% O2 on the top leaves in the N-trial. N1, N2 and N3 correspond to nitrogen treatments, 
resulting in average specific leaf nitrogen values of 0.87 g N m-2, 1.25 g N m-2 and 1.75 g N m-2, 
respectively. The bars indicate standard errors of the mean (n = 3). 
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(P > 0.01; Supplementary Material Figure S4.2b). Thus, a common κ2LL (0.21 ± 0.004 mol   

mol-1) was estimated together with Jmax using the dummy variable method. The Jmax ranged 

from 116.1 μmol m-2 s-1 to 316.4 μmol m-2 s-1 and increased linearly with an increase in SLN at 

the rate of 132.9 μmol s-1 (g N)-1 (Figure 4.3a). The relationship between Jmax and SLN was 

independent of canopy position (P > 0.05).  

 The estimated Rd values at 21% O2 were roughly in line with the ones at 2% O2 

(Supplementary Material Figure S4.3). Although the latter were on average 25% lower, a test 

of covariance indicated that Rd did not differ significantly between the different O2 levels (P = 

0.17). At 21% O2, Rd ranged from 0.29 μmol m-2 s-1 to 1.61 μmol m-2 s-1, increasing linearly 

with SLN at a rate of 0.85 μmol s-1 (g N)-1 (Figure 4.3b). The Rd-SLN relationship did not differ 

much between the middle and top leaves (P > 0.05). 

 

Figure 4.2 The response of leaf respiration in dark (Rdk, panels a and c) and maximum light-saturated 
net photosynthesis rate (Amax; panels b and d) to specific leaf nitrogen (SLN; panels a and b) and leaf 
temperature (TL; panels c and d). Rdk was measured after adapting leaves in dark for 15 minutes after 
measuring the A - Iinc curve. Amax was measured at 2000 μmol m-2 s-1 for incident light intensity and 400 
μmol mol-1 for ambient CO2 concentration. The data presented in panel a and panel b were obtained in 
the N-trial while those in panel c and panel d were obtained in the T-trial. The bars in panels c and d 
indicate standard errors of the mean (n = 3). 
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 The gm calculated using the variable J method, Eqn. (4.12), indicated that it varied with 

changing Iinc and Ci (Figure 4.4a, b). A preliminary analysis indicated that the value of gm0 in 

Eqn. (4.8) was close to zero. By fixing gm0 to zero, a common value of δ (2.12 ± 0.09) was 

estimated together with Vcmax and Tp using the dummy variable method. With the estimated δ, 

Eqn. (4.13) estimates that gm changes with Iinc and Ci in a similar trend as observed for the gm 

calculated using Eqn. (4.12); the latter, however, was 38% lower (Figure 4.4a, b), probably as 

a result that the variable J method assumes the limitation on photosynthesis by electron 

transport over the full range of A-Iinc and A-Ci curves (Yin et al. 2009). The estimated gm with 

Eqn. (4.13) increases with an increase in SLN (Figure 4.4c).  

 The estimated Vcmax ranged from 53.7 μmol m-2 s-1 to 163.2 μmol m-2 s-1 and increased 

linearly with an increase in SLN at the rate of 76.2 μmol s-1 (g N)-1 (Figure 4.3c). The estimated 

 

Figure 4.3 Dependence of maximum potential linear e- transport rate (Jmax; panel a), day respiration (Rd; 
panel b), maximum rate of carboxylation (Vcmax; panel c) and the rate of triose phosphate export from the 
chloroplast (Tp; panel d) on specific leaf nitrogen (SLN). Values indicated as circles (○ and ● denote 
leaves at the middle and top of canopy, respectively) were derived from the data collected in the N-trial; 
values indicated as triangles (∆) were derived from the data collected in the T-trial at a leaf temperature 
of 25 oC.  
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Tp ranged from 6.9 μmol m-2 s-1 to 11.5 μmol m-2 s-1 and increased linearly with an increase in 

SLN at the rate of 4.2 μmol s-1 (g N)-1 (Figure 4.3d). The effects of SLN on Vcmax and Tp were 

independent of leaf position (P > 0.05). With the estimated Rd, κ2LL, Jmax, δ, Vcmax and Tp, the r2 

and rRMSE of the model description of the measured A in the N-trial were 0.99 and 18.5%, 

respectively. 

4.3.1.2 Results of T-trial: temperature dependent photosynthetic capacity 

The Rdk increased continuously from 0.9 μmol m-2 s-1 to 4.1 μmol m-2 s-1 at increasing TL from 

15 °C to 40 °C while the Amax initially increased with increasing TL, levelled off at 25–35 °C 

and decreased when TL became higher than 35 °C (Figure 4.2c, d).  

 

Figure 4.4 Illustration of mesophyll conductance (gm) in relation to changing incident irradiance (Iinc: 
panel a), intercellular CO2 concentration (Ci: panel b), specific leaf nitrogen (SLN; panel c) and leaf 
temperature (TL; panel d). In panels a and b, the data presented were obtained from the leaves at the 
middle of the canopy in the treatment without nitrogen fertilization in the N-trial; the open (○) and closed 
(●) circles were calculated using the variable J method of Harley et al. (1992a) (see Eqn. 4.12 in the 
text) and the method of Yin et al. (2009) (see Eqn. 4.13 in the text), respectively. In panel c, the data 
presented were obtained at Iinc = 1000 µmol m-2 s-1 and Ca = 400 µmol mol-1 in the N-trial; the open (○) 
and closed (●) circles represent data obtained from leaves from the middle and the top of the canopy, 
respectively. In panel d, the data presented were obtained at Iinc = 1000 µmol m-2 s-1 and Ca = 400 µmol 
mol-1 in the T-trial; the bars indicate standard errors of the mean (n = 3). Note the differences in scale 
along the y-axes. 
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 The estimated Rd increased continuously with an increase in TL, ranging from 0.3 μmol m-2 

s-1 until 3.2 μmol m-2 s-1 (Figure 4.5a). The κ2LL, Jmax, Vcmax and Tp were estimated 

simultaneously by assuming δ = 2.12 (estimated in N-trial) at each TL. With the constant δ, the 

model predicted that gm changed with an increase in TL following a similar trend as Amax (cf. 

Figures 4.2d, 4.4d). A preliminary analysis indicated that κ2LL was conserved at different levels 

of TL (P > 0.05; see Supplementary Material Figure S4.2c) but significantly higher than the 

value estimated in the N-trial (i.e., κ2LL = 0.21 ± 0.004 mol mol-1). Thus, a common κ2LL (0.37 

± 0.01 mol mol-1) was estimated together with Jmax, Vcmax and Tp using the dummy variable 

method. The Jmax, Vcmax and Tp at 25 °C were comparable with those derived from the N-trial 

(Figure 4.3). The value of Tp increased consistently with an increase in TL from 15 °C to 30 °C 

(Figure 4.5d). When TL was higher than 30 °C, the curve fitting failed to assess Tp properly 

because the triose phosphate utilization is not limited at such high temperatures (Busch & Sage, 

2016; Sage & Kubien, 2007). Therefore, Tp limitation was excluded to estimate Jmax and Vcmax 

 

Figure 4.5 Response of day respiration (Rd; panel a), maximum potential linear e- transport rate (Jmax; 
panel b), maximum rate of carboxylation (Vcmax; panel c) and the rate of triose phosphate export from 
the chloroplast (Tp; panel d) to leaf temperature (TL). The solid lines denote the predicted relations 
according to Eqn. (4.6) or Eqn. (4.7) with values presented in Table 4.1. The bars indicate standard 
errors of the mean (n = 3). 
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at 35 °C and 40 °C. The Vcmax increased continuously at increasing TL from 15 °C to 40 °C 

while the value of Jmax peaked at 30-35 °C (Figure 4.5b, c).  

By fitting the Rd-TL, Vcmax-TL and Tp-TL to Eqn. (4.6), the activation energies ERd, EVcmax and 

ETp were estimated at 21634.8 ± 4085.5 J mol-1, 63042.7 ± 1562.2 J mol-1 and 34417.8 ± 5297.7 

J mol-1, respectively. By fitting Jmax-TL to Eqn. (4.7), the values of EJmax, DJmax and SJmax were 

estimated at 67292.1 ± 35985.5 J mol-1, 114701.0 ± 28709.6 J mol-1 and 375.6 ± 82.3 J K-1   

mol-1, respectively. With the estimated parameters, the model described well the response of A 

to changing Iinc and Ci at different TL (r2=0.94 and rRMSE= 24.1%). 

4.3.1.3 Model validation 

The measurements in the TN-trial were conducted on leaves with SLN ranging from 0.63 g N 

m-2 to 1.44 g N m-2. During the measurement, the TL ranged from 21 °C to 33 °C, and VPD 

ranged from 0.61 kPa to 2.61 kPa. 

The parameterized model was validated against the data obtained in the TN-trial. The measured 

A was overestimated with either the κ2LL derived in the N-trial (κ2LL = 0.21 mol mol-1) or in the 

T-trial (κ2LL = 0.37 mol mol-1) (Figure 4.6a, b). The rRMSE reduced significantly with 

decreasing value of κ2LL until 0.13 mol mol-1 (Figure 4.6c). Assuming κ2LL = 0.13 mol mol-1 for 

the TN-trial, the r2 and rRMSE were 0.94 and 26%, respectively; the error of model prediction 

distributed evenly across measured SLN and TL (see Supplementary Material Figure S4.4).  

 

 

 

Figure 4.6 Results of model validation against the data measured net photosynthesis rate (A) in the TN-
trial. The dotted lines represent the 1:1 line. The predicted A values in panels a, b and c were with a 
value of κ2LL = 0.21 mol mol-1 (derived from the N-trial), κ2LL = 0.37 mol mol-1 (derived from the T-
trial) and κ2LL = 0.13 mol mol-1 (obtained by minimizing prediction error of A), respectively.  

 



Hemp leaf photosynthesis 

101 
 

4.3.2 Leaf photosynthetic competence of hemp in comparison with kenaf and cotton 

Comparison of leaf photosynthetic competence of hemp with kenaf and cotton is presented in 

Figure 4.7. The values of the main parameters are summarised in Table 4.1. In this illustration, 

we considered the uncertainty in estimated values of parameters (i.e., Rd, Jmax, Vcmax and Tp) for 

their linear relationships with SLN and non-linear relationships with TL (presented as the shaded 

area). The modelled values of A for hemp are shown using lower and upper bounds of 95% 

confidence interval of these parameter values. Given that there was a large variation in the value 

of κ2LL among different growth environments and each estimate of κ2LL had a very small 

standard error (Table 4.1), the lower bounds were combined with κ2LL of 0.21 mol mol-1 

 

Figure 4.7 Simulation of leaf photosynthetic capacity (A) of hemp (black lines), kenaf (red line) and 
cotton (blue line) in response to intercellular CO2 concentration (Ci; panel a), incident light intensity 
(Iinc; panel b), leaf temperature (TL; panel c) and leaf nitrogen (SLN; panel d). The hemp leaf 
photosynthesis presented by a continuous line was simulated with κ2LL = 0.21 mol mol-1 (derived from 
the N-trial) while the dashed line was simulated with κ2LL = 0.37 mol mol-1 (derived from the T-trial). 
The shaded area presents 95% confidence interval of hemp leaf photosynthesis. The photosynthesis 
rates of cotton were simulated using the model and values described in Harley et al. (1992b) while for 
kenaf the model and values came from Archontoulis et al. (2011). Except when used as the independent 
variable, the variables were set constant as: Ci = 400 μmol mol-1; Iinc = 2000 μmol m-2 s-1; SLN = 2.0 g 
N m-2; TL = 25 °C. 
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(derived from N-trial) while the upper bounds were combined with κ2LL of 0.37 mol mol-1 

(derived from T-trial).  

 For the response to Ci, these three crops had similar A at the current atmosphere CO2 level 

(Figure 4.7a). In case of a further increase in CO2 level in the future, kenaf may become more 

productive than hemp. For both crops, there was a large uncertainty in the responses of A to Iinc 

and TL (Figure 4.7b, c) because these curves are affected by the value of κ2LL. When using κ2LL 

Table 4.1 List of model parameters (± standard errors if available) of hemp, cotton and kenaf. 

 Parameter  Unit Hemp Cottonb Kenafd 

Respiration    
 Rd-SLN Slope μmol s-1 (g N)-1 0.85 ± 0.15 0c 0.80 

  Intercept μmol m-2 s-1 0.03 ± 0.19 0.82c -0.37 

 ERd  J mol-1 21634 ± 4085 84450 83440 

e- transport parameters      

 Jmax-SLN Slope μmol s-1 (g N)-1 132.9 ± 14.6 98.1 122.1 

  Intercept μmol m-2 s-1 54.4 ± 18.8 -4.6 -47.6 

 EJmax  J mol-1 67292 ± 35986 79500 28149 

 DJmax  J mol-1 114701 ± 28710 201000 474614f 

 SJmax  J K-1 mol-1 375 ± 82 650 1482f 

 κ2LL  mol mol-1 0.21 ± 0.004 (N-trial) 0.24a 0.28 

 θ  - 0.70a 0.83a 0.63 

Rubisco parameters     

 Vcmax-SLN Slope μmol s-1 (g N)-1 76.2 ± 9.8 60.0e 66.7e 

  Intercept μmol m-2 s-1 12.6 ± 12.5 -9.6e 26.0e 

 Evcmax  J mol-1 63024 ± 1562 116300 61812 

TPU parameters     

 Tp-SLN Slope μmol s-1 (g N)-1 4.2 ± 0.4 5.1 NA 

  Intercept μmol m-2 s-1 4.3 ± 0.6 0.6e  

 ETp  J mol-1 34417 ± 5298 53100 NA 

gm parameters  
   

 δ  - 2.12 ± 0.09 NA NA 

 gm0  mol m-2 s-1  0a NA NA 

NA: not estimated or not available 
a: parameter values are fixed beforehand. 
b: parameter values are derived from Harley et al. (1992b) with plants grown at an ambient [CO2] of 35 
Pa; the parameter values of temperature response are converted to fit Eqn. (4.6) or Eqn. (4.7) in the text; 
the value of θ is converted to fit Eqn. (4.4) in the text.  
c: Rd was held constant at different nitrogen levels and equal to 0.82 μmol m-2 s-1. 
d: parameter values are derived from Archontoulis et al. (2011). In his paper, the value of ERd is a 
function of SLN. The value presented here is derived at SLN = 2.0 g N m-2. Slopes of Rd-SLN are 
calculated from simulation of Rd against SLN using original model. 
e: note that the absolute value of these parameters may be lower than the presented one when gm is 
considered; 
f: the optimum temperature Jmax was not observed, so its Jmax was fitted to the Arrhenius Eqn. (4.6), 
thereby DJmax and SJmax were not estimated. The presented value gave equal temperature sensitivities but 
it was rejected by the authors due to a high standard error of the estimate. 
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of 0.37 mol mol-1, a value close to that of healthy C3 leaves (presented as dashed black lines), 

the calculated A for hemp was similar to that for kenaf across different Iinc levels, but was 

slightly higher than for cotton at intermediate Iinc. Reducing κ2LL to 0.21 mol mol-1 (presented 

as solid black lines) resulted in a reduction of A under light limiting condition and in a reduction 

of the optimal temperature. For the response to leaf nitrogen, the leaf photosynthetic 

competence of hemp, including its 95% confidence interval, was consistently higher than that 

of cotton and kenaf at SLN < 2.0 g N m-2, which is close to the maximum SLN measured in this 

study (Figure 4.7d).  

4.4 Discussion 

Hemp is considered an ideal annual crop for the bio-economy as it has the potential to produce 

a high multipurpose biomass yield while requiring little inputs (Chapters 2, 3; Finnan & Burke, 

2013). However, very limited information is available on the physiological basis of hemp 

resource use efficiency. With the aim of understanding the response of leaf photosynthesis 

capacity of hemp to leaf nitrogen status and environmental factors and setting the basis for a 

hemp growth model, this study presents the results of extensive hemp leaf photosynthetic 

measurements and parameterization of a widely-used photosynthesis model.  

4.4.1 Parameterization of the leaf photosynthesis model for hemp 

Theoretically, the method to estimate Rd (day respiration) works best for the NPR (non-

photorespiratory) condition (Yin et al., 2011). The estimated Rd in this study did not differ 

significantly between PR (photorespiratory) and NPR conditions (P > 0.05). This result 

suggests that estimating Rd from Eqn. (4.9) is practicable even under PR condition (Yin et al., 

2009, 2011). Note that assessing the true Rd is somewhat difficult and the estimated Rd differs 

according to methodologies. A comparison of the method used in this study with other ones to 

estimate Rd is discussed in Yin et al. (2011). The estimated Rd values were on average 20% 

lower than Rdk values (respiration in the dark) in line with other reports (Yin et al., 2011, 2009, 

Brooks & Farquhar, 1985). An in vivo metabolic study (Tcherkez et al., 2005) indicated that 

the main inhibited steps were the entrance of hexose molecules into the glycolytic pathway and 

the Krebs cycle. Nevertheless, detailed mechanism of this difference still needs further research 

(Tcherkez et al., 2012).  

 Both Rd and Rdk increased monotonically with an increase in SLN and TL (Figures 4.2, 4.3, 

4.5) within the tested ranges. The result agrees with those of Yin et al. (2011, 2009), but does 
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not support those in Harley et al. (1992b) for cotton, where a constant Rd was considered at 

changing nitrogen and temperature. For hemp, Chandra et al. (2011a, 2008) reported that Rdk 

levelled off or slightly decreased with an increase in temperature from 30 °C to 40 °C. This was 

not confirmed in the present study, although the highest Rdk measured at 25 °C in our study is 

comparable with the value observed in Chandra et al. (2011a, 2008). The reason for such 

discrepancy of Rdk in response to TL is not clear. It is probably due to an artefact of different 

protocols or due to changes of thermal sensitivity of respiration at different growth 

environments and plant status (e.g., drought, nutrient availability and sugar concentration) 

(Katja et al., 2012; Atkin et al., 2005). If an increase of respiration with increasing SLN and TL 

is proven for hemp, it could counteract, at least partly, the positive effects of SLN and TL on A 

(net photosynthesis rate) when considering at daily basis.  

 Based on the findings that the maximum quantum yields (the initial slopes of the response 

of CO2 uptake to photon absorption) were conserved across age classes within species or across 

the mature photosynthetic organs of different species (Long et al., 1993), κ2LL was often fixed 

as a constant across different growth environments and species in studies of plant 

photosynthesis (Medlyn et al., 2002; Harley et al., 1992b). However, very different values have 

been assumed in different studies without clear explanation, ranging from 0.18 mol mol-1 until 

0.39 mol mol-1 (Yamori et al., 2010; Medlyn et al., 2002; Wullschleger, 1993; Harley et al., 

1992b). The estimated κ2LL in the present study did not change with SLN and with TL but it was 

not constant across growth environments (0.21 mol mol-1 for the N-trial; 0.37 mol mol-1 for the 

T-trial and 0.13 mol mol-1 resulted in the best prediction of measurements in the TN-trial), in 

line with Archontoulis et al. (2011) who observed that cardoon (Cynara cardunculus) had a 

higher κ2LL in the cold season than in the warm season. The reason for the variation in κ2LL in 

different environments is still not fully understood. We speculate that the low κ2LL in the N-trial 

and the TN-trial in comparison with the κ2LL in the T-trial is a consequence of photoinhibition 

that occurs naturally in field plants grown in West-Europe when the temperature is low and the 

sky is clear (Long et al., 1994). The plants of the N-trial and the TN-trial were grown outdoors, 

with fluctuations in temperature and irradiance, particularly the plants in the TN-trial 

experienced a sudden drop of temperature five days before measuring (Supplementary Material 

Figure S4.1). These conditions could have resulted in severe photoinhibition (Long et al., 1983; 

Powles et al., 1983) causing a reduction in Φ2LL (PSII quantum use efficiency under strictly 

limiting light) and an increase in the fraction of alternative electonic transport (i.e., 
�������(�)

������
; 
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cf. Eqn. 4.9a) (Murata et al., 2012; Curwiel & van Rensen, 1993), hence a low κ2LL. In contrast, 

the plants of the T-trial were grown in the greenhouse where both light intensity and 

temperature were controlled at a condition free of photoinhibition. Thus, the value of κ2LL (0.37 

mol mol-1) was high and close to the range for healthy C3 leaves (between 0.32 mol mol-1 and 

0.35 mol mol-1) (Hikosaka et al., 2016 and their references). Moreover, the variation in κ2LL 

could be partly attributed to the change in β (leaf absorbance; cf. Eqn. 4.9a) as a result of 

environmental acclimation (Archontoulis et al., 2011). A higher β in the T-trial than in the N-

trial and the NT-trial is reflected by the higher SPAD values when considered at the same SLN 

(Supplementary Material Figure S4.5). Given that the value of κ2LL varied significantly across 

different environments and that it affected significantly the prediction of photosynthesis when 

electron transport was limited (i.e., Aj) (Figure 4.7), caution is needed when modelling 

photosynthesis rate using a value of κ2LL derived from different environments, particularly if 

these include both greenhouse and open field conditions. To improve modelling of crop growth 

in field conditions, further study should be conducted to investigate the mechanisms underlying 

variation in κ2LL during the whole growth season.  

 The relationships Jmax-SLN, Vcmax-SLN and Tp-SLN were consistent across canopy positions 

and growth environments whereas linear regression of these relationships resulted in negative 

intersections at the x–axis (Figure 4.3), in line with Akita et al. (2012) but different from 

Archontoulis et al. (2011) and Braune et al. (2009) where the intersection of linear extrapolating 

resulted in a minimum SLN required for photosynthesis (SLNb). Given that it is not 

physiologically possible to have a negative SLNb, the results in this study indicate that the 

relationships Jmax-SLN, Vcmax-SLN and Tp-SLN for hemp may not be perfectly linear. Further 

study would be needed to elucidate the relationship between these parameters and SLN at SLN 

levels approaching zero. 

 It is well recognized that gm is not infinite (Bernacchi et al., 2002). Using both the variable 

J method and the modelling method, our analysis for hemp (Figure 4.4) supports that gm varies 

with changing Ci and Iinc (Flexas et al., 2012, 2007; Yin et al., 2009), which is in contrast with 

the assumption that gm is independent of Ci and Iinc (Bernacchi et al., 2002). This highlights an 

important uncertainty in the present understanding of CO2 diffusion processes in leaves. The 

gm obtained from Eqn. (4.13) with a constant δ changed in line with A (cf. Figures 4.2, 4.4), 

confirming the assumption of Piel et al. (2002) and Ethier et al. (2006) that gm is correlated 

with A. The value of δ (2.12) is lower than that of wheat (2.54) (Yin et al., 2009) but higher 

than that of rice (0.45~1.57) (Gu et al., 2012).  
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4.4.2 Does hemp have high photosynthetic competence? 

The observed Amax was levelled off at 25–35 °C (Figure 2d) that is comparable with the 27 °C 

reported in Cosentino et al. (2012) and the 30 °C reported in Chandra et al. (2011a) for hemp 

leaf photosynthesis. The wide range of optimal temperature for leaf photosynthesis confirms 

the fact that hemp has been cultivated from the tropic (Tang et al., 2012) to the polar circle 

(Pahkala et al., 2008). 

 The highest Amax (light-saturated net photosynthesis rate) at 25 ºC was measured at 31.2 ± 

1.9 μmol m-2 s-1 (Figure 4.2b). This value is higher than the highest value reported for hemp in 

De Meijer et al. (1995) and (Chandra et al., 2011a, 2008), which were 19.0 μmol m-2 s-1 and 

24.0 μmol m-2 s-1, respectively. The highest Amax in this study is comparable with that of other 

C3 bioenergy crops. Archontoulis et al. (2011) reported that the highest Amax of kenaf, sunflower 

(Helianthus annuus L.) and cardoon ranged between 30 µmol m-2 s-1 and 35 µmol m-2 s-1 under 

optimum temperature.  

 As direct comparison of Amax among crops is difficult due to the variation of experimental 

protocols and plant status, we constructed A-Ci, A-Iinc, A-TL and A-SLN curves for hemp, cotton 

and kenaf with the same values of variables (i.e. Ci, Iinc, TL and SLN) (Figure 4.7). The 

comparison highlighted that hemp has higher leaf photosynthesis rate than cotton and kenaf at 

a low nitrogen condition (i.e., SLN < 2.0 g N m-2). This was presumably because hemp has a 

relatively low SLNb. Analysis of newly senesced hemp leaves resulted in a nitrogen content of 

0.25 ± 0.01 g N m-2. This value is at the low range of SLNb among C3 crops and weeds (average 

value = 0.31 ± 0.03 g N m-2) and is considerably lower than the estimation for kenaf (0.39 ± 

0.13 g N m-2) (Archontoulis et al., 2011).  

 The high photosynthesis rate of hemp at low nitrogen condition is in line with its observed 

high productivity at low nitrogen input (Finnan & Burke, 2013, Struik et al., 2000) and puts 

hemp ahead of cotton and kenaf from a perspective of bio-economy. However, our model 

approach has limitations. Firstly, the comparison was based on parameters derived from 

different studies conducted in different environments. Secondly, even though the FvCB model 

is biochemically based and the relationships Jmax-SLN, Vcmax-SLN and Tp-SLN were consistent 

in this study across canopy positions and growth environments (Figure 4.3), increasing 

evidences show that the model parameters may change when plant acclimates to growing 

environments. For example, Harley et al., (1992b) reported that the slope of Vcmax-SLN 

decreased with an increase in CO2 concentration in the growth environment. The present study 
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also indicated that the value of κ2LL may differ among growth environments. Thirdly, variation 

of photosynthetic competence among cultivars has been reported for hemp (Chandra et al., 

2011b). As only one cultivar was studied, it is not clear if the advantage of photosynthetic 

competence of hemp is persistent across cultivars. Therefore, to consolidate the potential of 

hemp as a bio-economic sustainable crop, further study is needed to compare hemp leaf 

photosynthetic competence with those of cotton, kenaf and other bioenergy crops in the same 

growing environment with multiple cultivars.  
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Figure S4.2 Dependence of lumped parameter (s) in Eqn. (4.9) on leaf nitrogen (SLN) and 
dependence of the efficiency of converting incident irradiance into linear electron transport under 
limiting light (κ2LL) on SLN and leaf temperature (TL). 

 

Figure S4.1 The daily temperature and global radiation during the period from sowing to the end of 
the experiment for plants grown in the open field (i.e., TN-trial in 2013 and N-trial in 2014). 
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Figure S4.3 The estimated day respiration under photorespiratory condition, i.e. at 21% O2, (Rd_PR) 
against that under non-photorespiratory condition, i.e. at 2% O2 (Rd_NPR). 

 

Figure S4.4 The error of model validation against leaf nitrogen (SLN, panel a) and temperature (TL, 
panel b). 

 

Figure S4.5 The effect of growth environment on the relationship between SPAD values and leaf 
nitrogen (SLN). 
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Abstract 

Interest in hemp (Cannabis sativa L.) as a bio-economical crop is growing worldwide because hemp 

produces a high and valuable biomass while requiring low inputs. To understand the physiological basis 

of hemp’s resource-use efficiency, canopy gas exchange was assessed using a chamber technique on 

canopies exposed to a range of nitrogen (N) and water levels. Since canopy transpiration and carbon 

assimilation were very sensitive to variations in microclimate among canopy chambers, observations 

were adjusted for microclimatic differences using a physiological canopy model, with leaf-level 

parameters estimated for hemp from our previous study. Canopy water-use efficiency (WUEc), defined 

as the ratio of gross canopy photosynthesis to canopy transpiration, ranged from 4.0 mmol CO2 (mol 

H2O)-1 to 7.5 mmol CO2 (mol H2O)-1. Canopy nitrogen-use efficiency (NUEc), the ratio of the gross 

canopy photosynthesis to canopy leaf-N content, ranged from 0.3 mol CO2 d
-1 (g N)-1 to 0.7 mol CO2   

d-1 (g N)-1. The effect of N-input levels on WUEc and NUEc was largely determined by the N effect on 

canopy size or leaf area index (LAI), whereas the effect of water-input levels differed between short- 

and long-term stresses. The effect of short-term water stress was reflected by stomatal regulation. The 

long-term stress increased leaf senescence, decreased LAI but retained total canopy N content; however, 

the increased average leaf-N could not compensate for the lost LAI, leading to a decreased NUEc. 

Although hemp is known as a resource-use efficient crop, its final biomass yield and nitrogen use 

efficiency may be restricted by water limitation during growth. Our results also suggest that crop models 

should take stress-induced senescence into account in addition to stomatal effects if crops experience a 

prolonged water stress during growth. 

Key words: canopy gas exchange, hemp (Cannabis sativa L.), nitrogen use efficiency, water use 

efficiency. 
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5.1 Introduction 

The pressures of climate change, natural resource scarcity and environmental pollution have 

fuelled interest in bio-economically sustainable agronomy that requires effective use of scarcely 

available resources. A range of focused studies have indicated that hemp (Cannabis sativa L.) 

may be a suitable crop for the bio-economy (Amaducci & Gusovius, 2010). Hemp is a high-

yielding multi-purpose crop that requires low inputs (Chapters 2, 3; Struik et al., 2000) and has 

a positive impact on the environment (Barth & Carus, 2015; Bouloc & Werf, 2013). Its stems 

contain high-quality cellulose (De Meijer & van der Werf, 1994); high added-value compounds 

can be recovered from the female inflorescence and from threshing residues (Calzolari et al., 

2017; Bertoli et al., 2010) after harvesting the seeds, that contain healthy oil (Leizer et al., 

2000). Although once an important crop to produce raw materials for textiles and ropes, hemp 

acreage declined in the last century and was displaced largely by cotton and synthetic fibres. 

Consequently, little attention has been paid to understanding the physiological basis of the high 

resource-use efficiency of hemp. 

 Crop water-use efficiency (WUE) and nitrogen-use efficiency (NUE) can be measured at 

different organizational levels from leaf to canopy. A range of focused studies provided key 

insights at leaf level (Cabrera-Bosquet et al., 2007; Van den Boogaard et al., 1995). However, 

canopy water-use efficiency (WUEc, defined as the ratio of gross canopy photosynthesis to 

canopy transpiration) and nitrogen-use efficiency (NUEc, the ratio of the gross canopy 

photosynthesis to canopy leaf-N content) reflect the actual balance between photosynthate gain 

and its water and nitrogen costs (Linderson et al., 2012). While lack of significant correlations 

between leaf and canopy WUE or NUE has been reported (Tomás et al., 2012), there is a need 

for focused quantitative studies on the scaling up of WUE and NUE from leaf to canopy. 

 One challenge in studying WUEc and NUEc is to properly assess canopy CO2 and H2O 

exchange rates under varying nitrogen and water regimes. To date, the canopy gas exchange 

rate is mainly assessed by micro-meteorological methods or by means of canopy-enclosure 

chamber systems. The micro-meteorological techniques such as the eddy covariance or Bowen 

ratio methods enable gas flux measurements without disturbing canopy micro-environment, 

and they are often applied to large homogeneous areas but are unsuitable in plot/pot-sized 

experiments (Jones, 2013). In contrast, the canopy chamber technique enables to determine 

precisely canopy gas exchange at a relatively small scale (Müller et al., 2009, 2005). However, 

enclosing a crop canopy with a chamber might result in significant changes in micro-
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environmental variables (e.g., CO2 concentration, air temperature and vapour pressure) as a 

consequence of photosynthetic CO2 uptake, the greenhouse effect and transpiration (Müller et 

al., 2009; Takahashi et al., 2008). The effect of micro-environmental changes within a canopy 

chamber on photosynthesis rates should be assessed when the chamber is used to analyse the 

responses of canopy photosynthesis to water shortage and nitrogen deficiency.  

 On the basis of a thorough understanding of the underlying mechanisms of leaf and canopy 

photosynthesis, models have been developed to quantify the response of canopy photosynthesis 

to varying micro-environments under different physiological conditions (Hikosaka et al., 2016). 

Such canopy models are capable of simulating instantaneous canopy gas exchange 

measurements by micro-meteorological techniques (Wright et al., 2013; Leuning et al., 1998) 

and in canopy chambers (Müller et al., 2005). In that context, a well-defined canopy model is 

a useful tool to normalize the changes in micro-environmental variables within a canopy 

chamber and to quantitatively assess the responses of canopy photosynthesis to nitrogen and 

water deficiencies. 

 The objective of this study was to experimentally assess hemp WUEc and NUEc in relation 

to nitrogen and water availabilities. To that end, we parameterized a canopy photosynthesis 

model (Yin & Struik, 2017; Yin & van Laar, 2005), with leaf-level parameters estimated from 

our previous study for hemp (Chapter 4). This model was used to correct gas exchange 

measurements within different canopy chambers and to assess the main components of hemp 

WUEc and NUEc, providing supporting information for effective use of water and nitrogen 

resources. 

5.2 Materials and methods 

5.2.1 Experimental design and data collection 

Field and container experiments were carried out at the research facilities of the Università 

Cattolica del Sacro Cuore (45.0° N, 9.8° E, 60 m asl; Piacenza, Italy). Field experiments were 

carried out in 2014 and 2015 to assess light and nitrogen distribution profiles of hemp canopies 

in response to nitrogen deficiency. A container experiment was carried out in 2014 to assess 

instantaneous and daily canopy gas exchange of hemp in response to nitrogen and water 

limitations. Between May and October (during the hemp season), the study site had monthly 

average temperatures ranging from 17.7 °C to 26.9 °C; the monthly sum of precipitation ranged 

from 13.5 mm to 87 mm.  
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5.2.1.1 Field experiments to assess light and nitrogen distribution profiles of hemp canopies 

The experimental fields had silty clay loam soil (the clay:silt:sand ratio was 39:46:15) that 

contained 0.14% of total nitrogen and 2.2–2.6% of organic matter. Seeds of hemp cv. Futura 75 

(obtained from Fédération National des Producteurs de Chanvre, Le Mans, France) were drilled, 

with a target density of 120 plants m-2, at 3–4 cm depth using an experimental plot machine on 

7 April in 2014 and on 16 April in 2015. Single plot size was 60 m2. Nutrients other than 

nitrogen were assumed to be abundantly available in the experimental fields based on past 

experience. During the growth season, plants were irrigated when signs of water deficiency 

emerged. A total of 60 mm and 155 mm water was provided with a travelling sprinkler in 2014 

and 2015, respectively. 

Nitrogen fertilization effect was investigated in a randomized complete block design with 

four replicates. In both years, four levels of calcium nitrate were top-dressed after seedling 

emergence as: N0 (no fertilizer applied); N30 (30 kg N ha-1); N60 (60 kg N ha-1), and N120 

(120 kg N ha-1). In the field experiment in 2014, the plants suffered from severe weed 

competition. Therefore, only the data collected in the plots of N60 that were not affected by 

weeds were reported in this chapter. 

Two destructive samplings were conducted in each plot at the onset of the linear growth 

phase and at full flowering. At each sampling, light interception by the canopy (the ratio of light 

intensity at depth i to that at the top of canopy: Ii/I0) was first assessed at 90%, 75%, 50% and 

0% of canopy height using a ceptometer (AccuPAR LP-80, Decagon Devices, Inc., Pullman, 

Washington, USA). Subsequently, all plants in an area of 1 m2 were cut at ground surface to 

assess leaf area index (LAI) and specific leaf nitrogen (SLN) on four layers according to canopy 

height: 0–50 %, 50–75 %, 75–90 %, and 90–100 %. The LAI was calculated as the product of 

leaf weight and specific leaf area (SLA) that was obtained by measuring the weight and area of 

all leaves of two representative plants. Leaf nitrogen concentration (Nleaf) was assessed using a 

CN analyser (Vario Max CN Analyzer; Elementar Americas, Inc., Hanau, Germany). The SLN 

was calculated as Nleaf divided by SLA.  

5.2.1.2 Container experiment to assess canopy gas exchange rate  

Seeds of cv. Futura 75 were sown on 9 May 2014 in 18 containers (length × width × height: 40 

× 40 × 30 cm3). Each container was filled with 23 kg of soil (dry weight) that contained 0.22% 

total nitrogen and had a clay:silt:sand ratio of 30:43:27. Seeds were sown in excess in two rows 
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and seedlings were hand-thinned to 18 uniform plants per container (ca. 113 plants m-2). Other 

nutrients than nitrogen were assumed to be abundantly available based on past experience in 

the field from which the soil was collected. During the growth period, sufficient water was 

supplied daily to each container. The containers were placed outdoor and positioned tightly in 

a 1.2 × 2.4 m2 block. To avoid any border effect, the block perimeter was surrounded with a 

green shading net (transmitting 3% of the light); the height of the shading net was adjusted daily 

to account for the increment in plant height. The containers were rearranged weekly.  

Three levels of dissolved urea fertilizer were applied to the soil after seedling emergence as: 

N1, no fertilizer applied; N2, 1.0 g N per container; N3, 2.0 g N per container, equivalent to ca. 

0, 60, and 120 kg N (ha ground)-1, respectively. There were six containers per N level, subject 

to different levels of water supply during measurement (see later). 

 Whole canopy gas exchange was assessed twice during the course of the experiment by 

enclosing the canopy of each container in a flow-through gas exchange system. The first cycle 

of measurements (CAN1 hereafter) aimed to assess the response of diurnal canopy gas 

exchange to nitrogen and short-term water shortage. Canopy gas exchange in this cycle was 

assessed on 12 containers for three days, four containers per N treatment. Two of the containers 

per N treatment were supplied with sufficient water (measured as the amount of transpired water 

in the previous day) during the measurement while the water supply for the other two was 

halved. This cycle of measurements started 49 days after sowing when the 6th–8th pair of leaves 

appeared, the same leaf stages at which gas exchange at leaf level was assessed (Chapter 4). 

The second cycle of canopy gas exchange assessment (CAN2 hereafter) aimed to assess the 

response of canopy gas exchange to prolonged water shortage. In this cycle canopy gas 

exchange was assessed on six containers for 13 days, two containers per N treatment. 

Measurement in this cycle started 79 days after sowing at the beginning of flowering. During 

the measurement, one container received sufficient water while the other one received half the 

amount. At the 8th day from the start of measurement, plants under stress showed signs of severe 

wilting, and were re-watered briefly to avoid their possible death before the end of the 

experimental period.  

 Configuration of the flow-through gas exchange system was described by Poni et al. (2014) 

and refined by Fracasso et al. (2017). It consists of 12 cylindrical canopy chambers (diameter 

50 cm) that are sealed with flexible plastic polyethylene on the side wall (transmitting 87% of 

the light) and a plastic polymethylmethacrylate disc on the top (transmitting 93% of the light). 
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The air flowing through the canopy chamber (from the bottom to the top) was drawn from 3 m 

above ground using two centrifugal blowers (Vorticent C25/2M, Vortice, Milan, Italy). The 

system records instantaneous information for each chamber every 12 minutes using a CR1000 

datalogger wired to an AM16/32B Multiplexer (Campbell Scientific, Logan, USA) as follows: 

CO2 concentration, vapour pressure and air temperature at the entrance of the chamber (CO2,in, 

VPin and Tin, respectively) and the differences at the exit (CO2,dif, VPdif and Tdif, respectively; 

calculated as the value at exit minus that at entrance), container weight (Wcontainer) and incident 

solar radiation intensity outside the chamber. The CO2,in, CO2,dif, VPin and VPdif were assessed 

using a CIRAS-DC dual-channel absolute CO2/H2O infrared gas analyser (PP-Systems, 

Amesbury, USA). The Tin and Tdif were assessed using PFA-Teflon insulated type-T 

thermocouples (Omega Engineering, Stamford, USA). The Wcontainer was monitored using a 

single cell platform scale placed under each container (ABC Bilance, Campogalliano, Italy).  

 In this study, the volume of each canopy chamber was 0.3 m3 (cross cutting area was 0.2 m2 

and height was 1.5 m). Air flux entering each chamber was regulated at 4.3 × 10-3 m3 s-1. Thus, 

a complete volume air change required ca. 70 s. The flow rate was maintained constant during 

the whole measurement period. To prevent gas exchange between soil and plant chamber, the 

surface of each container was sealed with a plastic polyethylene film in which little slits were 

cut to allow hemp plants growing through. A small hole was made on the side wall of the 

container to supply water and allow gas exchange between soil and open air.  

 At the end of the canopy gas exchange assessment of each cycle, each container was assessed 

for the following parameters: the biomass weight of stems (Wstem), green leaves (Wleaf,g), 

senesced leaves (Wleaf,s; if present), inflorescences (Winflo; if present) and roots (Wroot), Ii/I0, LAI 

and SLN. For the containers receiving sufficient water in CAN1 the Ii/I0, LAI and SLN were 

assessed for four layers according to canopy height: 0–50 %, 50–75 %, 75–90 %, and 90–100 %, 

while for the remaining containers the same parameters were assessed on the entire canopy. To 

estimate any system error introduced by gas leakage or soil respiration, gas exchange 

measurements were performed for 1–2 days on each container after the plants had been cut.  

5.2.2 Data analysis 

5.2.2.1 Estimation of light and nitrogen extinction coefficients 

PAR was assumed to attenuate through the canopy following the Beer’s law, based on LAI: 

��

��
= ��������                (5.1) 
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where LAIi is the LAI at depth i measured from the top; kL is the light extinction coefficient. kL 

was estimated by fitting the measured Ii/I0 and LAIi to Eqn. (5.1). To avoid any effect of 

measuring hour on the value of kL, all measured Ii/I0 were normalized to a value at zenith angle 

0°, according to the manufacturer manual of AccuPAR LP-80.  

 The vertical gradient of SLN can be similarly described (Archontoulis et al., 2011; Yin et al., 

2003): 

���� = �����
�������              (5.2) 

where kn is the SLN extinction coefficient, SLN0 and SLNi are the SLN at the top of the canopy 

(i.e. at LAIi = 0) and at depth i, respectively. Thus, from canopy top to bottom, the cumulative 

nitrogen at depth i (Ni) can be solved from Eqn. (5.2) as:  

�� = ∫ ����	d����
����
�

= ����(1 − ��������)/��        (5.3) 

By fitting the measured data for Ni-LAIi relationships to Eqn. (5.3), kn and SLN0 were estimated. 

5.2.2.2 Calculation of canopy photosynthesis and transpiration rates 

Data recorded from the multi-chamber gas exchange system was filtered to eliminate 

measurements impaired by short time fluctuations of air CO2 concentration and vapour pressure, 

and system mishaps. Subsequently, the values of CO2,dif and VPdif were corrected for potential 

system error due to gas leakage or soil respiration using data recorded in the chamber after the 

plants had been cut. Instantaneous canopy transpiration rate (Ec; mmol H2O m-2 s-1) and net 

photosynthesis rate (Ac,net; µmol CO2 m-2 s-1) were calculated using Eqn. (5.4) and Eqn. (5.5), 

respectively. These formulae were based on the study of Von Caemmerer and Farquhar (1981) 

for leaf gas exchange measurements. Different forms of these formulae were commonly used 

for calculating Ec and Ac,net in the studies of canopy gas exchange using the chamber system 

(Poni et al., 2014; Baker et al., 2009; Müller et al., 2005).  

�� =
1000�������

�[��(����������)]
               (5.4) 

��,��� = −(
�����,���

�
+ 10�������,���)         (5.5) 

where ue (mol s-1) is air flux entering the plant chamber; a (m2) is the ground area of the canopy 

chamber; P (kPa) is the air pressure inside the plant chamber. The standard air pressure (101.3 

kPa) was used as a proxy of P in the present study although a slight overpressure was maintained 
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inside the plant chamber (less than 10 Pa) to avoid any flux of ambient air through possible 

leaks. The effect of overpressure on Ec and Ac,net was considered negligible (Burkart et al., 2007). 

 Canopy gross photosynthesis (Ac,gross) is the sum of Ac,net and canopy respiration (Rc). Rc 

during the night was estimated directly from Eqn. (5.5) as CO2,dif during the night was mainly 

a result of canopy respiration. During daytime, Rc was estimated considering the variation of 

temperature as:  

�� = ��,��exp �
���(�������)

����(��������)
�         (5.6) 

where Rc,25 is the value of Rc at 25 °C; ERc is the energy of activation; R is the universal gas 

constant (= 8.314 J K-1 mol-1). The values of Rc25 and ERc were estimated from the 

measurements of Rc during night (Reichstein et al., 2005).  

5.2.2.3 Validation of a canopy photosynthetic model 

The sun/shade model of de Pury & Farquhar (1997), as implemented in the crop model 

GECROS (Yin & Struik, 2017; Yin & Laar, 2005), was validated against measured Ac,gross. In 

this model, canopy leaves are divided into sunlit and shaded fractions and each fraction is 

modelled separately using a leaf photosynthesis model. When there is no water stress, potential 

leaf photosynthesis rate (Ap) is calculated using analytical solution of combined stomatal 

conductance, CO2 diffusion and biochemical leaf-photosynthesis models (Yin & Struik, 2017, 

2009). In the presence of water limitation, actual canopy photosynthesis is calculated 

considering the change of actual stomatal resistance to water vapour (rsw,a) due to stomatal 

closure. The rsw,a is modelled as (Yin & Struik 2017): 

���,� = ��� − ���(���� + ����)/(���) + ���,���/��        (5.7) 

where Ep and Ea are potential leaf transpiration rate and actual available water for leaf 

transpiration, respectively; s is the slope of the saturated vapour pressure curve; rbh, rbw and rsw,p 

are boundary layer resistances to heat, boundary resistance to water, and stomatal resistance to 

water transfer in absence of water stress, respectively; γ is the psychrometric constant (= 0.067 

kPa ºC-1). For calculation of s, rbh and rbw, see Yin & van Laar (2005) and Yin & Struik (2017). 

rsw,p is assumed equal to 1/(1.6gs), where gs is calculated according to Ap. The Ep is calculated 

using Penman-Monteith equation while Ea depends on the actual plant water uptake. Relevant 

model algorithms are summarised in the Supplementary Material Text S5.1. 
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 The values of model input parameters required for leaf photosynthesis were presented in 

Chapter 4 for the same hemp cultivar and are summarized in Supplementary Material Table 

S5.1. The canopy related parameters LAI, SLN, kL (for diffuse light) and kn were derived in this 

study. The leaf angle that was used to calculate the direct light extinction coefficient was fixed 

at 15 o, an average value assessed using a goniometer. Instantaneous environmental parameters, 

i.e. CO2, VP, Tair and irradiation intensity, were recorded by the canopy chamber system. Ea is 

obtained from the measured Ec (see Results). 

5.2.2.4 Normalization of gas exchange measurements within canopy chambers 

The micro-environment differed between canopy chamber and ambient open air, and among 

treatments (see Results). Thus, the measured Ec and Ac,gross in the canopy chamber were 

normalized to that in the open air using the validated canopy model. Firstly, a correction factor 

fEc was obtained, based on simulated potential canopy transpiration Ecp as: 

��� =
���,���(�)

���,�������(�)
             (5.8) 

where Ecp,air(s) and Ecp,chamber(s) are simulated potential canopy transpiration using weather data 

in open air and in the canopy chamber, respectively. The value of Ec corresponding to the open-

air condition was then obtained by multiplying the measured Ec in the chamber with the 

correction factor fEc. Subsequently, the corrected value of Ec for the open air and the measured 

Ec in the canopy chamber were used as inputs to obtain simulated canopy photosynthesis, 

Ac,gross,air(s) and Ac,gross,chamber(s), using weather data in the open air and in the canopy chamber, 

respectively. This gave a correction factor for Ac,gross (fAc) as: 

��� =
��,�����,���(�)

��,�����,�������(�)
            (5.9) 

Finally, the value of Ac,gross corresponding to the open-air condition was calculated by 

multiplying the measured Ac,gross in the chamber with the factor fAc.  

5.2.3 Statistical analysis 

Nonlinear fitting was carried out using the GAUSS method in PROC NLIN of SAS (SAS 

Institute Inc., Cary, NC, USA). Analysis of variance was conducted to assess the effects of 

nitrogen fertilization and water shortage on canopy structure and gas exchange related 

parameters using SPSS statistics 22.0 (SPSS, Chicago, Illinois, USA). 
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5.3 Results 

5.3.1 The effects of nitrogen and water levels on canopy physiological parameters 

Nitrogen fertilization resulted in an increase in canopy size and leaf nitrogen content. In the 

N60 plots where weed competition was negligible in the field experiment in 2014, LAI (leaf 

area index) was on average 3.2 m2 m-2 and 4.8 m2 m-2 at linear growth stage and full flowering, 

respectively; SLN (specific leaf nitrogen) was on average 0.97 g N (m2 leaf)-1 and 0.67 g N (m2 

leaf)-1, respectively. In the field experiment in 2015, LAI of the N120 plots was 4.0 m2 m-2 and 

6.4 m2 m-2 at the onset of the linear growth stage and at full flowering, respectively, while SLN 

was 1.27 g N (m2 leaf)-1 and 1.17 g N (m2 leaf)-1, respectively (Figure 5.1). The LAI and SLN 

were on average 2.8 times and 1.2 times higher than those of non-fertilized canopies. In CAN1, 

LAI ranged from 1.8 m2 m-2 to 2.6 m2 m-2; SLN ranged from 0.84 g N (m2 leaf)-1 to 1.02 g N 

(m2 leaf)-1. Nitrogen fertilization in CAN1 resulted in increases in LAI and SLN by 40% and 

19%, respectively (Table 5.1). For the well-watered containers in CAN2, the average values of 

LAI and SLN were 2.0 m2 m-2 and 0.68 g N (m2 leaf)-1, respectively (Table 5.2). Withholding 

water for 13 days in CAN2 resulted in an increase in the weight of senesced leaves while the 

weight of green leaves was reduced (Table 5.3). Consequently, water-stressed canopies had a 

36% lower LAI than well-watered canopies (Table 5.2). While water stress resulted in a 

reduction in canopy size, the SLN of water-stressed canopies was 51% higher than that of well-

watered canopies.  

 Light intensity and SLN decreased progressively with increasing depth from top to bottom 

(Supplementary Material Figure S5.1). The value of kL (the light extinction coefficient) was 

Figure 5.1 The effects of nitrogen fertilization on leaf area index (LAI; panel a) and specific leaf 
nitrogen (SLN; panel b) at the onset of linear growth and at full flowering in the field experiment in 
2015. 
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Table 5.2 The effects of nitrogen deficiency and long-term water shortage on canopy transpiration 
and carbon assimilation. The data of the last four columns was collected in the last consecutive 3 days 
in CAN2 and is presented after being normalized to the open-air conditions. 

 NC LAI SLN Ec Ac,gross WUEc NUEc 

Nitrogen        

N1 0.79 b 1.15 0.71 69 0.36 6.28 0.44 

N2 1.19 b 1.69 0.73 164 0.67 5.74 0.58 

N3 2.08 a 1.99 1.12 182 0.87 5.58 0.42 

P-value 0.024 0.06 0.19 0.39 0.36 0.72 0.61 

Water        

WS 1.35 1.26 b 1.03 43 0.31 7.53 a 0.26 

WW 1.35 1.97 a 0.68 234 0.96 4.20 b 0.70 

P-value 0.95 0.03 0.11 0.08 0.10 0.04 0.62 

Acronyms: canopy nitrogen content (Nc; g N (m2 ground)-1), leaf area index (LAI; m2 m-2), specific 
leaf nitrogen (SLN; g N (m2 leaf)-1), actual transpiration (Ec; mol H2O m-2 d-1), canopy gross 
photosynthesis (Ac,gross; mol CO2 m-2 d-1), canopy water-use efficiency (WUEc; mmol CO2 (mol      
H2O)-1) and canopy nitrogen-use efficiency (NUEc; mol CO2 d-1 (g N)-1). N1, N2 and N3 denote 
nitrogen fertilization rate at 0, 1.0, and 2.0 g N container-1, respectively. WW denotes well-watered 
containers while WS denotes the containers where water supply was half of WW. 
ANOVA analysis was conducted considering nitrogen and water levels as main factors and measuring 
day as repeated factor. Interaction between nitrogen and water was excluded because it was not 
significant for all parameters in a preliminary test. Numbers followed by different letters under the 
same category are statistically different for P = 0.05 (Tukey HSD). 

 

Table 5.1 The effects of nitrogen deficiency and water shortage on canopy transpiration and carbon 
assimilation. Data presented was collected in CAN1. The data of the last four columns is presented as 
the average of 3 days after being normalized to the open-air conditions. 

 NC LAI SLN Ec Ac,gross WUEc NUEc 

Nitrogen        

N1 1.53 b 1.84 b 0.84 b 162 b 0.70 b 4.49 0.46 

N2 2.11 a 2.26 ab 0.94 ab 236 ab 0.94 ab 4.09 0.44 

N3 2.58 a 2.59 a 1.02 a 268 a 1.14 b 4.41 0.44 

P-value 0.00 0.00 0.03 0.03 0.02 0.32 0.78 

Water        

WS 2.08 2.36 0.88 187 b 0.84 4.65 a 0.40 b 

WW 2.07 2.01 0.97 256 a 1.01 4.00 b 0.49 a 

P-value 0.95 0.07 0.06 0.03 0.11 0.03 0.02 
Acronyms: canopy nitrogen content (Nc; g N (m2 ground)-1), leaf area index (LAI; m2 m-2), specific leaf 
nitrogen (SLN; g N (m2 leaf)-1), actual transpiration (Ec; mol H2O m-2 d-1), canopy gross photosynthesis 
(Ac,gross; mol CO2 m

-2 d-1), canopy water-use efficiency (WUEc; mmol CO2 (mol H2O)-1) and canopy 
nitrogen-use efficiency (NUEc; mol CO2 d

-1 (g N)-1). N1, N2 and N3 denote nitrogen fertilization rate at 
0, 1.0, and 2.0 g N container-1, respectively. WW denotes well-watered containers while WS denotes 
the containers where water supply was half of WW. 
ANOVA analysis was conducted considering nitrogen and water levels as main factors and measuring 
day as repeated factor. Interaction between nitrogen and water was excluded because it was not 
significant for all parameters in a preliminary test. Numbers followed by different letters under the same 
category are statistically different for P = 0.05 (Tukey HSD). 
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0.96 ± 0.04 m2 m-2 and was similar for nitrogen fertilization levels and growth environments 

(Figure 5.2a). The SLN0 (SLN at the top of the canopy) ranged from 1.43 g N (m2 leaf)-1 to 2.72 

g N (m2 leaf)-1 and the kn (nitrogen extinction coefficient) ranged from 0.09 m2 m-2 to 0.89 m2 

m-2. The values of kn decreased exponentially with an increase in LAI (Figure 5.2b). This 

relationship between kn and LAI was consistent among nitrogen fertilization levels and growth 

environments. Thus, this relationship was applied to calculate kn in subsequent model analyses. 

5.3.2 The effects of chamber system on canopy transpiration and photosynthesis  

The night-time chamber air temperature Tair ranged from 14.7 °C to 25.7 °C and from 17.1°C 

to 27.0 °C during the measurements in CAN1 and CAN2, respectively. There was little 

difference in micro-environmental variables (i.e., Tair, CO2 and VP) during the night-time 

between chamber and ambient open air, and among treatments within chambers (Figure 5.3). 

During daytime, incident PAR reached up to 2100 µmol m-2 s-1 while Tair, CO2 and VP in the 

 
Table 5.3 The effects of long-term water shortage on the partitioning of biomass. Data presented was 
collected in CAN2.  

 

Biomass 
(g m-2) 

Stem 
(g m-2) 

Green leaf 
(g m-2) 

Senesced leaf 
(g m-2) 

Inflorescence 
(g m-2) 

Root 
(g m-2) 

WSa 480 245 62.0 43.6 30.7 99  

WWa 590 278 96.9 37.3 49.0 128  

P-valueb 0.10 0.23 0.04 0.05 0.08 0.22 
Acronyms: WW denotes well-watered containers while WS denotes the containers where water supply 
was half of WW. 
Analysis of variance was performed considering canopy nitrogen content as covariate.  
 

 

Figure 5.2 Canopy light interception (panel a) and nitrogen extinction coefficient (kn; panel b) against 
leaf area index (LAI) at different growth conditions. N0, N30, N60, N120 denote nitrogen fertilization 
rate in 2015 at 0, 30, 60, and 120 kg N ha-1, respectively. “2014” denotes data collected in 2014 in the 
plots that received a nitrogen fertilization of 60 kg N ha-1. Data collected in the other plots is not shown 
because there was severe weed competition. “Container” denotes data collected in the container 
experiment.  
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open air ranged from 17.6 °C to 35.9 °C, from 359.7 µmol mol-1 to 439.4 µmol mol-1, and from 

1.7 kPa to 2.5 kPa, respectively. The daytime Tair and VP within chambers were higher than 

those in the open air while the CO2 was lower (Figure 5.3). Increasing nitrogen fertilization rate 

increased the differences in Tair, VP and CO2 between chamber and ambient open air while 

Figure 5.3 Diurnal courses of canopy chamber effects on air temperature (ΔT), CO2 concentration 
(ΔCO2) and vapour pressure (ΔVP) under different nitrogen (panels a, c, e) and water (panels b, d, f) 
regimes. Data presented in Panels a, c, e is the average of 3 days in CAN1. N1, N2 and N3 denote the 
level of received nitrogen, see text for details. Data presented in panels b, d, f is the average of the last 
consecutive 3 days in CAN2. 
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reducing water supply increased the difference in Tair but decreased the differences in VP and 

CO2.  

 The night-time canopy respiration Rc varied largely from minute to minute, presumably due 

to a relatively low Rc and high flow rate. Nevertheless, Rc increased slightly with increasing 

chamber Tair (Supplementary Material Figure S5.2). By fitting these data to Eqn. (5.6), ERc 

(activation energy for Rc) was estimated as 9559 ± 2779 J mol-1. The estimate of Rc25 (Rc at 25 

ºC) ranged from 3.9 µmol CO2 m-2 s-1 to 4.9 µmol CO2 m-2 s-1 in CAN1, and from 0.50 µmol 

CO2 m-2 s-1 to 2.09 µmol CO2 m-2 s-1 in CAN2 (Figure 5.4a). With the estimated ERc and Rc25, 

instantaneous gross canopy photosynthesis rate Ac,gross in CAN1 and CAN2 was estimated. The 

daily Rc (canopy respiration) increased with increasing Ac,gross in both CAN1 and CAN2 but 

with different relationships (Figure 5.4b), and accounted for on average 40% and 15% of Ac,gross 

in CAN1 and CAN2, respectively. 

 Examples of diurnal courses of measured canopy transpiration Ec and Ac,gross within canopy 

chambers are presented in Figure 5.5. The Ec and Ac,gross were close to nil during night-time 

while during the daytime their values rose up to 11.1 mmol H2O m-2 s-1 and 38.1 µmol CO2 m-

2 s-1, respectively. For the containers that received sufficient water, the values of Ec and Ac,gross 

throughout the day followed closely their simulated potential transpiration Ecp and simulated 

potential photosynthesis Acp,gross (Figure 5.5). As expected, the values of Ec and Ac,gross of the 

 
Figure 5.4 Panel a: responses of canopy respiration at 25 ºC (Rc25) to canopy leaf nitrogen content 
(NC). Panel b: relationship between daily integrated canopy respiration (Rc) and gross photosynthesis 
(Ac,gross). WW and WS denote well-watered and water-limited conditions, respectively. CAN1 and 
CAN2 are experimental codes, see text for details.  
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Figure 5.6 Integrated water loss through transpiration as measured by canopy gas exchange in 
comparison with the amount of supplied water. Each point represents the daily average of water loss 
versus water gain over the measuring period for each container in CAN1. The amount of supplied 
water was calculated as the difference of container weight at before and after watering. 

 

Figure 5.5 Diurnal courses of measured and simulated canopy transpiration (Ec; panels a, c) and gross 
photosynthesis rates (Ac,gross; panels b, d). Data presented was collected in the first day of N2 in 
CAN1.The canopy in panels a, b received sufficient water while water supply in panels c, d was halved. 
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containers that received half amount of water were lower than their Ecp and Acp,gross from the 

late morning to the end of daytime. Integration of the instantaneous Ec to daily values matched 

well with the amount of supplied water per day (Figure 5.6). Thus, the Ac,gross was simulated 

considering Ec as available water for transpiration at canopy level. The Ec was partitioned 

between sunlit and shaded leaves according to the relative share of their Ecp to obtain their 

actual transpiration (Ea) in Eqn. (5.7). There was a good agreement between the measured and 

simulated Ac,gross under different nitrogen and water regimes (Figure 5.5). The values of r2 and 

rRMSE for the comparison between simulated and measured values of all data points in CAN1 

were 0.80 and 32%, respectively (part of the data points can be seen in Supplementary Material 

Figure S5.3). For the measurements in CAN2, they were 0.78 and 66%, respectively.  

 The effects of micro-environmental differences between chamber and open air, and among 

treatments within chambers on canopy gas exchange were assessed using the validated model 

(Table 5.4). The presence of the plant chamber increased Ecp by 6.9–11.2% in CAN1 and by 

19.6–34.2% in CAN2 while it decreased Acp,gross by 0.3–1.4% in CAN1 and by 3.5–4.2% in 

CAN2. The chamber effect on Ecp varied little among nitrogen treatments while the effect on 

Acp,gross increased with an increase in nitrogen rate. Water shortage increased the effects of the 

chamber on both Ecp and Acp,gross. Therefore, to account for any effect of varying micro-

environmental variables due to the presence of the canopy chamber, the measured Ec and Ac,gross 

within each chamber were normalized to the conditions in the open air.  

 

Table 5.4 The effects of plant chamber on canopy transpiration and photosynthesis under different 
nitrogen and water regimes. Potential canopy transpiration (Ecp) and photosynthesis (Acp,gross) were 
simulated using weather data in the open air and in the chambers for each treatment while the other 
parameters were kept at the average value of well-watered N3 containers. The differences of simulated 
Ecp and Acp,gross between open air and plant chamber are presented as percentage of the value in the 
open air. The presence of the plant chamber resulted in an increase in Ecp while it resulted in a decrease 
in Acp,gross. 

 CAN1  CAN2  

 ΔEcp (%) ΔAcp,gross (%) ΔEcp (%) ΔAcp,gross (%) 

N1 9.0 -1.0 28.5 -3.5 

N2 8.9 -1.0 25.5 -3.7 

N3 9.1 -1.4 26.8 -4.2 

WS 11.2 -1.2 34.2 -4.0 

WW 6.9 -0.3 19.6 -3.6 

Acronyms: N1, N2 and N3 denote nitrogen fertilization rate at 0, 1.0, and 2.0 g N container-1, 
respectively; WW denotes well-watered containers while WS denotes the containers where water 
supply was half of WW; CAN1 and CAN2 are experimental codes, see text for details. 
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5.3.3 The effects of nitrogen fertilization and short-term water shortage on canopy water- 

and nitrogen-use efficiencies  

Examples of the diurnal courses of normalised Ec and Ac,gross in CAN1 are presented in Figure 

5.7. Despite minute-to-minute fluctuation due to environmental variability, the Ec and Ac,gross 

were consistently higher in the fertilized canopies than those of non-fertilized and water 

shortage resulted in reductions in Ec and Ac,gross that emerged from the late morning to the end 

of the day. Consequently, daily integrated Ec and Ac,gross increased with an increase in nitrogen 

fertilization rate while they decreased under water limiting conditions (Table 5.1). The daily 

integrated Ec and Ac,gross ranged from 162 mol H2O m-2 d-1 to 268 mol H2O m-2 d-1 and from 

0.70 mol CO2 m-2 d-1 to 1.14 mol CO2 m-2 d-1, respectively. Calculated as Ac,gross/Ec, the canopy 

water-use efficiency (WUEc,) ranged from 4.00 mmol CO2 (mol H2O)-1 to 4.65 mmol CO2 (mol 

H2O)-1. The WUEc did not vary significantly among nitrogen treatments while it increased by 

16% under water limiting conditions because the WUEc increased with decreasing ratio of 

Ec/Ecp (Figure 5.8), an indicator of the degree of water shortage. Calculated as Ac,gross/Nc, canopy 

 
Figure 5.7 The effect of nitrogen (panels a, b) and short-term water stress (panels c, d) on 
instantaneous canopy transpiration (panels a, c) and photosynthesis rate (panels b, d). Data presented 
was collected in the first day in CAN1. The data has been normalized to the open-air conditions. N1, 
N2 and N3 denote the level of received nitrogen, see text for details. 
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nitrogen-use efficiency (NUEc) ranged from 0.40 mol CO2 d-1 (g N)-1 to 0.49 mol CO2 d-1 (g 

N)-1. No significant effect of nitrogen fertilization on NUEc was observed (P > 0.05), while 

NUEc decreased significantly (by 18%; P < 0.05) under water limiting conditions (Table 5.1).  

5.3.4 The effects of long-term water shortage on canopy water- and nitrogen-use 

efficiencies 

As water shortage was prolonged in CAN2, the progressive responses of Ec, Ac,gross, WUEc and 

NUEc are presented in Figure 5.9. Reductions of Ec and Ac,gross emerged 4 days after withholding 

water and lasted until the end of the gas exchange measurement (except for the 8th day) when 

all plants were cut for analysis. A short recovery was observed during the 8th day due to a brief 

re-watering of wilting plants in the water-stressed canopies (see the Materials and Methods 

section). During the last three days, the average daily Ec, Ac,gross, WUEc and NUEc in the well-

watered canopies were 234 mol H2O m-2 d-1, 0.96 mol CO2 m-2 d-1, 4.20 mmol CO2 (mol H2O)-

1 and 0.70 mol CO2 d-1 (g N)-1, respectively (Table 5.2). The values of Ec, Ac,gross and NUEc 

were higher than those of water-stressed canopies by 82%, 68% and 63%, respectively, while 

the WUEc was lower than that of water-stressed canopies by 79%. 

5.3.5 The importance of canopy physiological parameters in determining canopy water- 

and nitrogen-use efficiencies 

Model analyses were performed to assess the relative importance of LAI and SLN, the two 

important canopy physiological parameters, in determining potential WUEc (WUEcp) and NUEc 

(NUEcp) in both the field experiment and the chamber experiment. This was done by first using 

 
Figure 5.8 Relationship between gross canopy water-use efficiency (WUEc) and the degree of water 
shortage (Ec/Ecp). Data presented were collected in CAN1. Each point represents the daily value of 
each container. WW denotes well-watered containers while WS denotes the containers where water 
supply was half of WW. 
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the measured SLN and LAI of each nitrogen level as the default simulation and then forcing LAI 

or SLN of all treatments to their respective values at the non-fertilized or water stressed 

treatment (Figure 5.10). For both linear-growth and flowering stages of the field experiment, 

when forcing SLN to the value at non-fertilized treatment the values of Ecp, Acp,gross, WUEcp and 

NUEcp changed little in comparison with those of the default simulation, whereas when 

forcingLAI to the value at non-fertilized treatment their values deviated significantly from the 

default simulation. In the chamber experiment in CAN1, the variations of Ecp, Acp,gross and 

WUEcp with increasing nitrogen rate were mainly due to a change in LAI whereas the variation 

of NUEcp was due to combined changes in LAI and SLN. In the chamber experiment in CAN2, 

the decrease in Ecp under long-term stress was mainly due to a change in LAI while the 

variations of Ac,gross, WUEcp and NUEcp were due to combined changes in LAI and SLN.  

 
 
Figure 5.9 The evolution of prolonged water limitation effects on daily canopy transpiration (Ec), 
gross photosynthesis (Ac,gross), canopy water-use efficiency (WUEc) and canopy nitrogen-use efficiency 
(NUEc). Data presented was collected in CAN2. The data has been normalized to the open-air 
conditions. 
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Figure 5.10 The simulated effects of nitrogen fertilization and water shortage on daily potential 
canopy transpiration (Ecp; panels a–d), gross photosynthesis (Acp,gross; panels e–h), and canopy water-

use efficiency (WUEcp; panels i–l). and nitrogen-use efficiency (NUEcp; panels m–p). Continuous line 
with squares: the default simulations performed using the measured leaf area index (LAI) and specific 
leaf nitrogen (SLN) at each nitrogen level or each water level. Dashed line with diamonds: simulations 
performed with measured SLN at each nitrogen level (or each water level) while keeping LAI fixed at 
the values of non-fertilization (or water-stressed) treatment. Dot line with triangles: simulations 
performed with measured LAI at each nitrogen level (or each water level) while keeping SLN fixed at 
the values of non-fertilization (or water-stressed) treatment. Linear growth-2015 (panels a, e, i and m) 
denotes the case where the values of LAI and SLN were collected at the linear growth stage in the field 
experiment in 2015; Flowering-2015 (panels b, f, j and n) denotes the case where the values of LAI 
and SLN were collected at full flowering in the field experiment in 2015; CAN1 (panels c, g, k and o) 
denotes the case where the values of LAI and SLN were collected in the CAN1; CAN2 (panels d, h, l 
and p) denotes the case where values of LAI and SLN were collected in the CAN2. N0, N30, N60, 
N120 denote nitrogen fertilization rate in 2015 at 0, 30, 60, and 120 kg N ha-1, respectively; N1, N2 
and N3 denote nitrogen fertilization rate in CAN1 at 0, 1.0, and 2.0 g N container-1, respectively; WW 
denotes well-watered containers in CAN2 while WS denotes the containers where water supply was 
half of WW. 
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5.4 Discussion 

Bio-economically sustainable agronomy requires effective use of scarce nitrogen and water 

resources. While hemp is considered as a bio-economically sustainable crop (Amaducci et al., 

2015; Finnan & Styles, 2013), its canopy water- and nitrogen-use efficiencies have not been 

studied. In this study, experimental and modelling analyses were conducted to assess hemp 

canopy water- and nitrogen-use efficiencies in relation to leaf and canopy physiological 

parameters under different nitrogen and water regimes. 

5.4.1 Determination of canopy transpiration and photosynthesis 

The canopy chamber technique is a useful tool to assess crop responses to nitrogen deficiency 

and water shortage at canopy scale. However, the presence of the chamber wall had a significant 

effect on the micro-environment within the chambers (Figure 5.3), in line with the results of 

previous studies (Müller et al., 2009; Takahashi et al., 2008; Poni et al., 1997). In the present 

study, the micro-environment conditions within the chamber resulted in a lower Acp,gross and a 

higher Ecp than those in the open air, and this effect was larger in the chambers with higher 

fertilization rate and lower water supply (Table 5.4). As responses of Ec and Ac,gross to 

environmental variables are probably not linear (Hikosaka et al., 2016), it is necessary to 

normalize measurements within different chambers to avoid any confounding effect due to the 

differences in chamber micro-environmental factors.  

In line with previous studies (Müller et al., 2005; Leuning et al., 1998), the variation of Ec 

and Ac,gross in response to fluctuating environmental condition under different nitrogen and 

water regimes can be precisely described using a process-based physiological model (Figure 

5.5). Thus, discrepancies in Ec and Ac,gross among chambers due to differences in micro-

environment at measuring time could be properly accounted for through correction factors fEc 

and fAc, respectively (see Eqns 5.8 and 5.9), in our study.  

5.4.2 Hemp canopy water- and nitrogen-use efficiencies in relation to nitrogen availability 

The reason for the lack of significant responses of WUEc and NUEc to the decrease nitrogen 

rate in the container experiments is not clear (Table 5.1). It is probably a consequence of small 

variations in LAI and SLN among nitrogen treatments. This is confirmed in the model analysis 

for the field experiment in 2015, where the variation in LAI among N treatments was much 

more significant than that in our container experiment. This model analysis suggested that both 

WUEc and NUEc increased with decreasing nitrogen fertilization rate, and that the increases in 
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WUEc and NUEc were mainly a result of a reduction in LAI (Figure 5.10). The reduced LAI 

resulted in increases in WUEc and NUEc, i.e. the reduction in Ac,gross with a decrease in LAI is 

less than the reductions in Ec and in NC. This could be explained by an optimum SLN gradient 

relative to the light gradient in the canopy. It has been reported that the profile of SLN in a 

canopy is a whole-plant process that depends on canopy size (Moreau et al., 2012). Our data 

showed that the value of kn increased with decreasing LAI (Figure 5.2b), up to a value of ca. 

0.9 close to the LAI-independent value of kL (0.96 m2 m-2, Figure 5.2a). So, the value of kn in a 

large hemp canopy was generally lower than its theoretical value for a maximized canopy 

photosynthesis, which could be achieved only when kn = kL (Hikosaka et al., 2016; Hirose & 

Werger, 1987). When LAI is low, canopy photosynthesis is close to a maximum value as a result 

of kn being close to kL; in such a case, the average leaf photosynthesis rate could be increased 

for a given amount of Nc, while Ec stayed largely unchanged.  

The variation in WUEc and NUEc with decreasing nitrogen fertilization rate may also be 

attributed to the variation in the absolute amount of SLN. It has been widely reported that SLN 

positively correlates with water-use efficiency while it negatively correlates with nitrogen-use 

efficiency at leaf level (Shangguan et al., 2000; Van den Boogaard et al., 1995). However, in 

response to nitrogen stress, hemp tends to maintain SLN at the expense of LAI (Figure 5.1). This 

response is in line with that of sunflower (Helianthus annuus L.), canola (Brassica napus L.) 

and wheat (Triticum aestivum L.) whereas it contrasts with that of maize (Zea mays L.), which 

tends to maintain LAI under nitrogen stress at the expense of SLN (Lemaire et al., 2008). As a 

result of the relative small variation in SLN among nitrogen treatments, little effect of SLN was 

detected on the hemp WUEc and NUEc (Figure 5.10).  

The effects of nitrogen fertilization on crop water-use efficiency and nitrogen-use efficiency 

are whole plant process that depends on leaf photosynthetic capacity and canopy size, and our 

analysis showed that relative to leaf photosynthetic capacity (determined by SLN), canopy size 

(LAI) plays a predominant role on this.  

5.4.3 Hemp canopy water- and nitrogen-use efficiencies in relation to water availability 

Field observations generally show that water stress results in an increase in hemp water-use 

efficiency (Cosentino et al., 2013). This is confirmed by our results showing both short-term 

and long-term water shortages that resulted in an increase in WUEc (Tables 5.1, 5.2). However, 

our study further showed that the effect differed between short- and long-term stresses. 
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 In response to short-term water stress, the increase in WUEc is mainly a consequence of 

stomatal closure as the variations in Ec and Ac,gross with decreasing water supply were precisely 

captured by considering the response of stomatal conductance (Figure 5.5). In fact, stomatal 

closure is one of the earliest responses to water deficit, protecting the plants from extensive 

water loss (Chaves et al., 2003). Stomatal closure restricts both H2O and CO2 exchange between 

leaf intercellular and ambient air that leads to great decreases in Ec and Ac,gross (Table 5.1, Figure 

5.5). However, the reductions in Ec and Ac,gross are not parallel and the WUEc gradually increases 

with decreasing Ec/Ecp (Figure 5.8), probably because of the non-linear relationship between 

carbon assimilation rate and CO2 concentration in the intercellular space (Chapter 4) that results 

in an increase in WUEc. The increase in WUEc with decreasing Ec/Ecp indicates that the 

estimation of canopy photosynthesis under water limiting condition by assuming a consistent 

WUEc in the crop models, such as SUCROS (van Laar et al. 1997), is only approximate. Instead, 

the present study considered the response of stomatal conductance using Eqn. (5.7) that results 

in an increase in WUEc with decreasing Ec/Ecp. This approach is therefore preferable in the 

simulation of canopy photosynthesis under short-term water stress conditions. Nevertheless, we 

could not exclude the possibility that non-stomatal limitations were involved in our experiment. 

Further researches are needed to understand the effect of non-stomatal change under water 

stress condition on canopy photosynthesis, such as change of leaf angle (Archontoulis et al., 

2011).  

 As water stress continued, hemp responded through reducing LAI and increasing SLN, while 

NC stayed unchanged (Table 5.2). The reduced LAI was largely caused by increased senescence 

(Table 5.3). Because of this additional response, model analysis for the sensitivity in response 

to changing LAI or SLN was contrasting between CAN1 and CAN2 (Figure 5.10). This type of 

response to a long-term water stress was also observed in studies on other species such as kenaf 

(Hibiscus cannabinus) and sunflower (Archontoulis et al., 2011; Danalatos & Archontoulis, 

2010). The response could result in more significant increases in WUEc as a result of both the 

stomatal response discussed above and the reduced evaporative surfaces. However, an increase 

in SLN could not compensate for the loss in LAI; so, the long-term stress resulted in large 

reductions in the Acp,gross, Ecp and NUEc (Table 5.2). This result indicates that crop models for 

predicting the effect of long-term water stress should introduce mechanisms on the responses 

of canopy-level traits (like LAI) in addition to stomatal regulation. It also suggests that although 

hemp is tolerant to long-term water stress through improving water-use efficiency (Cosentino 
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et al., 2013), its final biomass yield and nitrogen-use efficiency may be restricted largely by 

water limitation during growth.  
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Supplementary Materials in Chapter 5 

 
Figure S5.1 Specific leaf nitrogen (SLN) against the leaf area index at depth i measured from the top 
(LAIi). Data presented was obtained at linear growth (on 17 June in panel a) and at full flowering (on 
23 July in panel b) in 2015. N0, N30, N60, N120 denote nitrogen fertilization rate in 2015 at 0, 30, 60 
and 120 kg N ha-1, respectively.  

 

 

Figure S5.2 Normalized canopy respiration (Rc) in relation to air temperature Tair. 

 

Figure S5.3 Plots of simulated Ac,gross against measured Ac,gross under different nitrogen and water 
regimes. Data presented were collected in CAN1. To avoid overcrowding of data points, only one tenth 
of the data is presented. N1, N2 and N3 denote the level of received nitrogen, see text for details. 
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Text S5.1 Summary information for the models used in Chapter 5 

Leaf photosynthesis model The model of Farquhar, von Caemmerer & Berry (1980; the FvCB model 

hereafter) calculates net CO2-assimilation rate (A) as the minimum of the Rubisco-limited (Ac), electron 

(e-) transport-limited (Aj), and triose phosphate utilisation-limited (Ap) rates. The three limiting rates can 

be expressed collectively as: 

    d

2c

1*c )(
R

xC

xΓC
A 




             (S5.1) 

where for Ac: x1 = Vcmax and x2 = KmC(1+O/KmO); for Aj: x1 = J/4 and x2 = 2*; and for Ap: x1 = 3Tp and x2 

= -*. In the model, Cc and O are the CO2 and O2 level, respectively, at the carboxylation sites of 

Rubisco, * is the CO2 compensation point in the absence of day respiration (Rd), and J is the linear e- 

transport rate and is described as a function of incident irradiance Iinc as: 

  )2/(4)( inc2LLmax
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maxinc2LLmaxinc2LL  IJJIJIJ      (S5.2) 

 The sub-model for stomatal conductance for CO2 transfer (gs) is: 

vpd

i*i

d
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
            (S5.3) 

where g0 is the residual value of gs when irradiance approaches to zero, Ci* is the intercellular CO2 level 

(Ci) at which A+Rd = 0, and fvpd is the relative effect of the leaf-to-air vapour difference (VPD) on gs (see 

later). 

 CO2 transfer from Ca (the ambient CO2 level) to Cc can be written as (Flexas et al. 2013): 

    )/1/1( sbai ggACC            (S5.4) 

    mic / gACC             (S5.5) 

Combining Eqns (S5.1, S5.3–S5.5) gives a standard cubic equation for solution to A. The solution is 

complicated and not shown here but see Yin & Struik (2009, 2017). 

 In the gs model, Eqn (S5.3), fvpd is the function for the effect of VPD, which may be described 

phenomenologically as (Yin & Struik 2009): 

1)/(1

1

11

vpd



VPDba

f             (S5.6) 

where a1 and b1 represent the Ci:Ca ratio in water vapour saturated air and the slope of the decrease of 

this ratio with increasing VPD, respectively, if g0 approaches nil. 
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 A number of parameters are related to leaf temperature (TL), and some of these can be described by 

the Arrhenius equation normalised with respect to 25°C: 

R
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where R is the universal gas constant (8.314 J K-1 mol-1). Eqn (S5.7) applies to Rd, *, Vcmax, KmC, KmO, 

Tp, and b1. The temperature response of Jmax is described by the modified Arrhenius equation:  
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 The values at 25°C of parameters Rd, Vcmax, Jmax, and Tp can be further quantified as a linear function 

of specific leaf nitrogen (SLN) above a certain base value (nb), at or below which leaf photosynthesis is 

zero: 

Parameter25 = (SLN  nb)          (S5.9)  

where  have different values for different parameters. 

 All these parameter values were based on our previous estimate for hemp (Chapter 4) or based on 

the literature for those conservative parameter values in C3 species (see Supplementary Material Table 

S5.1). 

Leaf transpiration model When there is no water stress, photosynthesis rate largely determines the 

transpiration rate. The basic equation to estimate potential leaf transpiration, Ep, is the Penman-Monteith 

equation (Monteith 1973): 
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where Rn is net absorbed radiation, rbh and rbw are the boundary layer resistance to heat and water 

transfer, respectively, rsw,p is the stomatal resistance to water transfer if there is no water stress, Da is 

saturation vapour pressure deficit of the external air, cp is volumetric heat capacity of air,  is the latent 

heat of vapourisation of water,  is the psychrometric constant. Calculation of rbw, rbh, and Rn was the 

same as used in the GECROS model (Yin & Struik 2017).  

 In the presence of water limitation, actual transpiration is assumed to be the amount of actual 

available water. Then, the change of actual stomatal resistance to water vapour (rsw,a) due to stomatal 

closure was obtained (see Eqn 5.7 in the main text), and this actual rsw,a was then used to calculate actual 

photosynthesis using an analytical, quadratic solution as presented by Yin & Struik 2017). 
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Scaling up to canopy The sun/shade model (de Pury & Farquhar 1997) is adopted, in which the canopy 

is divided into sunlit and shaded fractions and each fraction is modelled separately with a single-layer 

leaf model (described above).  

 Radiation absorbed by a canopy, Ic, was determined as: 
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'
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'
b
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where Ib0 and Id0 are incident direct-beam and diffuse radiation above the canopy, cb and cd are canopy 

reflection coefficient for direct-beam and diffuse light, respectively, '
bk  and '

dk  are extinction 

coefficients for beam and scattered beam, diffuse and scattered diffuse lights, respectively. 

 Radiation absorbed by the sunlit fraction of the canopy, Ic,su, is given as the sum of direct-beam, 

diffuse, and scattered beam components (de Pury & Farquhar 1997): 
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where  is leaf scattering coefficient. 

 Radiation absorbed by the shaded fraction of the canopy, Ic,sh, is calculated as the difference 

between the total radiation absorbed by the canopy, Ic, and the radiation absorbed by the sunlit fraction, 

Ic,su (de Pury & Farquhar 1997):  

suc,cshc, III              (S5.13) 

 Eqns (S5.11-S5.13) were applied separately to visible or photosynthetically active radiation (PAR) 

and near-infrared radiation (NIR), because they have different values for , cb, cd, kb, 
'
bk  and '

dk . The 

model assumes that half of the incident solar radiation is in the visible and other half is in the NIR 

waveband. All these coefficients are described as in GECROS (Yin & Struik 2017). 

 Many photosynthetic parameters are related to SLN, and rbh and rbw are related to wind speed u. Both 

SLN and u change with the depth of the canopy. To estimate these parameters for the entire canopy, and 

for the sunlit and shaded fractions of the canopy, photosynthetically active leaf nitrogen has to be scaled 

up. Assuming an exponential profile for the vertical decline of SLN in the canopy (Supplementary 

Material Figure S5.1), photosynthetically active nitrogen for the entire canopy (Ncp), for the sunlit 
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fraction of the canopy (Ncp,su) and for the shaded fraction of the canopy (Ncp,sh), can be estimated by (Yin 

& van Laar 2005): 

LnkeSLNN Lk
bn0cp /)1( n            (S5.14) 

bbbn
)(

0sucp, /)1()/(]1[ bbn kenkkeSLNN LkLkk        (S5.15) 

sucp,cpshcp, NNN             (S5.16) 

where SLN0 is the SLN for uppermost leaves, kn is the leaf nitrogen extinction coefficient in the canopy 

(see the main text). With a similar logic, boundary-layer conductance can be scaled up to the canopy 

level. 
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Abstract 

This chapter first provides a brief summary of the main findings presented in the previous chapters. 

Subsequently, in view of these findings and information from the literature, the potential of hemp for 

the sustainable development of the agricultural bio-economy is discussed. In the final section, 

implications for future research are discussed, focusing on the need for crop modelling to develop 

strategies to optimise cultivation and breeding in hemp. 
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6.1 Introduction 

The multiple societal challenges such as climate change, natural resource scarcity and 

environmental pollution have fuelled interests in sustainable development of the agricultural 

bio-economy. In Chapter 1 of this thesis I argued that hemp may be a multi-purpose crop that 

fits well in the context of sustainable bio-economy. However, hemp remains poorly developed 

because hemp production declined in the last century and was displaced largely by cotton and 

synthetic fibres. Therefore, the EC funded project Multihemp (www.multihemp.eu) was 

launched in 2012 with the aim to have significant impacts from both scientific and economic 

aspects, by building on fundamental scientific understanding from the development of hemp 

raw materials through to providing the basis for innovations in the areas of crop breeding, 

agronomy and harvesting, and biorefinery. Within the framework of Multihemp, this thesis 

reports key research findings on the agronomy of hemp production and the photosynthesis 

physiology of hemp’s resource-use efficiencies (RUE). This chapter broadens the discussion of 

preceding chapters to the overall achievements and to critical issues for bio-economically 

sustainable hemp production. Specifically, the following sections are presented: (1) advances 

made in agronomic aspects; (2) insights into photosynthesis physiology of hemp; (3) hemp 

production for the development of a sustainable bio-economy; and (4) implications for future 

research: crop modelling to develop strategies for optimisation of cultivation and breeding in 

hemp. 

6.2 Advances made in agronomic aspects 

Driven by the shift of a rapidly expanding market for hemp seeds coupled with lower-quality 

fibre requirements for innovative biomaterials, harvesting hemp for both stems and seeds is 

now a common practice in Europe while crop management strategies for the dual-purpose hemp 

cultivation have not been properly addressed so far. To support the dual-purpose cultivation of 

hemp, this thesis brought new information on the agronomy of hemp production, paying 

attention to cultivar choice (Chapter 2) and management of planting density and nitrogen 

fertilization (Chapter 3).  

The number of available hemp cultivars has risen rapidly since the 1990s, when hemp 

cultivation was progressively authorized throughout the EU. Currently, there are more than 60 

hemp cultivars registered in the common catalogue of varieties of agricultural plant species 

(https://ec.europa.eu/). Given that these cultivars differ in many traits related either to quantity 

or to quality of their products, and that large environmental effects on the yields of stems and 
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seeds have been widely reported (Cosentino et al., 2013; Faux et al., 2013; Höppner & Menge-

Hartmann, 2007; Struik et al., 2000), to choose a cultivar that is suitable for a particular 

environment is of paramount importance to the success of hemp cultivation. In Chapter 2, 

productivity of 14 commercial cultivars was investigated under contrasting European 

environments. The results showed that hemp stem yield was strictly related to the duration of 

the vegetative phase while seed yield was low in the late flowering cultivars (Figures 2.4, 2.6). 

Thus, for dual-purpose hemp production, a cultivar that gives a long vegetative phase while 

leaves enough time for seed growth is preferable. In addition, the results also suggested that 

genotype-specific characteristics, such as sex type and stem fibre content, are important to 

maximize economic return of hemp cultivation. A monoecious cultivar with a high bark fibre 

content is preferable because bark fibre is considered more valuable than wood core and the 

male plants of dioecious cultivar senesce soon after flowering that causes biomass loss and 

heterogeneous quality. 

The duration of the vegetative phase of a hemp crop is mainly affected by genotype and 

environment (Figure 2.2). Hemp development rate increases with increasing temperature 

between a base and a cut-off temperature, and as a short-day plant, hemp development rate also 

increases with decreasing day-length during the photoperiod-sensitive phase (Amaducci et al., 

2008a). Thus, a few studies have aimed at predicting hemp flowering time using genotype-

specific parameters, temperature and photoperiod (Cosentino et al., 2012; Amaducci et al., 

2008a; Lisson et al., 2000d). Results of this thesis showed that the phenological model proposed 

by Amaducci et al. (2008a) renders a good estimation of hemp flowering time under contrasting 

environments (Figure 2.3). Such a model could, therefore, facilitate cultivar choice basing on 

historical meteorological information and genotype-specific parameter values.  

Planting density is an important factor for growing hemp as it relates to the quantity of seed 

input and may affect the quantity and quality of stem and seed yields (see review by Amaducci 

et al., 2015). In Chapter 3, a series of planting densities ranging from 30 plants m-2 to 240 plants 

m-2 were tested for their effects on stem and seed yields under contrasting environments. The 

results showed that increasing planting density resulted in thin and short stems (Figure 3.5) 

while it had limited effect on the yields of stem and seed (Figures 3.1, 3.2). Slender stems 

contain a higher percentage of long fibre (Westerhuis et al., 2009) and require less energy for 

their mechanical processing (Khan et al., 2010) that is desirable for fibre targeted production 

(Westerhuis et al., 2009). But the pursuit of stem slenderness through a very dense crop is not 

encouraged because it not only increases the risk of lodging but also results in high fibre loss 
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during processing (Amaducci et al., 2008b; Amaducci et al., 2005). On the other hand, planting 

at extremely low density could result in reduction in biomass yield due to delayed canopy 

closure and weed competition (authors’ experience). The optimum planting density for dual-

purpose hemp cultivation could be set at 90–150 plants m-2.  

Optimization of crop nitrogen fertilization is a key issue for sustainable development of the 

agricultural bio-economy. The responses of hemp crops to nitrogen fertilization under 

contrasting environments were tested in Chapter 3. While the yields of stem and seed were 

limited by insufficient nitrogen supply (Figures 3.1, 3.2), this effect varied considerably, 

depending on soil fertility. In line with previous studies (Amaducci et al., 2002; Struik et al., 

2000), the effect of nitrogen fertilization on hemp stem and seed yields did not interact with 

planting density. 

There were a number of studies that addressed the effect of nitrogen fertilization on hemp 

productivity (Campiglia et al., 2017; Finnan & Burke, 2013). However, none of them has 

quantified the nitrogen demand of this crop. Chapter 3 filled this knowledge gap up by analysing 

the dynamics of hemp nitrogen uptake and then determining a critical nitrogen (Ncritical) dilution 

curve for hemp crop (Figure 3.7). The Ncritical of hemp is comparable with that of linseed but 

indicates a lower nitrogen requirement than found for other C3 crops for producing the same 

biomass, such as rice (ssp. japonica; Ata-Ul-Karim et al., 2013) and cotton (Xiaoping et al., 

2007). This result confirms the widely reported low fertilization requirement of the hemp crop 

(Finnan & Burke, 2013; Struik et al., 2000). Moreover, the presented Ncritical dilution curve is a 

useful tool to quantify crop nitrogen status (Lemaire et al., 2008). Based on this curve a nitrogen 

nutrition index (NNI) can be calculated as the ratio of N: Ncritical, where N is actual nitrogen 

concentration in aboveground biomass. NNI < 1 indicates nitrogen is limiting while NNI > 1 

indicates nitrogen is sufficient (Lemaire et al., 2008). 

6.3 Insights into photosynthesis physiology of hemp 

This section focuses on hemp’s RUE at leaf and canopy levels, basing on the assessments of its 

photosynthetic capacity conducted in Chapters 4 and 5. It is argued that photosynthesis is 

central for interpreting biomass production in response to genotype, environment, management 

interactions and hemp’s high RUE.  

While the mechanisms of leaf photosynthesis have been studied in detail for major crops, 

those of hemp have rarely been investigated. In Chapter 4, based on the C3 leaf photosynthesis 
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model of Farquhar et al. (1980), the responses of hemp photosynthesis to leaf nitrogen status 

and environmental factors were analysed following the procedures described in Yin et al. (2009), 

and a complete set of photosynthetic parameters were made available for hemp (Figure 4.6). 

These parameters provide fundamental information for the understandings of hemp’s RUE at 

leaf level (Figure 4.7), and for the modelling of hemp growth. However, caution is needed when 

modelling photosynthesis rate using the value of parameters derived from different 

environments. In this thesis, it was found that the effects of leaf nitrogen and temperature on 

almost all photosynthesis parameters were consistent at different leaf positions and among 

different growth environments. The exception is the effect on the efficiency of converting 

incident irradiance into linear electron transport under limiting light (κ2LL), and the value of κ2LL 

was higher for plants grown in the glasshouse than for those grown outdoors (Figure 4.6).  

Based on the results obtained in Chapter 4, the leaf photosynthesis of hemp was scaled up to 

canopy level in Chapter 5 with the aim to assess water-use efficiency (WUE) and nitrogen-use 

efficiency (NUE) in relation to levels of water and nitrogen supply. The results showed that the 

WUEc (defined as the ratio of gross canopy photosynthesis to canopy transpiration) and the 

NUEc (the ratio of the gross canopy photosynthesis to canopy leaf-N content) decreased with 

an increase in nitrogen-input levels; these effects were largely determined by the nitrogen effect 

on LAI (Figure 5.10). Water stress resulted in an increase in WUEc but a decrease in NUEc. The 

effect of short-term water stress was reflected by stomatal regulation, whereas the long-term 

stress increased leaf senescence, decreased LAI but retained total canopy nitrogen content. The 

lost LAI coupled with the increased average leaf-nitrogen content resulted in a further increase 

in WUEc (Figure 5.10). These results not only imply that hemp’s final biomass yield and 

nitrogen use efficiency may be restricted by water limitation during growth (Cosentino et al., 

2013), but also suggest that crop models should take stress-induced senescence into account in 

addition to stomatal effects if crops experience a prolonged water stress during growth. 

An innovative aspect in Chapter 5 of this thesis is that a multi-chamber system (Poni et al., 

2014) was used to determine hemp canopy gas exchange. To date, the canopy gas exchange rate 

is mainly assessed by micro-meteorological methods or by means of canopy-enclosure chamber 

systems. The micro-meteorological techniques such as the eddy covariance or Bowen ratio 

methods enable gas flux measurements without disturbing canopy micro-environment, and they 

are often applied to large homogeneous areas but do not suit for plot/pot-sized experiments 

(Jones, 2013). In contrast, the canopy chamber technique enables to determine precisely canopy 

gas exchange at a relatively small scale (Müller et al., 2009; Müller et al., 2005) that is a useful 
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tool to assess crop responses to nitrogen deficiency and water shortage at canopy scale. 

However, in line with previous studies (Müller et al., 2009; Poni et al., 1997), the presence of 

the chamber wall had a significant effect on the micro-environment within the chambers (Figure 

5.3) due to photosynthetic CO2 uptake, the greenhouse effect and transpiration. Results of 

model analysis showed that the micro-environment conditions within the chamber had large 

effects on canopy gas exchange and this effect were larger in the chambers with higher 

fertilization rate and lower water supply (Table 5.4). Therefore, a model based approach was 

applied to normalize measurements within different chambers to avoid any confounding effect 

due to the differences in chamber in micro-environmental factors (Chapter 5). 

6.4 Hemp production for the development of a sustainable bio-economy 

Hemp can be considered an exemplary crop to develop and promote the concept of bio-

economy (Fike, 2016; Amaducci et al., 2015; Finnan & Styles, 2013) as it produces a high and 

valuable biomass yield while requiring low inputs. This section assesses the productivity of 

hemp crops and its environmental effects.  

6.4.1 The productivity of hemp 

The high productivity of hemp is confirmed in this thesis (Table 2.8). The maximum stem yield 

measured in this study was 22.7 Mg ha-1. This yield was slightly higher than the maximum stem 

yield reported in a previous work that compared hemp yield potential across Europe (Struik et 

al., 2000). Results of the comprehensive field experiments conducted in the present study and 

that in the literature suggested that typical hemp stem yield were in the broad range of about 5-

15 Mg ha-1 (Aubin et al., 2016; Finnan & Burke, 2013; Höppner & Menge-Hartmann, 2007; 

Struik et al., 2000). The observed hemp stem yields were likely limited, to some extent, by the 

production of seeds in many studies. Mostly cultivated for harvesting stem and seeds 

simultaneously, Carus et al. (2013) and Carus & Sarmento (2016) reported that the industrial 

yield of hemp stem across Europe is on average 7 Mg ha-1. In Canada, where cultivation of 

hemp is mainly for harvesting seeds, Vera et al. (2010) and Aubin et al. (2016) reported the 

stem yields of 4–7 Mg ha-1. 

Earlier studies had revealed that light-use efficiency (LUE) of hemp was low after flowering 

(De Meijer et al., 1995). Struik et al. (2000) reported that hemp crop had LUE at 2.2–2.3 g MJ-

1 (on the basis of intercepted photosynthetically active radiation) during vegetative phase while 

this value decreased to 1.0–1.1 g MJ-1 after flowering. Van der Werf et al. (1994) analysed the 
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effect of flowering on hemp LUE and pointed out that a minor part of the post-flowering decline 

in the LUE of hemp can be accounted for by larger losses of shed leaves and increased growth 

respiration due to the synthesis of fat and protein in the seed. The results of this thesis suggested 

that a major part of the decline of LUE after flowering is likely caused by reduction of crop 

gross photosynthesis due to senescence of the leaves (Figure 4.2).  

The yields of hemp seed ranged from none up to 2.3 Mg ha-1 in this thesis. Cherney & Small 

(2016) pointed out that the present productivity of hemp seeds, about 1.0 Mg ha-1 under good 

conditions, occasionally 1.5–2.0 Mg ha-1, is not yet sufficient for the crop to be competitive 

with major oilseeds. However, the reported yields of hemp seed were, to some extent, 

underestimated due to shattering prior to and during harvesting as a result of heterogeneity in 

inflorescence maturity (Figure 6.1), particularly if harvested outside the optimal harvest time 

windows, ranging between 50% and 70% maturity. Another important reason for the 

underestimation of the hemp seed yield was bird predation. Bird predation can cause a 

significant loss of seed but measures of prevention such as using nets or bird scarers are hardly 

economically successful. At present, losses up to 30% of the hemp seed yields are not 

uncommon (Cherney & Small, 2016). Therefore, great improvement of hemp seed yield may 

be achieved through reducing loss due to shattering. To this end, breeder could select for 

shattering resistant cultivars while technical engineering could improve harvesting machines.  

 

Figure 6.1 Heterogeneity inflorescence maturity of hemp. From left to right: inflorescence of 
individual plant, a branch on the inflorescence (small leaves have been removed), seeds in the same 
branch. 
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6.4.2 The environmental effects of hemp cultivation 

Hemp is advantageous over other annual crops in terms of their impact on environment. Firstly, 

as discussed previously, hemp has a high nitrogen-use efficiency and requires low nitrogen 

inputs (Chapters 3, 4). In addition, hemp was generously fertilized with manure in the past, and 

is naturally adapted to employing mammalian manure as fertilizer. It, therefore, has the potential 

of efficiently employing stocks of livestock manure. A study carried out within the framework 

of Multihemp to compare the carbon footprint of flax, hemp, jute and kenaf for the natural fibres 

consumed in Europe (Barth & Carus, 2015) suggested that use of organic fertilizer for hemp 

cultivation could minimize greenhouse gas emissions that puts hemp ahead of the other crops.  

Secondly, hemp cultivation is virtually free of herbicides and pesticides, which may reduce 

biodiversity. Hemp generally has few problems of weed due to its ability to outcompete most 

weed species under favourable conditions. However, several weeds may occur in hemp field 

when canopy closure is limited by insufficient nutrition supply, low planting density, pre-

flowering, drought, etc. The species of weeds differ among environments. Legros et al. (2013) 

identified six main weed species in a French field, including weeds from the Sinapis and 

Chenopodium genera. In Northern Italy, Echinochloa crus-galli occurred dominantly and it 

caused significant yield loss in our study in the field trials carried out in 2014 (Chapter 3). Hemp 

can also be affected by parasitic and climbing weeds. Parasitic plants, such as broomrape 

(Orobanche L.) and dodder (Cuscuta L.), can cause hemp plants to die before maturity and 

reduce productivity. Although some form of weed control may be needed to prevent economic 

losses, no herbicide is currently registered for use on hemp. Different trials carried out in France 

(Legros et al., 2013) showed that hemp crops are sensitive to herbicides, especially when they 

are applied before sowing or immediately after emergence. It is common to see several bugs on 

the inflorescence of hemp plants and some diseases have been identified (Van der Werf et al., 

1995). A list of management practices and biological control agents for hemp pests and diseases 

have been made available (McPartland et al., 2000) while some do not consider the pests and 

diseases a problem of economic consequence (Desanlis et al., 2013).  

Thirdly, hemp has potential to improve soil quality. Hemp has a deep root system (Amaducci 

et al., 2008c) that decays rapidly to provide both soil aeration and fertilization for the 

subsequent crops. Gorchs et al. (2017) reported that, after growing hemp, the yield of 

subsequent wheat increased by 1368 kg ha-1 and 155 kg ha-1 in the subsequent first and second 

years, respectively, to the wheat monoculture. Moreover, several studies suggested that hemp 
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has the capability to decontaminate soils that are polluted with heavy metals (Angelova et al., 

2004; Linger et al., 2002). 

6.5 Implication on future research: crop modelling to develop strategies for optimisation 

of cultivation and breeding in hemp 

In order to favour the need of high-quality hemp raw materials, field trials have undoubtedly 

been considered the most direct ways in understanding the effects of genotype-by-environment-

by-management interactions (G×E×M) on hemp production. However, except being costly and 

labour intensive, field trials are easily affected by many undesirable factors due to the 

complicated field conditions (Amaducci et al., 2000). Since the pioneering work on crop 

modelling by De Wit (1959), crop growth models have been applied extensively in support of 

the theoretical research, yield prediction, and decision making in agriculture (Yin & Struik, 

2010) and examples have been reported widely (Keating et al., 2003). As exemplified by the 

successful applications for staple crops (Bouman et al., 2007; Aggarwal et al., 1997), crop 

growth models that are based on physiological mechanisms, capture crop growth and 

development processes in response to management, genotypic, soil and climate factors, have a 

potential to design strategies for improving hemp production. Furthermore, recent studies 

successfully integrated the genetic information into advanced crop models (Gu et al., 2014; 

Prudent et al., 2011), showing the possibility of using crop growth models to assist breeding. 

For these reasons, developing a heuristic hemp growth model that is based on fundamental 

understanding of the effects of G×E×M on hemp biomass production is necessary to develop 

strategies for optimization of cultivation and breeding in hemp. 

Several attempts have been made for modelling hemp production. For estimating the 

potential of hemp as a crop for sustainable farming systems in temperate regions, based on 

experimental results, Van der Werf et al. (1996) described the first hemp growth model 

(LINTUL-hemp) on the basis of “light interception and utilization” concept. The LINTUL-

hemp focused on the assessment of hemp potential production, ignored the larger variation of 

hemp growth due to the changing environmental variables and different genotypes, and 

therefore has a limited value for analysing hemp production in response to G×E×M under field 

conditions. Inspired by the criteria of Carberry et al. (1992) for kenaf (Hybiscus cannabinus 

L.), a short-day plant similar to hemp, Lisson et al. (2000a–d) quantified hemp phenology and 

LAI in response to environmental variables and plant density and developed a model called 

APSIM-Hemp for simulating the growth, development and yield of hemp in response to 
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climatic, soil and management. These studies, to some extent, explored the hemp model 

development. However, they were developed on the basis of limited, largely agronomic 

perspectives and observations. Many summary concepts (e.g. LUE) were used in the description 

of complicated physiological mechanisms. Important yield relevant factors were ignored (e.g., 

nitrogen application). Therefore, these models may not play a heuristic role or correctly predict 

each process or crop growth over a wide range of conditions. A common view (e.g., Boote et 

al., 2013) is that accurate modelling of G×E×M would require more mechanistic approaches.  

In this thesis, advances have been made in understanding the physiology of growth and 

development processes of hemp. Some of the processes were quantified at the biochemical level, 

e.g., leaf photosynthesis (Chapter 4). Corresponding simulation models were used to integrate 

physiological information from leaf to canopy scales (Chapter 5). These results provide an 

excellent opportunity to parameterise a generic crop growth model (i.e., Genotype-by-

Environment interaction on CROp growth Simulator, GECROS) (Yin & van Laar, 2005; Yin 

& Struik 2017) for hemp, as analyses described in Chapters 4 and 5 followed exactly the model 

methodology as used in the GECROS model. In addition, GECROS simulates the growth and 

development of the crop, and generates phenotypes for a multitude of traits, based on concepts 

of the interaction and feedback mechanisms among various contrasting components of crop 

growth, carbon-nitrogen interaction in particular (Yin & Struik, 2010). If successful, such a 

growth modelling could facilitate the development strategies for optimisation of cultivation and 

breeding in hemp, as exemplified by the successful applications in major crops (Gu et al., 2014, 

Khan et al., 2014; Biernath et al., 2011).  

6.6 Concluding remarks 

With the aim of providing novel information to support cultivation of hemp, particularly dual-

purpose (stems + seeds) cultivation in Europe, in this thesis, comprehensive studies have been 

conducted on the agronomy of hemp production and photosynthesis physiology of hemp’s RUE. 

Hemp has a great potential for dual-purpose production. The cultivation of dual-purpose hemp 

is not difficult. A monoecious cultivar that has high content of bark fibre in stem and gives a 

long vegetative phase while leaves enough time for seed growth should be chosen. The planting 

density should be set at 90–150 plants m-2. Nitrogen fertilization depends on soil fertility but 

generally 60 N ha-1 is sufficient across most European conditions.  

Hemp is one of the very few crops that have the capacity to be cultivated on non-organic 

farms with few or no agrochemicals and have positive effects on soil conditions. Therefore, it 
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can be concluded that hemp has the right profile to fit in the concept of sustainable development 

of the agricultural bio-economy. Advances have been made in understanding the physiology of 

hemp growth and development processes. These understandings provide essential knowledge 

for developing a generic hemp growth model that can facilitate to develop strategies for 

optimisation of cultivation and breeding in hemp. 
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Summary 

Hemp (Cannabis sativa L.) is a sustainable high-yielding crop that delivers valuable fibres, 

seeds and psychoactive substances. Traditionally cultivated mainly for the production of 

textiles and ropes, hemp is now considered as an ideal crop to produce innovative biomaterials. 

In recent years, the innovative uses of hemp materials and the increasing concern on sustainable 

development of the agricultural bio-economy have encouraged and sustained the development 

of the hemp industry that supports the cultivation, processing and use of hemp and its products, 

particularly in Europe. However, there is a lack of novel information to support this industry as 

hemp production declined in the last century and was displaced largely by cotton and synthetic 

fibres; consequently, hemp has not been subject to the intensive research that has driven great 

improvements in major crops in the last 50 years. With the aim to support the resurging hemp 

production, in this thesis, comprehensive studies were defined to assess the effects of genotype, 

environment and management on the performance of hemp crops, and to elucidate the 

physiological basis of hemp’s high resource-use efficiencies (RUE).  

Chapter 1 provides a brief introduction to the hemp plant and the state of knowledge on 

hemp agronomy and photosynthesis physiology. Knowledge gaps on the effects of genotype, 

environment, and management on hemp production and on hemp’s RUE are identified thereof.  

In the following four chapters (Chapters 2–5) research results gained in the experimental 

studies are presented. Chapters 2 and 3 present investigations to improve our understanding of 

hemp agronomy for dual-purpose cultivation (fibre + seeds) that is a common practice in Europe, 

driven by the shift of a rapidly expanding market for hemp seeds coupled with lower quality 

fibre requirements for innovative biomaterials. Chapters 4 and 5 present experimental research, 

combined with modelling analyses, to improve our understanding of hemp photosynthesis 

physiology. In the final chapter (Chapter 6) the overall achievement of this study is discussed.  

Chapter 2 presents the production of stems and seeds of hemp in relation to genotype and 

environment. The variation of stem and seed yield among cultivars was mainly determined by 

the difference in flowering time. In the later flowering cultivars stem yield was high but seed 

yield was constrained. Thus, a cultivar that gives a long vegetative phase while leaving enough 

time for seed growth is preferable for dual-purpose hemp production. The flowering time of 

hemp is under control of the genotype × environment interactions that can be accurately 

simulated using mathematical models, with genotype-specific parameters, temperature and 
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photoperiod as inputs. Such a model could, therefore, facilitate cultivar choice based on 

historical meteorological information and genotype-specific parameter values. In addition to 

the time of flowering, considerable variation among cultivars in sex morphology and stem fibre 

content were observed. A monoecious cultivar with a high bark fibre content is preferable for 

dual-purpose production because bark fibre is considered more valuable than wood core and 

the male plants of dioecious cultivar senesce soon after flowering resulting in biomass loss and 

heterogeneous quality.  

Chapter 3 presents the stem and seed productivities of hemp in response to two important 

management practices: planting density and nitrogen fertilization. The effects of these two 

factors on hemp stem and seed yields neither interacted with each other nor with the cultivar 

effect. Changing planting density over a wide range had limited effect on both stem and seed 

yields while plant height and stem diameter decreased with increasing population density. The 

optimum planting density for dual-purpose hemp cultivation could be set at 90-150 plants m-2. 

Nitrogen demand of hemp crop during growth was analysed and a critical nitrogen (Ncritical) 

dilution curve was determined thereof. The Ncritical of hemp is comparable with that of linseed 

but indicates a lower nitrogen requirement than found for other C3 crops, such as rice and cotton, 

for producing the same amount of biomass. Nitrogen fertilization rate at 60 kg N ha-1 is 

generally sufficient in the European conditions whereas further optimization of nitrogen 

fertilization requires accurate assessment of the crop nitrogen status.  

The responses of hemp leaf photosynthesis to nitrogen content and environmental factors 

were quantified in Chapter 4. Based on such data, a biochemical model for C3 leaf 

photosynthesis was parameterized and validated for hemp. It was shown that the effect of leaf 

nitrogen and temperature on all the photosynthetic parameters of hemp were consistent at 

different development stages and growth environments, except for the effect on the efficiency 

of converting incident irradiance into linear electron transport under limiting light (κ2LL). The 

value of κ2LL was higher for plants grown in the glasshouse than for those grown outdoors. 

Model analysis with the photosynthetic parameters obtained in this study and those in literature 

showed that hemp has higher leaf photosynthesis rate than cotton and kenaf at a low nitrogen 

(i.e. at a specific nitrogen content of less than 2.0 g N m-2). 

Chapter 5 investigates the effect of nitrogen and water supply on the use efficiencies of these 

resources at canopy level. Canopy photosynthesis and transpiration were assessed using a multi-

chamber canopy gas exchange system. Canopy chambers differed significantly in microclimate 
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and therefore observations were corrected for such differences using a validated physiological 

canopy model. After correcting for the differences in microclimate, the WUEc (defined as the 

ratio of gross canopy photosynthesis to canopy transpiration) and the NUEc (the ratio of the 

gross canopy photosynthesis to canopy leaf-N content) depended on the levels of water and 

nitrogen supply. Water stress resulted in an increase in WUEc but a decrase in NUEc. The WUEc 

and the NUEc were lower at higher nitrogen level; this effect was strictly related to the effect of 

nitrogen supply on canopy size or leaf area index (LAI). The effect of short-term water stress 

was reflected in the stomatal regulation, whereas the effect of long-term water stress was 

complicated. In addition to the stomatal effect, long-term water stress enhanced leaf senescence, 

reduced LAI but retained total canopy nitrogen content, and therefore, resulted in a further 

increase in WUEc. 

Chapter 6 broadens the discussion of the preceding chapters to the overall achievements of 

this thesis. I highlight the advances made in hemp agronomy and in photosynthesis physiology, 

and critically assess the environmental effects of hemp cultivation. Hemp has a high-yielding 

potential while its cultivation is environmentally friendly. Therefore, it can be concluded that 

hemp can be grown as a sustainable crop over a wide range of climatic and agronomic 

conditions.  
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