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Research highlights 

▪ The use of energy crops in marginal land avoids competition 

between food crops and exploits the use of degraded and 

abandoned land 

▪ Miscanthus x giganteus, native to wetter climates, is highly 

dependent on irrigation for high biomass yields. 

▪ New Miscanthus hybrids (Miscanthus sinensis X Miscanthus 

sacchariflorus) developed for drought tolerance have shown 

promising adaptability, suggesting potential utility also under arid 

conditions. 

▪ Despite the reduction in biomass under drought conditions, the 

chemical composition of the biomass (lignin, cellulose, 

hemicellulose and ash) remained stable, indicating that the quality 

of the biomass is not adversely affected by water stress. 

▪ Species such as Arundo donax and Saccharum spontaneum show 

greater resilience to drought, with smaller differences between 

irrigated and rainfed conditions, making them more suitable for 

biomass production in marginal lands with limited water resources. 

▪ Understanding physiological mechanisms, in particular stomatal 

regulation and water use efficiency, is essential for improving 

agricultural sustainability under water stress conditions. 

▪ The high LAD, high CO₂ assimilation rate, and the radiation (RUE) 

and water (WUE) use efficiency were decisive for the high yields. 
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Abstract  

The future of biomass production in the Mediterranean region 

faces challenges due to increasing water scarcity, which is worsened 

by climate change. This situation necessitates a reduction in water 

consumption for agricultural practices. As the demand for bioenergy 

rises and drought conditions become more prevalent, research is 

shifting towards perennial crops that can produce substantial biomass 

even in fluctuating environmental circumstances.  

The challenge is twofold: ensuring that biomass production 

remains sustainable while efficiently managing limited water 

resources. Consequently, research is concentrating on identifying 

plant species that are more resilient to drought as well as selecting 

genotypes with high water-use efficiency. These genotypes are 

capable of sustaining significant productivity even when water 

availability is reduced. 

This Ph.D. thesis evaluates the physiological and productive 

performance of energy crops, specifically Arundo donax, Saccharum 

spontaneum, and various hybrids of Miscanthus, in a Mediterranean 

environment characterized by limited water availability and prolonged 

dry summers. Through experimental trials conducted under both 

irrigated and non-irrigated conditions. The research analyzed 

parameters such as leaf area duration (LAD), the fraction of 

photosynthetically active radiation intercepted (fPARi), radiation use 

efficiency (RUE), water use efficiency (WUE and IWUE), 

physiological parameters (such as stomatal conductance, 

photosynthesis, and transpiration), and overall yield.  

The study demonstrates that irrigation significantly enhances 

LAD and RUE during critical growth stages. although genotypes show 

some resistance to suboptimal water conditions, modulating leaf area 

expansion and maintaining biomass quality.   

This work highlights how understanding plant physiological 



xxi 

 

mechanisms, particularly stomatal regulation and water efficiency, 

offers valuable insights into improving crop sustainability under water 

stress conditions. The observed differences among genotypes, 

especially between Arundo donax and the other species examined, 

indicate that targeted selection could enhance productivity under 

varying climate and water availability scenarios. Additionally, these 

differences suggest that targeted selection could increase biomass 

yield across different climate conditions, thereby contributing to the 

sustainability of both agriculture and bioenergy production. 

 

Keywords: Perennial biomass yield, Arundo donax L., 

Saccharum sponteaneum, M. × giganteus J.M. Greef, Deuter ex 

Hodk., Renvoize and hybrids, physiological parameters, LAD, RUE, 

WUE, drought tolerance. 
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Riassunto 

Il futuro della produzione di biomassa nel Mediterraneo si 

colloca in uno scenario di crescente scarsità d’acqua, accentuato dai 

cambiamenti climatici, che impongono la necessità di ridurre i 

consumi idrici in agricoltura. 

La crescente domanda di bioenergia e la necessità di far fronte 

all’incombente siccità hanno spinto la ricerca verso colture perenni 

capaci di produrre elevate quantità di biomassa in condizioni 

ambientali variabili. 

 La sfida è duplice: garantire la sostenibilità della produzione di 

biomassa e gestire in modo efficiente le limitate risorse idriche. In 

questo contesto, la ricerca si focalizza sull’identificazione di specie 

più resilienti alla siccità e sulla selezione di genotipi ad alta efficienza 

nell’uso dell’acqua, capaci di mantenere una produttività rilevante 

anche in condizioni di ridotta disponibilità idrica. 

Questa tesi di dottorato si concentra sulla valutazione delle 

prestazioni fisiologiche e produttive di colture energetiche, in 

particolare Arundo donax, Saccharum spontaneum e diversi ibridi di 

Miscanthus, in ambiente mediterraneo, caratterizzato da disponibilità 

limitata di acqua e da prolungate estati secche.  

Attraverso prove sperimentali condotte in condizioni sia di 

irrigazione che in assenza di irrigazione, la ricerca ha analizzato 

parametri quali la durata dell’area fogliare (LAD), la frazione della 

radiazione fotosinteticamente attiva intercettata (fPARi), l’efficienza 

di utilizzo della radiazione (RUE), l’efficienza idrica (WUE e IWUE), 

i parametri fisiologici (conduttanza stomatica, fotosintesi e 

traspirazione) e la resa.  

Lo studio rivela che l'irrigazione aumenta significativamente la 

LAD e la RUE durante le fasi critiche della crescita, sebbene i genotipi 

mostrino una certa resistenza a condizioni idriche non ottimali, 

modulando l'espansione dell'area fogliare e mantenendo la qualità 
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della biomassa.   

Questo lavoro sottolinea come la comprensione dei meccanismi 

fisiologici delle piante, in particolare la regolazione stomatica e 

l’efficienza idrica, offra preziose indicazioni per migliorare la 

sostenibilità delle coltivazioni in scenari di stress idrico. Le differenze 

osservate tra i genotipi, soprattutto tra A. donax e le altre specie 

esaminate, suggeriscono che una selezione mirata possa incrementare 

la produttività in diversi scenari climatici e di disponibilità idrica. 

Le differenze riscontrate tra i genotipi, in particolare tra Arundo 

donax e le altre specie, suggeriscono che una selezione mirata può 

incrementare la resa in biomassa in scenari climatici diversi, 

contribuendo così alla sostenibilità sia dell’agricoltura che della 

produzione bioenergetica. 

 

Parole chiave: Resa biomasse perenni, Arundo donax L., 

Saccharum sponteaneum, M. × giganteus J.M. Greef, Deuter ex 

Hodk., Renvoize and hybrids, parametri fisiologici, LAD, RUE, 

WUE, tolleranza alla siccità 

 

 

 

 

 

 

 

 

 

 

 

 

 



Increasing the knowledge on wild and improved bioenergy 

crops for drought prone Mediterranean environment 

1 

 

1 Increasing the knowledge on wild and improved 

bioenergy crops for drought prone 

Mediterranean environment  

1.1 Introduction 

Fossil fuels are the main supply of energy and also the main 

driver of the globe economy for several decades. The reduction in 

reserves and also the pollution related to them has generated the 

necessity to develop technologies to switch the utilization of oil. 

Alternative technologies embrace renewable energy, that is, 

energy from renewable non-fossil sources, so designed to not be 

depleted, making certain larger respect for the surroundings. Not all, 

among the various resources of the world that we have a tendency to 

use, have the capability to be regenerated, and among the renewable 

ones, some will be regenerated quicker than others, in favor of larger 

property and so larger impact in terms of energy potency. However, 

they are still clean energies with minimal environmental impact 

compared thereto caused by nonrenewable sources, which is precisely 

why they are considered the real resource of the future. 

The advantages associated with biofuels are related to: 

- An increase in agricultural employment, since it adds demand, 

for energy purposes, to the traditional agribusiness demand. 

- The possibility of recovering marginal land, currently not 

cultivated, by diversifying cropping systems. Marginal lands have 

little profit potential and often have poor soil or other undesirable 

characteristics, these soils have such characteristics that they have 

higher yields with energy crops than with food crops. 

- and a lower environmental impact due to a zero-carbon 

balance, since the carbon dioxide, contained within the fuel, which is 

released into the atmosphere during the combustion process, will be 
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recovered by the plants that will be cultivated in the next cycle for the 

production of energy crops, as the natural carbon cycle. 

The disadvantages, on the other hand, involve higher prices and 

the competition that is generated with the production of first-

generation biofuel, this in fact being that fuel that is obtained from 

food feedstocks. Over the past few years, bioenergy-energy derived 

from organic matter or biomass-has increasingly emerged as a viable 

alternative to the production of warmth, electricity and energy for 

automotive use. For the most part, scientific and technological 

research has focused on liquid biofuels, particularly bioethanol and 

biodiesel, the use of which has been and is strongly encouraged and 

promoted by policy and governmental actions conducted on an 

international, EU and national scale (FAO 2009). 

A strong impetus, Renewable Energy Sources (RES), received 

it already after the signing of the "Kyoto Protocol," the international 

agreement promoted by the UN and signed on December 11, 1997 by 

more than 160 countries participating in the third session of the 

Conference of the Parties to the United Nations Framework 

Convention on Climate Change (UNFCCC).  The main theme of the 

protocol was the international reduction of greenhouse gas emissions, 

believed to be the major contributors to global warming. Without 

action to reduce global greenhouse gas emissions, global warming 

would risk exceeding pre-industrial levels by 2°C and could even push 

up to 5°C by the end of the century. The ensuing impact on the global 

environment and in particular sea level rise would be disastrous. 

Action to address climate change and reduce greenhouse gas 

emissions is therefore a priority for the world and the European Union 

(EU).  

In December 2015, a crucial binding and universal agreement 

on global climate change is adopted at the Paris Climate Conference 

(COP21). The Paris Agreement establishes a worldwide framework to 
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avoid dangerous global climate change by limiting warming well 

below 2ºC and continuing efforts to limit it to 1.5ºC. It additionally 

aims to strengthen the capability of countries to handle with the 

impacts of climate change and support them in their efforts. 

  

1.2 Renewable energies 

The term renewable energy refers to those forms of energy 

generated from sources that by their inherent characteristic regenerate 

at least as fast as they are consumed. They are not "exhaustible" on the 

"human" time scale, and their use does not compromise natural 

resources for future generations. Thus, they are alternative forms of 

energy to traditional fossil sources, and many of them have the 

distinction of also being clean energies, that is, they do not release 

harmful and/or climate-altering substances such as CO2 into the 

atmosphere. Wind power, hydropower, photovoltaics are just some of 

the energy resources we have at our disposal. Bioenergy is another 

renewable energy source produced from biomass. The latter includes 

any type of material that originates from living organisms. 

Specifically, biomass energy is defined as any type of organic matter 

Figure 1-1 - Report of Emissions of Air Pollutants during 1990-2017. 

Source: EUROSTAT - European Commision 
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other than oil, natural gas and coal (i.e., fossil fuels in general) that can 

be used as fuel. It can be directly burned (thermochemical processes) 

or converted through various processes (biochemical and chemical) 

into liquid, solid and gaseous fuels.  Various products classifiable as 

biofuels (e.g., biogas) and biofuels (such as bioethanol, biodiesel, and 

oil) are obtained from these conversion processes. 

1.2.1 Biofuels 

Legislative Decree 28/2011 (Art. 2(i)) defines biofuels as all 

those liquid or gaseous transportation fuels derived from biomass. 

Based on the source of biomass used, biofuels are distinguished into 

first, second and third generation biofuels. 

• First generation biofuels 

 Biomasses derived from food crops with high concentrations 

of starch, simple sugars or oil, second-generation bioenergy systems, 

which use biomasses derived from dedicated crops that have no food 

purpose, are used alongside agricultural by-products such as straw, 

wood chips and bamboo, biomasses from municipal waste, such as 

residues from public green maintenance operations and the wet 

fraction of municipal solid waste, agro-industrial waste, such as those 

from the wood industry, as well as pruning residues and forestry 

waste, such as residues from forestry operations or agro-forestry 

activities, are also included; third-generation bioenergy systems, using 

biomass derived from algae, which are, however, at an experimental 

stage and therefore do not belong to the established systems for 

bioenergy production.  

• Second generation biofuels 

The growing criticalities towards first generation biofuels have 

given a great impetus to research, for the production of second 

generation biofuels, obtaining carbon from parts of the plant that 
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cannot be used for food purposes, such as: agricultural or forestry 

processing residues, mowings, pruning or wood and paper processing 

residues as well as plants used and cultivated with the sole purpose of 

converting and obtaining energy. 

Plants grown for energy use must be characterized by: 

• High productivity; 

• High growth rate; 

• Low need for water; 

• Low nutritional needs. 

Therefore, second generation biofuels have the objective of not 

using biomass that can be used for food purposes, both for an ethical 

and social value and for the inevitable increase in the prices of raw 

materials. To this end, the land also plays a pivotal role, in fact 

marginal land is used that is not and cannot be used for the cultivation 

of food plants. 

Another important resource that could be used for conversion 

to second generation biofuel is represented by production waste. 

• Third generation biofuels 

Third generation biofuels can be obtained from the large-scale 

cultivation of microorganisms, such as microalgae. Algae are among 

the oldest living forms on earth, with simple growth requirements that 

can convert CO2 into sugars, proteins and lipids in a short time. These 

products can be transformed into both biofuels and food and valuable 

co-products (pharmaceuticals and nutraceuticals, animal feed 

additives, bioplastics, etc.) (Brennan and Owende, 2010). 

1.2.2 Bioethanol 

Bioethanol is considered one of the most promising substitutes 

for fossil fuels, serves as a promising carbon neutral biofuel. The 

advantages of bioethanol as a biofuel include high octane number, low 

boiling point, higher heat of vaporization and comparable energy 
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content (L.R. Lynd et al. 1991), however, its competitiveness as a bulk 

commodity is highly dependent on process technology. Although 

several bioethanol pilot plants have been commissioned around the 

world, much effort is still needed to reduce production costs. The 

pretreatment stage plays an important role on the concentration of the 

bioethanol fermentation broth. The main cost constraints are the cost 

of feedstock, the cost of enzymes, the cost of detoxification, and the 

cost of ethanol recovery (K. Collins et al. 2007). 

Bioethanol production from lignocellulosic biomass involves 

three main unit operations: pretreatment, enzymatic saccharification 

and fermentation. A major limitation is that the processing cost is high, 

making the process economically unviable. Since 2008, many 

advances have been made in cost reduction, such as the use of enzyme 

cocktails for better saccharification, the use of engineered 

microorganisms for better product yield, and the production of some 

low-volume, high-value-added products to improve the overall 

economics of the process. High-temperature ethanol production by 

thermophiles helps in ethanol removal by gas stripping or solvent 

extraction (S. Kumar et al. 2009). 

Bioethanol production from rice straw has been reported by 

Takano and Hoshino (Takano and Hoshino, 2012). Simultaneous 

saccharification and fermentation of steam-exploded rice straw 

produces 13.2 g/L of bioethanol. Lee and Lee (Lee and Lee, 2016) 

examined the potential of brown algae as a feedstock for bioethanol 

production. One of the main advantages of using brown algae is that 

saccharification is relatively easy due to the absence of lignin. A major 

limitation is the presence of alginate, which cannot be metabolized by 

microorganisms; this can be overcome by employing metabolically 

engineered microorganisms that can utilize alginate.  
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1.2.3 Biogas and Biomethane 

Biogas is a mixture of methane, CO 2 and small amounts of 

other gases produced by the anaerobic digestion of organic matter, 

with the help of a series of bacteria that decompose the matter. The 

exact composition of biogas depends on the type of feedstock and the 

production route. Biomethane-also known as "renewable natural gas"-

is the purified form of raw biogas, CO 2, H 2 O, H 2 S and other 

impurities are removed during production, leaving pure gas with high 

caloric content. 

The use of biomethane to replace fossil fuels does not require 

the investment of additional resources to develop new infrastructure. 

The existing gas infrastructure is prepared for biomethane. This is the 

key to accelerating decarbonization and providing affordable 

renewable energy for consumers. 

Biogas and biomethane prevent emissions along the entire value 

chain, with a threefold emission mitigation effect. Firstly, they prevent 

emissions that would otherwise occur naturally: organic residues are 

brought into the controlled environment of biogas plants, preventing 

emissions from the decomposition of organic matter from being 

released into the atmosphere. Secondly, the biogas and biomethane 

produced replace fossil fuels as energy sources. Thirdly, the use of 

digestate obtained in the biogas production process as a biofertilizer 

helps return organic carbon to the soil and reduces demand for carbon-

intensive production of mineral fertilizers. 

1.3 Biomass crops suitable for marginal lands 

The term "biomass" derivers from ancient Greek and refers to 

any biodegradable organic material from plants, animals, and 

microorganisms, that is, from a living being. The aim is to observe and 

study the behavior of biomass from plants. Biomass used to heat or 

cook food is the oldest source of renewable energy, dating back a 
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million years, discovered by our ancestor Homo erectus during the 

Stone Age. In Europe, these traces have been evident for about 

400,000 years (Gowlett, 2016).  

In both Europe and other countries around the world, there has 

been a growing interest in those perennial crops, growing wild in 

marginal and/or degraded soils, as a source of biomass for energy 

production.  

The spontaneous perennial crops that have received the most 

interest from international science have been lignocellulosic crops 

because they have a low raw material cost and are able to grow in 

different environments and particularly on marginal lands. 

From an agronomic point of view, perennial crops could have 

greater tolerance when grown in these soils because they require less 

nutrient input and limited soil management than annual crops. 

Perennial crops (BPGs) belong to the family Poaceae or 

Graminaceae, the largest form of monocotyledonous vascular and 

herbaceous plants, which include cereals, natural, semi-permanent and 

permanent grassland, meadows and bamboo. In general, herbaceous 

plants are classified into annual and perennial species. Perennials are 

currently the most common plants; they are a valuable source of food, 

feed and energy for all kinds of wildlife, domestic animals and humans 

(Piperno and Hans-Dieter, 2005). 

 Most perennial grasses have a C4 photosynthetic pathway and 

are more efficient than C3 plants in using resources such as water 

(Fernando et al., 2010; Zagada Lizarazu et al., 2010).  

In the Mediterranean environment, low water availability and 

high temperatures during summer have indicated perennial species as 

the most promising for energy and cellulose production. Perennial 

species have produced significant amounts of lignocellulosic biomass 

from research in recent years. In addition, perennial species are native, 

naturalized or have good adaptive capacity in these Mediterranean 
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environments (Cosentino et al., 2005, 2007, 2008; Lewandowski et al., 

2000). 

Perennial species are referred to as energy crops because they 

have a significantly higher yield of energy stored and used in their 

production than that required for their growth (Lewandowski and 

Schmidt, 2006). 

Compared with traditional crops for food or feed production, 

perennial crops do not require energy inputs (fertilizers, pesticides, 

etc.), can be grown on marginal land, and improve soil structure by 

helping to maintain stable soil structure by avoiding typical 

phenomena such as erosion and runoff.  

They also improve soil quality by increasing soil fertility 

(organic matter and nutrients readily available to crops in the soil's 

circulating solution) and biodiversity. Perennial crops, especially wild 

crops, do not compete for agricultural land use for food and feed crop 

production because they can be grown on marginal or degraded land. 

According to FAO (2005), marginal lands are among the largest 

habitat types in the world. Their area is estimated at 52.5 million km2, 

or 40.5 percent of the earth's surface (European Commission, 2008). 

There are a whole range of perennial crops for biomass 

production that have been tested and selected as the most suitable for 

European marginal lands (Lewandowski et al., 2003; Zegada-Lizarazu 

et al., 2010; Cosentino et al., 2012). 

1.4 Lignocellulosic crops 

The term lignocellulosic refers to plant dry matter (biomass), 

thus referred to as lignocellulosic biomass. It is the foremost abundant 

raw material available on Earth to produce biofuels, mainly 

bioethanol. It is composed of aromatic polymer (lignin) and 

carbohydrate polymers (cellulose, hemicellulose).  

These carbohydrate polymers contain several sugar monomers 
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(six and five carbon sugars) and are closely associated with lignin. 

They are the most widely used raw materials to provide a range 

of high value-added products such as: biopharmaceuticals, 

biopolymers, food supplements, biomaterials, building products, 

soundproofing materials, mulch, biodegradable gardening products, 

animal bedding, heat, advanced biofuels, energy, organic soil 

fertilizers, and green chemicals. All these high value-added products 

are the basis of the modern economy called "biobased".  

The directive defines biomass as: the biodegradable fraction of 

products, waste and residues from agriculture (including vegetal and 

animal substances) and forestry and related industries, as well as the 

biodegradable fraction of industrial and municipal waste". 

Energy crops are high-yielding lignocellulosic biomass crops 

produced to serve as feedstock for second-generation biofuel 

production. Many crops are attractive because of their ability to 

provide high biomass yields and can be harvested several times 

annually, and these are called perennial plants. Perennial crops are 

highly resource-efficient crops, with efficiency exploitation solar 

energy, water and nutrients in the solution circulating in the soil and 

requiring no extra inputs (Kiniry et al., 1999; Cosentino et al., 2007a, 

2014, 2016; Ceotto et al., 2013; Triana et al., 2014). 

They are very well adapted to growing on poorly drained and 

flooded soils (Lewandowski et al., 2003; Mann et al., 2013), in the 

presence of soil salinity (Sánchez et al., 2015; Anderson et al., 2015; 

Stavridou et al., 2016), on contaminated soils (Barbosa et al., 2015), 

and on steep slopes (Cosentino et al., 2015a). In the growing season, 

they may present competition problems with weeds (Lewandowski et 

al., 2003; Zegada-Lizarazu et al., 2010; Scordia et al., 2015). 

The main problem with perennial species is that they are still 

found only in the wild, although several studies have shown that they 

exhibit some genetic variability. Some of them are even unable to 
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produce viable seeds resulting in limited genetic diversity such as A. 

donax L. and the hybrid Miscanthus × giganteus (Lewandowski et al., 

2003; Zegada-Lizarazu et al., 2012, 2013). 

It is of paramount importance to be able to establish a low-cost 

protocol for breeding programs in order to obtain seed that is certified 

(Ideotypes) and optimized to be grown in the various environmental 

conditions found on European areas. This will ensure that they achieve 

their potential yield in a given environmental condition. Thus, 

research is focused on finding new genetic resources from wild 

germplasm and, of course, studying physiological and production 

characteristics.  

Thus, different species are better adapted to different types of 

marginal soils, and different types of conversion process. 

Lignocellulosic crops generally have higher greenhouse gas efficiency 

than annual crops because they have lower input requirements and the 

energy yield per hectare is much higher. 

In light of this, lignocellulosic perennial grasses might be the 

leading crops to provide biomass raw material. For the production of 

warmth and electricity through direct combustion or for the production 

of biofuels e biogas (Yang & Wyman, 2008). 

Growing energy crops ashore used for arable crops (food and 

feed crops) has raised serious concerns, particularly because of the 

competition that is being made with land use causing a reduction in 

the area dedicated to food crops to produce biomass crops and causing 

a change in land use (Cosentino et al., 2014). 

With this goal in mind, the European Union has issued several 

directives to promote the use of energy from renewable sources, 

increase energy efficiency and reduce greenhouse gas emissions. 

Subsequently, given the European Union's renewable energy 

goals and the lack of agricultural land to grow non-food energy crops 

in several European regions, the land-use issue has caused significant 
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impacts on high-carbon cropland and led to changes in land use.  

For centuries perennial grasses have been used as fodder crops, 

frequently contributing significantly to the energy supply. 

As new sectors are rising, the transition toward the bioeconomy 

can largely deem the supply of sustainable biomass, in terms of yield 

per unit land area, competition for lands, for food and for resources 

and biotechnology developments. 

On the other hand, biotechnology is constantly exploring new 

routes for conversion of lignocellulose to biofuels and other value-

added products (organic acids, pharmaceuticals, commodity 

chemicals and food/feed). 

In the case of lignocellulosic perennial grasses cropping on 

lands that are unused, and the integration of low-input agricultural 

practices (i.e., lower costs and environmental pressure) are also seen 

as an action to reduce environmental impact throughout the whole 

value chain. 

However, the opportunity to introduce perennial grasses, such 

as Giant reed, Miscanthus and Saccharum in southern Europe as 

biorefinery feedstocks will depend on their economic benefits which 

are strictly connected with the optimization of agricultural techniques, 

yield levels, genetic improvements, and qualitative characteristics of 

the primary products destined to the industry and conversion 

processes. 

1.4.1 Arundo donax L. 

Arundo donax L. is a potentially high-yielding nonfood crop 

that meets EU market requirements for energy and advanced biofuels. 

Native to Asia, it has subsequently spread to various subtropical 

wetlands and warm temperature regions in Europe, Africa, North 

America and Oceania. 

In some environments it has been considered an invasive 
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species and as such has been targeted for eradication.  

The new market for biomass and particularly advanced biofuels 

for transportation and other industrial products has led to growing 

interest in this crop and its potential. Reducing the cost of producing 

biomass for energy could be achieved by increasing the crop through 

genetic improvement and the application of effective cultivation 

techniques.  

In addition, the climate and energy regulatory package calls for 

significant greenhouse gas (GHG) reductions in transport: 20 percent 

in 2030 and 60 percent in 2050.  

Giant cane has several interesting characteristics that could 

make it the king of biomass crops. 

Arundo donax L. is a rhizomatous perennial grass belonging to 

the family Graminaceae (Poaceae) (Rossa et al., 1998; Lewandowski 

et al., 2003) and carries out the photosynthetic process like all plants 

in the C3 cycle, but in a slightly different and more efficient way. 

Arundo donax L. has a high photosynthetic capacity that differs from 

other C3 species; in fact, it is very similar to C4 species. It seems quite 

clear that Arundo donax L. has a high photosynthetic capacity that is 

not common compared to other C3 species, in fact it is very similar to 

C4 species. 

This high photosynthetic capacity is related to the absence of 

saturation in CO2 uptake and electron transport through photosystem 

II (Rossa et al., 1998).  

Photosynthetic capacity of Arundo in full sunlight is high 

compared to other C3 species and comparable to C4 bioenergy 

grasses, yet it is still more efficient than most C3 species (Webster et 

al., 2016).  

As a C3 crop, Arundo donax L. shows a high rate of leaf 

transpiration. In the field, under unlimited soil water availability, the 

transpiration rate reached 7.5 mmol H2O m-2 s-1, much higher than 
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that of many C4 plants. Therefore, it is able to achieve its high 

photosynthetic rates with considerable transpiration (Cosentino et al., 

2016). 

Salinity tolerance 

Arundo donax L., is grown in the warm season under conditions 

of increased air temperature and global solar radiation, with reduced 

seasonal precipitation and increased evapotranspiration potential. 

Regarding salinity, several experimental field studies have been 

conducted on Giant canes in marginal environments in southern Italy 

(Cosentino et al., 2006).  

Seedlings were transplanted into pots and irrigated with Na 

solutions of 4 and 8 dS m-1. Significant differences in salinity levels 

were found among the different seedlings. Regular irrigation with 

saline water caused an increase in soil electrical conductivity, which 

reached 2.2 dS m-1 in the control, 6.3 dS m-1 in the mild salinity level 

and 9.1 dS m-1 in the narrow salinity level. This leads to the reduction 

of the main plant growth parameters (biomass yield, main stem height, 

specific leaf area, LAI and leaf water content).  

However, the specific leaf weight and leaf-to-stem ratio showed 

the opposite trend. On the other hand, a slight salinity level led to an 

increase in dry weight of roots and rhizomes. Biomass yield was 

reduced by 44% at severe salinity levels compared to control theses, 

while the reduction was only 15.3% in the theses treated with mild 

salinity (Cosentino et al., 2013). 

Next, the effects of stress on different Giant cane clones were 

studied and a stress susceptibility index was used to discriminate 

between clones subjected to water stress and salinity stress.  

According to Sánchez et al., 2015, Giant reed is more tolerant 

to salinity than water stress, in particular clone ‘Martinensis’. 

'Agrigento' clone, rather, was suitable for growth in Mediterranean 

areas under water stress conditions due to its lower decrease in net 
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photosynthesis, relative water content and green leaf area. 

1.4.2 Miscanthus spp. 

Miscanthus, specifically Miscanthus × giganteus, is an 

herbaceous plant belonging to the C4 category in terms of 

implementing the photosynthetic process. Native to East Asia, it is a 

perennial herbaceous plant that has high dry matter yield potential, 

high resource use efficiency, and the ability to grow in all different 

climatic conditions. The wide geographic distribution of Miscanthus 

in East Asia has led to enormous genetic diversity and, consequently, 

phenotypic variation. 

Tolerance to abiotic stresses 

Miscanthus has been shown to be productive on marginal soils, 

including saline soils (Qian et al., 2014; Lewandowski et al., 2016). 

However, the commercial genotype of Miscanthus × giganteus shows 

limitations for abiotic stresses, particularly drought (Clifton-Brown 

and Lewandowski, 2000b). 

Therefore, the goal of several EU projects is to identify traits 

and mechanisms relevant to abiotic stresses (drought, salinity, cold, 

and frost) that influence Miscanthus production (Lewandowski et al., 

2016).  

Among M. sacchariflorus and M. sinensis types, salinity-

tolerant genotypes have been identified that tolerate average values of 

electrical conductivity without significant biomass losses. 

Among M. sacchariflorus and M. sinensis types, salinity-

tolerant genotypes have been identified that tolerate average values of 

electrical conductivity without significant biomass losses. In contrast, 

M. × giganteus has not been shown to be tolerant to salinity as a result 

of it uses a mechanism that actively prevents the accumulation of ions 

in leaves, thus minimizing damage to essential physiological 

processes such as photosynthesis (Lewandowski et al., 2016). In 
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general, plants with larger rhizomes are more tolerant to salinity than 

those with smaller rhizomes (Chen et al., 2017).  

Therefore, the goal of this research project is to identify traits 

and mechanisms related to abiotic stresses-drought, salinity-that are 

relevant to Miscanthus production (Lewandowski et al., 2016). 

1.4.3 Saccharum spontaneum 

Saccharum spontaneum L. spp. aegyptiacum (Willd.) Hack. 

(Common name African fodder cane) is a perennial C4, herbaceous, 

rhizomatous plant, native to North Africa and widespread in the 

southern regions of the Mediterranean. The Saccharum genus has 40 

species, mostly native to Southeast Asia (Clayton and Renvoize, 

1986), which are highly polymorphic and hardy (Pignatti, 1982). 

African fodder cane is a lignocellulosic, perennial, rhizomatous, 

non-food crop that grows wild in the semi-arid Mediterranean zone. 

This species has all the desirable agronomic characteristics in a 

biomass crop. It is a C4 grass, has a high biomass yield, a high 

assimilation rate even during periods of water stress, the ability to use 

water efficiently, and satisfactory biomass quality (Cosentino et al., 

2015b). 

 The Mediterranean environment has some characteristics that 

could favor the growth of C4 perennials, such as temperature >10° C, 

incoming solar radiation, length and growing season, and other 

limiting factors that could reduce biomass production in C4 

perennials, such as low rainfall and drought in spring-summer 

(Cosentino et al., 2007, 2014b). 

In the Mediterranean area, an increasingly imminent problem is 

the reduction of water availability in arid and semi-arid regions, where 

evapotranspiration dominates, and the duration of drought could 

increase (Cosentino et al., 2012).  It is very important to search for 

drought-tolerant lines, as water resources are limited. C4 perennials 
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have been shown to use abiotic resources, especially water, more 

efficiently than C3 species (Triana et al., 2014). 

African fodder cane possesses several agronomic 

characteristics typical of biomass crops: C4 plants, rapid growth rate, 

high biomass yield, few natural enemies, active assimilation rates 

during drought stress, able to use water efficiently. Saccharum 

spontaneum spp. Aegyptiacum has a higher yield than Arundo donax 

and Miscanthus × giganteus in the semi-arid Mediterranean area, this 

difference could be related to the longer vegetative phase. 

Regulation of stomata and reduction of transpiration have been 

reported as mechanisms to avoid drought in several crops (Clifton-

brown and Lewandowski, 2000b). Like Arundo donax, Saccharum 

spontaneum also has leaf lamination that prevents dehydration by 

reducing incident radiation on leaves, leaf temperature and water loss 

(Cosentino et al., 2014b). 

In addition, studies have reported that Saccharum spontaneum 

spp. aegyptiacum has an ideal structural polysaccharide composition 

for second-generation bioethanol production (Scordia et al., 2010; 

Cosentino et al., 2015). 
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Abstract 

The aim of the present work was to assess the leaf area duration (LAD) 

and the radiation use efficiency (RUE) of six warm-season perennial 

biomass grasses (PBGs) in a two-year field trial in the semiarid 

Mediterranean climate under different soil water availability. Two 

ecotypes of giant reed (Arundo donax L., ARCT and ARMO), one 

ecotype of African fodder cane (Saccharum spontaneum L. subsp. 

aegyptiacum (Willd.) Hack., SAC) and three clones of Miscanthus 

(the commercial M. × giganteus J.M. Greef, Deuter ex Hodk., 

Renvoize, M × G, and two new seed-based clones, GNT9 and GNT10) 

were compared under three levels of soil water availability: rainfed, 

50% and 100% of maximum crop evapotranspiration (ETm) 

restoration. The determination of RUE of perennial plants is 

controversial and has led to contrasting results in past studies. In the 

present work, LAD and RUE differed among crops and irrigation 

regimes, being positively affected by supplemental water inputs. SAC, 

ARCT and ARMO showed both high LAD and RUE, which 

determined the high biomass yield than both the commercial M × G 

and the improved Miscanthus clones GNT9 and GNT10. RUE was 

particularly high and less affected by soil water availability during the 

mid-season, while the effect of irrigation and the differences among 

the genotypes were larger during the late season. Adequate biomass 

yield can be achieved by sub-optimal soil water availability, thus 

reducing the water footprint and increasing the sustainability of these 

biomass perennial grasses selected for the Mediterranean climate.  

 

Keywords: perennial energy crops; lignocellulosic; RUE; LAD; 

marginal land; Mediterranean  
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2.1 Introduction 

The European Renewable Energy Directive (RED II) has set 

several targets to promote renewable energy and to shrink greenhouse 

gas (GHG) emission by 2030. It also set criteria for the phase out of 

energy and biofuels based on high-iLUC (iLUC: indirect Land Use 

Change) risk food and feed crops, in favour of low-iLUC risk 

feedstocks [1].  

Among the low-iLUC risk feedstocks, biomass perennial 

grasses (BPGs) combine high lignocellulosic biomass yield, high 

radiation use efficiency (RUE) and high water use efficiency (WUE) 

[2–5], along with a low agronomic input request and traits of 

resistance to multiple biotic and abiotic stresses [6]. Several studies 

have demonstrated their adaptability to low grade agricultural land, 

including anthropogenically contaminated sites, making BPGs the 

“best bet” to avoid land use competition with food production [7–9].  

RUE is defined as the amount of dry matter produced by the 

plant per unit light intercepted [10,11]. As a crop-specific parameter, 

has been extensively used in crop growth models that simulate 

photosynthesis and consequently biomass accumulation [12].  

The determination of the RUE of perennial plants is 

controversial and has led to contrasting results [2–5,13]. This is due in 

part to translocation of photosynthates from rhizomes to the aerial 

organs during shoot emission and from the aerial organs to the 

rhizomes during leaf senescence, leading to the shifting of plant 

resources between subse- quent growing seasons [14–16]. Assessing 

how RUE changes during the growing seasons could be useful to 

clarify this controversy.  

Crop photosynthesis and therefore the amount of dry matter 

produced by the crop are determined by the photosynthetically active 

surface, which is measured as the leaf area index (LAI), i.e., the one-
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sided green leaf area per unit ground surface area, and leaf area 

duration (LAD), i.e., the LAI over a period of time.  

The potential yield of BPGs in the Mediterranean area is limited 

by the low soil water availability and high vapour pressure deficit 

during summer months, which induce stomata closure, reducing plant 

CO2 assimilation, and leaf senescence [17–19]. Soil moisture declines 

also lead to modifications in plant morphological features as LAI and 

LAD [20], leading to a reduction of the rate and the time of the 

intercepted photosynthetically active radiation (IPAR) and 

consequently in the amount of dry matter produced trough 

photosynthesis.  

As a consequence, in water-limited Mediterranean climates, 

supplementary water input during summer dry periods has been 

proven to enhance LAI, LAD and RUE for BPGs [3,5,21]. In order to 

achieve high productive performances at a low water input in these 

climates, the selection of the BPGs should focus on traits that enhance 

the accu- mulation of dry matter in periods with a higher soil water 

availability, such as the early emergence in spring or the delayed 

senescence in autumn [22], or by increasing RUE at low levels of soil 

water availability.  

In Europe, the hybrid Miscanthus × giganteus J.M. Greef, 

Deuter ex Hodk., Ren- voize has been recognized as the most suited 

species for continental and oceanic envi- ronments [23], while giant 

reed (Arundo donax L.) and African fodder cane (Saccharum 

spontaneum L. spp. aegyptiacum (Willd.) Hack.) are more adapted to 

the warm and hot Mediterranean climates [7,24].  

Giant reed has a C3-pathway metabolism; nonetheless, it is able 

to activate a C4 photosynthetic cycle under stress conditions [25]. 

African fodder cane is a C4 with an efficient stomata regulation under 

drought conditions [24].  
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Although M. × giganteus has a C4 cycle, it is too sensitive to 

hot and dry summers typical of the Mediterranean area [26,27]. New 

Miscanthus seed-based clones, M. sinensis × M. sinensis and M. 

sacchariflorus × M. sinensis, have been developed to cope with 

changing environmental conditions in Europe [26,27]. Field trials 

employing M. sacchariflorus × M. sinensis clones have demonstrated 

higher yields compared with M. × giganteus, both under northern and 

southern European environments [26,27]. Multi-location trials 

highlighted a better adaptability of M. sinensis × M. sinensis clones to 

northern and M. sacchariflorus × M. sinensis clones to southern 

Europe [28].  

The present work investigated the effect of three different levels 

of soil water availabil- ity on giant reed, African fodder cane and 

Miscanthus clones under a semiarid Mediterranean environment in 

terms of LAI, LAD, IPAR and RUE over the whole growing season 

and during both the periods from shooting until the end of the stem 

elongation phase and from the end of the stem elongation phase until 

flowering, and their implications on aboveground biomass 

productivity.  

2.2 Materials and Methods 

2.2.1 Field trial 

A two-year field trial was carried out at the Experimental Farm 

of the University of Catania (10 m a.s.l., 37◦24′ N, 15◦03′ E) in a typical 

Xerofluvent soil (USDA, 1999) in the second and third growing 

seasons in 2019 and 2020, respectively. Soil conditions, experimental 

design and treatments, and agronomic practices were extensively 

reported in [27]. Briefly, six BPGs were compared in a split-plot 

experimental design with three replications, where irrigation, at three 

levels, represented the main plot, and genotypes, in six levels, the sub-
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plot.  

The irrigation was provided during the summer months (June–

August) to restore the 100% (I100) or 50% (I50) of maximum crop 

evapotranspiration or rainfed conditions (I0). The crop water use from 

plant re-growth up to the onset of senescence of genotypes (water 

supplied by irrigation + precipitation ± difference between soil water 

content at plant re- growth and soil water content at the onset of 

senescence) ranged between 263.13 ± 11.2 mm in I0 in 2019 and 

1062.11 ± 21.1 mm in I100 in the 2020 growing season [27].  

The BPG genotypes were two giant reed (A. donax) ecotypes 

named ARCT and ARMO (collected in Italy and Morocco, 

respectively), the commercial Miscanthus × giganteus named M × G 

(provided by Energene sp. z o.o, Wroclaw, Poland), two seed-based 

M. sacchariflorus × M. sinensis clones named GNT9 and GNT10 

(provided by Terravesta Ltd., Lincoln, UK) and one ecotype African 

fodder (S. spontaneum spp. aegyptiacum) cane named SAC (collected 

in Italy).  

Transplanting was carried out by hand in May 2018 at a density 

of 1 plant m−2 in unfertilized plots. The first-year harvest was executed 

in February 2019. In the second and third growing seasons, mean air 

temperature (18.3 ◦C in 2019 and 18.0 ◦C in 2020) and the reference 

evapotranspiration (1291 mm in 2019 and 1257 mm in 2020) were 

quite similar. On the contrary, rainfall was lower in 2019 than the 2020 

growing season (473 mm and 779 mm, respectively).  

2.2.2 Measuraments 

Incident solar radiation and PAR were measured hourly by a 

weather station connected to a data logger (Delta-T, WS-GP1 

Compact), located 150 m from the experimental field.  

The ratio of solar radiation interception was measured at 
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periodic intervals between shooting and harvesting using an AccuPAR 

model LP-80 PAR/LAI Ceptometer (Decagon Devices, Inc., Pullman, 

WA, USA). The instrument measures the ratio between the amount of 

PAR transmitted through the canopy plus the PAR scattered by leaves 

within the canopy and the above canopy PAR. Leaf area index (LAI) 

was determined according to the following equation:  

 

                          LAI = 
− ln (1 − R)                   (1)     

             ke          

 

where R is the ratio of intercepted PAR and ke is the extinction 

coefficient of the crop reported for the local environmental conditions 

(0.56 for Miscanthus clones, 0.405 for giant reed and 0.87 for African 

fodder cane) [3,5,21].  

To estimate the amount of solar radiation actively intercepted 

by the crop canopy, the fraction of the intercepted PAR (FPAR) was 

calculated on the basis of green LAI (gLAI). Green LAI (gLAI) was 

calculated by multiplying the LAI and the ratio between green and 

total LAI measured by using the Easy leaf area software [29] on three-

stem samples collected monthly. Daily gLAI were calculated by 

performing a linear interpolation between the measured points of 

gLAI.  

The leaf area duration (LAD) was calculated according to the 

following equation:  
n 

                               LAD= ∑gLAIi                                   (2) 

i=1  

 

 where n is the duration of the growing season from shooting 

until harvesting in days and gLAIi is the gLAI value at day i.  

The FPAR at day i was calculated according to: 
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                   FPARi = e−ke · gLAIi                              (3) 

 

where gLAIi is the gLAI at day i and ke is the extinction 

coefficient of the crop.  

 

 

The amount of PAR intercepted by the crop (IPAR) was 

calculated as follows:  
n 

                                   IPAR = ∑ FPARi · PARi                         (4) 

i=1  

where PARi is PAR at day i and the FPARi is the fraction of the 

intercepted PAR at day i. Aboveground biomass was collected 

monthly throughout the growing season from random subplots of 0.5 

× 0.5 m (0.25 m2) given the even stem density achieved in the whole 

plots. Three stems per plot were sorted randomly among the collected 

stems to measure the fresh and dry weight after drying the samples at 

65 ◦C until the weight was constant. Total aboveground biomass at 

harvest was collected in January 2020 and 2021, when Miscanthus 

clones were in the senescence phase and giant reed and African fodder 

cane reached the minimum extent of green leaf area. The whole 

aboveground fresh biomass was collected and weighed from a 4 m2 

subplot. During harvest, five stems per plot were  

weighted and then dried to a constant weight at 65 ◦C. 

The radiation use efficiency (RUE) was calculated as the slope of the 

linear regression  

between the aboveground dry biomass produced per unit of 

intercepted PAR (g MJ−1). Three values of RUE were calculated: (i) 

for the whole growing season (i.e., from shooting until harvesting, 
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RUEtot); (ii) at mid-season (i.e., from shooting until the end of the stem 

elongation phase, RUEI) and (iii) at late season (i.e., from the end of 

the stem elongation phase until flowering, RUEII).  

2.2.3 Statistical Analysis 

The data were subjected to an analysis of variance (two-way 

ANOVA) to assess the effect of genotype, irrigation (as between 

factors) and their interaction on LAD and RUE. 

Differences between means were evaluated for significance 

using the Fisher’s LSD test at a 95% confidence level. All analysis 

were performed using the R CRAN software [30]. Linear 

regressions to estimate RUEtot and RUEI were forced through the 

origin. The Shapiro–Wilk test was developed to test residuals for 

normality, and the goodness of fit was assessed by calculating R2. 

2.3 Results 

The experimental factors (genotype and irrigation) had a 

significant effect on green LAI (gLAI), leaf area duration (LAD), 

aboveground biomass (AGB) and on radiation use efficiency 

(RUE) for the whole growing season (RUE tot), at mid-season (RUE 

I) and at late season (RUE II) (Table 2.1). The interaction of genotype 

x irrigation was significant for gLAI, LAD and AGB. 
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Table 2-1 - Three-way ANOVA for main effects and interaction on green Leaf Area 

Index (gLAI), Leaf Area Duration (LAD), Aboveground Biomass (AGB), 

intercepted Photosynthetically Active Radiation (iPAR) and Radiation Use 

Efficiency (RUE). The p-value is reported. Irrigation and genotypes are the 

between-factor effects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source of Variation        

gLAI 

LAD AGB iPAR RUEtot RUEI RUEII 

Genotype  <10−16 <10−16 <10−16 <10−16 <10−16 <10−16 <10−16 

Irrigation   <10−16 1.09 × 

10−15 

<10−16 <10−16 <10−16 <10−16 <10−16 

Whole-Plot Error      4.93 × 

10−12 

0.42 0.95 0.34 0.69 0.95 0.93 

Genotype × Irrigation       

<10−16 

0.02 2.95 × 

10−7 

0.43 0.09 0.21 0.11 
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2.3.1 Green Leaf Area Index (gLAI) 

Giant reed (ARCT and ARMO) reached the highest 

maximum gLAI, both in the 2019 and 2020 growing season, 

followed by African fodder cane (SAC) and the Miscanthus GNT9 

(Figure 2.1). The gLAI in the hybrid Miscanthus M × G was lower 

than 3 m2 m−2 in both years. Irrigation water significantly 

improved gLAI development during summer months and 

postponed the leaf senescence in autumn. During the 2019 growing 

season, leaf development started earlier than the 2020, due to the 

higher maximum temperature registered in March. In 2020, green 

LAI was higher for giant reed ecotypes and African fodder cane 

due to the stem density higher than 2019 growing season. 

Contrarily, all Miscanthus clones reached a similar maximum gLAI 

in both experimental years, except for the GNT9 which showed a 

lower gLAI in I0 in 2019 as compared with the 2020 growing season. 

In both years, giant reed and African fodder cane maintained a fraction 

of the green leaf area during winter, while Miscanthus clones reached 

leaf senescence in autumn (early November in M × G and late 

November in GNT9 and GNT10), and their gLAI approached zero 

during winter. 
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Figure 2-1 - Green leaf area index (gLAI, m2 m−2) trend over two growing seasons 

(February 2019 to February 2021) for 3 water restoration levels (I0, I50, I100) and 

for the 6 genotypes exanimated in this study—ARCT: A. donax ecotype Catania, 

ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus 

clone 10, GNT9: Miscanthus clone 9, M × G: Miscanthus × giganteus. The month is 

reported as a number (1–12) on the abscissa. 
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2.3.2 Leaf Area Duration (LAD) 

LAD followed the same pattern as LAI, and it was the longest 

for both giant reed ecotypes in both years. In the 2020, LAD was 

between 15 and 18% higher than those in 2019 for giant reed and 

African fodder cane, respectively, while the Miscanthus clones M × G 

and GNT10 had a similar LAD in the two years. Miscanthus M × G 

showed the lowest LAD overall, while GNT9 had the highest value 

among the Miscanthus clones (Figure 2.2). The full irrigation regime 

(I100) significantly improved the LAD, and almost proportionally 

extended the LAD in all perennial grasses. Mid-level irrigation (I50) 

was similar to rainfed conditions (I0) in ARCT and GNT10 in 2019 

and 2020, while I50 and I100 were similar in GNT9 in 2019. 
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2.3.3 Fraction of the Intercepted Photosynthetically Active 

Radiation (fPARi) 

The fPARi showed smaller differences among genotypes and 

among irrigation levels than LAI and LAD, although the ANOVA 

was highly significant for the fixed effects (Figure 2.3). African 

fodder cane (SAC) showed the highest fPARi in both years, 

approaching the 100% of the PAR interception at I50 and I100. 

Lower fPARi values were observed in giant reed ARMO and 

Figure 2-2 - Leaf area duration (LAD, m2 m−2 d) during two growing seasons for 3 water 

restoration levels (I0, I50, I100) and for the 6 genotypes examined in this study—ARCT: A. 

donax ecotype Catania, ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, GNT10: 

Miscanthus hybrid 10, GNT9: Miscanthus hybrid 9, M × G: M. × giganteus. The red 

segments represent the average of 3 water restoration levels for each genotype. LSD = 130 

m2 m−2 d. Letters indicate significant differences between irrigation levels (for average 

bars) and for the interaction of genotype and irrigation using Fisher’s LSD post hoc test. 
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ARCT, and Miscanthus GNT9 and GNT10 (between 80% and 

95%), which varied in accordance with the irrigation effects. The 

Miscanthus M × G showed the lowest fPARi, lower than the 80% 

at the full irrigation (I100) and lower than 55% in the rainfed 

condition. Giant reed and African fodder cane extended the fPARi 

during winter and up to the final season harvest (between 10% and 

35%, varying with the irrigation input), while leaf senescence 

already reduced the fPARi in all Miscanthus clones and all 

irrigation levels in the mid-autumn. 

 

Figure 2-3 - The fraction of PAR intercepted (fPARi) trend over the crop cycle 

(February 2019 to February 2021) for 3 water restoration levels (I0, I50, I100) and 

for 6 genotypes exanimated in this study—ARCT: A. donax ecotype Catania, 

ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, 

GNT10: Miscanthus hybrid 10, GNT9: Miscanthus hybrid 9, M × 

G: Miscanthus × giganteus. The month is reported as a number (1–12) on the 

abscissa. 
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2.3.4 Aboveground Dry Biomass Accumulation (ABG) 

At harvest, giant reed and African fodder cane were the most 

productive in terms of AGB yield, both in the first and second year 

of the trial (Figure 2.4). ARMO reached the highest AGB yield with 

the I100 irrigation input: 3510 g m−2 and 3680 g m−2 in 2019 and 

2020, respectively. Miscanthus clones had lower AGB yields, ranging 

from 1950 g m−2 for GNT10 to 1170 g m−2 for M × G in 2020 with 

the I100 irrigation input. A lower irrigation input led to a significant 

reduction in the AGB yields in comparison with the full irrigation, 

an average of 47.8% and 20.3% for the rainfed and the I50 irrigation 

input, respectively. 

African fodder cane reached the highest amount of PAR 

intercepted in both growing seasons and with all irrigation levels. The 

values of intercepted PAR were 1743 MJ m−2, 1880 MJ m−2 and 1961 

MJ m−2 with the I0, I50 and I100 treatments, respectively. Miscanthus 

clones intercepted a lower amount of PAR, ranging from 1560 MJ m−2 

for GNT9 with I100 in 2019 to 607 MJ m−2 for M × G in the rainfed 

condition in 2019. Decreasing the irrigation input led to a reduction 

in the iPAR in comparison with the full irrigation, an average of 

16.8% and 8.7% for the rainfed and the I50 conditions, respectively. 
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Figure 2.2-4 - Relationships between AGB (g m−2) and intercepted PAR (MJ m−2) 

during two growing seasons for 3 water restoration levels (I0, I50, I100) and for the 

6 genotypes exanimated in this study—ARCT: A. donax ecotype Catania, ARMO: 

A. donax ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus clone 10, 

GNT9: Miscanthus clone 9, M × G: Miscanthus × giganteus. The dashed lines 

represent the fitted linear model for mid-season (from shooting until the end of the 

stem elongation phase) and at late season (from the end of the stem elongation phase 

until flowering). Biomass LSD = 204 g m−2. 
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2.3.5 Radiation Use Efficiency (RUE) 

Giant reed ecotypes had the highest RUEtot: ARMO reached 

2.31 g MJ−1 and ARCT 

2.15 g MJ−1, both with the I100 irrigation input (Table 2.2). 

The RUEtot of SAC was signifi- cantly lower and reached 1.92 g 

MJ−1 under the I100 condition. RUEtot was significantly lower with 

reduced irrigation input: the reduction was 13% and 37% for the 

I50 and the rainfed conditions, respectively. RUEI represents the 

mid-season radiation use efficiency. Giant reed ecotypes had the 

highest RUEI at all levels of irrigation input. RUEI was 

significantly affected by the level of irrigation input: compared 

with I100, I50 and I0 led to a reduction of 7% and 32%, 

respectively. Among Miscanthus clones, M × G had the highest 

RUEI, reaching 3.22 g MJ−1 with the I100 irrigation input (Table 2.3). 

RUEII represents the late-season radiation use efficiency. Giant reed 

ARMO still showed the highest RUEII in (Table 2.4). RUEII was 

significantly affected by the level of irrigation: compared with 

I100, RUEII was reduced by 23% and 45% in the I50 and I0 

conditions, respectively. In African fodder cane, the reduction in 

RUEII by reducing the soil water availability was less consistent 

than with the other genotypes. African fodder cane and the giant 

reed clone ARMO had the highest RUEII values, with no 

significant difference between the values. 
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Table 2-2 - Radiation Use Efficiency for the whole growing season (RUEtot, g 

MJ−1) for 3 water restoration levels (I0, I50, I100) and for the 6 genotypes 

exanimated in this study—ARCT: A. donax ecotype Catania, ARMO: A. donax 

ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus clone 10, GNT9: 

Miscanthus clone 9, M × G: Miscanthus × giganteus. Letters indicate significant 

differences between irrigation or genotype levels (for average values) and for the 

interaction of genotype and irrigation using Fisher’s LSD post hoc test. LSD = 0.22 

g MJ−1. 

 

 

 

Table 2-3 - Radiation Use Efficiency at mid-season (i.e., from shooting until the end 

of the stem elongation phase, RUEI, g MJ−1) for 3 water restoration levels (I0, I50, 

I100) and for the 6 genotypes exanimated in this study—ARCT: A. donax ecotype 

Catania, ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, GNT10: 

Miscanthus clone 10, GNT9: Miscanthus clone 9, M × G: Miscanthus × giganteus. 

Letters indicate significant differences between irrigation or genotype levels (for 

average values) and for the interaction of genotype and irrigation using Fisher’s 

LSD post hoc test. LSD = 0.45 g MJ−1. 

Irrigation ARCT ARMO GNT10 GNT9 M × G SAC Average 

I0 2.55 b 2.76 b 1.55 b 1.42 c 2.07 b 1.91 b 2.04 c 

I50 3.18 a 3.61 a 2.43 a 1.74 b 3.02 a 2.6 a 2.76 b 

I100 3.53 a 3.37 a 2.87 a 2.15 a 3.22 a 2.77 a 2.98 a 

Average 3.09 a 3.24 a 2.28 c 1.77 d 2.77 b 2.42 c 2.59 

Irrigation ARCT ARMO GNT10 GNT9 M × G SAC Average 

I0 1.41 b 1.53 b 0.92 b 0.69 c 0.98 c 1.31 b 1.14 c 

I50 1.92 a 2.09 a 1.48 a 0.98 b 1.29 b 1.66 a 1.57 b 

I100 2.15 a 2.31 a 1.61 a 1.24 a 1.54 a 1.92 a 1.79 a 

Average 1.82 b 1.98 a 1.33 d 0.97 e 1.27 d 1.63 c 1.5 
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Table 2-4 - Radiation Use Efficiency at late season (i.e., from the end of the stem 

elongation phase until flowering, RUEII, g MJ−1) for 3 water restoration levels (I0, 

I50, I100) and for the 6 genotypes exanimated in this study—ARCT: A. donax 

ecotype Catania, ARMO: A. donax ecotype Morocco, SAC: 

S. spontaneum, GNT10: Miscanthus × giganteus clone 10, GNT9: Miscanthus × 

giganteus clone 9, M × G: Miscanthus × giganteus. Letters indicate significant 

differences between irrigation or genotype levels (for average values) and for the 

interaction of genotype and irrigation using Fisher’s LSD post hoc test. LSD = 0.3 g 

MJ−1. 

 

Irrigation ARCT ARMO GNT10 GNT9 M × G SAC Average 

I0 0.92 c 1.12 b 0.56 b 0.2 b 0.46 b 1.3 a 0.76 c 

I50 1.27 b 1.47 b 0.99 a 0.58 a 0.63 b 1.39 a 1.05 b 

I100 1.65 a 1.96 a 1.01 a 0.81 a 0.99 a 1.75 a 1.36 a 

Average 1.28 b 1.51 a 0.85 c 0.53 d 0.69 cd 1.48 a 1.06 

 

2.4 Discussion 

Previous field trials demonstrated the ability of giant reed 

and African fodder cane to produce high amounts of biomass in the 

Mediterranean environment both in rainfed and irrigated 

conditions [3,5,7,24]. High yields were attributed to long green 

LAD, high CO2 assimilation rate and high RUE and WUE. Another 

biomass-related trait that has been reported for giant reed is its low 

light extinction coefficient which has been related to an optimal 

canopy architecture that allows for a good light distribution among 

the layers of leaves [3]. 

Soil water availability significantly affected several traits linked 

to productivity (LAD, iPAR, AGB yield and RUE during the whole 

growing season and at mid-season and late season), confirming the 
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results previously observed in similar environmental conditions 

affected by summer drought [3,5,21]. 

The present study further highlights the high biomass 

productivity and the biomass- related traits of giant reed, African 

fodder cane and Miscanthus clones. LAD and iPAR during the 

growing season, as well as RUE, were similar to other findings 

reported in the literature. In particular, African fodder cane showed 

a similar or higher maximum LAI compared to those reported by 

Scordia et al. [5] in rainfed and irrigated conditions (50% and 100% 

of ETm restoration during summer months), while the RUE values 

over the two growing seasons were higher, due to the higher 

biomass production and the lower iPAR. These RUE differences can 

be ascribed to the plantation age: second and third in the present study, 

ninth in Scordia et al. [5]. 

On the other hand, the amount of PAR intercepted by giant 

reed was lower compared to the study of Cosentino et al. [3], 

mainly due to the lower extinction coefficient and the lower plant 

density at the establishment: 1 plant m−2 in the present study vs. 2.5 

plant m−2. Giant reed reached lower values of maximum LAI 

than the values reported by Cosentino et al. [2] in the rainfed 

condition and 120 kg ha−1 of nitrogen fertilization, and by 

Cosentino et al. [3] at three irrigation levels (ranging from rainfed 

to 100% of ETm restoration) and three nitrogen fertilization levels 

(from 0 to 120 kg ha−1). Cosentino et al. [2] reported a higher 

RUE for giant reed due to the higher biomass yield and lower iPAR 

(50% of the iPAR reported in the present study). Cosentino et al. 

[3] found similar RUE values for rainfed giant reed in comparison 

to the present study. Irrigated giant reed (50% and 100% of ETm 

restoration) reached a lower RUE compared to the present study, 

due to a similar AGB production but a higher iPAR. Nitrogen 
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fertilization showed a slight increase on AGB and on iPAR [3], 

leading to a slightly higher RUE, which was very similar 

to the RUE found for ARCT, but lower than that of ARMO. 

Miscanthus showed a slower leaf area development and 

reached lower values of maximum LAI and iPAR both in rainfed and 

irrigated conditions compared with the results obtained by studies 

conducted in a similar environment [21] and environments at higher 

latitudes [4,25]. Low iPAR was the consequence of the modest LAI 

development and the early leaf senescence of the Miscanthus 

clones, particularly of M × G. 

Miscanthus (M × G) showed similar RUE values of those 

observed by Cosentino et al. [21] in the same environment, who 

registered a higher AGB yield and higher iPAR at the same levels of 

nitrogen and water input. At higher levels of nitrogen supply, 

Cosentino et al. [21] observed an increase in RUE. Davey et al. [4] 

and Kiniry et al. [13] studied the productivity of Miscanthus at higher 

latitudes in unfertilized plots and non-limiting water availability 

provided by natural rainfall. They reported a higher RUE related 

to high AGB yields despite the low iPAR. These results are caused by 

the longer vegetative phase experienced by Miscanthus at high 

latitudes, where the onset of senescence or the flowering is not 

triggered by day length [31]. 

Kiniry et al. [13] studied the productivity of Miscanthus at 

two latitudes (39◦ N and 31◦ N). They found that in similar 

conditions of non-limiting water availability, both AGB and RUE 

were higher at the higher latitude. Davey et al. [4] and Kiniry et al. 

[13] reported similar AGB yield and RUE values with low nitrogen 

and irrigation input, while both AGB yield and RUE with high 

irrigation and nitrogen input were higher than those observed for 

Miscanthus in the present study. 
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The Miscanthus clones GNT9 and GNT10 achieved higher 

AGB yield and IPAR values than M × G although the RUE was 

lower in GNT9 likely due to the higher amount of intercepted PAR 

when compared to the other Miscanthus clones. Despite the lowest 

RUE in the GNT9, the higher LAD has been found to be 

one of the traits that lead to the suitability of these new clones for 

the Mediterranean climate when compared to the commercial 

Miscanthus × giganteus. In addition, Scordia et al. [27] found out that 

high water use efficiency, another trait that supports these new 

Miscanthus clones in coping with the Mediterranean climate, was a 

determinant in its ability to outperform the commercial Miscanthus 

× giganteus. 

RUEI, representing the mid-season radiation use efficiency, 

included the phase during which the nutrient release from the 

rhizome fosters AGB growth. The Miscanthus clone M × G had 

the highest RUEI in 2019 due to the slow leaf area development 

and the fast biomass growth induced by the nutrient release from 

the rhizome. 

RUEII, representing the late-season radiation use efficiency, 

included the phenological phases after the conclusion of the nutrient 

release from the rhizome and therefore the AGB growth is only 

sustained by net photosynthesis during this stage. This reason, 

together with the less suitable atmospheric conditions of the late 

season (higher maximum temperature and lower relative humidity), 

led to lower RUEII values than RUEI, particularly in the M × G 

and Miscanthus clones than the more adapted African fodder cane 

and giant reed. 
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2.5 Conclusion 

The present study demonstrated the good productivity and 

desirable traits of the naturalized BPGs and their suitability for the 

Mediterranean environments affected by low soil moisture 

availability during summer months. The most important traits for 

biomass productions are LAD and RUE, which are both positively 

affected by supplemental water inputs. African fodder cane and 

giant reed showed both high LAD and RUE, which determined the 

high biomass yield. 

RUE was particularly high during the mid-season (i.e., from 

shooting until the end of the stem elongation phase) in all perennial 

grasses. In the same period, RUE was less affected by soil water 

availability. On the other hand, the effect of irrigation on RUE and 

the differences in RUE among the genotypes were larger during 

the late season. 

Giant reed and African fodder cane, endemic species in the area 

of the study, per- formed better in terms of LAD and RUE than both 

the commercial Miscanthus × giganteus and the improved 

Miscanthus clones GNT9 and GNT10. However, GNT9 and GNT10 

achieved a higher AGB yield than Miscanthus × giganteus due to the 

higher LAD, although RUE was similar (for GNT10) or lower (for 

GNT9). 

Irrigation input has proved to be necessary to achieve the 

potential yield of all peren- nial grasses tested here by improving both 

LAD and RUE as soil water availability increased. The genotypes 

responded similarly to sub-optimal soil water availability by 

reducing the leaf area expansion, which reduced the LAD and the 

intercepted iPAR, and depressed the RUE. However, adequate 

biomass yield can be achieved by monitoring soil water availabil- ity, 
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thus reducing the crop water and energy footprint and increasing the 

sustainability of these BPGs selected for the Mediterranean climate. 
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3 Wild biomass perennial grasses show drought 

resilience in the Mediterranean climate 

This chapter is based on the submitted and accepted version 

of the manuscript:  

Elena Crapio, Sebastiano Andrea Corinzia, Danilo Scordia, 

Simona Giannoccaro, Salvatore Luciano Cosentino, Giorgio Testa. 

(2024) Wild biomass perennial grasses show drought resilience in the 

Mediterranean climate.  

Italian Journal of Agronomy. 
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Abstract 

The study evaluated different varieties of biomass perennial grasses 

(BPGs), such as Arundo donax, Miscanthus × giganteus and 

Saccharum spontaneum, under two irrigation regimes, monitoring 

parameters such as stem density, stem height and stem weight for three 

years to determine which genotype was the most productive under 

conditions of prolonged summer drought, a phenomenon that will 

increase due to climate change.    

Mediterranean areas are vulnerable to periods of drought, with 

low rainfall and high-water losses through evapotranspiration, factors 

that limit agricultural productivity.  

Irrigation plays a key role in improving biomass production in 

the Mediterranean basin, but at the current time, the availability of 

water resources is decreasing, leading to the need to reduce irrigation 

water consumption.  

The aim is to identify the most suitable varieties for biomass 

production on marginal land that do not compete with food crops, 

contributing to the production of biofuels and meeting the 

sustainability targets set by the European Green Deal and the 2030 

Agenda.  

These results underline the importance of selecting drought-

resistant species and optimising irrigation strategies to ensure 

sustainable biomass production in water scarce environments. These 

plants are ideal candidates for coping with water scarcity due to their 

high-water use efficiency and resistance to water stress. Further 

research is needed to explore the long-term impacts of irrigation and 

water scarcity on crop productivity and biomass quality, particularly 

under climate change scenarios.  

Despite the reduction in biomass under drought conditions, the 

chemical composition of the biomass (lignin, cellulose, hemicellulose 
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and ash) remained stable, indicating that the quality of the biomass is 

not adversely affected by water stress. This is a crucial aspect for the 

use of biomass in energy production, as its quality remains constant 

even under conditions of water scarcity.  

  

  

Keywords: Marginal lands, biomass, drought tolerance, Arundo 

donax, Saccharum spontaneum, Miscanthus, Mediterranean climate, 

water stress, crop productivity, sustainable agriculture, lignin, 

cellulose.  
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3.1 Introduction 

Climate change scenarios cause prolonged summer drought 

episodes, increased air temperature, increased evapotranspiration on 

and decreased precipitation frequency (Cosentino et al., 2012). 

Increasing aridity may be one of the main causes of agricultural land 

(Panoutsou & Chiaramonti, 2020).     

The Mediterranean environment is characterised by long dry 

periods during the summer, with low rainfall and high 

evapotranspiration.  

Irrigation is a critical factor in improving biomass crop 

production, particularly in regions where water availability is limited 

(Forstner et al., 2021; Ciardini et al., 2016). 

However, the irrigation of biomass crops could increase 

pressure on scarce non-renewable water sources, compete with food 

production, and raise production costs (Jewitt & Kunz, 2011; 

Mathioudakis et al., 2017). 

 The relationship between irrigation and biomass yield is 

complex, influenced by various environmental and management 

factors. Studies indicate that biomass crops can use similar amounts 

of water as conventional crops such as maize, with some species 

showing higher water use efficiency (WUE) (Scordia et al., 2022). 

This efficiency is crucial for sustainable biomass production, 

particularly under conditions of limited water availability. 

The importance of irrigation in agricultural production is a 

crucial issue, especially in contexts characterised by prolonged 

drought periods (Lankford et al., 2023). 

This climate pattern, combined with the interannual variability 

of rainfall, greatly influences the growth of plants and their resistance 

to drought (Alexopoulou et al., 2015). Crops growing under these 

conditions must adapt to a climatic cycle that alternates between 

periods of abundant water and periods of scarcity. Variations in 
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temperature and precipitation directly influence crop development, 

growth and drought tolerance (Hatfield & Prueger, 2015). 

Comprehending these relationships is crucial for agricultural 

practices, especially in the context of climate change.  

Bioenergy perennial grasses (BPGs) are water-efficient and can 

enable a low-energy cultivation system.  In this environment, BPG 

productivity is mainly limited by low soil moisture availability and 

high vapour pressure deficit during the summer months, which reduce 

CO2 assimilation by plants and biomass production in spring-summer 

crops (Panoutsou & Chiaramonti, 2020). BPGs are more productive 

than annual crops in terms of biomass yield (Scordia et al., 2022; 

Scordia & Cosentino, 2019). Among them, Giant reed (Arundo donax 

L.), Miscanthus (Miscanthus x giganteus (Greef et Deuterand)) and 

African fodder cane (Saccharum spontaneum L. ssp. aegypticum Wild 

(Hack.)) have been selected as the most suitable for Mediterranean 

environments (Scordia, Papazoglou, et al., 2022). These crops are 

perennial, herbaceous and rhizomatous grasses (BPGs).  

BPGs have high resource use efficiency and in particular high 

RUE (Corinzia et al., 2023) and WUE (Scordia et al., 2022). 

The reason for the elevated efficiency can be ascribed to the C4 

metabolism of Miscanthus and African fodder cane and the ability to 

withstand the low soil water content of Giant reed (Cosentino et al., 

2014, 2015). Despite being described as a C3-cycle plant, A. donax 

possesses a high intrinsic water use efficiency (WUE) (Scordia et al., 

2022) and photosynthesis rates that are comparable to C4 species 

(Sánchez et al., 2021; Zegada-Lizarazu et al., 2010a), which usually 

dominate in warm climates. A. donax has high maximum 

photosynthesis rates due to its efficient leaf structure and metabolic 

pathways, which allow it to prosper even under stressful conditions 

(Cosentino et al., 2016; Pompeiano et al., 2019; Webster et al., 2016). 

An explanation for this could be the greater development of the 
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giant reed root system, which develops uniformly to a depth of 50 cm 

(Erickson et al., 2012). This large development would allow it to 

benefit from higher soil moisture and therefore perform similarly to 

C4 plants.  

 Giant reed and African fodder cane are now found as wild 

species in the Mediterranean area, while Miscanthus, run into some 

difficulties due to the dry summers of the Mediterranean environment 

(Cosentino et al., 2007). New Miscanthus hybrids have been 

developed to cope with the low water availability in southern Europe.   

The present study focuses on the response of BPGs to 

agronomic marginality due to climatic constraint given by the ratio of 

precipitation to potential evapotranspiration (P/PET). Areas with 

P/PET < 0.6 are classified as drought affected.  This field trial tested 

a heterogeneous group of 7 genotypes comprising Miscanthus hybrids 

selected for drought tolerance, clones of Arundo donax and a clone of 

Saccharum spontaneum spp. aegyptiacum over 3 years to identify the 

most suited under two different irrigation regimes in a climatic 

condition characterised by summer drought typical of the southern 

Mediterranean environment.  

The study aims to assess how water availability (through 

different irrigation regimes) influences key growth parameters such as 

stem density, stem height, and stem weight, with the goal of 

identifying the most suitable genotypes for biomass production on 

marginal land affected by prolonged drought, typical of the 

Mediterranean environment.  

Furthermore, the study could contribute to promoting the 

sustainable use of agricultural resources in arid regions, supporting the 

transition to biofuels, and reducing competition with food crops by 

utilizing marginal lands. 
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3.2 Materials and Methods 

3.2.1 Experimental site description 

The field trial was carried out during three years from 2020 to 

2023 at the Experimental Farm of the University of Catania (10 m 

a.s.l., 37°24′ N, 15°03′ E) in a typical Xerofluvents soil (USDA, 1999). 

3.2.2 Experimental factors and design 

The following factors were studied:  

• Genotype (Seven levels: three Arundo donax L. clones, three 

Miscanthus hybrids and one clone of Saccharum 

spontaneum);  

• Irrigation (two levels, 100% restoration of ETm and 0% of the 

ETm). 

The experimental design is a split plot with the irrigation factor 

assigned to the main plots and the genotype factor assigned to the 

subplot. Each subplot measures 100 m2 (10 m × 10 m). 

3.2.3 Genotype factor 

Seven genotypes were evaluated in a split-plot experimental 

design with three replicates for three years:  

▪ three Arundo donax L. clones, named ARCT (local clone 

Fondachello); ARMO (from Marrakesh, Morocco, 30 °C mean 

summer temperature, approx. 200 mm precipitation per annum), 

provided by Tree and Timber Institute, National Research Council 

of Italy; and ARPI (from Piacenza) provided by the Department of 

Sustainable Crop Production, Università Cattolica del Sacro Cuore, 

Piacenza, Italy;  

▪ The commercial Miscanthus x giganteus (Greef et Deuter) named 

MxG (provided by Energene sp. z o.o, Wroclaw, Poland); two 

commercial seed-based Miscanthus hybrids (Miscanthus sinensis 
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X Miscanthus sacchariflorus, selected for their drought tolerance 

and named GNT3 and GNT43. These last were bred seeded hybrids 

obtained from the breeding program led by the Institute of 

Biological, Environmental and Rural Sciences of Aberystwyth 

University (UK), and provided by Terravesta Ltd. (Lincoln, UK);  

▪ The clone of Saccharum spontaneum, named SAC, was collected 

from wild plants in eastern Sicily.    

3.2.4 Irrigation factor 

The irrigation factor had two levels: irrigated and rainfed. 

During the first year, irrigation was applied for both irrigation levels 

to ensure the plant establishment: the irrigated plot received 250 mm 

and the rainfed plot 150 mm, representing 100% and 60% of the crop's 

maximum evapotranspiration (ETm). In the following two years, the 

irrigated plot was maintained at 100% of the ETm during the summer 

months (June-August), corresponding to 540 mm of irrigation. In 

contrast, the rainfed plot received 0% of the ETm. Irrigation is 

provided by a drip irrigation system.    

Daily ETm was calculated according to:    

                                         ETm = ET0 × Kc    

where ETm is the maximum daily evapotranspiration (mm) and 

Kc is the highest crop coefficients (Kc) among those applied for 

Miscanthus × giganteus, Arundo donax and Saccharum spontaneum 

grown in the same environment (Cosentino et al., 2014; Panoutsou and 

Chiaramonti, 2020).    

The irrigation volume was calculated using the formula:    

                               V = 0.66 × (FC - WP) × ɸ × D × 103    

Where V is the water volume (mm), 0.66 is the amount of 

readily available water not limiting evapotranspiration, FC is the soil 

water content at field capacity (27% of the dry weight of the soil), WP 

is the soil water content at the point of wilting (11% of the dry weight 
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of the soil), ɸ is the bulk density (1.1 g cm-3) and D is the depth of the 

soil explored by the roots (0.6 m).    

At the end of summer season, when the available soil moisture 

was adequate to the crops, the irrigation was suspended. 

3.2.5 Agronomic management 

Soil preparation before sowing was performed by harrowing in 

autumn 2019 to a depth of 25 cm followed by disc harrowing in spring 

before transplant. No fertilization has been applied and the previous 

crop in the field was hemp. 

Rhizomes of Miscanthus, coming from UK, and SAC, already 

at the farm, were first potted to obtain plantlets to be transplanted into 

the field. Arundo donax clones, previously used for other trials, were 

already at the experimental farm, and their rhizomes were directly 

transplanted into the field. 

The transplanting was done manually in April 2020 at a plant 

density of 1 plant m2. One rhizome with 2-3 buds was used. Weed 

control was carried out only during the first year of plant establishment 

by manual weeding.    

3.2.6 Measurements 

Weather conditions and potential evapotranspiration (ETo) 

were continuously measured by means of a weather station connected 

to a data logger (Delta-T, WS-GP1 Compact) and a Class A 

evaporimetric tank (mm d-1).     

The first harvest was carried out in February 2021, the second 

in February 2022 and the third in February 2023.  

Fresh biomass was collected excluding the edges of the plot, in 

an area of 4 m2 by performing three repetitions per plot. The stems 

within this area were counted, then harvested by making a cut 5 cm 

above the ground. The fresh weight (FW) of culms and  
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leaves, stem length and diameter, and number of nodes were 

measured from samples of five representative stems that were 

collected in the proximity of the 4 m2 area. The samples were dried in 

an oven at 65 °C until a constant weight was reached. Afterwards, the 

dry weight (DW) was calculated. 

3.2.7 Qualitative determination 

The dry samples of culms and leaves were grinded separately, 

the composition of the biomass was analysed using near-infrared 

spectroscopy (NIR), the instrument used was the SpectraStar™ XL 

model 2500XL-R' manufactured by 'Unity Scientific Milford, MA, 

USA'. Analyses were performed using ring cells in diffuse reflectance 

between 680 and 2500 nm at 1 nm intervals. From the absorption 

spectra, the concentrations of hemicellulose, cellulose, lignin to acid 

detergent (ADL), ash and solubles to neutral detergent (NDS) were 

determined, using a calibration obtained from spectra and the 

corresponding analytical values measured on the lignocellulosic 

biomass of herbaceous plants by adopting the calibration developed 

for perennial lignocellulosic grasses as reported by Scordia et al. 

(2017). The spectra were collected in duplicate and for the purpose of 

NIR analysis, one spectrum is used, that is the average of the two 

obtained. The acquired spectra are then saved as a log (1/R) on the 

"Ucal InfoStar version 3.11.0" software.   

3.2.8 Climatic conditions 

The climate at the experimental site is classified as sub-tropical 

Mediterranean. Throughout the experiment, temperature patterns, 

rainfall, and reference evapotranspiration followed the typical 

characteristics of a Mediterranean climate (Figure 1). 

Average air temperatures throughout the growing seasons 

(March to November) were slightly higher in 2022 compared to 2021 
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and in 2023 compared to 2022, with monthly mean temperatures of 

21.47 °C in 2023, 21.18 °C in 2022 and 20.99 in 2021. The monthly 

average of daily minimum temperatures during the growing seasons 

was 15.92 °C in 2021, 15.8 °C in 2022 and10.05 °C in 2023. The 

monthly average of daily maximum temperatures was 26.1 °C in 2021, 

26.66 °C in 2022 and 26.83 °C in 2023. Reference evapotranspiration 

was higher in the 2021 growing season compared to the 2022 and 2023 

seasons, with an ETo of 1285, 1188 and 1222, respectively. 

Precipitation was greater from November 2020 to November 2021 

(1016 mm) compared to November 2019 to November 2020 (640.8 

mm) and compared to November 2021 to November 2022 (397.6), 

which was the season with the fewest rainfall (Figure 3.1). 
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3.2.9 Statistycal analysis 

The collected data were processed using R CRAN software (R 

Core Team (2021) R A Language and Environment for Statistical 

Computing). 

A mixed model analysis of variance was performed for the trial 

with year as the random factor, irrigation as the fixed factor and the 

genotype as the fixed factor assigned to the subplot, on biomass yield, 

stem density, plant height and stem diameter for the seven genotypes 

examined in the study and ash, hemicellulose, cellulose, lignin and 

NDS for the ARCT, ARMO and ARPI clones. The Shapiro–Wilk test 

Figure 3-1 - Meteorological variables (Tmax = month average of daily maximum 

temperature, Tavg = month average of daily mean temperature, Tmin = month 

average of daily minimum temperature, ETo = month sum of daily reference 

evapotranspiration according to (Crop Evapotranspiration-Guidelines for Computing 

Crop Water Requirements-FAO), Precipitation = monthly precipitation) from 

January 2020 to February 2023 at the experimental site (Catania, 37°24′ N., 15°03′ 

E., 10 m a.s.l.) 
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was used to test residuals for normality. The Bartlett test was used to 

test homoscedasticity.  

Fisher’s least square difference (LSD) procedure at a 95% 

confidence level has been performed to compare pairwise the 

genotype × management interaction means. Correlation between 

variables has been studied with the Pearson's product-moment 

correlation test.   

3.3 Results  

3.3.1 Stem height 

Irrigation has a minimal impact on stem height, while genotype 

has a highly significant effect across all measured variables, with very 

low p-values (in the range of 10-16) (Table 3.1).  

 

 

 

Table 3-1 - Three-way ANOVA for main effects (Irrigation, Genotype, Year) and 

interactions (Irrigation x Genotype, Irrigation × Year, Genotype × Year, Genotype × 

Irrigation × Year) on Above-Ground Biomass (AGB) yield, Leaf-to-Biomass (LB) 

ratio, stem density, stem height and stem weight. The p-value is reported; p values 

lower than 0.05 indicate significance. 

Source of Variation AGB yield LB ratio Stem density Stem height Stem weight 

Irrigation   <0.01  <0.01  <0.01  <0.01 0.50 

Genotype    <0.01  <0.01  <0.01  <0.01  <0.01 

Year    <0.01  <0.01  <0.01  <0.01  <0.01 

Irrigation × Genotype    <0.01 0.02  <0.01  <0.01 0.025 

Irrigation × Year    <0.01 0.33  <0.01  <0.01 0.05 

Genotype × Year    <0.01  <0.01  <0.01  <0.01  <0.01 

Irrigation × Genotype 

× Year   
0.20 0.55  0.01  <0.01 0.26 
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MxG shows the most pronounced difference between irrigated 

and rainfed conditions, with the exception of the first year, when the 

greatest height occurs under non-irrigated conditions (Figure 3.2).  

GNT3 and GNT43 show a moderate response to irrigation. For 

instance, GNT43 shows a clear increase in height under irrigation in 

2023, but the difference is less marked in the earlier years.   

In the first year, SAC demonstrates strong growth in both 

regimes, with heights around 150 cm. The greatest stem height is 

recorded in 2022 in irrigated conditions, where the average approaches 

350 cm2. 
 

 

 

 

 

 

 

 Figure 3-2 - Stem height the 7 genotypes examined in this study: ARCT, ARMO, 

ARPI, GNT3, GNT43, MxG, SAC, over the years 2021, 2022, and 2023 under two 

irrigation conditions. 
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Table 3-2 - Mean values of Aboveground Biomass (AGB) yield, Leaf to Biomass 

(LB) ratio, stem density, stem height and stem weight for the irrigation and the 

genotypes factors. The values are ± standard error. 

 

ARCT and ARMO have the greatest height exceeding 300 cm 

(Table 3.2). 

The year effect is highly significant, indicating that differences 

between years have a significant impact on all traits, likely due to the 

growth of the perennial stand (Table 3.1). Significant interactions are 

observed for Genotype × Irrigation, Genotype × Year, and Irrigation 

× Year on stem height (Table 3.1), highlighting the complex interplay 

between these factors. 

3.3.2 Stem density 

The results of the ANOVA analysis (Table 3.1) show that 

irrigation, genotype and year have a highly significant effect on stem 

density, with very low p-values confirming the importance of these 

factors. Furthermore, the interactions between Irrigation × Genotype, 

Irrigation × Year and Genotype × Year were also significant, 

Trait 
Irrigation Genotypes 

Rainfed Irrigated ARCT ARMO ARPI GNT3 GNT43 MxG SAC 

AGB 

yield 
11.03±1.16 16.89±1.61 

16.20 

± 2.90 

17.64 

± 3.34 

18.64 

± 2.85 

14.22 

± 2.83 

11.83 ± 

1.71 

7.26 ± 

1.99 

11.94 

± 2.52 

LB 

ratio  
24.0%±2.38% 19.0%±2.63% 

11.2% 

± 

3.22% 

16.9% 

± 

4.19% 

18.8% 

± 

3.98% 

30.4% 

± 

6.36% 

31.6% 

± 

6.14% 

24.0% 

± 

3.02% 

17.6% 

± 

2.98% 

Stem 

density  
26.54±2.56 36.39±3.21 

13.61 

± 1.14 

14.54 

± 0.93 

14.80 

± 1.16 

61.32 

± 3.00 

46.21 ± 

3.83 

37.11 

± 5.75 

32.64 

± 3.91 

Stem 

height  
220.2±12.37 260.0±13.02 

310.3 

± 

20.13 

319.8 

± 

23.21 

284.0 

± 

12.90 

194.2 

± 

22.95 

202.2 ± 

13.25 

181.9 

± 

19.49 

188.4 

± 

20.80 

Stem 

weight  
65.16±9.42 67.42±9.22 

115.25 

± 

18.94 

118.37 

± 

20.41 

120.76 

± 

15.97 

22.21 

± 3.87 

26.40 ± 

2.40 

17.04 

± 2.68 

44.00 

± 8.35 
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indicating that stem density is influenced in a complex way by the 

combination of these factors. The three-way interaction (Genotype × 

Irrigation × Year) is also significant, suggesting that the combined 

effect of these factors is relevant for stem density variability. The data 

show that stem density is generally higher under irrigated than under 

rainfed conditions, with mean values of 36.39 ± 3.21 for irrigated 

compared to 26.54 ± 2.56 for non-irrigated. Among the various 

genotypes, Miscanthus genotypes show a particularly high stem 

density in 2023, with values reaching almost 80 stems per m².  The 

GNT3 has the highest stem density, with a value of 61.32 ± 3.00, while 

the MxG genotype has a relatively low density of 37.11 ± 5.75. The 

SAC genotype has a similar density to Miscanthus (MxG), with a 

value of 32.64 ± 3.91. 

With regard to the annual trend, in 2023 the irrigated genotypes, 

such as MxG, showed a marked increase in stem density, with values 

reaching almost 80 stems per square metre, in contrast to around 20 

stems per square metre in the non-irrigated conditions. Stem density 

under irrigated conditions was therefore higher than under rain-only 

conditions, with differences varying between genotypes (Figure 3.3). 
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3.3.3 Stem weight 

The results of ANOVA analyses and mean values of stem 

weight data show that several factors significantly influence stem 

weight in the analysed genotypes. 

The genotype has a highly significant effect on stem weight, as 

evidenced by very low p-values (in the order of 10-16), indicating 

marked differences between the different genotypes. 

Genotypes such as ARCT, ARMO, and ARPI show high stem 

weights, while genotypes such as MxG, GNT3 and GNT43 tend to 

have significantly lower values (Figure 3.4). 

For the SAC genotype, there is a more pronounced difference 

between irrigated and non-irrigated in 2023, with slightly higher 

values under irrigated conditions. This could suggest an intermediate 

sensitivity to drought.  

Stem weight was significantly affected by the year, with 

Figure 3-3 - Stem density for the 7 genotypes examined in this study: ARCT, 

ARMO, ARPI, GNT3, GNT43, MxG, SAC, over the years 2021, 2022, and 2023 

under two irrigation conditions. 
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differences between years having a marked effect on stem weight. For 

example, stem weight reached the highest values in genotypes such as 

ARPI, ARCT and ARMO in the periods 2022-2023. 

The SAC genotype shows a marked increase in stem weight in 

2022-2023. 

The interactions between Genotype × Year and Irrigation × 

Year are also significant. However, the Genotype × Irrigation 

interaction was significant, implying that the effect of irrigation on 

stem weight is strongly dependent on genotype. By contrast, the 

interaction Irrigation × Year was not significant, indicating that 

irrigation does not significantly change stem weight in relation to 

years of observation. 

Regarding irrigation, the results indicate that the difference 

between irrigated and non-irrigated conditions is minimal. In 

particular, the mean value is slightly higher under irrigated conditions 

(67.42 ± 9.22) than under non-irrigated conditions (65.16 ± 9.42), but 

this difference is not statistically significant. Some genotypes, such as 

ARPI, ARCT and ARMO, do not show significant differences 

between the two conditions, while others, such as GNT3, GNT43 and  

MxG, show lower values in both cases. Notably, in 2023, the 

maximum stem weight was also obtained in the non-irrigated 

treatment for Arundo genotypes (Figure 3.4). 
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3.3.4 Biomass yield 

Irrigation had a significant effect on yields, showing higher 

values for all genotypes tested (Table 3.1). 

The results identified soil water availability as a limiting factor 

for the biomass yield of the 7 genotypes over the 3 years of production 

(Table 3.2) (Figure 3.5).  

Genotype has a highly significant effect on AGB yield, with 

very low p-values (in the range of 10-16), suggesting strong differences 

between genotypes (Table 3.1).   

The ARCT, ARMO and ARPI genotypes show good biomass 

production under both irrigated and dry conditions. MxG produced 

70% less than ARMO under rainfed conditions, and 50% less than 

ARPI under irrigated conditions (Figure 3.5). 

Genotypes such as GNT3 and GNT43 showed a significant 

increase in stem biomass in 2023 under irrigated conditions.  

Figure 3-4 - Stem weight the 7 genotypes examined in this study: ARCT, ARMO, 

ARPI, GNT3, GNT43, MxG, SAC, over the years 2021, 2022, and 2023 under two 

irrigation conditions. 
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The year is highly significant, indicating that differences 

between years have a significant impact on all traits due to the growth 

of the perennial stand (Table 3.1). 

The biomass tends to grow from 2021 to 2023 for almost all 

genotypes, the first year shows the lowest yields, with ARPI reaching 

a peak of 10 Mg ha⁻¹ under irrigated conditions.   

In the third year, the highest yield values were obtained in the 

irrigated trial by the clones ARMO, ARPI, and GNT3, with no 

statistically significant differences. 

In the case of GNT3, GNT43 and SAC, the AGB yields were 

low under rainfed conditions in all years, with no increase between the 

second and third year of production.   

Irrigation generally led to higher biomass yields, both for leaves 

and stems. In some genotypes, such as ARCT and MxG, the difference 

between irrigated and non-irrigated was less evident in the first years 

(2021-2022) but became more pronounced in 2023. 

The total biomass (leaves + stems) increased progressively from 

2021 to 2023 for all genotypes, with a particularly noticeable increase 

in stems. Some genotypes, such as the ecotypes of Arundo, showed a 

strong increase in total biomass in 2023, with values exceeding 30 

Mg/ha. 

The error bars represent the variability of the collected data. In 

the first year, the variability was very low for all genotypes but 

increased in the second and third year. Some genotypes, such as 

ARCT and GNT43, showed lower variability, suggesting greater 

uniformity in results between experiments.  

The leaf to stem ratio tends to increase over time from 2021 to 

2023 for almost all genotypes, especially under irrigated conditions 

(Figure 3.5). This could suggest that, as the plants mature, stem 

development becomes predominant over leaves. 

GNT3 and GNT43 show a higher leaf/stem ratio than the others, 
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as indicated by the large proportion of the leaf component. This is 

particularly evident in the non-irrigated treatment, suggesting that 

these genotypes may have an adaptation that favours higher leaf 

production under water stress conditions. 

ARCT, ARMO, ARPI and SAC have a higher proportion of 

stems than leaves, especially in the irrigated treatment, where the leaf 

component is smaller. This may indicate a greater predisposition of 

these genotypes to invest in stem growth when water is available. 

3.3.5 Correlation betweeb variables 

Pearson correlation values ≥ 0.197 or ≤ - 0.197 are significant 

at a 95% confidence level in a two-tailed test (Figure 3.6).   

A significant correlation was observed between stem height and 

AGB yield (r = 0.74). The stem weight was positively correlated with 

AGB yield (r=0.73). However, a negative correlation was observed 

Figure 3-5 - AGB yield and composition (stems and leaves) for the 7 genotypes 

tested in this study: ARCT, ARMO, ARPI, GNT3, GNT43, MxG, SAC, over the 

years 2021, 2022, and 2023 under rainfed and full irrigated conditions. 
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between LBR and AGB yield (r=-0.73) 

The LBR was negatively correlated with stem height (r=-0.62) 

and stem weight (r=0.61). 

The correlation between stem weight and stem height was 

positive (r=0.81). While the correlation between stem weight and stem 

density was negative (r=0.54).  

The stem height and the stem density were negatively correlated 

(r=0.29). 

 

 

 

 

Figure 3-6 - Pearson correlation matrix of the measured variables (stem 

height, stem density, stem weight, LBR = Leaf to Biomass Ratio and 

AGB yield = Above Ground Biomass. Correlation values ≥ 0.197 or ≤ - 

0.197 are significant at a 95% confidence level in a two-tailed test). 
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3.3.6 Qualitative determinations 

The biomass composition is similar for all genotypes and for 

both irrigation conditions in 2022 (Figure 3.7). Nevertheless, small 

variations are noted in the percentages of the different components. 

All genotypes have a similar distribution, with a slight variation in the 

percentages of lignin and cellulose. ARCT and SAC show a tendency 

to maintain similar levels of lignin and cellulose under both irrigated 

and rainfed conditions, while other genotypes show slight variations.  

  

The chemical fractions showes low variability between irrigated 

and non-irrigated conditions in 2023 (Figure 3.8).  
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Figure 3-7 - Fractions of the biomass for the 7 genotypes examined in this study: 

ARCT, ARMO, ARPI, GNT3, GNT43, MxG, SAC, in the year 2022 under two 

irrigation conditions. 
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In the various genotypes (ARCT, ARMO, ARPI, GNT3, 

GNT43, SAC), the distribution of the fractions is also fairly similar. 

In some genotypes, a slight variation in the amount of lignin and 

cellulose can be observed, but generally the main components remain 

at similar percentages.  

   

3.4 Discussion 

The study examined the impact of the water input on the 

biomass yield and quality of several BPG genotypes during the first 

years after the establishment of the crop with the objective of 

identifying the most suitable genotypes for biomass production on 

marginal land affected by low water availability during summer 

months.   

The meteorological data confirms the climatic pattern typical of 

the Mediterranean area, characterised by hot, dry summers with high 

evaporative demand, followed by cooler, rainy winters (Cos et al., 

ARCT ARMO ARPI GNT3 GNT43 SAC
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Figure 3-8 -  Fractions of the biomass for the 7 genotypes examined in this study: 

ARCT, ARMO, ARPI, GNT3, GNT43, MxG, SAC, in the year 2023 under two 

irrigation conditions. 

 



Wild biomass perennial grasses show drought resilience in the 

Mediterranean climate 

79 

  

2022). The precipitation pattern and amount were more favorable 

during the first and the second year after the establishment of the crop. 

The third year was affected by lower-than-average precipitations. 

The attainable biomass yield of PBGs is mainly influenced by 

soil water availability, Leaf Area Duration (LAD), photosynthesis rate 

under limiting conditions and by the interaction of these factors 

(Corinzia et al., 2023; Jones et al., 2015). 

During the first years after the establishment of the crop, BPG 

biomass yields are further limited by the reduced root system and 

limited rhizome reserves that lead to a reduced canopy expansion 

(Curt et al., 2017; Kantola et al., 2022; Zegada-Lizarazu et al., 2010b)  

After the establishment phase, AGB yield reaches its maximum 

and usually stabilize after 3-4 years (Alexopoulou et al., 2015; Kantola 

et al., 2022; Kering et al., 2012). 

Among the PBG species that have been selected for the present 

experiment, the wild clones of giant reed and African fodder have 

demonstrated in previous studies to maintain high RUE and WUE in 

the Mediterranean climatic zone under limited water and nitrogen 

inputs (Corinzia et al., 2023; Scordia et al., 2022; Scordia, Papazoglou, 

et al., 2022). 

Giant reed and African fodder cane tend to have an extended 

growing season and high LAD (Corinzia et al., 2023), which allows 

them to absorb more water and nutrient and assimilate CO2 for a 

longer period. This can result in higher biomass accumulation 

compared to Miscanthus, which may have a shorter growing season. 

The ability to sprout earlier and maintain canopy foliage longer can be 

crucial in maximizing growth and productivity, especially in 

environments where water and nutrients are limiting factors (Scordia 

et al., 2014). 

The results of this work again indicate that all the genotypes 

examined responded to irrigation with significantly higher biomass 
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yields, both for leaves and stems. 

This supports the hypothesis that limited soil moisture, as seen 

in rainfed conditions, restricts plant growth, particularly in 

environments characterized by long summer droughts (Scordia et al., 

2022). 

However, strategies to optimize water use and drought-tolerant 

genotypes should be adopted to mitigate the issues of water source 

depletion and the competition with food farming (Cai K. et al. 2020).   

Giant reed clones, originating from the Mediterranean area, 

showed a relatively smaller difference between biomass yields under 

irrigated and rainfed conditions than miscanthus hybrids, aligning 

with the results of previous research (Haworth et al., 2017, 2019).   

Miscanthus × giganteus appears to be more affected by low soil 

moisture, with a pronounced reduction of AGB yield under rainfed 

conditions. This reduction is not surprising, as Miscanthus x giganteus 

(MxG) is not a native Mediterranean plant, but rather a hybrid native 

to East Asia, adapted to humid environments and poorly suited to the 

dry conditions typical of central Mediaterranean (Ben Fradj et al., 

2020). 

A similar reduction of AGB under rainfed conditions has been 

observed for African fodder cane during the third year after 

establishment, in contrast with the previous studies (Corinzia et al., 

2023; Scordia et al., 2022); the low AGB yield could be attributed to 

the lower-than-average precipitation.  

The two seed-based Miscanthus hybrids selected for drought 

tolerance (GNT3 and GNT43) (Krzyżak et al., 2023) outperformed 

African fodder cane under rainfed conditions and achieved AGB yield 

similar to giant reed under irrigated conditions. 

Leaf biomass forms a smaller fraction of the total biomass, 

regardless of year or irrigation conditions.  The fraction of leaf 

biomass in proportion to stem biomass is higher during the first year 
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and tends to decrease over time. This suggests that plants allocate most 

of the photosynthate to leaf area growth when the amount of nutrient 

from rhizome reserves and photosynthesis is limited, while allocate 

the extra photosynthate to stem growth when the amount of nutrient 

available exceed the demand for the leaf area growth. This finding 

confirms the pattern of leaf area growth reported by Corinzia et al. 

(2023). 

Furthermore, crops can develop strategies that priorities 

resilience over rapid growth, such as investing in structures that 

provide stability, such as an extended and deep root system, which 

keeps the plant well anchored and promotes optimal water uptake 

(Sofi et al., 2017). Consequently, the leaf to stem ratio was higher in 

rainfed conditions across most genotypes, especially in miscanthus 

hybrids, since the amount of photosynthate is limited and stem growth 

is reduced. Under severe water stress, BPGs may reduce leaf 

production, investing their resources in larger root system that may 

help to access water reserves deeper in the soil (Yan et al., 2023). 

A higher leaf to stem ratio is detrimental to the thermal energy 

conversion of the biomass due to the higher ash content (Vassilev et 

al., 2017), while it is favorable for biomethane production (Mangold 

et al., 2019). 

BPGs can achieve high stem biomass yield through the 

emission of a high number of stems per plant (i.e. stem density), as 

observed for miscanthus, or through the production of fewer, larger 

stems, as observed for giant reed. 

Stem density was promoted by irrigation, although the response 

to water availability varies significantly among genotypes. The 

difference between stem density under rainfed and irrigated conditions 

was high for miscanthus hybrids in 2023. In contrast, giant reed clones 

and African fodder cane showed good drought tolerance regarding 

stem density. This confirms what has already been observed about the 
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drought resistance of these plants (Li et al., 2021; Sánchez et al., 

2021).  

An interesting aspect is the inverse relation between density and 

the stem weight, due to intra-plant competition for light and rhizome 

reserves.  

The variation of stem weight between rainfed and irrigated 

conditions was low, in particular for giant reed clones. Stem weight 

peaked during the second year for giant reed and African fodder cane, 

therefore the increase of AGB yield during the third year can be 

attributed to the increase of stem density. Contrarily, the stem weight 

of miscanthus hybrids increased during the third year. 

The composition of the biomass had low variability between 

different irrigation conditions, suggesting the stability in chemical 

composition even under water stress. As other studies have shown, 

lignin and cellulose contents remain relatively stable despite water 

stress (Hussain et al., 2021). A similar trend exists for the 

hemicellulose content, which shows no significant changes due to 

water stress. This stability is crucial since hemicellulose has a 

fundamental role in the structural integrity of plant cell walls 

(Allahdadi & Bahreininejad, 2019). 

The neutral detergent soluble fraction (NDS) and ash content 

appear to be unaffected by water stress in some studies (Hussain et al., 

2021; Piccitto, 2022). NDS and ash content were the fraction that 

showed most of the variability in response to irrigation in the present 

study. African fodder cane and miscanthus GNT43 had a higher 

soluble fraction (NDS + ash) under irrigated conditions, while the 

other genotypes showed an opposite trend. The overall biomass 

quality for energy conversion was not affected by the irrigation factor 

and by the climatic conditions during the second and third year of the 

experiment. 
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3.5 Conclusions 

The future of biomass production in the Mediterranean is set in 

a scenario of increasing water scarcity due to climate change. The 

availability of water resources is expected to decrease, driving the 

need to reduce water consumption for irrigation. 

In this context, the challenge is twofold: firstly, the 

sustainability of biomass production must be ensured, and secondly, 

the problem of limited water availability must be handled. 

Consequently, research is focusing on identifying species that are 

more resilient to drought and on selecting water-efficient genotypes 

that can continue to produce biomass even with reduced water 

availability. Perennial bioenergy plants such as Arundo donax and 

Saccharum spontaneum, which have a deep root system and greater 

resistance to water stress, are particularly promising in this scenario, 

as they can also be cultivated in marginal soils with limited water 

resources. Furthermore, biomass quality is not significantly affected 

by drought, which means that even if productivity in terms of biomass 

yield decreases, its energy usability remains unchanged. 

Therefore, while recognising the fundamental role of irrigation 

in biomass production in the Mediterranean basin, it is clear that the 

future strategy must focus on prudent management of water resources, 

integrating agricultural practices that minimise water consumption, 

such as the use of resilient crops, optimisation of irrigation techniques 

and selection of species better adapted to water deficit conditions. 

Further research is needed to fully understand the dynamics of 

water use efficiency, drought resistance and biomass composition 

among different genotypes and under different environmental 

conditions. Understanding how these crops respond to fluctuations in 

water availability over longer periods and under different climate 

scenarios will be essential for developing sustainable agricultural 

systems in water scarce regions. 
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Abstract: The increasing demand for renewable energy, 

coupled with the urgent challenges posed by climate change, has 

positioned perennial biomass crops (BPGs) as essential and 

sustainable alternatives for bioenergy production.  

This study investigated the impact of irrigation regimes on the 

physiological performance of three BPG species—Arundo donax L., 

Saccharum spontaneum, and Miscanthus—with a focus on leaf gas 

exchange and instantaneous water use efficiency (IWUE) under 

varying water availability conditions.  

The results clearly showed that A. donax, a C3 species, 

outperformed the C4 species S. spontaneum and Miscanthus, 

exhibiting significantly higher stomatal conductance and net 

photosynthesis, especially under irrigated conditions.  

Despite the inherent differences in photosynthetic pathways, A. 

donax showed a remarkable capacity to maintain higher 

photosynthesis and transpiration rates even under limited water 

availability. S. spontaneum demonstrated the highest IWUE, 

particularly in rainfed treatments, reflecting its efficient use of water. 

Miscanthus showed the greatest sensitivity to water stress, with a more 

pronounced decline in photosynthesis during drought periods. These 

findings highlighted the importance of selecting species with high 

water-use efficiency for bioenergy production in water-limited 

environments. The study accentuated the role of effective water 

management and genotype selection in optimizing biomass yield and 

resource efficiency, providing valuable insights for improving crop 

productivity in Mediterranean and other semi-arid regions. 

 

Keywords: photosynthesis; transpiration, stomatal 

conductance, instant water use efficiency, perennial grasses, 

Mediterranean climate 

 



Yield and plant gas exchange in perennial biomass crops (BPGs) 

under different water regimes 

93 

  

4.1 Introduction 

In recent years, improved irrigation practices, along with the 

selection of more resilient plant varieties, emerged as promising 

strategies for increasing the productivity of biomass perennial grasses 

(BPGs) in semi-arid environments such as the Mediterranean, 

characterized by high temperatures and low rainfall events [1],[2]. 

These strategies are particularly relevant in the current context of 

climate change [3], which exacerbates water scarcity and intensifies 

the competition for resources between food and energy crops. 

Numerous studies underlined the influence that water availability and 

irrigation regimes have on plant growth, and the consequential 

parameters (i.e. stem density, height and weight directly reflecting on 

biomass yield) [4]. 

In this context, developing water-use-efficient species is crucial 

for meeting global energy demands while ensuring sustainable water 

management. BPGs outstand as promising crops that can optimize 

productivity, even under prolonged drought conditions, thanks to the 

great high water-use efficiency (WUE) and to the efficiency of the 

photosynthesis system[5], showing remarkable efficiency in the use of 

natural resources in a sustainable way. Among BPGs, giant reed 

(Arundo donax L.), African fodder cane (Saccharum spontaneum), 

and Miscanthus are characterized by a strong resistance to abiotic 

stresses [6], and ideally suited for marginal lands, offering significant 

ecosystem benefits, such as preventing soil erosion, sequestering 

carbon, and remediating contaminated soils [7]. They also find 

application as feedstock for biorefinery and as a source of bioenergy 

(i.e. biofuels), making them particularly interesting crops to meet the 

ambitious sustainable goals settled by the Agenda 2030, respecting 

also the new European Union Renewable Energy Directive (RED III) 

[8], [9].  

The importance of studying these crops is given by the 
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remarkable drought tolerance showed in the case of Saccharum 

spontaneum, (C4 crop cycle) [10]. Whereas, for giant reed, different 

authors have highlighted that although it is a C3 cycle crop, shows 

photosynthetic rates comparable to C4 plants, being thus well-adapted 

to arid environments [1], [5], [9], [11], [12]. Lastly, Miscanthus 

(Miscanthus × giganteus (J.M. Greef, Deuter ex Hodk., Renvoize) as 

a C4 crop, is originally adapted to temperate climates[13]. For this 

reason, among Miscanthus species, new germplasm was selected to 

competitiveness and drought tolerance to be more suitable to 

Mediterranean conditions [14]. 

Despite these advantages, abiotic stresses have direct effects on 

stomatal function, reducing CO2 assimilation and biomass production, 

and consequently affecting both plant growth and yield ([15], [16]).   

To maximize yield, an integrated approach is needed that 

combines effective water management with selection of BPGs 

genotypes that can make the most of periods of increased water 

availability, such as early emergence in spring and late senescence in 

fall [17]. 

Hence, the aim of the present research is to evaluate leaf gas 

exchange and instant water use efficiency of Arundo donax L., 

Saccharum spontaneum, and Miscanthus under varying irrigation 

conditions, and its role in biomass productivity, with the objective of 

identifying the most suited BPGs genotypes to contrasting soil water 

scarcity.  

Marginal lands are those regions where optimal conditions for 

the growth and development of food crops are not optimal due to 

limiting factors such as their high slope, excessive salinity, and 

prolonged periods of drought [10] The ability of BPGs to thrive in 

these regions reduce the competition and issues associated with 

exploiting food crops for energy production. Perennial herbaceous 

crops have environmental advantages such as increased carbon 



Yield and plant gas exchange in perennial biomass crops (BPGs) 

under different water regimes 

95 

  

sequestration, improved soil characteristics reduced erosion and 

provide a habitat for wildlife [18]. In addition, their ability to regrow 

each year without having to be replanted makes them more sustainable 

than traditional annual crops.   

 

4.2 Materials and Methods 

4.2.1 Field trial 

The field trial was carried out at the experimental farm of the 

University of Catania (37° 24' N., 15° 03' E., 10 m a.s.l.), in a typical 

Xerofluvents soil (USDA, 1999), with a preponderantly clayey 

texture, whose characteristics are listed in Table 4.1. 

  

Table 4-1 - Soil characteristics of the field site in the top layer (0–50 cm). 

 

Irrigation is provided by a drip irrigation system. During the 

first year (2018) of plant establishment, irrigation was not 

differentiated, and all the plots received 100% of maximum crop 

evapotranspiration restoration during the summer months. Whereas, 

in the second (2019) and third year (2020), irrigation was 

Soil characteristics Unit Value Method 

Sand % 49.3 Pipette method 

Loam % 22.4 Pipette method 

Clay % 28.3 Pipette method 

pH  8.6 In water solution 

Total calcareous % 15.2 Gas-volumetric; AOAC, 1990 

Organic matter % 1.4 Walkley and Black; AOAC, 1990 

Total N ‰ 1 Kjeldahl; AOAC, 1990 

P2O5 availability ppm 5 Ferrari; AOAC, 1990 

K2O availability ppm 245 Dirks and Scheffer; AOAC, 1990 

Bulk density g cm−3 1.1  

Field capacity at −0.03 MPa % 27  

Wilting point at −1.5 MPa % 11  
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differentiated. The following study examined the second and third 

years. The yields were reported in [1], [2]. 

Two factors were studied in a split-plot experimental design in 

two following years. The main factor assigned to the plots is the 

irrigation factor, with three levels: 100, 50 and 0% of maximum crop 

evapotranspiration (ETm) restoration during the summer months 

(June-August). Genotype is the second factor, assigned to the sub-

plots within the main irrigation plots.  

Six perennial genotypes were evaluated with three replications 

along two years (2019-2020): two Arundo donax L. ecotypes, named 

ARCT and ARMO (clone Fondachello and clone Morocco), the 

commercial Miscanthus x giganteus (greef et Deuter) named MxG, 

two seed-based Miscanthus hybrids obtained from the breeding 

program led by the Institute of Biological, Environmental and Rural 

Sciences of Aberystwyth University (UK) and Terravesta Ltd (UK), 

named GNT9 and GNT10, and one ecotype of Saccharum spontaneum 

L. ssp. aegypticum Willd (Hack.), named SAC.   

Rhizomes of SAC, ARMO and ARCT were collected from the 

in-situ germplasm collection located at the Experimental farm. 

Plantlets of MxG were provided by Energene sp. z o.o (Poland), while 

the GNT9 and the GNT10 by Terravesta Ltd (UK). Fresh rhizomes of 

approximately 100 g with 2-3 main buds (ARMO, ARCT and SAC) 

and plantlets (MxG, GNT9 and GNT10) were directly transplanted in 

a previously prepared soil bed, ploughed in autumn, and disk harrowed 

in spring. Transplant was done manually in May 2018 at a density of 

1 rhizome or plant m–2. With the aim to reduce the external input 

supply, no fertilization was supplied before transplanting. 

Weeds were controlled manually during the year of 

establishment by means of a grass trimmer when necessary. Plantlets 

were kept in well-watered condition through a drip irrigation system, 

from the establishment to the end of summertime, by restoring 100% 
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ETm.  

Irrigation was scheduled when the sum of daily ETm 

corresponded to the volume, subtracting rainfall events from the 

calculation. 

Each plot measures 16 m2 (4 m × 4 m).  

Daily ETm was calculated according to:    

ETm = ET0 × Kc 

where ETm is the maximum daily evapotranspiration (mm), 

ET0 is the evaporation of class-A pan (mm) and Kc is the highest crop 

coefficients (Kc) among those applied for Miscanthus × giganteus, 

Arundo donax and Saccharum spontaneum grown in the same 

environment (Cosentino et al., 2014; Panoutsou and Chiaramonti, 

2020).    

The irrigation volume was calculated using the formula:    

V = 0.66 × (FC - WP) × ɸ × D × 103 

Where V is the water volume (mm), 0.66 is the amount of 

readily available water not limiting evapotranspiration, FC is the soil 

water content at field capacity (27% of the dry weight of the soil), WP 

is the soil water content at the point of wilting (11% of the dry weight 

of the soil), ɸ is the bulk density (1.1 g cm-3) and D is the depth of the 

soil explored by the roots (0.6 m).    

At the end of summer season, when the available soil moisture 

was adequate to the crops, the irrigation was suspended.  

4.2.2 Measurements 

During the growing seasons, meteorological conditions have 

been continuously monitored through a weather station connected to a 

data logger (Delta-T, WS-GP1). Potential evapotranspiration is 

calculated according to Allen and Food and Agriculture Organization 

of the United Nations [19]. 

Field measurements of solar radiation interception and gas 
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exchanges have been measured with a 2-week frequency from shoot 

emission at the beginning of spring to leaves senescence in autumn. 

 Soil water content has been measured every two weeks using 

Teros10 moisture sensors (Delta-T). 

Net photosynthesis (µmol C02 m-2 s-1), transpiration (mmol H20 

m-2 s-1) and stomatal conductance (mol H20 m-2 s-1) have been 

calculated on the basis of C02 and H20 gas exchange. Soil water 

content has been measured every two weeks using Teros10 moisture 

sensors (Delta-T). 

The relationships between stomatal conductance – 

photosynthesis, stomatal conductance – transpiration and 

photosynthesis – transpiration were fitted using the model: 

f(x)= α ⋅(1−e−bx) 

Where α is the maximum asymptotic value of the function and 

b is the growth rate, which determines how quickly the function 

approaches the maximum value. 

The formula used to describe the linear relationship between 

above ground biomass – photosynthesis, above ground biomass – 

transpiration, above ground biomass – instant water use efficiency and 

vapour pressure deficit – transpiration was: 

f = y0+a*x 

Where 𝑦0 is the intercept, 𝑎 is the slope (angular coefficient) of 

the line and x is the independent variable. 

4.2.3 Weather conditions 

Temperatures follow a typical seasonal pattern, with higher 

values in the summer months (June-August) and lower values in the 

winter months (December-February). 

Maximum temperature (Tmax) presents a peak around July-

August, exceeding 30°C. 

Precipitation shows significant monthly variability, with some 
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months characterized by high peaks, such as March and November 

2020, while other months show little or no precipitation, such as June 

and July 2019. 

Overall, an uneven distribution of precipitation is observed 

throughout the year. ET0 follows a similar trend to temperatures, with 

maximum values in the summer months and minimums in the winter 

months, indicating greater evaporative demand during the warm 

seasons. 

 

4.2.4 Statistical analysis 

All analysis were performed using the R CRAN software [18]. 

A mixed model analysis of variance was performed for the trial 

Figure 4-1 - Meteorological variables (Tmax = month average of daily maximum 

temperature, Tavg = month average of daily mean temperature, Tmin = month 

average of daily minimum temperature, ETo = month sum of daily reference 

evapotranspiration according to (Crop Evapotranspiration-Guidelines for Computing 

Crop Water Requirements-FAO), Precipitation = monthly precipitation) from 

January 2019 to Dicember 2020 at the experimental site (Catania, 37°24′ N., 15°03′ 

E., 10 m a.s.l.). 
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with year as the random factor and irrigation and the genotype as fixed 

factor assigned to the subplot. Tukey's HSD test with 0.05 significant 

level has been performed to assess the differences among each 

genotype using RStudio software (RStudio, Boston, USA). 

The Shapiro–Wilk test was used to test residuals for normality. 

The Bartlett test was used to test homoscedasticity.  

Correlation between variables has been studied with the 

Pearson's product-moment correlation test. 
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4.3 Results  

4.3.1 Stomatal conductance 

Irrigation regimes significantly influenced stomatal 

conductance (gs) (Table 4.2 and 4.3) in 2019 (Figure 4.2) and 2020 

(Figure 4.3). The full irrigated condition (100% ETm) led to the 

highest stomatal conductance in all genotypes. The rainfed condition 

(0% ETm) resulted in the lowest gs values, with significant drops 

during the dry period (0.5 mol m-2 s-1). The genotype factor explained 

most of the variance. 

 

 

 

 

 

 

Table 4-2 - Results of analysis of variance (ANOVA) for physiological and 

production parameters: above-ground biomass (AGB), net assimilation, 

transpiration, stomatal conductance and intrinsic water use efficiency (iWUE). 

Values represent p-values associated with the sources of variation: year, irrigation, 

genotype, and interaction between irrigation and genotype. Degrees of freedom (df) 

are given for each source of variation. Significant p-values (< 0.05) highlight the 

significant influence of the variables considered on the parameters analyzed. 

Source of 

Variation 

Degrees 

of 

freedom 

AGB 
Net 

assimilation 
Transpiration 

Stomatal 

conductance 
iWUE 

Year 1 
7.8 x 

10-15 
3.60 x 10-5 0.465 0.458 4.49 x 10-4 

Irrigation 2 
< 2.2 x 

10-16 
5.86 x 10-11 < 2.2 x 10-16 4.45 x 10-6 8.63 x 10-6 

Genotype 5 
< 2.2 x 

10-16 
2.64 x 10-5 < 2.2 x 10-16 < 2.2 x 10-16 1.64 x 10-11 

Irrigation x 

Genotypes 
10 

< 2.2 x 

10-16 
0.225 0.535 0.963 0.856 

Residuals 87      
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 The effect of irrigation varied depending on the period with a 

significant interaction date x irrigation. In all genotypes, the 

differences among irrigation treatments (I0, I50, I100) were 

significant during summer (June-August), with higher values under 

full irrigation (I100), and significant reduction under rainfed 

conditions (I0). 

Precisely, among C4 genotypes, GNT10 exhibited the lowest 

stomatal conductance value for all treatments (0.07, 0.08 and 0.10 mol 

m-2 s-1 for I0, I50 and I100, respectively).  

ARMO achieved the highest value with 0.24 mol m-2 s-1 under 

fully irrigation conditions, but with a pronounced sharp drop in I0 

(0.18 mol m-2 s-1).  

GNT9 and SAC showed the steepest response to irrigation, 

showing an increase of approx. 77% in fully irrigation conditions, 

Table 4-3 - Mean values of stomatal conductance for each genotype (ARCT, 

ARMO, SAC, GNT9, GNT10, MxG) in response to different levels of irrigation (I0 

= no irrigation, I50 = 50% irrigation, I100 = 100% irrigation). Mean values are 

reported for each treatment and for each genotype. Different letters (a, b, c) indicate 

statistically significant differences (p < 0.05) between genotypes or irrigation levels, 

determined by post-hoc analysis. 

Genotypes I0 I50 I100 mean 

ARCT 0,189 0,212 0,234 0,212a 

ARMO 0,202 0,229 0,222 0,217a 

SAC 0,091 0,127 0,135 0,117b 

GNT9 0,062 0,163 0,131 0,118bc 

GNT10 0,060 0,087 0,105 0,084c 

MxG 0,085 0,111 0,129 0,108bc 

mean 0,115b 0,155a 0,159a 0,143 
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respect to I0. 

 

  

 

 

 

Figure 4-2 - Stomatal conductance (mol m-2 s-1) trends over the vegetative stages (April to October 2019), 

as measured by ADC LCi -SD gas exchange system for 3 water restoration levels (I0, I50, I100) and for 6 

genotypes exanimated in this study: ARCT: A. donax ecotype Catania, ARMO: A. donax ecotype 

Morocco, SAC: S. spontaneum, GNT10: Miscanthus x giganteus hybrid 10, GNT9: Miscanthus x 

giganteus hybrid 9,  MxG: Miscanthus x giganteus. 
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Figure 4-3 - Stomatal conductance (mol m-2 s-1) trends over the vegetative stages (June to 

October 2020) as measured by ADC LCi -SD gas exchange system for 3 water restoration 

levels (I0, I50, I100) and for 6 genotypes exanimated in this study: ARCT: A. donax ecotype 

Catania, ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus x 

giganteus hybrid 10, GNT9: Miscanthus x giganteus hybrid 9, MxG: Miscanthus x 

giganteus. 
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4.3.2 Net photosynthesis  

Net photosynthesis (A) was significantly affected by irrigation 

and genotype (Table 4.2 and 4.4). 

 

Table 4-4 - Mean values of net photosynthesis for each genotype (ARCT, ARMO, 

SAC, GNT9, GNT10, MxG) in response to different levels of irrigation (I0 = no 

irrigation, I50 = 50% irrigation, I100 = 100% irrigation). Mean values are reported 

for each treatment and for each genotype. Different letters (a, b, c)  

indicate statistically significant differences (p < 0.05) between genotypes or 

irrigation levels, determined by post-hoc analysis. 

 

 

 

 

 

 

 

 

All genotypes showed the same trend under fully irrigated 

conditions, with a peak during May and June, followed by a drop 

during July and August, and a recovery in September (Figure 4.4 and 

4.5). A similar course was followed under partial irrigation (I50) 

during the growth cycle. In contrast, I0 suffered from drastic declines 

during the summer period (June – August), with a recovery in 

September.  

A. donax genotypes maintained higher net photosynthesis 

during June-August. Differently from S. spontaneum and Miscanthus 

hybrids, which in I0 showed sharpest decline in the net photosynthesis 

for both years. 

In 2020 more pronounced fluctuations are observed, with clear 

differences between irrigation treatments, especially during summer 

stress periods. Overall, the values are higher than in 2019. 

GENOTIPO I0 I50 I100 medie 

ARCT 18,77 20,73 21,27 20,26ab 

ARMO 19,27 21,41 22,08 20,92a 

SAC 17,58 20,00 21,66 19,75ab 

GNT9 11,64 17,59 20,32 16,52c 

GNT10 11,13 15,84 18,22 15,06c 

MxG 16,11 17,49 19,31 17,64bc 

medie 15,75c 18,84b 20,48b 18,36 
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Figure 4-4 - Net photosynthesis rate (µmol m-2 s-1) trends over the vegetative stages (April to October 

2019) as measured by ADC LCi -SD gas exchange system for 3 water restoration levels (I0, I50, I100) 

and for 6 genotypes exanimated in this study: ARCT: A. donax ecotype Catania, ARMO: A. donax 

ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus x giganteus hybrid 10, GNT9: Miscanthus x 

giganteus hybrid 9, MxG: Miscanthus x giganteus. 
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Figure 4-5 - Net photosynthesis rate (µmol m-2 s-1) trends over the vegetative stages ((June to 

October 2020) r 2020) as measured by ADC LCi -SD gas exchange system for 3 water 

restoration levels (I0, I50, I100) and for 6 genotypes exanimated in this study: ARCT: A. donax 

ecotype Catania, ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus 

x giganteus hybrid 10, GNT9: Miscanthus x giganteus hybrid 9, MxG: Miscanthus x giganteus. 
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4.3.3 Transpiration rate 

Transpiration rate (E) is significantly affected by the irrigation 

and genotype factors (Table 4.2 and 4.5). 

 

 

Under fully irrigated conditions (I100), A. donax genotypes 

maintained higher transpiration rates than the other genotypes, (5.16 

mmol m-2 s-1, 5.26 mmol m-2 s-1, in 2019 and 2020, respectively) for 

ARTC and (5.28 mmol m-2 s-1, 5.30 mmol m-2 s-1, in 2019 and 2020, 

respectively) for ARMO. 

Differently, under rainfed conditions (I0), GNT9 showed the 

lowest values (2.54 and 1.65 mmol m-2 s-1 in 2019, 2020, respectively).  

MxG increased significantly in I100 (42.97 and 38.95% higher 

than I0 in 2019 and 2020). 

Table 4-5 - Mean values of transpiration rate for each genotype (ARCT, ARMO, 

SAC, GNT9, GNT10, MxG) in response to different levels of irrigation (I0 = no 

irrigation, I50 = 50% irrigation, I100 = 100% irrigation). Mean values are reported 

for each treatment and for each genotype. Different letters (a, b, c) indicate 

statistically significant differences (p < 0.05) between genotypes or irrigation levels, 

determined by post-hoc analysis. 

GENOTIPO I0 I50 I100 medie  

ARCT 4,27 4,95 5,21 4,81a  

ARMO 4,13 5,00 5,29 4,81a  

SAC 2,69 3,83 4,04 3,52b  

GNT9 2,10 3,66 4,02 3,26bc  

GNT10 1,96 3,19 3,60 2,92c  

MxG 2,76 3,28 3,89 3,31bc  

medie 2,99c 3,99b 4,34a 3,77  
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Figure 4-6 - Transpiration rate (mmol m-2 s-1) trends over the vegetative stages (April 

to October 2019) as measured by ADC LCi -SD gas exchange system for 3 water 

restoration levels (I0, I50, I100) and for 6 genotypes exanimated in this study: ARCT: 

A. donax ecotype Catania, ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, 

GNT10: Miscanthus x giganteus hybrid 10, GNT9: Miscanthus x giganteus hybrid 9,  

MxG: Miscanthus x giganteus. 
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Figure 4-7 - Transpiration rate (mmol m-2 s-1) trends over the vegetative stages (June to October 

2020) as measured by ADC LCi -SD gas exchange system for 3 water restoration levels (I0, I50, 

I100) and for 6 genotypes exanimated in this study: ARCT: A. donax ecotype Catania, ARMO: A. 

donax ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus x giganteus hybrid 10, 

GNT9: Miscanthus x giganteus hybrid 9, MxG: Miscanthus x giganteus. 
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4.3.4 Instant water use efficiency  

Instant water use efficiency (IWUE), calculated as the ratio 

between net photosynthesis rate and transpiration rate, is directly 

dependent on the previous physiological traits. Irrigation and genotype 

had a significant effect on IWUE (Table 4.2 and 4.6). 

 

Table 4-6 - Mean values of instant water use efficiency for each genotype (ARCT, 

ARMO, SAC, GNT9, GNT10, MxG) in response to different levels of irrigation (I0 

= no irrigation, I50 = 50% irrigation, I100 = 100% irrigation). Mean values are 

reported for each treatment and for each genotype. Different letters (a, b, c) indicate 

statistically significant differences (p < 0.05) between genotypes or irrigation levels, 

determined by post-hoc analysis. 

 

 

 

 

 

 

 

 

 All genotypes show a drastic reduction in IWUE during 

summer months, with minimum values between June and August in 

both years (Figures 8 and 9). During summer months, characterized 

by elevated temperature and vapor pressure deficit, which limit the 

efficiency of photosystems and increase the atmospheric water uptake, 

the IWUE was generally lower for all genotypes. The highest values 

of IWUE were recorded in May, which is characterized by high levels 

of solar radiation and lower temperature and vapor pressure deficit 

than in summer months. S. spontaneum, showed the highest IWUE in 

2020 among the genotypes in this study especially in I0 (6.85 µmol 

CO2 mmol-1 H2O) and slighter lower values during 2019 for I0 (6.08 

µmol CO2 mmol-1 H2O) and for I50 (5.37 µmol CO2 mmol-1 H2O). 

GENOTIPO I0 I50 I100 medie  

ARCT 4,44 4,19 4,10 4,25b  

ARMO 4,70 4,29 4,16 4,38b  

SAC 6,47 5,25 5,37 5,70a  

GNT9 5,65 5,25 5,06 5,32a  

GNT10 5,85 4,98 5,07 5,30a  

MxG 5,85 5,39 4,97 5,40a  

medie 5,49a 4,89b 4,79b 5,06  

      



Yield and plant gas exchange in perennial biomass crops (BPGs) 

under different water regimes 

112 

  

 

 

Figure 4-8 - Instant water use efficiency (IWUE) (µmol CO2 mmol-1 H2O) trends 

over the vegetative stages (April to October 2019) as calculated from photosynthesis 

and transpiration rate for 3 water restoration levels (I0, I50, I100) and for 6 

genotypes exanimated in this study: ARCT: A. donax ecotype Catania, ARMO: A. 

donax ecotype Morocco, SAC: S. spontaneum, GNT10: Miscanthus x giganteus 

hybrid 10, GNT9: Miscanthus x giganteus hybrid 9,  MxG: Miscanthus x giganteus. 
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Figure 4-9 - Instant water use efficiency (IWUE) (µmol CO2 mmol-1 H2O) trends over the 

vegetative stages (June to October 2020) as calculated from photosynthesis and transpiration rate 

for 3 water restoration levels (I0, I50, I100) and for 6 genotypes exanimated in this study: ARCT: 

A. donax ecotype Catania, ARMO: A. donax ecotype Morocco, SAC: S. spontaneum, GNT10: 

Miscanthus x giganteus hybrid 10, GNT9: Miscanthus x giganteus hybrid 9, MxG: Miscanthus x 

giganteus. 
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4.3.5 AGB 

Giant reed and African fodder cane showed the highest 

aboveground biomass (AGB) yields in both the first and second years 

of the trial (Figure 4). Under full irrigation (I100), ARMO produced 

the greatest AGB yields, 35.1 Mg ha⁻¹ in 2019 and 36.8 Mg ha⁻¹ in 2020. 

In contrast, Miscanthus hybrids yielded less AGB, with values under 

I100 ranging from 19.5 Mg ha⁻¹ for GNT10 to 11.7 Mg ha⁻¹ for M × G 

in 2020. Reducing irrigation resulted in significantly lower AGB 

yields, with average decreases of 47.8% under rainfed conditions and 

20.3% with the I50 irrigation input compared to full irrigation. 

4.3.6 Correlation between variables and AGB 

4.3.6.1 AGB - net assimilation rate correlation 

Net assimilation rate and yield are positively correlated, with a 

Pearson correlation coefficient of 0.75 (Figure 4.10 and 4.11). The 

slope of the regression lines varies between genotypes, showing 

differences in the conversion efficiency of net assimilation rate to 

biomass ranging from 0.88 Mg m2 s1 ha-1 µmol-1 CO2 in GNT9 to 2.72 in 

ARCT (Table 4.7).  

Table 4-7 - Aboveground biomass yield (AGB, Mg ha⁻¹) for six genotypes ARCT, 

ARMO, SAC, GNT10, GNT9 and MxG under 3 water restoration levels (I0, I50, 

I100). 

 2019 2020 

 I0 I50 I100 I0 I50 I100 

ARCT 15.6 24.5 31.1 21.9 29.7 33.2 

ARMO 16.2 27.6 35.1 23.0 32.7 36.8 

SAC 16.4 25.2 31.5 23.4 28.6 34.0 

GNT10 8.3 14.1 18.5 10.6 17.0 19.5 

GNT9 6.8 11.8 15.1 8.3 13.2 17.2 

MxG 4.6 7.8 11.7 6.8 10.1 14.1 
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Despite having similar net assimilation rates, SAC and ARMO 

show higher yield than GNT9 and GNT10.  The y₀ values vary 

considerably between genotypes. ARCT has the lowest intercept (-

29.24), while SAC has a value very close to zero (-0.07), indicating 

that the latter has high yield despite being less sensitive to the net 

assimilation rate. 

 
Figure 4-10 - Pearson correlation matrix showing the relationships between dry 

matter yield (DMY), net assimilation rate (A), transpiration rate (E), stomatal 

conductance (Gs), and intrinsic water use efficiency (iWUE). Positive correlations 

are indicated in blue, while negative correlations are shown in orange, with the color 

intensity representing the strength of the correlation. 
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Figure 4-11 - Correlation curve (f = y0+a*x) between net assimilation rate (µmol 

m⁻² s⁻¹) and biomass yield (Mg ha⁻¹) across six genotypes (ARCT, ARMO, GNT10, 

GNT9, MxG, SAC) under three irrigation regimes (I0, I50, I100). 

 

  

Table 4-8 - Correlation curve (f(x)= α ⋅(1−e−bx)) coefficients between yield and net 

assimilation rate for six genotypes ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

GENOTYPE y0 a p-value y0 p-value a 

ARCT -29,24 2,72 0,27 0,07 

ARMO -16,86 2,17 0,47 0,10 

SAC -0,07 1,37 1 0,08 

GNT10 -2,97 1,17 0,56 0,02 

GNT9 -2,49 0,88 0,43 0,01 

MxG -22,68 1,82 0,02 0,01 
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4.3.6.2 AGB transpiration correlation 

  Transpiration rate and yield are positively correlated, with a 

Pearson correlation coefficient of 0.76 (Figure 4.10 and 4.12). Giant 

cane clones, ARCT and ARMO, show higher slopes of linear 

regression, 11.15 and 13.23 respectively (Table 4.8).  

Despite having similar net assimilation rates, SAC and ARMO 

show higher yield than GNT9 and GNT10.  The y₀ values vary 

considerably between genotypes. ARCT has the lowest intercept (-

29.24), while SAC has a value very close to zero (-0.07), indicating 

that the latter has high yield despite being less sensitive to the net 

assimilation rate. 

In contrast, the miscanthus genotypes have lower linear 

regression slopes, particularly GNT9 (3.75 Mg m2 s1 ha-1 mmol-1 

H2O). SAC tends to maintain lower transpiration levels while 

providing high yields.   
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Figure 4-12 - Correlation curve (f = y0+a*x) between transpiration rate (mmol m⁻² 

s⁻¹) and biomass yield (Mg ha⁻¹) across six genotypes (ARCT, ARMO, GNT10, 

GNT9, MxG, SAC) under three irrigation regimes (I0, I50, I100). 

 

 

 

Table 4-9 Correlation curve (f(x)= α ⋅(1−e−bx)) coefficients between yield and 

transpiration for six genotypes ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

GENOTYPE y0 a P y0 P a 

ARCT -27,68 11,15 0,25 0,06 

ARMO -35,01 13,23 0,02 0,003 

SAC 0,95 7,42 0,89 0,01 

GNT10 0,06 5,03 0,99 0,02 

GNT9 -0,20 3,75 0,95 0,02 

MxG 7,64 5,14 0,34 0,07 
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4.3.6.3 AGB instant water use efficiency correlation 

 A negative correlation was observed between IWUE and AGB 

(−0.44) (Figure 4.10 and 4.13 and Table 4.9), with a general trend of 

decreasing biomass as iWUE increases.  

The relationship between DMY and iWUE is moderately 

negative, suggesting a trade-off between water use efficiency and 

biomass production. 

The parameter a is negative for most genotypes (ARCT, 

ARMO, SAC, GNT10, MxG), indicating that as IWUE increases, 

yield tends to decrease. However, for GNT9, the positive value of a 

suggests a possible increase in yield with IWUE. The highest yield 

values are obtained with low values of IWUE (~3-4 µmol CO₂ mmol-

¹ H₂O). ARMO and ARCT have the highest yield (~30-35 Mg ha-¹) 

and the lowest IWUE. 

Table 4-10 Correlation curve (f(x)= α ⋅(1−e−bx)) coefficients between yield and 

instant water use efficiency for six genotypes ARCT, ARMO, SAC, GNT10, GNT9 

and MxG. 

GENOTYPE y0 a P y0 P a 

ARCT 37,52 -2,73 0,44 0,80 

ARMO 49,95 -4,88 0,25 0,59 

SAC 58,67 -5,55 0,06 0,23 

GNT10 54,89 -7,58 0,04 0,09 

GNT9           34,66 -4,37 0,13 0,28 

MxG 17,33 -1,47 0,30 0,61 
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Figure 4-13 - Correlation curve (f = y0+a*x) between biomass yield (Mg ha⁻¹) and 

instant water use efficiency (µmol CO₂ mmol-¹ H₂O) across different genotypes 

(ARCT, ARMO, GNT10, GNT9, M×G, SAC) and irrigation treatments (I0, I50, 

I100). 
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4.3.7 Stomatal conductance - net assimilation rate correlation  

Stomatal conductance and net assimilation rate are positively 

correlated, with a Pearson correlation coefficient of 0.74 (Figure 4.10 

and 4.14).  

 

Figure 4-14 - Correlation curve (f(x)= α ⋅(1−e−bx)) between stomatal conductance 

(Gs, mol m⁻² s⁻¹) and net assimilation rate (A, µmol m⁻² s⁻¹) for six genotypes: 

ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

 

The α coefficient of the correlation curve is the scaling factor 

(the horizontal asymptote) representing the maximum net assimilation 

rate that has been achieved under the conditions of the experiment. C4 

plants had higher α values (between 25,69 and 27.72 µmol m⁻² s⁻¹) than 

C3 Arundo genotypes (between 25,35 and 25.64 µmol m⁻² s⁻¹) (Table 
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10). The b coefficient controls the rate of growth of the net 

assimilation rate at increasing stomatal conductance values. 

Miscanthus genotypes had higher b values, indicating high net 

assimilation rates at low stomatal conductance values, while Arundo 

genotypes had lower b values (Table 4.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-11 . Correlation curve (f(x)= α ⋅(1−e−bx)) coefficients between stomatal 

conductance (gs, mol m⁻² s⁻¹) and net assimilation rate (A, µmol m⁻² s⁻¹) for six 

genotypes ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

GENOTYPE   α b  p a p b 

ARCT  25,64  8,15  <0,0001  <0,0001  

ARMO  25,35  8,64  <0,0001  <0,0001  

GNT10  25,69  12,24  <0,0001  <0,0001  

GNT9  26,52  11,49  <0,0001  <0,0001  

MxG  27,22  11,99  <0,0001  <0,0001  

SAC  27,72  9,96  <0,0001  <0,0001 
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4.3.8 Stomatal conductance - transpiration correlation 

 

Stomatal conductance and transpiration rate are positively 

correlated, with a Pearson correlation coefficient of 0.93 (Figure 4.10 

and 4.15). 

 

Figure 4-15 - Correlation curve (f(x)= α ⋅(1−e−bx)) between stomatal conductance 

(Gs, mol m⁻² s⁻¹) and transpi-ration (E, mmol m⁻² s⁻¹) for six genotypes: ARCT, 

ARMO, SAC, GNT10, GNT9 and MxG. 

 

The α coefficient of the correlation curve represents the 

maximum transpiration rate that has been achieved under the 

conditions of the experiment. SAC had the highest α value (13.23 mmol 

m⁻² s⁻¹), while Arundo genotypes had the lowest values (between 6.81 

and 7.42 mmol m⁻² s⁻¹) (Table 4.12). The b coefficient controls the rate 

of growth of the transpiration rate at increasing stomatal conductance 

values. Arundo genotypes had higher b values, having transpiration 
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rates similar to SAC and Miscanthus genotypes at low gs values and 

reaching their respective maximum transpiration rates at lower gs 

values in relation to the other genotypes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-12 Correlation curve (f(x)= α ⋅(1−e−bx)) coefficients between stomatal 

conductance (gs, mol m⁻² s⁻¹) and transpiration (E, mmol m⁻² s⁻¹) for six 

genotypes ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

GENOTYPE  a  b  p a  p b 

ARCT  6,81  6,41  <0,0001  <0,0001  

ARMO  7,42  5,28  <0,0001  <0,0001  

GNT10  10,43  4,05  <0,0001  <0,0001  

GNT9  8,94  4,80  <0,0001  <0,0001  

MxG  11,28  3,26  <0,0001  <0,0001  

SAC  13,23  2,57  <0,0001  <0,0001 
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4.3.9 Transpiration - net assimilation rate correlation 

Stomatal conductance and transpiration rate are positively 

correlated, with a Pearson correlation coefficient of 0.88 (Figure 4.10 

and 4.16). 

 

Figure 4-16 - Correlation curve (f(x)= α ⋅(1−e−bx)) between net assimilation rate(A, 

µmol m⁻² s⁻¹) and transpiration (E, mmol m⁻² s⁻¹) (f(x)= α ⋅(1−e−bx)) for six 

genotypes: ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

As observed for the gs – A correlation, the the α was higher for 

C4 plants had higher α values (between 25,03 and 26.35 µmol m⁻² s⁻¹) 

and lower for C3 Arundo genotypes (between 21,89 and 23.14 µmol 

m⁻² s⁻¹) (Table 4.13). The b coefficient controls the rate of growth of 

the net assimilation rate at increasing transpiration rates. 

Arundo genotypes had higher b values than the SAC and 

Miscanthus genotypes, indicating a decreasing rate of growth of net 

assimilation rate at increasing transpiration rates. 
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4.3.10 Correlation VPD - E 

Vapor pressure deficit and transpiration are positively 

correlated in all tested genotypes and under all irrigation inputs (Table 

4.14 and Figure 4.17). Irrigation input led to higher transpiration rates 

and thus linear regression slopes, while in water stress regimes (I0 and 

I50), the transpiration response to VPD was less intense. 

Under rainfed conditions Arundo genotypes had higher linear 

regression slopes (0.58 - 0.63 µmol m⁻² s⁻¹ kPa-1) than C4 SAC and 

Miscanthus genotypes (0.22 - 0.29 µmol m⁻² s⁻¹ kPa-1). 

Under I50 irrigation input the linear regression slopes of Arundo 

genotypes and C4 genotypes were comparable, while under I100 

irrigation input Arundo genotypes had lower linear regression slopes 

than C4 genotypes, with the exception of GNT10, which maintained 

low transpiration rates. 

Table 4-13 Correlation curve (f(x)= α ⋅(1−e−bx)) coefficients between net 

assimilation (A, µmol m⁻² s⁻¹) and transpiration (E, mmol m⁻² s⁻¹) for six 

genotypes ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

GENOTYPE  a  b  p a p b 

ARCT  21,89  0,54  <0,0001  <0,0001  

ARMO  23,14  0,46  <0,0001  <0,0001  

GNT10  25,03  0,34  <0,0001  <0,0001  

GNT9  26,35  0,34  <0,0001  <0,0001  

MxG  26,34  0,34  <0,0001  <0,0001  

SAC  25,23  0,44  <0,0001  <0,0001 
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Table 4-14 - Correlation curve (f(x)= y0+a⋅x) coefficients between vapor 

pressure deficit (kPa) and transpiration rate (E, mmol m⁻² s⁻¹) for six genotypes 

ARCT, ARMO, SAC, GNT10, GNT9 and MxG. 

 I0 I50 I100 

GENOTYPE y0 a y0 a y0 a 

ARCT 2,01 0,63 1,15 0,93 1,51 0,88 

ARMO 1,91 0,58 1,87 0,70 1,53 0,86 

SAC 1,87 0,23 0,65 0,69 -0,35 1,01 

GNT10 1,18 0,29 0,13 0,74 0,11 0,76 

GNT9 1,70 0,22 0,32 0,90 -0,97 1,18 

MxG 1,84 0,25 -0,01 0,85 -1,31 1,25 
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Figure 4-17 - Correlation curve (f(x)= y0+a⋅x) between vapor pressure deficit 

(VPD, kPA) and transpiration (E, mmol m⁻² s⁻¹) in six genotypes (ARCT, ARMO, 

SAC, GNT10, GNT9, MkG) grown under three different water regimes (different 

symbols). The regression lines represent the response trend of each treatment. 
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4.4 Discussion 

Hence, the aim of the present research is to evaluate leaf gas 

exchange and instant water use efficiency of Arundo donax L., 

Saccharum spontaneum, and Miscanthus under varying irrigation 

conditions, and its role in biomass productivity, with the objective of 

identifying the most suited BPGs genotypes to contrasting soil water 

scarcity. The observed results underscore the strong influence of 

irrigation regimes on physiological responses among the tested 

herbaceous biomass crops, with significant genotype-dependent 

variation. Stomatal conductance (gs), a key indicator of gas exchange 

regulation, was markedly affected by water availability, confirming its 

sensitivity to drought stress. 

Crop drought tolerance of BPGs is mediated by stomatal 

control, which enables the reduction in transpiration and water 

consumption while partly decreasing CO2 uptake and thus net 

photosynthesis [16][9], leading to higher water use efficiency [5]. This 

compromise highlights the importance of selecting genotypes that 

effectively balance photosynthesis and IWUE to optimize productivity 

in environments with limited water availability [20]. Differences 

among genotypes suggest that some bioenergy crop genotypes adopt 

distinct strategies to balance photosynthesis and transpiration. A. 

donax genotypes (C3 metabolism) show higher stomatal conductance 

than C4 genotypes such as S. spontaneum and Miscanthus hybrids, a 

phenomenon observed in previous studies [21]. Cosentino et al. [9] 

observed that A. donax possesses particularly efficient stomatal 

regulatory mechanisms that allow it to maintain CO2 fixation even 

during periods of low water availability in the soil. Thus, even under 

water stress conditions, net photosynthesis is preserved. This is in line 
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with the results presented. 

The reduction in gs under rainfed conditions (I0) aligns with 

findings in other C3 and C4 crops, reflecting a common adaptive 

mechanism to limit water loss under drought conditions (Flexas et al., 

2004). The pronounced genotypic differences, such as the minimal gs 

values in GNT10 across all treatments and the higher conductance in 

ARMO under full irrigation, suggest intrinsic differences in stomatal 

behavior and water regulation strategies. The seasonal trend, 

particularly the drop in gs during the dry summer months, further 

highlights the impact of climatic stress on physiological performance. 

The interaction between date and irrigation reveals a dynamic 

response mechanism, especially under peak evapotranspiration 

periods. C4 genotypes like SAC and GNT9 displayed steeper 

increases in gs with increasing water availability, indicating high 

stomatal plasticity, a trait beneficial for optimizing carbon gain under 

variable water supply. Net photosynthesis (A) followed similar 

seasonal and treatment patterns. The consistent peak during early 

summer (May–June) followed by a decline during July–August 

reflects stress-induced photosynthetic downregulation, likely due to 

stomatal and non-stomatal limitations. A. donax genotypes maintained 

higher photosynthetic rates under both irrigated and stress conditions, 

suggesting a greater tolerance to high temperatures and water stress. 

Miscanthus hybrids and S. spontaneum, in contrast, experienced 

sharper declines under water stress, particularly in 2020, when 

environmental stress was more pronounced. This suggests potential 

for using A. donax genotypes in regions prone to summer droughts. 

Transpiration rate (E) patterns further reinforce these observations, 

with A. donax genotypes exhibiting the highest transpiration under full 

irrigation. GNT9's notably lower E under I0 reveals limited stomatal 

opening, which likely constrained photosynthetic capacity. The 

correlation between irrigation and transpiration was strongest under 
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full irrigation (I100), supporting the idea that adequate water supply 

promotes evaporative cooling and sustained photosynthetic activity. 

Genotypic differences in E suggest varying hydraulic conductance and 

leaf anatomical traits affecting water movement.  

4.4.1 Trade-offs in Instant Water Use Efficiency 

Instant water use efficiency (IWUE) varied significantly across 

genotypes and irrigation treatments, displaying a consistent seasonal 

minimum during the summer months. This decline, likely due to 

elevated temperature and vapor pressure deficit (VPD), is consistent 

with other studies showing that high evaporative demand leads to 

reduced photosynthetic efficiency relative to water loss [23]. The 

negative correlation between IWUE and biomass yield highlights a 

classic trade-off—genotypes achieving higher yields, such as ARMO 

and ARCT, typically had lower IWUE values. This trade-off suggests 

a resource acquisition strategy prioritizing growth over conservation. 

In contrast, genotypes like GNT9 that maintained higher IWUE did so 

at the cost of biomass accumulation, indicative of a conservative 

water-use strategy. 

4.4.2 Biomass Productivity and Resource Use 

The superior aboveground biomass (AGB) production of 

ARMO and ARCT across years and treatments supports their 

classification as high-yielding, water-responsive genotypes. Their 

strong yield under I100 and significant reductions under I0 emphasize 

the critical role of water in biomass production. Miscanthus hybrids 

yielded significantly less AGB, suggesting lower water use capacity 

or less efficient biomass conversion. The strong correlation between 

net photosynthesis and yield (r = 0.75) confirms the central role of 

carbon assimilation in biomass accumulation. However, the variable 

regression slopes among genotypes indicate differing efficiencies in 
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translating photosynthates into biomass, with ARCT showing the 

highest conversion efficiency. 

Interestingly, SAC maintained relatively high yield despite 

moderate photosynthesis and transpiration levels, reflected in its near-

zero regression intercepts. This suggests that SAC may possess traits 

related to resource use partitioning or structural efficiencies that are 

not captured by instantaneous physiological measures. 

4.4.3 Functional Trait Coordination and Genotype Strategy 

Correlations among stomatal conductance, transpiration, and 

net photosynthesis further elucidate genotype-specific strategies. The 

high correlation between gs and E (r = 0.93) confirms the stomatal 

control of water loss. C4 genotypes generally had higher 

photosynthetic rates at a given gs, as evidenced by higher α 

coefficients in gs–A relationships. Miscanthus genotypes, with higher 

b values, demonstrate higher photosynthetic sensitivity to small 

changes in gs, which may be advantageous under moderate drought 

but could limit performance under prolonged stress. In contrast, 

Arundo genotypes exhibited higher b values in the E–gs relationship, 

suggesting that they reach their maximum transpiration rates at lower 

gs, possibly as a conservative strategy to avoid excessive water loss. 

The high correlation between transpiration and net assimilation (r = 

0.88) confirms the tight coupling between water and carbon fluxes, 

with C4 genotypes again outperforming C3 genotypes in 

photosynthetic capacity per unit water used. These traits make C4 

species well-suited for environments with sufficient water or brief 

drought periods. 

4.4.4 Environmental Interaction: VPD Effects 

The strong positive correlation between VPD and transpiration 

highlights the significant role of atmospheric demand in shaping water 



Yield and plant gas exchange in perennial biomass crops (BPGs) 

under different water regimes 

133 

  

loss. Under high VPD, water-limited conditions reduced the 

transpiration response, especially in C4 genotypes. Interestingly, 

Arundo genotypes had steeper slopes under rainfed conditions, 

indicating greater VPD sensitivity when water was scarce, perhaps a 

riskier but more growth-oriented strategy. This response diminished 

under higher irrigation, suggesting greater stomatal regulation in 

response to external water cues. 

4.4.5 Implications for Biomass Crop Selection 

Collectively, these findings indicate that A. donax genotypes 

(ARMO, ARCT) are optimal candidates for high-input systems, with 

strong biomass responses to water availability and robust 

physiological traits under moderate stress. SAC, with its high IWUE 

and yield stability, presents a resilient alternative for low-input or 

drought-prone environments. Miscanthus hybrids, though limited in 

AGB, show promise where water conservation is a priority, albeit at 

the cost of reduced yield. Understanding physiological coordination 

across traits offers valuable insights for breeding and management 

strategies. Selecting genotypes that balance water use and productivity 

under variable climates will be essential for sustainable biomass crop 

production. 

4.5 Conclusions 

This study highlights how understanding crop physiological 

mechanisms, particularly stomatal regulation and water use efficiency, 

can provide valuable insights for improving crop sustainability under 

water stress scenarios. Differences among genotypes, particularly 

between A. donax and the other species examined, suggest that 

through targeted selection, crop productivity can be improved under 

various climate and water availability scenarios, thus contributing to 

the sustainability of agricultural and bioenergy production.  Although 
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this study provides new information on the relationship between 

stomatal conductance and WUE, some aspects, such as the effect of 

heat stress resulting from high environmental temperatures, have only 

been partially explored. Future studies could further investigate the 

role of more extreme environmental factors on crop physiology and 

their interaction with water use efficiency.  
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Abstract 

Low-ILUC risk feedstock requires genotype selection with 

climate change and abiotic stress resilient traits to cope with unsuitable 

sites for food crops. Giant reed is a C3 warm-season perennial energy 

grass that has received great attention for drought prone areas of 

southern Europe. Although phenotypic variability exists in giant reed, 

the restricted genetic diversity, inability to produce viable seeds and 

highly polyploidy of this species basically precludes breeding effort. 

This study compared 12 giant reed clones obtained at the University 

of Bologna (Italy) from mutagenesis γ-irradiation of in vitro cell 

cultures. Preliminary observations at the University of Bologna 

identified a subset of 12 mutant clones with positive alterations in 

shoot morphology and architecture (increased plant height, higher 

number of stems per plots, erect habitus) when compared with giant 

reed wild type.  

Hence, selected twelve mutant clones were compared side-by-

side in a semiarid environment in southern Italy (University of 

Catania, Italy), for yield and morphology. Second year results of 

biomass yield and biomass partitioning under non-limiting water 

conditions are reported here and compared with a local clone of giant 

reed grown in a complementary field experiment aside. 

 

Keywords: Perennial grasses; Lignocellulosic feedstock; Breeding; 

Bioenergy crops; Mediterranean area 
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5.1 Introduction 

The semiarid Mediterranean climate is characterized by long 

drought periods during summer, with low rainfall and high 

evapotranspiration, leading to dryness and a significant biophysical 

constraint to the growth and development of many warm-season 

species [1]. 

Energy efficiency in agriculture is one of the main goals of 

agricultural research with the aim of reducing crop water and carbon 

footprint and external energy requirement per unit of production [2].  

 Lignocellulosic perennial grasses might be the leading crops 

to supply biomass raw material for the production of electricity and 

heat through direct combustion or for the production of advanced 

biofuels and biogas [3]. 

 Giant reed (Arundo donax L.) is a C3 warm-season, 

rhizomatous perennial energy grass, belonging to the Graminaceae 

family (Poaceae). Native to Asia, it rapidly and widely spread to 

various subtropical humid areas and warm temperature regions in 

Europe, Africa, North America and Oceania [4]. It has received great 

attention for drought prone areas of southern Europe due mainly to its 

drought tolerant traits. In some environments it has been considered 

an invasive species and as such has been targeted for eradication.  

 Giant reed has a high photosynthetic capacity which is 

different from other C3 species; indeed, it is very similar to the C4 

species. This high photosynthetic capacity is related to the lack of 

saturation in the absorption of CO2 and in the transport of electrons 

through the photosystem II [5,6,7].  

 The market for biomass and in particular advanced biofuels 

for transport (road, air, maritime) has determined a growing interest in 

this crop and its potential. It has a high biomass yield, the ability to 
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use water efficiently and satisfactory biomass quality; and therefore, 

hold a great promise for biomass production in drought affected areas 

[6,8]. The decrease of costs to produce biomass for energy could be 

achieved by increasing crop yields through genetic improvements and 

the application of effective cultivation techniques. Even though giant 

reed produces flowers, the seeds are not viable [9,10,11]. 

Consequently, its propagation and diffusion are carried out mainly by 

agamic propagation [12,13]. Nonetheless, it has resulted in a low 

genetic variability among giant reed plants [14,15,16]. 

 Hence, effort should be placed on alternative methods to breed 

giant reed. Recently, physical mutagenesis was successfully employed 

to induce genetic and phenotypic variations in giant reed. This 

methodology proved that genetic improvement may be achieved to 

generate remarkable genetic and phenotypic variation for relevant 

traits [17]. 

 In this regard, this study compared twelve giant reed clones 

developed at the University of Bologna (Italy) from mutagenesis γ-

irradiation of in vitro cell cultures. A field experiment was conducted 

in a semiarid environment in southern Italy with the aim to compare 

mutants with a local giant reed clone under not limiting water 

conditions. 

5.2 Materials and Methods 

5.2.1 Field trial description 

The field trial was carried out at the Experimental Farm of the 

University of Catania (10 m a.s.l., 37°24′ N, 15°03′ E) in a typical 

Xerofluvents soil (USDA, 1999). Twelve clones mutated, developed 

at the University of Bologna (Italy) from mutagenesis γ-irradiation of 

in vitro cell cultures were established under optimal water conditions 

in a randomized block design. Mutant clones were labelled as 

following: 36B, 36G, 95M, 7F, 6F, 21G, 44C, 8F, 1, 9F, 70I, 7D.  
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The single plot was 49 m2 (6 x 10 m), in a plant density of 1 

plant m2 (1 x 1 m). 

Plantlets were produced according to the method described by 

Cavallaro et al. 2019 [18], by single node stem cuttings.  Nodes were 

allowed to harden in the glasshouse and when shoots and root 

sprouted, plantlets were transplanted in a previously tilled soil which 

was refined by a rototiller just before the establishment in May 2019. 

No fertilization was supplied and weeds were controlled twice during 

the first growing season. The irrigation was provided by a drip 

irrigation system. During the establishment and first growing season, 

all plots received 100% of maximum crop evapotranspiration 

restoration during the summer months. 

Irrigation was carried out periodically by restoring the soil to 

field capacity. The evaporation method was used to calculate 

maximum evapotranspiration (ETm) according to the following 

formula: 

Daily ETm was calculated according to: 

ETm = ET0 × Kc 

where ETm is the maximum daily evapotranspiration (mm) and 

Kc is the highest crop coefficients (Kc) among those applied A. donax 

grown in the same environment [8]. At the end of summer season, 

when rainfall increases in frequency, the irrigation was suspended. 

Establishment was carried out in April 2020 by manually transplanting 

fresh rhizomes with approximately 2-3 buds in in a previously 

prepared soil bed, ploughed in autumn, and disk harrowed in spring at 

a density of 2 rhizome m–2. Weeds were controlled manually during 

the first year by means of a grass trimmer. 

5.2.2 Measurements 

Harvest was carried out in February 2022 (second year after 

plant establishment) to determine the aboveground biomass yield. The 
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whole aboveground fresh biomass has been collected and weighted 

from a 4 m2 subplot and the stem number has been counted. Fresh 

biomass was cut 5 cm aboveground level in 4 m2 subplots, 

immediately weighted and then dried to a constant weight at 65°C. 

The percentage dry weight was used to calculate the dry biomass yield, 

which was referred to the unit land area (DMY, Mg ha-1).  

5.2.3 Statistical analysis 

Relative yield was calculated as the ratio between biomass yield 

of the clones and the biomass yield of an accession of A. donax of the 

same age grow in proximity as reference (ARCT).  Relative yield and 

leaf fraction of the total biomass were subjected to a statistical analysis 

using the open-source R software version 3.5.2 [19]. The ANOVA 

was performed to determine significant difference among groups 

(P≤0.05). Standard error was calculated and represented as confidence 

interval in the graphs. 

5.3 Results and Discussion 

The analysis of variance showed a significant effect of clone on 

relative biomass yield (Table 5.1). The highest yielding giant reed 

mutants was 44C, achieving a biomass yield similar to ARCT. The 

lowest biomass yield has been achieved by 95M (Figure 5.1). 

 

 

Table 5-1 - ANOVA of the relative biomass yield of twelve Arundo donax clones 

from mutagenesis γ-irradiation as the source of variance. (df: degree of freedom; SS: 

Sum Sq: sum of squares; MS: Mean Sq: mean of squares; F: F-value; P: P-value). 

  df SS MS F p 

Clone 12 0.796 0.0663 62 1.90E-09 

Residuals 13 0.014 0.0011     
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The biomass partitioning in stems and leaves showed small but 

significant differences among clones (Table 5.2). 

Clones 8F and 44C had the highest contribution by leaves on 

the total biomass, with 10.1% and 7.3 % of leaves respectively (Figure 

5.2).  

 

 

 

 

 

 

 

 

 

 

Figure 5-1 - : Relative yield of twelve Arundo donax clones from mutagenesis γ-

irradiation as compared with the ARCT (Arundo donax clone from Catania). 
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The high leaf fraction suggests the suitability of clones 8F and 

44C for the biochemical conversion [20]. 

The other clones had a lower leaf fraction of the total biomass, 

in particular clone 7F, whose leaf fraction was 1.8%. These clones 

would be more suited feedstocks for thermochemical ones [21].  

 

Table 5-2 - ANOVA of the leaf fraction of the total biomass of twelve Arundo 

donax clones from mutagenesis γ-irradiation as the source of variance. (df: degree of 

freedom; SS: Sum Sq: sum of squares; MS: Mean Sq: mean of squares; F: F-value; 

P: P-value). 
 df SS MS F p 

Clone 12 0.00593 0.000494 2.69 4.40E-02 

Residuals 13 0.00239 0.000183     

Figure 5-2 - Components of the biomass of twelve Arundo donax clones from 

mutagenesis γ-irradiation as compared with the ARCT (Arundo donax clone from 

Catania). 
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5.4 Conclusions 

It is well known that biochemical conversion (i.e., biogas and 

bioethanol) from lignocellulosic feedstock is key to use less 

recalcitrant biomass (high leaf to stem ratio); on the contrary, a low 

leaf to stem ratio is more suitable for thermochemical conversions. 

Overall, this preliminary study gives insights for selection of A. donax 

clones for biochemical conversions (i.e., 6F, 95M and 21G), owing 

high productivity and leaf to stem ratio. By contrast, the most 

interesting clones for thermochemical were 44C, 7F and 36G. The 

present experiment will run for two more growing seasons to assess 

the potentiality of these mutants at the optimal standing age. 
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6 Assessing genetic and morphological diversity 

of Saccharum spontaneum Italian populations 

Abstract: In Italy, particularly in Sicily, little is known about 

the genetic diversity and propagation mechanisms of local S. 

spontaneum populations. This study aimed to characterize the genetic 

and morphological variability of Sicilian S. spontaneum through the 

analysis of 44 accessions collected along the coast. Simple Sequence 

Repeat (SSR) markers were employed to assess genetic diversity, 

while morphological traits were evaluated to identify phenotypic 

differences. The results revealed a remarkable genetic homogeneity 

among most analyzed ecotypes. However, one clone, identified as 

FETO, exhibited distinct genetic and phenotypic characteristics. 

These findings suggest that FETO may represent a divergent genetic 

lineage or even a related species, warranting further taxonomic 

investigation. The low genetic variability observed in Sicilian S. 

spontaneum populations poses challenges for breeding programs but 

highlights the importance of identifying genetically distinct clones for 

future genetic improvement. This research provides new insights into 

the propagation strategies and adaptability of S. spontaneum in Sicily, 

with implications for its potential use in sustainable agriculture and 

biomass production. 

6.1 Introduction 

Saccharum spontaneum L., commonly known as African fodder 

cane, is a striking rhizomatous perennial crop that belongs to the 

Saccharum genus, which is predominantly recognized for its 

cultivated counterpart, sugar cane (Saccharum officinarum L.). This 

resilient species is native to India and the Middle East (Tai & Miller, 

2001). However, over the years, it has successfully spread across the 
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globe, thriving in a variety of tropical and subtropical climates. 

Notably, in recent decades, S. spontaneum has made significant 

progress into regions such as Southern Italy and Sicily, as highlighted 

by Sciandrello et al. in 2015 (Sciandrello et al., 2015). This 

geographical expansion is reflective of a wider ecological trend driven 

by climate change, which encourages many plant species to adapt and 

relocate across new landscapes, often crossing diverse latitudinal 

lines, as discussed by (Alarcón & Cavieres, 2018). 

 Genetically, S. spontaneum is notable for its high chromosomal 

plasticity. This wild species exhibits a diploid chromosome number 

that varies between 2n = 40 to 128, with a base chromosome number 

of x = 8, as reported by D’Hont et al., 1998. This characteristic 

distinguishes it from other Saccharum species. 

Furthermore, its strong tolerance to abiotic stresses, such as 

drought, salinity, and soil contamination, makes S. spontaneum a 

promising candidate for bioenergy applications. It can be used for 

biomass production, phytoremediation of contaminated soils (Testa et 

al., 2024), and as a genetic resource for developing resilient sugarcane 

hybrids. 

Despite its numerous advantages, S. spontaneum remains a wild 

species, with no significant efforts directed towards its domestication. 

In Italy, the understanding of the genetic makeup of local populations 

and the extent of their genetic diversity remains rather limited, posing 

challenges for effective genetic improvement programs. 

Recent investigations have started to shed light on the Sicilian 

populations of S. spontaneum, uncovering an unexpected level of 

genetic homogeneity, likely due to a clonal propagation mechanism 

(Aitken et al., 2018). 

The primary objective of our study is to improve the 

understanding of S. spontaneum in Italy. To achieve this, we collected 

a representative sample comprising approximately 44 accessions from 
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various S. spontaneum populations along the Sicilian coastline. These 

samples were subsequently analyzed using molecular markers, 

specifically SSR (Simple Sequence Repeats), to evaluate the genetic 

diversity present within this species. Moreover, measurements were 

also carried out to assess morphological differences. The insights 

gained from this research are expected to illuminate the potential 

applications of S. spontaneum in agricultural practices as well as its 

adaptability to marginal environmental conditions. 

6.2 Materiasl and Methods 

6.2.1 Collection of accession 

The research and collection of spontaneous accessions took 

place in May 2022, the identification of the plant species was done 

empirically through the knowledge and experience of the researchers. 

We identified Saccharum spontaneum in 27 different areas of the 

Sicilian coastal areas (Figure 6.1), in each place we collected 4 

samples, from which we took 4 rhizomes, 3 were planted in pots in 

Catania and 1 in the experimental field of the University of Bologna 

in Cadriano in early summer 2022. 
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6.2.2 Genetic analysis 

Genomic DNA was extracted from the leaves using the 

NucleoSpin Plant II kit and then quantified using the NanoDrop UV 

Vis spectrophotometer. In order to identify polymorphisms among the 

different ecotypes under analysis, 40 SSR markers were selected from 

previously published articles on S. spontaneum and sugarcane (Yang 

2010, Pinto 2004, Parida 2010, Singh 2013). 

The following parameters were analysed by the University of 

Bologna. The GelAnalyzer 19.1 program 

(http://www.gelanalyzer.com/?i=1) was used to determine the size (in 

bp) of each band obtained in the electrophoretic runs. The program 

PAST (https://past.en.lo4d.com/windows) was used to perform 

Principal Component Analysis (PCA) on the marker dataset (SSR) 

(Figure 2). 

The Cytoflex S flow analyzer was used for DNA content 

Figure 6-1 Map showing collection points 
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analysis from a few mg of fresh leaves to obtain a suspension of cores. 

Saccharum ecotypes were grinded (Galbraith 1983) simultaneously 

with a standard S. cereale plant in LB 01 extraction buffer (Dolezel 

2005), to which RNAse A and propidium iodide were added as DNA 

intercalation agents. All samples were filtered through a 36-µm nylon 

mesh, and the suspension of nuclei was evaluated by Nikon Eclipse 

TE 2000 s epifluorescence microscope. 

The nuclear suspension was subsequently analyzed using the 

CytoFLEX S flow analyzer (Beckman Coulter Flow Cytometry, 

Milan, Italy) using 2.5-µm polystyrene microspheres to monitor 

instrumental alignment (red peak in Figure 2). Each ecotype was 

analyzed three times on three different days from 5000 collected 

nuclei. DNA fluorescence histograms were processed using CytExpert 

v 2.3 software. DNA content was estimated as PI fluorescent DNA 

emission at 610 ± 20 nm and calculated on the position of the G1 peak 

following the formula: Sample DNA content = (mean of sample G1 

peak) x (standard 2C DNA content) / mean of standard G1 peak. 

 

6.2.3 Phenotypic analysis 

6.2.3.1 Morphological masurements 

In autumn 2022, morphological measurements were made on 

the three replications, specifically the following were measured: stem 

density, leaf width, plant vigor, stem diameter, plant height, leaf 

length. 

 

6.2.3.2 Statistical analysis 

The collected data were statistically analyzed by a one-way 

analysis of variance (ANOVA) using CoStat version 6.003 (CoHort 

Software). When significant differences were detected, Tukey’s HSD 
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post-hoc test was applied to compare means at p < 0.05. Assumptions 

of normality and homogeneity of variances were checked using the 

Shapiro-Wilk and Levene’s tests, respectively. Principal component 

analysis (PCA) was also performed using Minitab Statistical Software 

version 19 (LLC, Minitab Inc., State College, PA, USA) after 

autoscaling the data, and the first two principal components were 

retained for interpretation. 

6.3 Results 

6.3.1 Genetic analysis 

In the course of this study, several analyses were performed to 

assess genetic variation among the 44 members of the S. spontaneum 

collection. First, the presence of polymorphisms in 40 different SSR 

markers. As for these, 36 produced amplicons and 19 showed 

polymorphism, although mainly among FETO1, FETO2 and the rest 

of the samples. The data supported by statistical significance (Figure 

6.2) were also confirmed by DNA content quantification analyses, 

where FETO1 and FETO2 showed approximately 4-fold lower 

amounts of DNA than the other members of the collection, which 

instead showed very similar values of about 12 pg (Table 6.1) 
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Figure 6-2 - Representation of the genetic similarity of the S. spontaneum 

accessions using Principal Component Analysis (PCA) on the marker 

(SSR) dataset elaboration of Dr. Daniele Rabboni. The ellipse delimits the 

degree of confidence equal to 95%. This method of analysis highlights the 

significant differences of FETO1 and FETO2 compared to the remaining 

members of the collection. 
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The graphs in Figure 6.3 compare the DNA content of the samples 

(FETO1 and ELOR2) with the standard (Secale cereale), highlighting 

differences and subpopulations. In the case of FETO1, the DNA 

content is slightly higher than that of the standard (Secale cereale). 

The ELOR2 sample has a similar DNA content to that of the 

standard, suggesting that it has a more similar genome to the 

standard than FETO1.  

 

 

 

Table 6-1 - Absolute DNA content result in picograms (pg) of the 42 

members of the Saccharum spontaneum collection obtained by flow 

cytometry. 
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6.3.2 Morphological traits 

The stem density parameter showed a significant difference 

among the clones analyzed (Figure 6.4). In particular, FETO recorded 

a significantly higher density than the others (p < 0.05), clearly 

standing out as the highest value. The letters indicating statistical 

differences highlight this distinction, with the FETO classified as “a” 

and the remaining groups assigned to lower categories. 

 

 

 

 

 

 Figure 6-3 - Detail of Flow cytometry DNA content evaluation of the 2 

representative and different ecotypes using Secale cereale cv Dancovske as internal 

standard (2n = 2C = 16.19 pg; Doležel 1998). On the left the sample FETO1 

compared to the standard. On the right the representative sample ELOR2 compared 

to the same standard (elaboration of Dr. Daniele Rabboni). 
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Regarding the other parameters analyzed: leaf width, plant 

height, leaf length, green stems and diameter (Figures: 6.5, 6.6, 6.7, 

6.8, 6.9) no statistically significant differences emerged among the 

samples (p>0.05). 

 

 

 

 

Figure 6-4 - Stems density for the different clones analyzed on three 

measurement dates: 18/11/22 (orange), 06/12/22 (yellow) and 19/12/22 

(green) and mean of measurements. Mean bars with the same letter are not 

significantly different per p<= 0,05% 

06/12/22 
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Figure 6-5 - Leaf width for the different clones analyzed on three measurement dates: 

18/11/22 (orange), 06/12/22 (yellow) and 19/12/22 (green) and mean of measurements. 

06/12/22 
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Figure 6-6 - Plant height for the different clones analyzed on three 

measurement dates: 18/11/22 (orange), 06/12/22 (yellow) and 19/12/22 

(green) and mean of measurements. 

06/12/22 
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Figure 6-7 - Green stems for the different clones analyzed on three measurement 

dates: 18/11/22 (orange), 06/12/22 (yellow) and 19/12/22 (green) and mean of 

measurements 

06/12/22 
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Figure 6-8 - Diameter for the different clones analyzed on three 

measurement dates: 18/11/22 (orange), 06/12/22 (yellow) and 19/12/22 

(green) and mean of measurements 

06/12/22 
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Figure 6-9 - Leaf length for the different clones analyzed on 

three measurement dates: 18/11/22 (orange), 06/12/22 

(yellow) and 19/12/22 (green) and mean of measurements. 

06/12/22 
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6.3.3 Cluster analysis 

The dendrogram is divided into 8 main clusters, each 

comprising several similar observations (Figure 6.4). This division 

shows that the ecotypes within each cluster share common 

characteristics, being more similar to each other than those belonging 

to different clusters.  The analysis indicates that the Pach and Feto 

samples are the only clones within their clusters, suggesting a higher 

level of distinction than the other clones. 

Figure 6-10 - Dendrogram generated using the Complete Linkage method and 

Euclidean distance, showing the similarity between the clones analyzed. A similarity 

level of 55% was determined. The numbers on the horizontal axis represent the 

specific clones: 1 = ONTE, 2 = LENT, 3= EMPE, 4=PLAYA, 5=ROCC, 6=ELOR, 

7= PASS, 8=POZZ, 9=ROME, 10=MELI, 11=BIVI, 12=GELA, 13=MARS, 

14=FETO, 15=GAFF, 16=SIMETO, 17=AGNO, 18=RAGU, 19=SALI, 20=PACH, 

21=MARI, 22=LICA, 23= OLIV, 24=CELLA, 25=MARE, 26=MILA, 27=MOSE. 

Values on the vertical axis indicate the degree of similarity (0.00 = maximum 

dissimilarity; 100.00 = maximum similarity). The dendrogram highlights groupings 

among clones based on their common characteristics. 
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Table 6-2 - Means for each cluster 

 

 

 

6.3.4 Principal components analysis 

The dots represent observations and their distribution along the 

principal components (Figure 6.11). The presence of dots concentrated 

around the origin suggests that many observations do not deviate 

strongly from the means. A few more distant points are groups of 

observations with different characteristics. 

Cluster 
Leaf 

width 

Green 

stems 

Stem 

density 

Plant 

height 

Leaf 

length 
Diameter Flowering 

Group 1 1,0 3,0 11,7 231,3 98,5 0,9 0,0 

Group 2 1,1 2,8 5,3 231,5 86,9 0,8 0,0 

Group 3 1,1 0,8 11,2 218,6 88,7 1,0 0,0 

Group 4 1,2 4,5 11,5 205,5 84,8 0,8 0,0 

Group 5 1,1 6,0 12,0 222,0 91,8 1,1 0,0 

Group 6 0,9 3,0 5,0 205,0 81,8 1,1 0,0 

Group 7 0,9 1,5 6,0 183,0 77,3 0,7 0,0 

Group 8 2,0 4,0 8,0 204,0 80,0 0,9 0,0 

Group 9 1,2 0,0 19,0 221,0 110,0 0,8 1,0 

mean 1,2 2,8 10,0 213,5 88,8 0,9 0,1 



Assessing genetic and morphological diversity of Saccharum 

spontaneum Italian populations 

169 

  

 

 

The proportion of variance explained by each component is 

shown in Table 6.3, The first 3 components explain 67.8% of the total 

variance. 

 

 

 

 

Figure 6-11 - PCA analysis of stem density and flowering. 
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6.4 Discussion 

The results obtained in this study provide new information on 

the genetic and morphological diversity of the Saccharum spontaneum 

populations present along the Sicily coasts. The analyses carried out 

showed a remarkable genetic homogeneity among the analysed 

ecotypes, supporting the hypothesis of a predominantly clonal 

propagation.  These data are in agreement with the values found in the 

literature and confirm the great genetic variability of S. spontaneum, 

which has a ploidy level ranging from 4x to 16x and a genome size 

ranging from 3 to 12 pg (Zhang et al., 2012). However, there were also 

some significant exceptions, particularly in the FETO clone, which 

showed distinct genetic and phenotypic characteristics compared to 

the rest of the collection. 

The low genetic variability observed in most of the analysed 

ecotypes is in line with the results of previous studies on S. 

spontaneum populations in other regions  (Aitken et al., 2018). 

Genetic homogeneity suggests that clonal propagation, through 

rhizomes, is the main mechanism of spread of this species in Sicily. 

This phenomenon could be favoured by local environmental 

Table 6-3 - Eigenanalysis of the Correlation Matrix. 

Component Eigenvalue Proportion Cumulative 

1 2,1212 0,303 0,303 

2 1,4189 0,203 0,506 

3 1,2074 0,172 0,678 

4 0,9203 0,131 0,81 

5 0,6207 0,089 0,898 

6 0,4028 0,058 0,956 

7 0,3086 0,044 1 
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conditions, which limit sexual reproduction and favour the survival of 

highly adapted genotypes. However, the presence of FETO, which 

showed a significantly lower DNA content and distinctive 

morphological features, indicates that subpopulations with a different 

genetic origin or ploidy level might exist. 

FETO stood out not only by their DNA content (about 4 times 

lower than the other clones), but also by phenotypic characteristics 

such as stem density and the ability to produce flowers and seeds. 

These differences raise questions as to whether they actually belong 

to the species S. spontaneum. It is possible that these clones represent 

a divergent genetic line or even a related species, as suggested by their 

genetic distance evidenced by PCA analysis (Figures 2 and 5). Further 

investigations, such as complete genome sequencing or the analysis of 

additional molecular markers, could clarify their taxonomic position 

and their potential role in the evolution of S. spontaneum. The genetic 

homogeneity observed in most landraces represents a challenge for 

breeding programs, as it limits the availability of genetic variability to 

be exploited for the development of new varieties. However, the 

discovery of the FETO clone, which showed unique characteristics, 

could open up new opportunities. For instance, their possible ability 

to produce fertile seeds could be exploited to introduce new genetic 

diversity through controlled crosses. Furthermore, their tolerance to 

marginal environmental conditions, such as drought and salinity, 

makes them promising candidates for applications in sustainable 

agriculture and biomass production. 

Morphological analyses have confirmed some variability 

among the clones, with significant differences. These differences 

could reflect local adaptations to specific environmental conditions, 

such as water availability or soil composition. For example, the FETO 

clone, which showed a significantly higher stem density, might be 

particularly suited to environments with high competition for 
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resources. These morphological traits could be used as indicators to 

select ecotypes with desirable characteristics for specific agronomic 

applications. 

 The phenotypic variability observed between clones can be 

influenced by several factors, including the environment. Even if 

clones are genetically identical, their phenotype may vary due to 

interactions with the environment (Cafaro et al., 2023; Singamsetti et 

al., 2021).  

Phenotypic variability between clones is not necessarily a sign 

of genetic differences, but may be the result of complex interactions 

between the genotype and the environment. This emphasises the 

importance of considering both genetic and environmental factors 

when studying phenotypic diversity in clonal populations. 

In summary, this study has provided new information on the 

genetic and morphological diversity of S. spontaneum populations in 

Sicily, highlighting both the genetic homogeneity of most landraces 

and the existence of clones with unique characteristics. These results 

have significant implications for the domestication and genetic 

improvement of this species, suggesting the need for further research 

to explore the potential of divergent clones and to better understand 

the mechanisms of environmental adaptation. Nevertheless, this is 

only a preliminary study, and further investigations should be done; 

start by to verify the germinability of the seeds in the FETO sample. 
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7  General discussion 

Climate change scenarios are leading to prolonged summer 

droughts, elevated air temperatures, higher rates of evapotranspiration, 

and alterations in precipitation patterns (Cosentino et al., 2012). The 

Mediterranean region is particularly characterized by extended dry 

periods during the summer months, which are marked by low rainfall 

and significant evapotranspiration. 

Irrigation is an essential factor in enhancing the production of 

biomass crops, particularly in regions where water resources are 

limited (Forstner et al., 2021; Virginia Ciardini et al., 2016). However, 

the practice of irrigating biomass crops may aggravate the pressure on 

already scarce water sources, compete with food production, and lead 

to increased production costs (Jewitt & Kunz, 2011; Mathioudakis et 

al., 2017). 

Marginal lands are defined as areas where optimal conditions 

for the cultivation of food crops are not assured due to various factors, 

including steep slopes, high salinity, and prolonged drought conditions 

(Cosentino et al., 2015). The capacity of biomass perennial grasses 

(BPGs) to thrive in these soils alleviates competition with food crops 

and minimizes waste associated with utilizing food crops for energy 

purposes. Additionally, perennial grasses confer numerous 

environmental advantages, such as enhanced carbon sequestration, 

improved soil characteristics, reduced soil erosion, and the provision 

of habitats for wildlife. Their ability to regenerate annually without the 

necessity for replanting establishes them as a more sustainable 

alternative to traditional annual crops. 

The aim of this PhD thesis is to evaluate the impact of water 

availability on both the biomass yield and quality of various BPGs 

genotypes during the early years following crop establishment. The 
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primary goal is to identify the most appropriate genotypes for biomass 

production on marginal lands that come up against low water 

availability during the summer months. 

Meteorological data confirm the climatic patterns characteristic 

of the Mediterranean region, which is defined by hot and dry summers 

with elevate evaporative demand, succeeded by cooler, rainier winters 

(Cos et al., 2022). The biomass yield of BPGs is predominantly 

influenced by soil water availability, leaf area duration (LAD), and the 

photosynthetic rate under limiting conditions, in addition to the 

interactions among these factors (Corinzia et al., 2023; Jones et al., 

2015). 

In the initial years after planting, the biomass yield of BPGs is 

inhibited by a limited root system and inadequate rhizome reserves, 

which impede canopy expansion (Curt et al., 2017; Kantola et al., 

2022; Zegada-Lizarazu et al., 2010). Following the establishment 

phase, above-ground biomass (AGB) yield reaches its peak and 

stabilizes between 3/4 years post-establishment (Alexopoulou et al., 

2015; Kantola et al., 2022; Kering et al., 2012). 

Previous field trials have demonstrated that both Giant reed and 

African fodder cane possess the potential to achieve high biomass 

yields in Mediterranean environments, whether under irrigated or 

rainfed conditions (Cosentino et al., 2015, 2016; Scordia et al., 2015, 

2022). The observed high yields can be attributed to several factors 

including prolonged green leaf area duration (LAD), elevated rates of 

CO2 assimilation, and greater radiation use efficiency and water use 

efficiency (RUE and WUE). Moreover, Giant reed shows a low light 

extinction coefficient, which facilitates improved light distribution 

within the canopy and contributes to increased productivity(Cosentino 

et al., 2016). 

This PhD thesis verify that soil water availability plays a 

significant role in influencing various productivity-related traits, 

including LAD, intercepted photosynthetically active radiation 
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(iPAR), above-ground biomass yield (AGB), and RUE throughout the 

growing season, as previously reported in literature (Cosentino et al., 

2007, 2016; Scordia et al., 2015). The thesis also emphasizes the high 

biomass productivity and advantageous traits associated with Giant 

reed, African fodder cane, and Miscanthus hybrids. The values of 

LAD, iPAR, and RUE observed during the growing season correspond 

with those found in existing studies. Particularly, African fodder cane 

exhibited a maximum leaf area index (LAI) that is comparable to or 

exceeds the findings documented by Scordia et al., 2015 under both 

rainfed and irrigated conditions, specifically with 50% and 100% 

restoration of evapotranspiration during the summer months. 

 The application of nitrogen fertilizer resulted in a modest 

increase in above-ground biomass (AGB) and iPAR (Cosentino et al., 

2016), leading to a slight enhancement in RUE, comparable to that of 

ARCT but lower than that of ARMO. 

Miscanthus demonstrated a slower rate of leaf development and 

reached lower maximum values for leaf area index (LAI) and iPAR 

under both dry and irrigated conditions, in contrast to studies 

conducted in similar environments (Cosentino et al., 2007) and at 

higher latitudes (Cosentino et al., 2016; Davey et al., 2017; Scordia et 

al., 2015). The reduced iPAR was attributed to insufficient LAI 

development and early leaf senescence, particularly observed in the M 

× G hybrids. 

The RUE values for M × G were congruous with those reported 

by Cosentino et al., 2007  within the same environment, although M × 

G exhibited a superior yield of AGB and iPAR under identical 

nitrogen and water conditions.  

The Miscanthus hybrids GNT9 and GNT10 obtain greater 

yields of AGB and iPAR than M × G, despite GNT9 demonstrating a 

lower RUE, likely due to a higher amount of intercepted 

photosynthetically active radiation (PAR). Notably, the increased leaf 

area duration (LAD) of GNT9 has been recognized as a trait that 
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enhances the adaptability of these new hybrids to the Mediterranean 

climate, in comparison to commercial Miscanthus × giganteus. 

Additionally, Scordia et al.,2022 emphasized that high water use 

efficiency constitutes another significant factor allowing these 

different hybrids to better adapt to the Mediterranean climate 

compared to conventional Miscanthus × giganteus. 

All genotypes demonstrated a positive response to irrigation, 

resulting in a significant increase in biomass. This finding validates 

the notion that limited soil moisture adversely affects growth, 

particularly in arid summer environments (Scordia et al., 2022). 

In general, Giant reed genotypes presented a relatively minor 

difference in biomass yields between irrigated and non-irrigated 

conditions compared to Miscanthus hybrids, in agreement with 

previous research (Haworth et al., 2017, 2019a). Specifically, 

Miscanthus × giganteus suffered a substantial reduction in above-

ground biomass (AGB) under dry conditions. 

Miscanthus hybrids GNT3 and GNT43, selected for their 

drought tolerance (Krzyżak et al., 2023), surpassed African fodder 

cane in performance under dry conditions and achieved yields 

comparable to those of Gian reed under irrigated conditions. Leaf 

biomass constitutes a small fraction of total biomass and tends to 

decrease over time; initially, plants prioritize leaf development for 

photosynthesis, while surplus photosynthesis is subsequently 

allocated to stem growth (Corinzia et al., 2023). 

BPGs can adopt resilience strategies, such as the development 

of extensive root systems to increase water uptake (Sofi et al., 2017). 

This adaptation accounts for the elevated leaf-to-stem ratio under dry 

conditions, particularly in Miscanthus hybrids, in which stem growth 

is restricted and resources are redirected towards root development 

(Yan et al., 2023). While a high leaf-to-stem ratio may reduce 

efficiency in biomass thermal conversion, it is advantageous for 

biomethane production (Mangold et al., 2019; Vassilev et al., 2017). 
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Biomass production from the stems can be achieved through a 

high density of stems per plant, as in the case of Miscanthus, or 

through a limited number, but larger, of stems, as in the case of the 

Giant reed. Irrigation facilitated an increase in stem density, leading 

to significant differences between genotypes. Miscanthus hybrids 

exhibited considerable variation under irrigated conditions, whereas 

Giant cane and African fodder cane demonstrated notable drought 

tolerance (Li et al., 2021; Sánchez et al., 2021). 

Crop physiology is deeply influenced by various ecological and 

biochemical processes, including stomatal conductance, transpiration, 

and net photosynthesis, all of which significantly impact growth and 

water use efficiency (WUE) (Lv et al., 2024). Under drought 

conditions, crops tend to reduce their stomatal conductance to mitigate 

water loss; however, this reduction adversely affects photosynthesis 

and biomass production (Cosentino et al., 2016; Sánchez et al., 2021; 

Twalla et al., 2022). Consequently, the selection of genotypes that 

effectively balance photosynthesis and WUE is critical in regions 

experiencing limited water availability (Blum, 2009). 

Arundo donax, a C3 species, demonstrates higher stomatal 

conductance compared to C4 species such as Saccharum spontaneum 

and hybrids of Miscanthus(Clifton-Brown et al., 2019). A. donax is 

capable of sustaining CO2 fixation even in water-scarce 

environments, attributed to its efficient stomatal 

mechanisms(Cosentino et al., 2016) and an extensive root system that 

can extend up to 160 cm deep, facilitating water absorption during 

periods of drought (Cosentino et al., 2014). This adaptation awards to 

a substantial competitive advantage in the context of climate change. 

Net photosynthesis exhibits seasonal variation, reaching its 

maximum during the warmest months when vegetative growth is at its 

peak(Scordia et al., 2020). As the season advances and water resources 

become increasingly limited, both photosynthesis and transpiration 

tend to decline. Although Miscanthus possesses a high production 
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potential, it is notably more sensitive to water scarcity than A. donax 

and S. spontaneum (Haworth et al., 2019b). The role of irrigation in 

sustaining photosynthetic efficiency is fundamental (Scordia et al., 

2020; Triana et al., 2015), as irrigated crops are consistently found to 

exhibit higher photosynthetic rates compared to those subjected to 

water stress conditions. 

ARMO exhibits higher conversion efficiency of photosynthesis 

to yield, making it more suitable for situations where productivity is a 

priority. Miscanthus hybrids, on the other hand, show lower 

conversion efficiency, highlighting the influence of environmental 

factors (Scordia et al., 2020). Instant water use efficiency (IWUE) 

varies based on irrigation regimes, indicating that effective water 

management can enhance crop productivity (di Nasso et al., 2011). As 

a C3 species, A. donax has lower net photosynthesis compared to C4 

crops with the same water uptake, resulting in lower water use 

efficiency (WUE) (Triana et al., 2015). Conversely, S. spontaneum, 

with its C4 metabolism and morphological adaptations that reduce 

transpiration, has the highest IWUE among the genotypes studied, 

particularly under drought conditions (Cosentino et al., 2015; 

Munawarti et al., 2014). 

A trade-off exists between elevated photosynthetic rates and 

instant water use efficiency (IWUE). Specifically, the genotypes 

ARMO and SAC demonstrate high photosynthetic rates accompanied 

by lower IWUE, while GNT10 and GNT9 exhibit higher IWUE but 

correspondingly lower yields. Furthermore, IWUE decreases with an 

increase in available water, indicating that irrigation enhances 

photosynthetic activity but simultaneously increases transpiration, 

thereby reducing overall water use efficiency (Arias et al., 2023; 

Cosentino et al., 2014; Danilo et al., 2022; Scordia et al., 2020). 

Drought conditions adversely affected all physiological 

parameters, with Miscanthus being the most significantly impacted 

species. Nonetheless, the anticipated increase in atmospheric CO2 
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levels in the coming decades may enhance water use efficiency by 

reducing stomatal conductance and mitigating water loss through 

transpiration (Hatfield & Dold, 2019). 

The findings suggest that greater biomass production correlates 

with lower IWUE (-0.44), implying that crops may adopt a strategy of 

maintaining more open stomata to maximize growth, thus favoring 

water consumption over conservation.  

These results underscore the necessity of selecting genotypes 

that achieve an optimal balance between photosynthesis and water 

utilization in order to optimize yield under water-stressed conditions. 

Future research attempts should aim to further explain the interactions 

between IWUE, photosynthesis, and crop yield over extended periods, 

while also considering climatic variables such as temperature and 

relative humidity (Heckman et al., 2024). 

The chemical composition of biomass demostrate stability 

across various irrigation conditions, which corroborates previous 

studies that indicate the consistent levels of lignin, cellulose, and 

hemicellulose (Allahdadi & Bahreininejad, 2019; Hussain et al., 

2021). Notably, the soluble fraction (NDS + ash) demonstrated 

variability among genotypes. Specifically, African fodder cane and 

GNT43 revealed higher soluble fractions when irrigated, whereas the 

other genotypes showed a contrasting trend (Hussain et al., 2021). 

Overall, the quality of biomass for energy conversion was not 

influenced by irrigation or climatic conditions. 

Overall, this study reinforces the potential of BPGs, particularly 

Giant reed and African fodder cane, as viable biomass crops for 

marginal lands. Their resilience to water limitations and ability to 

maintain high productivity under challenging environmental 

conditions make them promising candidates for sustainable biomass 

production in Mediterranean regions. 
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8 Annexes: scientific curriculum 
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Salvatore Luciano Cosentino.   
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Bologna, Italy. 
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Environmental and Rural Sciences (IBERS), Aberystwyth, Wales.  
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▪ 2022: Qualification to the profession of ‘Agronomist’  

▪ 2019-2021: Master’s degree on “Biotecnologie Agrarie” (LM-7) - 

University of Catania, Catania, Italy. Thesis: “Selection and 

Evaluation of Ricinus genotypes (Ricinus communis L.) for the 
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Salvatore Luciano Cosentino. 

▪ 2015-2019: Bachelor’s degree on “Science e Tecnologie Agrarie”, 

(L-25) - University of Catania, Catania, Italy. Thesis: 
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▪ SCOPUS ID: 57979262000 

https://www.scopus.com/authid/detail.uri?authorId=57 

980557700  

▪  Research gate: https://www.researchgate.net/profile/Elena-Crapio 
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GRASSES UNDER DIFFERENT SOIL WATER 

AVAILABILITY European Biomass Conference and Exhibition 

Proceedings, 2023, pp. 115-117. 

▪ Corinzia S.A., Scordia D., Scandurra A., D'accorso G., Crapio 

E., Testa G., Patane C., Cosentino S.L. FIRST INSIGHT OF 

DIVERSE PERENNIAL GRASSES UNDER 

DRYNESSEuropean Biomass Conference and Exhibition 

Proceedings, 2022, pp. 129-132. 

▪ Corinzia S.A., Crapio E., Scordia D., Scandurra A., D'accorso 

G., Testa G., Cosentino S.L. BIOMASS YIELD AND 

MORPHOLOGY OF GIANT REED CLONES FROM 

MUTAGENESIS European Biomass Conference and Exhibition 

Proceedings, 2022, pp. 125-128. 

▪ Ciaramella B.R., Crapio E., Scordia D., Cosentino S.L., Patane 

C., Testa G. ADAPTABILITY OF SAFFLOWER IN HEAVY 

METAL POLLUTED SOIL European Biomass Conference and 

Exhibition Proceedings, 2022, pp. 183-186. 

8.4 Training in national or international universities and/or 

research institutions 

 I visited as a Ph.D. guest three important institutions within my 

Ph.D. research. I collaborated with the University of Bologna to 

extract DNA from samples of Saccharum spontaneum previously 

collected in Sicily. 

 I have been abroad from February to April 2023 at Liverpool 

John Moores University, Liverpool, UK, under the supervision of 

Professor Richard Webster, as part of the Horizon project. I worked 

on setting up the trials on Miscanthus samples. Firstly, I performed 

germination tests on Miscanthus seeds treated with hormones in plates 
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https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57979262000&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=35773724800&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57205871672&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=7801368452&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=7801368452&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=36240206500&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85142481385&origin=resultslist&sort=r-f&src=s&mltEid=2-s2.0-85142481385&mltType=ref&mltAll=t&imp=t&sid=e137e0a0f504446ab2a915dcfe205c04&sot=mlt&sdt=mlt&sl=322&s=REFEID%28%28%222-s2.0-85111861374%22%29+OR+%28%222-s2.0-84944281261%22%29+OR+%28%222-s2.0-84947024408%22%29+OR+%28%222-s2.0-84898009663%22%29+OR+%28%222-s2.0-0028974818%22%29+OR+%28%222-s2.0-85081682156%22%29+OR+%28%222-s2.0-85078199197%22%29+OR+%28%222-s2.0-85112833928%22%29+OR+%28%222-s2.0-85059450497%22%29+OR+%28%222-s2.0-85142513725%22%29+OR+%28%222-s2.0-84946113477%22%29%29+AND+NOT+EID+%282-s2.0-85142481385%29
https://www.scopus.com/record/display.uri?eid=2-s2.0-85142481385&origin=resultslist&sort=r-f&src=s&mltEid=2-s2.0-85142481385&mltType=ref&mltAll=t&imp=t&sid=e137e0a0f504446ab2a915dcfe205c04&sot=mlt&sdt=mlt&sl=322&s=REFEID%28%28%222-s2.0-85111861374%22%29+OR+%28%222-s2.0-84944281261%22%29+OR+%28%222-s2.0-84947024408%22%29+OR+%28%222-s2.0-84898009663%22%29+OR+%28%222-s2.0-0028974818%22%29+OR+%28%222-s2.0-85081682156%22%29+OR+%28%222-s2.0-85078199197%22%29+OR+%28%222-s2.0-85112833928%22%29+OR+%28%222-s2.0-85059450497%22%29+OR+%28%222-s2.0-85142513725%22%29+OR+%28%222-s2.0-84946113477%22%29%29+AND+NOT+EID+%282-s2.0-85142481385%29
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after a few weeks. 

The second trial I worked on was a pot trial with rhizomes 

subjected to a Wet/Dry pretreatment at 3-4 different temperatures. 

My second training abroad was at the Universidade NOVA De 

Lisboa, Portugal, from April to June 2024 under the supervision of the 

Professor Ana Luisa Fernando. 

carried out analyses on samples by performing experiments on 

ash and biomass. I performed laboratory analyses, in particular I 

applied the Kjeldahl method on samples of coconut fibre and 

Switchgrass and analyses to determine the quality of biomass crop 

fibres following the Van Soest method. In addition, I assisted the 

research team in the preparation of biomass for chemical and energy 

analysis, to subsequently determine the heavy metal concentration of 

row grape seeds, corn cobs, ground seeds, and forest biomass waste 

contaminated with lead, cadmium, nickel, copper, and zinc. 

After the period spent in Lisbon, I returned to Italy for family 

reason, continuing to work on the data. Indeed, I elaborated statistical 

analysis on the data previously obtained. 

 

8.5 Attended Congresses/Workshops/Meetings  

▪ Oral presentation at 33rd EUBCE ‘European Biomass Conference 

and Exhibition’, Marseille, France. 24th June 2024-29 th June 2024 

▪ “Introduction to a literature review process: overview and 

guidelines” University of Catania 12th, 19th February and 4th 

March 2024. 

▪ “Multispectral indexes for detecting crop features” University of 

Catania 12th January 2024. 

▪ “Writing a scientific review article” University of Catania 6th June 

2023. 
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4th Joint Meeting of Agriculture-oriented Ph.D. Programs UniCT, 

UniFG and UniUd, 3-7 October 2022, Paluzza, Udine (Italy). 

▪ “Corso di metodologia Statistica per le Scienze Agrarie Dario 

Sacco" Società Italiana di Agronomia (SIA) - 27th June-1st July 

2022  

▪ Online Oral presentation at 30th EUBCE ‘European Biomass 

Conference and Exhibition’, Marseille, France. 24th June 2022-

27th June 2022.   

▪ “Miscuglio evolutivo di frumento per l’adattamento ai 

cambiamenti climatici” Presentazione del progetto Mixwheat, 

University of Catania 18th March 2022. 

▪ “La canapa: coltura innovativa multiuso per l’agricoltura siciliana” 

– University of Catania 11th March 2022. 

▪ “Managing biological data with R” University of Catania, 22nd 

February- 4th March 2022.  

▪ “Exploiment of the research and Technology Transfer” – 

University of Catania 15th, 17th and 25th February 2022. 

▪ “Biomass Yield and Morphology of Giant Reed Clones From 

Mutagenesis”. Sebastiano Andrea Corinzia, Elena Crapio, Danilo 

Scordia, Giorgio Testa, Salvatore L. Cosentino. (Società Italiana di 

Agronomia, 2022)  

▪ “RESPONSE OF PERENNIAL GRASSES UNDER DIFFERENT 

SOIL WATER AVAILABILITY”. Corinzia Sebastiano Andrea; 

Crapio Elena; Iurato Antonella; Caruso Paolo; Scandurra Alessio; 

Testa Giorgio; Cosentino Salvatore L.; atti di congressi; soggetta a 

revisione.  

▪ “Leaf Gas Exchange of Lignocellulosic Perennial Grasses Under 

Different Soil Water Availability”. Sebastiano Andrea Corinzia, 

Danilo Scordia, Giorgio Testa, Elena Crapio, Antonella Iurato, 

Cristina Patanè, Salvatore Luciano Cosentino; Atti del LI 

Convegno Nazionale SIA  
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▪ “Yield Of Lignocellulosic Perennial Grasses Under Different Soil 

Water Availability”. Sebastiano Andrea Corinzia, Elena Crapio, 

Danilo Scordia, Antonella Iurato, Giorgio Testa, Cristina Patanè, 

Salvatore Luciano Cosentino; Atti del LI Convegno Nazionale SIA  

▪ “Study of the genetic variability in a collection of Italian ecotypes 

of Saccharum spontaneum by SSR markers”. Rabboni D., Farina 

A., Giorgi D., Lucretti S., Corinzia S.A., Crapio E., Barbanti L., 

Salvi S.; Atti del LXVI Convegno Nazionale SIGA. 

8.6 Thesis mentoring 

▪ Simona Giannoccaro – “Colture lignocellulosiche da biomassa per 

la produzione di bioenergie” 2023. 

▪ Ilaria Porto – “Caratteri morfologici e fisiologici di colture 

lignocellulosiche da biomassa in ambiente Mediterraneo” 2022. 

▪ Sebastiano Carcione – “Valutazione della produttività di alcune 

colture da biomassa lignocellulosiche in ambiente mediterraneo” 

2022. 

 

 

 

 


