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Summary 
 

To limit global warming by reducing the use of fossil fuels, renewable alternative 

energy sources are needed. Besides energy from the sun, wind, water and 

geothermal sources, biomass was, is and will always be an important source of 

renewable energy. While oil crops are still competing for land with food crops, 

woody biomass can be sourced from traditional forestry or grown in dedicated 

plantations, i.e. short-rotation coppices (SRCs). SRCs are plantations that combine 

forestry species with agricultural management. Fast-growing tree species are 

planted at high densities and with regular spacing to allow agricultural machinery to 

operate on the field. SRCs are harvested every 2-10 years by removing all of the 

above-ground woody biomass (AGWB) from the field. The harvested stems are 

chipped and the resulting wood chips are used to generate renewable heat and/or 

green electricity. To correctly assess the feasibility and the potential of SRC, it is 

important to examine its productivity. On the one hand, this dissertation focused on 

the influence of the abiotic environment on the productivity of an SRC during the 

first two (two-year) rotations. On the other hand, the focus was on the harvesting, 

as this is the most important management intervention in the lifetime of an SRC. 

The first part of this dissertation contains three studies, all relating abiotic factors to 

the productivity of the 12 different poplar genotypes planted at the operational SRC 

in Lochristi, Belgium. Firstly, the relations between the available solar radiation, the 

radiation intercepted by the trees (Iint) and the radiation use efficiency (RUE) were 

linked to the amount of AGWB produced by each of the genotypes. Therefore, the 

leaf area index (LAI) and the leaf area duration (LAD) were regularly monitored as a 

measure for the canopy development, and the AGWB was yearly inventoried. The 

LAImax and AGWB ranged from 0.49-4.63 and 1.37-10.36 MgDM ha-1 in the first 

rotation, and from 4.05-7.59 and 5.93-26.00 MgDM ha-1 in the second rotation. No 

significant correlations were found between the Iint and the RUE, but the RUE was 

significantly correlated to the AGWB. Furthermore, the LAI and the LAD proved to be 

better indicators for the Iint than the AGWB for all 12 genotypes. Secondly, the 

above-ground allocation pattern of dry matter and of nutrients to leaves and wood 

was studied. In general, the percentage of dry matter allocated to woody biomass 

increased with increasing productivity and significant genotypic differences were 

found. Genotype Hees (16 MgDM ha-1 y-1) allocated 19% of its above-ground biomass 

to leaves, while genotype Robusta (10 MgDM ha-1 y-1) allocated 37% to leaves. 
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Furthermore, nutrient concentrations were always higher in leaves as compared to 

woody biomass. Thirdly, the impact of harvesting on the POPFULL SRC was 

investigated by assessing plant phenology in the year before and the year after the 

first harvest. Four approaches to assess phenology were compared: i) visual 

observations of the bud burst in spring and the bud set in autumn, ii) two-weekly 

measurements of the plant area index (PAI), iii) colour analysis of daily webcam 

images, and iv) processing of satellite images. All approaches, except the satellite 

images, clearly showed a delayed spring onset (± 60 days) in the year after the 

harvest that could be monitored by the lag in bud burst, causing the PAI to develop 

later in the growing season. Because the end of the growing season remained 

unchanged, this resulted in a shorter (63 days) growing season in the year after the 

harvest as compared to the year before the harvest.  

Harvesting was the core of the second part of this dissertation. The literature was 

reviewed in detail to provide the state of the art on how SRC is currently harvested 

and how the harvesting machinery developed over time. Currently, SRC is mostly 

harvested according to the cut-and-chip technique, followed by the cut-and-store 

and the cut-and-bale technique. The cut-and-chip harvesters are dominating the 

market, because of their high effective material capacity (EMC), which results from 

the significantly higher maximum engine power available. When comparing 

harvesters with a similar maximum engine power, cut-and-chip harvesters were 

outperformed by the cut-and-store and cut-and-bale harvesters. This observation 

was explained by the fact that cut-and-chip harvesters perform more work as 

compared to the cut-and-store and cut-and-bale harvesters. Furthermore, field 

stocking had a limiting effect on the maximum achievable EMC. The literature review 

was complemented with two experiments. The first experiment examined whether 

manual harvesting could be an option for SRC. During the second harvest of the 

POPFULL SRC the performance of a team of labour men with a chainsaw was 

compared with a cut-and-store harvester. The manual harvesting proved to be 

332 € MgDM
-1 more expensive and 8 MgDM h-1 slower than, and therefore not 

competitive with, mechanised harvesting. The second experiment evaluated 

whether a higher value product could be obtained from a five year old SRC in 

Cavallermaggiore, Italy. Integrated harvesting (i.e. reserving the most basal part of 

the stems as wood logs and chipping the crowns) was compared to whole tree 

chipping. The revenue from integrated harvesting did, however, not sufficiently 

increase under the current market conditions as compared to whole tree chipping. 
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Samenvatting 
 

In de strijd tegen de opwarming van de aarde dienen fossiele brandstoffen zoveel 

mogelijk vervangen te worden door hernieuwbare energiebronnen. Naast zonne-, 

wind-, water- en geothermische energie was, is en zal energie uit biomassa altijd een 

belangrijke bron van hernieuwbare energie zijn. In tegenstelling tot oliehoudende 

gewassen – die voor land in competitie treden met voedsel- en voedergewassen – 

kan houtige biomassa uit bossen gehaald worden of geteeld worden in speciaal 

daarvoor aangelegde plantages: korte-omloop hakhout (KOH). 

KOH combineert het gebruik van soorten gekend uit de bosbouw met het beheer 

van landbouwgebied. Snel-groeiende boomsoorten worden op regelmatige afstand 

van elkaar aan hoge dichtheden gepland, zodat landbouwmachines kunnen gebruikt 

worden voor het beheer. KOH wordt elke 2-10 jaar geoogst door alle bovengrondse, 

houtige biomassa (AGWB) van het veld te verwijderen. De geoogste scheuten 

worden versnipperd en de houtsnippers worden gebruikt om hernieuwbare warmte 

en/of groene stroom op te wekken. Het is belangrijk om de productiviteit van KOH te 

bestuderen om zo de haalbaarheid en het potentieel correct te kunnen inschatten. 

Dit proefschrift behandeld aan de ene kant de invloed van abiotische 

omgevingsfactoren op de productiviteit gedurende de eerste twee (twee-jarige) 

rotaties van een KOH plantage. Langs de andere kant werd de oogst als belangrijkste 

beheersmaatregel bestudeerd. 

Het eerste deel van dit proefschrift bevat drie studies die de abiotische omgeving in 

verband brengen met de productiviteit van 12 verschillende populieren genotypes. 

Ten eerste werden de relaties tussen het beschikbare zonlicht, het licht opgevangen 

door de bomen (Iint) en de efficiëntie waarmee dit licht wordt omgezet in biomassa 

(RUE) gerelateerd aan de hoeveelheid AGWB die elk genotype produceert. Om dit te 

bereiken werden de blad-oppervlakte index (LAI) en de lengte van het groeiseizoen 

(LAD) regelmatig gemeten en de AGWB werd jaarlijks geïnventariseerd. De LAImax en 

de AGWB varieerden van 0.49-1.68 en 1.37-3.65 MgDM ha-1 in 2010, 0.87-4.63 en 

1.65-10.36 MgDM ha-1 in 2011, 4.05-7.59 en 5.93-15.28 MgDM ha-1 in 2012, en 4.17-

6.16 en 11.83-26.00 MgDM ha-1 in 2013. Er werden geen significante correlaties 

gevonden tussen Iint en RUE, maar de RUE was significant gecorreleerd aan de 

AGWB. Verder bleken de LAI en LAD betere indicatoren voor Iint dan AGWB voor alle 

12 genotypes. Ten tweede werd de relatie onderzocht tussen de bovengrondse 

allocatie van droge stof en nutrienten in bladeren en hout. In het algemeen steeg 
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het percentage droge stof dat gealloceerd werd naar houtige biomassa in 

verhouding met productiviteit en significante genotypische verschillen werden 

gevonden. Genotype Hees (16 MgDM ha-1 y-1) alloceerde 19% van zijn boven-grondse 

biomass naar bladeren, terwijl genotype Robusta 37% alloceerde naar bladeren. 

Verder waren nutrienten concentraties ook altijd hoger in bladeren ten opzichte van 

houtige biomassa. Ten derde werd de invloed van de oogst op de productiviteit 

getest door de fenologie op te volgen in het jaar voor en het jaar na de oogst. Vier 

verschillende manieren werden vergeleken: i) visuele observatie van de 

knopopening in de de lente en knopsluiting in de herfst, ii) twee wekelijkse meting 

van de plant oppervlakte index (PAI), iii) kleuranalyse van webcambeelden, en iv) het 

verwerken van satellietbeelden. Alle manieren behalve de satellietbeelden 

bevestigden een latere knopopening in het jaar na de oogst (± 60 dagen). Doordat 

het einde van het groeiseizoen gelijk bleef, zorgde de oogst voor een korter 

groeiseizoen in het jaar na de oogst (63 dagen). 

In het tweede deel van dit proefschrift werd een literatuurstudie van de beschikbare 

oogstmachines uitgebreid met twee experimenten. Momenteel wordt KOH meestal 

geoogst met de zaag-en-versnipper techniek, gevolgd door de zaag-en-bewaar en de 

zaag-en-baal technieken. De zaag-en-versnipper techniek domineert de markt door 

zijn hoge effectieve materiaal capaciteit (EMC), die bereikt wordt door zijn 

significant hogere maximale motorkracht. Wanneer enkel oogstmachine met 

gelijkaardige maximale motorkracht vergeleken worden, worden de zaag-en-

versnipper machine overtroffen door de zaag-en-bewaar en de zaag-en-baal 

machines. Dit kan verklaard worden doordat zaag-en-versnipper machines meer 

arbeid verrichten in vergelijking met de andere machines. Voorts bleek de dichtheid 

van de te oogsten biomassa een beperkende factor voor de maximaal te bereiken 

EMC. Het eerste experiment onderzocht het potentieel van manueel oogsten. 

Tijdens de tweede oogst van een KOH werd de prestatie van een team met 

kettingzagen vergeleken met een zaag-en-bewaar machine. De manuele oogst bleek 

332 € MgDM
-1 duurder en 8 MgDM h-1 trager dan de zaag-en-bewaar machine, en dus 

niet competitief. Het tweede experiment onderzocht of een eindproduct met hogere 

waarde gegenereerd kon worden uit een vijf-jarige KOH. Daartoe werd een 

geïntregeerde oogst (hierbij wordt het basale deel van de stam geoogst als houtblok 

en de kroon wordt versnipperd) vergeleken met het volledig versnipperen van de 

bomen. De opbrengst van geïntregeerd oogsten steeg echter niet genoeg onder de 

huidige marktcondities om competitief te zijn. 
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1. Climate change and renewable energy 

Climate change is undeniable and some of its impacts are global warming of the 

atmosphere and oceans, diminishing amounts of snow and ice, and rising sea levels 

(IPCC, 2014). Global warming – one of the most influential climate change indicators 

– took off in the 1950s and became unequivocal after the 1970s: each of the last 

three decades has been successively warmer than any preceding decade since 1850 

(IPCC, 2014). The dominant causes of global warming are anthropogenic emissions 

of greenhouse gases (GHG), which also started rising around the mid-20th century. 

Most of this change is due to carbon dioxide (CO2), with secondary contributions by 

methane (CH4), nitrous oxide (N2O), ozone (O3), water vapour (H2O) and 

dichlorodifluoromethane (IPCC, 2014). While atmospheric concentrations of 

dichlorodifluoromethane are declining since 1987, all other concentrations have 

been increasing since the 1970s (Figure S.1; Derwent et al., 1998). Since pre-

industrial times, CO2 concentrations have increased by 40% due to the use of fossil 

fuels (IPCC, 2014). In order to limit global warming, a substantial and sustained 

reduction of CO2 and of other GHG emissions has to be achieved.   

 

 

Figure S.1 Total annual anthropogenic greenhouse gas (GHG) emissions for the period 1970 to 

2010 by gases. GtCO2-eq = Giga ton of CO2 equivalents; FOLU = forestry and other land use; F-

gases = fluorinated gases covered under the Kyoto Protocol. Adapted from (IPCC, 2014). 
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Energy security and reduction of GHG emissions are major challenges to meet the 

global energy demand while mitigating climate change (IPCC, 2014). Therefore, 

governments all over the world are taking action (Lindegaard et al., 2016; Melillo et 

al., 2014). In 2008 the European Union (EU), for example, set the 20-20-20 goals, to 

be achieved by 2020, stimulating national governments to: i) decrease GHG 

emissions with at least 20% as compared to 1990, ii) obtain at least 20% of the 

energy from renewable sources, and iii) make energy-use 20% more efficient 

(European Commission, 2008). In 2014, the European 20-20-20 goals were adjusted 

to more ambitious goals by 2030: at least a 40% decrease in GHG emissions as 

compared to 1990, at least 27% of the energy from renewable sources, and at least 

27% more energy-efficiency (European Commission, 2014). This framework aims to 

drive progress towards a low-carbon economy and build an energy system that 

brings environmental and health benefits (European Commission, 2014). To reach 

these targets, several alternatives to fossil fuels as energy sources are available.  

Over the past centuries, fossil fuels were mostly used in the industrialised world, but 

this consumption is gradually declining because energy is being used more efficiently 

and the share of renewable energy sources is increasing (Calderón et al., 2016). In 

2014, 6% of all consumed energy in the EU was generated through wind, solar, 

hydro and geothermal sources, while 10% was generated through biomass 

(excluding charcoal; Calderón et al., 2016). Reasons for the low percentage of energy 

generated through wind, solar, hydro and geothermal sources are the high 

investment costs, unpredictable quantities and periods of energy generation, and 

the impossibility of storing the energy generated. Furthermore, most people do not 

want wind turbines in their back yard and there is not enough wind at every place. 

Photovoltaic cells are more socially acceptable, but for large amounts of energy 

generation large areas and a lot of sunlight are needed. While geothermal power 

restraints are mainly limited to logistical issues, hydro power requires rivers with a 

steep slope or collection basins. Many of these restraints are not present when 

generating bioenergy from biomass. 

A wide range of raw materials and conversion technologies is available for biomass: 

solid biomass (69%) is driving the market, followed by biofuels (13%), biogas (12%) 

and municipal waste (7%) (Calderón et al., 2016). Solid biomass (i.e. essentially 

wood) productivity in the EU increased with 34% (i.e. 800 000 m3 y-1) in the past 25 

years. Woody – or ligno-cellulosic – biomass is a type of the so-called second 

generation biofuels, as it is produced from a non-food crop or from the inedible part 

of food crops. This is in contrast to first generation biofuels, which are sourced from 
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the edible part of agricultural crops, as bioethanol from sugar and starch or biodiesel 

from oil crops. The disadvantages of first generation biofuels are the threshold 

above which they cannot produce enough biofuel without threatening food supplies 

and the limited savings in greenhouse gas emissions when taking their complete life-

cycle into account. Radically new products arise from industrialised ethanol 

production by converting the oil produced by some algal species in a laboratory 

environment, these techniques are known as third generation biofuels (EASAC, 

2012).  

Woody biomass can be sourced from traditional forestry, whereby mainly high-value 

wood logs are produced, which are used in industry for the production of pulp, 

paper, panels, etc. The residues left in the forest after extraction of wood logs can be 

harvested for conversion to heat or generation of electricity. Apart from forest 

residues, wood with a quality that is generally too low to be transformed into logs or 

veneer can also be grown in dedicated plantations, known as short-rotation coppices 

(SRCs). 

2. Short-rotation coppice 

Although coppice forestry has existed for a long time in Europe (Langeveld et al., 

2012; Rosenqvist et al., 2000), short-rotation coppice is a relatively recent approach 

of managing trees (Dimitriou et al., 2011; Don et al., 2011) and its implementation as 

a renewable energy crop remains limited (Lindegaard et al., 2016). SRC is defined as 

the cultivation of high-density plantations with fast-growing woody crops. The 

planting density roughly ranges from 1 000 to 20 000 stools per hectare, which is 

closer to agricultural planting densities than to traditional forestry. Although 

coppices can be established with different species, the end-product aimed for 

dictates the choice of species: e.g. slow-growing chestnut for fences and poles, and 

fast-growing poplar or willow for wood chips. The above-ground woody biomass is 

entirely and more frequently harvested as compared to coppice forestry: generally 

every 1-10 y (Hansen, 1991). Slower growing species are generally only used in 

traditional forestry, because a longer minimal rotation length is needed to obtain 

stems with a sufficiently large diameter.  

Within the definition of SRC (as it is defined in this dissertation) two subcategories 

could be distinguished: very short-rotation coppice (vSRC) and medium rotation 

forestery (MRF). The main difference between both lies in the rotation length. 

Rotation lengths up to 5 y are referred to as vSRC, while the rotation lengths longer 

than 5 y are referred to as MRF. When referring to SRC in this dissertation, we 
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focussed specifically on vSRC. After planting, only one or two stems emerge from 

every stool. By harvesting the above-ground biomass, the regeneration of a 

multitude of stems from the stool is stimulated in the light of vSRC. This way, the 

stems can cover more of the available area and thereby make optimal use of the 

available light (Figure S.2). For MRF on the other hand, rotation lengths are long 

enough for single stools to maintain only one single stem (see next paragraph), 

implying that stools are often pruned during the initial years of each rotation. 

Another difference between vSRC and MRF is that sometimes, an establishment 

rotation of 1-2 y is applied in vSRC, while this is not common in MRF. The main 

advantage of MRF over vSRC is that annual yield increments rise every year within 

one rotation; the disadvantage is that forestry machinery is needed to harvest the 

trees and that farmers have a longer investment period. While vSRC is rather 

popular in Northern and Western Europe, MRF is more common in Southern Europe, 

South America and South Africa.  

The concept behind SRC is that between all harvests all stems from one stool 

compete with each other for nutrients, water and light. This stimulates the overall 

growth and biomass productivity of the stool. Every rotation, all stems on the same 

stool gradually undergo self-thinning till the next harvest (Laureysens et al., 2005). 

The amount of stems per stool remaining depends on the initial amount of stems 

per stool, the rotation length and the growth habitus of the genotype. Willow 

typically produces a large amount of stems per stump, while poplar usually limits 

this number of stems. Poplar also has a higher apical dominance as compared to 

willow, thereby more quickly favouring the growth of a limited number of stems per 

stool. The life-cycle of an SRC is usually around 20-25 y, after which many root 

systems are perished and stool mortality cumulates to a point where the yield 

becomes too low (Dillen et al., 2010). When yields are getting unsatisfactory, the 

land can be converted to another crop or re-established as SRC again.  

The application of SRC is getting more attention in countries with a temperate 

climate (Paris et al., 2015) and afforestation on agricultural land is often encouraged 

through grants or subsidies (Lindegaard et al., 2016; Meiresonne et al., 2007). 

Nevertheless, progress in agricultural knowledge, science and technology relating to 

SRC remains fundamental for a sustainable energy security (IAASTD, 2009). 

Therefore, extensive research is ongoing on various aspects of SRC. Aspects directly 

related to the productivity of SRCs received most attention, as the selection of 

suitable species and genotypes (Dillen et al., 2011a; Willebrand et al., 1993), the 

influence of regular coppicing (Dillen et al., 2011a; Verwijst, 2007), the duration and 
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frequency of rotation cycles (Al Afas et al., 2008; Herve & Ceulemans, 1996), 

management issues related to planting, weeding (Welham et al., 2007), pest control 

(McCracken & Dawson, 1998), irrigation (Ibrahim et al., 1998; Linder & Rook, 1984), 

etc. 

 

 

Figure S.2 The principle of short-rotation coppice management. 

 

The (economic) feasibility of SRC is – just as any other production system – 

dependent on the quality and quantity of its end product (Figure S.3). Firstly, the end 

product’s quality depends on the type of end product generated. When rotation 

length is sufficiently long (as for MRF), stems can reach basal diameters that allow 

for wood log production, while tree crowns can be used to produce wood chips. 

When diameters remain small (as for vSRC) only wood chips can be produced from 

the entire tree. Because wood logs are more versatile in use, they reach higher 

market prices as compared to wood chips, but this does not necessarily translate 

into higher benefits for the farmer (chapter 2.3). Secondly, the end product’s quality 

depends on the moisture content (MC): the drier the delivered product, the higher 

the market price. The MC of wood ranges from 45-65% for fresh matter (FM; Fiala & 

Bacenetti, 2012), 30-35% for dry matter (DM; Picchio et al., 2012), and < 30 % for 

oven-dried matter (Ayyadurai et al., 2017). The desired MC of wood chips depends 

mainly on the size of the combustion installation. Small furnaces find it easier to 
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achieve a stable temperature with dry wood chips, while large furnaces require fresh 

wood chips for this. Thirdly, the bark over wood ratio determines the combustion 

quality of wood chips. Shorter rotation lengths give rise to smaller stem diameters 

and thus to a higher bark:wood ratio (Guidi et al., 2008). Because bark contains a 

high diversity and concentration of non-combustible elements (e.g. K), it reduces the 

combustion quality of the fuel wood and causes corrosion of the incinerator 

(Tharakan et al., 2003). In the same way as the variables influencing the end product 

quality could be separated in three groups, the variables influencing the end product 

quantity can also be classified in three groups: environmental variables, 

management-related variables and the choice of species (Figure S.3). 

 

Figure S.3 Variables influencing the quality and quantity of a short-rotation coppice’s end product. 

Variables studied for this dissertation are marked in bold. 

 

Environment 

The environment has the most obvious influence on a plant-based production 

system (Figure S.3). On the one hand, there is the abiotic environment; on the other 

hand the biotic environment. The biotic environment comprises interactions with all 

other living organisms. Pests (e.g. Chrysomela spp. for species from the Salicaceae 

family; Dalin & Nylin, 2012) and diseases (e.g. Melampsora rust; Jiang et al., 2016) 

have the most evident influence, as they (or their consequences on plant growth) 

can have negative effects on yield. Less evident are weeds, which are competing 

with SRC trees for water, nutrients and light. Weeds are very important in the 

establishment phase of an SRC, as they might outcompete the trees at this stage 
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(Albertsson et al., 2016; Schulz et al., 2016). A last biotic factor is the symbiosis of 

most tree species with mycorrhizae, which improve growth by influencing the tree’s 

nutrient and water uptake, disease resistance and temperature tolerance (Kandel et 

al., 2017; Stolarski et al., 2016). All these interactions with the living environment 

can amplify or counteract each other’s effect on the productivity of an SRC. While 

some insects act as pest, other will act as natural enemies of these pests (Zang et al., 

2017).  

The abiotic environment comprises several essential factors for plant growth, which 

are characterised by optimal and suboptimal concentrations or quantities. The soil 

brings together the below-ground factors. Next to a medium for structural root 

stability, the soil also acts as a reservoir for water and nutrients. The water 

availability in the soil depends on the amount of precipitation infiltrating and/or the 

supply of ground water accessible by the plant roots. Depending on the local 

environment, precipitation or ground water is the most important contributor to 

water availability. Water availability majorly affects the productivity of an SRC, as 

not only the total annual supply is important, but also the availability throughout the 

growing season. All nutrients are extracted from the soil by trees (carbon and 

oxygen are referred to as elements and these are taken up by the leaves); the most 

important (macro)nutrients are N, P, K, Ca and Mg (Balasus et al., 2012; Hofmann-

Schielle et al., 1999; Jug et al., 1999). These soil-related variables cannot by seen 

separately, as trees might find enough structural stability on a certain soil, but not 

enough water or nutrients. The other way round, too much water might leach out 

nutrients, thereby hampering growth. 

The abiotic environment is not only comprised to soil-related variables, trees are 

also influenced by the above-ground environment. The most important above-

ground varaibles are temperature, light availability and light composition. 

Temperature is the main driver of the evaporative demand of SRC trees during the 

growing season and thus directly interacts with the water availability of the trees to 

determine their growth (Campoe et al., 2016). The interaction between trees and 

light is more complex. Light availability depends on the latitudinal position on the 

earth, on the local geography and is different throughout the year. Furthermore, 

light composition – i.e. the spectral distribution of light – also varies throughout the 

year. Adding to this, not all wavelengths of the available sunlight (300-3 000 nm) are 

intercepted and used in the same quantities by plants. Plants require light in the 

wavelengths 400-700 nm for photosynthesis. All these light-related variables induce 
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plants to start growing or to start preparing for dormancy (in the case of deciduous 

plants). 

All these environmental factors cannot be seen as independent variables, as they 

continuously interact at the plant level. Plants grow when temperatures increase, 

but only if enough water is available for evapotranspiration and if there is enough 

light for photosynthesis. On top of this, pests or diseases can limit plant growth, 

eventhough all abiotic variables are optimal. The reverse is possible to, e.g. the 

higher stress tolerance for water achieved by the symbiosis with mycorrhizae.  

Management 

By regularly harvesting trees that were planted at high densities, SRC is bridging the 

gap between forestry and agriculture (Tubby & Armstrong, 2002). Therefore, SRC 

requires more (intensive) management than traditional forestry, but less than 

common agriculture. Just as in common agriculture, the land should be properly 

prepared before planting and the work to be carried out depends on the former land 

use. Usually the soil is ploughed and pre-emergent herbicides are applied. Planting 

of SRC is done by inserting hardwood cuttings (0.2-0.3 m long) or rods (1.0-1.8 m 

long) in the soil with an automated planting machine.  

Right before and after planting, and usually after every harvest, some weed control 

is necessary to limit competition from weeds (Dickmann & Stuart, 1983). This is 

necessary because the trees initially grow slower than the weeds (certainly in the 

first and second rotation) and might therefore be outcompeted if no action is taken 

to reduce the presence of these weeds. Weed control can be done by manual or 

mechanised weeding, but also by herbicide application (Broeckx et al., 2012a; 

Dickmann & Stuart, 1983). Other phytosanitary interventions are the application of 

pesticides (e.g. against the willow or poplar beetle; Di Nasso et al., 2010) and 

fungicides (e.g. against Melampsora rust; McCracken & Dawson, 1998).  

SRCs are often fertilized to increase the yield, but results are ambiguous. The use of 

fertilization seems to be dependent on many factors and generally does not add to 

the sustainability of the system (Eufrade et al., 2016). Important factors to take into 

consideration before applying fertilizers are the soil nutritional status, species 

planted, climatic region, type and intensity of weed competition, and the (usually 

unpredictable) interactions between those (Ceotto et al., 2016; Edelfeldt et al., 

2016). As with fertilisation, irrigation is a facultative intervention with disputed use 

(Schweier et al., 2016). Again, depending on many factors, irrigation might lead to 
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increased yields, but this does not always translate into more economic profit, as 

irrigation can be expensive (Stolarski et al., 2015). A possible way to decrease 

irrigation costs and increase irrigation sustainability, is by applying wastewater for 

phytoremediation purposes (Guidi Nissim et al., 2015).  

At the time of planting, the planting density and design are chosen. Commonly, a 

single or double row design is chosen for SRC because this leaves enough space for 

the agricultural machinery to move between the rows. Rarely a triple row design is 

chosen (Savoie et al., 2013). There is a lot of variation in planting densities (1 000-

20 000 stools ha-1) and a general rule is that planting density increases with 

decreasing rotation length. In Italy for example, a 1-y rotation is established with 

14 000 stools ha-1, a 2-y rotation with 6 000 stools ha-1 and a 5-y rotation with 1 666 

stools ha-1 (Stanturf & van Oosten, 2014). Interstool competition is less important 

than intrastool competition with vSRC, while this trends reverses when rotations are 

extended to MRF. The choice for vSRC or MRF depends on the type of end product 

aimed for: only wood chips can be obtained with vSRC, while wood logs can only be 

obtained from MRF (chapter 2.3). The trade-off made is between shorter rotations 

(and thus quicker returns on investment) with lower quality (and thus cheaper) 

wood and longer rotations with higher quality wood. 

SRCs can be harvested manually (with a brush or chainsaw) or completely 

mechanised. While manual harvesting can be used on trees of all age (and thus stem 

diameter) classes, the type of mechanised harvesting depends on the rotation 

length, as not all diameter classes can be harvested by all machines. Harvesters 

available for harvesting vSRC are discussed in chapter 2.1; these machines are 

deemed inefficient for harvesting MRF due to the longer, heavier and thicker stems. 

The other way around, forestry machinery (as used for MRF) is not considered a 

suitable or efficient way of harvesting vSRC. Harvesting SRCs is mostly done in 

winter, when leaves are shed and so that the nutrients present in the leaves can be 

recycled through the soil (Lodhiyal & Lodhiyal, 1997; Rytter, 2002). Other advantages 

of winter harvesting are the higher chance of frozen – and thus compaction resistant 

– soil and the better regeneration of stools. However, when phytoremediation is 

aimed for, the harvest usually takes place at the end of summer, when trees still 

carry leaves, which contain the highest concentrations of elements to be removed 

(Forrest & Moore, 2008; Kubatova et al., 2016; Laureysens et al., 2004).  

The interactions of the management – and mainly the harvesting – of SRC with the 

end product aimed for and the interactions of the trees with the environment clearly 

identify the need for proper planning prior to the establishment. If wood logs or 
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wood chips with a low percentage of bark are desired, an MRF should be established 

(i.e. a low planting density and longer rotation lengths). This implies the return on 

investment is longer as compared to vSRC, but the end product value (and yield) will 

be higher. This also implies that the harvesting has to be done with forestry 

machinery. If a fast and regular return on investment is desired, the planting density 

can be increased and the rotation length can be shortened (i.e. vSRC). Consequently, 

harvesting machinery typical for vSRC will have to be available at the end of every 

rotation.  

Genotype 

Different tree species can be used for SRC, but fast-growing species able to cope 

with the regular harvesting are preferred (Sennerby-Forsse et al., 1992). Fast-

growing species have the advantage of a quickly closing canopy, thereby making 

optimal use of the available light and generating a competitive advantage against 

weed species (Hinckley, 1996). The most popular species for SRC in temperate 

climate regions are members of the Salicaceae family: the genera Populus (poplar) 

and Salix (willow).  

The genus Populus has a widespread geographical distribution across a broad range 

of ecological habitats. Poplars are dioecious and perennial species with a large 

genetic differentiation along climatic gradients. The diversity among the ± 30 

Populus species has resulted from migration, natural selection, mutations and 

(anthropogenic) hybridisation. In temperate climates, poplar acts as a model tree 

because it is easy to propagate through vegetative cuttings, it achieves high yields on 

a variety of soil types and an extensive gene pool is available (Bradshaw et al., 2000). 

Poplar has a strong apical dominance and is typically characterized by a smaller 

number of shoots emerging from the stool after harvesting  as compared to willow 

(Dillen et al., 2011a; Tharakan et al., 2003).  

Commercialisation of poplar for the wood industry gave rise to the establishment of 

poplar research institutes all over the world. Selection, breeding and 

commercialisation of poplar, giving rise to the first hybrids, started in the 1930s 

(Dickmann, 2006). The advantage of hybridisation is the combination of specific 

growth characteristics and the superiority of the offspring as compared to the 

parental genotypes. Breeding of poplar has mainly focused on disease-resistance, 

phenology, rooting ability, productivity and wood quality of straight single-stemmed 

trees, neglecting their coppicing ability. These selection criteria remain important, as 

higher value products can be generated from straight stems with large diameters. 
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Poplar for SRC was first stimulated in the 1970s (Herrick & Brown, 1967) and has 

since received more attention due to the search for renewable energy sources. 

Additional selection criteria for SRC poplar are a quick initial growth, high biomass 

productivity, coppicing ability, number of stems per stool, uniformity in growth and 

a thin bark. The easy cultivation and polyvalent use of poplar wood are important 

factors for explaining this species popularity. 

The popularity of poplar in Europe is thanks to its long and maintained history of 

breeding and cultivation. In Belgium, for example, poplar cultivation started in 1948, 

when Union Allumetière – a match producer – established its first plantations in 

Geraardsbergen. The company did not remain, but the research station that existed 

alongside survived and is now part of the Research Institute for Nature and Forest 

(INBO). While poplar lumber hardly reaches competitive quality standards as 

compared to other hardwoods, poplar is a very suitable species for the production of 

wood-based composites and panel products (Balatinecz et al., 2014). The best-

known composites are particleboard, medium-density fibreboard and oriented-

strand board, which can all be treated to meet different requirements. Panel 

products (i.e. mainly veneer and plywood) require logs of the highest quality and 

poplar logs’ low wood density and high green moisture content fulfil two important 

demands. Another important use for poplar wood is as pulp for the paper industry. 

Lastly, there is a high demand for wood chips and derived products from poplar for 

the generation of heat and electricity. 

While the history and cultivation of willow are comparable to poplar, several other 

species are rising in popularity. In Mediterranean and tropical areas the genus 

Eucalyptus is frequently used because it achieves higher productivities in these 

climates. Eucalyptus cultivation is, however, better known for MRF than for vSRC, 

because harvesting machinery used for vSRC experiences more delays when 

chipping Eucalyptus. Black locust (Robinia pseudoacacia) is a lesser-known species 

and is characterised by dense wood. Black locust is generally less productive on 

fertile soils when compared to poplar, but reaches higher yields on poor soils due to 

its ability to fix nitrogen via mycorrhizae. 

3. The POPFULL project 

Most of the research reported on in this dissertation was performed at the POPFULL 

SRC site. This operational SRC fitted within the framework of the POPFULL research 

project (POPFULL, 2015). From 2010-2015 the POPFULL project aimed to account for 

a full life cycle analysis of the GHG, energetic and economic balances of SRC with 
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poplar in Belgium. For the GHG balance, the emission and/or uptake of the five 

principal GHGs (i.e. CO2, CH4, N2O, O3 and H2O) were continuously monitored at the 

POPFULL SRC using the eddy covariance technique (Zona et al., 2013). The energy 

balance – or the ratio of energy input over output – and the economic balance were 

quantified taking into account all management practices, from establishment to 

biomass-to-energy conversion (El Kasmioui & Ceulemans, 2012; Njakou Djomo et al., 

2013). At the POPFULL SRC, extensive research has been performed concerning 

many fundamental aspects of SRC cultivation, as well as several aspects important 

for the implementation of SRC, as the influence of: former land use (Broeckx et al., 

2012a; Verlinden et al., 2015b; Zona et al., 2013), genotype selection (Broeckx et al., 

2012a; Verlinden et al., 2013a; Verlinden et al., 2015b), rotation length (Verlinden et 

al., 2015a), crown architecture (Broeckx et al., 2012b), drought (Broeckx et al., 

2014b; Fichot et al., 2015), below-ground biomass (Berhongaray & Ceulemans, 2015; 

Berhongaray et al., 2013b; Berhongaray et al., 2015), water use efficiency (Broeckx 

et al., 2014a), etc.  

 

 

Figure S.4 Timeline of the POPFULL short-rotation coppice. 

 

The plantation was established on 18.4 ha located in Lochristi (51°06’44” N, 

3°51’02” E; East Flanders, Belgium), from which 14.5 ha were planted with poplar 

(Populus) and willow (Salix) cuttings in April 2010 (Figure S.4). A detailed site 

description has been provided by Broeckx et al. (2012a). The study focused on the 

12 poplar genotypes planted; these are all commercially available (Table S.1). 

Twenty-five cm long hardwood cuttings were planted at a density of 8 000 ha-1 in 

mono-genotypic blocks with a double-row planting scheme (alternating inter-row 

distances of 0.75 and 1.50 m, and 1.10 m within the row; Figure S.5). The plantation 

was established in April 2010 and coppiced for the first time on 2-3 February 2012 

after a two-year rotation (Berhongaray et al., 2013a).  
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Table S.1 The 12 Populus genotypes planted at the POPFULL short-rotation coppice. T = Populus 

trichocarpa Torr & Gray (ex Hook), M = Populus maximowiczii Henry, D = Populus deltoides Bartr. (ex 

Marsh.), N = Populus nigra L. 

Genotype Parentage Place of origin Gender 
Year of cross/ 

commercialization 

Bakan
1
 T × M 

(US-WA x US-OR) x 
Japan 

♂ 1975/2005 

Skado
1
 T × M 

(US-WA x US-OR) x 
Japan 

♀ 1975/2005 

Muur
1
 D × N 

(US-IA x US-IL) x (Italy x 
Belgium) 

♂ 1978/1999 

Oudenberg
1
 D × N 

(US-IA x US-IL) x (Italy x 
Belgium) 

♀ 1978/1999 

Vesten
1
 D × N 

(US-IA x US-IL) x (Italy x 
Belgium) 

♀ 1978/1999 

Ellert
2
 D × N US-MI x France ♂ 1969/1989 

Hees
2
 D × N Michigan US x France ♀ 1969/1989 

Koster
2
 D × N 

US-MI x the 
Netherlands 

♂ 1966/1988 

Robusta
3
 D × N Eastern US x Europe ♂ 1885-1890/? 

Grimminge
1
 D × (T × D) 

(US-MI x US-CT) x (US-
WA x(US-IA x US-MO)) 

♂ 1976/1999 

Brandaris
2
 N the Netherlands x Italy ♂ 1964/1976 

Wolterson
2
 N the Netherlands ♀ 1960/1976 

1
 Genotypes bred and produced by the Institute for Nature and Forest Research (INBO; 

Geraardsbergen, Belgium) 
2
 Genotypes bred by the Research Institute for Forestry and Landscape Planning “De Dorschkamp” 

(Wageningen, the Netherlands) and produced by the Vermeerderingstuinen Nederland (Zeewolde, the 
Netherlands) 
3
 Genotypes originating from an open-pollinated Populus deltoides tree, first commercialised by the 

nursery Simon-Louis Frères (Metz, France) 

  

Before the first harvest the large majority of trees had one single stem, while after 

harvesting the plantation consisted of coppiced stools with up to 46 stems per stool 

(Verlinden et al., 2015a). After the second two-year rotation the site was harvested 

for the second time on 18-21 February 2014 (chapter 2.2). Site preparation and 

plantation management have been previously described by Verlinden et al. (2013a); 

irrigation or fertilisation was not applied thus far. The former land use was a 

combination of agricultural uses, consisting of cropland and extensively grazed 

pasture and their influence on the SRC’s productivity was extensively studied 

(Broeckx et al., 2012a; Verlinden et al., 2013b). The long-term average annual 

temperature and precipitation at the SRC are 9.5 °C and 726 mm, respectively. 
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Figure S.5 Schematic overview of the POPFULL short-rotation coppice during the first four years (2010-

2013) and the planting scheme. 

 

 

4. Objectives 

Over the past decades, a lot of research has been invested in many aspects related 

to SRC. However, many uncertainties remain. This dissertation consists of two main 

parts, each addressing a different aspect of SRC, which focused on: i) the importance 

of environmental factors on the productivity of an SRC and how their influence 

varied between different poplar genotypes, and ii) the harvesting of SRC. 

Part one aimed: 

 To identify if and how the growth and productivity of an SRC were 

influenced by the amount of available light, the canopy’s light interception 

and the radiation use efficiency (RUE). 
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 To specify how an SRC allocated the above-ground dry matter and nutrients 

to leaves and branches. 

 To assess genotypic differences in both objectives mentioned above. 

 To evaluate four different approaches with varying temporal and spatial 

scales to assess the phenology of an SRC.  

Part two investigated: 

 The past and current harvesting techniques available for SRC and their main 

technological developments. 

 The productivity and operation cost of these harvesting techniques. 

 The potential of manually harvesting SRC. 

 If diversifying an SRC’s end product could increase its economic feasibility. 

 

5. Overview of main results 

Part 1 

The three chapters making up part one of this dissertation focused on abiotic 

variables and their influences on different genotypes. In chapter 1.1 the leaf area 

development, light interception and radiation use efficiency were studied in relation 

to the POPFULL SRC’s growth and productivity. In order to separate variations in the 

main climatic drivers from variations in plant physiology, the incoming short-wave 

radiation, photosynthetically active radiation, soil water content and air 

temperature were monitored during the entire study period. No major differences in 

the overall environment occurred over the first four years of the POPFULL SRC and 

they were therefore not considered to be the major drivers of the changing 

physiological behaviour of the SRC. Firstly, the indirect assessment of the leaf area 

index (LAI) by light measurements was significantly correlated to direct assessment 

of the LAI by collecting leaf litter, with a small underestimation of the indirect 

method for larger LAI values. The indirectly assessed seasonal maximum LAI (LAImax) 

values averaged for the entire SRC increased yearly over the first three years and 

reached a plateau in the fourth year (Figure S.6). The first harvest (in February 2012) 

had an important influence on the SRC’s physiology by changing from single- to 

multi-stemmed stools. The LAImax more than doubled from 2.33 in 2011 to 5.49 in 

2012 (Figure S.6). No significant correlation was found between the intercepted 

short-wave radiation (Iint) and the RUE in any of the four years, but the RUE was 
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significantly correlated to the above-ground woody biomass (AGWB) in all years 

except during the establishment year. Overall, the variation in LAImax and leaf area 

duration (LAD) explained the variation in Iint better than the variation in AGWB. 

Significant genotypic variation between the 12 studied genotypes over the four 

years was observed. With a closing canopy at the end of the second rotation, this 

variability gradually decreased. The genotypic rankings in LAImax, LAD, Iint, RUE and 

AGWB changed over the four studied years. 

Chapter 1.2 showed that the 12 

studied genotypes produced a 

significantly different amount 

of above-ground dry matter in 

2013 and the percentage of 

biomass allocated to leaves 

decreased with increasing 

productivity in AGWB. In 2013, 

the increment in AGWB ranged 

from 8.52 MgDM ha-1 for 

genotype Brandaris to 

21.93 MgDM ha-1 for genotype 

Skado, while the total leaf 

biomass ranged from 

2.65 MgDM ha-1 (genotype 

Brandaris) to 4.96 MgDM ha-1 

(genotype Bakan). The gross 

calorific value of woody (on average 18.46 ± 0.38 MJ kg-1) and leaf biomass (on 

average 18.23 ± 0.36 MJ kg-1) did not significantly differ between the 12 studied 

genotypes. The nutrient concentrations were always higher in leaves as compared to 

woody biomass, indicating that it is important to harvest SRC without removing the 

leaves as they are crucual for the nutrient turnover.  

The four different approaches to assess SRC phenology compared in chapter 1.3 had 

different spatial and temporal sensitivities at the POPFULL SRC. The bud burst 

(Figure S.7, upper panel), plant area index (PAI) and webcam images showed a clear 

delay of ± 60 days in spring onset in 2012 (the first year of the second rotation) as 

compared to 2011 (the second year of the first rotation). In both years, the 

maximum PAI – 2.4 in 2011 and 5.7 in 2012 – was reached by the time bud set was 

completed. Because autumn phenology (Figure S.7, lower panel) occurred in the 

Figure S.6 Evolution of leaf area index (LAI) during the 

first four growing seasons until  maximum seasonal 

LAI was reached. 
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same period in both years, the first year after the harvest had a shorter growing 

season as compared to years not preceded by a harvest. Since only one pixel of the 

satellite images covered the POPFULL SRC, the derived vegetation indices were 

hardly able to indicate the starting and ending date for the growing season, without 

identifying the harvest.  

 

 

Figure S.7 Schematic representation of the bud burst (upper panel) and the bud set (lower 

panel) in poplar. The discrete classes were used to quantify spring and autumn onset in the 

field (Chapter 1.3). (modified after Pellis et al., 2004b; Turok et al., 1996). 

 

Part 2 

In part two of this dissertation, the harvesting of SRC was studied by extending an 

extensive literature review with two case studies. From the literature review 

(chapter 2.1) it became clear that four different mechanised techniques are available 

for harvesting SRC: the single pass cut-and-chip, double pass cut-and-store, single 

pass cut-and-bale, and single pass cut-and-billet techniques. While the cut-and-billet 

technique is hardly used, the cut-and-bale technique is a relatively new way of 
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harvesting SRC and has, hence, not received much attention yet. The cut-and-chip 

technique clearly dominated the market because of its high effective material 

capacity (EMC), followed by the cut-and-store technique. The harvesters’ EMC was 

positively correlated to field stocking and maximum engine power. However, this 

relationship was contorted by two variables: the maximum engine power available 

per harvesting technique and the effective field capacity (EFC). Cut-and-chip 

harvesters were equipped with more powerful engines as compared to the other 

harvesting techniques, hence allowing them to harvest fields with a higher field 

stocking. When the maximum engine power was kept comparable between 

harvesters, the highest EMC was reached by the harvesters performing the smallest 

amount of work (i.e. the cut-and-store harvesters). Over time, the main 

improvements in both the cut-and-chip and cut-and-store harvesters were 

accomplished by making them more powerful. The linear relationship between 

harvesters’ EFC and EMC was limited by the field stocking (Figure S.8). This means 

that at low field stockings, a harvester is never able to sufficiently increase its speed 

to reach a median EMC.  

 

 

Figure S.8 Relationship between the effective field capacity and the 

effective material capacity for the cut-and-chip, cut-and-store and cut-

and-bale harvesting techniques. Isolines represent the limitations from 

field stocking. 

 

The manual harvesting of SRC reached a significantly lower EMC and EFC as 

compared to harvesting with the Stemster MKIII (i.e. a cut-and-store technique; 

Table S.2) as discussed in chapter 2.2. Altough a higher amount of scheduled 
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machine hours was spend on productive machine hours for the manual harvesting as 

compared to the Stemster MKIII, manual harvesting of SRC proved to be 

economically not competitive. The integrated harvesting (IH) approach proved to 

generate a higher value end product as compared to whole tree chipping (WTC) of 

an Italian SRC as presented and discussed in chapter 2.3. However, the IH took 

longer and thus inflicted higher harvesting costs. Therefore, no higher revenue was 

reached by IH as compared to WTC under the current market conditions.  

 

Table S.2 Effective field capacity (EFC), effective material 

capacity (EMC) and cost of the manual and mechanised 

harvesting of the second harvest of the POPFULL SRC.      

  Manual Mechanised 

EFC (ha h-1) 0.01 0.37 
EMC  (MgDM h-1) 0.15 8.84 
Cost (€ Mg-1

DM) 365 33 

 

 

6. Discussion 

Studying the relationship between the abiotic environment and the productivity of 

an SRC results in a practical output. Apart from the direct scientific results to be used 

for further research, this output can be used by breeders for selecting specific traits 

and for farmers to make a more accurate estimation of predicted yields. Results of 

chapter 1.1 showed that the growing season in the first year of a rotation is shorter 

as compared to the following years, which was confirmed by three approaches to 

asses the phenology in chapter 1.3. This implies that shorter rotations result in a 

higher amount of shortened growing seasons over the lifetime of an SRC and thus a 

lower productivity in those years with a shorter growing season. The only exception 

to this rule is the first year of the second rotation, whereby the change in physiology, 

i.e. the transition from single- to multi-stemmed stools, made up for the shorter 

growing season, as compared to the first rotation. From every second year of a 

rotation onwards, a well-developed canopy is combined with a long growing season 

and yields are expected to rise every year (Di Nasso et al., 2010).  

The variability in yield between rotations and years has important consequences for 

the economic feasibility of growing SRC. While the establishment rotation should be 
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kept as short as needed for proper root establishment, a trade-off exists for farmers 

between the rotation length maintained and their return on investment. Farmers 

remain reluctant to establish SRC because too many uncertainties exist about the 

consequences of different rotation lengths. A longer rotation means a higher yield 

and a higher-value end product (wood chips with a lower bark:wood ratio or even 

wood logs cfr. chapter 2.3). On top of this, longer rotations allow for a lower planting 

density, thereby reducing the cost of planting material. On the other hand, the time 

to generate income from the SRC is extended with increasing rotation lengths. 

The cost of harvesting, which totals to the most costly intervention in the lifetime of 

an SRC (El Kasmioui & Ceulemans, 2013) declines when rotations are prolonged, as 

less harvests have to be executed. However, the growth habitus of SRC trees has a 

major impact on the timing of harvesting and the choice of harvester. As shown in 

chapter 2.1, a variety of SRC harvesters can be used when rotation lengths are kept 

within six years. But even within the range of six-years rotations, not all harversters 

are able to harvest every SRC. The powerful modified forage harvesters are able to 

handle all field stockings and maximum shoot diameters up to 15 cm, but are limited 

by their weight and thus by soil conditions (either dry or frozen soil is required). The 

mower-chippers on the other hand, are not able to harvest SRCs with a high field 

stocking or shoots with large diameters, but are less demanding as far as soil 

conditions are regarded. The local availability of a certain harvester is also 

important, as not every region can provide in every kind of harvester. In Belgium, for 

example, only a modified forage harvester is available today, while the closest 

available cut-and-store harvester has to be imported from Denmark. Logically, the 

cost of transport to a random field in Belgium would be very different for both.  

The cut-and-chip (and more precisely the modified forage harvesters) proved to be 

dominating the market, due to their high maximum engine power and consequently 

their high EMC (chapter 2.1). While this did not take soil conditions into account, the 

mower-chippers and the cut-and-store harvesters are more versatile on different 

soil conditions (i.e. mainly on wet and unfrozen soils). Furthermore, storing the 

shoots for several months before chipping is easier to generate dry wood chips as 

compared to immediate chipping and difficult drying of the wood chips. The cut-and-

chip harvesters were also the cheapest way of harvesting SRC, while the cost of 

manual harvesting is at the most expensive part of the range in Belgium (chapter 

2.2). In countries where the cost for manual labour is lower, or where no 

mechanised options are available, manual harvesting might become a viable option. 

Nevertheless, rotation length (and thus shoot diameter) are expected to be 
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positively correlated to the EMC of manual harvesting, because the shoots manually 

harvested at the POPFULL SRC were reported to be too small to allow good use of 

the chain saws. Rotation length and shoot diameter are expected to have optimal 

characteristics for manual harvesting, as shoots can become too big to handle 

manually. Using different equipment for manual harvesting, as for example a brush 

cutter, is also expected to improve the EMC, as well as the ergonomics.  

The time of harvesting (i.e. rotation length) and choice of harvester should be 

decided upon before establishing an SRC. Every harvester has its restriction in terms 

of field stocking and maximum shoot diameter (or length) and these depend on 

rotation length, genotype productivity and growth habitus. Genotypes characterised 

by many shoots per stool (e.g. genotype Hees) reach shorter and smaller shoots over 

a same rotation length as compared to genotypes that typically produce a limited 

amount of shoots per stool (e.g. genotype Bakan). This means that the harvestable 

rotation length is increased for genotypes with many shoots per stool as compared 

to genotypes with little shoots per stool. By correctly predicting the diameter (and 

height) that the planted genotype reaches after a certain rotation length allows to 

choose the best suited harvester. The other way around, the (only available) choice 

of harvester might guide a farmer in choosing a certain genotype and rotation length 

as not to exceed this harvester’s capacities. Furthermore, if wood logs are aimed for, 

a minimum rotation length is necessary to allow shoots to obtain a sufficiently wide 

diameter (chapter 2.3). This in turn depends on the species planted and 

environmental variables determining the productivity. 

Legislation is another important consideration to be kept in mind when extending 

rotation lengths. The legislative definition between a forest and an agricultural crop 

differs from country to country, and care should be taken to avoid the SRC to be 

labelled as forest (for which different management and harvesting rules exist). One 

good reason for this is to keep high-quality wood logs reserved for more valuable 

products than wood chips. In Flanders (Belgium), for example, a rotation length of 

more than eight years would result in the SRC being labelled as forest, and 

completely harvesting the area will be legally impossible (De Somviele et al., 2009).  

Breeders test new genotypes on a large amount of different climate and soil types, 

as these excert major influences on the genotypes’ productivity. The genotype-

environment interaction studied for this dissertation was applied to only one local 

environment and does therefore only provide data specific to the POPFULL SRC. 

However, the positive correlation between LAI and AGWB allows for the indirectly 

measured LAI to be a non-destructive parameter to asses a genotype’s productivity. 
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On the other hand, the amount of leaf biomass produced per year, was negatively 

correlated to the amount of AGWB produced (chapter 1.2). This relation might be a 

consequence of comparing the AGWB with the amount of leaves produced from the 

time of LAImax onwards. When all produced leaves (from the start of the growing 

season) would be collected, the AGWB is expected to be positively correlated to the 

amount of leaves produced.   

 

7. Conclusion 

Overall, I think the development of SRC largely depends on local socio-economic and 

environmental variables. On the one hand, the maximum rotation length – in order 

to keep SRC confined to agriculture – is determined by (inter)national laws. The 

rotation length allows farmers to predict when they have to pay for harvesting and – 

depending on their storage capacity – when they can expect a return on their 

investment. On the other hand, the environmental variables influencing the 

productivity of an SRC – water, light and nutrients – also differ between different 

places. These direct the choice of the species best suited for a certain location, e.g. 

poplar and willow for temperate zones versus Eucalyptus for tropical zones. When 

only the production of wood chips is aimed for, rotation lengths should be kept 

within the boundaries of vSRC, so that a regular income is generated for the farmers. 

When there is a high market demand for wood logs, extended rotations can be 

considered.  

I believe SRC can only work when the local market demand for wood chips meets 

the local production. Long distance transport should be avoided to keep bioenergy 

from biomass as green as possible. From earlier studies, SRC proved to be 

economically not profitable for a country like Belgium, where land is too valuable to 

grow SRC without subsidies. Therefore, less densily populated countries or regions 

are more suited for SRC cultivation. Apart from the feasible growth of SRC, there 

should also be a local demand for wood chips, as district heating or big companies 

securing a steady or predictable market for wood chips. I see a future for SRC in rural 

areas, where land is scarce nor expensive and where people are concentrated in 

small villages. Under these conditions SRC can stimulate a local economy whereby 

jobs are created, energy dependency on foreign nations decreased and money 

cycled locally. 
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A gap in my concept of SRC for small rural communities is the availability of 

harvesters designed for small and/or scattered SRCs. In order for small communities 

to venture into district heating with local biomass, a cheap harvester with a simple 

design should be developed, so that local technicians can maintain the machine. Up 

to now, choices are limited to mower-chippers, specifically made for either single- or 

double-row designs, which are not known to be very durable against high field 

stockings or wide diameters. Ideally, such harvesters are light and compact for easy 

transport, cheap to reduce the investment costs, compatible with any tractor, and 

easy to maintain.  

While working on the studies described in this dissertation and on the dissertation 

itself, several research ideas emerged. A first idea would be to study the most 

important (harvest-related) growth strategies of the 12 POPFULL poplar genotypes 

after several rotations. Literature data is mostly limited to the first or second 

rotation of an SRC, while data on the SRC dynamics of later rotations is scarce. I 

wonder how genotypes react to the recurrent harvest, whether the shoot dynamics 

remain comparable between all rotations, how this affects the SRC’s productivity 

and how this affects the harvester choice and EMC. A second idea would be to 

directly relate harvester performance to plant physiology: how does diameter 

distribution and field stocking influence the EMC? While a general answer to this 

question can be found in chapter 2.1, this has never been investigated at one SRC. 

Once again, the POPFULL SRC creates a perfect opportunity to study this, as the 

second and the third harvest were performed with the same machine and extensive 

productivity data are available for the 12 genotypes.  
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PART 1. Influence of abiotic parameters on short-rotation coppice 

phenology and productivity 

 

 

 

PART 1. INFLUENCE OF ABIOTIC PARAMETERS ON SHORT-

ROTATION COPPICE PHENOLOGY AND PRODUCTIVITY 
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Chapter 1.1. Leaf area development, light interception and radiation 

use efficiency of a short-rotation coppice 

 

This chapter was based on: 

Broeckx*, LS, SPP Vanbeveren*, MS Verlinden and R Ceulemans (2015) First vs. 

second rotation of a poplar short rotation coppice: canopy development, light 

interception and radiation use efficiency. iForest - Biogeosciences and Forestry 8: 

565-573. 

* Both authors equally contributed to this publication 

 

 

 

 

 

 

 

 

 

 

Given the high expectations for lignocellulosic biomass as one of the potential solutions for energy 

security and climate change mitigation, commercial scale studies over several rotations are crucial to 

assess the potential and the sustainability of short rotation coppice (SRC) cultures for bioenergy. The 

first and the second rotation of the SRC poplar (Populus) plantation of the present study differed 

significantly in biomass yield and in productivity determinants and their relationships. Coppicing 

enhanced leaf area development, radiation interception and woody biomass productivity.  High total 

leaf area and radiation use efficiency (RUE) equally contributed to the high biomass yield during the 

establishment rotation, while RUE became the most important determinant of biomass yield after 

coppice. The study confirmed the significant genotypic variation in biomass productivity and its 

underlying determinants, also among more recently selected poplar genotypes. The absence of a 

correlation between intercepted radiation and RUE suggests the potential of selecting for genotypes 

combining high total leaf area and photosynthetic carbon uptake in future breeding programs for yield 

maximization towards sustainable bioenergy cultivation.  
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1. Introduction 

SRC productivity is determined by light interception and by the efficiency of 

converting the intercepted radiation into biomass, i.e., the radiation use efficiency 

(RUE; Cannell et al., 1988; Medlyn, 1998). The crop’s capacity to intercept radiation 

is determined by its photosynthetic area, generally assessed via the plant area index 

(PAI), which is linearly related to the biomass production in poplar and willow 

plantations (Cannell et al., 1988; Larson & Isebrands, 1972; Taylor et al., 2001). In 

SRCs, faster canopy closure and increased growth rates of sprouts from an 

established root system result in enhanced productivity of coppiced versus non-

coppiced tree stands (Ceulemans, 1996). Substantial genotypic variation exists in 

above-ground woody biomass (AGWB) productivity of poplar SRCs (Benetka et al., 

2014; Ceulemans & Deraedt, 1999; Dillen et al., 2011b). Variation in AGWB has been 

explained by variation in light interception, in biomass allocation, in leaf 

physiological factors related to RUE or in a combination of the aforementioned 

(Cannell et al., 1988; Green et al., 2001; Tharakan et al., 2008), suggesting 

inconclusive results on the relative importance of productivity determining factors in 

SRC. The quantification of genetic diversity and of genetic control contributes to 

future tree improvement and to yield maximization efforts towards sustainable 

bioenergy cultivation. 

In the present study, we analysed the leaf area development, light interception and 

RUE of the 12 poplar genotypes planted at the POPFULL SRC before and after the 

first harvest. Assessment of PAI and woody biomass productivity was performed in a 

single- versus a multi-stemmed culture, to analyse the effect of harvesting. We 

hypothesized significant genotypic, parentage and provenance variation in PAI, in 

leaf area duration (LAD), in RUE, in intercepted radiation (Iint) and AGWB. The 

objectives of this study were: (i) to determine the main differences between the first 

and the second rotation in the above mentioned parameters, and (ii) to determine 

the relative importance of the variation in PAI, LAD, Iint and RUE in explaining the 

variation in AGWB during both rotations of two years. 

 

2. Materials and methods 

Meteorological and soil parameters were continuously recorded at half-hourly 

intervals at a meteorological station located within the SRC’s boundary (Zona et al., 

2013). Air temperature (Tair) was recorded with a Vaisala probe (type HMP45C, 
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Vaisala, Finland), precipitation was recorded with a tipping bucket rain gauge, and 

volumetric soil water content (SWC) was measured horizontally at regular intervals 

below the surface using a soil moisture probe (type TDR CS616, Campbell Scientific, 

US). Diffuse and direct incoming short-wave radiation (I0; 300-3 000 nm) was 

recorded using a pyranometer (type CNR1, Kipp & Zonen, The Netherlands), and 

photosynthetically active radiation (PAR; 400-700 nm) was recorded using a 

quantum sensor (type LI-190, LI-COR Inc., US).  

In order to quantify the AGWB productivity of the different genotypes planted at the 

POPFULL SRC, the field stocking was determined yearly. This was done in the 

dormant season, when trees were in their winter habitus. After the first (February 

2011) and the second growing season (December 2011), the number of stems per 

stool was counted and each stem’s diameter at 22 cm height (D) was measured with 

a digital calliper (type CD-20PSX, Mitutoyo Corp., Japan) for all stools in one row per 

genotypic block. In the third (February 2013) and the fourth growing season 

(February 2014), the number of stems per stool was counted for all trees in one row 

per genotypic block, but only the D of all stems per stool from one fifth of the stools 

was measured. At the end of each rotation (December 2011 and February 2014), a 

genotype-specific allometric relation (Equation 2.1.1) was established between the D 

and the field stocking in dry matter (MgDM ha-1). To this end ten stems per genotype 

covering the frequency distribution of the D inventory were cut at 15 cm above soil 

level (the mean harvesting height at the plantation; Berhongaray et al., 2013a). 

These stems were oven dried at 70 °C until constant DM weight. The establishment 

of the allometric relations was described in detail by Verlinden et al. (2013a). The 

yield for the first year of each rotation (2010 and 2012) was equal to its field 

stocking, while the yield for the second year of each rotation (2011 and 2013) was 

obtained by subtracting the field stocking of the first year of each rotation from the 

field stocking of the second year of the same rotation. 

    DM = a ∗ Db                   (Equation 2.1.1) 

where a and b are genotype-specific regression coefficients. 

Leaf area development throughout the first four years (2010-2013) was assessed at 

the POFULL SRC using direct and indirect measurements. Indirect measurements of 

the PAI were performed throughout all four years with a LAI-2000 (2010) and a LAI-

2200 (2011-2013) plant canopy analyser (LI-COR Inc., US). Measurements were 

taken on a regular basis (± every two weeks) and a 45° view cap was applied to the 

above- and the below-canopy readings. In the first year 48 plots were measured 
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(four replicates per genotype) and this amount was doubled to 96 plots in the 

second to fourth year (8 replicates per genotype). Plots were randomly located per 

genotype, but equally spread over two different previous land use types (Figure 

1.1.1). All plots remained at the same location in all years.  

 

 

Figure 1.1.1 Schematic map of the POPFULL plantation with the different mono-genotypic blocks in 

different colours and an indication of the location of every leaf area index measurement plot. A = 

previously agricultural land, G = previously grassland pasture. 

 

Per plot, two diagonal transects of four (2010) and three (2011-2013) readings each 

were made, crossing the different row distances and representing the different 

degrees of canopy closure (Figure 1.1.2). Along each transect, measurements were 

taken with the sensor parallel and perpendicular to the row, according to the 

measurement protocol for row crops described in the instrument instruction manual 

(LAI-2200, Version 1.0). Using the FV2200 software (version 1.0.0, LI-COR Inc., US) 

above- and below-canopy readings were combined to generate one PAI value per 

plot. The PAI was converted to the leaf area index (LAI) by subtracting the branch 
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area index (BAI). The BAI was derived from PAI measurements of the winter status of 

the SRC, when no leaves were attached to the stems. Increment of the BAI 

throughout the growing season was assumed linear, between the start of leaf 

expansion and the end of leaf fall. The leaf area duration (LAD) per genotype and per 

year was calculated as the average LAD of all plots on which the LAI was measured. 

To obtain an LAD value per plot, an LAD value was calculated for every measurement 

date and these LAD values were summed over the entire growing season. To obtain 

the LAD value per measurement date, the LAI value of the specific date was 

averaged with the previously measured LAI value and then multiplied by the number 

of days between both measurement dates(Ceulemans & Deraedt, 1999; Dowell et 

al., 2009).  

 

 

 

Figure 1.1.2 Schematic representation of one plot used for plant area index 

measurements in the double-row planting design (from 2011-2013). Green 

silhouettes indicate individual stools; dotted lines indicate the direction of the 

row. Thick black bars represent the LI-2200 LAI instrument, with the white tip as 

the actual light sensor. 
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The indirectly measured seasonal maximum LAI (LAImax) values were validated by 

direct assessments of the LAImax. To assess the LAImax directly, leaf litter was collected 

between the time of LAImax and the end of the growing season (100% leaf fall). Leaf 

litter was collected in three 0.57 m x 0.39 m litter traps placed along a diagonal 

transect in 48 plots of the indirect PAI measurements. The litter traps were emptied 

two weekly and the leaf litter was dried at 70 °C till constant dry weight. The direct 

LAImax was determined by dividing the cumulated DM weight of the leaf litter by the 

SLA. The SLA was determined at the time of LAImax by collecting six leaves per stool 

and for four stools per genotype, at a random location. Therefore, leaf fresh matter 

(FM) area was divided by their DM.  

Furthermore, the RUE and the amount of intercepted short-wave radiation (Iint) were 

calculated. The RUE was calculated as the quotient of the annual increment in AGWB 

and the annual I0 (Verlinden et al., 2013a), and expressed in percentage by using a 

GCV of 19.5 GJ Mg-1
DM (Serup et al., 2005). The Iint was calculated according to the 

Beer-Lambert law, which was transformed to incorporate the extinction coefficient 

(k) of a canopy (Equation 2.1.2). The k was calculated from the direct LAImax in 2010 

and 2011, and from the indirect LAImax in 2012 and 2013; while Itr/I0 was generated 

as an output of the LAI-2000 and LAI-2200 instruments (Equation 2.1.3). 

𝐼𝑖𝑛𝑡 = 𝐼0 − 𝐼𝑡𝑟 = 𝐼0(1 − 𝑒−𝑘∗𝐿𝐴𝐼)             (Equation 2.1.2) 

where Itr is the radiation transmitted through the canopy. 

𝑘 = −
𝑙𝑛(

𝐼𝑡𝑟
𝐼0

)

𝐿𝐴𝐼
                 (Equation 2.1.3) 

 

 

3. Results 

Over the first four years of the POPFULL SRC no major oscillations were detected in 

the main climatic drivers. The I0 and PAR (Figure 1.1.3a) and the Tair (Figure 1.1.3b) 

were confined within comparable limits and showed similar patterns in the period 

2010-2013. The SWC (Figure 1.1.3c) was also in the same range for all years, 

although soils dried out more and earlier in the summer of 2011 and 2013 as 

compared to 2010 and 2012. This might be the result from the larger amount of 

transpired water in 2011 as more above-ground biomass was present. 
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Figure 1.1.3 The main climatic drivers of SRC productivity over the first four years (2010-2013) at the 

POPFULL SRC: a) the daily sum of total incoming short-wave radiation (I0) and photosynthetically active 

radiation (PAR); b) the daily average air temperature (Tair); and c) soil water content (SWC) and 

precipitation. 

 

Direct and indirect assessments of LAImax were closely related (Figure 1.1.4a). In the 

first rotation (2010 and 2011) there was a strong correlation between both 
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methodologies (R² = 0.69 and 0.74, respectively), with a small underestimation of 

the indirect method for larger LAI values. In the second rotation (2012 and 2013) the 

correlations between direct and indirect measurements were weaker but still 

significant (R² = 0.60 and 0.58, respectively), with an overall overestimation of the 

indirect method. The BAI increased throughout the consecutive years (Figure 2.1.4b) 

from on average 0.16 (2010) to 0.76 (2013). However, the relative contribution of 

the BAI to the maximum PAI was reduced in the first year after coppice (6.4% in 

2012) as compared to the other growing seasons (13.4%, 12.9% and 14.1% in 2010, 

2011 and 2013). 

 

 

Figure 1.1.4 Genotypic averages in four consecutive years (2010-2013) of: a) direct versus indirect 

maximum leaf area index, and b) branch area index (BAI) in relation to plant area index (PAI). Error bars 

indicate standard deviations, regression lines represent significant Spearman rank correlations (p < 

0.05; solid line = 2010, dashed line = 2011, dotted line = 2012, and dash-dotted line = 2013). 

 

Correlations between incoming radiation, canopy development and AGWB 

The seasonal LAImax values as averaged for the entire SRC reached 0.97 (in 2010), 

2.33 (in 2011), 5.49 (in 2012) and 4.70 (in 2013) (Appendix 1). After the first harvest, 

the growing habitus of the SRC changed drastically: the slope of the LAI increment 

increased and the seasonal LAI curve reached much higher values (Figure 1.1.5). 

Canopy development started earlier in the second year of each rotation as 

compared to the first year of those rotations. The LAImax increased up to the third 
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growing season (2013), and reached a plateau during the second rotation. Per 

rotation, the LAD, RUE and Iint were significantly correlated to the yield (p ≤ 0.001). 

 

 

Figure 1.1.5 Evolution of leaf area index (LAI) until maximum seasonal LAI 

was reached. Solid symbols indicate the first year of each rotation, open 

symbols the second year of each rotation. Circles indicate the first rotation 

and triangles the second rotation. The slopes of the fitted curves in indicate 

leaf area increment rate. Intercepts and R² were 0.0063 and 0.86 in 2010; 

0.0123 and 0.87 in 2011; 0.0404 and 0.95 in 2012; 0.0448 and 0.97 in 2013. 

 

The correlations between LAImax, LAD, Iint, RUE and AGWB varied among the first four 

years of the SRC (Figure 1.1.6; Appendix 1). The (semi-auto) correlation between 

LAImax and LAD was significant in all years, as was the correlation between LAImax 

(and hence LAD) and Iint. Overall, the variation in LAImax and LAD explained the 

variation in Iint better than the variation in AGWB. LAImax and LAD were significantly 

related to RUE in 2012 only, i.e. the first year after the harvest. No significant 

correlation was found between Iint and RUE in any of the four years. LAImax and Iint 

were significantly correlated to AGWB in 2011 and 2012, while LAD was significantly 

correlated to AGWB in 2010, 2011 and 2012. There was a significant correlation 

between RUE and AGWB in all years except in the establishment year (2010). The 

biomass yield at the end of both rotations was significantly and positively correlated 
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to the rotation sums of LAD and Iint as well as with the RUE averaged over each 

rotation. The Pearson correlation coefficients with biomass yield were similar for the 

studied parameters in the first rotation, while the RUE was the strongest 

determinant of biomass yield in the second rotation.  

 

 

Figure 1.1.6 Correlation matrix of production related characteristics: maximum leaf area index (LAImax), 

leaf area duration (LAD), intercepted radiation (Iint), radiation use efficiency (RUE) and above-ground 

woody biomass (AGWB). Points represent genotypic averages; regression lines represent significant 

Spearman rank correlations (p < 0.05). 

 

Significant genotypic variation over the four years was observed in all studied 

parameters (Figure 1.1.6, appendix 1). In 2010 a threefold variation in LAImax (0.49-

1.68 m2 m-2) and LAD (40.5-148.1 m2 day m-2) was found among the different 

genotypes, which increased in 2011 (0.87-4.63 m2 m-2 and 114.4-574.1 m2 day m-2, 

respectively). This was in line with the genotypic variation in AGWB (1.37-3.65 Mg 

ha-1 in 2010 and 1.65-10.36 Mg ha-1 in 2011) as well as in Iint (10.6-29.7% in 2010 and 

30.43-80.59% in 2011). Genotype Hees was the best performing genotype; it showed 
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the highest values for LAImax, LAD, AGWB and Iint throughout the first rotation. 

Genotype Brandaris performed weakest. The RUE ranged between 0.54-1.46% (0.28-

0.76 g MJ-1) in 2010 and between 0.34-0.88% (0.21-0.45 g MJ-1) in 2011. 

Overall, genotypic as well as within-genotype variability decreased towards the 

second rotation (Figure 1.1.5, appendix 1), as indicated by a decreasing coefficient of 

variation for all studied parameters. For example, the genotypic variation in Iint 

gradually decreased with a progressively closing canopy. The genotypic variation in 

LAImax (4.05-7.59 m2 m-2 in 2012 and 4.17-6.16 m2 m-2 in 2013) and in LAD (355.0-

785.8 m2 day m-2 in 2012 and 449.5-803.8 m2 day m-2 in 2013) was considerable 

(almost twofold). The variation in LAImax and LAD was smaller than the threefold 

variation in AGWB in 2012 (5.93-15.28 Mg ha-1), but corresponded to the twofold 

variation in AGWB in 2013 (11.83-26.00 Mg ha-1). In contrast to the first rotation, this 

was not in line with the variation in Iint which varied only 5% in 2013. Genotypes 

Hees and Skado were among the best performers in 2012 (highest biomass yield); 

genotypes Bakan and Skado performed best in 2013. The lowest growth 

performance was observed in genotype Brandaris in 2012, in line with the first 

rotation. In 2013, genotypes Oudenberg and Grimminge scored lowest in terms of 

LAI development; genotypes Koster and Robusta had the lowest AGWB and RUE. The 

range of genotypic average RUE increased from 2012 (0.63-1.24% or 0.35-

0.68 g MJ-1) to 2013 (0.58-1.50% or 0.40-0.95 g MJ-1), with shifts in genotypic 

ranking.  

 

4. Discussion 

The average LAImax close to 1 during the establishment year was within the range of 

values reported for one-year old high-density poplar plantations (Michael et al., 

1988; Scarascia-Mugnozza et al., 1989). The values of LAImax observed during the 

subsequent years were comparable to values reported for various willow (Lindroth 

et al., 1994; Tharakan et al., 2008) and poplar SRCs (Al Afas et al., 2008; Ceulemans 

et al., 1996; Fischer et al., 2013; Liberloo et al., 2006; Petzold et al., 2010). The 

seasonal evolution of canopy development with a maximum near the end of the 

summer reflects the indeterminate deciduous growth habit of poplar and confirmed 

earlier reports for poplar (Ceulemans et al., 1996; Fischer et al., 2013; Guidi et al., 

2008; Howe et al., 2000) and willow (Lindroth et al., 1994; Tharakan et al., 2008). LAI 

and leaf area increment rate increased significantly after harvesting, confirming the 

positive effect of harvesting on canopy development and on canopy closure (Rae et 
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al., 2004; Tharakan et al., 2008). Reduced LAI after harvesting has only been 

observed in poplar as a result of insect damage (Proe et al., 2002).  

LAImax increased during the first rotation but saturated during the second rotation, 

which contrasts previous observations in poplar SRCs (Al Afas et al., 2008). This could 

be potentially explained by increasing self-shading and leaf shedding in the lower 

crown parts after canopy closure in the multi-stemmed culture after harvesting. 

From our observations, the crown depth moved upwards with the growing trees 

from the third to the fourth year, confirming this hypothesis; the leaves or canopy 

reached almost until soil level in the third year, while a considerable leafless part of 

the stems was observed in the lower crown parts in the fourth year. When radiation 

interception was higher than 90% LAI decreased after canopy closure in a willow SRC 

(Bullard et al., 2002). A saturating Iint with LAI confirmed that a further increase of 

LAI did not contribute to a higher radiation interception (Binkley et al., 2013). In SRC 

the annual radiation interception is influenced by early leaf display  (Proe et al., 

2002). The reduced LAI at the start of the growing season after harvesting was, 

however, largely compensated for by the accelerated canopy development, 

explaining the increasing Iint over the four years of the two rotations. 

Several potential causes explain the small discrepancies between the direct and 

indirect LAI measurements: (i) the rapid canopy closure in the multi-stemmed 

culture after harvesting could have caused early leaf fall due to shading of the lower 

crown parts, that were not collected in the leaf litter traps installed only at LAImax; (ii) 

larger amounts of leaf fall in the litter traps after harvesting enhanced leaf 

decomposition before emptying the litter traps; (iii) the multi-stemmed coppice 

structure hampered placement of the litter traps close the stump of the tree, which 

might have reduced the representativeness of the plot area covered by the litter 

traps; (iv) the multi-stemmed coppice structure increased the risk of shading the 

sensor by lower leaves and branches close to the sensor in the dense canopy; and (v) 

if weeds were not sufficiently trampled before executing the below-canopy light 

measurements, they might have caused an overestimation of the Iint of the poplar 

trees. Although both methods have their inherent limitations, we considered the 

indirect LAI values a validated representation of the effective LAI. 

The significant genotypic variation in canopy development (i.e. LAI and LAD; Dillen et 

al., 2009; Liberloo et al., 2005; Pellis et al., 2004a) and in light use (i.e. Iint and RUE; 

Deraedt & Ceulemans, 1998; Dillen et al., 2011b; Green et al., 2001; Paris et al., 

2011) confirmed previous observations in poplar. The smaller variation within 

related genotypes suggests a genetic control of the studied parameters. The possible 
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influence of cutting supplier (Table S.1) and quality of the cuttings (at the time of 

planting) were not tested in this study. Across genotypes, LAD, Iint and RUE were all 

strong and reliable determinants of biomass yield during the first rotation. The 

relative importance of RUE in explaining the variation in biomass yield increased 

during the second rotation, when LAI and Iint saturated. These results confirm 

previous observations of a strong correlation between RUE and AGWB, whereas Iint 

was unrelated to AGWB in high-density poplar plantations (Green et al., 2001). 

Similarly, lower AGWB rather than reduced LAI (and thus reduced Iint) negatively 

affected RUE in willow SRC in Sweden (Linderson et al., 2007). The relative 

importance of both Iint and RUE varies with levels of competition within the canopy 

in willow (Bullard et al., 2002; Tharakan et al., 2008). Maximum AGWB was achieved 

by a combination of high Iint and high RUE after harvesting (Tharakan et al., 2008). 

These results suggest that yield improvement by selecting genotypes for specific 

growth parameters should take planting density, and consequently canopy light 

penetration, into account.  

A strong correlation was found of both the LAI and LAD with the Iint, and this was 

confirmed by literature (Cannell, 1989). Canopy structure (leaf and branch 

morphology and orientation) seemed less important than the amount of foliage in 

high density plantations (Ceulemans et al., 1996). The RUE is determined by the LAI, 

LAD and canopy structure, but also by leaf photosynthetic capacity and by the 

allocation pattern of photosynthates to different tree compartments (chapter 1.2; 

Isebrands et al., 1983; Tschaplinski & Blake, 1989). Because no correlation was found 

between genotypic means of Iint and RUE, there might have been an effect of 

photosynthesis and/or allocation of photosynthates on the conversion efficiency of 

radiation energy in AGWB. Superior growth of poplar SRC is, however, not always 

associated with different allocation patterns (Dowell et al., 2009). Genotypic 

variation in photosynthesis is related to leaf structural (e.g. SLA) and biochemical 

(e.g. leaf N concentration) parameters (Broeckx et al., 2014a; Casella & Ceulemans, 

2002; Xu & Baldocchi, 2003). Significant genotypic differences have already been 

documented for SLA, leaf N concentration, maximum carboxylation rate and other 

photosynthetic parameters (Broeckx et al., 2014a; Broeckx et al., 2012a; Casella & 

Ceulemans, 2002; Verlinden et al., 2013a). 

Since the RUE values were based on the interception of I0, the values should be 

multiplied by approximately two in order to be compared to RUE values based on 

the interception of PAR (Cannell et al., 1987; Ceulemans et al., 1996). Doubled 

values were very high during the establishment year as compared to the 
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establishment year of another poplar SRC (Deraedt & Ceulemans, 1998). This 

difference could be due to the favourable growth conditions (high nutrient 

availability of former agricultural land). These conditions lead to high survival and 

growth rates (Verlinden et al., 2013a) and also to a potentially favoured allocation of 

photosynthates to above-ground biomass (Broeckx et al., 2012a). However, the RUE 

observed in this study was in the lower end of the range reported for well-

established poplar and willow SRC cultures (Bullard et al., 2002; Ceulemans et al., 

1996; Green et al., 2001; Heilman et al., 1996; Ruimy et al., 1994; Tharakan et al., 

2008). Overall, the plantation average RUE of 0.7% in the first rotation and 1% in the 

second rotation was in line with the RUE of less than 1% for most woody species 

reported by Larcher (2003). The decrease in RUE from the first to the second year 

might be explained by several short periods of dry soil conditions, combined with 

high I0 in the second year, thereby limiting canopy development (Broeckx et al., 

2014b). The high genotypic variation in RUE during the first year could be attributed 

to genotypic differences in cutting quality (diameter, water content, rooting 

capacity, etc.), thereby giving rise to different allocation patterns of dry matter. The 

increase of RUE after the harvest was potentially the result of the higher carbon 

stocks in the roots, the high photosynthetic rates of the resprouting stools and the 

limited self-shading shortly after the harvest (Ceulemans et al., 1996). 

In conclusion, harvesting enhanced leaf area development, radiation interception 

and woody biomass productivity of the POPFULL SRC. High total leaf area and RUE 

equally contributed to the high biomass yield during the establishment years, while 

RUE became the most important determinant of biomass yield after harvesting. The 

absence of a correlation between Iint and RUE suggests the potential of selecting for 

genotypes combining high LAI and photosynthetic capacity to maximize yield and 

sustainability of poplar SRCs. 
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Chapter 1.2. Allocation patterns of dry mass and nutrients in proleptic 

branches and leaves of a short-rotation coppice 

 

This chapter was based on: 

Vanbeveren, SPP*, R Gebauer*, R Plichta, D Volarik and R Ceulemans (2016) 

Nutrients and energy in proleptic branches and leaves of poplar under a short-

rotation coppice. Biomass & Bioenergy 85: 271-277. 

* Both authors equally contributed to this publication 

 

 

 

 

 

 

 

 

 

 

Renewable energy is often generated from biomass, produced in short-rotation coppice (SRC) cultures. 

These cultures are frequently established on former agricultural land with ample availability of plant 

nutrients as nitrogen, phosphorous, potassium, calcium and magnesium. Nevertheless, little is known 

about the annual recycling of these nutrients through the leaves, as well as about the amounts that are 

removed at harvest. We therefore quantified soil nutrient concentrations, as well as nutrient 

concentrations and the gross calorific value of the proleptic branches and of the leaves of 12 poplar 

(Populus) genotypes in the second rotation of an operational SRC (with two-year rotations). For the 

produced leaf biomass, we also quantified the standing energy stock and the nutrient stock of each 

genotype. After four years the P, K, Ca and Mg soil concentrations had not significantly changed, while 

the N concentration at 30-60 cm of soil depth had significantly increased. On average, the standing 

aboveground woody biomass of the 12 genotypes in 2013 was 13.75 Mg ha
-1

 and the total leaf biomass 

was 3.54 Mg ha
-1

. This resulted in an average standing energy stock in the leaves of 64.8 GJ ha
-1

. 

Nutrient concentrations were lower in the proleptic branches as compared to the leaves, but the 

proleptic branches and leaf nutrient concentrations significantly varied among the genotypes.   
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1. Introduction 

SRC planted on converted agricultural land can benefit from the usually intensive 

fertilisation that was previously applied because the soil likely contains high 

amounts of macronutrients (Balasus et al., 2012; Hofmann-Schielle et al., 1999; Jug 

et al., 1999). However, the nutrient recycling in, and the nutrient losses from, SRC 

are not yet fully established. The quantification of nutrient fluxes in managed 

ecosystems is very important for assessing the fertilisation requirements (Hagen-

Thorn et al., 2004; Lodhiyal & Lodhiyal, 1997; Paris et al., 2015) because fertilisation 

is the most energy-consuming process in the life cycle of an SRC (Balasus et al., 2012; 

Dillen et al., 2013). 

Each time an SRC is harvested, a multitude of shoots emerges from every stump. 

Following the principle of self-thinning during the following rotation, the number of 

shoots per stump declines (Laureysens et al., 2005). As a consequence, and because 

the relative amount of bark increases with decreasing shoot diameter, the 

proportion of bark to wood is much higher in SRC than in traditional forestry (Guidi 

et al., 2008). As bark contains much higher nutrient concentrations than bole wood 

(Morhart et al., 2013; Paris et al., 2015; Tharakan et al., 2003), this leads to a 

relatively larger nutrient removal and, consequently, to a higher nutrient 

requirement for trees grown as SRC (Jug et al., 1999; Lodhiyal & Lodhiyal, 1997; Paris 

et al., 2015). In traditional forestry, managers strive to achieve the lowest amount of 

bark in the harvested wood, because bark also reduces the combustion quality of 

the fuel wood (Tharakan et al., 2003). Harvesting of leafless shoots is usually done in 

winter; this facilitates the mechanised process of harvesting and increases the 

combustion quality of the woody biomass in the burner. In this way, foliar nutrients 

are returned to the roots or to the soil (Lodhiyal & Lodhiyal, 1997; Rytter, 2002). On 

the other hand, leaves could also be considered as a source of harvestable energy 

(Forrest & Moore, 2008). In winter, soils are more likely to be frozen, thus 

minimising soil compaction (Chapter 2.2).  

The aim of this study was to quantify the amounts of dry mass and of nutrients in 

the leaves and proleptic branches (PB) of 12 different poplar genotypes under SRC. 

Reliable data on stand and nutrient dynamics are scarce (Meiresonne et al., 2007; 

Wang et al., 1995) and they rarely take genotypic differences into account (Rytter & 

Stener, 2003). Nevertheless, these differences are essential for making correct 

decisions about fertiliser application (Rytter, 2002) and thus, sustainable 

management. 
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2. Materials and methods 

To study the dry matter (DM) allocation pattern in the above-ground biomass, data 

from chapter 1.1 on above-ground woody biomass (AGWB) and leaf biomass were 

extracted. For the AGWB the difference in AGWB between 2012 and 2013 was used 

as the AGWB increment in 2013. The total leaf biomass in 2013 was obtained by 

dividing the seasonal maximum leaf area index (LAImax) by the specific leaf area (SLA; 

chapter 1.1). The total leaf biomass was further divided by the AGWB to obtain the 

relative amount of total above-ground DM allocated to the leaves. 

Wood and leaf samples were taken to analyse the nutrient allocation pattern in the 

above-ground biomass. Therefore, we collected representative wood and leaf 

samples of all 12 genotypes from 4-8 November 2013. For every genotype, ten PB 

(each from a different, randomly selected 

stool and stem) were collected from the top 

of the crown (Figure 1.2.1). All samples were 

taken on areas were the previous land use 

was grassland pasture to minimise the 

influence from this variable (Verlinden et al., 

2013b). The basal diameter of all branches 

was measured with a digital calliper (type 

CD-20PSX, Mitutoyo Corporation, Japan; 

Table 1.2.1). The collected PB were sampled 

as they represented the majority of the 

AGWB produced in 2013, and thus were the 

most relevant parts for analyses. However, 

we did not consider the difference in field 

stocking between 2013 and 2012 a viable 

measure for the total amount of biomass 

produced as PB in 2013. Five leaves attached 

to five different PB (chosen at random), or 

for leafless PB five leaves freshly fallen on 

the ground, were sampled (with a total of 25 

leaves per genotype).  

Table 1.2.1 Average diameters 

(±  standard deviation) at the base 

of the proleptic branches 

collected in 2013. 

 

Genotype Ø (mm) 

Bakan 11.96 (1.38) 

Brandaris 8.62 (1.28) 

Ellert 7.97 (0.88) 

Grimminge 10.7 (0.78) 

Hees 11.01 (1.21) 

Koster 9.52 (0.88) 

Muur 9.65 (1.36) 

Oudenberg 10.27 (1.24) 

Robusta 8.47 (1.29) 

Skado 12.54 (1.14) 

Vesten 10.53 (0.93) 

Wolterson 8.03 (0.91) 
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Figure 1.2.1 Schematic representation of a two-year old poplar stool in 
November 2013. Stumps were four years old at the time of sampling 
(November 2013). Parts below the circles (full lines) present the stem 
wood formed in 2012 (first year of the second rotation), parts above 
the circles (dashed lines) present the current-year shoots formed in 
2013. The term shoot refers to the combination of the main axis and all 
proleptic and sylleptic branches (modified after Wu & Hinckley, 2001). 

 

All samples were oven dried at 70 °C until constant DM weight. Dry PB and leaves 

were separately milled and sieved at 2 mm. At least 6 gDM per sample was used for 

nutrient analysis. The N concentration was measured by the Kjeldahl digestion 

method, while concentrations of P, K, Ca and Mg were measured by atomic 

absorption spectrophotometry. Concentrations were analysed twice per genotype, 

once on a mixture of all sampled leaves and once on a mixture of all sampled PB. A 

correlation matrix was constructed in R to test whether nutrient concentrations in 

PB and leaves were correlated. Nutrient concentrations were considered inter-

correlated when r did not fall between -0.5 and 0.5. The total nutrient stocks for 

leaves were obtained by multiplying the nutrient concentrations with the total leaf 

DM. The total nutrient stock for AGWB was not calculated because there was no 

extrapolation factor available from PB to AGWB. For visualisation purposes, the 

nutrient concentrations in leaves were subtracted from the nutrient concentrations 

in the PB. Differences between concentrations in leaves and proleptic branches were 

analysed in R with paired t-tests.  
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To determine the gross calorific value (GCV) all PB and leaf samples were further 

dried at 105 °C, cooled to room temperature (21 °C) in a closed box with a desiccator 

and pelleted with a hand press made by the Mendel University in Brno (Czech 

Republic). Pellets of 1.2-1.5 gDM were analysed with an automatic isoperibol 

calorimeter (Parr 6400, Parr Instrument Company, USA) in three replicates. The GCV 

was multiplied by the total leaf biomass to obtain the standing energy stock. As for 

the total nutrient stock, the total energy stock could not be calculated for the 

AGWB. We calculated the coefficient of variance (COV) for each trait as the ratio of 

its standard deviation to its average.  

 

3. Results 

On average 14.01 ± 3.58 MgDM ha-1 of AGWB and 3.5 ± 0.64 MgDM ha-1 of leaf 

biomass were produced by the 12 genotypes in 2013 (Table 1.2.2). A large COV value 

(26%) was observed among genotypes for AGWB, while the genotypic variation in 

leaf biomass was lower (COV of 18%). In 2013, the AGWB ranged from                   

8.52 MgDM ha-1 (Brandaris) to 21.93 MgDM ha-1 (Skado), and the total leaf biomass 

ranged from 2.65 MgDM ha-1 (Brandaris) to 4.96 MgDM ha-1 (Bakan). The more 

productive a genotype, the lower the proportion of above-ground biomass it yearly 

allocated to leaves. The lowest yielding genotypes (Brandaris and Robusta; AGWB 

≤ 11 MgDM ha-1 y-1) allocated the highest proportion of above-ground biomass to 

leaves (31 and 36%, respectively). Genotype Hees (yielding 16 MgDM ha-1 y-1) 

allocated the lowest proportion of above-ground biomass to leaves (19%). All 

genotypes roughly followed this trend, except for genotype Bakan, which combined 

a high yield (18 MgDM ha-1 y-1) with a high proportion of leaf biomass (27%).  

The GCV showed little variation among genotypes, and between PB and leaves; 

standard deviations and COVs were close to zero (Table 1.2.2). The average GCV for 

PB was 18.45 MJ kg-1 and ranged from 17.77 (genotype Wolterson) to 18.89 MJ kg-1 

(genotype Koster). For leaves, the GCV ranged from 17.68 (genotype Muur) to 

18.77 MJ kg-1 (genotype Skado) and was on average 18.16 MJ kg-1. Therefore, the 

variation in leaf field energy stocking (on average 64.78 GJ ha-1) was mainly 

determined by, and followed the same trends as, the variation in total leaf biomass.  

All nutrient concentrations were significantly higher in leaves as compared to PB, 

with the exception of the P concentration in genotype Muur (Appendix 2; 

Figure 1.2.2). The p-values for the difference in N, K, Ca and Mg concentration were 
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< 0.001 and the p-value for the difference in the P concentration was 0.012. The Ca 

concentration in the PB and the P concentration in the leaves were the most 

variable, while the PB P and the leaf N concentrations were the least variable 

nutrients within the studied genotypes.  

 

Table 1.2.2 Above-ground woody biomass (AGWB) and leaf field stocking, gross calorific value of the 

proleptic branches (PB) and the leaves, and field energy stocking of the leaves for the 12 poplar 

genotypes in the short-rotation coppice in November 2013 (second year of the second rotation). St.dev. 

= standard deviation, COV = coefficient of variance. 

  Field stocking Gross calorific value 
Field energy 

stocking 

  
  

(Mg ha-1 y-1) (%) (MJ kg-1) (GJ ha-1) 

AGWB Leaves  PB Leaves Leaves 

Bakan 18.08 4.96 27 18.40 18.53 91.90 

Brandaris 8.52 2.65 31 18.87 18.69 49.44 

Ellert 12.14 3.12 26 18.80 18.13 56.64 

Grimminge 13.09 3.85 29 18.73 18.48 71.14 

Hees 16.30 3.11 19 18.30 17.94 55.79 

Koster 11.86 3.49 29 18.89 18.26 63.77 

Muur 13.52 3.09 23 18.53 17.68 54.63 

Oudenberg 14.56 3.00 21 18.51 18.03 54.07 

Robusta 10.24 3.70 36 17.84 18.09 66.84 

Skado 21.93 4.35 20 18.61 18.77 81.75 

Vesten 12.86 3.65 28 18.11 17.72 64.72 

Wolterson 15.05 3.62 24 17.77 18.45 66.72 

Average 14.01 3.55 25 18.45 18.23 64.78 

St.dev. 3.58 0.64 5 0.38 0.36 12.33 

COV (%) 26 18 20 2 2 19 

 

 

The leaf N concentration was significantly and positively correlated with the leaf Mg 

concentration (r = 0.66, p = 0.021), and significantly and negatively correlated with 

the PB Ca concentration (r = -0.78, p = 0.003) (Figure 1.2.3). There were no other 

significant correlations among nutrient concentrations. 
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Figure 1.2.2 Difference in nutrient concentrations (in g kg
-1

) between proleptic 

branches and leaves for 12 poplar genotypes collected in November 2013 at the 

POPFULL short-rotation coppice. Dashed lines represent the average values for all 12 

genotypes.  
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Figure 1.2.3 Correlation matrix among nutrient concentrations (g kg
-1

) of proleptic branches (PB) and 

leaves of 12 poplar genotypes. The r-value (Pearson‘s correlation coefficient) ranged from -1 (negative 

correlation) to +1 (positive correlation). The p-value represents the significance of the r-value. Grey 

boxes: r < 0.5, black boxes: 0.5 < r < 0.6, bold boxes: r > 0.6. The values on the X- and Y-axes represent 

the range confining the specific nutrient concentration. 

 

4. Discussion 

The nutrient concentrations of the 12 genotypes corresponded well with values 

reported for poplar in the literature. For the PB of this study the N, P and K 

concentrations were similar to other values for stems (N: 2.15-10.00; P: 0.28-1.49; K: 

1.56-5.19 g kg-1) (Jug et al., 1999; Tharakan et al., 2003), the Ca concentration 

conformed to wood values (1.96-6.30 g kg-1) (Morhart et al., 2013; Wang et al., 

1995) and the Mg concentration resembled bark values (0.68-1.48 g kg-1) (Morhart 

et al., 2013; Tharakan et al., 2003; Wang et al., 1995). The nutrient concentrations in 

PB and leaves were closer to the highest reported values in literature, which may 

reflect the high initial soil nutrient concentrations at the POPFULL SRC (Tharakan et 

al., 2003). At the POPFULL SRC nutrient concentrations in leaves were significantly 

higher than those in PB and in stems in general, confirming literature (Danielsen & 

Polle, 2014; Gruppe et al., 1999; Lodhiyal & Lodhiyal, 1997; Meiresonne et al., 2007; 
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Wang et al., 1995). The only exception was the higher P concentration in PB for 

genotype Muur. This might be related to a different allocation pattern (Sardans & 

Penuelas, 2013), but as this result is so exceptional as compared to the other 

genotypes, a methodological error can not be excluded as a possible explanation. 

Although nutrient concentrations corresponded well with literature, care should be 

taken with comparisons. Firstly, different studies separated trees into different 

compartments: while leaves were compared to PB of two-year-old stems here, other 

studies examined stems and bark (Tharakan et al., 2003) or stems and branches 

(Berthelot et al., 2000; Rytter & Stener, 2003). Secondly, it is not always clear how 

trees are compartmentalised, whether top sections (the terminal leaders) are 

included in the stems or in the branches. Thirdly, the height at which stem samples 

are collected is important (Liu et al., 2015; Rytter, 2002), as is the age of the sampled 

trees (Martin-Garcia et al., 2012) and the season of sampling (Gebauer et al., 2012). 

Fourthly, the poplar genotypes used in various studies all have different nutrient use 

efficiencies (Rytter & Stener, 2003; Tharakan et al., 2003) and few studies have 

performed genotypic comparisons (Hagen-Thorn et al., 2004; Paris et al., 2015; 

Rytter, 2002).   

Although a balanced nutrient accumulation is essential for plant growth (Ramage & 

Williams, 2002), only two correlations between nutrient concentrations within 

leaves, and between leaves and PB were found. The reason could be the 

translocation of nutrients from leaves to lower stem parts and roots before leaf fall 

(Gebauer et al., 2012). The leaf N was positively correlated to the leaf Mg 

concentration, as both play an important role in the structure of chlorophyll. The 

same is true for the correlation in Mg between leaves and PB, as well as for leaf Mg 

and PB N, because current-year branches of poplar are known to do photosynthesis. 

The negative correlation between PB Ca and leaf Mg is probably due to the 

antagonistic effect of Ca and Mg in hydration, which might indirectly explain the 

correlations between Ca and N in leaves and PB (Larcher, 2003). 

Due to the different mobility of different nutrients, these relationships might be 

different in functional leaves. It is important to note that the lowest and the highest 

nutrient concentrations were found for different genotypes, making it important to 

match genotype to soil composition. Nevertheless, care should be taken with 

generalisations: the nutrient uptake and biomass increment of different genotypes 

could be different on different soil types with different nutrient concentrations and 

ratios among nutrients. Although poplar has lower nutrient concentrations when 

compared to other biomass fuels (e.g. switchgrass; Jenkins et al., 1998) its wood has 
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higher nutrient concentrations than willow (Tharakan et al., 2003). Selecting 

genotypes with low nutrient concentrations in the woody biomass not only benefits 

the sustainability of the soil nutritional status, but also enhances the feedstock 

quality (Rytter & Stener, 2003; Tharakan et al., 2003). This enhanced feedstock 

quality decreases the fouling and corrosion processes on furnace walls and increases 

the ash quality because of lower P, K, Ca and Mg concentrations (Liu et al., 2015).  

When SRC is planted for phytoremediation applications, leaves may be removed 

before or during harvest with the aim of extracting as many pollutants as possible 

(Hu et al., 2014; Jakovljevic et al., 2014; Van Slycken et al., 2013). From an energy 

point of view, this would mean that in 2013 on average 64.4 GJ ha-1 could have been 

extracted as leaves from the POPFULL SRC. However, this would have inherently 

increased the nutrient extraction rates with on average 69.8 (N), 6.8 (P), 51.6 (K), 

42.4 (Ca) and 10.2 (Mg) kg ha-1 y-1. To get an idea of the amount of nutrients 

removed with the AGWB at each harvest, concentrations in the different woody 

parts of the shoot should be quantified at the time of harvest.  

In conclusion, our results showed that all genotypes allocated the highest amount of 

dry mass to PB. All nutrient concentrations were higher in leaves as compared to PB 

for all genotypes, except for the P concentration in genotype Muur. Furthermore, 

the variability in nutrient concentrations in both leaves and PB differed among the 

studied genotypes. The GCV was comparable between leaves and PB and between 

genotypes. 
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Chapter 1.3. Four different approaches to assess the phenology of a 

short-rotation coppice 

 

This chapter was based on: 

Vanbeveren, SPP, J Bloemen, M Balzarolo, LS Broeckx, I Sarzi-Falchi, MS Verlinden 

and R Ceulemans (2016) A comparative study of four approaches to assess 

phenology of Populus in a short-rotation coppice culture. iForest - Biogeosciences 

and Forestry 9: 682-689. 

 

 

 

 

 

 

 

 

 

 

 

We compared four different approaches to assess phenology in a short-rotation coppice culture with 12 

poplar (Populus) genotypes. The four approaches quantified phenology at different spatial scales and 

with different temporal resolutions: (i) visual observations of bud phenology, (ii) measurements of leaf 

area index, (iii) webcam images, and (iv) satellite images. For validation purposes we applied the four 

approaches during two years: the year preceding a coppice event and the year following the coppice 

event. The delayed spring greenup and the faster canopy development in the year after the coppice (as 

compared to the year before the coppice) were similarly quantified by the four approaches. The four 

approaches yielded very similar seasonal changes in phenology, but caution was needed when 

comparing approaches with different spatial scales and temporal resolution. The onset of autumn 

senescence after the coppice remained the same according to the bud set observations as in the year 

before coppice, but it started earlier according to the webcam images, and later according to the MODIS 

images. In comparison to the year before the coppice, the growing season – in terms of leaf area 

duration – was shorter in the year after the coppice, while leaf area index was higher.  
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1. Introduction 

Phenology is defined as the study of the timing of recurrent biological events, e.g. 

alternating periods of active growth and dormancy in deciduous trees in temperate 

regions (Richardson et al., 2013). These recurrent biological events are controlled by 

genes (Neeman, 1993), by the local climate and by meteorological conditions (Diez 

et al., 2014; Hakkinen et al., 1998; Sainte-Marie et al., 2014), as well as by 

community structure and competition (Richardson et al., 2013). Phenology is being 

used as an integrative measure of plant responses to environmental changes 

(Richardson et al., 2013; Schwartz, 2013). The timings of bud burst and bud set are 

adapted to the local climate (Hamann, 2004; Vitasse et al., 2014). They are crucial 

for tree growth (Seiwa, 1998), for survival (Junttila & Hanninen, 2012; Partanen et 

al., 1998; Pauley & Perry, 1954), and for reproduction (Brearley et al., 2007; Koenig 

et al., 2012). In the genus Populus there is a large genotypic variation in and a strong 

genetic control of the timing of bud burst (Frewen et al., 2000; Pellis et al., 2004a) 

and of bud set (Rohde et al., 2011a; Rohde et al., 2011b). In the case of SRC, 

harvesting is the most influential, recurrent anthropogenic factor. However, data 

about  the impact of harvesting on phenology are largely missing (Pellis et al., 

2004b).  

Plant phenology is quantified via different approaches at different spatial scales and 

with different temporal resolutions. Visual field observations of single species are 

the oldest and the most direct approach (Root et al., 2003; Sparks & Carey, 1995). 

The monitoring of plant area index (PAI) of experimental areas of limited size is also 

used to quantify phenology (Al Afas et al., 2005; Dunlap et al., 1995; Richardson et 

al., 2009b). More recently, flux measurements (Migliavacca et al., 2011; Sonnentag 

et al., 2012) and digital repeated photography (Hufkens et al., 2012; Keenan et al., 

2014; Klosterman et al., 2014; Richardson et al., 2009a; Richardson et al., 2007) 

automated phenological observations and increased the spatial scale to larger 

aggregate levels. The use of satellite images – remote sensing s.s. – represents the 

most recent advanced approach in phenological studies, extending the spatial scale 

to continents (Jeganathan et al., 2014) and the temporal scale to decades (Everill et 

al., 2014; Myneni et al., 1997; Wu et al., 2014). Only a few studies have compared 

different methods to monitor the phenology of forest ecosystems (Fisher & 

Mustard, 2007; Klosterman et al., 2014), although this is of particular interest for the 

validation of satellite images (Soudani et al., 2012). At present we lack such 

methodological comparisons for intensively managed ecosystems as SRCs.   
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In this chapter four approaches were applied to the POPFULL SRC over two distinct 

years, i.e.  the year before and the year after the first harvest (2011 and 2012, 

respectively). The four approaches were: (i) visual observations of bud phenology, 

(ii) measurements of PAI, (iii) webcam images, and (iv) satellite images.  

 

2. Materials and methods 

Visual observations of bud phenology 

Bud burst and bud set were visually and intensively scored per genotype during the 

spring and the autumn, in the year before and after the first harvest of the POPFULL 

SRC (cfr. part 1). A bud burst scoring system with five discrete classes was applied, 

which was previously validated for poplar (Pellis et al., 2004b; Turok et al., 1996) 

(Figure 1.3.1). During the spring of 2011 (late February-mid May) the gradual process 

of bud burst and leaf development was quantified each week by assigning scores to 

eight plots of four trees per genotype. One average value per plot was given upon 

visual observation of the four trees defined as one plot. The location of these plots 

was the same as the location for the PAI measurements (Figure 1.1.1). Bud burst 

scores per genotype were calculated by averaging the values from the eight plots 

per genotype per day of year (DOY). In the spring of 2012 (early April-mid May) one 

of the five scores was assigned to each monogenotypic block as a whole on a weekly 

basis. This was done by walking through each monogenotypic block and visually 

assigning one score. In 2011 observations were made on the buds of the upper part 

of the main current-year axis, while in 2012 observations were made on the buds 

emerging from the stools.  

Autumn phenology, i.e. the end of tree height growth and leaf production, was 

assessed using a bud set scoring system with seven discrete classes, which had also 

been validated for poplar (Rohde et al., 2011b) (Figure 1.3.2). Analogously to bud 

burst, scores were assigned each week to eight plots of four trees of each genotype 

in the autumn of 2011 (late August-early October). One average value per plot was 

given upon visual observation of the four trees defined as one plot. The location of 

these plots was the same as the location for the PAI measurements (Figure 1.1.1). 

Bud burst scores per genotype were calculated by averaging the values from the 

eight plots per genotype per day of year (DOY). In the autumn of 2012 (late August-

mid October) two plots of four trees were assigned one of the seven classes on a 

weekly basis and these values were averaged per DOY. As for the bud burst scoring, 
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the apical bud on the main current-year axis in 2011 and the apical buds on all 

resprouting axes in 2012 were scored. 

 

Figure 1.3.1 The five discrete classes used for scoring bud burst in poplar. (1) 

Dormant bud completely encapsulated by the bud scales; completely dry outlook 

and brown colour. (2) Buds sprouting, with a tip of the small leaves emerging out of 

the scales; leaves cannot be observed individually. (3) Buds completely opened with 

leaves still clustered together; scales still present; leaves individually visible, but 

folded. (4) Leaves diverging with their blades still rolled up; scales may be present or 

absent; folded leaves, starting to open; leaf venation visible. (5) Leaves completely 

unfolded (but smaller in size than mature ones); lengthening of the axis of the shoot 

evident; scales absent; development of leaves from the elongation of the lateral 

branch. (Pellis et al., 2004b; Turok et al., 1996). 

 

 

Figure 1.3.2 The seven discrete classes used for scoring bud set in poplar. (3) Apical shoot fully growing, 

>2 rolled-up young leaves. (2.5) Last leaves still rolled-up, last leaves at equal height, internodes become 

shorter. (2) Shoot/internode growth reduced, second last leaf fully stretched, last leaf bright green. (1.5) 

Transition from shoot to bud structure, colour of second last leaf is comparable to older leaves, last leaf 

partially rolled. (1) Apical bud not fully closed, bud scales predominantly green, no more rolled-up 

leaves. (0.5) Apical bud fully closed, colour between green and red, stipules of the two last leaves still 

green. (0) Apical bud red-brown. (Pellis et al., 2004b; Turok et al., 1996).  
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Measurements of the plant area index 

Leaf area development was assessed in 2011 and 2012 at the POFULL SRC using 

indirect measurements of the PAI, as described in chapter 1.1. In both years, 96 plots 

(8 replicates per genotype) were regularly (± two-weekly) monitored by measuring 

two diagonal transects of three readings each time. One PAI value was generated 

per plot and these generated one average PAI value for the entire POPFULL SRC. 

 

Webcam image acquisition 

Webcam images were obtained using a standard, commercially available webcam 

(type P1344, Axis Communications AB, Sweden) mounted in a weatherproof 

enclosure. The webcam was installed on a telescopic mast at a height of 4 m, facing 

West-Southwest and set at an angle of 20° below horizontal (Hufkens et al., 2012). 

The webcam remained in the same position and orientation throughout 2011 and 

2012. Images were collected every day at 10:00 AM (solar time), stored as minimally 

compressed JPEG files (1024 x 768 pixels) and analysis was performed on a 

rectangular region of interest (ROI) (Figure 1.3.3). Images with raindrops or direct 

sunlight on the lens were discarded, keeping 323 (out of 365) images for 2011 and 

331 (out of 366) images for 2012.  

The phenocam Matlab script available at http://phenocam.sr.unh.edu/webcam/ was 

used to analyse the digital image files (Richardson et al., 2007). Webcam colour 

channel information (i.e. digital numbers, DNs) was extracted from the JPEG files 

and averaged across the ROI for the red, green and blue (RGB) colour channel and 

expressed in %. The overall brightness of the ROI was calculated as the sum of the 

DN of the three colour channels (Equation 1.3.1). The relative channel brightness of 

each channel (i.e. channel %) was calculated by dividing the channel DN by the total 

RGB DN (Richardson et al., 2007) (Equation 1.3.2). For the ROI of each image the 

excess green index (ExG) was calculated as the difference in divergence of both the 

red and the blue channels from the green channel % as described by Richardson et 

al. (2007) (Equation 1.3.3). This index is commonly used to discriminate leaf cover 

from the soil background in forest canopy phenology studies (Hufkens et al., 2012). 

 Total RGB DN = red DN +  green DN + blue DN            (Equation 1.3.1) 
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Channel % =  
Channel DN

Total RGB DN
               (Equation 1.3.2) 

ExG =  2 × green DN − (red DN + blue DN)             (Equation 1.3.3) 

 

 

Figure 1.3.3 Example of a webcam image (22 September 2012) of the POPFULL short-rotation coppice. 

The region of interest used for the analysis is indicated by the black rectangle. 

 

Using the method described by Zhang et al. (2003) and applied by Hufkens et al. 

(2012), the DOY phenophase transition dates were estimated as follows: (i) ExGin, 

the date of spring onset; (ii) ExGmax, when maximum green leaf area was reached; 

(iii) ExGde, the date when photosynthetic activity and green leaf area began to 

rapidly decline; (iv) ExGmin, the date at which physiological activity became near to 

zero. To determine the transition dates, we used the ExG data spanning the period 

between DOY 50-150 (in 2011) and DOY 100-200 (in 2012) for the spring and DOY 

250-366 for the autumn (in both years). A single sigmoidal curve was fitted to the 

data in R, from which phenophase transition dates were extracted (Zhang et al., 

2003). Phenophase transition dates were defined as the moments when the rate of 
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change in curvature in the ExG exhibited minimum and maximum values (Zhang et 

al., 2003). Greenup (defined as ExGmax - ExGin) and senescence (defined as ExGmin - 

ExGde) duration were calculated to provide information about leaf development in 

spring and leaf shedding in autumn (Hufkens et al., 2012). LAD (calculated as ExGmin - 

ExGin) was determined as an indicator of the length of the growing season. 

Satellite image processing 

The normalised difference vegetation index (NDVI; Equation 1.3.4) and the wide 

dynamic range vegetation index (WDRVI; Equation 1.3.5) were calculated from a 

database of MOD09GQ pixels (i.e. daily earth surface reflectance data). Each 

MOD09GQ pixel contained daily red and near-infrared (nir) reflectance data at a 

250 m resolution as well as additional information (a.o. on image quality and 

number of observations). Moderate-resolution imaging spectroradiometer (MODIS) 

data were ordered and downloaded via the MODIS adaptive processing system 

website. One pixel – georeferenced to the POPFULL SRC – was extracted for each 

day of 2011 and 2012. For the MODIS data quality check we used the available 

information retrieved in the MOD09GQ for band 1 (620-670 nm; nir) and band 2 

(841-871 nm; red). MOD09A1 pixel values represent the optimal reflectance values 

within a time window of 8-days. Only the pixels with the highest quality (e.g. clear 

sky conditions without snow) and flagged as ‘good’ were selected and retained for 

further use. The MODIS data processing was compiled using MATLAB (MathWorks, 

Natick, Massachusetts, US). The method described by Zhang et al. (2003) was used 

to derive the phenological transition dates from MODIS vegetation indices time 

series.  

NDVI =
ρnir − ρred

ρnir + ρred
              (Rouse et al. (1974); Equation 1.3.4) 

WDRVI =
α ∗ ρnir − ρred

α ∗ ρnir+ ρred
     (Gitelson (2004); Equation 1.3.5) 

where ρnir and ρred are reflectance values for respectively MODIS band 1 and band 2, 

and α is a weighing factor of 0.2 for row crops (Viña et al., 2004).  

 

3. Results 

The phenology assessed at bud and at plant level showed similar seasonal trends in 

2011 (the year before the first harvest) and 2012 (the year after the first harvest). 
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Bud burst (Figure 1.3.4a) occurred at DOY 50-125 in 2011 and was lagged till DOY 75-

150 in 2012. This lag time was the result of the harvesting in February 2012, as new 

buds had to be formed from meristematic cells on the harvested stools. Bud set, 

however, occurred in both years at DOY 225-275. In 2011, the indirectly measured 

PAI started to increase around the same time as the bud burst (Figure 1.3.4b). The 

2011 maximum PAI (2.4) was reached by the time bud set was completed. The direct 

effect of the harvest was evidenced by the PAI data, because these dropped from 

0.33 (i.e. the BAI) to zero on DOY 33-34, the days on which the harvest was 

executed. In 2012, the onset of spring greenup could not be monitored by indirect 

PAI measurements because leaves were too close to the ground, hence inhibiting 

correct below-canopy light measurements. The 2012 maximum PAI (5.7) was again 

reached by the time bud set was completed in 2012. 

The relative channel brightness derived from the webcam images showed several 

clear phenological patterns (Figure 1.3.4c). Taking into account the day-to-day 

variations, the red % decreased between DOY 75-125 (2011) and DOY 100-150 

(2012); the autumn red signal was visible around DOY 325 in both years. Apart from 

minor day-to-day variations, the blue % remained fairly constant over both years. 

The green % had the least day-to-day variations, and showed a trend opposing the 

one observed for the red %. The green % dynamics were more expressed by the ExG 

(Figure 1.3.4c). Spring greenup in 2011 occurred in the last half of the period as 

quantified by the bud burst and PAI, while the leaf colours gradually changed 

between DOY 225 and 350. Spring greenup took off after bud burst was completed 

in 2012, while the leaf colours changed as gradually as in 2011. The effect of 

harvesting is both directly and indirectly visible from our data. It is directly visible 

because the red, green and blue % converged to 33% (typical for snow cover on a 

bare soil) at the moment of the harvest. In an indirect way, the harvest postponed 

the onset of spring greenup in 2012, thereby shortening the LAD by 63 days (as 

compared to 2011) and the maximum seasonal ExG increased from 78 in 2011 to 93 

in 2012 (Table 1.3.1). The maximum seasonal ExG values were reached earlier in the 

season in both years as compared to the maximum seasonal PAI values.   
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Table 1.3.1 Dates of different phenological events derived from webcam and satellite (NDVI and 

WDRVI) images in 2011 (the year before harvesting) and in 2012 (the year after harvesting). All 

dates are expressed in terms of day of year (DOY). NDVI = normalized difference vegetation index, 

WDRVI = wide dynamic range vegetation index. 

  Webcam NDVI WDRVI 

  2011 2012 2011 2012 2011 2012 

Onset of spring greenup  65 121 64 104 80 148 

Start of maximum greenness  131 178 184 200 200 200 

Start of senescence  221 200 208 232 224 240 

Start of minimum greenness  356 349 352 336 360 304 

 

The NDVI and the WDRVI showed very comparable – but weak – seasonal patterns in 

both years (Figure 1.3.4d). The phenological transition dates did not match visual 

interpretation of the results. Nevertheless, the NDVI transition dates confined the 

growing seasons within the same limits as shown by the webcam in 2011, while the 

WDRVI transition dates showed a lag phase of ≈ 20 days (Table 1.3.1). In 2012 the 

webcam results reached their peak values ≈ 15 days later than the NDVI and the 

WDRVI quantified the growing season as starting later (≈ 25 days) and being shorter 

(≈ 70 days) than the growing season as quantified by the webcam. The transition 

dates derived from both the NDVI and the WDRVI showed that the growing season 

started later (40 and 68 days, respectively) and ended earlier (16 and 64 days, 

respectively) in 2012 as compared to 2011. Both MODIS vegetation indices were not 

accurate enough to identify the timing of the harvest. The doubling of the maximum 

seasonal PAI value from 2011 to 2012 was neither translated in a doubling of the 

NDVI nor of the WDRVI; the NDVI and the WDRVI only slightly increased. The WDRVI 

was lower than the NDVI at LAI < 2, while the trend was the reverse at LAI > 2. 

During senescence, the four approaches  were triggered in a different way and thus, 

also at a different time. The overall greenness obtained from webcam images slightly 

declined when older leaves got shaded by the younger leaves, because the 

percentage of sunlit leaves decreased relatively to the total amount of leaves. Over 

the entire growing season the number of young leaves relative to the total number 

of leaves declined, thereby causing a gradual decline in greenness. This was mainly 

visible in the ExG (Figure 1.3.4c), as MODIS images (Figure 1.3.4d) also incorporated 

understory weed species in the plantation. After the maximum seasonal PAI was 

reached, buds were set, but this bud set was not recognized in the webcam- and 

satellite-based phenological assessments. 



86 
 

4. Discussion 

Three out of four approaches to assess phenology (visual observations of bud 

phenology, measurements of plant area index and webcam images) clearly showed 

seasonal patterns and yielded similar results, despite the methodological 

differences. During greenup all approaches were triggered at the same time, but in a 

different way: leaf buds opened, thereby unfolding leaves, which triggered the PAI 

by intercepting light; this also triggered the ExG because the young leaves are green. 

The lag phase in greenup in 2012 as compared to 2011 was attributed to the harvest 

in February 2012, as environmental variables were similar over both years (Figure 

1.1.3).  

The maximum seasonal PAI doubled from the first to the second rotation due to the 

transition from single- to multi-stemmed stools: up to 46 stems per stool emerged 

after harvesting (Verlinden et al., 2015a). This increased amplitude in PAI in the year 

after harvesting was weakly represented by the ExG index, while it remained 

unnoticed by the NDVI and WDRVI indices. In general, the ExG and the NDVI indices 

saturate when the PAI surpasses 2.0 (Gitelson, 2004) or 2.5 (Keenan et al., 2014; 

Klosterman et al., 2014). The WDRVI is expected to better represent amplitudinal 

differences in PAI at higher PAI values, but this could not be concluded from our 

data. Our results could confirm nor deny that the NDVI predicts the start and the 

end of the growing season better than the WDRVI, as the spatial resolution was not 

appropriate for our study. The NDVI underestimates field observations (Busetto et 

al., 2010; Fisher & Mustard, 2007), but this could not be concluded from our data.  

Ground validation (visual observations of bud phenology and measurements of PAI) 

of remote sensing data (webcam and satellite images) remains necessary and is still 

lacking for most vegetation types (Keenan et al., 2014; Zhang et al., 2003). As 

evident from the present study, several critical considerations should be taken into 

account when comparing results from approaches at different spatial and temporal 

scales (Richardson et al., 2009b; Richardson et al., 2007). First, the steep rate of the 

spring greenup curve as observed by the webcam images might be exaggerated 

because of the oblique viewing angle of the webcam. This oblique viewing angle 

looks upon more layers of leaves as when it would face 90° downwards (Keenan et 

al., 2014). The position and the angle of the webcam were chosen as a compromise 

to include as many trees in the field of view as possible and at the same time 

maximising the resolution in the ROI during the growing season. Nevertheless, the 

field of view changed according to the cosine law: with increasing canopy height, the 

horizontal area visible by the webcam became smaller. Secondly, the extent of 



87 
 

autumn senescence at the end of the growing season might be overestimated, as 

the ROI images integrated several different poplar genotypes, which differed in the 

timing of different phenological stages (Broeckx et al., 2014a; Pellis et al., 2004a). 

Therefore the webcam images aggregated the phenological responses of the 

different poplar genotypes, leading to an increased overall duration of spring 

greenup and autumn senescence (Hufkens et al., 2012; Klosterman et al., 2014). 

However, the impact of harvesting on phenology was clearly visible. Thirdly, no 

white or grey reference panel was installed in the field of view of the webcam. The 

installation of a reference panel could lead to a more pronounced variability in the 

channel brightness due to changes in the quality and the quantity of I0 (Migliavacca 

et al., 2011; Richardson et al., 2007; Sonnentag et al., 2012). Nevertheless, the 

timing of the different phenological events was clearly visible from our webcam 

images.  

The MODIS-derived NDVI and WDRVI proved to be inappropriate indices to extract 

from single-pixel images. Apart from being only a single pixel, this pixel also included 

a small area of grassland and a small area of farmhousing. In combination with the 

high weed abundance between the trees, this decreased the representativeness of 

the results. Increasing the spatial resolution of the satellite images (one MODIS pixel 

is 250 x 250 m and one SENTINEL pixel is 10 x 10 m) allows to analyse more pixels 

and might therefore alter the results. 

Another approach to assess the phenology is the analysis of images taken by a 

drone. Different cameras, filters and software can be combined to obtain the 

required data at a spatial scale intermediate between webcam and satellite images. 

The workload for working with drones is intermediate between PAI measurements 

and webcam images, because a field visit is still required at regular intervals, but no 

physical labour is to be done during these visits. 

In conclusion, the visual observations of bud phenology, measurements of PAI and 

analysis of webcam images to quantify phenological events agreed rather well and 

clearly reflected the effect of harvesting. It proved important to match the 

methodological approach to the goal aimed for. PAI measurements are labour 

intensive and require a minimum canopy height, but allow seasonal and 

amplitudinal details. Webcam images on the other hand are not labour intensive, 

but do not show amplitudinal differences. The NDVI and WDRVI extracted from 

MODIS single-pixel satellite images proved to be inappropriate for assessing the 

phenology of an SRC. 
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Chapter 2.1. State-of-the-art on mechanised harvesting of short-

rotation coppice 

 

This chapter was based on: 

Vanbeveren, SPP, R Spinelli, M Eisenbies, J Schweier, B Mola-Yudego, N Magagnotti, 

M Acuna, I Dimitriou and R Ceulemans (2017) Mechanised harvesting of short-

rotation coppices. Renewable and Sustainable Energy Reviews 76: 90-104. 

 

 

 

 

 

 

Short-rotation coppice (SRC) is an important source of woody biomass for bioenergy. Despite the 

research carried out on several aspects of SRC production, many uncertainties create barriers to farmers 

establishing SRC plantations. One of the key economic sources of uncertainty is harvesting methods and 

costs; more specifically, the performance of contemporary machine methods is reviewed. We collected 

data from 25 literature references, describing 166 field trials. Three harvesting systems predominate: 

127 used single pass cut-and-chip harvesters, 16 used double pass cut-and-store harvesters, 22 used the 

cut-and-bale harvester, and one study used a cut-and-billet harvester. Mean effective material capacity 

(EMC) was 30 Mg fresh weight h
-1

 (cut-and-chip technique), 19 Mg fresh weight h
-1

 (cut-and-store 

technique) and 14 Mg fresh weight h
-1

 (cut-and-bale technique). However, this comparison does not 

consider engine power, which varies with harvesting technique; cut-and-chip harvesters are by far the 

most powerful (> 200 kW). When limiting harvesters to a maximum engine power of 200 kW, cut-and-

chip harvesters achieved the lowest EMC (5 Mg fresh weight h
-1

), but they also perform a higher degree 

of material processing (cutting and chipping) than cut-and-store harvesters (only cutting) or than the 

cut-and-bale harvester (cutting and baling). The trend in commercial machinery is towards increased 

engine power for cut-and-chip and cut-and-store harvesters. No trends in EMC were documented for the 

recently developed cut-and-bale harvesting technique, which is presently produced in one version only. 

Field stocking (5-157 Mg fresh weight ha
-1

 in the reviewed studies) has a significant effect on harvester 

EMC. Lower field stocking can constrain the maximum EMC achieved by the machine given that 

harvesting speed can only be increased to a point. While the reviewed studies did not contain sufficient 

harvesting cost data for a thorough analysis, harvesting costs ranged between 6 and 99 € Mg
-1

 fresh 

weight.  
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1. Introduction 

The rotational harvesting of SRC should be optimised (Fiala & Bacenetti, 2012; 

Hartsough & Stokes, 1997), because: (i) it can account for 45% of the total SRC 

cultivation costs (El Kasmioui & Ceulemans, 2013); (ii) it is the second largest input of 

primary fossil energy in the system, after fertilisation (Eisenbies et al., 2014b); and 

(iii) it accounts for up to one third of the total energy input (Eisenbies et al., 2014b; 

Njakou Djomo et al., 2015). In the early days of SRC mechanisation, conventional 

forest harvesting machines were used because of their proven performance, 

availability and reliability (Hartsough & Yomogida, 1996; Spinelli & Hartsough, 

2001b). However, the use of conventional forest machinery was limited for 

harvesting SRC, mainly because of economic inefficiency and because of the large 

number of small and multiple stems in coppice systems (Hartsough & Stokes, 1997). 

In the early ‘80s the first SRC-dedicated harvester prototypes were tested in the field 

(Stuart et al., 1983; Ulich, 1983). A number of machines have been developed and 

tested since then, but few passed the prototype stage (Ehlert & Pecenka, 2013). An 

overview of numerous currently available SRC harvesters can be found in 

(Santangelo et al., 2015). 

Although a great deal of information is available in the literature regarding SRC 

harvesting for crops and regions, an overall comparative analysis of the technical 

and economic performance of the harvesting operation is needed. The objectives of 

this chapter are: (i) to compile and review published case studies on mechanised SRC 

harvesting; (ii) to compare technology types; (iii) to examine crop characteristics as 

well as their impact on harvester performance; and (iv) to evaluate overall progress 

in machine development. 

 

2. Materials and methods 

For the analysis of the technical and economic performance of SRC harvesting 

operations, we assembled a database from available scientific publications, reports, 

and ongoing studies. The database was established by: (i) searching the Web of 

Knowledge and Google Scholar for the combination of the terms SRC, coppice* 

and/or harvest*; (ii) collecting submitted publications of the co-authors; (iii) back-

tracking publications cited in the publications found in the previous two steps; and 

(iv) gathering unpublished data or data of ongoing studies collected by the co-

authors. There were no restrictions in the year of publication or in the language. 
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Only data quantified on site for fully mechanised harvesting of SRC were included in 

the database. Studies on (motor-) manual harvesting and data derived from model 

simulations instead of from actual field trials, were excluded. Also studies on 

rotation lengths exceeding six years were excluded, because forest harvesters are 

used for this type of trees and these are not comparable to dedicated SRC 

harvesters. 

The data acquired for the database primarily focused on the technical performance 

of SRC harvesters, i.e. their effective field capacity (EFC; ha h-1; Eisenbies et al., 

2014b) and their effective material capacity (EMC; MgFM h-1). Collateral information 

was also available on characteristics of the field trials, i.e.: location, surface area, 

tree genus, planting design, stem and root age, planting density, yield (in MgFM ha-1 

y-1), field stocking (in MgFM ha-1) and wood moisture content (MC; %). If available, 

information on the economic performance of the harvesters was also included. The 

format of all data was standardised for SI units: areas as hectares (ha), weights as 

mega grams of fresh matter (MgFM), times as hours (h), and financial costs as euro 

(€), taking into account inflation rates (StatBureau, 2016). All reported times 

included delays inherent to the work performed.  

For financial costs all non-€ currencies were converted into €, using the average 

exchange rate of the year of publication retrieved from the European Central Bank’s 

currency converter (El Kasmioui & Ceulemans, 2012; European Central Bank, 2012). 

In cases where the MC of the woody biomass was missing a representative MC value 

was calculated per genus and per harvesting technique by averaging the available 

data from publications used in this review. MC data for Platanus were found in 

(Sajdak et al., 2014) and (Velázquez-Martí et al., 2014). The maximum engine power 

of each harvester was extracted from technical data sheets. In some cases authors 

were contacted directly to provide additional data or detail to complete data 

records. Literature references only describing prototypes were excluded from the 

analyses. To estimate the real consequences of field stocking on EMC for each field 

trial, we calculated the change (delta) in EFC required to match the median EMC for 

all harvesters. 

We analysed the performance of harvesting techniques in relation to the available 

field parameters and the maximum engine power of the harvester. Scheffé’s method 

was used to test all differences between plantation characteristics, except for the 

effect of rotation length on yield, which was tested with the non-parametric Mann-

Whitney U-test (because of deviations from normality). To compare differences 

between plantations harvested with different harvesting techniques, we used 
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Kruskal-Wallis and Mann-Whitney U-tests. To test correlations between EMC, 

maximum engine power and plantation characteristics we used linear regression 

techniques.  

 

3. Results 

Database and field characteristics 

Initially, 170 literature references were retrieved, from which only 25 were retained 

with information meeting the selection criteria. These selected references described 

a total of 166 field trials, which were used for subsequent analysis (see Appendix 4). 

Of the 166 field trials that were retained for analysis 37% were performed in Italy, 

followed by 17% in the United States, 13% in Germany, 13% in Sweden, 11% in 

Canada, and fewer yet in Brazil, Belgium, the United Kingdom and Switzerland 

(Figure 2.1.1a). Most of the harvesting was conducted on small areas: 37% on less 

than 1 ha and 55% on less than 2 ha (Figure 2.1.1b). The majority of harvesting (87%) 

was performed on (and equally split between) the genera Populus and Salix, while 

the remaining 13% of the studies was done on Robinia, Eucalyptus and Fraxinus 

(Figure 2.1.1c). 

 

 

Figure 2.1.1 Proportional distribution of all field trials per: a) country, b) surface area of the field trial, 

and c) genus. 

 

The highest field stocking (95 MgFM ha-1; Table 2.1.1) was obtained with Brazilian 

Eucalyptus, which also had the lowest planting density (5 687 stools ha-1; p > 0.05) 

and the shortest rotation length (1.5 y). High field stocking was typical for the high 

yielding Eucalyptus plantations in Brazil (34 MgFM ha-1 y-1), which were significantly 

more productive than Populus (15 MgFM ha-1 y-1), Robinia (9 MgFM ha-1 y-1) and Salix 
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(15 MgFM ha-1 y-1) systems in Europe and North America (p < 0.0001) (Table 2.1.1). 

This high yield is due to the long growing season, and favourable climate and soil 

conditions in Brazil, where all selected harvesting studies on Eucalyptus were 

performed. The lowest field stocking was reached by Robinia (23 MgFM ha-1), which 

could also be explained by its lower yield (non-significant; p > 0.05) as compared to 

Populus and Salix (Table 2.1.1). Robinia plantations had an intermediate planting 

density between Populus and Eucalyptus, and an intermediate rotation length 

between Populus and Salix. Salix had a much higher field stocking than Populus (53 

vs 31 MgFM ha-1, respectively), but yields were comparable between both genera (15 

MgFM ha-1 y-1; p > 0.05; Table 2.1.1). The difference in field stocking between Populus 

and Salix was probably related to the significantly higher (p < 0.0001) planting 

density (14 186 stools ha-1), older root age (on average 4.7 y) or longer rotation (on 

average 3.3 y) of Salix SRC plantations as compared to Populus SRC plantations (i.e. 8 

577 stools ha-1, 3.3 y, and 2.1 y, respectively) (Table 2.1.1). Furthermore, 56% of all 

harvesting studies were made on SRC plantations in their first rotation; specifically, 

the trees were often single-stemmed. In the case of Populus, multi-stemmed 

plantations were significantly higher yielding than their single-stemmed first-

rotation counterparts (19 vs 13 MgFM ha-1 y-1; p < 0.05), which was not the case for 

Salix (14 vs 11 MgFM ha-1 y-1; p > 0.1).  

Characterisation of harvesting techniques and machines 

Four prominent harvesting techniques have been developed that are currently in use 

for SRC, i.e.: single pass cut-and-chip, double pass cut-and-store, single pass cut-and-

bale, and single pass cut-and-billet. The single pass cut-and-chip technique has been 

the most represented (127 out of 166 studies). Its enduring popularity is due to its 

operational flexibility with regards to plant species, shoot age and diameter, planting 

density and field stocking. With the cut-and-chip technique stems are cut, instantly 

chipped and blown into an accompanying trailer. The major advantage of this 

technique is that all the work is done in a single pass with only one machine, which 

simplifies operation planning and reduces relocation, machine rental and operator’s 

costs (Culshaw & Stokes, 1995). Additionally, the prime movers for these systems 

are not dedicated and can be used for other purposes. The coppice header can be a 

front harvester (i.e. mounted in front of a forager) as with the New Holland 130 FB 

(Figure 2.1.2a), or it can be a side harvester (i.e. pulled on the side by a farm tractor), 

as with the Ny Vraa JF Z200 (Figure 2.1.2e). A second way to classify cut-and-chip 

harvesters is as 'modified' forage harvesters (e.g. the Claas Jaguar HS2; Figure 

2.1.2b) or as mower-chippers (e.g. the Jenz GMHT 140; Figure 2.1.2c) (Pecenka & 
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Hoffmann, 2015). The modified forage harvesters are always front harvesters, while 

the mower-chippers can be either front or side harvesters. Danfors and Nordén 

(1992) illustrated the long-standing interest in the cut-and-chip technique; since its 

publication most research (73% of all field trials in our review) has focused on cut-

and-chip harvesting, possibly reflecting its market dominance. 

 

Table 2.1.1 Descriptive statistics on plantation characteristics of all field trials of the database, 
separated by genus. St. dev: standard deviation of the mean; st. error: standard error of the 
mean, count: the number of field trials. 

    Mean St dev St error Count Min Max 

Planting density  
(stools ha

-1
) 

Total 10 199 4 468 398 126 1 600 25 600 

Eucalyptus 5 687 4 538 1 715 7 1 666 14 814 

Populus 8 577 3 547 454 61 1 600 25 600 

Robinia 7 602 3 113 863 13 3 470 14 800 

Salix 14 186 3 091 471 43 4 200 16 667 

Shoot age (y) 

Total 2.7 1.1 0.1 126 1.0 6.0 

Eucalyptus 1.5 0.0 0.0 2 1.5 1.5 

Populus 2.1 0.8 0.1 61 1.0 4.0 

Robinia 2.9 1.1 0.3 13 2.0 6.0 

Salix 3.3 1.1 0.2 48 2.0 5.0 

Root age (y) 

Total 3.8 2.3 0.2 103 1.0 20.0 

Eucalyptus       0     

Populus 3.3 2.6 0.3 60 1.0 20.0 

Robinia 3.9 1.8 0.5 13 2.0 7.0 

Salix 4.7 1.5 0.3 28 2.0 9.0 

Field stocking 
(Mg ha

-1
) 

Total 43.2 29.5 2.3 159 5.1 157.0 

Eucalyptus 95.9 53.0 20.0 7 12.2 157.0 

Populus 31.2 19.0 2.3 66 5.1 84.4 

Robinia 23.4 14.9 4.1 13 7.4 54.0 

Salix 53.3 27.5 3.4 66 13.8 145.1 

Yield  
(Mg ha

-1
 y

-1
) 

Total 15.6 9.3 0.8 148 2.5 47.6 

Eucalyptus 33.5 13.5 5.1 7 8.1 47.6 

Populus 15.1 8.6 1.1 63 2.6 40.8 

Robinia 8.7 6.8 1.9 13 2.5 27.0 

Salix 15.2 7.1 0.9 58 4.6 37.8 
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The double pass cut-and-store technique is the second most studied system (16 out 

of 166 studies). The approach incorporates two steps: first, stems are cut and 

deposited in windrows – or moved to a central location – for air drying; second, they 

are chipped at a later time. Initial harvesting can occur using a feller-buncher 

(common in traditional forestry and not discussed here), by chainsaw (which proved 

economically uninteresting for SRCs (chapter 2.2) and has therefore been omitted 

from this study), or by whip harvesters. Cut stems are chipped when the desired MC 

is reached or when the market demand is high enough. The main advantages of the 

cut-and-store technique are: (i) no covered storage space is needed for storage, as 

stems can be left outside to dry; (ii) microbial losses and undesired emissions at 

wood chip storage are avoided; (iii) the transport costs of the wood chips are lower 

due to a lower MC; and (iv) a dedicated forestry chipper can be used, as to achieve a 

high EMC and a favourable particle-size distribution (Pari et al., 2013). Similar to cut-

and-chip harvesters, whip harvesters can also be front (e.g. the Segerslätt Empire 

2000; Figure 2.1.2d) or side harvesters (e.g. the Stemster MKIII; Figure 2.1.2g). The 

oldest study on a whip harvester included in our database was published in 1992 by 

Danfors & Nordén, but interest and studies about this technique have continued 

sporadically. 

The single pass cut-and-bale and the single pass cut-and-billet techniques differ from 

the other harvesting techniques because they produce other formats: respectively, 

wood bales and billets. Studies about cut-and-bale harvesting exclusively concern 

the Biobaler WB55 (Figure 2.1.2f), reported on young Eucalyptus and Salix stands. 

This technology has been recently developed and its use on SRC plantations is only 

documented in two publications (Savoie et al., 2013; Savoie et al., 2014), although 

more studies have analysed its performance on other crops. Although the cut-and-

billet technique is not restricted to specific genera or stand ages, only one study was 

found in the literature (O'Sullivan, 2006). This did not allow a meaningful analysis. 
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Figure 2.1.2 Examples of harvester types and systems as described in the text: a) New Holland 130 FB; 

b) Ny Vraa JF Z200; c) Claas Jaguar HS2; d) Jenz GMHT 140; e) Segerslätt Empire 2000; f) Stemster MKIII; 

g) Biobaler WB55. Photo credit: M. Verlinden (a and e); R. Spinelli (d); J. Schweier (b, c and f); S.P.P. 

Vanbeveren (g). 
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Harvesting productivity 

Cut-and-chip harvesters had a significantly higher average EMC (30.0 MgFM h-1) than 

whip harvesters (19.2 MgFM h-1; p < 0.05) and cut-and-bale harvesters (13.8 MgFM h-1; 

p < 0.0001) (Table 2.1.2). The average maximum engine power significantly differed 

between the cut-and-chip (342 kW), the whip (119 kW, p < 0.0001) and the cut-and-

bale harvesters (144 kW, p < 0.0001). On the other hand, whip harvesters did not 

significantly differ from cut-and-bale harvesters in terms of EMC (p > 0.1) or of 

maximum engine power (p > 0.1). The cut-and-chip, whip and cut-and-bale 

harvesters were all used on single- and double-row plantations, while only the cut-

and-bale harvester was examined on triple-row plantations. The planting density, 

shoot age and field stocking of the field trials did not significantly differ among the 

different harvesting techniques (p > 0.05). 

The range of unit production costs was comparatively wide for the cut-and-chip and 

the whip harvesters (6-69 € Mg-1
FM and 9-99 € Mg-1

FM, respectively). This might be 

the result of outliers for both types of harvesters reported by one study (Danfors & 

Nordén, 1992). These outliers had a large influence on the average cost of the whip 

harvesters, as they made up half of the reported values. The cost to produce woody 

biomass with the cut-and-bale harvester appeared more stable, but 19 out of 21 

observations came from a single study. A concern is that available data in these 

cases lacked key information (e.g. Were stems chipped in the field or at a central 

location? Did the price include road transport? etc.), which made them difficult to 

compare.  

We evaluated whether the overall EMC (for all harvesters together) was associated 

with plantation characteristics. No significant correlations were found between 

harvester EMC and plant genera, shoot and root age, or plantation design (single, 

double or triple row). However, field stocking and maximum engine power proved to 

be positively correlated to overall EMC (p < 0.0001). Harvesting technique was not 

significant as an indicator variable due to the autocorrelation between engine power 

and harvesting technique; specifically, cut-and-chip harvesters were the only ones 

with maximum engine power above 200 kW. 

 

 



101 
 

Table 2.1.2 Descriptive statistics on plantation characteristics of all field trials, as well as on harvester 

effective material capacity (EMC) and wood chip production cost, separated by harvesting technique. 

St. dev: standard deviation of the mean; st. error: standard error of the mean, count: the number of 

field trials. 

   Mean St dev St error Count Min Max 

Planting density  
(stools ha

-1
) 

Total 10 199 4 468 398 126 1 600 25 600 

Cut-and-bale 14 807 4 377 933 22 1 666 16 667 

Cut-and-chip 8 978 3 555 370.6 92 1 600 17 544 

Whip harvester 11 117 5 468 1578 12 5 000 25 600 

Shoot age  
(y) 

Total 2.7 1.1 0.1 126 1.0 6.0 

Cut-and-bale 2.3 0.6 0.1 21 1.5 3.0 

Cut-and-chip 2.8 1.2 0.1 92 1.0 6.0 

Whip harvester 2.6 0.7 0.2 13 2.0 4.0 

Field stocking  
(Mg ha

-1
) 

Total 43.2 29.5 2.3 159 5.1 157.0 

Cut-and-bale 36.7 11.9 2.6 21 12.2 59.4 

Cut-and-chip 44.0 31.2 2.8 122 5.1 157.0 

Whip harvester 45.4 32.8 8.2 16 8.7 118.1 

Maximum engine 
power (kW) 

Total 293 140 11 160 80 606 

Cut-and-bale 144 5 1 22 140 160 

Cut-and-chip 342 123 11 122 100 606 

Whip harvester 119 29 7 16 80 150 

EMC  
(Mg h

-1
) 

Total 26.6 17.3 1.4 153 1.2 90.6 

Cut-and-bale 13.8 4.7 1.0 22 3.3 21.8 

Cut-and-chip 30.0 18.0 1.7 115 1.2 90.6 

Whip harvester 19.2 13.1 3.3 16 1.9 41.3 

Cost  
(€ Mg

-1
) 

Total 22.7 18.9 2.6 52 6.1 99.0 

Cut-and-bale 19.7 2.7 0.6 22 13.3 25.9 

Cut-and-chip 19.8 16.0 3.1 26 6.1 68.7 

Whip harvester 58.2 45.3 22.6 4 9.3 99.0 

 

 

The regression analysis was repeated for machines with an engine power below 

200 kW to address the power-technique question for those machines. The SRC 

plantations harvested with cut-and-chip harvesters (< 200 kW) were characterised 

by a significantly lower field stocking (p < 0.0001) than the average cut-and-chip 
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harvesters combined (Table 2.1.3). This suggests that the high overall EMC levels 

recorded for cut-and-chip harvesters could only be reached by harvesting SRCs with 

a high field stocking, which requires harvesters with a high engine power (> 200 kW). 

When comparing harvesting techniques where the maximum engine powers are 

similar (< 200 kW), the cut-and-chip technique had a significantly lower EMC 

(p < 0.01) compared to the whip and cut-and-bale technique. This is no surprise; 

given that cut-and-chip harvesters perform an additional task (i.e. chipping) that 

whip harvesters do not. Additionally, this task requires much more energy than 

baling (as in the cut-and-bale units). The whip harvesters’ EMC was not significantly 

different from that of the cut-and-bale harvester (p > 0.05).  

 

Table 2.1.3 Descriptive statistics on plantation characteristics of all field trials that were 

harvested by a cut-and-chip harvester with a maximum engine power of 200 kW. St. dev: 

standard deviation of the mean; st. error: standard error of the mean, count: the number of 

field trials. EMC: effective material capacity. 

 Mean St dev St error Count Min Max 

Planting density (stools ha
-1

) 5 624 1704 539 10 3 470 8 000 

Shoot age (y) 2.7 0.7 0.2 12 2.0 4.0 

Field stocking (MgFM ha
-1

) 18.4 13.2 3.5 14 5.1 50.0 

Maximum engine power (kW) 124 19 5 15 100 172 

EMC (MgFM h
-1

) 4.6 2.7 0.7 15 1.2 10.8 

 

 

Because the field stocking was significantly correlated with the harvesters’ EFC and 

EMC, the EMC was plotted against the EFC (Figure 2.1.3a). It is sometimes presumed 

that EMC increases linearly with increasing EFC: specifically, the faster a harvester 

moved through the field, the more biomass it could process. However, when plotted 

with field stocking as isolines (Eisenbies et al., 2014b), it is clear that the relationship 

between EFC and EMC was not strictly linear. The rate EFC increases for a given 

increase in speed follows an isoline for its respective field stocking; in other words, 

linear correlations fan out parallel to the displayed isolines. Delta (i.e. the change in 

EFC required to match the median EMC for all harvesters) had the largest magnitude 

where field stocking was lowest (Figure 2.1.3b). At sufficiently low field stocking it 

becomes practically impossible to alter the EFC to achieve the median EMC observed 

(on one occasion > 3 ha h-1). Conversely, at high field stocking levels, EMC becomes 
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very sensitive to speed such that a small change in EFC could result in large changes 

in EMC. 

 

 

Figure 2.1.3 Correlation between: a) effective field capacity (EFC) and 

effective material capacity (EMC) for three harvesting techniques, with 

isolines representing the field stocking; and b) delta (the change in EFC 

required to match the median EMC for all harvesters) relative to field 

stocking for three harvesting techniques. 

 

Evolution of harvester technology 

SRC harvesters have been the object of much technological improvement over the 

years. We examined whether available machinery reached a higher EMC with time, 

using trial date as a reference. The EMC of cut-and-chip harvesters has significantly 
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increased with time (p < 0.001; R2 = 0.11; Figure 2.1.4a; Table 2.1.4) and was 

associated with a significantly increased maximum engine power over the same time 

period (p < 0.0001; R2 = 0.63; Figure 2.1.4b; Table 2.1.4). However, this relationship 

was heavily influenced by four trials from one study (Danfors & Nordén, 1992) 

where unexpectedly high EMCs were observed. The results from this reference could 

depend on an unknown methodological bias as the methodology was not 

extensively described. Therefore, additional regressions were conducted omitting 

these four trials and stronger correlations were observed; for EMC: p < 0.001 and 

R2 = 0.36 (Figure 2.1.4a; Table 2.1.4), and for maximum engine power: p < 0.001 and 

R2 = 0.66 (Figure 2.1.4b; Table 2.1.4). A slight improvement in the regression 

obtained for engine power was observed because these excluded observations did 

not have a maximum engine power > 200 kW. 

Due to the evolution of whip harvester design, observations for the Fröbbesta were 

omitted given it has a rudimentary design adapted from nursery equipment. More 

recent, purpose-built whip harvesters (from 2012 onwards) were significantly (p < 

0.001) more powerful than the older designs (till 1997). Regression analysis 

suggested that the EMC of the whip harvesters increased with increasing field 

stocking (p < 0.001). With the available data we could not discern specifically why 

more recent designs achieved higher EMCs under a similar field stocking, but 

plausible explanations include the higher maximum engine power (cfr. the cut-and- 

chip harvesters) and/or the higher capacity of more powerful and durable  

machinery. 

 

Table 2.1.4 Parameters and correlation coefficient (R
2
) for the regression shown in figure 2.1.4: Y = 

ß0 + ß1 * year. St. error: standard error of the mean. 

  
All data 

All data (excluding 
(Danfors & Nordén, 1992)) 

  
Parameter St error P-value Parameter St error P-value 

EMC 

ß0 16.986 3.735 < 0.001 2.627 3.644 0.473 

ß1 (time) 0.861 0.230 < 0.001 1.649 0.217 < 0.001 

R
2
 0.11 

  
0.36 

  

POWER 

ß0 131.892 16.153 < 0.001 91.816 18.568 < 0.001 

ß1 (time) 13.677 0.968 < 0.001 15.836 1.081 < 0.001 

R
2
 0.63 

  
0.65 
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Figure 2.1.4 Evolution of: a) effective material capacity (EMC), and b) maximum engine power of all cut-

and-chip harvesters (dotted lines) and of all cut-and-chip harvesters minus those mentioned in (Danfors 

& Nordén, 1992) (full lines). 

 

4. Discussion 

Although cut-and-chip harvesters are dominating the market, they do have several 

considerable disadvantages. Modified forage harvesters are very heavy (the 

complete New Holland harvester weighs 21 Mg), thereby limiting their use to frozen 

or dry soil, and predisposing the soil to compaction. Furthermore, the modified 

forage harvesters chip the stems in a horizontal position, which implies that taller 

stems will slow down the harvester because they need more time to fall or might 

never reach a horizontal position because they get stuck between the branches of 

other stems. In contrast, mower-chippers are much lighter. On the one hand, this 

makes them more fragile, but on the other hand it lowers the risk for soil 

compaction. By chipping the stems in an upright position, mower-chippers are 

better suited for harvesting dense plantations and tall stems. However, if stems are 

too long - and thus heavy – they might slip down and slow down the harvester.  

The EFC of cut-and-chip harvesters was generally restricted by high field stocking, 

which would be associated with older stands with large stem diameters, and 

confirms earlier findings (Civitarese et al., 2015; Eisenbies et al., 2014b). The limiting 

effect of high field stocking is likely due to the capacity of the chipping mechanism, 

which is usually a drum chipper designed for maize adapted to woody crops, which 
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may not be as efficient as dedicated forest chippers. SRC might also exert more 

physical stress on the external parts of the harvesters, resulting in delays for the 

harvester and collection vehicles. The EMC of cut-and-chip harvesters could increase 

should the adapted maize chopper be changed to an optimised wood chipper 

(Civitarese et al., 2015; Porzio, 2016), and when the rollers feeding the chipper are 

modified to allow opening to a larger width (Porzio, 2016). Such modifications could 

also help to improve chip quality by reducing the fraction of fine chips, hence leading 

to better storage stability and decreased dry matter losses (Lenz et al., 2015). 

The choice of the genus is another important factor when assessing wood chip 

quality: Robinia e.g., yields a product with a much lower MC as compared to Populus 

or Salix, without resorting to harvesting techniques with a lower EMC, such as cut-

and-store harvesting (Spinelli et al., 2011). On the other hand, whip harvesters are 

able to handle fields with the highest stocking, as they can process those stems with 

the largest diameters within the explored range, because no chipping is performed. 

Yet, proper directional felling or windrowing can be strongly and negatively affected 

if stems are too tall. The cut-and-billet technique is more expensive because of the 

extra processing and handling, and is therefore rarely used (Hartsough & Yomogida, 

1996). 

Several factors that may affect the EMC of SRC harvesters were not investigated in 

this review: stem diameter, number of stems per stool, field slope and shape, 

headlands space (Civitarese et al., 2015; de Wit et al., 2013; Fiala & Bacenetti, 2012), 

support trailer capacity (in case of the cut-and-chip technique) (Pecenka & 

Hoffmann, 2015) and operator experience (Mola-Yudego et al., 2015). For example, 

the EMC of the cut-and-bale harvester was positively affected by the average stem 

diameter, but negatively affected by the maximum stem diameter (Savoie et al., 

2013). However, field stocking may serve as a proxy to average stem diameter in 

most cases. A second example would be observations that have shown that 

unfavourable field shape increased wood chip production cost up to 14% (Pecenka & 

Hoffmann, 2015). Legacy reports used to build the database for this review generally 

lacked this kind of information, which likely affected the R2 values in these analyses. 

The influence of the number of stems per stool on harvester performance was not 

studied. The main difference can be expected between the first harvest and 

subsequent harvests, as the plantation is characterised by respectively single- and 

multi-stemmed stools. Although most harvesters are not hampered by the amount 

of stems per stools, they might experience a decrease in EFC when many stems grow 

in the wide rows. These stems might fall outside the feeding mouth, fall 
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perpendicular to other stems and in doing so blocking the feeding mouth, and 

making the planting design less clear for the operator. Finally, there may be 

unreported aspects associated with reported data; machine failure, breakdowns, 

and other delays may not have been reported. Machine performance in full-scale 

operational conditions, variable field conditions, and conditions that exceed 

operator experience may differ significantly from well-controlled trials. 

Although the EFC and EMC of SRC harvesters (and forestry harvesters (Spinelli et al., 

2016)) have already significantly improved through technological advancements (de 

Wit et al., 2013), these advances can be undercut by poor harvest planning. The 

requirements of the intended harvesting system should be considered during SRC 

establishment: (i) headlands kept at least 8-m wide, to allow easy turning of the 

vehicles (Eisenbies et al., 2014b); (ii) field access and entry; (iii) location of storage; 

and (iv) row spacing adapted to the harvester (Lechasseur & Savoie, 2005). EFC and 

EMC can be further improved by selecting harvester equipment appropriate for the 

species, size and planting density of the stems, area and shape of the field, field 

stocking, and stand age (Fiala & Bacenetti, 2012). Since most harvesters have been 

optimised for working on large fields, there is a gap in the development of 

harvesters specifically designed for the (economically) efficient deployment over 

small- and medium-scale SRC plantations and/or irregularly shaped fields (Savoie et 

al., 2014). The issue of small scale and irregular shape is particularly true when using 

the cut-and-store technique where an all-terrain, truck-mounted chipper is needed 

(Spinelli & Hartsough, 2001a). Feedstock type also plays an important role in chipper 

choice: a drum chipper for small material or a disc chipper if stem wood is included 

in the feedstock (Spinelli et al., 2013a). In countries with low labour costs, motor-

manual coppicing is considered competitive with mechanised harvesting 

(Manavakun, 2014), but it is cost prohibitive in industrialised countries (Hauk et al., 

2014a; chapter 3.2). 

One of the most common deterrents for farmers contemplating the establishment of 

SRC plantations is the uncertain profitability and cash flow (El Kasmioui & 

Ceulemans, 2012). Even though the market demand and price fluctuate, new 

research is continually being performed to optimize the economics of SRC (Aronsson 

et al., 2014). Nevertheless, high SRC establishment costs, equipment investments, 

and uncertain profitability are a barrier to farmers considering SRC plantations 

(Pecenka et al., 2014; Sgroi et al., 2015; Testa et al., 2014). Likewise, if harvesters or 

chippers are available for rental, regional accessibility plays an important role 

(Pecenka & Hoffmann, 2015). The wide range of wood chip production costs (even 
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within one harvesting technique) reported earlier in this chapter does not make it 

easier to predict the cost of harvesting. The regional variations in labour and fuel 

prices most probably have a major influence on the variability in the harvesting cost. 

Finally, difficulties may be encountered for machinery used in ways for which it was 

not originally designed. For instance, the heavy weight of cut-and-chip harvesters 

generally requires frozen or moderately dry soils to operate efficiently, which is 

difficult to guarantee in temperate climates (Pecenka et al., 2014). It is therefore 

important to continue investing in harvester development (Felker et al., 1999; Lavoie 

et al., 2008; Mattson & Wehr, 1983; McLauchlan et al., 1994; Pari, 1999; Pari & 

Civitarese, 2009, 2010; Spinelli et al., 2007; Stuart et al., 1983), focussing on a low 

production cost to make SRC establishment more attractive for small landowners 

(Trzepieciński et al., 2016). Other possible ways of increasing the economic 

feasibility of SRCs is by increasing rotation length to MRF. However, although the 

wood quality and field stocking increase, more powerful (and thus more expensive) 

harvesters or harvesters with a wider range of crop conditions are also required 

along with delayed cash flow (Hauk et al., 2014a). 

Based on this review, certain vital factors influencing the EFC and EMC of SRC 

harvesting have not yet been sufficiently addressed in scientific literature. Foremost, 

better comparisons between different harvesting techniques and operator 

experience should be conducted using proper comparison tests under similar 

operating conditions (Civitarese et al., 2015). Apart from operator experience, the 

experience with a harvester on different crops is also important: modified forage 

harvesters have received most attention in terms of technological improvements 

because they are versatile in use as compared to dedicated whip harvesters. 

Secondly, more research is needed to address the economic feasibility of the 

harvesting process of SRC cultivation to facilitate reliable financial planning.  

In conclusion, of the four primary mechanical techniques for harvesting SRC, single 

pass cut-and-chip harvesting has been dominating the market and has been subject 

to most technological advancements and research, followed by double pass cut-and-

store harvesting. Cut-and-chip harvesters had a higher EMC than whip harvesters 

and the cut-and-bale harvester, because they were powered by large engines. When 

comparisons were limited to a maximum 200 kW engine power, cut-and-chip 

harvesters achieved a lower EMC as compared to whip harvesters and the cut-and-

bale harvester. Field stocking significantly influenced the harvesters’ EFC and EMC. 
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Chapter 2.2. The potential of manually harvesting short-rotation 

coppice 

 

This chapter was based on: 

Vanbeveren, SPP, J Schweier, G Berhongaray and R Ceulemans (2015) Operational 

short rotation woody crop plantations: manual or mechanised harvesting? Biomass 

& Bioenergy 72: 8-18. 

 

 

 

 

 

 

 

 

 

 

Harvesting is the most expensive, but the least investigated process in the cultivation of short rotation 

woody crops. To get a better idea of the harvesting process (in terms of its performance, productivity, 

cost, soil compaction, cutting height and quality as well as biomass losses), we closely monitored the 

second harvest of a short rotation woody crop culture in Flanders (Belgium). We compared our results to 

the harvests of other, small European parcels. The trees at our site were harvested with both a manual 

and a mechanised (Stemster harvester) cut-and-store system, while the cut-and-chip system was 

analysed from an extensive literature survey. The production cost (to the edge of the field) at our site 

reached 426 (manual) and 94 (mechanised) € t
-1

, while the average values found in the literature are 

respectively 104 and 78 € t
-1

, versus 17 € t
-1

 for the cut-and-chip harvesting system.  The productivity at 

our site reached 14 (manual) and 22 (mechanised) oven-dry tonnes per scheduled machine hour, while 

the average values found in the literature are respectively 15 and 23 t h
-1

. Based on the good 

performance (ha h
-1

) and productivity (t h
-1

) of the cut-and-chip system as well as its lower costs, this 

harvesting system is recommended for operational SRWC.   
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1. Introduction 

Extensive research has already been performed on various aspects of SRC that 

somehow influence the harvest: the influence of regular coppicing (Dillen et al., 

2011a; Verwijst, 2007), the duration and frequency of rotation cycles (Al Afas et al., 

2008; Herve & Ceulemans, 1996), the planting density and scheme, etc. Although 

detailed information about the harvesting of SRC is crucial, it is still not possible for a 

farmer to estimate the expected harvesting cost in advance. While sparse 

information is available for mechanised harvesting, this information is completely 

lacking for manual harvesting of SRC. Although mechanisation has proven to 

significantly increase the efficiency of harvesting SRC (Chapter 2.1), manual 

harvesting remains an indispensable technique. In Belgium for example, only a 

limited total area of small and scattered SRC is established. This results in only one 

locally available harvester (i.e. New Holland’s 130FB). This machine weighs 21 Mg 

and is thus not fit to work when the soil is wet without being frozen. So the most 

appropriate technique to harvest these small SRCs is manually with a chainsaw or 

brush cutter. Even so for difficult to reach or access areas, manual harvesting 

remains the only viable option. 

The main aim of this study was to provide harvesting costs, EFC and EMC, as well as 

soil compaction, cutting height and quality and biomass losses for a fully mechanised 

(with the Stemster MKIII) and a motor-manual harvest of an operational SRC.  

 

2. Materials and methods 

To test the potential of manual harvesting of SRC, we monitored the second harvest 

of the POPFULL SRC. After trees had been growing for two years in the second 

rotation (2012-2013), the POPFULL SRC was harvested on 18-21 February 2014. 

Because of the mild 2013-2014 winter conditions, the wet soil was not frozen and 

only light-weight harvesting machines on caterpillars were able to access the field. 

At the time of harvest, there were 10.07 ± 5.15 stems stool-1, with an average 

diameter of 18.59 ± 14.50 mm (Verlinden et al., 2015a). The largest part of the SRC 

(13.28 ha) was harvested according to the cut-and-store technique using the 

Stemster MKIII on caterpillars (Figure 2.2.1a; Table 2.2.1). The Stemster MKIII is a 

side operator developed for the harvesting of double row SRCs. The operator was a 

professional and experienced driver. A smaller part of the SRC (1.36 ha) was 

harvested motor-manually by a team of two workers (Figure 2.2.1b). The team 
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leader operated the chainsaws (types 364XP, 357XP and T435, Husqvarna AB, 

Sweden; and type MS 201T, Andreas Stihl AG & Company, Germany) while his 

assistant windrowed the stems by hand. Windrowed stems were hauled 100-330 m 

to the edge of the field using a forwarder (type CAT 314 D, Caterpillar Inc., United 

States), where chipping was carried out using a drum chipper (type Komptech 510C, 

Komptech GmbH, Austria) in combination with a tractor (type Fendt 936, ACCO 

GmbH, Germany). 

 

 

Figure 2.2.1 a) The stemster MKIII harvester; and b) the manual labourer at work during the second 

harvest of the POPFULL SRC on 18-21 February 2014. 

 

For the time-motion study, the Stemster MKIII was observed for 8.6 h and the 

motor-manual harvest for 13.3 h. Observations were done at different intervals of at 

least 1 h during the scheduled activity of both harvesting techniques (Spinelli et al., 

2013b). The duration of the Stemster MKIII assembly before the harvest and the 

maintenance afterwards were also taken into account. All times were recorded using 

a stopwatch with an accuracy of 1 s. For the data collection of both time studies, the 

harvesting process was split into working steps with clearly recognizable starting and 

ending points. For the Stemster MKIII these were harvesting, transport between 

rows, offloading of the cut stems (when the carrying capacity of the trailer was 

reached), personal and operational delays. Harvesting, pre-piling of cut stems, 

personal and operational delays were distinguished for both labour men of the 

motor-manual harvesting. Because the time periods used for maintenance and 

delays encountered during the harvesting operation were not representatively 

monitored, the responsible operators were asked to report the time spent on 

maintenance (including fuelling) and personal delays (e.g. lunch, phoning, resting). 
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The scheduled machine hours (smh) were defined as the time invoiced by both 

companies and they were distinguished from the productive machine hours (pmh) 

by subtracting the unmonitored time elements.  

 

Table 3.2.1 Manufacturer's specifications of the Danish Stemster MKIII 

used at the POPFULL SRC (New Nordic Biomass a/s, 2011). 

 Stemster MKIII 

Tractor type John Deere 6920 
Manufacturer harvester Nordic Biomass 
Weight harvester (Mg) 7 
Weight tractor (Mg) 6 
Maximum harvestable diameter (cm) 15 
Optimal cutting height (cm) 10-20 
Biomass storage capacity (Mg) 4.5 

 

 

The total harvested biomass (MgFM) was directly measured in situ with a specific 

gravity balance by the Stemster (with an error of 5-10%; Gotfredsen, 2014). This 

value was converted to DM weight by weighing two randomly selected stems wet 

and dried (at 70 °C until constant weight). We assumed that the field stocking 

(MgDM ha-1) was equal at every part of the SRC, and therefore for both harvesting 

techniques. The EFC (ha h-1) and the EMC (MgDM h-1) were calculated, as well as the 

harvesting costs per hour, per hectare and per MgDM. All manual labour was 

outsourced at 55 € h-1 and fuel costs were included at a rate of 1.452 € l-1 for diesel 

(Belgian Federal Government, 2013) and 3.26 € l-1 for two-stroke fuel. The latter was 

the price we had to pay to the contractor. 

The impact of the Stemster MKIII and the subsequent impact of the forwarder on 

soil compaction were assessed with a soil penetrologger (type 06.15.SA, Eijkelkamp, 

The Netherlands). The procedure as described in the instrument manual was 

followed with a 1 cm2 cone surface area. We randomly measured 16 transects 

before and 20 transects after the harvest with eight sampling points per transect, 

equally spread over monogenotypic blocks of genotypes Skado and Koster. Post-

harvest measurements were done after the forwarder had removed all the cut 

stems from the field. From the eight sampling points, points 1-3 were located in and 

averaged as a measure for the narrow row, as was done for points 4-8 for the wide 
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row (Figure 2.2.2). The wide rows were used for transit of the Stemster MKIII while 

the narrow rows can be seen as control rows. Measurements before vs. after the 

harvest, and narrow vs. wide rows, were averaged. Per cm of depth, the Welch two 

sample t-test was used to test if differences between the four resulting curves were 

significant. Analyses were performed using R (R core team, 2013).  

Beside soil compaction we quantified the cutting height and quality of both 

harvesting techniques. All operators were asked to cut at a height of 7-10 cm above 

ground level. After harvesting, the height of a random selection of stumps (between 

32 and 100) was measured per genotype and per harvesting technique. P-values 

were generated with a Welch two sample t-test in R (R core team, 2013). We visually 

inspected the quality of the cut and the resprouting success of all trees for each 

harvesting technique. 

 

 

 

Figure 2.2.2 Distribution of sampling points, used for the assessment of soil compaction with the 

penetrometer. Points 1-3 were averaged to represent the narrow row, while points 4-8 were averaged 

to represent the wide row. 
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Biomass losses which occurred during harvesting were quantified by collecting the 

left biomass on eight randomly selected quadrants of 0.36 m² each (Berhongaray et 

al., 2013a; Monti et al., 2009). These quadrants were equally distributed over the 

genotypes Skado and Koster. For each quadrant, all woody biomass left was 

collected, both cut and uncut pieces. When stems crossed the quadrants’ 

boundaries, they were cut as to only collect the parts that were confined within the 

limits of the quadrants. All samples were oven dried at 70°C until constant dry 

weight.  

Lastly, the effect of wind-drying on the wood moisture content was monitored. Two 

cut stems dried till 16 April 2014 (54 days) and two stems dried till 4 June 2014 (103 

days) were randomly collected from a pile of stems. Stems were collected from the 

middle of the pile, to avoid border effects. Piles were kept at the edge of the field; 

they were 3-4 m high, with variable widths. Samples were weighed (accuracy 0.01 g), 

oven dried (at 70 °C) until constant dry weight, and weighed again to calculate the 

moisture content (MC). 

 

3. Results 

In total, 351 MgDM were harvested during the second harvest of the POPFULL SRC, 

i.e. 11.9 MgDM ha-1 y-1. The manual harvest yielded 32 MgDM and the Stemster MKIII 

harvested 316 MgDM. From the smh, 76 and 94% were occupied by pmh for the 

Stemster MKIII and the manual harvesting, respectively (Figure 2.2.3). The major 

reasons for the small share of pmh of the Stemster MKIII were the time required for 

the (dis)assembly and the longer maintenance times. The difference in pmh between 

both harvesting techniques was explained by the time needed by the Stemster MKIII 

for turning between the rows, whereas the manual harvesting could continue 

without (major) interruptions. The share of personal delays was very small in the 

manual harvesting operation (3%) as the harvested area was relatively small.  
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Figure 2.2.3 Distribution of the scheduled machine hours and subdivision of 

the productive machine hours (pmh) for the mechanised harvesting using the 

Stemster (left panels) and the manual harvesting (right panels). 

 

The EFC was much lower for the manual harvesting as compared to the mechanised 

harvesting with the Stemster MKIII (0.01 vs. 0.37 ha h-1, respectively), resulting in a 

lower EMC of the manual harvesting (Table 2.2.2). The manual harvesting was 

cheaper per hour as compared to the stemster MKIII (55 and 289 € h-1, respectively), 

but this did not compensate for the much higher cost per ha (8 688 and 779 € ha-1, 

respectively) and per MgDM (365 and 33 € Mg-1
DM, respectively). Most costs 

associated with manual harvesting were due to repair and maintenance costs caused 

by sawing close to the ground (whereby a lot of sand and dirt blocked the chain) and 

by the high number of revolutions of the chainsaw engine (the small diameter of the 

trees did not provide much resistance).  

Table 2.2.2 Effective field capacity (EFC), effective material 

capacity (EMC) and costs related to the manual and 

mechanised harvesting of the second harvest of the POPFULL 

SRC.      

  Manual Mechanised 

EFC (ha h-1) 0.01 0.37 
EMC  (MgDM h-1) 0.15 8.84 

Cost 
(€ h-1) 55 289 
(€ ha-1) 8 688 779 
(€ Mg-1

DM) 365 33 
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The penetrometer 

results up to 38 cm 

depth (Figure 2.2.4) 

showed a significant 

difference in 

compaction 

between the narrow 

and the wide rows. 

The narrow rows 

were significantly 

less compacted than 

the wide rows (p < 

0.001 from 2-38 cm 

deep), but there 

were no significant 

differences before 

and after the 

harvest (p > 0.3). 

Therefore, the difference between narrow and wide rows was not caused by the 

harvest operation of February 2014. Soil compaction data below 38 cm contained 

too much noise for a clear picture due to irregularities in soil characteristics (e.g. 

stones and water table) and missing data with increasing depth.  

The average harvest 

height was 9.09 ± 3.31 cm 

for the manual harvest 

and 10.11 ± 2.73 cm for 

the Stemster MKIII. This 

was within the requested 

upper limit of 10 cm. The 

difference between the 

harvest heights of the 

manual harvesting and the 

mechanised harvesting 

was significant (p < 0.01). 

This was probably because 

the manual harvester 

could assess the width of 

Figure 2.2.4 Pressure profile comparing compaction of the soil before 

(dashed lines) and after (dotted lines) the mechanised harvest using 

the Stemster harvester and between wide (grey colour) and narrow 

(black colour) rows. Each curve represents average values of the 

sample plots, as described in the materials and methods of this 

chapter. 

 

Figure 2.2.5 Example of a representative, good quality cut as 

performed by the Stemster harvester at the POPFULL SRC. The 

picture was taken on 17 May 2014 from genotype Skado. 
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every single stem; while the operator of the Stemster MKIII played save by cutting 

above the previous cut. The cutting quality was visually examined and was found to 

be of high quality for both harvesting techniques (Figure 2.2.5). The field stocking 

was 24.90 MgDM ha-1, from which 4% (i.e. 1.12 MgDM ha-1) was lost during the 

harvesting. The FM MC was on average 56%, which dropped to 53% after 54 days 

and to 42% after 103 days of natural wind-drying outside.  

 

4. Discussion 

When interpreting results retrieved from the literature, it should be taken into 

account that almost all available literature studies were performed in Germany and 

Italy. This should be taken into account when (i) comparing costs to Belgium, where 

labour costs are higher; and (ii) extrapolating costs to other countries with different 

wages. The low cost per hour of the manual harvesting (338 € h-1) compared to the 

cut-and-store system using the Stemster harvester (640 € h-1) did not compensate 

for the difference in EFC and EMC of both systems. On top of this, it should be kept 

in mind that stems are left windrowed in small piles on the field, while the Stemster 

harvester leaves the stems at the edge of the field in big piles. The real differences in 

harvesting cost will thus be even higher as manually harvested stems still need to be 

collected and transported to the edge of the field. Therefore, the Stemster harvester 

is considered to be the cheapest way of harvesting SRC. When rotation length is 

increased to 10 years, however, manual harvesting might become economically 

competitive with fully mechanised harvesting in terms of EMC (Hauk et al., 2014b). 

Another way of improving the EMC of manual harvesting (and thereby also the 

ergonomy) is to change the methodology: using a brush cutter instead of a chain saw 

and/or directing the falling stems with a wooden stick (Talagai et al., 2017).  

The soil compaction results should be interpreted with care because the 

penetrologger is a straightforward and common, but crude tool for measuring soil 

compaction. First of all, penetrologger results depend on the soil moisture content 

at the time of sampling, which was not taken into account for this study. Secondly, 

the pressure needed to penetrate the soil does not indicate the porosity and 

diffusivity of the soil, which can be analysed by other techniques. Thirdly, the 

difference in compaction that arose between pre-establishment and after the 

second harvest was not caused by the second harvest. Therefore, this compaction 

must have been caused by other interventions on the plantation. Most probably this 

compaction was caused by the first harvest (conducted with a harvester weighing 21 
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Mg) and by the planting and herbicide applications (done with tractors). Lastly, the 

the lateral effect of harvesting on the roots present in the small rows was not 

studied.  

A very high productive time of 94% was found for the manual harvesters. This was 

probably caused by seriously underestimated maintenance and delay times by the 

harvesters themselves. They were asked to estimate the total time spend on 

maintenance and delays, because these were not monitored by the observer. The 

passive reduction of the wood MC from 56 to 42% should be able to drop to < 30% 

and leads to high quality biomass without the need for special techniques, and is 

therefore an interesting process for small-scale SRC managers (Hauk et al., 2014b).  

An important issue to be addressed is the influence of the plantation design. At the 

establishment of the POPFULL site, the harvest was taken into account (headlands 

were foreseen), but no specific harvesting system was anticipated. Preparing the 

design for one particular harvester was not feasible because of the operational and 

technological unpredictability of future harvests (Eisenbies et al., 2014b). An optimal 

design, mainly characterized by minimum 12 m wide headlands (currently 8 m wide), 

would reduce the Stemster harvester’s time needed for turning between the 

different rows (Eisenbies et al., 2014b). The disadvantage would be a reduced 

planting area, which is considered to be minimally 300 ha for an economically 

efficient, mechanised harvest (with modified forage harvesters) (Pecenka et al., 

2014). The loss of 4% of the potential yield caused by the harvesting operation was 

comparable to the 5.5-8.0% reported in the literature (Berhongaray et al., 2013a; 

Eisenbies et al., 2014b).  

In conclusion, the mechanised technique is preferential over the manual harvesting 

of SRC. The cut-and-store technique comes at a higher cost per hour, but this is 

compensated by its much higher EMC and EFC, resulting in a lower cost. 
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Chapter 2.3. Increasing the value recovery from short-rotation coppice 

 

This chapter was based on: 

Vanbeveren, SPP, N Magagnotti and R Spinelli (2017) Increasing the value recovery 

from short-rotation coppice harvesting. BioResources 12: 696-703. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Farmers are reluctant to establish short-rotation coppice because too many uncertainties remain about 

its economic feasibility. Up to now, most progress has been accomplished by increasing plantation yields 

through genetic improvement and by reducing management costs through mechanization. In contrast, 

the potential increase of value recovery has received much less attention. We therefore compared 

whole-tree chipping with integrated harvesting to test whether more profit could be made by producing 

pulpwood logs and wood chips, rather than wood chips only. The two systems were compared side-by-

side with identical machinery on the same field. Chip production cost was higher for integrated 

harvesting (15 € Mg
-1

), because the system was less productive (9 Mg h
-1

), as compared with whole-tree 

chipping (9 € Mg
-1

 and 25 Mg h
-1

). Pulpwood log production only occurred with the integrated 

harvesting system, at a cost of 8 € Mg
-1

. Integrated harvesting incurred higher production costs, but also 

accrued better value recovery. Under current market conditions, the two systems offered similar profits, 

in the vicinity of 5000 € ha
-1

. However, integrated harvesting offered higher flexibility, with a potentially 

better resilience to market fluctuations.  
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1. Introduction 

Over the course of time, many improvements have been achieved to decrease SRC 

management costs (de Wit et al., 2013; Manzone et al., 2014). The main 

management improvements were achieved by mechanization (Spinelli et al., 2008) 

and further improvement of harvesting machinery (chapter 2.1). Harvesting is by far 

the largest cost item in the life of an SRC and can amount to up to half of the 

production cost, which emphasizes the importance of designing optimized 

harvesting operations (Fiala & Bacenetti, 2012; San Miguel et al., 2015; Spinelli et al., 

2008). At the same time, a lot of research has also addressed the increase of 

plantation yield, to the benefit of a higher product output. Both approaches – i.e., 

increased yield and decreased harvesting cost – are eminently quantitative (Mola-

Yudego et al., 2014). Little attention has been devoted to qualitative approaches, 

aiming at increasing the value of the product and not just its quantity or cost 

efficiency. Currently, whole-tree chipping (WTC) is the most common harvesting 

system applied to SRC. This system is simple and fast, but it only offers one single 

low-priced product, i.e., wood chips. Harvesting and WTC of SRC is mostly done 

according to the cut-and-chip technique, whereby the cut trees are immediately 

chipped by the same machine (e.g. modified forage harvesters), or according to the 

cut-and-store technique, whereby cut trees are stored before they get chipped by a 

dedicated chipper (Chapter 2.1). WTC is the only option when rotations are shorter 

than 4 to 5 years because stems lack the size necessary for producing any other 

product types. However, more recent SRC plantations are managed according to 

longer rotations, and the basal part of the stems could be suitable for processing 

into a higher-value product. Therefore, one might consider applying integrated 

harvesting (IH), where the basal part of the stems is turned into pulpwood logs, 

while the treetops are chipped (Verani et al., 2008). A precondition for applying IH is 

a minimum stem diameter of 15 cm at breast height, and thus a minimum rotation 

length of 5 to 6 years, depending on plantation and site characteristics (Manzone et 

al., 2014). By increasing the rotation length – to minimally five years – the wood chip 

quality also increases, as the ratio of hardwood over bark and the particle size 

distribution improve (Manzone et al., 2014, 2015). It should also be kept in mind 

that there must be an interest in the wood logs from the planted species. 

With this study, we aimed to determine if applying IH to an SRC may increase profits, 

as compared with the common WTC. Because wood chips have a low market value 

(Fiala & Bacenetti, 2012), we expect that pulpwood logs will generate higher 

revenues from the harvest of SRC, as they can be used in industry for making 
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modified wood products or packaging (De Somviele et al., 2009; Manzone et al., 

2014). To test this we split the harvest of a 5-y old SRC to produce only wood chips 

or a combination of wood chips and pulpwood logs. 

 

2. Materials and methods 

The SRC was located in Cavallermaggiore (Cuneo, Italy), established with poplar 

(Populus spp.) at a density of 1 660 ha-1 (2 x 3 m planting design), and harvested on 

17 November 2015. The SRC was split in the middle to obtain two plots with the 

same shape and a surface area of 0.22 ha each. The stems on plot one were 

completely chipped (WTC), while the stems on plot two were submitted to IH (Figure 

2.3.1). The difference in average diameter at breast height (1.30 m) of the stems was 

tested in R with a t-test and found to be non-significant (p > 0.2): 14.8 ± 3.3 cm on 

plot one and 15.5 ± 2.7 cm on plot two. The MC of the harvested stems was 45.8% 

for plot one and 43.5% for plot two.  

 

 

Figure 2.3.1 Non-chipped product of: a) plot one (whole trees); and b) plot two (pulpwood logs and 

treetops) during the harvest at Cavallermaggiore (Cuneo, Italy).  
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Felling (and the processing in the case of IH) was done with a GMT 035 saw head 

(Gierkink Machine Techniek b.v., the Netherlands) attached to a PC110R light 

excavator (Komatsu Ltd., Japan). Chipping was done in the field, using a PTH 1400-

820 ALLROAD all-terrain chipper (Pezzolato S.p.A., Italy). Both machines were 

operated by professional personnel. Chips were blown directly into silage trailers 

attached to farm tractors, tasked with moving the chips to the Biopoplar combined 

heat and power plant in Cavallermaggiore, which was located 2 km away. When 

applying IH, one or two 2-m pulpwood logs were produced from the basal part of 

the stem, and the remaining treetops were chipped. Working and delay times for 

felling were recorded in 14 time steps per plot, the working time for chipping was 

recorded in five time steps for the WTC and in two time steps for the IH. Statistical 

significant differences were tested with non-parametric Mann-Whitney U-tests, as 

data were not normally distributed. 

Total harvested biomass (MgFM) was determined by weighing all trailers on the 

combined heat and power plant weighbridge at the time of harvesting. Yield 

(MgFM ha-1 y-1) was calculated by dividing the total harvested biomass by plot area 

(0.22 ha) and stem age (5 y). We recorded the time spent on each plot by each 

machine, separating net felling time from delay time. All delay time that was not 

caused by the study itself was included in the calculations. Delay time was included 

in the EFC and the EMC, calculated for the felling (or felling-processing in the case of 

IH) and chipping.  

Hourly rates for the machines used in the test were calculated with the method 

described by Miyata (1980), using costing assumptions provided by the machine 

owners. The production cost of each system (IH vs. WTC) was calculated by first 

multiplying the usage cost with the percent usage time of each machine (feller vs. 

chipper) and then summing these values per harvesting system. The wood chip 

production cost per harvesting system was calculated by first dividing the feller’s and 

chipper’s usage cost by their respective EMC and then summing these two values. 

The pulpwood log production cost was calculated by dividing the feller’s usage cost 

by its EMC for pulpwood log processing. The total production cost of WTC was 

obtained by multiplying the chipped biomass with the wood chip production cost. 

For the IH, the total production cost was obtained by the sum of two multiplications: 

the chipped biomass with the wood chip production cost; and the non-chipped 

biomass with the pulpwood log production cost. The market prices for wood chips 

and pulpwood logs from poplar were obtained from the Chamber of Commerce of 

Alessandria (Italy) (Livraghi, 2016). 



126 
 

3. Results and Discussion 

The IH of field two of the Cavallermaggiore SRC required more than double the time 

for felling (3h30min), but less time for chipping (0h55min) as compared with WTC of 

field one (1h30min for felling and 1h20min for chipping) (Table 2.3.1). The significant 

difference in felling time (p < 0.01) was caused by a higher net felling time, as well as 

by a higher (non-significant; p > 0.05) delay time in the IH system as compared to the 

WTC. This could be explained by the more extensive handling of the stems in the IH: 

stems needed to be felled, pulpwood logs needed to be separated from treetops, 

and then both assortments needed to be piled separately. Additionally, relocating 

the treetops involved handling small branches, which were more prone to getting 

stuck in the grapple, hence demanding operator intervention. In contrast, during the 

WTC stems only needed to be cut and windrowed, thereby lowering both the net 

felling time and the delay time. The harvesting EFC (0.14 ha smh-1) and EMC 

(25.0 MgFM smh-1 including delay times) for the WTC were more than double the EFC 

(0.06 ha smh-1) and EMC (9.4 MgFM smh-1) recorded for IH.  

Table 2.3.1 Biomass productivity and harvest related parameters for plot one and 

two. WTC = whole-tree chipping, IH = integrated harvesting. Felling also includes 

processing in the case of IH. 

Field   One Two 

Processing type   WTC IH 
Yield (MgFM ha-1 y-1) 35.4 30.4 
Field stocking (MgFM ha-1) 176.8 151.8 
Felled biomass (MgFM) 38.9 33.4 
Chipped biomass (MgFM) 38.9 23.6 
Net felling time (h:mm:ss) 1:28:25 3:04:51 
Delay time during felling (h:mm:ss) 0:04:57 0:27:13 
Total felling time (h:mm:ss) 1:33:22 3:32:04 
Total chipping time (h:mm:ss) 1:18:36 0:54:17 
Time used for felling (%) 54 80 
Time used for chipping (%) 46 20 
Felling EFC (ha smh-1) 0.14 0.06 
Felling EMC (Mg smh-1) 25.0 9.4 
Chipping EMC (Mg smh-1) 29.7 26.1 
Processing cost (€ smh-1) 123 96 
Wood chip production cost (€ Mg-1

FM) 9.04 14.81 
Pulpwood log production cost (€ Mg-1

FM) - 7.97 
Total production cost (€) 351 428 
Total revenue (€) 1 459 1 550 
Profit (€) 1 107 123 
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The lower chipping time recorded for IH is explained by the lower amount of 

biomass chipped, as compared with the WTC (15 MgFM less), as the chipper EMC was 

almost equal for both processing types (IH 26 MgFM smh-1; WTC 30 MgFM smh-1) 

(Table 2.3.1). The small difference in chipper EMC was probably due to the smaller 

piece size of the biomass chipped under the IH, which made it more laboursome to 

handle (Manzone, 2015). However, it should be kept in mind that harvest losses (a.o. 

due to branches breaking of from the stems during felling) were not taken into 

account, thereby not generating a difference between felled and chipped biomass 

for WTC. The delay time and fuel consumption during the chipping process were not 

monitored for this study, but were expected to be higher when handling smaller 

piece sizes (Manzone, 2015). As a consequence, felling accounts for 80% of the total 

harvesting time under the IH, and for only 54% under the WTC. 

 

Table 2.3.2 Economic data of the feller (GMT 035 saw head 

attached to a Komatsu PC110R) and the chipper (PTH 1400-820 

ALLROAD) used for this study. 

    Feller Chipper 

Purchase price (€) 130 000 550 000 
Economic lifetime (y) 8 8 
Resale value (€) 39 000 165 000 
Interest rate (%) 4 4 
Fuel consumption (l smh-1) 18 40 
Crew (n) 1 1 
Depreciation (€ y-1) 11 375 48 125 
Interest   (€ y-1) 3 608 15 263 
Insurance (€ y-1) 1 000 2 500 
Fuel and lube (€ y-1) 36 504 81 120 
Maintenance (€ y-1) 5 688 24 063 
Labour (€ y-1) 24 000 24 000 
Annual use (smh y-1) 1 200 1 200 
10% overhead (€ smh-1) 6.8 16.3 
Usage cost (€ smh-1) 75 179 

 

The hourly machine cost was higher under the WTC than under the IH (123 vs. 

96 € smh-1, respectively) because of the higher proportion of chipper use (Table 

2.3.2). Service life and labour costs were equal for the feller and the chipper. Thus, 

the difference in hourly cost was mostly due to the higher purchase price, fuel 

consumption rate, and maintenance cost of the chipper as compared to the feller. At 
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a MC of 40-45%, the market price for poplar wood chips in the studied region was 

37.50 € Mg-1
FM, and that for pulpwood logs was 43.50 € Mg-1

FM. Under such market 

conditions, IH resulted in an increase of 6% in value recovery (414 € ha-1) and a 21% 

increase in harvesting cost (350 € ha-1). In practical terms, that would translate to a 

very small (1%) increase in profit, which would increase from 5 036 € ha-1 to 

5 100 € ha-1 passing from WTC to IH. It should be kept in mind that this was the net 

harvesting profit, as the costs to lease the land, as well as to establish and to manage 

the SRC, were not taken into account. The IH as executed in this study was a very 

crude way and its efficiency could be improved, e.g. by producing longer wood logs.  

In conclusion, IH of SRC did not generate a higher profit as compared to WTC, 

because the higher market value of the pulpwood logs did little more than offsetting 

the additional production cost. However, a higher profit for IH of SRC might arise 

with changing market conditions, which are relatively volatile, especially when it 

comes to wood fuel. The main advantage of IH as applied in this study is in the 

increased product flexibility, which may help coping with sudden market 

fluctuations. 
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Appendix 1 

 

Above-ground woody biomass (AGWB), leaf area index (LAI), leaf area duration 

(LAD), intercepted radiation (Iint) and radiation use efficiency (RUE) values per 

genotype studied at the POPFULL SRC. 
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  AGWB (MgDM) LAImax (m
2
 m

-2
) LAD (m

2
 day m

-2
) Iint (%) RUE (%) 

  2010 2011 2012 2013 2010 2011 2012 2013 2010 2011 2012 2013 2010 2011 2012 2013 2010 2011 2012 2013 

Bakan 2.84 5.56 9.76 14.82 0.89 2.02 5.71 6.16 84.3 258.6 597.8 803.8 17.80 50.47 75.72 91.10 0.68 0.35 0.47 0.54 

Brandaris 1.37 1.65 5.93 12.09 0.49 0.87 4.05 4.25 40.5 114.4 355.0 552.0 10.60 30.43 62.10 84.37 0.63 0.18 0.35 0.47 

Ellert 1.57 4.47 9.10 14.73 1.11 2.60 7.35 4.68 87.0 344.2 649.3 561.4 21.30 65.59 78.46 86.87 0.30 0.22 0.42 0.56 

Grimminge 2.76 6.42 7.26 14.20 0.95 2.56 5.25 4.20 88.1 320.3 456.7 478.2 19.50 59.81 61.63 80.50 0.56 0.34 0.43 0.58 

Hees 3.65 10.36 15.28 17.34 1.68 4.63 7.59 5.75 148.1 574.1 780.1 671.3 29.70 80.59 81.38 91.01 0.48 0.41 0.68 0.63 

Koster 1.32 4.03 6.62 10.04 0.94 2.57 5.03 4.82 81.8 341.9 455.5 554.9 19.50 60.62 65.68 82.91 0.28 0.21 0.36 0.40 

Muur 2.25 5.82 10.55 14.14 0.92 2.69 5.48 4.36 82.2 345.6 519.3 504.5 19.50 60.96 64.47 85.33 0.48 0.30 0.59 0.55 

Oudenberg 2.75 5.37 11.05 18.51 0.90 2.11 5.16 4.17 81.1 262.7 492.2 449.5 20.30 52.74 73.86 82.02 0.71 0.33 0.54 0.75 

Robusta 2.48 3.70 7.38 11.83 1.57 1.88 4.74 4.44 121.3 193.1 476.7 554.0 26.60 43.54 67.11 83.73 0.37 0.28 0.40 0.47 

Skado 3.63 8.69 12.05 26.00 1.08 3.55 7.18 5.91 90.8 515.8 785.8 728.5 24.80 77.86 86.55 90.70 0.76 0.33 0.50 0.95 

Vesten 2.63 8.32 11.57 14.30 1.22 2.78 5.97 4.70 103.8 368.1 548.8 512.9 20.40 59.38 77.52 84.09 0.49 0.45 0.55 0.56 

Wolterson 1.67 3.34 8.48 15.22 0.64 1.60 4.85 4.27 59.3 154.1 452.6 508.2 14.10 32.08 68.67 86.24 0.49 0.35 0.45 0.59 

Average 2.41 5.64 9.59 15.27 1.03 2.49 5.70 4.81 89.0 316.1 547.5 573.3 20.30 56.17 71.93 85.74 0.52 0.31 0.48 0.59 
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Appendix 2 

 

N, P, K, Ca and Mg concentrations in the leaves and proleptic branches (PB) of the 12 

poplar genotypes studied at the POPFULL SRC. 
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N P K Ca Mg 

 
PB Leaves PB Leaves PB Leaves PB Leaves PB Leaves 

 
(g kg

-1
) (g kg

-1
) (kg ha

-1
) (g kg

-1
) (g kg

-1
) (kg ha

-1
) (g kg

-1
) (g kg

-1
) (kg ha

-1
) (g kg

-1
) (g kg

-1
) (kg ha

-1
) (g kg

-1
) (g kg

-1
) (kg ha

-1
) 

Bakan 10.10 13.60 67.44 1.48 2.06 10.22 6.89 18.00 89.26 6.01 9.83 48.75 0.97 1.40 6.94 

Brandaris 12.00 23.00 60.84 1.60 2.51 6.64 7.75 17.40 46.02 4.21 12.90 34.12 1.35 4.09 10.82 

Ellert 13.60 19.90 62.17 1.39 1.44 4.50 8.29 13.90 43.42 4.47 11.50 35.93 1.14 3.02 9.43 

Grimminge 12.20 20.00 77.00 1.27 1.64 6.31 7.70 8.35 32.15 4.88 12.70 48.89 0.90 3.27 12.59 

Hees 11.30 21.70 67.48 1.53 2.18 6.78 7.51 14.90 46.33 3.35 13.30 41.36 0.74 2.47 7.68 

Koster 12.80 23.40 81.73 1.21 1.51 5.27 5.22 12.90 45.05 2.39 11.80 41.21 1.17 4.06 14.18 

Muur 12.70 18.00 55.60 1.53 0.97 3.00 7.45 12.10 37.38 4.16 11.20 34.60 0.96 3.66 11.31 

Oudenberg 13.70 18.80 56.37 1.52 1.65 4.95 10.60 15.00 44.98 3.81 10.90 32.68 1.10 3.17 9.51 

Robusta 12.80 21.00 77.60 1.36 3.02 11.16 5.15 11.20 41.39 3.18 10.50 38.80 1.42 2.91 10.75 

Skado 10.50 19.60 85.36 1.42 1.86 8.10 6.79 17.10 74.47 4.54 10.40 45.29 0.73 1.70 7.40 

Vesten 14.80 17.40 63.57 1.32 1.54 5.63 7.74 17.90 65.40 4.85 16.20 59.19 0.91 2.77 10.12 

Wolterson 13.90 22.90 82.79 1.48 2.60 9.40 7.72 14.80 53.51 3.89 13.20 47.72 1.13 3.35 12.11 

Average 12.53 19.94 69.83 1.43 1.92 6.83 7.40 14.46 51.61 4.15 12.04 42.38 1.04 2.99 10.24 

stdev 1.40 2.80 10.60 0.12 0.58 2.45 1.41 2.97 16.60 0.93 1.75 7.87 0.22 0.83 2.19 
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Appendix 3 

 

Values (± standard deviation) for the bud burst, bud set and plant area index sorted 

per day of year (DOY), as presented in figure 1.3.4a and 1.3.4b. 

 



162 
 

 
2011 2012 

DOY Bud burst Bud set PAI Bud burst Bud set PAI 

4 
  

0.28 (± 0.18) 
   

33 
     

0.33 (± 0.19) 

34 
     

0 (± 0) 

54 
  

0.28 (± ) 
   

59 1.087 (± 0.265) 
     

67 1.145 (± 0.39) 
     

74 1.24 (± 0.577) 
     

81 1.396 (± 0.798) 
     

87 1.788 (± 1.23) 
     

95 2.579 (± 1.358) 
     

97 
   

2.926 (± 0.906) 
  

98 
  

0.62 (± 0.36) 
   

102 3.988 (± 1.094) 
  

3.059 (± 0.86) 
  

109 4.776 (± 0.584) 
  

3.191 (± 0.788) 
  

115 
   

3.412 (± 0.793) 
  

116 5 (± 0) 
     

119 
  

0.98 (± 0.46) 
   

124 
   

4.588 (± 0.668) 
  

131 
   

4.941 (± 0.239) 
  

133 
  

1.33 (± 0.57) 
   

136 
   

5 (± 0) 
  

154 
  

1.35 (± 0.73) 
   

174 
     

1.80 (± 0.68) 

181 
     

2.00 (± 0.85) 

182 
  

1.65 (± 0.81) 
   

195 
     

3.15 (± 1.27) 

203 
  

1.92 (± 0.88) 
   

209 
     

3.53 (± 1.12) 

223 
     

4.86 (± 1.37) 

237 
     

5.60 (± 1.36) 

242 
    

3 (± 0) 
 

243 
 

2.82 (± 0.412) 
    

245 
  

2.36 (± 0.95) 
   

251 
    

2.795 (± 0.342) 5.12 (± 1.23) 

255 
 

1.863 (± 0.76) 
  

2.463 (± 0.563) 
 

258 
     

5.38 (± 1.38) 

262 
 

1.465 (± 0.799) 
  

1.988 (± 0.875) 
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 2011 2012 

DOY Bud burst Bud set PAI Bud burst Bud set PAI 

265 
     

5.74 (± 1.57) 

266 
  

2.37 (± 1.02) 
   

268 
    

0.93 (± 0.829) 
 

269 
 

0.48 (± 0.469) 
    

272 
     

3.95 (± 1.18) 

275 
    

0.294 (± 0.453) 
 

276 
 

0.154 (± 0.371) 
    

279 
     

4.43 (± 1.22) 

280 
  

2.38 (± 1.24) 
   

283 
    

0.165 (± 0.37) 
 

287 
  

1.52 (± 0.90) 
   

290 
    

0.044 (± 0.142) 
 

293 
     

3.25 (± 1.18) 

294 
  

1.42 (± 0.81) 
   

300 
     

2.63 (± 0.70) 

301   
 

1.08 (± 0.76) 
   

314 
     

1.42 (± 0.87) 

315 
  

0.62 (± 0.30) 
   

328 
     

0.73 (± 0.42) 

329     0.30 (± 0.15)       
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Appendix 4 

 

Overview of all the field trials used for the analyses performed with their main 

variables, sorted per harvesting technique. Values converted as described in the text 

are displayed in italics. 
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Coppice header Tractor Max 

engine 

power 

(kW) 

Location 

 

City (State or Province) 

Country 

Genus Planting 

design  

 

(row) 

Planting 

density  

 

(stools ha-1) 

Cut-and-chip       

Austoft 240 Austoft 770 216 Tunbyholmgaard (M) SE Salix Double  

Austoft 240 Austoft 770 216 Alnarp (M) SE Salix Double  

Biopoplar John Deere 7400 323 Poirino (TO) IT Populus Single 6 667 

Biopoplar John Deere 7400 323 Poirino (TO) IT Robinia Single 6 667 

Biopoplar John Deere 7400 323 Poirino (TO) IT Populus Single 6 667 

Biopoplar John Deere 7400 323 Poirino (TO) IT Populus Single 6 667 

Bodini Bio15 Fendt Favorit 824 172 IT Populus Double  

Claas HS2 Claas Jaguar 840 268 Albuzzano (PV) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 840 268 Sforzesca (PV) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 840 268 Frascarolo (PV) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 840 268 Mezzana Bigli (PV) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 840 268 Linarolo (PV) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 840 268 Alperolo (PV) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 840 268 Vallsnas (T) SE  Single  

Claas HS2 Claas Jaguar 840 - 900 350 IT    

Claas HS2 Claas Jaguar 850 303 Corà (RO) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 850 303 Calignano (PV) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 850 303 Carpignano (LE) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 860 305 Travagliato (BS) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 860 305 Torbole (TN) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 860 305 Pudiano (BS) IT Populus Double 10 000 

Claas HS2 Claas Jaguar 870 333 (NRW) DE Populus Double 17 544 

CRL 2nd header Claas Jaguar 880 354 Retford (NOT) UK Salix Double  

Döhrer/Wieneke 

Mähhacker 

 100 Diemelstadt (HE) DE Populus Single  

Gandini 500   IT Populus  1 600 

GBE1 Claas Jaguar 840-900 330 IT    

GBE1 Claas Jaguar 880 354 Eraclea (VE) IT Populus Single 6 500 

GBE1 Claas Jaguar 880 354 Conselve (PD) IT Populus Single 6 500 

GBE1 Claas Jaguar 880 354 Caorle (VE) IT Populus Single 6 500 

GBE1 Claas Jaguar 880 354 Arre (AO) IT Populus Single 6 500 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Salix  6 666 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Populus  6 666 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Populus  6 666 
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Age 

shoot/ 

root  

(yr) 

Area  

 

 

(ha) 

Field 

stocking  

 

(Mg ha-1) 

Yield  

 

 

(Mg ha-1 yr-1) 

EFC  

 

 

(ha h-1) 

EMC  

 

 

(Mg h-1) 

Cost  

 

 

(€ Mg-1) 

Year 

of 

trial 

Reference 

         

 0.86 44.4 14.80 0.76 33.70  2001 (Spinelli, 2016) 

 0.70 66.5 22.17 0.35 23.30  2001 (Spinelli, 2016) 

3/3 1.22 50.7 16.90 0.83 41.90 12.60 2008 (Spinelli et al., 2011) 

2/4 0.83 54.0 27.00 0.28 14.90 28.70 2008 (Spinelli et al., 2011) 

2/4 2.41 59.9 29.95 0.53 31.50 16.65 2008 (Spinelli et al., 2011) 

3/3 2.85 62.9 20.97 0.66 41.50 12.71 2008 (Spinelli et al., 2011) 

2/2  20.0 10.00 0.49 9.70  2003 (Spinelli, 2016) 

1/1 2.70 7.2 7.20 1.68 12.10  2004 (Spinelli et al., 2008) 

1/1 9.20 9.0 9.00 1.02 9.20  2004 (Spinelli et al., 2008) 

1/3 8.40 10.9 10.90 0.96 10.50  2004 (Spinelli et al., 2008) 

1/2 3.20 25.5 25.50 0.76 19.50  2004 (Spinelli et al., 2008) 

1/3 1.20 27.6 27.60 1.04 28.70  2004 (Spinelli et al., 2008) 

1/2 0.60 40.8 40.80 1.08 44.20  2004 (Spinelli et al., 2008) 

  56.0 18.67 0.17 25.00  2001 (Spinelli, 2016) 

  30.2 16.61 0.75 22.68  2002 (Spinelli et al., 2009) 

2/2 2.50 14.1 7.05 1.64 23.10  2004 (Spinelli et al., 2008) 

2/2 0.60 21.6 10.80 0.61 13.20  2004 (Spinelli et al., 2008) 

2/4 1.30 36.0 18.00 0.93 33.30  2004 (Spinelli et al., 2008) 

1/1 4.30 8.4 8.40 1.39 11.70  2004 (Spinelli et al., 2008) 

1/1 2.00 13.5 13.50 1.50 20.20  2004 (Spinelli et al., 2008) 

1/2 3.10 37.9 37.90 1.00 38.00  2004 (Spinelli et al., 2008) 

2/3 2.26 53.8 26.88 0.31 16.83 15.58 2011 (Schweier, 2016) 

 1.22 42.4 14.13 0.62 26.10  2001 (Spinelli, 2016) 

4/8 

 

 45.0 11.25 0.07 3.10  1995 (Spinelli & Kofman, 1995) 

 0.25    13.49  2012 (Manzone, 2015) 

  53.4 29.32 0.79 42.10  2003 (Spinelli et al., 2009) 

2/4 1.00 12.4 6.20 2.82 35.00  2004 (Spinelli et al., 2008) 

2/4 3.60 13.9 6.95 1.75 24.30  2004 (Spinelli et al., 2008) 

2/4 4.50 15.7 7.85 2.66 41.70  2004 (Spinelli et al., 2008) 

2/4 1.20 26.8 13.40 1.26 33.70  2004 (Spinelli et al., 2008) 

3/6 0.08 33.5 11.15    2013 (Civitarese et al., 2015) 

3/6 0.08 35.4 11.79    2013 (Civitarese et al., 2015) 

3/6 0.08 37.6 12.55    2013 (Civitarese et al., 2015) 
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Coppice header Tractor Max 

engine 

power 

(kW) 

Location 

 

City (State or Province) 

Country 

Genus Planting 

design  

 

(row) 

Planting density  

 

 

(stools ha-1) 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Populus  6 666 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Populus  6 666 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Robinia  6 666 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Fraxinus  6 666 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT Populus  6 666 

GBE1 Claas Jaguar 880 354 Salerno (SA) IT   6 666 

GBE2 Claas Jaguar 880 354 Cremona (CR) IT Populus Single 7 100 

GBE2 Claas Jaguar 880 354 Cremona (CR) IT Populus Double 14 100 

GBE2 Claas Jaguar 880 354 Cremona (CR) IT Populus Single 5 550 

GBE2 Claas Jaguar 880 354 Cremona (CR) IT Populus Double 9 520 

GBE2 Claas Jaguar 880 354 Cremona (CR) IT Populus Single 5 550 

HTM 1500 Krone BigX 440 Casale Monferrato (AL) IT Robinia Single 8 333 

HTM 1500 Krone BigX 440 Casale Monferrato (AL) IT Populus Single 8 772 

HTM 1500 Krone BigX 440 Örebro (T) SE Salix Double 7 576 

Krone WoodCut 1500 Krone BigX 440 (BW) DE Salix Single  

New Holland 130 FB New Holland 400 Boardman (OR) US Populus   

New Holland 130 FB New Holland 400 Clatskanie (OR) US Populus   

New Holland 130 FB New Holland 400 Lafayette (NY) US Salix   

New Holland 130 FB New Holland 400 Boardman (OR) US Populus   

New Holland 130 FB New Holland 400 Westfield (NY) US Salix   

New Holland 130 FB New Holland 400 Constableville (NY) US Salix   

New Holland 130 FB New Holland 400 Delhi (NY) US Salix   

New Holland 130 FB New Holland FR9050 430 Bockwitz (SN) DE Salix Double 13 500 

New Holland 130 FB New Holland FR9060 435 (BW) DE Populus Single 8 621 

New Holland 130 FB New Holland FR9060 435 (BB) DE Robinia Double 10 000 

New Holland 130 FB New Holland FR9060 435 (NRW) DE Populus Single 6 667 

New Holland 130 FB New Holland FR9060 435 (BB) DE Robinia Double 10 438 

New Holland 130 FB New Holland FR9060 435 Köllitsch (SN) DE Populus Double 14 000 

New Holland 130 FB New Holland FR9060 435 Middlebury (NY) US Salix   

New Holland 130 FB New Holland FR9060 435 (BW) DE Populus Single 6 667 

New Holland 130 FB New Holland FR9060 435 Reinach (BL) CH Salix Double 13 000 

New Holland 130 FB New Holland FR9060 435 Bad Schussenried (BW) DE Salix Double 12 500 

New Holland 130 FB New Holland FR9060 435 Canastota (NY) US Salix   

New Holland 130 FB New Holland FR9060 435 Degernau (BW) DE Salix Double 12 500 

New Holland 130 FB New Holland FR9060 435 Bad Schussenried (BW) DE Salix Double 13 200 
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Age 

shoot/ 

root 

(yr) 
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(ha) 

Field  

stocking  

 

(Mg ha-1) 
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(Mg ha-1 yr-1) 
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(ha h-1) 
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(Mg h-1) 
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(€ Mg-1) 
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3/6 0.08 43.1 14.37    2013 (Civitarese et al., 2015) 

3/6 0.08 46.4 15.45    2013 (Civitarese et al., 2015) 

3/6 0.08 49.4 16.47    2013 (Civitarese et al., 2015) 

3/6 0.08 52.0 17.32    2013 (Civitarese et al., 2015) 

3/6 0.08 53.7 17.89    2013 (Civitarese et al., 2015) 

3/6 0.08 95.9 31.98    2013 (Civitarese et al., 2015) 

2/4 15.87 36.9 18.45 1.67 61.77 9.81 2009 (Fiala & Bacenetti, 2012) 

2/2 13.30 54.6 27.31 0.77 42.20 8.38 2009 (Fiala & Bacenetti, 2012) 

2/2 21.89 59.4 29.70 1.08 64.21  2009 (Fiala & Bacenetti, 2012) 

2/6 15.70 60.4 30.20 0.94 56.49  2009 (Fiala & Bacenetti, 2012) 

2/4 2.40 69.5 34.75 0.83 52.38  2009 (Fiala & Bacenetti, 2012) 

2/4 0.59 30.3 15.15 1.09 33.00 17.96 2008 (Spinelli et al., 2011) 

3/3 0.53 51.3 17.10 0.46 23.50 20.92 2008 (Spinelli et al., 2011) 

5/9 2.12 98.3 19.66 0.51 50.30 11.72 2008 (Spinelli et al., 2011) 

4/4 0.51 41.3 10.33 0.37 18.15  2011 (Schweier, 2016) 

  13.0  3.30 42.00  2012 (Eisenbies et al., 2014a) 

 8.00 15.0  1.80 26.00  2012 (Eisenbies et al., 2014a) 

 4.90 20.0  0.44 8.80  2010 (Eisenbies et al., 2014a) 

 16.50 21.0  2.10 43.00  2011 (Eisenbies et al., 2014a) 

 0.80 27.0     2010 (Eisenbies et al., 2014a) 

 2.70 49.6 9.93 0.73 36.50  2011 (Eisenbies et al., 2014a) 

 2.20      2011 (Eisenbies et al., 2014a) 

2/2 0.30 75.6 37.78 0.37 28.19 10.72 2010 (Schweier & Becker, 2012b) 

2/2 2.52 7.9 3.96 1.32 10.50 32.25 2012 (Kern, 2012) 

3/6 2.86 17.9 5.98 1.18 21.17 12.22 2011 (Voigtländer, 2011) 

3/3 1.79 27.3 9.09 0.74 20.21 16.75 2012 (Kern, 2012) 

6/6 5.83 30.6 5.11 0.24 7.35 35.20 2011 (Voigtländer, 2011) 

3/3 5.00 36.2 12.07 0.73 26.54 11.10 2011 (Schweier & Becker, 2012b) 

 2.20 39.0  1.30 51.00  2011 (Eisenbies et al., 2014a) 

3/3 1.91 40.6 13.53 0.81 32.88 10.31 2012 (Kern, 2012) 

3/3 0.40 41.8 13.93 0.64 26.89 10.95 2011 (Schweier & Becker, 2012b) 

3/3 0.90 45.3 15.11 0.56 25.34 11.63 2011 (Schweier & Becker, 2012b) 

 8.90 60.0 20.00 0.57 35.00  2011 (Eisenbies et al., 2014a) 

3/3 2.30 64.4 21.48 0.67 43.21 6.81 2011 (Schweier & Becker, 2012b) 

3/3 4.50 78.2 26.07 0.62 48.26 6.10 2011 (Schweier & Becker, 2012b) 
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Coppice header Tractor Max 

engine 

power 

(kW) 

Location 

 

City (State or Province) 

Country 

Genus Planting 

design  

 

(row) 

Planting density  

 

 

(stools ha-1) 

New Holland 130 FB New Holland FR9060 435 Engen (BW) DE Populus Double 10 500 

New Holland 130 FB New Holland FR9060 435 Três Lagoas (MS) BR Eucalyptus Single 3 333 

New Holland 130 FB New Holland FR9060 435 BR Eucalyptus Double 14 814 

New Holland 130 FB New Holland FR9060 435 Lins (SP) BR Eucalyptus Single 6 666 

New Holland 130 FB New Holland FR9060 435 BR Eucalyptus Single 6 666 

New Holland 130 FB New Holland FR9080 504 Clarksburg (CA) US Populus Single 3 600 

New Holland 130 FB New Holland FR9080 504 Jefferson (OR) US Populus Single 3 600 

New Holland 130 FB New Holland FR9080 504 Boardman (OR) US Populus   

New Holland 130 FB New Holland FR9080 504 Hayden (ID) US Populus Single 3 600 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Auburn (NY) US Salix   

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix Double 14 350 

New Holland 130 FB New Holland FR9080 504 Groveland (NY) US Salix   

New Holland 130 FB New Holland FR9090 606 Lochristi (OV) BE Populus Double 8 000 

New Holland 130 FB   Taiobeiras (MG) BR Eucalyptus Single 5 000 

Ny Vraa JF Z200 John Deere 8520T 164 Lochristi (OV) BE Populus Double 8 000 

Salix Maskiner Bender Mark II  120 Sätuna (O) SE Salix Double  

Salix Maskiner Bender Mark III  120 Laghetto (PI) IT Populus Double 5700 

Salix Maskiner Bender Mark III  120 Golena (PI) IT Populus Double 7800 

Salix Maskiner Bender Mark III  120 Golena (PI) IT Robinia Single 3570 

Salix Maskiner Bender Mark III  120 Gubbio (PG) IT Robinia Single 7050 

Salix Maskiner Bender Mark III  120 Piscina (PI) IT Salix Single 4350 

Salix Maskiner Bender Mark III  120 Silos (PI) IT Salix Single 4200 
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4/4 0.30 84.4 21.11 0.27 22.76 12.95 2011 (Schweier & Becker, 2012b) 

 3.82 90.0 32.14 0.43 38.80  2014 (Guerra et al., 2016) 

 1.03 97.0 30.31 0.49 47.40  2014 (Guerra et al., 2016) 

 2.37 142.0 44.38 0.40 56.60  2014 (Guerra et al., 2016) 

 0.74 157.0 47.58 0.34 53.20  2014 (Guerra et al., 2016) 

2/2 17.20 14.3 7.17 1.94 50.64   (Eisenbies, 2016) 

2/2 25.33 16.4 8.18 2.15 34.36   (Eisenbies, 2016) 

 8.50 19.0 12.67 1.90 36.00  2012 (Eisenbies et al., 2014a) 

2/2 19.91 24.7 12.33 2.19 54.16   (Eisenbies, 2016) 

4/5 0.21 26.2 6.56 1.35 35.45  2013 (Eisenbies et al., 2014b) 

4/5 1.49 30.8 7.69 1.05 32.33  2013 (Eisenbies et al., 2014b) 

4/5 1.27 33.2 8.31 1.24 41.27  2013 (Eisenbies et al., 2014b) 

4/5 15.21 33.9 8.47 1.24 42.19  2013 (Eisenbies et al., 2014b) 

4/5 1.92 34.9 8.72 1.07 37.38  2013 (Eisenbies et al., 2014b) 

4/5 0.22 35.2 8.79 0.71 24.92  2013 (Eisenbies et al., 2014b) 

4/5 2.99 36.4 9.09 1.25 45.43  2013 (Eisenbies et al., 2014b) 

 40.00 43.0 10.75 1.60 67.00  2012 (Eisenbies et al., 2014a) 

5/5 0.32 45.0 9.01 0.87 39.16  2013 (Eisenbies et al., 2014b) 

5/5 1.00 48.5 9.70 0.78 37.68  2013 (Eisenbies et al., 2014b) 

5/5 0.63 49.8 9.97 1.05 52.50  2013 (Eisenbies et al., 2014b) 

5/5 0.41 51.9 10.38 0.89 46.13  2013 (Eisenbies et al., 2014b) 

5/5 3.38 53.6 10.72 0.79 42.30  2013 (Eisenbies et al., 2014b) 

5/5 1.36 64.2 12.85 0.51 32.62  2013 (Eisenbies et al., 2014b) 

5/5 1.61 66.7 13.34 0.73 48.87  2013 (Eisenbies et al., 2014b) 

 12.00 68.0  1.10 72.00  2013 (Eisenbies et al., 2014a) 

2/2 7.00 18.4 9.18 0.77 14.13 25.86 2012 (Berhongaray et al., 2013a) 

 9.80 130.0 43.33 0.50 65.10  2014 (Guerra et al., 2016) 

2/2 1.00 18.4 9.18 0.59 10.80 21.60 2012 (Berhongaray et al., 2013a) 

3/6  50.0 16.67 0.11 5.60  1995 (Spinelli & Kofman, 1995) 

2/2 1.18 5.1 2.55 0.93 4.33  1997 (Spinelli, 1998) 

2/2 2.80 6.1 3.05 0.92 4.51  1997 (Spinelli, 1998) 

3/3 0.23 7.4 2.47 1.04 3.05  1997 (Spinelli, 1998) 

2/2 1.90 12.1 6.05 0.45 4.08  1997 (Spinelli, 1998) 

3/3 0.21 13.8 4.60 0.97 3.71  1997 (Spinelli, 1998) 

3/3 0.20 13.8 4.60 0.44 1.70  1997 (Spinelli, 1998) 
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Coppice header Tractor Max 

engine 

power 

(kW) 

Location 

 

City (State or Province) 

Country 

Genus Planting 

design  

 

(row) 

Planting 

density  

 

(stools ha-1) 

Salix Maskiner Bender Mark III  120 Silos (PI) IT Robinia Single 5400 

Salix Maskiner Bender Mark III  120 Silos (PI) IT Robinia Single 3470 

Salix Maskiner Bender Mark III/2  120 Södertälje (AB) SE  Single  

Salix Maskiner Bender Mark III/2  120 Södertälje (AB) SE  Single  

Spapperi CH260  100 IT Populus  6 700 

   Sigmaringen (BW) DE Populus Single 6 700 

 Austoft 216 Casale Monferrato (AL) IT Populus Double 9524 

 Austoft 216 Casale Monferrato (AL) IT Populus Single 7722 

 Austoft 216 Casale Monferrato (AL) IT Populus Single 7722 

 Austoft 216 Casale Monferrato (AL) IT Populus Single 9259 

 Austoft 216 Civitella (PG) IT Robinia Single 8131 

 Austoft 216 Snogeholm (M) SE Salix Double  

 Austoft 7700 216 Västra Harg (E) SE Salix Double  

 Austoft 7700 216 Önnestad (M) SE Salix Double  

 Austoft 7700 216 Kågeröd (M) SE Salix Double  

 Austoft 7700 216 Mantorp (E) SE Salix Double  

 Claas Jaguar 260 Casale Monferrato (AL) IT Populus Single  

 Claas Jaguar 260 Casale Monferrato (AL) IT Populus Single  

 Claas Jaguar 260 Sätuna (O) SE Salix Double  

 Claas Jaguar 695 260 Hedemora (W) SE Salix Double  

 Claas Jaguar 695 260 Kolbäck (U) SE Salix Double  

 Claas Jaguar 695 260 Mantorp (E) SE Salix Double  

 Claas Jaguar 780 440 IT Populus  6 700 

 Claas Jaguar 860 305 Niederschach (BW) DE Populus Single 7 905 

Cut-and-store       

Stemster MKIII Nordic Biomass 150 Lochristi (OV) BE Populus Double 8 000 

Stemster MKIII Nordic Biomass 150 Niederholzhausen (HE) DE Populus Single 10 000 

Stemster MKIII Nordic Biomass 150 Haine (HE) DE Populus Single 11 100 

Stemster MKIII Nordic Biomass 150 Buggingen (BW) DE Salix Double 14 800 

Stemster MKIII Nordic Biomass 150 Niederholzhausen (HE) DE Populus Single 10 000 

Stemster MKIII Nordic Biomass 150 Lochristi (OV) BE Populus Double 8 000 

Stemster MKIII Nordic Biomass 150 Niederholzhausen (HE) DE Populus Single 11 100 

ESM 901  100 Önnestad (M) SE Salix Double  

ESM 901  100 Plönningeskolan (N) SE Salix Double  

Fröbbesta  80 Önnestad (M) SE Salix Double  
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3/3 0.25 15.4 5.13 0.71 1.21  1997 (Spinelli, 1998) 

3/3 0.25 17.2 5.73 0.68 4.24  1997 (Spinelli, 1998) 

  13.0 3.25 0.26 3.40  2001 (Spinelli, 2016) 

  20.0 5.00 0.18 3.50  2001 (Spinelli, 2016) 

 0.25    6.80  2012 (Manzone, 2015) 

4/20 4.50 68.4 17.10    2012 (Schweier & Becker, 2013) 

1/3 1.01 7.8 7.79 1.30 21.60  1996 (Spinelli, 1996) 

1/3 0.31 11.8 11.79 1.62 20.60  1996 (Spinelli, 1996) 

1/3 1.22 12.5 12.52 1.32 17.50  1996 (Spinelli, 1996) 

2/2 0.96 22.5 11.25 0.92 21.90  1996 (Spinelli, 1996) 

4/7 0.37 30.7 7.66 0.15 3.50  1996 (Spinelli, 1996) 

4/8  40.0 10.00 0.46 18.20  1995 (Spinelli & Kofman, 1995) 

 2.30 78.0 15.59 0.48 37.40 66.48 1992 (Danfors & Nordén, 1992) 

  85.2  0.43 37.40  1992 (Danfors & Nordén, 1992) 

  128.0  0.71 90.55  1992 (Danfors & Nordén, 1992) 

 4.00 145.1 29.02 0.28 41.34  1992 (Danfors & Nordén, 1992) 

1/2  13.7 13.70 0.45 6.10  1995 (Spinelli & Kofman, 1995) 

2/2  48.0 24.00 0.36 17.50  1995 (Spinelli & Kofman, 1995) 

3/6  50.0 16.67 0.44 22.00  1995 (Spinelli & Kofman, 1995) 

 4.00 88.8  0.46 41.34  1992 (Danfors & Nordén, 1992) 

5/ 2.00 103.7 20.75 0.46 47.24 68.74 1992 (Danfors & Nordén, 1992) 

 2.00 106.5  0.46 49.21  1992 (Danfors & Nordén, 1992) 

 0.25    36.20  2012 (Manzone, 2015) 

  32.3 10.77 0.57 18.50  2001 (Spinelli, 2016) 

         

2/2 6.50 18.4 9.18 0.50 9.18 30.15 2012 (Berhongaray et al., 2013a) 

3/3 4.10 29.6 9.87 0.61 18.16  2010 (Schweier & Becker, 2012a) 

3/3 7.40 37.4 12.48 0.64 23.99  2010 (Schweier & Becker, 2012a) 

3/3 1.10 39.4 13.12 0.41 15.94  2010 (Schweier & Becker, 2012a) 

3/3 1.70 39.9 13.30 0.60 25.34  2010 (Schweier & Becker, 2012a) 

2/2 13.28 54.0 27.02 0.48 21.34 9.28 2014 (Vanbeveren et al., 2015) 

3/3 1.00 54.9 18.31 0.38 20.85  2010 (Schweier & Becker, 2012a) 

  85.2  0.40 33.46  1992 (Danfors & Nordén, 1992) 

4/ 5.00 118.1 29.53 0.35 41.34 94.20 1992 (Danfors & Nordén, 1992) 

 4.00 85.2 17.05 0.45 33.46  1992 (Danfors & Nordén, 1992) 
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Coppice header Tractor Max 
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City (State or Province) Country 

Genus Planting 
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(row) 

Planting 
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(stools ha
-1

) 

Fröbbesta  80 Broddetorp (O) SE Salix Double  

HE All-rounder Austoft 100 Coltano (PI) IT Robinia Single 5000 

HE All-rounder Austoft 100 Santa Luce (PI) IT Robinia Single 14800 

HE All-rounder Austoft 100 Coltano (PI) IT Robinia Double 9300 

HE All-rounder Austoft 100 Coltano (PI) IT Populus Double 5700 

HE All-rounder Austoft 100 Coltano (PI) IT Populus Single 25600 

Cut-and-bale       

Biobaler WB55  140 SE Salix Double 12 000 

Biobaler WB55 Fendt 818 143 Guelph (ON) CA Salix Triple 15 625 

Biobaler WB55 Fendt 818 143 Kemptville (ON) CA Salix Triple 15 625 

Biobaler WB55 Fendt 818 143 Kemptville (ON) CA Salix Triple 15 625 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 Pickering (ON) CA Salix/Populus Triple 15 625 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 Pickering (ON) CA Salix/Populus Triple 15 625 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 Kemptville (ON) CA Populus Triple 15 625 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 Godmanchester (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 Godmanchester (QC) CA Salix Single 16 667 

Biobaler WB55 Fendt 818 143 St-roch-de-l'Achigan (QC) CA Salix Single 16 667 

Biobaler WB55 Valtra BT210 160 Botucatu (SP) BR Eucalyptus Single 1 666 

Biobaler WB55 Valtra BT210 160 Botucatu (SP) BR Eucalyptus Single 1 666 

Cut-and-billet       

   Retford (NOT) UK Salix  15 000 



175 
 

Age 

shoot/ 

root 

(yr) 

Area  

 

 

(ha) 

Field  

stocking  

 

(Mg ha-1) 

Yield  

 

 

(Mg ha-1 yr-1) 

EFC  

 

 

(ha h-1) 

EMC 

 

 

(Mg h-1) 

Cost 

 

 

(€ Mg-1) 

Year  

of  

trial 

Reference 

 6.00 87.0 21.75 0.45 39.37 99.03 1992 (Danfors & Nordén, 1992) 

2/2 0.41 8.7 4.35 0.62 3.02  1996 (Spinelli et al., 1997) 

2/2 0.39 11.2 5.60 0.35 1.93  1996 (Spinelli et al., 1997) 

3/3 0.23 18.9 6.30 0.71 3.92  1996 (Spinelli et al., 1997) 

2/2 1.99 18.9 9.45 1.12 2.93  1996 (Spinelli et al., 1997) 

2/2 0.20 18.9 9.45 0.73 12.84  1996 (Spinelli et al., 1997) 

         

 100    7.48 21.22 2011 (Paulrud et al., 2014) 

3/  19.1 6.38 0.55 10.54 19.93 2009 (Savoie et al., 2013) 

3/  19.7 6.56 0.70 13.78 18.40 2009 (Savoie et al., 2013) 

3/  26.3 8.76 0.51 13.44 18.47 2009 (Savoie et al., 2013) 

2/  28.3 14.15 0.28 7.91 19.19 2009 (Savoie et al., 2013) 

3/  29.7 9.91 0.63 18.70 18.47 2009 (Savoie et al., 2013) 

2/  31.7 15.83 0.54 17.03 19.26 2009 (Savoie et al., 2013) 

3/  33.0 11.01 0.57 18.89 20.69 2009 (Savoie et al., 2013) 

2/  35.1 17.53 0.55 19.14 18.29 2009 (Savoie et al., 2013) 

2/  36.3 18.13 0.41 14.97 22.14 2009 (Savoie et al., 2013) 

2/  37.7 18.83 0.26 9.64 18.51 2009 (Savoie et al., 2013) 

3/  37.7 12.55 0.51 19.14 16.46 2009 (Savoie et al., 2013) 

2/  38.5 19.23 0.32 12.42 22.14 2009 (Savoie et al., 2013) 

3/  42.0 13.98 0.27 11.46 17.42 2009 (Savoie et al., 2013) 

2/  44.1 22.06 0.39 17.06 22.14 2009 (Savoie et al., 2013) 

2/  46.3 23.14 0.32 14.92 18.70 2009 (Savoie et al., 2013) 

2/  46.7 23.35 0.36 16.60 19.34 2009 (Savoie et al., 2013) 

2/  49.4 24.70 0.26 12.98 18.18 2009 (Savoie et al., 2013) 

3/  55.5 18.49 0.27 14.83 21.46 2009 (Savoie et al., 2013) 

2/  59.4 29.69 0.37 21.80 23.87 2009 (Savoie et al., 2013) 

1.5/  12.2 8.13 0.27 3.30 25.92 2013 (Guerra et al., submitted) 

1.5/  43.2 28.80 0.16 7.10 13.31 2013 (Guerra et al., submitted) 

         

3/3  59.1 19.69 1.00 59.06   (O'Sullivan, 2006) 

 


