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Summary 

Climate warming and global energy issues are highly topical. The exponential population growth of 

the last one and a half century is coupled with an ever increasing consumption of fossil fuels. This 

does not only tighten up the security of energy supply, but also results in increasing greenhouse 

gas concentrations in the atmosphere, accompanied by a warming of the earth’s climate. These 

problems and the related search for a diversity of energy carriers lead us to investigate the 

effectiveness of alternative renewable energies. This PhD is part of a large-scale research project 

named 'POPFULL’. In POPFULL an operational short-rotation coppice poplar (Populus) and willow 

(Salix) plantation is monitored during two rotations of 2+2 years (2010-2014). After each rotation 

the produced biomass is harvested and converted into ‘green’ bioenergy. The objectives of the 

POPFULL research project include the detailed study of: the balance of the main greenhouse gases 

(CO2, CH4, N2O, H2O and O3), the energy efficiency and the economic profitability of this bioenergy 

culture. 

With this PhD thesis we aimed to quantify the entire carbon balance of the ecosystem – i.e. the 

result of all incoming and outgoing carbon flows. Carbon is absorbed from the atmosphere as CO2 

by (mainly) plants, and then transformed into different carbon chains that form the basic element 

of all life on earth. Carbon pools are the reservoirs (e.g. plant parts, soil, atmosphere) which can 

absorb, store and release carbon; the transfer, or flows of carbon between these pools are the 

carbon fluxes. We also studied the variation in the different carbon pools and fluxes as well as the 

factors driving this variation. 

The experimental poplar plantation was established in April 2010 in Lochristi, East-Flanders 

(Belgium). One month prior to the planting the initial carbon content of the soil – up to 90 cm depth 

– was quantified from soil samples at 120.5 Mg ha-1. At that time the site consisted of an adjacent 

set of parcels of pasture and cropland with corn (residues). During the growing season after 

planting, i.e. the establishment year, the growth of the poplar cuttings was carefully monitored to 

assess the aboveground carbon pools. We observed significant variation in biomass growth and in 

leaf area development among the 12 different planted poplar genotypes.  

In the second growth year of the first rotation (2011), the various carbon pools and fluxes were 

measured and quantified on an annual basis. The largest carbon pool was in the soil; within the 

plant, the largest carbon pool was in the aboveground woody biomass, the economically interesting 

plant part. In the first, second and third growth year, a harvestable woody biomass production of 

2.16, 5.60 and 9.90 Mg ha-1 y-1 was reached, respectively. The largest carbon flux was the uptake 

of CO2 from the atmosphere through photosynthesis; the second largest flux, also the largest 

outgoing flux, was the respiratory CO2 efflux from the soil. 
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The former land use had a significant influence on the carbon pools and fluxes, which could be 

mainly attributed to the higher nitrogen and carbon concentrations in the upper soil layer in the 

former pasture compared to the former cropland. The higher carbon concentration led to higher 

CO2 fluxes from the soil, while the higher nitrogen concentrations led to higher water use efficiency 

quantified via carbon isotope discrimination. Weed control appeared to be a crucial factor in the 

successful establishment of the cuttings. We also observed a stronger weed development in the 

former pasture, which initially negatively influenced tree growth. However, the differences in 

growth performance and in biomass yields between the former land use types, disappeared after 

the first rotation.  

The factor genotype also caused a significant variation in the different pools and fluxes, with 

genotypes of similar parentage and origin showing more similarities. This was clearly the case for 

both the aboveground woody biomass, as well as for the total leaf area. Based on these observed 

genotypic differences and on the temporal evolutions, we also identified a strong correlation 

between the leaf area index and the harvestable biomass. This reconfirmed that the easily 

measurable leaf area index is a suitable indicator for biomass production. 

Using different approaches and assessment techniques a representative average of every carbon 

pool and flux was calculated for the entire plantation. These values were subsequently combined 

into the carbon balance, and quantified the net ecosystem production. Two approaches were 

applied; the ‘component-flux-based approach’ combined the annual incoming and outgoing fluxes; 

the ‘pool-change-based-approach’ used the annual change of each carbon pool. Both approaches 

showed that from the second year onward the plantation was a net carbon sink. The resulting net 

carbon uptake values were 199 g m-2 y-1 (component-flux based approach) and 140 g m-2 y-1 (pool-

changed based approach).  These values agreed well with the eddy covariance based net exchange 

value, measured from a meteorological mast in the plantation. This last mentioned micro-

meteorological technique combines simultaneous measurements at a high temporal resolution of 

wind speed, wind direction and greenhouse gas concentrations. Although the results of the three 

different approaches differed in the exact values, they compared well given the large variance in 

the sub-components. 

Based on the nature of the carbon sink of the plantation – already from the second growing season 

after planting onward – the bioenergy plantation was considered positively in terms of the 

mitigation of CO2 emissions. However, the various assumptions involved in the measurements and 

in the scaling-up approaches, together with the spatial and the temporal limitations of this study 

make it difficult to generalize this overall conclusion. On the other hand, the promising result 

suggests the need for further, more in-depth research to confirm this over the long term. 



  SAMENVATTING 

  

9 

Samenvatting 

Klimaatopwarming en de globale energieproblematiek zijn brandend actueel. De exponentiële 

bevolkingstoename gaat sinds anderhalve eeuw gepaard met een almaar toenemend verbruik van 

fossiele brandstoffen. Hierdoor komt niet enkel de zekerheid van energievoorziening in het gedrang, 

maar stijgen ook de atmosferische broeikasgasconcentraties, samengaand met klimaatopwarming 

van de aarde. In combinatie met de nood aan een diversificatie van energiedragers leidt deze 

problematiek er ons toe de efficiëntie van alternatieve, hernieuwbare energiebronnen te 

onderzoeken. Dit doctoraat kadert binnen een grootschalig onderzoeksproject, genaamd ‘POPFULL’. 

In dit project wordt een operationele korte-omloop hakhoutplantage met populieren (Populus) en 

wilgen (Salix) opgevolgd gedurende twee rotaties van elk twee jaren (2+2 jaren; 2010-2014). De 

geproduceerde biomassa wordt na elke rotatie geoogst en omgezet in ‘groene’ bio-energie. De 

algemene doelstelling van het POPFULL-onderzoeksproject is de gedetailleerde studie van de balans 

van de belangrijkste broeikasgassen (CO2, CH4, N2O, H2O en O3), van de energie-efficiëntie en van 

de economische rendabiliteit van deze bio-energiecultuur. 

Met dit doctoraat beoogden we de kwantificering van de koolstofbalans van het ecosysteem, i.e. de 

resultante van alle inkomende en uitgaande koolstofstromen. Koolstof wordt onder de vorm van 

CO2 opgenomen uit de atmosfeer door vnl. planten en vormt vervolgens het basiselement van alle 

levende materie op aarde. Verder wilden we ook de variatie van de verschillende koolstofstromen, 

en de factoren die deze variatie veroorzaken, onderzoeken. 

De experimentele bio-energieplantage werd in april 2010 aangelegd in Lochristi (provincie Oost-

Vlaanderen). Een maand voorafgaand aan de aanplant werd de initiële koolstofvoorraad van de 

bodem via staalname berekend op 120.5 Mg ha-1. Het terrein bestond op dat ogenblik uit een 

aaneenschakeling van percelen weiland en – van maïs geoogst – akkerland. Gedurende het eerste 

groeijaar na de planting, i.e. het vestigingsjaar, werd het groeiproces van de aangeplante 

populierenstekken nauwgezet opgevolgd. We observeerden significante verschillen in biomassa-

aanwas en bladoppervlakte-ontwikkeling tussen de 12 verschillende populierengenotypes.  

In het tweede groeijaar van de eerste rotatie (2011) werden de verschillende koolstofpools en –

fluxen gemeten en gekwantificeerd op jaarbasis. Koolstofpools zijn de reservoirs (bv. plantendelen, 

bodem, atmosfeer) die koolstof kunnen opnemen, opslaan en afgeven; de transfers, of stromen van 

koolstof tussen die pools zijn de koolstoffluxen. De bodem bevatte de grootste koolstofpool; binnen 

de plant zat de grootste koolstofpool in de bovengrondse houtige biomassa, tevens het economisch 

interessantste plantdeel. In het eerste, tweede en derde groeijaar werd, respectievelijk 2.16, 5.60 

en 9.90 Mg ha-1 j-1 oogstbare houtige biomassa geproduceerd. De grootste koolstofflux was de 

opname van CO2 uit de atmosfeer via de fotosynthese; de tweede grootste flux, tevens de grootste 

uitgaande flux was de CO2-flux uit de bodem. 
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Het voormalig landgebruik bleek een significante invloed te hebben op verschillende van deze 

koolstofpools en -fluxen. Hierbij speelden vooral de stikstof en koolstofconcentraties in de bovenste 

bodemlaag, die hoger waren in het voormalig weiland t.o.v. het voormalig akkerland, een rol. De 

hogere bodemkoolstofconcentratie gaf aanleiding tot hogere CO2-fluxen uit de bodem. De hogere 

stikstofconcentraties leidden tot een efficiënter watergebruik, gemeten aan de hand van 

koolstofisotoop-concentraties. Onkruidbestrijding bleek de cruciale factor in de succesvolle vestiging 

van de populieren. En we observeerden tevens een sterkere ontwikkeling van onkruiden in het 

voormalig weiland, wat initieel tot een verminderde groei leidde. Maar de verschillen in 

groeiperformantie en biomassa-opbrengst tussen de voormalige landgebruiktypes verdwenen na de 

eerste rotatie. 

De factor genotype veroorzaakte een significante variatie in de verschillende pools en fluxen, 

waarbij genotypes met (soort)gelijke ouderparen en afkomst onderling meer gelijkenissen 

vertoonden. Dit gold zowel voor de bovengrondse houtige biomassa, als voor de totale 

bladoppervlakte. We constateerden dan ook een sterke correlatie tussen de bladoppervlakte-index 

en de oogstbare biomassa. Deze correlatie bevestigde dat de eenvoudig te meten bladoppervlakte-

index een geschikte indicator was voor biomassaproductie.  

Van elke koolstofpool en -flux werd een voor de plantage representatief gemiddelde berekend. 

Vervolgens werden deze gemiddelde pools en fluxen bijeen gebracht in de totale koolstofbalans, die 

ook gekwantificeerd werd in termen van de netto ecosysteemproductie. Deze netto 

ecosysteemproductie werd op twee manieren bepaald; enerzijds werden de jaarlijks inkomende en 

uitgaande fluxen gecombineerd, en anderzijds werden de jaarlijkse veranderingen in de 

koolstofpools samengebracht. Beide benaderingen toonden aan dat de plantage reeds vanaf het 

tweede groeijaar een netto koolstof-sink was van respectievelijk 199 en 140 g m-2 j-1 netto 

koolstofopname. Deze waarden kwamen goed overeen met het resultaat van de eddy-

covariantiemetingen die vanop een meteorologische meetmast in de plantage gebeurden.   

Laatstgenoemde micro-meteorologische techniek combineert simultane metingen aan een zeer 

hoge tijdsresolutie van windsnelheid,–richting, en broeikasgasconcentraties. Hoewel de resultaten 

van de drie verschillende benaderingen verschilden in hun exacte waarde, waren ze sterk 

vergelijkbaar gegeven de grote variantie in de deelcomponenten.  

Gezien de bio-energieplantage reeds vanaf het tweede groeiseizoen na aanplant een duidelijk 

meetbare koolstofsink vertegenwoordigde, evalueren wij deze bio-energieplantage als positief in 

termen van de mitigatie van CO2-emissies. De vele noodzakelijke assumpties bij de metingen en bij 

de opschalingsprocedures, samen met de spatiale en temporele beperkingen van dit onderzoek 

maken dat deze bevinding echter niet zonder de nodige omzichtigheid kan veralgemeend of 

geëxtrapoleerd worden. Anderzijds suggereert dit veelbelovende resultaat de noodzaak naar verder, 

meer diepgaand lange-termijn onderzoek. 

 



  PUBLICATION LIST 

 

11 

Publication list 

Broeckx LS, Verlinden MS, Berhongaray G, Zona D, Fichot R, Ceulemans R (2013) The effect of a 

dry spring on seasonal carbon allocation and vegetation dynamics in a poplar bioenergy plantation. 

Global Change Biology Bioenergy (in press, doi:10.1111/gcbb.12087). 

Broeckx* LS, Verlinden* MS, Ceulemans R (2012) Establishment and two-year growth of a bio-

energy plantation with fast-growing Populus trees in Flanders (Belgium): Effects of genotype and 

former land use. Biomass and Bioenergy 42:151-163.  
* Both authors equally contributed to this manuscript 

Broeckx LS, Verlinden MS, Vangronsveld J, Ceulemans R (2012) Importance of crown architecture 

for leaf area index of different Populus genotypes in a high-density plantation. Tree Physiology 

32:1214-1226.  

Njakou Djomo S, El Kasmioui O, De Groote T, Broeckx LS, Verlinden MS, Berhongaray G, Fichot R, 

Zona D, Dillen SY, King JS, Janssens IA, Ceulemans R (2013) Energy and climate benefits of 

bioelectricity from low-input short rotation woody crops on agricultural land over a two-year 

rotation. Applied Energy 111:862-870. 

Verlinden MS, Broeckx LS, Van den Bulcke J, Van Acker J, Ceulemans R (2013) Comparative study of 

biomass determinants of 12 poplar (Populus) genotypes in a high-density short-rotation culture. 

Forest Ecology and Management, 307:101-111. 

Verlinden MS, Broeckx LS, Wei H, Ceulemans R (2013) Soil CO₂ efflux in a bioenergy plantation with 

fast-growing Populus trees - influence of former land use, inter-row spacing and genotype. Plant 

and Soil 369:631-644.  

Verlinden MS, Broeckx LS, Zona D, Berhongaray G, De Groote T, Camino Serrano M, Janssens IA, 

Ceulemans R (2013) Net ecosystem production and carbon balance of an SRC poplar plantation 

during its first rotation. Biomass and Bioenergy 56:412-422. 

Zona D, Janssens IA, Verlinden MS, Broeckx LS, Cools J, Gioli B, Zaldei A, Ceulemans R (2011) 

Impact of extreme precipitation and water table change on N2O fluxes in a bio-energy poplar 

plantation. Biogeosciences Discussions 8:2057-2092.  

 

 



 12 

 



  

 

  

 S
Y

N
TH

ES
IS

 



 14 

  



  SYNTHESIS 

  

 

15 

S.1. BACKGROUND and OVERALL FRAMEWORK 

S.1.1. The global change and energy problem 

Due to the global growing society and development, the world’s energy consumption keeps on 

rising. Before 1880, the main sources of energy stemmed from natural resources (i.e. the sun, 

wood, wind, water, man and animal power). The start of the industrial revolution meant the 

beginning of the use of fossil fuels as coal, oil, and natural gas. Since then the world’s energy 

consumption has increased 50-fold. Fossil fuels were formed during the carboniferous period about 

300 millions of years ago. But whereas the formation of coal and petroleum takes millions of years, 

they are largely consumed and becoming depleted in the last 150 years (Smil 1994). To secure the 

energy needs of our growing society there is a need for alternatives, as the lifetime of proven 

reserves of fossil fuels was estimated at only 112 years (IPCC 2012). Unlike fossil energy, 

renewable energy is any form of energy from solar, geophysical or biological sources being 

replenished by natural processes at an equal or higher rate than their rate of use (IPCC 2007). Bio-

energy can be defined as energy derived from biomass. In 2008, it was estimated that globally 

renewable energy accounted for 12.9% of the total 492 EJ of primary energy supply (Fig. S.1), of 

which the largest contributor was biomass (10.2%) though with the majority being traditional 

biomass used in household applications in developing countries (IPCC 2012). 

 

Fig. S.1: Shares of energy sources in the global primary energy supply of 492 EJ in 2008 (source: 
IPCC 2012) 

Another reason for the emerging interest in alternative energy sources, are the accumulating 

greenhouse gas emissions accompanying this industrial and societal development. In particular due 

to the fossil fuel combustion, the atmospheric carbon dioxide (CO2) concentrations increased from a 

pre-industrial level of about 280 ppm to over 395 ppm in 2013 (IPCC 2007; Scripps Institution of 

Oceanography 2013). Moreover, the rate of the increase in atmospheric CO2 is growing every 

decade since the beginning of continuous measurements in 1958 (IPCC 2007; Fig. S.2). A 
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considerable amount of CO2 has also been emitted as a result of land-use change, predominantly 

from forest ecosystems (IPCC 2000). CO2 is by far the most important greenhouse gas and its 

emissions account for approximately 80% of the impact when the gases in the basket of 

greenhouses gases are weighted according to their Global Warming Potential. Besides CO2, also 

atmospheric concentrations of other important greenhouse gases as methane (CH4) and nitrous 

oxide (N2O) have increased markedly above pre-industrial levels in a similar trend as CO2, mainly 

because of agriculture and chemical industry (IPCC 2007). As a result of the increased atmospheric 

concentrations of these gases in the atmosphere, the natural atmospheric greenhouse gas effect is 

intensified. As a consequence, the temperature on Earth increased 0.7 °C compared to pre-

industrial temperature up to 2008 (EEA 2009). Projections suggest that the rise in CO2 

concentration will reach a value between 540 and 970 ppm by 2100, whereas the global 

temperature is expected to increase by between 1.8 and 4.0 °C over the next 100 years (IPCC 

2007). 

 

Fig. S.2: Atmospheric CO2 concentrations over the last 
10 000 years and since 1750 (inset panel). Red 
indicates results from atmospheric samples; 
different colours represent different ice core 
studies (source: IPCC 2007) 

With the global Kyoto protocol, the European Union (EU) was committed to reduce its greenhouse 

gas emissions with 8% by 2012 compared to the level of the reference year 1990. In 2009 the EU 

imposed a threefold goal to be achieved by 2020 with its ‘climate and energy package’ (COM 

2010/265): (i) to reduce greenhouse gas emissions by 20% compared to 1990; (ii) to improve the 

EU's energy efficiency by 20%; and (iii) to raise the share of EU energy consumption from 

renewable resources to 20%. To extend the efforts and ensure the goals of the 2020-target in the 

long term, “a roadmap for moving to a competitive low carbon economy in 2050” was developed in 

2011 (COM 2011/112). With this roadmap, the EU strives for a reduction of emissions of 40%, 60% 

and 80% compared to the 1990 reference by respectively 2030, 2040 and 2050. Within this 

European policy, Belgium needs to reduce its emissions with 15% and realize a share of 13% of 
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renewable energy by 2020 (Flemish Government 2013). By 2011, only 4.1% of the gross final 

energy consumption in Belgium was supplied by renewable energy (Eurostat 2013).  

S.1.2. The carbon cycle 

S.1.2.1. The global carbon cycle 

The element carbon (C) is the chemical basis of all known life on earth. Photosynthetic uptake of C 

from the atmosphere and the oceans provides the fuel for most biotic processes. This reduced 

carbon constitutes about half of the mass of the Earth’s organic matter. In the carbon cycle, C is 

moved between the atmosphere, hydrosphere, biosphere and lithosphere by a combination of 

several geological and biophysical processes (Fig. S.3).  

 

Fig. S.3: The global carbon cycle. Blue refers to pools (in Petagram (Pg) = 1015 g C); red refers to 
fluxes (in Pg y-1) (source: NASA 2010) 

The C in the atmosphere – primarily in the form of CO2 – is the smallest, but most dynamic of the 

four ‘pools’ or reservoirs turning over every three to four years. On the other hand, hydrospheric C 
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forms the largest active C pool (Falkowski et al. 2000), though 98% of this C is in inorganic form. 

However, the marine biota annually cycle as much C as does terrestrial vegetation although they 

account for only 2 Pg (Chapin 2002). The lithosphere (rocks and surface sediments) contains more 

than 99% of C on Earth (Reeburgh 1997, Schlesinger 1997), although this C is cycling with turnover 

times of millions of years. The terrestrial biosphere on its turn contains the largest biological C pool, 

with almost as much C in terrestrial vegetation as in the atmosphere and at least twice as much C 

in soils (Jobbágy and Jackson 2000). Carbon is exchanged naturally between the biosphere and the 

atmosphere through photosynthesis, respiration, decomposition, and combustion (IPCC 2000). The 

total photosynthetic C gain is about twice as large as the plants’ respiration (Fig. S.3). The 

terrestrial primary production is somewhat larger than that in the ocean, but due to the much larger 

terrestrial plant biomass, the terrestrial plant C has a turnover time of about 11 years versus two to 

three weeks in the ocean.  

The natural flows of carbon between the atmosphere, the ocean, and the sediments is fairly 

balanced, so that C levels remain roughly stable without human influence (Prentice et al. 2001). 

Human activities, however, contribute significantly to the disturbance of the global C cycle, mainly 

through fossil fuel combustion, cement production and land use conversion. The resulting 

anthropogenic C fluxes to the atmosphere are about 15% of the C cycled by terrestrial or marine 

production, making it the third largest biotically controlled C flux to the atmosphere (Chapin 2002). 

S.1.2.2. The ecosystem carbon balance 

The C budget is the balance of the effluxes and influxes of carbon between the C pools within one 

specific loop of the carbon cycle at a global or at a smaller (e.g. ecosystem) scale. An analysis of 

the C budget can provide information about whether the considered system is functioning as a C 

source or as a C sink. To understand the dynamics of the ecosystem C sinks, it is important to 

estimate the size of each C pool and to quantify all C fluxes. The net C balance of an ecosystem can 

be assessed by both the net ecosystem production (NEP; cf. S.4.4) or the net ecosystem exchange 

(NEE). NEP is the difference between net primary production (NPP) and heterotrophic ecosystem 

respiration (Rhet), as shown in Eq. S.1. NPP is the difference of the total photosynthetic uptake of 

CO2 by the ecosystem – or the gross primary production (GPP) – and the autotrophic ecosystem 

respiration (Raut), corresponding to the total amount of new organic matter produced during a 

certain period (Clark et al. 2001).  

NEE  NEP = NPP - Rhet = GPP - Raut - Rhet (S.1) 

NEE is the net CO2 flux from the ecosystem to the atmosphere (Chapin et al. 2006), i.e. the net 

difference of photosynthetic carbon uptake and the respiration of autotrophs and heterotrophs 

(Reichstein et al. 2012). NEE equals NEP disregarding sources and sinks for CO2 not involving 

conversion to or from organic C (Lovett et al. 2006). An overview of the C balance of a short 

rotation coppice (SRC; cf. S.1.3.2) ecosystem is given in Fig. S.4. As will be explained further below, 
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this thesis aims to quantify most of these pools and fluxes, and to analyse the drivers that explain 

the observed values and the variation in an SRC ecosystem for bio-energy. 

 

 

Fig. S.4: Overview of the main pools and fluxes of the carbon (C) balance in an 
SRC ecosystem. Full outlined boxes represent C pools, dashed 
outlined boxes covering arrows indicate C fluxes. CO2 is taken up by 
the system through photosynthesis, i.e. the gross primary production 
(GPP). Roots and aboveground plant parts return C partly into the 
atmosphere through autotrophic respiration (Raut). Net primary 
production (NPP) is the difference between the uptake (GPP) and 
release (Raut) of CO2 by the plant. Part of the NPP is relocated to the 
soil through litter production. Heterotrophic respiration (Rhet) is 
mainly due to decomposition processes in the soil. Autotrophic root 
respiration and heterotrophic respiration form together the soil 
respiration (RS). Net ecosystem production (NEP) is the result of 
incoming (GPP) and outgoing fluxes (Raut + Rhet), and matches with 
the Net Ecosystem Exchange (NEE), i.e. the net resulting CO2 fluxes 
between the ecosystem and the atmosphere.  
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S.1.3. Poplar for bio-energy 

S.1.3.1. The genus Populus 

Poplars belong to the genus Populus which, as also willows (Salix), belongs to the dioecious 

Salicaceae family. The genus is divided into six sections, of which three largely enclose the 

cultivated poplars (FAO 2008); i.e. Aigeiros, including black poplar (P. nigra L.) and eastern 

cottonwood (P. deltoides Bartr. (ex Marsh.)); Tacamahaca, the balsam poplars; and Populus, 

including white poplar (P. alba L.) and the aspens (Eckenwalder 1996). The section Aigeiros was 

estimated to represent more than 90% of the global poplar cultivation (Thielges 1985). Most of the 

hybrids are derived from P. deltoides, primarly crossed with species from the Aigeiros and 

Tacamahaca sections, because of the ease of hybridisation. The popularity of hydrids above the 

pure P. deltoides parental species is ascribed to the phenomen of heterosis, defined as the 

superiority (in survival, productivity) of the hybrids over their parents (Hayes 1952; Stettler et al. 

1996; Heilman 1999). 

In 2008, about 80 million ha of naturally occurring poplars and 5.3 million ha of poplar plantations 

were recorded globally (FAO 2008). In Flanders, 14% of the forested land area comprises poplars 

(Meiresonne 2006). Poplars are a primary source for a wide range of wood products, i.e. timber, 

lumber, and pulp, and as a renewable source of biomass for energy (Balatinecz and Kretschmann 

2001). Populus is also the first genus for which the genome has been fully sequenced (Tuskan et al. 

2006). Consequently the latest techniques in molecular genetic mapping, genomics and the physical 

sequence of poplar are being used to define genes that determine yield and disease resistance with 

the aim of improving this genus for growth across Europe and USA (America) as a bio-energy and 

timber crop. Furthermore, since the early 1950’s the very intensive worldwide breeding and 

selection programs of poplar have selected a wide range of clones and hybrids with optimal 

production rates for a wide range of climates. 

S.1.3.2. SRC with poplar 

The concept of short rotation coppice cultures (SRC) for bio-energy production is defined as 

carefully tended, high-density plantations of fast-growing perennial crops for rotations shorter than 

10 years (Herrick and Brown, 1967). Coppicing refers to the cutting of the trees at the base of the 

stem, resulting in the re-generation of new shoots from the stump. Several tree species have 

potential for SRC, but fast-growing hardwoods with a high capability of coppicing, are most 

promising (Sennerby-Forsse et al. 1992). SRC’s can exert a positive impact on biodiversity, nutrient 

capture, and soil protection from wind and water erosion (Isebrands and Karnosky 2001). However, 

the establishment of SRC has in fact more in common with agricultural crops than with forestry 

(Tuby and Armstrong 2002) and SRC is possible on a wide range of soils, though preferably with 

adequate water availability. Before planting, good site preparation is essential for a successful 

establishment success. This means that the site must be ploughed and harrowed to ensure good 
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rooting, and must be completely weed-free prior to planting. Most poplar SRC plantations are 

established from unrooted cuttings (Fig. S.5), since the genotypes used generally have good 

vegetative propagation and rooting capacity (Dillen et al. 2011a). The 20-30 cm long cuttings are 

harvested from one-year old or older stems during the dormant season.  

 

Fig. S.5: Principles of poplar Short Rotation Coppice cultivation for bio-energy production 

Two planting systems are commonly applied in SRC in Europe. The Swedish twin-row system has a 

double-row design and a planting density of on average 8 000-15 000 cuttings per hectare 

(Bergkvist and Ledlin 1998).  Another system, often used in Italy, is characterized by a single-row 

design with wider spacings corresponding to densities of 2 000-7 000 trees ha-1 (Spinelli et al. 

2009). The latter planting model generally has longer rotation lengths (on average five years) in 

comparison with the ‘Swedish system’ (two to three years). Following planting, weed control 

appears to be a crucial factor in the success of the establishment (Dickmann and Stuart 1983) 

which is the most critical phase throughout the complete life span of the SRC. Therefore careful 

inspection of the cutting establishment during the first months after planting is essential to limit 

mortality losses. Yet, the survival rate of hardwood cuttings after the establishment year is 

generally rather high, viz. about 90% (Dickmann and Stuart 1983; Strong and Zavitkovski 1983; 

Ceulemans and Deraedt 1999). Often already at the end of the first (or second) growing season 

trees are coppiced to create an easily harvestable multi-stem coppice and to benefit from the 

already existing root systems which are known to increase growth in the following rotations (Sims 

et al. 2001; Al Afas et al. 2008). Harvest most often takes place in winter to reduce soil compaction 

risks and to optimize nutrient recycling to the soil after leaf fall. The crop can be harvested by 
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cutting and chipping it simultaneously in situ; or by cutting the stems and chip them at a later stage 

(Berhongaray et al. 2013a). The idea of bio-energy from SCR is that the produced biomass can then 

be used either for the production of heat and electricity through (co-)combustion and gasification, 

or for liquid transport fuels through chemical fermentation or thermo-chemical conversion (Sims et 

al. 2006). 

The life cycle of an SRC culture with poplar is believed to be around 20 years without substantial 

yield losses (Dillen et al. 2010). Because of their fast growth and high yield, poplar and willow are 

the most widely used tree species in temperate SRC cultures (Stettler et al. 1996). Such fast-

growing tree species have the advantage of quickly reaching canopy closure. Thanks to this high 

growth rate and high plasticity in response to environmental changes (Hinckley et al. 1996), 

Populus is also a model tree in global change research (Gielen and Ceulemans 2001). Poplars are 

among the most widely cultivated and fastest-growing temperate trees, are easy to propagate 

through vegetative cuttings, can be grown at many types of sites and are characterized by wide 

interspecific crossability (Bradshaw et al. 2000). In comparison with willow, poplar has a stronger 

apical dominance and its stools tend to produce less but larger shoots when coppiced (Tharakan et 

al. 2003), probably due to different breeding strategies in the past. Poplar is also cultivated with 

wider initial planting densities and longer rotations in SRC than willows (Ceulemans and Deraedt 

1999; Armstrong et al. 1999). Single-stem growth and good form have been the focus in European 

poplar breeding programs, but so far little attention was paid to multi-stem coppiced poplar and 

coppice ability. Frequent harvesting or very short rotation cycles are therefore not easily supported 

by some commercial cultivars. The process of coppicing, however, reinvigorates growth, increases 

biomass production (Sennerby-Forsse et al. 1992) and obviously avoids replanting costs. Yield 

failure is mostly caused by poor site quality, insufficient weed control and damage due to diseases 

or insect attacks. 

S.1.3.3. Poplar biomass for energy 

The discovery of the outstanding growth vigour of natural poplar hybrids in the 1930s and the 

creation of the first artificial poplar hybrids gave rise to numerous poplar breeding and selection 

programs in Europe and Northern America (Dickmann 2006). The concept of SRC was launched 

firstly in the 1960s (McAlpine et al. 1966; Herrick and Brown 1967) and stimulated in the 1970s 

with the search for alternatives to fossil fuels during the OPEC oil embargo. A second stimulus 

arised in the 1980s as a result of the subsidization of farmers within the scope of set-aside 

strategies of the EU in times of overproduction of food crops. Since the last decades the concerns 

about climate change and energy security, together with the spectacular progress in tree genomics 

and biotechnology, revived the interest in SRC with poplar. The expected importance as a 

greenhouse gas mitigation option and the need to monitor, preserve, and enhance terrestrial 

carbon stocks was stimulated through the recognition in the UNFCC-Kyoto protocol (Updegraff et al. 

2004).  
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Although significant areas of poplar plantations exist in several countries around the world, on 

average only 0.9% of their wood production is being used for bio-energy purposes (FAO 2008). So 

far, poplar cultivation was concentrated on the production of veneer and plywood, categorized 

under traditional forestry. Although several experimental and operational SRC plantations exist in 

Northern (mainly willow) and Southern Europe (mainly poplar), in Western Europe there are very 

few (IEA Bioenergy 2011). The majority of the existing SRC bio-energy plantations with poplar are 

experimental or pilot scale approaches, of which many are located in Italy, Belgium, Serbia, United 

Kingdom, Romania and Argentina (FAO 2008). The resulting first projections about achievable 

poplar SRC biomass yields of more than 20 Mg ha-1 y-1 (Scarascia-Mugnozza et al. 1997; Liberloo et 

al. 2006) were too optimistic since these were indeed based on small, experimental and carefully 

tended plantations on the better (frequently irrigated) agricultural lands. Further experimental, still 

satisfying, yields of 10 to 15 Mg ha-1 y-1 (Laureysens et al. 2004; Labrecque and Teodorescu 2005) 

are more realistic. The existing data and ongoing research activities do, however, not provide 

sufficient knowledge to formulate firm conclusions about the greenhouse gas balance, the energy 

efficiency of SRC cultures, and the overall potential of poplar as an energy crop, despite the huge 

potential of biomass as a substitute for fossil fuels (Righelato and Spracklen 2007). 

S.2. EXPERIMENTAL FRAMEWORK 

S.2.1. The POPFULL project 

The present thesis is part of a large multidisciplinary project named POPFULL (POPFULL 2013). The 

overall goal of this research and demonstration project was to help clarifying the potential of SRC 

crops to produce renewable energy and substitute fossil fuels, and thereby reducing greenhouse 

gas emissions (mitigation of and adaptation to climate change). Principally, the three objectives of 

the project included: (i) to make a full balance of the most important greenhouse gases (CO2, CH4, 

N2O, H2O and O3); (ii) to make a full energy and economic accounting including the assessment of 

the overall energy efficiency; and (iii) to perform a full life cycle analysis (LCA) of the global 

warming contribution of SRC. Eddy covariance techniques were used to monitor net fluxes of all 

greenhouse gases (Zona et al. 2012, 2013), in combination with common assessments of biomass 

pools (incl. soil) and fluxes. For the energy accounting, LCA and energy efficiency assessments over 

the entire life cycle of the SRC plantation until the production of electricity and heat were used 

(Njakou Djomo et al. 2013). A significant process based modelling component integrated the 

collected knowledge on the greenhouse gas and energy balances toward predictions and 

simulations of the net reduction of fossil greenhouse gas emissions (avoided emissions) of SRC over 

different rotation cycles (De Groote et al. unpublished results). The project thus involved both an 

experimental approach at a representative field site in East-Flanders (cf. S.2.2) and a modelling 

part. For the experimental approach a large-scale SRC culture of poplar (Populus) and willow (Salix) 

is being monitored during the course of 2+2 years. The harvested materials are transformed into 

bio-energy using two alternative techniques, i.e. a small-scale gasification and co-combustion in an 

electricity plant.  
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S.2.2. Site description and plant materials 

The operational POPFULL site is located in Lochristi, Belgium (51°06’44” N, 3°51’02” E). The region 

is subjected to an oceanic climate with a long-term average annual temperature and precipitation of 

9.5 °C and 726 mm, respectively (Royal Meteorological Institute of Belgium). According to the 

Belgian soil classification the area forms part of the sandy region with poor natural drainage (Van 

Ranst and Sys 2000). The 18.4 ha site was a former agricultural area consisting of croplands (62%) 

and extensively grazed pasture (38%). On the cropland ryegrass, wheat, potatoes, beets, and most 

recently monoculture corn had been formerly cultivated, with regular nitrogen (N) fertilization at a 

rate of 200-300 kg ha-1 y-1 as liquid animal manure and chemical fertilizers. On 7-10 April 2010 an 

area of 14.5 ha (excluding the headlands that remained unplanted) was planted with 12 selected 

and commercially available poplar (Populus) and three willow (Salix) genotypes. The poplar 

genotypes represented different species and interspecific hybrids of Populus deltoides Bartr. (ex 

Marsh.), P. maximowiczii Henry, P. nigra L., and P. trichocarpa Torr. & Gray (ex Hook.). The 

present thesis focuses on the poplar genotypes only; details on the origin and the parentage of the 

12 genotypes are shown in Table S.1 and are further provided in CHAPTER 1.  

Half of the genotypes were bred by and obtained from the Institute for Nature and Forestry 

Research in Geraardsbergen (Belgium). Genotype Robusta originates from an open-pollinated P. 

deltoides tree, first commercialized by the nursery Simon-Louis Frères (Metz, France). The other 

five genotypes were bred by “De Dorschkamp” Research Institute for Forestry and Landscape 

Planning in Wageningen (The Netherlands) and, as Robusta, obtained from the Propagation 

Nurseries in Zeewolde (The Netherlands). After soil preparation by ploughing (40-70 cm depth), 

tilling and pre-emergent herbicide treatment, 25 cm long dormant and unrooted cuttings were 

planted. The cuttings were soaked in water 24 h prior to planting. Using an agricultural leek 

planting machine (Fig. S.5), the cuttings were planted in a double-row planting scheme with 

alternating distances of 0.75 m and 1.50 m between the rows and 1.10 m between trees within the 

rows, corresponding to a tree density of about 8 000 ha-1. The plantation was designed in large 

monoclonal blocks of eight double rows wide (Fig. S.6) that covered the two types of former land 

use (cropland and pasture). The minimum of two and maximum of four replicated blocks of each 

genotype with row lengths varying from 90 m to 340 m, were based on the available number of 

cuttings and the spatial configuration of the site.  

During the first months after planting intensive weed control – mechanical, chemical and manual – 

was applied to decrease competition for light and nutrients (see details in CHAPTER 1). With the 

exception of glyphosate, none of the herbicides used specify poplar as an approved crop species for 

the use of these chemicals. Apart from that, plantation management was extensive, without 

fertilization or irrigation. In the winter after the first growing season the largest gaps in the 

plantation due to cutting mortality, were re-planted with one-year old unrooted cuttings. After two 

years of growth (2010 and 2011) the plantation was harvested for the first time on 2-3 February 

2012 with commercially available SRC harvesters (Berhongaray et al. 2013a).  From then on, trees  
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Table S.1: Place of origin, botanical and parental characteristics of the twelve poplar genotypes studied.  

D = Populus deltoides, M = Populus maximowiczii, N = Populus nigra, T = Populus trichocarpa 
1 genotypes bred by the Institute for Nature and Forestry Research (INBO, Geraardsbergen, Belgium).  

2 genotypes bred by Research Institute for Forestry and Landscape Planning “De Dorschkamp” (Wageningen, The Netherlands).  

3 genotype originating from an open-pollinated P. deltoides tree, first commercialized by the nursery Simon-Louis Frères (Metz, France)  

Genotype Parentage Section Place of origin Gender Year of cross/ 
commerciali-zation 

Bakan1 T × M Tacamahaca (Washington US × Oregon US) × Japan  ♂ 1975/2005 

Skado1 T × M Tacamahaca (Washington US × Oregon US) × Japan ♀ 1975/2005 

Muur1 D × N Aigeiros (Iowa US × Illinois US) × (Italy × Belgium) ♂ 1978/1999 

Oudenberg1 D × N Aigeiros (Iowa US × Illinois US) × (Italy × Belgium) ♀ 1978/1999 

Vesten1 D × N Aigeiros (Iowa US × Illinois US) × (Italy × Belgium) ♀ 1978/1999 

Ellert2 D × N Aigeiros Michigan US × France ♂ 1969/1989 

Hees2 D × N Aigeiros Michigan US × France ♀ 1969/1989 

Koster2 D × N Aigeiros Michigan US × The Netherlands ♂ 1966/1988 

Robusta3 D × N Aigeiros Eastern US × Europe ♂ 1885-1890/1895 

Grimminge1 D × (T × D) Aigeiros × (Tacamahaca × 
Aigeiros) 

(Michigan US × Connecticut US) × (Washington 
US × (Iowa US × Missouri US)) 

♂ 1976/1999 

Brandaris2 N Aigeiros The Netherlands × Italy ♂ 1964/1976 

Wolterson2 N Aigeiros The Netherlands ♀ 1960/1976 
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continue growing as a coppice culture with multiple shoots per stool in the following two-year-

rotation. In May 2010 an eddy covariance mast was installed in the northeastern part of the 

plantation (Fig. S.6) and was continuously operated to the present day. The mast was equipped 

with a sonic anemometer for the measurement of the three-dimensional wind components, wind 

speed, wind direction, and combined with gas analyzers in order to quantify net gas exchanges 

(NEE) between the poplar canopy and the atmosphere. 

 

Fig. S.6: Map of the POPFULL plantation in Lochristi showing the planting lay-out in monoclonal 
blocks. Labels indicate the planted genotype per block; unlabelled blocks were not studied; 
the yellow tower represents the eddy covariance mast 

S.3. THESIS OBJECTIVES 

Since quantitative information and studies on climate change mitigation by SRC plantations are 

sparse, research is needed to quantify the potential of SRC plantations to mitigate the rise in 

greenhouse gas concentrations (Wickham et al. 2010). To understand the dynamics of the 

ecosystem C sinks, it is important to estimate the size of each C pool, to quantify all C fluxes and to 

investigate the factors that determine the variation among the C compartments. Within the scope 

and as part of the overall POPFULL project, the main objective of this thesis therefore was the 
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assessment of the net carbon budget of the SRC poplar plantation by quantifying its constituting 

sub-C-fluxes and C-pool changes. The determination of NEP through investigation of these detailed 

separated ecosystem pools and fluxes was aimed to serve as a validation of the eddy covariance 

NEE estimate. 

The site selected for the experimental POPFULL plantation obliged us to study the influence of the 

former land use types, which can have a significant impact on the local carbon balance; as well as 

the choice of the species (or genetic material). We therefore also investigated genotypic differences 

in productivity and growth-related characteristics. To reach the overall objective of the thesis, the 

following research topics were addressed: 

 Plantation establishment – effects of genotype and former land use (CHAPTER 1) 

 Soil CO2 efflux – influence of former land use, inter-row spacing and genotype (CHAPTER 2) 

 Determinants of biomass production (CHAPTER 3) 

 Carbon isotope composition of leaf and wood – effect of former land use (CHAPTER 4) 

 Integrated ecosystem carbon balance (CHAPTER 5) 

Since all measurements and samplings were performed in the first two years of the thesis (2010 

and 2011), results refer to the first two-year rotation of the SRC plantation.  

S.4. PRESENTATION and INTERPRETATION of MAIN FINDINGS  

S.4.1. Components of C balance and productivity 

To arrive at the ecosystem C balance of the plantation, we quantified its determining 

compartments, i.e. the main C pools on the one hand and the C-fluxes on the other hand, as 

illustrated in Fig. S.7. The initial soil carbon pool (up to 90 cm depth) of the site was determined 

just before plantation establishment by core sampling at 110 spatially distributed locations, of which 

half in each former land use type (see CHAPTER 1 for more details). The woody biomass pools were 

estimated after the first and second growing season using dedicated allometric relationships linking 

stem diameter to biomass (further detailed in CHAPTER 5). These pools included the coarse roots 

(diameter > 2 mm), the aboveground stump (the 0-15 cm stem remaining after coppice), and the 

remainder of the aboveground stem and branches. The yearly foliage production was measured via 

collection of leaf fall, whereas the fine root production was assessed via monthly soil core 

samplings. Biomass determinations were converted to C pools after C mass fraction analysis of soil 

and plant parts. The main C fluxes were determined through different approaches. The soil CO2 

efflux, comprising both heterotrophic and autotrophic soil and root respiration, was continuously 

monitored by automated infrared gas analysis (described and discussed in full in CHAPTER 2). Stem 

CO2 efflux and foliar respiration were estimated from repeated measurement campaigns throughout 

the growing season using portable infrared gas analysers and dedicated chambers. The gross 

photosynthesis was estimated via the terrestrial biosphere model ORCHIDEE (Krinner et al. 2005; 
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model run by Toon De Groote), using values of leaf area index (LAI) and a set of photosynthetic 

and meteorological parameters measured in the plantation.  

Fig. S.7: Components and processes of the carbon balance of the SRC plantation during its second 
year of growth. Boxes represent annual pool changes, and arrows represent annual 
integrated C fluxes for the second growing season (values in g C m-2 y-1). The grey box 
(soil) represents the standing soil C pool before plantation establishment (in g C m-2). 
Averaged values are given with standard errors; gross photosynthesis was a modeled 
parameter, not including an error range (adapted from CHAPTER 5). 

The yearly fluxes and pool changes were quantified for the second growth year (2011; described in 

extenso in CHAPTER 5). In Fig. S.7 the values of these yearly pool changes and fluxes are 

presented as average values with standard errors, demonstrating the variability among sample units 

(i.e. trees, plots, genotypes). As for the majority of terrestrial biomes (Bolin et al. 2000), the largest 

ecosystem C pool was situated in the soil. Among the persisting C pools of the poplar plant system, 

the highest amount of C was stored in the aboveground woody biomass. The net primary 

production (NPP), i.e. the total amount of new organic matter produced during a certain period 

(Clark et al. 2001) was represented by the sum of the changes in C pools of the different plant 

components. NPP of the second growing season was estimated at 493 g C m-2 y-1. The aboveground 

woody biomass pool had the highest share of NPP (51%), suggesting an efficient production of 

wood. This could further justify a high interest in SRC cultures since the wood is the harvestable, 

and thus economically interesting part. The average value (± standard deviation) of this pool 

change of 250 (± 126) g C m-2 y-1 during 2011 corresponds to an average harvestable wood 

production of 5.60 (± 2.86) Mg ha-1. When taking into account the production of the first 

(establishment) year, i.e. 2.16 (± 0.85) Mg ha-1, the plantation reached overall an average 

productivity of 3.88 (± 1.37) Mg ha-1 y-1 during the first two-year rotation.  
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S.4.2. Growth-related determinants of productivity 

The aboveground woody biomass pool, being the most economically interesting and important 

productivity parameter, showed high variability (coefficient of variance of aboveground tree 

biomass after the first rotation amounted to 58%). Studying this variability can be valuable for 

determining the efficiency of selection for the trait in future breeding and selection programs for 

biomass yield (Rae et al. 2004). We therefore analyzed causal relationships between determining 

characteristics and productivity parameters assessed at leaf, tree and population level. 

 

Fig. S.8: Relationship of the maximum leaf area index during 2011 (left panel), the degree of poplar 
rust infection during 2010 (right panel) with the mean aboveground woody biomass 
production over the first two growing seasons. Each data point represents a genotypic 
mean, error bars indicate standard deviation. R represents the Pearson correlation 
coefficient. ** indicates a level of significance of P ≤ 0.01 (adapted from CHAPTER 3). 

In both the first and second growing season, the mean woody biomass production was strongly 

positively correlated with seasonal maximum of leaf area index (LAImax) and leaf area duration 

(LAD) (Fig. S.8; Broeckx et al. 2012a; Verlinden et al. 2013a). The relationship was significant both 

within and among genotypes. These findings confirm that LAI is a reliable indicator of biomass 

production (Ceulemans 1990; Barigah et al. 1994; Orlović et al. 1998; Tharakan et al. 2005) and 

can be considered as a useful trait for the early selection of high productivity in poplars (Ceulemans 

et al. 1994; Bunn et al. 2004). As was previously demonstrated for several poplar genotypes (Ridge 

et al. 1986; Barigah et al. 1994; Harrington et al. 1997), individual leaf area was also positively 

correlated with biomass production, though less pronounced as LAI. A stronger positive correlation 

was found between individual leaf area and tree height growth. We also showed a decrease in 

biomass production with increasing rust infection (Fig. S.8) in line with previous reports (Royle and 

Ostry 1996; Steenackers et al. 1996; Dunlap and Stettler 1998). This reconfirmed the importance of 

disease vulnerability in breeding and selection programs. Furthermore, poplars that benefited from 

longer growing seasons, showed a higher productivity as illustrated by the positive correlation of 

growing season length and productivity. The stable carbon isotope ratios – providing an indication 

of water-use efficiency (WUE) – of leaves and wood did not or poorly show a correlation with 
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growth, which however suggests possibilities for selecting genotypes combining both high 

productivity and high WUE.  

S.4.3. Plantation-specific determinants of C balance and productivity  

S.4.3.1. Impact of genotype 

Plantations with bio-energy purposes obviously aim at the highest possible productivity. Instead of 

betting on the known single best performing genotype, the use of a sufficiently broad genetic 

diversity among the planted genotypes decreases or spreads cultivation risks such as diseases, 

insects or pests. Besides, there is no evidence that genotype(s) performing best at one specific site, 

do so as well at another site. Mixing several genotypes with complementary strategies possibly 

results in a more efficient use of abiotic site resources (McCracken et al. 2001). Hence, on our site 

12 different poplar (next to three willow) genotypes were planted with the aim of a.o. a reduction 

of risks of attacks.  

As a consequence genotypic differences were observed in multiple productivity related traits. 

Whereas there was within-genotype variation for most production-related characteristics in the first 

growth year (cf. S.4.2), clear significant between-genotype variability was also observed during the 

entire first rotation. Besides, these within-genotype variations (mainly attributed to a large 

heterogeneity in cutting quality and diameter, and competition with weeds) tended to decrease in 

the years following establishment. Both in the first and, even more pronounced in the second 

growth year, the aboveground woody biomass production showed significant genotypic variation 

(Fig. S.9). The genotypic mean biomass production ranged from 1.52 Mg ha-1 y-1 for Brandaris to 

7.22 Mg ha-1 y-1 for Hees. But, also in other plant parts and processes determining the C balance, 

differences between genotypes were shown (Broeckx et al. 2012a; Verlinden et al. 2013a) as 

illustrated by the variation in pool and flux values (cf. S.4.1). These differences have important 

implications towards the calculation of the overall ecosystem C balance (cf. S.4.4). Apart from that, 

the study of genotypic variability as such can be valuable for the assessment of (relative) 

differences in growth performance among genotypes in relation to site conditions. These can serve 

as useful information for the management of future SRC cultures and for future breeding and 

selection programs. LAI and associated leaf production, leaf respiration and photosynthesis 

(Broeckx et al. unpublished data) next to other, less direct productivity-related parameters – such 

as phenology, crown and leaf habitus, carbon isotope concentrations – significantly differed among 

genotypes (Broeckx et al. 2012b; Verlinden et al. 2013a; CHAPTER 4).  

A cluster analysis was performed on genotypic growth traits, leaf characteristics, phenological 

parameters and rust sensitivity to evaluate and classify the 12 genotypes accordingly (further 

elaborated in CHAPTER 3). Five clusters were identified (Fig. S.9) which were clearly related to the 

genetic background of the genotypic plant materials. Also the biomass production emerged as a 
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decisive factor in the clustering, as shown by the large range among, and differences between 

cluster means (more details in CHAPTER 3). 

 

Fig. S.9: Average aboveground woody biomass production (in 2010 and additionally in 2011; bars on 
the left-side graph) for 12 Populus genotypes. Letters next to the bars indicate differences 
in two-year aboveground biomass production: genotypes not sharing a letter differ 
significantly (p < 0.05). Leaf area duration (LAD) during 2010 and 2011 are given, next to 
average individual leaf size. The dendrogram of the hierarchical cluster analysis (right-hand 
graph) conducted on 16 tree characteristics (cf. CHAPTER 3) shows five restrained clusters, 
indicated on the dendrogram branches. D = P. deltoides, M = P. maximowiczii, N = P. nigra, 
T = P. trichocarpa (adapted from CHAPTER 3). 

Cluster 1 consisted of three D × N genotypes and the only D × (T × D) genotype, all four 

genotypes bred by INBO. The four genotypes of this cluster were characterized by intermediate, but 

similar production characteristics. Cluster 4 contained three D × N genotypes, i.e. Ellert and Koster, 

both selected by “De Dorschkamp” and Robusta. Genotypes of this cluster all showed a biomass 

production performance in the lower range and a higher branchiness in comparison with genotypes 

from clusters 1, 3 (and 5). Although having strong similarities in external morphology (e.g. crown 

structure, pyramidal tree shape; cf. Broeckx et al. 2012b) with the cluster 4 genotypes, Hees was 

separated in a singleton cluster characterized by a deviating high biomass production of 

7.22 Mg ha-1 y-1. Genotypes Bakan and Skado, forming cluster 3, were distinguished by their single 

and high stems, long growing period, high woody biomass production and typically large leaves 
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(Fig. S.9). In contrast, Brandaris and Wolterson (cluster 5) were the least productive of all studied 

genotypes. The twelve genotypes were found to cluster largely according to their genetic 

background (parentage), origin of selection and production. The fact that hybrid genotypes bred by 

a particular institute were selected according to specific criteria and moreover frequently have the 

same or genetically highly related parents, largely affected this clustering pattern. However, in 

other parameters, as e.g. wood characteristics, only poor genotypic variation was observed 

(Verlinden et al. 2013a). Hardly any variation in the average higher heating value, an indicator of 

the caloric heating potential of the wood, was observed among genotypes. This finding suggested 

biomass production being the more important trait with regard to bio-energy production. 

S.4.3.2. Impact of previous land use type 

Before the establishment of the plantation the area existed of an adjacent set of parcels of pasture 

and cropland (Fig. S.10), as mentioned in the description of the site (cf. S.2.2). Preceding the 

planting, we assessed the C stock (down to 90 cm depth), soil density, granular composition and 

nutrient availability (focussing on N). This survey revealed that there was no significant difference 

in the total C and N contents in the upper 90 cm of the soil among the two land use types. 

However, land use type did influence the upper soil layer (up to 15 cm): C and N mass fractions 

were significantly higher, and bulk density was significantly lower in pasture as compared to 

cropland (Table S.2; cf. CHAPTER 2). During the first and second growth year this higher N mass 

fraction in former pasture was also reflected in a significantly higher leaf N mass fraction in trees 

planted on former pasture (Table S.2). After the first rotation (= two years), a similar soil survey 

was repeated, although limited in sample size, spatial coverage and depth. This second soil 

sampling revealed a persisting, however diminished, difference in N and C mass fractions in the 

upper soil layers between the two former land use types (Table S.2; cf. CHAPTER 2 for a full 

descrption and analysis of these observations). Furthermore, significantly higher concentrations of 

the stable isotope 13C were found in trees growing on pasture compared to cropland (Table S.2; cf. 

CHAPTER 4), attributed to the higher N concentrations in the upper soil layers in previous pasture. 

Higher stable isotope 13C concentrations (i.e. lower 13C discrimination) are generally linked to higher 

plant water use efficiency (WUE) (Fichot et al. 2011; Monclus et al. 2006; Ripullone et al. 2004). N 

supply has been previously shown to increase plant productivity by improving their WUE (Liu and 

Dickmann 1996; Ripullone et al. 2004). 

Within the first two years the former land use of the site had a non-negligible effect on the carbon 

balance of the plantation. Concerning the soil CO2 efflux, the annual flux over 2011 was significantly 

(p < 0.001) higher in pasture than in cropland: 740 g m-2 y-1 versus 496 g m-2 y-1, respectively 

(Table S.2; Verlinden et al. 2013b). This higher flux most probably resulted from the higher C 

concentration in the upper soil layers in former pasture remaining from the year-long turnover of 

grass roots. The disturbance through the ploughing at plantation establishment caused a sudden 

loss of carbon due to the rapid decomposition because of enhanced soil aeration. On the other 

hand, the former cropland was already for several years prone to annual ploughing and removal of 
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crop residues. Keeping in mind the unequal area distribution of the two former land use types (38% 

pasture vs. 62% cropland), and the fact that the CO2 efflux from the soil is the largest respiratory 

flux from the plantation, the former land use had an impact on the overall C balance of the 

plantation.  

 

Fig. S.10: Map of the plantation showing the adjacent parcels of former land use type. The blue 
rectangle shows the measuring area of soil CO2 efflux on the two former land use types 

Besides differences in the intrinsic soil characteristics, we also observed differences in weed growth 

between the two previous land use types. Due to several years of abandonment of the pasture 

before plantation establishment, a high concentration of mainly thistles (Cirsium arvense) was 

present in these parts of the land (Berhongaray et al. 2013b). Consequently, due to weed pressure, 

herbicide application and mechanical weed control, the survival rate and growth of the poplars were 

reduced to a larger extent in pasture compared to previous cropland. Mortality of the trees after the 

first growth year was 19.0% in pasture vs. 11.6% in cropland. However, there was only a limited 

effect of former land use on the production of the first growth year, which even disappeared during 

the second year. The former land use effect was outperformed by the genotypic variation during 

m 
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the second growing season for the aboveground production characteristics (cf. CHAPTER 1). The 

weed management, however, also increased the spatial variability in production characteristics 

among the different genotypes in general, independent from the previous land use.  

Table S.2: Effects of land use type on different soil parameters in the upper 15 cm soil layer (before 
plantation establishment, and after two-year growth),  on soil CO2 efflux during 2011, on 
leaf N in the two growing seasons and on leaf and wood carbon isotope concentrations 
(in 2011). Values are averages with standard deviation between brackets. The 
‘significance’ (sig.) of the land-use effect: 0 = 0.05 < p; * = 0.01 < p ≤ 0.05; ** = 0.001 
< p ≤ 0.01; *** = p ≤ 0.001; na = not assessed. 

S.4.4. Integration into the ecosystem carbon balance 

To finally arrive at the carbon balance of the ecosystem, all pools and fluxes (cf. S.4.1) were 

averaged taking into account the aforementioned variabilities (i.e. S.4.3.1 and S.4.3.2). Genotypic 

values and land use averages were weighted by their proportion of covered land area in order to 

obtain representative estimates for the plantation as a whole. Combining the obtained average flux 

and pool values, the NEP (cf. S.1.2.2) was determined via two different approaches, namely the 

‘pool-change-based approach’ and the ‘component-flux-based approach’. To determine NPP, we 

calculated the total autotrophic respiration (Raut) by summing the foliar respiration, stem CO2 efflux 

and 40% of the soil CO2 efflux (RS aut) representing root respiration (Hanson et al. 2000; Verlinden 

et al. 2013b). NEP then resulted from NPP and the heterotrophic respiration (Rhet), taken as the 

remaining 60% of the total soil CO2 efflux (RS). By rewriting Eq. S.1, NEP was calculated via the 

pool-change-based approach as: 

NEP = NPP - Rhet = F + (Ste + Br) + Stu + CR + FR – 0.6·RS (S.2) 

 sig. CROPLAND PASTURE  sig. CROPLAND PASTURE 

 February 2010 (n = 60)  February 2012 (n = 8) 

soil C [mass %] *** 1.48 (0.32) 1.95 (0.36)  ** 0.82 (0.11) 1.01 (0.15) 

soil N [mass %] *** 0.123 (0.027) 0.179 (0.035)  * 0.087 (0.016) 0.102 (0.018) 

soil bulk density  
[g cm-3] *** 1.45 (0.08) 1.27 (0.10)  0 1.52 (0.04) 1.52 (0.07) 

 growing season 2010 (n = 12)  growing season 2011 (n = 8 a; 12 b; 120 c) 

annual soil CO2 
efflux [g C m-2 y-1] na na  na   *** 496a (26) 740a (21) 

leaf N [mass %] *** 2.59 (0.36) 3.21 (0.42)  *** 3.11b (0.39) 3.97b (0.54) 

δ13Cleaf [‰] na na  na   *** -27.83c (0.97) -27.19c (0.69) 

δ13Cwood [‰] na na  na   *** -27.93c (0.86) -27.41c (0.77) 
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where F represents the foliage pool, (Ste + Br) represents the aboveground woody biomass pool, 

Stu represents the stump biomass, CR represent the coarse root pool and FR represents the fine 

root pool. All values are expressed in g C m-2 y-1. A few minor components of possible C losses were 

not taken into account for the NEP calculation (further explained in CHAPTER 5). By applying the 

component-flux-based approach, NEP was calculated as the incoming GPP flux minus the total 

ecosystem respiration: 

NEP = GPP - Reco = GPP – (RS + RSte+Br + RF)  (S.3) 

where RSte+Br represent the woody tissue CO2 efflux, RF represents the foliar respiration and Reco 

represents the total ecosystem respiration calculated as the sum of RS, RSte+Br and RF, also 

expressed in g C m-2 y-1. Additionally, the C balance of the ecosystem was assessed also through 

eddy covariance techniques as the NEE. Following processing of the continuous eddy covariance 

data, cumulative NEE could be calculated (Zona et al. 2013).  

 

Fig S.11: Components of the carbon balance (in g C m-2 y-1), using three different approaches where 
uptake and storage are displayed as positive, and release or loss are displayed as 
negative*. The left bar stands for the pool-change-based approach (pool change bars filled 
in grey); the middle bar stands for the component-flux-based approach (non-filled bars 
represent integrated fluxes); the right-hand bar represents the eddy covariance 
measurements (hatched bar). Error bars indicate standard errors (GPP was a modeled 
parameter, not including an error range). Asterisks show the net result (carbon balance) 
representing the NEP or NEE for the eddy covariance measurements. For exact values and 
abbreviations we refer to the text (cf. supra; and in detail in CHAPTER 5).  
*NEE, mostly defined as the measured flux from the ecosystem to the atmosphere has an 
opposite sign to NEP; a negative NEE means an uptake by the ecosystem. For reasons of 
consistency with NEP, the positive value of NEE in this study means a net uptake of 
carbon. 
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The resulting NEP and NEE values averaged over the plantation – including its pool and flux 

components – are presented in Fig S.11. NEE was valued at 96 g C m-2 y-1 of uptake, whereas NEP 

was estimated to be 140 and 199 g C m-2 y-1 through the pool-change-based and component-flux-

based approach, respectively. The NEP values estimated through both the component-flux-based 

and the pool-change-based approaches were 108% and 47% higher, respectively, than the NEE 

value of the eddy covariance assessment. However, considering the magnitude of the components 

of the NEP calculation and the considerable uncertainty levels in the three techniques, results were 

comparable (see the asterisks in Fig S.11). The positive value of NEP and NEE showed that the 

ecosystem was already a net sink for CO2 in the second growth year. Whereas the plantation was 

still a net C source during the first year (2010; Zona et al. 2013), the C assimilation of the crop 

(GPP of 1281 g C m-2 y-1) in the following year exceeded the absolute value of total Reco. The C 

balance and compartments are more elaborately discussed in CHAPTER 5.  

S.5. CRITICAL REFLECTIONS and CONCLUDING REMARKS 

The main objective of this thesis was to assess the net carbon budget of the SRC poplar plantation 

by quantifying its constituting sub-C-fluxes and C-pool changes. The resulting value served a.o. as a 

validation of the eddy covariance flux estimates in the overall POPFULL project. We were successful 

in quantifying all pools and fluxes determining the C balance and the integrated net result, i.e. NEP. 

In terms of the exact values the results (of NEP and NEE) of the different assessment techniques 

differed. Nevertheless, considering the considerable uncertainties and the variation bonds involved, 

the values matched fairly good. This acceptable agreement of the in-depth compartment analysis of 

NEP with the NEE estimate confirms the reliability of the eddy covariance technique. And at the 

same time this result strengthens confidence in the estimates of net fluxes of the other greenhouse 

gases (i.e. CH4, N2O, H2O and O3) measured at the POPFULL site. The ecosystem functioned as a 

sink for CO2 already in its second growing season, as shown by the results of all three approaches 

(pool-change based, compartment analysis and eddy covariance measurements). This finding was 

somewhat surprising, given contradicting results from other studies. For another, much smaller SRC 

plantation in the province of East-Flanders (at about 15-20 km away from our field site) a value 

of -360 g C m-2 y-1 for NEP after the second growth year was reported (Vande Walle 2007), 

indicating a substantial C loss attributable to the high heterotrophic soil respiration rate 

(670 g C m-2 y-1) in that plantation. In general, crop growth is not sufficiently high to compensate 

for the C losses due to land use change during the first years after plantation establishment. This 

general trend of negative NEP rates of young (0-10 years) temperate forests is caused by the high 

heterotrophic respiration rates resulting from disturbance (Pregitzer and Euskirchen 2004). Multiple 

studies showed an initial decrease in the soil C pool during the first years after SRC planting due to 

intensive mineralization after cultivation (Hansen 1993; Grigal and Berguson 1998; Hellebrand et al. 

2010; Arevalo et al. 2011; Zenone et al. 2011; Nikièma et al. 2012).  

This thesis clearly showed that – also in the POPFULL plantation – soil CO2 efflux was the second 

largest C flux after the total incoming photosynthetic C uptake of GPP. This confirms that the 
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resulting NEE or NEP is largely determined by the C fluxes from belowground. Although this result 

confirmed earlier observations for forest sites, it is the first time that this has been quantitatively 

assessed for an SRC culture of an operational scale. The main pool of C in the living biomass was 

obviously in the aboveground wood, demonstrating the high growth which was able to compensate 

the C losses in the second growth year. Although the soil CO2 efflux represented the most important 

respiratory flux in the plantation, the largest uncertainties and assumptions were involved also in 

the belowground part of the quantification of the C budget, especially in the estimation of the 

heterotrophic belowground respiration. The quantification of the proportion of autotrophic versus 

heterotrophic respiratory fluxes belowground is highly complicated and labour intensive (Hanson et 

al. 2000). So far there is neither an ideal method nor an appropriate approach to partition the 

belowground respiratory flux. Nevertheless, the gap in knowledge of these soil processes (definitely 

in comparison with the number of studies on aboveground functioning) suggests that more 

research is needed on the belowground part. Besides, longer-term studies – as also suggested 

below – allow to determine changes in soil C pools, processes which are generally very slow 

(decades to centuries) since the annual changes are relatively small compared to the total C pools 

(Rodeghiero et al. 2009).  

The positive NEP result in this thesis confirms the suitability of poplars for fast-growing tree 

plantations. However, one drawback of this thesis is the limited time frame studied. We are indeed 

convinced that the higher (and highest) productive years still have to come. Whereas an average 

aboveground yield of 2.16 Mg ha-1 y-1 and 5.60 Mg ha-1 y-1 was reached in the first (2010) and 

second (2011) growth year, respectively, an average (± standard deviation) of 9.90 (± 3.42) 

Mg ha-1 y-1 was already produced in the third growth year (2012; unpublished results obtained early 

2013). The two years during which the plantation was studied in this thesis (and as reported in all 

five following chapters) comprised the establishment rotation. The establishment rotation obviously 

implies lower yield and more energy investment in roots compared to older plantations with already 

established root systems. Another important caveat is the fact that during these first two years, 

trees still had a single-stem habitus. The typical ‘coppice’, multiple-stem habitus was only reached 

after the first harvest (February 2012). We observed year after year (2010-2012) an increase in 

aboveground biomass production, and already in the third year – i.e. the first year of ‘coppice’ – 

nearly 10 Mg ha-1 was produced. For the fourth year we expect an even higher production (personal 

observations). Moreover, SRC plantations are believed to remain viable for 20 years (Dillen et al. 

2010), suggesting promising future yields.  

In a small-scale experimental SRC plantation with 17 different poplar genotypes established in 1996 

in Boom (province of Antwerp, Flanders), average biomass yields of 2.2-11.4 Mg ha-1 y-1 were 

produced during the first three-year-rotation after the establishment period. In comparison, the 

POPFULL plantation produced with 9.90 Mg ha-1 y-1 in the higher end of this range. After 16 years, 

the plantation in Boom was still productive, though productivity was strongly dependent on 

genotype, with yields ranging between 0-10.5 Mg ha-1 y-1 (Dillen et al. 2013). Since the latter 

plantation in Boom was planted on a – slightly polluted – former waste disposal site, we expect a 
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higher productivity on the agricultural soil of the POPFULL site, as well as a longer maintaining of 

this high productivity. Longer-term studies of SRC systems are therefore necessary to evaluate both 

the evolution of productivity with rotation and the evolution of the C sink-source functioning 

throughout the lifetime of the SRC plantation. Newly planted forests (generally) have the potential 

to continue the uptake of C for 20 to 50 years or more after establishment, though quantitative 

projections beyond a few decades are uncertain (IPCC 2000). So, whereas the monitoring of SRC 

establishment remains important, more long-term research is needed.  

The results of the POPFULL project with regard to the plantation’s productivity, its energy balance 

(Njakou Djomo et al. 2013) and its greenhouse gas balance (Zona et al. 2013), are thus far very 

promising; e.g. they show a positive energy and greenhouse gas balance. However, there are also 

some less favorable results. In a detailed study of the economic feasibility, El Kasmioui (2013) 

concluded that the cultivation of SRC is financially not profitable in Flanders without government 

support. Subsidies such as establishment grants and/or yearly incentives proved indispensable to 

make long-term investments in SRC profitable. The lack of space in Flanders is another limitation to 

the implementation of operational SRC plantations as few agricultural lands are available. Although, 

alternative sites for establishing SRC are possible – such as fallow (business) areas, buffer strips 

along farmlands or roads and polluted sites – the actual feasibility on these sites has been poorly 

studied so far.  

Despite the favourable condition of the agricultural land of the experimental POPFULL plantation, an 

additional difficulty in the interpretation of the results was the factor ‘previous land use type’, owing 

to the patchwork of pasture and croplands of the site before plantation establishment (cf. Fig. 

S.10). Although this factor was initially not foreseen, we soon realized the importance of the effect 

of previous land use which was demonstrated by differences in several soil parameters and tree 

growth characteristics between the previous land use types (cf. S.4.3.2), especially by the 

substantial difference in soil CO2 efflux (see CHAPTER 2). The weed pressure and the following 

intensive weed management required (Broeckx et al. 2012a) were also quite a challenge that was 

linked to the former land use. The poorly successful pre-emergent herbicide application just before 

the planting was partly responsible for the vigorous weed growth. The observations from this thesis 

and from the POPFULL plantation re-emphasized the need for a weed-free start when establishing 

SRC cultures as the poplar cuttings do not easily withstand the competition with vigorously growing 

annual weeds. However, when aiming at a sustainable production of biomass in SRC, weed growth 

is inevitable. Sustainability implies a.o. extensive management without irrigation, neither 

fertilization, which obviously do not always fit with the maximization of productivity. The use of 

many genotypes as planting material creates not only higher diversity, but also higher variability. 

The genotypic differences create additional challenges for data collection, but they are unavoidable 

in a sustainable plantation. 

The issue of the carbon cycle (and its disturbance leading to climatic changes) is intimately linked to 

the search for renewable and sustainable energy sources. Renewable energy sources as bio-energy 
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(or biomass for energy) should therefore also evaluate the carbon sequestration or mitigation 

potential. Although it remains difficult to generalize the results and the observations obtained within 

this thesis, the ecosystem carbon balance of an operational SRC plantation provides highly relevant 

information within the framework of the greenhouse gas balance of bio-energy production systems. 

We have been able to frame all pools and fluxes within the ecosystem carbon balance, using a 

variety of different methods, techniques and up-scaling approaches. These different approaches do 

of course have all an uncertainty associated to them, but it is just impossible to accurately measure 

or quantify them all using the same technique (e.g. non-destructive flux measurements). 

Nevertheless, we consider the data of this thesis more reliable than previous results because of the 

large operational size of the plantation. Whereas previous research was conducted on small-scale 

experimental plantations, this thesis and the overall project examined and analyzed for the first 

time a plantation at an operational scale. Future research on this and other operational SRC sites 

should monitor multiple rotations and will then also expand the scale of time. 
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Plantation establishment - effects of genotype and former land use 

 

Broeckx* LS, Verlinden* MS, Ceulemans R (2012) Establishment and two-year growth of a bio-energy plantation 

with fast-growing Populus trees in Flanders (Belgium): Effects of genotype and former land use. Biomass and 

Bioenergy 42: 151-163. 
* Both authors equally contributed to this manuscript 

Abstract 

In April 2010, a large-scale short rotation coppice (SRC) plantation was established with mainly 

poplar (Populus spp.) on a former agricultural site (cropland and pasture) in Flanders. The twelve 

selected genotypes planted were assessed on establishment and production characteristics during 

the first two years of growth and were found highly productive, with a volume index ranging 

between 1.00 (± 0.68) and 1.93 (± 0.97) dm³ in growing season 1 (GS1) and between 

2.75 (± 1.70) and 11.91 (± 6.33) dm³ in growing season 2 (GS2). Despite high survival rates of the 

cuttings after planting, competitive weeds and management operations increased tree mortality 

during the growing season from 3.4% up to 18.2% averaged over the entire plantation. Weed 

control therefore turned out to be the key factor in the establishment success. Only a minor 

influence of former land use was observed during GS1, which is explained by the non-limiting 

nutrient conditions on both former cropland and pasture, and which disappeared during GS2. These 

productive soils also explained the high growth rates, with an average tree height of 247 cm and 

445 cm and stem diameter (at 22 cm height) of 25.21 mm and 40.73 mm after GS1 and GS2 

respectively. Genotypic and parentage variations were found to be less pronounced during GS1, and 

increased during GS2 as expected. The maximum leaf area index and total leaf area duration were 

shown to be good indicators of production and growth performance. The results of this paper 

confirm the high potential of SRC with poplar on agricultural land for bio-energy purposes. 
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1. Introduction 

To meet its 20/20/20 objective, the 27 EU member states seek to reduce their CO2 emissions by 

20% and to raise the share of renewable energy by 20% by 2020 (COM 2008/30). Bio-energy from 

biomass is one of the most interesting renewable energy sources within the EU (COM 2006/848). 

Biomass for bio-energy can be extracted from different residue streams from agriculture, forestry 

and processing industries, but can also be actively grown in cultures of annual or perennial crops. 

For the latter, fast-growing trees are one of the most promising alternatives for the production of 

biomass when planted in a short rotation coppice (SRC) regime. Poplar (Populus spp.) and willow 

(Salix spp.) are the most commonly used species for SRC in Europe (Herve and Ceulemans 1996; 

Galinski et al. 1991; Verwijst 2001; Aylott et al. 2008). Both species are generally propagated and 

grown from hardwood cuttings. Poplar is particularly suitable for SRC cultures in temperate regions 

because of its high growth rate and biomass yield, its easy vegetative propagation from cuttings 

and coppice ability, and its genetic diversity enabling growth under a wide range of environmental 

conditions (Bradshaw et al. 2000; Dillen et al. 2011a). On average poplar trees in a coppice culture 

in temperate European conditions have dry mass yields of 10-15 Mg ha-1 y-1 (Laureysens et al. 

2004; Labrecque and Teodorescu 2005). Compared with other woody energy crops, Populus spp. 

has the advantages of a comprehensive scientific base on the ecophysiology and productivity of the 

genus (Stettler et al. 1996; Dillen et al. 2011a). SRC cultures with poplar could therefore play a 

promising role in achieving part of the European renewable energy objectives.  

Different land use areas can be used for SRC, ranging from agricultural land, set-aside land and 

previously forested land to marginal land and rights-of-way of roads and highways. An SRC culture 

has the ability to protect the soil against erosion and nitrate leaching (Isebrands et al. 2001). Some 

studies reported the possibility of phytoremediation of contaminated soils by SRC cultures with 

poplar (Laureysens et al. 2005; Meers et al. 2007). Moreover, SRC plantations generally have a 

higher biodiversity compared to traditional agriculture (Volk et al. 2004; Rowe et al. 2009).  

Much information has been gathered about the cultivation, production and technological aspects of 

SRC cultures, leading to successful small-scale applications of SRC for bio-energy (Meiresonne 

2006). Nevertheless, the success of an SRC culture largely depends on the establishment and the 

first-year performance of the trees (Kauter et al. 2003; Otto et al. 2010). In general, the survival 

rate of dormant hardwood cuttings during the establishment year is high for commercial poplar 

clones. However, there is also large genotypic variation in initial rooting as affected by soil type and 

climatic conditions, especially soil moisture (Ceulemans and Deraedt 1999; Zalesny et al. 2005; 

Bergante et al. 2010). Cuttings are particularly prone to drought during the first weeks after 

planting (Dickmann and Stuart 1983). Since poplars are light-demanding pioneer species, weed 

control in an SRC culture is especially critical during the period of establishment (Buhler et al. 1998; 

Dillen et al. 2011a). It is, however, unknown how a genotype may interact with former land use to 

affect the establishment success. 
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In the present study different selected poplar genotypes were assessed on establishment success 

and production characteristics during the first two years of an SRC culture, i.e. growing season 1 

(GS1) and growing season 2 (GS2). The plantation was established on former agricultural land with 

two different land use types, cropland and pasture. We hypothesized that (i) genotypic variation in 

production characteristics will occur, quantified as stem diameter and as leaf area development, and 

(ii) differences in production characteristics will occur on different former land use types resulting 

from differences in soil characteristics. The use of different genotypes in a plantation is strongly 

recommended to reduce the risk of large yield losses due to diseases or infestations. It is important 

to study the potential of these genotypes on different land areas for successful future SRC 

plantations. The available genotypic variation in growth characteristics can be exploited in future 

breeding and selection of poplar genotypes. To test these hypotheses, we established a large scale 

experimental SRC culture with different poplar genotypes. 

2. Materials and Methods 

2.1. Site description 

The experimental site is located in Lochristi, Belgium (51°06’44” N, 3°51’02” E), about 11 km from 

the city of Ghent (Province East of Flanders) at an altitude of 6.25 m above sea level with flat 

topography. The long-term average annual and growing season temperature at the site are 9.5 °C 

and 13.72 °C, respectively. Average annual and growing season precipitation are 726 mm and 

433 mm, respectively (Cermak et al. 1998; Royal Meteorological Institute of Belgium; Royal 

Meteorological Institute of Belgium 2011b). The region of the field site is pedologically described as 

a sandy region and has poor natural drainage (Ameryckx et al. 1989). The total area of the site is 

18.4 ha. The former land use was (i) agriculture, consisting of cropland (ryegrass, wheat, potatoes, 

beets, and most recently monoculture corn with regular nitrogen (N) fertilization at a rate of 

200-300 kg ha-1 y-1 as liquid animal manure and chemical fertilizers), and (ii) extensively grazed 

pasture. 

Prior to planting, a detailed soil survey was carried out in March 2010 by analysis of soil samples 

taken at 110 locations, spatially distributed over the two former land use types. Bulk density and 

aggregate soil samples were taken at 15 cm intervals, up to 90 cm depth, by core sampling 

(Eijkelkamp Agrisearch equipment, Netherlands). Carbon (C) and nitrogen (N) mass fractions were 

determined in the laboratory by dry combustion (CN element analyzer, Carlo Erba Instruments, 

Italy). Soil texture, pH and nutrient concentrations were assessed on an aggregate sample of the 

upper 30 cm and 30-60 cm layers of the soil by the Pedological Service of Belgium (Heverlee). 

Based on the soil analyses, the soil type was characterized as a sandy texture with a clay-enriched 

deeper soil layer. The particle size distribution of mineral soil did not statistically differ among the 

soil layers up to 60 cm depth (Table 1.1).  
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Table 1.1: Soil-pH, nutrient mass fractions and particle size distribution (PSD) of the soil layers at 0-
30 cm and 30-60 cm depth (weighted averages for both land use types pasture and 
cropland over total land area). PSD indicates the soil has a texture of loamy sand. 

  0-30 cm 30-60 cm 

 pH - KCl 5.34 5.78 

nutrient mass fraction 
[mg kg-1] 

P 246.9 77.5 
K 145.4 95.1 
Mg 132.6 127.1 
Ca 1082.5 1015.5 
Na 13.3 15.2 

PSD 
[%] 

clay < 2 µm 11.34 11.33 

silt 

2-10 µm 0.56 1.45 

10-20 µm 0.37 0.96 

20-50 µm 0.81 1.80 
sand > 50 µm 86.93 84.45 

KCl = Potassium chloride, P = Phosphor, K = Potassium, Mg = Magnesium, Ca = Calcium, Na = Sodium 

In the upper 90 cm of the soil the average total C and N contents were not significantly different 

between pasture (C content of 106.0 ± 30.4 Mg ha-1, N content of 9.4 ± 1.4 Mg ha-1) and cropland 

(C content of 111.7 ± 32.9 Mg ha-1, N content of 9.1 ± 2.1 Mg ha-1). In the upper 0-15 cm soil layer 

C and N mass fractions were, however, significantly (p = 0.000) lower in cropland (1.48 ± 0.32% 

and 0.12 ± 0.03%, respectively) as compared to pasture (1.95 ± 0.36% and 0.18 ± 0.03%, 

respectively). Soil bulk density in this upper layer was significantly higher in cropland (1.45 ± 0.07 g 

cm-3) than in pasture (1.27 ± 0.10 g cm-3). C and N mass fractions further decreased exponentially 

with depth (Fig. 1.1). The availability of nutrients K, P, Mg, Na and Ca did not differ between former 

land use types; averages are reported in Table 1.1. 

 

Fig. 1.1: Profiles of carbon (right) and nitrogen (left) mass fractions of the soil before the plantation 
establishment in cropland (white circles) and pasture land (black circles). Error bars 
indicate standard deviation of the mean. * indicates a significant difference between both 
land use types at the α = 0.05 level. 
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2.2. Plant material and plantation establishment 

A total of 14.5 ha were planted between 7-10 April 2010 with twelve selected poplar (Populus) 

genotypes, all commercially available. Three selected willow (Salix) genotypes were also planted at 

the same field site. The genotypes represented different species and hybrids of Populus deltoides, 

P. maximowiczii, P. nigra, and P. trichocarpa (Table 1.2; Buitenveld 2007; Michiels et al. 2008; 

Michiels et al. 2010) and Salix viminalis, S. dasyclados, S. alba and S. schwerinii. In this study, only 

results from the poplar genotypes are presented. The twelve poplar genotypes represent four 

different parentages. 

After soil preparation by ploughing (40-70 cm depth), tilling and pre-emergent herbicide treatment, 

25 cm long dormant and unrooted cuttings were planted. The cuttings were soaked in water 24 h 

prior to planting. The planting was performed with an agricultural leek planting machine. The 

cuttings were planted in a double-row planting scheme with alternating distances of 0.75 m and 

1.50 m between the rows and 1.10 m between trees within the rows, corresponding to a tree 

density of 8000 ha-1. The plantation was designed in large monoclonal blocks of eight double rows 

wide (Fig. 1.2) that cover the two types of former land use (cropland and pasture). The minimum of 

two and maximum of four replicated blocks of each genotype with row lengths varying from 90 m 

to 340 m, were based on the available number of cuttings and the spatial configuration of the site.  

During the first months after planting intensive weed control – mechanical, chemical and manual – 

was applied to decrease competition for light and nutrients (Table 1.3). With the exception of 

glyphosate, none of the herbicides used specify poplar as an approved crop species for the use of 

these chemicals. Herbicides that have proven effective in the establishment of poplar plantations in 

experimental trials were chosen based on the weed species present in the field (personal 

communication F. Goossens, ILVO), but these chemicals can not be used legally in commercial 

plantations. Plantation management was extensive, without fertilization or irrigation. In the winter 

after GS1 the largest gaps in the plantation due to cutting mortality, were re-planted with one-year 

old unrooted cuttings, hereafter referred to as interplanting. 

2.1. Measurements 

Measurements of survival, growth performance and various production characteristics were 

performed on all twelve poplar genotypes. All measurements were taken during the first two years 

after planting between May 2010 and December 2011. 

2.1.1. Leaf characteristics 

Leaf area index (LAI) was assessed in different replicated measurement plots (consisting of 6 × 5 

trees)  for  each  genotype within each former land use type, i.e. two plots in GS1, and four plots in 
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Table 1.2: Overview of the twelve poplar genotypes planted in a short rotation coppice culture. Species, place of origin/provenance, section, year of the 
cross and gender of the genotypes have been indicated.   

Genotype Parentage Place of origin Section Year of cross/ 
commercialization Gender Selection criterium 

Bakan1 T × M (Washington US × Oregon US) × Japan  Tacamahaca 1975/2005 ♂ plywood 

Skado1 T × M (Washington US × Oregon US) × Japan Tacamahaca 1975/2005 ♀ plywood 

Muur1 D × N (Iowa US × Illinois US) × (Italy × Belgium) Aigeiros 1978/1999 ♂ plywood 

Oudenberg1 D × N (Iowa US × Illinois US) × (Italy × Belgium) Aigeiros 1978/1999 ♀ plywood 

Vesten1 D × N (Iowa US × Illinois US) × (Italy × Belgium) Aigeiros 1978/1999 ♀ plywood 

Ellert2 D × N Michigan US × France Aigeiros 1969/1989 ♂ plywood 

Hees2 D × N Michigan US × France Aigeiros 1969/1989 ♀ plywood 

Koster2 D × N Michigan US × The Netherlands Aigeiros 1966/1988 ♂ plywood 

Robusta3 D × N Eastern US × Europe Aigeiros 1885-1890/? ♂ plywood 

Grimminge1 D × (T × 
D) 

(Michigan US × Connecticut US) × (Washington 
US × (Iowa US × Missouri US)) 

Aigeiros × 
(Tacamahaca 
× Aigeiros) 

1976/1999 ♂ plywood 

Brandaris2 N The Netherlands × Italy Aigeiros 1964/1976 ♂ plywood 

Wolterson2 N The Netherlands Aigeiros 1960/1976 ♀ plywood 
D = Populus deltoides, M = Populus maximowiczii, N = Populus nigra, T = Populus trichocarpa 
1 genotypes bred by the Institute for Nature and Forestry Research (INBO, Geraardsbergen, Belgium).  

2 genotypes bred by Research Institute for Forestry and Landscape Planning “De Dorschkamp” (Wageningen, The Netherlands).  

3 genotype originating from an open-pollinated P. deltoides tree, first commercialized by the nursery Simon-Louis Frères (Metz, France)  
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Table 1.3: Description and timing of weed control – manual, chemical and mechanical – during the establishment years   

*chemical herbicides are represented by brand name, followed by the active chemical between brackets ; numbers refer to the producers/distributors 
1 Monsanto; 2 Dow Agrosciences; 3 Agronica; 4 Bayer CropScience; 5 Certis  

Category Description Target species Frequency (Date) Application area Damage on the trees 
Manual      
Dutch hoe Manual removal of weeds by pulling the 

hoe through the soil and cutting the 
weeds just under the surface 

All weeds that are higher than 
the sprouting trees 

± 450 man-hours 
(June-August 
2010) 

Areas with high weed growth 
(i.e. weeds shading the 
sprouting trees) 

Accidental removal of the sprout 
with the hoe 

Chemical*      
Roundup1 (glyphosate) 3.5 l ha-1 sprayed  with a tractor 

mounted sprayer before planting 
General herbicide Single treatment 

(26 March 2010) 
Areas with former pasture 
land (5.8 ha) 

No assignable effect 

AZ 5002 (isoxaben) + 
Kerb 400 SC2 
(propyzamide) 

0.3 l ha-1 AZ + 1 l ha-1 Kerb sprayed 
with a tractor mounted sprayer before 
sprouting of the trees 

Pre-emergent (broadleaf 
weeds) + soil herbicide (wide 
range of weeds) 

Single treatment 
(18 April 2010) 

Planted area (14.5 ha) No assignable effect 

Tomahawk3 
(fluroxypyr) + Actirob4 

1 l ha-1 Tok + 0.5 l ha-1 Acti sprayed 
with a tractor mounted sprayer with 
protective caps 

Systemic herbicide (broad-leaf 
weeds) + efficiency 
enhancing additive 

Single treatment 
(24-28 June 2010) 

Problem areas in terms of 
weed growth (6 ha) 

Local tree damage by contact 
with the herbicide + local 
damage by tractor wheels 

Matrigon2  (clopyralid) 
+ Actirob4  

1 l ha-1 Mat + 0.5 l ha-1 Acti sprayed 
with a tractor mounted sprayer with 
protective caps 

Systemic herbicide (thistles) 
+ efficiency enhancing 
additive 

Single treatment 
(30 June – 7 July 
2010) 

Problem areas in terms of 
weed (in particular thistles) 
growth (6 ha) 

Local tree damage by contact 
with the herbicide + local 
damage by tractor wheels 

Aramo5 (tepraloxydim) 
+ Actirob4 

2.5 l ha-1 Ar + 0.5 l ha-1 Acti sprayed 
with a tractor mounted whole field 
sprayer 

Systemic herbicide 
(monocotyls) + efficiency 
enhancing additive 

Single treatment 
(13 July 2010) 

Problem areas in terms of 
weed (grasses) growth (7 ha) 

Local tree damage by tractor 
wheels and spraying arms 

Mechanical      
Tractor-pulled hoe Weed control by agitating the soil 

surface in the 0.75 m and 1.50 m wide 
rows between the trees 

Non-selective Dual treatment (± 
19 May 2010 and ± 
3 June 2010) 

Planted area (14.5 ha) Local tree damage by tractor 
wheels and hoe 

Mill Milling of the soil surface with a small 
tractor in the 1.50 m wide rows 
between the trees 

Non-selective Single treatment 
(± 25 August 
2010) 

Planted area (14.5 ha) Local tree damage by tractor 
wheels and mill 

String trimmer Trimming the weeds in the 0.75 m and 
1.50 m wide rows 

Priority to thistles and weeds 
that are higher than 30 cm 

± 450 man-hours 
(April-September 
2011) 

Areas with high weed growth Accidental removal of the tree 
with the trimmer 

Mulcher Mulching in the 1.50 m wide rows Non-selective Dual treatment (± 
28 May 2011 and ± 
8 June 2011) 

Planted area (14.5 ha) Limited damage 

Heavy duty grass 
mower 

Mowing in the 0.75 m wide rows Non-selective Single treatment 
(1-2 August 2011) 

Planted area (14.5 ha) Limited damage 
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Fig 1.2: Map of the plantation lay-out showing the monoclonal blocks and the measurement plots on 
both former land use types. A = former cropland, G = former pasture, poplar genotypes BA 
= Bakan, BR = Brandaris, EL= Ellert, GR = Grimminge, HE = Hees, KO = Koster, MU = Muur, 
OU = Oudenberg, RO = Robusta, SK = Skado, VE = Vesten and WO = Wolterson. 

GS2 × 12 genotypes × 2 land use types. LAI was assessed using direct and indirect methods. The 

(cross calibrated) LAI-2000 and LAI-2200 Plant Canopy Analyzer (LiCor, Lincoln, NE, USA) were 

used to measure LAI indirectly in GS1 and GS2 respectively, by comparison of above and below 

canopy readings with a 45° view cap. These indirect LAI measurements were taken monthly 

throughout the growing season from July to November in GS1 and from April to November in GS2 

to monitor leaf area development and to determine maximum LAI (LAImax). In each plot, two 

diagonal transects were made between the rows, and along each transect measurements were 

taken with the sensor parallel to the row and perpendicular to the row. Leaf area duration (LAD) 

[m2 day m-2] was calculated as the integrated area below the seasonal LAI curve for each genotype 

as a function of day number of the year (Ceulemans and Deraedt 1999; Dowell et al. 2009). Direct 

LAI assessment consisted of leaf litter collection at the end of GS1 and GS2 during leaf fall, from 

September to December. Three 0.57 m × 0.39 m litter traps were placed on the ground along a 

diagonal transect between the rows in 48 plots. Litter traps were emptied every two weeks and 
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LAImax was determined using the weight method (Jonckheere et al. 2004). LAImax was calculated 

from the cumulated dry weight of the leaf litter collection using a predetermined ratio between 

fresh leaf area and leaf dry weight, also called specific leaf area (SLA) [m² kg-1]. Fresh leaf area 

was measured with a Li-3000 Leaf Area Meter (LiCor, Lincoln, NE, USA). C and N mass fractions of 

the leaves were determined by dry combustion (CN element analyzer, Carlo Erba Instruments, 

Italy) of a mixed subsample of three randomly selected mature leaves of different leaf area and on 

different tree heights per plot on 8 October 2010 in GS1 and on 13 September 2011 in GS2 (when 

LAImax was reached). A weighted average LAImax of the plantation was calculated based on the 

relative area covered by each genotype within the plantation. 

2.1.2. Stem characteristics 

Stem diameter (D), tree height (H) and mortality were measured in one entire row (between 80 

and 310 trees) within each monoclonal block. D and H were assessed as the main growth 

characteristics after GS1, in February 2011, and repeated after GS2. Stem diameters were 

measured with a digital caliper (Mitutoyo, CD-15DC, UK, 0.01 mm precision) at 22 cm above soil 

level. This height level – recommended and used for poplar by Ceulemans et al. (1993) and 

Pontailler et al. (1997) – is above the conical stem base and is low enough to avoid measurement 

errors because the stems were relatively small. A subset of a minimum of ten stem diameters for 

each LAI plot was collected. If more than one stem had sprouted from one cutting, the number of 

stems – called shoots – was counted and diameters were measured for each shoot. The total stem 

basal area (BA) at 22 cm height was calculated as the sum of the basal areas of all shoots within 

one tree. The Huber value (HV) was calculated as the ratio between the stem basal area and the 

total leaf area within each plot (Huber 1928). Tree height was calculated using the predetermined 

relationship between D and H for each genotype, where H was measured with a telescopic rule 

(Nedo mEssfix-S, NL, 1 mm precision). Stem volume index (VI) was calculated for each genotype as 

the sum of D²∙H of all shoots within one tree (Pontailler et al. 1997; Causton 1985) and was 

considered as the main growth indicator of GS1 growth. Mortality was estimated by counting the 

number of missing trees in one or two entire rows (80 to 310 trees) within each monoclonal block. 

This was done one month after planting (May of GS1), after weed control (August of GS1) and once 

more in July of GS2 (after interplanting). Since genotypes Ellert, Hees and Koster had not yet fully 

sprouted at the time of the first mortality assessment, mortality of these genotypes has been 

excluded from calculation of the average plantation mortality. Mortality assessments were used to 

calculate effective planting density in each monoclonal block. A weighted average over the 

plantation was calculated for all variables, based on the relative planted area of each genotype 

within the plantation. The coefficient of variation was used as an indication of the variability of each 

production characteristic within each genotype or parentage. Production characteristics D, H, BA, VI 

and HV were correlated (Pearson correlation) with possible explanatory variables LAImax, LAD, 

mortality and the number of shoots within each tree. 
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2.2. Statistical analysis 

A nested analysis of variance (nested ANOVA) was used to analyze the influence of genotype, 

former land use and plot on the production characteristics described above, with 

(i) genotype/parentage and land use as fixed factors, and (ii) plot nested within 

genotype/parentage, and land use as a random factor. Data were tested for normality by means of 

a Kolmogorov-Smirnov test. Normal distribution was not significant in all groups and no 

transformation was found to normalize the data. Hence, normality was considered acceptable since 

no non-parametric alternative for a nested ANOVA was found (Logan 2010). When no significant 

land use effect or interaction between land use and genotype/parentage were found, these factors 

were removed from the model. The Tukey’s students range test (HSD) was used as a post-hoc test 

in case of a significant genotype/parentage effect. LAImax measurements were averaged within each 

plot and plots were used as replicates within each genotype × land use combination. Because of 

the low number of plots, a non-parametric Kruskal-Wallis test was used, followed by Mann-Whitney 

U to test each pair. A p-value smaller than 0.05 was considered significant. The software package 

SPSS (SPSS Inc., Chicago, IL, USA) was used for all analyses.  

3. Results 

3.1. Establishment success 

Six weeks after planting initial mortality was 3.4% on average in the plantation. This number does 

not include genotypes Ellert, Hees and Koster which had not yet fully sprouted at the time of the 

mortality assessment. Mortality increased to 18.2% when weed control treatments were finished 

(Fig. 1.3). Interplanting after GS1 reduced mortality to a weighted average of 15% in the entire 

plantation, as assessed during GS2. A large genotypic variation in mortality was observed in the 

plantation, ranging between 10% and 21% after GS2. After two growing seasons genotypes 

Brandaris and Vesten had the lowest and highest survival rates, respectively.  

3.2. Production characteristics 

Despite differences in soil characteristics in the upper 15 cm of the soil, only small differences were 

found in production related characteristics between former land use types in GS1 (Table 1.4). These 

land use differences almost disappeared in GS2, except for the number of shoots per tree. 

Weighted averages of 1.17 and 1.06 in GS1, and 2.63 and 3.07 in GS2 were found for LAImax from 

indirect and direct measurements, respectively. Both methods were significantly correlated (R² = 

0.47 in GS1 and R² = 0.61 in GS2 with p < 0.01). Most of the genotypes in the current study 

reached LAImax in the beginning of October in GS1, except for genotypes Oudenberg and Robusta 

(early September). In GS2, LAImax was reached between the end of August and mid-September. 

Significant genotypic differences in LAImax were found in both growing seasons (Table 1.4), with 
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genotype Brandaris having the lowest (0.58 ± 0.12 in GS1 and 1.05 ± 0.14 in GS2) and genotype 

Hees (1.87 ± 0.44 in GS1 and 4.37 ± 0.92 in GS2) having the highest LAImax, measured indirectly 

(Fig. 1.4). A significant parentage effect was found for indirect measurements in GS1 and for both 

direct and indirect measurements in GS2. Species P. nigra had a significantly lower LAImax compared 

to the hybrids in both GS1 and GS2.  

 
Fig. 1.3: Mortality for the twelve poplar genotypes after planting (black bars), after weed control 

(light grey bars) during the establishment year (2010) and after interplanting (dark grey 
bars) at the end of the second growing season (2011). Error bars indicate standard 
deviation; (?) indicates cuttings had not fully sprouted at the time of mortality 
assessment. D = P. deltoides, M = P. maximowiczii, N = P. nigra, T = P. trichocarpa 

 

Fig. 1.4: Maximum leaf area index (LAImax), measured in an indirect (black bars) and direct (grey 
bars) way, and leaf area duration (LAD) (circles) for twelve poplar genotypes – grouped by 
species – during GS1 and GS2. a,b in superscript indicate significant differences between 
groups (p < 0.05) following Tukey’s post-hoc test; Error bars indicate standard deviation 
of the mean; D = P. deltoides, M = P. maximowiczii, N = P. nigra, T = P. trichocarpa; GS = 
growing season. 
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Table 1.4: Results of the analysis of variance (ANOVA) of genotype, parentage, land use and plot 
effects on production characteristics during the first and second growing seasons. 

 n Geno-
type 

Land 
use 

Plot 
(genotype) 

Paren-
tage 

Land 
use 

Plot(par-
entage) 

Growing season 1        
Stem diameter at 22 cm 4907 (*) 0 *** * 0 *** 
Basal area 4907 * 0 *** * 0 *** 
Number of shoots 4907 *** ** *** *** 0 *** 
Stem height 4907 *** * *** 0 0 *** 
Volume index 4907 0 * *** 0 0 *** 
LAImax indirect1 48 ** 0 - ** 0 - 
LAImax direct1 48 * 0 - 0 0 - 
Huber value indirect1 48 * 0 - (*) 0 - 
Huber value direct1 48 0 0 - 0 0 - 
Growing season 2        
Stem diameter at 22 cm 4907 *** 0 *** ** 0 *** 
Basal area 4907 *** 0 *** * 0 *** 
Number of shoots 4907 *** * *** *** 0 *** 
Stem height 4907 *** 0 *** *** 0 *** 
Volume index 4907 *** 0 *** ** 0 *** 
LAImax indirect1 96 *** 0 - *** 0 - 
LAImax direct1 48 ** 0 - ** 0 - 
Huber value indirect1 96 *** 0 - 0 0 - 
Huber value direct1 48 0 0 - 0 0 - 

LAImax = maximum leaf area index, measured (in)directly; significance: 0 = p > 0.10; (*) = 0.05 < p ≤ 0.10; * = 0.01 < p 
≤ 0.05; ** = 0.001 < p ≤ 0.01; *** = p ≤ 0.001. n = sample size; 1 Non-parametric Kruskal-Wallis test 

The higher N mass fraction in the upper 15 cm soil layer in former pasture compared to cropland 

was reflected in a significantly higher leaf N mass fraction (p = 0.009 in GS1 and p < 0.001 in GS2) 

in trees planted on former pasture land (Fig. 1.5).  

Stem diameter was 25.21 mm (weighted average) across genotypes at the end of GS1. Height 

measurements showed a weighted average of 247.4 cm (GS1) and were linearly correlated with D. 

VI was not significantly different among genotypes, although some genotypic variation was 

observed for stem BA and H. In line with LAImax, a significantly lower D was found in P. nigra 

(genotypes Brandaris and Wolterson) in comparison to the hybrids. A low significant parentage 

effect was found for D and stem BA. The number of shoots that sprouted from one cutting was 

significantly different among genotypes and parentages. A strong plot effect within genotypes and 

parentages was found for all stem characteristics (Table 1.4), indicating a spatial variability in 

growth performance that was not correlated to former land use. High spatial variability was also 

reflected in the high variability observed for most production characteristics (Fig. 1.6), suggesting 

within genotype and parentage variability. During GS2, a weighted average of 40.73 mm and 

444.6 cm were found for D and H respectively. Strong significant (p < 0.05) genotype and 

parentage effects were found for all production related characteristics (Table 1.4). 
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Fig. 1.5: Boxplots of carbon (top) and nitrogen (bottom) 
mass fractions in the leaves of the different poplar 
genotypes (n = 12), planted on two former land 
use types. Plantation averages are shown. White 
and dotted boxes represent GS1-data and GS2-
data respectively. GS = growing season. 

 Fig. 1.6: Volume Index [m³] of trees after GS1 (white boxes) and GS2 (dotted boxes) arranged by 
poplar genotype (left panel) and species (right panel). D = P. deltoides, M = P . 
maximowiczii, N = P. nigra, T = P. trichocarpa; GS = growing season 
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Table 1.5: Correlation between production characteristics and explanatory variables (Pearson 
correlation) 

 n Volume index Diameter Basal Area Height 

Growing season 1      

LAImax indirect 48 ++ +++ +++ 0 

LAImax direct 48 ++ +++ +++ ++ 

LAD 48 ++ +++ +++ 0 

No. of shoots 4907 0 - - - +++ - - - 

Mortality1 34 0 0 0 - 

Growing season 2      

LAImax indirect 96 +++ +++ +++ +++ 

LAImax direct 48 +++ +++ +++ +++ 

LAD 96 +++ +++ +++ +++ 

No. of shoots 4907 0 - - - +++ - - - 

Mortality1 34 0 0 0 0 
1mortality data were collected and correlated with growth characteristics on a row level instead of a plot level, as for the 
other production parameters; LAImax = maximum leaf area index; LAD = leaf area duration; n = sample size. significance: 
0 = p > 0.10; + = 0.01 < p ≤ 0.05; ++ = 0.001 < p ≤ 0.01; +++ = p ≤ 0.001 for positive correlations, equally with – for 
negative correlations  

LAImax, both from direct and indirect measurements, and LAD were strongly and linearly correlated 

to VI, D and BA for both growing seasons (Table 1.5; Fig. 1.7). This suggests that LAImax and LAD 

were good indicators of production. A significant correlation with tree height was observed in GS2 

as well, whereas in GS1 this was only observed for the direct LAImax measurements. Lower D and H 

values were found with a higher number of shoots within each tree (Table 1.5). There was no 

significant correlation between mortality and VI, indicating that differences in growth performance 

were not caused by differences in effective planting density.  

 
Fig. 1.7: Linear correlation between leaf area duration (LAD) and volume 

index for twelve poplar genotypes during GS1 (black circles) and 
GS2 (white circles). Linear regression is significant for GS1 (solid 
line, R² = 0.20) and for GS2 (dotted line, R² = 0.64) at the α = 0.01 
level. GS = growing season 
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4. Discussion 

An evaluation of factors affecting the first-year growth and survival is reported, since the 

establishment year is crucial for the success of any bio-energy plantation. Analysis of genotypic 

variation in production related characteristics is important to identify genotypes with high potential 

for SRC cultures, in relation to soil characteristics and former land use.  

The lower C mass fraction in the upper soil layer in former cropland (Fig. 1.1) was caused by the 

annual harvesting of the crop and the removal of crop residues. A higher bulk density of the soil in 

cropland can be expected because of soil compaction and surface sealing by annual ploughing and 

regular access by agricultural machines. High uptake of N-fertilizer by the crops could explain the 

lower N mass fraction in the upper layer of the cropland compared to pasture, where N-rich manure 

remains in the field and where surplus manure coming from intensive cattle and pig farming is 

spread. Overall, the N mass fraction in the field site was high, but comparable with other 

agricultural areas in Flanders because of high N deposition (30-40 kg ha-1 y-1) and N-fertilizer 

application (17-250 kg ha-1 y-1) in this area (Zona et al. 2011). Since N and C mass fractions in the 

upper soil layer (0-15 cm) were significantly higher in former pasture land, a higher growth and 

production could be expected on this soil type. Indeed, higher leaf N mass fractions were found in 

trees planted on former pasture land. However, there was only a limited effect of former land use 

on the measured production characteristics in GS1 and this effect disappeared during GS2. Despite 

significant differences, soil nutrients were clearly not limiting in either of the former land use types. 

Spatial variability can likely be explained by differences in weed management, since weed growth 

was spatially variable in the plantation. High spatial variability in mortality supports this hypothesis, 

since locally several adjacent trees died from mechanical and chemical treatments (Table 1.3). In 

addition, large spatial variability in the water table in the plantation could contribute to spatial 

variability in growth performance or indirectly to weed growth (personal communication M. Camino 

Serrano). 

Our results confirm the high potential for the establishment and productivity of SRC with poplar on 

former agricultural land in terms of survival rate and growth during the first two years of the 

plantation. It should be noticed that these results were obtained under optimal site conditions in 

terms of soil quality. Survival of the planted dormant cuttings was very high, more than 96%, 

despite a very dry period in April 2010 (GS1) after planting (15.7 mm compared to a long-term 

monthly average of 51.3 mm in Ukkel, Belgium (Royal Meteorological Institute of Belgium 2011a). A 

large genotypic variation in survival rate was observed, likely driven by genotypic variation in 

response to the environmental conditions (Bergante et al. 2010). The delayed sprouting of 

genotypes Ellert, Hees and Koster compared to the other genotypes could be partly explained by a 

lower rooting capacity of genotypes with the P. deltoides parentage (female P. deltoides parent 

from the same origin; Table 1.2). Rooting capacity of dormant cuttings of P. deltoides is generally 

low (Randall and Krinard 1977) and genotypically highly variable (Dickmann and Stuart 1983; 

Zalesny et al. 2005). Weed competition and weed control were the most important factors in the 
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establishment of the plantation (cf. Buhler et al. 1998). Poplars are known to be susceptible to 

competition for available water and light, mainly during the establishment year (Dickmann and 

Stuart 1983). In addition, herbicide damage and losses due to mechanical weed control significantly 

reduced the survival rate and growth in the plantation (Table 1.3). Hence, genotypic variability in 

survival rate possibly also reflects genotypic variation in resistance to weeds or to weed control. 

Even during GS2 canopy closure was not fully reached. In a comparable multi-clonal SRC plantation, 

stable LAI was not reached during the first year of the second rotation at a tree density of 

10 000 ha-1 (Al Afas et al. 2005). The strong decrease in LAI of genotype Robusta after week 35 of 

GS1 can be explained by a rust infection (Melampsora larici-populina), an important determinant of 

early leaf fall (Dunlap and Stettler 1996). No significant signs of early leaf fall or growth reduction 

caused by rust infection were observed for the other genotypes. During GS2, a shift in the growing 

season occurred; LAImax was reached one month earlier as compared to GS1 due to the early 

growth start in 2011 from the established rooting system. 

Significant genotypic variability in LAI was observed among the different poplar genotypes during 

GS1 and GS2, confirming previous observations (Ceulemans et al. 1993; Taylor et al. 2001a; Al Afas 

et al. 2005). From the observations of this study, genotypes with large individual leaves (Skado, 

Bakan and Grimminge) tended to have high LAI. Indeed, maximal individual leaf area has been 

reported as a main determinant of total leaf area (Marron et al. 2005; Dillen et al. 2009). However, 

the highest LAI was observed in genotype Hees, which can probably be explained by the fast 

production of many small leaves. Taylor et al. (2001a) reported an intermediate strategy of leaf 

production and individual leaf area to achieve the highest LAI. More research on the rate of leaf 

production and individual leaf area is required to clarify both strategies. Total leaf area determines 

the amount of carbon uptake and has been previously suggested as a good indicator of biomass 

yield of a SRC with poplar (Larson and Isebrands1972; Taylor et al. 2001b; Pellis et al. 2004b). In 

this study, LAImax was indeed found to be a good determinant of aboveground biomass production, 

assessed through VI.  

In terms of D and H the first-year growth performance of the poplar genotypes in this SRC was 

comparable with previous reports (Ceulemans et al. 1992; Barigah et al. 1994; Filat et al. 2010) or 

higher (Tharakan et al. 1998; Al Afas et al. 2008) under similar conditions. During GS1, no 

significant genotypic variation was found for D or VI, although different studies reported clonal 

variation in biomass yield (Ceulemans et al. 1992; Laureysens et al. 2004; Paris et al. 2011). Most 

likely, the large spatial variability in the first-year of growth and establishment, due to the 

heterogeneity in weed pressure and management practices, obscured the genotypic variability in 

our analysis. In addition, a high variability within genotypes during the establishment year is likely 

due to a large heterogeneity in cutting quality, mainly depending on cutting diameter (Dickmann 

and Stuart 1983). Indeed, large within-genotype variability was found for most production 

characteristics, as expressed by large variation between different measurement plots. We expect 

these within-genotype variations (and competition with weeds) to decrease in the following years.  
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GS2 data confirm an increasing genotypic variability in production characteristics, also 

outperforming the limited land use effects that where observed during GS1. But there was still a 

high spatial variability, expressed as differences among plots, probably due to growth delays of 

trees from lower quality cuttings and to the continuing spatially heterogeneous weed control. The 

parentage effect observed during GS1 was more strongly expressed in GS2. Pure P. nigra 

genotypes showed the lowest LAI and lowest diameter, indicating a significantly lower growth 

performance compared to the hybrid genotypes. In commercial plantations – both traditional and 

SRC cultures – interspecific hybrids are frequently used because of their heterosis, a phenomenon 

defined as the superiority of the offspring compared to the parental trees (Stettler et al. 1996).  

Nevertheless Al Afas et al. (2008) mentioned pure P. nigra and P. trichocarpa genotypes amongst 

the most productive genotypes in a SRC culture at the end of the fourth growing season after 

coppicing. These results might indicate that the hybrids may not sustain the higher productivity 

over several rotations. 

5. Conclusion 

Only minor genotypic variation was found in production related characteristics during GS1, but 

some significant parentage effects were observed. Genotypic and parentage variation in growth 

performance were strongly expressed during GS2. Although significant differences in soil C and N 

mass fractions in the 0-15 cm soil layer were demonstrated between former cropland and pasture, 

this was reflected only to a small extent in different growth performance of the trees planted on 

both former land use types. This former land use effect was clearly outperformed by the genotypic 

variation during the second growing season. High spatial variability in production characteristics 

among the different genotypes was likely influenced by weed management, which turned out to be 

the key factor in the establishment success of an SRC plantation.  
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Soil CO2 efflux – influence of former land use, inter-row spacing and 

genotype 

 

Verlinden MS, Broeckx LS, Wei H, Ceulemans R (2013) Soil CO2 efflux in a bioenergy plantation with fast-growing 

Populus trees - influence of former land use, inter-row spacing and genotype. Plant and Soil 369:631-644. 

Abstract 

In this study we quantified the annual soil CO2 efflux (annual SCE) of a short rotation coppice 

plantation in its establishment phase. We aimed to examine the effect of former (agricultural) land 

use type, inter-row spacing and genotype. Annual SCE was quantified during the second growth 

year of the establishment rotation in a large scale poplar plantation in Flanders. Automated 

chambers were distributed over the two former land use types, the two different inter-row spacings 

and under two poplar genotypes. Additional measurements of C, N, P, K, Mg, Ca and Na 

concentrations of the soil, pH, bulk density, fine root biomass, microbial biomass C, soil 

mineralization rate, distance to trees and tree diameters were performed at the end of the second 

growth year. Total carbon loss from soil CO2 efflux was valued at 589 g m-2 yr-1. Annual SCE was 

higher in former pasture as compared to cropland, higher in the narrow than in the wider inter-row 

spacings, but no effect of genotype was found. Spatial differences in site characteristics are of great 

importance for understanding the effect of ecosystem management and land use change on soil 

respiration processes and need to be taken into account in modeling efforts of the carbon balance. 
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1. Introduction 

At present, there is a large interest in the use of energy from biomass as one of the alternatives for 

fossil fuels and as a possibility to reduce greenhouse gas emissions (Buyx and Tait 2011). The 

establishment of short rotation coppice (SRC) plantations for bio-energy production has potential for 

sequestering CO2 and for mitigating increased greenhouse gas levels in the atmosphere (House et 

al. 2002). It has often been assumed that the CO2 emissions of bio-energy cultures are zero 

(Hansen 1993) by taking up as much carbon during the growth of the SRC plantation as released 

upon conversion to energy, i.e. that they are so-called ‘carbon neutral’. However, bio-energy 

cultures as SRC plantations can also represent a CO2 source, particularly in the short to medium 

term (Vande Walle 2007). The net carbon (C) benefit of such plantations is site specific (Arevalo et 

al. 2011). It is therefore important to study the carbon cycle of these ecosystems in more detail and 

to assess their impact on regional carbon balances (Vande Walle et al. 2007). The main reason for 

young SRC plantations to act as a CO2 source is due to the process of land use change. They are 

expected to act as a C source during the first years of the establishment as a result of cultivation 

practices that accelerate short-term decomposition of organic matter in the soil (Grigal and 

Berguson 1998; Arevalo et al. 2011). The soil CO2 efflux (SCE) is therefore one of the most 

important processes in the total C balance of the ecosystem. In temperate forests more than two-

thirds of ecosystem respiration may be attributed to SCE (Curiel Yuste et al. 2005; Luyssaert et al. 

2007). But until now SCE has been rarely studied in SRC plantations (Van de Walle et al. 2007; 

Lagomarsino et al. 2013). Furthermore, the temporal variability of SCE has been widely studied, 

whereas the spatial variability of SCE remains under-researched (Ngao et al. 2012). 

This study is part of an ambitious large-scale project (POPFULL 2013) aiming to make a full 

greenhouse gas balance and to investigate the economic and energetic efficiency of a SRC culture 

with poplar. Within the context of this project, the objectives of this study were (i) to quantify the 

carbon loss via the SCE in a newly established short rotation coppice plantation in Belgium; (ii) to 

examine the influence of the spatial factors: former land use type, inter-row spacing and tree 

genotype; (iii) to identify the underlying factors driving these influences.  

2. Material and Methods 

2.1. Site description 

The POPFULL experimental site of this study is located in the northern part of Belgium (Lochristi, 

51°06’44” N, 3°51’02” E) and subjected to a temperate oceanic climate with a long-term (30 years) 

average annual temperature and precipitation of 9.5 °C and 726 mm, respectively (Royal 

Meteorological Institute of Belgium). The 18.4 ha site was a former farmland consisting of an 

adjacent set of parcels of pasture and croplands with corn as the most recent cultivated crop in 

rotation. Fertilization was applied during crop production as liquid animal manure and chemical 
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fertilizers at a rate of 200-300 kg ha-1 yr-1 of nitrogen (N). Before plantation establishment, a soil 

survey was carried out by soil sampling on 110 locations, spatially distributed over the two former 

land use types (Broeckx et al. 2012a). This survey revealed that there was no significant difference 

in the total carbon (C) and N contents in the upper 90 cm of the soil among the two land use types, 

possibly because of rotation in land use between cropland and pasture, or because of the 

substantial manure input. Average C and N contents in pasture were 106.0 ± 30.4 Mg ha-1 and 

9.4 ± 1.4 Mg ha-1, respectively. For cropland these values were 111.7 ± 32.9 Mg ha-1 and 

9.1 ± 2.1 Mg ha-1, respectively.  However, land use type did influence the upper soil layer (up to 15 

cm): C and N mass fractions were significantly higher and bulk density was significantly lower in 

pasture as compared to cropland (Table 2.1). According to the Belgian soil classification the region 

of the site forms part of a sandy region with a poor natural drainage (Van Ranst and Sys 2000). 

This was evidenced from granular analyses, which characterized the soil with a sandy texture and a 

clay-enriched deeper soil layer at 75 cm.  

In March 2010 the total land area of former pasture and cropland was prepared with a pre-

emergent herbicide treatment followed by ploughing (up to 60 cm depth) and tilling. An area of 

14.5 ha (excluding the 3.9 ha of headland around the plantation) was subsequently planted with 

commercially available poplar (Populus) and willow (Salix) genotypes representing different species 

and hybrids (Broeckx et al. 2012a). 25 cm long dormant and unrooted cuttings were planted in a 

double-row planting scheme with alternating inter-row spacings of 0.75 m and 1.50 m, and an 

average distance of 1.10 m between trees within a row. This yielded a planting density of 8000 

plants ha-1. The plantation was designed in large monoclonal blocks of eight double rows wide that 

cover the two types of former land use. The site was neither fertilized, nor irrigated. During the 

growth years 2010 and 2011 intensive weed control was applied by mechanical, manual as well as 

chemical treatments. On 2-3 February 2012 the plantation was harvested for the first time after a 

two-year rotation. A more detailed description of the plantation and of the plant materials is 

provided in Broeckx et al. (2012a). 

2.2. Measurements 

2.2.1. Soil CO2 efflux (SCE) 

The SCE was measured by an automated soil CO2 flux system (LI-8100, LI-COR Biosciences, 

Lincoln, NE, USA). Sixteen long-term soil chambers (type LI-8100-104, LI-COR Biosciences, Lincoln, 

NE, USA) operating as closed systems were connected to an infrared gas analyzer through a 

multiplexer (LI-8150, LI-COR Biosciences, Lincoln, NE, USA). PVC collars of 20 cm inner diameter 

and 11 cm height were inserted in the soil extending 3 cm above the soil surface. The soil CO2 flux 

system was installed on 28 March 2011 and logged the SCE for each chamber successively every 

hour till 31 January 2012. For every measurement the analyzer used the rate of increase of CO2 in a 

chamber during 120 s after placement on the collar to estimate the diffusion rate of CO2 into free 

air.  The automated measurement cycle was briefly interrupted every 10 days (on average) for data  
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Table 2.1 (opposite page): Effects of land use type and inter-row spacing on soil CO2 efflux, derived flux and soil parameters in the upper 15 cm soil 
layer. For the 2012 data p-values illustrate significance levels of the main factor effect in the ANOVA (n = 16); for the 2010 
data p-values indicate significance of the land use effect as a result from a non-parametric Mann Withney U Test (n = 8). 
Values are averages with coefficient of variation [%] between brackets. An * indicates values for the 0-30 cm soil layer (n = 
20). annual SCE = integrated loss of carbon from soil CO2 efflux over the year 2011; R10 = soil CO2 efflux rate at 10°C in the 
fitted Q10-function (a temporal average of three-day regressions and an annual value from regression of the total pooled 
data); Q10 = the Q10-parameter of the fitted exponential temperature response; soil temperature = mean of the soil 
temperature at 5 cm depth, logged near every chamber; C:N = ratio of C and N mass fraction; C, N, P, K, Mg, Na, Ca = mass 
fractions of carbon, nitrogen, phosphorus, potassium,  magnesium and sodium, respectively; pH-KCl = pH measured in KCl 
solution; soil bulk density = soil bulk density of the upper 5 cm soil layer; root biomass = total biomass pool of roots in a 
core sample; DOC = dissolved organic carbon; soil C mineralization rate = rate of carbon mineralization from incubated soil; 
MBC = microbial biomass carbon; distance nearest tree = the distance to the nearest tree from a soil chamber; Σ3(tree 
diameter/distance) = sum of the ratios of stem diameter at 22 cm height and the collar to tree distance of the three nearest 
trees by a chamber. na = not assessed 
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 2010 survey soil sampling  2012 LI-8100 soil sampling 

 Land use type  Land use type  Inter-row spacing 

 p-value cropland pasture  p-value cropland pasture  p-value 75 cm 150 cm 

  average (CV;
%) average (CV;

%) 
  average (CV;

%) average (CV;
%)   average (CV;

%) average (CV;
%) 

annual SCE [g m-2 yr-1]  na  na   <0.001 496 (26) 740 (21)  0.002 713 (22) 523 (32) 

R10   
temporal mean [µmol m-2 s-1]  na  na   0.001 1.53 (37) 2.30 (23)  0.001 2.30 (20) 1.54 (41) 

pooled data [µmol m-2 s-1]  na  na   0.001 0.59 (31) 0.90 (39)  0.001 0.90 (33) 0.59 (38) 

Q10  
temporal mean [-]  na  na   0.161 1.81 (15) 1.72 (6)  0.001 1.63 (5) 1.90 (10) 
pooled data [-]  na  na   0.416 5.05 (29) 5.80 (46)  0.633 5.21 (34) 5.64 (45) 

soil temperature [°C]  na  na   <0.001 12.56 (1) 12.71 (1)  <0.001 12.56 (1) 12.71 (1) 

C/N [-] 0.029 12.3 (9) 10.6 (5)  0.318 9.56 (12) 9.96 (6)  0.168 10.11 (11) 9.41 (5) 

C [%] 0.029 1.19 (10) 1.74 (16)  0.007 0.82 (14) 1.01 (15)  0.899 0.93 (23) 0.90 (11) 
N [%] 0.029 0.098 (12) 0.166 (21)  0.049 0.087 (18) 0.102 (18)  0.651 0.093 (27) 0.096 (10) 

P [mg (100g)-1] 0.055 28.4* (48) 18.6* (41)  <0.001 32.5 (14) 22.9 (7)  0.141 26.5 (21) 28.9 (26) 

K [mg (100g)-1] 0.060 17.2* (53) 10.2* (67)  <0.001 21.1 (13) 10.1 (41)  0.244 16.3 (35) 15.0 (52) 

Mg [mg (100g)-1] 0.352 12.8* (21) 14.0* (21)  0.857 12.1 (14) 12.3 (8)  0.075 11.5 (10) 12.9 (9) 
Ca [mg (100g)-1] 0.559 111.3* (22) 103.1* (36)  0.476 85.9 (9) 89.0 (12)  0.255 84.9 (10) 90.0 (11) 

Na [mg (100g)-1] 0.699 1.3* (40) 1.4* (36)  0.835 1.0 (36) 1.1 (30)  0.945 1.1 (31) 1.0 (35) 

pH-KCl 0.123 5.47* (8) 5.12* (11)  0.001 5.46 (3) 5.01 (4)  0.252 5.19 (7) 5.29 (4) 

soil bulk density [g cm-3] 0.686 1.36 (17) 1.24 (7)  0.796 1.52 (3) 1.52 (5)  0.003 1.48 (3) 1.56 (3) 

root biomass [g m-2]  na  na   0.468 31.4 (63) 36.9 (60)  0.016 45.8 (44) 22.5 (58) 
DOC [µg g-1]  na  na   0.005 42.9 (5) 53.6 (14)  0.732 49.2 (16) 48.3 (18) 

MBC [µg g-1]  na  na   0.163 85.0 (25) 101.1 (31)  0.111 102.4 (30) 83.7 (26) 

soil C mineral-
ization rate   [µg CO2 (g soil)-1 h-1]  na  na   0.210 0.42 (6) 0.38 (27)  0.579 0.41 (6) 0.39 (27) 

Σ3(tree diameter/ distance) [mm cm-1]  na  na   0.960 1.50 (40) 1.44 (25)  0.001 1.79 (27) 1.16 (15) 

distance nearest tree [cm]  na  na   0.430 56.6 (27) 58.9 (32)  <0.001 43.5 (16) 72.5 (9) 
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collection. Throughout the growing season, weeds were manually removed from inside the collars 

by clipping or carefully pulling, with a minimal disturbance of the soil. Consequently, it was 

inevitable to leave some weed roots in the soil. 

 

Fig. 2.1: Configuration of the soil efflux system (soil chambers) at the experimental site. The 16 
long-term soil chambers (white discs) were distributed over the two former land use types 
- cropland (bottom area) and pasture (top area) - and over the two genotypes of interest - 
Skado (right) and Grimminge (left). The four checked white discs are the chambers 
equipped with a soil moisture sensor. The checked box in the middle represents the 
analyzer unit and the multiplexer. Grey circles and disks represent trees. The grey disks in 
the neighbourhood of the chambers were trees of which the stem diameter (D) at 22 cm 
height was measured at the end of the growing season. Grey circles represent trees of 
unknown diameter and were considered of no direct influence on the chamber 
measurements 

The chambers were spatially distributed covering both former land use types (pasture vs. cropland), 

both inter-row spacings (0.75 m vs. 1.50 m) and two hybrid genotypes: Grimminge (P. deltoides 

Bartr. (ex Marsh.) × (P. trichocarpa Torr. & Gray (ex Hook.) × P. deltoides Bartr. (ex Marsh.)) and 

Skado (P. trichocarpa Torr. & Gray (ex Hook.) × P.maximowiczii Henry). For each of these three 

factors, half of the collars were placed in each of both factor options, yielding two chambers per 

combination of land use type × genotype × inter-row spacing (Fig. 2.1). The analyzer unit and 

multiplexer were placed on the transition of two former land use types, and perpendicular to this 

border, in the middle of the two genotypes of interest. Restricted by the cable length between the 

soil chambers and the multiplexer, collars were placed within a rectangle of 26 m by 16 m, though 
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as far as possible from the borders of adjacent land use types and genotypes. This configuration 

resulted in a grouping of four plots of four chambers (Fig. 2.1).  In the immediate vicinity of each 

chamber a soil temperature thermistor (type 8150-203, LI-COR Biosciences, Lincoln, NE, USA) was 

installed at 5 cm depth on 23 May 2011. The thermistors were attached to one of the integrated 

sensor inputs of the soil chambers enabling to record soil temperature simultaneously with every 

measurement. This soil temperature is further referred to as the soil temperature at 5 cm depth. At 

about 30 m away from the LI-8100 system, a set of environmental variables was continuously 

recorded (Zona et al. 2013). Soil temperature at 0-10 cm depth was measured using a 

thermocouple (model TCAV-L, Campbell Scientific, Logan, UT, USA) every 10 s and the 30 min 

averages were stored on a data logger. From 1 April 2011 (three days after installation) till 31 

December 2011 data coverage was about 90% with occasional gaps due to power failure caused by 

heavy rainfall and/or thunderstorms. Gap filling and extrapolation of SCE for the period of January 

to March 2011 were subsequently performed by an Artificial Neural Network (ANN) analysis in 

MATLAB (7.12.0, 2011 Mathworks, Natick, Massachusetts, USA). The soil temperature monitored 

throughout the year with the 0-10 cm deep thermocouple was used as input in a feed-forward ANN 

for every chamber, resulting in overall R2 values between 0.84 and 0.93.  

In each of the four plots, one chamber was also equipped with a soil moisture sensor (EC-5, 

Decagon Devices Inc., Pullman, WA, USA) through one of the integrated sensor inputs. Within each 

land use type, one sensor was put in a narrow inter-row spacing and one in the wider inter-row 

spacing (Fig. 2.1). A soil-specific sensor calibration was conducted in the laboratory with disturbed 

soil samples (Cobos and Chambers, 2010). Volumetric soil moisture content at 5 cm depth was 

recorded concurrently with the chamber SCE measurement.  

2.2.1. Soil and tree related parameters 

At the end of January 2012, right before the harvest of the plantation, all 16 chambers were 

removed. From the upper 15 cm soil layer within each collar, one root sample was taken by the 

core method (Oliveira et al. 2000; Berhongaray et al. 2012). Soil cores were 10 cm in diameter by 

15 cm in depth. In SRC plantations with poplar roots are concentrated in the upper 20 cm of the 

soil profile, especially when a lough pan of agricultural history is present (Dickmann and Pregitzer 

1992; Makeschin 1994). Fine roots (Ø < 2 mm) were picked from the sample by hand and oven 

dried to determine the dry root biomass per surface area in the upper 15 cm soil layer. No 

distinction was made between (the few) weed roots and poplar roots. The remaining of the soil in 

the 15 cm top layer within the collar was collected for analysis of total soil C and N, C:N ratio, pH, 

concentration of the elements P, K, Mg, Ca and Na, dissolved organic carbon (DOC), microbial 

biomass carbon (MBC) and soil C mineralization rate.  

After homogenizing the soil by mixing for 5 min in a container, part of the soil was put in a drying 

oven for C and N analysis, while the remaining was put in the freezer at -20 °C until the time of 

analysis of MBC and soil C mineralization. Because of the limited surface area within the collar, a 



CHAPTER 2 

 

 

70 

bulk density sample of the upper soil layer was collected next to each of the collars. This sampling 

was taken very close to each collar (few cm away) on an undisturbed and similar soil surface as 

within the particular collar. These 100 cm3 core samples (Eijkelkamp Agrisearch equipment, 

Netherlands) were oven dried for dry mass determination. For every collar the distances to the 

three nearest trees were measured, as well as the stem diameter at 22 cm height of these three 

trees using a digital caliper (Mitutoyo, CD-15DC, UK, 0.01 mm precision). The average tree-to-collar 

distance per chamber and the sum of the proportions of the stem diameter to the distance for the 

three nearest trees were used in further analysis.  

Total C and N mass fractions were analyzed by dry combustion with an NC element analyzer 

(NC-2100, Carlo Erba Instruments, Italy). The C:N ratio was calculated as the ratio of the C and N 

mass fractions. The pH was measured with a glass electrode in a KCl solution. Mass fractions of P, 

K, Mg, Ca and Na were measured using inductively coupled plasma (ICP) analysis, based on the 

method of Egner et al. (1960). Concentrations of DOC and MBC were analyzed in the laboratory 

using Continuous Flow Analysis (CFA) (San++ Automated Wet Chemistry Analyzer, Skalar 

Analytical, The Netherlands) on 0.5 M K2SO4 soil extracts from non-fumigated samples as well as 

from fumigated samples for the MBC determination (according to Joergensen and Brooks 1990). 

Soil C mineralization was measured during 80 days on soil samples incubated at 20 °C and kept at 

60% of their water holding capacity. During the incubation mineralized CO2 was frequently 

measured (every two to seven days) using infra-red gas analysis (EGM-4; PP-Systems, 

Hertfordshire, U.K.), according to the method of Rasmussen et al. (2006). 

2.2.2. Soil sampling 2010 

From the extensive soil survey in March 2010 – i.e. before plantation establishment (see Broeckx et 

al. 2012a) – eight sample locations were selected for comparison with the results of the 2012 soil 

sampling in the collars. The eight sample points were located as close as possible (within a maximal 

distance of 40 m of the collar plots) in the same cropland and pasture parcels of the collar 

placement. C and N mass fractions and bulk density of the upper 15 cm soil layer were determined 

using the same methodology as described above. Similarly mass fractions of P, K, Mg, Ca and Na 

and pH were determined with the above described methodology.  

2.3. Data analysis 

A value for the annual carbon loss from SCE, hereafter referred to as annual SCE (C loss in 

g m-2 yr-1), was calculated by integrating the gap filled SCE data of 2011 over time. A three-way 

analysis of variance (ANOVA) was performed on these values with land use type, inter-row spacing 

and genotype as fixed factors, also including their interactions. The effect of the grouping of soil 

chambers was represented by the interaction of land use and genotype. The effect of significant 

factors was then examined on the soil and tree related parameters. To study the influence of soil 

and tree related parameters on the SCE, bivariate correlations were made with annual SCE and 
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between all parameters mutually. For normalization a log10-transformation was performed on the 

data of root biomass, C mass fraction, C:N ratio, DOC, K mass fraction and the combined tree 

diameter and distance factor. The Pearson correlation coefficient was used to evaluate the 

correlation. To further investigate the importance of these potential driving factors of annual SCE, 

all the parameters that showed a significant correlation with annual SCE, were subsequently used in 

a forward stepwise linear regression.   

The exponential temperature response of the SCE was expressed by the Q10 function (Eq. 2.1, 

originating from van ‘t Hoff 1898):  

R = R10 ∙ Q10
((T-10)/10)  (2.1) 

where R represents the SCE rate, R10 is the SCE rate at 10°C, Q10 is the temperature sensitivity and 

T is the soil temperature in °C at 5 cm depth. Since R10 and Q10 fluctuated over time, this function 

was fitted on the data of time intervals of three days (72 hrs, i.e. 72 data points). The three-day 

window was then repeatedly shifted 1 hr further in time, thus providing for every hour a regression 

of the coming 72 hrs. The regression was restricted to non-gap filled data; hence only the period of 

May to December 2011 was used. Only regression fits were used for which the p-value of fitting 

was < 0.050. To compare soil chambers, a temporal average of R10 and Q10 was used. These 

averages of R10 and Q10 were calculated only from values at time points for which for all chambers a 

significant regression could be established (leaving a data set with n = 1405 per chamber). 

Consequently these averages did not exactly represent a yearly average, also because January-April 

was not included in the analysis. Since we were interested in the spatial differences among the 

chambers these averages were nevertheless used. Besides, we also fitted the Q10 function for each 

chamber on the total dataset pooled over the year. We calculated these ‘annual Q10’ values to 

compare with other studies, which commonly apply the Q10 function on annual or seasonal data. 

Annual and average R10 and Q10 were included in the correlation analysis and ANOVA. Since SWC 

was not measured at all 16 chamber locations, SWC was compared among the four selected 

chambers (one within each plot) by performing an ANOVA over all logged measurements (n = 

14750) with land use type and inter-row spacing as fixed factors and their interaction as the effect 

of chamber/plot. Data of soil parameters of 2010 were tested for the effect of land use type with a 

non-parametric Mann Withney U Test. When not specified, differences are reported significant at p 

≤ 0.050. The coefficient of variance (CV) of a specific parameter was calculated as the ratio of its 

standard deviation to its average value, reported as a percentage (%). All above analyses were 

performed in SPSS (Version 20, SPSS Inc., Chicago, IL, USA) and/or MATLAB.  
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3. Results 

3.1. Effects of land use type, inter-row spacing and genotype  

The main effects of land use type (p < 0.001) and inter-row spacing (p = 0.002) on the annual SCE 

were significant, whereas no significant effect of genotype was observed. None of the interaction 

terms was significant. Results of the ANOVA on the soil and tree related parameters and averages 

of the parameter values are shown in Table 2.1. Annual SCE over 2011 was higher in pasture than 

in cropland: 740 g m-2 yr-1 versus 496 g m-2 yr-1, respectively. An average of the annual SCE was 

calculated at 589 g m-2 yr-1 by weighting land use types by their proportion of land area; this 

corresponded to an average (over year and former land use types) SCE rate of 1.56 µmol m-2 s-1. 

The difference between land use types was also expressed in a significantly higher R10 in pasture 

compared to cropland. Similarly higher C and N mass fractions were found for pasture than for 

cropland. This was also true in 2010 before the establishment of the plantation, although the values 

were then much higher. Both P and K mass fractions, and pH were significantly higher in cropland. 

The annual average soil temperature was significantly higher in pasture, although differences were 

ecologically irrelevant: average of 12.71 °C for pasture vs. 12.56 °C for cropland. Furthermore 

variations in temperature were very small; the coefficient of variation was 1% for both within land 

use types and overall (with n = 16). 

The annual average of the volumetric soil water content at 5 cm depth was 23.9% over the four 

measurement locations, but this value varied of course during the season (ranging from 8.6% in 

the driest period (May-June 2011) to 43.1% in autumn and winter; data not shown). Soil water 

content was significantly higher in cropland (+2.6%) as compared to pasture. This could probably 

be explained by the spatial differences in topography (e.g. some minor depressions) rather than by 

the former land use type. Moreover, the interaction between land use type and inter-row spacing 

was significant which means that average values differed significantly among the four selected 

chambers.  

Annual SCE was larger in the narrow inter-row spacings of 75 cm as compared to the wider 

spacings of 150 cm (Table 2.1). The associated R10 was significantly lower in the wider spacings as 

well. Average soil temperature was only 0.15 °C higher in the wider spacing as compared to the 

narrow one and thus as mentioned previously not relevant. Moreover, these temperature 

differences are much smaller than the sensor accuracy of ± 1 °C. More roots were found in the 

narrow row spacings, where also bulk density was lower. Logically, the nearest tree was on average 

closer to the collar in the narrow spacings than in the wider spacings.  
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3.2. Carbon loss since 2010 

In 2010 before plantation establishment, the average C mass fractions in the upper 15 cm soil layer 

were 1.19% and 1.74% for cropland and pasture, respectively, and these decreased drastically in 

2012 (by 31% to 42%), down to 0.82% and 1.01%, respectively (Table 2.1). On the other hand, 

bulk density slightly increased from 1.357 g cm-3 and 1.240 g cm-3 in cropland and pasture, 

respectively, in 2010, to 1.521 g cm-3 and 1.515 g cm-3 in 2012. Thus, after two years differences in 

soil C stock between former land use types diminished or disappeared. Combination of the data of 

soil carbon and bulk density showed a C loss from the upper 15 cm of the soil pool of 938 g m-2 in 

pasture and 559 g m-2 in cropland over the period March 2010 to February 2012. Weighted by land 

use area this corresponded to an average loss of carbon of 703 g m-2 (over 23 months) or 26% of 

the C that was present in the upper 15 cm before the establishment of the plantation. Considering 

the 0-90 cm soil profile, this loss from the upper layer equals 7% of the initial stock in the upper 

90 cm soil layer. 

 

Fig. 2.2: Carbon content [g m-2] of the upper 15 cm soil layer, measured in March 2010 
and February 2012. The decline pattern was estimated from soil CO2 efflux data 
and eddy covariance data. Vertical lines with values represent estimated carbon 
loss of the preceding time periods (March-June 2010| June 2010-Jan 2011| Jan 
2011-Feb 2012) 

The total ecosystem respiration (Reco) of this plantation over the year 2011 was quantified as 1469 

g m-2 C loss using the eddy covariance technique (Zona et al. 2013). The uptake of carbon through 

gross primary production (GPP) was assessed at 1564 g m-2. For the period of June-December 2010 
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the Reco and GPP fluxes had absolute values of 607 g m-2 and 531 g m-2, respectively (Zona et al. 

2013). Assuming a heterotrophic contribution of 60% (Hanson et al. 2000) in the annual SCE in 

2011 (annual SCEh, 353 g m-2 of C), we calculated the ratio of autotrophic respiration to GPP (i.e. 

(Reco - annual SCEh)/GPP). Using this ratio for estimating the autotrophic respiration from GPP in 

2010 and subsequently subtracting this from Reco, annual SCEh was estimated at 228 g m-2 of C for 

the period of June-December 2010. By summing both annual SCEh values for 2010 and 2011 (and 

by including measurements of January 2012 valued at 10 g m-2) a C loss of 592 g m-2 was obtained. 

The difference between this value of 592 g m-2 and the carbon loss determined from the above 

described soil sampling was 111 g m-2 (Fig. 2.2). Probably this corresponded to the amount of 

carbon lost from the soil during the period shortly after land preparation (ploughing) and before the 

onset of the eddy covariance measurements (from April to June 2011).  

3.3. Correlations 

An overview of the results of the correlation analysis between annual SCE and the different soil and 

tree related parameters is provided in Fig. 2.3. The C:N ratio, the Q10 from the pooled data, Mg, Ca 

and Na mass fractions were not included in Fig. 2.3 since no significant correlations were found 

with and between these parameters. Annual SCE was significantly (p ≤ 0.050) positively correlated 

with its derivate R10, with C mass fraction and with DOC concentration, and was negatively 

correlated with the soil bulk density, with pH, with P and K mass fractions and with Q10. Weak 

correlations (p ≤ 0.100) were also found with root biomass and with the tree related parameters. 

Similar correlation patterns were found for R10. Opposite correlations were found for Q10, though 

only with the tree related parameters. Correlations among several soil and tree related parameters 

mutually were significant (Fig. 2.3). The distance to the nearest tree was positively correlated with 

bulk density and negatively with the amount of roots. For C mass fractions, positive correlations 

were found with N mass fractions, concentrations of DOC (and MBC with p = 0.069), and negative 

correlations with pH and K mass fractions. The pH was on its turn correlated with N, C, P and K 

mass fractions, with concentrations of DOC and with MBC. The average C mineralization rate was 

positively correlated with the total soil N mass fraction. The overall multiple regression model finally 

included bulk density (p-value ≤ 0.001, predictor importance = 72%) and K and P mass fractions 

(p-value = 0.022 and p-value = 0.023 respectively, both with a predictor importance of 14%) as 

explaining variables. The model accuracy (adjusted R²) was 86%. 

4. Discussion 

The annual SCE of the present study, 589 g m-2 yr-1 of C, was comparable to (Lagomarsino et al. 

2013) or lower than values reported for SRC plantations in Europe (King et al. 2004; Vande Walle et 

al. 2007; Abou Jaoudé et al. 2011). Two-year old poplar plantations in Canada and China showed 

higher SCE rates up to annual means of 5.74 µmol m-2 s-1 (Arevalo et al. 2011; Yan et al. 2011). 

Whereas the average fine root biomass sampled in our field amounted to  34.2 g m-2  in  the  15 cm 
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Fig. 2.3: Matrix of correlation plots, linking soil CO2 efflux to tree and soil parameters (n = 16). The p-values of 
Pearson-correlation are given with the linear fit (p ≤ 0.050: full line, 0.050 < p ≤ 0.100: dotted line and 
0.100 < p: not shown). Each grey dot represents data from one soil chamber. Annual SCE = integrated 
loss of carbon from soil CO2 efflux over the year 2011; R10 annual = soil CO2 efflux rate at 10°C in the 
fitted Q10-function (an annual value from regression of the total pooled data); R10 = soil CO2 efflux rate 
at 10°C in the fitted Q10-function (a temporal average of three-day regressions); Q10 = the Q10-
parameter of the fitted exponential temperature response; soil T = mean of the soil temperature at 5 
cm depth, logged near every chamber; [C] = carbon mass fraction; [N] = nitrogen mass fraction; [K] = 
potassium mass fraction; [P] = phosphorus mass fraction; pH = pH measured in KCl solution; Σ3(tree 
diameter/distance) = sum of the ratios of stem diameter at 22 cm height and the collar to tree distance 
of the three nearest trees by a chamber; distance nearest tree = the distance to the nearest tree from a 
soil chamber; soil bulk density = soil bulk density of the upper 5 cm soil layer; root biomass = total root 
biomass pool in a core sample; C mineralization rate = rate of C mineralization from incubated soil; 
DOC = dissolved organic carbon; MBC = microbial biomass carbon 
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upper soil layer (average of the two former land use types, Table 2.1), all these afore mentioned 

studies reported root biomass values of more than 100 g m-2. The low values in our study could be 

attributed to the fact that the two-year old trees of our plantation were raised from cuttings, while 

the previously mentioned studies used coppice stools or plantations established from rooted 

plantlets. Furthermore, our soil was characterized by a high N-availability, resulting from the 

previous agricultural land use. The high N-availability favours carbohydrate allocation to 

aboveground plant parts above the investment in (fine) roots (Ågren and Franklin 2003) or in 

exudation and root symbionts (Vicca et al. 2012). Leaf N mass fractions in the second growth year 

were on average 3.54% (CV of 18%) (Broeckx et al. 2012a). Differences in soil N content 

determine variations in the soil respiration of forest ecosystems (Xu and Qi 2001; Pangle and Seiler 

2002), but the importance of the N mass fraction as a driving factor for SCE was not evidenced in 

the present study. The N mass fraction was not retained in the model of the overall multiple 

regression analysis, and no correlation was found between N mass fraction and annual SCE (Fig. 

2.3). However, (i) N mass fractions were strongly correlated (p < 0.001) with C mass fractions 

which on their turn were strongly related to annual SCE, and (ii) significantly higher N mass 

fractions were found in pasture versus cropland, which had a higher respectively lower annual SCE. 

Total N was found to increase SCE, since it provides a source of protein for microbial growth 

(Tewary et al. 1982). Accordingly, we found a weak (p < 0.100) positive correlation of N and mass 

fraction with the average C mineralization rate and with MBC which was on its turn positively 

correlated with annual SCE. 

The rather poor rooting suggested a probably small contribution of root respiration in the SCE. A 

review of soil respiration studies (Hanson et al. 2000) showed that non-forested areas tend to have 

a lower root contribution in the total soil respiration when compared to forested areas. Among the 

reviewed studies root contribution averaged 48.6% and 36.7% for forested and non-forested areas 

respectively, although individual values ranged from 10% up to 90%. In a more recent study an 

average heterotrophic contribution of 69% was observed in a row crop field (Prolingheuer et al. 

2010). The relatively low root biomass during the first part of the growing season and the short 

duration of live roots for annual crops, generally cause a lower contribution of root respiration in the 

annual SCE in croplands (Raich and Tufekcioglu 2000). Our two-year old plantation has more 

similarities with cropland than with a forested stand; canopy closure was not reached after the first 

two-year growth (Broeckx et al. 2012a). However we found a positive correlation (p < 0.100) of 

annual SCE with root biomass, and the influence of rooting was also reflected in the effect of 

different inter-row spacings. The biomass of roots was significantly higher in the narrow inter-row 

spacings than in the wider spacings, which was also linked to the relation with the distance to the 

nearest tree. Both annual SCE and root biomass were inversely correlated with this distance, yet 

root biomass showed no dependence on the size of the tree (Fig. 2.3). On the other hand, MBC was 

positively correlated with the tree diameter-distance factor. Other studies linking soil respiration in 

forests to soil and tree related parameters confirmed a similar positive correlation between annual 

SCE and root biomass (Fang et al. 1998; Stoyan 2000; Xu and Qi 2001; Søe and Buchmann 2005), 
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and with MBC (Xu and Qi 2001) as well as the negative correlation with the distance to trees (Tang 

and Baldocchi 2005; Saurette et al. 2006) 

The increase of soil bulk density in the top soil layer (Fig. 2.2) was due to the naturally occurring 

compaction, which generally occurs in the first years after plantation establishment (Makeschin 

1994). The loose top soil created at land preparation is very susceptible to splash erosion causing 

the easy degradation of soil aggregates and the formation of a surface seal (Morgan 2005). This 

sealing effect was most pronounced at specific locations of our field site where water shortly 

stagnated after long or intensive periods of rainfall. High amounts of cumulative rainfall cause a 

reduction in infiltration rate in the soil due to the decrease in matric potential (Hillel 2004) and the 

development of a seal at the surface (Morin et al. 1981; Le Bissonais et al. 1995). Furthermore, 

when the soil becomes water saturated, SCE may decrease because the transport of gases is 

reduced and microbial activity is inhibited due to low concentrations of oxygen (Prolingheuer et al. 

2010). Since both land use types encountered the same tilling and ploughing management in 

preparation of the plantation, the effect of former land use weakened after the establishment. 

Average bulk density increased in both land use types to the same degree, whereas the pasture 

previously had a significantly less dense top soil layer. Although the average bulk density of 

1.52 g cm-3 was rather high, it is still below the upper threshold of 1.60 g cm-3 referred to as ideal 

for plant growth in a sandy soil (Arshad et al. 1996). Nevertheless, surface sealing hampers the 

diffusion of gases by reducing the topsoil porosity, thus diminishing SCE (Ball et al. 1999). The 

correlation analysis revealed that the annual SCE was negatively correlated with the top soil bulk 

density (Fig. 2.3), as previously reported (Xu and Qi 2001; Søe and Buchmann 2005; Ngao et al. 

2012); this might indicate the importance of pore space for microbial activity (Doran et al. 1990). 

Our overall multiple regression analysis showed that bulk density explained the largest part (72%) 

of the variation in annual SCE. Differences in soil bulk density also showed up between both inter-

row spacings, which was linked to the difference in root biomass. The higher amount of roots in the 

narrow spacings favoured soil structure by retaining the soil matrix and at the same time increasing 

the pore space through root penetration, therefore decreasing the soil bulk density. Also, roots 

prefer to grow in less compacted soils where nutrient cycling is also higher. Furthermore, the wide 

inter-row spacings are rarely – once a year on average – subjected to compaction by tractor 

passing, whereas the narrow spacings never are. In a corn field Rochette et al. (1991) observed a 

higher SCE in the row as compared to the inter-row. In wet soil conditions of that corn field, SCE 

was lower in compacted inter-rows versus non compacted inter-rows. Likewise, we found a higher 

SCE in the narrow inter-row spacings (comparable with the ‘row’-data in a single row crop) than in 

the wider spacings (comparable with the ‘inter-row’-data in a single row crop). The lower SCE could 

be caused by the more anaerobic environment during wet periods, or a lower diffusion to the 

surface of denser (compacted) soils with a higher proportion of water-filled pores (Rochette et al. 

1991). The higher soil water content in the wider inter-row spacings might also illustrate this effect 

of a wetter and less permeable soil as compared to the smaller inter-row spacings.   
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With regard to the higher annual SCE in pasture as compared to cropland, the principal effect of 

former land use type on the carbon loss is the carbon content of the upper soil layer. The initial 

carbon mass fraction in 2010 was 46% higher in pasture compared to cropland. Although absolute 

values as well as the difference between both decreased, the carbon mass fraction after two years 

was still 23% higher in pasture than in former cropland. This persisting difference also sustained 

the higher annual SCE from the soil in pasture. However, in contrast with what we expected no 

difference in C mineralization rate per unit of soil between both former land use types was 

observed. The higher C in pasture mainly resulted from the year-long turnover of grass roots, 

continuously enriching the soil in C. On the cropland in contrast, both crops and crop residues were 

yearly removed, and especially the annual soil ploughing, caused a depletion in carbon. Based on 

the decline of the soil C pool in the upper layer in former pasture, 938 g m-2 of carbon was lost from 

the soil over the first two years of the SRC plantation. However, ploughing in pasture might have 

altered the vertical distribution of soil C from before plantation establishment (Broeckx et al. 

2012a), by possibly mixing the upper layer with deeper (up to 60 cm depth) soil layers with lower C 

mass fraction. It is known that grasslands loose soil carbon rapidly when cultivated (Mann 1986; 

Burke et al. 1989; Guo and Grifford 2002). The observed decrease in soil C was due to the rapid 

decomposition of exposed ploughed soil during the first years after plantation establishment 

because of enhanced soil aeration (Mallik and Hu 1997), which mostly occurs from the surface soil 

layer (Hansen 1993). Several studies have shown the initial decrease in the soil C stock during the 

first years after plantation establishment, followed by an increase in soil C during the following 

years (Hansen 1993; Grigal and Berguson 1998; Hellebrand et al. 2010; Arevalo et al. 2011; 

Zenone et al. 2011). Arevalo et al. (2011) observed a soil C loss of 800 g m-2 in the first two years 

after plantation establishment, corresponding to a loss of 7% in initial soil C stock. We also found a 

decrease in soil C from the upper 15 cm soil layer of 7% of the initial C stock in the soil profile of 0-

90 cm depth. Several studies reported values between 10-60% of soil C loss from the upper 1 m of 

soil after land use changes (Davidson and Ackerman 1993; Guo and Grifford 2002). Furthermore, in 

sandy soils the decomposition rate of organic matter generally tends to be higher as compared to 

silt and clay soils (Sorensen et al. 1981; Paul et al. 2002). The smaller surface area and surface 

charge of coarse soil particles as in the sandy soils at our field site do not favour the formation of 

organo-mineral complexes that preserve C from microbial oxidation (Oades 1988; Grigal and 

Berguson 1998). Analogous with the negative correlation of annual SCE with pH, the lower annual 

SCE in cropland corresponds to a significantly lower soil pH in cropland. While a study in a pine 

forest also reported a negative relation of soil respiration with pH (Xu and Qi 2001), others found 

positive correlations in a beech forest (Søe and Buchmann 2005) and in a meadow (Reth et al. 

2005).  

5. Conclusion 

In an SRC planted on previous pasture there was a significantly higher annual SCE as compared to 

previous cropland. This resulted from the higher initial carbon pool in the upper soil layer of 

grassland versus the year-long agricultural practices in the cropland, depleting the soil in carbon. 
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Narrow inter-row spacings were linked to a higher annual SCE when compared with wider inter-row 

spacings, coinciding with a higher fine root biomass and lower soil bulk density in the narrow inter-

row spacings. The distances to trees were weakly correlated with annual SCE which could be 

attributed to the relation with root biomass, being higher closer to a tree. Consequently we 

assumed that the effect of land use type could be attributed to differences in heterotrophic 

respiration whereas the effect of inter-row spacing was influenced by autotrophic respiration. As we 

expected, no influence of the planted Populus genotype was found. Differences in spatial site 

characteristics may be of great importance for understanding the effect of ecosystem management 

and land use change on soil respiration processes and our results may help us to investigate the 

role of soil CO2 efflux in the ecosystem carbon balance. 
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Determinants of biomass production 

 

Verlinden MS, Broeckx LS, Van den Bulcke J, Van Acker J, Ceulemans R (2013) Comparative study of biomass 

determinants of 12 poplar (Populus) genotypes in a high-density short-rotation culture. Forest Ecology and 

Management 307:101-111. 

Abstract 

The success of the production of renewable bio-energy with short-rotation coppice (SRC) cultures 

primarily depends on their sustainability and biomass yield. The choice of the genotypic materials 

largely determines how much biomass can be produced; therefore there is a need to study the 

performance of genotypes in situ to select the best performing ones. Twelve poplar (Populus) 

genotypes, of which two only recently commercialized, were planted in a large-scale operational 

SRC culture for the production of biomass for bio-energy. The objectives of the study were: (i) to 

describe and compare the 12 genotypes based on their growth, structural and developmental 

characteristics, and (ii) to analyze causal relationships between determining traits and productivity 

characteristics assessed at leaf, tree and population level by performing a hierarchical cluster 

analysis. The clustering of the poplar genotypes was clearly determined by parentage and genetic 

origin. Distinct differences between clusters were expressed in the biomass related traits; genotypes 

of similar parentage and origin showed comparable characteristics. Populus nigra genotypes were 

the least performing among the studied genotypes. The recently commercialized P. trichocarpa × P. 

maximowiczii hybrids on the other hand, were among the most productive genotypes. The P. 

deltoides × P. nigra hybrids showed intermediary results, with genotype Hees showing the highest 

biomass production among the 12 genotypes. As higher heating value was rather uniform among 

the genotypes, biomass production appeared the primary trait with regard to bio-energy production. 

This has significant implications for SRC cultures aiming at maximization of biomass production for 

maximum bio-energy yield. Besides the direct measurements of woody biomass growth (i.e. stem 

diameter), leaf area index is one of the most important early selection criteria for poplar with bio-

energy purposes. The negative correlation of biomass and leaf rust infection reconfirmed the 

importance of disease vulnerability in breeding and selection programs. 
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1. Introduction  

Short-rotation coppice (SRC) with poplar or other fast-growing species for the production of bio-

energy is currently gaining interest within the framework of global energy supply (Sadrul Islam and 

Ahiduzzaman 2012). The success rate of renewable bio-energy from SRC cultures primarily depends 

on their sustainability and productivity or biomass yield. The choice of the genotypic materials used 

for the SRC cultures largely determines the amount of biomass that can be produced in a specific 

area or region (Kuiper 2003). Therefore there is a need to study the performance of genotypes in 

situ to select the best performing genotypes. Nevertheless, on operational, large-scale plantations 

the use of a sufficiently broad genetic diversity among the planted genotypes is necessary to 

decrease cultivation risks such as diseases, insects or pests, rather than relying on the single 

highest performing genotype only. Moreover, mixing several genotypes with complementary 

strategies in a SRC plantation possibly results in a more efficient use of abiotic site resources 

(McCracken et al. 2001). 

Continuous breeding and selection efforts are required to continuously improve productivity of the 

genotypic materials, in particular for short rotation biomass plantations, and to create a sufficiently 

large genetic variation in the commercially available genetic materials. In Belgium and in The 

Netherlands any new poplar genotype is submitted to a 20 year screening and selection period 

before it is certified and put on the list of commercially available plant materials. Despite the 

historical popularity and preserved current importance of Populus tree species in both countries (De 

Cuyper 2008; de Vries 2008), the application in SRC cultures is limited. To our knowledge, the 

genotypes in the present study (cf. 2.1) have rarely been studied (except for the oldest genotype 

‘Robusta’) and have never been planted in large-scale operational bio-energy plantations. Besides 

the fact that the other 11 genotypes were commercialized for a few decades, their use in SRC 

plantations is still new.  

All 12 genotypes were planted in a large-scale SRC culture for the production of biomass for bio-

energy. The establishment of such a large-scale multiclonal plantation allowed us to have ample 

replications per genotype (both areal replications to account for spatial variability, as well as 

replicated and harvestable plant material per tree/genotype). Growing several genotypes together 

while measuring their responses in a shared environment is commonly applied to understand how 

much genetic variation is available in particular traits (Dunlap and Stettler 1998). The study of this 

variability is then valuable for determining the efficiency of selection for the trait in future breeding 

and selection processes (Rae et al. 2004). The objectives of the study are (i) to describe and 

compare 12 poplar genotypes, of which two recently commercialized, based on their growth, 

structural and developmental characteristics, and (ii) to analyze causal relationships between 

determining traits and productivity characteristics assessed at leaf, tree and population level. There 

are very few studies where genotypic variation among different poplar genotypes has been 

examined at different organisational levels for such a wide range of different parameters. Results of 

the present study can be of use for the management of future SRC plantations, particularly in 
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Belgium, and can serve as a source of information for future poplar breeding programs and for the 

selection for biomass yield. 

2. Material and Methods 

2.1. Plantation and site description 

This study was performed on a large-scale operational SRC plantation as part of an ambitious 

multidisciplinary project POPFULL (2013). The overall aims of the project are to analyse the energy 

balance, the economic balance and the mitigation of greenhouse gases of bio-energy production. 

The POPFULL field site is located in Lochristi, province East-Flanders, Belgium (51°06’44” N, 

3°51’02” E) at an elevation of 6.25 m above sea level. Subjected to an oceanic climate, the long-

term mean annual temperature in the area of the site is 9.5 °C and the mean annual precipitation is 

726 mm (Royal Meteorological Institute of Belgium). The area is situated in the sandy soil region of 

Flanders with poor natural drainage according to the Belgian soil classification (Van Ranst and Sys 

2000). Formerly, the 18.4 ha site was used as an agricultural area consisting of extensively grazed 

pasture and croplands, with corn as the most recent cultivated crop in rotation (Broeckx et al. 

2012a). On 7-10 April 2010 an area of 14.5 ha (excluding the headlands that remained unplanted) 

was planted with 12 selected and commercially available poplar (Populus) and three willow (Salix) 

genotypes. The poplar genotypes represented different species and hybrids of Populus deltoides, P. 

maximowiczii, P. nigra, and P. trichocarpa. The present study focuses on the poplar genotypes only; 

details on the origin and the parentage of the 12 genotypes are shown in Table 3.1 (after Broeckx 

et al. 2012a). Half of the genotypes were bred by and obtained from the Institute for Nature and 

Forestry Research in Geraardsbergen (Belgium). Genotype Robusta originates from an open-

pollinated P. deltoides tree, first commercialized by the nursery Simon-Louis Frères (Metz, France). 

The other five genotypes were bred by “De Dorschkamp” Research Institute for Forestry and 

Landscape Planning in Wageningen (The Netherlands) and, as Robusta, obtained from the 

Propagation Nurseries in Zeewolde (The Netherlands).   

The plantation was designed in two to four large monoclonal blocks of eight double rows wide per 

genotype with row lengths varying from 90 m to 340 m. Twenty-five centimeter long dormant and 

unrooted cuttings were planted in a double-row planting scheme with alternating inter-row spacings 

of 0.75 m and 1.50 m and a mean distance of 1.10 m between trees within a row, yielding a 

planting density of 8000 trees ha-1. After two growing seasons (GS1 in 2010, and GS2 in 2011) the 

plantation was harvested on 2-3 February 2012 with commercially available SRC harvesters 

(Berhongaray et al. 2013a). In the following two-year-rotations trees continue growing as a coppice 

culture with multiple stems per stool. More details on site conditions and plantation lay-out are 

found in Broeckx et al. (2012a). 
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Table 3.1: Place of origin, botanical and parental characteristics of the twelve poplar (Populus) 
genotypes studied (adapted from Broeckx et al. 2012a). 

D = Populus deltoides, M = Populus maximowiczii, N = Populus nigra, T = Populus trichocarpa 
1 genotypes bred by the Institute for Nature and Forestry Research (INBO, Geraardsbergen, Belgium). Main selection 
criteria: disease resistance, rooting capacity, adaptation to climate, soil and photoperiod, vigour, form and wood quality 
(de Cuyper, 2008). 

2 genotypes bred by Research Institute for Forestry and Landscape Planning “De Dorschkamp” (Wageningen, The 
Netherlands). Main selection criteria: tolerance for leaf diseases (poplar rust and Marssonina brunnea), resistance to 
bacterial canker, growth, form, branch behaviour, wind tolerance (de Vries, 2008). 

3 genotype originating from an open-pollinated P. deltoides tree, first commercialized by the nursery Simon-Louis Frères 
(Metz, France)  

2.2. Determination of genotypic characteristics 

All measurements – except those for the determination of wood characteristics, see below – were 

performed on the 12 planted poplar genotypes during the two years of the first rotation, i.e. 2010 

and 2011. 

2.2.1. Woody biomass production  

Stem diameter was assessed as the main tree characteristic for woody biomass production 

(Laureysens et al. 2004; Liberloo et al. 2006). Stem diameters were measured for all trees in one 

row (ranging from 71 to 328 trees) of each monoclonal block in the dormant season after GS1 and 

GS2 (February 2011 and December 2011). Diameters were measured with a digital caliper 

(Mitutoyo, CD-15DC, UK, 0.01 mm precision) at 22 cm above soil level (Ceulemans et al. 1993; 

Pontailler et al. 1997). For multiple-stem trees, every stem of the tree was measured, and the 

Genotype Paren
-tage Section Place of origin Gen-

der 
Year of cross/ 

commercialization 

Bakan1 T × M Tacamahaca (Washington US × Oregon US) × Japan  ♂ 1975/2005 

Skado1 T × M Tacamahaca (Washington US × Oregon US) × Japan ♀ 1975/2005 

Muur1 D × N Aigeiros (Iowa US × Illinois US) × (Italy × Belgium) ♂ 1978/1999 

Oudenberg1 D × N Aigeiros (Iowa US × Illinois US) × (Italy × Belgium) ♀ 1978/1999 

Vesten1 D × N Aigeiros (Iowa US × Illinois US) × (Italy × Belgium) ♀ 1978/1999 

Ellert2 D × N Aigeiros Michigan US × France ♂ 1969/1989 

Hees2 D × N Aigeiros Michigan US × France ♀ 1969/1989 

Koster2 D × N Aigeiros Michigan US × The Netherlands ♂ 1966/1988 

Robusta3 D × N Aigeiros Eastern US × Europe ♂ 1885-1890/1895 

Grimminge1 
D × 
(T × 
D) 

Aigeiros × 
(Tacamahaca 
× Aigeiros) 

(Michigan US × Connecticut US) × 
(Washington US × (Iowa US × Missouri 
US)) 

♂ 1976/1999 

Brandaris2 N Aigeiros The Netherlands × Italy ♂ 1964/1976 

Wolterson2 N Aigeiros The Netherlands ♀ 1960/1976 
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number of stems per tree was recorded as well. Tree height and woody biomass were calculated 

using allometric relationships with stem diameter. From a subset of trees comprised in the diameter 

inventories (i.e. every fourth tree in a row), tree height was measured with a telescopic rule (Nedo 

mEssfix, NL, 1 mm precision). From the resulting linear relationship of stem height versus diameter 

per genotype, the height of the remaining trees in the inventory was estimated. Secondly, for each 

genotype an allometric power relationship was established linking aboveground woody (dry) 

biomass to stem diameter. These allometric relationships were determined for each of the 12 

genotypes in December 2011. Based on the stem diameter distribution after GS2, ten stems per 

genotype were selected for destructive harvest, covering the widest possible diameter range. 

Following a diameter measurement at 22 cm height (D), the stem was harvested at 15 cm above 

soil level, the mean harvesting height of the plantation. Dry biomass (DM) of each stem was 

determined by oven drying for 10 days at 70°C. Biomass values were plotted against diameter and 

fitted as DM = a∙Db for each of the 12 genotypes (with a and b regression coefficients; cf. Pontailler 

et al. 1997; Laureysens et al. 2004). Stem diameter inventory data were considered as spatially 

representative, resulting in genotypic means for the plantation. Genotypic means for tree height 

and woody biomass production were derived from the allometric equations combined with the 

inventory data. Biomass production values were converted to area based values [Mg ha-1] using the 

planting distances. Means of annual genotypic diameter increment, height growth and annual 

biomass productivity over both GS1 and GS2 were calculated by halving the values at the end of 

GS2. 

2.2.2. Foliage productivity 

Leaf area index (LAI) [m2 m-2] was measured in four replicated measurement plots (of 5 × 6 trees) 

for each genotype in GS1 and in eight replicated measurement plots per genotype in GS2. The 

evolution of LAI was monitored throughout each of the two growing seasons from April to 

November using direct as well as indirect methods. The LAI-2200 Plant Canopy Analyzer (LI-COR 

Biosciences, Lincoln, NE, USA) was used to measure LAI indirectly by comparison of above- and 

below-canopy readings with a 45° view cap (see also Broeckx et al. 2012a). LAImax was defined as 

the maximal LAI of the growing season and was averaged over all measurement plots per 

genotype. Direct LAI assessment consisted of leaf litter collection during the period of leaf fall, from 

September to December of GS1 and GS2. Three 0.57 × 0.39 m2 litter traps were placed on the soil 

along a diagonal transect between the rows in four plots per genotype. The traps were emptied 

every two weeks and the cumulated dry mass of the collected leaf litter was converted to LAImax 

using data of specific leaf area (SLA; cf.  2.2.3). Seasonal evolution of LAI in GS1 and GS2 was 

visualized as a curve of LAI versus day of the year. Leaf area duration (LAD) [m2 day m-2] was 

calculated as the area below the mean seasonal LAI curve per genotype by integrating over time.  

The seasonal LAI curve was also used to estimate the radiation use efficiency (RUE) [g MJ-1], 

representing the biomass produced per unit of intercepted short-wave radiation. The intercepted 
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short-wave radiation was calculated from the Beer-Lambert extinction law (Eq. 3.1; Monsi and Saeki 

2005): 

I = I0 · e (-k · LAI)   (3.1) 

where I0 is the incident short-wave radiation, I is the radiation transmitted below the canopy and k 

is the extinction coefficient. The incoming short-wave radiation (0.3-3.0 µm) was continuously 

monitored at the site with a pyranometer (CNR1, Kipp & Zonen, Delft, The Netherlands) and logged 

automatically every 30 min (Zona et al. 2013). The value of k of eq. 3.1 was derived from the LAI 

data using the converted Beer-Lambert law (Eq. 3.2):  

k = - LAI-1 · ln (I · I0
-1)   (3.2) 

The LAImax value determined through the direct leaf fall method was used as LAI value in Eq. 3.2. 

The ratio of I·I0
-1 was assessed during the LAI-2200 measurements at the time of LAImax, taking into 

account the proportion of incoming radiation on the sensor angled between 7° and 53° zenith. The 

resulting k values for each genotype were then used for the calculation of the total cumulated 

intercepted radiation throughout GS1 and GS2. Following the quantification of the total 

aboveground biomass per genotype as explained above, RUE was calculated as the ratio of the 

annual aboveground biomass production and the annual intercepted short-wave radiation. The 

aboveground biomass production was taken as the sum of the woody biomass production (cf. 

2.2.1) and the cumulated dry mass of the collected leaf fall (cf. supra). 

2.2.3. Individual leaf properties  

The ratio of fresh leaf area to leaf dry mass, defined as the specific leaf area (SLA) [m² kg-1] 

(Larcher 2003), was assessed for each genotype at the time of LAImax in both GS1 and GS2. Three 

mature leaves of different individual leaf area and from different tree heights were randomly 

selected per measurement plot. Fresh leaf area was measured shortly after leaf collection with a 

LI-3000 Leaf Area Meter (LI-COR Biosciences, Lincoln, NE, USA). Leaves of plots of the same 

genotype were merged, oven dried at 70°C and their combined dry mass determined by weighing. 

A measure for individual leaf area [cm²] was obtained by averaging the aforementioned assessed 

fresh leaf areas per genotype (n = 12). Leaf nitrogen (N) concentrations were determined by dry 

combustion (with a NC-2100 element analyzer, Carlo Erba Instruments, Italy) of a subsample of the 

grounded dried leaves for each genotype and for both GS1 and GS2.  

2.2.4. Phenology 

The phenological onset and ending of GS2 was monitored by observing the apical buds of four 

selected trees per measurement plot during spring and autumn 2011. The timing of spring bud 

flush [day of the year; DOY] was defined at a stage according to the following: “Bud sprouting, with 
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a tip of the small leaves emerging out of the bud scales, which couldn't be observed individually” 

(based on UPOV 1981). The timing of bud set [DOY], accompanied by the end of leaf production 

and the end of height growth was set at the time when the “apical bud was present but not fully 

closed, bud scales were predominantly green and no more rolled-up leaves were present” (Rohde et 

al. 2010). The length of the growing season [days] was then defined as the period in between 

these well-defined phenological stages. A detailed description of phenological observations on 

poplar can be found in Pellis et al. (2004a).  

2.2.5. Wood characteristics 

Wood characteristics were determined for six out of the 12 genotypes (i.e. Bakan, Grimminge, 

Koster, Oudenberg, Skado and Wolterson). After GS2, in January 2012, wood samples were taken 

from five trees in each of the eight measurement plots per genotype (n = 40). 2-cm-long 

specimens were cut from the main stem at a height of 5-7 cm from the base of the current-year 

shoot and were stored at -20 °C. Thin (approx. 7 mm) disks were cut from these 2-cm-long 

samples for scanning with a flatbed scanner. The disk area was then determined semi-automatically 

in Matlab (7.12.0, 2011 Mathworks, Natick, MA, USA) on the scans. The exact thickness of the disks 

was measured with a Mitutoyo digital caliper and, by multiplication with the measured disk area, 

the fresh volume was derived. The disks were oven-dried for 48 hours at 103 °C, from which wood 

density [kg m-3] and moisture content [%] were derived. The remainder of the 2-cm-long 

specimens were oven-dried, milled and analysed using an oxygen bomb calorimeter (type 6200 

Isoperibol Calorimeter, Parr Instrument Company, Moline, IL, USA) to determine their higher 

heating value (HHV) [MJ kg-1], an indicator of the caloric heating potential of the wood.  

2.2.6. Sensitivity to rust 

The degree of rust infection (Melampsora larici-populina) was assessed in the field for each 

genotype at one single time during GS1 and GS2. Using a poplar-specific scoring system (Legionnet 

et al. 1999; Dowkiw and Bastien 2004), each genotype was given a score for leaf rust infection by 

observing the grade of coverage by spore uredinia of 15-20 leaves (scores from 0 = ‘no uredinium 

visible’ to 8 = ‘more than 75% of the leaf surface covered with uredinia’). In a similar approach 

trees were given an overall score (0 to 5) of rust infection based on the percentage of infected 

leaves and their location on the tree as well as the degree of leaf discoloration and/or leaf 

abscission (Steenackers 2010).  

2.3. Data analysis 

Besides the determination of means and ranges, the coefficient of variance (COV) of each 

parameter was calculated as the ratio of its standard deviation to its mean value, reported as a 

percentage (%). To identify causal relationships between traits and productivity, bivariate 

correlations were made with biomass production and among all parameters mutually. The Pearson 
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correlation coefficient was used to quantify the correlation. As an exception, the correlations with 

rust sensitivity scores and wood characteristics (Fig. 3.1) were assessed with the Kendall’s tau rank 

coefficient since these data were not normally distributed. Furthermore, a hierarchical cluster 

analysis was performed to see whether genotypes of similar origin or parentage clustered together 

and to visualize the multivariate effects characterizing biomass production. Cluster analysis is an 

appropriate tool for evaluating and classifying genotypes according their productivity and related 

traits (Ares and Guitierrez 1996; Tharakan et al. 2005; Guo and Zhang 2010). Variables with 

correlation coefficients higher than 0.90 were eliminated for cluster analysis. The remaining 

variables were standardized on a range of -1 to 1; the Euclidean distance was used as measure for 

similarity; complete linkage (furthest neighbour) was applied as clustering algorithm. All data 

analyses were performed in SPSS (Version 20, SPSS Inc., Chicago, IL, USA).  

3. Results   

The minimum and maximum values observed for the 12 genotypes in terms of biomass production, 

growth traits, the different leaf and wood characteristics, phenological parameters and rust 

infections in GS1 and GS2 are shown in Table 3.2. The reported COV’s indicated the variation 

among the genotypic averages; they are relative to the absolute values, though mutually 

comparable. Most prominently, the lowest COV of < 1% was found for the HHV, ranging from 

19.33 to 19.60 MJ kg-1, showing that there was hardly any variation in the average HHV among the 

12 genotypes. Other wood characteristics did neither vary much among genotypes (COV of only 5-

7%). On the other hand, the individual leaf area differed tremendously among the different 

genotypes (COV of 51%), ranging from small leaves of 79.9 cm² for Brandaris to very large leaves 

of 306.3 cm² for Skado. LAImax also showed a high variation among the genotypes, with a slightly 

higher variation in GS2 (COV of 32-35%) as compared to GS1 (COV of 23-32%). As a result of the 

very fast growth of all genotypes during the second year after establishment, values of LAImax 

doubled or tripled from GS1 to GS2. Genotypic means (± standard deviation) of LAImax of both 

growing seasons are shown in Table 3.3. LAD showed a somewhat higher variance (COV 31-41%). 

Minor genotypic and annual differences were expressed in SLA, with a mean value of 12.69 m² kg-1. 

For both tree height and stem diameter, and hence also total biomass, variation among genotypes 

increased in GS2 as compared to GS1. Biomass production had a COV twice as large (38%) as stem 

diameter (15%) and tree height (19%). The mean biomass production over both growing seasons 

ranged from 1.52 Mg ha-1 yr-1 for Brandaris to 7.22 Mg ha-1 yr-1 for Hees (Tables 3.2 and 3.3). 

Differences in bud set and bud flush dates in GS2 were limited. Except for the T × M genotypes, 

which had both the earliest start and the latest end of GS2, all other genotypes had their bud flush 

as well as their bud set within maximal two weeks separated from each other. Sensitivity to rust 

also showed a rather high variation (COV’s between 23 and 46) among the 12 genotypes (Tables 

3.2 and 3.3), confirming the importance of this selection criterion in most breeding and selection 

programmes of poplar. 
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Table 3.2: Minimum and maximum values of growth traits, leaf and wood characteristics, 
phenological parameters and rust sensitivity of the 12 poplar genotypes in a short 
rotation coppice plantation during its first rotation. 

For wood characteristics, indicated with *, only six genotypes were studied (n = 6). Height GS1 (GS2) = shoot height after 
the first (second) growing season; mean height growth = mean height growth over GS1 and GS2; diameter GS1 (GS2) = 
stem diameter at 22 cm height after the first (second) growing season; mean diameter increment = mean diameter 
increment over both seasons; biomass GS1 (GS2) = standing aboveground woody dry mass after the first (second) 
growing season; mean biomass production = mean biomass production over both seasons; LAImax = maximum leaf area 
index of the growing season (measured with a direct method (dm) and with an indirect method (im)); LAD = leaf area 
duration; SLA =specific leaf area; RUE = radiation use efficiency; HHV = higher heating value; rust scoretree/leaf = level of 
rust infection scored at tree/leaf level; lamina nitrogen = nitrogen concentration of leaves; DOY = day of year. The 
coefficient of variance (COV) is the ratio of the standard deviation among genotypic values to the mean value, reported as 
a percentage (%).  

 unit minimum maximum COV (%) 

height GS1 cm 199 263 10 
height GS2 cm 290 555 19 
mean height growth m yr-1 1.45 2.78 19 
diameter GS1 mm 19.1 26.2 10 
diameter GS2 mm 27.6 46.9 15 
mean diameter increment mm yr-1 13.8 23.5 15 
biomass GS1 Mg ha-1 1.27 3.89 32 
biomass GS2 Mg ha-1 3.04 14.43 38 
mean biomass production Mg ha-1 yr-1 1.52 7.22 38 
bud flush date GS2 DOY 70 108 - 
bud set date GS2 DOY 240 270 - 
length GS2 days 145 200 10 
LAImax -dm GS1 m2 m-2 0.67 1.40 23 
LAImax -im GS1 m2 m-2 0.58 1.87 32 
LAImax -dm GS2 m2 m-2 1.13 4.44 32 
LAImax -im GS2 m2 m-2 1.05 4.37 35 
LAD GS1 m2 m-2 days 53.5 182.9 31 
LAD GS2 m2 m-2 days 146.6 649.8 41 
no. of stems per tree # 1.03 1.55 14 
SLA GS1 m2 kg-1 11.3 14.4 8 
SLA GS2 m2 kg-1 10.8 14.3 9 
mean SLA m2 kg-1 11.4 13.8 7 
RUE GS1 g MJ-1 0.332 0.532 15 
RUE GS2 g MJ-1 0.285 0.676 22 
wood density*  kg m-3 340.8 390.3 5 
wood moisture content*  % 113 139 7 
HHV*  MJ kg-1 19.33 19.60 <1 
rust scoretree GS1 - 0.5 3 46 
rust scoreleaf GS1 - 2 6 30 
rust scoretree GS2 - 1 4 42 
rust scoreleaf GS2 - 3 6 23 

lamina nitrogen 
mass % 2.78 4.06 12 
g m-² 2.08 3.35 15 

individual leaf area cm2 79.7 306.3 51 
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Fig. 3.1: Relationship of the maximum leaf area index during the second growing season (left panel), the degree of poplar rust infection during the first 
growing season (middle panel) and wood density, determined after the second growing season (right panel) with the mean aboveground 
woody biomass production over the first two growing seasons. Each data point represents a genotypic mean. Symbol types indicate parentage 
(D = Populus deltoides, M = Populus maximowiczii, N = Populus nigra, T = Populus trichocarpa), symbol labels indicate cluster number (1-5; 
see Fig. 3.3). R represents the Pearson correlation coefficient (left and middle panel) or the Kendall’s tau correlation coefficient (right panel); 
** indicates a level of significance of p ≤ 0.01, * 0.01 < p ≤ 0.05. 

 

Table 3.4 (opposite page): Correlations between growth traits, leaf characteristics, phenological parameters and rust sensitivity of 12 poplar genotypes 
grown in a short rotation coppice plantation during its first rotation (n = 12). Significance levels of Pearson correlation: ns = 
not significant (p > 0.05); + = 0.01 < p ≤ 0.05; ++ = p ≤ 0.01 for positive correlations, equally with – sign for negative 
correlations. For rust sensitivity parameters, symbols indicate significance of the non-parametric Kendall’s tau correlation fit. 
Height GS1 (GS2) =  stem height after the first (second) growing season; mean height growth = mean height growth over 
GS1 and GS2; diameter GS1 (GS2) = shoot diameter at 22 cm height after the first (second) growing season; mean diameter 
increment = mean diameter increment over both seasons; biomass GS1 (GS2) = standing aboveground woody dry mass after 
the first (second) growing season; mean biomass production = mean biomass production over both seasons; LAImax = 
maximal leaf area index of the growing season (measured with a direct method (dm) and indirect method (im)); LAD = leaf 
area duration; SLA =specific leaf area; RUE = radiation use efficiency; rust scoretree/leaf = level of rust infection scored at 
tree/leaf level; lamina nitrogen = leaf nitrogen concentration. 
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diameter GS1    ++ ++ ++ ++ ++ ns ns ns ++ ns ++ + + + ns ++ ns ++ ns + ns ns ns ns ns ns 

diameter GS2     ++ ++ ++ ++ ns ns ns ns ns ++ ++ + ++ ns ++ ns ++ ns + - - - ns - ns ns 

mean diameter increment   ++ ++ ++ ns ns ns ns ns ++ ++ + ++ ns ++ ns ++ ns + - - - ns - ns ns 

biomass GS1      ++ ++ ns ns ns ++ ++ ++ + ++ ++ ns + ns + ns ns ns - ns - - - + 

biomass GS2       ++ ns + ns ++ + ++ ++ ++ ++ ns + ns ++ ns ns - - - - ns - ns ns 

mean biomass production      ns + ns + + ++ ++ ++ ++ ns + ns ++ ns ns - - - - ns - ns ns 
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bud set date GS2          ++ ns ns ns ns ns ns ns ns ns + + + - ns - ns ns ns 

length GS2            ns ns ns ns ns ns ns ns + + ns ns ns ns - ns ns ns 

LAImax -dm GS1            ++ ++ ns ++ ns ns ns ns ns ns + ns ns ns ns ns ns 

LAImax -im GS1             ++ ++ ++ ++ ns ns ns ns ns ns ns ns ns ns ns ns 

LAImax -dm GS2              ++ ++ ++ ns + ns ++ ns ns - - ns ns ns ns 

LAImax -im GS2               ++ ++ ns ns ns + ns ns - - - ns ns ns ns 

LAD GS1                 ++ ns ns ns ns ns ns ns ns ns ns ns ns 

LAD GS2                  ns ns ns + ns ns - - - - ns - ns ns 

no. of stems per tree                 - ns ns ns ns ns ns ns ns ns -- 

SLA GS1                    ns ++ ns ns ns ns ns ns ns ++ 

SLA GS2                     ++ ns ns - - - - - ns ns ns 

mean SLA                      ns ns - - ns ns ns ns 

RUE GS1                       ns ns ns ns ns ns ns 

RUE GS2                        ns ns ns ns ns ns 

rust scoretree GS1                        ++ + + ns ns 

rust scoreleaf GS1                         + + ns ns 

rust scoretree GS2                          ns ns ns 

rust scoreleaf GS2                           ++ ns 

lamina nitrogen                            - - 
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Table 3.3: Mean genotypic values (± standard deviation) of selected biomass production 
characteristics, of growing season length and of rust sensitivity. GS1 (GS2) = first 
(second) growing season; biomass = standing aboveground woody dry mass at the end 
of the growing season; LAImax = maximum leaf area index of the growing season 
(measured with the indirect method (im)); RUE = radiation use efficiency; rust scoreleaf 
= level of rust infection scored at leaf level. 
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 Mg ha-1 Mg ha-1 days m2 m-2 m2 m-2 g MJ-1   

Bakan 3.21 (1.81) 10.41 (5.28) 190 (3) 0.97 (0.37) 1.91 (0.56) 0.54 (0.05) 3 3 

Skado 3.58 (1.78) 12.58 (5.63) 200 (4) 1.47 (0.13) 3.34 (0.79) 0.50 (0.06) 3 3 

Muur 2.54 (1.30) 8.65 (4.24) 171 (3) 1.02 (0.15) 2.40 (0.50) 0.45 (0.10) 4 5 

Oudenberg 2.56 (1.22) 8.03 (3.47) 163 (4) 0.98 (0.13) 3.09 (0.40) 0.50 (0.01) 4 5 

Vesten 2.60 (1.31) 11.52 (5.34) 159 (2) 1.32 (0.18) 3.98 (0.72) 0.68 (0.05) 4 5 

Ellert 2.03 (1.37) 7.89 (4.83) 154 (5) 1.30 (0.12) 2.82 (0.40) 0.40 (0.12) 3 5 

Hees 3.89 (1.93) 14.43 (7.23) 167 (1) 1.87 (0.44) 4.44 (0.44) 0.58 (0.03) 2 3 

Koster 1.79 (1.24) 6.76 (4.60) 146 (8) 1.10 (0.18) 2.51 (0.78) 0.39 (0.13) 4 4 

Robusta 2.85 (1.56) 6.72 (4.24) 149 (8) 1.69 (0.59) 2.65 (0.79) 0.49 (0.19) 6 5 

Grimminge 2.80 (1.51) 9.52 (4.70) 145 (5) 1.08 (0.55) 2.77 (0.71) 0.52 (0.06) 4 4 

Brandaris 1.34 (0.86) 3.04 (1.73) 153 (7) 0.58 (0.12) 1.05 (0.14) 0.29 (0.10) 6 5 

Wolterson 1.27 (0.78) 4.29 (2.31) 164 (2) 0.74 (0.27) 1.57 (0.55) 0.63 (0.08) 5 6 

An overview of the results of the correlation analysis between biomass production and the different 

leaf characteristics, the growth traits, the phenological parameters and rust sensitivity is given in 

Table 3.4. The mean biomass production was strongly positively correlated with stem diameter and 

height growth, with LAImax (see also Fig. 3.1) and LAD, and also with SLA. Negative correlations 

were found with the degree of rust infection (Fig. 3.1). Similar correlations as for biomass 

production were found for diameter growth. Height growth on the other hand, was neither 

correlated with LAI nor with LAD, and only weakly with rust infection. Tree height was significantly 

correlated with the individual leaf area as well as with the timing of bud set in GS2. Phenological 

dates were poorly related to other parameters. The few significant correlations with phenological 

dates showed that the later bud set, the higher the biomass production and the RUE; this was also 

explained by the lower rust infection. LAImax and LAD of GS2 were negatively correlated with the 

rust infection during GS1. In GS1, the number of stems grown from a cutting was inversely 

proportional to the height reached after the first (establishment) year and also to the individual leaf 

area. The individual leaf area on its turn was negatively correlated with the nitrogen concentration 

in the leaf (Fig. 3.2). 
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With regard to the wood characteristics, few correlations with other traits were observed. Overall, 

the wood density was negatively correlated to biomass production (Fig. 3.1). No correlation with 

wood moisture content was found, neither with the HHV of the wood which was very uniform 

among the six examined genotypes (Table 3.2). Only the moisture content was obviously, though 

not significantly, negatively correlated to wood density. 

 

Fig. 3.2: Relationship of individual leaf area with leaf nitrogen content 
on a leaf area basis (upper panel), and with mean tree height 
growth (lower panel). Each data point represents a genotypic 
mean. Symbol types indicate parentage (D = Populus 
deltoides, M = P. maximowiczii, N = P. nigra, T = P. 
trichocarpa), symbol labels indicate cluster number (1-5; see 
Fig. 3.3). R represents the Pearson correlation coefficient; ** 
indicates a level of significance of p ≤ 0.01. 

Following the elimination of highly correlated (Pearson correlation coefficient R ≥ 0.90) variables, a 

cluster analysis was performed on the remaining variables listed here: mean height growth, stem 

diameter in GS2, mean biomass production, bud flush and bud set dates in GS2, length of GS2, 

LAImax in GS1 and GS2 (indirect method), LAD in GS1 and GS2, mean number of stems per tree, 

mean SLA, RUE in GS1 and GS2, individual leaf area and leaf N concentration. The resulting 

clustering dendrogram is shown in Fig. 3.3. Since there is no indisputable method for determining 

the number of clusters in a cluster analysis (Everitt 1979), the number of clusters was determined 

by parsing this classification tree according to the rescaled cluster distance (Fig. 3.3). Starting from 

the right along the x-axis, two groups were distinctly differentiated from each other, namely on the 

one hand the group of all genotypes bred by and obtained from the Belgian Institute for Nature and 
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Forestry Research (INBO) plus Hees, and on the other hand the group of the four other genotypes 

selected by “De Dorschkamp” Research Institute for Forestry and Landscape Planning in the 

Netherlands and Robusta (Table 3.1). Restricting the clustering to these two groups did not provide 

useful information apart from the origin of the poplar planting materials. When moving further to 

the left on the x-axis, the T × M genotypes first dissociated from the first group followed by Hees. 

At the following larger gap in the distance coefficients, five clusters were identified (Fig. 3.3). The 

mean values of the different parameters used in the analysis and the variance within clusters are 

reported in Table 3.5.  

 

Fig. 3.3: Dendrogram of the hierarchical cluster analysis conducted on 16 tree 
characteristics measured on 12 Populus genotypes (shown on the y-axis). The 
five restrained clusters are indicated on the dendrogram branches. The following 
characteristics were included in the analysis: mean height growth, stem 
diameter in GS2, mean biomass production, bud flush and bud set dates in GS2, 
length of GS2, LAImax in GS1 and GS2 (indirect method), LAD in GS1 and GS2, 
mean number of stems per tree, mean SLA, RUE in GS1 and GS2, individual leaf 
area and leaf N concentration. GS = growing season. 

The five clusters were clearly related to the genetic background of the genotypic plant materials, as 

well as to their biomass production. Cluster 1 consisted of three D × N genotypes and the only 

D × (D × T) genotype, all four genotypes bred by INBO. The four genotypes of this cluster were 

characterized by intermediate, but similar production characteristics within the cluster, indicated by 

the low COV for e.g. LAI (11%) and height growth (4%) (Table 3.5). There was high variation in 

the  individual  leaf  area  (COV of 25%) in this cluster (see also Fig. 3.2). Cluster 4 contained three  
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Table 3.5: Mean cluster values of growth traits, leaf characteristics, phenological parameters and 
rust sensitivity. Mean height growth = mean height growth over the first (GS1) and 
second growing season (GS2); diameter GS2 = stem diameter at 22 cm height after the 
two growing seasons; mean biomass production = mean aboveground woody biomass 
production over both seasons; LAImax = maximal leaf area index of the growing season 
measured with the indirect method (im); LAD = leaf area duration; SLA =specific leaf 
area; RUE = radiation use efficiency; lamina nitrogen = nitrogen concentration of leaves. 
The coefficient of variance (COV) is the ratio of the standard deviation among genotypic 
values in the cluster to the mean cluster value, reported as a percentage (%). 

  CLUSTER 1  CLUSTER 2  CLUSTER 3  CLUSTER 4  CLUSTER 5 

  

{Muur, 
Oudenberg, 

Vesten, 
Grimminge} 

 {Hees}  {Bakan, 
Skado}  

{Ellert, 
Koster, 

Robusta} 
 {Brandaris, 

Wolterson} 

  mean COV 
(%)  mean COV 

(%)  mean COV 
(%)  mean COV 

(%)  mean COV 
(%) 

mean height 
growth m yr-1 2.27 (4)  2.03 -  2.63 (8)  1.73 (7)  1.65 (17) 

diameter GS2 mm 41.9 (8)  46.9 -  42.6 (8)  36.3 (8)  30.8 (15) 
mean biomass 
production Mg ha-1 yr-1 4.72 (16)  7.22 -  5.75 (13)  3.56 (9)  1.83 (24) 

bud flush date GS2 DOY 99 -  96 -  75 -  97 -  97 - 

bud set date GS2 DOY 258 -  263 -  270 -  247 -  255 - 

length GS2 days 159 (7)  167 -  195 (4)  150 (3)  158 (5) 

LAImax -im GS1 m2 m-2 1.105 (14)  1.87 -  1.22 (29)  1.36 (22)  0.66 (16) 

LAImax -im GS2 m2 m-2 2.62 (11)  4.37 -  2.63 (38)  2.43 (22)  1.31 (28) 

LAD GS1 m2 m-2 days 105.6 (11)  182.9 -  125.2 (29)  119.7 (16)  63.3 (22) 

LAD GS2 m2 m-2 days 356.4 (13)  649.8 -  429.9 (43)  336.1 (28)  164.9 (16) 
no. of stems per 
tree # 1.14 (9)  1.50 -  1.04 (1)  1.35 (13)  1.32 (9) 

mean SLA m2 kg-1 13.0 (5)  13.4 -  13.5 (1)  12.1 (6)  11.8 (4) 

RUE GS1 g MJ-1 0.487 (6)  0.469 -  0.502 (8)  0.366 (15)  0.501 (9) 

RUE GS2 g MJ-1 0.538 (18)  0.584 -  0.520 (5)  0.426 (13)  0.457 (53) 

individual leaf area cm2 168.5 (25)  94.8 -  284.1 (11)  98.7 (16)  82.4 (5) 

lamina nitrogen mass % 3.65 (14)  3.57 -  2.89 (5)  3.54 (4)  3.93 (5) 

D × N genotypes, i.e. Ellert and Koster, both selected by “De Dorschkamp” and Robusta. Genotypes 

of this cluster all showed a biomass production performance in the lower range and had a higher 

tendency to grow in multiple stems from the planted cuttings in comparison with genotypes from 

cluster 1,3 (and 5). Genotype Hees (D × N) was separated from all other genotypes in a singleton 

cluster. Hees had strong similarities in external morphology (e.g. crown structure, pyramidal tree 

shape; Broeckx et al. (2012b) and personal observations) with genotypes of cluster 4, but Hees was 

characterized by a deviating high biomass production. Hees had a mean aboveground woody 

biomass productivity of 7.22 Mg ha-1 yr-1 and in GS2 its LAImax reached a value of 4.37. Genotypes 

Bakan and Skado, forming cluster 3, were distinguished by their single and high stems, long 

growing period, high woody biomass production and typically large leaves. In contrast, Brandaris 
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and Wolterson (cluster 5) were the least productive of all studied genotypes. So, the different traits 

and characteristics studied allowed to discriminate genotypes based on their genetic background 

and on their biomass production.  

4. Discussion 

Obviously, genotypes of the same parentage clustered together based on the traits and parameters 

examined, except for the D × (T × D) genotype Grimminge which was grouped with three other 

D × N genotypes. Both the N and the T × M genotypes formed a cluster each, whereas the D × N 

genotypes were distributed over three clusters. Apparently the D × N genotypes were clustered 

largely according their origin of selection and production. Cluster 1 contained the D × N genotypes 

bred by INBO, whereas the D × N genotypes bred by “De Dorschkamp” Research Institute for 

Forestry and Landscape Planning (The Netherlands) were grouped in cluster (2 and) 4, also 

including Robusta. This clustering pattern can be explained by the fact that hybrid genotypes bred 

by a particular producer/breeder were selected according to specific criteria and, by the fact that 

they frequently have the same or genetically highly related parents. For example, Muur, Oudenberg 

and Vesten have the same P. deltoides genotype as their maternal parent (Table 3.1); the paternal 

parents of Oudenberg and Vesten are full-sibs and the parents of the paternal parent of Muur have 

the same origin as the parents of Vesten’s and Oudenberg’s paternal parent (Van Slycken et al. 

2005). The parental trees of Ellert, Hees, Koster have the same origin, obviously different from 

Robusta which is a much older genotype from French origin with an unknown paternal tree 

(Centrum voor Genetische Bronnen). The most prominent results were shown by Hees, which was 

expected to cluster with Koster and Ellert; however, due to its particularly high productivity Hees 

formed a cluster on its own. On the contrary, Brandaris and Wolterson jointly forming cluster 5 

were the least productive genotypes. These are both P. nigra genotypes and also the only pure 

native European species of the study. The biomass production of all hydrids involving P. nigra as a 

parent was higher than this of the parent species itself, suggesting a positive heterosis (i.e. hybrid 

vigour; Stettler and Ceulemans 1993). Although no pure P. deltoides genotype was incorporated in 

our study, D × N hybrids outperforming their parents was frequently shown before (Stettler et al. 

1996; Marron and Ceulemans 2006). Leaves of P. deltoides are larger in size and smaller in quantity 

compared to P. nigra, typically having small leaves (Fig. 3.2; Ridge et al. 1986; Ceulemans 1990; 

Marron and Ceulemans 2006). Hybrids of D × N combine both strategies, resulting in a larger total 

leaf area and associated biomass production than both parental species (Orlović et al. 1998; Marron 

and Ceulemans 2006). Both individual leaf size and LAImax were lowest for the P. nigra species in 

comparison with the D × N hybrids in the present study (Table 3.5; Fig. 3.1 and 3.2). On the other 

hand the T × M genotypes Bakan and in particular Skado were among the highest productive 

genotypes (Table 3.5). Their early bud flush was the most distinctive trait of these two T × M 

genotypes, which could be attributable to the southern (Japanese) origin of their parents (Table 

3.1; Michiels et al. 2008). Together with their late bud set date, the long growing period was one of 

the factors contributing to their high growth performance. However the positive correlation of mean 

biomass vs. growing season length was not significant (p = 0.099; Table 3.4), genotypes Skado and 
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Bakan (cluster 3) had the longest growing season and showed the highest biomass production after 

Hees (Table 3.5). The strong correlation of LAD with biomass furthermore confirms these results. 

Whereas LAImax of Bakan and Skado had the same magnitude compared to clusters 1 and 4, their 

LAD was much higher, indicating the higher importance of the growing season length. 

In GS2 frequent events of windsnap of the upper and poorly lignified part of the main stem were 

observed for both T × M genotypes (personal observations). Due to their tall height and large, 

heavy leaves (Fig. 3.2), they experienced a higher wind pressure. Moreover, the higher in the 

canopy, the larger their individual leaf area (unpublished results). Since the T × M genotypes had 

the highest slenderness (ratio of stem height to diameter) among the studied genotypes, in 

combination with their high aboveground biomass (Table 3.5), they were more susceptible to 

windsnap (Harrington and DeBell 1996). In contrast, the N and D × N genotypes, and in particular 

the hybrids of clusters 2, 4 and 5 were generally shorter and had smaller leaves (Fig. 3.2). 

Moreover, due the higher branchiness of these D × N genotypes (Broeckx et al. 2012b), they 

experienced higher mutual support, decreasing the risk to sway in the wind (Harrington and DeBell 

1996). During the breeding and selection procedure, the Dutch genotypes (from “De Dorschkamp” 

Research Institute for Forestry and Landscape Planning in Wageningen) were specifically screened 

for wind tolerance (de Vries 2008), a crucial characteristic for the low lands of The Netherlands. In 

the Flemish poplar breeding programme wind tolerance as such was not taken up as one of the 

primary selection criteria (Steenackers et al. 1990; De Cuyper 2008).  

One of the main criteria in both breeding and selection programmes in Flanders and The 

Netherlands, is disease (including leaf rust) resistance. Resistance to leaf rust in Populus has been 

shown to be under strong genetic control (Rajora et al. 1994; Dunlap and Stettler 1998). Since leaf 

rust resistance is often strongly correlated at different tree ages, early selection for this trait 

appears feasible (Rajora et al. 1994). The results of this study confirmed that biomass production 

decreased with increasing rust infection (Fig. 3.1) in line with previous reports (Royle and Ostry 

1996; Steenackers et al. 1996; Dunlap and Stettler 1998). The infection of rust was more severe 

and started earlier in the year in GS1 than in GS2, and had therefore a larger impact on biomass 

growth. In GS1 the rust infection on Robusta caused a sudden decrease in LAI, a black coloration of 

leaves and leaf fall after week 35 (Broeckx et al. 2012a). As expected, genotype Robusta was most 

susceptible to rust among all the genotypes. Robusta is the oldest of the genotypes (Table 3.1), 

and is known for poor rust resistance (Centrum voor Genetische Bronnen; Steenackers et al. 1990) 

and slow growth (Barigah et al. 1994; Ceulemans et al. 1996; Meiresonne 2006). P. deltoides 

species are frequently used for (back)crossing to breed rust-resistant genotypes (Steenackers et al. 

1990; Steenackers 2010). Genotype Grimminge, which is a back-cross of (P. trichocarpa × P. 

deltoides) with a P. deltoides maternal parent, showed an intermediate rust infection of all 

genotypes of this study. Besides Robusta, also the P. nigra genotypes showed a rust score in the 

higher range (Fig. 3.1; Table 3.3); this probably also explained their low productivity. Nowadays, 

breeding and selection strategies in Flanders aim at partial resistance and tolerance to rust rather 
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than complete resistance due to newly arising, more virulent pathotypes that caused the breakdown 

of rust resistance between 1980-2000 (De Cuyper 2008).  

Concerning the wood characteristics, only poor genotypic variation was observed (Table 3.2). 

Similar to previous findings (Benetka et al. 2002), very small differences (COV < 1%) in the HHV 

between the six genotypes were found, with a mean value of 19.45 MJ kg-1. This is well within the 

range reported in a review study on biomass quality of poplar which also concluded the small 

variation in HHV that exists among poplar species (Kenney et al. 1990). Therefore, selection for this 

trait presumably only brings about little genetic improvement. Wood quality has the lowest priority 

among the selection criteria for breeding and selection programs for poplar cultivars in Flanders, in 

particular with regard to SRC cultivation (Steenackers et al. 1990). Despite poor variation in wood 

density as well, a significant negative correlation with biomass production was found (Fig. 3.1). The 

lower yielding genotypes (e.g. Brandaris, Wolterson, Koster) had a shorter growing season, grew 

slower and less vigorously, and produced a denser structured wood. Nevertheless, due to their 

lower growth the analysed wood disks had a smaller diameter and an associated larger proportion 

of bark as compared to the more productive genotypes, which could have influenced the 

relationship of wood density and biomass production. A negative correlation between growth rate 

and wood density in Populus spp. was shown in a number of studies (Beaudoin et al. 1992; Pliura 

et al. 2007; Zhang et al. 2012), although no relationship was reported in other studies (Farmer 

1970; DeBell et al. 2002; Zhang et al. 2003) since growth rate usually has little or no influence on 

wood density in diffuse-porous hardwoods (Barnett and Jeronimidis 2003). Despite a high genetic 

control of wood density in poplar (Kenney et al. 1990), minor importance was attributed to this trait 

due to the low variation and its poor effect on biomass yield. A similar reasoning held true for wood 

moisture content, which also showed little variation among genotypes (COV of only 7%). Also little 

variation of these wood characteristics within the studied genotypes was observed (slightly higher 

than the variation among the genotypic averages; data not shown), which is likewise important 

regarding the conversion efficiency to bio-energy. Nevertheless, despite the uniformity of wood 

characteristics observed in this study  and hence their assumed minor importance in breeding and 

selection for bio-energy purposes  the selection for high calorific values, high wood densities and 

low moisture contents remains overall important. 

The negative correlation of individual leaf area with leaf nitrogen content (Fig. 3.2) indicated that in 

the larger-leaved trees leaf nitrogen was diluted over the larger leaf area as compared to the high 

nitrogen concentration in the leaves of the smaller-leaved genotypes. This dilution hence meant an 

optimization of nitrogen use since the larger leaves allow more light interception. In large leaves, a 

lower photosynthesis per unit of leaf area is often compensated by photosynthesis of a larger leaf 

area (Tharakan et al. 2005; Marron et al. 2007). Preliminary, unpublished results indeed showed a 

positive correlation of photosynthetic capacity with leaf nitrogen content (Beernaert 2012). 

Nevertheless, the relative differences in individual leaf area among genotypes (Fig. 3.2) were much 

larger than the relative variation in photosynthesis, suggesting that leaf area is the most influencing 

factor in total photosynthesis. This was partly evidenced by the positive correlation between 
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individual leaf area and biomass production in GS1 (Table 3.4), which was previously demonstrated 

for several poplar genotypes (Ridge et al. 1986; Barigah et al. 1994; Harrington et al. 1997). This 

correlation between individual leaf area and biomass production was also valid in GS2, and for the 

pooled data of GS1 and GS2, although less significant (p = 0.060). When ignoring Hees – i.e. the 

isolated genotype in cluster 2 – the aforementioned correlation was perfectly true (p = 0.001). 

Furthermore, individual leaf area showed a strong positive correlation with tree height growth (Fig. 

3.2), which on its turn was positively correlated with biomass production. As is also evidenced from 

the present study, LAI rather than individual leaf area is a logic and reliable indicator of biomass 

production (Ceulemans 1990; Barigah et al. 1994; Orlović et al. 1998; Tharakan et al. 2005). LAImax 

showed a strong positive correlation with biomass productivity, both in GS1 and GS2 (Fig. 3.1, 

Table 3.4). Furthermore LAD, incorporating the evolution of LAI over the growing season, was also 

strongly correlated to biomass production (Table 3.4). Leaf area development was reported earlier 

as a reliable trait for the early selection of high productivity in poplars (Ceulemans et al. 1994; Bunn 

et al. 2004). In contrast to the expectations, RUE was not correlated to the biomass production 

related traits (except for the positive correlation between RUE and height growth in GS1). The 

genotypic mean of RUE in GS2 was 0.50 g MJ-1, which is low compared to the range of 1-2 g MJ-1 

frequently reported for poplar (Cannell et al. 1988; Landsberg and Wright 1989; Green et al. 2001), 

but much higher than the 0.002-0.041 g MJ-1 reported for a comparable poplar SRC culture in 

Belgium (Deraedt and Ceulemans 1998).  

5. Conclusions 

The clustering of the poplar genotypes studied here was clearly determined by parentage and 

genetic origin. Distinct differences between clusters were expressed in the biomass related 

characteristics; genotypes of similar parentage and origin showed comparable characteristics. P. 

nigra genotypes were the least performing among the studied genotypes. The most recently 

commercialized P. trichocarpa × P. maximowiczii hybrids on the other hand, were among the most 

productive genotypes. As HHV values were rather similar among genotypes, biomass production 

appeared the more important trait with regard to bio-energy production; this has important 

implications with regard to SRC cultures aimed to maximize biomass production for maximum bio-

energy yield. Besides the direct (diameter) measurements of woody biomass growth, LAI is one of 

the most important early selection criteria for poplar with bio-energy purposes. The negative 

correlation of biomass and leaf rust infection reconfirmed the importance of disease vulnerability in 

breeding and selection programs. 
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use 
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Abstract 

The efficiency of water-use to produce biomass is a key trait in designing sustainable bio-energy-

devoted systems. We characterized variations in the carbon isotope composition (δ13C) of leaves, 

current-year wood and holocellulose (as proxies for water-use efficiency, WUE) among six poplar 

genotypes in a short-rotation plantation, and assessed (i) whether former land use and soil 

properties affect δ13C values, (ii) how δ13Cleaf, δ13Cwood and δ13Cholocellulose relate mutually, and (iii) to 

what extent the relationship between WUE and growth-related traits depends on 13C signals. Trees 

growing on former pasture with higher N-availability displayed higher δ13C as compared to trees 

growing on former cropland. The positive relationships between δ13Cleaf and leaf N suggested that 

spatial variations in WUE over the plantation were mainly driven by an N-related effect on 

photosynthetic capacities. Values of δ13Cwood and δ13Cholocellulose were highly positively correlated but 

the offset varied significantly among genotypes (0.79-1.01‰). Leaf phenology was strongly 

correlated with δ13C, genotypes with a longer growing season exhibiting higher WUE. In contrast, 

traits related to growth and carbon uptake were poorly linked to δ13C. We conclude that WUE 

remains largely uncoupled from growth in poplar bioenergy plantations, suggesting the possibility to 

identify genotypes with satisfactory growth and higher WUE. 
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1. Introduction 

In face of the current concerns about climate change and energy security, short-rotation plantations 

have gained considerable interest as a promising and relatively inexpensive source of bioenergy 

(Njakou Djomo et al. 2011, 2013). These plantations are typically managed at high planting 

densities (~1000 to 40 000 ha-1) and harvested on a two- to ten-year rotation, for a total lifespan of 

up to 30 years. Among suitable hardwood species, poplar (Populus spp.) is commonly used in 

Europe (Herve and Ceulemans 1996; Aylott et al. 2008), primarily because of its high juvenile 

productivity, re-sprouting ability and easy vegetative propagation (Dillen et al. 2011a). Typical 

yields of poplar short rotation plantations fall in the range of 8-10 oven-dry tons ha-1 y-1 (odt ha-1 y-

1) (see King et al. 2013 for a review) but with maxima up to more than 15 odt ha-1 y-1 already 

reported (Scarascia-Mugnozza et al. 1997; Liberloo et al. 2006). However, because of its riparian 

origin and pioneering behaviour, the fast growth of poplar is intimately linked to relatively high 

transpiration rates (Hall et al. 1998; Allen et al. 1999), which has raised questions about the large-

scale deployment of such plantations (Perry et al. 2001; Lasch et al. 2010). Understanding the 

physiological and environmental controls on the efficiency with which water is used to produce 

biomass is therefore central if we are to achieve productive, reliable, and sustainable systems while 

balancing the need for water with other uses (King et al. 2013). 

Water-use efficiency (WUE) describes the rate of CO2 uptake or plant dry matter production per unit 

plant water loss. Therefore, WUE stands as a crucial link between carbon and water fluxes, and as 

such can be approached on different biological and time scales ranging from the leaf to the 

individual to the ecosystem (e.g. Niu et al. 2011). Because of its integrative nature, the stable 

carbon isotope ratio of plant organic matter (δ13Cp) has long been used to assess variations in plant 

WUE. This is because in C3 plants, discrimination against 13C occurs during photosynthesis, mostly 

during CO2 diffusion through stomata into the leaf mesophyll and during carboxylation by the 

RuBisCO enzyme (Farquhar et al. 1989). As a consequence, δ13Cp is predicted to relate linearly to 

the ratio of intercellular to ambient CO2 mole fractions (ci/ca) which reflects the balance between 

supply of CO2 into the leaf and demand for CO2 by photosynthesis (Farquhar et al. 1982; Cernusak 

et al. 2013). This makes δ13Cp a useful indicator of intrinsic water-use efficiency (WUEi, the ratio 

between net CO2 assimilation rate and stomatal conductance to water vapour) and, provided 

fluctuations in the environment are accounted for, δ13Cp may also provide information on actual 

transpiration efficiency (the ratio of accumulated biomass to transpiration water loss) (Cernusak et 

al. 2008). 

The isotopic signature of plant material and thus WUE are under both genetic and environmental 

control (Cernusak et al. 2013). Marked differences have been identified among C3 woody species 

(e.g. Cernusak et al. 2007a, 2008). External factors influencing photosynthetic water and carbon 

fluxes can also readily affect WUE, the best documented being water (e.g. Diefendorf et al. 2010) 

and nutrient (e.g. Livingston et al. 1999; Cernusak et al. 2007b) availability. Over the last 15 years, 

the study of WUE in poplar has attracted considerable attention mostly because of possible 
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implications for breeding and genotype selection. Although poplars are generally considered to be 

water spenders, substantial variation among/within species and hybrids has been reported in either 

WUEi or bulk leaf δ13C (Marron et al. 2005; Monclus et al. 2005, 2006, 2009; Bonhomme et al. 

2008; Chamaillard et al. 2011; Dillen et al. 2008, 2011b; Cao et al. 2012; Toillon et al. 2013). 

Manipulative experiments under controlled or field conditions have also shown that poplar WUE is 

responsive to water availability (Monclus et al. 2006; Fichot et al. 2010; Chamaillard et al. 2011), 

nutrient availability (Harvey and van den Driessche 1999; Ripullone et al. 2004), pedoclimatic site 

conditions (Bonhomme et al. 2008; Chamaillard et al. 2011; Toillon et al. 2013) or developmental 

stage (Marron et al. 2005). Further, leaf gas exchange measurements have confirmed that bulk leaf 

δ13C (δ13Cleaf) is a reliable index of WUEi (Ripullone et al. 2004; Fichot et al. 2011) and of 

transpiration efficiency (Rasheed et al. 2013). 

Understanding how WUE relates to growth performance is interesting for at least two reasons. 

Firstly, WUE and growth are complex traits controlled by underlying physiological and morphological 

drivers, e.g. leaf net CO2 assimilation rate, transpiration, or carbon allocation among tree 

compartments. Studying the interdependence between both WUE and growth can therefore provide 

insight into which drivers are most important to both processes. In addition, for species of 

agronomic interest such as poplar, a lack of trade-off (i.e. no antagonism between traits) is of 

particular interest since it may be seen as an opportunity for optimizing tree WUE when selecting 

for productive genotypes (Monclus et al. 2006). The strength and the direction of the growth-WUE 

relationship for trees are highly variable depending on the species considered and their respective 

life history, such that positive (Lauteri et al. 2004; Ducrey et al. 2008), negative (Aletà et al. 2009) 

or no relationships (Brendel et al. 2002) have been reported. Studies on poplar have most often 

reported no significant correlation (Marron et al. 2005; Monclus et al. 2005, 2006; Voltas et al. 

2006; Chamaillard et al. 2011; Rasheed et al. 2011; Toillon et al. 2013) although weak but positive 

trends have sometimes been observed (Monclus et al. 2009; Chamaillard et al. 2011; Toillon et al. 

2013). Yet, it is worth noting that most of the above-cited studies have focused on bulk leaf δ13C. 

However, relating WUE estimates with growth performance may be problematic if the timeframe 

considered for growth differs from the course of leaf tissue synthesis, which may partly explain the 

variable relationships observed (Toillon et al. 2013). In this case, the δ13C recorded in tree-rings 

may provide valuable and complementary information considering the longer time scale of 

integration. 

In contrast to δ13Cleaf which provides a proxy for photosynthetic activity over the limited course of 

leaf formation, the 13C signal recorded in tree-rings can provide an estimation of WUE weighed over 

the period of radial growth (McCarroll and Loader 2004). However, wood is a composite tissue 

comprising several chemical components, the most important being cellulose, hemicelluloses and 

lignin, each with a distinct isotopic signature because of their specific biosynthesis processes 

(Wilson and Grinsted 1977; McCarroll and Loader 2004). Therefore, differences in the proportion of 

the different wood constituents may blur the signal when comparing contrasting individuals. 

Isolating a single component of the wood can in turn remove this variation, and cellulose is 
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generally preferred because the 13C signal of cellulose is supposed to reflect closely that of primary 

photosynthates, and because contrary to lignin which can still be deposited in older rings cellulose 

is deposited during the year of ring formation only. 

In this study, we determined the 13C isotopic signature of different compartments (bulk leaf, bulk 

wood and holocellulose extracted from bulk wood) of six poplar genotypes grown for biomass and 

investigated how this relates to other traits related to carbon uptake and growth performance (incl. 

leaf structure, canopy development, growth phenology, relative growth rate and final aboveground 

biomass). To our knowledge, this is the first in-depth study in poplar considering different scales of 

measurements for both WUE and growth. Measurements were performed in the largest-scale short 

rotation bioenergy plantation installed in the Benelux (14.5 ha) during the second growing season 

of the first rotation. Interestingly, this plantation was set-up on a set of parcels with two different 

former land uses (cropland vs. pasture) already known to differ in soil nutrient concentrations 

(Broeckx et al. 2012a; Verlinden et al. 2013b). Therefore, the questions addressed were as follows: 

(i) Does former land use type (pasture vs. cropland) influence 13C signals and how does δ13C relate 

to soil nutrient characteristics? (ii) How do the δ13C signals measured in the different plant 

compartments (δ13Cleaf, δ13Cwood and δ13Cholocellulose) relate mutually? (iii) Does the relationship 

between WUE and growth-related traits depend on the time-scale of integration and 13C signal 

considered? 

2. Materials and methods 

2.1. Site description and plantation design 

The operational POPFULL site is located in Lochristi, province East-Flanders, Belgium (51°06’44” N, 

3°51’02” E) in a flat landscape at an elevation of 6.25 m above sea level. The site is subjected to an 

oceanic climate, with a mean annual temperature of 9.5 °C and a mean annual precipitation of 

726 mm (Royal Meteorological Institute of Belgium). The 18.4 ha site was a former farmland 

consisting of an adjacent set of parcels of pasture and croplands with corn as the most recent 

cultivated crop in rotation. During crop production, fertilization was applied at a rate of 

200-300 kg ha-1 yr-1 of nitrogen (N) as liquid animal manure and chemical fertilizers. An extensive 

soil survey before plantation establishment revealed that land use type influenced the upper soil 

layer composition (up to 15 cm): C and N mass fractions were significantly higher and bulk density 

was significantly lower in pasture as compared to cropland (see Broeckx et al. 2012a; Verlinden et 

al. 2013b). According to the Belgian soil classification, the area is situated in the sandy soil region of 

Flanders with poor natural drainage (Van Ranst and Sys 2000). This was evidenced from granular 

analyses, which characterized the soil as a sandy texture and a clay-enriched deeper soil layer at 

75 cm (Broeckx et al. 2012a).  
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On 7-10 April 2010 an area of 14.5 ha (excluding the headlands) was planted with 12 selected 

poplar (Populus spp.) genotypes, representing different species and hybrids of Populus deltoides 

Bartr. (ex Marsh.), P. maximowiczii Henry, P. nigra L., and P. trichocarpa Torr. & Gray (ex Hook.). 

The plantation was designed such that each genotype was represented by two to four monoclonal 

blocks of eight double rows wide, with block lengths varying from 90 m to 340 m. Dormant and 

unrooted cuttings were planted in a double-row planting scheme with alternating inter-row spacings 

of 0.75 m and 1.50 m and a mean distance of 1.10 m between trees within a row, yielding a 

planting density of ± 8000 trees ha-1. More details on site conditions, on poplar materials and on 

the plantation lay-out can be found in Broeckx et al. (2012a) and Verlinden et al. (2013a). 

2.2. Measurements 

For this study, six poplar genotypes were chosen to encompass the different parentages present in 

the plantation, i.e. Bakan, Skado (both P. trichocarpa  P. maximowiczii, T  M), Wolterson (pure P. 

nigra, N), Koster, Oudenberg (both P. deltoides  P. nigra, D  N) and Grimminge (P. deltoides  (P. 

trichocarpa  P. deltoides), D  (T  D)). For each genotype, measurements were performed at 

eight sampling plots located within the monoclonal blocks and spread over the plantation area (6 

genotypes  4 plots  2 land use types). All measurements were performed during the second 

growing season of the first two-year rotation (2011); trees were therefore all single-stem. 

2.2.1.  Leaf traits 

Leaf traits were determined in early August 2011 for five randomly selected trees per plot (n = 40 

per genotype, 240 in total). For each tree, the first fully mature leaf on the main stem was 

collected. The individual leaf area was determined by scanning the lamina and processing the scans 

with the ImageJ software. Depending on the size of the leaf, 4-12 leaf disks were subsampled from 

the lamina with a punch of 20 mm diameter, avoiding the lamina midrib. Leaf disks and petioles 

were then oven dried for 24 hours at 60°C to determine the specific leaf area (SLA); SLA was 

calculated by dividing the area of the n disks per leaf by their total dry mass. Subsequently, the 

oven-dried leaf discs were ground to a fine powder for the determination of C and N concentrations 

and for the analysis of bulk leaf carbon isotope composition (δ13Cleaf). The N concentration of the 

same samples used for δ13C analyses was obtained with a Flash elemental analyser (Thermo Fisher 

Scientific, Bremen, Germany) and was expressed on an area basis (NA, g cm-2). 

2.2.2.  Wood traits 

Wood samples were collected at the end of the 2011 growing season during the dormant period 

(January 2012) on the same trees as those previously sampled for δ13Cleaf determination (n = 40 per 

genotype). Approx. 2-cm-long samples were cut at the base of the current year (2011) main stem 

and used for the assessment of the carbon isotope composition of wood and holocellulose (δ13Cwood 

and δ13Cholocellulose, respectively). Bark and pith were first removed before the samples were oven-
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dried at 60°C and subsequently ground milled. The extraction of holocellulose was carried out using 

100 mg of wood powder following a slightly modified protocol of Brendel et al. (2000). Briefly, the 

material was transferred to autoclavable borosilicate USP type 1 V-vials with PTFE-coated screw 

caps (Supelco/Sigma-Aldrich, Bellefonte, PA, USA), and gently suspended in 2 ml 80% acetic acid 

and 0.2 ml 69% nitric acid. Samples were gently mixed and subsequently boiled at 120°C for 20 

min in a vertical tabletop autoclave (PBI international, Milan, Italy). After cooling to room 

temperature, 2.5 ml 99% ethanol was added and the samples were briefly vortexed and let to 

settle for 15 min. The pellet was washed twice with 5 ml 99% ethanol, twice with 5 ml de-ionized 

water, once with 4 ml ethanol and finally once with 4 ml aceton. All samples were dried in an oven 

at 50°C. The extraction of holocellulose was confirmed by micro-pyrolysis. 

2.2.3.  Carbon isotope analysis 

All carbon isotope analyses were performed at the Stable Isotope Laboratory of the James Hutton 

Institute (Invergowrie, Dundee, UK). Subsamples of ground material (leaf, wood and holocellulose) 

were enclosed in tin capsules and combusted in a Delta V isotope ratio mass spectrometer (IRMS) 

(Thermo Fisher Scientific, Bremen, Germany). The CO2 produced by combustion was purified and its 
13CO2/12CO2 ratio was analysed by the IRMS. The carbon isotope composition (δ13C, ‰) was 

expressed relative to the Pee Dee Belemnite (PDB) standard and was calculated as: 

δ13C = [(Rsa – Rsd) / Rsd] × 1000  (4.1) 

where Rsa and Rsd are the 13CO2/12CO2 ratios of the sample and the standard, respectively (Farquhar 

et al. 1989). The accuracy of the measurements was assessed by repeated measurements of 

laboratory standards and was ± 0.11‰ (standard deviation). 

2.2.4.  Growth measurements, leaf area index and bud phenology 

On 15 July 2011 (three weeks before leaf sampling), the stem diameter at 22 cm height was 

measured for the 240 trees using a digital caliper (Mitutoyo, CD-15DC, UK, 0.01 mm precision). In 

addition, the fifth leaf (foliar rank counting from the first top leaf exceeding 20 mm in length) of 

each tree was marked with a label. Three weeks later, diameter measurements were repeated. The 

number of newly produced leaves was counted from the position of the label and the leaf increment 

rate was calculated as the number of leaves produced per day. Diameter measurements at the two 

dates were converted to aboveground woody biomass estimates using genotype-specific allometric 

relationships relating stem diameter to aboveground woody tree biomass (see details in Broeckx et 

al. 2013). The biomass estimates at the two dates were then used to compute the relative growth 

rate (RGR, g kg-1 day-1) of the aboveground woody tree compartment as: 

RGR = [ln(m2) – ln(m1)] / (t2 –t1)  (4.2) 
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where m2 and m1 represent the estimated dry masses at dates 2 and 1 (t2 and t1, respectively) 

(Hoffmann and Poorter 2002). Diameter measurements were finally repeated at the end of the 

growing season to estimate the final aboveground woody biomass. 

To monitor canopy development, the leaf area index (LAI) was measured in each plot monthly 

throughout the growing season from April to November (Broeckx et al. 2013; Verlinden et al. 

2013a). The LAI-2200 Plant Canopy Analyzer (LI-COR Biosciences, Lincoln, NE, USA) was used to 

measure LAI indirectly by comparison of above- and below-canopy readings with a 45° view cap. 

The LAI measured closest to the date of leaf sampling corresponded to the maximal LAI of the 

growing season (LAImax). Leaf area duration (LAD) was calculated as the area below the 2011 

seasonal LAI curve per plot by integration over time. Further, the phenological onset and ending of 

the growing season were monitored by observing the apical buds of four trees per plot during 

spring and autumn 2011. The timing of spring bud flush was defined at a stage according to: “Bud 

sprouting, with a tip of the small leaves emerging out of the bud scales, which couldn't be observed 

individually” (based on UPOV 1981). The timing of bud set, accompanied by the end of leaf 

production was set at the time when the “apical bud was present but not fully closed, bud scales 

were predominantly green and no more rolled-up leaves were present” (Rohde et al. 2010). 

Subsequently, the length of the growing season was defined as the period in between these two 

phenological stages. 

2.2.5.  Soil analysis 

Soil characteristics were estimated at each of the 48 measuring plots. Soil samples were taken up to 

30 cm depth using a handmade gouge auger. At each plot, six samples (3 cm diameter) spatially 

distributed over the 5.5 m  6.75 m plot area were taken. The six samples were merged and 

treated further as a mixed sample per plot. Preceding the analyses, the soil was oven-dried for 

three days at 70 °C. Total C and N mass fractions were analyzed by dry combustion (NC-2100, 

Carlo Erba Instruments, Italy). The pH was measured with a glass electrode in a KCl solution. Mass 

fractions of phosphorus (P) and potassium (K) were measured using inductively coupled plasma 

(ICP) analysis, based on the method of Egnér et al. (1960). 

2.3. Statistical analyses 

A Kolmogorov-Smirnov test was applied for testing the data for normality. The influence of 

genotype, former land use type and plot on the measured traits was then examined using a nested 

model of analysis of variance (ANOVA), with genotype and land use type as fixed factors, and plot 

(nested within genotype) as a random factor. When a significant genotype effect was observed, the 

Tukey’s HSD post-hoc test was further used to discriminate genotypes. Relationships between pairs 

of continuous variables were examined using linear regression analysis and Pearson’s correlation 

coefficients R. The slope of the relationship between δ13Cwood and δ13Cholocellulose was tested against 

the test value of 1 using the ‘smatr’ package in the R software (Version 3.0.1, a language and 
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environment for statistical computing and graphics). The homogeneity of slopes among genotypes 

was further tested using analysis of covariance where δ13Cholocellulose was considered as the covariate, 

δ13Cwood as the dependent variable and genotype as the fixed factor. δ13Cwood and δ13Cleaf were 

compared in a paired t-test. Statistical tests were considered significant at p ≤ 0.050. Otherwise 

specified, statistical analyses were performed in SPSS (Version 20, SPSS Inc., Chicago, IL, USA) and 

Microsoft Excel 2010 (Version 14.0.6112.5000). 

3. Results 

As expected, the values of δ13Cholocellulose were higher than those of δ13Cwood, but both were strongly 

correlated (R = 0.948, p < 0.0001) (Fig. 4.1). When all genotypes were combined, the slope of the 

relationship was not significantly different from the 1:1 line (p = 0.228), with an average offset of 

δ13C between holocellulose and bulk wood of 0.92 ± 0.29‰ (Fig. 4.1). At the genotype level, the 

relationships were all significant (p < 0.002). Analysis of covariance revealed that there was no 

significant interaction with genotype (p = 0.115), indicating that the slopes did not differ 

significantly among the six genotypes studied. There were however significant differences in the 

δ13C offset among genotypes (Table 4.1). The fraction of holocellulose extracted from bulk wood 

also varied significantly among genotypes from 33.6% to 37.7% for the genotypes Wolterson and 

Skado, respectively (Table 4.1); however, these differences did not appear to explain the variations 

observed in the δ13C offset. 

 
Fig. 4.1: Relationship between carbon isotope composition of bulk wood and 

extracted holocellulose for the six poplar genotypes. The dashed line 
represents the 1:1 line. The full line represents the linear regression on 
the pooled dataset (n = 240), given with the Pearson’s linear correlation 
coefficient (R) and the p-value. Statistical analyses indicated that the 
slope of the relationship was not significantly different from 1. The 
offset (± standard deviation) refers to the average difference between 
δ13Cholocellulose and δ13Cwood. 
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There were significant differences among genotypes in terms of δ13Cwood and δ13Cholocellulose (p < 

0.001; Table 4.1). Interestingly, the ranking of genotypic means was identical for δ13Cwood and 

δ13Cholocellulose, and was dependent upon parentage (Fig. 4.2; Table 4.1). Both T  M hybrids (Skado 

and Bakan) showed the least negative δ13C values with no significant difference between both. The 

pure P. nigra genotype (Wolterson) was ranked third, closely followed by and not significantly 

different from the D  N genotypes (Koster and Oudenberg). The backcrossed D  (T  D) genotype 

(Grimminge) exhibited the most negative δ13C values, being ranked sixth and significantly different 

from the five other genotypes (Fig. 4.2; Table 4.1). 

Fig. 4.2: Boxplots representing biological variation in δ13C across clonal replicates (n = 40) for 
holocellulose (left panel), bulk wood (middle panel) and August leaves (right panel) for 
the six poplar genotypes. Each box represents the quartile below (Q1) and above (Q3) the 
median value. Vertical bars represent minimum and maximum values except when the 
latter are away 1.5 times from the top of the interquartile (Q3–Q1) range. Values beyond 
this range (outliers) are represented as circles. The dashed lines within the boxes 
represent the mean values, the full lines represent the median values. Numbers below the 
boxes show the genotype ranking based on the mean values. Different letters above the 
boxes indicate significant differences between genotypes following Tukey’s post-hoc test. 
Parentages are given above the genotype names. T= P. trichocarpa, M = P. maximowiczii, 
N = P. nigra, D = P. deltoides. 

A positive and linear relationship was evidenced between δ13Cleaf and δ13Cwood (Fig. 4.3). This 

relationship was also significant, for all six genotypes considered separately. There was however no 

consistency among genotypes neither for the slope of the relationship nor for the offset of δ13C 

between leaf and wood. As the slope of the pooled dataset was significantly smaller than 1 (Fig. 

4.3, p < 0.001), five of the six genotypic relationships displayed slopes ranging from 0.44 to 0.70, 

the exception being genotype Grimminge with a slope of 1.24. For half of the genotypes (Bakan, 

Skado and Koster) δ13Cleaf  was on average more negative than δ13Cwood, though only for Koster the 

difference was significant (p < 0.001). For the three other genotypes the opposite was observed, 

i.e. δ13Cleaf was less negative than δ13Cwood (all p  0.010), with the most prominent difference of 

1.03‰ recorded for genotype Oudenberg (Table 4.1; Fig. 4.2). Consequently, the ranking of 

genotypic means for δ13Cleaf was slightly different as compared to δ13Cwood, with Oudenberg showing 

the second least negative values and shifting the ranks of the other genotypes (Fig. 4.2).  
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Table 4.1: Significance (p-values) of the mixed model analysis of variance for the different physiological traits measured on the six poplar genotypes. Land use type and 
genotype were considered as fixed factors. Mean values are given with standard deviation between brackets. 

   Statistics 
(p-value ANOVA)  genotype  land use type 

   

genotype 
effect 

land use 
effect 

interaction 

 Skado Bakan Wolterson Koster Oudenberg Grimminge  cropland pasture 

 δ13Cleaf ‰ <0.001 <0.001 0.089  -26.81 (0.37)a -27.05 (0.66)ab -27.56 (0.47)b -28.34 (0.76)c -26.96 (0.50)ab -28.36 (0.95)c  -27.83 (0.97) -27.19 (0.69) 

 δ13Cwood ‰ <0.001 <0.001 0.703  -26.69 (0.53)a -26.98 (0.61)a -27.77 (0.37)b -27.92 (0.62)b -27.98 (0.47)b -28.68 (0.62)c  -27.93 (0.86) -27.41 (0.77) 

 δ13Cholocellulose ‰ <0.001 <0.001 0.148  -25.85 (0.46)a -25.97 (0.66)a -26.92 (0.31)b -26.94 (0.59)b -26.98 (0.46)b -27.75 (0.61)c  -26.91 (0.87) -26.51 (0.73) 

 offset (δ13Cholocellulose 
– δ13Cwood) 

‰ 0.041 0.041 0.019  0.79 (0.31)a 1.01 (0.20)c 0.83 (0.37)ab 0.95 (0.28)abc 1.00 (0.29)bc 0.94 (0.22)abc  0.97 (0.27) 0.87 (0.31) 

Leaf                       

 leaf increment rate # day-1 <0.001 0.669 0.003  0.327 (0.041)b 0.311 (0.050)b 0.352 (0.065)b 0.436 (0.051)a 0.422 (0.054)a 0.332 (0.043)b  0.365 (0.062) 0.362 (0.077) 

 SLA m2 kg-1 0.015 0.583 0.034  11.86 (1.20)ab 11.96 (1.46)ab 11.51 (1.29)ab 12.92 (1.90)a 11.38 (1.10)b 12.57 (1.49)ab  12.11 (1.62) 11.95 (1.42) 

 individual leaf area cm² <0.001 0.820 0.310  404 (105)a 402 (141)a 63 (8)b 89 (27)c 113 (40)c 235 (79)b  215 (155) 219 (172) 

 leaf N g cm-2 <0.001 <0.001 0.036  1.89 (0.40)b 1.59 (0.51)b 2.60 (0.32)a 1.58 (0.43)b 2.03 (0.61)b 1.64 (0.50)b  1.62 (0.58) 2.16 (0.46) 

 LAImax° m2 m-2 <0.001 0.965 0.111  3.34 (0.79)a 1.94 (0.60)bc 1.57 (0.55)c 2.63 (0.39)ab 2.26 (0.32)bc 2.77 (0.71)ab  2.42 (0.57) 2.42 (1.00) 

 LAD° m2 day m-2 <0.001 0.598 0.102  560 (152)a 298 (98)bc 183 (57)c 370 (74)b 290 (32)bc 378 (95)b  353 (109) 640 (177) 

Wood                       

 RGR g kg-1 day-1 0.310 0.003 0.651  6.07 (3.91) 4.07 (1.73) 6.43 (1.90) 5.41 (2.65) 5.63 (2.59) 6.03 (3.38)  4.66 (2.00) 6.65 (3.29) 

 final aboveground 
biomass g tree-1 <0.001 0.133 0.104  1891 (610)a 1358 (423)ab 748 (292)c 1191 (531)bc 1345 (638)ab 1493 (592)ab  1258 (510) 1417 (715) 

 ratio holocellulose g (100 g)-1 <0.001 0.275 0.404  36.8 (3.2)ab 37.7 (3.1)a 33.6 (3.2)c 34.6 (2.7)bc 34.7 (2.4)bc 34.7 (2.9)bc  35.6 (2.7) 35.0 (3.6) 

° LAImax and LAD were sampled at the plot level (n = 8 per genotype; n = 24 per land use type); other variables were measured at the tree level (n = 40 per genotype; n = 120 per land use type). offset = difference 
between δ13Cholocellulose and δ13Cwood; SLA = specific leaf area; N = area-based nitrogen content; LAImax = maximal seasonal leaf area index; LAD = seasonal leaf area duration; RGR = relative growth rate. Different letters in 
superscript indicate significant differences (p < 0.05) following Tukey’s post-hoc test. 
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Fig. 4.3: Relationship between δ13Cleaf and δ13Cwood for the six poplar genotypes. The 

dashed line represents the 1:1 line. The full line represents the linear 
regression of the pooled dataset (n = 240), with the Pearson correlation 
coefficient (R) and its significance level. Pearson R values for correlations 
per genotype are also given in the legend. Significance levels: *** p < 0.001; 
** p < 0.010; * p < 0.050. 

Table 4.2: Mean values with standard deviation between brackets of selected soil characteristics 
and significance (p-values) of the difference between previous land use types. Soil was 
sampled in the upper 30 cm layer at the plot level (n = 24 per land use type); 
Abbreviations are as follows: K, potassium; P, phosphorus; C, carbon; N, nitrogen 
content.  

  Statistics 
(p-value)  cropland pasture 

pH  0.528  5.33 (0.45) 5.24 (0.62) 

K mg (100 g)-1 0.004  13.88 (3.10) 10.63 (4.84) 

P mg (100 g)-1 0.074  25.62 (7.78) 22.46 (6.14) 

C g (100 g)-1 0.415  1.64 (0.23) 1.57 (0.31) 

N g (100 g)-1 0.033  0.171 (0.017) 0.182 (0.017) 

Total soil N concentrations in the upper 30 cm layer recorded at the specific measurement plots 

were significantly higher in pasture than in cropland; this confirmed the findings of a previous soil 

survey conducted over the complete plantation (Broeckx et al. 2012a; Verlinden et al. 2013b). 

Potassium concentrations were significantly lower in pasture than in cropland (Table 4.2) while pH, 

C and P concentrations were not different between previous land use types (Table 4.2). Values of 
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δ13Cleaf, δ13Cwood and δ13Cholocellulose were significantly higher for the trees grown in previous pasture 

than for those grown in previous cropland for about 0.5‰ (Table 4.1). Besides, former land use 

significantly affected the leaf N contents, trees growing on previous pasture displaying higher leaf N 

concentration as compared to trees growing on former cropland (2.16 versus 1.62 g cm-2, 

respectively) (Table 4.1); the effect was however genotype-dependent (Table 4.1). There was no 

significant effect of former land use for other leaf traits, but significant genotype  land use 

interactions were recorded in most cases (Table 4.1). Following the leaf N pattern, RGR was 

significantly higher for trees grown in previous pasture (6.65 g kg-1 day-1) than for those grown in 

cropland (4.66 g kg-1 day-1) (Table 4.1). Although land use affected several traits, no significant 

correlations were found between individual soil characteristics and other tree-related traits at the 

plot level. 

 
Fig. 4.4: Relationship between δ13Cleaf and leaf area-based nitrogen content for the 

six poplar genotypes. The lines represent the linear regressions per 
genotype (n = 40), with Pearson correlation coefficients (R) given in the 
legend. Significance levels: *** p < 0.001; ** p < 0.010; * p < 0.050. The 
correlation of the pooled dataset (n = 240) was also significant (R = 
0.432 and p < 0.0001, not shown in the graph). 

 

Fig. 4.5 (right-hand page): Relationships between leaf and wood carbon isotope composition 
(δ13Cleaf and δ13Cwood, respectively) and other traits related to growth and carbon uptake for 
the six poplar genotypes. Pearson correlation coefficients R (represented as r in the 
graphs) per genotype are given in the legend with significance levels: *** p < 0.001; ** p 
< 0.010; * p < 0.050; ns, non-significant. Pearson correlation coefficient of the pooled 
data is also given in the graph. Abbreviations are as follows: SLA, specific leaf area; RGR, 
relative growth rate; LAImax = maximal leaf area index (in the period of leaf sampling). 
Data points represent individual values (total n = 240) for all variables except LAImax for 
which data points represent plot averages (total n = 48). 
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Fig. 4.6: Relationship between δ13Cwood and phenology parameters (dates of bud burst and bud set, 
and growing season length). The Pearson correlation coefficient R is given with the 
significance of the linear regression for the pooled data at the plot level (n = 48). 

Values of δ13Cleaf were significantly and positively correlated with leaf N, both for the pooled dataset 

and the six genotypes separately (Fig. 4.4); the same trend was observed for δ13Cwood (R = 0.271, p 

< 0.001 for the pooled dataset) and δ13Cholocellulose (R = 0.239, p < 0.001 for the pooled dataset), 

suggesting higher WUEi with higher N in leaves. All genotypes gathered, the final aboveground 

biomass was positively but weakly correlated with δ13Cwood and δ13Cleaf (Fig. 4.5); at the genotype 

level, the correlation was significant for only two genotypes (Oudenberg and Skado). Relationships 

between δ13C values and other traits related to biomass production were overall weak and variable 

too (Fig. 4.5). Relationships with leaf increment rate were only significant when pooling all data (r = 

-0.14, p < 0.05 and R = -0.22, p < 0.01 for δ13Cleaf and δ13Cwood, respectively). No significant 

correlation was found with LAImax, neither at the genotype level nor when pooling data (Fig. 4.5), 

and the same was observed with LAD (data not shown). In contrast, bud phenology indexes and 

growing season length were strongly related to δ13Cleaf and δ13Cwood (Fig. 4.6): less negative δ13C 

values were observed for genotypes starting their growing season earlier as well as for those 

ending their growing season later (Fig. 4.6), resulting in a significant and positive correlation (p < 

0.001) between the length of the growing season and δ13C values (Fig. 4.6). 

4. Discussion 

4.1. Effect of soil characteristics and previous land use type on tree WUE 

The large scale-plantation (14.5 ha planted) of this experiment offered the opportunity to test 

whether possible heterogeneity in soil characteristics could drive local differences in WUE. We found 

no link between plot soil characteristics and average plot δ13C values. The impact of soil 

characteristics on tree growth performance has been similarly investigated before for different 

poplar genotypes grown under short rotation coppice, and no clear relations could be drawn either 

(Laureysens et al. 2004). However, in contrast to the latter study significant variation in individual 



  CHAPTER 4   

 

 

119 

soil characteristics occurred among the plots covering the whole plantation area, suggesting the 

lack of a relationship with δ13C may not be attributable to the low variation in soil properties. 

Another possible explanation for the lack of relationship may be that important soil elements were 

unaccounted for, although the most common ones known to influence poplar physiology (i.e. pH 

and mass fractions of nutrients N, P and K) were included in this study (Heilman and Fu-Guang 

1993; Harvey and van den Driessche 1997, 1999). Altogether, this suggests that it is difficult to 

relate directly individual soil characteristics to complex and integrative physiological processes. More 

likely, specific combinations of individual soil properties together with other micro-environmental 

variations (e.g. local soil water availability, bacterial and fungal communities, soil compaction at 

planting) and tree-specific characteristics (e.g. rooting ability, rooting depth) jointly drive local tree 

physiological performance. 

Although no significant relationship was observed at the plot level, there was a clear effect of 

previous land use on WUE estimates. Leaf and stem tissues were systematically more 13C enriched 

(0.5‰ on average) for trees growing on former pasture as compared to former cropland. 

Interestingly, soil analyses revealed a higher N mass fraction in pasture, in agreement with previous 

results obtained on the same plantation (Broeckx et al. 2012a, Verlinden et al. 2013b), suggesting 

that increased N availability resulted in enhanced tree WUE. Nitrogen supply has already been 

shown to increase WUE (Lajtha and Whitford 1989; Harvey and van den Driessche 1999; Livingston 

et al. 1999; Ripullone et al. 2004) although opposite trends have also been reported (Guehl et al. 

1995; Korol et al. 1999; Hubbard et al. 2004), most likely because of species-specific responses to 

nutritional status. According to Ripullone et al. (2004), increased WUE in response to higher N 

availability may arise from (i) increased stomatal control without influence on assimilation rate (Toft 

et al. 1989), (ii) increased assimilation rate because of increased N investment in the photosynthetic 

apparatus without effect on stomatal conductance (Liu and Dickmann 1996, Harvey and van den 

Driessche 1999, Welander and Ottosson 2000), or (iii) a combination of both (Wang et al.  1998, 

Livingston et al. 1999). The positive relationship between leaf N content and δ13Cleaf observed for all 

genotypes suggests that spatial differences in tree WUE among land use types were mainly 

mediated by increased photosynthetic capacities. A similar relationship between leaf N and δ13C has 

already been reported in poplar (Ripullone et al. 2004; Monclus et al. 2006; Toillon et al. 2013) and 

gas exchange measurements have confirmed that variations in photosynthetic capacities and 

assimilation rate can contribute at least partly to variations in WUE depending on growing 

conditions (Ripullone et al. 2004; Monclus et al. 2006). 

The relationship between leaf N content and δ13Cleaf proved to be different among genotypes. In 

particular, the genotypes Bakan, Skado (both T  M) and Oudenberg (D  N) showed less negative 

δ13Cleaf (and supposedly higher WUEi) at low leaf N as compared to the other genotypes (especially 

Koster and Grimminge). Genotypic differences in the effective proportion of N allocated to the 

photosynthetic components (RuBisCO and light harvesting complex) may explain these patterns 

(Ripullone et al. 2003). However, considering that δ13Cleaf is a weighted average of ci/ca over the 

lifespan of the CO2 fixed in the leaf organic matter, differences in δ13Cleaf for the same leaf N 
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content might also originate from e.g. genotypic differences in stomatal conductance to water 

vapour or internal mesophyll CO2 diffusive conductance. 

Along with N, the elements P and K are the other two most common nutrient elements limiting for 

plant growth. In our study, previous land uses also differed in K concentration, with higher values 

recorded in cropland (Verlinden et al. 2013b); P concentrations were slightly higher in cropland too, 

although the differences were not significant. Increased K supply has already been shown to result 

in decreased transpiration and increased leaf level WUE for several greenhouse-grown poplar 

genotypes (Harvey and van den Driessche 1999) as well as in Sitka spruce (Bradbury and Malcolm 

1977). Similarly higher foliar K and P concentrations have been associated with increased WUEi (Xu 

et al. 2000, Cao et al. 2011). However, these trends do not fit with the δ13C differences observed in 

our study for the soil K and P concentrations. We conclude therefore that variations in δ13C among 

land use types were primarily caused by differential N availability. 

Water availability is commonly known to directly influence tree WUE because of a tight stomatal 

control of water loss. Local variations in water accessibility may therefore play an important role in 

driving spatial WUE variations in large-scale plantations. However, although not directly addressed, 

we conclude that this was unlikely the case for the following reasons. Firstly, the plantation was 

installed on a flat land with a very poor slope variation, leading to a more or less constant water 

table across plots. Secondly, at the year of sampling there were no significant differences anymore 

in soil C, soil texture and bulk density between previous land use types (Verlinden et al. 2013b), 

these three factors being important determinants of the water holding capacity of a soil (Vereecken 

et al. 1989). Thirdly, the leaves used for δ13Cleaf determination were sampled in early August, when 

soil water availability was likely not a limiting factor anymore for the past several weeks. Local but 

continuous measurements indeed revealed that soil water potential in the first 40 cm was returned 

to zero from mid-July onwards because of important rainfall events (138 mm cumulated over the 

four weeks before sampling, see Broeckx et al. 2013). 

4.2. Relationships between δ13Cwood, δ13Cholocellulose and δ13Cleaf 

Because of the presence of lignin in bulk wood, which is 3-5‰ more depleted in 13C than cellulose 

(Benner et al. 1987; Loader et al. 2003), the offset in δ13C between bulk tissue and cellulose is 

generally in the range of 0.5-2‰ (Borella et al. 1998; Loader et al. 2003; Verheyden et al. 2005; 

Harlow et al. 2006; Szymczak et al. 2011). The average δ13C offset of 0.92‰ found in our study 

fitted within this range, although near the lower end. The cellulose extracted in our study 

corresponded to holocellulose, not to purified α-cellulose, and thus contained a fraction of 

hemicelluloses. Now, hemicelluloses content is generally larger in juvenile wood than in mature 

wood (Rowell et al. 2005) and hemicelluloses have a lower δ13C than pure cellulose (Benner et al. 

1987; MacFarlane et al. 1999). Considering that our samples originated from young plant material 

(current year shoot), this may explain the rather low δ13C offset. Yet, a recent work on 15-17 years-
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old poplar genotypes reported a very similar offset (1‰), although they used α-cellulose purified 

from holocellulose (Rasheed et al. 2011). 

The δ13C offset between whole-wood and holocellulose was not constant across the six genotypes, 

genotypic averages falling within the range of 0.79-1.01‰. Although these differences were not 

sufficient to alter the genotype ranking, our results suggest that δ13Cwood may not provide a reliable 

and consistent signal for inter-genotype comparisons, even for juvenile trees such as those studied 

here. This is only partly confirmatory of the findings reported by Rasheed et al. (2011) on several 

hybrid poplars. In their study, the δ13C offset significantly differed among genotypes at only one 

study site while no differences could be noted at the two other sites. However, their data further 

indicated that there was a significant temporal trend with ageing in the offset of several genotypes. 

This reinforces the idea that cellulose extraction may be a prerequisite in poplar when one wants to 

draw conclusions on genotypic differences in WUEi from wood, even from closely related genotypes. 

The most plausible reason for the differences observed in the δ13C offset relates to genotypic 

variations in the relative proportion of the different wood constituents. Yet, it is worth noting that, 

surprisingly, genotypic differences in the δ13C offset did not follow any obvious parentage pattern; 

this was clearly visible from the genotypes Bakan and Skado (full-sibs, T  M parentage) which had 

the highest and the lowest offset values, respectively. It is known that substantial variation in wood 

composition and properties exists among poplar genotypes, including lignin and cellulose contents 

(Studer et al. 2011; Porth et al. 2013). Higher proportions of lignin could therefore be responsible 

for higher offsets, although the holocellulose fractions obtained after extraction do not support this 

line of reasoning (the highest holocellulose values were obtained for Bakan and Skado, i.e. the 

genotypes most contrasting for offset values). A detailed characterization of the different wood 

fractions would help confirming this. 

Values of δ13Cleaf were significantly and positively related to δ13Cwood (and thus δ13Cholocellulose), 

suggesting that overall a non-negligible part of the 13C signal carried by the whole-wood was 

actually captured by leaves sampled in August. A similar relationship has already been reported 

across different woody species (Panek and Waring 1997; Guehl et al. 1998; Schulze et al. 2006) but 

to the best of our knowledge this is the first time reported in poplar. On average, wood was 13C 

enriched as compared to leaves in only three genotypes (Bakan, Skado and Koster; positive offset 

from 0.08 to 0.44‰); this pattern is consistent with literature surveys which have revealed that 

heterotrophic tissues from C3 plants are generally 13C enriched as compared to autotrophic tissues 

because of the existence of post-photosynthetic fractionation processes (see Badeck et al. 2005 and 

Cernusak et al. 2009 for reviews). In contrast, the opposite was observed in the other three 

genotypes (Oudenberg, Grimminge and Wolterson; negative offset from -0.21 up to -1.03‰), the 

same for which, noteworthy, the weakest correlation coefficients between δ13Cwood and δ13Cleaf were 

recorded. For these genotypes, the δ13C imprinted on August leaves was therefore less 

representative of the seasonal integrated WUEi, as if leaves were operating at a much lower ci/ca 

during this period. Differences in leaf developmental stage (Cernusak et al. 2009) are unlikely to 
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explain this as all leaves sampled for all genotypes were sunlit mature leaves originating from the 

current-year main stem. However, besides integrating the growing season, the 13C signal recorded 

in wood also carries a weighted average of the whole canopy. Genotypic differences in canopy 

architecture and relative contributions of main leaves vs. branch leaves in the photosynthetic 

process may thus be one possibility. 

Although our results indicate that some caution should be taken when drawing conclusions on 

genotypic differences in WUEi from the δ13C signals of different compartments, δ13Cwood and 

δ13Cholocellulose were still efficient at discriminating the different poplar parentages; δ13Cleaf values 

proved to be less relevant, mainly because of the discrepancy observed between δ13Cleaf and 

δ13Cwood for the genotype Oudenberg. Based on the δ13C values recorded, the two T  M genotypes 

(Bakan and Skado) clearly displayed the highest WUE integrated over the season, followed by the N 

(Wolterson) and the D  N (Koster and Oudenberg) genotypes and finally by the D  (T  D) 

(Grimminge) genotype. It is worth noting however that this study is based on a limited number of 

genotypes, and substantial variation in δ13Cwood (and δ13Cholocellulose) must surely exist among 

genotypes of the same parentage as already reported for δ13Cleaf (e.g. Monclus et al. 2006, 2009; 

Dillen et al. 2008, 2011b). 

4.3. Relationship between growth and WUE 

Overall, relationships between WUE estimates and final aboveground biomass production or other 

growth-related traits were weak and highly variable. However, it is important to note that no trade-

off could be observed between WUE and growth confirming previous findings reported for P. 

deltoides  P. nigra (Monclus et al. 2005, 2006; Voltas et al. 2006; Bonhomme et al. 2008; Fichot et 

al. 2010; Toillon et al. 2013), P. deltoides  P. trichocarpa (Monclus et al. 2009; Rae et al. 2004) or 

P. nigra (Chamaillard et al. 2011). Interestingly, the use of δ13Cwood or δ13Cholocellulose (which integrate 

the whole growing season) as a complement to δ13Cleaf (which integrates several weeks) did not 

fundamentally change the observed patterns since both were partly related (see above discussion). 

Therefore, we conclude that tree growth and WUE were to a large extent uncoupled in our study. 

Whether this will remain true with tree ageing remains to be analyzed, but recent data on 15-17 

years-old poplar genotypes have indicated that tree-ring δ13C and growth based on annual basal 

area increment remained unrelated over time (Rasheed et al. 2011). 

The direction and the strength of the relationship between growth and WUE are not necessarily 

straightforward as demonstrated by the contrasting patterns observed in the literature (e.g. 

Johnsen et al. 1999; Brendel et al. 2002; Lauteri et al. 2004; Aranda et al. 2010; Merchant et al. 

2011). Non-significant or negative relations are often interpreted as stomatal behaviour being the 

main driver of WUEi, while positive relations are often ascribed to net CO2 assimilation rate driving 

both variations in WUEi and growth. However, this may be more complicated. Both traits are 

influenced by multiple morphological and physiological components (Cernusak et al. 2008) which 

can be more or less interconnected depending on environmental conditions and developmental 
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stage. On the one hand, final aboveground biomass production reflects the integral of RGR. Relative 

growth rate itself is controlled by a combination of leaf mass ratio (which reflects biomass allocation 

to the leaf compartment), SLA (which reflects leaf morphology) and net assimilation rate (which 

reflects the net carbon fixation during photosynthesis). The influence of each component on RGR 

fluctuates with species and time (Shipley 2000, 2002). On the other hand, WUEi depends on the 

balance between carbon and water fluxes during photosynthesis. It is therefore likely that whenever 

net assimilation rate is not the main source of variation for both growth and WUE, uncoupling may 

arise (Lauteri et al. 2004). Understanding the physiological causes of the (un)coupling between 

growth and WUE in poplar would require a more comprehensive work accounting explicitly for 

ontogenic- and environment-related variation in all components. 

While WUE estimates were overall poorly correlated with traits directly related to growth and carbon 

uptake, strong correlations (R > 0.79) were observed with leaf phenology, i.e. with bud burst and 

bud set dates, as well as with the length of the growing season. The timing of leaf unfolding and 

bud set is supposedly important in delimiting the effective period of growth in deciduous trees and 

is under strong genetic control in poplar (Marron et al. 2010; Rohde et al. 2010). However, a longer 

growing season does not necessarily translate into a higher investment in growth (Toillon et al. 

2013), and this was also observed in our study. Indeed, although the two most productive 

genotypes (Bakan and Skado, both T×M) displayed the longest growing season, both traits were 

partly uncoupled in the other four genotypes (see Verlinden et al. 2013a). This probably explained 

why phenology correlated better with WUE estimates than growth parameters per se. The 

relationship between leaf phenological events and WUE is not well documented in the literature, 

although it may be informative for strategies regarding resource-use efficiency. A progeny test with 

22 families of Juglans regia L. revealed that early-flushing genotypes exhibited higher WUE as 

inferred from leaf δ13C, which was attributed to a drought-avoidance strategy (Aletà et al. 2009). In 

contrast, recent findings on poplar showed no significant relationship among 56 Populus deltoides  

P. nigra genotypes (Toillon et al. 2013). In our case, the genotypes with the earliest growth onset 

were also the most efficient to use water based on δ13C values, and because bud burst and bud set 

dates were closely but negatively related, genotypes exhibiting a longer growing season displayed a 

higher WUE. This suggests that genotypes with a shorter growing season may be more profligate in 

using water while genotypes growing for an extended period may reduce water expenditure. 

However, this link should be interpreted cautiously, especially when inferring on its functional 

significance. The nature of the relationship remains correlative and is based on a limited number of 

genotypes, all the more with different parentage. Thus, it is likely that the relationship observed 

was primarily driven by the contrasting life history of the different poplar species considered. Yet, 

from a practical perspective, the two genotypes Bakan and Skado warrant attention for short-

rotation plantations given their extended growing season, high biomass production and high WUE. 

In conclusion of this study, we measured the 13C composition of leaves (δ13Cleaf), wood (δ13Cwood) 

and holocellulose (δ13Cholocellulose) in 2-yr old hybrid poplar genotypes grown for biomass in a short-

rotation plantation. Our results indicate that substantial spatial variations in leaf-level water-use 
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efficiency can occur in such large-scale plantations as a result of differences in former land use; 

whether this pattern remains true after several rotations is unknown and requires additional 

assessment. Values of δ13Cwood and δ13Cholocellulose were tightly related but the offset between the two 

was genotype-dependent; although this did not affect directly genotype ranking, δ13Cwood may not 

provide a reliable signal to infer on WUE differences among poplar genotypes of contrasting 

parentage. Strong correlations were observed between δ13C values and the phenology indices such 

that genotypes with the highest WUE displayed the longest growing season. However, irrespective 

of the δ13C estimate considered, our results showed that WUE was largely uncoupled from growth 

performance, leaving hope to identify genotypes with satisfactory growth and higher WUE in poplar 

bioenergy plantations. 
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Ecosystem carbon balance  

 

Verlinden MS, Broeckx LS, Zona D, Berhongaray G, De Groote T, Camino Serrano M, Janssens IA, Ceulemans R 

(2013) Net ecosystem production and carbon balance of an SRC poplar plantation during its first rotation. Biomass 

and Bioenergy 56:412-422. 

Abstract  

To evaluate the potential of woody bio-energy crops as an alternative energy source, there is need 

for a more comprehensive understanding of their carbon cycling and their allocation patterns 

throughout the lifespan. We therefore quantified the net ecosystem production (NEP) of a poplar 

(Populus) short rotation coppice (SRC) culture in Flanders during its second growing season. Eddy 

covariance (EC) techniques were applied to obtain the annual net ecosystem exchange (NEE) of the 

plantation. Further, by applying a component-flux-based approach NEP was calculated as the 

difference between the modeled gross photosynthesis and the respiratory fluxes from foliage, stem 

and soil obtained via upscaling from chamber measurements. A combination of biomass sampling, 

inventories and upscaling techniques was used to determine NEP via a pool-change-based 

approach. Across the three approaches, the net carbon balance ranged from 96 to 199 g m-2 y-1 

indicating a significant net carbon uptake by the SRC culture. During the establishment year the 

SRC culture was a net source of carbon to the atmosphere, but already during the second growing 

season there was a significant net uptake. Both the component-flux-based and pool-change-based 

approaches resulted in higher values (47-108%) than the EC-estimation of NEE, though the results 

were comparable considering the considerable and variable uncertainty levels involved in the 

different approaches. The efficient biomass production – with the highest part of the total carbon 

uptake allocated to the aboveground wood – led the poplars to counterbalance the soil carbon 

losses resulting from land use change in a short period of time.  
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1. Introduction  

At the present day energy from biomass has gained interest as an alternative for fossil fuels and as 

a possibility to bring down greenhouse gas emissions (Buyx and Tait 2011; Sadrul Islam and 

Ahiduzzaman 2012). Land use changes affecting the cycling and storage of carbon (C) in 

ecosystems (Houghton 1999) are one of the main causes of the increased greenhouse gas levels in 

the atmosphere (Kalnay and Cai 2003; Lal 2004). However, afforestation of abandoned and 

marginal farmland can enhance ecosystem C storage and potentially counteract the processes of C 

loss (Ross et al. 2002). Within this context the establishment of short rotation coppice (SRC) 

plantations for bio-energy production has potential for mitigating the rising greenhouse gas levels in 

the atmosphere (House et al. 2002). It has been assumed that the net CO2 emissions from bio-

energy cultures are zero (Hansen 1993) or are so-called ‘carbon neutral’ by taking up as much C 

during the growth as released upon conversion to energy. However, bio-energy cultures as SRC 

plantations might act as a CO2 source, particularly in the short to medium term (Vande Walle 2007) 

due to land use changes. During the consequent years they switch to C sinks (Hansen 1993; Grigal 

and Berguson 1998; Hellebrand et al. 2010; Arevalo et al. 2011; Zenone et al. 2011). The net C 

benefit of such plantations is fairly site specific (Arevalo et al. 2011); it is, therefore, important to 

study and quantify the C cycle of these ecosystems in more detail and to assess their impact on 

regional C balances (Vande Walle et al. 2007).  

The net C balance of an ecosystem can be assessed by both NEP (net ecosystem production) and 

NEE (net ecosystem exchange). NEP is the difference between net primary production (NPP) and 

heterotrophic ecosystem respiration. NPP is the total amount of new organic matter produced 

during a certain period (Clark et al. 2001). It is the difference of the total photosynthetic uptake of 

CO2 by the ecosystem – or the gross primary production (GPP) – and the autotrophic ecosystem 

respiration. NEE is the net CO2 flux from the ecosystem to the atmosphere (Chapin et al. 2006), 

which corresponds to the net difference of photosynthetic carbon uptake and the respiration of 

autotrophs and heterotrophs (Reichstein et al. 2012). NEE equals NEP disregarding sources and 

sinks for CO2 not involving conversion to or from organic C (Lovett et al. 2006). To understand the 

dynamics of the ecosystem C sinks, it is important to estimate the size of each C pool and to 

quantify all C fluxes. Studies of the C balance of SRC plantations are rather scarce (Gielen et al. 

2005; Vande Walle et al. 2007; Arevalo et al. 2011) and the simultaneous quantification of NEE with 

eddy covariance techniques, and of NEP with both C flux and C pool assessments were never done 

before for an SRC culture. 

The present study is part of the large-scale POPFULL project (POPFULL 2013) which aims to make a 

full greenhouse gas balance and to investigate the economic and energetic efficiency of an 

operational SRC culture with poplar. Within this context, the specific objectives of this study were: 

(i) to quantify the components of the carbon balance of an SRC plantation; (ii) to quantify NEP and 

determine the sink-source status and (iii) to compare the estimated NEP with NEE measured 
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through eddy covariance techniques. All measurements were performed during the second growth 

year of the first rotation.  

2. Material and Methods 

2.1. Site and plantation description 

The operational POPFULL site is located in Lochristi, province East-Flanders, Belgium (51°06’44” N, 

3°51’02” E). The region is subjected to an oceanic climate with a long-term average annual 

temperature and precipitation of 9.5 °C and 726 mm, respectively (Royal Meteorological Institute of 

Belgium). According to the Belgian soil classification the area forms part of the sandy region with 

poor natural drainage (Van Ranst and Sys 2000). The 18.4 ha site was a former agricultural area 

consisting of croplands (62%; with corn as the most recent cultivated crop in rotation) and 

extensively grazed pasture (38%). On 7-10 April 2010 an area of 14.5 ha (excluding the headlands) 

was planted with 12 selected poplar (Populus) and three selected willow (Salix) genotypes, 

representing different species and hybrids of Populus deltoides, P. maximowiczii, P. nigra, and P. 

trichocarpa and Salix viminalis, S. dasyclados, S. alba and S. schwerinii. The present study focuses 

on the poplar genotypes only. Using a modified leek planting machine 25 cm long dormant and 

unrooted cuttings were planted in a double-row planting scheme with alternating distances of 

0.75 m and 1.50 m between the rows and on average 1.10 m between trees within the rows (plant 

density of 8000 ha-1). The plantation was designed in large monoclonal blocks of eight double rows 

wide that covered both types of former land use (cropland and grazed pasture). Each genotype has 

minimum two and maximum four replicated blocks with row lengths varying from 90 m to 340 m. 

After two years of growth (2010, GY1 (growth year) and 2011, GY2) the plantation was harvested 

for the first time on 2-3 February 2012 with commercially available SRC harvesters. Trees continue 

growing as a coppice culture with multiple shoots per stool in the following two-year-rotations. 

More details on site conditions, on poplar materials and on the plantation lay-out are found in 

Broeckx et al. (2012a). 

2.2. Meteorological data and soil data 

A complete set of environmental variables were recorded continuously from June 2010 till present 

as described in Zona et al. (2012, 2013). Soil temperature was monitored from the surface until 1 m 

depth; air temperature and relative humidity were collected at about 5.4 m above the surface. All 

sensors for these measurements were placed in the immediate proximity of an eddy covariance 

(EC) mast (see below). For more details on the instruments used we refer to Zona et al. (2012, 

2013).   
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2.3. Quantification of carbon pools 

2.3.1. Foliage pool (F) 

Leaf litter was collected during leaf fall from early September to December of GY2 in two plots of 

5 × 6 trees for each genotype within each former land use type (n = 48). In each plot three 

perforated litter traps (litter baskets) of 0.57 m × 0.39 m were placed on the ground along a 

diagonal transect between the rows covering the wide and the narrow inter-row spacings. Every 

two weeks the litter traps of each plot were emptied and leaf dry biomass was determined after 

oven drying at 70°C. Successively collected leaf biomass was cumulated over time to obtain the 

yearly produced foliage. C mass fractions of the leaves were determined on a mixed subsample of 

three randomly selected mature leaves of different individual leaf area and from different tree 

heights per plot in September of GY2, at the time when maximum leaf area index was reached 

(Broeckx et al. 2012a). Leaves of plots with the same genotype × land use type combination were 

merged, yielding six leaves per mixed sample. Samples were ground and analyzed by dry 

combustion with an NC element analyzer (NC-2100 element analyzer, Carlo Erba Instruments, 

Italy). These C mass fractions were used to quantify the foliage C production per plot. An average 

foliage C pool value was then calculated by weighing the averages per genotype × land use type 

combination with their proportional area in the plantation. 

2.3.2. Aboveground woody biomass pool (Ste + Br) 

Aboveground woody biomass was determined by combining stem diameter inventory data with 

allometric equations relating woody biomass with stem diameter. Stem diameter at 22 cm above 

soil level (Ceulemans et al. 1993; Pontailler et al. 1997) was measured in December of GY1 and of 

GY2 for all trees in one row of each monoclonal block. If a tree had multiple stems, every stem was 

measured within the tree. Missing trees were recorded as zero to correct for the effective tree 

density. For each genotype an allometric power relationship was established linking aboveground 

woody (dry) biomass to stem diameter. Based on the diameter distribution at the end of GY2, ten 

shoots for each genotype were selected for destructive harvest, covering the widest possible 

diameter range. Shoot diameter (D) at 22 cm was measured with a digital caliper (model CD-15DC, 

Mitutoyo Corporation, Japan, 0.01 mm precision). The stem was then harvested at 15 cm above soil 

level, the average harvesting height of the plantation. After determination of dry biomass (DM) of 

each stem, values were plotted against diameter and fitted as DM = a∙Db for each of the 12 

genotypes (with a and b regression coefficients; cf. Pontailler et al. 1997). All 12 power regressions 

had an R² value of more than 97% with a significance p-level < 0.001. For each genotype a mixed 

subsample of grated wood material of stem (Ste) and branches (Br) of ten trees was used for the 

analysis of C mass fraction by dry combustion. From diameter inventories and allometric equations, 

a weighted average of the change in aboveground woody biomass C pool during the second 

growing season was calculated as the difference between the standing pool after GY2 and GY1.  
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2.3.3. Belowground woody biomass pool (CR) and stump (Stu) 

Coarse root woody biomass was determined by excavation of the root system. Because of the high 

labor intensity, excavation was restricted to genotypes Koster (P. deltoides Bartr. (ex Marsh.) × 

P. nigra L.) and Skado (P. trichocarpa Torr. & Gray (ex Hook.) × P. maximowiczii Henry), selected 

as most representative for the plantation based on parentage, origin and area coverage in the 

plantation. For both genotypes five trees of different stem diameters (from 20 mm to 60 mm at 

22 cm height) were selected within each of both former land use types. Right after harvest in 

February 2012, remaining stumps (Stu) and roots were excavated over an area of 1.1 m × 1.125 m 

(planting distance in the rows × sum of half inter-row distances). All roots within this sampling area 

were collected, assuming that roots from adjacent trees compensated for roots of the selected tree 

growing outside the sampled area. Excavation depth was limited to 0.6 m, as very few roots were 

observed under 0.6 m (Berhongaray et al. 2012). Coarse roots (Ø > 2 mm) were sampled, and total 

dry biomass of these coarse roots (CR) and the remaining 15 cm high stump was determined after 

oven drying at 70°C. Since no significant effect was found for genotype or former land use, all data 

were pooled; belowground woody biomass and stump biomass were plotted against stem diameter 

at 22 cm. As for aboveground woody biomass (cf. 2.3.2 above), an allometric power regression was 

fitted. From the diameter inventory the average belowground woody biomass and stump biomass 

pool were estimated for both GY1 and GY2. Since no coarse root turnover was observed, the 

belowground biomass production of the GY2 was calculated as the standing pool after GY2 minus 

the standing pool after GY1. Dried root wood was grated for CN-analysis. An average of the C mass 

fraction was used for calculating the belowground woody C pool. 

2.3.4. Fine root pool (FR) 

Sequential soil coring was used to determine fine root production in the same two genotypes as for 

belowground woody biomass determination, i.e. Koster and Skado. From February to November of 

GY2 the upper 15 cm soil layer was sampled monthly using an 8 cm diameter × 15 cm deep hand-

driven corer (Eijkelkamp Agrisearch equipment, The Netherlands) (Oliveira et al. 2000). At every 

sampling campaign 20 samples were collected for each genotype of which half in the narrow and 

half in the wide inter-row spacings, randomly spread over the planting area within the former 

pasture land use type. Fine roots (Ø < 2 mm) were picked from the sample by hand while (i) 

separating out weed roots from poplar roots, and (ii) sorting poplar roots in dead and living roots. 

The sorting of dead and living roots was based on the darker colour and the poorer cohesion 

between the cortex and the periderm of the dead roots  (Janssens et al. 1999). Following washing, 

fine poplar roots were oven dried at 70°C for 1-4 days to determine the dry root biomass per soil 

surface area. Subsamples of dried roots were grinded and analysed for the C mass fraction (NC-

2100 element analyzer, Carlo Erba Instruments, Italy). Fine root production during GY2 (F) was 

estimated using the decision matrix method for sequential coring based on the changes in pools of 

living and dead roots between successive samplings (Fairley and Alexander 1985). There was a 

significant difference in fine root biomass between wide and narrow inter-row spacings when 
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compared in a t-test (Berhongaray et al. 2013b). The cumulative (fine) root biomass production 

over the year was consequently weighted by the area of inter-row spacings, averaged over both 

genotypes and converted to carbon using the average fine root C mass fraction.  

2.3.5. Soil carbon pool (S) 

Soil C content (S) was assessed before plantation establishment in GY1 (March 2010). Sampling 

was performed at 110 spatially distributed locations, of which half in each former land use type 

(Broeckx et al. 2012a). Every 15 cm up to a depth of 90 cm an aggregate sample and a bulk 

density sample were taken by core sampling (Eijkelkamp Agrisearch equipment, The Netherlands). 

C mass fractions were determined in three replicates per sample by dry combustion (NC-2100 

element analyzer, Carlo Erba Instruments, Italy). From C mass fractions and bulk densities, the 

carbon pool per 15 cm depth interval was calculated and cumulated over 90 cm. The averages per 

land use type were weighted by their proportion of plantation area to estimate the initial soil C pool. 

The input of above- and belowground litter from the poplar trees could lead to a soil C enrichment 

in the long term, as compared to the arable land where crop residues were removed annually 

during the former land use. Though even in a shorter term an enriching effect in upper soil layers 

has been observed in a poplar plantation in Italy (Hoosbeek et al. 2004). However, soil C pool 

change generally is a very slow process because compared to the total soil C pool the annual 

changes are relatively small (Rodeghiero et al. 2009). We therefore assumed that the poplar trees 

had not significantly changed the soil C pool over the two years. 

2.4. Quantification of carbon fluxes 

2.4.1. Soil CO2 efflux (RS) 

The CO2 efflux from the soil (RS) was monitored by an automated soil CO2 flux system (LI-8100, LI-

COR Biosciences, Lincoln, NE, USA). Sixteen long-term chambers operating as closed systems were 

connected to an infrared gas analyzer through a multiplexer (LI-8150, LI-COR Biosciences, Lincoln, 

NE, USA). The 16 chambers were spatially distributed over the plantation covering both former land 

use types and only two genotypes (Grimminge (P. deltoides Bartr. (ex Marsh.) × (P. trichocarpa 

Torr. & Gray (ex Hook.) × P. deltoides Bartr. (ex Marsh.))) and Skado) due to restricted cable 

lengths. The system was installed at the end of March of GY2 and logged soil CO2 efflux for each 

chamber successively every hour until the end of GY2. Soil CO2 efflux was extrapolated for the 

period of January to March by a Neural Network analysis based on soil temperature, which was 

continuously monitored throughout the year (cf. 2.2 above). Soil CO2 efflux was independent of the 

genotype planted, but differed between the two types of former land use (Verlinden et al. 2013b). 

Values of CO2 efflux were integrated over time and weighted by the proportion of the two former 

land use types to obtain the plantation average. 
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2.4.2. Woody tissue CO2 efflux (RSte+Br) 

On both genotypes Grimminge and Skado stem CO2 efflux was measured during two intensive field 

campaigns in GY2. The first campaign was carried out during four days from 8 to 12 August of GY2, 

whereas the second campaign took place from 26-30 November of GY2 when trees were in a 

dormant state. For both genotypes five trees of different diameters (ranging from 29.7 mm to 

50.0 mm, and from 29.9 mm to 50.1 mm at 22 cm height for the first and second campaign, 

respectively) were selected and measured four times during each measuring campaign at different 

times of the day. The LI-6400XT gas analyzer (LI-COR Biosciences, Lincoln, NE, USA) was used as 

an open system in combination with a Plexiglas stem cuvette of 17 cm length and with a diameter 

of 11 cm (cf. Liberloo et al. 2008). The cuvette was assembled on collars, sealed air-tight at 

approximately 1 m stem height; for each measurement stem diameter at the attachment point was 

also recorded. The stem cuvette was equipped with an infrared thermocouple to measure stem 

temperature during each measurement and covered with aluminum foil to avoid possible CO2-

refixation of the bark. Before each measurement, the sample and reference cells of the gas 

analyzer were matched after the air in the cuvette was allowed to mix and to stabilize for 30 min. 

Five successive measurements were taken and the average was used for further calculations.  

Stem CO2 efflux data were tested for genotype and diameter effects, but no significant effects were 

found. Consequently data of August – with a temperature range of 17.8 °C to 27.4 °C – and data of 

November – with a temperature range of 8.2 °C to 14.1 °C – were pooled to establish two Q10 

functions, i.e. one for the growing season and one for the dormant period. The following 

exponential temperature response was fitted (Eq. 5.1, originating from van ‘t Hoff 1898):  

SE = E10 ∙ Q10
((T-10)/10)   (5.1) 

with SE = stem CO2 efflux, E10 = stem CO2 efflux at a standard temperature of 10 °C, 

T = temperature and Q10 = the change in the rate of stem CO2 efflux with a 10 °C change in stem 

temperature. Stem temperature was closely related to air temperature (p ≤ 0.01), which was 

logged half-hourly during the year (cf. 2.2). Stem diameter increment was logged (Point 

Dendrometer ZN11-Ox-WP, Zweifel Consulting, Switzerland) during GY2 from March to December 

and showed a linear increase in diameter from April to September. The average stem surface area 

was calculated from the weighted average stem diameter and stem height over the plantation (data 

published in Broeckx et al. 2012a). The contribution of branches in the aboveground tree structure 

(data from Broeckx et al. 2012b) was also included. Combined with the average tree density an 

estimate of yearly woody tissue CO2 efflux was obtained. 

2.4.3. Foliar respiration (RF) 

Leaf gas exchange was measured with a portable open-path gas exchange measurement system 

(LI-6400, LI-COR Biosciences, Lincoln, NE, USA) equipped with a leaf chamber fluorometer (LI-
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6400-40, LI-COR Biosciences, Lincoln, NE, USA). Four trees of six genotypes (Bakan and Skado 

(P. trichocarpa Torr. & Gray (ex Hook.) × P. maximowiczii Henry); Grimminge; Koster and 

Oudenberg (P. deltoides Bartr. (ex Marsh.) × P. nigra L.); Wolterson (P. nigra L.)) were selected for 

the measurements. The first mature leaf of the current-year shoot in the upper canopy was 

sampled for gas exchange measurements in monthly campaigns from May to September of GY2. 

Photosynthetic light response curves were obtained by measurements of the net photosynthetic 

rate at photosynthetic photon flux densities (PPFD) of 1500, 1000, 800, 600, 400, 200, 100 and 0 

µmol m-2 s-1 (blue-red LED source type 6400-02B, 13% blue light). Leaves were allowed to 

equilibrate at least 2 min at each step before logging the data. The following conditions were 

maintained in the cuvette: CO2 concentration of 400 µmol mol-1, block temperature of 25°C and 

vapor pressure deficit of 1.07 kPa ± 0.03. The PPFD response curve, representing the net 

photosynthetic rate as a function of PPFD, was fitted to the data by a rectangular hyperbola 

according to Marshall and Biscoe (1980) and Thornley and Johnson (1990). Dark respiration at leaf 

scale (Rdark) was obtained from the y-axis intercept (i.e. the net photosynthetic rate at 

0 µmol m-2 s-1).  

The evolution of leaf area was monitored for all 12 genotypes by monthly leaf area index (LAI) 

measurements from April to November of GY2 (cf. Broeckx et al. 2012b). In four replicated 

measurement plots per former land use type and per genotype LAI was measured indirectly using 

an LAI-2200 Plant Canopy Analyzer (LI-COR Biosciences, Lincoln, NE, USA). Measurements were 

taken along two diagonal transects in each plot with the sensor parallel to the rows and 

perpendicular to the rows, by comparison of above- and below-canopy readings with a 45° view 

cap. An average LAI over all genotypes was calculated at each measurement time.  

No significant seasonal trend in Rdark was observed, hence Rdark was averaged over time and 

genotypes. As foliar dark respiration generally decreases from the upper to the lower canopy 

(Brooks et al. 1991; Ellsworth and Reich 1993; Mitchell et al. 1999; Griffin et al. 2002), this value 

was multiplied by a factor 0.75 (Griffin et al. 2002). This factor is the ratio of foliar respiration rates 

of sunlit leaves in the upper crown to leaves in medium light, representing the main proportion of 

the canopy for P. deltoides. Since a constant block temperature was set, no Rdark-temperature 

relationship was established. To approach the temperature response of foliar (dark) respiration, a 

Q10 value of 2.1 was used, established for P. deltoides leaves in a mid-canopy position (Griffin et al. 

2002). The combination of this Rdark value with the evolution of LAI during the season resulted in an 

estimation of the total foliar respiration at ecosystem scale (RF) for GY2. 

2.4.4. Gross primary production (GPP) 

Gross Primary Production (GPP) was estimated using the terrestrial biosphere model ORCHIDEE 

(ORganizing Carbon and Hydrology in Dynamic EcosystEms, Krinner et al. 2005). This process-

based model simulating the phenomena of the terrestrial carbon cycle, calculates the C3 

photosynthesis according to Farquhar et al. (1980). The annual GPP was estimated from LAI, from 
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the photosynthetic parameters, i.e. maximum carboxylation rate (Vcmax) and maximum electron 

transport rate (Jmax), and from a set of meteorological parameters (short and long-wave radiation, 

precipitation, wind velocity, humidity, temperature and pressure of the air). 

Values for the photosynthetic parameters Vcmax and Jmax were obtained through gas exchange 

measurements. The experimental design was the same and the measuring protocol was similar as 

the one explained above for the PPFD response curves to determine foliar respiration. The PPFD 

was fixed at a saturating value of 1500 µmol s-1 m-2. Leaves were acclimatized for 10 min at a CO2 

concentration in the leaf cuvette of 400 µmol mol-1, after which the net photosynthetic rate at a 

sequence of ten different CO2 concentrations (i.e. 400, 300, 250, 150, 100, 50, 500, 750, 1000 and 

1250 µmol mol-1) was measured. Values for Vcmax and Jmax were determined from the A-Ci response 

curves using the equations of Farquhar et al. (1980).  

2.4.5. Net ecosystem exchange (NEE) 

Net Ecosystem Exchange (NEE) was monitored using the eddy covariance (EC) technique. An EC 

mast was installed in the northeastern part of the plantation in June of GY1 and was continuously 

operated to the present day. The mast included a sonic anemometer for the measurement of the 

three-dimensional wind components, wind speed, wind direction, and a closed-path CO2/H2O 

infrared analyzer (LI-7000, LI-COR Biosciences, Lincoln, NE, USA) among others. The CO2 and sonic 

wind speed were recorded at 10 Hz using a model CR 5000 data logger (Campbell Scientific, Logan, 

Utah, USA). Fluxes of CO2 were calculated using the EdiRe software (R. Clement, University of 

Edinburgh, UK; Aubinet et al. 2000) and averaged over 30 min. Data were filtered and gap filled 

after which these data were used to calculate cumulative NEE averaged for GY2. Further details on 

the EC unit, on the gap filling procedure, and on the flux calculations are described in Zona et al. 

(2013). Only poplars were included in the footprint of the EC mast. 

2.5. Carbon balance 

The value of NEE measured through EC was compared with the NEP determined via two different 

approaches, i.e. the pool-change-based approach and the component-flux-based approach. The 

sum of the changes in carbon pools of the different plant components represents the bulk of the 

net primary production (NPP), which is the result of GPP and the autotrophic respiration (Chapin et 

al. 2006; Luyssaert et al. 2009). In this study, the total autotrophic respiration (Raut) was calculated 

as the sum of foliar respiration, stem CO2 efflux and 40% of the soil CO2 efflux (RS aut) representing 

root respiration (Hanson et al. 2000; Verlinden et al. 2013b). NEP results from NPP and the 

heterotrophic respiration (Rhet), which was taken as the remaining 60% of the total soil CO2 efflux 

thereby ignoring respiration from aboveground animals and microbes. NEP was calculated via the 

pool-change-based approach as:   

NEP = NPP - Rhet = F + (Ste + Br) + Stu + CR + FR – 0.6·RS (5.2) 
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where all values are expressed in g m-2 y-1 of carbon. A few minor components of possible C losses 

were not taken into account for the NEP calculation, i.e. non-CO2 losses as CO, CH4, volatile organic 

compounds (VOCs) to the atmosphere, dissolved organic carbon (DOCs) to deeper soil layers, 

mycorrhizae, understory weed growth and herbivory. By applying the component-flux-based 

approach, NEP was calculated as the incoming GPP flux minus the total ecosystem respiration: 

NEP = GPP - Reco = GPP – (RS + RSte+Br + RF)   (5.3) 

where Reco represents the total ecosystem respiration calculated as the sum of RS, RSte+Br and RF, 

also expressed in g m-2 y-1 of carbon. 

NEE, which is mostly defined as the measured flux from the ecosystem to the atmosphere has an 

opposite sign to NEP; a negative NEE means an uptake by the ecosystem. For reasons of 

consistency with NEP, the positive value of NEE in this study means a net uptake of carbon. 

The contribution of NPP within GPP is often termed carbon use efficiency (CUE), being the ratio of 

the net production to the sum of the net production and the respiratory cost 

(= NPP / [NPP + Respiration]). 

3. Results 

As for nearly all terrestrial biomes (Bolin et al. 2000), the largest C pool in the ecosystem was 

situated in the soil till 90 cm depth (S; Fig. 5.1a). Among the persisting C pools of the plant system 

(woody biomass), the highest amount of carbon was stored in the aboveground woody biomass 

(Fig. 5.1a). The area weighted average over all genotypes of the root:shoot ratio was 0.46 after 

GY2. The results of the pool-change-based and component-flux-based measurements are 

graphically presented in Fig. 5.1b and Fig. 5.2. The NEE for GY2 determined via EC was valued at 

96 g m-2 y-1 carbon uptake, whereas NEP was estimated to be 140 and 199 g m-2 y-1 through the 

pool-change-based and component-flux-based approach, respectively. The NEP values estimated 

through both the component-flux-based and the pool-change-based approaches were 108% and 

47% higher, respectively, than the NEE value of the EC. However, considering the magnitude of the 

components of the NEP calculation (Fig. 5.2) and the considerable uncertainty levels in the three 

techniques, results were comparable (asterisks in Fig. 5.2). The positive value of NEP showed that 

the ecosystem was already a net sink for CO2 in GY2. Whereas the plantation was still a net C 

source during the first year GY1 (Zona et al. 2013), the C assimilation of trees (GPP of 

1281 g m-2 y-1) in the following year exceeded the absolute value of total Re. By summing all C pools, 

NPP was estimated at 493 ± 27 g m-2 y-1 (average ± standard error) and the total autotrophic 

respiration (Raut) was estimated at 729 ± 26 g m-2 y-1. Furthermore, the sum of Raut and NPP 

resulted in 1222 ± 37 g m-2 y-1, in which they contribute 60% and 40% (CUE), respectively (Table 
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5.1). This sum – defined as GPP – was very close (only 4.6% lower) to the simulated GPP from the 

ORCHIDEE-model using leaf gas exchange measurements.  

 

Fig. 5.1: Components and processes of the carbon balance of a high-density poplar plantation during 
its second year of growth. (a) Bold outlined boxes on the left-hand side represent the 
standing C pools after two growth years (values in g m-2). (b) Boxes on the right-hand side 
trees represent annual pool changes, and arrows represent annual integrated C fluxes for 
the second growing season (values in g m-2 y-1). Averaged values are given with standard 
errors (GPP was a modeled parameter, not including an error range). (Ste + Br) = 
aboveground woody biomass pool, Stu = aboveground woody stump (15 cm stem) pool 
remaining after coppicing, CR = coarse root (Ø > 2 mm) pool, S = soil pool till 90 cm depth 
(determined before plantation establishment), F = foliage pool, FR = fine root (Ø < 2 mm) 
pool, RS = total soil CO2 efflux, RSte+Br = CO2 efflux from aboveground woody biomass and 
RF = foliar respiration. NEE = net ecosystem exchange measured through the eddy 
covariance technique (indicated by the circular arrow), which in this case results in a net 
carbon uptake. 

Soil CO2 efflux, stem + branch CO2 efflux and foliar respiration accounted for 54%, 10% and 35% 

of the total ecosystem respiration, respectively (Table 5.1). When these three respiratory fluxes 

were related to GPP, they respectively consumed 46%, 9% and 30% of the total carbon uptake. 

The remaining 15% of GPP formed NEP. Whereas the aboveground biomass pool showed the 

highest changes over GY2 it produced the lowest integrated CO2 efflux. The aboveground biomass 

pool had the highest share of NPP (51%) followed by the foliage (29%). Both fine (4% of NPP) and 
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coarse roots (13% of NPP) showed the lowest biomass production among all biomass pools – 

excluding the stump biomass which was considered part of the aboveground woody biomass.  

 

Fig. 5.2: Components of the carbon balance (in g m-2 y-1), using three different approaches where 
uptake and storage are displayed as positive, and release or loss are displayed as negative. 
The left bar stands for the pool-change-based approach (pool change bars filled in grey); 
the middle bar stands for the component-flux-based approach (non-filled bars represent 
integrated fluxes); the right-hand bar represents the eddy covariance measurements 
(hatched bar). Error bars indicate standard errors (GPP was a modeled parameter, not 
including an error range). Asterisks show the net result (carbon balance) representing the 
NEP or NEE for the eddy covariance measurements. For exact values, we refer to the text 
and to Fig. 5.1. (Ste + Br) = aboveground woody biomass pool, Stu = aboveground stump 
(15 cm stem) pool remaining after coppicing, CR = coarse root (Ø > 2 mm) pool, F = 
foliage pool, FR = fine root (Ø < 2 mm) pool, RS = total soil CO2 efflux, Rhet = heterotrophic 
soil respiration (60% of RS), RSte+Br = CO2 efflux from aboveground woody biomass and RF 

= foliar respiration. NEE = net ecosystem exchange measured through the eddy covariance 
technique, which in this case results in an uptake. 

4. Discussion 

Our SRC plantation already represented a significant C sink after two years while other SRC 

plantations established on agricultural land took two (Arevalo et al. 2011) or more than four years 

(Vande Walle 2007) before becoming an annual net C sink. During the first years after plantation 

establishment, crop growth is generally not sufficiently high to compensate for the C losses due to 

land use change. Several studies showed an initial decrease in the soil C pool during the first years 

after SRC planting on agricultural soils and grasslands due to intensive mineralization after 

cultivation (Hansen 1993; Grigal and Berguson 1998; Hellebrand et al. 2010; Arevalo et al. 2011; 

Zenone et al. 2011; Nikièma et al. 2012). An integrative study looking at patterns in C cycling 

across  biomes  showed  that  the  general  trend  of  negative  NEP  rates  of  young  (0-10  years) 
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Table 5.1: Relative contribution of carbon pool changes to the net primary production (NPP) and the 
gross primary production (GPP) and relative contribution of fluxes within the total 
ecosystem respiration (Reco) and GPP. Values are given in percentage of NPP, Reco and 
GPP. F = foliage pool, (Ste + Br) = aboveground woody biomass pool (stem + branches), 
Stu = aboveground woody stump (15 cm stem) pool remaining after coppicing, CR = 
coarse root (Ø > 2 mm) pool, FR = fine root (Ø < 2 mm) pool, RSte+Br = CO2 efflux from 
aboveground woody biomass, RF = foliar respiration and RS = the total annual soil CO2 
efflux which is divided in 40% RS aut attributed to autotrophic soil (root) respiration and 
60% RS het as heterotrophic soil respiration. 

 NPP Reco  GPP  

NPP 100  40.4 

 F  28.8   11.6 

 Ste + Br  50.6   20.4 

 Stu  3.1   1.3 

 CR   13.3   5.4 

 FR   4.1   1.7 

Raut   67.4 59.6 

 RSte+Br   10.1  9.0 

 RF    35.5  31.4 

 RS aut    21.8  19.3 

Rhet  ≈ RS het  32.6   

temperate forests was caused by the high heterotrophic respiration rates resulting from disturbance 

(Pregitzer and Euskirchen 2004). Likewise, soil C content declined in our plantation during the first 

two years of growth (Verlinden et al. 2013b). However, our present results showed that the growth 

performance of the poplar canopy counterbalanced this loss already in the second year of growth. 

Without taking into account other greenhouse gases, this suggests a promising role for SRC with 

poplar on former agricultural lands with high available nitrogen levels. 

Only few studies have assessed the NEP and NPP for a poplar SRC plantation during the first 

rotation. In a Free Air CO2 Enrichment (FACE) experiment, Gielen et al. (2005) studied net carbon 

storage in a poplar (P. nigra and P. euramericana) SRC ecosystem in central Italy. In the second 

year after establishment a very high NPP of 1284 g m-2 y-1 of carbon and an average NEP of 1066 g 

m-2 y-1 were reached in the control treatment. Very contrasting results were found for a SRC 

plantation in Flanders with P. trichocarpa × P. deltoides, Salix viminalis, Betula pendula and Acer 

pseudoplatanus, reporting values after the second growth year of 310 g m-2 y-1 and -360 g m-2 y-1 

for NPP and NEP, respectively (Vande Walle 2007). In this last mentioned study no weed control, 

fertilization or irrigation were applied. Combined with the high heterotrophic soil respiration rate 

(670 g m-2 y-1), this lack of management resulted in a net C source after the second year (Vande 

Walle 2007). In contrast the SRC plantation in the aforementioned FACE experiment was growing in 

a warmer Mediterranean climate, was irrigated, weeds were removed and herbivores were treated 

(Gielen et al. 2005). Moreover, carbon input to the soil was higher than the soil C loss in that study. 
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Our EC estimate of NEE fell within the range of 70-740 g m-2 y-1 reported for temperate forests 

(Baldocchi et al. 2001). The differences between the EC result and the NEP estimations, however, 

are higher than most studies implementing both EC and ecological inventory techniques for 

estimating NEE and NEP in forest ecosystems. On average, estimates of the net C balance differed 

between these techniques by 20-30%, although ranging from 7% to 148% (Curtis et al. 2002; 

Ehman et al. 2002; Black et al. 2007; Ohtsuka et al. 2007; Gough et al. 2008; Wang et al. 2010). 

Moreover, differences between NEP and NEE estimates in the aforementioned studies were not 

systematic across sites; at some sites NEP seemed to overestimate NEE, while the opposite was 

true in others.  

The quantification of NEE from EC measurements is prone to several uncertainties. The main 

sources of error of EC measurements are associated with (i) the spatial representativeness of the 

measured fluxes (footprint issue), (ii) the summation procedure, (iii) the data gap filling and (iv) 

corrections to night-time data (Aubinet et al. 2000). The precision of the annual integrated EC flux 

measurements was previously reported as ± 5% (Goulden et al. 1996; Moncrieff et al. 1996); for 

ideal sites, i.e. extensive canopies on flat terrain, this error bond was set at ± 50 g m-2 y-1 

(Baldocchi 2003). The uncertainty of the annual NEE flux in our plantation was estimated at 

15 g m-2 y-1 (Zona et al. 2013), which is, however, much smaller than the differences with NEP 

estimations. We hypothesize that the component-flux-based approach to determine NEP was the 

least accurate due to the large uncertainties introduced during upscaling both in space and time. 

Despite the high precision of foliar CO2 efflux measurements at leaf scale, crude assumptions were 

made concerning daily and seasonal evolution which were largely based on growth and 

temperature, possibly introducing uncertainties in the annual estimates. Spatial uniformity was 

assumed when scaling up from the leaf to the tree and the stand levels. Similar arguments hold for 

the woody tissue respiration. A major difficulty involved in measurements of soil, stem and foliar 

respiration is the respired CO2 which dissolves in the xylem sap. This portion of respired CO2 is 

transported away from the location of production – roots or stem – via the sap flow to upward 

locations – up to stem, branches and foliage – where it is released to the atmosphere (Teskey and 

McGuire 2002; Saveyn et al. 2008; Teskey et al. 2008; Aubrey and Teskey 2009) or possibly fixed 

by photosynthesis (Teskey et al. 2008). Consequently, CO2 efflux measured at a specific location 

within the tree can not be considered as the respiration of the measured tissue. Root (and stem) 

respiration could therefore have been underestimated, whereas stem and foliar respiration could be 

overestimated. The largest uncertainty involved in the soil CO2 efflux estimation was the upscaling 

from a limited number of chambers to the total plantation area (spatial heterogeneity). However, 

high temporal accuracy was achieved since soil CO2 efflux was monitored continuously. The 

relatively simple measures of aboveground C pools (i.e. Ste + Br and F) had a high precision and 

small aggregation errors since detailed inventories over the whole plantation and among all 

genotypes were made. Errors in pool change calculations were also limited since the changes are in 

the same order of magnitude as the pools themselves. Belowground woody biomass had a lower 

accuracy due to the smaller sample size and the limited number of genotypes that could be 

sampled. Fine root production is associated with larger uncertainties, which applies in general, 
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regardless the method used (Vogt et al. 1998; Janssens et al. 2002). The largest uncertainty in the 

pool-change-based approach was, however, the inclusion of the RS het which resulted from the 

partitioning of the total RS in an autotrophic and a heterotrophic part (Verlinden et al. 2013b). 

A few missing C pools and fluxes, although of minor importance, also hampered closing the carbon 

balance. Non-CO2 losses as CO, CH4 as well as VOCs to the atmosphere, DOCs to deeper soil layers, 

mycorrhizae, understory weed growth and herbivory were not counted in the NEP calculation. All 

these carbon balance related processes are usually negligible, but they remain difficult to quantify 

or to measure (Clark et al. 2001; Ciais et al. 2010; Smith et al. 2010). Small release fluxes of CH4 

were measured at our SRC site (Zona et al. 2013). From preliminary results of average DOC 

concentration and water balance data, the losses of DOCs during GY2 were estimated at 

4.7 g m-2 y-1, which could be considered as irrelevant with regard to the magnitude of GPP and even 

NEE. Foliage C losses due to herbivory on the Populus trees were estimated at maximal 1% 

(personal observations), in contrast to the Salix species in our plantation, on which we observed 

substantial infestations of willow beetles (Phratora vulgatissima). Emissions of VOCs represented an 

estimated C loss of 1-2% of GPP of which more than 90% is represented by isoprene (personal 

communication based on preliminary analysis of PTR-TOF-MS-based flux data; F. Brilli). This C loss 

corresponded to 13-25 g m-2 y-1 which was comparable with previous findings for forests (Clark et 

al. 2001; Hamilton et al. 2002; Ciccioli et al. 2003). The understory of herbs dominated by thistles 

(Cirsium arvense) was sparse, and was not quantified in the present study.   

At our SRC site fine roots constituted only 4% (Table 5.1) of the annual NPP whereas for forests it 

typically ranges from 8% to 76% (Ostonen et al. 2005). The poor rooting reflected the mesic 

conditions and the high nitrogen (N) availability of the soil in our plantation, resulting in a lower 

investment (C allocation) in roots as compared to aboveground biomass (Ågren and Franklin 2003). 

This benefited wood production at an even young plantation age, taking the highest of the total 

NPP among the different C pools. Foliage had the second largest contribution in NPP. Populus trees 

show an indeterminate growth habit (Dickson 1991; Friend et al. 1994), characterized by 

continuous shoot growth and leaf production over the growing season. Young developing leaves are 

net importers of assimilates. When fully expanded they export both acropetally to developing leaves 

and basipetally to stem and roots until matured; afterwards translocation is mostly to the lower 

stem and roots (Dickson 1991; Friend et al. 1994). Mature leaves generally use 20-30% of the C 

fixed for respiration and maintenance, the remaining 70-80% is exported to developing leaves and 

stem and roots (Geiger 1987). Our findings of RF partitioning for 31% in GPP confirm these general 

observations. RF corresponded to half of the autotrophic respiration and was comparable to 

previous findings in broadleaved forests (Hagihara and Hozumi 1991). This high respiratory cost of 

foliage could be attributed to the high cellular activity in developing leaves (Tichá et al. 1985). RF 

contributed the second highest within the Reco; RS took the highest share of Reco of 54% which is 

slightly lower than the European average of 63% (Janssens et al. 2001). In forest ecosystems soil 

carbon efflux is the largest respiratory C flux and following GPP the second most important C flux 
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(Lavigne et al. 1997, Law et al. 1999, Longdoz et al. 2000, Pilegaard et al. 2001, Curiel Yuste et al. 

2005). 

The 40% overall CUE value is within the average range of 39-59% previously reported for 

temperate deciduous forests (Waring et al. 1998; DeLucia et al. 2007; Litton et al. 2007; Campioli 

et al. 2011). However, it is much lower than the 60-69% reported for a Populus SRC plantation in 

the second year of growth (Gielen et al. 2005) and lower than the reported average of 58 ± 3% 

(± st. dev.) for forests with high-nutrient availability (Vicca et al. 2012) which generally invest a 

larger fraction of GPP to wood compared to forests with low-nutrient availability (Waring et al. 

1998). In comparison with the low measured RSte+Br the high share of NPP represented in the 

aboveground wood production of our SRC plantation (Table 5.1), suggested an efficient production 

of wood. This could further justify a high interest in SRC cultures since the wood is the harvestable, 

and thus economically interesting part.  

In conclusion, we were able to quantify all carbon pools and fluxes determining the C balance of 

this fast-growing SRC culture. The ecosystem was a net carbon sink in the second year of the first 

rotation, although the results of the different assessment techniques differed in the exact values. 

The highest respiratory flux was represented by the soil CO2 efflux whereas the aboveground 

woody biomass showed the largest carbon pool change. 
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