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There stood a Poplar, tall and straight 

The fair, round Moon, uprisen late, 

Made the long shadow on the grass 

A ghostly bridge ’twixt heaven and me 

But May, with slumbrous nights, must pass; 

And blustering winds will strip the tree. 

And I’ve no magic to express 

The moment of that loveliness. 

  

 
                                                                                              (Siegfried Sassoon) 
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Summary 

Due to the increasing demand for wood and renewable energy sources, short-rotation forestry 

with its reliance on highly productive Populus species is in the focus of current ecological 

research. In order to optimize biomass gain, Populus research has in recent decades mainly 

centred on productivity and related traits for poplar species which could be proven to be high-

yielding. Aspen (Populus tremula and Populus tremuloides), however, have for a long time 

been neglected, because their highest annual increment occurs later than for e.g. black poplar 

and balsam poplar and they therefore need longer rotation times. However, in this thesis we 

concentrated on aspen (P. tremula and P. tremuloides) as study objects because they cope 

better with drought on poor soils and have the lowest demand regarding habitat conditions 

when compared to other poplar species. These features make aspen a promising alternative for 

short-rotation forestry in the face of the future climate scenarios, which include increasing 

temperatures and decreasing summer precipitation.  

Therefore, we established a common-garden experiment in 2008 with closely related aspen 

full-sib families (P. tremula: 2-30% genetic distance) as study objects. In the subsequent year, 

we established a field experiment with more distantly related aspen collectives (P. tremula: 

20-40% genetic distance) originating from Central Europe as well as two different aspen 

species (P. tremula with German origin and P. tremuloides with American background 

differing 77% in their genetic distance) as study objects. Hence, we worked with three aspen 

assemblages along a gradient of genetic relatedness. 

In both experiments we investigated more than 30 phenotypic traits with the aim 1) to identify 

from this pool of phenological, morphological and plant physiological traits, the best biomass 

predictors and controlling factors and 2) to reveal their contribution to successful plant growth 

for each study assemblage and 3) to determine their dependency on genetic constitution. The 

ultimate goal of this study was to use our results to provide advice for plant breeding and 

cultivation programmes in the context of short-rotation forestry.  

The results of the common-garden experiment showed that despite genetic distances of 2 to 

30%, the aspen full-sib families had no significant differences in photosynthesis related traits, 

even though productivity differed up to twofold between the families. Growth rate was related 

to several morphological traits, most closely to leaf number and total leaf area. The start of 

bud burst correlated with the leaf number (early-starting families produced more leaves), and 

was significantly influenced by the genetic constitution.  

The more distantly related aspen collectives studied in the field experiment differed by more 

than 30% in productivity with a large genotype effect, while assimilation rate and most 
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photosynthetic and water status traits showed a relatively small intraspecific variation with no 

significant influence on productivity. The timing of the beginning of net leaf loss (leaf 

abscission > leaf production) in early and mid-summer differed between the studied aspen 

collectives and resulted in different maximum leaf areas and ratios of leaves lost to leaves 

produced, which were identified as key factors controlling productivity.  

The comparison between the two aspen species showed a 20% higher productivity in 

American aspen than European aspen, which was nearly entirely caused by a larger mean leaf 

area of P. tremuloides, while mean assimilation rate and the length of the leafy period were of 

minor importance. Species-specific differences in the onset of leaf abscission in early autumn 

were identified as main determinants of the size of mean plant leaf area and thus of 

productivity. 

This study showed that most plant physiological parameters were not suitable for selection or 

breeding programmes due to their low phenotypic variation, but should not be neglected in 

growth experiments because their impact on productivity might increase under non-optimal 

habitat conditions. Therefore we conclude that selection for high-yielding aspen genotypes 

should focus on leaf phenology and total leaf area associated traits, because they are stable 

and have a great impact on yield irrespective of the variability in the plant material. 
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Short-rotation forestry 

The global demand for wood in terms of biomass or wood-based energy is expected to grow 

1.7% annually and hence will increase by 20% in the coming decades. At the same time, 

deforestation is reducing the world’s forest cover by 9.4 million hectares per year (FAO 

2008). Most of the world’s wood is still taken from naturally grown forests, and only 12% of 

the total amount of wood consumed is provided by trees which were grown in plantations 

(Fenning and Gershenzon 2002). This ongoing destruction of forests will lead to an 

irreplaceable loss of habitat and the endangering of wildlife (Fox 2000). According to the 

afore mentioned mismatch between wood demand and actual stock, as well as the agreement 

of sustainable forestry as proclaimed by the United Nations Conference on Environment and 

Development (UNCED) (Sedjo et al. 1998), currently managed forest and plantations are not 

able to supply the actual wood demand on a long-term basis. Even more alarmingly, native 

forests resources will be rapidly exhausted if exploitation at current rates continues to cover 

wood demand (Fox 2000, Fenning and Gershenzon 2002).  

A popular alternative to the exploitation of natural habitats are provided by high-yielding 

short-rotation plantation forests on former arable land. The idea of short-rotation forestry is 

not a new invention, and has in fact been a research subject of the applied sciences since the 

70s. The current discussion on renewable energy demand and climate warming has, however, 

recently brought it into the spotlight (Karp and Shield 2008). Under commercial cultivation, 

these plantations can help to meet the requirements of future wood demand and can also 

sequester carbon as contribution to the reduction of greenhouse gases (Dickmann 2006). 

According to Kauter et al. (2001) short-rotation plantations are able to produce 10 to 12 Mg 

dry biomass ha-1 yr-1, which is in agreement with the required rate of 8 to 10 Mg dry biomass 

ha-1 yr-1 needed to maintain renewable energy production on a long-term basis as projected by 

the US Department of Energy (English et al. 2006). Short-rotation forestry implies fast-

growing tree species and rotation times of less than 30 years (Makeschin 1999), however the 

recommended tree density and the particularly rotation times depend on the individual 

objectives (Dickmann 2006). A high stem density for example is recommended for a 

maximum uptake of soil contaminants, whereas a lower density is favoured where a high 

wood-bark ratio is important. However, the global goal (cf. Kyoto protocol) is to replace 

fossil fuel by renewable energy sources (biomass) (Lasch et al. 2010) with trees as living store 

of available biomass (Hinchee et al. 2009). To meet the demand for wood, planted 

cultivations are mainly product-orientated in order to maximize yield gain; nevertheless some 

aspects of landscape ecology and intraspecific diversity are desirable. Therefore the choice of 
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the right plant material is of prime importance. The most important characteristics of plants 

used for short-rotation forestry are fast growth-rates (Zsuffa et al. 1996), high photosynthetic 

capacity (Barigah et al. 1994), efficient nitrogen storage (Pregitzer et al. 1990) and easy 

propagation (Yu 2001). Populus species fulfil these requirements, and in addition are globally 

distributed (Dickmann and Kuzovkina 2008). Consequently, Populus is the most used plant 

material for short-rotation forestry and by now the species are grown worldwide in plantations 

to obtain pulp, paper, lumber and energy (Bradshaw 2000).  

The great interest in Populus species for short-rotation forestry could be further attributed to 

the fact that they have become a favourite subject in ecology conservation, environmental 

sciences, molecular studies, physiology and biotechnology due to their key role in several 

ecosystems and landscapes. Populus act as keystone species with a high level of phenotypic 

and genetic diversity, provide habitat for wildlife and are involved in complex community-

level interactions, and are hence recognised for their ecosystem services (Turner et al. 2003, 

Cooke and Rood 2007, Rogers et al. 2007). The use of such a species for short-rotation 

forestry prevents wood plantations being biological deserts. 

 

Populus - A genetic model tree and ecologically important tree species 

In the context of short-rotation forestry, the research in recent decades has been focused on 

the identification of the most productive poplar clones and species in different environments 

and under different treatments (e.g. Rae et al. 2004, Monclus et al. 2005, Marron et al. 2006, 

2007).  

Further research aimed at the improvement of growth performance by controlled plant 

breeding. The 30 Populus species that are native to the northern hemisphere (Eckenwalder 

1996) provide an enormous gene bank and consequently a large amount of material for 

selective breeding to enhance quality and quantity of growth (Bunn et al. 2004). The overall 

challenge is to generate varieties that grow fast, across a wide range of different environments 

and are able to cope with abiotic stressors either by specific breeding of successfully proven 

hybrids or direct modification of genes (Hinchee et al. 2009). The intense molecular research 

is a consequence of the fact that the Populus genome was the first tree genome which was 

completely sequenced in 2004 (Tuskan et al. 2006) and since this breakthrough, the species 

act as a model tree in forest genetics. The high level of natural genetic variation caused by the 

wide distribution range and several existing hybrids, as well as the small genome size, 

influenced the decision to select Populus as the model tree for future research in terms of 

understanding tree growth development and wood formation (Taylor 2002, Boerjan 2005). 
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The first molecular genetic maps were identified by Bradshaw et al. (1994) for an F2 progeny 

of P. nigra x P. deltoides to locate quantitative trait loci (QTL) for yield related traits. At 

present the QTL mapping and the assessment of the underlying candidate genes is in process 

for several poplar species and their hybrids that have been proven to be the most successful 

for high-yielding plantations (e.g. P. nigra, P. deltoides, and P. tremuloides). A large variety 

of phenotyping approaches (i.e. assessing trait values of an individual) are available to 

characterize the most suitable traits associated with successful yield gain for different 

genotypes, however the most interest is in QTL, which are involved in the regulation of leaf 

phenology, bud phenology or branchiness. 

The ultimate objective is to know which particular gene or genes control yield component 

traits and how they work together (Nelson and Johnsen 2008) in order to develop a poplar 

ideotype for high yield across different environments (Taylor 2002). The concept of the 

poplar ideotype is described in Dickmann and Keathley (1996) and included seven major 

attributes: growth and physiology, ecological characteristics, morphology, stem and wood 

properties and roots, with a further subdivision of every attribute e.g. a high rate of leaf-

photosynthesis or high foliage density on branching. Due to the intense poplar research of the 

last decade the concept is being constantly extended, because plant growth performance is not 

only a result of genetic constitution, but also a response to environment or the interaction of 

both. Therefore, plant ideotypes have to be adapted to the specific environmental conditions 

they are growing in (Whitham et al. 2006). In general, plant ideotypes serve as bridges 

between phenotyping and genotyping (determining the alleles of an individual) (Nelson and 

Johnsen 2008). Even if genetic engineering can help to optimize seed stock in terms of 

productivity, vulnerability to diseases or climatic stressors and the related reduction of 

rotation times, what is essential for meeting the world’s wood demand (Fenning and 

Gershenzon 2002, Hinchee et al. 2009), it cannot replace the analysis of plant morphological 

and physiological traits (Karp et al. 1997). 

However, it should not be forgotten that next to the undeniably important role in forest 

genetics, Populus species play a further important role from the ecological point of view. 

Poplars have an enormous distribution range spanning entire continents. They are distributed 

over temperate, boreal, montane as well as tropical latitudes (Dickmann and Kuzovkina 2008) 

and include about 30 species in the northern hemisphere (Eckenwalder 1996). They reproduce 

asexually via root suckers as well as sexually and occupy a variety of ecological habitats. 

Poplars are pioneer species and common plant invaders in the early succession on disturbed 

sites, whereas their performance could be in accordance to pure, monotypic stands or to 
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mixed forests with other hardwood and conifer trees (Dickmann and Kuzovkina 2008). The 

impact of Populus species on ecosystem functioning could be demonstrated on various levels: 

ecosystem level, population level or gene level. The development of riparian forest for 

example is mainly influenced by poplar species (Monde et al. 2008, Smulders et al. 2008), 

and when poplar forests are old and established they provide habitat for endangered species 

(invertebrates, fungi, small mammals) (Kouki et al. 2004). Furthermore, Populus forests have 

a high level of genetic diversity at the population level (David et al. 2001), which is linked 

with the variation in belowground processes (Madritch et al. 2007, 2009) and thus plays an 

important role in evolutionary processes in natural forests (Whitham et al. 2006). Even when 

poplars are not the dominant species in the forest community they exert influence on 

ecosystem functioning. Campbell et al. (2010) showed that the presence of P. tremula with 

surrounding conifer trees facilitates the diversity and growth performance of cyanolichens and 

could further enhance the productivity of black spruce by altering the nutrient cycle (Legare et 

al. 2005). The examples show that Populus is in many aspects a keystone species and 

endorsing its role for ecosystem services and functioning, and point to the importance of 

poplar research either commercially or ecologically motivated concerns. 

 

Genotype x environment interaction 

Tree growth and related traits are fundamental components of planted forests but also of 

survival and productivity in natural undomesticated forests (Grattapaglia et al. 2009). The 

detailed recording of morphological and physiological plant functioning is in particular of 

interest because of the plant’s ability to express different phenotypes as a response to 

changing environments, known as `phenotypic plasticity´ (Agrawal 2001). Phenotypic 

plasticity is considered to maximise fitness in variable environments (Coleman et al. 1994) 

and has a genetic basis (Tuskan et al. 2006), making it an important component for breeding 

approaches (Wu 2000). The consideration of changing environments and the respective 

reactions in the phenotype based on genotypic trait expression (genotype x environment 

interaction) plays an important role in several fields of forest management and includes 

abiotic (e.g. drought, CO2 enrichment, elevated ozone) as well as biotic changes such as plant-

fungi interaction or plant defence against parasites. Especially the latter is of prime 

importance, because there is no doubt that plantation forestry has to face the problems of pest 

management as well as agricultural systems. Attacks from insect herbivores, which rarely 

cause destruction in natural habitats, might damage poplar plantations and cause economic 

loss (Coyle et al. 2002). The trade-off between defence (e.g. chemical defence in terms of 
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phenolics) and growth is frequently discussed in the literature. In the absence of herbivores, 

defence costs can reduce plant growth or reproduction (Simms and Rausher 1987), whereas a 

reduction in defence cost can decrease fitness and growth under the presence of herbivores 

(Philippe and Bohlmann 2007). Therefore, the partitioning of phenotypic variation into 

environmental, genetic and genetic x environment components is involved in the most of the 

poplar growth experiments in order to improve selection and breeding programmes (Nelson 

and Johnsen 2008). A traditional method for the partitioning is the so called “quantitative 

genetics”, which has the objective to identify biomass associated traits with a high genetic 

variation (coefficient of genetic variation, CVG) because they are mostly related to high 

fitness and are hence more suited for breeding programmes (Houle 1992). A trait which is less 

responsive to environmental changes (nonplasticity) is more suitable for breeding approaches 

than traits whose variation is mostly controlled by environment (non-genetic variance). The 

genetic variation corresponds to broad-sense heritability (proportion of total phenotypic 

variation that is genetically based). The estimation of variance components can be obtained 

from phenotypic trait measurements of a single population including several families, whereas 

the variation within a family could be attributed to the environmental variation (CVЄ). The 

variation among families is thereby equated to the genetic variation (Falconer and Mackay 

1996).  

 

Molecular ecology 

The modern technology of molecular markers has facilitated great progress in terms of 

quantitative genetics, because individual genes are the basis for determining the genetic 

variation at the molecular level (Bradshaw 1996). Molecular markers are defined as sections 

of the genome, which are treated as single loci, irrespective of the function as a functional 

gene. The degree of polymorphism at these loci among species or genotypes is used to 

quantify genetic structures and dynamics of the genome in order to relate it to phenotypic 

expression (Bachmann 1994). Several techniques have been developed to record this 

polymorphism. One of the first methods was restriction fragment length polymorphism 

(RFLP) which is based on the variation in the size of fragment length after digestion with 

restriction enzymes (Rafalski and Tingey 1993). However, the breakthrough was the 

discovery of the polymerase chain reaction (PCR), which is able to copy small amounts of 

DNA in an exponential way in short time and hence overcomes the need for large amounts of 

DNA (Mullis et al. 1986). A further important contribution was the discovery of 

microsatellites, which are highly polymorph caused by different numbers of repeats of a small 
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tandemly repeated DNA sequence (2-4 nucleotides). With the help of primers which are 

complementary to certain DNA flanking regions of the microsatellite and a subsequent PCR it 

is possible to identify the alleles at each locus. Microsatellite markers became the method of 

choice, because in some cases the same microsatellite loci can be used in several species 

(Beebee and Rowe 2005). Other techniques, like randomly amplified polymorphic DNA 

(RAPD), or the related amplified fragment-length polymorphism (AFLP), do not need 

specific primers or knowledge of sequenced DNA because it uses random sequenced primers, 

but cannot distinguish between homozygotes and heterozygotes (Vos et al. 1995).  

The application of molecular markers has become an important component in ecological 

research and can help to understand ecosystem functioning not least because of the genetic 

diversity aspect, because markers were also used to determine the genetic distances or 

similarities among species or genotypes. Particularly in regard of short-rotation forestry, the 

increase in plant productivity caused by the increase in varietal diversity is an important topic 

in current ecological research. Several studies stated an influence of genetic diversity on 

ecosystem functioning, whereas the most approaches involve productivity (Hughes et al. 

2008). Phenotypic variation within species may be smaller than the variation among species 

but the impact on ecological processes can exceed the effect of species diversity (Bangert et 

al. 2005, Shuster et al. 2006, Schweitzer et al. 2008).  
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The Göttingen poplar diversity project 

The Göttingen poplar diversity project is associated with the Göttingen cluster of excellence 

“Functional Biodiversity Research”. The research cluster was established in 2008 at the 

University of Göttingen with the overall topic of biodiversity and ecosystem functioning, 

including experiments in grasslands and in the soil as well as historical studies in terms of 

biodiversity alterations.  

The poplar diversity project is concentrated on the functional role of intraspecific diversity in 

woody plants. Therefore a common-garden experiment was established in 2008 and a field 

trial in the subsequent year. In particular, both experiments had the common aim to quantify 

the variability in tree growth performance and related traits using poplar as model species and 

with a special interest in short-rotation forestry. Populus tremula L., which is native to 

Europe, and the American equivalent Populus tremuloides Michx. were used as study species. 

A detailed description of both experiments is given in the study design section. The project 

involved several working groups in order to address the aim from different point of views. A 

molecular analysis of the studied plant material was performed by the Department of Forest 

Genetics and Forest Tree Breeding, whereas the questions of how plant-insect and plant-fungi 

interactions affect growth performance were investigated by the Department of Agroecology 

and the Department of Forest Botany and Tree Physiology, respectively. My own thesis 

aimed to analyse the most decisive parameters for successful growth performance from a pool 

of phenological, morphological and physiological traits. 

 

Study species (Populus tremula L. & Populus tremuloides Michx.) 

Most poplar research which is product-orientated in terms of biomass gain is mainly focused 

on the species P. nigra, P. trichocarpa or P. deltoides, as a result of their outstanding growth 

rates in comparison to other poplar species. Hence, the question is why is this project 

focussing on aspen? It can be assumed that the popularity of aspen (P. tremula, P. 

tremuloides) for growth experiments aiming to clarify their suitability for short-rotation 

forestry will increase. This is due to the fact that aspen can reach considerable growth rates 

even on poor soils and under unfavourable habitat conditions (Hofman 1998) and are less 

sensitive to drought like e.g. P. trichocarpa. This feature will be a benefit under future 

climate scenarios, which predict an increase in drought periods and decrease in summer 

precipitation. Under the assumption that aspen will increase in their popularity for short-

rotation forestry, it is of prime importance to know the intraspecific differences in their 

growth performance in order to obtain the yield potential and give advice for future studies 
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and aspen plantation management. Beyond this, cultivation programmes in Central Europe 

should further address the question of utilizing native seed stock (P. tremula) or the 

introduction of non-native (P. tremuloides) seed stock. Planting introduced tree species bears 

the risk that the exotic species will become invasive with unpredictable effects on native 

ecosystems, underlining the significance of essential knowledge of the strengths and 

weaknesses of the two species in terms of cultivation. 

Furthermore, next to commercial and product-orientated interests; aspen have an ecologically 

relevant aspect. Aspen have an extensive distribution range and belong to the most 

widespread species in the world (Bradshaw et al. 2000). Natural grown aspen forests provide 

habitat and food for endangered species (Kouki et al. 2004), insects and pathogens (David et 

al. 2001) and in North America they are significantly embedded in the carbon cycle at the 

national scale caused by their high rates of carbon sequestration (Kurz and Apps 1999). 

Aspen are pioneer species and colonize on open sites and disturbed soils. They reproduce via 

root suckers as well as via sexual reproduction and can overcome long distances by wind 

dispersal of pollen and seeds. Hence, established aspen populations consist of several aspen 

genotypes caused by lots of possible crossing constellations of the parent trees in the given 

surroundings and present genetically rich ecosystems. These high level of genetic diversity 

could be significantly linked with soil processes through interactions with canopy herbivores 

and create different patches of belowground activity (Madritch et al. 2007, 2009). The current 

stated dieback (Hogg et al. 2008, Worrall et al. 2008) and reduced growth of aspen forests 

caused by pests, diseases and increasing drought periods (Worrall et al. 2008), supports the 

importance of aspen research and requires knowledge of the characteristics of aspen forests 

differing in their genetic constitution and place of origin.  

 

Study design: common-garden experiment 

In 2008 a common-garden experiment with P. tremula as study species was performed in the 

outdoor area of the Department of Forest Botany and Tree Physiology at the University of 

Göttingen (51°32´N, 9°56´O). Eight full-sib families with German origin were selected and 

planted in a randomized design in two blocks. Each block contained four plots and each plot 

included three aspen saplings of each full-sib family (Fig. 1). Four plots were treated monthly 

with a systematic fungicide in order to analyse the impact on plants growth and associated 

organisms. The other four blocks were treated with water and act as control plots. All trees 

were planted in nutrient-rich humus soil. The progenies of each full-sib family were bred by 

controlled crossings in 2000, from parent tree material originating from 30-year-old trees 
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selected in the district of Geismar in Göttingen. We used three pollen donors and five mother 

plants. The progenies of each full-sib family were characterized by the same mother and 

father tree, whereas the relatedness between the full-sib families was either characterized by a 

half-sib relationship (common father or mother) or no relationship (no common father or 

mother). We tried to simulate a population, which could be the result of a natural pair-

crossing from a small founder aspen population. The crossings were performed under 

laboratory conditions by the group members of Forest Genetics and Tree Breeding at the 

University of Göttingen, who also performed the genetic analysis of the described plant 

material in order to quantify the genetic distances among families and to confirm the 

assumption of closely relatedness. Genetic distance is defined as genetic relatedness between 

species or populations. The aim of the common-garden experiment was to study the 

variability in this closely related aspen assemblage due to their growth performance, 

physiology and interactions with associated organisms. In this experiment the following 

parameters were investigated: 

 Plant biomass and the partitioning in roots, leaves and shoots 

 Morphological parameters of the leaves (number of leaves, total leaf area, leaf size, 

specific leaf area, leaf mass ratio, leaf area ratio) 

 Morphological parameters of the root (specific fine root area, root mass ratio) 

 Morphological parameters of the shoot (diameter, height and side branch increment, 

shoot mass ratio) 

 Phenological parameters of the leaves (time of leaf flushing) 

 Phytochemical components and elements of the leaves 

 Seasonal changes in photosynthesis related traits using light-response curves, internal 

CO2response curves and measurements of chlorophyll-fluorescence 

 Seasonal changes in plant water-household related traits using leaf water potential and 

leaf conductance  

 Aspen associated organisms (mycorrhiza, endophytes and insects) 

 

The results are described in Chapter 3 and 4. Chapter 3 (Relating genetic variation of 

ecologically important tree traits to associated organisms in full-sib aspen families) is mainly 

focussed on the variation in growth and leaf traits in the full-sib families in relation to 

interacting organisms (mycorrhiza, endophytes and insects), whereas Chapter 4 

(Physiological vs. morphological traits controlling the productivity of six aspen full-sib 
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families) is focused on leaf-level traits and physiological parameters which control the 

productivity. 

 

Figure 1 Design of the poplar common-garden experiment started in 2008 at the Department 
of Forest Botany and Tree Physiology at the University of Göttingen. 24 progenies of eight 
(1-8) full-sib families were planted in 8 plots, of which four (grey) were treated monthly with 
a systematic fungicide and four were used as control. Figure design by F. Kleemann. 
 

Study design: field experiment 

In 2009 a poplar diversity experiment (POPDIV) was established at the Relliehausen 

Experimental Farm near Silberborn (51°44´56´´N, 9°32´28´´O) about 60 km west of 

Göttingen in the Solling Mountains, which is a forest rich low mountain range in Central 

Germany (Lower Saxony). The study area is described by a montane elevation of 500 m a.s.l. 

and a mean annual temperature of 6.9°C and an annual precipitation of 1030 mm. 

POPDIV was established with the specific objective to analyse ecosystem services according 

to intraspecific diversity with poplar as model tree and P. tremula and P. tremuloides as 

specific study species. In order to answer the question if a reduction in intraspecific diversity 

has a negative impact on ecosystem functioning with a special interest in productivity, eight 

aspen collectives (seven P. tremula and one P. tremuloides) were arranged in a complex 

experimental design along a gradient starting with monocultures and increasing the number of 

cultures (Fig. 2). The plant material (either seeds or small plants) was derived from Germany 

(3 collectives), Poland, Switzerland, Austria, Sweden and the USA provided by a tree nursery 

or other institutes (detailed information is given in the material and methods section in 

Chapter 5 and 6). Small plants with Polish (Bialystok) and German (Holstein) origin were 
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provided by a tree nursery (Bunk Pflanzen, Elmshorn), whereas the plants of the Swedish 

collective were collected in Sweden (Edsvalla). The German, Swiss, Austrian and US 

collective were derived from seeds gained directly from the mother plant in the respective 

habitat (Germany: Göttingen; Switzerland: Birmensdorf; Austria: Vienna Woods, USA: 

Sandwich) and hence, including one or more pollen donors. Seed propagation was performed 

by the Department of Forest Botany and Tree Physiology at the University of Göttingen. 

When the plants had reached a height of about 20 cm they were, together with the plants 

provided by the nursery and the small plants collected in Sweden, planted at the study area. 

The plantation of the selected aspen collectives was established on unfertilized, moderately 

poor soil (22% sand, 67% siltstone, 12% loam and 8% humus soil) which was previously 

used for extensive pasture.  

 

 

Figure 2 Design of the Göttingen poplar diversity experiment located at the Relliehausen 
Experimental Farm near Silberborn. Eight poplar collectives (7 x P. tremula and 1 x P. 
tremuloides) were planted in four diversity steps. Figure design by F. Kleemann. 
 

In comparison to the common-garden experiment, where we used defined plant material 

(closely related full-sib families), here we tried to increase the genetic richness within each 
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collective by an increase in pollen donors and further we tried to increase the genetic 

distances among them by an increase in geographic distance. Each group was defined as 

collective and simulated the genetic constellation of a population, which could be the result of 

a natural pair-crossing from a small founder aspen population. The Department of Forest 

Genetics and Tree Breeding at the University of Göttingen performed again the molecular 

analysis to reveal the genetic distances among the studied collectives. The American 

collective (P. tremuloides) was used as outlier in order to obtain a high value of genetic 

distance in relation to the European aspen and to study the growth performance of a native 

aspen species in comparison to a non-native species. 

In the first phase of the experiment, the involved working groups were mainly focused on the 

characterization of the individual collectives. Plant-plant interactions and the associated 

effects on ecosystem functioning were not expected during the first year of growth. The aspen 

collectives were characterized according to their genetic structure, plant physiological and 

morphological traits. Hence, the results of the experiment will be able to give a great 

contribution to a better understanding of ecosystem functioning and the importance of genetic 

resources with a special interest for short-rotation forestry and the associated yield gain. In 

this experiment the following parameters were investigated: 

 Canopy carbon gain 

 Morphological parameters of the leaves (number of leaves, total leaf area, leaf size, 

leaf area increment rate, ratio of leaves lost to leaves produced, specific leaf area) 

 Morphological parameters of the shoot (diameter, height increment, number and 

increment of side branches) 

 Phenological parameters of the leaves (time of leaf flushing and leaf abscission) 

 Seasonal changes in photosynthesis related traits using light-response curves and 

internal CO2-response curves  

 Seasonal changes in plant water-household related traits using leaf water potential, 

leaf conductance and photosynthetic water-use-efficiency 

 

Chapter 5 (Different growth strategies determine the carbon gain and productivity of aspen 

collectives to be used in short-rotation plantations) gives the results of the comparison of four 

P. tremula collectives due to their growth performance and the decisive parameters, whereas 

Chapter 6 (Comparing native and non-native aspen species (Populus tremula vs. P. 

tremuloides) for their suitability in short-rotation forestry: photosynthetic performance and 
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growth analysis) is focused on the differences between a European P. tremula collective and 

the American P. tremuloides collective.  

 

Study objectives and Chapter outline  

This thesis was conducted in the framework of the Göttingen poplar diversity project. The 

general scope of the thesis was to characterize trait variability in aspen assemblages, with an 

emphasis on productivity, along a gradient of genetic relatedness and places of origin:  

 in a study group of closely related aspen full-sib families with German origin (Chapter 

3 & 4)  

 in a study group of distantly related aspen collectives with Central European origin 

(Chapter 5)  

 in a group of two aspen species originating from Europe and the USA (Chapter 6)  

 

Our specific objectives were: 

1) to characterize the variability of phenological, physiological and morphological traits along 

this gradient (Chapters 3 - 6) and to partition the trait variability in environmental and genetic 

variation (Chapters 4 & 5) 

 2) to identify the best biomass predictors and controlling traits from a pool of phenological, 

morphological and plant physiological traits and to reveal their contribution to successful 

plant growth for each study assemblage (Chapters 3 - 6) 

3) to relate genetic distance with phenotypic trait variation (Chapter 3) 

4) to record aspen associated organism and their impact on growth performance (Chapter 3) 

 

In order to fulfil the objectives of this study I investigated productivity and several 

morphological and physiological traits in each aspen assemblage and applied a detailed 

growth analysis based on a preceding and detailed phenotyping. Further, we used the methods 

of molecular and quantitative genetics to estimate the degree of genetic impact on the 

variation in the studied traits and related genetic variance with tree performance in order to 

provide advice for breeding programmes and short-rotation forestry (Chapter 3 - 5). Chapter 6 

included the American aspen species and examined the use of native or non-native seed stock 

in short-rotation forestry from an ecological point of view.  

The synthesis of Chapters 3 to 6 allowed us to compare the degree of within-species 

variability (in a closely and distantly related aspen assemblage) with the between-species 
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variability, what will support the understanding of the functioning of genetically different 

aspen assemblages with regard to natural populations. 
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Abstract  

Knowledge on phenological, morphometric, and phytochemical variation of local progenies 

of European aspen (Populus tremula, L.) is limited. The goal of this study was to characterize 

variation in growth and ecologically important leaf properties in aspen full-sib families in 

relation to interacting organisms (mycorrhiza, endophytes and insects) and to determine if 

these interactions were affected by soil-application of a systemic fungicide. In local 

progenies, within family variation of neutral molecular genetic markers (nuclear 

microsatellites) was higher than between families. Significant variation in growth, production 

of phenolic defensive compounds and other phytochemical leaf traits was found between 

families.  Phenolic compounds showed clear negative correlation with generalist herbivores, 

but did not result in negative trade-off with biomass production. Differences in mycorrhizal 

colonization were not found among full-sib families and application of a systemic fungicide 
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suppressed neither mycorrhizal colonization nor infestation with insects. However, a strong 

suppression of endophytes occurred, whose long-term consequences may require attention 

when fungicides are used in agro-forestry plantations.  

 

Keywords: agro-forestry, molecular marker, nitrogen, nutrition, phenolic compounds, 

Populus. 

 

1. Introduction 

European and American aspen (Populus tremula, P. tremuloides Michx.) are among the most 

wide-spread tree species in circumpolar boreal and temperate forest regions (Hultén and Fries, 

1986; Dickmann and Kuzovkina 2008). They are pioneering species with low nutrient 

demand that colonize disturbed and shallow soils (Dimpfelmeier 1963; Tamm 2006). In 

contrast to other poplar species that are typically found in alluvial, riparian and wetland 

ecosystems, aspens are relatively drought tolerant and form distinct forest communities. In 

past European silvicultural practices aspens have usually been removed to avoid competition 

in even aged, traditionally managed coniferous forests (DeChantal et al. 2009). However, it 

has recently been recognized that aspen create habitats for specific fauna including many 

endangered species and therefore provide important ecosystem services (Kouki et al. 2004). 

To date, aspens are increasingly valued because of their ecological functions as well as a 

possible resource for biomass production on marginal soils. 

Traits of ecological and economic value have mainly been studied in American aspen (P. 

tremuloides) or in hybrids of P. tremuloides with P. tremula (Li and Wu 1997; Liesebach et 

al. 1999), whereas less information is available on its close relative, European aspen. 

American aspen show significant genetic variation in the phytochemistry of defence 

compounds such as phenolic glucosides and condensed tannins, whereas other foliar traits 

such as nitrogen content respond mainly to environment (Osier and Lindroth 2006; Donaldson 

and Lindroth 2007). Phenolic compounds protect against Venturia shoot blight infection 

(Holeski et al. 2009) and influence feeding behaviour of herbivorous insects on Salicaceae 

(Rowell-Rahier 1984; Donaldson & Lindroth 2007). Among herbivores, generalists such as 

the chrysomelid beetles Phratora vitellinae, Phratora vulgatissima and Galerucella lineola 

prefer leaves with low concentrations of phenol glucosides (Kendall et al. 1996; Orians et al. 

1997; Glynn et al. 2004). In contrast, specialized chrysomelid beetles, for example, 

Chrysomela populi and Gonioctena decemnotata, prefer salicaceous species with relatively 

high concentrations of phenol glycosides in the leaves (Orians et al. 1997; Ikonen, 2002) 
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because their larvae sequester plant-derived allelochemicals such as salicylaldehyde for 

defence (Pasteels et al. 1983). 

Trade-off between allocation to defence compounds and growth has been reported, at least 

under limiting nutrient resources (Donaldson et al. 2006). Therefore, differences in growth 

and biomass production among P. tremula progenies may have consequences for 

phytochemical traits, in particular for allocation of defence compounds, and for interactions 

with associated organisms such as mycorrhizae, endophytes or leaf feeding insects. Since 

economically and ecologically sustainable biomass production requires cultivation of trees 

adapted to regional climate with optimum growth and stress tolerance, we investigated 

variation in phenological, morphological and ecophysiological traits in a common-garden 

experiment with seven full-sib families generated by crossing of local P. tremula parent trees 

(Göttingen, Central Germany). It is often required to apply phyto-protective agents to prevent 

spreading of diseases in plantations. Therefore, we also studied the influence of a systemic 

fungicide on plant performance and biotic interactions. The following hypotheses were tested:  

(i) full-sib aspen families show significant variation in growth and ecophysiological leaf traits 

that are related to parenthood and modulate interactions with associated organisms; (ii) 

defensive compounds and growth are negatively related providing evidence for an energetic 

trade-off; (iii) application of a systemic fungicide has negative effects on associated 

organisms such as endophytes, mycorrhiza, and leaf-feeding insects. 

 

2. Materials and methods 

2.1 Plant materials and experimental set-up 

The parent P. tremula trees were located close to Göttingen (Geismar, 51° 31′ N, 9° 57′E). In 

the year 2000, shoots with male and female flowers were transported to a greenhouse and 

used for controlled crossing of male trees number 1, 3 and 5 with female trees number 2, 4, 7, 

8, and 9, respectively, resulting in the following crossings: C1 (4x5), C2 (9x5), C3 (8x5), C4 

(2x5), C5 (2x3), C6 (9x3), and C7 (7x1). Seeds were germinated on moist Vermiculite (grain 

size 3 to 8 mm, Deutsche Vermiculite Dämmstoff GmbH, Sprockhövel, Germany). Seedlings 

were planted in pots (Fruhsdorfer soil, type N, Fruhsdorf, Germany), cultivated outdoors and 

watered as necessary. In spring 2008, 8-yrs-old trees were out-planted according to a 

randomized block design with 8 blocks (4 blocks treated monthly with 75 l Amistar Opti 

[25µl L-1, Syngenta, Maintal, Germany], 4 control blocks treated with water). Each block 

contained 24 plants; i.e. 3 trees of each of the 7 full-sib families in addition to 3 plants of a 

further crossing which was however contaminated and therefore not included in further 
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analyses. A bed contained four blocks of alternating control and fungicide treated blocks, 

which were separated by plastic barriers and surrounded by a row of additional trees to avoid 

edge effects. The experiment consisted of two beds. The trees were cultivated for one growth 

phase and watered as necessary. The mean ambient air temperature was 15°C. 

 

2.2 Phenological and morphometric measurements 

Before bud break, diameter at the bottom (root collar) and height of the main shoot of each 

tree were measured. Bud break at the apex of the leader shoot was scored regularly. The 

Julian days were recorded until the first leaf was fully expanded (according to the scores 

described by UPOV 1981). The trees were harvested in the first week of September 2008. At 

harvest, root collar diameter, height of main shoot, number of side branches, lengths of side 

branches, number of leaves, fresh mass of leaves, stems, fine and coarse roots were 

determined. Leaf mass was determined for 5 fully expanded leaves collected at the top of the 

leader shoot of each tree and their areas were measured using ImageJ 

(http://rsbweb.nih.gov/ij/). These data were used to convert leaf mass per tree to leaf area per 

tree. Aliquots of plant tissues were shock-frozen in liquid nitrogen and stored at -80°C for 

biochemical analysis. Aliquots of roots were used for mycorrhizal assessment. Other plant 

tissues were dried at 60°C to determine dry mass and the relative water content [fresh mass – 

dry mass)*100/fresh mass]. 

 

2.3 Endophyte colonization 

Two fully expanded, healthy top leaves of 20 plants per treatment of C3 and of 18 plants per 

treatment of C4 were harvested (21th Aug. 2008), cut into quarters and surface-sterilized for 1 

min in 96% EtOH, 3 min in 4% NaOCl and 30 s in 96% EtOH. The four leaf pieces were 

placed upside down in a Petri dish on antibiotics containing water-agar (15 g L-1 agar with 15 

mg tetracycline, 100 ampicilline, 50 mg kanamycine, and 0.1 mg streptomycine) and were 

incubated for 7 days at 20°C in darkness (Petrini 1986). Subsequently hyphal outgrowth of 

leaf pieces was scored as absent or present on each leaf piece yielding a scale from 0%, 25%, 

50%, 75% and 100% endophyte presence, respectively, per leaf in a Petri dish. 

 

2.4 Insect sampling 

Insects were captured by using a sweep net and an exhauster or were identified directly on the 

trees. Aphids, leaf beetle larvae and galls were quantified visually on each tree. Counting was 

done four times (monthly) from May to the middle of August. We recorded three leaf beetle 
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(Phratora vitellinae, Crepidodera aurata and Crepidodera aurea) and one aphid species 

(Chaitophorus populi). The identification of adult insects was done in the laboratory. Due to 

negligible abundances, miners, galls, Homoptera and different predators were not included in 

statistical analysis. Leaf beetles and their larvae and other chewing insects like Symphyta 

larvae and caterpillars were pooled and denominated as “sum of chewing insects” and aphids 

and cicada were pooled as “sum of sucking insects”. 

 

2.5 Mycorrhizal colonization 

To determine colonization with ectomycorrhizal fungi fine roots were cut into small pieces 

and mixed. Aliquots of the mixtures were spread under a dissecting microscope (Zeiss, Stemi 

2000-C) and the presence or absence of typical ectomycorrhizal mantle structures was 

recorded on 100 root tips per sample. To measure colonization with arbuscular mycorrhizal 

fungi, root samples were placed immediately after harvest in 80% EtOH. The samples were 

subsequently stained with trypane-blue in lactophenol, destained and mycorrhizae detected by 

the presence of hyphae, arbuscules or vesicles in root tissue whose abundance was recorded 

by the gridline intersection method as reported previously (Ducic et al. 2009). 

 

2.6 Genetic analysis 

To control the crossing experiment the DNA of the parental trees and their offspring was 

analysed using 5 nuclear encoded microsatellite markers. Total DNA was extracted from 

young leaves using the DNeasy Plant Minikit (Qiagen, Hilden, Germany). The amount and 

the quality of the DNA were analyzed by 0.8% agarose gel electrophoresis with 1 x TAE as 

running buffer (Sambrook et al. 1989). DNA was stained with ethidium bromide and 

visualized by UV illumination.  

For microsatellite analysis the primers PMS14, PMS16 (Van der Schoot et al. 2000), PTR2, 

PTR4 (Dayanandan et al. 1998), and PTR5 (Rahman et al. 2000) were used. The PCR 

reactions were carried out as described above with the exception that primers were labelled 

with the fluorescent dyes 6-carboxyfluorescein (6-FAM) or hexachloro-fluorescein 

phosphoramidite (HEX). Fragments were separated on the ABI Genetic Analyser in a 

multiplex analysis. The microsatellite alleles were recognized using the software packages 

Genescan 3.7 and Genotyper 3.7 from Applied Biosystems. 

Microsatellite loci were scored for the analysis of genetic parameters by using the computer 

program GENALEX (Peakall and Smouse 2001). The analysis confirmed seven of initially 

eight full-sib families. Genetic variances within and between full-sib families were calculated 
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with Molecular Analysis of Variance (MAMOVA, www.biosis.ac.uk/smart/unix/mamova) 

using 99 permutations.  

 

2.7 Biochemical analysis 

The biochemical analyses were conducted as described previously (Luo et al. 2006; Luo et al. 

2008) and are therefore recorded here only briefly. Frozen leaves were ground to a fine 

powder in a ball mill cooled with liquid nitrogen (Retsch, Haan, Germany). Material of three 

plants of a full-sib family in each block was pooled. Glucose, fructose, sucrose and starch 

were extracted in DMSO/HCl and their concentrations were determined after enzymatic 

conversion at a wavelength of 340nm (Schopfer 1989). Soluble proteins were extracted in 

phosphate buffer and measured spectrophotometrically at a wavelength of 562nm using the 

bicinchoninic acid kit (BCA assay, Uptima, Montlucon, France). Bovine serum albumin 

served as the standard. Soluble phenolics were extracted twice in 50% methanol and 

measured spectrophotometrically after incubation with Folin-Ciocalteus phenol reagent at 

765nm. Catechin was used for calibration. Leaf pigments were extracted in 80% acetone and 

measured at wavelengths of 646nm (chlorophyll b), 663nm (chlorophyll a) and 470nm 

(carotenoids). Their concentrations were calculated using the extinction coefficients 

determined by Lichtenthaler and Wellenburn (1983). 

 

2.8 Element analysis 

Dry leaves were milled to a fine powder in a ball mill (Retsch, Haan, Germany). The powder 

was wet-ashed in 65% HNO3 at 170°C for 12h. The filtrate was used for ICP-OES analysis of 

P, S, K, Ca, Mg, Mn, and Fe (Spectro Analytic Instruments, Kleve, Germany) after Heinrichs 

et al. (1986). For analysis of nitrogen and carbon contents leaf powder was weighed into 5 x 9 

mm tin cartouches (Hekatech, Wegberg, Germany) and analysed in a CHNS-O element 

analyzer EA1108 (Carlo Erba Instruments, Milan, Italy). Acetanilide was used as the 

standard.  

 

2.9 Data analysis 

Data were tested for normality with the Shapiro-Wilk’s test. If required, data were log-

transformed to meet the assumption of normality of residuals. For data analysis herbivore data 

of all sampling dates were pooled. Differences between parameter means were considered 

significant when the P value of the ANOVA F test was less than 0.05. Univariate or 

multivariate analysis of variance, principle component analysis, linear mixed effects models, 
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simple regression and graphics were carried out using the software R 2.10.0 (R Development 

Core Team 2009). The experimental design with two beds divided into four blocks each 

required statistical analysis with linear mixed effects models. We fitted linear mixed-effects 

models (“lme”-function in package “nlme”; Pinheiro and Bates 2000) using maximum 

likelihood with genotype, soluble phenolics and relative leaf water content plus their two-way 

interactions as fixed factors. To account for non-independence of different plot sizes, we used 

the following sequence of random effects: bed, block and genotype. To account for 

heteroscedasticity we inspected the residuals for constant variance and normality and used 

variance functions (Pinheiro and Bates 2000). For model simplification we performed 

stepwise backwards model selection by using the Akaike Information Criterion (AIC) 

(Crawley 2007; “stepAIC“-function within the “MASS“-package, Venables and Ripley 2002). 

The minimal adequate model was the one with the lowest AIC (Burnham and Anderson 

2002). Multiple comparisons among factors having a significant effect in the minimal model 

were calculated using Tukey contrasts with P-values adjusted by single-step method 

(“multcomp“-package, Hsu 1996). The figures were generated with the software Origin 7.0 

(Origin Lab Corp., Northampton, USA). 

 

3. Results 

3.1 Phenotypic and genetic differences between full-sib families of P. tremula  

Bud break, a trait under strong genetic control, revealed distinct differences among P. tremula 

crossings (Fig. 1A). Bud break was completed 8 days earlier in C7 than in C6. The other full-

sib families showed intermediate behaviour. The full-sib families furthermore differed 

significantly in growth (Fig. 1B) as well as in many other morphometric parameters (for 

details, see Supplement 1) such as the number of side shoots (P < 0.001), cumulative lengths 

of side branches per tree (P = 0.048), relative leaf water content (P = 0.003), relative height 

growth (P = 0.002), stem diameter (P = 0.007), stem height (P < 0.001), stem biomass (P < 

0.001), leaf biomass (P < 0.001), below-ground biomass (P = 0.033), and whole plant fresh (P 

< 0.001) and dry mass (P < 0.001). Significant differences among full-sib families were also 

found for the concentrations of some leaf nutrients and for phytochemical traits [Ca (P < 

0.001), N (P = 0.004), Mg (P = 0.004), Mn (P < 0.001), P (P = 0.002), K (P = 0.009), soluble 

phenolic compounds (P = 0.005), glucose (P < 0.001), fructose (P = 0.009)], whereas C, S, 

Fe, starch, chlorophyll, carotenoids, and soluble protein (P > 0.05) were unaffected by genetic 

differences between the full-sib families. Fungicide treatment had no significant influence on 

morphometric or phytochemical parameters in aspen (Supplement 1).  
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To classify full-sib aspen families according to their morpho- and chemometric 

characteristics, principle component analysis of growth and phytochemical parameters was 

conducted. Three components were extracted that contributed 39.7% (component 1), 22% 

(component 2) and 21% (component 3) of the variability. The performance of C1, C2, and C4 

was strongly influenced by shoot biomass and side shoots numbers and that of C3, C5 and C7 

by relative growth and Mn concentrations (1st component, Fig. 2). Only C6 was strongly 

affected by component 2 that was mainly defined by bud break and soluble phenolics (Fig. 2).  

To investigate relationships between genetic variance of the neutral markers and two 

parameter sets for tree performance, i.e., green leaf chemistry (mineral nutrients, phenolic 

compounds, carbohydrates, pigments and protein) and tree morphology (biomass of leaves, 

stem, and roots, leaf area, stem height increment, stem diameter, leaf numbers, whole-plant 

leaf area, relative leaf water content, number of side shoots, cumulative lengths of side 

shoots), Mantel tests were conducted (Table 1). However, neither leaf chemistry nor tree 

morphology showed significant relations with the genetic variance of the five neutral markers 

applied here. Furthermore, the neutral markers showed significantly higher molecular 

variance within a full-sib family than between families (Among families: DF = 6, variation 

39%, within families: DF = 108, variation 69 %, PhiPT 0.3941, P = 0.010). 

 

Table 1 Results of a Mantel test conducted for the relationship between genetic variance and 
tree performance.  
____________________________________________________ 

Parameter group P (Genetic Variance)*  

________________________________________________________ 

Green leaf chemistry 0.3816 

Plant morphology 0.9013  

All parameters 0.8957  

____________________________________________________ 

* Genetic variances were calculated on the basis of the five neutral markers used to test the 
populations. Performance parameters were leaf chemistry (mineral nutrients, phenolic 
compounds, carbohydrates, pigments and protein), tree morphology (biomass of leaves, stem, 
and roots, leaf area, stem height increment, stem diameter, leaf numbers, whole-plant leaf 
area, relative leaf water content, number of side shoots, cumulative length of side shoots) or 
all plant parameters analysed. 
 

To investigate whether plant traits differed more strongly between families without common 

parents than between those with a common parent, the trees were combined in a matrix 
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showing 7 combinations for common fatherhood, 2 combinations for common motherhood 

and 12 combinations without common parents (Supplement 2). The differences between tree 

traits were calculated for each combination and compared by ANOVA.  
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Figure 1 Bud break (A) and relative growth rate (B) of seven full-sib families of aspen (P. 
tremula). (A) Bud break was measured as Julian days to the first fully expanded leaf on the 
leader shoot. (B) Relative growth rate was determined as annual increment in shoot 
height/shoot height before bud break. Data indicate means (n = 24 to 28, ± SE). Different 
lower-case letters indicate significant pairwise differences between respective means at P ≤ 
0.05. 
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Among 30 traits tested 26% (annual stem diameter increment, number of side shoots, 

fructose, protein, carbon, calcium, potassium, and manganese) showed significant differences 

according to parenthood (Table 2). However, only half of them (annual stem increment, 

number of side shoots, fructose and protein) showed the expected stronger difference in 

progenies without than in those with common parents and suggests a strong paternal influence 

on these parameters.  
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Figure 2 Principal component analysis. The analysis was based on the following parameters: 
SB = stem biomass, BC = time until bud break was completed, SS = number of side shoots, 
RG = relative growth rate, and foliar concentrations of Phe = soluble phenolics, Mn = 
manganese, and Ca = calcium. 
 

3.2 Performance of full-sib families in relation to growth and defence compounds 

Since growth-related parameters and soluble phenolic concentrations showed significant 

differences between the full-sib families, the relationship between these features was further 

explored. We expected that high production of phenolic compounds would consume carbon 

and energy, which would, thus, be unavailable for biomass production of stem and root 

tissues.  
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Table 2 Differences of plant traits between different parenthoods. 
 ___________________________________________________________________________ 

    ------------Differences* for --------------------- 

Parameter   common  common  no common   P 

    father  mother  parent 

___________________________________________________________________________ 

Annual stem 

Increment (mm)  -0.06 ± 0.27a 0.30 ± 0.37ab 1.02 ± 0.26b  0.042 

Number of side shoots 1.32 ± 2.80a 11.17 ± 1.37b 8.97 ± 1.71b  0.004 

Fructose (mg g-1 DM)  -0.09 ± 0.03a 0.25 ± 0.09b 0.20 ± 0.04ab  0.001 

Protein (mg g-1 DM)  0.64 ± 0.072a -2.87 ± 1.02b -1.27 ± 0.57b  0.052 

Carbon (%)   -0.29 ± 0.13a 0.33 ± 0.45b 0.09 ± 0.08b  0.037 

Calcium (mg g-1 DM)  -2.15 ± 0.50a -0.81 ± 0.17a 1.62 ± 0.24b  0.001 

Potassium (mg g-1 DM) -1.65 ± 0.22a -1.12 ± 0.15ab 1.34 ± 0.48b  0.001 

Manganese (mg g-1 DM) -0.02 ± 0.00a -0.01 ± 0.00a 0.01 ± 0.00b  0.000 

______________________________________________________________________ 

*Differences were calculated for means for the combinations shown in Supplement 2. Data 
were tested with the factors: no common parents (0), common father (1), common mother (2). 
Data show means (± SE). Different lower-case letters indicate significant respective pairwise 
differences at P ≤ 0.05. Parameters that showed no significant differences are not shown. 
 

Instead of negative trade-off, we found that the total amount of phenolics in leaves was 

strictly positively correlated with total plant stem + root biomass (= non-green tissue, Fig. 3, 

open symbols). The same was true if the relationship between the amount of phenolics and 

stem biomass was considered (R = 0.911, P = 0.004). We further argued that if there was a 

trade-off between the production of non-green tissue and phenolics in leaves, a negative 

relationship between the concentration of phenolics per unit of leaf tissue and the amount of 

non-green tissue per green tissue must be expected. However, this was not observed (Fig. 3, 

closed symbols). Similarly, the concentration of phenolic compounds and the relative annual 

growth rate were unrelated (R = 0.449, P = 0.311). 
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Figure 3 Relationship between total amount of soluble phenolics in leaves and non-green (= 
stem + root) biomass (left and lower axis, black symbols) and between the concentration of 
soluble phenolics and the ratio of non-green tissue-to-green tissue (right and upper axis, white 
symbols). 
 
3.3 Relationships of full-sib aspen families with interacting biota and influence of fungicide 

treatment 

The roots of all full-sib families were colonized by arbuscular (27%) and ectomycorrhizal 

fungi (16%). Spearman correlation revealed a marginally significant negative correlation 

between the abundance of arbuscular and ectomycorrhizal fungi (R = -0.741, P = 0.056). 

Significant effects of full-sib families or of fungicide treatment on mycorrhizal abundance 

were not found (Supplement 1). 

Endophyte colonization was only scored in two full-sib families, C3 and C4, respectively, 

which were characterized by a stark contrast in the concentrations of phenolic compounds 

(20.9 versus 30.8 mg g-1 leaf fresh mass). Between these two families no significant 

differences for endophyte colonization were detected (score of leaf colonization: 43 ± 8%, P = 

0.948). However, treatment with the fungicide Amistar, which was applied by soil drench, 

resulted in a significant decrease in endophyte colonization of leaves of both families (Table 

3). The effect was specific for this fungal life style because mycorrhizal colonization was 

unaffected by the fungicide (Table 3, Supplement 1). The full-sib families also differed in 

herbivorous insect infestation since leaf beetle larvae were significantly less abundant on 

leaves of the families C2 and C6 than on those of C3 (Fig. 4).  
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Figure 4 Abundance of chrysomelid larvae on leaves of seven full-sib families of aspen (P. 
tremula). Data indicate means (n = 24 to 28, ± SE). Different lower-case letters indicate 
significant pairwise differences between respective means at P ≤ 0.05. 
 

Table 3 Influence of fungicide treatment on endophytes and mycorrhizas.  
__________________________________________________________________ 

      Control +Fungicide* P 

____________________________________________________________________ 

Endophyte (% of leaf pieces)   65 ± 6  24 ± 5  < 0.001 

Arbuscular mycorrhiza (% of root cells) 25 ± 3  27 ± 3     0.634  

Ectomycorrhiza (% of root tips)  14 ± 1  18 ± 1     0.010 

_________________________________________________________________________ 

*The fungicide Amistar© was applied once a month from April to August. Colonization by 
endophytic fungi was scored on leaf pieces, colonization by ecto- and arbuscular mycorrhizal 
fungi was scored on roots. Data show means (± SE) for families C3 and C4. 
 
 
There were no effects of different full-sib families on aphids and the sum of sucking insect 

abundance (Supplement 1). A linear mixed-effect model of foliar phenolics was significant 

for the abundance leaf beetle larvae (F(1,19) = 7.22, P = 0.014) as well as for the sum of 
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chewing insects (Fig. 5), whereas no significant effects were found for the abundance of 

aphids (F(1,19) = 0.37, P = 0.545) or the sum of sucking insects (F(1,19) = 0.28, P = 0.602). 
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Figure 5 Relationship between the concentration of soluble phenolics in leaves and the 
abundance of chewing insects (note log-scale). 
 

4. Discussion 

In this study we included a large range of morphometric and chemometric measures for 

phenotyping of aspen. We found significant variation in these quantitative traits in the 

progenies of local parental trees but correspondence between variance for neutral molecular 

genetic markers and phenotypic characteristics was not found. This was not unexpected since 

attempts to correlate genetic information based on neutral markers with traits of 

ecophysiological significance, e.g. timing of bud break, growth, or other quantitative traits 

have frequently been unsuccessful (McKay and Latta 2002; Bekessy et al. 2003). Similarly, 

meta-analysis revealed only a very weak correlation between quantitative traits and molecular 

measures for genetic variation (mainly isozyme-based analyses, Reed and Frankham 2001). A 

comparison of neutral markers, SNPs in candidate genes and quantitative phenological 

parameters such as bud break, bud set, seasonal increase in tree height and stem diameters in 

P. tremula genotypes from a clinal gradient also failed to detect significant correlations 

between molecular and phenological measures (Hall et al. 2007). In contrast to those studies, 

Madritch et al. (2009) found a significant correlation between genetic distance and green leaf 
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chemistry for P. tremuloides clones. However, our data do not support such a relationship in 

P. tremula, probably, because the genetic variance within a family of siblings was higher than 

between different families. Nevertheless, some morphological and phytochemical traits 

showed significant parental influence. The reason for this apparent contradiction is probably 

that genetic variance was measured with neutral markers, whereas phenotypic characteristics 

are the integrative result of many functional genes. 

In P. tremula the concentration of phenolics was under genetic control such as in P. 

tremuloides (Osier and Lindroth 2006; Donaldson and Lindroth 2007). Interestingly, 

allocation of a range of nutritional elements such as N, P, Ca, Mg and Mn was also under 

genetic control in P. tremula. N and P are major compounds in biogeochemical cycles. The 

elements Ca and Mg are important in ecological nutrient cycles stabilizing or counteracting 

decreases in soil pH (Guckland et al. 2009). Litter input of fast-degrading leaves therefore has 

profound effects on ecosystem processes. Whether the observed differences in leaf quality and 

quantities would be sufficient to influence ecosystem functions, for example, in plantations 

remains to be seen. With respect to Mn, genetic differences in uptake and root-to-shoot 

allocation have been reported for the interior and coastal race of Douglas fir (Ducic et al. 

2006). The interior Douglas fir showed better performance on poor soils than the coastal 

provenience (Ducic et al. 2009), but in some locations its inability to limit Mn translocation to 

above-ground plant tissues caused severe bark diseases resulting in significant economic loss 

(Schöne 1992). Our findings underline that it will be worthwhile to investigate the genetic 

basis of mineral nutrient allocation, especially if aspens were used for agro-forestry systems. 

Leaf concentrations of phenolic compounds are important factors shaping interactions with 

other biota (Orians et al. 1997; Glynn et al. 2004; Whitham et al. 2006). Their concentrations 

vary strongly between different Populus species and their hybrids and these variations are 

inversely correlated with infestation with leaf galls and arthropods (Glynn et al. 2004; 

Whitham et al. 2006; Holeski et al. 2009). In greenhouse experiments with P. tremuloides 

phenolic glycoside concentrations were the best predictor for gypsy moth larval performance 

(Donaldson et al. 2006; Donaldson and Lindroth 2007). Our data indicate that variation in leaf 

phenolics of P. tremula mediated interactions with leaf beetle larvae, belonging to the genus 

Phratora and Crepidodera. These chrysomelid species are generalists on salicaceous plants 

and not specifically adapted to utilization of phenolic glucosides like some other Chrysomela 

species (Denno et al. 1990; Ikonen 2002; Glynn et al. 2004). High concentrations of leaf 

phenolic compounds provide a protection from generalist herbivores as indicated by the 

negative relationship between phenolics and leaf beetle larvae abundance. Our data further 
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suggest that the costs incurred by this constitutive protection are too small to result in 

significant trade-off for growth or biomass production. 

In this study the influence of Amistar Opti, a strobilurin-based antifungal compound, was also 

studied. The active agent has initially been isolated from Strobilurus tenacelus, a saprophytic 

fungus growing on pine cones (Anke et al. 1975). Although this fungicide acts against a broad 

number of fungal species from different classes (ascomycota, basidiomycota, oomycetes), we 

showed that it does not suppress mycorrhiza formation. This has also been reported for other 

modern fungicides (Feldman 2003; Watson 2006). Mycorrhizal colonization of aspens in our 

study was similar to that found in other field studies (Baum and Makeschin 2000). In fact, 

ectomycorrhizas even tended to be more abundant in fungicide-treated trees, which may be 

the result of reduced growth of potential competitors. Endophytic fungi, which colonize the 

apoplastic space of plant tissues and feed on plant carbohydrates, may be such competitors. 

They were strongly suppressed by Amistar Opti. Although endophytes often increase plant 

performance (Clay 1996; Morse et al. 2002; Bailey et al. 2005; but see Feath and Sullivan 

2003), we did not find negative effects of their suppression on plant nutrition, growth or 

insect feeding in this short term study. Since trees are cultivated for several years before 

harvest, it will be important for future investigations to assess if reduction of endophytes has 

long-term negative effects. 

 

Conclusions 

We showed that full-sib aspen families exhibit significant intra-specific variation in growth 

and ecophysiological leaf traits and that some of these traits are clearly related to parenthood. 

In contrast to our expectation, production of phenolic compounds, which act as defence 

against generalist herbivores, did not show negative trade-off with growth. Probably, the 

concentrations of these compounds were too low compared with lignin production or other 

energy consuming processes to influence growth behaviour. Application of a systemic 

fungicide did neither suppress mycorrhizal colonization nor affected infestation with insects. 

However, a strong suppression of endophytes was found, whose long-term consequences may 

require attention when fungicides are used in agro-forestry plantations.  
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Supplement 1 

Results of linear mixed-effects models for different response variables in seven full-sib aspen 
families (C1, C2, C3, C4, C5, C6, and C7), describing the effects of full-sib families 
(Genotype) and of fungicide treatment. NumDF = numerator degrees of freedom, DenDF = 
denominator degrees of freedom. Bold font indicates significant P-values. 
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Supplement 2 
Matrix showing combination of common fathers (1), common mothers (2) and no common 
parents (0) for the full-sib aspen families. 
 

C1 C2 C3 C4 C5 C6 C7
Parent 4x5 9x5 8x5 2x5 2x3 9x3 7x1

C1 4x5
C2 9x5 1
C3 8x5 1 1
C4 2x5 1 1 1
C5 2x3 0 0 0 2
C6 9x3 0 2 0 0 1
C7 7x1 0 0 0 0 0 0  
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Abstract 

For investigating genotypic differences in the production potential of Populus tremula L., we 

grew poplar plants of six full-sib families under optimal water and nutrient conditions and 

analysed more than 20 physiological and morphological traits with a potential impact on 

productivity. The six families were produced from controlled crossings of two male and four 

female trees. Despite genetic distances of 2 to 28%, the families showed no significant 

differences in photosynthetic and leaf water status parameters (photosynthetic capacity, leaf 

water potential and others), even though productivity differed up to twofold between the 

families. Hence, growth rate was not related to photosynthetic activity but showed a close 

association with several morphological traits, most closely with the leaf number (L) and total 

leaf area. Variation in L explained 70% of the growth variation across the six families, and the 

start of bud burst (BB) correlated with the leaf number (early-starting families produced more 

leaves). The between-family variation in growth-related morphological traits was much larger 

than that in physiological traits (coefficient of genetic variation 4-29% vs. 0-4%). Even 

though the genetic constitution had a significant effect on eight morphological (leaf and root-

related) traits, we found no relation between the genetic differences between any two families 

and the corresponding growth differences. We conclude that the timing of bud burst and the 
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resulting total number of leaves developed are the determinants of growth in P. tremula. 

Selection programmes should focus on the considerable intraspecific variation in L and BB in 

order to increase yield. 

 

Keywords: genetic distance, growth analysis, leaf phenology, photosynthetic capacity, 

Populus tremula, relative growth rate. 

 

1. Introduction 

The interplay of genetic variation and productivity is of prime importance for forest 

industries, because it offers the potential to increase biomass gain for global renewable energy 

needs. There is an urgent need to improve the properties and increase the productivity of high-

yielding woody plantation systems (e.g. short-rotation coppice) in order to satisfy the market 

demand on a long-term basis [1]. At present, bioenergy and fibre production within short-

rotation forestry in Europe and North America is based mainly on poplar species and their 

cultivars [2-4]. A recent focus of ecological research is to disentangle the relationship 

between biodiversity and ecosystem functioning [5-7] and to understand the conditions under 

which plant species diversity has a positive effect on productivity e.g. [8,9]. In contrast, the 

role of plant genotype diversity for ecosystem functioning is not well studied and probably 

underestimated. Even though the variation between genotypes may be smaller than the 

variation between species, the impact on the productivity of the populations may be large 

enough to affect ecosystem structures and functions. In the recent past, empirical evidence for 

plant genotypic diversity increasing productivity has become available [10], but a deeper 

understanding of the functional role of intraspecific genetic diversity is still lacking.  

In this study, we focus on Populus tremula L. plantings in short-rotation coppice, one of the 

important tree species for the energy wood industries. Many selection programmes have been 

developed in order to screen for the most promising poplar genotypes in terms of productivity 

[11,12]. Yet, the contribution of intraspecific genetic variation to differences in productivity is 

not sufficiently understood [13]. For estimating the production potential, detailed knowledge 

of a plant’s yield components together with the genetic variation in the available plants is 

required [14]. Aspen are successful pioneer species with a large geographic range [15]. 

Because of their high fecundity and wind dispersed pollen and seeds, aspen species have a 

high level of inter- and intra-population diversity [16]. As typical colonizer species, they also 

reproduce clonally via root suckers. Hence, newly established aspen populations at open sites 

and on barren land typically consist of numerous closely related genetic individuals [17]. We 
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tried to simulate this situation by investigating several closely related progenies (full-sibs) 

which are the offspring derived by pair-crossing from a few colonising mother and father 

trees. 

In the current study, we characterize six different full-sib families of P. tremula by a broad set 

of morphological and physiological traits in order to understand the potential of intraspecific 

variation for growth promotion in poplar and to identify traits associated with high-yielding. 

We attempted to minimise the influence of a variable environment setting up an experiment 

under optimal growing conditions (enough water supply and fertile soil substrate) with plants 

of defined genetic constitution. This allows us to relate the productivity performance to 

physiological and morphological traits inherent to each full-sib family. The study’s specific 

objectives were (1) to investigate the variability of yield in a group of aspen progenies with 

closely related genetic constitution, (2) to identify physiological and morphological key traits 

that contribute to aspen productivity, and (3) to assess the role of genetic variation for yield 

and the traits controlling it.  

 

2. Materials and methods 

2.1 Aspen full-sib families 

The plants used in this study belong to six full-sib families of trembling aspen (P. tremula) 

bred by controlled crossing. The parent tree material originates from 30-year-old trees 

selected in Göttingen-Geismar, Central Germany (51°32´N, 9°56´E).  Two male trees were 

used as pollen donors (Geismar #3 and 5) and four served as mother plants (Geismar # 2, 4, 8, 

9). The crossings 2x3, 2x5, 4x5, 8x5, 9x3 and 9x5 (full-sib families) were carried out under 

laboratory conditions, and the offspring was raised in ten-litre pots by the group of Forest 

Genetics and Tree Breeding at the University of Göttingen in 2000. Twenty-four progenies 

per family were selected for the experiment. 

 

2.2 Experimental design 

The experiment was conducted in the outdoor area of the Department of Forest Botany and 

Tree Physiology at the University of Göttingen. In April 2008, progenies from the six full-sib 

families were transplanted in two blocks of 10 m x 2 m, with each block being composed of 

four plots. Each plot included three aspen saplings of each family which were randomly 

placed at a distance of 50 cm. The eight plots were treated as replicates, because ANOVA 

revealed no significant plot effects. To provide optimal growing conditions, the used soil 

substrate was nutrient-rich humus, and the trees were regularly watered. Every plot was 
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bordered by a single row of trees that were not used for the physiological and morphological 

measurements. This row served as a buffer zone to avoid the potential impact of edge effects 

on the target plants. Due to inherent differences in relative growth rate between the six 

families, the plants had reached different tree heights, total twig lengths and shoot diameters 

at the beginning of the experiment. To account for these size differences, initial tree height 

was used as a covariable in the statistical analyses (ANCOVA). 

 

2.3 Molecular analyses 

In order to characterize the genetic differences between the six full-sib families, DNA of the 

progenies was analysed using five nuclear encoded microsatellite markers. The total DNA 

from young leaves was extracted using the DNeasy Plant Minikit (Qiagen, Hilden, Germany). 

For microsatellite analyses the primers PMS14, PMS16 [18], PTR2, PTR4 [19] and PTR5 

[20] were used. PCR amplification was performed in a 12.5 µl volume containing 10 ng 

template DNA, 10 mMTris/HCl pH 9.0, 0.2 mM of each dNTP, 1.5 mMMg Cl2, 50 mM KCI, 

0.2 µM each of forward and reverse primers and 1 U of Tag polymerase (Qiagen, Hot Star 

Master Mix, Hilden, Germany). All amplifications were performed in a Peltier Thermal 

Cycler (PTC-0200 version 4.0, MJ Research) with a heated lid under the conditions described 

for each primer pair (see above). Primer pairs were preliminarily tested by running PCR 

products on 2% agarose gels in 1 x TAE buffer (see above). Microsatellite alleles were 

analysed on an automatic sequencer (ABI 3100 Genetic Analyser). The PCR reactions were 

carried out with one primer (the forward primer) labelled with the fluorescent dyes 6-FAM 

(blue) or HEX (green). Fragments were separated on the ABI Genetic Analyser in a multiplex 

analysis. GS 500 ROX (fluorescent dye ROX) was used as internal standard (Applied 

Biosystems, California, US). The microsatellite alleles were recognized using the software 

packages Genescan 3.7 and Genotyper 3.7 from Applied Biosystems. Microsatellite loci were 

scored for the analyses of genetic parameters by using the computer program GENALEX 

(Genetic Analysis in EXCEL). The genetic distance between the different full-sib families 

was calculated according to Nei [21]. 

 

2.4 Plant growth and allocation 

Starting two weeks after planting in April 2008, bud flush was monitored at frequent time 

intervals (1-2 days) during the duration of the experiment according to UPOV [22]. In 

September, before leaf abscission occurred, all trees were harvested. Every tree was excavated 

individually with a soil corer of 25 cm radius. Above- and below-ground biomass were 
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separated and the entire root system was carefully washed out to remove soil residues. Coarse 

(Ø > 2 mm in diameter) and fine roots (Ø ≤ 2 mm) were separated, dried and weighed. A 

small sub-sample of fresh fine roots was taken apart for determination of root surface area and 

specific root area (SRA: cm² g-1 dry weight (DW)) using scanned images of the roots that 

were analysed with the software WinRhizo (Régent Instruments Inc., Quebec, Canada). 

Subsequently, these sub-samples were also dried and weighed. The main stem and the 

branches were separated from the leaf biomass, dried at 70°C for at least 48h and weighed to 

determine above-ground dry biomass. Total dry weight per plant was calculated by adding all 

above- and belowground fractions. 

Stem height and stem diameter at a height of 22 cm above the ground and the total length of 

all twigs were recorded. The stem volume index was calculated based on plant height and 

stem diameter (SVI = H x D² (cm³)) according to Pontailler et al. [23]. All leaves were 

counted to obtain the total number of leaves (L) produced during the experimental period. 

Mean plant growth over the vegetation period was estimated from the difference between 

initial and total twig length at harvest. Based on the relationship between final biomass and 

total twig length at the date of harvest, the initial biomass of the plants at the beginning of the 

experiment was recalculated using the twig length at this date, assuming that the twig length-

biomass relationship was constant throughout the vegetation period. The biomass increase 

was then calculated as the difference of initial and final biomass, relative growth rate (RGR, 

in mg g-1 d-1) by relating biomass increase to the duration of the experiment (150 days). Stem 

height increment was found to be a less suitable estimator of growth because a group of trees 

showed a negligible increase of main shoot height but had considerable length growth in the 

twigs.  

Each ten leaves per tree were randomly selected to determine mean leaf size (Ls) through 

scanning and image analysis with the software WinFolia (Régent Instruments Inc., Quebec, 

Canada). Total leaf area (tLA) per tree was estimated from mean leaf size and the total 

number of leaves counted at harvest. tLA is equivalent to the total leaf area produced over the 

experimental period. Leaf area ratio (LAR: cm² g-1 DW) was calculated as the ratio of total 

leaf area and total dry mass of the plant. The proportion of leaf, shoot or root mass in total dry 

mass was expressed by leaf mass ratio (LMR), shoot mass ratio (SMR), or root mass ratio 

(RMR) (all in g g-1 DW or % of plant mass). Root-to-shoot ratio (R/S) relates total root mass 

to shoot mass.  
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2.5 Gas exchange measurements  

After full leaf expansion in June 2008, leaf gas exchange parameters were recorded monthly 

using a LI-6400 portable photosynthesis system (LI-Cor, Lincoln, NE, USA) until August. All 

measurements were made on fully expanded and sun exposed leaves between 900 and 1700 h 

solar time. Light-response curves were recorded for single leaves of eight to ten trees per 

family that were measured alternately over a week. The levels of photosynthetically active 

radiation (PAR) were adjusted to 1500, 1000, 750, 500, 300, 200, 100, 50, 20, and 0 µmol 

photons m-2 s-1 using a red and blue LED light source supplied by the manufacturer. All 

measurements were conducted at constant CO2 concentration (370 ppm), constant leaf 

temperature (20-22°C) and constant vapour pressure deficit (VPD = 1kPa). Parameters 

obtained were light-saturated net photosynthesis rate (Amax), leaf dark respiration (DR), 

apparent quantum yield (Qe), light compensation point (LCP), light saturation point (LSP) and 

stomatal conductance (gs) at 1500 µmol m-2 s-1. Furthermore, CO2-response curves (50, 100, 

150, 370, 600, 1200, 2000 µmol CO2 mol air-1) were established for all families at 1000 µmol 

m-2 s-1 PAR to calculate carboxylation efficiency (CE). The data points from the light- and 

CO2-response curves were approximated to non-rectangular hyperbola according to Meir et 

al. [24] and evaluated with the Software SigmaPlot (Systat Software Inc., Version 10.0, 

California, USA). After gas exchange measurement, the fresh leaves were sampled to 

determine leaf surface area (WinFolia, Régent Instruments Inc., Quebec, Canada) and 

subsequently dried and weighed to calculate specific leaf area (SLA: cm² g-1 DW).  

 

2.6 Chlorophyll-fluorescence 

Chlorophyll-fluorescence was measured on fully expanded leaves of eight trees per family 

with a portable Pulse Amplitude Modulation Fluorometer (PAM 2000, Heinz Walz GmbH, 

Effeltrich, Germany) on three occasions in June, July and August. The chlorophyll-

fluorescence was then expressed in terms of maximum quantum efficiency of photosystem II 

((Fm – Fo)/Fm = Fv/Fm) at predawn (400 to 530 h solar time) and around midday (1200 to 1330 

h solar time), and effective quantum yield of PS II ((Fm´-Ft)/Fm´ = ΦPSII) at two light regimes 

(200 and 1500 µmol m-2 s-1 PAR). In order to detect the fluorescence in the absence of light, 

Fv/Fm was recorded after keeping the leaves in complete darkness (Fo) for 20 min, followed by 

the application of a sat pulse to achieve maximum fluorescence (Fm). To determine ΦPSII, the 

leaves were re-adapted to the low and high irradiation levels used in the measurements. After 

reaching steady state in Ft (fluorescence in the light), a flash pulse was applied to the leaves 

and the maximum fluorescence in the light (Fm) could be measured. 
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2.7 Leaf water potential 

Leaf water potential (Ψ) was measured with a pressure chamber (PMS Instruments, Corvallis, 

OR) on sunny days at midday between 1200 and 1330 h solar time on three occasions in June, 

July and August with the aim to record daily minima (ψmin). Single fully expanded and sun-

exposed leaves of eight trees per family were cut off and immediately measured.  

 

2.8 Statistical analyses 

Statistical analyses were performed with the Statistical Analysis System (Version 9.1, SAS 

Institute Inc., USA). All data were tested for normality using the Shapiro and Wilk’s test 

(P≤0.05). In cases of non-normality, data were transformed to meet requirements of 

parametric tests. Time series were not specifically analysed, but all calculations with repeated 

measurements used means (and standard errors: SE) calculated over the vegetation period. 

Traits were correlated with each other using Spearman rank correlation. Data were analysed 

using ANOVA (general linear models, proc glm) with analyses for genetic effects and plot as 

block factor. Due to the differences in initial plant height, height was treated as a covariable 

(ANCOVA). Reported P-values were based on type III sum of squares estimates. To reveal 

significant differences in the analysed trait means between families, a Tukey post hoc test 

(P≤0.05) was applied. In order to identify traits most closely correlated with productivity, the 

relative growth rate was used as response variable in a multiple regression analysis (backward 

variable selection); explanatory variables were derived based on a Principal Components 

Analysis (PCA). In general, only variables were used in the PCA that were not related to each 

other and were not derived from each other (an exception was made for total leaf area and the 

number of leaves which were identified as key plant traits in other analyses). The 

morphological traits of leaves, shoots and roots, which exhibited a significant Spearman 

correlation to relative growth rate, were included in the PCA and subsequently in the multiple 

regression analysis. All included parameters were standardized (zero mean / unit variance) 

and constructed on the two main axes (PC1 and PC2) additionally to the allocation of the 

families in the orthogonal plane. PCA and multiple regression analysis were performed using 

STATISTICA software (StatSoft, USA). 

 

2.9 Estimates of genetic parameters 

When there was a significant effect of family on traits, we calculated broad-sense heritability 

(H²) for the respected trait. H² was calculated from the genetic variance component (σ²G) 

related to the total phenotypic variance (σ²p = σ²G + σ²Є) which comprises the genetic variance 
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and residual variance (σ²Є) component for each trait. Standard errors of H² were generated by 

the equation SE (H²) = (1-H²) [1+ (b-1) H²] [2/ (bf)] 1/2 according to Singh et al. [25]. The 

coefficient of genetic variation (CVG) was calculated from the genetic variance component 

and the trait mean: CVG =
mean

g 100²  . According to this expression, the coefficient of 

environmental variation was calculated with the respective residual variance component: CVЄ 

=
mean

100²   [26]. When the mean square of the residuals exceeded the mean square of the 

family, the genetic variance component and CVG was set to zero. 

 

3. Results 

3.1 Family variation in plant physiological traits 

Light-saturated net photosynthesis (Amax) showed an only very small variation with means 

ranging from 12.47 to 13.87 µmol CO2 m
-2 s1 and no significant differences between the six 

families (Table 1). We found a significant correlation between Amax and carboxylation 

efficiency (mean of all families: 0.25 mol air m-2 s-1, r: 0.6, P<0.001), stomatal conductance 

(0.16 mol H2O m-2 s-1, r: 0.41, P<0.01), the effective quantum yield at 1500 µmol m-2 s -1 

(0.404, r: 0.45, P<0.001) and the light saturation point (805 µmol m-2 s-1, r: 0.8, P<0.001). 

The variables related to plant water status (gs and midday water potential ψmin with means 

from -1.73 to -2.03 MPa) were not significantly related to each other or to any parameters 

associated with carbon assimilation. None of the gas exchange and water status parameter 

showed significant differences between the families. A significant seasonal trend during the 

experimental period was also lacking. Especially maximum quantum efficiency Fv/Fm was 

very similar between the six families and varied only slightly between 0.790 and 0.813 at 

predawn, while midday values were somewhat lower (Table 2). Leaf dark respiration, light 

compensation point, and apparent and effective quantum yield showed very little variation as 

well and consequently no significant differences between the six families (Tables 1 and 2).  

 

3.2 Family variation in relative growth rate and biomass production 

The means of relative growth rate (RGR) differed by up to 30 percent between the six 

families and thus were much more variable than the photosynthesis parameters, but the RGR 

differences were not significant due to considerable variation between the individuals of a 

family. Nevertheless, the families 2x5 and 4x5 showed the highest RGR means (3.85 mg g-1 

d-1) while family 9x3 reached a mean of only 3.02 mg g-1 d-1, and the other three families 

 65



ranged between these extremes (Table 3). Moreover, the growth differences were significant 

between the families, when the absolute biomass increase in the 150 d-experimental period 

was considered instead of RGR in the analysis of variance with initial height as a covariable. 

As for RGR, the 2x5 and 4x5 families were the most productive ones (about 100 g biomass 

increase) whereas families 9x3 and 8x5 produced only 51 and 65 g, respectively. The other 

two families showed intermediate productivity (up to 80 g). 

 

3.3 Plant growth analysis and biomass allocation patterns 

Of all morphological parameters, the number of leaves and total leaf area correlated best with 

relative growth rate, while the relationships to other leaf-related traits (Ls, LAR, SLA and 

LMR) was less tight. A negative relation was found to RMR, root-to-shoot ratio and the 

timing of bud burst (Table 4, Fig. 1).  
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Figure 1 Relation between relative growth rate and the number of leaves produced during the 
experiment in the six aspen families (means and standard errors of 16-20 individuals per 
family). 
 

A multiple regression analysis with backward variable selection confirmed the prominent role 

of leaf number with 70 % (R²: 0.73, P<0.001) of the RGR variation between the families 

being explained by the variation in the number of leaves. How many leaves were formed 

during the experimental period was significantly influenced by the date when bud flushing 

started in spring (Fig. 2). The timing of leaf bud burst correlated negatively with most leaf-

related traits, but most closely with leaf number, while RMR and R/S showed a positive 

relation to the onset of leaf flushing (Table 4). Due to the lack of variation in physiological 
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traits, none of them correlated with RGR. Consequently, they were not used in the 

multivariate analysis.  
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Table 4 Spearman correlation coefficients, for the relationship between RGR and timing of 
bud burst with several morphological traits in the poplar families (n= 16-24 trees per family).  
Asterisks indicate the level of significance P<0.05*, P<0.01**; P<0.001***. Abbreviations: 
number of leaves (L), leaf size (Ls), total leaf area (tLA), leaf area ratio (LAR), specific leaf 
area (SLA), leaf mass ratio (LMR), shoot mass ratio (SMR), root mass ratio (RMR), root-to-
shoot ratio (R/S), specific root area (SRA) and stem volume index (SVI). 
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Figure 2 Relation between the onset of bud flushing (days after April 25th) and the total 
number of leaves produced in the 150-d experiment for the six aspen families (means and 
standard errors of 16-22 individuals per family). 
 

The two main planes of the PCA with the traits leaf number, total leaf area, specific leaf area, 

root-to-shoot ratio, root mass ratio, stem volume index and timing of bud burst explained 

around 70% of the variability in all investigated traits between the six full-sib families (PC1: 

50.6%, PC2: 18.1%) (Fig. 3a). Axis PC1 was mainly defined by the leaf and stem traits which 

were all strongly correlated with each other and the phenological timing of bud burst, whereas 

the root traits (RMR, R/S) captured PC1 and PC2 almost in equal parts.  
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If Amax was added, the scores along axis 1 remained similar but now axis 2 captured the 

variation in Amax (PC1: 44.6%, PC2: 17.9%) (Fig. 3b). Hence, there was no association 

between assimilation rate and the biomass-related parameters.  

Figure 3 Distribution of the morphological traits (a) and the morphological traits in 
combination with the light-saturated net photosynthesis (Amax) (b) in the orthogonal plane 
(PC1x PC2) of a principal components analysis for the six studied full-sib families (c, d). L= 
number of leaves, tLA= total leaf area, SLA= specific leaf area, SVI= stem volume index, 
RMR= root mass ratio, R/S= root-to-shoot ratio, BB= timing of bud burst. 
 

The location of the families in the ordination space (Fig. 3c, d) indicated that family 9x3 

invested more into root biomass in relation to the total and above-ground biomass than the 

other five families, whereas families 4x5 and 2x5 tended to have higher biomass values for 

leaf and stem traits. The families 9x5 and 2x3 played an intermediate role. A subsequent 

ANCOVA confirmed these results.  

Family 9x3 was the one with the lowest productivity, but it invested significantly more carbon 

in below-ground growth (R/S= 1.1, P≤ 0.05) which was reflected in a significantly higher root 

mass ratio than in the other families (Fig. 4). The root-to-shoot ratio varied between 0.66 and 
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0.80 among the families (Table 3), revealing no significant differences among the families 

except for family 9x3. This family exhibited also the lowest stem volume index (145 cm³, 

difference to other families significant) and had the lowest number of leaves produced and the 

smallest leaf area development, with about five leaves and 300 cm² of leaf area produced per 

month on average. The families 4x5 and 2x5 reached stem volume indices of 265 to 330 cm³, 

respectively, developed 25 new leaves month-1 during the study period and showed a leaf area 

expansion of 700 cm² month-1. In contrast, significant differences in specific root area (SRA) 

or specific leaf area (SLA) between the families did not exist, except for a significant 

difference in SRA between the families 9x5 and 2x3. Nevertheless, both parameters were 

relatively uniform among the families with means ranging from 210 to 290 cm² g-1 (SRA) and 

from 125 to 140 cm² g-1 (SLA) (Table 3).  

 

Figure 4 Partitioning of biomass to leaf, shoot, coarse root and fine root fractions in the six 
aspen families (means and standard errors of 20-24 individuals per family). 
 

3.4 Influence of the genetic constitution on growth 

According to the microsatellite analysis of the genomes, the largest genetic distance existed 

between the families 2x3, 8x5 and 9x5, while the highest genetic similarity was observed for 

the families 9x3 and 9x5 (Table 5). Half of the differences that were found in growth rate or 

morphological parameters between the families could, however, not be related to this genetic 

background, with the exception of the number of leaves, leaf size, leaf area ratio, the timing of 

bud flush, the plant mass ratios and root-to-shoot ratio. The genetic constitution (between-

family variation) had no significant influence on any of the physiological parameters (Table 
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6). Therefore, we were able to calculate broad-sense heritability (H²) for the variables leaf 

number (H²= 0.24 ± 0.09), Ls (H²= 0.14 ± 0.07), LAR (H²= 0.27 ± 0.09), LMR (H²= 0.22 ± 

0.09), SMR (H²= 0.27 ± 0.09), RMR (H²= 0.40 ± 0.10), R/S (H²= 0.37 ± 0.10) and timing of 

bud flush (H²= 0.48 ± 0.10) indicating that the genetic constitution explained 14% to 48% of 

the variation of the respective variables. Most of the morphological traits had rather high 

coefficients of variation for the between-family variation (CVG: 4% up to 29.0%) but low 

CVG values in the case of the physiological traits (0.71 - 4.3%). A similar difference was 

found for the coefficient of environmental variation (CVЄ) between morphological (13 to 

65%, mean: 32%) and physiological traits (2 to 35 %, mean: 16%) (Table 6). The remarkably 

small genetically-determined variation in the physiological traits is supported by the absence 

of a family effect in the covariance analysis.  

 

Table 5 Matrix of genetic distances (% according to Nei [21]) between the six aspen families 
based on microsatellite analysis. For further details see the material and methods section. 
 
Aspen families 2x3 2x5 4x5 8x5 9x3 9x5 

2x3 0.0      

2x5 14.1 0.0     

4x5 13.2 3.9 0.0    

8x5 28.3 8.1 6.6 0.0   

9x3 6.3 16.0 12.7 22.0 0.0  

9x5 25.6 4.2 5.4 3.9 1.8 0.0 
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Table 6 Results of a covariance analysis (ANCOVA) on the effects of genetic constitution 
(family) on various morphological and physiological traits of the aspen families using plant 
height as a covariable. Given are the F-values (type III SS) and the coefficient of variation for 
the between-family (CVG, genetic variation) and within-family (CVЄ, environmental 
variation) effects. Asterisks indicate a significant (P<0.001) influence of the family on the 
trait. Abbreviations: RGR= relative growth rate, L= number of leaves produced, Ls= leaf size, 
tLA= total leaf area, LAR= leaf area ratio, LMR= leaf mass ratio, SLA= specific leaf area, 
SVI= stem volume index, SMR= shoot mass ratio, RMR= root mass ratio, R/S= root-to-shoot 
ratio, BB= timing of bud burst, Amax= light-saturated net photosynthesis, CE= carboxylation 
efficiency, Qe= apparent quantum yield, LCP= light compensation point, LSP= light 
saturation point, DR= leaf dark respiration, Ψmin= midday leaf water potential, gs= stomatal 
conductance at 1500 µmol photons m-2 s-1, Fv/Fm= maximum quantum efficiency, ΦPSII = 
effective quantum yield recorded at two light regimes (200, 1500 µmol m-2 s-1). 

 

4. Discussion 

4.1 Intraspecific variation in poplar productivity and growth-related traits 

The six poplar families derived from crossings of two father and four mother trees showed a 

remarkable uniformity in physiological traits related to photosynthesis and water relations. 

None of the 12 investigated parameters had coefficients of genetic variation (CVG = variation 

among the 6 families / mean) greater than 4.3%, even though the six parent trees differed 
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considerably in their genetic constitution as evidenced by genetic distance analysis (13 - 28% 

relative distance between sib-families with no common father or mother). This indicates that 

the investigated physiological traits are either being inherited in a conservative manner, or 

that the very similar environment of the six parent trees in the past has promoted converging 

adaptive changes in the genes related to photosynthesis and water relations traits. In contrast, 

genetic variation was much higher in all morphological and phenological traits (CVG: 4% - 

29.0%). The largest genetically determined differences between the six families existed for 

traits related to leaf area, leaf phenology, and the relative size of the root and shoot system: 

leaf number, leaf size, leaf area ratio, the timing of bud burst, leaf, shoot and root mass ratio, 

and the root-to-shoot ratio were significantly influenced by family identity. Numerous studies 

have investigated the genetically determined variation in morphological and physiological 

traits in woody plant populations by analysing the variety of genotypes being present. These 

comparative investigations typically found a greater genetic variation in morphological than 

in physiological traits e.g. [27,28], which matches with our results. 

 

4.2 Plant traits contributing to productivity 

Leaf number per plant and the timing of bud burst were identified as key factors controlling 

the relative growth rate of the P. tremula families in our experiment. Surprisingly, leaf 

number was even more influential than total leaf area at the time of harvest. This is probably 

due to the fact that annual photosynthetic carbon gain is more closely related to leaf area 

duration (i.e. the product of mean leaf area and the length of the leafy period) than to leaf area 

itself with a strong influence of the duration of the assimilation period on annual C gain. 

Because the number of leaves produced during summer was related to the date of bud burst in 

spring, the timing of leaf flushing appeared as an influential factor for poplar productivity in 

the analysis. This is in agreement with Yu et al. [29] who reported a strong correlation 

between biomass production of P. tremula and the length of the growth period. According to 

Howe et al. [30], bud phenology of hybrid poplars is largely under genetic control. Therefore, 

these traits could be used for predicting the productivity of high-yielding species, as shown 

for Salix by Weih [31]. This is supported by the work of DeQuiang et al. [32] who were able 

to locate the genomic regions, that control leaf morphology and bud flush, using quantitative 

trait loci (QTL) analyses. Other leaf-related traits such as leaf area ratio, leaf mass ratio, leaf 

area index and specific leaf area have also been found to be reliable predictors of poplar 

productivity [33,34] mostly because they correlate closely with plant leaf area or leaf area 

duration. However, next to positive correlations with LAR, LMR and SLA, we also found a 
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negative correlation of RGR with root mass ratio. Consequently the family with the highest 

RMR (and highest R/S) and smallest values for leaf area-associated traits (family 9x3) 

exhibited the smallest RGR. This family combined all traits that were found to be associated 

with low productivity in this study, i.e. high RMR and R/S, small leaf number, low LAR and 

LMR and late onset of bud burst.  

Both, a simple correlation analysis and a Principal Components Analysis revealed the 

insignificance of photosynthetic capacity (Amax) for RGR, thereby confirming earlier reports 

that productivity differences between poplar genotypes are best explained by morphological 

traits but not by photosynthetic characteristics [35]. Neither Amax nor quantum yield or 

carboxylation efficiency were suitable predictors of productivity. Similarly, Poorter and 

Remkes [36] and Garnier [37] demonstrated for non-woody plants that differences in RGR 

were most tightly related to differences in leaf morphology such as SLA, while the effect of 

photosynthetic capacity was insignificant. It appears that productivity differences between 

species of the same functional group, or between closely related species, and between 

genotypes of the same species are mostly caused by differences in morphological traits, while 

differences in physiological activity (including processes leading to biosynthesis of primary 

and secondary compounds) are mainly relevant when comparing different plant functional 

groups. Nevertheless, in many tree species, there are differences in trade-off traits, i.e. carbon 

allocation to defence compounds such as phenolics or antioxidants that may strongly affect 

productivity. Further, it should be kept in mind that the key predictors of high-yielding can 

differ between poplar families and may change with growth performance [38]. According to 

these authors, leaf area was a better indicator of productivity in poplar families with large 

leaves and higher leaf longevity, while leaf production rate was more useful in poplar plants 

with small leaves. 

 

4.3 Genotypic vs. environmental control of yield 

Our experiment with poplar families of defined genetic distance grown in a more or less 

uniform environment allowed us to distinguish between genetic and environmental effects on 

important growth-related plant traits. The genetic constitution had a significant influence on 

seven important traits associated with RGR (timing of bud burst, leaf number, leaf size, leaf 

area ratio, leaf and root mass ratio and the ratio between above and below-ground biomass); 

nevertheless, these properties were subject to a larger environmental (within-family) than 

genetic variation. Moreover, all other morphological and physiological traits investigated 

showed much higher CVЄ than CVG coefficients emphasizing the dominant environmental 
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control of productivity in P. tremula in our experiment. This is astonishing because the soil 

and climate conditions were highly uniform across all plots of the experiment. Further, this 

result seems to contradict other studies with poplar genotypes which indicate a moderate to 

strong genetic control of productivity [28,39]. We explain the rather small genetic influence 

on productivity in our experiment by the fact that the eight replicate plots per family 

contained genetically similar (same parent trees), but not identical, poplar individuals. A 

comparison of clonal individuals probably would have led to a greater influence of the 

genome on RGR. However, the detected genetic differences between any two families in our 

study did not correspond to the productivity differences observed between these families 

which may raise some doubt on the role of genetic constitution in controlling RGR. 

Moreover, our experiment was conducted under optimal light, soil moisture and nutrient 

conditions with significant stress periods lacking which may contrast with the field situation.  
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Abstract 

Aspen (Populus tremula) is a favoured tree species in short-rotation forestry with a 

recognised large intraspecific variation in productivity. We compared the growth potential of 

1-yr-old saplings of four Central European aspen collectives with different climate adaptation 

on a low-fertility site and searched for growth-determining physiological and morphological 

traits and their dependence on genetic constitution. Among the 35 investigated traits were 

photosynthetic capacity and mean assimilation rate, quantum yield and carboxylation 

efficiency, maximum rates of carboxylation and electron transport, leaf water potential 

maxima and minima, leaf phenology and the ratio of leaves lost to leaves produced (LP ratio), 

leaf size and total leaf area, plant height and axes length growth, and canopy carbon gain in 

the vegetation period as an estimate of total (above- and belowground) productivity. The 

collectives differed by more than 30% in cumulative carbon gain with a large genotype effect, 

while mean assimilation rate and most photosynthetic and water status traits showed a 

relatively small intraspecific variation with no significant influence on the variation in C gain. 

The timing of the beginning of net leaf loss (leaf abscission > leaf production) in early and 

mid August differed between the four collectives and resulted in different maximum leaf areas 

and LP ratios, which were identified as key factors controlling C gain. Mean assimilation rate, 

though not related to cumulative C gain, was positively correlated with the light, CO2 and 

water-use-efficiencies of photosynthesis and with predawn leaf water potential, but not with 

the maximum rates of carboxylation and electron transport. We conclude that genotype 

selection for high-yielding aspen in short-rotation forestry at low-fertility sites should focus 
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on the parameters leaf phenology, LP ratio at the end of the growing season, and the resulting 

total leaf area as key traits. 

 

Keywords: carbon gain, genotypic variation, growth performance, leaf phenology, 

photosynthesis, Populus tremula. 

 

1. Introduction 

Poplar (Populus) species are preferred plants in Europe and North America for short-rotation 

forestry to produce fibre and bioenergy for a growing demand [1-3]. Major advantages are 

high productivity, tolerance of a broad range of soil conditions, and only moderate to low 

sensitivity to abiotic and biotic stressors [4]. One possible species is P. tremula L., a wide-

spread light-demanding pioneer tree in Eurasia and Africa with an impressive tolerance of 

acidic, dry, nutrient-poor and cold soils, which makes this species an attractive choice for 

short-rotation plantations on poor soils and in mountainous regions [5]. Various studies have 

shown that the capacity for high-yielding differs among the genotypes of P. tremula and of 

other Populus species [6,7], offering a considerable potential for plant breeding programmes 

in search for the ´optimal´ genotype or deme. Here, we report about a growth trial with four 

genetically differentiated collectives of P. tremula with different origin from Central Europe 

that were grown at montane elevation (about 500 m a.s.l.) on unfertilized moderately poor soil 

with the objective to identify yield differences among the collectives and to relate 

productivity to important morphological and physiological traits by means of growth analysis. 

The four collectives originated from locations in Central Europe that differed with respect to 

summer and winter temperatures and precipitation (sub-continental, summer-warm and semi-

dry to sub-oceanic, summer-cool and moist climates) to represent a broad spectrum of 

adaptation histories in the plant material tested. The specific study aims were 1) to identify the 

collective with highest yield on this rather unfavourable soil, 2) to relate differences in canopy 

carbon gain and growth rate to each other, and 3) to quantify the heritability of the traits 

controlling productivity in order to assess the potential for yield increases through genotype 

selection and breeding programmes directed to optimize P. tremula plantations at low-

productivity sites. 
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2. Materials and methods 

2.1 Plant material 

Sixty plants each of four European P. tremula collectives (Table 1) were propagated from 

seeds in March 2008. The seedlings were planted individually in 10 litre pots containing 

nutrient-rich soil and were grown for eight months until November when they were 

transplanted to the experimental field site.  

 

2.2 Experimental design 

The experiment was conducted in a low mountain range in Central Germany at lower 

montane elevation (Solling 51° 44´56´´N, 9° 32´28´´O at 485 m a.s.l.) at the Relliehausen 

experimental farm near Silberborn, about 60 km west of Göttingen. The area is characterized 

by a mean annual temperature of 6.9°C and 1030 mm annual precipitation. 

In November 2008, the progenies of the four collectives were planted on a former grassland 

area on a relatively nutrient-poor acidic soil (haplic Cambisol). Each collective was planted in 

monoculture blocks with 1.50 m distance between the plants. Every block contained 30 plants 

of the same collective arranged in 6x5 rows with the blocks being replicated twice. To avoid 

edge effects, only the 12 central plants were used for the growth analysis and plant 

physiological measurements, while the 18 peripheral plants served as buffer zone. 

 

2.3 Genetic analyses 

Total genomic DNA was isolated from leaves sampled from the saplings of each collective 

with the DNeasy Plant Mini kit (Qiagen, Hilden, Germany). The microsatellite primers 

WPMS14, WPMS16 [8], PTR2, PTR4 [9], PTR5, PTR6, PTR8, PTR14 [10,11] were used for 

PCR amplification. PCR reactions were carried out as described above with the exception that 

primers were labelled with the fluorescent dyes 6-carboxyfluorescein (6-FAM) or hexachloro-

fluorescein phosphoramidite (HEX). The amplified products were resolved 

electrophoretically on an ABI Genetic Analyzer 3100 together with the internal size standard 

GenScan 500 ROX from Applified Biosystems. Nei’s genetic distances [12] were calculated 

by the software GENALEX 6.2 [13]. 

 

2.4 Photosynthetic traits 

After full leaf expansion in June 2009, leaf gas exchange was recorded monthly until August 

using a LI-6400 portable photosynthesis system (LI-COR, Lincoln, NE, USA). All 

measurements were made on fully expanded and sun-exposed leaves between 900 and 1700 h 
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solar time. Light-response curves were recorded for a single leaf of ten trees per collective. 

The levels of photosynthetically active radiation (PAR) were adjusted to 1500, 1000, 750, 

500, 300, 200, 100, 50, 20, and 0 µmol photons m-2 s-1 using a red and blue LED light source 

supplied by the manufacturer. All measurements were conducted at constant CO2 

concentration (370 ppm), constant leaf temperature (25°C) and constant vapour pressure 

deficit (VPD = 1kPa). Light-saturated net photosynthesis rate (Amax), apparent quantum 

efficiency (Qe), stomatal conductance (Gs) and transpiration rate (E) at 1500 µmol m-2 s-1
 

PAR, 25°C and VPD = 1kPa, and the photosynthetic water-use-efficiency (WUE = Amax/E) 

were calculated. Further, CO2-response curves (50, 100, 150, 370, 600, 1200, 2000 µmol CO2 

mol air-1) were established at 1500 µmol photons m-2 s-1 PAR and used to calculate 

carboxylation efficiency (CE), maximum carboxylation rate (Vcmax) and the maximum rate of 

electron transport (Jmax). The data points from the light and CO2-response curves were fitted 

with a non-rectangular hyperbola of the form 
0)( ybxa

bxa
y




  following Meir et al. [14] and 

evaluated with the Software SigmaPlot (Systat Software Inc. Version 10.0, California, USA). 

Jmax and Vcmax were calculated with the equations given by Bernacchi et al. [15] and Lenz et 

al. [16]. 

 

2.5 Leaf water potential 

Leaf water potential (Ψ) was measured with a pressure chamber (PMS Instruments, Corvallis, 

OR) on sunny days before dawn between 330 and 500 h solar time and at midday between 

1200 and 1330 h solar time on three occasions in June, July and August with the aim to record 

daily potential maxima (Ψmax) and minima (Ψmin), respectively. Single fully expanded and 

sun-exposed leaves of ten trees per collective were cut off and immediately measured. Table 2 

gives the symbols and definitions of the physiological variables studied. 

 

2.6 Leaf area development and stem increment 

The measurements of leaf morphology and plant growth started in spring 2009 with initiation 

of bud break and ended at the end of August. Leaf flushing was monitored at frequent time 

intervals (every 1-3 days) between the time when the first buds started breaking and the date 

of complete leaf unfolding. The bud status of 10 plants per collective was analysed by using 

the bud scale given by the International Union for the Protection of New Varieties of Plants 

[17]. The time span between leaf flushing and complete leaf abscission in September was 

taken as the length of the growing period (VP) of a plant. Due to the fact that poplars are 
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forming new leaves continuously throughout the summer, the process of leaf area increment 

was investigated in detail in mid-summer (July and August) for 10 progenies per collective. 

Three to five buds per plant were marked and the length of the developing leaves was 

measured with a digital calliper every 1 to 2 days, until the leaves had attained their mature 

size and no further increment was recorded. Leaf area was estimated from the allometric 

relationship with leaf length established at a sample of 10 leaves per collective. Leaf area 

increment rate (LAinc, mm2 d-1) was calculated from the difference between the estimated final 

mature leaf size and the initial leaf size over the number of days needed to complete leaf 

expansion. Further, the change in total plant height of 10-11 plants per collective was 

recorded weekly. On the same plants, the total number of produced twigs was recorded and 6-

9 twigs were marked for weekly measurement of twig length increment.  

The 10-11 sample plants per collective were also used to monitor the total number of leaves 

(NL) at weekly intervals in order to analyse the seasonal development of leaf production. 

Based on detailed information about the number of leaves being present during the 

experiment, the number of leaves lost (NLL) was calculated as the difference between the 

maximum number of leaves (NLmax) and the leaf number at the end of August (NLmin). The 

date when NLmax was reached, was registered as t (NLmax). We calculated a leaf production 

rate by dividing NLmax by the time interval between leaf flushing and the date when t (NLmax) 

occurred, whereas leaf loss rate was calculated by relating NLL to the time span between t 

(NLmax) and the end of the experiment. From the leaf production and leaf loss rate we 

calculated the ratio of leaves lost to leaves produced per day (LP ratio, unit: d-1). Values of the 

LP ratio > 1 indicate that more leaves were lost than were produced per time, values < 1 stand 

for the opposite.  

Every month, leaf samples of 10 plants per collective were individually harvested and 

scanned with a flat bed scanner to determine the mean leaf size (LS) of a collective. The leaf 

silhouettes were analysed with the software WinFolia (Régent Instruments Inc., Quebec, 

Canada). After scanning, the fresh leaf samples were dried at 70°C for at least 48 h. Specific 

leaf area (SLA in cm² g-1) was calculated from leaf size (cm²) and the corresponding leaf dry 

weight (g). The total leaf area (TLA) of a plant was calculated every month from the total 

number of leaves present and mean leaf size. Subsequently, mean (TLAmean) and maximum 

total leaf area (TLAmax) per plant and collective were calculated.  
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2.7 Relative growth rate and carbon gain 

Tree harvests for obtaining mass-based biomass data were not possible in our experiment, 

because this study is part of a long-term investigation, which will continue for several years. 

Therefore, we used two indirect approaches (canopy carbon gain and axes length increment) 

to approximate the relative growth rate and productivity of the four poplar collectives. 

Canopy carbon gain was derived from the photosynthetic light-response curves, daily mean 

values of photosynthetically active radiation, a plant’s total leaf area and the length of the 

growing season, providing estimates of the amount of C fixed per plant per vegetation period 

minus leaf respiration during the daylight hours. Canopy C gain may be a better measure of 

plant productivity than aboveground biomass increase because this variable does not neglect 

belowground production as does the latter. The second approach based on the length 

increment of all axes (stem and twigs) to calculate the relative growth rate (RGR) of the 

plants during the growing season and to relate it to estimated canopy carbon gain. Our 

approach with two independent non-destructive growth determination methods appeared to be 

justified because we were interested in relative, rather than absolute, values of growth and 

productivity of the four collectives, and the growth parameters measured were also part of the 

growth analysis. Table 2 gives the symbols and definitions of the leaf-area and growth-related 

variables studied. 

 

2.8 Statistical analyses 

Statistical analyses were performed with the Statistical Analysis System (SAS Version 9.1, 

SAS Institute Inc., Cary, NC, USA). All data were tested for normal distribution using the 

Shapiro and Wilk´s test. In case of non-normality, the data were log-transformed to meet the 

requirements of parametric tests. Spearman rank correlation analysis was performed with 

carbon gain and assimilation rate as dependent variables. In case of significant correlation 

(P≤0.05), the traits were used for a multiple regression analysis with backward variable 

selection. ANOVAs (general linear models, proc glm) were employed to assess the impact of 

collective origin (genetic effect) on the studied phenotypic traits. To reveal significant 

differences in the analysed trait means between the collectives, a Tukey post hoc test (P≤0.05) 

was applied. When there was a significant effect of collective type on a trait, we calculated 

the broad-sense heritability (H²) for that trait. H² was calculated from the genetic variance 

(between-collective variation) component (σ²G) related to the total phenotypic variance (σ²p = 

σ²G + σ²e). σ²p comprises the genetic variance and the residual variance (within-collective 

variation) component (σ²e) of a trait. Standard errors of H² were obtained from the equation 
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SE (H²) = (1-H²) [1+ (b-1) H²] [2/ (bf)] 1/2 (f = degree of freedom of error term, b-1 = degree 

of freedom of the block term) according to Singh et al. [18]. The coefficient of genetic 

variation (CVG) was calculated from the genetic variance component and the trait mean: CVG 

=
mean

G 100² 
. Based on this expression, the coefficient of phenotypic and residual 

(environmental) variation was calculated with the respective phenotypic and residual variance 

component: CVp = 
mean

p 100² 
 and CVe = 

mean
e 1002 

 [19]. When the mean square of the 

residual component exceeded the mean square of the collective component, CVG was set to 

zero.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 89



 

 90 90



 

 91 91



3. Results 

According to the nuclear microsatellite analysis, the four investigated aspen collectives are 

characterized by moderately high genetic distances to each other with Nei´s [12] genetic 

distance values ranging between 17% (Gm1 vs. AU) and 40% (Gm2 vs. CH) (Table 3).  

Despite these genetic distances, the contribution of genetic constitution to trait variation was 

relatively small: a significant effect of collective origin was visible only in 8 of 23 

investigated morphological and physiological traits including cumulative canopy carbon gain 

(Table 4), which was estimated from daily means of photosynthetically active radiation, light-

response curves of photosynthesis, leaf area in its seasonal variation, and the length of the 

leafy period in each collective. With > 140 g of C assimilated per plant, the collectives AU 

and Gm1 achieved a significantly higher cumulative C gain than the plants of Gm2 and CH 

(Table 4). C gain showed a relatively high total (phenotypic) variation (CVp: 63%) among the 

40 plants of the four collectives tested. The influence of the collective was significant for this 

trait with a broad-sense heritability H² of 0.7. The component traits, on which canopy C gain 

depended (vegetation period length VP, leaf area, photosynthetic rate A at variable 

irradiances), showed a significant effect of the collective only in the case of leaf area (H² = 

0.64 or 0.65 for mean or maximum plant leaf area), while VP and A were very similar 

between the four collectives (no significant collective effect, coefficient of genetic variation 

CVG = 2 and 5%, Table 4).  

 

Table 3 Matrix of genetic distances (% according to Nei [12]) between the four aspen 
collectives based on microsatellite analysis. For further details see the material and methods 
section. 
 
Aspen collective Gm1 Gm2 CH AU 

Gm1 0.0    

Gm2 22.9 0.0   

CH 25.7 41.6 0.0  

AU 17.0 17.6 18.4 0.0 
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Only the collective Gm2 had a significantly smaller mean assimilation rate, but the difference 

to the collective with highest A (CH) was only 11% (Table 4). Hence, differences among the 

collectives in mean and maximum leaf area were responsible for the differences in carbon 

gain, and not differences in assimilation rate or the length of the leafy period. The leaf area 

differences were either caused by a particularly low mean leaf size (as in the collective Gm2, 

Fig. 1a) or by differences in the number of leaves present (as in the collective CH, Fig. 2).  
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Figure 1 Mean leaf size (a) per plant of the four studied aspen collectives in June (black 
bars), July (light-grey bars) and August (dark-grey bars). Different letters indicate significant 
differences between the collectives for each month at P<0.05. The seasonal development of 
total leaf area is shown in Figure (b). The calculation of total leaf area was based on the 
monthly measurement of leaf size and the respective total number of leaves present at the 
same time (means and standard errors of 10-11 plants per collective). 
 

In fact, leaf dynamics had a marked influence on canopy carbon gain: we observed a 

continuous increase in the number of leaves present until the end of July in all collectives, 

while leaf loss rates increased in August. The correlation analysis showed a highly significant 

positive influence of leaf production rate from May to August (positive effect) on canopy C 

gain and a negative effect of the ratio of leaves lost to leaves produced (LP ratio) (Table 5). 

While the collective CH showed a marked drop in the number of leaves present in August, 

Gm1 and Gm2 decreased their leaf numbers only slightly and AU revealed no net loss of 

leaves in this late summer period. Thus, the four collectives differed by about 2 weeks with 

respect to the timing of the seasonal culmination of total leaf number and the start of leaf net 

losses. Maximum leaf number was reached on average on August 3-5 (t (NLmax)) in the CH 

collective, but on August 14 in Gm1 and Gm2, while AU maintained its peak leaf number for 

an extended period from August 14 till the end of the month (Fig. 2).  
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Figure 2 Seasonal changes in the mean leaf number per plant from May to August (means 
and standard errors of 10-11 trees). The ellipses indicate the time intervals when maximum 
leaf number was reached in the CH collective (left ellipse), in the two German collectives 
(middle ellipse) and in the AU collective (right ellipse). The first dots of the four curves 
indicate the mean time of leaf flushing in April (Gm1: April 19, Gm2: April 23, CH: April 17, 
AU: April 16). 
 

The later t (NLmax) occurred in the season, the less leaves were lost in the subsequent early 

leaf abscission phase, the higher was the total leaf area in August, and the larger was canopy 

carbon gain in the growing season. From the leaf phenological data in Fig. 2, it is obvious that 

contrasts in the LP ratio in August are determining total leaf area and thus cumulative canopy 

carbon gain in the four collectives. Only plants with a low LP ratio in mid-summer were able 

to maintain, or even increase, their leaf area in August (as visible in many plants of the 

collective AU und Gm1, Fig. 1b), while a high LP ratio resulted in a rapid decline of leaf area 

(as in CH and Gm2, Fig. 3). The time of leaf flushing was in plants of the Gm2 collective 

significantly later than in plants of the other collectives (Fig. 2), but was not related to canopy 

carbon gain or leaf area-related traits.  
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Figure 3 Increase (positive values) or decrease (negative values) in total leaf area between 
July 1 and August 25 in relation to the ratio of leaves lost to leaves produced (LP ratio) per 
day in plants of the four collectives (i.e. 1 = per daily produced leaf is one leaf lost, the leaf 
production rate is than equal to the leaf loss rate) (n = 10-11 plants per collective). Only plants 
and collectives with a low LP ratio were able to increase their total leaf area in mid-summer. 
 

We found a fairly close correlation between our estimates of canopy carbon gain in the 

vegetation period and several simple morphological growth-related parameters, including the 

relative growth rate of axes length, plant height and twig length growth, and the number of 

side branches (Table 5). The results of a multiple regression analysis (backward variable 

selection) with carbon gain as dependent trait and the significantly correlated traits as 

explanatory variables showed that plant height increment (partial R²: 0.04), twig number 

(partial R²: 0.33), twig length increment (partial R²: 0.12) and the LP ratio (partial R²: 0.08) 

explained in combination almost 60% of the variation in canopy carbon gain across the 40 

trees (Table 5). However, these proxies of plant productivity were not accurate enough to 

indicate significant differences in growth between the four collectives (except for the number 

of side branches, Table 4).  

In contrast to the morphological traits, the bulk of traits characterizing photosynthetic 

efficiency or leaf water status were not related to canopy carbon gain, including Jmax, Vcmax, 

WUE, CE and Gs. 
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Table 5 Spearman correlation coefficients (R) for the relationship between calculated canopy 
carbon gain and assimilation rate with several morphological and physiological traits in the 
sample of four poplar collectives (n = 10-11 plants per collective). Asterisks indicate the level 
of significance P<0.05*, P<0.01**, P<0.001***. Relative axes growth rate is relative stem 
and twig length increment.  
Traits which revealed a significant correlation were used for a multiple regression analysis 
with backward variable selection and either with carbon gain or assimilation rate as dependent 
trait. The values in parentheses represent the partial and significant (P<0.05) coefficients of 
determination (R²) of the multiple regression analysis. 
 
 Canopy carbon gain Assimilation rate 
Relative axes growth rate 0.34* ns 
Height increment 0.45 * (0.04) ns 
Twig number 0.58 *** (0.33) ns 
Twig increment 0.42 * (0.12) ns 
Leaf production rate 0.67 *** ns 
Ratio of leaves lost to leaves produced -0.41 * (0.08) ns 
Leaf area increment rate ns ns 
Specific leaf area ns ns 
Date of leaf flushing ns ns 
   
Stomatal conductance ns 0.52 *** (0.26) 
Apparent quantum yield 0.31 * 0.34 ** 
Carboxylation efficiency ns 0.59 *** (0.04) 
Leaf water potential (predawn) ns -0.47 * (0.04) 
Leaf water potential (midday) ns ns 
Water-use-efficiency ns -0.34** (0.17) 
Max. rate of electron transport ns ns 
Max. rate of carboxylation ns ns 
 

However, Gs, Qe, CE, Ψmax and WUE exhibited a significant positive correlation with the 

mean assimilation rate A (Table 5) and a multiple regression analysis with backward variable 

selection revealed Gs (partial R²: 0.26), CE (partial R²: 0.04), Ψmax (partial R²: 0.04) and WUE 

(partial R²: 0.17) as the most important physiological factors influencing A; these variables 

explained 50% of the variation in mean assimilation rate. Accordingly, the use efficiencies of 

radiation, CO2 and water were closer related to mean assimilation rate across the 40 trees than 

the maximum rates of electron transport and carboxylation. For only three of the analysed 

physiological traits (Jmax, Vcmax, CE), we could prove significant differences among the 

collectives. The rather small influence of genetic constitution is also mirrored in the generally 

low values of CVG in the physiological traits. In contrast, high degrees of genetic variation 

were detected for total leaf area and the LP ratio (Table 4), which relates to the prominent 

influence of these traits on canopy C gain. 
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4. Discussion 

By monitoring important growth-related traits (seasonal leaf area variation, ratio of leaves lost 

to leaves produced, total leaf number, leaf size, twig length growth and plant height) and 

estimating cumulative canopy carbon gain in the vegetation period from photosynthesis and 

light measurements, we detected significant differences in productivity among the four aspen 

collectives with the most productive collective (AU) having a more than 30% larger C gain 

than the least productive ones (Gm2 and CH). This finding is in accordance with many other 

reports about a strong influence of genetic constitution on the productivity of Populus species 

[20,21]. Our studied plant material is characterized by genetic distances between the 

collectives in the rage of 20% to 40%. Aspen collectives from neighbouring localities (Gm1 

and Gm2) were genetically not closer related than collectives from more distant seed origins 

(Nei´s genetic distance: 23 vs. 17%), what is concurring with the fact that the growth 

performance of the four collectives was also quite variable but this variation could not be 

related to differences in genetic distance.  

However, we were able to relate the differences in growth performance in a uniform 

environment to different genetically determined growth strategies in terms of foliage structure 

and leaf dynamics, and the height and length growth of stem and branches. The collective CH 

with little C gain showed by far the greatest length growth of its side branches and a 

remarkably strong height growth of the apical shoot while it possessed the smallest total 

number of leaves and the smallest total leaf area of the four collectives. A different carbon 

allocation strategy existed in Gm2 with many, yet short side branches, poor height growth, but 

a very high number of small leaves. Though contrasting in many aspects, the growth 

strategies inherent to the collectives CH and Gm2 were similar in leading to a relatively small 

plant leaf area and thus a rather small canopy carbon gain as compared to the two other 

collectives Gm1 and AU. Crucial traits that lead to a small leaf area are either a small mean 

leaf size (Gm2) or alternatively a reduced number of leaves (CH). The collectives with high 

canopy C gain were productive due to a large average leaf size and a fairly high number of 

leaves, but this resulted not necessarily in rapid height growth as visible in Gm1. However, 

not only mean or maximum leaf area in the vegetation period were relevant for carbon gain, 

but the phenological development of leaf unfolding and leaf abscission as well, in particular 

in mid-to late summer (August) when the four collectives showed largely different patterns of 

leaf loss in the course of the first phase of autumn leaf fall. In conclusion, differences in leaf 

number, average leaf size and leaf longevity were identified as the key determinants of 
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canopy carbon gain, while mean assimilation rate or height growth and branching patterns 

were of minor importance in these one-yr-old P. tremula plants. 

Extended growing season length has also been found in other studies to be a key factor 

increasing the productivity of P. tremula [6] and of other species used in short-rotation 

forestry such as Salix spp. [22]. In our experiment, the length of the leafy period differed by 

not more than 10 days between the collectives (i.e. by about 6%) which cannot explain the 

more than 30% difference in cumulative C gain. In fact, our detailed monitoring of leaf 

production and leaf loss showed that the absolute length of the period between leaf flushing 

and the time when complete leaf abscission was observed may be less important than the 

timing of the first phase of leaf abscission in mid-summer and early autumn in the different 

collectives. This trait seems to be mostly under genetic control as indicated by the high 

indices of heritability (H²: 0.49).  

The mean assimilation rate per day of the four collectives showed a significant influence of 

the resource use efficiencies (radiation, CO2, water) in photosynthesis while the maximum 

capacities of the light and dark reactions of photosynthesis were not important. This is 

interpreted as a consequence of the fact that the photosynthesis of trees in humid Central 

Europe operates most of the time at irradiances below light saturation [23] where the 

performance under optimal conditions is less relevant than the carbon gain under resource-

limited conditions. The impact of genetic constitution on photosynthetic variables was only 

significant for traits associated with carboxylation (CE and Vcmax) and electron transport. 

However, they were not identified as explanatory variables for the variation in canopy carbon 

gain and thus are unsuitable as predictors of productivity in aspen. This leads to the important 

conclusion that the genetic variation in morphological traits was much higher than that in 

physiological traits. Several other studies that compared the genotypic variation of 

morphological and physiological traits of poplar also evidenced the greater variability of the 

former [24,25]. 

In a growth trial (pot experiment) with six P. tremula populations, that were – in contrast to 

the recent study – closely related full-sib families, we identified different leaf numbers and 

different dates of leaf flushing as main causes of higher or lower productivity [26]. Both traits 

were found to be partly determined by the genetic constitution. In the current experiment, the 

time of leaf flushing could not be related with the genetic constitution, what might be due to 

the fact that the measuring intervals chosen were too long to detect differences in leaf flushing 

among the collectives. It may also be that the rough climate condition at the montane field site 

has reduced the impact of genetic constitution on leaf flushing. Nevertheless, the comparison 
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of the two growth experiments with either closely related (full-sibs) or genetically distant 

aspen collectives (this study) shows that leaf phenology and leaf and foliage morphology are 

strongly under genetic control in P. tremula irrespective of the variation in environment 

represented in the plant material. On the other hand, Müller et al. [26] found no relationship 

between the sib-family differences in growth-relevant leaf traits or productivity and the 

genetic distance between the families, which makes the identification of high-yielding aspen 

genotypes more complicated. 

 

Conclusion 

The four aspen collectives with adaptation histories to a rather broad range of temperate sub-

oceanic to sub-continental climates and mutual genetic distances between 20% to 40% 

showed a more than 30% difference in canopy carbon gain in the growing season when 

cultivated at a low-productivity site in a summer-cool climate. Canopy carbon gain as a 

measure of total (above- and belowground) productivity was to a high degree under genetic 

control, which offers a considerable potential for genotype selection and breeding 

programmes. Main determinants of C gain were leaf phenology and the ratio of leaves lost to 

leaves produced in mid- to late summer, which were significantly influenced by the 

collective. These traits may serve as robust indicators for elevated yield and should be 

favoured over more classical traits like plant height growth, while differences among the 

collectives in physiological traits (photosynthetic performance and leaf water status) and 

mean assimilation rate were mostly small and insignificant. Our study further showed that a 

remarkable plant height increase can be a misleading measure of productivity, if it is linked to 

a small total leaf area. The timing of leaf abscission in late summer was identified as a key 

determinant of plant productivity in P. tremula and thus needs further investigation. 
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Abstract 

Short-rotation forestry in Europe uses both native and non-native poplar species in an attempt 

to maximise yield. However, the planting of introduced tree species in large areas bears the 

risks, that the species may become invasive with harmful effects on native ecosystems, and 

that herbivores and pathogens will reduce the exotic species´ vitality in the future. We 

investigated the growth potential of the native European aspen (Populus tremula L.) and the 

non-native North American quaking aspen (Populus tremuloides Michx.) in a replicated 

growth trial with 1-year-old saplings and compared various indices of productivity (canopy 

carbon gain in the vegetation period, mean assimilation rate, twig length growth) between the 

two species in order to test for an assumed growth superiority of the exotic aspen species. By 

analysing the genetic relatedness and investigating about 30 morphological (leaf size, leaf 

area, leaf numbers, leaf growth, leaf phenology and the ratio of leaves lost to leaves produced) 

and physiological traits (Amax, quantum yield, carboxylation efficiency, maximum rates of 

carboxylation and electron transport, leaf dark respiration, leaf conductance, leaf water 

potential and WUE), we searched for key determinants of productivity, which could provide a 

possible basis for selection and breeding programmes. American aspen showed a by 20% 

higher canopy carbon gain than European aspen which was nearly entirely caused by a larger 

mean leaf area of P. tremuloides, while differences in mean assimilation rate and the length of 

the leafy period were of minor importance. Species-specific differences in the onset of leaf 
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abscission in early autumn were identified as main determinants of the size of mean plant leaf 

area and thus of canopy carbon gain. American aspen with a larger leaf area and C gain 

possessed by far fewer leaves and side branches than European aspen, but had considerably 

larger leaves. These morphological and phenological contrasts support the view that the two 

aspen collectives are indeed different species, what has been questioned recently. However, 

the large majority of physiological traits was not significantly different between the two 

species and was much less variable among the individuals of a species than the morphological 

traits. Exceptions were mean leaf conductance, that was smaller, and photosynthetic WUE, 

that was higher in P. tremuloides. We conclude that the non-native P. tremuloides exhibited a 

higher production potential than the native P. tremula, mostly due to delayed leaf abscission 

in early autumn. Selection of high-yielding poplar species should focus on leaf phenology and 

total leaf area rather than on more traditional parameters such as height and twig length 

growth. 

 

Keywords: carbon gain, leaf area, leaf number, phenology, water-use-efficiency. 

 

1. Introduction 

Populus species are preferred research objects among woody plants because the genome is 

sequenced (Tuskan et al. 2006), they are easily propagated and fast-growing, and tolerant to a 

variety of abiotic and biotic stressors. Due to their rapid juvenile growth (Heilman 1999, 

Stanturf et al. 2001), poplars and willows are often favoured in short-rotation forestry systems 

(Karp and Shield 2008).  

Since more than a century, poplar species from North America, or hybrids of European x 

American species, have widely been planted in Central Europe where they partly have 

replaced the local Populus species (e.g. P. x canadensis = P. deltoides x P. nigra). The 

forester’s decision to use non-native species bases in most cases on the growth performance at 

a given site, or a higher tolerance against biotic and abiotic stressors. However, the growth 

performance and vitality of native and non-native Populus species has been found to vary 

considerably among different genotypes and with site conditions (Pellis et al. 2004, Zhang et 

al. 2004, Dillen et al. 2007), which requires growth trials under the specific growth conditions 

for deciding if non-native species should be preferred over native Populus species. The 

expanding short-rotation forestry in Central Europe is seeking for more productive genotypes 

and species, and does not hesitate to introduce American or Asian Populus species, which 

may bear a certain risk, because their long-term vitality in the new environment is not well 
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known and in case the non-native species would become invasive in Central Europe’s 

landscapes. European common aspen (Populus tremula L.) and the North American quaking 

aspen (Populus tremuloides Michx.) both have very large distribution ranges and are of 

special commercial importance because they are highly productive even on poor soils 

(Dickmann and Kuzovkina 2008). Some authors emphasize the remarkable similarities in 

morphological traits between the two aspen species and thus propose to treat the whole 

complex as a single species (Eckenwalder 1996, Cervera et al. 2005). 

In this study, we analysed the growth performance and aboveground biomass production of 

the native European common aspen (P. tremula) and the non-native North American quaking 

aspen (P. tremuloides) on a relatively unfertile soil in a cool montane climate, i.e. under 

suboptimal growing conditions. An increasing demand for cropland may compete with 

expanding short-rotation forestry plantations urging to use less optimal production sites as 

well. Both poplar species originate from similar climate conditions in Europe and America 

and are adapted to harsh environments which might recommend both species for short-

rotation forestry on poor soils. Climate change scenarios predict increasing temperatures and 

decreasing summer precipitation for several regions of Germany and Central Europe (Saxe et 

al. 2001), suggesting to prefer species with adaptations to drought and low nutrient 

availability. 

By analysing the genetic relatedness between the two species and measuring about 30 

physiological and morphological and growth-related traits, we aimed at comparing the vitality 

and productivity of the two species and analysed the underlying growth-related physiological 

and morphological properties. The objective was to identify the strengths and weaknesses of 

the native and the non-native species in terms of cultivation on a poor soil in order to give 

advice for plant breeding and cultivation programmes in Central Europe in the context of 

short-rotation forestry. We further searched for evidence in support, for or against, the one-

species hypothesis in aspen. We specifically addressed the questions, (1) whether the 

American species is indeed more productive at this site than the native species (which would 

suggest a preference of the non-native species), and (2) which physiological or morphological 

traits are most influential in controlling productivity, thereby providing a starting point for 

selection and breeding programmes. Finally, (3) our physiological and morphological data 

should help to clarify the relatedness of the two species from a phenotypic perspective. 
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2. Materials and methods 

2.1 Plant material 

Sixty plants each of European (P. tremula) and North American aspen (P. tremuloides) were 

propagated from seeds in March 2008. Germination took place in well-watered nursery soil. 

When the plants had reached a height of about 10 cm, the seedlings were transplanted in 10 

litre pots containing a nutrient-rich mixture of loamy soil and humus. The pots were placed 

outdoors and watered as necessary until autumn. The seeds of the European aspen species 

originated from a single tree in Germany (Göttingen-Geismar 51°30´N, 9°57´E) and were 

provided by the Dept. of Forest Botany and Tree Physiology at the University of Göttingen. 

The climate at the origin is characterized by moderately mild winters and moderately warm 

summers (mean annual temperature of 9.0°C and annual precipitation of 628 mm). The seeds 

of the American aspen species originated from a single tree in Boston (MA) (41°22´N, 

71°02´W) selected by the Institute F.W. Schumacher Co. Tree and Shrub Seeds located in 

Sandwich (MA). The local climate is similarly characterized by moderately mild winters and 

moderately warm summers, but somewhat higher rainfall (mean annual temperature 10.7°C 

and annual precipitation 1052 mm).  

 

2.2 Experimental design 

In autumn 2008, the progenies of the two aspen species were planted at lower montane 

elevation on unfertilized moderately-poor soil (haplic Cambisol) in Central Germany (Solling 

51°44'56''N, 9°32'28''O, 485 m a.s.l) at the Relliehausen Experimental Farm near Silberborn 

in a fenced 4 ha-experimental plot that was used for decades as extensive pasture. Each 

species was planted in twofold replication in monoculture blocks of 30 trees in 6 x 5 rows 

with a tree distance of 1.5 m. To avoid edge effects, only the 12 central trees were used for the 

morphological and ecophysiological measurements, while the 18 more distal trees served as 

buffer zone. 

 

2.3 Molecular Analyses 

Total genomic DNA was isolated from leaves sampled from the European and American 

aspen seedlings with the DNeasy Plant Mini kit (Qiagen, Hilden, Germany). The 

microsatellite primers WPMS14, WPMS16 (Smulders et al. 2001), PTR2, PTR4 (Dayanandan 

et al. 1998), PTR5, PTR6, PTR8, and PTR14 (Rahman et al. 2000, Suvanto et al. 2005) were 

used for PCR amplification. PCR reactions were carried out with the exception that the 

primers were labelled with the fluorescent dyes 6-carboxyfluorescein (6-FAM) or hexachloro-
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fluorescein phosphoramidite (HEX). The amplified products were resolved 

electrophoretically on an ABI Genetic Analyzer 3100 together with the internal size standard 

GenScan 500 ROX from Applified Biosystems. Nei’s standard genetic distance (Nei 1972) 

was calculated for the two species by the software GENALEX 6.2 (Peakall and Smouse 

2006). 

 

2.4 Gas exchange measurements  

After full leaf expansion in June, leaf gas exchange was recorded monthly with a LI-COR 

6400 portable IRGA system (LI-COR, Lincoln, NE, USA) until August. The measurements 

were always conducted on the fourth or fifth fully expanded and sun-exposed leaf counted 

from the terminal bud of a twig. Light-response curves were recorded between 900 and 1700 

h solar time for a single leaf each of ten randomly selected trees per species. The flux density 

of photosynthetically active radiation (PAR) was adjusted to 1500, 1000, 750, 500, 250, 100, 

50, 20, and 0 µmol photons m-2 s-1 using a red and blue LED light source supplied by the 

manufacturer. All measurements were conducted at a constant CO2 concentration of 370 ppm, 

a constant leaf temperature of 25°C and a constant vapour pressure deficit (VPD) of 1kPa. 

From these relationships, light-saturated net photosynthesis rate (Amax), leaf dark respiration 

(DR at 25°C and zero quantum flux), apparent quantum efficiency (Qe), light compensation 

point (LCP), light saturation point (LSP), stomatal conductance (Gs) at 1500 µmol m-2 s-1
 and 

VPD = 1kPa, leaf transpiration rate (E) at 1500 µmol m-2 s-1
 and VPD = 1kPa, and 

photosynthetic water-use-efficiency (WUE = Amax/E) were calculated. In addition, CO2-

response curves were established at 50, 100, 150, 370, 600, 1200, 2000 µmol CO2 mol-1 air 

and 1500 µmol m-2 s-1 PAR and used to calculate the net assimilation rate at CO2 and light-

saturation (ACO2), carboxylation efficiency (CE, i.e. the initial slope of the A/ci relationship), 

CO2 compensation point (CO2comp), CO2 saturation point (CO2sat), maximum carboxylation 

rate (Vcmax) and the maximum rate of electron transport (Jmax). The data points from the light 

and CO2-response curves were fitted with a non-rectangular hyperbola of the form 

0)( ybxa

bxa
y




  following Meir et al. (2007) and evaluated with the Software SigmaPlot 

(Systat Software Inc. Version 10.0, California, USA). Jmax and Vcmax were calculated with the 

equations given by Bernacchi et al. (2003) and Lenz et al. (2010). After gas exchange 

measurement, the fresh leaves were scanned to determine leaf size (LS) and the obtained 

images were analysed with the Software WinFolia (Régent Instruments Inc., Quebec, 
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Canada). The leaves were subsequently dried and weighed to calculate specific leaf area 

(SLA: cm² g-1). 

 

2.5 Leaf water potential 

Leaf water potential (Ψ) was measured with a pressure chamber (PMS Instruments, Corvallis, 

OR, resolution: 0.01 MPa) on sunny days before dawn between 330 and 500 h solar time and 

at midday between 1200 and 1330 h solar time on three occasions in June, July and August in 

order to record daily potential maxima (Ψmax) and minima (Ψmin), respectively. Single fully 

expanded and sun-exposed leaves of ten trees per species were cut off and immediately 

measured.  

 

2.6 Morphology 

Continuous morphological measurements for monitoring plant growth and leaf phenology 

recording started with the initiation of bud break in April 2009 and were conducted until the 

end of August when the physiological measurements were terminated. In order to determine 

the time of first leaf flush (t (LF)), the bud status was monitored every 1-3 days during the 

process of bud breaking and complete leaf unfolding. The bud status was categorized based 

on the protocol issued by the International Union for the Protection of New Varieties of Plants 

(UPOV 1981). The time period between first leaf flushing and the last leaf lost in September 

was taken as the length of the leafy period of a species (VP). Because new leaves were 

enfolded continuously during summer, leaf area increment was recorded in detail in mid-

summer (July and August) in 10 plants per species. This was done by marking 3-5 buds per 

plant and measuring the length of the growing leaves with a digital calliper every 1 to 2 days 

until the leaves had attained their mature size. Allometric relationships between leaf length 

and leaf area were established at samples of 10 leaves per species. They were used to 

calculate the relative leaf area increment rate (LAinc) from the change in leaf length over time, 

related to initial leaf length.  

From early June to the end of August, the height increment (H), mean twig increment (T), and 

the number of twigs (NT) per tree were measured regularly at weekly intervals on 10-11 trees 

per species. Two twig categories were distinguished: short (length: <5 cm) and long twigs 

(NTlong: length: >5 cm). This data was used to calculate the relative height and twig increment 

rate and the total length increment of all axes per tree (H + (T*NT)). On the same 10-11 trees 

per species, the leaf number (NL) was counted at weekly intervals to detect the time (t 

(NLmax)) when maximum leaf number (NLmax) was reached. Leaf production rate (NLmax/Δt) 
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relates the increase in leaf number between leaf unfolding and t (NLmax) to the time elapsed. 

The number of leaves lost (NLL) was calculated as the difference between NLmax and the leaf 

number present at the end of August. Leaf loss rate (NLL/Δt) was calculated by dividing the 

number of leaves lost by the time span between t (NLmax) and the end of the experiment. 

Further, we calculated the LP ratio, which relates the number of leaves lost to the number of 

leaves produced per day. Because leaves produced during the second and third leaf flushing 

events were substantially larger than the first leaves produced in June, the mean leaf size 

(LSmean) is given here for the two species for July and August. Based on mean leaf size (LS) 

and total leaf number, we calculated maximum leaf area (TLAmax) and mean leaf area during 

the vegetation period (TLAmean) per tree and per species.  

 

2.7 Carbon gain and relative growth rate 

The direct measurement of mass-based biomass data by harvesting was not possible in our 

experiment, because this study is part of a long-term investigation, which will continue for 

several years and includes several working groups. In order to approximate the relative 

growth rate and productivity of the two aspen species, we applied two indirect non-destructive 

approaches (canopy carbon gain and relative length increment of axes). Canopy carbon gain 

(g C plant-1 VP-1) was derived from the photosynthetic light-response curves, daily mean 

values of photosynthetically active radiation, plant total leaf area and the length of the leafy 

period, and provided estimates of the amount of C fixed per plant per vegetation period minus 

leaf respiration during the daylight hours. Based on the assumption that about 50% of the 

assimilated carbon is invested in aboveground non-green tissue and that about 50% of ash free 

dry mass is carbon (Edwards et al. 1980), we extrapolated our carbon gain data to a very 

rough estimate of harvestable woody biomass for a plantation with moderate stem density 

(8500 plants ha-1). The second growth measurement approach based on the length increment 

of all axes (stem and twigs) to calculate the relative length growth rate in cm cm-1 month-1: 

((H+T*TN)/ (initial plant height + initial twig length*NT)/ no. of months) of the plants during 

the growing season and to relate it to estimated canopy carbon gain. This approach with two 

independent non-destructive growth determination methods appeared to be justified because 

we were interested in relative, rather than absolute, values of growth and productivity of the 

two species. The growth parameters measured were also used in the growth analysis.  
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2.8 Statistical analyses  

Statistical analyses were performed with the Statistical Analyses System (SAS Version 9.1 

Institute Inc., Cary, NC, USA). All data were tested for normality of distribution using the 

Shapiro and Wilk´s test (P<0.05). In case of non-Gaussian distribution, the data were log-

transformed to meet the requirements of parametric tests. Plant traits were correlated using 

Spearman rank correlation. In case of significance (P<0.05), linear regression analyses were 

also performed. Carbon gain was used as dependent variable in a multiple regression analysis 

with the studied leaf-level traits (t (NLmax), LAinc, NLmax/Δt, NLL/Δt, LP ratio) as explanatory 

variables and backward variable selection conducted for both species. The parameters 

assimilation rate (A), length of the leafy period (VP) and total leaf area were not included in 

the multiple regression analysis, because they were previously used for calculating carbon 

gain. Analysis of variance (ANOVA) in combination with a Tukey post hoc test was used to 

reveal significant differences in the trait means between the two species for each month. In 

order to characterize the magnitude of variation of a trait in the investigated collectives of the 

two species, we calculated the coefficient of variation within and between species 

( 100
SD


mean

CV ; %). 

 

3. Results 

3.1 Genetic distance of the two aspen collectives 

With nuclear microsatellite analysis, we found a genetic distance of 77% (according to Nei 

1972) between the collectives of P. tremula and P. tremuloides. 

 

3.2 Traits related to leaf area and leaf phenology 

A striking difference between the European and the North American poplar species was that 

P. tremula possessed leaves with on average 30% smaller size than P. tremuloides (51.0 vs. 

32.1 cm², Table 1), while total leaf number was significantly larger in the former. The time of 

leaf flushing was significantly different between the two species (mean date of leaf flushing: 

April 16 vs. April 19 in P. tremuloides and P. tremula, respectively), but the absolute time 

difference was small and not related to the total leaf area of a species. The larger mean leaf 

size in P. tremuloides was associated with a significantly larger relative leaf growth rate in 

July and August in the American species (26 vs. 14% d-1, Table 1). Despite the larger average 

leaf size, specific leaf area was not different between the two species (157 vs. 155 cm² g-1). 

Total leaf area per plant tended to be larger in P. tremuloides, when the mean over the 
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vegetation period (5853 vs. 4906 cm²) and also the peak value (8918 vs. 7287 cm²) are 

considered, but these differences were not significant. Thus, the larger average leaf size in P. 

tremuloides more than compensated for the smaller total leaf number. While the two species 

had a very similar leaf area in June (1884 vs. 1907 cm² in P. tremuloides and P. tremula, 

respectively), the difference between the two species increased towards August due to a much 

faster leaf expansion growth in mid-summer of P. tremuloides (in August: 8773 vs. 6519 cm², 

difference not significant) (Fig. 1a). Our calculation of cumulative canopy carbon gain using 

data of plant leaf area, mean assimilation rate per unit leaf area (A), and the species-specific 

length of the leafy period (VP) showed a by 20% larger carbon gain in P. tremuloides than in 

the European species.  
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Figure 1 Seasonal changes in total leaf area (a) and leaf number per plant (b) in P. tremula 
and P. tremuloides (means ± SE, 10-11 trees per species). The calculation of total leaf area 
was based on the monthly measurement of leaf size and the respective total number of leaves 
present at the same time. Maximum leaf number, indicated by the ellipses, was reached for 
both species around August 14, but the phase of maximum leaf number persisted for 20 days 
in P. tremuloides as compared to 10 days in P. tremula.  
 

Estimated wood production in a plantation of 8500 plants ha-1 was about 1.2 and 1.4 Mg DM 

ha-1 year-1 for European and American aspen, respectively. Differences neither in mean 

assimilation rate nor in the length of the leafy period can explain the higher C gain of P. 

tremuloides; both variables showed an only small variation between the two species (CVinter 

for A: 1.7%, and for VP: 4.3%; CVintra for A: 7.1% and for VP: 2.1%, Table 2).  

The higher carbon gain on P. tremuloides coincides well with the larger mean and maximum 

leaf area of this species. Furthermore, the two species differed with respect to leaf phenology 

which had also an effect on C gain. While the time of peak leaf number t (NLmax) was reached 

simultaneously by the plants of P. tremula and P. tremuloides (average date when the plateau 

of peak leaf number is reached: August 14), the American aspen plants maintained this peak 

longer until mid August and showed a later beginning of net leaf loss than the sister species 
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(Fig. 1b). The date when peak leaf number was reached was positively correlated with mean 

total leaf area and consequently with cumulative C gain in P. tremuloides (Fig. 2a, b), but not 

in P. tremula. In P. tremuloides the longer maintenance of peak leaf number (Fig. 1b) was 

related to a longer continuation of leaf area increment in August as compared to P. tremula 

(Fig. 1a), which increased cumulative C gain. 

 

Table 1 Means and standard error (n = 8-13 trees per species) of 14 analysed morphological 
and growth-related traits in P. tremula and P. tremuloides: relative growth rate of all axes 
(stem and twigs), relative growth rate of twigs, relative height growth rate, total axes length 
increment,  total number of twigs (NT), number of long twigs (>5 cm, NTlong), mean specific 
leaf area (SLA), maximum leaf number (NLmax), mean leaf production rate (NLmax/Δt), 
maximum total leaf area per plant (TLAmax), seasonal mean of total leaf area per plant 
(TLAmean), relative leaf area increment rate (LAinc), mean leaf size (LSmean) and ratio of leaves 
lost to leaves produced per day (LP ratio) with the associated coefficients of variation within a 
species (CVintra) and between the species (CVinter, %). Different letters indicate significant 
differences in the means of a trait between P. tremula and P. tremuloides (P<0.05). 
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Table 2 Means and standard error (n = 10 trees per species) of cumulative carbon gain, mean 
light-saturated CO2 assimilation rate (A), length of the leafy period (VP) and maximum total 
leaf area per plant (TLAmax) for P. tremula and P. tremuloides with the associated coefficients 
of variation within a species (CVintra) and between the species (CVinter, %). Different letters 
indicate significantly different means of a trait between P. tremula and P. tremuloides 
(P<0.05). For details on the calculation of canopy carbon gain see Methods section. 
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Figure 2 Influence of the date of peak leaf number on mean total leaf area (a), and on 
cumulative carbon gain (b) in P. tremula and P. tremuloides; n = 8-11 plants per species.  
 
A multiple regression analysis with carbon gain as dependent trait and the associated leaf-

level traits (date of peak leaf number, relative leaf area increment rate, leaf production rate, 

leaf loss rate, ratio of leaves lost to leaves produced) as explanatory variables with backward 

variable selection conducted for each species separately showed that the date of peak leaf 

number (partial R²: 0.57) and the leaf area increment rate (partial R²: 0.40) were the most 

important leaf-level traits influencing the variation in C gain in P. tremula. This was different 

in P. tremuloides, where leaf production rate (partial R²: 0.87) was identified as only 

significant leaf trait influencing carbon gain (Table 3). 

While the total number of twigs (NT) did not differ between the two species, P. tremuloides 

plants developed a smaller number of long twigs (NTlong). Even though P. tremula showed 

significantly higher relative growth rates of twig length and total axis length (stem + twigs), 
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the total increment of all axes was similar for the two species because P. tremuloides had a 

greater mean twig length which compensated the lower relative growth rate (Table 1). 

 

Table 3 Coefficients of determination (R²) for the dependency of carbon gain on associated 
leaf-level traits in the aspen species. Carbon gain was used as dependent variable in a multiple 
regression analysis with the leaf-level traits as explanatory variables and backward variable 
selection conducted for both species. All variables indicated with an asterisks are significant 
at the P<0.05 level, whereas the leaf-level traits without asterisks were removed by the model. 
The parameters assimilation rate, length of the leafy period and total leaf area were not 
included in the multiple regression analysis, because they were previously used for 
calculating carbon gain. 
 
 P. tremula P. tremuloides

 Carbon gain Carbon gain 

Date of peak leaf number 0.57* 0.04 

Relative leaf area increment rate 0.40* 0.00 

Leaf production rate 0.18 0.87* 

Leaf loss rate 0.13 0.02 

Ratio of leaves lost to leaves produced 0.00 0.00 

 

3.3 Leaf gas exchange and leaf water status 

The response of net photosynthesis rate to variable photon flux densities (0-1500 µmol m-2 s-

1) and leaf-internal CO2 concentrations (50-2000 µmol CO2 mol-1 air) was remarkably similar 

for sun leaves of the two species (Fig. 3a, b). None of the parameters characterizing 

photosynthetic efficiency (light-saturated and CO2-saturated photosynthesis, apparent 

quantum efficiency and carboxylation efficiency, maximum rates of electron transport and of 

carboxylation) differed significantly between P. tremula and P. tremuloides (Table 4). The 

only exception was the saturating photon flux density for Amax that was significantly lower in 

P. tremuloides; however, this had no consequences for the efficiency of photosynthetic light 

and CO2 use and resulted in very similar means of Amax (16.3 µmol CO2 m
-2 s-1) in both 

species. The two species were more different with respect to leaf conductance and leaf water 

potential. Leaf conductance (Gs), measured at standard conditions and averaged over the 

whole growing season, showed only a non-significant tendency to lower values in P. 

tremuloides, while the monthly means were significantly smaller in June in the American 

species (Table 4, Fig. 4a). 
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Figure 3 Dependence on photon flux density (a) and on intercellular CO2 concentration of the 
photosynthesis of P. tremula (filled circles) and P. tremuloides (open circles) (means and 
standard error of 30 trees per species). The values were fitted with a non-rectangular 

hyperbolic function of the form:  
0)( ybxa
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Lower leaf conductance, but similar photosynthetic rates, in P. tremuloides led to 

significantly higher water-use-efficiencies (WUE) at the leaf-level in this species during the 

growing season (Table 4, Fig. 4b). However, we found no correlation between WUE and 

canopy carbon gain. Daily minima of leaf water potential were significantly lower in P. 

tremula than in P. tremuloides, probably caused by the lower leaf conductance and thus 

reduced transpiration of the American species. The more pronounced reduction in leaf water 

potential over midday had no effect on the predawn values of Ψ that were similar for the two 

species (Table 4).  
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Figure 4 Stomatal conductance (Gs) (a) and photosynthetic water-use-efficiency (WUE) (b) 
of P. tremula and P. tremuloides at 1500 µmol photons m-2 s-1, VPD = 1kPa and 25°C in 
June, July and August. Different letters indicate significant differences between the species 
for each month at P<0.05 (means and standard error of 10 leaves per species).  
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Table 4 Means and standard error (30 measurements per species conducted on different 
individuals between June and August 2008) of 15 physiological traits related to 
photosynthesis and plant water status of P. tremula and P. tremuloides. Light-saturated 
photosynthesis rate (Amax: µmol m-2 s-1

 of CO2 at 25°C and 1kPa VPD), leaf dark respiration 
(DR: µmol m-2 s-1 of CO2 at 25°C and zero quantum flux), light saturation point (LSP: µmol 
m-2 s-1 of photons), light compensation point (LCP: µmol m-2 s-1 of photons), apparent 
quantum efficiency (Qe: µmol µmol-1of CO2), CO2 compensation point (CO2comp: µmol mol-1 
of CO2), CO2 saturation point (CO2sat: µmol mol-1 of CO2), net photosynthesis rate at CO2 and 
light saturation (ACO2: µmol m-2 s-1 of CO2), carboxylation efficiency (CE: mol m-2 s-1 of air), 
maximum rate of carboxylation (Vcmax: µmol m-2 s-1 of CO2), maximum rate of electron 
transport (Jmax: µmol m-2 s-1 of electrons), stomatal conductance (Gs: mol m-2 s-1 of H2O at 
1500 µmol PAR and 1kPa VPD), photosynthetic water-use-efficiency (WUE: µmol mmol-1 of 
CO2) and leaf water potential recorded before dawn (ψmax: MPa) and around midday (ψmin: 
MPa). For every trait the associated coefficients of variation within a species (CVintra) and 
between the species (CVinter, %) are also given. Different letters indicate significant 
differences in trait means between P. tremula and P. tremuloides (P<0.05). 
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4. Discussion 

P. tremula and P. tremuloides are typical pioneer tree species with rapid growth rate, high 

light demand and short longevity that occupy equivalent ecological niches in the natural forest 

vegetation of Western Eurasia and North America (Dickmann and Kuzovkina 2008). Both 

species belong to the phylogenetically oldest of the six poplar sections, which contains the 

genus Populus. It is assumed that both species derived from a common ancestor (Eckenwalder 

1996), but followed separate lines of evolution on the two continents for quite a long time. 

Most likely, the two species split in the Miocene about 23.5 Ma ago with the break-up of 

Laurasia into Eurasia and North America (Parrish 1987). There exists some controversy about 

the degree of genetic similarity of the two sister species. According to AFLP analyses in 

members of the genus Populus, Cervera et al. (2005) emphasized the remarkable genetic 

similarity between P. tremula and P. tremuloides (similarity coefficient of 80%) and 

interpreted their results as an argument to merge the two systematic groups in one species, 

similar to an earlier proposal by Eckenwalder (1996) which based on morphological 

similarity. Our study provides controversial evidence on the relatedness of P. tremula and P. 

tremuloides: the nuclear microsatellite data (Nei´s genetic distance: 77%) and the leaf 

morphological and phenological data rather emphasize the distance and independence of the 

two systematic groups, while the physiological data seem to indicate a close relatedness. 

The high similarity of the two species in terms of physiological traits related to photosynthesis 

and leaf water status is indeed astonishing: from the 15 physiological traits investigated, only 

three (light saturation point of photosynthesis, WUE and daily minimum of leaf water 

potential) were found to differ significantly between the species. A remarkable similarity was 

found for the variables characterizing the capacity and resource use efficiency of the 

photosynthetic apparatus, measured in 30 trees per species under controlled conditions in the 

field. Amax, Vcmax, Jmax, CE, quantum yield, and the light and CO2 compensation points of 

standard leaves in the sun canopy were nearly identical in their means, as was leaf dark 

respiration rate at standard temperature. Moreover, the variation in physiological performance 

within and among the investigated 30 individuals of a species was remarkably small for the 

photosynthetic traits (coefficient of within-species variation mostly <15%, except for Vcmax, 

Jmax and CE) which documents a uniform physiological performance across a collective of 

individuals with a limited genetic variability. One reason for the uniformity is the origin of all 

test plants from the same mother-tree, while different fathers are possible.  

The low variation in physiological properties between the two species may have two possible 

reasons, (1) a particularly conservative inheritance of physiological traits, or (2) similar 
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selection forces having been active in the environment of P. tremula and P. tremuloides. 

While both Populus species may indeed be exposed to similar microclimate and soil 

conditions in the early phases of forest succession today, and probably were so in their 

evolutionary history, it is unrealistic to assume that a uniform environmental setting has 

resulted in such a high degree of similarity in the physiological constitution. More likely is the 

first explanation, because a uniforming effect of selection should also have acted on the 

morphological traits, which is not the case. Moreover, several other studies in Populus and 

other tree genera provided indeed evidence of a conservative inheritance of traits related to 

photosynthesis (Rowland 2001), which weakens their indicative value with respect to 

systematic relatedness and speciation. 

The within-population variability was markedly larger in the traits related to foliage structure 

and leaf dynamics (within-population CV values typically >25%) and 7 of the 14 variables 

investigated were significantly different between the two Populus species. This is in 

accordance with the findings of Müller et al. (subm.a, subm.b) that intraspecific genetic 

variation in P. tremula is particularly large in foliage-related morphological and phenological 

traits. More important, canopy carbon gain in the vegetation period was remarkably different 

between the species (about 20% larger in P. tremuloides) despite very similar photosynthetic 

characteristics and mean daily assimilation rates. The two species showed striking differences 

in their carbon allocation patterns to leaves, branches and stems and with respect to leaf 

phenology, which matches with the relatively large genetic distance between the species 

visible in the microsatellite data, thus contradicting the one-species hypothesis.  

Plants of P. tremuloides had relatively few side branches and only about half the number of 

longer twigs (>5cm) in comparison to P. tremula, and these twigs grew more slowly. 

However, the total axes length increment did not differ significantly between the two species 

because American aspen had a greater mean twig length than its European relative. These 

morphological differences developed in the first months of live, when the saplings of both 

species were reared under identical environmental conditions in the botanical garden. Due to 

the larger twig length, relative axes increment rate was smaller in P. tremuloides, even though 

absolute twig and stem length growth were similar for the two species, or tended to be even 

larger in P. tremuloides. 

P. tremuloides reached an about 20% greater total leaf area than P. tremula (difference not 

significant) with a relatively small number of large leaves, which offers one explanation for 

the smaller number of long side branches in American aspen. Plants of P. tremula were able 

to compensate for the later start of leaf flushing through a higher leaf production rate, 
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resulting in a high number of small leaves. However, a larger mean (and maximum) plant leaf 

area was the decisive plant trait responsible for the more than 20% higher canopy carbon gain 

of P. tremuloides, and not a high leaf number or a higher mean assimilation rate nor a longer 

lasting leafy period, which both were only 3-4% higher in American than in European aspen. 

Two processes contributed to the trend toward a higher mean and maximum leaf area in P. 

tremuloides, the more rapid leaf expansion growth between the start of leaf enfolding and the 

date of the plant’s peak leaf number, and the greater leaf longevity in August, when net leaf 

losses started to increase in P. tremula, while American aspen lost relatively few leaves with 

no net leaf loss occurring until the end of August. The longer-lasting plateau of peak leaf 

number in P. tremuloides in combination with a continued leaf enlargement until early 

autumn were the causes for the progressive leaf area increase in American aspen and its 

higher C gain in the late August. The results of the multiple regression analysis confirmed the 

prominent role played by traits related to leaf area development (relative leaf area increment 

rate and the date of peak leaf number) for the carbon gain of P. tremula, while leaf production 

rate was the key trait in P. tremuloides. 

The phenomenon of delayed leaf abscission was also investigated in Salix species and 

identified as an important trait resulting in increased leaf area duration (i.e. leaf area x time), a 

variable closely related to productivity (Weih 2009). We observed that both species reached 

the peak of total leaf number in the middle of August (circa August 14) but the phase of 

maximum leaf number lasted for more than 20 days in P. tremuloides as compared to 10 days 

in P. tremula. While other studies identified extended growing season length as a key factor 

increasing productivity in P. tremula (Yu et al. 2001) and in other species used in short-

rotation forestry such as Salix spp. (Weih 2009), we found an only insignificant influence of 

the length of the leafy period for carbon gain, but recognized the timing of the first phase of 

leaf abscission in mid-summer and early autumn to be decisive. The importance of other 

foliage-related traits for the productivity of Populus species was emphasized by e.g. Dillen et 

al. (2009: leaf production rate) and Bunn et al. (2004: total leaf area).  

The superior growth performance of P. tremuloides in comparison to P. tremula was shown in 

other experiments as well which studied the suitability of these species for short-rotation 

forestry in Central Europe (Liesebach et al. 1999) focussing on wood mass production. 

Liesebach et al. (1999) reported a yield of 2.6 – 4.8 Mg of aboveground biomass ha-1 year-1 

for P. tremula, but about 3.4 - 8.7 Mg ha-1 for P. tremuloides. Other studies found 

aboveground dry mass production rates of aspen grown in Central Europe in the range of 1.4-

11.2 Mg ha-1 year-1, depending on soil fertility and management regime (Kauter et al. 2001, 
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Bemmann et al. 2007, Kollas et al. 2009). Our rough estimate of 1.2 (P. tremula) and 1.4 Mg 

dry mass ha-1 year-1 (P. tremuloides) represents the lower limit of production values, which 

reflects the fact that the Solling Mountains are a rather unfavourable growing site and the 

trees are only 1.5 years old. On very poor sites, annual yield of aspen was found to be < 1.3 

Mg dry mass ha-1 year-1 in the first years (Landgraf et al. 2007). High biomass yields are 

typically reached in aspen plantations not before the sixth year (Liesebach et al. 1999) which 

promises for the Solling plantation increasing yields in the coming years. 

The higher cumulative canopy carbon gain of P. tremuloides was linked to a higher mean 

water-use-efficiency. We recorded leaf-level WUE means for P. tremuloides between 3.5 and 

4 µmol CO2 mmol-1 H2O, which is higher than comparable values reported for this species in 

other studies (<3 µmol CO2 mmol-1 H2O by Liu et al. 2006, or 2-4 µmol CO2 mmol-1 H2O by 

Thomas et al. 1997). The 15% higher water-use-efficiency of American aspen was solely 

caused by a lower leaf conductance under standard conditions, while photosynthetic capacity 

was not different between the species. A likely consequence of the higher leaf conductance 

and transpirative water loss in P. tremula is the significantly lower daily minimum of leaf 

water potential observed in this species (-1.02 MPa in P. tremuloides vs. -0.76 MPa in P. 

tremula), which may indicate that American aspen is better adapted at tolerating summer 

droughts than its European relative. Other studies found evidence that WUE can indeed be 

used as an indicator of differences in drought susceptibility of Populus species and hybrids 

(e.g. Bassman and Zwier 1991). However, we found no significant correlation between leaf-

level WUE and canopy carbon gain in the 10 individuals per species investigated, which is 

probably a consequence of the moist and cool climate at the study site where water shortage is 

no relevant growth-influencing factor. The larger leaves and larger total leaf area of P. 

tremuloides, on the other hand, may expose American aspen to higher water deficits. 

Therefore, the lower leaf conductance could perhaps represent an adaptive response of this 

species to its larger transpiring surface.  

Growth trials with controlled soil drought and the monitoring of additional traits related to 

plant water status have to show whether P. tremuloides indeed maintains a lower leaf 

conductance under optimal and reduced soil water availabilities than P. tremula and thus 

offers more favourable adaptations for cultivation at drought-affected sites. The necessity to 

select drought-tolerant species for short-rotation forestry will increase in future because 

climate change scenarios predict more frequent droughts for parts of Europe (Saxe et al. 

2001). 
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Conclusions 

Our comparative growth trial with 1-year-old saplings of the native P. tremula and the 

introduced P. tremuloides revealed an about 20% higher canopy carbon gain in the vegetation 

period of the American species, indicating a higher growth potential at our study site. Canopy 

C gain as a measure of productivity has the advantage over more traditional growth indices 

(such as aboveground biomass production or height growth), that it covers the carbon 

assimilated and being available for whole-plant growth, thus including belowground 

production as well, which is most often ignored in tree growth trials. When the focus is on 

harvestable biomass, however, the direct measurement of stem and twig biomass or length 

increment is indispensable. The canopy carbon gain data of our study suggest to prefer the 

non-native species over the native one for maximising yield at this low-fertility site. However, 

it must be kept in mind that this study covered only the first one-and-a half years of 

cultivation and not the full 2 to 10-year-long rotation period used in short-rotation forestry. 

Moreover, our results are only valid for the montane sub-oceanic climate with relatively poor 

soil at the study site. The growth potential of the two species at more fertile and more 

drought-affected sites requires separate study. Further, other genotypes of P. tremula and P. 

tremuloides can differ in their growth potential which could result in different species 

rankings with respect to productivity. The selection of the most advantageous species or 

genotype of poplar for a given site is facilitated by our finding that the timing of the onset of 

leaf abscission in late summer and early autumn seems to be a key determinant of carbon gain 

and productivity.  

If the choice is P. tremuloides (or another non-native species or hybrid), additional research 

should also address the susceptibility of this species to herbivore attack and pathogens, and 

must investigate the potential of the species to become invasive in Europe. Our study 

provided important evidence through microsatellite and leaf morphological investigations that 

P. tremula and P. tremuloides should be treated as two distinct species, despite astonishing 

similarities in physiological traits and high genomic similarity according to AFLP analyses. 

An important argument is that poplar productivity depends mostly on leaf morphological and 

phenological properties, that differ with species, and not on the physiological traits that seem 

to be inheritated conservatively. Additional studies on stress tolerance might provide further 

evidence for more profound functional differences between P. tremula and P. tremuloides. 
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Why is aspen research necessary? 

Due to the increasing demand for renewable energy sources and the associated interest in 

short-rotation forestry, growth experiments with highly productive Populus species as a 

model tree have been undertaken for decades (Rose and DeBell 1978, Pellis et al. 2004, 

Marron and Ceulemans 2006, Monclus et al. 2006, Dillen et al. 2009, Rae et al. 2009). Most 

research has been focused on the productivity of P. nigra, P. trichocarpa or P. deltoides and 

the associated molecular or phenotypic traits controlling it. The main reason why the focus 

was on the mentioned species is because of their superior biomass gain in comparison to other 

Populus species. However, the popularity of aspen (P. tremula and P. tremuloides) for short-

rotation forestry will probably increase in the near future, because they cope better with 

drought in poor soils and have a lower demand on habitat conditions than other poplar 

species. These features make aspen a promising alternative in comparison to more drought-

sensitive species, especially in the face of future climate scenarios which include increasing 

temperatures and decreasing summer precipitation (Kollas et al. 2009).  

Furthermore, aspen are an ecologically important species, because they act as pioneers, 

colonizing disturbed habitats and sequestering high amounts of carbon (Chen et al. 1999, 

David et al. 2001). Additionally, aspen-dominated forests provide habitat for endangered 

species (e.g. breeding birds and small mammals) (Turner et al. 2003, Kouki et al. 2004). An 

“extended” phenotypic effect of aspen forests could be shown for soil processes, as the 

variation in genetic diversity of aspen forests has been related to patchiness of belowground 

activity, due to differences in chemical composition of the leaf litter (Madritch et al. 2007, 

2009). Even non-dominated aspen forests seem to benefit from the presence of aspen trees, 

which enhance forest productivity, increase the amount of cyanolichens due to an altered 

nutrient cycle, and increase moisture and light conditions (Legare et al. 2005, Campbell et al. 

2010). Therefore, aspen can be said to act as keystone species and contribute to ecosystem 

services and functioning. Considering all the mentioned aspects, there is no doubt about the 

importance of investigating plant morphological and physiological traits of aspen in relation 

to their genetic constitution and places of origin. This research can be either economically 

motivated and aimed at giving advice for plant breeding and forest-plantation management or 

non-economically prompted in order to support the understanding of the functioning of aspen 

communities.  

In this thesis I quantified the variability of productivity along a gradient of genetic relatedness 

including closely and distantly related P. tremula assemblages as well as two different aspen 

species (P. tremula and P. tremuloides). We selected the plant material in order to simulate a 
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genetic constellation which could be the result of natural pair-crossing by an aspen founder 

population and investigated more than 30 phenotypical traits (morphological, physiological, 

phenological traits and aspen associated organisms) related to growth performance.  

 

Variability of productivity along a gradient of genetic relatedness 

We analysed three aspen assemblages which differed in their genetic distance (Nei 1972, 

1978): six full-sib families with German origin (2-30% genetic distance), four P. tremula 

collectives originating from Central Europe (Germany, Switzerland and Austria: 20-40% 

genetic distance) and two aspen species (P. tremula with German origin and P. tremuloides 

with American background differing 77% in their genetic distance). The growth analysis for 

every assemblage revealed that the level of variation in terms of productivity (either carbon 

gain or relative biomass gain) differed within every sub-group (either in each full-sib family, 

collective or species) between 25 and 40%, whereas the variation between the sub-groups 

reached values between 10 and 40% (Table 1). The highest variation in productivity was 

reached within the closely related full-sib families and between the analysed Central 

European collectives (each 40%), whereas the variation among the studied full-sib families 

and the two aspen species was characterized by the lowest variation with 10 and 20%, 

respectively. The total variation in productivity in each aspen assemblage ranged between 50-

60%.  

Therefore, we conclude 1) that the markedly higher values in the genetic distance between P. 

tremula and P. tremuloides in comparison to the relatedness to the German or Central 

European aspen assemblages is not reflected in biomass yield in the first year of growth 

(results of the between group variation). We conclude further 2) that the increase in genetic 

diversity in the single collectives or species caused by more than one pollen donor in 

comparison to the considered full-sib families, with only one father, is not mirrored in a 

greater variation in productivity within each studied assemblage (results of the within group 

variation). The plant material used in this study was selected in order to simulate an 

assemblage which could be naturally arise by pair-crossing of a founder population of aspen 

trees. We simulated different numbers of mother and father trees. Hence, the results of the 

total variation in productivity (50-60%) indicate 3) that the variation in productivity of natural 

aspen populations is not decisively increased by a parallel increase in pollen donors, and that 

also an aspen assemblage based on a small founder population is able to obtain high variation 

levels in terms of productivity. The high variation in productivity was closely related to high 

variation in plant functional traits (e.g. leaf-level traits), which will be explained in detail in 
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the following section. A high level of variation in functional traits has been related to 

ecosystem stability in other studies (Lhomme and Winkel 2002, Boege and Dirzo 2004, 

Lecerf and Chauvet 2008). Therefore we believe 4) that also these small founder populations 

could provide high ecosystem stability and ecosystem services, due to their high levels of 

intraspecific variability in functional traits. This further enables a successful occupation of 

different sites and under different environmental conditions (Joshi et al. 2001), which is a key 

feature of the widespread aspen species. 

 

Aspen productivity and its associated traits 

Tree growth and related traits are fundamental components of planted forests but also of 

survival and productivity in natural undomesticated forests (Grattapaglia et al. 2009). With 

the help of my results we were able to reveal the parameters which were most decisive for the 

variation in productivity within the studied aspen assemblages. For every study assemblage, 

despite genetic distance or geographical background, we demonstrated that leaf phenology 

and leaf area related traits were the prime parameters controlling productivity. In the 

assemblage of closely related aspen full-sib families (Chapter 4), the different families 

differed significantly in their leaf number and total leaf area, which were positively associated 

with yield gain and negatively with the time of leaf flushing. The variation in leaf number and 

the time of leaf flush could be significantly attributed to the genetic constitution (results of the 

quantitative genetic analysis) and a multiple regression analysis confirmed the prominent role 

of leaf number for the productivity of the full-sib families. Next to the variation in leaf-level 

traits, we found that the amount of phenolic compounds was negatively related with the level 

of aspen herbivory. But, neither increasing levels of phenolic compounds nor the suppression 

of endophytic fungal infection had negative impacts on biomass gain. The trial to relate the 

genetic variance and phenotypic characteristics based on molecular markers failed, because 

only five neutral markers were investigated (Chapter 3). Nevertheless, the strong genetic 

control for bud phenology, leaf number and the concentration of phenolics in Populus has 

been emphasized by other authors such as Wu et al. (1998), Frewen et al. (2000) or 

Donaldson and Lindroth (2007).  

Traditional biomass indicators like plant height or twig growth could also be used as 

responsive traits, but this was not true for the Central European aspen assemblage (Chapter 5). 

The collectives differed significantly from each other in their growth performance and 

especially plant height and twig increment as biomass indicators could lead to misleading 

results in terms of final productivity. A large plant height in combination with a low number 
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of leaves and leaf area resulted in low values of carbon gain. More importantly, leaf 

phenology and leaf area associated traits were again detected as being the most relevant 

triggers for productivity and key factors for carbon gain, which was also marked for other 

Populus species (Bradshaw et al. 2000). This was applicable for P. tremula and P. 

tremuloides as well (Chapter 5 & 6).  

The calculated canopy carbon gain was based on plant leaf area, the mean assimilation rate 

per unit leaf area, and the species specific length of the leafy period, whereas the latter played 

a less important role for the variation in carbon gain. This seems to be in contrast with other 

studies which associated a longer growing season with better growth for poplar families and 

other tree species (Rae et al. 2004, Picard et al. 2005, Dillen et al. 2009). However, the 

variation in growing season length between the collectives and species differed by merely 2% 

and 4.5% respectively, and hence could not be the decisive trait in order to explain the 20-

40% variation in productivity (Table 1). As already mentioned, the variation in productivity 

was mainly associated with differences in total leaf area and related traits (variation in total 

leaf area among collectives and species: 15 and 40%, respectively, Table 1). From our 

selected plant material, a late onset of net leaf loss in mid-summer and hence low values in 

the ratio of leaves lost to leaves produced were determined to be the major impact factors for 

leaf area in the late summer and hence for carbon gain (Chapter 5 & 6). Therefore, we believe 

that next to canopy duration, the critical point of the time when leaf loss rate exceeds the leaf 

production rate should also be captured in leaf phenological monitoring. We conclude that a 

great leaf longevity and the ability to produce new leaves and leaf area at a stage in late 

summer (leaf production rate > leaf loss rate) is of major importance for successful biomass 

gain. With the help of a quantitative genetics analysis (Chapter 5), we confirm that leaf 

phenology associated traits are highly heritable and a better guide for plant breeding 

programmes than classical traits like plant height. Our results show firstly that associated 

traits are stable and have a great impact on yield irrespective of the variation in the plant 

material and secondly, the phenotypic variation of these traits is moderately high with a great 

proportion of genetic variation and heritability indices.  

Next to morphological traits we monitored the ecophysiological traits in the three aspen 

assemblages. For most of the analysed physiological traits (except plant water-balance related 

traits) we found no significant differences between the full-sib families, between the 

collectives or between the aspen species (Chapters 4-6). More important than the homogenous 

pattern of the physiological traits were the results that photosynthesis related traits (e.g. 

assimilation rate, apparent quantum yield or Amax) could not be directly related with 
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productivity in any of the studied aspen assemblages, which is in accordance with Bunn et al. 

(2004). Nevertheless, assimilation rate as driving force for carbon uptake was mathematically 

involved in carbon gain, but with a variation between 2-5% among collectives and species, it 

could not be the explanatory variable for the productivity variation of 20-40%. As already 

mentioned, the variation in productivity was mainly associated with differences in total leaf 

area and related traits. This is in line with the results of Poorter and Remkes (1990) who 

found a much weaker relationship between net assimilation rate and relative growth rate than 

with leaf area ratio across 24 species. Furthermore, Henderson and Jose (2005) demonstrated 

that an increase in leaf area index alone is able to increase canopy assimilation and lead to 

higher values in productivity in fast-growing tree species. This is linked with the fact that an 

efficient investment of photosynthetic assimilate could be more relevant for successful growth 

than net photosynthesis rates. Photosynthetic assimilate may not be directly invested in plant 

growth but may accumulate in leaves in order to maximise leaf area relative to total plant 

weight, which is in most species more related to successful growth than net photosynthesis 

rates (Stitt and Schulze 1994). Hence, productivity can be increased by a trade-off between 

maximum photosynthetic surface and minimum energy investment in branches (Wu 1998).  

None of our studied ecophysiological parameters could be proven to be a reliable biomass 

predictor, and had a low phenotypic variance with a low genetic impact on trait variation. On 

the one hand, the low genetic variation makes the physiological traits almost unsuitable for 

breeding approaches and selection, due to the fact that fitness associated traits usually have a 

high genetic variability (Houle 1992). But on the other hand we cannot exclude the fact that 

genetic variation in photosynthesis or related traits exists in P. tremula or P. tremuloides, 

even if it was neither expressed within the closely related full-sib families, nor within the 

assemblage of distantly related aspen collectives or different aspen species during the 

vegetation period and under uniform environmental conditions. It has been shown for Populus 

and other species that if a significant genetic variation in net photosynthesis exists, this may 

only be expressed under specific environmental conditions like drought. This genotype x 

environment interaction would be expressed in an association between photosynthesis rate 

and productivity in a water-limited environment, which is mainly reduced due to stomatal 

limitation, but it would not be expressed under well watered conditions (Ullah et al. 2008, 

Silim et al. 2009). Hence, we conclude that physiological associated traits are less suitable as 

plant biomass predictors than morphological ones, according to their low phenotypic and 

genetic variance, but should not be neglected, especially in terms of stress related conditions. 

Especially plant water status related traits should be considered as important traits for growth 
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analyses, because species with a good adaptation to drought will be in demand for areas with 

low precipitation. The intraspecific comparison of P. tremula collectives did not reveal 

significant differences in water-use-efficiency, but the interspecific comparison did, with a 

better drought adaptation for P. tremuloides linked with higher values of carbon gain. The 

mean values of WUE for P. tremuloides were recorded at 4 µmol CO2 mmol H2O
-1 (Chapter 

6), which is about 40% higher than in other experiments that studied the water-use efficiency 

of P. deltoides x P. nigra hybrids (Guo et al. 2010). 

 

Are aspen suitable for short-rotation forestry? 

In this study, through the field experiment performed in 2009 and our selected plant material 

from four Central European P. tremula collectives and one P. tremuloides collective from the 

US, we could reveal a gradient according to successful productivity (cumulative carbon gain), 

which was associated with the above mentioned leaf phenological and leaf area associated 

traits.  

The plants of the American collective were the most productive, followed by the Austrian 

(AU) and German collectives (Gm1) and lastly the German and the Swiss collectives Gm2 and 

CH. Due to this productivity gradient, we extrapolated a rough estimate of harvestable woody 

biomass of 0.9 -1.3 (P. tremula) – 1.4 (P. tremuloides) Mg dry mass ha-1 yr-1 for the studied 

aspen in our experiment in the Solling Mountains on poor soil and under poor climate 

conditions. The calculation is based on a moderate stem density (8500 plants ha-1) and the 

assumption that about 50% of the assimilated carbon is invested in aboveground dry weight 

with a carbon content of 50% (Edwards et al. 1980). Liesebach et al. (1999) reported a yield 

of 2.6 – 4.8 Mg of aboveground biomass ha-1 yr-1 for P. tremula, but about 3.4 - 8.7 Mg 

absolute dry biomass ha-1 for P. tremuloides. Other studies found aboveground dry mass 

production rates of aspen grown in Central Europe in the range of 1.4 and 11.2 Mg dry mass 

ha-1 yr-1 depending on soil fertility and management regime (Kauter et al. 2001, Bemmann et 

al. 2007, Kollas et al. 2009). Our rough estimate of 0.9 - 1.3 (P. tremula) and 1.4 Mg dry 

mass ha-1 yr-1 (P. tremuloides) represents the lower limit of production values, which reflects 

the fact that the Solling Mountains are a rather unfavourable growing site and the trees are 

only 1.5 years old. On very poor sites, annual yield of aspen was found to be < 1.3 Mg dry 

weight ha-1 yr-1 in the first years (Landgraf et al. 2007). High biomass yields are not typically 

reached in aspen plantations before the sixth year (Liesebach et al. 1999) which promises 

increasing production values for the coming years for the Solling plantations. Maximum 

yearly increment could be expected to occur at the age of ten and onward, which leads to the 

 133



conclusion that short-rotation cultures with aspen and rotation times under 15 years are not 

worthwhile (Liesebach et al. 1999).  

Previous studies pointed out that P. tremula and P. tremuloides are capable of producing 

suitable amounts of biomass, even on unfavourable soil conditions and longer rotation times 

(Hofmann-Schielle 1999, Liesebach et al. 1999, Lasch et al. 2010). The strength of P. 

tremuloides as emphasized by Liesebach et al. (1999) was also found in our results as well 

(Chapter 6). We believe that the differences between the two species are related to higher 

values in leaf area and a later onset of leaf abscission in mid-summer for P. tremuloides. This 

will lead to greater differences in carbon gain in the upcoming years of growth than currently 

exist, making P. tremuloides the more favourable seed stock. The higher carbon gain of P. 

tremuloides was linked to a higher mean water-use-efficiency, which is in accordance with 

Silim et al. (2009) who stated the importance of poplar clones combine high productivity with 

drought tolerance traits for biomass plantations. Other studies found evidence that WUE can 

indeed be used as an indicator of differences in drought susceptibility of Populus species and 

hybrids (Bassman and Zwier 1991). 

Nevertheless, the question of seed stock is also related to the question of the introduction of 

non-native species. The introduction of the exotic North American P. tremuloides in Europe 

also bears the risk that the species will become invasive with unpredictable effects on native 

ecosystems. Our results revealed several significant differences in morphology between the 

two aspen species (Chapter 6), and even if the final yield production and the associated leaf 

area exhibited a relatively low variation among the two species, the leaf dynamics (leaf area 

increment and leaf size) and branching pattern were decisively different and exceeded the 

variation among the P. tremula collectives which were native to Europe (Table 1). Such 

differences are mainly caused by the long evolutionary separation on two continents. P. 

tremula and P. tremuloides should be treated as two different species, and not as proposed by 

some authors as one single species (Eckenwalder 1996, Cervera et al. 2005). This point has to 

be considered for making a decision for or against non-native seed stock in terms of short-

rotation forestry.  

Therefore, we suggest preferring P. tremuloides for short-rotation forestry due to its higher 

growth potential. However, the risk of introducing exotic species should be considered, when 

deciding for or against non-native seed stock. Our results show further, that the choice of the 

plant material for maximum yield gain in short-rotation forestry is clearly a question which 

should be addressed not only regarding different species, but also different collectives, demes 

or genotypes of the same species, which is indicated by the higher variation in productivity 
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among the four European collectives than the variation among P. tremula and P. tremuloides 

(38 vs. 17%, Table 1). 

 

Table 1 Coefficients of variation (%) of selected traits for the analysed full-sib families, 
collectives and species. The mean variation within each sub-group (either in each full-sib 
family or collective or species), the variation between the sub-groups and the total variation 
are presented. The detailed calculations for each are given in Chapters 4 to 6, respectively. 
Productivity is either defined as the relative biomass gain (mg dry weight g-1 d-1) or the 
canopy carbon gain (g C plant-1 vegetation period-1).  
 
  Full-sib 

families 
(Chapter 4) 

Collectives 
 

(Chapter 5) 

Species 
 

(Chapter 6) 
Productivity 39.4 25.2 32.4 
Assimilation rate - 7.9 7.7 
Net photosynthesis 19.6 7.7 5.2 
Leaf conductance 34.3 20.4 13.2 
Leaf number 43.9 30.1 27.8 
Leaf size 35.7 32.2 34.6 
Leaf area 65.5 29.2 31.0 
Specific leaf area 16.7 15.0 10.8 
Leaf area increment - 19.9 41.9 
Number of long branches > 5cm - 28.6 29.3 
Length of leafy period - 3.1 3.0 

 
 
 
 
within group 
variation 

    
 Productivity 9.8 38.2 17.7 

Assimilation rate - 5.4 1.7 
Net photosynthesis 0.0 6.1 0.0 
Leaf conductance 0.0 7.4 15.3 
Leaf number 25.1 24.7 35.4 
Leaf size 14.9 14.6 47.1 
Leaf area 23.0 39.0 14.9 
Specific leaf area 3.9 10.9 0.0 
Leaf area increment - 0.0 118.1 
Number of long branches > 5cm - 23.8 79.5 
Length of leafy period - 2.0 4.3 
    

 
 
 
between group 
variation 
 
 
 
 

Productivity 49.2 63.4 50.1 
Assimilation rate - 13.3 9.4 
Net photosynthesis 19.6 13.8 5.2 
Leaf conductance 34.3 27.8 28.5 
Leaf number 69.0 54.8 63.2 
Leaf size 50.6 46.8 81.7 
Leaf area 88.5 68.2 45.9 
Specific leaf area 20.6 25.9 10.8 
Leaf area increment - 19.9 160.0 
Number of long branches > 5cm - 52.4 108.8 

 
 
 
total variation 

Length of leafy period - 5.1 7.3 
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