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GENERAL INTRODUCTION 

Global forest resources, plantation forests and cultivation of Populus  

Forest ecosystems provide valuable sources of forest goods (wood, fiber or non-timber 

forest products), and bare non-market values and various ecosystem processes (e.g. carbon 

sequestration, erosion control or wildlife habitat) as well as social functions (recreation 

value, landscape esthetics and preservation of biodiversity). Forests cover over 30% of the 

Earth’s total land mass (4 billion hectares) and are prerequisite for the economic and social 

wellbeing of modern society. However, the stock of natural forests continuously declines 

and is converted to other land use types. This trend is assumed to continue through 2020 

(Rounsevell et al. 2006; FAO 2011). Moreover, forest ecosystems are heavily affected by 

overexploitation, pollution and changes in the Earth’s climate (Ciais et al. 2005; IPCC 

2007; Allen et al. 2010). Consequently, the growing demand for wood and energy 

resources is being accompanied by a steadily increasing risk of extreme weather events 

such as an overall increase in temperatures and decreased summer precipitation, which is 

certainly affecting forest yield (Lindner et al. 2010). Moreover, a dramatic loss in 

biodiversity (Purvis and Hector 2000; Rands et al. 2010) reinforces the risk of pests and 

instable ecosystems within such habitats where diversity is comparatively low. Thus, the 

occurrence of uncertain impacts during the long rotation times until an expected harvesting 

age in 2080–2100 is likely to increase the already substantially challenging sustainability 

of the current forest ecosystems management. 

The imbalance between a steady increase in demand of forest products on the one hand, 

and the ongoing exploitation of natural forests and loss in forest cover on the other hand, 

requires alternative solutions to be found for the maintenance of forest goods. A possible 

way to produce industrial wood, pulp wood or bioenergy are short rotation plantations with 

cultivation of fast-growing tree species with rotation times of less than 30 years (Berndes 

et al. 2003; Evans 2009). Despite some major criticisms and concerns considering the 

ecological value, specifically in tropical landscapes (Brockerhoff et al. 2008), tree 

plantations became increasingly important in the past decades (Paquette and Messier 

2009). This is evidenced by a continuing trend in establishment of new forest plantation 

areas on a global scale and especially within Western Europe (category ‘planted forests’, 

FAO 2010). Since the 1970s, those short rotation forestry systems are increasingly subject 

to applied science (Steinbeck 1999; Dickmann 2006) aiming to steadily improve the 

aspects of yield, pest resistance and drought tolerance. Those plantation management 
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CHAPTER 1 

regimes are advantageous in certain aspects. From an economic perspective, short-rotation 

coppice systems potentially yield between 3 and 12 Mg dry mass ha-1 yr-1 (Aylott et al. 

2008; Mantau 2010; Tallis et al. 2013), thus contribute to meet the requirements of future 

wood demands (Evans 2009). Additionally, a considerable belowground carbon storage 

potential to reduce CO2 emission is attributed to forest plantations (Fang et al. 2007). Short 

rotation forestry also contributes to the desired 20% increase in the share of renewable 

energy sources to the overall use of energy in Europe by 2020 (European Commission 

2009). Dependent on temporal (rotation period and stand age) and spatial scale (size of the 

plantation) of the management regime, short rotation forestry (SRF) may also provide 

important wildlife habitats, hosting numerous associated plant and animal species 

(Christian et al. 1998), hence contributing to a significantly higher plant (Weih et al. 2003; 

Baum et al. 2012) and fauna diversity (Dimitriou et al. 2011) in agricultural landscapes. 

Furthermore, native forests benefit from the establishment of short rotation plantations as 

they slow the pace of their irretrievable destruction and thereby the inherent loss of their 

habitats and endangered wildlife (Fox 2000). For the improvement of plantations in terms 

of species adaptation, pest resistance and productivity, ecological and genetic research with 

the highly productive poplar species as a model organism describe a long history (Rose and 

DeBell 1978; Pellis et al. 2004; Marron and Ceulemans 2006; Monclus et al. 2006; Rae et 

al. 2009). 

Specifically poplar species (Populus spec.), which have been cultivated in systematic 

plantations since antiquity (Dickmann 2006), still represent the most popular cultivar in 

plantation establishment due to various economically and ecologically favorable attributes. 

First and foremost, poplars exhibit outstanding growth rates even on marginal sites with 

unfavorable habitat conditions (Hofmann 1998). The rapid growth and extensive 

distribution of the tree roots provide access to a large volume of soil and soil resources. 

Second, their vegetative propagation from branch or root cuttings is uncomplicated, a trait 

mirrored in the plant’s capacity for rapid reoccupation via root suckering following harvest 

or disturbance (Bärring 1988; Frey et al. 2003; Rood et al. 2007). Third, poplar species 

allow facile hybridization, genetic transformation and genetic engineering, qualities which 

resulted in the first fully sequenced tree genome for the species (P. trichocarpa, 550 Mb, 

Tuskan et al. 2006). In addition, poplar forest stands host endangered species, prevent 

erosion by reducing overland flow and maintain the water balance when colonizing early 

successive or disturbed sites (Kouki et al. 2004; Dimitriou et al. 2011). Moreover, aspen 
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forest stands (P. tremula and P. tremuloides) have a large potential to reduce CO2 by 

sequestering high amounts of belowground carbon in natural stands (David et al. 2001) as 

well as in plantation management regimes (Fang et al. 2007). Those features make the 

species a promising study subject, especially in the face of future climate scenarios, and 

this has given poplars their much vaunted “model organism” status (Bradshaw et al. 2000; 

Taylor 2002; Wullschleger et al. 2002; Brunner et al. 2004) in a multitude of studies. 

Intra- and interspecific diversity, trait variation and trait linkages in Populus 

The genus Populus includes 29–40 single species worldwide which can be attributed to six 

sections (Bradshaw et al. 2000; Cronk 2005). Poplars are dioecious (i.e. having the male 

and female reproductive organs on separate plants), obligate outcrossing species and 

reproduce either sexually by seeds (seed pollen has a wide distribution) or asexually by 

root suckers. Hence, populations may comprise both, a considerable genetic variation 

(David et al. 2001) as well as large stands of clonal structures with a single clone 

consisting of several trees (ramets) (Mitton and Grant 1996). Doubtless, poplar species are 

exceptionally widely distributed across various ecosystems of the Northern hemisphere 

(Dickmann and Kuzovkina 2008). In their natural habitats, reaching from flood plains to 

montane forests in temperate as well as boreal climates, they represent a climax species 

and can form large forest stands (Hultén 1986; Bradshaw et al. 2000; Pakull et al. 2009). 

By contrast, poplars may also occur as a typical pioneer tree species in early successional 

plant communities in temperate zones (Ellenberg and Leuschner 2010) and tolerate the low 

nutrient and water supply of disturbed sites, though they are more susceptible to shading. 

Some species exhibit a larger range of distribution (e.g. P. tremula and P. tremuloides) 

while others have narrow ecological amplitudes e.g. P. nigra or P. deltoides and are 

predominantly associated with riparian ecosystems (Rood et al. 2003). 

The outstanding potential of poplar species to occur along such a wide range of 

environmental gradients bears witness to their high degree of intra- and interspecific 

diversity (Cervera et al. 2005). The cause for the high intraspecific diversity is a high level 

of genetic variation in populations, which manifests itself in differences of various 

functional and morphological plant traits. Plant traits can be phenotypically plastic i.e. the 

plant genotype codes for ability to express different phenotypes as a response to different 

habitat conditions (Bell and Lechowicz 1994; Gregorius and Kleinschmit 1999; Agrawal 

2001). Both, intraspecific diversity and phenotypic plasticity carry adaptive capacities of 
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plants to cope with environmental changes as anticipated from climate warming (Hamrick 

2004; Matesanz et al. 2010). 

The quantification of above- and belowground variation pattern in key traits 

(morphological and functional) enables evaluation of the relative importance for species 

adaptation and growth performance. It is important to note, that traits should not be 

considered in isolation, because pairs of traits are often coordinated (Westoby and Wright 

2006). Such trait relatedness between above- and belowground pairs of traits characterize 

key processes of acquisition and the allocation of limiting resources (e.g. assimilation and 

nutrient uptake), adaptation mechanisms to climatic stressors (e.g. hydraulic architecture) 

or mechanism of structure-related resource capture (specific leaf area vs. specific root 

length). A better understanding of those mechanisms may lead to an important component 

of breeding approaches for providing proper plant material to establish resilient forest 

ecosystems under changing environmental and habitat conditions as suggested in 

Spittlehouse and Stewart (2004). So far, investigations on aboveground trait variations are 

well established, but only a few reports exist on the corresponding belowground traits and 

even less is known about how variations between aboveground and belowground organs 

coordinate (Liu et al. 2010). Therefore, it should be of primary interest to emphasize the 

belowground component of trait variability and trait interrelations within and between 

species in order to describe the underlying mechanisms of belowground processes such as 

root response to heterogeneous soil conditions or belowground competition and the 

relatedness to aboveground plant functions. This may help to detect promising synergistic 

(or antagonistic) effects as provided by an increased intraspecific diversity in mixture 

compared to monocultures for example in tree plantations (Richards et al. 2010). 

Fine root structure and belowground competition 

The tree root systems account for approximately one third (13–43%) of the total carbon 

pool of forest stands (Puri et al. 1994; Helmisaari et al. 2002). Such systems consist of a 

hierarchically branching network and can be arbitrarily classified into root stock, coarse 

roots and fine roots. Coarse roots are persistent support organs which account for 

long-distance water transport and are conducive to tree anchorage. In contrast, fine roots 

are roots of a smaller diameter and high surface area which explore large volumes of soil to 

absorb water and nutrients from the rhizosphere. Their close association with soil 

microorganisms (rhizosphere microbes) and symbiosis with ectomycorrhizal (EM) or 
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arbuscular mycorrhizal fungi (AM) contributes to nutrient absorption, hence overall plant 

fitness and growth (Miransari 2014). 

Even though the living fine root biomass contributes only 1–15% to total tree biomass, fine 

root productivity can exceed aboveground productivity due to high turnover rates. Fine 

root production varies from 10–60% of total net primary production (Caldwell and 

Richards 1986) with a lifespan recorded between less than 30 and up to 900 days (Block et 

al. 2006; Withington et al. 2006). Fine roots mediate two significant components of the 

global C cycle (Jackson et al. 1997). First of all they account for the large C input to soil 

due to rapid production, senescence and decomposition (Nadelhoffer and Raich 1992). 

Already a high rate, this is predicted to increase further under elevated atmospheric CO2 

(Lukac et al. 2003). Second, about 50% of the CO2 efflux from the soil results from fine 

root growth and maintenance respiration (Brüggemann et al. 2011).  

Despite the overall importance of fine roots, their investigation is hindered by several 

methodical and conceptual barriers. Root systems are general inaccessible and difficult to 

excavate owing to their varying architecture and spatial distribution in the soil. Moreover, 

fine root classification according to various arbitrary diameter classes (the most frequent is 

the 2 mm diameter threshold) complicates a comparison of different root studies and, most 

importantly, neglects the inherent functional complexity of different parts of the fine root 

system. 

Individual root sections occur in different proportions along the complex lateral branching 

system. Therefore, position and age of the segment essentially determine their 

physiological and functional properties. The youngest root segments are characterized by 

high respiration rates, high N concentration, small diameter low tissue density and high 

specific root length (SRL). Their pigmentation is white and their primary function is as 

absorptive organs, whereas mature roots function as transport and storage organs (Hishi 

2007). Therefore, prominent studies have advocated the description of the systematic 

change in anatomy, chemistry, morphology and inherent functions e.g. turnover, 

respiration, water/nutrient uptake along different root orders (Fitter 1982; Fitter 1987; 

Pregitzer et al. 1997; Eissenstat et al. 2000; Hishi 2007; Guo et al. 2008; Pregitzer 2008; 

Valenzuela-Estrada et al. 2008; Goebel et al. 2010; Rewald et al. 2011; Beyer et al. 2013).  
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Fine roots are subject to belowground competitive interactions which constitute a 

ubiquitous phenomenon in the foraging process for limited belowground resources 

(nutrients, water and space). Belowground competition was described as an important 

structuring force in species communities and may even exceed the intensity of 

aboveground competition (Wilson 1988). The mechanisms employed to prevail in the 

struggle for belowground resources constitute either interference competition i.e. the 

inhibition of other plants to access soil resources, or explorative competition which is 

characteristically resource occupation through depletion (Schenk 2006). Both strategy 

types can be subject to different modes regarding root system size (size-symmetric and 

size-asymmetric) and range at different species levels (intraspecific, interspecific) (Weiner 

and Thomas 1986; Weiner 1990; Schwinning and Weiner 1998; Cahill Jr and Casper 2000; 

Schenk 2006). 

At a population scale (e.g. in forest stands), a strategy to allow the coexistence of species 

can be niche partitioning, i.e. spatial segregation enables species to avoid competitive 

exclusion by variability either in temporal or spatial soil resource occupation (Schmid and 

Kazda 2002; Jose et al. 2006). Furthermore, coexistence among species can also be 

achieved by the plasticity in the pattern of root architecture (Caldwell 1987; Bauhus and 

Messier 1999) or morphological adaptation of functional traits such as specific root length 

(SRL) and number of root tips (Fitter 1987; Bolte and Villanueva 2006). The question 

arises, however, of how poplar species adapt to belowground competition in fine root 

structure, and which competition strategy can be derived for the species. 

Therefore, a characterization of the fine root system according to morphological and 

chemical parameters along its complex branching structure is prerequisite to describing the 

morphological response to changing environments e.g. to soil heterogeneity (Hodge 2004) 

or competitive species interactions (Schenk 2006) within and between different species. 

Aspects of hydraulic architecture in trees 

Water is the most essential medium for biochemical processes and a transport medium of 

nutrients and assimilates in plants. Most of the water is taken up by roots and transpired to 

the atmosphere from leaves at the plant-atmosphere interface located in the stomata. The 

driving force of water flow in plants along the soil plant atmosphere continuum (SPAC) is 
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the pressure gradient occuring between absorbing root elements and evaporating leaf 

surfaces according to the cohesion-tension theory (Tyree and Zimmermann 2002). 

Thereby, the tree hydraulic system (an interconnected network of water conducting pipes 

of the xylem conduits) enables the continuous supply of water from the fine roots to the 

leaves. Important traits to describe the hydraulic efficiency are for example the number, 

diameter, and length of the conducting vessels. These key traits determine water flow rate, 

maintenance of water potential gradients as well as vulnerability to xylem cavitation. 

Extremely negative xylem pressure occurs in vessels during water limitation (drought 

events). When the negative hydrostatic pressure exceeds a species-specific threshold, the 

watercolumn in the vessels breaks due to cavitation (Tyree and Sperry 1989) and causes 

embolism to the cells that leads to their dysfunction (Tsuda and Tyree 1997). A result of 

excessive cavitation within the xylem pathway may be hydraulic failure. The anatomical 

characteristics that essentially determine embolism resistance of trees are subject to 

ongoing debates. For example wood density or pit field wall strength (Hacke et al. 2001) as 

well as vessel grouping and the porosity of pit walls (Lens et al. 2011) or fiber wall 

thickness (Cochard et al. 2007) are discussed. Instead, Cruiziat et al. (2002); Tyree and 

Zimmermann (2002); Hacke et al. (2006); Maherali et al. (2006) and Cai and Tyree (2010) 

state, that the strongest effect on hydraulic resistance is the size of the vessels, where larger 

vessels are assumed to be more prone to cavitation. 

Intra- and interspecific differences in the xylem vessel anatomy and the associated 

hydraulic properties can be large, and the size of the conducting elements has a 

fundamental effect on water flow within a tree, since the flow rate is proportional to the 

fourth power of the radius of conducting vessels (Tyree and Zimmermann 2002). 

Accordingly, it is a trade-off between either constructing small vessels that are more 

resistant to cavitation or constructing larger vessels which enable higher growth rates. The 

hydraulic traits consequently determine species-specific drought resistance (Wikberg and 

Ögren 2004; Cochard et al. 2007; Fan et al. 2012), but are hypothesized to account for 

differences in species growth performance to the same extent (Tyree 2003). 

Within a tree, the mean conduit size is largely different between above- and belowground 

organs (Tyree and Zimmermann 2002; McElrone et al. 2004). Therefore, coarse root 

vessels are assumed to be longer and have larger pits and thinner cell walls than the xylem 
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of branches or the stem, and may therefore be more prone to cavitation (Hacke and Sauter 

1996). Root anatomical characteristics which determine their hydraulic conductivity may 

also limit the regulation of the overall tree water flux (Jackson et al. 2000), and thus may 

affect the growth performance of trees as well. This indicates a further important role of 

tree coarse roots, however, studies comparing transport capacities of coarse roots and 

branches to describe the functional role of the respective organ along the water flow path 

are scarce (McElrone et al. 2004). 

The intraspecific variation in xylem anatomy and hydraulic properties thus may account 

for differences in growth performance and drought resistance within populations. The high 

productivity of poplar species is coupled with high water consumption (Zsuffa et al. 1996; 

Monclus et al. 2006) which also makes the species relatively vulnerable to drought events 

compared to other temperate tree species. Here, the question arises as to what extent a high 

degree of intraspecific variation in poplar species contributes to variation in drought 

resistance and yield. 
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STUDY OUTLINE AND OBJECTIVES 

The thesis was conducted in the framework of the Göttingen cluster of excellence 

‘Functional Biodiversity Research’ (FBR), which was established at the University of 

Göttingen in 2008. This multidisciplinary research project has the overall goal to answer 

key questions on biodiversity and ecosystem functionality cover studies in grassland. It 

also investigates populations of woody plants and includes a modeling-based approach. As 

a sub-project, the ‘Göttingen Poplar Diversity Experiment’ (POPDIV) involves several 

working groups to investigate key questions on the effects of intraspecific diversity on 

ecosystem functions and services in woody plants using aspen (Populus tremula and P. 

tremuloides) as the model tree species. So far, research on the variability in several traits 

has been carried out within this project. This includes the genetic analyses within the 

diversity experiment, carried out by the Department of Forest Genetics and Forest Tree 

Breeding and multitrophic interactions between plant volatile organic compounds (VOC) 

and herbivorous insects as investigated by the Department of Forest Zoology and Forest 

Conservation. The Department of Forest Botany and Tree Physiology investigated 

plant-fungi interactions as well as the relatedness of genetic diversity (genetic reservoir) 

and stand productivity. The Department of Plant Ecology and Ecosystems Research 

focused on aboveground, mostly leaf-related morphological, phenological and 

physiological traits and the impact on plant growth performance and yield within the first 

phase of the project (Müller 2011). 

The first part of the presented thesis (Chapter 2) focuses on the belowground plant 

components, particularly the plant fine root system of aspen. The relevance of root studies 

arises from the general importance of roots for resource capture, carbon allocation (carbon 

storage potential), species adaptation (drought resistance) and overall plant performance. 

Despite ranking among the most extensively documented tree species, remarkably little is 

known about the intraspecific trait variability within structure and function of the fine root 

system of poplar species and how it integrates within the physiology of the aboveground 

parts. 

The second part (Chapter 3) starts with the assumption that assimilation rates and water 

status traits are of minor importance when describing variations in productivity among 

aspen assemblages. Instead, total leaf size and the duration (phenology) of the leafy period 
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were reported to determine growth performance and yield (Müller et al. 2012a). But what 

about the importance of constant water supply as provided by an efficient water transport 

system and xylem anatomy of coarse roots and branches? To answer this question, we 

compared intraspecific variation in xylem anatomy, vulnerability to cavitation, and specific 

hydraulic conductivity of branches and coarse roots of five aspen demes (Chapter 3). In 

this chapter, the relative importance of these processes on overall plant growth 

performance and variability in vulnerability to cavitation within the genus are analyzed. 

In the third part of this thesis (Chapter 4), intra- and interspecific belowground competition 

effects on important root traits along different root orders and root ages are assessed. There 

is evidence that fine roots adapt to altered belowground resource availability by changes in 

fine root morphology and chemistry. Root response in terms of morphological adaptation 

may occur under limited resource availability due to belowground competition between 

trees. Therefore, different growth strategies may essentially contribute to the superiority of 

a species or certain population. 

In the following chapters, eight genetically closely related, field grown P. tremula 

assemblages (demes) including two further poplar species obtained from micro 

propagation (P. tremula and P. trichocarpa) were used to address my research questions. 

The specific aims were developed as follows. 

Chapter 2: The aim was a morphological characterization of the fine root system of closely 

related aspen demes and to identify any intraspecific variations in functionally important 

root traits, the above-belowground trait linkages and the significance of these root traits to 

explain intraspecific variability in aboveground growth performance among the demes. 

The following hypotheses were tested. 

(i) The within-deme and between-deme variation in leaf morphological traits matches 

with similar patterns in root morphological trait variation. 

(ii) The intraspecific variation in root and leaf morphology is related to genetic 

differences between the demes. 

(iii) Root and leaf morphological traits relate to aboveground productivity. 

Chapter 3: The aim was to identify intraspecific differences in the dependence of 

aboveground growth performance on hydraulic efficiency and on xylem safety by 
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investigating physiologically important key traits in aspen demes, i.e. branch and coarse 

root xylem anatomy and hydraulic conductivity. We tested the hypotheses that 

(iv) Demes differ in wood anatomical and hydraulic properties. 

(v) Hydraulic efficiency and vulnerability to cavitation are related to xylem anatomy. 

(vi) Hydraulic efficiency is a main determinant of aboveground productivity which 

trades off with xylem safety. 

Chapter 4: The aim was the description of various fine root properties on the level of root 

orders and root age for species differentiation as well as the investigation of trait 

modification as a response to belowground competition in a shared soil volume. 

Competition-induced changes in fine root morphology may indicate species-specific 

resource acquisition strategies among coexisting species and essentially contribute to 

species performance. The following hypotheses were tested: 

(vii) The fast-growing species (P. trichocarpa) has a higher fine root productivity and 

interspecific competition is asymmetric in favour of this species. 

(viii) Species differences in fine root morphological and chemical traits are consistent 

across the root order and age classes. 

(ix) Competition effects on fine root morphology and chemistry occur mainly in the first 

order- and juvenile (apical) root segments. 
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STUDY DESIGN 

In order to address the different research questions posed in this thesis, the following 

experimental setups and methods were chosen. 

The ‘POPDIV’ field experiment 

The investigations presented in this work on the intraspecific variability in leaf and fine 

root morphological traits (Chapter 2) as well as branch and coarse root hydraulic properties 

(Chapter 3) in P. tremula demes and P. tremuloides were carried out on saplings grown in 

the field trail of the Göttingen Poplar Diversity Experiment (POPDIV). The experimental 

site is located at the Relliehausen Experimental Farm near Silberborn (51°44´56´´N, 

9°32´28´´O) in the Solling Mountains (Figure A 1), about 60 km West of Göttingen (500 

m a. s. l., mean annual temperature 6.9 °C, mean annual precipitation 1030 mm). 

The setup of the plantation on unfertilized, moderately nutrient-poor soil (22% sand, 67% 

silts tone, 12% loam and 8% humus soil) reflects the structure of forest marginal stands as 

likewise selected for short rotation plantation establishment as an alternative to agricultural 

land use.  

The poplar plant material was selected according to a temperature (North-South) and 

continental gradient (East-West) within Europe (Germany, Poland, Switzerland, Austria, 

Sweden) and include P. tremuloides from North America as out-grouped representatives 

concerning the gradient of genetic relatedness between native and non-native aspen 

species. More detailed information on plant material is given in the methods section of 

Chapter 2 and 3. 

The design of the POPDIV experiment was primarily aimed at investigating the effects of a 

reduced intraspecific diversity on ecosystem functioning with a special focus on alterations 

in productivity. The field trail comprised 20 blocks (18 × 25.5 m) each consisting of six 

plots. In each plot, 25 three-year-old poplar plants were arranged in a rectangular grid with 

a planting distance of 1.5 m. The underlying plot layout was comprised of four diversity 

levels (A-D, Figure 1.1). In the presented studies (Chapter 2 and 3) the complex layout of 

the POPDIV field trail functioned as a species pool, in order to select our sampling trees 

from a population, which could be the result of a natural cross-pairing from a small 

founder aspen population grown at uniform site conditions. 
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To identify and distinguish the different progeny arrays, the term ‘deme’ was used in the 

related investigations, and for the description throughout this thesis, following the 

definition given in Gilmour and Gregor (1939). “A deme can denote any group of 

organisms of a specified taxon, describing a group of plants from a single location 

irrespective of pedigree and family relations ... demes can be clone mixtures, single tree 

progenies after open pollination, progenies from presumably few seed parents and 

population samples” (Zhang 2012). 

Figure 1.1 Layout of the ‘Göttingen Poplar Diversity Experiment’ field trail from which our sampling individuals were 

chosen. Aspen demes (seven P. tremula and one P. tremuloides) were planted in four different diversity levels (A: 

monoculture, n = 24; B: two deme mixture, n = 56; C: four deme mixture, n = 32 and D: eight deme mixture, n = 8) with 

a planting distance of 1.5m. Each block was surrounded by a single tree row serving as buffer zone to avoid edge effects. 

Parameters investigated in Chapter 2: 

• Tree height, root collar diameter (RCD) and biomass (obtained from allometric 

function) 

• Leaf characteristics (leaf size, SLA, leaf carbon and nitrogen concentration) 

• Fine root morphology (diameter, SRA, SRL, RTA, RTD, root carbon and nitrogen 

concentration) 
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CHAPTER 1 

The ‘Cavitron’ approach - hydraulic features of branches and coarse roots 

The investigation concerning xylem anatomical and hydraulic features, xylem vulnerability 

to cavitation and the relatedness of those parameters to aboveground biomass productivity 

and drought resistance is investigated in Chapter 4. Measurements were carried out on 

branch and coarse root samples of four different P. tremula demes and the species P. 

tremuloides differing widely in their aboveground growth performance. All samples were 

obtained from trees grown on the field trail of the Göttingen Poplar Diversity Experiment 

(see section above). Branch and coarse root samples were collected from 10–15 individual 

trees in 13 of the 120 plots during the months of June and July 2012. We applied recent 

techniques such as the Xylem embolism-meter and the Cochard-Cavitron to determine 

hydraulic properties. Both devices were invented to measure hydraulic conductivity and 

the embolism rate of plant segments on a larger number of samples. The Cavitron 

technique uses high negative pressures generated by centrifugation to obtain xylem 

vulnerability curves to cavitation, thereby indicating species resistance to drought events. 

The Xylem embolism-meter (Xyl’em) is a stand-alone device enabling researchers to 

determine the hydraulic conductivity and the embolism rate of plant segments according to 

Sperry et al. (1988). In addition, cross sections of the sampled coarse and fine roots were 

analyzed for key xylem anatomical traits to investigate trait relatedness to corresponding 

growth rates obtained from field measurements using a high resolution stereo-microscope 

(SteREOV20, Carl Zeiss MicroImaging GmbH, Göttingen, Germany). 

Parameters investigated in Chapter 3: 

• Tree height, root collar diameter (RCD) and biomass (obtained from allometric 

function) 

• Absolute- and relative growth rates 

• Branch anatomy and hydraulic traits 

• Coarse root anatomy and hydraulic traits 

The rhizobox root competition experiment 

To observe belowground competitive interactions within and between Populus tremula and 

P. trichocarpa saplings (Chapter 4), a competition experiment was set up in a climatized 

greenhouse chamber in the Experimental Botanical Garden of the University of Göttingen. 

The study design comprises a total of 36 plant containers (rhizoboxes, Figure 1.2) 
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equipped with transparent front plates (30 cm × 42 cm), enabling researchers to record root 

development and subsequent dissection according to selected root age classes along the 

observation windows (Figure A 3). Two different treatments were established to generate 

intraspecific and interspecific competition effects: mono-specific treatments (two plants of 

the same species) and the mixed treatment (one P. tremula and one P. trichocarpa 

sapling), each replicated 12 times. A digital image series of the front plates generated in 

weekly intervals enabled final harvest according to root age in addition to a root order-

based analysis from root material of the box interior. Along with key characteristics of the 

respective fine root segments, above-and belowground biomass accumulation and relative 

growth rates were also documented. 

 

 

 

Figure 1.2 Schematic diagram of a rhizobox plant container, equipped with transparent plexiglass front plates to monitor 

root growth along the observation windows (Chapter 4). Wing bolts lock the plates in place and allow their easy removal 

to access the rhizosphere for root sampling. The ground element is perforated to facilitate leakage of irrigation water. 

Parameters investigated in Chapter 4: 

• Above- and belowground biomass 

• Species-specific separation according to: 

o root order: root morphology and chemistry 

o root age: root morphology and chemistry 

• Belowground competition treatment (allo- and conspecific species constellation)  
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INTRASPECIFIC ROOT TRAIT VARIATION 

Abstract 

Leaf and fine root morphology and physiology have been found to vary considerably 

among tree species, but not much is known about intraspecific variation in root traits and 

their relatedness to leaf traits. Various aspen progenies (Populus tremula and P. 

tremuloides) with different growth performance are used in short-rotation forestry. Hence, 

a better understanding of the link between root trait syndromes and the adaptation of a 

deme to a particular environment is essential in order to improve the match between 

planted varieties and their growth conditions. We examined the between-deme (genetic) 

and within-deme (mostly environmental) variation in important fine root traits [mean root 

diameter, specific root area (SRA) and specific root length (SRL), root tissue density 

(RTD), root tip abundance, root N concentration] and their co-variation with leaf traits 

[specific leaf area (SLA), leaf size, leaf N concentration] in eight genetically distinct P. 

tremula and P. tremuloides demes. Five of the six root traits varied significantly between 

the demes with largest genotypic variation in root tip abundance and lowest in mean root 

diameter and RTD (no significant difference). Within-deme variation in root morphology 

was as large as between-deme variation suggesting a relatively low genetic control. 

Significant relationships existed neither between SLA and SRA nor between leaf N and 

root N concentration in a plant. Contrary to expectation, high aboveground relative growth 

rates (RGR) were associated with large, and not small, fine root diameters with low SRA 

and SRL. Compared to leaf traits, the influence of root traits on RGR was generally low. 

We conclude that aspen exhibits large intraspecific variation in leaf and also in root 

morphological traits which is only partly explained by genetic distances. A root order-

related analysis might give deeper insights into intraspecific root trait variation. 
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Introduction 

Leaf morphology and foliar nitrogen (N) content are easy to measure plant traits that have 

widely been used for characterizing plant growth and resource use strategies (e.g. Reich et 

al. 1997; Diaz et al. 2004). The analysis of large data bases has revealed general patterns of 

leaf trait syndromes (e.g. Reich et al. 2003) which reflect trade-offs in terms of energy 

requirements (Wright et al. 2004) and physical constraints of plant growth. Much less 

information exists about root traits, in particular traits of fine roots (< 2 mm in diameter), 

and their indicative value for recognizing strategies of soil resource exploitation and 

belowground competitive ability (Bauhus and Messier 1999). Besides total root biomass 

and maximum rooting depth (Schenk and Jackson 2002), important fine root 

morphological traits are specific root area (SRA, root surface area per mass), specific root 

length (SRL, root length per mass), root tissue density (RTD, mass per root volume) and 

fine root tip abundance (no. of tips per root mass) which may have a large influence on the 

rates of resource uptake (Jackson et al. 1997), root respiration (Pregitzer et al. 1998; Reich 

et al. 1998b) and rhizodeposition (Nadelhoffer and Raich 1992; Jackson et al. 1997). Other 

functionally important traits are root N concentration and fine root lifespan that influence a 

root’s economy of resource capture (Ryan et al. 1996; Pregitzer et al. 1998; Volder et al. 

2005). Roots with greater length and surface development per biomass (high SRL and 

SRA) can explore larger soil volumes more efficiently and typically have higher resource 

uptake rates per unit root mass produced than roots with lower SRL and/or SRA. A higher 

surface (or length) per mass can be achieved either by reducing root tissue density or/and 

by decreasing root diameters (Eissenstat 1991; Reich et al. 1998a; Ryser 1998; Wright and 

Westoby 1999). It has been found that root life span increases with growing root tissue 

density, decreased SRA and lowered root N concentration (Withington et al. 2006) in a 

similar manner as it is characteristic for leaf life span, SLA and foliar N concentration. 

Despite their small contribution to overall tree biomass (Vogt et al. 1995), fine roots are 

functionally highly important tree organs that form the plant’s interface with the soil and 

thus may sensitively reflect belowground responses to the environment. While basic 

knowledge exists about tree species differences in the structure and dynamics of fine roots 

(Leuschner and Hertel 2003; Withington et al. 2006), root traits might also differ among 

the different genotypes of a species. However, information on the genetic background of 

intraspecific variation in fine root system structure and its architectural, morphological and 
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physiological properties is very scarce. This is also true for the linkage between root and 

leaf traits within the genotypes of a species (Ryser and Eek 2000). A notable exception 

with respect to woody plants is the study by Withington et al. (2006) who compared 

various root traits among 11 temperate tree species and investigated root-shoot 

relationships on the species level. 

The maintenance of intraspecific diversity (i.e. genetic diversity) is an important 

component of adaptive evolution, driving the ability of plants to colonize habitats of wide 

ecological amplitudes and to tolerate environmental change (Gregorius and Kleinschmit 

1999; Albert et al. 2011). Early-successional tree species such as Betula, Populus and Salix 

taxa with broad ecological niches and large distribution ranges should reveal a particularly 

large intraspecific diversity with respect to leaf and root traits. Trembling aspen with the 

European species Populus tremula L. (European Common Aspen) and its close North 

American relative Populus tremuloides Michx. (American Quaking Aspen) belong to the 

most widespread woody species in the world (Hultén 1986; Dickmann and Kuzovkina 

2008). Due to their large genotypic and also phenotypic variability, aspen may achieve a 

higher adaptability to future climatic changes than species with less intraspecific variation 

in leaf and root traits (Hamrick 2004). Examining this variability particularly for root-

related functional traits should substantially improve our understanding of the potential of 

trees to respond to different environmental conditions. 

The present study investigates genotypic variation in fine root traits of aspen populations 

that originate from a broad range of sites in Central Europe and eastern North America 

with different climatic conditions. Aspen (P. tremula and P. tremuloides) as fast-growing 

pioneer trees with considerable drought tolerance and relatively low nutrient demand are 

one of the species being considered in short-rotation forestry for producing fiber, wood and 

energy (Bradshaw et al. 2000; Taylor 2002). Due to the continent-wide distribution, aspen 

may represent a promising study object for investigating genotypic and phenotypic 

variation in root traits and their linkage to variation in leaf traits. In plantation forestry, it is 

increasingly important to select genotypes which combine maximum wood production 

with broad tolerance of stresses associated with climate change. While the intraspecific 

variation in aboveground morphological, phenological and physiological traits in aspen 

and their relation to growth have been investigated in much detail (e.g. Barnes 1975; 

Calagari et al. 2006; Müller et al. 2012a), it is not known whether this variation is similarly 
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reflected in root morphology. However, a better understanding of intraspecific trait 

variation in the root system and its dependence on the genetic relatedness between demes 

could improve the match between sown varieties and their growth conditions, hence 

improve growth performance under altered environmental conditions. 

The overall goal of this study was to investigate how aspen demes of different geographic 

origin vary in important root and leaf morphological traits and biomass N contents when 

grown at a common site. Following the definition of Gilmour and Gregor (1939), we use 

the term ‘deme’, i.e. an assemblage of taxonomically closely related individuals, for 

identifying the progeny arrays. These aspen demes do not necessarily represent a specific 

taxonomic category (e.g. species, subspecies or varieties) or a specific origin of a species 

in the sense of a locally interbreeding population (Zhang 2012). More specifically, we 

aimed to examine whether (i) the within-deme and between-deme variation in leaf 

morphological traits matches with similar patterns in root morphological trait variation, (ii) 

the intraspecific variation in root and leaf morphology is related to genetic differences 

between the demes, and (iii) how root and leaf morphological traits relate to aboveground 

productivity. 

 

Materials and methods 

Study site description 

The study was conducted in the framework of the multidisciplinary experiment POPDIV at 

the University of Göttingen which investigates the role of intraspecific diversity in aspen 

for productivity and selected ecosystem functions. The common garden experiment was 

established on the Relliehausen Experimental Farm near Silberborn (51° 44´56´´N, 

09°32´28´´E) in the Solling Mountains, about 60 km west of Göttingen (Lower Saxony, 

Germany). The study area is located at 485 m a.s.l. in the uplands of Central Germany with 

a sub-oceanic, cool-temperate climate (mean annual temperature of 6.6 °C; annual mean 

precipitation of 1110 mm). The soil is unfertilized relatively nutrient-poor haplic Cambisol 

on Triassic sandstone (Middle Bunter) of sandy-loamy texture (Keuter et al. 2013). The 

site was previously used as extensive cattle pasture. A coring campaign prior to the 

experiment’s start showed that the soil is homogenous across the site, thus effects of soil 
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heterogeneity can be excluded throughout all 14 investigated blocks. Some soil 

characteristics are given in Table 2.1. 

Table 2.1. Soil characteristics of the experimental site (0-10 cm, total contents). 

 

Plant material 

For the study, we used saplings of seven demes of P. tremula and one deme of the closely 

related P. tremuloides. The American taxon P. tremuloides and its close Eurasian relative 

P. tremula are either considered as sister species (Cervera et al. 2005; Pakull et al. 2009; 

Grant and Mitton 2010) or as conspecific subspecies (Eckenwalder 1996), depending on 

the criteria of relatedness used. Both taxa are assumed to have split in the late Miocene 

about 5–10 Ma ago (Schoell et al. 1994; Shevenell et al. 2004). The data on genetic 

differentiation among the demes, i.e. the analysis of simple sequence repeats (SSR) and 

amplified fragment length polymorphism (AFLP) markers, was kindly provided by the 

Department of Forest Genetics and Forest Tree Breeding at the University of Göttingen 

(Zhang 2012). The places of origin cover a broad range of moderately warm to cool and 

oceanic to continental temperate climates and include gradients in mean annual 

temperature (5.4–10.7 °C) and annual precipitation (592–1112 mm, Table 2.2). Saplings 

were raised from seeds or provided as wildlings and out-planted according to a randomized 

block design comprising 20 blocks (18.0 × 25.5 m) each consisting of six plots. All blocks 

were surrounded by an additional single tree row serving as buffer zone to avoid edge 

effects. In each plot, 25 3-yr-old poplar plants of a deme were arranged in a rectangular 

grid with a plant distance of 1.5 m. 

  

Variable Mean SE

soil pH (H2O) 5.32 ± 0.21
C  (%) 4.36 ± 0.03
N (%) 0.33 ± 0.01
K (mg g-1) 3.7 ± 0.02
Ca (mg g-1) 1.58 ± 0.02
Mg (mg g-1) 1.52 ± 0.01
Mn (mg g-1) 0.67 ± 0.01
Fe (mg g-1) 12.01 ± 0.08
Given are means ± SE across 14 blocks 
(after Kleemann 2010).
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Table 2.2. The eight aspen demes used in the study and their origin. 

 

 

Root collection and root trait analysis 

For the root study, 44 of the 120 plots (in 14 of the 20 blocks) were chosen by random. 

Between June and early September 2010, fine root (< 2 mm in diameter) samples were 

collected from 18–20 tree individuals per deme in the 44 plots; the sampled individuals 

were chosen by random from the each 25 plants per plot. With a spade, root samples were 

collected from the upper 30 cm of the mineral soil at a stem distance of 15–30 cm. To 

ensure that the root samples taken consisted indeed of fine roots of the nearby target tree, 

coarse roots from the respective stem were traced toward the terminal root endings and 

root coring was carried out at this location. We excavated soil monoliths of approximately 

4000 cm³ volume containing coarse and fine roots of the respective plant individual, 

transported them to the laboratory and cleaned it with tap water from adherent soil. Fine 

roots of herbaceous plants were separated from the aspen fine roots and discarded. One 

aspen fine root branch of approximately 10 cm length was extracted from each monolith 

and used for subsequent analyses of root morphological traits and C and N concentrations 

in the dry mass. Thus, 18–20 replicate root samples per deme were analysed. 

The fine root branches were spread out in a water bath and scanned for their surface area 

with a transmitting scanner system (Epson Expression 1680 1.0, Japan). Image analysis for 

AU Austria, Vienna Seeds 48°16´N 16°19´E 390 600 9.9
Moderately cold 
winters, warm summers

CH Switzerland, Birmensdorf Seeds 47°21´N 08°24´E 692 1101 8.5
Moderately cold 
winters, moder. warm 
summers

G1 Germany, Ahrensbök Seeds 53°59´N 10°38´E 25 664 8.8 Maritime winters, mild 
summers

G2 Germany, Göttingen Seeds 51°32´N 09°56´E 315 645 8.7 Mild winters, moder. 
warm summers

G8 Germany, Göttingen Seedlings 51°32´N 09°56´E 315 645 8.7 Mild winters, moder. 
warm summers

PL Poland, Bialystok Seedlings 53°08´N 23°09´E 160 592 6.7 Cold winters, moder. 
warm summers

S Sweden, Edsvalla Wildlings 59°26´N 13°12´E 101 635 5.4 Cold winters, cool 
summers

USA U.S.A.: Mass., 
Boston/Sandwich

Seeds 42°14´N 71°23´W 80 1112 10.7 Relatively cold winters, 
warm summers

Acronym Country, location
Type of 
culture Coordinates

Elevation
XXXXX 

(m)

Mean annual 
precipitation 

(mm)

Mean annual 
temperature 

(°C)
Climate characteristics

34 



INTRASPECIFIC ROOT TRAIT VARIATION 

determining the surface area, length and mean diameter of the root segments with a 

maximum diameter of 2 mm was conducted with WinRhizo software (Régent, Quebec, 

Canada). Additionally, the number of root tips per fine root individual was counted under a 

stereo-microscope and related to root dry mass. The analysed rootlets were oven-dried at 

70 °C for 48 h until constant weight. Specific root length SRL (cm g-1) was calculated from 

root length divided by dry mass, specific root area SRA (cm2 g-1) and root tissue density 

RTD (g cm-3) were obtained from surface area divided by dry mass or dry mass divided by 

fine root volume, respectively. The dried root material was ground and the C and N 

concentrations determined with an elemental analyser (Vario III EL, elementar 

Analysensysteme GmbH, Hanau, Germany). 

 

Leaf collection and leaf trait analysis 

Simultaneously with root sampling, leaf samples were collected from the same 18–20 

individuals per deme chosen for root sampling. Four leaves of the first-order twig on the 

main terminal shoot of a plant were collected from each tree. Digital images of the leaves 

were taken using a flatbed scanner (Epson Expression 1680 1.0, Japan). The images were 

analysed with the software WinFolia 2005b (Régent, Quebec, Canada) for their leaf area. 

The leaves were dried until constant weight at 70 °C for 48 h and specific leaf area (SLA) 

calculated. The leaves were ground and the leaf material analysed for the C and N contents 

with an elemental analyser (Vario III EL elementar Analysensysteme GmbH, Hanau, 

Germany). 

 

Relative growth rate and aboveground biomass 

Because the poplar plants were part of a long-term experiment, destructive harvests for 

determining biomass data and relative growth rate directly were not possible. 

Alternatively, we estimated aboveground biomass (AGB) from root collar diameter (D0) 

and tree height (h) applying an allometric equation (Eq.1) established empirically by 

Heinrichs (2010) in a nearby young P. tremula stand on a forest clear-cut with similar site 

conditions. 
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  AGB = 0.038 × D0
1.270 × h1.388      (1) 

The calculation of aboveground productivity and aboveground relative growth rate RGR 

(g g-1 d-1) based on two sequential measurements of tree height and root collar diameter 

done for 4–15 plants per deme in April 2010 and April 2011. 

 

Statistical analyses 

Statistical analyses were carried out with the software R, version 2.13.2 (R Development 

Core Team 2011). The dataset was tested for normal distribution by the Shapiro &Wilk 

test. In case of non-gaussian distribution, the parameters were log-transformed to meet the 

assumptions of parametric tests. To test for heteroscedasticity, the fitted values were 

plotted against the residuals and inspected graphically. We used one-way ANOVA to 

analyse the influence of deme identity on the investigated morphological trait interactions. 

The General Linear Hypotheses (glht) procedure with Tukey’s post hoc test (contained in 

the ‘multcomp’ -package) was applied to detect significant differences in the analysed trait 

means among the eight demes. Pearson correlation analysis was used to test for 

relationships between different root traits of the plants and for investigating inter-

relationships between above- and belowground traits. To test for the relatedness of 

morphological trait variation and genetic variation across the eight demes, a Mantel test 

was performed (5000 permuted data sets) using the software Past (Hammer et al. 2001). 

The information on genetic differentiation among the demes, which bases on the analysis 

of simple sequence repeats (SSR) and amplified fragment length polymorphism (AFLP) 

markers, was kindly provided by the Department of Forest Genetics and Forest Tree 

Breeding at the University of Göttingen (Zhang 2012). We calculated coefficients of 

within-deme variation (CVintra) and of between-deme variation (CVinter) using Eq. 2: 

  CV (in percent) = SD/mean × 100      (2) 

for allocating total measured trait variation to a genetic component (CVinter) and a 

predominantly environmental component (CVintra). 

A Principal Components Analysis (PCA) was performed on leaf and root morphological 

and growth-related traits using the software Canoco for Windows 4.5. Means of all 
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investigated parameters were standardized and constructed on the two main axes (PC1 and 

PC2) in the orthogonal plane in addition to the allocation of the eight demes. 

All traits that were found in the PCA to be most closely related to relative growth rate were 

used as explanatory variables in a multiple linear regression to identify their relative 

importance for plant productivity; traits with close interrelationship or derived from each 

other were excluded (except for leaf size and SLA). Multiple linear regressions were 

calculated by stepwise backward model selection using the ‘stepAIC’-function from the 

‘MASS’-package (Venables and Ripley 2002) for model simplification. 

 

Results 

Between- and within-deme variation in root morphology and root N concentration 

Five of the six investigated root traits (diameter, SRA, SRL, root tip abundance, root N 

concentration) differed significantly between the demes while one (root tissue density) did 

not (Table 2.3). Mean fine root diameter was very uniform across the seven P. tremula 

demes (means: 0.23–0.27 mm), while the American P. tremuloides deme had a 

significantly larger mean diameter (0.30 mm; Table 2.4). The relatively large diameter of 

this deme corresponded to a particularly small SRA and SRL, while the G1, G2 and G8 

demes (P. tremula) had the highest SRA and SRL means in correspondence with low 

diameters (0.23–0.25 mm); however, the difference between these two deme groups mark 

only a non-significant trend (Table 2.4). The highest between-deme variation was observed 

for root tip abundance (means ranging from 22.5–39.1 n mg-1; between-deme variation 

47.7%; Table 2.4). The root N concentration mean ranged between 1.39 and 1.75% among 

the demes and between-deme variation was relatively small (21.3%). Root tissue density 

(RTD) was not significantly different between the demes (Table 2.4). The three demes 

Austria (AU), Germany (G1) and Poland (PL) showed a particularly high within-deme 

variation that exceeded for most of the seven root traits the between-deme variation. In the 

other five demes, CVintra was mostly smaller than CVinter. Between-deme (genetically-

determined) variation was largest in root tip abundance and SRL, intermediate in SRA and 

root N concentration, and lowest in root diameter, (Table 2.4). 
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Table 2.3. Results of ANOVA on leaf and root trait differences between the eight demes. Parameters with significant 

variation across the demes are printed in bold. 

 

 

Between- and within-deme variation in leaf morphological and chemical traits 

Leaf N concentration showed a similarly small variation between the demes (means of 

2.21–2.65%; CVinter = 16.9%) as root N concentration. A low between-deme variation 

(14.2%) was also found for SLA (relatively high SLA means in the P. tremula deme G1, 

particularly low SLA in the P. tremuloides deme USA; Table 2.4). In contrast, leaf size 

was the trait with by far largest between-deme variability (70.5%; Table 2.4). The P. 

tremuloides deme had a four times greater mean leaf size than the deme with smallest 

leaves (G8) and it exceeded the deme with second largest leaves (AU) nearly twofold 

(Table 2.4). In contrast to all other investigated leaf or root traits, leaf size showed a much 

smaller within-deme than between-deme variation (34.5–69.7 vs. 70.5%). A larger leaf 

size was associated with a higher foliar N concentration; leaf N also increased with 

increases in SLA (Table 2.5). SLA itself was not related to leaf size in our sample. 

Trait F df P
Relative growth rate 4.34 73 <0.001
Leaf size 29.8 146 <0.001
SLA 3.49 146 <0.001
Leaf N concentration 3.26 146 <0.010
Fine root diameter 5.81 146 <0.001
SRA 2.73 146 <0.010
SRL 3.84 146 <0.001
Tip abundance 5.33 145 <0.001
RTD 2.04 146 n.s.
Root N concentration 3.25 146 <0.01
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Table 2.4. Morphological and chemical traits of leaves (fully expanded leaves on terminal twigs) and fine roots (< 2 mm in diameter) of the eight aspen demes and their mean relative growth 

rates (RGR, only aboveground biomass; in mg g-1d-1 for the period April 2010 to April 2011). For deme acronyms see Table 2.2. The eight aspen demes used in the study and their origin. Given 

are means ± SE, morphological and chemical traits: n = 18–20, relative growth rate n = 4–15; P < 0.05. The coefficient of variation within the demes (CVintra, %) and between the eight demes 

(CVinter, %; last column) are given. Different letters indicate significant differences in the means between the demes. RTA - root tip abundance. 

 

RGR (mg g -1 d 3.20 ± 0.55 ab 48.4 2.46 ± 0.42 b 64.5 3.67 ± 0.68 ab 42.7 1.68 ± 0.24 b 2.42 ± 0.96 b 88.1 1.59 ± 0.9 ab - 5.25 ± 0.69 a 49.2 5.55 ± 0.98 a 43.2 76.6

Leaf traits

Leaf size (cm2) 10.2 ± 0.84 a 36.6 6.40 ± 1.02 b 69.7 5.55 ± 0.50 b 39.6 5.15 ± 0.40 b 34.5 4.68 ± 0.50 b 48.3 8.19 ± 0.93 ab 48.0 6.31 ± 0.63 b 44.3 19.11± 1.58 c 35.2 70.5

SLA (cm2 g-1) 105 ± 3.25 ab 13.8 102.68 ± 2.57 b 10.9 119.51± 5.19 a 18.9 103.0 ± 2.56 b 11.1 109.47 ± 3.31 ab 13.5 111.33± 3.62 ab 13.8 110.15± 2.23 ab 9.0 100.05 ± 3.03 b 12.9 14.2

Leaf N (%) 2.65 ± 0.09 a 15.9 2.45 ± 0.11 ab 19.5 2.52 ± 0.07 ab 12.1 2.22 ± 0.06 b 12.8 2.24 ± 0.10 b 20.0 2.41 ± 0.1 ab 18.1 2.21 ± 0.08 b 15.4 2.42 ± 0.07 ab 12.6 16.9

Root traits

Diameter (mm) 0.27 ± 0.01 ab 11.7 0.25 ± 0.01 bc 9.5 0.23 ± 0.01 c 16.4 0.25 ± 0.01 bc 8.9 0.25 ± 0.01 bc 9.2 0.26 ± 0.01 bc 18.7 0.26 ± 0.01 bc 15.7 0.30 ± 0.01 a 18.9 15.8

SRA (cm2 g-1) 393 ± 31.83 a 36.2 455.13 ± 22.28 ab 21.3 501.09 ± 35.21 ab 30.6 515.73 ± 27.28 ab 23.7 530.91 ± 23.95 b 20.2 454.8 ± 37.61 ab 35.1 471.07 ± 29.01 ab 27.5 415.64 ± 23.78 ab 24.3 28.5

SRL (m g-1) 58.7 ± 6.10 a 46.5 74.74 ± 4.60 ab 26.8 90.59 ± 8.97 b 43.2 84.83 ± 5.99 ab 31.6 88.82 ± 4.72 b 23.7 74.73 ± 8.22 ab 46.6 75.14 ± 5.31 ab 31.6 58.61 ± 5.31 a 38.4 38.6

RTA (n mg-1) 22.5 ± 2.47 ab 49.2 30.37 ± 2.28 bc 32.8 39.09 ± 3.68 c 41.0 33.83 ± 2.46 ac 32.5 36.08 ± 2.56 c 31.0 31.13 ± 3.43 bc 46.7 33.30 ± 2.55 ac 34.2 20.58 ± 2.37 b 48.8 42.7

RTD (g cm-3) 0.31 ± 0.01 a n.s. 0.32 ± 0.02 ab n.s. 0.34 ± 0.02 a n.s. 0.28 ± 0.01 a n.s. 0.29 ± 0.01 a n.s. 0.31 ± 0.02 a n.s. 0.31 ± 0.02 a n.s. 0.27 ± 0.01 a n.s. n.s.

Root N (%) 1.45 ± 0.07 ab 21.1 1.73 ± 0.07 b 18.1 1.54 ± 0.09 ab 24.7 1.68 ± 0.06 ab 16.6 1.75 ± 0.07 b 19.2 1.39 ± 0.07 a 21.0 1.52 ± 0.06 ab 16.3 1.53 ± 0.09 ab 25.4 21.3

CV 
intra 
(%)

CV 
inter 
(%)

CV 
intra 
(%)

CV 
intra 
(%)

CV 
intra 
(%)

CV 
intra 
(%)

CV 
intra 
(%)

CV 
intra 
(%)

CHAU G1 G2 G8 PL S USA
CV 

intra 
(%)
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The influence of genetic variation on leaf and root trait variation 

The results of the Mantel test revealed a close relation between the genetic variation among 

the demes as visible in the AFLP markers and the variation in aboveground plant biomass 

recorded for the demes in the year 2011 (r = 0.87, P = 0.04). Significant relations were also 

observed for the parameters leaf size and SLA, whereas aboveground growth rate (RGR) 

and leaf N concentration revealed no correspondence in the distances between the 

molecular and the trait datasets (Table 2.6). From all investigated root traits, only root 

tissue density and root tip abundance showed a significant correspondence between the two 

data matrices, while the other root traits (root diameter, SRA, SRL, root N concentration) 

varied independently from genetic variation across the demes. None of the morphological 

parameters revealed significant relations to simple sequence repeats (SSR) markers (data 

not shown). When the leaf or root traits are pooled in the Mantel test analysis, e.g. all 

investigated leaf traits or all root traits were merged together, the relations remained 

significant for the aboveground parameters (r = 0.77, P = 0.001), while this was not the 

case for the root traits (r = 0.71, P = 0.07). When all measured above- and belowground 

traits were investigated together, the relation was significant (r = 0.84, P = 0.05). 

 

Table 2.5. Pearson correlation coefficients for linear relationships between three leaf and six root traits across the eight 

demes (n = 154). Significant correlations are marked by * (P < 0.05), ** (P < 0.01) or *** (P < 0.001) and are printed in 

bold. 

 

Leaf size SLA Leaf N Root diam. SRA SRL Tip abund. RTD Root N
Leaf size -
SLA -0.11 -
Leaf N z0.24** z0.32*** -
Root diameter z0.22** -0.23** -0.02 -
SRA -0.18* z0.09 -0.03 - 0.52*** -
SRL -0.21** z0.15 -0.01 - 0.70*** z0.95*** -
Tip abundance -0.26** z0.15 -0.02 - 0.63*** z0.80*** z0.84*** -
RTD -0.06 z0.07 z0.07 - 0.27*** -0.54*** -0.29*** -0.22** -
Root N -0.12 z0.01 z0.10 - 0.29*** z0.46*** z0.46*** z0.36*** -0.13 -
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Table 2.6. Results of a Mantel test conducted to analyse the relationship between morphological trait variance (first 

matrix) and genetic variance according to AFLP markers (second matrix) in the sample of eight demes. Significantly 

correlating leaf or root traits are printed in bold (P < 0.05). 

 

 

Relationships among leaf traits, root traits and RGR 

As expected, SRA and SRL showed highly significant negative correlations to root 

diameter across the sample (P < 0.001, r = -0.52 and -0.70, respectively; Table 2.5). 

Further, we found inverse relations of RTD to SRA, SRL and root diameter, i.e. higher 

tissue densities in thinner roots. Root tip abundance increased with SRA and SRL and 

decreased with increasing diameter (Table 2.5). Roots with smaller diameter but relatively 

high SRA and SRL had higher root N concentrations; low tissue density was also linked to 

higher N concentrations. 

Of the 18 tested relationships between root and leaf traits, only five were significant. 

Demes with higher SLA had smaller fine root diameters, and large-leaved demes had 

larger root diameters but lower SRA, SRL and tip numbers than demes with smaller leaves 

Mantel’s r Probability P
Aboveground RGR 0.416 0.082
Aboveground biomass 2010 0.310 0.025
Aboveground biomass 2011 0.870 0.041
Leaf size 0.916 0.040
SLA 0.362 0.002
Leaf N concentration -0.165 0.773
Fine root diameter 0.855 0.087
SRA 0.280 0.196
SRL 0.478 0.065
Root tip abundance 0.493 0.047
RTD 0.518 0.046
Root N concentration 0.516 0.129

All leaf morphological traits 0.767 0.009
Biomass and growth traits 0.784 0.055
Leaf morphological traits 0.852 0.009

All root traits 0.711 0.074
All root morphological traits 0.567 0.067

All traits 0.840 0.047
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(Table 2.5). No significant relationships were found between leaf N concentration and root 

N concentration, and between SLA and SRA or SRL. While root N concentration and leaf 

N concentration showed similar variation among the eight demes (CVinter values of 21.3 

and 16.9%), SRA and SRL were more variable than SLA (CVinter: 28.5 and 38.6% vs. 

14.2%). Mean leaf size varied up to twofold among the demes and showed a higher total 

variation (CVinter: 70.5%) than any root trait. 

The estimate of mean aboveground relative growth rate (RGR) for the period April 2010 to 

April 2011 revealed large differences between the eight demes. The demes with highest 

RGR (USA: 5.55 and S: 5.25 mg g-1 d-1) grew more than three times faster than the two 

demes with lowest growth rate (PL: 1.59 and G2: 1.68 mg g-1 d-1) (Table 2.4). The other 

four demes reached intermediate rates (2.42–3.67 mg g-1 d-1). The two main axes of the 

PCA explained 81% of the variability in the ten investigated above- and belowground 

variables including RGR (Table 2.7, Figure 2.1 ). Axis 1 with an eigenvalue of 0.64 was 

strongly positively correlated with leaf size and fine root diameter but negatively with the 

fine root morphological traits SRA, SRL, the number of root tips and root N concentration. 

However, none of these root traits were significantly related to relative growth rate 

indicating that the studied aspen genotypes do not achieve faster aboveground growth 

through alteration of root morphological characteristics in the range of trait variability 

investigated here. The second axis (eigenvalue 0.176) was primarily associated with leaf N 

concentration and RTD. Axis 3 contributed with only 11% to the variance and was 

strongly related to RGR, with no other trait being significantly related to this axis. 

A multiple regression analysis with backward variable selection of the possible growth-

influencing factors leaf size, SLA, SRL and root tip abundance as predictor variables 

identified none of the belowground traits as influencing RGR, while leaf size (as a proxy of 

total leaf area) was detected as the single most important trait. However, the model fitted 

for the whole data set (eight demes) explained only 18% of the RGR variation (data not 

shown). 
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Table 2.7. Principal Components Analysis of the eight aspen demes with respect to relative growth rate and leaf and root 

morphological properties. Given are the loadings of the selected variables along the three most important explanatory 

axes. Eigenvalues are given in brackets in the headline. Numbers in bold mark the variables with the closest correlation to 

the respective axis (n = 4–15 individuals per deme). 

 

Variables Axis 1 Axis 2 Axis 3
EV (0.636) EV (0.176) EV (0.105)

0.484 -0.035 0.858

Leaf size 0.925 -0.167 0.264
SLA -0.680 0.434 0.364

0.504 0.773 -0.159

0.944 -0.253 -0.018
SRA -0.927 -0.324 0.102
SRL -0.979 -0.129 0.103

-0.963 -0.013 0.212
RTD -0.299 0.859 0.077

-0.908 -0.146 -0.120

Fine root diameter

Root tip abundance

Root N concentration

Growth-related variable
Aboveground RGR

Leaf-related variables

Leaf  N concentration

Root-related variables
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Figure 2.1 Distribution of relative growth rate and root and leaf morphological properties in the orthogonal plane of the 

Principal Components Analysis for the eight aspen demes and the percentage contribution of the respective axis to total 

variability, n = 4–15 individuals per deme. G1, G2, G8, CH, S, PL, AU and USA stand for the eight demes. 
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Discussion 

The aspen fine root system: Genotypic variation vs. phenotypic plasticity 

Across the eight demes and the 18–20 plants investigated per deme, fine root morphology 

showed a high variability in all parameters except in fine root diameter. Despite identical 

climatic conditions and uniform soil across the experimental site, within-deme variation 

was considerable which may be explained either by genetic variation within the deme or by 

small-scale soil heterogeneity (e.g. variable stone content at the plant scale). The 18–20 

plants of a deme varied in their genetic constitution to a certain degree because they were 

reared after natural pollination on the same parent tree or represent the offspring of a few 

trees of a population. This genetic variation should add to the phenotypic plasticity due to 

small-scale environmental variation at the experimental site. An experiment with clonal 

plants instead of plants reared from seed would allow differentiating between the effects of 

genetic variability and those of phenotypic plasticity on root morphology. Measuring errors 

are another likely source of variation. The remarkably small variation in root diameter 

found across the ~160 aspen plants has to be interpreted with care. It is well recognized 

that mean fine root diameter is not a good descriptor for the large variation in root 

morphology and function occurring along the branching hierarchy from the root ending to 

higher root orders (Pregitzer et al. 2002; Goebel et al. 2010; Rewald et al. 2011; Beyer et 

al. 2013). Inherent trait variation within the fine root system has also been found in other 

root traits and it should determine the uptake capacity for water and nutrients through 

alteration in root surface area or specific root length. For example, even though the means 

of SRL and root N concentration were similar to our data, these traits varied by a factor of 

two among the different fine root orders in the Populus balsamifera plants examined by 

(Pregitzer et al. 2002). A more detailed analysis of aspen root systems based on root orders 

might well have detected morphological differences between the demes that were not 

visible in our analysis. All five investigated root morphological traits revealed a within-

deme variation that was in the same magnitude or higher than between-deme variation. 

Addressing our second study objective, these findings indicate that the studied traits do not 

underlie strong genetic control. High phenotypic plasticity represents an adaptive 

advantage when resource availability varies rapidly in time and space as is the case in soils 

where alternating periods of infiltration and soil drying and pulsed nutrient release from 

mineralization require a high flexibility in the placing of roots and in root uptake activity. 
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In contrast to root morphological traits, genotype had a strong influence on leaf 

morphology and aboveground plant biomass what is in line with a former study by Müller 

et al. (2012a). 

Highly variable environmental conditions such as N and water availability exert a large 

influence on the structure and morphology of plant root systems; this may often mask the 

genotypic influence (e.g. Lohmus et al. 1989; Ostonen et al. 2007). Strategies for capturing 

belowground resources at minimal costs include the production of fine roots with high 

SRL and SRA allowing to achieve high root length densities in large parts of the soil at 

relatively low cost, or growing roots selectively into nutrient hotspots and moist patches as 

observed in two grass species (Mommer et al. 2011). Populus species produce very thin 

roots and can reach much higher SRL than other North American tree species (Pregitzer et 

al. 2002), what is in line with the observed fast spread of the mainly lateral-distributed root 

systems of poplars (Pregitzer and Friend 1996). Intensive lateral root growth indicates that 

poplars seem to follow strategies of short-term reaction to nutrient hotspots rather than 

maintaining active root systems in large soil volumes. Such a strategy would fit the 

adaptation to unstable habitats such as bare sandy soils or flooded alluvial soils where 

many poplars thrive. 

 

Co-variation between root and leaf traits 

In grassland plants, quite a number of studies have examined the interrelation between leaf 

and root traits for characterizing resource economic trade-offs, mostly with a focus on SLA 

and SRA or SRL, or leaf and root N concentrations (e.g. Craine and Lee 2003; Craine et al. 

2005; Tjoelker et al. 2005). As far as we know, our study is the first to search for co 

variation in leaf and root traits among different genotypes of a single tree species or 

species aggregate. Across the eight aspen demes, SLA was inversely correlated with fine 

root diameter in a similar manner as it was found by Withington et al. (2006) in 11 Central 

European tree species. In contrast, the SLA-SRL relation was not significant in our study, 

even though we investigated a total of ~160 plants. The missing SLA-SRL relation in 

aspen matches with results obtained from the comparison of different grass species (Reich 

et al. 2003; Tjoelker et al. 2005), but contrasts the tighter SLA-SRL relation detected when 

comparing the seedlings of different tree species (Reich et al. 1998a; Wright and Westoby 
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1999; Withington et al. 2006). A significant relation between root and leaf N 

concentrations was also lacking in our aspen deme sample which contrasts with the close 

inter-relationships detected in grass species by Craine and Lee (2003), Craine et al. (2005), 

Tjoelker et al. (2005) but is in accordance with findings from 11 temperate tree species by 

Comas and Eissenstat (2009). We also tested for deme differences in the relationship 

between root and shoot traits using linear models with deme and the respective root trait as 

explanatory factors and SLA or leaf size as dependent variables, but similarly did not find 

a significant deme effect on the root-leaf trait linkage. It appears that the significance of 

inter-relationships between leaf and root properties in a plant is dependent on the variation 

in plant architectural types and life forms covered by the analysis. The range of trait 

variation is typically smaller in intraspecific than interspecific comparisons (Comas and 

Eissenstat 2009) with the consequence that possible relationships between root and leaf 

traits may well be masked when the within-deme variation in root traits is high as in our 

study. Again, a root order-related analysis of root traits might have revealed clearer 

relations between root and leaf traits even at the intraspecific level. However, applying a 

more sophisticated root order-related approach would result in a reduced number of 

replicate root samples that can be processed in due time. 

 

Root trait variation and plant growth 

Only few studies have examined how root traits are related to plant productivity and 

growth strategies. Most of the relevant research was carried out with tree seedlings (Reich 

et al. 1998b; Wright and Westoby 1999; Comas et al. 2002) or herbaceous plants in 

greenhouse experiments. Comas and Eissenstat (2004) studied the relation between fine 

root morphology and chemistry, and growth rate in six-year-old fast- or slow-growing 

deciduous tree species and found that trees with high potential growth rates constructed 

roots with smaller diameter, higher SRL, more root tips per unit length and higher root N 

concentration. In contrast, the recent results of Tobner et al. (2013) did not confirm 

significant coordination of fine root traits and RGR across North American temperate tree 

species. Observations in our study hint to the better studied aboveground trait syndromes 

where high RGR is typically associated with high SLA (Poorter and Garnier 1999) and a 

high leaf mass ratio (leaf mass per plant mass) (Poorter and Remkes 1990; Walters et al. 

1993), high shoot N contents and a relatively short leaf longevity (Wright and Westoby 
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2000). Müller et al. (2012a; 2012b) conducted a detailed growth analysis in four of the 

eight aspen demes of this study searching for growth-determining leaf and shoot traits. 

They concluded that aboveground RGR was primarily determined by total leaf area which 

itself was largely dependent on the onset of leaf abscission in early autumn in the aspen 

plants with their continuous leaf production throughout the growing season. Leaf 

assimilation rate was of minor importance; root traits were not investigated. The results of 

our regression analysis, which included the aboveground variables leaf size (as a proxy of 

total leaf area) and SLA and the belowground parameters SRL and root tip abundance, also 

showed leaf size to be the principal determinant of RGR in the eight-deme sample. Both 

the PCA and the multiple regression analysis revealed that root traits in general had only a 

weak or even no influence on aboveground RGR. 

We had assumed that the aspen demes with highest SRA and SRL would grow fastest 

because high growth rates are generally linked to high rates of water and nutrient 

consumption (van den Driessche et al. 2003) requiring root systems with high uptake 

capacity as indicated in the study of Comas and Eissenstat (2004). Long thin roots with 

high SRL and SRA should be more effective in the exploration of water and nutrient 

reserves in a given soil volume (e.g. Bauhus and Messier 1999). However, they may be 

more costly in terms of plant resources needed for building them as compared to roots with 

smaller surface per mass ratios because the former are typically turned over faster and 

often contain more N per dry mass (Reich et al. 1998b). Surprisingly, we found in the 

aspen demes a tendency for a negative relation between (aboveground) RGR and SRA, 

SRL, and root tip abundance, while growth rate seemed to increase with growing fine root 

diameter. Even though this relation was not significant, it suggests that these root 

characteristics are not important for aboveground productivity. 

The lack of a linkage between fast growth and a high specific fine root surface area (and 

root traits in general) may have several reasons. First, we investigated only aboveground, 

but not belowground productivity. Rapid growth requires a high leaf mass ratio which 

could lead to simultaneous resource limitation for root growth, demanding for the 

production of less costly thicker roots with higher longevity. Second, fast-growing trees 

with higher demand for soil resources can achieve the required uptake capacity either by 

producing thinner more active fine roots, which explore the space more intensively, or by 

extending their root system if sufficient unexplored soil space is available. The three-year-
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old aspen plants were still in the stage of expansive root system growth when root 

sampling took place. Thus, it is possible that the fast-growing demes achieved the assumed 

higher uptake rate mainly through root system extension and not by forming thinner, more 

uptake-efficient roots. Unfortunately, we have no information on total root mass and root 

system size in the eight demes. Finally, genotypic differences in root growth phenology 

could be as influential, or even more important, for RGR than root morphological traits. 

Pregitzer and Friend (1996) showed that fast growth in young Populus trees was associated 

with early root growth. Müller et al. (2012a; 2012b) identified phenological traits (the 

timing of bud burst and the onset of leaf abscission in late summer) as key factors 

determining aboveground productivity in P. tremula. While we found bud burst to differ 

by two weeks among the demes, we have no data on root phenology. 

The aboveground phenological traits of aspen seem to be largely under genetic control but 

they showed no simple relation to the latitude or temperature at the place of origin 

(Kleemann 2010; Müller et al. 2012a). Monitoring of root growth and death by direct 

observation techniques has to show whether root phenology is indeed a factor influencing 

aboveground productivity, and how it depends on genetic or environmental control. 

 

Conclusion 

The fine root system of three-year-old aspen progenies (demes) from origins with broadly 

contrasting climate differed significantly in several morphological traits indicating that 

SRA, SRL, RTD, tip abundance and mean root diameter are at least to some extent 

determined by the genetic constitution. However, within-deme variation in the each 18–20 

plants was of similar magnitude as between-deme variation, demonstrating a high 

intraspecific morphological plasticity of the fine root system probably in response to small-

scale soil heterogeneity. We did not find a significant relationship between morphological 

trait variance and genetic variance suggesting that genetic distance is not an important 

determinant of root trait divergence. The relation between analogous above- and 

belowground traits was not very tight at the intraspecific level, probably due to masking by 

high within-deme variation. The large differences in aboveground RGR among the eight 

demes were tightly linked to genetically determined leaf morphological and phenological 

traits but were only to a small extent explained by variation in fine root morphology. Even 
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though the studied fine root traits seem not to be good predictors of aspen growth 

performance, we need more information on genotypic differences in root morphology and 

function for aspen progenies and other fast-growing tree species used in short-rotation 

forestry. The limitations of a simple categorization of fine root biomass into diameter 

classes suggest applying a morphometric approach based on the separation of root orders 

for coping with the hierarchical heterogeneity in anatomy, chemistry and function of the 

branching structure of the fine root system. This may allow characterizing specific 

belowground resource acquisition and allocation strategies among different provenances of 

a tree species. 
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INTRASPECIFIC VARIATION IN XYLEM ANATOMY AND HYDRAULICS 

Abstract 

Trees face the dilemma that achieving high plant productivity is accompanied with a risk 

of drought-induced hydraulic failure due to a trade-off in the trees’ vascular system 

between hydraulic efficiency and safety. By investigating the xylem anatomy of branches 

and coarse roots, and measuring branch axial hydraulic conductivity and vulnerability to 

cavitation in 4-yr-old field-grown aspen plants of five demes (Populus tremula and P. 

tremuloides) differing in growth rate, we tested the hypotheses that (i) demes differ in 

wood anatomical and hydraulic properties, (ii) hydraulic efficiency and safety are related 

to xylem anatomical traits, and (iii) aboveground productivity and hydraulic efficiency are 

negatively correlated to cavitation resistance. 

Significant deme differences existed in seven of the nine investigated branch-related 

anatomical and hydraulic traits but only in one of the four coarse root-related anatomical 

traits; this likely is a consequence of high intra-plant variation in root morphology and the 

occurrence of a few ‘high-conductivity roots’. Growth rate was positively related to branch 

hydraulic efficiency (xylem-specific conductivity) but not to cavitation resistance; this 

indicates that no marked trade-off exists between cavitation resistance and growth. Both 

branch hydraulic safety and hydraulic efficiency significantly depended on vessel size and 

were related to the genetic distance between the demes, while the P88-value was closer 

related to hydraulic efficiency than the commonly used P50-value. Deme-specific variation 

in pit membrane structure may explain why vessel size was not directly linked to growth 

rate. 

We conclude that branch hydraulic efficiency is an important growth-influencing trait in 

aspen, while the assumed trade-off between productivity and hydraulic safety is weak. 
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Introduction 

While the global demand for wood products is steadily growing (FAO 2009), drought 

exposure is likely to increase with climate warming in many temperate and tropical forests 

(IPCC 2007). Thus, forest management faces the challenge of combining high timber yield 

with drought resistance of the trees for minimizing the risk of failure. This may be even 

more relevant if the frequency of extreme climatic events increases in future (Schär et al. 

2004). However, the production goal could be difficult to achieve due to a trade-off 

between hydraulic efficiency and hydraulic safety in the conducting system of trees. When 

plants produce larger vessel diameters in the xylem, hydraulic efficiency increases over-

proportionally according to Hagen-Poiseuille’s law (Tyree and Zimmermann 2002), but 

the risk of hydraulic failure due to embolism rises as well (Tyree et al. 1994, Awad et al. 

2010). Since fast growth tends to be associated with elevated transpiration rates and higher 

hydraulic efficiency (Tyree 2003, Monclus et al. 2006), high forest productivity may only 

be achieved at the cost of increased cavitation vulnerability and thus higher drought 

sensitivity. How different trees cope with this trade-off, is not well studied. While much 

research has focused on intraspecific differences in productivity and in cavitation 

vulnerability (e.g. Martínez-Vilalta et al. 2009, Corcuera et al. 2011, Lamy et al. 2011, 

Wortemann et al. 2011), the relation between xylem anatomical traits, axial hydraulic 

conductivity and aboveground growth performance is not well understood. Several studies 

compared different tree species or hybrids (e.g. Wikberg and Ögren 2004, Cochard et al. 

2007, Fichot et al. 2009, Delzon et al. 2010), while intraspecific differences in the 

hydraulics-growth relationship has only rarely been examined in field-grown trees (e.g., 

Rosner et al. 2008, Zhang and Cao 2009, Lamy et al. 2014). Although a growing number 

of studies has revealed a close relation between hydraulic efficiency and growth rate (e.g., 

Russo et al. 2010, Fan et al. 2012), these studies all were based on stem wood anatomical 

measurements and derived hydraulic traits, but they did not measure actual hydraulic 

conductivity in the branch wood directly. Thus, the results should be partly biased by the 

effect of vessel tapering with increasing tree height (Anfodillo et al. 2013). 

One way of increasing woody biomass production is the establishment of short-rotation 

tree plantations with highly productive woody plants such as poplar (Populus spp.) or 

willow (Salix spp.). It is well established that genotype plays a crucial role for determining 

the productivity of Populus species or hybrids in plantation forestry (Marron and 
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Ceulemans 2006, Müller et al. 2012a, b). Studies on the relatedness of vessel anatomy and 

drought resistance showed that the drought resistance of different poplar populations or 

genotypes differs also within a species (Sparks and Black 1999, Cochard et al. 2007, Awad 

et al. 2010). This suggests that intraspecific differences in hydraulic traits may be one 

factor influencing productivity, but information on within-species variation in wood 

hydraulic properties and their effect on plant growth is scarce. However, in the prospect of 

climate warming, a better understanding of the genetic control of anatomical and hydraulic 

properties and their relevance for productivity is a prerequisite for selecting productive and 

drought-tolerant plant material for short-rotation forestry. 

The two aims of the present study were (a) to examine the genetic differentiation in wood 

anatomical and hydraulic properties of branches and coarse roots in five genetically 

distinct demes (groups of closely related individuals) of European and North American 

aspen (Populus tremula L. and P. tremuloides Michx.) and (b) to relate these results to the 

variation in aboveground productivity. The major study goal was to analyze the 

dependence of growth on xylem hydraulic efficiency and safety. We hypothesized that (i) 

demes differ in wood anatomical and hydraulic properties, (ii) hydraulic efficiency and 

vulnerability to cavitation are related to xylem anatomy, and (iii) hydraulic efficiency is a 

main determinant of aboveground productivity which trades off with xylem safety. 

 

Materials and methods 

Experimental site and plant material 

The study was embedded in the framework of the research project ‘POPDIV’ at the 

University of Göttingen, which investigates the role of intraspecific diversity in aspen for 

productivity and selected ecosystem functions. A common garden experiment with 

different poplar (Populus) demes was established on the Relliehausen Experimental Farm 

near Silberborn (51° 44´56´´N, 09°32´28´´E) in the Solling Mountains, about 60 km west 

of Göttingen (Lower Saxony, Germany). The study area is located at 485 m a.s.l. in the 

uplands of Central Germany with a sub-oceanic, cool-temperate climate (mean annual 

temperature of 6.6 °C; annual mean precipitation of 1110 mm). The soil is unfertilized 
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relatively nutrient-poor haplic Cambisol on Triassic sandstone (Middle Bunter) of sandy-

loamy texture (Keuter et al. 2013). The site was previously used as extensive cattle pasture. 

Our investigations were carried out on four P. tremula demes and one P. tremuloides 

deme. The term ‘deme’ is used here for defining aspen progeny arrays; it follows the 

definition of Gilmour and Gregor (1939) and relates to an assemblage of taxonomically 

closely related individuals. The demes do not necessarily represent a specific taxonomic 

category of poplars (e.g. species, subspecies or varieties) or a specific origin of a species in 

the sense of a locally interbreeding population (Zhang 2012). Since all demes were grown 

in the same common garden, possible effects of environmental variability on the 

investigated traits were minimized. Both aspen species are closely related and are 

considered as sister species (Cervera et al. 2005, Pakull et al. 2009, Grant and Mitton 

2010) or as conspecific subspecies (Eckenwalder 1996), depending on the criteria of 

relatedness used. The places of origin of the different demes cover gradients in mean 

annual temperature (8.5–10.7 °C) and annual precipitation (600–1112 mm; Table 3.1). 

Saplings of all demes were seed-grown and out-planted in 2008. The common garden trial 

consists of 120 plots each containing 25 poplar plants arranged in a rectangular grid with a 

planting distance of 1.5 m. Blocks comprising six plots were surrounded by a single border 

tree row serving as buffer zone to avoid edge effects. Thirteen of the plots (i.e. two or three 

per deme) were selected and 10–15 plant individuals per deme (i.e. typically five per plot) 

were sampled for branch and root segments, but for some measures not all samples could 

be processed. In total, we selected 62 representative sample trees (replicates), chosen 

randomly from the different plots in June and July 2012. A list of all measured traits, their 

symbols and units are given in Table 3.2; the processed analyses are described below.  

The data on genetic differentiation among the demes, i.e. the analysis of simple sequence 

repeats (SSR) and amplified fragment length polymorphism (AFLP) markers, was kindly 

provided by the Department of Forest Genetics and Forest Tree Breeding at the University 

of Göttingen (Zhang 2012). 
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Table 3.1. Origin and some characteristics of the five aspen demes investigated in the study with deme acronym, climate 

data at the place of origin (elevation, mean annual precipitation (MAP), mean annual temperature (MAT)), root collar 

diameter (RCD) and plant height at the beginning of the experiment (2009). Given are means ± SE (T-test, P < 0.05). 

 

 
 
Table 3.2. List of abbreviations used in the study. 

 

  

Acronym Species Place of origin Coordinates Elevation MAP MAT Climate characteristics RCD2009 Height2009

(m) (mm) (°C) (mm) (cm)

AU P. tremula Austria, Vienna 48°16´N 16°19´E 390 600 9.9 Moderately cold winters, 
warm summers

3.69 ± 0.18 a 31.71 ± 2.28 a

CH P. tremula Switzerland, 
Birmensdorf

47°21´N 08°24´E 692 1101 8.5 Moderately cold winters, 
moder. warm summers

2.65 ± 0.29 b 19.16 ± 2.29 b

G2 P. tremula Germany, 
Göttingen

51°32´N 09°56´E 315 645 8.7 Mild winters, moder. 
warm summers

3.98 ± 0.16 a 40.40 ± 1.51 c

G8 P. tremula Germany, 
Göttingen

51°32´N 09°56´E 315 645 8.7 Mild winters, moder. 
warm summers

4.33 ± 0.10 a 39.67 ± 2.44 ac

US P. tremuloides U.S.A.: Mass., 
Boston/Sandwich

42°14´N 71°23´W 80 1112 10.7 Relatively cold winters, 
warm summers

3.59 ± 0.16 a 32.78 ± 2.06 ac

Symbol Unit Definition

h cm Tree height

RCD mm Root collar diameter

AGB g Aboveground biomass

AGR g yr-1 Absolute aboveground biomass increment

RGR g g-1 yr-1 Relative growth rate

d µm Vessel diameter

d h µm Hydraulically-weighted diameter

d wm µm Weighted mean diameter according to vessel size distribution

VD n mm-2 Vessel density

A cross mm2 Cross-sectional sapwood area

A xylem mm2 Xylem sapwood area

A lumen % Relative vessel lumen area (lumen to sapwood area ratio)

K s kg m-1 MPa-1 s-1 Empirical sapwood area-specific hydraulic conductivity

K p kg m‑1 MPa‑1 s‑1 Potential sapwood area-specific hydraulic conductivity

P12 MPa Xylem pressure causing 12% loss of hydraulic conductivity

P50 MPa Xylem pressure causing 50% loss of hydraulic conductivity

P88 MPa Xylem pressure causing 88% loss of hydraulic conductivity
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Aboveground plant growth performance 

As the experiment was part of a long-term study, tree harvest for obtaining biomass data to 

assess the aboveground growth performance of the tree individuals was not possible. 

Instead, aboveground biomass (AGB, in g) was estimated from root collar diameter (RCD, 

in mm) and tree height (h, in cm) as AGB = 0.038 × RCD1.270 × h1.388 applying the 

allometric equation established empirically by Heinrichs (2010) in a nearby young P. 

tremula stand on a forest clear-cut with similar site conditions. Aboveground productivity 

was calculated from two sequential measurements of tree height and root collar diameter 

before the onset of bud flush in April 2010 and April 2011 as described above and was 

expressed as absolute growth rate (AGR, g yr-1) or relative growth rate (RGR, g g-1 yr-1). 

Branch and coarse root sampling 

One three- to four-year old branch segment (first-order twig on the main terminal shoot, 

mean age ± SE: 3.6 ± 0.1 yr) of approximately 40 cm length was cut near the stem, 

defoliated and immediately put in water-filled plastic tubes for transport to the laboratory. 

Thereafter, all samples were placed in deionized water containing Micropur (Katadyn, 

Wallisellen, Switzerland) to prevent microbial activity and stored at 4 °C until further 

processing. From the same tree individuals, coarse root segments of similar length were 

excavated from the soil by tracing single root strands towards the stem to ensure the 

belonging to the respective tree. Immediately after cutting, coarse roots were cleaned from 

adherent soil and stored under the same conditions as the branch samples. 

 

Xylem anatomy of branches and coarse roots 

For each deme, 8–11 branch and 9–11 coarse root transverse sections were cut using a 

sliding microtome (G.S.L.1, Schenkung Dapples, Zürich, Switzerland), yielding 49 branch 

and 54 root samples in total. Prior to cutting the segments were stained with safranin (1% 

in 50% ethanol, Merck, Darmstadt, Germany) and samples washed three times with 70% 

ethanol. The total transverse section of each sample was digitalized at 100x magnification 

using a stereo-microscope equipped with an automatic stage (SteREOV20, Carl Zeiss 

MicroImaging GmbH, Jena, Germany; Software: AxioVision v4.8.2., Carl Zeiss 

MicroImaging GmbH, Jena, Germany). Image processing was done using the software 
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Adobe Photoshop CS2 (Version 9.0, Adobe Systems Incorporated, USA) and ImageJ 

(v1.44p, http://rsb.info.nih.gov/ij) using the particle analysis function. For all subsequent 

calculations the complete xylem cross-section without pith and bark was analyzed, yielding 

4,133 to 21,863 measured vessels per branch sample and 293 to 5,421 measured vessels 

per root sample. Measured parameters included idealized vessel diameter (d, µm) as 

obtained from major (a) and minor (b) vessel radii according to White (1991) as 

d = ((32 × (a × b)3) / (a2 × b2))¼, vessel density (VD, n mm-2) and single and cumulative 

vessel lumen area (Alumen, mm2). Relative vessel lumen area (Alumen, %) was obtained by 

dividing cumulative vessel lumen area (Alumen, mm2) by the corresponding sapwood area 

(Axylem, mm2). The diameter of individual vessels was used to calculate hydraulically-

weighted vessel diameter (dh, µm) according to Sperry and Saliendra (1994) as dh = Σd4 / 

Σd5. Additionally, weighted mean vessel diameter (dwm, µm) was calculated from relative 

vessel size distribution as dwm = Σ(VSC × RVN)/dmax), where VSC is the mean vessel 

diameter in a given vessel size class, RVN the relative vessel number in that class, and dmax 

the vessel diameter in the largest vessel size class. Potential sapwood area-specific 

hydraulic conductivity (Kp, kg m-1 MPa-1 s-1) was calculated according to the Hagen-

Poiseuille equation as Kp = ((π × Σr4) / 8 η) × ρ) / Axylem, whereη is the viscosity of water 

(1.002 10-9MPa s), ρ the density of water (998.2 kg m-3), both at 20 °C and Axylem (m2) the 

corresponding xylem area without pith and bark. 

 

Hydraulic conductivity measurement 

Hydraulic traits were measured in each 10–13 branch segments (replicates; mean 

diameter ± SE: 7.01 ± 0.27 mm) per deme according to Sperry et al. (1988) using a Xyl’em 

apparatus (Bronkhorst, Montigny-les-Cormeilles, France), yielding 57 samples in total. 

Coarse roots, however, showed an extremely high conductivity and exceeded the 

measureable range (20 g h-1) of our Liqui-Flow meter inside the Xyl’em apparatus with 

approximately 300 g h-1 by far and were excluded from all further analyses. 

In the laboratory, all lateral branches, if present, were cut off and the scares sealed with 

quick-drying superglue (Loctite 431, Henkel, Düsseldorf, Germany) applicable to wet 

surfaces, and segments subsequently shortened to a length of 294.9 ± 2.0 mm (mean ± SE) 

under water. For the determination of maximal hydraulic conductivity (Kh, kg m MPa-1 s-1) 
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at 6 kPa, demineralized filtered (0.22 µm) and degassed water (10 mM KCl and 1 mM 

CaCO3) was used, interrupted by three 10-min flushes at 120 kPa to assure removal of all 

potential emboli. Subsequently, top-view images of the planed basipetal and distal ends of 

each branch segment were taken at high resolution with a stereo-microscope (SteREOV20, 

Carl Zeiss MicroImaging GmbH, Göttingen, Germany), and images analyzed with the 

software ImageJ (v1.44p, http://rsb.info.nih.gov/ij) for total cross-sectional (Across, mm2) 

and corresponding xylem area without pith and bark (Axylem, mm2). Empirical sapwood 

area-specific hydraulic conductivity (KS, kg m-1 MPa-1 s-1) was calculated by dividing Kh 

by corresponding basipetal maximal xylem area without pith and bark. However, in order 

to decide what corresponding xylem area from each c. 30 cm long branch segment should 

be used to calculate KS due to the sample tapering effect, regression models for the relation 

between Axylem and the corresponding total cross-sectional (Across, mm2) were derived for 

each deme (Table A 1) and applied to calculate corresponding maximal, mean or minimal 

xylem area for each segment from eight diameter measurements. Subsequently, Kh was 

divided by these three measures and related to four wood anatomical and hydraulic traits 

on sample level. According to this linear regression analyses, Kh
emp divided by the maximal 

basipetal xylem area revealed stronger relations than when calculated with mean or 

minimum xylem area (Table A 2). 

 

Xylem resistance to cavitation and estimation of hydraulic safety margins 

We used the Cavitron technique (Cochard et al. 2005) for measuring vulnerability to xylem 

cavitation on 4–12 branch samples (replicates) per deme, each taken from different tree 

individuals. The same samples prior flushed with the Xyl’em apparatus were mounted in a 

custom-built rotor chamber of the Cavitron, which uses a commercially available 

centrifuge as basis (Sorvall RC-5C, Thermo Fisher Scientific, Waltham, MA, USA), and 

spun at defined velocities recorded with the software CaviSoft (version 2.1, University of 

Bordeaux, France). Measurements started at a pressure of -0.37 MPa. The negative 

pressure was then increased stepwise until the percent loss of conductivity (PLC) reached 

at least 90%. For each branch segment, a sigmoid function (Willigen and Pammenter 1998) 

was fitted to describe the relationship between PLC and xylem pressure (vulnerability 

curve, VC) using the expression PLC = 100 / (1 + exp(s / 25 × (Pi – P50)), where P50 (MPa) 

is the xylem tension causing 50% loss of hydraulic conductivity and s (% MPa-1) is the 
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slope of the curve at the inflexion point. The xylem pressures causing 12% and 88% loss of 

conductivity were calculated as well following Domec and Gartner (2001) and Choat et al. 

(2012). We further used available leaf water potential data from the trees of this 

experiment after Müller et al. (2012a, b) to calculate deme-specific hydraulic safety 

margins, which are defined as the difference between minimum leaf water potential 

measured in the field and the corresponding P50 value (Choat et al. 2012).  

All coarse roots measured with the centrifuge technique revealed r-shaped vulnerability 

curves (Figure 3.1), i.e. these segments lose their conductance at modest pressure and must 

possess open vessels in segments of 28 cm length; this was confirmed for a subsample of 

10 coarse roots by the air injection method (data not shown) and they thus were excluded 

from further analyses. 

 

Statistical analysis 

Statistical analyses were performed with the software R, version 2.13.2 (R Development 

Core Team 2011). Prior to analysis, the data were tested for normal distribution with the 

Shapiro-Wilk test and for homogeneity of variances with the Bartlett test. One-way 

ANOVA was used to analyze the influence of deme on the investigated traits. The General 

Linear Hypotheses (glht) procedure with Tukey’s post hoc test was applied to detect 

significant differences in the analyzed trait means among the eight demes. Pearson 

correlation analysis was used to test for inter-relationships between different branch and 

coarse root traits of the plants and for detecting relationships between above- and 

belowground traits based on data pooled across all demes; some data had to be log-

transformed in order to achieve normal distribution. To test for the relatedness of 

morphological trait variation and genetic variation across the five demes, a Mantel test was 

performed (5000 permuted data sets) using the software PAST (Hammer et al. 2001). 

Several linear and non-linear regression analyses were carried out with the software Xact 

8.03 (SciLab, Hamburg, Germany). 
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Results 

Between-deme variation in branch and coarse root xylem anatomy and hydraulics 

We found significant differences between the demes in four of the five branch anatomical 

traits (exception: Alumen; ANOVA) but in only one of the root anatomical traits (mean 

vessel diameter; Table 3.3). The demes from Austria (AU) and Germany (G2 and G8) were 

very similar in their branch anatomy; the Swiss deme (CH) differed more from these three 

Central European demes than the P. tremuloides deme (US), despite its relatively large 

genetic distance to the P. tremula demes. In contrast, the coarse roots of P. tremuloides 

were more different in their anatomy from the European P. tremula demes (significant for 

vessel diameter). The comparison of branch and coarse root xylem in the same plants 

revealed a two times larger mean vessel diameter, a 2.4–2.7 times larger hydraulically-

weighted vessel diameter (dh) and a twice as large relative vessel lumen area (Alumen), but a 

three times lower vessel density (VD) in coarse root xylem than branch xylem (Table 3.3, 

Figure 3.1) 
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Figure 3.1 Exemplary cross-sectional images of branch (upper left) or coarse root segments (lower left) with sections displayed at higher magnification (upper right and lower right) of the 

aspen deme US (P. tremuloides). The graphs at the right give xylem vulnerability curves (percent loss of hydraulic conductivity vs. xylem tension) for representative (a) branch segments 

(characteristic s-shaped curve) or (b) coarse root segments (r-shaped curve). 

 





 

Table 3.3. Traits related to plant size and morphology, to biomass production in the period April 2010 to April 2011, and to wood anatomy and hydraulics of branch and coarse root samples of 

the five aspen demes (four P. tremula and one P. tremuloides [US] deme). Different letters indicate significant differences in the means between demes (P < 0.05, means ± SE). The number of 

investigated trees is given in brackets. For abbreviations see Table 3.2. 

 

Variable Unit

Stand characteristics

Height2011 m 161.90±7.83 a (10) 128.58±6.63 b (12) 131.23±9.63 b (11) 142.64±8.27 ab (14) 193.83±8.89 c (15)
RCD2011 cm 16.99±1.04 a (10) 13.47±0.66 b (12) 14.1±0.50 ab (11) 16.18±0.82 ab (14) 22.83±1.14 c (15)
AGB2011 g 92.16±13.41 a (10) 48.34±6.26 b (12) 53.49±8.76 b (11) 73.4±10.94 ab (14) 160.78±12.21 c (15)

Growth-related traits

AGRbiomass g yr-1 54.79±9.43 a (11) 20.89±4.66 b (10) 22.13±4.41 b (10) 39.25±7.63 ab (11) 108.99±12.54 c (11)
RGRbiomass g g-1 yr-1 1.25±0.14 a (11) 0.68±0.08 b (10) 0.82±0.15 ab (10) 0.93±0.11 ab (11) 2.49±0.39 c (11)

Branch-related traits 

Wood anatomy

d µm 22.35±0.43 a (8) 24.32±0.53 ab (11) 23.40±0.50 ab (8) 22.21±0.34 a (9) 23.55±0.29 b (9)
d h µm 28.6±0.65 a (7) 31.36±0.75 ab (11) 28.83±0.57 a (6) 26.96±0.60 a (9) 28.82±0.55 b (11)
VD n mm-2 298.22±10.29 a (7) 270.80±10.12 b (10) 286.87±16.26 ab (8) 281.80±13.45 ab (11) 297.37±9.25 a (10)
A lumen % 0.12±0.01 a (8) 0.14±0.01 a (11) 0.12±0.01 a (8) 0.12±0.01 a (11) 0.14±0.01 a (11)

Hydraulic properties

P12 -1.26±0.21 a (10) -1.03±0.35 ab (4) -2.15±0.21 b (11) -1.97±0.22 ab (12) -1.97±0.22 ab (6)
P50 -2.53±0.15 ab (10) -2.21±0.19 a (4) -2.96±0.09 b (11) -2.97±0.12 b (12) -2.62±0.12 ab (6)
P88 -3.79±0.19 ab (10) -3.38±0.09 ab (4) -3.78±0.07 ab (11) -3.97±0.09 b (12) -3.27±0.08 a (6)
K s kg m-1 MPa-1 s 1.30±0.13 ab (10) 1.12±0.12 ab (11) 0.94±0.14 b (10) 1.05±0.17 b (12) 1.63±0.15 a (14)
Safety margin MPa 1.57±0.15 ac (10) 1.30±0.19 a (4) 2.20±0.0.06 b (10) 1.95±0.12 bc (12) 1.86±0.12 ab (6)

Root-related traits

Wood anatomy

d µm 52.03±0.74 ab (7) 53.98±1.43 b (11) 51.46±1.79 b (11) 50.23±1.19 b (9) 56.97±1.24 a (11)
d h µm 71.86±2.43 a (8) 75.75±2.21 a (11) 74.07±2.77 a (11) 73.55±2.76 a (10) 77.78±2.38 a (11)
VD n mm-2 98.82±3.66 a (7) 104.94±4.23 a (11) 93.91±1.16 a (9) 98.67±5.43 a (10) 92.82±0.85 a (9)
A lumen % 0.24±0.01 a (9) 0.27±0.01 a (11) 0.22±0.01 a (11) 0.21±0.02 a (10) 0.26±0.01 a (11)

AU CH G2 G8 US
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The branch sapwood area-specific hydraulic conductivity (Ks) significantly differed 

between demes (Table 3.3). The mean vessel diameter (d), hydraulically-weighted vessel 

diameter (dh) and Alumen were closely related to sapwood area-specific hydraulic 

conductivity, while no relation was found between VD and Ks (Table 3.4). In the coarse 

root xylem, similar relationships were observed between d, dh and Alumen. Demes with large 

hydraulically-weighted vessel diameters displayed lower vessel densities in the coarse root 

xylem (Pearson’s r = -0.31, P < 0.05, Table 3.4). According to the relative abundance of 

vessel size classes in the xylem and the resulting relative contribution of a diameter class to 

potential sapwood area-specific hydraulic conductivity derived from the Hagen-Poiseuille 

equation (Kp), we grouped the coarse roots into four categories (Figure 3.2). The root 

categories #1 to #4 represent gradients in d, dh, dwm, VD, Kp in the root xylem. Although 

the root categories #2 and #3 did not differ in dh and Kp, the weighted mean vessel 

diameter (dwm) as derived from vessel size distribution enabled a clear separation. Roots in 

the category #4 with highest conductivity possessed the by far largest vessels with 40% of 

all vessels being wider than 100 µm. For comparison, mean vessel diameter in the root 

xylem averaged only at 72–78 µm in the five demes (all demes pooled; Table 3.5). 

 

Table 3.4. Pearson correlation coefficients for linear relationships among four growth-related traits and nine xylem 

anatomical and wood hydraulic traits of branch segments (below diagonal) and coarse root segments (above diagonal) in 

the five aspen demes (n = 25–63). Significant correlations are marked by *(P < 0.05), **(P < 0.01), ***(P < 0.001) and are 

printed in bold. AGRbiom, RGRbiom and Ks were log-transformed prior to analysis. For abbreviations see Table 3.2. 

 

  

Height2011 RCD2011 AGRbiom RGRbiom d d h VD A lumen K s P12 P50 P88

Height2011 - - - 0.19 -0.01 -0.26 -0.04 - - - -
RCD2011 0.79*** - - 0.21 -0.02 -0.26 -0.06 - - - -
AGRbiom 0.87*** 0.91*** - 0.26 0.04 -0.26 0.02 - - - -
RGRbiom 0.49*** 0.57*** 0.69*** 0.33* 0.22 -0.17 0.23 - - - -
d -0.11 -0.08 -0.11 0.06 0.68*** -0.18 0.81*** - - - -
d h -0.22 -0.21 -0.20 -0.09 0.85*** -0.31* 0.66*** - - - -
VD 0.01 0.04 0.04 0.20 -0.07 0.02 0.31* - - - -
A lumen 0.01 0.08 0.05 0.08 0.65*** 0.66*** 0.62*** - - - -
K s 0.29* 0.51*** 0.46*** 0.28* 0.44** 0.47** 0.04 0.47** - - -
P12 -0.07 -0.16 -0.08 0.13 0.26 0.24 0.11 0.08 -0.02 - -
P50 -0.09 -0.14 -0.06 0.23 0.40* 0.46* 0.05 0.17 0.28 0.88*** -
P88 -0.02 0.06 0.08 0.28 0.44* 0.48** -0.12 0.30 0.61*** -0.03 0.44**
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Figure 3.2 Relative abundance of vessels in ten diameter classes (white bars) and relative contribution of a vessel size 

class to total hydraulic conductivity (in percent; black bars) in the branch and root xylem of the aspen plants. The coarse 

root samples (b-e) were grouped into four categories differing in the frequency distribution of vessel size classes and the 

vessel size class which contributed most to total hydraulic conductivity (Kh). Data are pooled across the five demes. 

Given are means ± SE of n replicates (see upper right corner of graph). The size class with largest number of vessels and 

its relative contribution to Kh is also indicated. 
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Table 3.5. Differences in five wood anatomical traits and derived potential sapwood area-specific hydraulic conductivity 

for branches and four different coarse root categories in the pooled sample of all five demes. The four root categories 

were distinguished according to relative vessel size distribution and the percental contribution of a specific vessel size 

class to hydraulic conductivity (see Figure 3.2). Values are means ± SE, the number of replicates is given (n), for 

abbreviations see Table 3.2. 

 

 
Cavitation resistance expressed by the negative pressure causing 50% loss of conductivity 

(P50) significantly differed between demes (Table 3.3). The P50 value of branch segments 

varied from -2.21 MPa in the most vulnerable deme (CH) to -2.96 and -2.97 MPa in the 

most resistant demes G2 and G8 (Table 3.3). Significant differences were also found for 

the mean P88 value (range: -3.38 to -3.97 MPa) and the mean P12 value of the branch 

xylem. Across all demes, the mean P50 scaled positively with vessel size (d and dh, 

Pearson’s r = 0.40, and 0.46, P < 0.05; Table 3.4, Figure 3.3a) but not with VD and Alumen. 

Moreover, the mean P50 was not related to the hydraulic conductivity of the demes. 

However, the mean P88 value scaled positively with Ks (Pearson’s r = 0.61, P < 0.001), 

indicating that hydraulic conductivity is closely related to the xylem pressure at the ‘point 

of no return’, i.e. the limiting pressure before the xylem becomes totally non-conductive 

(Table 3.4). The hydraulic safety margin, i.e. the difference between midday leaf water 

potential (Ψmin) after and corresponding P50 value, was dependent on genotype as well. The 

Ψmin – P50 difference was largest in the German G2 deme and smallest in the Swiss (CH) 

deme, and it generally increased with decreasing P50 (Figure 3.3b).  

d d h d wm VD K p A xylem

µm µm µm n mm-2 kg m-1 MPa-1 s-1 mm2

Branch 42 23.39 ± 0.23 29.35 ± 0.37 29.35 289.55 ± 5.76 2.88 ± 0.14 23.37 ± 1.22

Root Cat. 1 10 50.64 ± 2.16 71.91 ± 2.12 63.78 96.45 ± 6.51 28.73 ± 3.26 19.18 ± 3.80

Root Cat. 2 25 52.86 ± 1.08 76.02 ± 1.54 73.43 98.13 ± 2.01 36.58 ± 2.58 19.02 ± 1.87

Root Cat. 3 12 53.21 ± 1.64 74.63 ± 2.40 80.84 96.97 ± 4.20 35.79 ± 4.15 14.41 ± 3.30

Root Cat. 4 5 56.43 ± 5.27 78.92 ± 9.38 89.94 100.61 ± 13.28 45.46 ± 14.05 13.44 ± 3.65

nOrgan

75 



CHAPTER 3 

 

 

 

Figure 3.3 Relationship between hydraulically-weighted vessel diameter (dh) and (a) cavitation vulnerability (P50) or (b) 

cavitation safety margin (i.e. the difference between minimum water potential observed in the field [Ψmin] and P50) in the 

sample of five demes (P. tremula: AU, CH, G2, G8; P. tremuloides: US). Ψmin after Müller et al. (2012a, b). 
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The influence of genetic variation on xylem anatomy and hydraulic properties 

The results of the Mantel test revealed a close relation between the phylogenetic distances 

among the demes according to the AFLP markers, and the variation in Alumen and the P88 

value of the branch xylem. The SSR markers supported this relation and additionally 

showed a genetic influence on Ks in the branch sample. When all anatomical and hydraulic 

traits were pooled in the Mantel test analysis, significant relations to the genetic variation 

did not appear (Table 3.6). 

 

Table 3.6. Results of a Mantel test conducted to analyze the relationship between trait variance (first matrix) and genetic 

variance according to AFLP or SSR markers (second matrix) in the sample of five demes. Significantly correlating traits 

are printed in bold (P < 0.05). For abbreviations see Table 3.2 

 

  

Branch sample Coarse root sample
First matrix Second matrix Mantel's r Probability P Mantel's r Probability P
AGRbiomass AFLPs 0.953 0.163 - -
RGRbiomass AFLPs 0.970 0.139 - -
d h AFLPs -0.434 0.956 0.707 0.037
VD AFLPs -0.147 0.639 0.013 0.315
A lumen AFLPs 0.292 0.027 -0.018 0.511
K s AFLPs 0.330 0.341 0.532 0.146
P12 AFLPs -0.296 0.822 - -
P50 AFLPs -0.321 0.957 - -
P88 AFLPs 0.343 0.031 - -
All anatomical traits AFLPs -0.156 0.656 0.208 0.313
All hydraulic traits AFLPs -0.282 0.813 0.541 0.139
All traits AFLPs -0.156 0.656 0.543 0.127

AGRbiomass SSRs -0.848 0.879 - -
RGRbiomass SSRs -0.875 0.908 - -
d h SSRs -0.356 0.748 0.700 0.049
VD SSRs -0.237 0.820 -0.077 0.460
A lumen SSRs 0.491 0.034 0.315 0.079
P12 SSRs -0.357 0.873 - -
P50 SSRs -0.152 0.635 - -
P88 SSRs 0.554 0.022 - -
All anatomical traits SSRs -0.241 0.824 0.128 0.349
All hydraulic traits SSRs -0.043 0.391 0.364 0.175
All traits SSRs -0.242 0.7864 0.367 0.169
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Aboveground growth performance and its relatedness with xylem anatomy and hydraulic 

properties 

The five demes differed by factors of four to five in their aboveground productivity in the 

period April 2010 to April 2011 (measured either as absolute [AGR] or relative growth rate 

[RGR]; 21.0 – 109.0 g yr-1 for AGR and 0.68 – 2.49 g g-1 yr-1 for RGR, P < 0.001; Table 

3.3). 

Among the nine investigated xylem anatomical and hydraulic traits of the branches, only 

Ks was related to growth rate (AGR and RGR) and also to plant height and RCD. This 

relation held for the pooled data (Table 3.4) and also when the RGR means of the demes 

were plotted against Ks (Figure 3.4). This was not the case for vessel size (d and dh). Thus, 

demes with higher growth rates were characterized by higher measured hydraulic 

conductivities in the branches, while fast growth was not reflected in specific xylem 

anatomical properties.  
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Figure 3.4 Sapwood area-specific hydraulic conductivity (Ks, kg m-1MPa-1s-1) in relation to (a) absolute or (b) relative 

growth rate (AGR, g yr-1; RGR, g g-1 yr-1, logarithmic scale). Data points are pooled samples across each deme 

(P. tremula: AU, CH, G2, G8; P. tremuloides: US). 
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Discussion 

Intraspecific differences in xylem architecture and hydraulic conductivity in the aspen 

demes 

We found only moderate to low genetic variation in branch xylem anatomical traits among 

the five aspen demes; only a minority of intraspecific differences (between the P. tremula 

demes) and also interspecific differences (P. tremula and P. tremuloides) were significant. 

Fichot et al. (2009) compared the stem xylem anatomy of different P. deltoides × P. nigra 

hybrids and found relatively large variation, which they explained by the heterogeneity of 

the plant material, consisting of unrelated interspecific crossings. Our data seem to support 

the concept of a close relationship between the two Eurasian and North American aspen 

species as it appears from genetic and morphological investigations (Eckenwalder 1996).  

In contrast to the branches, we observed a high heterogeneity in root-related anatomical 

and derived hydraulic traits, which enabled a classification of four distinct root categories. 

We found strong indication for the existence of several ‘high-conductivity roots’ in these 

aspen demes, as were described in other temperate broad-leaved tree genera by Rewald et 

al. (2011) and Köcher et al. (2012). We initially assumed that the four root anatomical 

categories were mainly an expression of different root diameters, i.e. reflected differences 

in root age. However, several of the thinnest roots with presumably young age were 

included in root category #4 which included the ‘high-conductivity roots’. This finding is 

highly relevant for studies on root functioning, because it shows that roots in a given 

diameter class can differ largely in their potential sapwood area-specific hydraulic 

conductivity and presumably also in their vulnerability to drought-induced embolism due 

to the commonly observed relation between vessel size and cavitation resistance (e.g., 

Awad et al. 2010, Cai and Tyree 2010); simple inference from root diameter on function is 

thus not possible. Further, aspen branches and roots of similar diameter are largely 

different in their anatomical properties with no indication of the existence of ‘high-

conductivity branches’. This large plasticity in root anatomy and functioning is thought to 

reflect a functional divergence within the root system of trees (McElrone et al. 2004). 

Surface-directed fine roots may primarily be responsible for nutrient absorption, while 

deep-reaching roots could mainly serve as water absorbing and conducting organs. 
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The branch sapwood area-specific hydraulic conductivity (Ks), on the other hand, differed 

more between the demes than the measured anatomical traits, even though the observed 

variation in hydraulic efficiency should relate to anatomical differences. However, despite 

a close relation of Ks to vessel size, the 60% larger Ks
 in the P. tremuloides deme (US) than 

in the G2 deme is hardly explained by differences in vessel size. This suggests that intra-

specific differences in hydraulic conductivity must at least partly dependent on other 

conduit properties such as pit membrane structure. 

Compared to other temperate tree species or shrubs, poplars are particularly vulnerable to 

xylem cavitation, which seems to relate to the species’ dependence on ample water supply 

(Tyree and Ewers 1991, Blake et al. 1996, Rood et al. 2003). By contrast, P. tremula and 

P. tremuloides were found to range among the less vulnerable taxa of the genus due to 

their adaptation to non-riparian, partly drought-affected habitats (Lieffers et al. 2001, Rood 

et al. 2007, Anderegg et al. 2012). Our results support the view that P. tremula has a far 

higher cavitation resistance than most other taxa of the genus. The P50 value differed 

substantially between the most resistant (G2 and G8) and the least resistant demes (CH). 

The hydraulic safety margin was dependent on genotype and generally increased with 

decreasing P50. When the hydraulic safety margin is considered as a key measure of 

drought tolerance (Choat et al. 2012, Delzon and Cochard 2014, Klein et al. 2014), the 

Swiss deme with its large branch and root vessels must be considered as the most 

vulnerable genotype. Surprisingly, the deme means of P88, but not of P50, were 

significantly related to the genetic constitution according to the AFLP and SSR markers, 

highlighting the importance of the P88-value in angiosperms for predicting the ‘point of no 

return’ (Barigah et al. 2013, Urli et al. 2013). The weak genetic differentiation with respect 

to P50 found between different populations of Fagus sylvatica (Wortemann et al. (2011) 

and Pinus pinaster (Lamy et al. 2011) supports this observation. Thus, the limiting 

pressure before the xylem becomes totally non-conductive is an indication of the genotypic 

influence on drought adaptation, in which selection for a more negative P88 in trees 

exposed to water shortage may be a key trait. The branch xylem of the four P. tremula 

demes and the P. tremuloides deme was fully embolized (P88 value) at -3.5 MPa or below 

(up to -4.0 MPa), which, however, is still much higher than the thresholds reported for the 

majority of temperate tree species (P88: -4 to -10 MPa; Hacke et al. 2000, Cochard et al. 

2008, Urli et al. 2013). In contrast, most of the so far investigated Populus species or 

poplar hybrids face a fully embolized xylem (P88) when the pressure approaches ~ -1.50 
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to -2.75 MPa (Cochard et al. 1996, 2007, Harvey and Driessche 1997, Hukin et al. 2005, 

Fichot et al. 2010). Certain populations or hybrids of P. trichocarpa are reported to be even 

more vulnerable. However, the genetically most distant demes in our study (US vs. G8) 

were not the most different in terms of cavitation resistance. Thus, the identification of 

drought-tolerant genotypes for plantation forestry may require empirical testing of 

hydraulic properties. 

 

Trade-off between growth performance, branch hydraulic conductivity and cavitation 

resistance 

We obtained evidence that a high branch hydraulic conductivity is an important factor 

causing differences in growth rate between the five aspen demes. In our study, growth rate 

(AGR and RGR) scaled positively with branch sapwood area-specific hydraulic 

conductivity (Ks), which in turn was determined by vessel size (d and dh) and the lumen to 

sapwood area ratio (Alumen). This confirms our assumption that Ks represents a suitable 

measure for comparing the productivity of different aspen demes and suggests that the 

maintenance of a high leaf area in mid-summer (Müller et al. 2012a, b) depends critically 

on a minimum conductivity of the axes. The capacity for water transport hence represents 

another growth-determining factor besides the most widely used proxies for a high growth 

rate, e.g. a high specific leaf area (Poorter and Garnier 1999), a high leaf mass per plant 

mass (Poorter and Remkes 1990, Walters et al. 1993), high foliar nitrogen contents and 

low leaf longevity (Wright and Westoby 2000). However, phenological traits may also 

determine productivity as was shown by Müller et al. (2012a, b) for the aspen demes 

investigated in this study. In our plants, neither vessel size nor vulnerability to cavitation 

directly influenced the growth rate of the five demes, even though Ks as well as P50 and P88 

were closely related to vessel size. This indicates that efficient water supply in moist 

periods seems to be more important than the risk of losing conductivity in drought periods. 

It should be noted, however, that the intra-specific differences in vessel size between the 

demes were only small in our sample. Interspecific contrasts may well show a significant 

relation between vessel dimensions and growth.  

It has been suggested that xylem vulnerability to cavitation increases with increasing 

growth rate due to conflicting carbon allocation either to the construction of thicker cell 
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walls with less pit-pairs, or to the building of foliar and axial tissues destined to increase 

canopy carbon gain and growth rate (Wikberg and Ögren 2004). However, empirical data 

from different species or genotypes do not unequivocally support this trade-off. Even 

though Cochard et al. (2007) report a close relation between xylem vulnerability and 

productivity in different poplar and willow clones, Fichot et al. (2010) found that 

cavitation-resistant genotypes of poplar grew faster than the more vulnerable genotypes. 

This matches with our results of a lacking relation between P50 in branches and absolute or 

relative growth rate across the demes. Drought-induced xylem cavitation as a symptom of 

distress (Delzon and Cochard 2014) might thus be closer related to plant survival than to 

growth (Urli et al. 2013, Barigah et al. 2013).  

Our data suggest that the anatomy of the branch xylem does affect growth mainly through 

axial conductivity and thus via the supply of water, while cavitation vulnerability seems to 

influence growth only indirectly through a constraining effect of P88 on hydraulic 

conductivity. Thus, faster growing demes with higher Ks experienced earlier full blockage 

of conduits (higher P88 value) than demes with lower Ks and slower growth, while the P50 

value was meaningless. Interestingly, the P88 value, and not the P50 value, was dependent 

on genotype. In the five aspen demes, a trade-off existed between hydraulic efficiency and 

related growth rate on the one hand, and safety from full conduit blocking on the other. 

When relating cavitation resistance to xylem anatomy, only mean vessel diameter and 

hydraulically-weighted diameter, but not vessel density or relative vessel lumen area, 

influenced P50 and P88 values in our sample. This is in accordance with the growing 

evidence that variation in P50, either between or within species, can be explained by 

differences in vessel size (e.g., Hacke et al. 2006, Maherali et al. 2006, Cai and Tyree 

2010, Domec et al. 2010). A similar relatedness between P50 and vessel diameter with 

relatively little intraspecific variation was found in poplar hybrids (Awad et al. 2010). 

However, contrasting evidence is also available since several authors failed to detect a 

relation between vessel diameter and cavitation resistance in closely related genotypes or 

different hybrids of poplar (Cochard et al. 2007, Fichot et al. 2010). The mechanisms 

underlying the relationship between xylem anatomy and drought resistance of trees are 

currently intensively debated, yet with a somewhat different focus on wood density and 

fibre wall thickness (Hacke et al. 2006, Cochard et al. 2007), pit membrane structure 
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(Choat et al. 2008, Jansen et al. 2009, Plavcova et al. 2013) and vessel grouping (Lens et 

al. 2011). 

 

Conclusion 

This study on the growth performance and hydraulic properties of branch segments in five 

aspen demes revealed considerable intraspecific differences in the about 20 investigated 

traits, which partly could be related to differences in the genetic constitution. We found a 

marked variation in vulnerability to cavitation of the branch xylem among the demes and 

close dependence on vessel size. A key finding is that sapwood area-specific hydraulic 

conductivity in the branches was significantly related to aboveground productivity while 

P50 and other hydraulic traits were not. This suggests that axial conductivity and the water 

transport to the leaves under conditions of ample moisture availability seem to be more 

important for growth than vulnerability to cavitation in dry periods. The branch xylem’s 

vulnerability to cavitation was found to vary independently from sapwood area-specific 

hydraulic conductivity among the demes suggesting that the trade-off between growth and 

xylem safety is not necessarily strong.  
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ROOT RESPONSE TO BELOWGROUND COMPETITION 

Abstract 

Morphology and functioning of fine roots vary with distance from the distal root ending 

reflecting influences of root order and root age, but changes in tree fine root systems as a 

response to the presence of conspecific or allospecific competitors have rarely been 

studied. Our aim was to identify the effect of belowground competition on the morphology 

and chemical properties of tree fine roots of different order and age. We grew saplings of a 

fast-growing (Populus trichocarpa) and a relatively slow-growing poplar species (P. 

tremula) in monoculture (intraspecific competition) and mixture (interspecific competition) 

in rhizoboxes, enabling the continuous monitoring of root growth, age determination of 

root segments, and a harvest-based analysis of root orders. Interspecific root competition 

was highly asymmetric in favor of P. trichocarpa. Species comparison in terms of root 

traits in four root order classes and eight age classes revealed thinner and longer 1st and 

2nd order roots in fast-growing P. trichocarpa, whereas root N concentration was higher in 

P. tremula despite its much lower fine root productivity. The competition treatment had 

only a weak effect on fine root morphology. Comparison of the harvest and window 

observation data revealed considerable root polymorphism in both species (thicker young 

pioneer roots with low tissue density at the windows vs. thinner fibrous 1st-order roots 

without window contact in the soil) suggesting a marked alteration of fine root morphology 

by the presence of observation windows. Our results on the effects of intraspecific and 

interspecific competition suggest that modification in fine root traits plays only a minor 

role in the plants’ belowground competitive strategies. Root polymorphism has to be 

accounted for when interpreting root window and likely also rhizoscope data of future 

experiments. 

  

93 



CHAPTER 4 

Introduction 

Fine roots are the plant’s interface with the soil with responsibility for anchorage, water 

and nutrient uptake. Similar to leaves, roots are competing with neighboring plants for 

resources, and belowground competition has been found to be similarly intense, or even 

more strong, than aboveground competition (Wilson 1988; Casper and Jackson 1997; 

Coomes and Grubb 2000). Root competition may act on the neighbors through exploitative 

competition, i.e. the depletion of water and nutrients in the shared soil volume, or through 

interference competition, the inhibition of other plants in their access to soil resources 

(Schenk 2006). Root competition has the potential to decrease the productivity of the 

competing plants and it may trigger adaptive morphological and physiological responses of 

the roots and root systems. 

Similar to aboveground competition, belowground competition can be more or less size-

symmetric (Casper and Jackson 1997; Schenk 2006) or size-asymmetric (Rewald and 

Leuschner 2009; Lei et al. 2012). Plants may respond in different ways to competitor-

induced decreases in resource availability, (1) through spatial avoidance of overlapping 

resource exploitation zones by horizontal root system segregation (clustering) or vertical 

stratification as it was observed for certain tree species in mixed forests or among different 

crop species in agroforestry systems (Heilman et al. 1994; Puri et al. 1994; Schenk et al. 

1999; Hölscher et al. 2002; Schmid and Kazda 2002) , (2) the development of species 

differences in the seasonal activity of root growth and uptake activity (Eissenstat and 

Caldwell 1988) or competition-induced alteration of root longevity (Beyer et al. 2013a), 

and (3) alteration of root morphology for decreasing the cost/benefit ratio of resource 

capture. Roots may adapt to belowground competition by increasing specific root surface 

area (SRA) and specific root length (SRL) which would reduce the cost of exploring 

additional soil volume by the formation of new roots. Various studies in forest ecosystems 

reported morphological root adaptation in response to the presence of competitors (e.g. 

Curt and Prévosto 2003; Bolte and Villanueva 2006; Fujii and Kasuya 2008). Due to the 

large spatial and temporal variability in belowground resource availability, plasticity in 

fine root traits may be an essential element of plant strategies to cope with belowground 

competition (Hodge 2004; Berg and Ellers 2010). 

Poplar species are of considerable economic and ecological importance and they range 

among the most widely distributed tree species of the world (e.g. Shepperd et al. 2001; 
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MacKenzie 2010; Myking et al. 2011). Despite a highly variable ecology of the taxa in the 

genus Populus, most poplar species exhibit certain similarities in the morphology and 

anatomy of the fine root system (Brundrett et al. 1990). On many sites, the roots of poplar 

species tend to grow rather superficially with a far-reaching lateral root system, while a 

few sinker roots penetrate deeply into the soil (Heilman et al. 1994; Douglas et al. 2010). 

Pregitzer et al. (2002) state that Populus species are producing thin roots with much higher 

specific root length than other North American tree species, allowing fast lateral spread of 

the root system. Given the very broad range of sites colonized by poplar species in the 

temperate zone (from moist fertile alluvial soils to nutrient-poor dry sandy soils), one may 

expect specific adaptations in the root system of different poplar species growing either in 

alluvial forests or in pioneer forests on poor sandy soil. In fact, several studies emphasized 

considerable intra- and interspecific differences in the physiological and morphological 

traits of poplar fine roots (Friend et al. 1991; Pregitzer and Friend 1996). 

We used this expected variability in root morphological and functional traits within the 

same tree genus to investigate root morphological adaptation in response to interspecific 

and intraspecific belowground competition with assumed asymmetric outcome. In the last 

decades, it has become increasingly clear that different root segments fulfil different 

functions and that root age may have a large effect on root functionality even within the 

category of small-diameter roots (Fitter 1987; Pregitzer et al. 2002; Guo et al. 2004; 

Valenzuela-Estrada et al. 2008; Rewald et al. 2011). We thus focused on the specific 

response of different root orders and root segments of different ages, because we expected 

that such an in-depth analysis would more clearly reveal species differences in the 

belowground response to competition. 

For our experiment on the morphogenetic effects of root competition, we selected two 

poplar species with largely different ecology, physiology and productivity. European aspen 

(Populus tremula L.) is adapted to low nutrient availability and it tolerates moderately dry 

soils (Dickmann and Kuzovkina 2008; Possen et al. 2011). In its large Eurasian 

distribution range, it is a typical light-demanding, relatively fast-growing pioneer tree 

species that colonizes bare soil and forms early-successional forest communities together 

with birch and pine species (Ellenberg and Leuschner 2010). Black cottonwood (Populus 

trichocarpa Torr. & Gray) is native to North America and typically grows on nutrient-rich 

soils in riparian forests, where it can display high growth rates. P. trichocarpa is reported 
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to be more sensitive to drought than many other poplar species (Rood et al. 2003). Hybrids 

(e.g. P. trichocarpa x P. deltoides) are frequently used in short-rotation forestry and 

reforestation on rich and also on less productive soils in Europe (Hofmann 1998). 

This paper reports on a competition experiment with two poplar species of contrasting 

growth rate (Populus tremula and P. trichocarpa) conducted in rhizoboxes that allowed to 

observe root growth. Study aim was to examine the relative influence of the factors 

intraspecific or interspecific competition (treatment), species (P. tremula and P. 

trichocarpa), root order and root age on morphological and chemical root traits. 

We hypothesized that (i) the fast-growing species (P. trichocarpa) has a higher fine root 

productivity and interspecific competition is asymmetric in favour of this species, (ii) 

species differences in fine root morphological and chemical traits are consistent across the 

root order and age classes, and (iii) competition effects on fine root morphology and 

chemistry occur mainly in the first order- and juvenile (apical) root segments. 

  

96 



ROOT RESPONSE TO BELOWGROUND COMPETITION 

Materials and methods 

Plant material and experimental design 

The experiment was conducted with saplings of Populus trichocarpa (Black cottonwood) 

and P. tremula (European common aspen) that were propagated from tissue cultures 

provided by the Department of Forest Botany and Tree Physiology at the University of 

Göttingen. The cuttings were cultivated in woody plant medium (WPM) (Schenk and 

Hildebrandt 1972) with sucrose (30 g L-1, 88 mM) and gelrite (3 g L-1) at a pH of 5.8 from 

March 23 to April 14, 2011. Subsequently, the plantlets were converted to hydroponics that 

contained weekly renewed Long Ashton nutrient solution (Hewitt and Smith 1974) and 

grew in a photoperiod of 15 h at 250 µmol m-2 s-1 photosynthetically active radiation to 

reach appropriate size and acclimatize to the greenhouse conditions. To determine initial 

plant size and morphological characteristics (Table 4.1), ten saplings of each species were 

harvested at the time of transplanting to the greenhouse climate chamber (May 24, 2011). 

The plant containers (rhizoboxes) used in the experiment consisted of two transparent 

plexiglass plates (42 cm × 30 cm, w × h) and a 4 cm wide plastic frame with a perforated 

ground element to allow water percolation out of the box. Bolts and wing nuts locked the 

plates together and enabled easy removal of the plexiglass plates for accessing the 

rhizosphere behind them. During the experiment, all boxes were kept covered with 

aluminium foil to reduce temperature fluctuation in the boxes and to exclude light 

penetration into the rhizosphere and algal growth behind the plates. The boxes were re-

arranged in the greenhouse every second week for avoiding effects of possible illumination 

intensity gradients and mutual shading between neighbouring plants. The rhizoboxes were 

filled with approximately 4590 cm3 medium-grained, quarzitic sand with a pH value of 6.7 

(in 1 M KCl solution). The C and N concentrations of the substrate were 0.46 ± 0.05 and 

0.10 ± 0.01 mg g-1, respectively. We preferred this relatively homogenous substrate over 

forest soil because the extraction of the finest roots upon harvest is usually less complete 

from a loamy humus-richer substrate such as forest soil than from this type of sand, and a 

uniform soil water distribution is better achieved in the latter. Two different treatments 

were established to investigate intraspecific and interspecific competition effects between 

the two poplar species. In the mono-specific treatments (mono), each box was planted with 

two plants of the same species (P. tremula n = 12, P. trichocarpa n = 12), whereas the 

mixed treatment (mix) comprised one P. tremula and one P. trichocarpa plant per box (n = 
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12). All 36 rhizoboxes were arranged in a climatized greenhouse chamber in the 

Experimental Botanical Garden of the University of Göttingen. They were kept for 135 d 

under controlled climatic conditions, i.e. relative air humidity 65%, daytime temperature 

maximum 20.0 °C, nighttime temperature minimum 10.0 °C, light flux density depending 

on plant height 120–170 µmol m-2 s-1 (EYE Clean-Ace MT400DL/BH, Iwasaki Electric 

CO., LTD., Tokyo, Japan). Day length was set to 14 hours (08:00 a.m. – 10:00 p.m.). All 

plants were regularly watered to field capacity. Additionally, the rhizoboxes were fertilized 

in weekly intervals with 250 ml of 20% Shive solution (Baumeister 1954) added to the 

irrigation water. According to our experience, this nutrient concentration creates a 

moderately fertile growing substrate for tree saplings, where inherent species differences in 

growth rate should well be detectable. We tried to avoid any situation of nutrient 

limitation. 

 

Table 4.1. Some characteristics of the experimental plants at the start of the experiment. Significant differences between 

species are printed in bold (T-test, n = 10, P < 0.05, mean ± SE). 

 

 

Trait P. tremula P. trichocarpa P value

Shoot- and leaf-related variables

± 1.97 ± 1.70 <0.001

Number of leaves (n) 5.70 ± 1.14 7.20 ± 0.96 n.s.
SLA (cm2 g-1) 486.1 ± 21.59 374.62 ± 27.60 <0.001

Plant biomass
Total aboveground biomass (mg) 157.08 ± 57.40 146.37 ± 32.03 n.s.
Total belowground biomass (mg) 75.87 ± 24.68 38.86 ± 14.64 n.s.
Total plant biomass (mg) 233.10 ± 81.31 185.38 ± 46.14 n.s.
Cumulative root length (cm) 304.09 ± 97.49 450.39 ± 99.01 n.s.

Root-related variables
Mean root diameter (mm) 0.43 ± 0.02 0.32 ± 0.01 <0.001
SRA (cm2 g-1) 454.59 ± 21.38 1208.8 ± 84.25 <0.001

SRL (m g-1) 40.91 ± 3.34 146.38 ± 12.02 <0.001

RTD (g cm-3) 0.13 ± 0.01 0.06 ± 0.01 <0.001

Shoot height (cm) 13.06 24.05

SLA, specific leaf area; SRA, specific root area; SRL, specific root length; RTD, root tissue density
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Above- and belowground biomass and plant growth rate 

After 135 d of cultivation, the plants were harvested. Shoot biomass (consisting of stem 

(including branches) and leaves) and root biomass (coarse roots > 2 mm in diameter, fine 

roots < 2 mm) were sorted into these four fractions and their dry weight was determined 

(70 °C, 48 h). The individual root branches in the mixed boxes were carefully removed 

from the substrate for tracing them back to the shoot for species detection. Fine and coarse 

root density (root biomass per soil volume; unit g L-1) refers to the fine or coarse root 

biomass of both plants in a rhizobox (volume: 4590 cm3). The relative growth rate (RGR, 

mg g-1d-1) was calculated separately for leaves, stem and coarse and fine roots by 

subtracting the initial weight of the respective plant organs from the corresponding mass at 

harvest and relating the difference to the duration of the experiment (May 24 to October 6, 

2011) and initial weight. The relative growth rates of the aboveground and belowground 

organs were used to calculate the relative competitive ability index (CA) as defined in 

Rewald and Leuschner (2009) (Eq.1), 

 CA = (RGR mix - RGR mono) × RGR mix
-1 (1) 

with RGRmix and RGRmono being the relative growth rates (above- or belowground) of a 

species in the mono or mix treatments. 

 

Root order-related analysis 

Ten randomly chosen root subsamples per species and treatment were removed from the 

root system. The samples consisted of fine root branches of approximately 20 cm 

maximum length with a maximum root diameter of 2.0 mm. Because the plexiglass front 

screen might inhibit root proliferation and thus could create artificial growing conditions, 

we sampled roots in the soil 1–2 cm distant from the plate in the box interior for the root 

order segmentation where we assumed undisturbed root growth. The subsamples were cut 

into the different root order sections applying the morphometric dissection method as 

described in Fitter (1982), Fitter (1987), Berntson (1997), and Pregitzer et al. (2002), 

defining the meristematic endings as lowest root order (#1). Analysis of the fifth root order 

was not possible due to the low number of samples in that class. After dissection under a 
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stereo microscope at 20 × magnification, all root segments of a given root order class were 

spread out in a water bath and digitized using a transmitting scanner system (Epson 

Expression 1680 1.0, Japan). The image data were processed with the software WinRhizo 

(WinRhizo 2005c, Régent Instruments Inc., Quebec, QC, Canada) to determine root 

surface area, total root length and mean root diameter. Thereafter, the analysed root 

samples were oven-dried at 70 °C for 48 h. Specific root area (SRA, cm2 g-1) and specific 

root length (SRL, m g-1) were calculated from root area and root length divided by dry 

mass. Root tissue density (RTD, g cm-3) was obtained from root dry mass divided by root 

volume. Root C and N concentrations were measured by gaschromatography in an 

elemental analyser (Vario III EL, elementar Analysensysteme GmbH, Hanau, Germany). 

 

Root age-related analysis 

Sequential digital images of the soil visible at the plexiglass windows were taken at high 

resolution (400 dpi) to record root growth in the boxes. The recording started on August 18 

(i.e. 86 d after the experiment’s start) and covered in weekly rotation all 36 boxes until 

October 6 at the end of the experiment. During this procedure, the rhizoboxes were 

carefully placed on a frame with embedded flatbed scanner (EPSON Perfection V10, 

Japan); this frame fixed the box and enabled good matching between the repeated pictures 

taken from a rhizobox screen. The mount was inclined by less than 45° to avoid soil 

disturbance and loss of substrate from the box during the scanning process. Subsequently, 

the sequence of images of a rhizobox plate was displayed in chronological order on a 

computer screen and all newly grown root segments were drawn on an overlying acetate 

sheet (DIN A4) using permanent markers of different colours to distinguish between root 

age classes. We defined root age as the time elapsed since the segment’s first appearance 

on the plexiglass plate. These root system maps enabled to cut the root system into root 

fragments of defined age (eight classes) (Table 4.2). In case of the mixed treatments, the 

single root segments had to be traced towards the respective trees by carefully removing 

the substrate around the respective roots to ensure species differentiation of the samples. 

All dissected root segments were cleaned from adherent sand and stored separately in petri 

dishes filled with demineralized water at 4 °C until further analysis. The determination of 

root morphological characteristics of all 308 samples was carried out as described for root 

order analysis (see above). Additionally, root segments of all age classes were examined 
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for colour and categorized into visual types (Table 4.2) to describe changes in root 

pigmentation over time. Root C and N concentrations were determined in 141 oven-dried 

subsamples (2–5 mg) from the 16 root categories (2 species, 8 age classes). In case of P. 

tremula, several samples had to be pooled to reach the required minimum of 2 mg dried 

root material. 

Table 4.2. Classification of root segments according to age, root morphology and surface properties as visible at the 

observation windows. 

 

 

Statistical analyses 

All statistical analyses were carried out with the software R, version 2.13.2 (R 

Development Core Team 2011). The datasets were tested for normal distribution with the 

Shapiro & Wilk test (P < 0.05); non-normally distributed data were log-transformed to 

meet the assumptions of parametric tests. To account for heteroscedasticity, the fitted 

values were plotted against the residuals and inspected graphically. Significant differences 

between means of the relative growth rates from the respective biomass fractions and the 

different root traits (diameter, RTD, SRA, SRL, root N concentration, C/N ratio) were 

determined using the lm function with multiple comparisons of means (two-way ANOVA) 

and the general linear hypotheses (glht) procedure with Tukey’s post hoc test, included in 

the ‘multcomp’ -package. Species differences in initial plant characteristics were analysed 

with a two-sample t-test. 

Age class
Root age 
(weeks) Root pigmentation and texture Development processes

I 1 most distal root tissues, whitish birth of root, no branching

II 2 light brown or orange first side branches developed (second order roots)

III 3 reddish

IV 4
well pigmented, maroon brown or orange, 

shrunken texture
marked root shrinkage, secondary growth, increased root 

pigmentation/browning followed by cortical cell death

V 5 maroon

VI 6 dark brown root browning

VII 7 dark brown decrease in root diameter due to collapse of cortical layer

VIII > 8 basal coarse roots, ocher, mostly woody habit lignification
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Within a species, differences among the treatments and root orders were tested for all root 

parameters with linear mixed-effects models (‘lme’-function in package ‘nlme’, Pinheiro 

and Bates 2013) with plant nested in box as the random term. Treatment (mono vs. mix) 

and root order (four levels) were set as fixed effect factors. The same approach was used 

for the factor age class (eight levels). Within all subsets of root orders and age classes, 

Tukey’s HSD test was used to test for differences in morphological and chemical 

parameters between species and between treatments. To test for species differences in the 

traits for a given root order, the data of the two treatments were pooled. A Principal 

Components Analysis (PCA) was carried out with the software CANOCO 4.5 for 

Windows (Ter Braak and Smilauer 2002) covering all investigated above- and 

belowground plant traits. Significance was determined at P < 0.05 throughout. 
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Results 

Species differences in plant biomass and growth rate 

Considerable differences in aboveground biomass production were observed between the 

two species which had roughly similar biomass when planted (~150 mg per plant, Table 

4.1). After 135 d, P. tremula reached a mean total aboveground biomass of 0.6 ± 0.1 g with 

equal contribution of leaf and stem biomass (Figure 4.1a) but no differences between the 

mono and mix treatments. In contrast, P. trichocarpa had achieved a mean total 

aboveground biomass of 13.1 ± 0.95 g in the mono treatment and of 20.8 ± 1.8 g in the 

mixed treatment with more leaf than stem biomass being produced (Figure 4.1a).  

 

Figure 4.1 Biomass of leaves and stem (a), of coarse and fine roots (b) and aboveground/belowground biomass ratio (c) 

of the 18-wk-old P. tremula and P. trichocarpa saplings in the mono or mix boxes. Given are means ± SE of single 

plants. Significant intraspecific differences between the treatments of a species are indicated by different small letters, 

interspecific differences by different capital letters (Tukey’s HSD test, n = 9–23, P < 0.05). 

Consequently, the species differed greatly in their aboveground relative growth rates 

(RGR, given in mg g-1 d-1) of the leaf and stem fractions (Table 4.3), indicated by the 

significant interaction term (species × treatment) for all different plant fractions in the 

ANOVA (P < 0.0001). The mean total root biomass per plant at harvest was low in P. 

tremula and not affected by the treatment (mono: 2.03 g; mix: 1.76 g). This was similarly 

valid for the coarse and fine root fractions (Figure 4.1b). In contrast, P. trichocarpa 

produced much more root biomass (mono: 4.37; mix: 12.11 g), which significantly differed 

between the mono and mixed treatments in all root fractions. Coarse and fine root density 

(the root biomass of both plants in a box per soil volume) was significantly higher in the 

mix treatment (1.02 ± 0.11 and 1.93 ± 0.16 g L-1 for coarse and fine roots, respectively) 

than the two mono treatments (P. tremula: 0.35 ± 0.07 and 0.57 ± 0.06; P. trichocarpa: 

0.73 ± 0.09 and 1.18 ± 0.15 g L-1 for coarse and fine roots, respectively). The relative 
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growth rate (RGR) of the belowground components of P. tremula was not affected by the 

treatment. The fine root productivity of P. trichocarpa was more than 3-times higher in the 

mix than in the mono treatment (P < 0.0001) and P. trichocarpa reached a 34-times higher 

relative fine root growth rate than P. tremula when planted together in the mixed boxes 

(Table 4.3). The competitive ability index (CA), which compares the relative growth rates 

(RGR) of the target species (P. tremula or P. trichocarpa) in interspecific interaction 

(mixed) with the growth in intraspecific interaction (mono), was low for the root system of 

P. tremula (-0.156) and high for that of P. trichocarpa (0.639) pointing to highly 

asymmetric belowground competition in the mixed boxes. A similar relation was observed 

for the CA values calculated for aboveground biomass production (CA for P. tremula: -

0.02, for P. trichocarpa: 0.371). The superiority of P. trichocarpa was more pronounced in 

the belowground than the aboveground compartment. Consequently, both species differed 

largely in their root/shoot (R/S) ratios with a generally higher ratio in P. tremula and a 

significant decrease from the mono to the mix treatment, while P. trichocarpa had much 

lower ratios and increased R/S in the mix treatment (Figure 4.1c). 

Table 4.3. Relative growth rates (RGR, given in mg g-1 d-1) of P. tremula and P. trichocarpa plant organs (leaves, stems, 

coarse and fine roots) of saplings grown under intraspecific (mono) and interspecific (mix) competition in the period 

from April 24 to October 6, 2011. Significant differences between the two treatments within a species are printed in bold 

(Tukey’s HSD test, P < 0.05, mean ± SE; each 12 replicate samples in the mono treatment and 9 samples in the mix 

treatment). 

 

 

 

Plant organ mono mix P Mono Mix P

AG total 25.11 ± 3.74 24.58 ± 4.66 0.930 651.25 ± 47.52 1035.61 ± 89.46 0.002
Leaves 9.97 ± 2.47 8.79 ± 2.90 0.759 364.53 ± 24.97 559.12 ± 28.87 < 0.0001
Stem 5.31 ± 1.79 6.04 ± 2.22 0.799 278.22 ± 24.94 472.40 ± 66.58 0.02

BG total 199.94 ± 29.12 173.02 ± 41.81 0.603 839.93 ± 76.86 2326.04 ± 204.19 < 0.0001
Coarse roots 5.77 ± 1.21 5.41 ± 1.70 0.866 12.43 ± 1.49 31.10 ± 3.19 < 0.0001
Fine roots 5.47 ± 1.29 4.25 ± 1.80 0.585 44.55 ± 4.61 145.11 ± 12.90 < 0.0001

P. tremula P. trichocarpa

Total aboveground production (AG); total belowground production (BG)
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Changes in root morphology and chemistry with root order 

The root harvests (roots inside the boxes without front plate contact) showed that mean 

root diameter increased in both species almost linearly with ascending root order; P. 

tremula tended to have larger mean diameters in the higher root orders than P. trichocarpa 

(Figure 4.2a). Root tissue density (RTD) increased slightly from the second to the forth 

order in both species (from 0.17 to 0.23 g cm-3 in P. tremula and from 0.17 to 0.19 g cm-3 

in P. trichocarpa) (Figure 4.2b). Both specific root area (SRA) and specific root length 

(SRL) decreased asymptotically with ascending root order. SRL (but not SRA) was 

significantly larger in P. trichocarpa than in P. tremula in root order #1 and #2 reflecting 

the particularly thin and long root endings in this species (Figure 4.2d). Root N 

concentration showed a strong decrease with ascending root order in P. trichocarpa but 

varied little between root orders #2 to #4 in P. tremula. Root N concentration was higher in 

P. tremula than in P. trichocarpa (Figure 4.2e and f). 
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Figure 4.2 Root morphological and chemical traits [mean diameter, root tissue density (RTD), specific root area (SRA) 

and specific root length (SRL), root N concentration and root C/N ratio] of four root orders (1–4) of the species P. 

tremula and P. trichocarpa. The number of samples varied per root order and species (P. tremula: 1st order, n = 11–14; 

2nd order, n = 10–14; 3rd order, n = 9–14; 4th order, n = 5–7 and P. trichocarpa: 1st order, n = 10; 2nd order, n = 9–10; 

3rd order, n = 9–10; 4th order, n = 8–9). Significant differences between root orders are marked with different upper case 

(P. tremula) and lower case (P. trichocarpa) letters. Significant interspecific differences of the respective root orders are 

marked with an asterisk (Tukey’s HSD test, P < 0.05, means ± SE). 

The mixed-effects model revealed that root order was the single most important factor 

determining root morphology and chemistry (Table 4.4). Species had no effect on any of 

the parameters when analysed alone; however, the order × species interaction influenced 

root diameter, SRL, root N and C/N significantly indicating that the species effect becomes 

only visible in the order-related analysis (Table 4.4) but not in the bulk analysis of the 

pooled data. 
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Table 4.4. Results of linear mixed-effects models (lme) on the influence of root order (1–4), treatment (mono, mix) and 

species (P. tremula and P. trichocarpa) including all the interaction terms on six root morphological and chemical traits. 

Shown are degrees of freedom (df) and the F and P value of the respective variables and the model itself. Variables with 

significant influence are printed in bold (P < 0.05). 

 

 

Effects of intra- and interspecific competition on the morphology and chemistry of different 

root orders 

Despite the contrasting fine root densities in the mono and mix treatments, root 

morphology was only weakly influenced by the type of competitive interaction, i.e. intra- 

or interspecific (Table 4.4). None of the root morphological traits (mean fine root diameter, 

RTD, SRA, SRL) was affected by the contrast of intra- and interspecific competition 

across all root orders (P. tremula: Figure 4.3a–d, P. trichocarpa: Figure 4.3g–j and Table 

4.4). Significant effects of the presence of allo- or conspecific competitors were only 

observed for tissue chemistry (root N concentration, P. tremula: Figure 4.3e–f, P. 

trichocarpa: Figure 4.3k–l and Table 4.4). The Principal Components Analysis (PCA) on 

the relative importance of the influencing factors root order, species (P. tremula and P. 

Source of variation df F P F P F P

Model 1 550.89 < 0.001 448.44 < 0.001 462.63 < 0.001
Order 3 82.63 < 0.001 5.51 < 0.001 190.54 < 0.001
Species 1 9.38 0.09 1.35 0.37 3.39 0.21
Treatment 1 3.51 0.08 0.21 0.65 0.17 0.69
Order x species 3 3.52 0.02 1.35 0.27 0.14 0.94
Order x treatment 3 6.43 0.001 2.17 0.10 7.15 0.001
Species x treatment 1 4.21 0.06 1.18 0.29 2.40 0.14
Order x treatment x 
species

3 0.51 0.68 1.84 0.15 1.10 0.36

df F P F P F P

Model 1 261.08 < 0.001 1341.62 < 0.001 703.01 < 0.001
Order 3 251.93 < 0.001 79.71 < 0.001 36.26 < 0.001
Species 1 4.41 0.17 29.05 > 0.12 37.25 0.10
Treatment 1 0.51 0.48 16.00 > 0.001 7.52 >0.01
Order x species 3 4.80 0.01 21.63 < 0.001 15.88 < 0.001
Order x treatment 3 3.19 0.03 1.19 0.33 2.41 0.08
Species x treatment 1 8.49 0.01 2.77 0.12 0.13 0.73
Order x treatment x 
species

3 3.37 0.03 7.13 0.001 4.67 0.01

Diameter RTD SRA

SRL Root N Root C/N
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trichocarpa) and competition treatment (mono vs. mixed) revealed the key role played by 

root order for root morphology (high loading on the first axis: -0.960; positive relations of 

root order to SRA, SRL and root N concentration, negative relations to root diameter and 

root tissue density; Table 4.5). Species correlated with axis 2 and was positively related 

with root N concentration, but not related to the other root morphological traits that were 

mostly associated with root order. Finally, treatment correlated with the PCA axis 3 with 

low eigenvalue (0.143) and showed no closer association with any of the investigated root 

parameters. The first three axes of the PCA explained 89% of the total variance of all 

components. Additionally, multifactorial analyses (linear mixed effects models) were 

conducted to test for influences of root order and treatment (mono vs. mixed) on the 

respective root morphological and chemical traits. Root order had a significant effect on all 

investigated root traits, while the competition treatment had a significant influence on root 

N concentration and root C/N ratio. Significant interaction terms ‘order × treatment’ were 

found for the traits root diameter, SRA and SRL (Table 4.4) indicating specific 

competition effects on morphology in certain root orders. For SRL, the interaction ‘species 

× treatment’ suggests that root length development may respond differently to intra- and 

interspecific competition in the two species. 
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Figure 4.3 Root morphological and chemical traits of four different root orders (1–4) of the species P. tremula and P. 

trichocarpa as affected by treatment (mono vs. mix). The number of samples varied per root order and treatment (P. 

tremula: mono, n = 3–5; mix, n = 4–9; P. trichocarpa: mono, n = 6; mix, n = 2–4). Significant differences between root 

orders of the mono and the mixed treatment are marked with upper case letters and lower case letters, respectively. 

Significant differences among treatments within a specific root order are marked with an asterisk (Tukey’s HSD test, P < 

0.05, means ± SE). 
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Table 4.5. Results of a Principal Components Analysis (PCA) including the investigated root morphological and 

chemical parameters, root order, species and treatment. Given are the proportion of variation explained by the four axes 

(eigenvalues, EV) and the loadings of each component along the four explanatory axes with the closest correlation to the 

respective axis marked in bold. For abbreviations see Table 4.1. 

 

 

Changes in root morphology and chemistry with root age 

According to the analysis of the roots at the plexiglass plates, all investigated root 

morphological and chemical parameters were significantly influenced by root age (P < 

0.001, Table 4.6). We observed a continuous decrease in the mean diameter of the root 

fragments visible at the front plates with increasing age in both species. Mean diameter 

was smaller in P. tremula than in P. trichocarpa in the weeks 2–3 after root appearance but 

the difference disappeared in older roots. 

Variables Axis 1 Axis 2 Axis 3 Axis 4
-0.523 -0.226 -0.143 -0.065

Root order -0.960 -0.070 -0.158 -0.076
Species -0.154 -0.779 -0.465 -0.349
Treatment -0.098 -0.503 -0.823 -0.076

-0.894 0.274 -0.199 -0.046
RTD -0.587 0.436 -0.406 -0.531
SRA -0.986 0.017 -0.049 -0.102
SRL -0.930 0.090 -0.071 -0.307

Root N -0.493 0.817 -0.108 -0.042
Root chemistry-related variable

Root morphology-related variables
Root diameter

 EV
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Table 4.6. Results of linear mixed-effects models (lme) on the influence of root age class (1–8), treatment (mono, mix) 

and species (P. tremula and P. trichocarpa) including all interaction terms on six root morphological and chemical traits. 

Shown are the degrees of freedom (df) and the F and P value of the respective variables and the model itself. Variables 

with significant influence are printed in bold. The effect of some factors could not be calculated due to insufficient 

sample size; they were indicated with dashes. For abbreviations see Table 4.1. 

 

The largest diameters were measured in the youngest roots (1-wk-old) with ~800 µm 

(Figure 4.4a), comparable to the diameters recorded in the 4th order roots without front 

plate contact (P. tremula: 930 and P. trichocarpa: 910 µm). Thus, the age-related analysis 

(roots at front plate) and the order-related analysis (harvest data; roots without plate 

contact) produced partly contrasting results on diameter change with root age or root order. 

Root tissue density increased constantly with age but RTD was significantly higher in P. 

tremula in the 2- to 6-wk-old segments. Specific root area was nearly constant across the 

age classes from week 1 to week 7 in both species and declined to 0.21 and 0.14 cm2 g-1 in 

P. tremula and P. trichocarpa in 19-wk-old root segments (> 8, Figure 4.4c). Specific root 

length was lowest in young and in old root segments in both species due to its inverse 

relation to the square of root diameter. P. trichocarpa with thicker roots generally had 

smaller SRA and SRL values than P. tremula across the age sequence (Figure 4.4c and d). 

Source of variation df F P F P F P

Model 1 1247.75 < 0.001 568.82 < 0.001 1159.53 < 0.001
Age 7 54.31 < 0.001 29.88 < 0.001 41.17 < 0.001
Species 1 4.44 0.04 6.66 0.01 5.02 0.03
Treatment 1 8.43 0.004 0.13 0.72 2.67 0.10
Age x species 7 4.00 0.001 1.99 0.06 0.88 0.53
Age x treatment 7 1.58 0.14 1.22 0.29 0.69 0.68
Species x treatment 1 0.01 0.91 0.03 0.87 0.10 0.75
Age x species x 
treatment

7 1.57 0.15 0.38 0.91 1.12 0.35

df F P F P F P

Model 1 491.82 < 0.001 633.9 < 0.001 633.9 < 0.001
Age 7 22.46 < 0.001 14.89 < 0.001 14.89 < 0.001
Species 1 15.96 > 0.001 15.37 - 15.37 -
Treatment 1 11.74 > 0.001 17.95 >0.001 17.95 > 0.001
Age x species 7 5.10 < 0.001 5.23 < 0.001 5.23 < 0.001
Age x treatment 7 0.58 0.77 1.43 0.21 1.43 0.21
Species x treatment 1 0.83 0.36 2.24 0.16 2.24 0.16
Age x species x 
treatment

7 2.06 0.05 0.71 0.67 0.71 0.67

Diameter RTD SRA

SRL Root N Root C/N
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Root N concentration decreased from week 1 to 4 in both species and remained constant 

thereafter; 19-wk-old root segments had higher (P. tremula) or lower (P. trichocarpa) 

concentrations than 7-wk-old roots (Figure 4.4e and f). The changes in morphology and 

chemistry are in accordance with the age-related changes in root pigmentation and texture 

(Table 4.2). 

 

Figure 4.4 Effects of root age on root morphological (a–d) and chemical (e–f) traits. Given are means ± SE of 1–7 and 

19-wk-old root sections of the species P. tremula and P. trichocarpa. The number of samples varied between age classes 

and species for morphological traits (P. tremula, n = 9–29; P. trichocarpa, n = 15–19) and chemical traits (P. tremula, n 

= 6–9; P. trichocarpa, n = 8–10), respectively. Significant interspecific differences within age classes are marked with an 

asterisk (Tukey’s HSD test, P < 0.05). 
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Effects of intra- and interspecific competition on root morphology and chemistry across 

the age sequence 

The analysis of the age-related data with mixed-effects models and PCA indicates that root 

age was (similar to root order) a key determinant of root morphology and chemistry while 

species and treatment were of secondary importance influencing only four of the six traits 

and with lower significance than root age (Table 4.6 and Table 4.7).  

Table 4.7. Results of a Principal Components Analysis (PCA) including the investigated root morphological and 

chemical parameters, root age, species and treatment. Given are the proportion of variation explained by the four axes 

(eigenvalues, EV) and the loadings of each component along the four explanatory axes with the closest correlation to the 

respective axis marked in bold. For abbreviations see Table 4.1. 

 

The rootlets of P. tremula and P. trichocarpa tended to have smaller diameters, higher 

SRL and higher root N concentration in the mono treatments than in the mix treatment 

(Figure 4.5a, d, e, f, g, j, k, l) while the differences in RTD and SRA were less pronounced 

(Figure 4.5b, c, h, i). The results of the PCA demonstrate that root age is a similarly 

important determinant on axis 1 (eigenvalue 0.396) with close association with all root 

traits except for root diameter and SRL (Table 4.7). Axis 2 (eigenvalue 0.299) revealed 

species and treatment as factors with high and equal loadings and root diameter and SRL 

as correlating root traits. 

 

Variables Axis 1 Axis 2 Axis 3 Axis 4
-0.396 -0.299 -0.136 -0.126

Root age -0.968 -0.032 -0.048 -0.023
Species -0.013 -0.636 -0.037 -0.750
Treatment -0.038 -0.623 -0.481 -0.589

-0.790 -0.460 -0.277 -0.171
RTD -0.905 -0.204 -0.251 -0.172
SRA -0.726 -0.515 -0.422 -0.072
SRL -0.117 -0.860 -0.436 -0.126

Root N -0.498 -0.584 -0.586 -0.136
Root chemistry-related variable

Root morphology-related variables
Root diameter

 EV
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Figure 4.5 Root morphological (a–d) and chemical (e–f) traits of 1–7 and 19-wk-old root sections of the species P. 

tremula and P. trichocarpa as affected by treatment (mono vs. mixed). The number of samples varied per age class and 

treatment for root morphological traits (P. tremula: mono, n = 4–22; mix, n = 5–7; P. trichocarpa: mono, n = 6–11; mix, 

n = 6–8) and chemical traits (P. tremula: mono, n = 3–4; mix, n = 3–5; P. trichocarpa: mono, n = 4–6; mix, n = 3–4), 

respectively. Significant differences among treatments within a specific root age are marked with an asterisk (Tukey’s 

HSD test, P < 0.05, means ± SE). 

200

400

600

800

1,000

M
ea

n
ro

ot
di

am
et

er
[µ

m
] a)

*

mono
mix

0.05

0.10

0.15

0.20

0.25

0.30

0.35

R
oo

tt
is

su
e

de
ns

ity
[g

cm
]

-3 b)

200

400

600

800

1,000

Sp
ec

ifi
c

ro
ot

ar
ea

[c
m

g
]

2
-1

c)

200

400

600

800

1,000

Sp
ec

ifi
c

ro
ot

le
ng

th
[m

g
]

-1

d)
*

5

10

15

20

25

30

R
oo

tN
co

nc
en

tr
at

io
n

[m
g

g
]

-1 e)

*

*
*

*

*

*

0

20

40

60

80

100

120

R
oo

tC
/N

ra
tio

[g
g

]
-1

1 2 3 4 5 6 7 ³ 8

Time elapsed since first appearance (weeks)

f)

* *
* *

g)

* *
*

mono
mix

h)

*

i)

*

*

j)

*

*

*

k)

*

*

1 2 3 4 5 6 7 ³ 8

Time elapsed since first appearance (weeks)

l) *

*

P. tremula P. trichocarpa

114 



ROOT RESPONSE TO BELOWGROUND COMPETITION 

Discussion 

Asymmetric belowground competition 

The two poplar species with adaptation to rather infertile (P. tremula) or fertile sites 

(P. trichocarpa) differed largely in their productivity in monoculture under defined growth 

conditions. P. trichocarpa was more productive not only aboveground but also 

belowground, supporting our hypothesis (1). The relatively fertile growing substrate likely 

has enhanced the species difference in productivity. In mixture, P. trichocarpa nearly 

tripled its belowground productivity compared to the growth with intraspecific competition 

and may have profited from the presence of slower growing P. tremula with its relatively 

low fine and coarse root density. Thus, intraspecific belowground competition must have 

been much stronger than interspecific competition and the outcome of root competition 

between the two species was highly asymmetric: P. trichocarpa appears as the winner with 

more soil space explored while P. tremula showed a non-significant tendency of decrease 

in belowground productivity in comparison to growth in monoculture. The asymmetry is 

well reflected in the largely different competitive ability indices (CA) of the two species. 

Our experiment further shows that the asymmetry can be larger in the belowground than 

the aboveground interaction between two tree species. This may be relevant in initial 

stages of plantations where the saplings may be exposed to root competition while shoot 

competition is not yet significant. Since P. trichocarpa increased its root productivity in 

the presence of P. tremula to a much greater extent than aboveground productivity, this 

suggests that intraspecific competition intensity in the P. trichocarpa monocultures was 

higher belowground than aboveground and/or P. trichocarpa has a particularly high 

competitive ability belowground. In the presence of a weak competitor, P. trichocarpa was 

then able to expand its root system into the unexplored soil space which apparently was not 

as easily possible in the canopy space. This interpretation is in line with the observed 

increase in root/shoot ratio in P. trichocarpa from the mono to the mix treatment. One may 

argue that the large increase in fine root productivity of P. trichocarpa in mixture was 

partly caused by the relatively small fine root density of the weak competitor P. tremula. 

This might indicate that competition was relatively unimportant in the P. tremula mono 

treatment but was significant in mixture. The fine root density of P. tremula in the mono 

treatment (0.6 g L-1) is comparable to densities found in two-yr-old P. tremuloides plants in 

a field experiment of Powell and Bork (2004), while P. trichocarpa exceeded these values 
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in our experiment by a factor of two (1.2 g L-1) which relates to the much higher 

aboveground biomass. The high fine root density in the mix treatment of our experiment 

(1.9 g L-1) is well comparable to densities reported from poplar plantations (Al Afas et al. 

2008). Since the root density in mixture exceeded not only the density in the most 

productive monoculture (P. trichocarpa) but also the hypothetical sum of the root density 

reached by the two species in the mono treatments, the presence of P. tremula seems to 

have promoted root growth of P. trichocarpa beyond a simple replacement effect. That P. 

trichocarpa produced less root biomass in the mono than the mixed treatment, might also 

result from elevated soil resource exploitation by two plants of this productive species as 

compared to the mixture. Irrespective of the underlying mechanism, there is a need to 

investigate nutrient and water uptake kinetics and root exudation of the competing species 

in future studies. 

 

Species differences in root properties along the fine root branching network 

Despite being adapted to largely different soil conditions in their natural habitats, the two 

species were remarkably similar in their first-order rootlets, i.e. the putatively most active 

root segments. The two species showed also similar trends in the change of root 

morphological and chemical traits from the first to the forth order root segments, which is 

in accordance with our second hypothesis. The fast-growing species P. trichocarpa had 

somewhat thinner first-order roots with higher SRL than the corresponding P. tremula 

roots while the N concentration in this root segment was lower in the former. The N 

concentration differences between the species increased towards higher root orders, while 

the morphological differences were insignificant in the 3rd and 4th order class. P. 

trichocarpa with its thinner and longer fine root endings achieved much higher above- and 

belowground growth rates which could well be explained by higher nutrient and water 

uptake rates per invested root mass in this species. This would support the assumption that 

fast-growing species require root systems with high resource uptake rates which are 

generally related to high SRA and SRL (Comas and Eissenstat 2004). On the other hand, 

root activity tends to increase with root N concentration and this parameter was 

significantly larger in P. tremula roots in three of the four root orders examined. Thus, it 

appears that morphological adaptation (longer and thinner roots) supported the higher root 

growth rate in P. trichocarpa while the lower N concentrations suggests that no marked 
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physiological adaptation to enhanced root activity did exist in this species. Furthermore, 

root tissue density was not lower in the most distal root segments of P. trichocarpa 

suggesting that high root growth rates are not closely related to tissue density. 

 

Effects of intra- and interspecific competition on the morphology of different root orders 

The root system of P. trichocarpa showed much greater apparent growth stimulation than 

the shoot system when shifting from a conspecific to an allospecific neighbor. Poplar roots 

have been described as plant organs with high morphological plasticity (Block et al. 2006) 

which suggested adaptations in root surface area, length and tissue density as a response to 

the doubling of fine root density from the mono to the mix treatment and the presence of 

allospecific instead of conspecific neighbors. However, this was not the case. Similar 

insensitivity of tree fine root morphology to changing competitive environments was 

observed by Curt and Prévosto (2003) and Beyer et al. (2013b). On the other hand, we 

observed significant treatment effects on root N concentration in both species; P. tremula 

reduced its N concentration in the mix compared to the mono treatment in three of the four 

root orders significantly while P. trichocarpa did so in the 2nd root order only. Thus, as a 

likely response to the much higher root density in the mixed boxes, both species responded 

with reduced N accumulation in the roots which most likely reflects a reduction of N 

availability when root density is high. The more pronounced decrease in N concentration in 

P. tremula than in P. trichocarpa might be linked to the weaker belowground competitive 

ability of the former species. It could explain the (slight) decrease in root production from 

the mono to the mix treatment. P. trichocarpa, on the other hand, increased its root 

production despite some reduction in root N concentration which suggests that the two 

species have adopted largely different strategies of soil exploration with their root systems. 

The higher responsiveness of root chemistry than root morphology to alteration in the 

competitive environment could reflect different temporal scales of adaptation, more short-

term in the case of root N levels and more long-term in case of morphological change. 

Age-dependent change in root morphology and chemistry and effects of competition 

The age-related analysis of fine root morphology and chemistry bases on the imagery taken 

on the front windows of the rhizoboxes; these observations shall be related to the root 
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topological data obtained from the harvests. One main finding of our study is that both 

analytical approaches are only partly matching because the root material used for the two 

analyses is not identical (even though belonging to the same plant). Moreover, the growing 

conditions for the roots used for optical age-related investigation and harvest-based order-

related examination are apparently different. All four morphological traits were 

significantly influenced by root age, i.e. the time since appearance behind the front plate. 

This is in line with the trait heterogeneity observed along individual tree fine root branches 

by, e.g. Wells and Eissenstat (2002) and Hishi (2007). Since the variation in age across 

different root orders is linked to the branching structure with the youngest root segments 

produced by apical meristems, we assumed strong similarity among juvenile one-wk-old 

root segments and first order roots. Surprisingly, this was not the case and both approaches 

of root system analysis generated partly deviating results. (1) We found a large discrepancy 

in mean root diameter between the most distal (1st order) and youngest root segments and 

the diameter trend with increasing root age: Mean diameter was about four times higher in 

the youngest roots on the observation window than in the 1st order root segments harvested 

in the (more remote) soil. Moreover, root diameter increased from the 1st to the 4th order 

roots as expected, but showed a surprising decrease from high 600–900 µm in the youngest 

to ~400 µm in the older root sections. As the youngest roots were in our study in many 

cases not the smallest roots, there is strong evidence that the two sampling approaches may 

have collected roots of different architectural and functional differentiation (Hishi 2007); 

this phenomenon may be related to ‘heterorhizy’(Noelle 1910; Persson 2002). The 

observed range of 1- to 19-wk-old root segments was not homogenously distributed over 

the four or five root order classes identified in the boxes, which suggests that the 

morphogenetic development of the ageing root and its branching proceeded differently in 

the undisturbed more remote part of the soil and in direct contact to the observation 

window. The youngest (one-wk-old) roots at the windows had similar N concentrations as 

the 1st-order roots deeper in the soil, but they were in both species much thicker with 

smaller SRL and SRA than the latter. (2) Perhaps most important is the much lower RTD 

of the youngest roots at the windows (0.05–0.10 vs. 0.15–0.20 g cm-3) which may explain 

their large diameter. These young rootlets have been termed ‘pioneer roots’ (Sutton and 

Tinus 1983) and their highly different morphology may in part be a consequence of the 

presence of the plexiglass plate which forms a mechanical barrier for root elongation 

(Withington et al. 2003) probably altering the anatomical differentiation of the young root 
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and its branching patterns. A kind of ‘root dimorphism’ with first order roots with a root 

tip (fibrous roots) and pioneer roots primarily for soil exploration have been observed in 

poplar species including P. trichocarpa by Zadworny and Eissenstat (2011) and 

Bagniewska-Zadworna et al. (2012); this phenomenon may contribute to the assumed high 

root plasticity in the genus Populus. However, a dimorphism between short 

ectomycorrhizal 1st order roots and rapidly growing ‘long roots’ has been observed in 

other tree genera as well (Lyford 1980; Polverigiani et al. 2011). 

First order roots as elements of the ‘typical’ branching pattern and pioneer roots seem to 

have different lifespans which may point at different functionalities of the two root 

morphotypes. Block et al. (2006) reported a wide range of longevities (30 to 300 d, median 

95 d) for 1st order roots of P. trichocarpa while pioneer roots seem to persist longer as 

they undergo secondary growth (Eissenstat and Achor 1999). Likely functions are 

expansion growth in the case of the pioneer roots which form the main axes of the growing 

root system, and nutrient and water absorption in case of the 1st order roots. The fact that 

both root types had similar N concentrations (~20 mg g-1) in their most distal parts in our 

experiment, suggests that they are metabolically very active (Pregitzer et al. 1998). 

As in the order-related analysis, the presence of conspecific vs. allospecific competitors 

had an only weak effect on root morphology, but altered root N concentration (lower N 

concentrations in the mix treatment). Most differences between the mono and mix 

treatments in root diameter, SRA, SRL and RTD were not significant and, more important, 

the trends between the mono and mix boxes were partly of opposite direction to those 

observed in the order-related analysis. In contradiction to our hypothesis (3), we did not 

observe a higher responsiveness of first order roots than older root segments. This leads us 

to the assumption that the fine root morphology of these two poplar species is not very 

sensitive to alteration in competition intensity (30–350 % higher fine root density in the 

mixed than the mono boxes ) and to the type of competitive interaction (intra- vs. 

interspecific) . This may be attributable to the fact that root density and thus assumed 

belowground competition intensity varied from low/moderate to high but did not include a 

treatment with a single plant and low root density. 
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Conclusion 

Our competition experiment with two ecologically contrasting poplar species confirmed 

earlier reports on the close relation between root order and root age, and root morphology, 

chemistry and probably also functionality along a fine root branch. Species differences in 

fine root traits were significant only in certain root order or root age classes, which might 

have been overlooked in a less precise bulk analysis of fine root biomass. This suggests 

that studies on fine root functioning and root responses to environmental factors should 

focus on selected (preferably most distal) root orders or age classes. 

The specific growing conditions at the transparent front plate seem to trigger the 

development of particularly thick pioneer roots with low tissue density that were missing 

(or rare) in the soil of the box interior. This observation may have consequences for the 

interpretation of rhizoscope data on fine root growth because the plexiglass observation 

tubes represent similar impenetrable barriers for root growth as the plates in our 

rhizoboxes. We strongly recommend accounting for the phenomenon of heterorhizy in 

future studies on fine root dynamics in growth containers and in the field. 

Our results on the effects of intraspecific and interspecific competition on root traits in 

poplar suggest that competition-induced root morphological adaptation may not be the 

rule. Increased competition intensity caused a decrease in root N concentration probably 

due to enhanced resource depletion in the shared soil which could result in changes in 

nutrient and water uptake capacity, root growth and turnover. A closer look on possible 

physiological consequences of root competition should guide future research in the field. 

Future experiments about competition effects on root morphology should be expanded to 

more natural situations with forest soil and to roots infected by the characteristic 

mycorrhizal fungi, and should preferably use a higher number of tree species in the trials. 
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Synthesis 

In this paragraph I will integrate the main findings obtained from my three different 

studies: the ‘POPDIV’ field experiment, the ‘Cavitron’ approach and the rhizobox root 

competition experiment on eight genetically closely related P. tremula demes and two 

additional species (P. tremula and P. trichocarpa). 

The first of the following three chapter sections relates to the results on the intra- and 

interspecific (genetic) trait variation as observed on aboveground (branches and leaves) 

and belowground (coarse and fine roots) plant organs of aspen demes differing in their 

genetic relatedness. The aim is to explain the potential role of intra- and interspecific trait 

variation as an indicator for ecological requirements and species adaptation to different 

environments. 

The second of the following sections describes, how the main findings on intra- and 

interspecific trait variation, above- and belowground trait coordination and phylogenetic 

relatedness integrate with overall growth performance of the investigated species 

assemblages. 

I am closing with a discussion about the dynamics of belowground competition in terms of 

root morphological adaptations with particular focus on the most distal root endings in an 

ecologically contrasting species constellation to complete my analysis of belowground 

processes in poplar species. 
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The intra- and interspecific trait variation in Populus  

In my study, intraspecific (genetic) diversity within genetically closely related aspen demes 

manifested in branch xylem anatomy and axial hydraulic conductivity as well as in 

belowground, coarse and fine root-related properties. In Chapter 2, intraspecific 

differences in fine root morphology and chemistry amongst the eight aspen demes became 

evident. The within-deme (mostly environmental) variation in fine root morphological 

traits was relatively high compared to between-deme (genetic) variation. This overall high 

variability can be attributed to the functional role of fine roots. The strong trait plasticity of 

single rootlets represents an important precondition of the short-lived fine roots to cope 

with the temporal and spatial variability in belowground resource availability and 

heterogeneous soil structures. This is in line with the observed absence of a strong genetic 

component coding for the fine root parameters investigated in Chapter 2, in contrast to 

aboveground traits (leaf size, SLA) which were well coordinated with the phylogenetic 

relatedness among the demes. An exception was the low genotypic variation of the mean 

fine root diameter between demes. As the investigated root segments comprise different 

single fine root sections (root orders) along the hierarchical branching structure, the mean 

root diameter across all sections does not account for the inherent heterogeneity among 

fine roots along the branching architecture and, thus, is an ecological rather meaningless 

trait. Hence, a root order-based analysis of the poplar fine root system as carried out in 

Chapter 4 is recommended for various morphological traits to account for different 

functions attributed to different root order positions. 

In Chapter 3, the intraspecific variation in branch and coarse root anatomical and hydraulic 

traits of five aspen demes was determined. Deme-specific differences in anatomy and 

hydraulics were significant at branch level and could partly be related to the phylogenetic 

distances among demes. The intraspecific variation in vulnerability to cavitation of branch 

xylem was significant and strongly dependent on vessel size. In contrast, no intraspecific 

differences among the demes were observed for coarse root-related traits. Instead, the large 

within-deme variation in coarse root properties manifested in the existence of a few coarse 

roots with extraordinary large vessels (> 100 µm). These ‘high conductivity roots’ seemed 

not to be restricted to a specific root diameter class, stating that root diameter is not an 

appropriate measure to describe root functional divergences - a subject which certainly 

merits further consideration in any studies involving coarse roots. The large variation 
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observed in coarse root xylem anatomy and hydraulics may indicate the functional 

plasticity i.e. the capability of coarse roots to provide sufficiently constant water supply 

along the entire water-flow path of trees under heterogeneous belowground microsite 

parameters. It remains speculative, whether the strategy of plants to sacrifice their 

peripheral fine roots as a result of irreparable xylem cavitation during periods of drought in 

order to prevent xylem cavitation in coarse roots applies to poplar species. 

The intraspecific variation in resistance to cavitation of branch xylem as indicated by the 

P50 value was primarily associated with vessel size (d and dh) and significantly related to 

the phylogenetic distances among demes. Accordingly, a trade-off between forming larger 

vessels to enhance hydraulic efficiency and taking the increasing risk of vulnerability to 

xylem cavitation seems to apply for the demes in this study. The relatedness of hydraulic 

efficiency and aboveground growth performance is presented in the section below. 

All aspen demes (P. tremula and P. tremuloides) exhibit outstanding resistances to xylem 

cavitation compared to other taxa of the genus (Lieffers 2001, Schreiber et al. 2011). The 

P88 values, indicators for the ‘critical embolism level’ before the xylem becomes totally 

non-conductive, ranged between -3.5 and -4.0 MPa what is even comparable to thresholds 

reported for a majority of temperate tree species (Urli et al. 2013). Moreover, the P88 values 

were related to the genetic distance between demes. Those attributes would enable the 

identification of more drought tolerant ecotypes on the basis of hydraulic traits. 

In summary, most of the investigated aboveground leaf- or branch-related traits such as 

morphology, xylem anatomy and vulnerability to xylem cavitation exhibited significant 

intraspecific differences among aspen demes and were closely related to between-deme 

genetic distances. In contrast, the xylem anatomy, hydraulic features and morphological 

properties of poplar coarse and fine roots were of high (phenotypic) plasticity but low 

phylogenetic control. This is in accordance with the multifunctional structure of roots and 

the heterogeneous distribution of belowground resources in the soil. I suggest a 

morphometric approach based on the separation of root orders for coping with the 

hierarchical heterogeneity in anatomy and function of the branching structure of the fine 

root system. 
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Determinants of growth performance in Populus 

In Chapter 2 and 3, the high levels of intra- and interspecific trait variation partially 

corresponded to differences in growth performance among the investigated aspen demes. 

Root morphological characteristics which are typically associated with high resource 

uptake rates, and consequently enable fast growth (high SRA and SRL), were not related to 

higher relative growth rates among demes. This is in line with the recently published 

results of Tobner et al. (2013) who also found only weak coordination between 

aboveground relative growth rates and fine root traits among American temperate trees. 

Instead, leaf morphology remained the most significant growth-determining plant 

characteristic and was strongly coordinated with the genetic constitution of the demes used 

in this study. Considering the importance of leaf phenology for growth performance 

(Müller 2011), it is most likely that variation in early, rapid root development as suggested 

by Pallardy and Kozlowski (1979), Heilman et al. (1994) and Tschaplinski et al. (1998) 

triggers fast growth by providing trees with a greater surface area for resource uptake in 

the early growing season. Moreover, a detailed approach, based on root orders explained 

the different growth strategies of the species P. tremula and P. trichocarpa. Thus, I 

recommend to use this approach to detect species- or deme-specific differences along the 

hierarchically branching root axis (root orders) of fine roots. 

A large range of variation in branch xylem anatomy became evident among the five 

selected aspen demes in Chapter 3. Starting from the assumption that the efficiency of the 

plants’ hydraulic system is an important prerequisite of biomass production, the wood 

anatomical and hydraulic properties of branches and coarse roots were investigated to 

identify the most relevant growth determinant amongst these traits. Indeed, intraspecific 

variation in the empirically determined hydraulic conductivity of branches was well 

correlated with the inherent differences in growth performance among the aspen demes. In 

contrast, variation in xylem anatomy or hydraulic conductivity of coarse roots deviated 

from this pattern and was not correlated with aboveground productivity. 

High productivity is coupled with large water requirements in poplar (Monclus et al. 

2006), thus fast growing demes can be expected to respond more sensitive to water 

deficits. In the context of climate change scenarios (e.g. IPCC 2013) it is therefore of major 

importance to consider the intraspecific variability in the capability to withstand increasing 

drought exposure. We assumed that an increased resistance to xylem cavitation (associated 
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with smaller vessel diameter) among aspen demes to come at the expense of growth 

performance (associated with wide vessels). However, a common trade-off between 

forming larger vessels to enhance hydraulic efficiency versus taking the increased risk of 

vulnerability to xylem cavitation was not evident across all demes in this study. 

Surprisingly, the aboveground plant productivity as well as the P88 value was correlated 

with the empirically determined hydraulic conductivity (Ks) but no relationship was found 

between plant growth performance or xylem safety and the potential hydraulic 

conductivity (Kp). In both cases, those observations may hint to a deme-specific variation 

in pit membrane properties and contact area between vessels which may strongly 

determine hydraulic conductivity and xylem safety. Those influences of pit wall properties 

on hydraulic traits are most likely masked, when hydraulic conductivity is derived 

theoretically from vessel features of xylem cross sections, e.g. diameter of the xylem 

conduits (Hacke et al. 2006; Fichot et al. 2010). 

In summary, the investigated fine or coarse root parameters (morphology, xylem anatomy 

and hydraulic properties) proved to be less reliable predictors for aboveground growth 

performance on an intraspecific scale. The low phylogenetic relatedness of root-specific 

traits explains the huge belowground trait variation (high plasticity). This arguably makes 

those traits unsuitable selection criteria for breeding approaches. In contrast, the hydraulic 

efficiency of the branch xylem turned out to be an important growth determinant among 

aspen demes. Considering the weak relation between xylem safety and aboveground 

productivity, these results suggests that axial conductivity and the water transport towards 

the leaves under conditions of ample moisture availability seem to be more important for 

growth than resistance to cavitation in dry periods. 
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Root competitive interaction in Populus 

The presented results of Chapter 4 confirmed earlier reports on a strong control of the root 

order position or the age of a root segment on the respective fine root traits within both 

poplar species. Such patterns in trait variation were likewise described across different tree 

species for anatomical, physiological and morphological root characteristics among root 

sections of a distinct age (Hishi 2007) or along the hierarchically branching network 

comprising different root orders (Pregitzer and Friend 1996; Pregitzer et al. 2002; Wang et 

al. 2006; Guo et al. 2008). We found the morphological fine root characteristics which are 

typically associated with high resource uptake rates, such as high specific root area (SRA) 

or specific root length (SRL) (Comas and Eissenstat 2004) in the fine root system of the 

fast-growing species P. trichocarpa. 

The different growth performance of P. tremula and P. trichocarpa, accounted for 

asymmetric belowground competition in favor of P. trichocarpa. Considering that poplar 

root systems are growing close to the soil surface and exhibit a lateral, wide-spread root 

network which produces sinker roots to reach deeper soil layers (Douglas et al. 2010), their 

fast colonization of the soil suggests, that belowground competition occurs prior to 

aboveground canopy closure (Pregitzer and Friend 1996). Consequently, root competition 

may fundamentally determine stand productivity in poplar plantings before aboveground 

competition becomes significant. However, the competition treatments had only a minor 

influence on fine root morphology of both species. Since the modification in fine root 

morphological traits was of minor importance for the plants’ belowground competitive 

strategies it remains open, as to whether temporal or spatial niche segregation is more 

likely to occur as a competition response between poplar root systems. 

A further result of the study was the observation of two different root categories when 

compared fine roots of the box interior with data from roots we observed directly at the 

transparent front plates. We classified roots with low tissue density and larger diameter, 

primarily observed at the transparent front plate, as young pioneer roots and thinner fibrous 

roots without window contact in the inner soil of the box as absorbing fine roots. The 

ability of poplars to grow different types of roots (root polymorphism) may influence the 

interpretation of future rhizoscope data and could bias estimates on fine root dynamics or 

belowground carbon budget. 
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Concluding remarks 

Research on fine roots is crucial to understand the functional role of belowground traits for 

high biomass yield and species adaptation to drought considering potentially changing 

habitat conditions due to climate warming. The presented study ranges among the first to 

describe the complex poplar coarse and fine root system on an intraspecific scale as well as 

belowground competitive processes between ecologically contrasting poplar species. 

The large intraspecific variability in root traits can be attributed to the functional role of 

fine roots suggesting that the strong trait variability accounts for the within-species 

potential to respond to heterogeneous soil conditions. Further research on fine root 

properties is needed to seek for the potential phylogenetic control of distinct root traits 

considering the root age and root order position in order to characterize specific 

belowground resource acquisition and allocation strategies within species. This can help to 

predict genotypic differences in aboveground growth performance. 

This study showed that hydraulic properties of branches have to be considered when 

selecting plant material for highly productive plantations on drought affected sites. The 

intraspecific variation in xylem anatomy and hydraulics was related to differences in the 

genetic constitution and the overall vulnerability to xylem cavitation in aspen was low. The 

axial conductivity and the water transport to the leaves under conditions of ample moisture 

availability seem to be more important for growth than resistance to xylem cavitation in 

dry periods. In order to differentiate hydraulic conductivity and xylem safety between 

genotypes, further investigations should consider variation in pit membrane properties and 

inter vessel connections. 

In contrast to branches, large trait variation was observed in coarse root xylem anatomy 

and hydraulics what may indicate a functional plasticity in longitudinal direction of the 

root axis in order to provide sufficiently constant water supply along the entire water-flow 

path of trees. In conclusion, root anatomy-related analysis should guide future 

investigations which may also include fine root mortality rates within in poplar root 

systems as well as genetic analyses to better understand adaptation to drought events. 

Investigations on fine root mortality rates may help to better understand overall plant 

strategies to cope with drought, because sacrifice of fine roots during drought events may 
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occur as root response to drought in order to prevent xylem embolism within adhesive 

higher order roots. 

Distinctive growth-determining fine root characteristic could be found in the most distal 

root endings which therefore exhibit the most essential root parts to be investigated in 

future root studies. It is strongly recommended to consider root polymorphism as observed 

for poplar roots in this study, specifically when interpreting rhizoscope data.  
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SUMMARY 

Short-rotation forestry (SRF) systems provide sustaining resource supply that is needed to 

meet the rapidly increasing demand in wood products and renewable energy. Poplar 

species (Populus spp.) are frequently used for such plantations as they maintain high yield 

along wide environmental ranges. Specifically aspen (Populus tremula and P. tremuloides) 

reach considerable productivity even on poor soils and exhibit relatively high drought 

tolerance when compared to other taxa of the genus. However, the use of aspen in SRF 

systems is not well established. The aim of this study was to investigate the intra- and 

interspecific variation of above- and belowground functional traits which determine 

differences in environmental adaptation, drought tolerance, competitive strength and hence 

overall species performance in different aspen demes and two further poplar species (P. 

tremula and P. trichocarpa). This information may contribute to optimize yield and 

reducing the risk of failure in plantings under current and future climates. 

Major differences in functional above- and belowground traits of aspen demes of particular 

environmental adaptation became evident in the course of this study (Chapter 2). However, 

variance within the aspen fine root system properties is considerably high and above- and 

belowground trait correspondence remains inconsistent. Fine root properties are to a lesser 

extent related to genetic distance among demes than leaf-related properties. The high 

degree of plasticity in belowground (fine root) traits compared to aboveground traits 

implies a heterogeneous response to high spatial and temporal variability of belowground 

resources what may be of relevance for species growth performance. This may also explain 

why the variation in fine root morphological traits was not directly linked to differences in 

growth among the demes. Instead, much of the within-deme variation of the investigated 

root morphological traits may be explained by differentiating single root sections 

according to the hierarchical branching structure (root orders). 

The intraspecific variation in wood anatomical and hydraulic properties of branches and 

coarse roots in five genetically distinct demes were related to variation in aboveground 

productivity and drought resistance (Chapter 3). Genotypic differences in the dependence 

of growth on branch xylem hydraulic efficiency and on hydraulic safety (cavitation 

vulnerability) were found. By contrast, a large variation in coarse root anatomical and 

hydraulic traits did not determine growth performance or drought resistance among the 
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demes but manifest in the observation of ‘high-conductivity roots’ with extraordinarily 

large vessels which state the functional heterogeneity within the poplar root system. 

Belowground competition effects on physiologically important fine root morphological 

and chemical properties of P. tremula and P. trichocarpa saplings along roots of different 

order and age were identified (Chapter 4). First, the strong control exerted by the root order 

position or the age of a root segment on different root traits became evident and enabled 

species differentiation according to the investigated traits. The minor influence of different 

competition treatments on fine root morphology and chemistry suggests that morphological 

adaptation in response to competition is not a mandatory phenomenon. Moreover, the 

comparison of harvest data (fine roots of the box interior) and direct root growth 

observations (at a transparent front plate) revealed a mismatch between the two types of 

data suggesting that root polymorphism may strongly impact the interpretation of 

rhizoscope data. 

This study is the first to describe the inherent complexity and heterogeneity of the poplar 

root system in its anatomy, morphology and function on an intraspecific as well as 

interspecific scale. Further experiments and detailed root analysis within long-term field 

studies are needed for a better understanding of belowground root-related processes in 

poplar species. 
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Figure A 1 Left: aerial photo of the POPDIV field trail (facing northwest) and the neighboring GrassMan experimental site (facing southeast) taken in September 2012 (S. Dobers). Right: 4-yr old 

P. tremula and P. tremuloides saplings at the experimental site in an eastward direction in July 2012. 

 Hajek 2012  
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Figure A 2 Example of the typical differences in the fine root structure of P. tremula (a) and P. trichocarpa (b). Total 

length (cm), surface area (cm2) and mean diameter (mm) of the respective sample are given: P. tremula: 597 cm, 52 cm2 

and 0.28 mm; P. trichocarpa: 1655 cm, 92 cm2 and 0.18 mm. The analysis was carried out with WinRhizo 2005c. 

a) b) 

Hajek 2013 Hajek 2013 
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Figure A 3 Installation of the rhizobox-experiment with P. tremula and P. 

trichocarpa saplings, arranged in the greenhouse climate chamber of the 

Experimental Botanical Garden, University of Göttingen, Germany (top 

right). Coarse roots (a) and a young ‘pioneer’ root (b) of a 19-wk-old 

P. trichocarpa sapling growing along the observation window of a rhizobox 

(left). Age class (I–VI) i.e. time elapsed since first appearance (weeks) and 

root orders (1st and 3rd) are marked in the image. 
Hajek 2012 

Hajek 2012 

 



APPENDIX 

Table A 1. Summary of linear regression analyses on the dependence of xylem cross-sectional area (Axylem, mm2) on 

segment cross-sectional area (Across, mm2) for branches and coarse roots of the five aspen demes (equation: 

Axylem = a + b × Across). The intercept a and slope b, the number of samples (n), the adjusted coefficient of determination 

(r2), the P-value, and the mean fraction of xylem cross-sectional area in segment cross-sectional area (Axylem / Across, 

mean ± SE) are given. 

 

  

Deme n a b r 2 P A xylem / A cross

Branches
AU 19 -3.431 0.696 0.99 <0.001 0.61 ± 0.01
CH 21 -1.289 0.621 0.96 <0.001 0.57 ± 0.01
G2 17 -1.862 0.632 0.98 <0.001 0.57 ± 0.01
G8 23 -3.310 0.655 0.98 <0.001 0.55 ± 0.01
US 26 -3.213 0.666 0.99 <0.001 0.59 ± 0.01

All 110 -2.529 0.653 0.98 <0.001 0.58 ± 0.01

Roots
AU 14 -0.829 0.482 0.97 <0.001 0.46 ± 0.01
CH 16 -0.780 0.459 0.97 <0.001 0.41 ± 0.01
G2 17 -1.625 0.496 0.97 <0.001 0.45 ± 0.01
G8 17 -1.594 0.409 0.96 <0.001 0.36 ± 0.01
US 16 0.070 0.458 0.97 <0.001 0.45 ± 0.01

All 85 -1.319 0.469 0.96 <0.001 0.42 ± 0.01

A xylem = a + b х A cross
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Table A 2. Coefficient of determination (r2) and level of significance (P) for a linear regression analysis on the relation 

between sapwood area-specific hydraulic conductivity (Ks) normalized to different positions along the branch segments 

(maximum, mean or minimum xylem area without pith and bark) and three different anatomical traits (average vessel 

diameter (d), hydraulically weighted vessel diameter (dh) and potential sapwood area-specific conductivity (Kp) and 

sapwood area-specific hydraulic conductivity measured with the Cavitron (Ks
cavi, kg m-1 MPa-1 s-1) by dividing the 

maximum hydraulic conductivity measured at low speed by the maximum sapwood area of the sample. 

 
 

r 2 P r 2 P r 2 P

d 43 0.32 <0.001 0.26 <0.001 0.16 0.004

d h 42 0.22 0.001 0.19 0.002 0.13 0.007

K p 42 0.29 <0.001 0.27 <0.001 0.19 0.002

K s 41 0.64 <0.001 0.63 <0.001 0.36 <0.001

d 17 0.23 0.03 0.09 0.11 0.03 0.25
d h 17 0.13 0.08 0.10 0.11 0.02 0.30

K s A xylem
mean K s A xylem

min

Branch-related traits

Root-related traits

Variable n

K s A xylem
max
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