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Den längsta resan är resan inåt 

(The longest journey is the journey inwards) 

- Dag Hammarskjöld  
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ABSTRACT 

Roots allow interactions between plants and their belowground environment. Such 

interactions are especially important in ecosystems where plant biomass is dominated 

by roots, such as the Arctic. In contrast, we are still lacking knowledge about roots and 

belowground processes in many ecological topics. These belowground processes are 

likely to be altered by climate change. Consequently, we need to know about basic root 

ecological patterns and processes before we can estimate possible effects of a changing 

environment on belowground processes and thus whole ecosystems. The aim of my 

thesis was to examine three of those basic root ecological patterns and processes: plant 

community composition, resource heterogeneity, and root contributions to nutrient 

cycling. 

I investigated plant species richness belowground and aboveground along an arctic 

elevation gradient with a great variation in vegetation types. Total plant species richness 

exceeded aboveground richness two-fold on average, but by as much as over seven-fold 

in some communities. My results indicate that conventional measurements of 

aboveground plant richness dramatically under-estimate actual richness in all vegetation 

types along an elevation gradient. Consequently, measuring total plant richness 

(belowground and aboveground richness) along environmental gradients should be 

considered in future plant community studies. 

Further, I examined spatial root heterogeneity at resolutions ranging from 1 to 

300 mm² along an elevation gradient with great variation in vegetation types. The 

spatial heterogeneity of fine roots varied significantly with study resolution in all 
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vegetation types. This result suggests that roots in different vegetation types respond to 

or generate very fine scales of spatial heterogeneity, including scales much smaller than 

those that have previously been examined. Consequently, resolutions as small as a few 

millimetres are relevant to studies of spatial root interactions and belowground 

processes. 

Finally, I investigated the potential input from roots and leaves to the N cycle during 

decomposition in contrasting vegetation types, forest and tundra. This allows 

examination of possible belowground plant effects on nutrient cycling of the climate 

change induced invasion of woody vegetation into herbaceous vegetation. The potential 

N input of roots and leaves was two-fold and seven-fold greater, respectively, in forest 

than tundra, indicating that plant-associated belowground and aboveground potential 

input to the N cycle in tundra is likely to be increased by the invasion of woody 

vegetation. In contrast, the lack of significant habitat and origin of substrate effects 

suggest that N contribution of roots and leaves during decomposition in tundra might 

not be altered by the invasion of woody vegetation. Collectively, my results suggest that 

roots should be included in considerations of potential plant contributions to differences 

between forest and tundra to the N cycle.  

Overall, the results of my thesis emphasize the importance of roots on several 

belowground ecological patterns and processes in the Arctic. Roots need to be included 

in considerations of plant community diversity, spatial soil and resource heterogeneity, 

and potential plant effects on the N cycle in general, and in the changing environment in 

the Arctic in particular.  
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CHAPTER 1  

General Introduction 
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Roots form the connection between plants and their belowground environment. Root 

development is among the first steps of germination and roots continue to be essential 

throughout the plant’s life cycle. In addition, roots affect their environment, 

contributing to ecosystem functions such as nutrient cycling (Gill & Jackson, 2000). In 

particular, carbon (C) and nitrogen (N) cycling are heavily influenced by the production 

and mortality of roots (Hartley et al., 2012; Iversen et al., 2015). Root production and 

mortality in turn are influenced by numerous factors, including abiotic conditions (i.e. 

temperature, moisture, nutrient availability; Gill & Jackson, 2000; Guo et al., 2008b), 

root morphology (i.e. heterogeneity of root occurrence, root branching; Guo et al., 

2008a,b), and plant species composition and the dominant vegetation type of a 

particular habitat (woody or herbaceous) (Eissenstat et al., 2000).  

The effects of roots on nutrient cycling are especially important in high-latitude 

ecosystems, such as the Arctic, where roots comprise over 80% of plant biomass 

(Jackson et al., 1997; Mokany et al., 2006; Iversen et al., 2015). At the same time, arctic 

ecosystems are among the most sensitive to global climate change (ACIA, 2005; 

Huntington et al., 2005). The effects of climate change on arctic aboveground 

vegetation is of increasing interest within the last decades (e.g. Sturm et al., 2005; 

Sullivan & Welker, 2005; Tape et al., 2006; Euskirchen et al., 2009; Callaghan et al., 

2011; DeMarco et al., 2014). Much less is known about changes in belowground plant 

processes in the Arctic. Consequently, before we can approach questions on possible 

belowground effects to arctic habitats in a changing environment, we need a much 

better understanding of basic root ecology in high-latitude ecosystems. 
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In recent years, an increasing number of studies has focused on the topic of roots 

and their ecology in arctic habitats (e.g. Sullivan & Welker, 2005; Sloan et al., 2013; 

Blume-Werry et al., 2015, 2016; Iversen et al., 2015; Veen et al., 2015b). Nevertheless, 

compared to aboveground plant tissue, surprisingly little is known about how roots 

affect ecosystem functions in the Arctic. This is in part due to the scarcity or absence of 

adequate techniques for studying belowground plant activities and traits, such as 

belowground plant species richness, root growth, root morphology and chemistry, and 

root decomposition. 

In my thesis, I attempted to reduce the gap in our knowledge of belowground 

biomass activities and functions in the Arctic by examining several important aspects of 

belowground plant ecology: belowground plant species richness, spatial root 

heterogeneity, and root contributions to the N cycle during decomposition. 

1.1 Belowground plant species richness 

Plant species richness can affect ecosystem functions such as habitat productivity (Grace 

et al., 2007; McElroy et al., 2012). However, plant species richness and coexistence have 

been studied until now almost exclusively in aboveground vegetation. Consequently, 

whether richness-related aboveground processes reflect patterns of belowground 

processes has still to be clarified. 

Measurements of belowground plant species richness in environmental mixed-

species samples were previously constrained due to difficulties in the morphological 

assignment of roots to particular species (Wildová, 2004; Fierer & Jackson, 2006; Prober 
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et al., 2015). Novel DNA-based sequencing techniques overcome those constraints by 

using a particular DNA region as the molecular fingerprint of plant species to distinguish 

between species and species groups (Frank et al., 2010; Kesanakurti et al., 2011; 

Hiiesalu et al., 2012, 2014; Lamb et al., 2016). The application of those next-generation 

DNA sequencing techniques allows to determine whether the long-established patterns 

of aboveground plant species richness also apply belowground (Prober et al., 2015; 

Frank et al., 2015). The majority of studies using next-generation DNA sequencing for 

belowground plant richness analysis have been conducted in temperate regions 

(Kesanakurti et al., 2011; Hiiesalu et al., 2012, 2014), thus we are still lacking knowledge 

about other regions where belowground biomass dominates, such as the Arctic. In 

addition, due to the novelty of this approach, studies along environmental gradients 

with, for example, a great turnover in vegetation types, are lacking. 

Species richness belowground is likely much greater than aboveground for several 

reasons: first, plants can spread their roots further than their shoots, thus co-occurring 

with more species belowground than aboveground (Schenk & Jackson, 2002; Zobel et 

al., 2010); second, plants can survive in the soil with roots and shoot meristems staying 

dormant without producing aboveground shoots (Shefferson et al., 2005; Wildová et al., 

2007; Reintal et al., 2010); and third, the spatial heterogeneity and diversity of resources 

and soil biota is greater belowground than aboveground (Hutchings & John, 2004; Bever 

et al., 2010), resulting in greater species coexistence belowground. 

The response to environmental changes may vary between belowground and 

aboveground species richness, resulting from the above mentioned differences of 
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belowground richness to aboveground richness. Indeed, a study in a temperate 

grassland showed that, with increasing soil nitrogen, aboveground richness decreased 

whereas additional belowground richness (richness only found belowground) increased 

and total belowground richness (the sum of additional belowground and aboveground 

richness) did not change (Hiiesalu et al., 2012). Similarly, it can be expected that 

belowground and aboveground richness react differently to environmental changes like 

habitat productivity (Pärtel et al., 2012). However, studies along gradients including 

turnover in vegetation types (i.e. from woody dominated habitats to herbaceous 

dominated habitats) and the accompanying change in habitat productivity (measured by 

biomass production) are missing. 

In my thesis, I focused on the distribution of belowground and aboveground plant 

species richness along an extensive environmental gradient with great turnover in 

vegetation types. In addition, I analysed the relationship between plant species richness 

(belowground and aboveground) and habitat productivity (belowground and 

aboveground) along an elevation gradient. 

1.2 Spatial root heterogeneity 

The heterogeneous spatial distribution of roots provides information about and 

influences the heterogeneous distribution of soil resources (e.g. water, nutrients, soil 

microbiota), and might affect species diversity and coexistence (Fitter et al., 2000; 

Hutchings et al., 2000; Brassard et al., 2013). For example, roots of forest vegetation 

were found to be more heterogeneous than roots of grassland vegetation (Pärtel & 
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Wilson, 2002), thus possibly altering resource heterogeneity in the soil in grasslands 

during forest invasion (Kleb & Wilson, 1997; Pärtel & Helm, 2007). In addition to habitat-

dependent heterogeneity, variation in soil resource heterogeneity was found along a 

latitudinal gradient: temperate forest soils were more heterogeneous than grassland 

soils, whereas tropic forest soils were less heterogeneous than grassland soils (Pärtel et 

al., 2008). Consequently, it can be expected that there is no consistent pattern of root 

heterogeneity in different climatic regions. To my knowledge, no studies analysed root 

heterogeneity in higher-latitudes, such as the Arctic. There may be patterns similar to 

those observed in temperate regions, with greater root heterogeneity in woody-

dominated ecosystems because trees take up nutrients over a large area and deposit 

them under their canopy (Kleb & Wilson, 1997).  

Roots are likely to respond to and generate soil resource heterogeneity on a range of 

ecological scales because whole root systems can cover areas up to a metre scale but 

single roots with their associated rhizosphere are much smaller. The rhizosphere is the 

zone around roots with direct interactions with the soil, ranging from micrometres to 

millimetres in size (Dessureault-Rompré et al., 2007; Hinsinger et al., 2009). The 

rhizosphere is highly heterogeneous because it accommodates a variety of soil 

microbiota and compounds such as root exudates (Philippot et al., 2013). However, 

studies analysing soil and root heterogeneity have focused on scales as small as several 

centimetres only (Pärtel & Wilson, 2002; Linsenmeier et al., 2011). Rhizosphere-scale 

heterogeneity has not been examined. 
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In my thesis, I analysed spatial root heterogeneity along an elevation gradient with a 

great turnover in vegetation types (from forest to high alpine tundra). I considered 

ecological scales of a few centimetres, but in addition considered scales as small as 

1 mm², which is far smaller than previously examined scales. 

1.3 Potential belowground plant contributions to nitrogen cycling 

High-latitude terrestrial ecosystem productivity is often limited by N availability 

(LeBauer & Treseder, 2008) because of slow N cycling caused by unfavourable abiotic 

conditions (e.g. low temperature, short growing season) (Robinson, 2002). Thus, arctic 

plants have developed diverse strategies for the uptake of N and conservative within-

habitat N cycling (Callaghan et al., 1991). These strategies include the use of both 

inorganic and organic N sources (Averill & Finzi, 2011), associations with mycorrhizal 

fungi (Schimel & Bennett, 2004), and the intensified accumulation of nutrients in leaves, 

affecting litter quality (Quested et al., 2002). Another strategy for conservative within-

habitat N cycling might be related to the contribution of N from decomposing roots 

since, as noted above, root biomass accounts for the majority of plant biomass in high-

latitude ecosystems (Mokany et al., 2006). In this regard, fine roots (roots with a 

diameter ≤2 mm, Pregitzer, 2002) are an especially active N pool for plants (Fornara et 

al., 2009). However, there is little knowledge about the contribution of N from (fine) 

roots to N cycling in the Arctic. 
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1.3.1 Potential N input of roots 

The potential contribution of roots to the N cycle is reflected by the amount of N stored 

in belowground plant biomass and which may be contributed to the N cycle during 

decomposition. Consequently, the potential N input of roots depends on their N 

concentration and their biomass production.  

The amount of N in roots is often associated with their physiological function (i.e. 

water and nutrient acquisition or storage and transport; Eissenstat et al., 2000). 

Nitrogen concentration varies with root traits like diameter and colour (Steinaker & 

Wilson, 2005; Guo et al., 2008b; Gu et al., 2015). Young, thin and white roots are often 

physiologically more active and thus might have a greater N concentration than old, 

thick and brown roots (Wells & Eissenstat, 2001; Bahn et al., 2006; Guo et al., 2008b; Gu 

et al., 2015). However, the link between those root traits and N concentration and 

biomass production have been made mostly in temperate regions. Thus, it remains 

uncertain whether root N concentration and consequently root N input vary with root 

traits in arctic ecosystems as well.  

Root N input might also vary between vegetation types. This might result from 

differences in root N concentration, root mass production, or both. For example, root N 

concentration was greater in temperate forest compared to grassland (Steinaker & 

Wilson, 2005), but in another study it was greater in herbaceous than woody species 

(Pregitzer et al., 1997). Separate studies of root production in woody and herbaceous 

vegetation suggest that root production is similar or greater in forest than tundra 

(Sullivan et al., 2007; Finér et al., 2011). Consequently, with differences in root N 
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concentration and root production, N input might vary between woody and herbaceous 

dominated vegetation. 

To be able to use root traits like diameter and colour to generally estimate root N 

content and thus the potential N input of roots, I analysed the potential contribution of 

belowground plant N input to N cycling from this perspective. To test for differences in 

N input caused by vegetation, I worked in two habitats, forest and tundra. For 

completeness, I also analysed aboveground biomass for its potential N input in arctic 

forest and tundra.  

1.3.2 N contribution during root decomposition 

While the potential N input gives insights into the maximum amount of N possibly 

contributed to the N cycle, a decomposition experiment can test for the N amount 

which is actually lost from decomposing material within a certain time. Decomposition is 

a chemical and physical process of plant material being degraded from complex to 

simple molecules (Aerts, 1997). Decomposition links aboveground and belowground 

processes (Hendrickson et al., 2001) because, among other processes, it depends on and 

influences the species composition of a habitat (Silver & Miya, 2001; Lang et al., 2009; 

Birouste et al., 2012; Freschet et al., 2013). The process of decomposition can result in 

the mineralization (conversion to inorganic, plant-available forms) of nutrients such as 

N. However, it might also result in N immobilization (conversion to organic, plant-

unavailable forms) because, especially in early stages of decomposition, the decomposer 

community first needs to meet its own requirements for its growth, removing N in plant-
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available forms (Fornara et al., 2011). According to a global meta-analysis, root litter 

accounts for 33% and 48% of total annual litter input in grasslands and forest globally, 

respectively (Freschet et al., 2013). Consequently, the decomposition of roots is a critical 

process driving N input to the N cycle. To date, only a few studies examined the 

decomposition of roots and the contribution of root N to the soil and the N cycle (Aerts 

et al., 1992; Abiven et al., 2005). 

Decomposition is determined by climate (Parton et al., 2007), the decomposer 

microbial community (Lavelle et al., 2006) and substrate quality (Cornwell et al., 2008; 

Freschet et al., 2012a). In particular, the decomposition of roots is affected by root 

chemistry and root diameter (Silver & Miya, 2001; Averill & Finzi, 2011; Birouste et al., 

2012; Freschet et al., 2013), influencing the potential N loss of decomposing roots. 

Roots with a smaller diameter are expected to release more N during decomposition 

than roots with a greater diameter because of their greater initial N content (Goebel et 

al., 2011; Sun et al., 2013). 

The habitat where decomposition occurs is also likely to influence decomposition, 

along with the substrate quality of decomposing litter. This is because the decomposer 

community might be specialized to decompose litter derived from vegetation under 

which it exists since plant litter of different vegetation types varies in its physical and 

chemical properties (Ayres et al., 2009). As a result, it is often observed that plant litter 

decomposes better in its habitat of origin than away from it (“home-field advantage” 

hypothesis; Gholz et al., 2000; Veen et al., 2015a). In my region of interest, the Arctic, a 

consistent change in arctic vegetation was observed with expansion of shrubs and trees 
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into herbaceous tundra throughout the last decades (Tape et al., 2006; Hallinger & 

Wilmking, 2011; Rundqvist et al., 2011; Myers-Smith et al., 2015). This change in 

vegetation is likely to influence the contribution capability of belowground and 

aboveground plant tissue because with changing vegetation also soil properties such as 

temperature and moisture (Hallinger et al., 2010) are altered. In addition, species-

specific trait differences such as tissue production and N content might occur, which are 

likely to change N input (Pregitzer et al., 1997; Sturm et al., 2005; Steinaker & Wilson, 

2005) in contrasting vegetation types. Consequently, habitat-specific N input might be 

changed in forest-invaded tundra, challenging the home-field advantage of 

decomposing litter. While the influence of habitat on N cycling has not gone completely 

unnoticed, as is evidenced by above mentioned works, the majority of those studies 

focused on aboveground biomass. Knowledge about the root contribution in contrasting 

habitats is still lacking. 

To bring more clarity into possible effects of vegetation change on N input during 

decomposition from the belowground perspective, I tested whether the N loss of 

decomposing roots varies with root diameter, and the accompanying variation in root 

chemistry (N concentration) in forest and tundra. In addition, I analysed whether the 

habitat of origin and the habitat where decomposition occurs affect the potential N 

contribution of decomposing roots. For completeness, I also analysed aboveground 

tissue for its N contribution capacity during decomposition in its home habitat and when 

decomposed away from it. 
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1.4 Objectives of this thesis 

In my thesis, I analysed several aspects of root ecology in different arctic habitats. I 

examined belowground plant species richness, spatial heterogeneity of roots, and the 

production and potential contribution of roots to the N cycle. I used the DNA-based 

approach of next-generation sequencing to identify and analyse belowground plant 

species richness in comparison to aboveground plant species richness. In addition, I 

used a minirhizotron camera to monitor fine roots repeatedly over the growing season 

in a continuous and non-destructive manner (Hendricks et al., 2006; Rewald & Ephrath, 

2013). Further, I used a combination of minirhizotron imaging and plant tissue analysis 

to determine the potential N contribution of roots to the N cycle. The projects of this 

thesis were conducted in contrasting vegetation types (forest and tundra) and along 

extensive elevation gradients to test for the generality of the results. 

The primary objectives of my thesis were (Fig. 1.1): 

a) To compare plant species richness belowground and aboveground in different 

habitats, along an extensive elevation gradient (CHAPTER 2); 

b) To analyse the spatial heterogeneity of roots on very small ecological scales and 

along an extensive elevation gradient with great turnover in vegetation types 

(CHAPTER 3); 

c) To determine the potential N contribution from roots (and leaves) in contrasting 

habitats in the Arctic (CHAPTER 4); and  
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Fig. 1.1 Root ecological topics in the focus of the present thesis. The importance of 

roots and their dominance in the Arctic in terms of biomass and species richness is 

emphasized. The main topics of this thesis are indicated in red with their respective 

chapter numbers. Specific important plant ecological issues related to and influenced by 

the studied root ecological topics are given in black underneath.  
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d) To compare the potential N contribution from roots (and leaves) during 

decomposition in contrasting habitats depending on the habitat origin of the 

decomposing tissue and the habitat where decomposition occurs (CHAPTER 4). 

 

Results of this thesis will have theoretical relevance for understanding root ecology 

in current environmental conditions in the Arctic, and how roots themselves influence 

this environment. Consequently, this study can be used for future research of possible 

responses of roots to climate change in the Arctic. 

1.5 Study region 

1.5.1 The Arctic 

The Arctic reaches from 64° to 84° latitude (Huntington et al., 2005) with an overall land 

coverage of about 7.5 × 106 km² (Callaghan et al., 2004). The growing season (i.e. the 

time period when biological activity is greatest) is short, from early or mid-June to late 

August or mid-September (Larsen et al., 2007). Apart from low temperatures, 

precipitation is low compared to other climatic regions, typically 45250 mm annually 

(Jonasson et al., 2000). On top of that, the small amount of sunlight during winter and 

continuous sunlight during summer creates a very special environment. 

Nutrient cycling, nutrient input, and primary production are low compared to other 

climatic regions (Davidson & Janssens, 2006). Long life spans and generation times, 

along with vegetative reproduction are common traits of arctic plants (Jonasson et al., 

2000). Due to low decomposition rates, the accumulation of organic matter and C 
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makes the arctic region one of the most important habitats for C storage (McGuire et 

al., 2009; Hugelius et al., 2013). Thus, for example, about one-half of global soil organic 

carbon is stored in soils within the permafrost region, with arctic tundra and forest 

being part of this region (Tarnocai et al., 2009; Hugelius et al., 2013). 

1.5.2 Two dominant ecosystems of the Swedish Arctic 

Forest and tundra are among the most common habitats in the Swedish Arctic. In this 

thesis, forest represents mountain birch forest, and tundra represents herbaceous 

dominated habitats lacking dominance of tall woody vegetation (i.e. trees and shrubs) 

above the treeline.  

The boreal forest region in the south of the Swedish Arctic contains mainly cold 

deciduous forests and cold evergreen needle-leaf forests (Kaplan et al., 2003). The 

transition from boreal forest to tundra includes deciduous forests dominated by 

mountain birch (Betula pubescens), changing into heath vegetation dominated by dwarf 

birch (Betula nana) and Salix spp. (Callaghan et al., 2004). The subsequent tundra region 

is characterised by dominating herbaceous vegetation of artic-alpine vascular plants.  

Stimulated by climate change, tree and shrub vegetation has invaded herbaceous 

vegetation during the last decades (Hallinger et al., 2010; Hedenås et al., 2011; 

Rundqvist et al., 2011; Myers-Smith et al., 2015). Thus, the transition zone between 

forest and tundra, the treeline ecotone, which is rich in biodiversity and ecosystem 

services (Rundqvist et al., 2011), is changing, resulting in a shift of the treeline. 
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Therefore, tundra soils are likely to turn into forest soils with accompanying changes in 

the N cycle, and litter quality and quantity (Sjögersten & Wookey, 2005). 

Based on the expansion of trees and shrubs into herbaceous tundra, it is important 

to compare forest and tundra, as well as the transition between them for their 

belowground influence on ecosystem processes. This knowledge will assist in predicting 

climate change induced changes in forest, tundra and their transition zone. 

1.5.3 Study area 

The field work for this thesis was conducted near Abisko (68°19′N 18°41′E), Sweden, 

about 100 km northwest of Kiruna, Norrbottens län, Sweden, and about 200 km inside 

the Arctic Circle (Fig. 1.2). The annual average temperature is -0.1 °C (1981–2010; Abisko 

scientific research station) with mean winter and summer temperatures of -9 °C and 

10 °C, respectively (Grogan & Jonasson, 2003). The growing season lasts for 

approximately 100 days (Karlsson et al., 2003). Mean annual precipitation at Abisko is 

about 335 mm (19812010; Abisko Scientific Research Station) but can range to about 

1000 mm in the area (19612013; SMHI, 2014). Around one-third of the mean annual 

precipitation occurs during summer (Kohler et al., 2006). From early October to late May 

the vegetation is usually snow-covered (Grogan & Jonasson, 2003).   

The bedrock in the area consists of feldspathic metasandstone, metagreywacke, 

quartzite, phyllite, meta-conglomerate, schist and marble (Blume-Werry et al., 2015). 

Consequently, the soils in the area are often derived from a schist-limestone-quartzite 

mixture (SGU, 2015) and can be classified as lithosols.  
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Fig. 1.2 Map of the study area in northern Sweden with study site locations. The right 

panel shows the location of the Abisko research area in northern Sweden on a large-

scale map. The small-scale map on the left with colour-encoded elevation [linear ramp 

from black (200 m a.s.l.) to white (1400 m a.s.l.)] shows the location of study sites for 

the respective studies of this thesis (triangles – belowground species richness; 

squares – spatial root heterogeneity; circles – potential root input to N cycling; 

rhombs – root contribution to N cycling during decomposition). Abisko is marked with a 

red star. The map was generated with QGIS v.2.16.1 (QGis Development Team, 2016). 

GIS data sources used: countries, oceans, geographic lines – Natural Earth (2016); 

elevation profile – U.S. Geological Survey (2015); roads and waterbodies – European 

Environment Agency (2014).
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CHAPTER 2  

The sum is greater than the visible parts: Total 

plant richness is twice that of aboveground richness 

along an elevation gradient 

This chapter is based on the following manuscript:  

Träger, S, Öpik, M, Vasar, M, Wilson, SD (submitted to Molecular Ecology). The sum is 

greater than the visible parts: Total plant richness is twice that of aboveground 

richness along an elevation gradient.  
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2.1 Summary 

Plant species richness and coexistence have been studied almost exclusively in 

aboveground vegetation. Knowledge about richness that includes belowground plant 

richness is very sparse, and entirely absent along environmental gradients. 

I investigated plant richness along an arctic elevation gradient from 500 m a.s.l. 

(forest) to 1100 m (high alpine tundra). I used 454 sequencing of the chloroplast trnL 

(UAA) intron to determine belowground richness in environmental root samples, 

conventional vegetation surveys to determine aboveground richness, and combined 

them to obtain total plant richness. 

Total plant richness exceeded aboveground richness two-fold on average, but by as 

much as over seven-fold in some communities. Moreover, the extent to which total 

richness exceeded aboveground richness varied with elevation, being greatest in low 

alpine tundra at 750 m. Lastly, there was no consistent relationship between richness 

and biomass. 

My results indicate that conventional measurements of aboveground plant richness 

dramatically under-estimate actual richness in different vegetation types along an 

elevation gradient. Moreover, I showed that there is no general pattern in the 

relationship between richness and biomass. Consequently, measuring total plant 

richness (belowground and aboveground richness) along environmental gradients 

reveals different patterns from those well-known from previous studies of aboveground 

richness. 
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2.2 Introduction 

Our understanding of plant species richness and coexistence derives almost entirely 

from analysing patterns and processes relating to aboveground vegetation (Pärtel et al., 

2012). In contrast, up to 80% of plant biomass is belowground in many ecosystems, 

ranging from temperate to polar regions (Jackson et al., 1996; Mokany et al., 2006). 

Until recently, measuring species richness belowground was constrained by our inability 

to unambiguously assign roots to species in natural communities (Fierer & Jackson, 

2006; Prober et al., 2015). Currently, DNA-based methods and the development of new 

sequencing approaches to analyse environmental mixed-species samples have 

overcome such constraints (Mommer et al., 2010; Jones et al., 2011; Kesanakurti et al., 

2011; Hiiesalu et al., 2012; Lamb et al., 2016). Nevertheless, the generality of the few 

studies that address belowground plant species richness is limited by a lack of variation 

in vegetation types (Prober et al., 2015).  

One of the longest standing questions in plant ecology is the degree to which 

aboveground and belowground patterns are coupled, including richness (van der Putten 

et al., 2009; Pärtel et al., 2012). Several factors suggest that belowground plant richness 

should contribute to total plant richness by adding species not found in surveys of 

aboveground richness (Hiiesalu et al., 2012). First, herbaceous perennial plants have 

persistent belowground meristems, enabling short to long-term dormancy in the soil 

without producing aboveground shoots (Shefferson et al., 2005; Klimešová & Klimeš, 

2007; Wildová et al., 2007; Reintal et al., 2010). Second, species coexistence 

belowground should be greater than aboveground due to the more heterogeneous 
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distribution and diversity of resources (soil nutrients, water, microbiota etc.) (Hutchings 

& John, 2004; Bever et al., 2010; Fay et al., 2015), resulting in more opportunities for the 

partitioning of belowground soil resources. Third, plants can spread roots further than 

shoots (Schenk & Jackson, 2002), via stolons or rhizomes (Zobel et al., 2010), resulting in 

overlapped root systems. All of these factors should cause belowground richness to 

exceed aboveground richness. Consequently, total richness (aboveground and 

belowground combined) is likely to exceed aboveground richness. Further, variation in 

the extent to which these factors occur in different vegetation types is likely to result in 

variation in the extent to which total richness exceeds aboveground richness among 

contrasting plant communities. 

The response of belowground compared to aboveground plant richness may differ 

with changing environmental conditions as occurs, for example, along gradients of 

resource availability (Hiiesalu et al., 2012). Environmental gradients are helpful 

approaches for understanding plant community responses, including species richness, to 

changes in abiotic and biotic factors (Sundqvist et al., 2013) since they provide insights 

in long-term and large-scale responses of a wide variety of plant communities. Analyses 

that consider total richness are lacking along extended environmental gradients 

(Kesanakurti et al., 2011; Hiiesalu et al., 2012, 2014; Lamb et al., 2016). Until recently, 

gradient studies were restricted to aboveground vegetation and they show a wide 

variety of responses of aboveground richness to elevation changes (Grytnes, 2003; 

Bruun et al., 2006; Sundqvist et al., 2011). Only one study has analysed different 

richness types along an environmental gradient (Hiiesalu et al., 2012). There, total 
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richness did not change with increasing soil fertility, whereas additional belowground 

richness increased and aboveground richness decreased. That study, however, was 

carried out along a relatively short elevation gradient, comprising an elevation change of 

c. 10 m (S. Wilson, personal observation) in a grassland. To my knowledge, no study has 

examined total richness comprised of belowground and aboveground richness along a 

gradient that includes several vegetation types. 

The relationship between richness and biomass (as a measure of productivity) is 

another much-studied topic in plant community ecology (Kelemen et al., 2013; Dengler 

et al., 2014; Hiiesalu et al., 2014; Pierce, 2014; Grace et al., 2016). Plant species richness 

can be expected to vary with biomass due to a variation in structural complexity of 

communities resulting in, for example, species facilitation and competition (Guo, 2007). 

Adler et al. (2011) used a global assessment of grasslands to show that no consistent 

relationship exists between richness and biomass at local to global scales. In contrast, 

another global assessment of grasslands strongly supports a hump-shaped distribution 

of the relationship between richness and biomass along environmental gradients (Fraser 

et al. 2015). Consequently, the generality of a single relationship model is debatable. 

Further, as noted above, studies of richness-biomass relationships address aboveground 

richness and biomass, and belowground relationships are unknown. 

In this study, I combined conventional vegetation surveys of aboveground plant 

richness with DNA sequencing of belowground plant richness at the plant 

neighbourhood scale to test how the two measures correspond and change along an 

elevation gradient. I combined aboveground and belowground richness to determine 
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total richness. I explored the different richness components along an elevation gradient 

spanning 600 m, which incorporates a range of communities from forest to near the 

upper limit of vascular plants. I tested whether (i) total richness exceeds that 

aboveground at several elevations; (ii) the extent to which total richness exceeds 

aboveground richness varies with elevation; and (iii) different richness components 

(aboveground, belowground and total) are correlated with their corresponding biomass 

components (aboveground, belowground and total) along an elevation gradient. 

2.3 Materials and methods 

2.3.1 Study sites and sampling 

I studied species richness of vascular plants aboveground and belowground at four 

elevations (500 m, 600 m, 750 m, 1100 m above sea level, a.s.l.) at Låktajåkka (68°25′N 

18°19′E) about 200 km inside the Arctic Circle near Abisko, Sweden (Fig. 1.2). The mean 

annual temperature is -0.1 °C (1981–2010; Abisko scientific research station), during 

growing season from mid-June to end of August it is 5.8 °C (Cornelissen et al., 2007) at 

the lowest elevation. Mean annual precipitation at the study area is about 1000 mm 

(1961–2013; SMHI, 2014). From early October to mid-June the vegetation is usually 

snow-covered. The disappearance of snow at higher elevations occurs approximately 

one to three weeks after that at lower elevations (S. Träger, personal observations). 

Around one-third of the mean annual precipitation occurs in summer. The soil in the 

study area is derived from a schist-limestone-quartzite mixture (SGU, 2015). Dominant 

plant species are Betula pubescens Ehrh. and Avenella flexuosa (L.) Trin. at 500 m 
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(68°25.5’N 18°19.4’E), Empetrum nigrum L. and Vaccinium spp. at 600 m (68°25.1’N 

18°16.6’E), Viola biflora L. and Bistorta vivipara (L.) Gray at 750 m (68°24.9’N 18°21.7’E), 

and Silene acaulis (L.) Jacq., Harrimanella hypnoides (L.) D. Don and Salix polaris 

Wahlenb. at 1100 m (68°23.8’N 18°26.1’E). The study sites were not actively managed, 

but reindeer grazing occurred occasionally. 

I examined plant species richness at two randomly chosen 1 m-long transects at each 

elevation, with five plots per transect, resulting in a total of 40 samples. Transects at 

each elevation were separated by >50 m. I measured aboveground, belowground and 

total richness at the plant neighbourhood scale in volumes of 0.1 x 0.1 x 0.1 m at each 

plot in July 2015. The plant neighbourhood scale was chosen because it is the scale 

where plants interact with their environment (Weigelt et al., 2007). For sampling the 

exact volume aboveground and belowground, I used a frame of the required 

dimensions. 

I measured aboveground species richness by identifying all vascular plant species at 

each plot. This included species that were rooted in the sample, as well as species that 

occurred within the frame in the plot but might have rooted outside. Aboveground 

biomass in the plots was measured by cutting biomass, removing litter, and 

subsequently oven-drying at 70 °C for 24 h and weighing (Hiiesalu et al., 2014). 

I measured belowground plant species richness in soil located directly below the 

corresponding aboveground plots. The litter layer was removed, roots were sieved and 

washed from soil and sorted to exclude dead material on the basis of colour and 

physical appearance (Gregory, 2006). Root biomass was dried at 50 °C for 24 h and 
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weighed. Roots were then crushed using liquid nitrogen (Hiiesalu et al., 2014). A root 

subsample of 70 mg dry weight was used for molecular analysis.  

2.3.2 Root DNA extraction and 454 sequencing 

Root subsamples were pulverized with 2.3-mm chrome-steel beads (BioSpec Products 

Inc., Bartlesville, OK, USA) in a Mixer Mill 400 (Retsch GmbH, Haan, Germany). DNA was 

extracted using the PowerSoil DNA Isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA, 

USA) (Hiiesalu et al., 2014) with the modification of adding 75 µl of kit-included sterile 

elution buffer (solution C6) twice to elute as much DNA as possible, eluting a final 

volume of 150 µl. 

Plant chloroplast trnL (UAA) intron gene sequences of root samples were amplified 

using primers c and d (Taberlet et al., 1991), and linked to 454 sequencing adaptors A 

and B, respectively, as in Hiiesalu et al. (2012). Sample-identifying tag sequences of 8 bp 

length were designed (Parameswaran et al., 2007). A two-step polymerase chain 

reaction (PCR) was conducted (Hiiesalu et al., 2014): in the first PCR reaction, PCR 

primers were linked to tag sequences and partially 454 sequencing adaptors A and B; in 

the second PCR reaction the full 454-adaptor+tag+PCR primer structure was completed 

using the full 454-adaptors A and B as PCR primers. The resulting composite forward 

primer in the first PCR reaction was:  

5’-GTCTCCGACTCAG(NNNNNNNN)CGAAATCGGTAGACGCTACG-3’; and the reverse 

primer: 5’-TTGGCAGTCTCAG(NNNNNNNN)GGGGATAGAGGGACTTGAAC-3’, where A and 

B adaptors are underlined, the tag is indicated by N-s in parentheses and specific 
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primers c and d are shown in italics. In the reverse primer, the same genetic region 

(hereafter barcode) was incorporated into all samples. PCR reactions were performed in 

a total volume of 30 µl, containing 15 µl of Smart-Taq Hot Red 2 x PCR Mix (Naxo OÜ, 

Estonia), 0.2 µM of each primer and 3 µl of template DNA. The reactions were run on a 

2720 Thermal Cycler (Applied Biosystems, USA) with the following conditions: 95 °C for 

15 min; five cycles of 92 °C for 45 s, 42 °C for 30 s, 72 °C for 90 s; 35 (first PCR) or 20 

(second PCR) cycles of 92 °C for 45 s, 65 °C for 30 s, 72 °C for 90 s, followed by 65 °C for 

30 s and 72 °C for 10 min. PCR products were separated by electrophoresis through a 

1.5% agarose gel in 0.5 TBE (Tris-boreta-Ethylenediaminetetraacetic acid medium), and 

then purified in plate format using the Agencmyt AMPureXP Kit (Beckman Coulter Inc.). 

Samples were eluted in Buffer EB (QIAGEN Inc.). The DNA amount in the purified PCR 

products was measured using an Appliskan fluorescence-based microplate reader 

(Thermo Scientific) and PicoGreen® dsDNA quantitation reagent (Quant-iT dsDNA Broad 

Range Assay Kit, Invitrogen). Products were mixed at equimolar concentration. The DNA 

mix was sequenced on a Roche 454 FLX next generation sequencing platform at 

Microsynth AG (Balgach, Switzerland). 

2.3.3 Reference sequence database 

To identify vascular plant species within my root samples, I created a custom-made trnL 

(UAA) intron gene reference sequence database which included sequences from three 

sources: (i) leaf material sampled at my study sites and sequenced; (ii) sequences of my 

study plant species available in the International Nucleotide Sequence Database (INSD); 
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and (iii) sequences of my study species in the Eco-Change Project (Gielly & Sonstebo, 

2009). I collected and identified plant species from my study sites and the surrounding 

area. Leaf samples were pulverized using metal beads as described above. DNA was 

extracted from leaf samples using the PowerSoil-htp 96 Well Soil DNA Isolation kit (Mo 

Bio Laboratories Inc., Carlsbad, CA, USA) following Hiiesalu et al. (2014), eluting a final 

volume of 150 µl. Subsequently, leaf DNA samples were subject to PCR of chloroplast 

trnL (UAA) intron gene using the universal primers c and d (Taberlet et al., 1991). PCR 

reactions were performed in a total volume of 25 µl, containing 9.5 µl distilled water, 

12.5 µl Smart Taq Hot 2 x PCR Mix (Naxo, Tartu, Estonia), 1 µl of 10 µM of each primer 

and 1 µl template DNA. Thermocycling conditions were as follows: 95 °C for 15 min; 35 

cycles of 95 °C for 30 s, 51 °C for 1 min, 72 °C for 1.5 min; 72 °C for 10 min using a 

Mastercycler pro vapo.protect (Eppendorf AG, Hamburg, Germany). Positive PCR 

products were sequenced in both directions using a 3730xl DNA Analyser (Applied 

Biosystems, Thermo Fisher Scientific, MA, USA) at the Core Laboratory of the Estonian 

Biocentre, Tartu, Estonia. Raw sequences of the forward and reverse primer per species 

were assembled and trimmed to remove primer sequences using SEQUENCHER 5.1 

(GeneCodes Corp., Ann Arbor, MI, USA). The newly generated sequences were 

submitted to the European Molecular Biology Laboratory (EMBL) under the accession 

numbers LT160643 – LT160696. The reference sequence database is provided in 

Appendix A (Table A1). 



28 
 

2.3.4 Bioinformatical analysis 

I used 454 sequencing reads (generated sequences) which met the following quality 

criteria: (1) correct barcode and forward primer with 100% match, (2) ≥170 bp long, 

excluding barcode and primer sequence, (3) average minimum sequence quality score of 

25 (Caporaso et al., 2010), and (4) 50 bp sliding window quality check, with trimming 

sequence ends if quality drops below 20. I tested 454 reads for possible chimeras using 

USEARCH (Edgar et al., 2011) in reference database mode using default parameters and 

excluded those from further analysis (1018 chimeras). Since the gene region between 

primers c and d is not sufficiently conserved to allow discernment between closely 

related species across all plant families, I aligned the reference sequences (Jalview 2.8; 

Waterhouse et al., 2009) and conducted phylogenetic analysis using neighbourhood 

joining tree (F84/WAG+G; TOPALi v2.5; Milne et al., 2009) to test if the species within 

my database are distinguishable. For 14 species this was not the case, thus I had to 

define operational taxonomic units (OTUs) in my custom-made reference database with 

sequence similarity ≥99% (Appendix A Table A1). 

To identify plant species in my root samples, I assigned 454 reads against my 

custom-made trnL (UAA) intron gene reference database using BLAST. The criteria for 

this BLAST search were as follows: (1) sequence similarity ≥97%, (2) BLAST e-value <1e-

50, and (3) alignment length ≥95% of the shortest sequence (query or reference 

sequence). Hits with <5 sequence were excluded from further analysis, because they 

might result from pyrosequencing errors (Tedersoo et al., 2010). If reads of my samples 

did not match with my custom-made reference database, I tested them against the 
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whole INSD database using BLAST with following criteria: (1) sequence similarity ≥90%, 

(2) BLAST e-value <1e-50, and (3) alignment length of ≥90% of the shortest sequence. I 

also clustered aboveground species in the same OTUs as used in my custom-made 

reference database to have the same taxonomic resolution (Appendix A Table A1). This 

might underestimate species richness within my samples, but enables richness 

comparison aboveground and belowground. The strengths and limitations of plant root 

DNA identification using 454 sequencing of the trnL (UAA) intron gene of c and d 

primers as applied in this study are discussed in earlier studies (Hiiesalu et al., 2012; 

Pärtel et al., 2012). Representative sequences of all plant species from all sites were 

submitted to EMBL (submission in progress). 

2.3.5 Species richness components 

I examined three components of plant species richness in each sample following Hiiesalu 

et al. (2012): (i) aboveground richness (species detected by vegetation surveys 

aboveground); (ii) additional belowground richness (species detected by DNA analysis of 

belowground samples but absent from the respective aboveground samples); and (iii) 

total richness (aboveground richness plus additional belowground richness). Species 

that were measured aboveground in a sample but not detected by 454 sequencing of 

belowground samples were excluded from further analysis to allow comparable 

measures of aboveground and belowground richness (Hiiesalu et al., 2012). Failure to 

detect species in belowground samples that were present aboveground may have been 

because of amplicon competition during mixed-species PCR and sequencing, so that 
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DNA of some species is amplified more efficiently than that of others (Schlichter & 

Bertioli, 1996). In total, 33 plant species were used for analysis of richness patterns. 

2.3.6 Statistical analysis 

Variation in additional belowground plant richness and aboveground richness among 

elevations was examined using a two-way mixed-effect model ANOVA. For this, 

elevation and richness component served as fixed factors and transect as random 

factor. Total and aboveground richness were examined separately because 

aboveground richness is a subset of total richness. Variation in total and aboveground 

richness among elevations was examined using separate one-way mixed-effect ANOVAs 

with richness as a fixed factor and transect as a random factor, respectively (function 

lme, R package “nlme”; R Development Core Team, 2015). The test method for all 

mixed-effect ANOVAs was maximum likelihood. Post-hoc tests for two-way mixed-effect 

ANOVAs were done using least square means with the function lsmeans from the R 

package “lsmeans” (Lenth, 2016), with the adjustment method “Tukey”. Post-hoc tests 

for one-way mixed-effect ANOVAs were done using Tukey’s HSD. Variation in 

belowground and aboveground biomass was statistically examined with a two-way 

mixed-effect ANOVA using the same approach as described for species richness. 

The relationships between belowground richness (richness detected from root DNA 

plus aboveground species) and belowground biomass, aboveground richness and 

aboveground biomass, and total richness and total biomass were tested with linear 

mixed-effect models with richness and biomass types as fixed factors and transect as a 
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random factor (function lme, R package “nlme”, test method maximum likelihood; R 

Development Core Team, 2015). I modelled belowground richness as a function of 

belowground biomass or as a function of the second order polynomial of belowground 

biomass to test for a linear or quadratic relationship, respectively. To identify the best 

model, I did model comparison using Akaike Information Criterion (AIC; Burnham & 

Anderson, 2002). The same approach was used for the relationship of aboveground 

richness and aboveground biomass and total richness and total biomass. I used the 

function r.squareGLMM (R package “MuMIn”; Nakagawa & Schielzeth, 2013) to 

determine the coefficient of determination, r², for all significant relationships. All of the 

statistical analyses were implemented in R 3.2.3 (R Development Core Team, 2015). 

2.4 Results 

I obtained 41 722 sequences from 40 samples of the chloroplast trnL (UAA) intron gene 

with a length of ≥170 bp (maximum length 704 bp; average length 509 bp) that carried 

the correct tag and primer sequence. Of these, 34 001 sequences (82%) were assigned 

to 40 vascular plant species of my custom-made reference database from which seven 

species had to be excluded from further analysis (see section 2.3.5 Species richness 

components). Samples yielded on average 850 (± 350; SD) sequences, with samples at 

500 m yielding 703 (± 193) sequences, at 600 m 794 (± 341) sequences, at 750 m 819 

(± 322) sequences and at 1100 m 1084 (± 429) sequences. For the 18% of sequences not 

assigned to plant species of my custom-made reference database, a BLAST search 

against INSD revealed that 88% were vascular plants (mostly from the families 
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Ericaceae, Asteraceae and Poaceae), 4% were Bryophytes, and 7% could not be 

identified. 

Ten plant species or species groups that occurred aboveground in my plots were not 

detected by 454 sequencing: Astragalus alpinus (present in one sample), Pedicularis 

lapponica (one sample), Pyrola minor (two samples), Kalmia procumbens (two samples), 

Lycopodium clavatum (two samples), Silene acaulis (four samples), Harrimanella 

hypnoides (six samples), Carex group (OTU 4; 11 samples), Vaccinium myrtillus (13 

samples), and Viola biflora (15 samples). Overall, 1.5 species (± 1.1 species) per sample 

went undetected using 454 sequencing, with 0.9 (± 0.3), 0.5 (± 0.5), 2.4 (± 1) and 2.1 

(± 1.2) species being undetected at 500, 600, 750 and 1100 m, respectively. 

Belowground plant species richness exceeded aboveground richness on average by 

2.5 times in my study system (Fig. 2.1a), but by as much as 7.5 times in some 

communities. Richness varied significantly (P < 0.05) between aboveground richness and 

additional belowground richness (F1,63 = 4.28; P = 0.04; Fig. 2.2a). Further, richness 

varied significantly with elevation (F3,63 = 30.15; P < 0.001). There was a significant 

interaction between richness component and elevation (F3,63 = 11.97; P < 0.001), 

because additional belowground richness was significantly greater than aboveground 

richness only at 750 m. Pairwise comparisons showed that additional belowground 

richness was significantly greater at 750 m than at any other elevation, and that 

aboveground richness did not vary significantly with elevation. Thus, the extent to which 

additional belowground richness exceeded aboveground richness varied with elevation 

(mean additional belowground: aboveground ratios: 500 m: 1.0; 600 m: 1.1; 750 m: 3.2; 
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1100 m: 1.1). Communities at 750 m with relatively high aboveground species richness 

had a greater additional belowground richness than communities at 500 m and 600 m 

with lower aboveground species richness (Fig. 2.3). Additional belowground richness 

was up to 6.5 times greater than aboveground richness (Fig. 2.3), and on average 1.6 

times greater. This resulted in total richness being up to over seven-fold greater than 

aboveground richness in some communities. 

Differences between total and aboveground plant richness cannot be statistically 

tested because the latter is used to calculate the former. Thus, I performed separate 

ANOVAs for total and aboveground richness among elevations. Both total and 

aboveground richness varied significantly with elevation (total: F3,27 = 71.02; P < 0.001; 

aboveground: F3,27 = 4.26; P = 0.01; Fig. 2.2b). Total richness exceeded aboveground 

richness at all elevations. 

Most plant species (30 out of 33) occurred more frequently belowground than 

aboveground, as shown by their position above the 1:1 ratio line in Fig. 2.4. Fifteen 

species or species groups were detected only belowground, the most common being the 

Betula group (OTU 3), Festuca group (OTU 5), Oreojuncus trifidus and Potentilla nivea. 

Betula spp. form the overstorey at the forest site at 500 m but its shoots failed to be 

included aboveground within the plant neighbourhood scale of 0.01 m2. Due to this, 

species richness from forest site represent understorey richness. All species that were 

only present in belowground samples during this study have been detected 

aboveground at my study sites in previous years (S. Träger, unpublished data). The most 

common species or species groups overall, both aboveground and belowground were   
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Fig. 2.1 Plant species richness and biomass aboveground and belowground. Mean 

(± SD) plant species richness (a), and plant biomass (b) aboveground (values above zero 

line) and belowground (values below zero line) averaged across four elevations. Species 

richness is shown in 0.001 m3 sample volume.  
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Fig. 2.2 Plant species richness components among elevations. Mean (± SD) plant 

species richness among different elevations for (a) aboveground and additional 

belowground richness, and (b) aboveground and total richness (additional belowground 

richness plus aboveground richness). Species richness is shown in 0.001 m3 sample 

volume. In (a) I conducted a two-way ANOVA testing for elevation (E) and species 

richness component (CR) (***, P < 0.001; *, P < 0.05). In (b) I conducted separate 

ANOVAs for each richness component among elevations (aboveground: EAG; total: ETotal; 

***, P < 0.001; *, P < 0.05), because aboveground richness is part of total richness which 

prohibits statistical tests between richness components. Means sharing low case letters 

are not significantly different [(a) least square means, P < 0.05; (b) Tukey HSD Test, 

P < 0.05; a-b for aboveground richness; h-j for additional belowground and total 
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richness]. Significant differences between aboveground and additional belowground 

richness per elevation are indicated by their significance level (***, P < 0.001).  
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Fig. 2.3 Relationship between additional belowground and aboveground richness for 

different elevations. Additional belowground richness and aboveground richness are 

shown in a sample volume of 0.001 m3. Red line represents 1:1 ratio of additional 

belowground and aboveground richness. Some points overlap, resulting in fewer points 

shown than were sampled (n = 10 per elevation).  
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Empetrum nigrum, Salix group (OTU 6), Vaccinium uliginosum and Cornus suecica (Fig. 

2.4; Table 2.1).  

Belowground plant biomass exceeded aboveground biomass on average by 6.8 times 

(Fig. 2.1b). Belowground plant biomass was significantly greater than aboveground 

biomass (F1,63 = 680.39; P < 0.001; Appendix A Fig. A1), and varied among elevations 

(F3,63 = 43.17; P < 0.001), with smallest biomass at 1100 m. Additionally, a significant 

interaction between biomass type and elevation occurred (F3,63 = 55.41; P < 0.001), 

indicating that the extent to which belowground biomass exceeded aboveground 

biomass varied with elevation, being greatest at 750 m and smallest at 1100 m (mean 

belowground biomass: aboveground biomass ratio: 500 m: 22.5; 600 m: 4.7; 750 m: 

55.9; 1100 m: 3.5). 

The relationship between belowground plant richness (richness detected from root 

DNA) and belowground biomass was best described by a quadratic model (t = -2.19; 

P = 0.04; r² = 0.19; Fig. 2.5a), suggesting that belowground richness was greatest at 

intermediate levels of belowground biomass. The relationship between aboveground 

richness and aboveground biomass was not significant (t = 0.61; P = 0.55; Fig. 2.5a), 

indicating that changes in aboveground richness are not related to changes in 

aboveground biomass. The relationship between total richness and total biomass was 

best described by a linear model (t = -2.54; P = 0.016; r² = 0.15; Fig. 2.5b): total richness 

decreased with increasing total biomass.  
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Fig. 2.4 Plant species frequencies belowground versus aboveground. The number of 

samples in which plant species occurred (“plant species frequency”) for all elevations 

belowground and aboveground. Each point represents one species (some points might 

be overlapped, thus they were shifted for better display). Numbers account for species 

codes following Table 2.1. Red line represents 1:1 ratio of belowground and 

aboveground frequency.  
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Table 2.1 Detected vascular plant species and species groups (operational taxonomic 

units, OTUs) using the trnL (UAA) intron gene. International nucleotide sequence 

database (INSD) accession numbers of reference sequences generated in this study are 

highlighted in bold. 

Species 

no. 

Species Family OTU 

no. 

INSD 

accession no. 

Total no. of 

sequences 

1 Antennaria alpina Asteraceae 1 LT160643 3283 

 Gnaphalium supinum ″ 1 LT160644  

2 Scorzoneroides 

autumnalis 

″  LT160647 32 

3 Saussurea alpina ″  LT160648 1894 

4 Solidago virgaurea ″  LT160649 5 

5 Betula nana Betulaceae 3 LT160650 1652 

 Betula pubescens ″ 3 LT160651  

6 Cornus suecica Cornaceae  LT160655 5480 

7 Equisetum arvense Equisetaceae  HM590277 29 

8 Vaccinium vitis-idaea Ericaceae  GQ245640 557 

9 Arctous alpina ″  LT160659 115 

10 Empetrum nigrum ″  LT160661 5679 

11 Phyllodoce caerulea ″  LT160663 60 

12 Vaccinium uliginosum ″  LT160665 5943 

13 Huperzia selago Huperziaceae  LT160667 284 

14 Oreojuncus trifidus Juncaceae  LT160668 773 

15 Luzula arcuata ″  LT160669 7 

16 Luzula spicata ″  LT160670 14 

17 Diphasiastrum alpinum Lycopodiaceae  LT160671 3196 

18 Agrostis vinealis Poaceae  LT160673 60 

19 Avenella flexuosa ″  LT160674 1662 

20 Festuca rubra ″ 5 LT160675 943 

 Festuca vivipara ″ 5 LT160676  
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21 Poa alpina ″  LT160678 273 

22 Trisetum spicatum ″  LT160679 1705 

23 Trisetum subalpestre ″  LT160680 114 

24 Bistorta vivipara Polygonaceae  LT160681 162 

25 Trientalis europaea Primulaceae  LT160684 57 

26 Actaea spicata Ranunculaceae  LT160685 21 

27 Ranunculus acris ″  LT160686 5364 

28 Thalictrum alpinum ″  LT160687 385 

29 Potentilla nivea Rosaceae  LT160688 1563 

30 Salix lapponum ″ 6 LT160691 217 

 Salix reticulata ″ 6 GQ245460  

 Salix polaris Salicaceae 6 GQ245454  

31 Bartsia alpina Scrophulariaceae  LT160692 3497 

32 Euphrasia frigida ″  LT160693 35 

33 Veronica alpina ″  LT160695 306 
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2.5 Discussion 

Total plant richness consistently exceeded aboveground richness by as much as seven-

fold at the plant neighbourhood scale in habitats ranging from forest to high alpine 

tundra. Moreover, the extent to which total richness exceeded aboveground richness 

varied with elevation, being greatest in low alpine tundra at 750 m. Additionally, the 

way in which each component of richness varied with its respective biomass differed.  

2.5.1 Belowground and aboveground plant richness components  

My prediction that total plant richness exceeds aboveground richness was confirmed 

(Fig. 2.2b). Across all elevations, aboveground richness alone underestimated total 

richness by c. 50%, and by as much as 85% at one elevation (750 m). Total richness in 

the present study is defined as the combination of aboveground richness detected by 

conventional vegetation surveys and additional belowground richness detected by DNA-

based root identification at the plant neighbourhood scale. Previous studies of total 

richness used various expressions for this term, including “total belowground richness”, 

“belowground richness” (Hiiesalu et al., 2012, 2014) and “root richness” (Lamb et al., 

2016), but all of these terms are comparable to my “total richness”. Just one study, 

conducted in a Canadian prairie and a high arctic tundra, reported lower total than 

aboveground richness, which was likely caused by smaller sample sizes belowground 

than aboveground (Lamb et al., 2016). Studies using comparable sample volumes   
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Fig. 2.5 Relationship between different species richness components and their 

corresponding biomass component. (a) Relationship between belowground plant 

richness (additional belowground richness plus aboveground richness) and belowground 

plant biomass, and aboveground richness and aboveground biomass for different 

elevations. Filled symbols – belowground richness and belowground biomass, open 

symbols – aboveground richness and aboveground biomass. Line represents quadratic 

fit of belowground richness to belowground biomass (coefficient of determination 

r² = 0.19). Missing fit for aboveground components indicates non-significant 

relationship. (b) Relationship between total richness (additional belowground richness 

plus aboveground richness) and total biomass for different elevations. Line represents 

linear fit of total richness to total biomass (r² = 0.15). Species richness is shown in 

0.001 m3 sample volume.  
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belowground and aboveground mainly show results similar to mine, i.e. total richness 

exceeds aboveground richness (Kesanakurti et al., 2011; Hiiesalu et al., 2012, 2014). 

Total richness at my study site can be expected to exceed aboveground richness for 

several reasons (Hiiesalu et al., 2012). The belowground three-dimensional competition 

for water and nutrients versus the aboveground one-dimensional competition for light 

(Rajaniemi, 2003; Hiiesalu et al., 2012) may enable plants to partition soil space 

belowground in more dimensions, facilitating species coexistence belowground (Hiiesalu 

et al., 2014). Species like Festuca spp. and Thalictrum alpinum form rhizomes or spread 

vegetatively which allows them to spread their roots further than their shoots (Schenk & 

Jackson, 2002). Belowground meristems also allow short to long-term dormancy in the 

soil (Shefferson et al., 2005; Wildová et al., 2007; Reintal et al., 2010), allowing survival 

in unfavourable years due to both abiotic (i.e. temperature) and biotic factors (i.e. insect 

outbreaks; Tenow & Bylund, 2000; and grazing; Väisänen et al., 2014). The fact that 

some plant species were detected belowground but not aboveground (Fig. 2.4), but 

were recorded aboveground in previous years (S. Träger, unpublished data) suggests 

that shoots are subject to within- and among-year variations in their occurrence above 

ground (Reintal et al., 2010), whereas belowground tissues are continuously present. 

This also suggests that DNA-based plant identification in root samples from a single time 

can adequately measure plant richness without repeated sampling (within and among 

years). 

The result of a greater total than aboveground plant richness at the plant 

neighbourhood scale (0.01 m2) may not occur at larger scales, i.e. km², since the total 
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and aboveground species pools could converge as large areas are considered (the 

"species pool hypothesis"; Taylor et al., 1990). However, a study in temperate grassland 

in Estonia showed that, with increasing scale from the plant neighbourhood to 

community (0.01 m2 to a 2 ha area), total richness always exceeded aboveground 

richness and that the extent of the difference increased with increasing scale (Hiiesalu et 

al., 2012). Thus, species pool effects might not be applicable at local scales of a few 

hectares. Although measurements for the community scale in that study were done 

using cumulative numbers of species over an increasing number of transects, it can be 

expected that also at the community scale species persist in a dormancy state in the soil 

(Pärtel et al., 2012). Even at greater local scales, the same pattern of increasing 

aboveground richness with increasing measuring scale (Williamson et al., 2001) should 

apply to total richness. Many of the reasons that account for greater total than 

aboveground richness at small scales (Hiiesalu et al., 2012) should also function at larger 

local scales. Nevertheless, at regional to global scales, total and aboveground richness 

may be expected to converge (Zobel et al., 2011). 

2.5.2 Belowground and aboveground richness components along an elevation 

gradient 

Confirming my prediction, the extent to which total richness exceeded aboveground 

richness varied significantly among vegetation types (Fig. 2.2b), being greatest at 750 m. 

To my knowledge the present study is the first analysing total richness along an 

extensive (600 m) elevation gradient. Only one other study analysed total richness along 
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an environmental gradient (Hiiesalu et al., 2012). There, total richness was found to not 

change along a soil fertility gradient, whereas aboveground richness decreased, but 

additional belowground richness increased. In other words, with increasing soil fertility, 

an increasing proportion of sample-level plant richness occurred only belowground. This 

indicates that richness responses to environmental changes differ between total, 

additional belowground and aboveground richness. In my study, the extent to which 

total richness exceeded aboveground richness varied with elevation, but not in a simple 

linear fashion. One reason could be that the lower elevations are dominated by woody 

species whereas the two higher elevations are dominated by herbaceous species. 

Herbaceous species rely exclusively on rhizomes and belowground meristems for 

dormancy, whereas woody species do not. This corresponds with reasons explaining 

why belowground richness should contribute to total richness which should exceed 

aboveground richness, namely overlapping root systems. This non-linearity in variation 

of richness with elevation corresponds with other cases where aboveground richness 

does not vary linearly along elevation gradients (Kessler et al., 2011; Sundqvist et al., 

2011). 

Many studies suggest that the relationship between plant richness and increasing 

elevation is either quadratic (Rahbek, 2005; McCain, 2009; Kessler et al., 2011) or 

negative linear (Rahbek & Museum, 1995; McCain, 2006), driven by elevation changes of 

abiotic factors like temperature or soil moisture (Moeslund et al., 2013; Sundqvist et al., 

2013). However, the relationship between plant richness and elevation depends on the 

scale of sampling (Rahbek, 2005; Nogués-Bravo et al., 2008). This was shown in a study 
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done in semi-natural grasslands in Norway where richness of vascular plants decreased 

when comparing whole elevation zones, but was hump-shaped when comparing small 

plots (0.25 m2; Austrheim, 2002). Those studies, however, took only aboveground 

richness into account. More data about the relationship of total richness (involving 

belowground and aboveground richness) at various scales with increasing elevation are 

needed. 

2.5.3 Relationship of plant richness and plant biomass 

In the present study, different components of plant richness correlated differently with 

their corresponding biomass types. Belowground richness peaked at intermediate 

belowground biomass of 600700 g m-2 (Fig. 2.5a), total richness decreased with 

increasing total biomass, and aboveground richness showed no relationship to 

aboveground biomass. The relationship between richness and productivity (with 

biomass as an indicator of productivity) is one of the most frequently studied topics in 

community ecology (Kelemen et al., 2013; Pierce, 2014; Grace et al., 2016). In a global 

synthesis of grasslands, Adler et al. (2011) found no consistent pattern between 

aboveground richness and productivity at scales ranging from local (1 m²) to global. My 

results of either hump-shaped relationship for belowground richness and belowground 

biomass or negative relationship for total richness and total biomass at the plant 

neighbourhood scale (0.01 m²) are consistent with the variability found by Adler et al. 

(2011). Similarly, my relationships explained only a small amount of variation 

(coefficient of determination, r²belowground = 0.19; r²total = 0.15). Further, Adler et al. (2011) 
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showed that within-site relationships between richness and productivity were mostly 

non-significant. This corresponds with my result of a non-significant relationship of 

aboveground richness and biomass (Fig. 2.5a). Only one other study analysed 

belowground and aboveground plant richness components related to their respective 

biomass components (Hiiesalu et al., 2014). There, in contrast to my results, 

belowground (total) richness increased with belowground and total biomass, but, 

consistent with my results, aboveground richness did not change with aboveground 

biomass. Thus, as for aboveground richness (Grace et al., 2007; Ma et al., 2010), it is 

possible that for total richness there is no single relationship between richness and 

biomass. 

2.5.4 Conclusions 

I analysed different plant richness components (belowground, aboveground, and total) 

along an elevation gradient spanning a range of communities from forest to near the 

upper limit of vascular plants. Total richness exceeded aboveground richness at the 

plant neighbourhood scale. Additionally, the extent of greater total richness varied with 

elevations and among different habitats. This indicates that aboveground richness 

measurements alone might overlook important richness patterns and that DNA-based 

methods can uncover new patterns of species coexistence and biodiversity. Additionally, 

richness types varied with their respective biomass type differently. This inconsistency in 

relationship patterns indicates the need for future studies along environmental 
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gradients to take not only aboveground but also total richness as a complete measure of 

community diversity into account. 
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CHAPTER 3  

Root heterogeneity along an arctic elevational 

gradient: the importance of resolution 

This chapter is based on the following publication: 

Träger, S, Wilson, SD (in press). Root heterogeneity along an arctic elevational 

gradient: the importance of resolution. Functional Ecology. doi: 10.1111/1365-

2435.12721  
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3.1 Summary 

Spatial heterogeneity affects plant performance, and is influenced by plants, but the 

scale at which fine roots react to or generate spatial heterogeneity has received little 

attention. Fine roots might be expected to respond to heterogeneity at a scale 

comparable to their diameter (mm), but studies to date have been conducted at much 

coarser resolutions (cmm). Here I quantify root heterogeneity in contrasting habitats 

with special attention to the influence of resolution. 

I measured fine root length heterogeneity at resolutions ranging from 1 to 300 mm², 

at four elevations along an arctic alpine gradient from 500 m a.s.l. (forest) to 1100 m 

(high alpine tundra). I calculated the magnitude of heterogeneity as the coefficient of 

variation of root length, and the scale of heterogeneity using semivariance analysis. 

The magnitude of heterogeneity was about two-fold greater at fine than coarse 

resolution. Further, the magnitude of heterogeneity was generally greatest at the 

highest elevation, suggesting that soil at 1100 m was less-evenly occupied by plant roots 

than soils at lower elevations. The exception to this was at the 1 mm² resolution, for 

which the magnitude of heterogeneity did not vary with elevation, possibly because 

heterogeneity at this scale is related to ecophysiological processes common to all 

vegetation types. 

The scale of root length heterogeneity increased significantly with resolution 

coarseness, suggesting that roots respond to or generate patchiness at small scales that 

have not previously been examined. In contrast, the scale of heterogeneity did not vary 

significantly with elevation and the accompanying turnover in growth form. 
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My results suggest that roots in four vegetation types respond to or generate very 

fine scales of spatial heterogeneity, including scales much smaller than those that have 

previously been examined. Both the magnitude and scale of heterogeneity varied with 

sampling resolution, suggesting resolutions as small as a few millimetres are relevant to 

studies of spatial root interactions and belowground processes. 

3.2 Introduction 

The heterogeneous distribution of plant roots influences the spatial heterogeneity of 

soil, which is associated with species diversity and coexistence (Hutchings et al., 2000; 

Wildová et al., 2007; de Kroon et al., 2012; Brassard et al., 2013). Roots are likely to 

respond to soil heterogeneity at the scale of the rhizosphere, regardless of whether 

heterogeneity is caused by soil texture, nutrient distribution, or plant uptake (e.g. 

Wijesinghe et al., 2001; Hinsinger et al., 2009; Cahill & McNickle, 2011; Philippot et al., 

2013; Wilson, 2014; Semchenko et al., 2014; Frank et al., 2015). The rhizosphere, the 

zone of soil surrounding and influenced by roots (including root hairs, soil microbiota 

and mycorrhizal hyphae; Philippot et al., 2013), is a highly heterogeneous 

microenvironment, ranging in diameter from micrometres to millimetres (Dessureault-

Rompré et al., 2007; Hinsinger et al., 2009). In contrast, the sample area (hereafter 

“resolution”) of studies of heterogeneity typically ranges from kilometres (van der Waal 

et al., 2011) and meters (Farley & Fitter, 1999) to centimetres (Kleb & Wilson, 1997; 

Pärtel & Wilson, 2001; Hendriks et al., 2015). Thus, I expect that measurements of root 



53 
 

heterogeneity at much finer resolutions (1 cm or less), close to the scale of the 

rhizosphere, may yield relevant and possibly new insights about heterogeneity. 

Root heterogeneity is especially relevant in habitats such as deserts, grasslands, 

boreal forests, and the Arctic where biomass allocation is predominantly belowground 

(Oleksyn et al., 1998; Robinson et al., 1999; Pérez & Frangi, 2000; McCormack et al., 

2015) and fine scale belowground processes, i.e. resource competition or facilitation, 

are relatively important. I examined root heterogeneity along an arctic elevation 

gradient, where root mass dominates in all cases, and the degree of dominance 

increases with increasing elevation (Luo et al., 2005; Körner, 2007; Girardin et al., 2010; 

Veen et al., 2015b). Although global variation in root mass or length along productivity 

gradients has been reviewed using studies that employed a wide range of physical 

sample size (Jackson et al., 1997; Schenk & Jackson, 2002), I am not aware of any studies 

that have tested whether the resolution influences the measurement of root length 

along a natural productivity gradient. 

Ecological heterogeneity is quantified primarily by magnitude and scale (Hutchings et 

al., 2000), and both are likely to be influenced by resolution. The magnitude of spatial 

heterogeneity (i.e. the degree of variation) differs among habitats, for example, being 

greater in forest than grassland vegetation (Pärtel et al., 2008; van der Waal et al., 

2011), but the smallest resolution examined using rhizotron imaging has been 234 mm² 

(13 x 18 mm), well above the scale of the rhizosphere. Due to the ecophysiological 

constraints on root distribution imposed by construction costs (Robinson et al., 2003), 

soil volumes are rarely evenly filled by roots. Consequently, I predict that the magnitude 
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of root heterogeneity will be greater at study resolutions near the scale of the 

rhizosphere (c. 1 mm²) than at currently-reported resolutions (234 mm²) because 

variation typically decreases with increasing sample size. In addition, previous studies of 

the magnitude of heterogeneity are largely from temperate regions, and results vary 

between temperate and tropical habitats (Pärtel et al., 2008), suggesting that they may 

also differ in other regions, such as the Arctic. Further, previous studies have usually 

compared only two habitats and less is known about how heterogeneity varies along 

longer environmental gradients with greater turnover of growth forms. I addressed all 

this by exploring root heterogeneity along an arctic elevation gradient that ranges from 

forest to tundra. I measured the magnitude of root heterogeneity at a range of study 

resolutions, from those similar to previous reports down to 1 mm². Examining the effect 

of resolution on measurements of heterogeneity at different elevations and thus several 

vegetation types allowed me to assess the generality of the results. 

In addition to magnitude, heterogeneity is also described by the scale of 

heterogeneity (i.e. patch size). As in the case of magnitude, the scale of heterogeneity 

has always been studied at resolutions much larger than the scale of the rhizosphere. I 

predict that the scale of heterogeneity will decrease with increasing resolution because 

root growth and uptake activity respond to rhizosphere-scale variability in resources 

(Philippot et al., 2013; Frank et al., 2015). Furthermore, the scale of heterogeneity is 

likely to vary among the plant growth forms that dominate contrasting vegetation types 

because the size of an organism influences its interaction scale with the environment, 

i.e. with trees responding more to coarse scales of resource patchiness and forbs to 
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smaller scales of patchiness (Hutchings et al., 2003; van der Waal et al., 2011). This 

pattern was confirmed by Pärtel & Wilson (2002), who found that the scale of root 

heterogeneity was greater in forest than grassland. On the other hand, small graminoids 

and larger forbs had similar scales of foraging in grassland (Šmilauerová & Šmilauer, 

2006). I tested whether the scale of root heterogeneity varied with study resolution, as 

well as among contrasting vegetation types. 

Here, I investigate root heterogeneity at a range of resolutions, including finer 

resolutions (1 mm²) than have previously been addressed. I tested whether (i) the 

magnitude of heterogeneity of roots increases with increasing resolution, (ii) the scale of 

heterogeneity of roots decreases with increasing resolution, (iii) the magnitude and 

scale of heterogeneity varies among vegetation types, and (iv) the influence of 

resolution on measures of magnitude and scale of heterogeneity is constant among 

vegetation types. 

3.3 Materials and methods 

3.3.1 Study sites and sampling 

I studied four elevations (500 m, 600 m, 750 m, 1100 m a.s.l.) near Abisko, Sweden 

(68°25′N 18°19′E) (Fig. 1.2). The mean annual temperature is 0 °C (Grogan & Jonasson, 

2003) and during growing season it is 5.8 °C (Cornelissen et al., 2007). Mean annual 

precipitation at the study area is about 1000 mm (19612013; SMHI, 2014). Around 

one-third of the mean annual precipitation occurs in summer. From early October to 
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mid-June the vegetation is usually snow-covered. The soil in the study area is derived 

from a schist-limestone-quartzite mixture (SGU, 2015). 

My studied elevations represented different vegetation types comprising a birch 

forest dominated by Betula pubescens, Avenella flexuosa and Cornus suecica at 500 m, a 

heath dominated by Empetrum nigrum and Vaccinium spp. at 600 m, a low alpine 

tundra dominated by Bistorta vivipara, Viola biflora, Carex spp. and Festuca spp. at 

750 m, and a high alpine tundra dominated by Salix polaris, Vaccinium vitis-idea and 

Carex spp. at 1100 m. The height of aboveground vegetation at 500 m was 34 m, at 

600 m 1020 cm, at 750 m 520 cm, and at 1100 m 510 cm. Aboveground biomass in 

2015 at 500 m was 60 g m-² (understorey), at 600 m 266 g m-², at 750 m 21 g m-², and at 

1100 m 160 g m-2 (S. Träger, unpublished data). Density tended to decrease with 

increasing elevation (Sundqvist et al., 2011). Although my elevational gradient includes 

contrasting herbaceous and woody vegetation, sites at my two highest elevations 

represent mostly meadow vegetation which allowed me to compare them with other 

herbaceous communities such as grasslands. 

I examined fine root heterogeneity at ten randomly chosen locations per elevation. 

Locations at each elevation were spread over an area c. 500 m in diameter on hillsides 

(slope c. 3 °), with a minimum separation of 30 m. In 2009, at each location, one 

transparent plastic tube (5 cm diameter, 120 cm long, clear cellulose acetate butyrate) 

was installed horizontally underneath a flat patch of hillside with one end emerging 

from an adjacent slope to allow camera access. For installation, a trench (L × W × D: 

120 cm × 25 cm × 16 cm) was cut and sods in sections (c. 25 cm × 25 cm × 16 cm) were 
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removed and replaced above the buried tube within 30 minutes. Tubes were installed 

with at least 100 cm of length below and parallel to the soil surface, with tube upper 

walls 10 cm beneath the soil surface. The protruding part of the tube was capped and 

covered with green tape to exclude sunlight. It has been argued that rhizotron tubes 

pose an unnatural barrier to root growth, producing results that differ from root growth 

in bulk soil (Rytter & Rytter, 2011). However, soils in my study environment are very 

stony (Rubensdotter, 2002), so the behaviour of roots that encounter physical barriers is 

relevant in my study system and in lithosols in general. Further, my results are based on 

identical methods at all elevations, and are thus comparable. 

I used a minirhizotron camera (Bartz Technology, Santa Barbara, California, USA) to 

collect 15 contiguous images (each 18 x 13.5 mm) of the upper surface of each tube, 

beginning from the first image entirely covered by soil. I recorded images over the 

course of the growing season of 2013, in mid-June, early August, and mid-September, to 

capture seasonal variation of root heterogeneity. I was not able to sample the 1100-m 

locations in mid-June due to snow. I measured the total length of live roots (excluding 

root hairs) in minirhizotron images using Rootfly (Version 2.0.2.; Clemson University, 

2011). I considered a root to be alive if it was white or brown (Hendrick & Pregitzer, 

1992).  

Heterogeneity of root length in each tube was measured using the 15 contiguous 

images merged into a single image (18 x 202.5 mm). I analysed the merged image at 

resolutions of 1 mm², 10 mm², 100 mm², and 300 mm² (shown in Fig. 3.1), to cover the 

range of rhizosphere scale up to an approximate minirhizotron image scale. The 
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resolution of a captured image (18 x 13.5 mm), for comparison, is 243 mm². Hereafter, 

the smallest analysed unit per resolution is referred to as a “cell”. I calculated root 

length density (RLD) per cell as the total length of all roots in the cell divided by the cell 

area (mm roots per mm2 cell). Since RLD is independent of resolution I report general 

RLD per elevation and used those values for further analysis. 

3.3.2 Magnitude of root heterogeneity 

I determined the magnitude of spatial heterogeneity of roots at each combination of 

elevation and resolution by calculating the average of the coefficients of variation (CV) 

of RLD for all possible arrays of ten consecutive cells along the tube (i.e. RLD ≥ 0, 

hereafter “CVALL-CONS”). CV expresses variance as a proportion of the mean (Pärtel & 

Wilson, 2002), allowing comparison of means among elevations with different RLDs.  

The presence of many empty cells (i.e. RLD = 0), however, can influence CV (Vaness 

et al., 2014) of my tested resolutions. I examined this possibility in three ways. First, I 

calculated the fraction of empty cells at each combination of elevation and resolution. 

Second, I calculated the average of the coefficient of variation of RLD for 1000 

permutations of arrays of ten randomly chosen cells along the tube that always 

contained roots (i.e. RLD > 0, hereafter “CVRTS-RAND”). However, analyses of CVALL-CONS and 

CVRTS-RAND are not directly comparable because CVALL-CONS calculations used all possible 

arrays of ten consecutive cells, whereas CVRTS-RAND calculations used 1000 permutations 

of ten randomly chosen cells. Therefore, thirdly, I applied the procedure of using 1000 

permutations of ten randomly chosen cells to the pool of all cells (including empty cells,
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Fig. 3.1 Example of merged images from a minirhizotron. The images were taken in a 

birch forest 500 m a.s.l. showing each resolution examined (1 mm², 10 mm², 100 mm² 

and 300 mm²). White lines: roots. The colour within each cell represents the root length 

density (RLD, darker colour: greater RLD). The x-axis represents length (mm) of the 

minirhizotron tube, and y-axis represents width (mm) of the tube for each resolution.
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i.e. RLD ≥ 0, hereafter “CVALL-RAND”). This allowed me to test for the effect of empty cells 

on CV by comparing CVALL-CONS and CVALL-RAND with CVRTS-RAND. 

3.3.3 Scale of root heterogeneity 

I examined the scale of heterogeneity using semivariance analysis in which a 

semivariogram represents the spatial autocorrelation of RLD. For locally correlated data, 

points closer together show lower variances, whereas more distant points show 

variances of the order of the total sample variance (Caldwell & Pearcy, 1994). I 

constructed semivariograms in R (Version 3.1.1; R Development Core Team, 2015) for 

each level of resolution (1 mm², 10 mm², 100 mm², 300 mm²) using distance intervals 

equivalent to the length of the respective cell sides (1 mm, 3.16 mm, 10 mm and 

17.32 mm). The distance at which the semivariance reaches the sample variance 

indicates the scale of heterogeneity. Points closer to each other than this reflect spatial 

dependence within the sample. The distance at which the semivariance reaches the 

sample variance can be determined either by using a mathematical model fitted to the 

points on the semivariogram (Linsenmeier et al., 2011; Král et al., 2014) or by 

determining the first decrease in semivariance (Pärtel & Wilson, 2002). Because my data 

from contrasting elevations and resolutions produced semivariograms with a wide 

variety of shapes, no single mathematical model could be used to satisfactorily fit all of 

the data from various study resolutions and elevations. I determined the scale of root 

heterogeneity as the distance at which the first decrease in semivariance was observed, 

which is comparable with the above-mentioned distance at which the semivariance 
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reaches the sample variance. For standardization, semivariances were divided by the 

total sample variances (Pärtel & Wilson, 2002). I present CV and semivariance analyses 

only for September measurements, but those from June and August were similar (see 

Appendix B Fig. B1 to Fig. B6, and Table B1 to Table B3). This was done for each 

resolution in each of ten replicates at each elevation. 

3.3.4 Statistical analysis 

Variation in the magnitude of heterogeneity with elevation was examined using one-

way ANOVAs on the CV of RLD with post-hoc means comparisons using Tukey’s HSD 

tests (R, version 3.1.1; R Development Core Team, 2015). ANOVAs were conducted for 

each of the four resolutions separately because the values of CV for different resolutions 

used the same data and thus were not statistically independent. I used the same 

approach to examine variation in RLD along the elevation gradient. I did not examine 

variation in RLD with resolution because it should not vary, since the same data are used 

for all resolutions. Variation in the scale of heterogeneity with elevation and resolution 

was examined using two-way ANOVA on the distance of the first drop in semivariance. I 

used a mixed-effect model, with elevation and resolution as fixed factors and replicate 

tube as a random factor. The test method was maximum likelihood. Since only 

resolution had a significant effect on the scale of heterogeneity (see 3.4 Results), 

resolution was then tested at each elevation separately with Tukey’s HSD as post-hoc 

test. If necessary, data were log transformed to obtain normality. 
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3.4 Results 

The magnitude of spatial heterogeneity calculated as the coefficient of variation (CV) of 

root length density (RLD) was roughly two-fold greater at the finest resolution than at 

the coarsest (Fig. 3.2a: CVALL-CONS, RLD ≥ 0). For resolutions 10 mm², 100 mm² and 

300 mm², the magnitude of heterogeneity varied significantly (P < 0.05) with elevation 

(Fig. 3.2a, Table 3.1), with greater heterogeneity at the highest elevation than at any 

other, suggesting that the soil at 1100 m is less evenly occupied by plant roots. This 

pattern was not found for resolution 1 mm², where the magnitude of heterogeneity did 

not vary significantly with elevation. 

I explored the role of empty cells (RLD = 0) in influencing CV in three ways. First, I 

examined the fraction of empty cells as a function of resolution and elevation (Fig. 3.2b). 

Empty cells were common at the finest resolution but absent at the coarsest resolution. 

The fraction of empty cells was not significantly different among elevations for 

resolutions 1 mm², 100 mm² and 300 mm². However, significantly more empty cells 

occurred at the highest elevation (Fig. 3.2b, Table 3.1) for the resolution of 10 mm², 

suggesting that empty cells may have contributed to the high CV at this resolution but 

not at the other resolutions (1 mm², 100 mm² and 300 mm²). Second, I tested the role of 

empty cells in influencing CV by calculating CV for randomly-selected cells that always 

contained roots (CVRTS-RAND, RLD > 0). CVRTS-RAND did not vary significantly with elevation 

for any resolution, except for 100 mm², where CV was significantly greater at the highest 

elevation (see Fig. B7a, Table B4). Third, I also performed the CV calculation using 1000 

permutations of ten randomly chosen cells regardless of whether they contained roots   
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Fig. 3.2 Coefficient of variation (CV) of root length density (RLD) and fraction of empty 

cells among elevations for different resolutions. Shown are values (mean ± SD) at four 

elevations, assessed at four resolutions (black – 1 mm², dark grey – 10 mm², light grey – 

100 mm² and white – 300 mm²). (a) CV as a measure of the magnitude of spatial 

heterogeneity of roots for all possible arrays of ten consecutive cells (CVALL-CONS, RLD ≥ 0) 

averaged along the tube. (b) The fraction of empty cells (RLD = 0) per tube. One-way 

ANOVAs were conducted among elevations within each resolution separately. Effect: 

Elevation (E) for a respective resolution (subscript number): 500 m, 600 m, 750 m, 

1100 m. ***, P < 0.001; **, P < 0.01. Lower case letters indicate significant differences 

among elevations (Tukey’s HSD test, P < 0.05, following ANOVA). Missing lower case 

letters indicate no significant difference among elevations.  
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Table 3.1 ANOVA results for coefficient of variation (CV) and fraction of empty cells. F-

values from ANOVAs for CV of ten consecutive cells (CVALL-CONS, RLD ≥ 0; Fig. 3.2a) and 

the fraction of empty cells (Fig. 3.2b) for different resolutions (1 mm², 10 mm², 

100 mm², 300 mm²). Effect: Elevation: 500 m, 600 m, 750 m, 1100 m a.s.l. ANOVA for 

fraction of empty cells at 300 mm² resolution was not conducted because for all cells 

RLD > 0. 

 Effect 1 mm² 10 mm² 100 mm² 300 mm² 

CVALL-CONS (RLD ≥ 0) Elevation† 1.49 18.18*** 8.57*** 6.16** 

Fraction of empty cells Elevation‡ 0.002 10.29*** 0.75 n.t. 

†d.f. = 3 for all resolutions, residual d.f. = 34 for all resolutions 
‡d.f. = 3 for 1 mm² and 10 mm², d.f. = 1 for 100 mm², residual d.f. = 34 for 1 mm², residual 

d.f. = 31 for 10 mm², residual d.f. = 5 for 100 mm² 
***, P < 0.001; **, P < 0.01; n.t. = not tested  



65 
 

(CVALL-RAND, RLD ≥ 0), and this produced results similar to previous analyses: the 

heterogeneity of RLD appeared to increase with finer resolution and was greater at 

1100 m (see Fig. B7b, Table B4) at all resolutions. Taken together, regardless of the 

resolution, the greater spatial heterogeneity of roots at 1100 m suggests that the soil 

volume at the highest elevation is less evenly occupied by roots, and that this result was 

not influenced by the presence of empty cells. 

The scale of root heterogeneity, measured by semivariance analyses, varied 

significantly with resolution (F3,76 = 189.67, P < 0.001). The coarsest resolution 

(300 mm²) showed the greatest scale of heterogeneity (Fig. 3.3a,b), being about ten 

times higher (6579 mm) than at the finest resolution (810 mm). The scale of root 

heterogeneity did not vary significantly with elevation (F3,76 = 1.35, P = 0.26). Finally, 

there was no significant interaction between resolution and elevation (F9,76 = 1.61, 

P = 0.13), suggesting that comparable root patch sizes occurred at all elevations. 

Root length density varied significantly among elevations, with lower RLD at the 

highest elevation than at any other (F3,31 = 7.24, P < 0.001; Fig. 3.4). 

3.5 Discussion 

My use of a range of study resolutions showed that roots exhibit spatial heterogeneity 

at a much finer scale than previously reported, in habitats ranging from forest to the 

upper limit of alpine vascular plant vegetation. The magnitude of heterogeneity of root 

length density (RLD) was greatest at the finest resolution and the highest elevation (high  
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Fig. 3.3 Examples of semivariograms of root length density in randomly-chosen tubes 

at 500 m a.s.l., and first drop semivariance distances among elevations for different 

resolutions. (a) In the sample semivariograms the symbols represent different 

resolutions: circles – 1 mm², squares – 10 mm², rhombs – 100 mm² and triangles – 

300 mm². The first drop in semivariance is marked by D1, D10, D100 and D300 for each 

resolution respectively. (b) Distance (mean ± SD) of the first drop in semivariance at 

different elevations and resolutions (black – 1 mm², dark grey – 10 mm², light grey – 

100 mm² and white – 300 mm²). Effect: Resolution (R) at a respective elevation 

(subscript number): 1 mm², 10 mm², 100 mm², 300 mm². ***, P < 0.001. Lower case 

letters indicate significant differences among resolutions within each elevation (Tukey’s 

HSD test, P < 0.05, following ANOVA).  
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Fig. 3.4 Mean (± SD) root length density (RLD) at four elevations. Shown are mean RLD 

values ± SD. Effect: Elevation (E): 500 m, 600 m, 750 m, 1100 m. ***, P < 0.001. Lower 

case letters indicate significant differences among elevations (Tukey’s HSD test, P < 0.05, 

following ANOVA).   
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alpine tundra). In contrast, the spatial scale of heterogeneity of RLD decreased as 

resolution increased, but did not vary with elevation. 

3.5.1 Magnitude of root heterogeneity among resolutions 

The results confirmed my prediction that the magnitude of heterogeneity should be 

greatest at the finest resolution (Fig. 3.2a). The mechanism underlying this may be that 

soil volumes are rarely evenly filled by roots due to constraints on root distribution 

imposed by construction costs (Robinson et al., 2003). This is reflected by the fraction of 

cells that contained no roots, which varied between 50 and 80% at a resolution of 

1 mm², but were consistently 0 at a resolution of 300 mm² (Fig. 3.2b). Finer resolutions 

included more 0-values, which increased CV. In contrast, the inclusion or exclusion of 

empty cells (using two additional approaches to calculate CV, CVRTS-RAND and CVALL-RAND) 

made little difference to how CV varied with resolution or elevation. Thus, greater 

magnitude of heterogeneity at fine resolution is related to the occurrence of empty 

cells, but variation in CV is consistent regardless of how CV is calculated. 

My results suggest that the magnitude of heterogeneity is roughly twice that at a 

resolution of 1 mm² compared with that at 300 mm² (Fig. 3.2a). Thus, previous studies 

conducted at resolutions from a few centimetres (Pärtel & Wilson, 2002) to a few 

meters (van der Waal et al., 2011), may have greatly underestimated the magnitude of 

heterogeneity at scales closer to the rhizosphere. A typical minirhizotron image 

(243 mm²) may also underestimate the magnitude of heterogeneity, but such images 

can be sampled at finer resolutions closer to the scale of the rhizosphere. 
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3.5.2 Magnitude of root heterogeneity among vegetation types 

Confirming my prediction, the magnitude of heterogeneity of root length varied among 

vegetation types. The magnitude of heterogeneity was significantly greater at the 

highest elevation (Fig. 3.2, Table 3.1), indicating that the soil is less evenly occupied by 

roots. Greater heterogeneity in high alpine tundra contrasts with other studies. For 

example, root length was more heterogeneous under forest vegetation than under 

grassland both in temperate North America (Pärtel & Wilson, 2002) and in a semi-arid 

savanna in South-Africa (van der Waal et al., 2011). Due to low temperatures, higher 

elevations are often associated with decreased microbial activity (Schimel et al., 2004) 

and nutrient mineralization (Sveinbjörnsson et al., 1995). This, together with low litter 

quality (Hodge, 2004; Sundqvist et al., 2013) and quantity (Raich et al., 1997) at higher 

elevations, may create microhabitats which contributes to heterogeneous responses of 

roots (Pärtel & Wilson, 2001; Hodge, 2004), with increased root growth in nutrient-rich 

patches (Kembel & Cahill, 2005). Such root foraging precision might be intensified by an 

overall nutrient limitation. Patches of root resources resulting in root proliferation might 

entrain a positive feedback reinforcing high root heterogeneity, since roots themselves 

are a source of carbon, can stimulate nutrient mineralization, and tend to grow in 

former root channels. Thus, patchiness of belowground resources in addition with low 

growth rates and a short growing season at higher elevations might cause high root 

heterogeneity, resulting in an uneven use of soil space. On the other hand, high 

heterogeneity cannot be ascribed to elevation alone, as site-specific characteristics such 
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as vegetation and soils are also likely to contribute to heterogeneity. Parsing the sources 

of heterogeneity is a worthwhile endeavour.  

In contrast to my expectation and the general increase in the magnitude of 

heterogeneity with increasing elevation at resolutions of 10 mm², 100 mm² and 

300 mm², the magnitude of heterogeneity did not vary significantly with elevation when 

examined at a resolution of 1 mm² (Fig. 3.2a). This suggests that results for coarser 

resolutions may be influenced by morphological differences in roots among plant 

growth forms (Schenk & Jackson, 2002), but, at the finest resolution, approaching the 

scale of interactions surrounding the rhizosphere (Dessureault-Rompré et al., 2007; 

Hinsinger et al., 2009), differences among growth forms may be minimal because root 

ecophysiology is similar among growth forms. On the other hand, the variation in the 

magnitude of heterogeneity at 1 mm² might be so large that more samples are needed 

to detect differences. This requires further investigation. 

3.5.3 Scale of root heterogeneity among resolutions 

I found evidence to support my prediction that the scale of root heterogeneity would 

increase continuously with increasingly coarse resolution of measurement (Fig. 3.3b). 

The spatial scale of heterogeneity differed significantly among resolutions, with the 

smallest scale (810 mm) for the finest resolution (1 mm²) and the greatest scale 

(6579 mm) for the coarsest resolution (300 mm²). It could be expected that patterns of 

scale of heterogeneity at the finest resolution (1 mm²) semivariogram (Fig. 3.3b) also 

reflects scales at coarser resolutions. However, since the cell size of coarser resolutions 
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is larger than the cell size of smaller resolutions, patterns at fine scales might be 

averaged out or completely overlooked at coarser resolutions. This highlights the need 

for very fine resolutions to capture local variation in root distributions. My study does 

not explain the mechanisms underlying the scale of semivariograms at fine resolutions 

(1 mm²), but they seem likely to be related to rhizosphere-scale patterns of nutrient 

uptake or rhizodeposition. Understanding these mechanisms would require 

investigation of nutrient distribution in the soil at comparable scales, which would need 

manipulative studies in addition to my descriptive study. This is worthwhile but beyond 

the scope of the present study.  

Roots are likely to respond to very fine scales of heterogeneity caused by 

rhizosphere-scale patchiness in belowground resources (Philippot et al., 2013). The 

rhizosphere ranges in diameter from micrometres to millimetres, generates highly 

heterogeneous microenvironments (Dessureault-Rompré et al., 2007; Hinsinger et al., 

2009), and influences plant growth, productivity, diversity, and ecosystem functioning 

(Wardle et al., 2004; Philippot et al., 2013). Root hairs as well as mycorrhizal hyphae are 

also part of the rhizosphere. Root hairs reach up to 1.5 mm from the root into the 

surrounding soil (Gregory, 2006), and mycorrhizal hyphae aggregate to a certain extent 

within the rhizosphere but reach much further into the soil and may connect several 

individual plants (Simard et al., 2012). Nevertheless, the majority of nutrient uptake 

occurs within the rhizosphere (Watt et al., 2006) which makes fine scale analysis 

important. Further, resource uptake is environmentally influenced by fine scales. For 

example, only soil pores with a size of 0.2 to 30 µm contain plant available water (Watt 
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et al., 2006). Furthermore, soil microbes are expected to aggregate around roots in the 

rhizosphere. Their density is influenced by the spatial distribution of roots and most 

likely influences the plants supply with nutrients as well as their protection and thus 

influences plant growth and productivity (Watt et al., 2006). Thus, knowing the scale of 

plant responses to microenvironments is important for future research about the scale 

of soil resource patchiness and among-root interactions (Neumann et al., 2009). 

3.5.4 Scale of root heterogeneity among vegetation types 

In contrast to my prediction, the spatial scale of heterogeneity did not differ significantly 

among elevations, representing different vegetation types (Fig. 3.3b), suggesting that 

vegetation type has no influence on the scale of root heterogeneity. This result is in 

contrast to previous studies were temperate forest and grassland vegetation differed in 

the scale of heterogeneity of roots (Pärtel & Wilson, 2002). The difference between 

those studies and mine suggest that results from temperate vegetation may not reflect 

those in other ecosystems (Pärtel et al., 2008). Additionally, my result contradicts the 

scaling theory which predicts that the size of an organism influences the environmental 

heterogeneity to which it responds (Hutchings et al., 2003; van der Waal et al., 2011). 

However, scaling theory is based on aboveground plant parts and does not consider 

plant fine roots, which may be more similar among different growth forms since most of 

them are characterized by a preponderance of fine roots (Schenk & Jackson, 2002). 

Furthermore, it could be assumed that due to differences in resource patchiness 

aboveground and belowground, the scale of root heterogeneity is not size-dependent. 
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The lack of a significant interaction between resolution and elevation suggests that 

differences in the scale of heterogeneity with resolution occur in all vegetation types 

examined. 

Root length density was significantly lower at the highest elevation (Fig. 3.4), as was 

also observed on a subtropical-alpine gradient on the Central Tibetan Plateau (Luo et al., 

2005) and a tropical forest elevation gradient in the Peruvian Andes (Girardin et al., 

2010). At high elevations, with low temperatures, strong winds, high UV-B radiation, and 

variable precipitation (Körner, 2007), plants are characterized by low total biomass 

despite high allocation of resources belowground (Oleksyn et al., 1998; Pérez & Frangi, 

2000). 

3.5.5 Conclusions 

In conclusion, it seems essential for spatial plant root research to consider resolutions of 

a few millimetres. My results showed that the magnitude of heterogeneity of root 

length was about two-fold greater at fine than coarse resolution. Further, the 

magnitude of heterogeneity was significantly greater at the highest elevation in high 

alpine tundra for nearly all resolutions, indicating that the magnitude of the spatial 

heterogeneity of roots was not influenced by the resolution of the experimental design 

in a wide variety of vegetation types. In contrast, the scale of heterogeneity of roots 

decreased with increasing resolution, but did not vary among elevation, suggesting that 

roots respond to or generate patchiness down to the rhizosphere scale in a similar 

manner for all vegetation types examined. 
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CHAPTER 4  

Potential contributions of root decomposition to 

the nitrogen cycle in arctic forest and tundra 

This chapter is based on the following manuscript: 

Träger, S, Milbau, A, Wilson, SD (in preparation for submission). Potential 

contributions of root decomposition to the nitrogen cycle in arctic forest and tundra.  
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4.1 Summary 

Potential plant contributions to the nitrogen (N) cycle from decomposition are a major 

flux in N-limited ecosystems and can be expected to be altered by climate change. Yet, 

the majority of studies have focused on aboveground plant contributions to N cycling. 

Here, I examine the potential contributions of fine roots and leaves to N cycling with 

special attention to climate change-induced expansion of forest into tundra vegetation.  

I combined measurements of root production from minirhizotron images with tissue 

analysis of roots from differing root diameter and colour classes to obtain potential N 

input following decomposition. In addition, I tested for N loss of roots and leaves during 

decomposition, and investigated whether habitat origin (forest or tundra) affects N loss 

during decomposition in the contrasting habitat. 

The potential N input of roots was two-fold greater in forest than in tundra, mainly 

due to differences in the magnitude of root production between habitats. Similarly, the 

potential N input of leaves was seven-fold greater in forest than in tundra. In addition, 

potential N input varied with root traits like diameter and colour but this variation 

tended to be similar in forest and tundra. Habitat origin had no effect on N loss during 

decomposition of roots and leaves. 

My results suggest that plant-associated belowground and aboveground potential 

input to the N cycle in tundra is likely to be increased by the invasion of woody 

vegetation. In contrast, N loss during decomposition of roots and leaves in tundra might 

not be altered by the invasion of woody vegetation. Overall, the inclusion of roots 
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reinforces the results from shoots in considerations of potential plant contributions to 

differences between forest and tundra in the N cycle. 

4.2 Introduction 

Fine root dynamics (i.e. production and mortality) are a major component of vegetation 

effects on ecosystem functions such as soil nitrogen (N) cycling (Pärtel & Wilson, 2002; 

Pendall et al., 2008; Schmidt et al., 2011). In many terrestrial ecosystems, the majority 

of plant biomass is belowground, with arctic ecosystems comprising up to 80% of plant 

biomass belowground (Mokany et al., 2006; Iversen et al., 2015). Arctic ecosystems are 

among the most sensitive to environmental changes caused by climate warming 

(Overland et al., 2004; ACIA, 2005; Euskirchen et al., 2009). These changes include shifts 

in dominant vegetation types (i.e. forest and tundra), which will in turn alter N cycling 

(Garnier et al., 2004; Cortez et al., 2007). The effects of vegetation change on 

belowground processes such as N cycling are almost entirely unknown.  

One of the most consistent changes in arctic vegetation in recent decades has been 

the expansion of shrubs and trees into herbaceous tundra (Tape et al., 2006; Hallinger & 

Wilmking, 2011; Rundqvist et al., 2011; Myers-Smith et al., 2015). This expansion of 

woody vegetation is associated with both indirect and direct effects on soil N cycling. 

Indirect effects of woody expansion include an increase in soil temperature, snow 

accumulation (Hallinger et al., 2010), and possible changes in soil moisture. Direct 

effects of woody expansion on N cycling are likely related to species-specific traits, such 

as tissue mass production and N concentration. Greater aboveground production and 
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higher litter quality in forest than herbaceous vegetation (Sturm et al., 2005; Steinaker 

& Wilson, 2005) may contribute to increased rates of soil N cycling (Jackson et al., 2002; 

Reich, 2014). Fine roots (root diameter <0.2 mm; Pregitzer et al., 2002) might also be a 

source of enhanced N cycling due to their abundance and high N concentration 

(Pregitzer et al., 2002; Steinaker & Wilson, 2005). Here, I compare the potential 

contribution of fine roots to the N cycle in forest and tundra, by measuring production, 

N concentration and decomposition. Similarly, I compare the potential contribution of 

leaves to the N cycle in forest and tundra. I define potential N contribution as potential 

N input, which is the amount of N in plant tissue likely to be contributed to the N cycle 

during decomposition. I measured the potential N input in forest and tundra and 

combined this with an experiment on N loss during decomposition. I examined current 

forest and tundra, to gain insights into possible changes in the N cycle in tundra caused 

by invasion of woody vegetation due to climate change. 

The production of plant tissue available for decomposition can be expected to be 

greater in forest than tundra resulting in greater potential N input in forest. Data on this, 

however, have mostly been gathered based on aboveground tissue (Clark et al., 2001; 

Norris et al., 2001). Differences in the production of roots in forest and tundra are less 

well-known, and lacking in the Arctic. Studies of root mass production in the Arctic 

consider usually one vegetation type only (forest: Finér et al., 2011; Hansson et al., 

2013; tundra: Sullivan et al., 2007, 2008; Sloan et al., 2013). A comparison of northern 

temperate forest and grassland found that root mass production was not different 

between forest and grassland (Steinaker & Wilson, 2005). I expect that the greater 
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aboveground tissue production in arctic forest might be accompanied by greater root 

production. 

Tissue N concentration is an important determinant of aboveground plant effects on 

N input and is likely to be important for influencing the potential N contribution of roots 

as well (Castro-Díez et al., 2014; Balogianni et al., 2015). Roots with a greater diameter 

are often associated with lower N concentration (Pregitzer et al., 1997; Gill et al., 2002; 

Steinaker & Wilson, 2005), whereas roots with a smaller diameter are associated with 

high N concentration (Bahn et al., 2006). Young, small, white roots are often more 

physiologically active and have a higher nutrient uptake capacity than brown roots (Gu 

et al., 2015). Physiological activity suggests that white roots might have greater N 

concentration than brown roots (Baldi et al., 2010). On the other hand, the 

accumulation of N-rich secondary compounds (e.g. tannin or lignin) in the root 

epidermis over time (Wells et al., 2002; MacDougall & Wilson, 2011) might lead to 

greater N concentration in older, larger brown than white roots. I expect differences in 

the root potential N input in contrasting vegetation types (forest and tundra) to vary 

with root diameter and colour. 

Decomposing roots are an important source of N (Gordon & Jackson, 2000; Freschet 

et al., 2012a; Xia et al., 2015). Whether roots of forest and tundra differ in their 

potential N loss during decomposition is not known yet. A meta-analysis by Freschet et 

al. (2013) suggests that root mass input is greater in forest than tundra, but data for 

root N loss during decomposition comparing forest and tundra are missing. In addition, 

in the early stages of decomposition it might be possible that there is even N 
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immobilization rather than mineralization because of the N demand of active 

decomposers (Fornara et al., 2011). Consequently, two of the most important factors 

driving decomposition of plant tissue are decomposer microbial community (Ayres et 

al., 2009) and substrate quality (Parton et al., 2007). Several studies suggest that litter 

decomposes better in its habitat of origin than in other habitats (de Toledo Castanho & 

de Oliveira, 2008; Vivanco & Austin, 2008) because the decomposers of any community 

work most efficiently with litter from their own community (“home-field advantage” 

hypothesis, Gholz et al., 2000). However, decomposition is also affected by substrate 

quality (Freschet et al., 2012b). Thus, interactions between substrate quality and the 

associated decomposer community of contrasting vegetation types (forest and tundra) 

may be of great importance (Cornwell et al., 2008). Nitrogen loss during decomposition 

from woody vegetation invading herbaceous vegetation may be influenced by the loss 

of the home-field advantage. Therefore, I also tested whether the habitat of origin 

(forest or tundra) and the habitat where decomposition occurred (“incubation habitat”; 

forest or tundra) affect the N loss of roots (and leaves). 

In this study, I examined the potential N input of roots and leaves in arctic forest and 

tundra. I tested whether (i) the potential N input of roots and leaves is greater in forest 

than tundra; (ii) the potential N input varies with root traits like diameter and colour; 

and (iii) nitrogen loss of roots and leaves in forest and tundra during one year of 

decomposition varies with habitat of substrate origin (forest or tundra), and the 

incubation habitat (forest or tundra). 
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4.3 Materials and methods 

4.3.1 Potential N input in forest and tundra 

Potential N input: study sites 

I studied potential N input of roots and leaves in forest and tundra near Abisko, Sweden 

(Fig. 1.2). The mean annual temperature measured at Abisko is 0.1 °C (19612013; 

SMHI, 2014). About one-third of the mean annual precipitation occurs in summer. Snow 

cover extends from early October to mid-June. The soil in the study area is derived from 

a schist-limestone-quartzite mixture (SGU, 2015). The forest habitat was near the mouth 

of Nissonjohka river, 400 m above sea level (a.s.l.) (68°20′N 18°46′E). The tundra habitat 

was in Kärkevagge valley 720 m a.s.l. (68°24′N 18°19′E). These two sites were chosen 

because they have locally rare, relatively deep soils that allow installation of 

minirhizotron tubes 1 m long at 45°. The mean annual precipitation near the forest is 

310 mm (19132000; Kohler et al., 2006), and near the tundra 1000 mm (19612013; 

SMHI, 2014). Dominant plant species in the forest habitat are Betula pubescens Ehrh., 

Avenella flexuosa (L.) Trin., Vaccinium spp. and Empetrum nigrum L., and, in the tundra 

habitat, Carex spp., Bistorta vivipara (L.) Delarbre, Pyrola minor L., Ranunculus acris L. 

and Viola biflora L. 

Potential N input: belowground production 

I calculated the potential N input of fine roots by measuring root length production, 

multiplying length production by specific root weight to get root mass production 

(hereafter “root production”), and multiplying root production by root N concentration. 
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I examined fine root production at five randomly chosen locations in forest and 

tundra habitats. Locations at each habitat were spread over an area c. 500 m in 

diameter with a minimum separation of 30 m. At each location, one transparent plastic 

tube (diameter = 5 cm, length = 120 cm, clear cellulose acetate butyrate) was installed in 

2010 at a 45° angle to the soil surface with one end emerging from the soil surface to 

allow access for a minirhizotron camera. The protruding part of the tube was capped 

and covered with black tape to exclude sunlight. It has been argued that rhizotron tubes 

pose an unnatural barrier to root growth, producing results that differ from root growth 

in bulk soil (Rytter & Rytter, 2011). However, soils in my study area are very stony 

(Rubensdotter, 2002), so that the behaviour of roots that encounter physical barriers is 

relevant in my study system and in lithosols in general. 

I used a minirhizotron camera (Bartz Technology, Santa Barbara, California, USA) to 

collect 30 images (each 18 x 13.5 mm), each 13.5 mm apart, of the upper surface of 

each tube, from the soil surface to c. 65 cm deep. This soil depth includes the majority 

of fine roots in arctic soils (Jackson et al., 1996; Iversen et al., 2015). I recorded images 

biweekly in each growing season of 2013 and 2014. This time interval captures root 

production without missing root mortality in my study area (Balogianni et al., 2016). I 

measured the total length of live roots (excluding root hairs) in minirhizotron images 

using Rootfly (Version 2.0.2.; Clemson University, 2011) and summed root length per 

tube. I considered a root to be alive if it was white or brown (Hendrick & Pregitzer, 

1992). I recorded fine root length in five diameter classes (≤0.1, 0.10.2, 0.20.5, 0.51, 

12 mm) and two colour classes (brown and white) because [N] varies with these traits 
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(Steinaker & Wilson, 2005). Root length production was calculated as the increase in 

root length (elongation of existing roots and the appearance of new roots) between the 

first and last samples of each growing season for each tube. Using the first and last 

sample gave the same result as summing over each biweekly sample period due to the 

low mortality of roots in this system. 

I determined root mass production (hereafter “root production”; g root m-2 of 

image) by multiplying root length production by specific root weight (SRW = root mass 

per cm of root length, i.e., g root cm-1 root) for each diameter and colour class. Root 

samples for SRW determinations in forest and tundra were obtained from two pooled 

soil cores (diameter = 2.5 cm, depth = 60 cm) per location collected in June 2014, 

resulting in five soil cores per habitat. Roots were separated into diameter and colour 

classes, washed, measured for length, dried for 24 h at 80 °C, and weighed. Root mass 

was estimated using linear models of SRW for each diameter and colour class in each 

habitat. 

Potential N input: aboveground production 

I calculated the potential N input of aboveground plant tissue in forest and tundra by 

measuring leaf production of tree and shrub leaves and understorey leaves in forest, 

and leaf production of herbaceous vegetation in tundra, and multiplying leaf production 

with the respective [N] of aboveground tissue. 

I examined aboveground leaf production at the forest habitat by collecting leaves of 

trees, shrubs and herbaceous understorey in 2013 and 2014. For leaves of trees and 
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shrubs I placed three plastic traps (30 x 30 x 25 cm deep; with holes in the bottom to 

allow drainage) on the forest floor at each location in a triangular design c. 5 m apart. 

Traps were set out at the beginning of each growing season and sampled biweekly 

during spring and summer, and weekly during fall. Tree and shrub leaf samples were 

pooled per location. Production and potential N input of twigs were only 3% and 2% of 

the total potential N input in forest, respectively (S. Träger, unpublished data), thus, I 

consider only leaf tissue for further analyses. The understorey aboveground leaf 

production in forest was measured by cutting herbaceous vegetation in two 10 x 100 cm 

plots, pooled per location, at the end of the growing season of each year. Plant material 

of previous years was sorted out according to colour and structure, and understorey 

production from the current year was retained. Tree and understorey leaves were dried 

for 48 h at 60 °C and weighed. At the tundra site, aboveground production was 

measured by harvesting herbaceous vegetation (excluding woody plant parts) of two 

10 x 100 cm plots pooled per location in fall of each year, sorting out the current year’s 

production, drying, and weighing. 

Potential N input: tissue N concentration and potential N input measurement 

I determined [N] of fine roots collected in fall 2013. I took three soil cores 

(diameter = 5 cm, depth = 60 cm), at each location, pooled them, and sorted roots by 

diameter and colour, as above. Sorted roots were washed and dried for 48 h at 60 °C. 

Dried root samples were ground in a Mixer Mill MM301 (Retsch GmbH, Germany). Total 

N and carbon (C) concentration was measured in 5 mg of ground roots using an Isotope 
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Ratio Mass Spectrometer (EA-IRMS; ThermoFischer; Swedish University of Agricultural 

Sciences, Umeå, Sweden). Potential N input from annual root production was calculated 

by multiplying the mass production of each root diameter and colour class by its tissue 

[N]. 

Sample preparation and determination of total N and C concentration of leaves from 

2013 and 2014 was done as for roots. I determined potential N input of leaf production 

by multiplying the annual production of aboveground components (tree and shrub 

leaves and understorey in forest, and herbaceous leaves in tundra) by their respective 

[N].  

Potential N input: soil total N concentration 

Total soil [N] at my study sites was measured using the soil sieved from root samples in 

fall 2013. Soil was dried for 48 h at 60 °C, ground at a Mixer Mill MM305 (Retsch GmbH, 

Germany), and 75 mg of ground soil was analysed for total N and C concentration as for 

root and leaf tissue. 

Potential N input: statistical analysis 

Variation in potential N input and root and leaf production was examined using two-way 

ANOVAs with year of sampling and habitat as fixed factors (function aov, R package 

“aov”; R Development Core Team, 2015). Year as factor was included to test if 

production varies among years. Since year had no effect on potential N input or 

production of roots or leaves, I averaged values over two years for further analyses. 
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Variation in [N] and C:N ratio of roots was tested using one-way ANOVA with habitat as 

fixed factor. Variation in [N] and C:N ratio of leaves was tested using two-way ANOVA 

with habitat and year as fixed factors. All post-hoc tests for two-way ANOVAs were done 

using Tukey’s HSD. 

I tested variation in potential N input, production, [N], and C:N ratio among root 

diameter and colour classes using three-way ANOVAs with habitat, diameter and colour 

as fixed factors (function aov, R package “aov”; R Development Core Team, 2015). For 

clarity I present results of this analysis separated in diameter and colour classes (Fig. 

4.2), but also in an overall ANOVA table (Table 4.1). Variation in potential N input, 

production, [N], and C:N ratio of leaves was tested using two-way ANOVAs with habitat 

and year as fixed factors. Data were transformed to obtain normality if necessary. 

4.3.2 Root and leaf N loss during decomposition 

Decomposition: study sites 

I studied decomposition of roots and leaves in three areas near Abisko: Låktajåkka 

(68°25’N 18°21’E), Nuolja (68°21’N 18°45’E) and Suorovari (68°19’N 19°10’E) (Fig. 1.2). 

In each area I studied two habitats (forest and tundra) with four plots at each habitat. 

The forest habitats were at 400 m a.s.l., and the tundra habitats were at 650 m a.s.l. 

Dominant plant species in forest habitats were Betula pubescens Ehrh., Avenella 

flexuosa (L.) Trin., Geranium sylvaticum, Milium effusum and Rubus saxatilis, and, in 

tundra habitats, Anthoxantum odoratum L., Bistorta vivipara (L.) Delarbre and Viola 

biflora L. (J. Lembrechts, unpublished data). 



86 
 

Decomposition experiment 

I measured N concentration of fine roots and leaves in forest and tundra before and 

after one year of decomposition. A reciprocal decomposition experiment allowed tissue 

to decompose both in its own habitat (“home”) as well as in the other habitat (“away”).  

I collected fine roots in three soil cores (diameter = 2.5 cm, depth = 20 cm, separated 

by c. 200 cm) from each plot and pooled them by plot, in August 2014. I sorted out fine 

roots of two diameter classes (≤0.2 mm and >0.2 mm) because they vary in [N] 

(Steinaker & Wilson, 2005). Sorted roots were air-dried for 48 h. One subsample from 

each diameter class per plot was oven-dried (60 °C, 48 h) for initial nutrient analysis. 

Two root subsamples from each root diameter class per plot were weighed (c. 100 mg) 

and placed in polyester litterbags (7 x 9 cm, mesh size of 0.3 mm). The mesh size was 

chosen for both roots and leaves to allow comparable access for microbes and micro-

invertebrates to substrates and due to the lack of large soil invertebrates in this arctic 

area (Cornelissen et al. 2007; Freschet et al. 2012b). One subsample decomposed in its 

own plot (home), and the other decomposed in its respective plot in the other habitat 

(away). 

Leaves were collected from two subplots (20 x 10 cm) within 5 m of the locations 

where roots were sampled. I collected herbaceous vegetation in forest and tundra, as 

well as tree leaves in forest, in August 2014. The two subplots were pooled per plot. 

Leaves with obvious damage from infection or herbivores were excluded. Leaves were 

chopped to c. 2 cm² pieces, mixed and air dried. One air-dried leaf subsample per plot 

was oven-dried for initial nutrient analysis. Two air-dried leaf subsamples per plot were 
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weighed (c. 1 g) and placed in litterbags. One subsample decomposed in its own plot, 

and the other decomposed in its respective plot in the other habitat. 

I field-incubated substrates in a reciprocal decomposition experiment for one year 

beginning August 2014. Each plot per habitat per area received three litter bags 

containing either roots ≤0.2 mm, roots >0.2 mm, or leaves from the original habitat 

(home), and three litter bags containing substrate from the other habitat (away). Litter 

bags were buried 10 cm deep. After one year of decomposition, soil, soil fauna and 

other material was removed from the decomposed litter by sorting and rinsing with tap 

water. Litter samples were oven-dried (60 °C, 48 h) and weighed, and total N and C 

concentration was determined as described above. 

I calculated N loss after one year of decomposition for each substrate at each habitat 

per area, depending on the origin of the substrate, by subtracting [N] after 

decomposition from initial [N] before decomposition. 

Decomposition: statistical analysis 

Variation in N loss, [N], and C:N ratio after one year of decomposition was examined 

using three-way mixed-effect model ANOVA with incubation habitat (forest or tundra), 

substrate (roots ≤0.2 mm, roots >0.2 mm, leaves), and habitat origin (home or away) as 

fixed factors and plot as random factor (function lme, R package “nlme”; R Development 

Core Team, 2015). The test method for mixed-effect ANOVAs was maximum likelihood. 

To identify the best model, I did model comparison using Akaike Information Criterion 

(AIC; Burnham & Anderson, 2002). Post-hoc tests were done using least square means 
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with the function lsmeans from the R package “lsmeans” (Lenth, 2016), with the 

adjustment method “Tukey”. Variation in [N], and C:N ratio before decomposition was 

examined using two-way mixed-effect model ANOVA with substrate, and habitat origin 

as fixed factors and plot as random factor (function lme, R package “nlme”; test method 

maximum likelihood; R Development Core Team, 2015). Model comparison was done as 

described for after-decomposition testing. Data were transformed to obtain normality if 

necessary. All of the statistical analysis were implemented in R 3.2.3 (R Development 

Core Team, 2015). 

4.4 Results 

4.4.1 Potential N input in forest and tundra 

Potential N input (mass production multiplied by tissue [N]) from roots in forest 

exceeded that in tundra by a factor of two (F1,12 = 19.91; P < 0.001; Fig. 4.1a). This was 

associated with much greater root production in forest than tundra (F1,15 = 16.63; 

P < 0.001; Fig. 4.1b). In contrast, root [N] did not vary significantly (P > 0.05) between 

habitats (forest:  0.76% ± 0.19%, mean ± SD; tundra: 0.82% ± 0.17%; F1,90 = 1.67; 

P = 0.20). The C:N ratio of roots was significantly greater in forest than tundra (forest: 

55.13 ± 18.86; tundra: 41.91 ± 15.26; F1,88 = 13.43; P < 0.001). 

Potential N input also varied significantly among root diameter and colour classes (Fig. 

4.2a,b; Table 4.1). The highest potential N input in both forest and tundra occurred for 

roots with a diameter of 0.20.5 mm, whereas roots ≤0.1 mm and roots >1 mm 

contributed very little (Fig. 4.2a). Root potential N input was higher in forest than tundra 
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only for roots with a diameter ≤0.5 mm (Fig. 4.2a). There were no significant 

interactions involving root diameter and habitat (Table 4.1), suggesting that forest and 

tundra have similar distributions of potential N input from roots of different diameters. 

In contrast, a significant interaction occurred between root colour and habitat because 

brown roots had greater potential N input than white roots, but significantly so only in 

tundra (Fig. 4.2b). 

Root production also varied significantly among root diameter and colour classes 

(Fig. 4.2c,d; Table 4.1). The greatest production in both forest and tundra occurred in 

roots with a diameter of 0.20.5 mm. Root production was higher in forest than tundra 

only for roots with a diameter ≤0.5 mm (Fig. 4.2c). Similar to potential N input, there 

was no significant interaction between root diameter and habitat (Table 4.1). In 

contrast, a significant interaction occurred between root colour and habitat because 

brown roots had significantly greater root production than white roots, but only in 

tundra (Fig. 4.2d). 

Root [N] varied significantly among root diameter and colour classes (Fig. 4.2e,f; 

Table 4.1). Root [N] in both forest and tundra was generally lowest in roots with the 

greatest diameter (Fig. 4.2e). A significant interaction between colour and habitat 

occurred because brown roots had significantly higher [N] than white roots, but only in 

forest (Fig. 4.2f). Root C:N ratio varied significantly with diameter and colour (Fig. 4.2g,h; 

Table 4.1). Root C:N ratio was greatest in roots with greater diameter in both forest and 

tundra (Fig. 4.2g). Root C:N ratio was higher in forest than tundra only for roots with a   
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Fig. 4.1 Potential nitrogen (N) input and mass production of roots in forest and tundra. 

Shown are mean (± SD) values for (a) potential N input, and (b) production of roots. 

Root potential N input and production are in g m-2 minirhizotron image y-1. Effect: 

Habitat (H): forest or tundra. ***, P < 0.001.  
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Fig. 4.2 Nitrogen (N) input related characteristics of roots by diameter and colour class 

in forest and tundra. Mean (± SD) potential N input, production, N concentration, and 

carbon (C):N ratio of roots for different root diameter (a, c, e, g) and colour (b, d, f, h) 

classes in forest and tundra. Root potential N input and production represent values in 

g m-2 minirhizotron image y-1. Values per diameter classes are averaged over colour 

classes. Values per colour classes are averaged over diameter classes. Effect: Habitat (H): 

forest or tundra; Diameter (D): root diameter ≤0.1 mm, 0.10.2 mm, 0.20.5 mm, 

0.51 mm, 12 mm; Colour (Co): root colour brown or white. ***, P < 0.001; *, P < 0.05. 

Means within the same diameter or colour class marked with * are significantly different 
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in forest and tundra (Tukey HSD, P < 0.05). Missing indication of significance indicates no 

significant effect. For clarity I present results separated per diameter and colour classes. 

Complete statistical results of three-way ANOVAs for potential N input, production, N 

concentration, and C:N ratio of roots are presented in Table 4.1.
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Table 4.1 ANOVA results for root potential nitrogen (N) input, mass production, N concentration, and C:N ratio. F-values from 

ANOVAs of root potential N input, production, N concentration and C:N ratio. Root potential N input and production are in g m-2 

minirhizotron image y-1. Effects: Habitat: forest or tundra; Diameter: root diameter ≤0.1 mm; 0.10.2 mm; 0.20.5 mm; 0.51 mm; 

12 mm; Colour: root colour brown or white roots. D.f. and residual d.f. are shown for all variables tested (root potential N input, 

root production, root N and root C:N ratio). Values in parentheses refer to d.f. or residual d.f. of root N and root C:N ratio. 

Effect d.f. Residual 

d.f. 

Root potential N 

input  

(g m-² image y-1) 

Root production  

(g m-² image y-1) 

Root N (%) Root  

C:N 

Habitat 1 75 (73) 16.64*** 21.04*** 2.03 40.28*** 

Diameter 4 75 (73) 34.46*** 35.21*** 9.50*** 56.83*** 

Colour 1 75 (73) 23.52*** 18.46*** 20.38*** 13.60*** 

Habitat x Diam 3 (4) 75 (73) 1.84 1.67 0.91 1.29 

Diam x Col 2 (4) 75 (73) 5.44** 6.61** 3.27* 4.50** 

Col x Habitat 1 75 (73) 4.07* 6.19* 3.97* 4.00* 

Diam x Col x Habitat 2 (4) 75 (73) 0.70 0.65 0.96 1.03 

***, P < 0.001; **, P < 0.01; * P < 0.05
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diameter ≤0.1 mm and 0.20.5 mm (Fig. 4.2g). Root C:N ratio showed a significant 

interaction between colour and habitat because white roots had an higher C:N ratio 

than brown roots only in tundra (Fig. 4.2h). 

Potential N input from leaves was significantly greater in forest than tundra (Table 

4.2). This resulted from a significantly greater production in forest than tundra, even 

though [N] of leaves was significantly greater in tundra than forest (Table 4.2). The C:N 

ratio of leaves was significantly greater in forest than tundra (Table 4.2). 

Total soil [N] was significantly greater in tundra than forest (0.0989% ± 0.0528% and 

0.0470% ± 0.0194%, respectively; F1,7 = 6.37; P = 0.04). Total soil [C] was not significantly 

different between forest and tundra (1.0710% ± 0.3295% and 1.6983% ± 0.8174%, 

respectively; F1,7 = 1.65; P = 0.24). Consequently, soil C:N ratio was significantly greater 

in forest than tundra (23.43 ± 2.53 and 17.44 ± 2.31, respectively; F1,8 = 15.25; P < 0.01). 

4.4.2 Root and leaf N loss during decomposition 

Nitrogen loss did not vary significantly with habitat origin of substrates (forest or tundra) 

(Fig. 4.3; Table 4.3). Nitrogen loss after one year of decomposition varied significantly 

among substrates: roots ≤0.2 mm in diameter tended to lose N, roots >0.2 mm in 

diameter both lost and gained N, and leaves gained N (Fig. 4.3). A significant interaction 

between incubation habitat and substrate occurred because only roots >0.2 mm 

showed a significant difference in N loss between habitats (Fig. 4.3b; Table 4.3): N loss 

was significantly greater in forest than tundra. Roots ≤0.2 mm in diameter also had 

greater N losses in forest than tundra, although not significantly so. Leaf N accumulation 



95 
 

(negative N loss) was similar in forest and tundra (Fig. 4.3c). The significant interaction 

between substrate and incubation habitat also suggests that differences between 

substrates depended on the incubation habitat: roots ≤0.2 mm lost N in both forest and 

tundra (Fig. 4.3a), whereas roots >0.2 mm accumulated N most strongly in tundra (Fig. 

4.3b), and leaves accumulated N in both incubation habitats (Fig. 4.3c). 

 N concentration before decomposition differed significantly among substrates 

(F2,65 = 64.84; P < 0.001). N concentration before decomposition was significantly 

greater in leaves (2.11% ± 0.21%), followed by roots ≤0.2 mm (1.50% ± 0.28%), and roots 

>0.2 mm (1.10% ± 0.21%). Nitrogen concentration before decomposition was not 

significantly different in forest and tundra (F1,65 = 1.71; P = 0.20). In addition, no 

significant interaction between habitat and substrate occurred (F2,63 = 0.40; P = 0.68). 

Similarly, [N] after decomposition differed significantly among substrates (Table 4.3). N 

concentration was significantly greater in leaves (2.70% ± 0.05%), followed by roots 

≤0.2 mm (1.37% ± 0.06%), and roots >0.2 mm (1.24% ± 0.07%). Nitrogen concentration 

after decomposition was not significantly different between habitats (Table 4.3). There 

was no significant interaction between habitat and substrate (Table 4.3). 

The C:N ratio before decomposition varied significantly among substrates 

(F2,65 = 45.23; P < 0.001). The C:N ratio before decomposition was greater in roots 

>0.2 mm (44.08 ± 10.33), followed by roots ≤0.2 mm (27.95 ± 5.49), and leaves 

(22.14 ± 2.76). The C:N ratio before decomposition was not significantly different in 

forest and tundra (F1,65 = 1.00; P = 0.33). In addition, no significant interaction between 

habitat and substrate occurred (F2,63 = 0.52; P = 0.60). The C:N ratio after decomposition
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Table 4.2 Potential nitrogen (N) input, production, N concentration and C:N ratio for different aboveground tissues in forest 

(understorey and leaves) and tundra. Shown are mean values ± SD. F-values indicate significant differences between forest and 

tundra of leaf potential N input, leaf production, leaf N and leaf C:N (***, P < 0.001). 

Habitat Component Leaf potential 

N input  

(g m-² y-1) 

Leaf production  

(g m-² y-1) 

Leaf N (%) Leaf C:N 

 

Forest understorey 0.51 (0.45) 45.53 (30.91) 1.03 (0.19) 44.73 (7.27) 

Forest leaves 5.81 (2.94) 440.90 (192.68) 1.24 (0.19) 41.49 (6.68) 

Tundra herbs 0.88 (0.39) 60.71 (25.75) 1.44 (0.17) 31.97 (3.83) 

  
  

 
 

Total forest 
 

6.32 (3.36) 486.43 (243.26) 1.13 (0.22) 43.19 (7.00) 

Total tundra 
 

0.88 (0.39) 60.71 (25.75) 1.44 (0.17) 31.97 (3.83) 

F-value  25.72*** 33.78*** 14.93*** 20.56*** 
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Fig. 4.3 Nitrogen (N) loss of decomposed roots and leaves in forest and tundra 

depending on their habitat origin. Mean (± SD) N loss (%) of roots ≤0.2 mm in diameter 

(a), roots >0.2 mm in diameter (b), and leaves (c) after one year of decomposition in 

forest and tundra, depending on the origin of the substrate (home or away). N loss was 

calculated as the difference of initial N concentration before decomposition and N 

concentration after one year of decomposition. Negative values of N loss indicate N 

accumulation. Effect: Habitat (H): forest or tundra. **, P < 0.01. Means within the same 

origin of substrate with * are significantly different in forest and tundra (Tukey HSD Test, 

P < 0.05). Missing indication of significance indicates no significant effect. For clarity I 

present results separated per substrate. Comprehensive statistic results of three-way 

ANOVAs for N loss of roots after one-year decomposition are presented in Table 4.3.  
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Table 4.3 ANOVA results for nitrogen (N) loss, N concentration, and C:N ratio of roots 

and leaves after one year of decomposition. F-values from ANOVAs of N loss, N 

concentration, and C:N ratio after one year of decomposition depending on the 

incubation habitat, substrate and habitat origin of substrate. Effects: Habitat: forest or 

tundra; Substrate: roots ≤0.2 mm in diameter, roots >0.2 mm in diameter, or leaves; 

Origin: substrate from home or away habitat. Excluded – Excluded variables after model 

comparison. D.f. and residual d.f. are shown for all variables tested (N loss, N 

concentration, and C:N ratio). Values in parentheses represent residual d.f. of N loss.

Effect d.f. Residual 

d.f. 

N loss 

(%) 

N (%) C:N 

Habitat 1 136 (131) 9.63** 1.68 1.61 

Substrate 2 136 (131) 99.52*** 326.01*** 202.61*** 

Origin 1 136 (131) 1.06 1.13 0.75 

Habitat x Sub 2  5.41** excluded excluded 

Habitat x Ori   excluded excluded excluded 

Sub x Ori   excluded excluded excluded 

Habitat x Sub x Ori   excluded excluded excluded 

***, P < 0.001; **, P < 0.01  
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also differed significantly among substrates (Table 4.3). The C:N ratio was greater in  

roots >0.2 mm (41.94 ± 2.81), followed by roots ≤0.2 mm (32.46 ± 3.67), and leaves 

(19.25 ± 2.30). The C:N ratio after decomposition was not significantly different between 

habitats (Table 4.3). There was no significant interaction between habitat and substrate 

(Table 4.3). 

4.5 Discussion 

The potential input of roots to the N cycle was greater in forest than tundra, resulting 

from greater root mass production in forest and no difference in N concentration of 

roots between habitats. The potential N input from leaves was also greater in forest 

than tundra, due to a greater mass production in forest, even though N concentration of 

leaves was greater in tundra. In contrast, during decomposition of roots and leaves, 

habitat origin and the habitat where decomposition occurred had almost no effect on N 

loss after one year of decomposition. 

4.5.1 Potential N input in forest and tundra 

The potential N input from roots was two-fold greater in forest than tundra. Root mass 

production was three-fold greater in forest than in tundra, whereas root N 

concentration was not significantly different between forest and tundra. To my 

knowledge, only one other study has compared potential N input in contrasting woody 

and herbaceous vegetation: at the northern edge of the North American Great Plains, 

the potential N input of roots did not differ between forest and grassland, primarily due 
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to no difference between habitats in root mass production (Steinaker & Wilson, 2005). 

Overall, my results confirm suggestions that expansion of woody functional groups into 

herbaceous vegetation might stimulate N cycling by greater N input from decomposition 

(Vankoughnett, 2009; Chu & Grogan, 2010; Buckeridge et al., 2010), but here, in 

addition, I show that differences between forest and tundra in root production will also 

contribute to this enhancement. 

Root N concentration, as a measure of potential litter quality (Orwin et al., 2010), 

was not significantly different between forest and tundra, suggesting that there are no 

differences in root tissue quality in woody and herbaceous vegetation types. This is in 

contrast to previous studies which found that roots had either similar or greater N 

concentration in forest than herbaceous vegetation (Steinaker & Wilson, 2005), or 

differences between woody and herbaceous plants that were primarily species-specific 

(Pregitzer et al., 1997). The lack of differences in root N concentration, combined with 

greater root mass production in forest, increases the potential N input of roots to the 

soil in forest relative to tundra. This is likely to influence N cycling, community 

composition, and soil C sequestration (Chu & Grogan, 2010; Buckeridge et al., 2010). 

Additionally, root C:N ratio might influence the soil microbial community (De Deyn et al., 

2008). Orwin et al. (2010) found that root C:N ratio was negatively correlated with the 

bacteria: fungi ratio in soil. In my case, the greater root C:N ratio in forest than tundra 

would indicate a smaller bacteria: fungi ratio, which is often found in soils under woody 

vegetation (van der Wal et al., 2013; Veen et al., 2015b,c). Although a fungal-dominated 

decomposer community can indicate slow nutrient cycling (Wardle et al., 2004; Högberg 
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et al., 2006), the magnitude of differences between forest and tundra was much greater 

for potential N input (Fig. 4.1a) than for root C:N (Fig. 4.2g), suggesting that root mass 

and potential N input differences will overwhelm root C:N differences, resulting in 

accelerated N cycling beneath forest. 

The potential input of roots varied with root traits like diameter and colour. The 

potential N input was greatest in roots with a diameter of 0.20.5 mm in both forest and 

tundra (Fig. 4.2a). This resulted from a greater root mass production of roots with 

0.20.5 mm diameter (Fig. 4.2c), even though N concentration decreased with 

increasing diameter (Fig. 4.2e). Root chemistry, as an important factor influencing 

potential plant nutrient contribution to N cycling (Prieto et al., 2016), often varies with 

root diameter (Goebel et al., 2011; Sun et al., 2013). Similar to my results, the potential 

N input of roots in the northern Great Plains tended to be greatest for roots 0.20.5 mm 

in diameter, caused by greater mass production of these diameter classes (Steinaker & 

Wilson, 2005). As in my results, N concentration decreased with increasing root 

diameter in both forest and grassland (Steinaker & Wilson, 2005). In contrast, a study of 

four temperate woody and herbaceous species showed decreasing N concentration with 

thicker, low-order roots only in woody species, whereas N concentration in herbaceous 

species did merely vary with root diameter (Pregitzer et al., 1997). In my study system, 

root C:N ratio increased with increasing root diameter in both forest and tundra (Fig. 

4.2g), whereas a general trend of greater C:N ratio in thick, low-order roots was found 

only in woody species in Pregitzer et al. (1997). However, for all parameters tested in my 

study, the lack of a significant interaction involving root diameter and habitat suggests 
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that forest and tundra have similar distributions of potential N input from roots of 

different diameters. Taken together, the greater N input and the lower C:N ratio of roots 

with a smaller diameter in both forest and tundra, together with the lack of an 

interaction between root diameter and habitat, suggests that finer roots contribute 

more to N cycling than coarser roots, and that this pattern does not vary among 

vegetation types. Consequently, the invasion of woody into herbaceous vegetation 

might not alter N cycling driven by N input rates of roots with varying diameter. 

The potential N input of roots was greater in brown than white roots (Fig. 4.2b), 

because root mass production was greater in brown than white roots, but only in tundra 

(Fig. 4.2d). Herbaceous vegetation has been reported to have root life spans greater 

than five years (Milchunas, 2009), probably because root mass comprises mostly 

lignified brown roots that function for water transport (McCormack et al., 2015). In my 

study, the N concentration was greater in brown than white roots, but only in forest 

(Fig. 4.2f). The greater N concentration in brown roots stands in contrast to a previous 

study which reported greater N concentration in white than brown roots of a woody 

species (Baldi et al., 2010). The significant interaction between root colour and habitat 

for all variables tested (potential N input, mass production, [N], and C:N) suggests that 

the invasion of woody vegetation into tundra might alter N cycling driven by colour-

related differences in potential N input. The greater potential N input of brown 

compared to white roots in tundra might be balanced out during invasion of woody 

vegetation, because no difference in brown and white roots occurred in forest. In total, 

however, differences between forest and tundra in the potential N input of roots to N 
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cycling did not seem to be due to differences in diameter or colour classes of roots 

between the two habitats, because variation among diameter and colour classes was 

almost always similar in forest and tundra (Fig. 4.2). 

As in the case of roots, potential N input from leaves was greater in forest than 

tundra, due to a greater mass production of aboveground tissue in forest compared to 

tundra, even though leaf N concentration was greater in tundra than forest. Greater 

aboveground production was previously confirmed by Mendoza-Ponce et al. (2010) 

comparing temperate forest and grassland. Although there is evidence for variation in 

aboveground tissue quality (i.e. N concentration) in forest and tundra (Tjoelker et al., 

2005; Vivanco & Austin, 2006; Comas & Eissenstat, 2009), greater aboveground N input 

in forest than tundra can be expected because mass production in forest exceeds that in 

a herbaceous habitat by magnitudes (Sturm et al., 2005; Steinaker & Wilson, 2005). 

My findings of potentially greater N input in forest than tundra for both leaves and 

roots contrast with my finding of two-fold greater total N in tundra than forest soil. This 

might be most simply explained by the 320-m-greater elevation and resultant lower 

temperatures and a shorter decomposition season in tundra than forest, resulting in less 

N mineralization and greater total N. As noted above, differences between forest and 

tundra in soil C:N are small compared with differences in potential plant input, thus it 

also seems unlikely that differences in tissue C:N will contribute to differences in soil N.  
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4.5.2 Root and leaf N loss during decomposition 

Nitrogen loss after one year of decomposition varied with substrate (roots vs. leaves) 

and, to a lesser extent, with the habitat where decomposition occurred (“incubation 

habitat”). The habitat origin of substrate did not influence N loss. Woody and 

herbaceous vegetation can be expected to differ in their influence on decomposition of 

plant tissue (Wardle et al., 2004). As noted above, soil under woody vegetation is 

dominated by fungal communities (Wardle et al., 2004; Veen et al., 2015b,c), whereas 

soil under herbaceous vegetation is often dominated by bacterial communities with 

faster nutrient cycling (Wardle et al., 2004; Chu et al., 2011; van der Wal et al., 2013). In 

my study system, however, the habitat where decomposition occurred had almost no 

effect on decomposition. Only roots >0.2 mm showed a significant difference in N loss 

between habitats (Fig. 4.3b): in forest, effectively no N was lost, whereas in tundra N 

was accumulated. The initial and after-decomposition N concentration and C:N ratio did 

not vary between forest and tundra, suggesting that differences between habitats in N 

loss of roots >0.2 mm are not caused by tissue quality differences between habitats. It 

may be that, as indicated above, the fungal-driven decomposition in forest is relatively 

slow, thus delaying the effect of decomposing roots >0.2 mm compared to bacteria-

driven decomposition in tundra. Accordingly, long-term decomposition effects should be 

tested. Nevertheless, the decomposition of roots and leaves in herbaceous vegetation 

might not be affected by the invasion of woody vegetation, since N loss during 

decomposition of almost all substrates was similar in forest and tundra. 
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 Nitrogen concentration and C:N ratio of roots after decomposition did not vary 

between forest and tundra, but did vary with root diameter. Root chemistry is one of 

the most important factors influencing root decomposition (Silver & Miya, 2001; Prieto 

et al., 2016). As indicated above, root decomposition varies with diameter (Goebel et 

al., 2011; Sun et al., 2013). A study analysing two temperate tree species showed that 

during decomposition roots <0.5 mm lost more N compared to roots >0.5 mm (Sun et 

al., 2013). My results indicate the same trend, that roots ≤0.2 mm lost N whereas roots 

>0.2 mm did not contribute or did even accumulate N (Fig. 4.3a,b). Nitrogen loss 

(Fornara et al., 2009) as well as N accumulation in early stages of root decomposition 

has been reported previously (Hobbie et al., 2010; Goebel et al., 2011; Sun et al., 2012, 

2013). Decomposer communities are strong competitors for N against plants resulting in 

a short-term immobilization rather than mineralization of N (Bardgett et al., 2002; 

Fornara et al., 2011). My decomposition experiment lasted for one year and presumably 

reflected mostly immobilization. 

The habitat origin of substrate had no effect on changes in tissue N during 

decomposition. This lack of home-field advantage during decomposition was also 

reported in a study of leaf decomposition close to my study sites (Veen et al., 2015c), 

but stands in contrast to other studies analysing the effect of home-field advantage 

(Gholz et al., 2000; Vivanco & Austin, 2008; Ayres et al., 2009). Studies to date focusing 

on home-field advantage during decomposition were almost entirely done on 

aboveground tissue, and we have nearly no knowledge if the same patterns of 

aboveground tissue apply to roots decomposing away from their home environment. 
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The lack of finding an effect of the origin of substrate between forest and tundra might 

be because I used a mix of species of the respective vegetation type for the experiment, 

which might mask substrate origin effects (Perez et al., 2013; Austin et al., 2014; Veen et 

al., 2015c). Further, because the quality (N concentration, C:N ratio) before and after 

decomposition of both my substrates (roots and leaves) did not differ between habitats, 

decomposer communities may be little influenced by tissue from another habitat (Veen 

et al., 2015a). Thus, the invasion of woody species into herbaceous vegetation might not 

affect N loss of roots and leaves during decomposition, although long-term 

decomposition effects should be tested.  

4.5.3 Conclusions 

The potential N input of roots and leaves was greater in forest than in tundra, primarily 

due to differences in the magnitude of production between habitats. The greater N 

input in forest than tundra suggests that plant-associated belowground and 

aboveground contributions to the N cycle in tundra are likely to be increased by the 

invasion of woody vegetation. Additionally, potential N input varied with root traits like 

diameter and colour but this variation tended to be similar in forest and tundra, 

suggesting that invasion of woody vegetation into tundra will not alter potential root 

contributions to N cycling based on differences in root traits. The lack of a habitat origin 

effect during decomposition of roots and leaves suggests that decomposition and the 

associated N loss of roots and leaves in tundra might not be altered by the invasion of 

woody vegetation. Overall, the inclusion of roots in consideration of potential plant 
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contributions to differences between forest and herbaceous vegetation to soil N cycling 

is to bolster differences between them in their leaf production and litter quality. 
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CHAPTER 5  

General Discussion 
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Root ecological studies in arctic environments are increasing in number but still scarce. 

In my thesis, I focused on three related topics emphasizing the importance of roots in 

arctic habitats. I analysed belowground plant species richness in order to increase our 

understanding of the role of roots in plant community diversity. I studied the spatial 

heterogeneity of roots from the perspective of very small, single-root scales which might 

be the ecological scales where roots respond to or at which roots generate 

environmental heterogeneity. Finally, I analysed the potential contribution of roots 

during decomposition to the N cycle in different arctic vegetation types to allow 

considerations of possible belowground plant effects related to climate change. 

 

One of the most prominent findings of my thesis was that belowground plant species 

richness exceeded aboveground richness on average two-fold (Fig. 2.1), in all vegetation 

types ranging from forest to the upper elevation limit of vascular plants (Fig. 2.2b; 

CHAPTER 2). Greater belowground than aboveground plant richness also occurred in 

temperate regions (Kesanakurti et al., 2011; Hiiesalu et al., 2012, 2014). Together with 

my results from different arctic vegetation types, these studies indicate that greater 

belowground than aboveground plant species richness is a general trend spanning a 

range of climatic regions. In contrast, one study reported lower plant richness 

belowground than aboveground at both a temperate and an arctic study site, but this 

result may be related to differences in sampling sizes belowground and aboveground 

(Lamb et al., 2016). This difference in results emphasizes the need for further studies on 

belowground plant species richness in different climatic regions. In addition, a 
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standardization of the sampling design and sampling area should be sought, to allow 

comparability among studies. In my study, I sampled all vegetation types belowground 

and aboveground in a sample volume of 0.1 x 0.1 x 0.1 m. One could argue that this 

volume is too small for aboveground richness sampling of some aboveground 

vegetation (e.g. forest), and might pose a bias towards belowground richness being 

greater than aboveground richness. For grasslands, at least, a study in Estonia showed 

that even with increasing sampling area belowground plant richness exceeds 

aboveground richness (Hiiesalu et al., 2012). 

In addition to my result of belowground richness exceeding aboveground richness, 

the magnitude of this difference varied with elevation and accompanying vegetation 

type change (Fig. 2.2). Similarly, belowground plant richness was found to vary with 

environmental changes such as soil fertility (Hiiesalu et al., 2012). Studies of 

belowground richness along extended environmental gradients, such as elevation 

gradients, have been, up to this point, lacking. Studies of aboveground richness along 

elevation gradients report a variety of often contradictory patterns (Grytnes, 2003; 

Bruun et al., 2006; Sundqvist et al., 2011). This variation opens speculation on how 

belowground richness varies along environmental gradients. The study by Hiiesalu et al. 

(2012) suggests that belowground richness shows different responses to environmental 

changes than aboveground richness because belowground richness (measured as 

additional belowground richness) increased with increasing soil N, whereas 

aboveground richness decreased, and total richness (the sum of additional belowground 

and aboveground richness) remained unaffected. 
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Plant species richness is also expected to vary with biomass production (as a 

measure of productivity) due to changes in community structures and thus in species 

coexistence (Guo, 2007). The relationship between plant richness and habitat 

productivity has fostered a long-standing debate and is a frequently studied topic 

(Grime, 1973; Kelemen et al., 2013; Grace et al., 2016). In my thesis, different 

components of richness (belowground, aboveground, or total) showed varying 

relationships with their corresponding biomass component (belowground, 

aboveground, or total) on the plant neighbourhood scale (CHAPTER 2): belowground 

richness peaked at intermediate belowground biomass, aboveground richness did not 

vary with aboveground biomass, and total richness decreased with increasing total 

biomass (Fig. 2.5). The lack of a consistent single relationship pattern between richness 

and biomass regardless of the ecological scale could be ascribed to an extreme 

complexity of the interaction of those two parameters in an ecosystem. This conclusion 

has already been reached, but based on aboveground vegetation only (Adler et al., 

2011). My study, however, suggests that these inconsistent patterns known of the 

aboveground richness and biomass relationship may also apply to belowground 

component relationships. 

 

The relationship between the spatial distribution of roots and of soil resources is 

bidirectional and contributes to plant species richness and coexistence aboveground 

and belowground (Hutchings et al., 2000; Brassard et al., 2013). The question of how 

this relationship changes with scale is, however, unresolved. Thus, another prominent 
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result of my thesis was that roots exhibit spatial heterogeneity on scales as small as a 

few millimetres, likely generating or responding to environmental heterogeneity on 

similarly small scales (CHAPTER 3). This is indicated by the greater coefficient of 

variation (CV; as a measure of the magnitude of heterogeneity) (Fig. 3.2a) at the finest 

than coarsest study resolution, as well as by the smallest distance of the first drop in 

semivariance (SV; as a measure of the scale of heterogeneity) at the fine than coarse 

resolution (Fig. 3.3a). 

Due to their small size, roots are likely to respond to or generate very small scales of 

heterogeneity. The finest scale on which roots interact with their environment is the 

rhizosphere, the area around each single root, ranging in size from a few millimetres to 

micrometres (Hinsinger et al., 2009; Philippot et al., 2013). In this narrow zone 

surrounding roots, a diverse accumulation of soil microbiota, nutrients, and root 

exudates is located (Philippot et al., 2013). This makes the rhizosphere a highly 

heterogeneous environment at which roots interact. Additionally to this plant-

associated fine-scale soil heterogeneity, the soil environment sets roots the task to react 

to fine-scale resource heterogeneity because, for example, only soil pores with a size of 

0.2 to 30 µm contain plant available water (Watt et al., 2006). The continuous decrease 

in the scale of heterogeneity from coarse to fine resolution found in my thesis might 

suggest that, at finer study resolutions than those investigated in this thesis, even 

smaller scales of heterogeneity could be found. 

The magnitude of spatial root heterogeneity (CV) also varied significantly among 

vegetation types. CV was greatest in high alpine tundra, but was not different among 
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forest, heath and low alpine tundra (Fig. 3.2a). This suggests that the soil under high-

elevation alpine tundra was less evenly filled with roots than soil of vegetation types at 

lower elevations. Studies in a temperate region (Pärtel & Wilson, 2002) and in a semi-

arid savanna (van der Waal et al., 2011) compared forest and grassland and found that 

spatial root and resource heterogeneity was greater in forest than tundra, which is in 

contrast to my results. As already mentioned, root heterogeneity can be expected to 

correlate with soil resource heterogeneity because root growth is likely to be enhanced 

in areas with higher resource availability (Hodge, 2004; Kembel & Cahill, 2005). A study 

comparing soil resources (i.e. soil N) in forest and grassland in temperate and tropical 

regions showed that there is no consistent pattern of soil heterogeneity in those climatic 

regions (Pärtel et al., 2008). Consequently, it is likely that root (and soil) heterogeneity 

patterns also differ in forest and herbaceous habitats in the Arctic compared to other 

climatic regions. Additionally, in my study, abiotic conditions (e.g. temperature, short 

growing season) were more unfavourable at the high alpine tundra site due to greater 

elevation. This is associated with lower soil microbial activity (Schimel et al., 2004), and 

often lower litter quality (Sundqvist et al., 2013) and quantity (Raich et al., 1997) which 

might create resource microhabitats contributing to increased heterogeneity in root 

production (Pärtel & Wilson, 2001). 

The magnitude of root heterogeneity (CV) did not vary among vegetation types for 

the finest resolution of 1 mm² (Fig. 3.2a). Root heterogeneity found at coarser 

resolutions (10 mm², 100 mm², and 300 mm²) may have been due to morphological 

differences in growth forms (Schenk & Jackson, 2002). At 1 mm² those morphological 
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differences might not be distinguishable. In addition, a resolution of 1 mm² might be 

close to the scale at which rhizosphere interactions occur (Dessureault-Rompré et al., 

2007; Hinsinger et al., 2009), and ecophysiological processes at the rhizosphere might 

be similar among vegetation types. 

The spatial scale of root heterogeneity (first decrease in semivariance, SV), in 

contrast to the magnitude, did not differ among vegetation types (Fig. 3.3b). The scale 

of root heterogeneity varies between temperate forest and grassland (Pärtel & Wilson, 

2002). However, root heterogeneity in different climatic regions might differ from those 

of temperate regions. For example, differences in soil resource heterogeneity between 

forest and grassland varied between tropical and temperate regions (Pärtel et al., 2008). 

Because soil resource heterogeneity can be altered by root heterogeneity (Kleb & 

Wilson, 1997; Pärtel & Helm, 2007), and root heterogeneity can be altered by resource 

heterogeneity (Hodge, 2004; Kembel & Cahill, 2005), resource and root heterogeneity 

are likely related. 

 

Soil N cycling is a central ecosystem function which interacts directly and indirectly with 

parameters including belowground plant species composition, root spatial distribution 

and root litter production and quality (Hobbie, 2015). In my study region, the Arctic, it is 

consistently observed that shrubs and trees invade into herbaceous tundra, which is 

likely associated with climate change (Tape et al., 2006; Rundqvist et al., 2011; Myers-

Smith et al., 2015). The results of my thesis suggest that this change in vegetation can 

change local N cycling within these habitats (CHAPTER 4). My study showed that the 
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potential N input from roots and leaves was greater in forest than tundra, which 

resulted in particular from an order of magnitude greater root and leaf production in 

forest (Fig. 4.1, Table 4.2). This suggests that the expansion of woody vegetation into 

herbaceous vegetation might enhance N cycling by belowground as well as aboveground 

plant contributions, a suggestion supported by studies exclusively of aboveground 

contributions (Vankoughnett, 2009; Buckeridge et al., 2010). 

For roots, the greater N input in forest also occurred because the increased 

production in forest was not accompanied by N concentration variation between forest 

and tundra. In contrast, root N concentration varied between temperate woody and 

herbaceous vegetation types (Pregitzer et al., 1997; Steinaker & Wilson, 2005). Despite 

no difference in root N concentration, the C:N ratio of roots was greater in forest than 

tundra. According to a study of Orwin et al. (2010), this suggests that soil under forest is 

dominated by fungal microbiota rather than bacteria, which in turn might indicate a 

slower N cycling than in tundra bacteria-dominated soil (Wardle et al., 2004; Högberg et 

al., 2006). Nevertheless, the much greater root production and potential N input in 

forest might overwhelm C:N differences, resulting in enhanced N cycling. For leaves, 

even though tissue N concentration was greater in tundra than forest, the potential N 

input was still greater in forest than tundra because of the much greater mass 

production in forest than tundra (Table 4.2). 

Finding general ecological patterns that span different climatic regions and 

vegetation types is often advantageous as it might allow for greater generality of 

conclusions. In the case of potential N input of roots to the N cycle depending on root 
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diameter, I showed that the maximum possible contributed amount of N was highest in 

roots with a diameter of 0.20.5 mm in both arctic forest and tundra. Considering that 

similar results have been obtained in a temperate region (Steinaker & Wilson, 2005) it 

might be tempting to consider root diameter in general as an indicator of potential N 

input. However, from the result of greater potential N input of roots with an 

intermediate diameter one can draw no conclusions about the production and the N 

concentration of roots, which drive potential N input. Although root production, as a 

component of potential N input, varied among diameter classes in the same pattern as 

potential N input (Fig. 4.2c) in forest and tundra, root N concentration, as another 

component of potential N input, decreased with increasing diameter (Fig. 4.2e; 

Steinaker & Wilson, 2005). In terms of climate change induced effects on the N cycle, 

the invasion of woody vegetation into herbaceous habitats might not affect N cycling 

driven by N input of root diameter classes due to a missing interaction between 

diameter and habitat (CHAPTER 4). 

Root colour is of limited use as general estimator of potential root N input because N 

input in brown and white roots did not differ in forest, but was greater in brown than 

white roots in tundra (Fig. 4.2b). However, because the greater N input of brown than 

white roots in tundra might be equalised during woody invasion, due to no difference in 

potential N input in brown and white roots in forest, the overall difference in N input 

between forest and tundra (Fig. 4.1a) might not be due to variation in N content with 

root colour (CHAPTER 4). Taken together, N cycling might not be affected by N input 

differences in root diameter and colour classes because N input was similar in forest and 
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tundra for diameter classes, and equalised in forest and tundra for colour classes (Fig. 

4.2). The maximum amount of N possibly contributed to the N cycle, however, was 

greater in forest than tundra both belowground and aboveground, suggesting that N 

cycling in tundra is likely to be enhanced in tundra during woody invasion. 

My decomposition experiment related to the invasion of woody vegetation into 

tundra and its impact on local N cycling found no evidence of the “home-field 

advantage” during decomposition (i.e. plant litter decomposes better in its native 

environment than in another environment; Gholz et al., 2000) (CHAPTER 4). In 

particular, I found that N loss of decomposing roots and leaves did not differ between 

their home and away habitat (Fig. 4.3, CHAPTER 4). This indicates that decomposition 

and thus N contribution during decomposition of belowground and aboveground tissue 

in tundra is not likely to be affected by the invasion of woody vegetation. Similarly, 

decomposition of woody belowground and aboveground tissue which invaded tundra is 

not likely to be affected by the habitat difference in invaded tundra. The absence of a 

home-field advantage can be explained by the similarity of both belowground and 

aboveground substrates in forest and tundra (Veen et al., 2015a). This substrate 

similarity might suggest that decomposers in each habitat do not have any problems 

with decomposing substrate from the respective other habitat. This lack of home-field 

advantage in decomposition was also found by another study which was conducted 

close to my study sites (Veen et al., 2015c). In contrast, other studies, spanning different 

climatic regions, did show that plant tissue decomposed better when placed in its own 

habitat than away from it (Gholz et al., 2000; Vivanco & Austin, 2006; Ayres et al., 2009). 
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Indeed, a recent meta-analysis of the home-field advantage hypothesis emphasizes the 

existence of a home-field advantage globally, but that the strength of this home-field 

advantage varies greatly (Veen et al., 2015a). The effect of home-field advantage was 

strongest when substrate qualities in the home and away habitat were most dissimilar. 

At my study area, as noted above, roots and leaves from forest and tundra did not differ 

in their N concentration or C:N ratio (CHAPTER 4), thus possibly explaining the lack of a 

habitat origin effect on N loss during decomposition. 

During decomposition, nutrients are eventually released from plant litter. 

Nevertheless, the decomposer communities driving decomposition are strong nutrient 

competitors against plants. Thus, especially in early stages of decomposition, N can be 

accumulated rather than lost from plant litter (Fornara et al., 2011). Accordingly, in my 

thesis, I found negative N loss (i.e. N accumulation) for leaves and partly for roots after 

decomposition (Fig. 4.3b,c). My decomposition experiment lasted for one year which 

might be too short to show net N mineralization. Thus, I expect that for longer 

decomposition experiments N loss should start to prevail. 

 

In conclusion, I showed that belowground plant species richness exceeded that of 

aboveground at the plant neighbourhood scale. This result was true for several 

vegetation types along an elevation gradient ranging from forest to the upper limit of 

vascular plants in high alpine tundra. Consequently, belowground richness in addition to 

aboveground richness should be considered in future plant community studies. 



119 
 

As plant richness might be influenced by the root growth morphology, I showed that 

roots in different arctic habitats exhibit spatial heterogeneity at very fine scales down to 

a few millimetres. Similar to plant richness, this result was true for several vegetation 

types along an elevation productivity gradient. Therefore, future studies of spatial root 

interactions and belowground processes should consider study resolutions as small as a 

few millimetres. 

This spatially heterogeneous occurrence of roots might affect the spatial potential N 

contribution of roots to the N cycle. I showed that the potential N input of roots was 

greater in forest than tundra, similar to aboveground plant tissue. This indicates that 

roots should be included in the consideration of possible climate change-induced 

changes in N cycling in arctic vegetation. In contrast, my results of N loss during short-

term decomposition showed that the decomposition of roots and aboveground tissue 

was not affected by a vegetation change. 

In total, my thesis emphasizes the role of root ecology and the connection of plants 

with their belowground environment in the Arctic.  
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Appendices 

Appendix A: Supplemental figure and table for CHAPTER 2 “The sum is greater than 

the visible parts: Total plant richness is twice that of aboveground richness along an 

elevation gradient”  
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Fig. A1 Aboveground and belowground biomass among elevations. Shown are mean 

(± SD) values of biomass. I conducted a two-way ANOVA testing for elevation (E) and 

biomass component (CB). Effects: Elevation (E): 500 m, 600 m, 750 m, 1100 m; Biomass 

component (CB): aboveground or belowground. ***, P < 0.001. Means sharing lower 

case letters are not significantly different (least square means, P < 0.05; a-c for 

aboveground biomass; h-i for belowground biomass). Significant differences between 

aboveground and belowground biomass per elevation are indicated by their significance 

level (***, P < 0.001).  
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Table A1 Custom-made reference database including species and species groups 

(operational taxonomic units, OTUs). Highlighted INSD accession numbers are 

generated in this study. Operational Taxonomic Unit (OTU) classified by sequence 

similarity ≥99%. 

Species 

no. 

Family INSD 

accession 

no. 

In OTU included species 

OTU1 Asteraceae LT160643 Antennaria alpina 

 ″ LT160644 Gnaphalium supinum 

OTU2 ″ LT160645 Hieracium sect. alpinum 

 ″ LT160646  Hieracium sect. 

subalpinum 

Scorzoneroides 

autumnalis 

″ LT160647  

Saussurea alpina ″ LT160648  

Solidago virgaurea ″ LT160649  

OTU3 Betulaceae LT160650 Betula nana 

 Betulaceae LT160651 Betula pubescens 

Silene acaulis Caryophyllaceae LT160652  

Silene uralensis Caryophyllaceae LT160653  

Parnassia palustris Celasteraceae LT160654  

Cornus suecica Cornaceae LT160655  

OTU4 Cyperaceae LT160656 Carex bigelowii 

 Cyperaceae LT160657 Carex holostoma 

 Cyperaceae LT160658 Carex nigra 

Arctous alpina Ericaceae LT160659  

Harrimanella 

hypnoides 

Ericaceae LT160660  

Empetrum nigrum Ericaceae LT160661  

Kalmia procumbens Ericaceae LT160662  
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Phyllodoce caerulea Ericaceae LT160663  

Vaccinium myrtillus Ericaceae LT160664  

Vaccinium 

uliginosum 

Ericaceae LT160665  

Vaccinium vitis-idaea Ericaceae GQ245640  

Pyrola minor Ericaceae HQ661110  

Astragalus alpinus Fabaceae LT160666  

Huperzia selago Huperziaceae LT160667  

Oreojuncus trifidus Juncaceae LT160668  

Luzula arcuata Juncaceae LT160669  

Luzula spicata Juncaceae LT160670  

Diphasiastrum 

alpinum 

Lycopodiaceae LT160671  

Lycopodium 

clavatum 

Lycopodiaceae LT160672  

Agrostis vinealis Poaceae LT160673  

Avenella flexuosa Poaceae LT160674  

OTU5 Poaceae LT160675 Festuca rubra 

 Poaceae LT160676 Festuca vivipara 

Phleum alpinum Poaceae LT160677  

Poa alpina Poaceae LT160678  

Trisetum spicatum Poaceae LT160679  

Trisetum subalpestre Poaceae LT160680  

Bistorta vivipara Polygonaceae LT160681  

Oxyria digyna Polygonaceae LT160682  

Rumex alpinus Polygonaceae LT160683  

Trientalis europaea Primulaceae LT160684  

Actaea spicata Ranunculaceae LT160685  

Ranunculus acris Ranunculaceae LT160686  

Thalictrum alpinum Ranunculaceae LT160687  

Potentilla nivea Rosaceae LT160688  

Rubus chamaemorus Rosaceae LT160689  
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Sibbaldia 

procumbens 

Rosaceae LT160690  

OTU6 Salicaceae LT160691 Salix lapponum 

  GQ245454 Salix polaris 

  GQ245460 Salix reticulata 

Bartsia alpina Scrophulariaceae LT160692  

Euphrasia frigida Scrophulariaceae LT160693  

Pedicularis lapponica Scrophulariaceae LT160694  

Veronica alpina Scrophulariaceae LT160695  

Viola biflora Violaceae LT160696  

Selaginella densa Selaginellaceae KP208380  

Equisetum arvense Equisetaceae HM590277  
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Appendix B: Supplemental figures and tables for CHAPTER 3 “Root heterogeneity 

along an arctic elevational gradient: the importance of resolution”  
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Fig. B1 Mean (± SD) root length density (RLD) at three elevations, measured in June. 

Missing lower case letters indicate no significant difference of RLD among elevations 

(Tukey’s HSD test, P < 0.05, following ANOVA; F2,22 = 0.32, P = 0.73).  
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Fig. B2 Coefficient of variation (CV) of root length density (RLD) measured with three 

different approaches, and fraction of empty cells among elevations for different 

resolutions, in June. Shown are values of CV (mean ± SD) of RLD as a measure of spatial 

heterogeneity of roots, assessed at three elevations for four resolutions (black – 1 mm², 

dark grey – 10 mm², light grey – 100 mm² and white – 300 mm²) with three different 

approaches: (a) CV for all possible arrays of ten consecutive cells (CVALL-CONS, RLD ≥ 0) 

averaged along the tube, (c) CV for 1000 permutations of ten randomly chosen cells that 

always contained roots (CVRTS-RAND, RLD > 0) averaged along the tube, or as (d) CV for 

1000 permutations of ten randomly chosen cells to the pool of all cells (CVALL-RAND, 
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RLD ≥ 0). The fraction of empty cells (RLD = 0) per tube is given in (b). One-way ANOVA 

tests were conducted among elevations within each resolution separately. Missing 

lower case letters indicate no significant difference among elevations (Tukey’s HSD test, 

P < 0.05, following ANOVA).  



158 
 

 

Fig. B3 Semivariance analyses of root length density (RLD) measured in June. (a) 

Semivariograms of RLD of randomly chosen tubes at 500 m a.s.l. for each analysed 

resolution (circles – 1 mm², squares – 10 mm², rhombs – 100 mm² and triangles – 

300 mm²) respectively. The first drop in semivariance is marked by D1, D10, D100 and D300 

for each resolution respectively. (b) Distance (mean ± SD) of the first drop in 

semivariance at three elevations and four resolutions (black – 1 mm², dark grey – 

10 mm², light grey – 100 mm² and white – 300 mm²). Effect: Resolution (R) for a 

respective elevation (subscript number): 1 mm², 10 mm², 100 mm², 300 mm². ***, 

P < 0.001. Lower case letters indicate significant differences among resolutions within 

each elevation (Tukey’s HSD test, P < 0.05, following ANOVA).  
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Fig. B4 Mean (± SD) root length density (RLD) at four elevations, measured in August. 

Effect: Elevation (E): 500 m, 600 m, 750 m, 1100 m. ***, P < 0.001. Lower case letters 

indicate significant differences among elevations (Tukey’s HSD test, P < 0.05, following 

ANOVA; F3,31 = 11.79, P < 0.001).  
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Fig. B5 Coefficient of variation (CV) of root length density (RLD) measured with three 

different approaches, and fraction of empty cells among elevations for different 

resolutions, in August. Shown are values of CV (mean ± SD) of RLD as a measure of 

spatial heterogeneity of roots, assessed at four elevations for four resolutions (black – 

1 mm², dark grey – 10 mm², light grey – 100 mm² and white – 300 mm²) with three 

different approaches: (a) CV for all possible arrays of ten consecutive cells (CVALL-CONS, 

RLD ≥ 0) averaged along the tube, (c) CV for 1000 permutations of ten randomly chosen 

cells that always contained roots (CVRTS-RAND, RLD > 0) averaged along the tube, or as (d) 

CV for 1000 permutations of ten randomly chosen cells to the pool of all cells (CVALL-RAND, 
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RLD ≥ 0). The fraction of empty cells (RLD = 0) per tube is given in (b). One-way ANOVA 

tests were conducted among elevations within each resolution separately. Effect: 

Elevation (E) for a respective resolution (subscript number): 500 m, 600 m, 750 m, 

1100 m. ***, P < 0.001; **, P < 0.01. Lower case letters indicate significant differences 

among elevations (Tukey’s HSD test, P < 0.05, following ANOVA). Missing lower case 

letters indicate no significant difference among elevations.  
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Fig. B6 Semivariance analyses of root length density (RLD) measured in August. (a) 

Semivariograms of RLD of randomly chosen tubes at 500 m a.s.l. for each analysed 

resolution (circles – 1 mm², squares – 10 mm², rhombs – 100 mm² and triangles – 

300 mm²) respectively. The first drop in semivariance is marked by D1, D10, D100 and D300 

for each resolution respectively. (b) Distance (mean ± SD) of the first drop in 

semivariance at four elevations and four resolutions (black – 1 mm², dark grey – 

10 mm², light grey – 100 mm² and white – 300 mm²). Effect: Resolution (R) for a 

respective elevation (subscript number): 1 mm², 10 mm², 100 mm², 300 mm². ***, 

P < 0.001. Lower case letters indicate significant differences among resolutions within 

each elevation (Tukey’s HSD test, P < 0.05, following ANOVA).  
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Fig. B7 Coefficient of variation (CV) of root length density (RLD) measured with two 

additional approaches, among elevations for different resolutions, in September. 

Shown are values of CV (mean ± SD) of RLD as a measure of spatial heterogeneity of 

roots, assessed at four elevations for four resolutions (black – 1 mm², dark grey – 

10 mm², light grey – 100 mm² and white – 300 mm²) with two additional approaches 

(please see Section 3.3.2): (a) CV for 1000 permutations of ten randomly chosen cells 

that always contained roots (CVRTS-RAND, RLD > 0) averaged along the tube, or as (b) CV 

for 1000 permutations of ten randomly chosen cells to the pool of all cells (CVALL-RAND, 

RLD ≥ 0). One-way ANOVA tests were conducted among elevations within each 

resolution separately. Effect: Elevation (E) for a respective resolution (subscript 

number): 500 m, 600 m, 750 m, 1100 m. ***, P < 0.001; **, P < 0.01; *, P < 0.05. Lower 

case letters indicate significant differences among elevations (Tukey’s HSD test, P < 0.05, 
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following ANOVA). Missing lower case letters indicate no significant difference among 

elevations.  
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Table B1 ANOVA results for root length density (RLD), coefficient of variation (CV) 

assessed from three different approaches, and fraction of empty cells, measured in 

June. F-values from ANOVAs for root length density (RLD), coefficient of variation (CV) 

of ten consecutive cells (CVALL-CONS, RLD ≥ 0; Fig. B2a), the fraction of empty cells (Fig. 

B2b), CV of ten randomly chosen cells that always contained roots (CVRTS-RAND, RLD > 0; 

Fig. B2c) and CV of ten randomly chosen cells to the pool of all cells (CVALL-RAND, RLD ≥ 0; 

Fig. B2d) for different resolutions (1 mm², 10 mm², 100 mm², 300 mm²) measured in 

June. Since RLD is independent of resolution I report general F- and significance values. 

Effect: Elevation: 500 m, 600 m, 750 m, 1100 m a.s.l. ANOVA for fraction of empty cells 

at 300 mm² resolution was not conducted because for all cells RLD > 0. *, P < 0.05; 

n.t. = not tested. 

 Effect 1 mm² 10 mm² 100 mm² 300 mm² 

Root length density (RLD) Elevation† 0.32 

CVALL-CONS (RLD ≥ 0) Elevation‡ 1.81 0.04 0.69 1.28 

Fraction of empty cells Elevation§ 1.17 0.67 0.80 n.t. 

CVRTS-RAND (RLD > 0) Elevation†† 1.12 2.23 0.68 1.27 

CVALL-RAND (RLD ≥ 0) Elevation‡‡ 4.16* 0.89 0.75 1.72 

†d.f. = 2, residual d.f. = 22 
‡d.f. = 2 for all resolutions, residual d.f. = 20 for 1 mm², residual d.f. = 21 for 10 mm², residual 
d.f. = 22 for 100 mm², residual d.f. = 25 for 300 mm² 
§d.f. = 2 for all resolutions, residual d.f. = 22 for 1 mm² and 10 mm², residual d.f. = 24 for 
100 mm² 
††d.f. = 2 for all resolutions, residual d.f. = 23 for 1 mm², residual d.f. = 20 for 10 mm² and 
100 mm², residual d.f. = 25 for 300 mm² 
‡‡d.f. = 2 for all resolutions, residual d.f. = 22 for 1 mm², residual d.f. = 21 for 10 mm², residual 
d.f. = 25 for 100 mm² and 300 mm² 
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Table B2 ANOVA results for distance of first drop in semivariance of root length 

density (RLD), measured in June and August. F-values from ANOVA for distance of first 

drop in semivariance as a measure of scale of heterogeneity at different elevations, 

measured in June (Fig. B3b) and August (Fig. B6b). Effect: Resolution: 1 mm², 10 mm², 

100 mm², 300 mm². ***, P < 0.001; n.t. = not tested. 

 Effect 500 m 600 m 750 m 1100 m 

June Resolution† 48.35*** 36.75*** 30.48*** n.t. 

August Resolution‡ 49.22*** 39.30*** 71.53*** 18.97*** 

†d.f. = 3 for all elevations, residual d.f. = 16 for 500 m, residual d.f. = 17 for 600 m, 
residual d.f. = 13 for 750 m  
‡d.f. = 3 for all elevations, residual d.f. = 22 for 500 m, residual d.f. = 16 for 600 m, 
residual d.f. = 13 for 750 m and 1100 m  
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Table B3 ANOVA results for root length density (RLD), coefficient of variation (CV) 

assessed from three different approaches, and fraction of empty cells, measured in 

August. F-values from ANOVAs for root length density (RLD), coefficient of variation (CV) 

of ten consecutive cells (CVALL-CONS, RLD ≥ 0; Fig. B5a), the fraction of empty cells (Fig. 

B5b), CV of ten randomly chosen cells that always contained roots (CVRTS-RAND, RLD > 0; 

Fig. B5c) and CV of ten randomly chosen cells to the pool of all cells (CVALL-RAND, RLD ≥ 0; 

Fig. B5d) for different resolutions (1 mm², 10 mm², 100 mm², 300 mm²) measured in 

August. Since RLD is independent of resolution I report general F- and significance 

values. Effect: Elevation: 500 m, 600 m, 750 m, 1100 m a.s.l. ANOVA for fraction of 

empty cells at 300 mm² resolution was not conducted because for all cells RLD > 0. ***, 

P < 0.001; **, P < 0.01; n.t. = not tested. 

 Effect 1 mm² 10 mm² 100 mm² 300 mm² 

Root length density (RLD) Elevation† 11.79*** 

CVALL-CONS (RLD ≥ 0) Elevation‡ 6.33** 14.91*** 9.81*** 9.71*** 

Fraction of empty cells Elevation§ 7.40*** 8.60*** 11.3*** n.t. 

CVRTS-RAND (RLD > 0)  Elevation†† 1.73 0.72 5.92** 1.48 

CVALL-RAND (RLD ≥ 0) Elevation‡‡ 0.43 15.05*** 10.79*** 6.57** 

†d.f. = 3, residual d.f. = 31 
‡d.f. = 3 for all resolutions, residual d.f. = 32 for 1 mm² and 300 mm², residual d.f. = 35 for 
10 mm², residual d.f. = 33 for 100 mm² 
§d.f. = 3 for all resolutions, residual d.f. = 31 for 1 mm² and 10 mm², residual d.f. = 35 for 100 m² 
††d.f. = 3 for all resolutions, residual d.f. = 33 for 1 mm² and 10 mm², residual d.f. = 35 for 
100 mm², residual d.f. = 34 for 300 mm² 
‡‡d.f. = 3 for all resolutions, residual d.f. = 22 for 1 mm², residual d.f. = 35 for 10 mm², 100 mm² 
and 300 mm²  
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Table B4 ANOVA results for coefficient of variation (CV) of root length density (RLD) 

assessed with two additional approaches, measured in September. F-values from 

ANOVAs for coefficient of variation (CV) of ten randomly chosen cells that always 

contained roots (CVRTS-RAND, RLD > 0; Fig. B7a) and CV of ten randomly chosen cells to the 

pool of all cells (CVALL-RAND, RLD ≥ 0; Fig. B7b) for different resolutions (1 mm², 10 mm², 

100 mm², 300 mm²) measured in September. Effect: Elevation: 500 m, 600 m, 750 m, 

1100 m a.s.l. ***, P < 0.001; **, P < 0.01; *, P < 0.05. 

 Effect 1 mm² 10 mm² 100 mm² 300 mm² 

CVRTS-RAND (RLD > 0) Elevation† 1.47 3.64* 5.80** 3.00* 

CVALL-RAND (RLD ≥ 0) Elevation‡ 5.49** 16.97*** 6.79** 5.12** 

†d.f. = 3 for all resolutions, residual d.f. = 34 for 1 mm² and 100 mm², residual d.f. = 33 for 
10 mm² and 300 mm² 
‡d.f. = 3 for all resolutions, residual d.f. = 33 for 1 mm² and 300 mm², residual d.f. = 34 for 
10 mm², 100 mm² and 300 mm² 
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