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Chapter I

Currently, understanding and predicting effects of  climate change on ecosystem processes 
pose a challenge taken on by many ecologists.  One major problem of  this task is that climate 
change does not only influence ecosystem processes directly, but also indirectly by altering the 
communities that perform those functions (Hobbie 1996; Hooper & Vitousek 1997). Many 
factors influence community structure, of  which the environment, trophic interactions and the 
traits of  the species in the community, seem to be the most important (McGill et al. 2006). 
Changes in environmental variables, such as temperature and moisture conditions, cause shifts 
in species composition, biotic interactions, and consequently in trait composition. As a result 
complementarity or inhibitory effects can occur, which lead to a changed use of  resources and 
altered ecosystem process rates (Loreau & Hector 2001). These patterns have been studied 
relatively well for plants aboveground (van Ruijven & Berendse 2003; Hooper et al. 2005), but to 
a lesser extent in belowground systems (McKane et al. 2002; Mommer et al. 2010). 

Belowground systems, such as peat soils in arctic areas are expected to be very vulnerable to the 
effects of  climate change. Climate warming and the increasing frequency of  extreme events are 
expected to specifically impact strongly at higher latitudes (ACIA 2005, Hansen et al. 2012). Periods 
of  increased precipitation, warming or drought will not only result in changed air temperatures 
and relative humidity but also in altered soil moisture contents and soil temperatures (ACIA 
2005, Rouse 2000). Consequently, this will impact on both above- and belowground species 
composition, their interactions and their functioning. 

In this thesis, I have considered how direct and indirect effects of  climate change in the subarctic 
impact on peatland soil invertebrate communities, their spatial patterning, and the functions 
they perform. Specifically, I focused on how changes in microclimate and substrate quality drive 
springtail species composition and their vertical patterning. I have used interspecific variation in 
springtail traits to understand shifts in community structure (species composition and vertical 
stratification) and tried to link these shifts to changes in carbon turnover.

Direct and indirect climate change impacts on subarctic ecosystem processes

Cold northern biomes, particularly peatlands dominated by bryophytes such as Sphagnum, are 
globally important accumulators of  carbon, as plant litter and older soil organic matter. As 
climate changes, the turnover of  organic matter by decomposition, and, thereby the release of  
carbon through soil respiration are expected to increase significantly (Gorham 1991; Dorrepaal 
et al. 2009). In addition, the increasing occurrence of  extreme climate events with climate 
change (Hansen et al. 2012) is expected to affect ecosystem functioning by altering species’ 
physiology, relative abundances or even causing extinctions, may result in altered distribution 
patterns (Easterling et al. 2000; Smith 2011). Such shifts in distribution  might in turn have large 
consequences for ecosystem functioning.

Direct effects of  climate change, induced by increases in temperature and altered precipitation 
regimes (ACIA 2005, Hansen et al. 2012), affect the metabolic activity of  the decomposer 
community and thereby carbon turnover rates. Indirect effects of  climate warming, such 
as altered species compositions and trophic interactions cause changes in aboveground-
belowground interactions, which through trophic cascading will impact on carbon turnover 
(Kardol et al. 2010). Many experimental warming studies indeed show increases in soil respiration 
and mineralization rates (Rustad et al. 2001) but also shifts in vegetation cover (Walker et al. 2006, 



9

General introduction

Elmendorf  et al. 2011). Climate change will not only affect the metabolic rates of  the existing 
belowground decomposer community, but will presumably also change its species composition 
and spatial patterning. 

Decomposer communities are known to be sensitive to alterations in microclimatic conditions 
(Sjursen et al. 2005; Konestabo et al. 2007; Briones et al. 2009; Castro et al. 2010; Kardol et al. 
2011) but also to aboveground vegetation changes through trophic cascading (Wardle 2002; 
Bardgett & Wardle 2010). However, the sensitivity of  the decomposer community to each of  
these drivers and their interactions, and the impact that changes in this community consequently 
have on carbon turnover rates in subarctic peatlands, are largely unknown. To be able to predict 
the effects of  climate change on this belowground community and its functions, a better 
understanding of  the mechanisms driving species composition and spatial patterning is needed 
first. The dynamics of  species composition over soil space then need to be connected with the 
roles of  different species with respect to carbon turnover in different strata.

Soil invertebrate community response to climate change 

Soil invertebrates, such as springtails and mites, are a keystone group of  decomposers in arctic 
ecosystems (Woodin & Marquis 1997). Climate change has been shown to affect soil invertebrate 
species composition and density significantly (e.g. Ruess et al. 1999; Kardol et al. 2011; Makkonen 
et al. 2011; Xu et al. 2012) as well as the impact of  extreme climate events (Bokhorst et al. 2012). 
However, long-term climate manipulation experiments also quite regularly show relatively little 
response of  the soil invertebrate community structure to elevated temperatures (Coulson et 
al. 1996; Sohlenius & Bostrom 1999, Sjursen et al. 2005). In most of  these studies, however, 
alterations in spatial patterning of  soil fauna have not been taken into account, which could have 
masked potential effects. Climate change has been shown to impact on soil invertebrate spatial 
patterning (Briones et al. 2007; Staley et al. 2007; Makkonen et al. 2011), although experiments 
explicitly testing the effects of  climatic changes on spatial patterning of  soil invertebrates are to 
my knowledge still lacking. In addition, many of  these studies have assessed the community at a 
detailed taxonomic level and found species-specific responses. Unfortunately, these taxonomic 
responses were mostly not integrated to reveal patterns or mechanisms.

Response traits and environmental drivers

Organisms vary in their responses to environmental change. Using species’ functional traits 
instead of  the traditional taxonomic approach is currently considered to be a logical step in 
finding patterns in community responses and the mechanisms underlying them (McGill et al. 
2006). Functional traits have been defined as morphological, physiological or phenological 
traits which impact species fitness via their effects on growth, reproduction and survival 
(Violle et al. 2007). The response of  communities to climate change can be linked to sets of  
functional traits called ‘response traits’ (sensu Lavorel & Garnier 2002; Violle et al. 2007; Suding 
et al. 2008). Underlying these ‘response traits’ are functional traits that increase an individual 
organism’s fitness in relation to an environmental condition, such as desiccation resistance, body 
size and dietary preference. Reponse traits reflect the distribution of  functional traits over a 
community and typically changes owing to an environmental driver. The main characteristics 

I
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of  this distribution are the average trait attribute (value) and the range of  trait attributes in the 
community. Response traits can be used to predict community changes due to an environmental 
change or reversely, to explain changes in community composition after a change has occurred 
(Suding et al. 2008; Dias et al. 2012). This trait approach was developed initially to assess the 
response of  different vegetation types to several environmental factors, but has recently also 
been succesfully used to explain species-specific responses of  a Collembola community to 
climate change (Makkonen et al. 2011; Bokhorst et al. 2012). As direct and indirect effects of  
climate change simultaneously impact on soil invertebrates (Fig. 1a), it can be hard to predict 
community responses. By assessing specific response traits or by explicitly testing the effect 
of  each driver on the change in response trait distribution, the relative importance of  drivers 
can be revealed. Shifts in the soil invertebrate communities’ distribution of  temperature and 
desiccation resistance reflects the community response to direct climate effects, whereas dietary 
preference can reflect the response of  the community to the indirect effects of  climate change 
(through alterations in the plant community) (Fig. 1a). Using response traits to asses changes in 
community composition can reveal the mechanisms behind them.
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Figure 1. The response-to-effect trait framework adapted from Lavorel et al. (in prep) with increasing 
complexity. Arrows indicate (a) direct (environmental driver) or indirect drivers (through effect traits of  
lower trophic levels) of  climate change on the response traits of  multiple trophic levels, (b) the effect that 
organisms of  different trophic levels have on carbon turnover, and (c) how the environmental drivers affect 
(next) trophic levels and ecosystem processes such as carbon turnover. The community owns both a set 
of  attributes for response traits and effect traits. These traits may (partly) overlap, be it the same traits or 
correlated traits.
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Community structure and spatial patterning of  soil invertebrates

Vertical soil stratification patterns of  soil invertebrates have been documented in many 
decomposer communities (Anderson 1978; Setälaä & Aarnio 2002; Berg & Bengtsson 2007; Berg 
2012), and have been related to strong gradients in environmental conditions.  These patterns 
have been explained in terms of  traits of  soil invertebrates related to differential preferences 
for litter quality, light, moisture and temperature conditions (Ponge 2000; Berg & Bengtsson 
2007; Krab et al. 2010). To assess if  alterations in species spatial distribution occur due to climate 
change, and if  these changes will have an effect on carbon turnover, we must first consider how 
these distribution patterns are formed.  To be able to do this, two main factors need to be taken 
into account: 1) the external drivers of  spatial distribution, and 2) the traits of  the species. The 
main drivers determining soil invertebrate community composition and its spatial patterning 
are the microclimate, the quality of  the substrate and biotic interactions. (Giller 1996; Berg & 
Bengtsson 2007; Krab et al. 2010).  In horizontal space, the heterogeneity in litter types, litter 
abundance, vegetation composition, presence of  roots and the soil microclimate create particular 
soil invertebrate communities (Curry 1978; Berg 2012). Furthermore, on a much smaller scale, 
these communities change significantly when moving down the soil profile, since microclimate 
(temperature and moisture conditions) and the stage of  decomposition of  the litter, create a 
strong vertical gradient (Anderson 1978; Faber & Joosse 1993; Berg et al. 1998; Ponge 2000; 
Berg & Bengtsson 2007). For example in a Scots pine forest this gradient is a strong quality 
gradient over the first 6 cm of  soil, which results in very distinct invertebrate communities in 
fragmented litter and the humus horizon below (Berg et al. 1998). In this ecosystem, the quality 
gradient seems to dominate over microclimatic conditions, which are variable, both in vertical 
and in horizontal space. Alternatively in a subarctic Sphagnum peat moss system, observed vertical 
stratification effects are less pronounced and in most cases caused by a microclimatic gradient 
rather than by the modest quality gradient over the first 9 cm (Krab et al. 2010). In this ecosystem 
the quality gradient is stretched over greater depths, and microclimatic conditions, such as 
waterlogging and low temperatures, might limit soil invertebrate abundances deeper down the 
soil profile more than a quality constraint would do. Other ecosystems where a microclimatic 
vertical gradient might be dominant in shaping soil invertebrate communities are those where 
macrodetritivores strongly mix the soil horizons (Lavelle 1997). It is still unknown if  the soil 
fauna community in these stratified systems (either due to substrate quality, abiotics or both)  
will respond differently to climate change-induced changes in abiotics, and if  consequently  its 
effects on carbon turnover will differ accordingly.

Effects of  soil invertebrates on carbon turnover

Soil invertebrate communities play a large role in the functioning of  terrestrial ecosystems by 
affecting carbon and nutrient cycling. Their direct net contribution to organic matter turnover 
by litter consumption and fragmentation is variable and ranges from very strong, e.g. in tropical 
forests (Gonzalez & Seastedt 2001; Hattenschwiler et al. 2011) to somewhat modest, e.g. in arctic 
tundra’s (Makkonen et al. 2012). However, in most ecosystems soil fauna have a disproportionally 
large indirect impact on C and nutrient flow through their control over the distribution, abundance 
and activity of  microbial decomposers (Beare et al. 1992; Osler & Sommerkorn 2007). By litter 
comminution they can increase the surface area of  substrate for microbes, by grazing them they 
can increase their activity, and inoculate fresh litter with microbes (Beare et al. 1992; Lussenhop 

I
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Box 1. Traits explain soil invertebrate spatial patterning 

To understand if  vertical patterning of  soil invertebrates might change due to changes 
in microclimate and how, it is important to understand how this patterning is formed. 
To do this a trait approach can be used. Which soil invertebrate species are present in 
a community, and where precisely, is apart from their ability to reach the community 
(dispersal) and their competitive abilities, largely dependent on their ‘ecophysiologial 
traits’. These are functional traits that determine to which extent a species is tolerant to 
certain environmental conditions, both biotic and abiotic. The set of  ecophysiological 
traits organisms own and their plasticity (Berg & Ellers 2010), will determine the 
extremes of  their tolerance and thereby range of  possible environments they can live 
in. Once a species is occurring in an environment in which it can persist thanks to 
its ecophysiological traits, its abundance is in turn determined by performance traits, 
which are traits that are a direct measure of  its fitness, such as fecundity and growth. 
These traits indicate the response of  organisms in the community to a heterogeneous 
environment (Irschick & Garland 2001; Irschick 2003; Violle et al. 2007). How well an 
organism ‘performs’ however, is not independent of  its environment. For example, 
temperature has a large effect on growth and reproduction of  earthworms (Amoji et al. 
1999) and diet significantly influences both growth rates of  isopods (Lavy et al. 2001) and 
springtails (Scheu & Simmerling 2004). Therefore the response of  the whole organism 
performance to an environmental variable is called ecological performance (Irschick & 
Garland 2001; Irschick 2003; Violle et al. 2007). This ecological performance is typically a 
bell shaped curve. This curve is defined by the range of  trait attributes of  a performance 
trait (with an optimum) and a range of  environmental conditions in which an animal 
can still perform (breadth of  curve) (Fig. 2)(Violle et al. 2007) and thus exist. Note that 
not all species always occur at their optimum and that the total ecological performance 
of  an organism depends on multiple environmental variables and traits that underlay 
performance. Then, finally, the ecological performance of  a species at a certain place on 
an environmental gradient will determine its abundance.

Figure 2. Graphical definition of  an ecological performance. An ecological performance  can 
be defined as the optimum and/or the breadth of  distribution of  a performance trait along an 
environmental gradient. Copied from Violle et al. 2007.
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A next step is to explain how the soil invertebrate community and its spatial patterning 
are structured. Since vertical stratification patterning is a small-scale but widely 
observed phenomenon in soil invertebrate communities, we will illustrate this by a 
theoretical example: the vertical stratification of  five species along soil depth (Fig. 3). 
An environmental gradient down the soil profile of  microclimate and resource quality 
(Fig. 3) determines the ecological performance and relative abundance of  species in 
subsequent organic layers, resulting in different community compositions between layers.  
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Figure 3.  The theoretical spatial patterning of  five soil invertebrate species (different colours) 
along a vertical gradient along a soil profile.The environmental gradient (y-axis, for example; 
temperature, moisture or substrate quality) and the ecological performances of  the soil invertebrate 
structure in terms of  species abundances (x-axis) and composition at different depths (dotted lines) 
in the soil profile. I expect there to be a trade-off  between having a large range of  environments in 
which species can occur and their performance ability (but the trade-off  could also be made in their 
competitive ability). Note that the optimum does not always have to be a symmetric bell-shaped 
curve (as shown in Fig. 2) since the constraints at different sides of  the environmental gradient 
might be different.
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1992). Together, this promotes degradation of  soil organic matter and leaching of  nitrogen. 
However, their contributions to these soil processes are not spatially uniform.

Soil invertebrates may have specific effects on the different stages of  the decomposition 
process, which tend to be located in subsequent strata. In shallow fresh litter layers of  temperate 
pine forests, for instance, the feeding activities of  soil invertebrates are known to immobilise 
nutrients in the microbial biomass, whereas in older fragmented litter layers, deeper in the profile, 
nutrients are mobilised from microbes by their feeding activities (Faber 1991). Consequently, 
the vertical position of  a soil invertebrate may directly indicate the stage of  decomposition in 
which it participates (Rusek 1998; Berg & Bengtsson 2007). For instance, epigeic (surface-living) 
microarthropods tend to play a key role in the initiation of  decomposition (litter surface erosion 
and fragmentation of  litter of  high C to N ratio). Here they graze on microbes resulting in a net 
N-immobilisation in surface litter. Euedaphic microarthropods (which inhibit the deeper layers 
of  the organic soil horizon, where C to N ratios are lower) affect later stages of  decomposition. 
Here the microbe-euedaphic grazer interaction results in mobilisation of  nutrients (Verhoef  & 
Brussaard 1990; Faber 1991). In short: the impact of  soil invertebrate assemblages on C and N 
dynamics depend on the stratum they are located in.

Soil invertebrate species composition affects ecosystem functioning

Soil invertebrate species composition can affect ecosystem processes significantly. For example, 
Cragg and Bardgett (2001) showed that changes in soil fauna diversity within a trophic group 
can influence decomposition rates. Correspondingly, Heemsbergen et al (2004) showed that 
functional dissimilarity in soil fauna communities (dissimilarity in net diversity effects of  species 
on decomposition related processes) rather than species diversity per se, affects decomposition 
rates. Communities that had high effect dissimilarity among its species induced higher 
decomposition rates than communities comprised of  species that had more similar effects 
on soil processes. However, it has alternatively been suggested that soil invertebrate species 
are functionally redundant, and that changes in species composition do not lead to changes in 
process rates per se (Laakso & Setälä 1999; Bradford et al. 2002). Although the impact of  soil 
invertebrate community composition on C and nutrient cycling is relatively well studied (Huhta, 
Persson & Setälä 1998; Heemsbergen et al. 2004; Vos et al. 2011) understanding why changes in 
community composition lead to changes in C and N dynamic is still a challenge.

Effect traits of  soil invertebrates

Soil invertebrates have an influence on each other, other trophic levels, and various ecosystem 
processes. The magnitude and the way in which they do this, is determined by their effect traits 
(Lavorel & Garnier 2002; Violle et al. 2007; Suding et al. 2008). Most definitions of  effect traits 
come from plant ecology (e.g. Violle et al. 2007). For example, plant photosynthetic capacity and 
respiration rates have direct effects on carbon turnover, while litter chemistry affects carbon 
turnover indirectly through its effects on decomposers. We consider these principles to be 
applicable to soil invertebrates as well. Essentially effect traits reflect a statistical distribution 
of  functional traits in a community that determine ecosystem processes. The traits underlying 
these distributions are species’ characteristics that affect the environment, be it the next trophic 
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level or an ecosystem process. Examples of  soil invertebrate functional traits underlying their 
effect traits are; feeding rate, body size and assimilation efficiency. For example, four woodlice 
species in a Hong Kong forest were similar in their dietary preference, but showed differences in 
consumption and assimilation rates; each species contributed to its own extent to the breakdown 
of  leaf  litter material (Dudgeon, Ma & Lam 1990). We can use effect traits to assess how changes 
in species composition lead to altered C and N turnover.

Scaling soil invertebrate responses and effects trough their trait distribution

To be able to predict how a community responds to and environmental driver (Fig. 1a) and 
how it consequently affects carbon turnover (Fig. 1c), the distribution of  functional traits in 
the community is used. This distribution is firstly defined by the Community Weighted Mean 
trait value (CWM), which basically attributes a value to the response or effect trait, and secondly 
by the range of  trait values in the community. The CWM can in many cases determine the net 
outcome of  the activities of  the soil invertebrate community (Vandewalle et al. 2010) and the 
range of  functional traits within the community can be linked to the way space is shared within 
the niche space available in a community (Mason et al. 2005). However, recent findings (Bilá et 
al. in prep) strongly suggest that the average effect trait value rules over the range of  traits in the 
community.

To calculate the CWM, the species’ functional traits should be weighted according to their 
relative abundance in the community, following the mass ratio hypothesis proposed by Grime 
(1998) to calculate a net trait value representing the community. Follow Garnier et al. (2004) and 
Lepš et al. (2006) to calculate the CWM for a whole community as: 

 
nj 

k=1 
 CWMj =        Ak,j x ETk,j  

Where nj is the number of  species sampled in community j, Ak,j is the relative abundance of  
species k in community j and ETk,j is the effect trait  of  interest of  species k in community j. 
In this way the trait value of  the most abundant species has the strongest effect on a particular 
soil process.

Changes in soil invertebrate relative abundances and even local extinctions could significantly 
alter the belowground food web and its interactions through changes in effect trait distribution 
for example altering the CWM. This has potentially large consequences for ecosystem processes 
involved in carbon turnover, such as nutrient mineralization rates, respiration and decomposition. 
Alterations in process rates due to climate change have been observed regularly e.g. (Davidson 
& Janssens 2006; Dorrepaal et al. 2009) but have been linked to the soil invertebrate community 
only in some cases (Carrera et al. 2009) and in these cases only to alterations in density/biomass 
rather than taxonomic or effect traits.

Coupling of  response and effect traits over trophic levels 

A change in an environmental driver such as climate, might lead to a shift in the response trait 
distribution of  the plant community (trophic level 1) and consequently its effect trait distribution. 

I
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These effect traits will not only directly impact on carbon turnover, but also indirectly, by its 
effect on a second trophic level, for example soil invertebrates. By doing so, climate does not 
only affect the response trait distribution of  the soil invertebrate community directly, but also 
indirectly trough its effects on plants (Fig. 1b). The alterations in response trait distribution of  
the soil invertebrate community can than be driven by shifts in resistance traits that relate to 
climatic changes, but also by alterations in the distribution of  consumption traits that respond 
to alterations in the effect trait composition of  the plant community. In this way response and 
effect traits are coupled over trophic levels, however, within trophic levels response and effect 
traits can de coupled as well.

Coupling of  response and effect traits within trophic levels

The degree to which soil invertebrate species differ in their effect trait attributes in relation to 
their response trait distribution will determine whether and how community change influences 
ecosystem processes (Suding et al. 2008; Webb et al. 2010). This means that if  response and 
effect traits overlap or are strongly correlated with each other, either across species or within 
a trophic level, climate change induced changes in the distribution of  response trait values will 
lead to directional changes in effect trait values with consequences for ecosystem functioning. 
Alternatively, if  there is no overlap between response and effect traits, directional changes in 
response trait values will lead to random changes in the distribution of  effect trait values and, 
therefore, no or little consequences for ecosystem processes are expected (Suding et al. 2008, 
Dias et al. 2012). An example of  coupled response and effect traits was shown by Larsen et 
al. (2005), who found that female body size of  bees was both a response and an effect trait 
because it was positively related to the probability of  extinction due to agricultural intensification 
(response) and to pollination efficiencies (effect). 

In the case of  soil invertebrates, the response to a change in substrate quality, for example a 
change in consumption rate, is likely to lead to altered litter breakdown rates, since consumption 
rate can be considered to be an effect trait as well. In contrast, a response to temperature changes 
does not necessarily has to be directly linked to a change in carbon turnover. Still, up to date, 
the coupling of  response and effect traits to actual ecosystem processes has not been shown for 
soil invertebrates.

Soil invertebrate community shifts in space and potential consequences for carbon turnover.

Spatial variability in distributions of  soil organisms is often regarded as random noise, though 
this variability often has a predictable spatial structure. A spatially explicit approach to soil 
ecology can enable identification of  factors that drive the spatial heterogeneity of  populations, 
activities of  soil organisms and subsequently ecosystem processes (Ettema & Wardle 2002). The 
rates and direction of  C and N turnover differ vertically down the soil profile and process rates, 
and the distribution of  organisms responsible for these processes, can be significantly altered by 
external drivers. For example, warming enhances the turnover of  older, deeper situated carbon 
pools partly due to vertical migration of  soil fauna to deeper layers (Briones, Ineson & Poskitt 
1998). For example, Dorrepaal et al. (2009) demonstrated an acceleration of  respiration of  the 
extensive, subsurface carbon reservoirs in peatlands due to climate warming and Briones et al. 
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(2007) linked a similar effect explicitly to an increase in density of  enchytraeids. Hence, apart 
from a climate-induced increase of  the activity of  soil invertebrates, changes in their vertical 
distribution pattern might have a large effect on soil carbon turnover. As the realtive abundance 
of  species and effect traits determine the effect of  a community on a specific process, the 
spatial patterning of  density and effect traits in an ecosystem can explain spatial heterogeneity 
in ecosystem processes such as carbon turnover. However, the effect of  climate change induced 
vertical shifts of  soil invertebrates on carbon turnover of  specific soil layers has never been 
explicitly tested.

Aims and outline of  this thesis

Based on the knowledge gaps identified above, I will address three research questions in this 
thesis: 1) Does climate change alter the soil invertebrate community structure in a subarctic 
peatland? And 2) If  so, by which mechanisms? and 3) Does it matter? In other words: do climate-
induced changes in soil invertebrate community structure affect carbon turnover? 

Figure 4. Pictures of  the Abisko area (top) and three contrasting springtail species (bottom) occuring in 
the area. Springtail species from left to right: Ceratophysella denticulata, Protaphorura sp. (cf) and Entomobrya 
nivalis. (Springtail pictures from left to right by S. Justis, T. Murray and M. Erbland)

I
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To be able to answer these research questions I have conducted a number of  field experiments 
in Abisko, Northern Sweden (68°21’N, 18°49’E, 340-370 m above mean sea level). This 
subarctic area is generally dominated by dwarf  birch forest, alpine tundra and peatbogs (Aerts 
et al. 2009) (Fig. 4). Precipitation in this area is low, usually <60 mm per month, with a mean 
summer temperature of  7°C and a mean winter temperature of  -6°C (Aerts et al. 2009). The 
experiments were conducted in a Sphagnum fuscum dominated peatbog. Springtails (Collembola) 
are a keystone microarthropod group found in great abundance in this habitat (Seastedt 1984; 
Woodin & Marquis 1997); they represent the soil invertebrate community in my thesis (Fig. 4). In 
addition to these field experiments I have conducted a laboratory experiment at VU University 
in Amsterdam, to be able to deal with methodological issues concerning stable isotope analysis 
used in one of  the field experiments

In each of  the experiment-based chapters, the three research questions will be addressed to 
some extent and the results are placed in the light of  soil invertebrate traits. In the final chapter, I 
will go a step further by placing my results in the light of  the response-to-effect trait framework. 
Since all chapters deal with direct, indirect or combined effects of  climate change, the chapters 
can be placed in the response-to-effect trait framework as introduced earlier in this chapter (Fig. 
1, 5).
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Figure 5. Outline of  the thesis placed in the adjusted response-effect framework (after Lavorel et al. in 
prep). Arrows indicate direct or indirect drivers of  climate change on (next) trophic levels and ecosystem 
processes such as carbon turnover. Letters refer to a specific driver. Driver A is the direct environmental 
effect on the plant community. B is the direct effect of  the environmental driver (climate change) on the 
soil invertebrate community. C is the effect of  the plant community on the soil invertebrate community 
(or the indirect effect of  climate change). Driver D is the effect of  the soil invertebrate community on 
carbon turnover. The dark grey arrow depicts the direct effects of  plant traits on carbon turnover (trough 
photosynthesis and respiration) but will not be discussed in this thesis. The Latin numbers in the oval boxes 
refer to the specific chapters in this thesis.
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Chapter II: Turning northern peatlands upside down: Disentangling microclimate and substrate quality 
effects on vertical distribution of  Collembolas

I will start by disentangling the drivers of  vertical soil stratification patterning in soil invertebrates 
in Chapter II. In this chapter I will address the relative importance of  gradients in microclimate 
and substrate quality for springtail vertical distribution. I studied this by turning intact peat 
cores upside down in the field, thereby reversing the substrate quality gradient while leaving 
temperature and moisture gradients as they originally were. By doing so, I subjected the springtail 
community living in different substrate qualities to altered microclimatic conditions, and vice 
versa. When species would move from the organic layer in which they were situated originally, 
microclimate would be the main driver for their vertical distribution, whereas if  they would stay, 
the quality of  the substrate would be the main determinant. I assessed the community responses 
via the species-specific responses by looking at their traits. The results of  this study may provide 
a useful tool to predict soil fauna responses to the direct (microclimate) and indirect (substrate 
quality) effects of  climate change (Fig. 5, BC).

Chapter III: The impact of  extreme climate events on soil vertical stratification of  springtail communities 
in a subarctic peatland

To test if  and how short-term extreme climatic conditions alter the structure and the vertical 
stratification of  the springtail community in northern peatbogs, I experimentally subjected 
Sphagnum peat cores in a field setting to factorial treatments of  elevated soil temperatures and 
episodically increased soil moisture content. As I had learned in Chapter II that species respond 
differently to microclimatic and substrate quality changes, owing to their response traits, I 
expected these communities and specifically their vertical stratification in soil to change in a 
predictable way. As this experiment simulated a short-term extreme climatic event, this chapter 
only deals with the direct effects of  climate change on the springtail community (Fig. 5, B).

Chapter IV: Reservations about preservations: storage methods affect δ 13C signatures differently even 
in closely related soil fauna

Isotopic signatures, specifically 13C, can successfully reveal and quantify trophic carbon 
transfer between organisms. This can be a useful tool in assessing indirect effects of  climate 
warming, since springtails are known to (directly or, mostly, indirectly, through feeding on the 
fungal community) feed on a plant-based substrate. To reveal functional differences between 
Collembola species, it is needed to identify the species and measure species-specific signatures. 
However, to do so preservation of  the springtails before analysis cannot always be avoided. 
Some preservation agents are known to alter tissue 13C signatures considerably, but we do not yet 
understand how variation in such preservation artifacts may be determined by variation in body 
traits of  different invertebrate species and their life stage. In this chapter, I tested the effect of  
four different preservation methods on 13C signatures of  two morphologically and ecologically 
distinct springtails. The results of  this study could be directly used to assess the effects of  
springtails on carbon turnover in Chapter V (Fig. 5, D).

I
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Chapter V: Vascular plant litter input in sub-arctic peat bogs changes soil invertebrate diets and 
decomposition patterns.

This chapter focusses on an indirect effect of  climate change (Fig. 5, C), i.e. shrub expansion 
in tundra ecosystems (Elmendorf  et al. 2012). This range expansion of  shrubs will affect the 
decomposer community through altered litter quantity and quality, or indirectly by altering 
microclimatic conditions (Wookey et al. 2009). To be able to predict the effects of  increased 
litter input on decomposers and consequently on their role in soil carbon dynamics (Fig. 5, D), I 
studied the contribution of  springtails to carbon turnover in a largely moss-based peatland with 
vascular plant litter input. I assessed the effects of  changing litter inputs on springtail abundance, 
diversity and diet choice, using a 13C tracer approach. 

Chapter VI: General discussion

The final chapter puts the theory of  the introduction into practice, synthesizing results obtained 
in Chapters II, III and V, picturing layer-specific shifts in response traits due to climate change. 
The consequences of  my observations for carbon turnover are assessed and the general use of  
the response-effect framework will be discussed.

References
Aerts, R., Callaghan, T.V., Dorrepaal, E., van Logtestijn, R.S.P. & Cornelissen, J.H.C. (2009) Seasonal climate 
manipulations result in species-specific changes in leaf  nutrient levels and isotopic composition in a sub-arctic 
bog. Functional Ecology, 23, 680-688.

A’Bear, A.D., Boddy, L. & Jones, T.H. (2012) Impacts of  elevated temperature on the growth and functioning of  
decomposer fungi are influenced by grazing collembola. Global Change Biology, 18, 1823-1832.

Amoji, S.D., Biradar, V.A., Shagoti, U.M. & Biradar, P.M. (1999) Influence of  regulated temperature on growth 
and reproduction of  the epigeic earthworm, Perionyx excavatus. Journal of  Environmental Biology, 20, 207-212.

Anderson, J.M. (1978) Inter- and intra-habitat relationships between woodland

Cryptostigmata species diversity and the diversity of  soil and litter microhabitats. Oecologia, 6, 341-348.

Bardgett, R.D. & Wardle, D.A. (2010) Aboveground-Belowground linkages, Biotic Interactions, Ecosystem 
processes and Global Change. Oxford University Press, Oxford.

Beare, M.H., Parmelee, R.W., Hendrix, P.F., Cheng, W.X., Coleman, D.C. & Crossley, D.A. (1992) Microbial and 
faunal interactions and effects on litter nitrogen and decomposition in agroecosystems. Ecological Monographs, 
62, 569-591.

Berg, M.P. (2012) Patterns of  biodiversity at fine and small spatial scales. Soil Ecology and Ecosystem Services, 
pp. 136-152. Editor: Wall, D.H. Oxford University press, Oxford. 

Berg, M.P. & Bengtsson, J. (2007) Temporal and spatial variability in soil food web structure. Oikos, 116, 1789-
1804.

Berg, M.P. & Ellers, J. (2010) Trait plasticity in species interactions: a driving force of  community dynamics. 
Evolutionary Ecology, 24, 617-629.



21

General introduction

Berg, M.P., Kniese, J.P., Bedaux, J.J.M. & Verhoef, H.A. (1998) Dynamics and stratification of  functional groups 
of  micro- and mesoarthropods in the organic layer of  a Scots pine forest. Biology and Fertility of  Soils, 26, 268-
284.

Bílá, K., Moretti, M., de Bello, F. Dias, A.T.C, Pezzatti, G.B., Van Oosten, R., Berg, M.P., Effects of  community 
functional components in a litter-detritivore model system reveals the importance of  the mass ratio hypothesis. 
(In prep)

Bokhorst, S., Phoenix, G.K., Bjerke, J.W., Callaghan, T.V., Huyer-Brugman, F. &

Berg, M.P. (2012) Extreme winter warming events more negatively impact small rather than large soil fauna: shift 
in community composition explained by traits not taxa. Global Change Biology, 18, 1152-1162.

Bradford, M.A., Jones, T.H., Bardgett, R.D., Black, H.I.J., Boag, B., Bonkowski, M., Cook, R., Eggers, T., Gange, 
A.C., Grayston, S.J., Kandeler, E., McCaig, A.E., Newington, J.E., Prosser, J.I., Setala, H., Staddon, P.L., Tordoff, 
G.M., Tscherko, D. & Lawton, J.H. (2002) Impacts of  soil faunal community composition on model grassland 
ecosystems. Science, 298, 615-618.

Briones, M.J.I., Ostle, N.J. & Garnett, M.H. (2007) Invertebrates increase the sensitivity of  non-labile soil carbon 
to climate change. Soil Biology and Biochemistry, 39, 816-818.

Briones, M.J.I., Ostle, N.J., McNamara, N.R. & Poskitt, J. (2009) Functional shifts of  grassland soil communities 
in response to soil warming. Soil Biology and Biochemistry, 41, 315-322.

Carrera, N., Barreal, M.E., Gallego, P.P. & Briones, M.J.I. (2009) Soil invertebrates control peatland C fluxes in 
response to warming. Functional Ecology, 23, 637-648.

Castro, H.F., Classen, A.T., Austin, E.E., Norby, R.J. & Schadt, C.W. (2010) Soil Microbial Community Responses 
to Multiple Experimental Climate Change Drivers. Applied and Environmental Microbiology, 76, 999-1007.

Cragg, R.G. & Bardgett, R.D. (2001) How changes in soil faunal diversity and composition within a trophic group 
influence decomposition processes. Soil Biology and Biochemistry, 33, 2073-2081.

Crowther, T.W. & A’Bear, A.D. (2012) Impacts of  grazing soil fauna on decomposer fungi are species-specific and 
density-dependent. Fungal Ecology, 5, 277-281.

Curry, J.P. (1978) Relationships between microarthropod communities and soil and vegetational types. Scientific 
Proceedings of  the Royal Dublin Society, 6, 131-141.

Davidson, E.A. & Janssens, I.A. (2006) Temperature sensitivity of  soil carbon decomposition and feedbacks to 
climate change. Nature, 440, 165-173.

Dias, A.T.C., Krab, E.J., Mariën, J., Zimmer, M., Cornelissen, J.H.C., Ellers, J. Wardle, D.A., Berg, M.P. (2012) Traits 
underpinning desiccation resistance explain distribution patterns of  terrestrial isopods. Oecologia DOI:10.1007/
s00442-012-2541-3

Diaz, S., Lavorel, S., McIntyre, S., Falczuk, V., Casanoves, F., Milchunas, D.G.,Skarpe, C., Rusch, G., Sternberg, 
M., Noy-Meir, I., Landsberg, J., Zhang, W., Clark, H. & Campbell, B.D. (2007) Plant trait responses to grazing - a 
global synthesis. Global Change Biology, 13, 313-341.

Dorrepaal, E., Toet, S., van Logtestijn, R.S.P., Swart, E., van de Weg, M.J., Callaghan, T.V. & Aerts, R. (2009) 
Carbon respiration from subsurface peat accelerated by climate warming in the subarctic. Nature, 460, 616-679.

Dudgeon, D., Ma, H.H.T. & Lam, P.K.S. (1990) Differential palatability of  leaf  litter to 4 sympatric isopods in a 
Hong-Kong forest. Oecologia, 84, 398-403.

Easterling, D.R., Meehl, G.A., Parmesan, C., Changnon, S.A., Karl, T.R. & Mearns, L.O. (2000) Climate extremes: 
Observations, modeling, and impacts. Science, 289, 2068-2074.

I



22

Chapter I

Elmendorf, S.C., Henry, G.H.R., Hollister, R.D., Bjork, R.G., Bjorkman, A.D., Callaghan, T.V., Collier, L.S., 
Cooper, E.J., Cornelissen, J.H.C., Day, T.A., Fosaa, A.M., Gould, W.A., Gretarsdottir, J., Harte, J., Hermanutz, 
L., Hik, D.S., Hofgaard, A., Jarrad, F., Jonsdottir, I.S., Keuper, F., Klanderud, K., Klein, J.A., Koh, S., Kudo, G., 
Lang, S.I., Loewen, V., May, J.L., Mercado, J., Michelsen, A., Molau, U., Myers-Smith, I.H., Oberbauer, S.F., Pieper, 
S., Post, E., Rixen, C., Robinson, C.H., Schmidt, N.M., Shaver, G.R., Stenstrom, A., Tolvanen, A., Totland, O., 
Troxler, T., Wahren, C.-H., Webber, P.J., Welker, J.M. & Wookey, P.A. (2012) Global assessment of  experimental 
climate warming on tundra vegetation: heterogeneity over space and time. Ecology Letters, 15, 164-175.

Ettema, C.H. & Wardle, D.A. (2002) Spatial soil ecology. Trends in Ecology & Evolution, 17, 177-183.

Faber, J.H. (1991) Functional classification of  soil fauna- A new approach Oikos, 62, 110-117.

Faber, J.H. & Joosse, E.N.G. (1993) Vertical distribution of  collembola in a pinus-nigra organic soil Pedobiologia, 
37, 336-350.

Garnier, E., Cortez, J., Billes, G., Navas, M.L., Roumet, C., Debussche, M., Laurent, G., Blanchard, A., Aubry, 
D., Bellmann, A., Neill, C. & Toussaint, J.P. (2004) Plant functional markers capture ecosystem properties during 
secondary succession. Ecology, 85, 2630-2637.

Giller, P.S. (1996) The diversity of  soil communities, the ‘poor man’s tropical rainforest’. Biodiversity and 
Conservation, 5, 135-168.

Gonzalez, G. & Seastedt, T.R. (2001) Soil fauna and plant litter decomposition in tropical and subalpine forests. 
Ecology, 82, 955-964.

Gorham, E. (1991) Northern peatlands - role in the carbon-cycle and probable responses to climatic warming. 
Ecological Applications, 1, 182-195.

Grime, J.P. (1998) Benefits of  plant diversity to ecosystems: immediate, filter

and founder effects. Journal of  Ecology, 86, 902–910.

Hansen, J., Sato, S. & Ruedy, R. (2012) Perception of  climate change. Proceedings of  the National Academy of  
Sciences of  the United States of  America, 109, 14726-14727.

Håttenschwiler, S., Coq, S., Barantal, S. & Handa, I.T. (2011) Leaf  traits and decomposition in tropical rainforests: 
revisiting some commonly held views and towards a new hypothesis. New Phytologist, 189, 950-965.

Håttenschwiler, S. & Gasser, P. (2005) Soil animals alter plant litter diversity effects on decomposition. Proceedings 
of  the National Academy of  Sciences of  the United States of  America, 102, 1519-1524.

Heemsbergen, D.A., Berg, M.P., Loreau, M., van Hal, J.R., Faber, J.H. & Verhoef, H.A. (2004) Biodiversity effects 
on soil processes explained by interspecific functional dissimilarity. Science, 306, 1019-1020.

Hobbie, S.E. (1996) Temperature and plant species control over litter decomposition in Alaskan tundra. Ecological 
Monographs, 66, 503-522.

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S., Lawton, J.H., Lodge, D.M., Loreau, M., 
Naeem, S., Schmid, B., Setälä, H., Symstad, A.J., Vandermeer, J. & Wardle, D.A. (2005) Effects of  biodiversity on 
ecosystem functioning: A consensus of  current knowledge. Ecological Monographs, 75, 3-35.

Hooper, D.U. & Vitousek, P.M. (1997) The effects of  plant composition and diversity on ecosystem processes. 
Science, 277, 1302-1305.

Huhta, V., Persson, T. & Setälä, H. (1998) Functional implications of  soil fauna diversity in boreal forests. Applied 
Soil Ecology, 10, 277-288.

Irschick, D.J. (2003) Measuring performance in nature: Implications for studies of  fitness within populations. 
Integrative and Comparative Biology, 43, 396-407.

Irschick, D.J. & Garland, T. (2001) Integrating function and ecology in studies of  adaptation: Investigations of  
locomotor capacity as a model system. Annual Review of  Ecology and Systematics, 32, 367-+.



23

General introduction

Kandeler, E., Kampichler, C., Joergensen, R.G. & Molter, K. (1999) Effects of  mesofauna in a spruce forest on 
soil microbial communities and N cycling in field mesocosms. Soil Biology and Biochemistry, 31, 1783-1792.

Kardol, P., Cregger, M.A., Campany, C.E. & Classen, A.T. (2010) Soil ecosystem functioning under climate 
change: plant species and community effects. Ecology, 91, 767-781.

Kardol, P., Reynolds, W.N., Norby, R.J. & Classen, A.T. (2011) Climate change effects on soil microarthropod 
abundance and community structure. Applied Soil Ecology, 47, 37-44.

Konestabo, H.S., Michelsen, A. & Holmstrup, M. (2007) Responses of  springtail and mite populations to 
prolonged periods of  soil freeze-thaw cycles in a sub-arctic ecosystem. Applied Soil Ecology, 36, 136-146.

Krab, E.J., Oorsprong, H., Berg, M.P. & Cornelissen, J.H.C. (2010) Turning northern peatlands upside down: 
disentangling microclimate and substrate quality effects on vertical distribution of  Collembola. Functional 
Ecology, 24, 1362-1369.

Laakso, J. & Setälä, H. (1999) Sensitivity of  primary production to changes in the architecture of  belowground 
food webs. Oikos, 87, 57-64.

Lavelle, P. (1997) Faunal activities and soil processes: Adaptive strategies that determine ecosystem function. 
Advances in Ecological Research, Vol 27, pp. 93-132.

Lavorel, S. & Garnier, E. (2002) Predicting changes in community composition and ecosystem functioning from 
plant traits: revisiting the Holy Grail. Functional Ecology, 16, 545-556.

Lavy, D., Van Rijn, M.J., Zoomer, H.R. & Verhoef, H.A. (2001) Dietary effects on growth, reproduction, 
body composition and stress resistance in the terrestrial isopods Oniscus asellus and Porcellio scaber. Physiological 
Entomology, 26, 18-25.

Lepš J., de Bello F., Lavorel S. & Berman S. (2006) Quantifying and interpreting functional diversity of  natural 
communities: practical considerations matter. . Preslia 78, 481–501.

Loreau, M. & Hector, A. (2001) Partitioning selection and complementarity in biodiversity experiments. Nature, 
412, 72-76.

Lussenhop, J. (1992) Mechanisms of  microarthropod microbial interactions in soil Advances in Ecological 
Research, 23, 1-33.

Makkonen, M., Berg, M.P., Handa, I.T., Håttenschwiler, S., van Ruijven, J., van Bodegom, P.M. & Aerts, R. 
(2012) Highly consistent effects of  plant litter identity and functional traits on decomposition across a latitudinal 
gradient. Ecology Letters, 15, 1033-1041.

Makkonen, M., Berg, M.P., van Hal, J.R., Callaghan, T.V., Press, M.C. & Aerts, R. (2011) Traits explain the 
responses of  a sub-arctic Collembola community to climate manipulation. Soil Biology and Biochemistry, 43, 
377-384.

Mason, N.W.H., Mouillot, D., Lee, W.G. & Wilson, J.B. (2005) Functional richness, functional evenness and 
functional divergence: the primary components of  functional diversity. Oikos, 111, 112-118.

McGill, B.J., Enquist, B.J., Weiher, E. & Westoby, M. (2006) Rebuilding community ecology from functional traits. 
Trends in Ecology & Evolution, 21, 178-185.

McKane, R.B., Johnson, L.C., Shaver, G.R., Nadelhoffer, K.J., Rastetter, E.B., Fry, B., Giblin, A.E., Kielland, K., 
Kwiatkowski, B.L., Laundre, J.A. & Murray, G. (2002) Resource-based niches provide a basis for plant species 
diversity and dominance in arctic tundra. Nature, 415, 68-71.

Mommer, L., van Ruijven, J., de Caluwe, H., Smit-Tiekstra, A.E., Wagemaker, C.A.M., Ouborg, N.J., Bogemann, 
G.M., van der Weerden, G.M., Berendse, F. & de Kroon, H. (2010) Unveiling below-ground species abundance 
in a biodiversity experiment: a test of  vertical niche differentiation among grassland species. Journal of  Ecology, 
98, 1117-1127.

Osler, G.H.R. & Sommerkorn, M. (2007) Toward a complete soil C and N cycle: Incorporating the soil fauna. 
Ecology, 88, 1611-1621.

I



24

Chapter I

Ponge, J.F. (2000) Vertical distribution of  Collembola (Hexapoda) and their food resources in organic horizons 
of  beech forests. Biology and Fertility of  Soils, 32, 508-522.

Rouse, W.R. (2000) The energy and water balance of  high-latitude wetlands: controls and extrapolation. Global 
Change Biology 6, 59-68.

Ruess, L., Michelsen, A., Schmidt, I.K. & Jonasson, S. (1999) Simulated climate change affecting microorganisms, 
nematode density and biodiversity in subarctic soils. Plant and Soil, 212, 63-73.

Rusek, J. (1998) Biodiversity of  Collembola and their functional role in the ecosystem. Biodiversity and 
Conservation, 7, 1207-1219.

Rustad, L.E., Campbell, J.L., Marion, G.M., Norby, R.J., Mitchell, M.J., Hartley, A.E., Cornelissen, J.H.C., 
Gurevitch, J. & Gcte, N. (2001) A meta-analysis of  the response of  soil respiration, net nitrogen mineralization, 
and aboveground plant growth to experimental ecosystem warming. Oecologia, 126, 543-562.

Scheu, S. & Simmerling, F. (2004) Growth and reproduction of  fungal feeding Collembola as affected by fungal 
species, melanin and mixed diets. Oecologia, 139, 347-353.

Seastedt, T.R. (1984) The role of  microarthropods in decomposition and mineralization processes Annual Review 
of  Entomology, 29, 25-46.

Setälä, H. & Aarnio, T. (2002) Vertical stratification and trophic interactions among organisms of  a soil 
decomposer food web - a field experiment using N-15 as a tool. European Journal of  Soil Biology, 38, 29-34.

Sjursen, H., Michelsen, A. & Jonasson, S. (2005) Effects of  long-term soil warming and fertilisation on 
microarthropod abundances in three sub-arctic ecosystems. Applied Soil Ecology, 30, 148-161.

Smith, M.D. (2011) The ecological role of  climate extremes: current understanding and future prospects. Journal 
of  Ecology, 99, 651-655.

Staley, J.T., Hodgson, C.J., Mortimer, S.R., Morecroft, M.D., Masters, G.J., Brown, V.K. & Taylor, M.E. (2007) 
Effects of  summer rainfall manipulations on the abundance and vertical distribution of  herbivorous soil macro-
invertebrates. European Journal of  Soil Biology, 43, 189-198.

Suding, K.N., Lavorel, S., Chapin, F.S., Cornelissen, J.H.C., Diaz, S., Garnier, E., Goldberg, D., Hooper, D.U., 
Jackson, S.T. & Navas, M.L. (2008) Scaling environmental change through the community-level: A trait-based 
response-and-effect framework for plants. Global Change Biology.

Vandewalle, M., de Bello, F., Berg, M.P., Bolger, T., Doledec, S., Dubs, F., Feld, C.K., Harrington, R., Harrison, 
P.A., Lavorel, S., da Silva, P.M., Moretti, M., Niemela, J., Santos, P., Sattler, T., Sousa, J.P., Sykes, M.T., Vanbergen, 
A.J. & Woodcock, B.A. (2010) Functional traits as indicators of  biodiversity response to land use changes across 
ecosystems and organisms. Biodiversity and Conservation, 19, 2921-2947.

van Ruijven, J. & Berendse, F. (2003) Positive effects of  plant species diversity on productivity in the absence of  
legumes. Ecology Letters, 6, 170-175.

Verhoef, H.A. & Brussaard, L. (1990) Decomposition and Nitrogen Mineralization in Natural and Agroecosystems 
- the Contribution of  Soil Animals. Biogeochemistry, 11, 175-211.

Violle, C., Navas, M.L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I. & Garnier, E. (2007) Let the concept of  
trait be functional! Oikos, 116, 882-892.

Vos, V.C.A., van Ruijven, J., Berg, M.P., Peeters, E. & Berendse, F. (2011) Macro-detritivore identity drives leaf  
litter diversity effects. Oikos, 120, 1092-1098.

Walker, M.D., Wahren, C.H., Hollister, R.D., Henry, G.H.R., Ahlquist, L.E., Alatalo, J.M., Bret-Harte, M.S., 
Calef, M.P., Callaghan, T.V., Carroll, A.B., Epstein, H.E., Jonsdottir, I.S., Klein, J.A., Magnusson, B., Molau, U., 
Oberbauer, S.F., Rewa, S.P., Robinson, C.H., Shaver, G.R., Suding, K.N., Thompson, C.C., Tolvanen, A., Totland, 
O., Turner, P.L., Tweedie, C.E., Webber, P.J. & Wookey, P.A. (2006) Plant community responses to experimental 
warming across the tundra biome. Proceedings of  the National Academy of  Sciences of  the United States of  
America, 103, 1342-1346.



25

General introduction

Wardle, D.A. (2002) Communities and Ecosystems: Linking the Aboveground and Belowground Components 
Princeton University Press, Princeton.

Webb, C.T., Hoeting, J.A., Ames, G.M., Pyne, M.I. & Poff, N.L. (2010) A structured and dynamic framework to 
advance traits-based theory and prediction in ecology. Ecology Letters, 13, 267-283.

Woodin, S.J. & Marquis, M. (1997) Ecology of  Arctic Environments. Blackwell, Oxford.

Wookey, P.A., Aerts, R., Bardgett, R.D., Baptist, F., Brathen, K.A., Cornelissen, J.H.C., Gough, L., Hartley, I.P., 
Hopkins, D.W., Lavorel, S. & Shaver, G.R. (2009) Ecosystem feedbacks and cascade processes: understanding 
their role in the responses of  Arctic and alpine ecosystems to environmental change. Global Change Biology, 15, 
1153-1172.

Xu, G.-L., Kuster, T.M., Gunthardt-Goerg, M.S., Dobbertin, M. & Li, M.-H. (2012) Seasonal exposure to drought 
and air warming affects soil collembola and mites. PloS one, 7, e43102.

I



26


