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| Summary

Summary

The soil system harbors important ecosystem functions. Understanding the factors influencing
the functioning of soil systems is crucial to react adequately on changes induced by alteration
in plant species compositions and climate change. Soil food webs deliver important
information on energy flux in soil and can help to understand global carbon and nitrogen
fluxes. To date, the effect of tree species identity and diversity as well as the effect of species-
specific root- and litter-mediated effects have not been investigated on the
compartmentalization of basal resources, i.e., bacteria and fungi, and on the way carbon and
nitrogen is channeled through the soil system. There is also lack of information on how human
induced climate change influences processes in soil . Although soil stores at least twice as much
carbon as the atmosphere and plants together, the response of the belowground system to
interactively acting global change agents has not been investigated so far. Carbon stocks in
soil are likely to be influenced by the response of the belowground system to global change
agents thereby potentially reinforcing atmospheric CO; concentrations by accelerating the

loss of soil carbon.

In Chapter 2, the effect of tree identity and diversity was investigated on the structure of soil
nematodes. The results suggest that tree species identity is more important than tree species
diversity in structuring nematode communities and associated soil processes. Ash increased
the density of bacterial-feeding nematodes and reduced the number of fungal feeders,
indicating distinct changes in regulatory forces of soil food webs. Beech detrimentally affected
bacterial feeders but favored fungal feeders probably via pH-mediated increase in the fungal-
to-bacterial ratio. The effect of lime was less pronounced but tended to be generally negative.
The results indicate that both leaf litter and roots influence the nematode community, with
the effects being driven not solely by resource quality but additionally by availability, i.e.,
seasonal shifts in dominant belowground resources. In sum the structure of soil food webs
varies markedly with tree species pointing to the importance of variations in plant resources,
i.e., leaf litter quality and root exudates, as strong bottom-up regulating factors of microbial

communities and energy channels of decomposer systemes.

In Chapter 3, we used *3C and '°N labeled ash litter to trace the flux of carbon and nitrogen
through soil influenced by beech and ash seedlings. We found that beech decreased soil pH

by root exudation thereby increasing fungal biomass and decreasing carbon use efficiency of
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| Summary

bacteria. Higher bacterial respiration induced carbon loss from soil and prevented litter-
derived carbon and nitrogen to reach higher trophic levels. In contrast, ash had no effect on
microbial or soil parameters although its root biom ass exceeded that of beech markedly. Ash
was, however, very efficient in using litter-derived nitrogen from soil. The results suggest that
beech and ash differentially impact soil processes with beech affecting the belowground

system predominantly via roots whereas ash predominantly via litter.

In Chapter 4, the effects of increased atmospheric CO,, elevated nitrogen and reduced
precipitation were investigated on the composition and diversity of belowground animal
communities. Elevated CO; increased microbial biomass by increased rhizodeposition leading
to increased densities of ciliates, collembolans and gamasid mites. Reduced precipitation was
of minor importance as the soil community in the sandy soils of the study site is probably
adapted to drought conditions. Nitrogen addition negatively affected predatory and
herbivorous nematodes, and overall nematode diversity. CO> and nitrogen interactively
affected nematode communities resulting in taxonomically and functionally altered,

potentially simplified, soil communities.

In Chapter 5, we used functional guilds of nematodes to inspect changes in soil processes
induced by increased atmospheric CO, concentrations, elevated nitrogen levels and reduced
precipitation. We found that the decomposer community switched from a bacterial
dominated to a more fungal dominated system at elevated N indicating strong changes in the
microbial community and the functioning of belowground food webs. Nitrogen fertilization
also reduced top-down forces and simplified soil food webs exposed to additional N input.
Further, bacterial-feeding nematodes were not able to profit from increased microbial
biomass suggesting that quality rather than quantity of food resources controls nematode
densities. Reduced densities of root-feeding Longidoridae likely reflected increased
belowground plant defense at high CO; and N levels. Changes in decomposition processes
shifting towards fungal domination at elevated N levels indicating an increase in recalcitrant
and resistant compounds contributing to C sequestration thereby attenuating the increase in

atmospheric CO; concentrations.

In Chapter 6, NanoSIMS is introduced as a technique to measure the isotopic signature of

single nematodes. | developed embedding techniques of nematodes for measurements in
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high vacuum and present first results but also restrictions. Further, different fields of

application for tracing elements in food webs are presented.






| General introduction

Soil

The soil is an important component within the globa | carbon cycle harboring main ecosystem
functions such as decomposition and mineralization of nutrients, it also sequesters high
amounts of carbon. The acquisition of data on soil carbon stocks, as well as fluxes into and out
of the soil organic matter pool, are relatively easy to obtain. However, the way carbon is
processed within the soil system is not well understood due to its complexity. This is
unfortunate as the fate of carbon in soil and the factors driving its dynamics are crucial for the

understanding of ecosystem functioning and to realistically predict global change processes.

The complexity of soil can be ascribed to different pore sizes, rich-textured surfaces and
diverse organic and inorganic compounds leading to a heterogeneous environment. In
addition, an enormous diversity of soil organisms c oexists in soil with a high degree of possible
interactions among each other and with plants. Plants deliver organic material to soil, forming

the basis of the decomposer system which is responsible for important ecosystem functions.

The plant-derived energy input for soil organisms consists predominantly of litter and
rhizodeposits. Almost 90% of the aboveground biomass produced annually enters the soil
food web (Gessner et al., 2010). Litter characteristics are mainly responsible for soil properties
and microbial activity and are relatively well investigated (Reich et al., 2005; Langenbruch et
al., 2012). High quality litter is characterized by low C-to-N ratios, low lignin and high calcium
and magnesium content, and high decomposition rates. Low quality litter comprises high C-
to-nutrient ratios due to high amounts of recalcitrant compounds such as lignin
(Hattenschwiler et al.,, 2005a; Jacob et al., 2009, 2010) and, therefore, mitigates

decomposition and mineralization processes (Swift et al., 1979).

Recent studies highlighted that root-derived nutrient input is of major importance (Pollierer
et al.,, 2007; Paterson et al., 2011). In studies with hydroponic cultures, 98% of the root
exudates originated from root tips (Farrar et al.,, 2003) and were shown to comprise
compounds of different complexity. The majority of root exudates comprise labile compounds
such as sugars, organic acids and amino acids (Paterson et al., 2009). Root exudates account
for 1-10 % of photoassimilates of plants (Grayston et al., 1996; Farrar et al., 2003) and differ
in quality and quantity (Jones et al. 2004). Field data on species-specific exudation patterns

are hampered by methodological problems and therefore up to now only data from laboratory
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| General introduction

systems are available. Rhizodeposition was shown to improve nutrient acquisition (Koranda
et al., 2011; Paterson et al., 2011), influence the chemical and physical structure of soils
(Gregory, 2006) and structure microbial communities (Soderberg et al., 2004; Paterson et al.,

2007).

Both litter and root-derived energy has been suggested to be compartmentalized into a
bacterial, fungal and root (mycorrhiza and roots) energy channel (Moore and Hunt, 1988;
Pollierer et al., 2009). Bacteria were shown to predominantly use the labile fraction of litter
and roots (Paterson et al., 2008). The bacterial chain was proposed to be relatively short due
to high turnover rates and to predominate in grasslands (Scheu and Setdld, 2002). The
importance of fungi increases in forests and the contribution of mycorrhiza to soil processes
is suggested to be of high importance for soil food webs (Pollierer et al., 2007, 2009). In
temperate and boreal systems woody species are colonized predominantly by
ectomycorrhizal (EM) fungi, while grasses and herbaceous plant species are colonized by
arbuscular mycorrhizal (AM) fungi. Both mycorrhiza types differ in nutrient acquisition. EM
fungi are reported to predominantly acquire nitrogen and AM fungi phosphorous with both
trading nutrients for carbon with plants (Smith and Read, 2008). Mycorrhiza are estimated to
account for 80% of the fungal biomass and 30% of the whole microbial biomass in boreal
forests (Wallander et al. 2001; Hogberg & Hogberg 2002) and may play an important role in
fueling soil food webs in forests (Pollierer et al., 2007). However, evidence for direct feeding
relationships between mycorrhiza and soil fauna is still scarce as ectomycorrhiza cannot be

separated easily from saprotrophic fungi.

A major aim of today's soil ecological research is to identify the relationships between
organisms in soil and the factors by which they are influenced aiming to better understand
ecosystem functioning. Increasing knowledge on soil functioning is crucial in a changing world

and may help to react adequately on altered soil processes.

Global change

The understanding of species-specific effects and their related energy input into soil (litter vs.
roots) is of high importance to understand terrestrial ecosystems, especially in a global change

context, as soils can function as carbon sinks or carbon sources (Schulze and Freibauer, 2005).
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| General introduction

Alterations in atmospheric CO; concentration, nitrogen deposition and precipitation regime
are important global change drivers and understanding their interactive effects are crucial to

realistically predict global change processes.

The concentration of CO; in the atmosphere rises continuously as a result of enhanced
combustion of fossil fuels, cement production and |and use change (McKinley et al., 2011).
Since the industrial revolution, atmospheric CO, concentrations have increased from 270 ppm
to 379 ppm in 2005 and will reach 550 ppm by the year 2050 (Indermiihle et al., 1999; IPCC,
2007). CO; is the raw material of photosynthesis and is known to affect plant growth and
development due to increased carboxylation rates. Overall aboveground biomass increases
and was shown to be strongest in trees, followed by legumes and is lowest in grasses but did
not change in Ca plants (Ainsworth and Long, 2005). Elevated CO; also reduces stomatal
conductance and increases water use efficiency and, therefore, decreases water uptake in

plants (Ainsworth and Long, 2005).

It is likely that the above described plant responses propagate to the belowground system.
Unfortunately, the response of the belowground system to inhanced CO, concentrations in
the atmosphere are only little understood. Positive effects of elevated CO; on soil microbial
biomass was reported (Hu et al., 2001; Carney et al., 2007; He et al.,, 2010) and this is in
particular induced by increased rhizodeposition (Zak et al. 1993; Adair et al. 2009). Faunal
reactions to elevated CO; are complex and depend on ecosystem and plant community
(Blankinship et al., 2011), but are generally little investigated. The quality of plant residues
entering the soil often decreased at elevated CO2 concentration as the C-to-N ratio increases

at low nitrogen levels (Kérner, 2000).

However, human activity increases terrestrial N levels significantly and may induce
unexpected CO; responses (Reich, Hobbie, et al., 2006a). Nitrogen additions were reported to
negatively affect biodiversity (Clark and Tilman, 2008; Reich, 2009), decrease the amount of
rhizodeposition (Dijkstra et al., 2005; Hogberg et al., 2010), but to increase aboveground plant
biomass, while elevated CO; enhances belowground biomass (Reich, Knops, et al., 2001).
Changes in quality and composition of plant resourc es to the soil are likely to propagate into
soil fauna and induce changes in soil processes. This may have major consequences on carbon
stocks and may reinforce climate change by increasing the biological activity in soil due

increased plant resource pools and by priming (Kuzyakov, 2010). Otherwise, imposed top-
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| General introduction

down effects may counteract increased bottom-up effects resulting in negative feedbacks and

thus in carbon sequestration (Wardle et al., 1998).

Nematodes

Nematodes are ubiquitous, abundant and diverse. They are common in terrestrial and aquatic
habitats from the arctic to deserts (Bongers and Ferris, 1999). Typically, nematodes are about
0.3 mm to 3 mm long with some exceptions in animal parasites. Estimates on species numbers
vary between 40,000 and almost astronomic 10,000,000 (Blaxter, 1998). In terrestrial systems
the density of nematodes typically ranges between 10° and 10° ind. m™? (Yeates, 1999). Free
living nematodes (others are animal parasites and plant-parasitic forms) evolved diverse
feeding modes comprising bacterial, fungal and plant feeders, predators, omnivores and
entomophagous species (Yeates et al. 1993). Diverse feeding habits and easy cultivation and
sampling made them ideal bioindicators as free living soil nematodes represent habitat
conditions and sensitively respond to environmental changes. Consequently, a range of
indices were developed to make use of nematodes as bioindicators. Bongers (1990) proposed
the Maturity Index (MI) and arranged nematodes into 5 classes according to their life stage

strategy in colonizers (c) and persisters (p):

The class of c-p 1 nematodes comprises small and abundant species with short generation
times. They produce a large number of offspring and this is reflected by a large proportion of
the body occupied by gonads. They are able to form Dauer larvae when nutrient pools

decrease and are tolerant to pollutants. All nematodes in c-p 1 are bacterial feeders.

Nematodes of c-p 2 have a longer generation time and slightly lower reproductive rates. They
are often described as basal nematodes (Ferris et al. 2001) as they are generally very abundant
and ubiquitous. They do not form Dauer larvae but are relatively tolerant to disturbance and

pollutants. Bacterial and fungal feeder occur in this group.



| General introduction

Quadrant A: Quadrant B:
High disturbance Low to moderate disturbance
N-enriched N-enriched
Bacterial decomposition Balanced decomposition
"Low C/N ratio Low C/N ratio
Disturbed food web condition ~ Maturing food web condition

Quadrant D: Quadrant C:
Stressed Undisturbed
Depleted enrichment Moderate enrichment
Fungal decomposition Fungal decomposition
Moderate to high C/N ratio
Structured food web condition

50
Structure Index

/ Om,

/ Fu;(1.8) / Fu,
Ba, (1.8) / Ba,(3.2)

Fig 1| Graphic representation of the nematode faunal profile. Structure and enrichment within soil food webs
are calculated using functional nematode guilds and a distinct weighting (numbers in brackets) according their
life history characteristics along an Enrichment Index (El) and Structure Index (Sl). Calculated values represent
condition within food webs and are described in dif ferent quadrants along the enrichment and structure index.
Modified after Ferris et al. ( 2001).

Nematodes of c-p 3 have longer generation times than nematodes of c-p 2, lower fecundity
and react more sensitively to disturbance. Predatory nematodes complement bacterial and

fungal feeders in this group.

Nematodes in class c-p 4 are bigger and have a relatively long generation time. They react
sensitively to disturbance and have a permeable cuticle. Larger fungal feeders, bacterial

feeders and predatory nematodes are included in this group, as well as small omnivores.

Only large dorylaimid species are ascribed to c-p 5 nematodes. They have a long life span,
produce few offspring and large eggs. Only a low proportion of their body mass is occupied by
gonads. Their cuticle is permeable and they react very sensitively to disturbance and

pollutants. Only predators and omnivores are present in this group.

After assigning nematodes in the respective c-p classes, the Ml can be calculated as the

weighted proportion of nematodes:
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| General introduction

MI = 3 v(i) x f(i),

with v(i) being the c-p value of the taxon and f(i) the frequency of the taxon within the sample.

High Ml values indicate stable environments and low MI disturbed and nutrient enriched sites.

Plant feeders are not considered within the MI, but Bongers (1990) proposed the Plant
Parasitic Index (PPI) which reflects the enrichment of the soil thereby benefiting plants ; PPI
often is inverse to the MI. Functional guilds were proposed by Ferris et al. (2001) allowing to
compare ecosystem processes and refine the Ml from Bongers (1990). A functional guild is
characterized by the respective feeding type of bacterial feeders (Ba), fungal feeders (Fu),
predators (Pr) and omnivores (Om) and the respective c-p value, e.g., Ba; and Oma are
bacterial feeding nematodes in c-p 2 and omnivores in c-p 4, respectively. Different nematode
guilds are suggested to represent different soil conditions, i.e., basal conditions, enrichment
and structure. Basal conditions (b) are represented by Ba, and Fu, as they have a wide
ecological range and are therefore, ubiquitous. Enrichment (e) is expressed by Bai and Fuz
nematodes and provides information on the resource status of the ecosystem investigated.
Bai nematodes occur in disturbed systems in high numbers, e.g., due to mortality of other
organisms leading to nutrient flushes and high micr obial activity. High availability of complex
organic material is reflected in increased densities of Fu;. Therefore, both guilds represent
nutrient enriched conditions. Structure (s) is expressed by nematodes of higher c-p values
ranging from 3 to 5. Nematodes within these guilds indicate stable conditions, e.g., recovering
from stress and higher food web connectivity and therefore, point to structured ecosystems
with many trophic links. These indications are formalized in the Enrichment Index (El) and the
Structure Index (El) and provide a nematode faunal profile (Fig. 1). For calculation, densities
of functional guilds are weighted (w) according to their basal (b), enrichment (e) and structural

(s) components:

b = (Baz + Fuz) x wp,

e = (Ba1 x wn) + (Fuz x wy)

s = (Ban X Wn) + (Fun X Wy) + (Prn x wn) + (Omp x wh),

with n representing the corresponding c-p values with wcp1= 3.2, W cp2 = 0.8, W cp3= 1.8,

Wc-p4 = 3.2 and Wc-p5 = 5.0.
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The weighting is based on taxonomic richness in food webs of different complexity. It relies
on the hypothesis of constant connectance in community food webs giving that the number
of trophic links increases constantly with the square of the number of species (Cohen, 1989;
Martinez, 1992) and is then related to the number of c-p classes. The rationale is explained in

detail in Ferris et al. (2001).

Calculated El and Sl result in a faunal profile which indicates different conditions within the

soil food web (Fig. 1). El and Sl are calculated as:
El =100 x (e/(e + b))
SI =100 x (s/(s + b))

Additionally, the Channel Index (Cl) is often calculated and reflects the percentage of fungal
feeding nematodes among the total of fungal feeders and opportunistic bacterial feeding
nematodes providing information on the dominant dec omposition channel.

It is calculated as:
Cl =100 x (0.8 x Fuz/(3.2 x Ba; + 0.8 x Fuy),

and can help to identify changes in decomposition processes. High Cl values indicate
dominance of fungal decomposition, while low values indicate bacterial dominated

decomposition.

Scope of this thesis

The objectives of this thesis were to investigate the effect of different tree species on energy
flow in forest soils and the effect of litter and root-derived resources on rhizosphere processes
(Chapter 2 and 3). The effect of global change agents (CO,, nitrogen, precipitation) on soil
processes was investigated in grassland (Chapter 4 and 5). In both chapters, nematodes were
used as indicators representing the response of the soil food web. In addition, the isotopic
signature of nematodes was measured for the first time using NanoSIMS (Chapter 6) to

establish a novel tool for integrating nematodes into food web analysis.

In the following the main hypotheses are outlined and an overview about every chapter is

given.
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Main hypotheses

(1) Tree diversity positively affects the abundance of soil nematodes due to an increase in
resource partitioning, whereas tree species identity affects specific nematode groups
due to differences in litter and root quality (Chapter 2).

(2) Carbon and nitrogen flow in soil food webs is influ enced by tree species identity with
the induced changes altering microbial community composition and these changes
propagate to higher trophic levels (Chapter 3).

(3) Global change agents interactively influence the structure of soil animal communities
(Chapter 4).

(4) Global change agents differently affect nematode functional guilds due to differently

affecting soil processes (Chapter 5).

In Chapter 2, the effect of the presence of beech (Fagus sylvatica), ash (Fraxinus excelsior) and
lime (Tilia cordata) via their litter and fine roots were investigated on the bacterial and fungal
energy channel using nematodes as indicators. Clusters of three trees were established
varying in tree species numbers and tree species composition to separate identity and
diversity effects of the studied tree species. Tree identity specifically influenced nematode
trophic groups and functional guilds, while tree diversity led to balanced bacterial and fungal
energy channels indicating food web stability. Pure beech clusters beneficially affected fungal
feeding Leptonchidae (Fus) by delivering recalcitrant beech litter, therefore promoting fungi.
The contribution of other tree species, especially ash, detrimentally affected fungal feeders.
Ash, however, increased bacterial feeders significantly being ascribed to its fine root influence.
The effect of lime was generally negative except for plant feeders. A switch in the importance
of litter and root-derived resources were suggested due to seasonal changes in nutrient
availability. The results indicate that the structure of soil food webs varies markedly with tree
species identity and point to the importance of basal resources i.e., litter quality and root
resources, suggesting strong bottom-up control of how energy is channeled through

decomposer systems.

In Chapter 3, the effect of beech and ash trees on the flow of carbon and nitrogen into the soil
was investigated in a laboratory study. *3C and *°N labeled ash litter was added to rhizotrons

planted without trees, with two beech trees, two ash trees and a mixture of both tree species
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| General introduction

allowing to separate root derived and species specific effects. Compound-specific 13C-PLFA
analysis indicated a stronger contribution of fungal biomass in beech rhizotrons being also
stronger depleted in '3C compared to rhizotrons without beech trees indicating SOM
decomposition. Specific respiration was increased by beech roots presumably due to root
exudates lowering soil pH. Low soil pH decreased carbon use efficiency of bacteria leading to
increased respiration and carbon loss from soil. In beech rhizotrons, only low amounts of litter-
derived carbon and nitrogen reached higher trophic levels. Ash had no effect on soil and
microbial parameters but was more efficient in N uptake. The two tree species are suggested
to peruse very different strategies in influencing the soil environment with beech influencing

the soil mainly by root exudation and ash by litter input.

Chapter 4 focuses on the interactive effects of elevated CO;, nitrogen addition and reduced
precipitation on soil biota in diverse grassland on sandy soil using the BioCON experiment. The
response of microorganisms, protozoa, nematodes and soil microarthropods to the global
change agents was investigated to identify changes in the belowground community. Elevated
CO; increased microbial biomass and the density of ciliates, microarthropod detritivores, and
gamasid mites likely due to increased rhizodeposition. Taxa richness of soil microarthropods
were detrimentally affected by nitrogen addition. Reduced precipitation decreased
belowground herbivores and ciliates but had generally minor effects as the soil fauna is
probably adapted to drought in this sandy soil. Int eractions of CO; and N indicated positive
bottom-up effects of elevated CO; compensating for negative effects of nitrogen addition, but
decreased nematode taxa richness. Interactive global change agents are suggested to result
in taxonomically and functionally altered soil comm unities, e.g., simplification of the soil food

web which likely negatively affects ecosystem functioning.

In Chapter 5, functional guilds of nematodes and nematode indices were used to specify
changes in soil processes induced by global change agents in the BioCON experiment. Changes
in the microbial community pointed to increased importance of the fungal decomposition
channel. Interactions of elevated CO; and nitrogen addition suggested changes in the fungal
community and allowed to relate Fu; to saprotrophic fungi and Fus to AM fungi. Root-feeding
Longidoridae decreased at high CO2 and N levels suggesting improved plant performance and,
therefore, a lower susceptibility to herbivores. El and Sl indicated reduced food web stability

at high nitrogen levels supporting the negative effect of nitrogen found in Chapter 4. Reduced
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precipitation was of minor importance probably due to well adaption of nematodes to
drought. This study highlights that global change a gents interactively affect soil processes. The
importance of the fungal decomposition channel also points to an increase in recalcitrant
compounds contributing to C sequestration and sugge st a negative feedback to atmospheric

CO; concentrations.

Chapter 6 introduces NanoSIMS as a new method to obtain isotopic signatures of single
nematodes aiming at integrating nematodes into food web analysis. The suitability of
embedding techniques used for transmission electron microscopy were tested for
measurement in high vacuum. First results are encouraging by providing maps on the
distribution of different isotopes within the nemat ode body. In addition, fields of application

are outlined.
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Chapter 2 | Tree species identity and diversity effects on nematodes

Abstract

Positive relationships between biodiversity and ecosystem functioning are reported in many
studies. The underlying mechanisms are, however, only little understood, likely due to the
focus on the aboveground system and neglecting species-specific traits. We used different
clusters of tree species composition to investigate how tree species diversity and tree species
identity structure affect belowground nematode communities. Since soil nematodes comprise
different trophic groups and are strongly linked to the microbial community, results can
provide insight on how soil food webs are structured. In addition, data on leaf litter and fine
root biomass were included to account for different effects of aboveground and belowground
resources. Clusters of three trees of one, two and three species were established within a
temperate deciduous forest. Target tree species were European beech (Fagus sylvatica),
common ash (Fraxinus excelsior) and lime (Tilia cordata, T. platyphyllos) differing in
physiology, leaf litter quality and type of mycorrhiza. Tree species identity strongly affected
nematode trophic structure, whereas tree species diversity had no impact. Ash beneficially
affected bacterial-feeding nematodes, whereas fungal feeders were suppressed, likely caused
by ash litter increasing soil pH. Fostering of the bacterial food chain by ash additionally could
be related to rhizodeposition gaining importance after disappearance of high quality ash litter
in spring, highlighting seasonal shifts in root and leaf litter derived resources. The negative
effect of ash on fungal-feeding nematodes is suggested to be due to the lack of
ectomycorrhizal fungi as ash roots only form arbuscular mycorrhiza. In contrast, beech
benefited fungal feeders and detrimentally affected bacterial feeders due to more acidic soil
conditions that increase the competitive strength of fungi. Lime tended to negatively impact

total nematode density but positively influenced plant-feeding nematodes. Generally, beech
| 20
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and ash strongly but opposingly influenced the trop hic structure of nematode communities
suggesting that changes in tree species identity result in major shifts in the channeling of
energy through decomposer food webs. The results indicate that the structure of soil food
webs varies markedly with tree species and point to the importance of basal resources, i.e.,
leaf litter and rhizodeposits. This suggests bottom-up forces mediated by individual tree

species to control major decomposition pathways rather than tree diversity.

Introduction

The relationship between biodiversity and ecosystem functioning has been mainly
investigated considering aboveground systems. However, aboveground and belowground
systems are intimately linked and a combined approach is of significant importance when
aiming to understand ecosystem functioning (Wardle et al., 2004). Recently, above- and
belowground systems were studied together in grasslands showing significant effects of
biodiversity on the decomposer fauna (Scherber et al., 2010; Eisenhauer et al., 2012) being
the driver of important ecosystem functions such as decomposition and nutrient
mineralization. Grasslands, however, comprise short-lived plant species, therefore results are
unlikely to be conferrable to forest systems, which, however, store about 60% of terrestrial

carbon and are important for global carbon cycling (McKinley et al., 2011).

There is evidence that an increase in tree species diversity fosters ecosystem functions such
as mineralization and decomposition (Morin et al., 2011). However, an increasing number of
studies also report identity effects of single tree species to be stronger than tree species

diversity (De Deyn et al., 2004; Nadrowski et al., 2010). It is therefore important to identify
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the species-specific mechanisms responsible for biodiversity effects. Thus, is the observed
positive biodiversity effect due to an increase in species number (true biodiversity effect) or
to individual tree species in mixtures (identity effect)? Regarding soil decomposer systems,
differences between tree species result in differences in the resources provided mainly leaf
litter and root exudation. Traditionally, effects of biodiversity on the decomposer system were
investigated focusing on leaf litter residues regarded as the main driving factor for soil
processes (Reich et al., 2005; Ball et al., 2009; Langenbruch et al., 2012) as it influences soil
pH, microbial activity and biomass (Swift et al., 1979; Wardle et al., 1998). Recently, the
importance of root derived resources for soil food webs has been stressed (Albers et al., 2006;
Pollierer et al., 2007; Endlweber et al., 2009; Keith et al., 2009). Rhizodeposits influence the
soil system significantly by supplying labile resources to the food web and priming soil organic
matter decomposition (Kuzyakov, 2010; Bird et al., 2011). In forest soils the fungal energy
channel is of predominant importance as litter resources entering the soil are low in nitrogen

and rich in lignin as compared to e.g., grassland soils (Wardle, 2002).

The quality of leaf litter and rhizodeposits (e.g., sugars, amino acids, organic acids) varies
strongly between plant species (Grayston et al., 1996; Jones et al., 2004, 2009) and this likely
differentially affects decomposers. High quality leaf litter is characterized by low carbon-to-
nitrogen ratio, high quantities of soluble nutrients and high calcium and magnesium
concentrations resulting in fast decomposition, whereas high carbon-to-nitrogen ratio and
high lignin content is regarded as low quality decreasing decomposition rates (Colteaux et al.,
1995; Cadish and Giller, 1997; Jacob et al.,, 2009). Rhizodeposits comprise mainly labile
compounds so that quality differences may arise in specific compounds and the amount

exudated (Grayston et al., 1996). Likely due to methodological limitation only few data are
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available on rhizodeposition of different tree species in soil (but see Scandellari et al., 2010;
Fender et al., 2013) and no published work provide data on the effect of tree diversity on

rhizodeposition.

We investigated the effect of tree species identity and tree species diversity in a diverse old-
growth deciduous forest in Central Germany by identifying tree clusters of three individuals
varying in tree species composition, comprising one, two or three species. Target tree species
were European beech (Fagus sylvatica L.), common ash (Fraxinus excelsoir L.) and lime (Tilia
cordata P. Mill., T. platyphyllos Scop). Leaf litter of beech has high carbon-to-nitrogen ratio
and high lignin content while the opposite applies to leaf litter of ash and lime leaf litter,
therefore spanning a wide range of litter quality (Jacob et al., 2009). Roots of beech and lime
are colonized by ectomycorrhizal (EM) fungi, whereas ash roots are associated with arbuscular
mycorrhizal (AM) fungi (Lang et al., 2011). Differences in rhizodeposition between the three
tree species are little known. Fender et al., (2013) showed the amount of organic acids
exudated by roots to be higher in beech as compared to ash, and Cesarz et al., (2013)
suggested beech but not ash root exudates to acidify rhizosphere soil and to stimulate soil

organic matter decomposition.

We used soil nematodes as representatives of soil invertebrates since they are highly
abundant in soil, drive important ecosystem functions and comprise a wide range of trophic
groups including bacteria, fungi and plant feeders as well as predators and omnivores (Yeates
et al., 1993), therefore providing important information on how tree species structure soil
food webs. There is a strong linkage between nematodes and their microbial diet, and the

coincidence of functional groups of bacteria, fungi and their nematode grazers during

| 23



Chapter 2 | Tree species identity and diversity effects on nematodes

succession provides the opportunity to monitor the abundance of available resources (Ruess
and Ferris, 2004). The occurrence of nematode functional guilds provides information on
general soil food webs conditions such as enrichment and structure (Ferris et al., 2001; Ruess
and Ferris, 2004). Thus, nematodes are likely to respond to variations in resource diversity and
due to their position in the soil food web, plant-feeding nematodes show the most

pronounced association to plant communities (Yeates, 1999).

We hypothesized tree diversity to positively affect the abundance of soil nematodes due to
an increase in resource partitioning and availability. Further we hypothesized tree species
identity to affect specific nematode groups due to differences in litter and root quality, i.e.,
bacterial feeding nematodes to increase in ash and lime clusters due to high quality litter by
favoring bacteria, whereas fungal-feeding nematodes to benefit from recalcitrant beech litter

and acid rhizodeposits of beech roots favoring fungi.

Material and methods

Site description

The study site is located in the Hainich National Park, the largest cohesive deciduous forest in
Central Germany (51°06’N, 10°31’E; 350 m a.s.l). For the past four decades silvicultural
management has been abandoned. Today large parts of the forest resemble semi-natural

forest. Parent rock is Triassic Limestone covered by Pleistocene loess (Guckland et al., 2009).
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. Cluster tree

] Litter collector
e Sampling point /
x Cluster center

Figure 1 | Scheme of a tree cluster. Soil and fine root samples were taken 50 cm from the cluster center in
direction to the cluster trees. Litter was collected with a litter collector in the cluster center.

The soil is characterized as Stagnic Luvisol with pH values ranging from 4.5 + 0.5 to 5.8 £ 0.6.

The mean annual temperature is 7.5°C and precipitation averages 590 mm year?.

The three dominant tree species in the Hainich National Park are European beech (F.
sylvatica), common ash (F. excelsior) and lime (T.spp). To differentiate between tree species
identity and diversity effects 28 tree clusters were established in areas with similar soil type.
Individual clusters comprised three mature tree individuals of the canopy layer forming a
triangle with the trees ranging 2.0 to 5.5 m from the center of the cluster (Fig. 1). Clusters
were selected randomly and were spaced by at least 20 - 30 m (mean distance between
clusters was 99 m). This distance was accepted because earlier studies on tree fine root
dynamics in this forest (e.g. Meinen et al., 2009a) had shown a maximum horizontal extension
of the tree fine roots with <15 m, therefore water and nutrient fluxes between neighboring
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clusters could be excluded. Tree diameter at breast height was on average 34 cm. No other
trees or shrubs were present inside the clusters and cluster trees were at least 5 m away from
trees outside the clusters. Single species clusters of beech (B), ash (A) and lime (L), two-species
combinations, i.e., beech-ash (BA), beech-lime (BL) and ash-lime (AL), as well as the three-
species combination beech-ash-lime (BAL) were investigated. Each cluster was replicated four

times.
Nematode sampling

In May 2008 three soil samples including the leaf litter layer (2.5 cm ID; 5 cm depth) were
taken in each cluster and pooled. Samples were taken 50 cm away from the cluster center
towards the three cluster trees (Fig. 1). Pooled samples were stored at 4°C until extraction.
Nematodes were extracted using a modified Baermann method (Ruess, 1995). Soil samples
were placed in plastic vessels with gauze at the bottom coated with a milk filter, watered and
kept at room temperature for 24 h. Then, temperature was raised in steps of 5°C every hour
until reaching 45°C. Extracted nematodes were killed with 80°C hot water to achieve
elongation of the animals and fixed by addition of formaldehyde solution (4%). Animals were
counted and a minimum of 100 individuals (or all if below), were identified and ascribed to
trophic groups and functional guilds according to Y eates et al. (1993) and Ferris et al. (2001)
using 100x magnification (Zeiss Axiovert 135, Jena, Germany). Nematode guilds comprise
bacterivores (Bay), fungivores (Fux), plant-feeders (Plx) predators (Prx) and omnivores (Omy)
ranging along the c-p scale from x =1 to x = 5 (Bongers, 1990; Ferris et al., 2001). Nematodes
of c-p 1 have a short life cycle, high fecundity, are tolerant to disturbance and can be ascribed

to r-strategists. In contrast, nematodes of c-p 5 produce few large eggs, have a long life cycle
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combined with a long generation time and are sensitive to disturbance resembling K-
strategists. Numbers between 1 and 5 reflect gradations between these opposing life history

strategies (Bongers, 1990; Neher and Darby, 2009).
Leaf litter and fine root sampling

In the center of each cluster leaf litter was collected in 2008 on October 1 and 23, November
12, and in 2009 on March 10 using 35 L buckets with an aperture of 0.29 m? (Fig. 1). Water
could drain from the buckets through 8 mm holes in the bottom. Leaf litter was separated and

assigned to the different tree species, oven-dried at 70°C for 48 h and weighed.

Fine root sampling was conducted in May 2008 in each of the clusters. Soil cores were taken
from the upper 0-20 cm of the soil (including the organic layer) using a steel corer of a
diameter of 35 mm. Samples were transferred into polyethylene bags and stored at 4°C in
darkness until processing within 3 weeks. The soil samples were soaked in water and sieved
(mesh size 0.25 mm) to separate fine roots (< 2 mm diameter) from soil. Coarse roots (=2 mm
diameter) and dead fine roots of trees, and roots of other vascular plants (mainly herbs and
grasses) were discarded. Fine root fragments longer than 1 cm were collected manually using
a pair of tweezers; living root fragments were ascribed to species using a stereomicroscope at
6-40x magnification. Species identification of fine roots present in the cluster was based on a
set of morphological criteria, including branching patterns, color and surface structure of
periderm, size and shape of root tips, diameter of fine and finest roots, established by Holscher
et al., (2002) and (Meinen et al., 2009b)Finally, fine root biomass was determined after drying

at 70°C for 48 h. Root mass was expressed as dry mass per square meter of soil surface area.
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Statistical analysis

Discriminant function analysis (DFA) was used to in vestigate if tree clusters in fact represented
the respective leaf litter and fine root composition using STATISTICA 7.0 for Windows
(StatSoft, Tulsa, USA, 2001). To analyze if the trophic structure of nematode communities
varied with the composition of leaf litter and fine roots redundancy analysis (RDA) was
performed. The length of gradient of detrended correspondance analysis (DCA) suggested
linear to be more adequate than unimodal ordination (Ter Braak & Smilauer 2002). Analyses

were implemented in CANOCO for Windows 4.5 (Wageningen, The Netherlands).

We used one-way ANOVA (SAS 9.2, SAS Institute Inc., Cary, NC, USA) to test the effects of tree
species diversity (1, 2 and 3 tree species, respectively) and to observe differences in the ratio
of fungal feeders-to-bacterial feeders within the different clusters (beech only (B), ash only
(A), lime only (L) and all possible combinations, i.e., beech-ash (BA), beech-lime (BL), ash-lime
(AL) and beech-ash-lime (BAL)). Three-way ANOVA was used to inspect effects of beech
(absence, B-; presence, B+), ash (absence, A-; presence, A+) and lime (absence, L-; presence,
L+) and all possible interactions. Akaike information criterion was calculated to improve the

model by removing non-significant variables or interactions.

Multiple Regressions were calculated (SAS 9.2, SAS Institute Inc., Cary, NC, USA) to determine
if the influence of tree species on nematodes was related to leaf litter or fine roots. We used
stepwise regression analyses, combining forward and backward selection, to identify subsets
of explanatory variables (Der and Everitt, 2002). Leaf litter and roots of tree species

contributing only little to litter and fine root biomass (< 5%) were excluded, i.e.,
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hornbeam (Carpinus betulus L.), oak (Quercus spec.) and maple (Acer pseudoplatanus L.).
Nematode abundance data, leaf litter biomass and fine root biomass were log-transformed to

meet requirements of ANOVA and regression analyses.

Results

Leaf litter and fine roots

Clusters of trees were well represented by their leaf litter and fine root composition as
indicated by DFA (Fig. 2). Single species clusters of beech, ash and lime contained more
species-specific leaf litter and fine root biomass than mixed clusters. The proportion of the
corresponding litter and fine root biomass in pure clusters decreased with increasing tree
species diversity. Fine roots had a lower spreading than leaf litter. In pure lime and pure ash
clusters, high amounts of fine roots of beech were present. BAL clusters were in midst of the

other treatments.

RDA indicated that the nematode community composition in clusters with beech differed
significantly from that in other clusters, especially from clusters where ash co-occurred (Fig.
3). Beech clusters were associated with low amounts of leaf litter and fine roots of ash, and
high amounts of lime litter. Mainly fungal feeders occurred in beech only clusters, whereas A,
BA and BAL clusters were dominated by bacterial feeders. Generally, ash leaf litter and ash

fine roots contributed most to the separation of the samples.
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Figure 2 | Discriminant function analysis (DFA) of the composi tion of leaf litter (a) and fine roots (b) in tree
clusters, i.e., the fraction of litter and fine roots of beech (B), ash (A) and lime (L). Ellipses represent
confidence intervals at P = 0.05; Wilks Lambda = 0.0435, F36,73=2.11, P =0.0034 and Wilks Lambda =0.0158,
F36,73 = 3.19, P =0.0001 for litter and fine roots, respectively.

Tree species identity and diversity

Ash beneficially affected bacterial feeders (Table 1); densities were significantly higher in
clusters with ash only (i.e.,, B- and L- clusters; two-way interaction) and decreased when
other tree species were present (Fig. 4a, Table 2). This also applied for all families of bacterial
feeders and the respective functional guilds both reaching high densities in A+ clusters

reflecting the overall beneficial effect of ash on bacterial-feeding nematodes (Table S1).
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Figure 3 | Redundancy analysis (RDA) of nematode trophic groups in tree clusters. Environmental variables
were litter and root biomasses (g m2) of the target tree species beech, ash and lime (red arrows). Nominal
variables are indicated by bold capital letters (B, beech; A, ash; L, lime). Eigenvalue of axis 1 and axis 2 is
0.256 and 0.069, respectively (F =7.20, P = 0.0360 and F = 1.81, P = 0.0560), explaining 25.6% and 6.9% of
the variation, respectively.

Opportunistic Ba: nematodes largely followed this positive ash influence but were also
abundant in the 3-species cluster (Fig. 4b). Other tree species did not influence bacterial
feeders except densities of Bas nematodes which were significantly higher in B+ clusters (Table

1).

In contrast, fungal-feeding nematodes were negatively affected by ash but benefitted from
beech (Fig. 4c). Fus nematodes made up 24 + 4% in beech only clusters but reached only low
frequency of 5 + 2% in the other clusters. The positive effect of beech and the negative effect
of ash are illustrated by the interaction of ash and lime, Fus nematodes increased significantly
in clusters with beech only (i.e., the A- and L- clusters) and decreased when either ash and

lime or both were present (Tables 1, 2).
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Figure 4 | Nematode abundances of trophic groups and functional guilds as affected by the interactions of
beech (B-, absent; B+, present), ash (A-, absent; A+, present) and lime (L-, absent; L+, present) in different tree
clusters. Capitals in graphs indicate the different clusters. B: beech only, A: ash only, L: lime only, BA: beech-
ash, BL: beech-lime, AL: ash lime, BAL: beech-ash-lime clusters. Pl: plant feeders, Ba: bacterial feeders, Fu:
fungal feeders, Om: omnivors, Pr: predators, subscript numbers indicate the corresponding c-p classification
according to Bongers (1990). Means + SE.

The functional guilds of plant feeders Pl; and Pls differentially responded to tree species.
Hoplolaimidae were dominant in Pl3 and were responsible for the positive influence of ash on
this nematode guild (Tables 1, S1). In addition, th eir densities increased significantly when
beech was present and lime absent. Tylenchidae were dominant in Pl and were largely
responsible for the response of this nematode guild (Table S1). Densities of Pl, nematodes
were high in beech only clusters (i.e., A- and L- clusters) and declined significantly when ash
was present (-63%, Tables 1, 2). This negative effect of ash was reduced by lime (Fig. 4d, Table
1). Generally, Pl nematodes benefited from the presence of lime, whereas most other

nematodes tended to be negatively influenced by this tree species. Qudsianematidae were
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Table 1 | ANOVA table of F- and P-values on the effects of beech, ash and lime presence and absence, respectively, and all possible interactions on the abundance of
trophic groups and functional guilds (for families consider Table S1) of soil nematodes. Pl: plant fee ders, Ba: bacterial feeders, Fu: fungal feeders, Om: omnivores, Pr:
predators, subscript numbers indicate the corresponding c-p classification according to Bongers (1990). Rare groups are not displayed and were not analyzed with
ANOVA due to very low densities (< 2%). For means and SE see Table 2.

B(eech) A(sh) L(ime) BxA BxL AxL BxAxL
F P F P F P F P F P F P F P
Total 3.90 0.0616 0.50 0.49 0.82 0.3755 0.69 0.42 0.53 0.4730 excluded 1.23 0.279%4
Trophic groups
Plant feeders 1.22 0.2824 0.14 0.7140 0.44 0.5132 excluded 0.40 0.5364 201 0.1710 0.11 0.7425
Bacterial feeders 2.08 0.1636 6.54 0.0183 1 1.21 0.2830 1.72 0.2044 5.46 0.0295 excluded 0.00 1.0000
Fungal feeders  3.94 0.0602 3.79 0.0651 0.24 0.6324 2.00 0.1717 excluded 6.32 0.0202 0.00 1.0000
Predators 3.15 0.0904 0.02 0.8867 3.54 0.0740 1.21 0.2834 0.00 1.0000 excluded 2.57 0.1242
Omnivores 0.23 0.6364 0.89 0.3561 3.53 0.0744 excluded 1.05 0.3169 0.75 0.3961 1.20 0.2850
Functional guilds
Pl2 241 0.1353 1.58 0.2225 5.57 0.0280 1 excluded 1.63 0.2154 8.08 0.0097 0.00 1.0000
Pls 1.28 0.2703 4.81 0.0398 1 2.35 0.1402 0.41 0.5288 excluded 0.00 1.0000 1.74 0.2016
Bai 0.05 0.8182 0.53 0.4764 0.57 0.4582 excluded 4.47 0.0466 1.84 0.1894 2.78 0.1105
Baz 1.41 0.2487 3.59 0.0720 1.18 0.2903 1.79 0.1950 excluded 0.00 1.0000 0.00 1.0000
Bas 4.54 0.0450 0.87 0.3606 0.03 0.8674 0.99 0.3307 0.15 0.7060 excluded 1.75 0.1998
Bas 1.23  0.2795 0.56 0.4642 1.00 0.3280 3.81 0.0644 0.00 1.0000 excluded 0.00 1.0000
Fu2 0.82 0.3742 0.00 0.9976 0.23 0.6348 0.95 0.3406 291 0.1026 excluded 0.09 0.7639
Fua 9.62 0.0054 12.40 0.0021 ¢ 1.66 0.2118 0.00 1.0000 excluded 10.00 0.0047 0.00 1.0000
Prs 0.19 0.6666 1.83 0.1906 0.37 0.5503 0.30 0.5915 excluded 0.64 0.4339 1.79 0.1953
Pra 0.03 0.8719 1.39 0.2513 1.40 0.2505 excluded 193 0.1792 0.58 0.4540 0.00 1.0000
Oma 0.04 0.8424 0.54 0.4721 0.42 0.5237 excluded 1.35 0.2583 1.53  0.2290 0.00 1.0000
Oms 430 0.0507 0.10 0.7578 11.98 0.0023 | excluded 0.70 0.4126 3.47 0.0766 13.25 0.0015
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Table 2 | Means * SE of abundance (Individuals/g soil dry weight) of nematodes grouped in trophic groups and fun ctional guilds (for families see Table S2) as affected
by beech (B), ash (A) and lime (L) presence (+) or absence (-), respectively. Pl: plant feeders, Ba: bacterial feeders, Fu: fungal feeders, Om: omnivores, Pr: predators,
subscript numbers indicate the corresponding c-p classification according to Bongers (1990). *= not analyzed with ANOVA due to very low densities (< 2%). For statistical
analysis see Table 1.

-B +B
-A +A -A +A
+L -L +L -L +L -L +L
Lime Ash Ash-Lime Beech Beech-Lime Beech-Ash Beech-Ash-Lime
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Total 532.43 + 140.56 910.83 + 279.09 570.23 + 71.52 1100.87 + 261.30 785.02 + 210.96 1060.92 + 497.30 1264.29 + 149.67

Trophic groups
Plant feeders 175.65 * 3854 252.85 + 127.22 223.88 + 38.76 296.28 *+ 90.39 23462 * 74.66 365.60 * 266.19 462.85 + 98.48
Bacterial feeders  176.10 *+ 63.78 446.81 + 136.17 201.54 + 30.34 210.76 + 28.61 24551 + 42.67 383.71 + 143.16 49691 + 89.55
Fungal feeders 34.10 = 17.89 48.84 + 22.64 4195 + 1811 298.90 * 86.25 133.33 + 4259 4247 + 36.47 138.56 + 66.82
Predators 105.38 + 33.07 99.06 + 23.08 53.68 + 20.48 193.54 + 72.14 99.12 + 53.76 158.44 + 45,52 139.97 + 35.14
Omnivores 38.89 + 1792 60.46 + 30.05 49.19 + 24.54 97.71 + 29.63 7243 + 26.72 96.06 + 36.28 2599 + 13.75

Functional guilds
Pl, 126.16 + 25.75 106.54 + 51.76 172.40 + 42.80 269.54 + 86.19 205.62 * 49.70 78.48 + 4135 32488 + 2841
Pl3 49.49 + 20.95 146.32 + 75.83 51.48 + 11.35 26.74 + 6.87 29.00 + 26.50 287.12 + 224.88 137.97 + 90.59
Bai 59.18 + 21.42 151.61 + 60.31 68.76 + 13.50 69.27 + 6.47 79.36 + 26.46 50.28 + 20.96 263.12 + 117.04
Ba; 76.48 + 4833 22091 + 106.12 7735 + 12.48 7416 + 12.43 80.23 + 11.89 195.95 + 112.10 148.58 + 29.43
Bas 18.29 + 10.59 46.76 + 36.92 1409 + 0.74 27.14 + 13.10 4441 + 10.13 100.11 + 40.69 4423 + 12.06
Baa 22.16 = 16.02 2753 * 6.66 4133 + 17.79 40.19 + 17.59 4151 + 13.43 3738 * 6.49 4098 + 19.50
Fu, 6.56 + 4.10 2059 = 9.27 14.17 + 11.04 1848 + 9.89 2550 + 11.37 774 + 6.00 5340 + 21.00
Fus* 142 + 142 2428 + 1529 9.01 + 3.26 0.00 = 0.00 139 + 1.39 1406 + 12.24 421 + 421
Fus 26.12 + 12.62 397 + 397 18.77 + 7.21 280.41 + 81.47 106.44 * 46.72 20.67 * 18.46 80.95 + 49.19
Prs 561 + 440 3392 + 31.12 11.12 + 3.78 13.87 + 13.87 862 + 3.58 4105 + 21.38 1127 + 6.59
Prs 33.28 + 13.68 26.53 + 13.63 38.07 + 2331 76.10 + 28.90 63.81 + 27.47 55.01 + 3243 1472 + 8.07
Oomy 49.65 + 24.14 4503 + 691 3482 = 11.12 38.35 + 18.80 89.03 + 5242 64.69 + 34.64 71.14 + 26.87
Oms 55.72 + 2493 54.03 + 26.34 18.86 * 10.25 16294 + 7111 10.09 * 2.05 93.75 + 2334 68.83 *+ 8.62

e |
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detrimentally affected by lime but the negative effect was reduced by beech (Tables S1, S2)
and also Oms nematodes decreased significantly in presence of lime but increased when
beech was present (Fig. 4e, f). Predatory nematodes were not significantly affected by tree

species.

Tree species diversity did not significantly affect total nematode abundance (Fig. 5, Table 3).
However, nematode density was highest in three species clusters (Mean + SE: 1264 + 75 ind.
100 g* soil dry weight) as compared to one (848 + 41 ind. 100 g soil dry weight) and two
species clusters (805 * 76 ind. 100 g soil dry weight). Also none of the trophic groups or
functional guilds studied was significantly influen ced by tree species diversity although

densities were often highest in the high diverse clusters (Fig. 5).
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Figure 5 | Total and trophic nematode abundances as affected by tree species diversity. Means * SE.

The role of above- vs. belowground plant input

To explore whether tree species effects were due to above- or belowground impacts, we

employed multiple regression analyses relating nematode densities to leaf litter and fine root
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Table 3 | ANOVA table of F- and P-values on the effects of
tree species diversity (1, 2 and 3) on the abundance of total
soil nematodes and of trophic groups and functional guilds of
soil nematodes. PI: plant feeders, Ba: bacterial feeders, Fu:
fungal feeders, Om: omnivors, Pr: predators, subscript

indicate the corresponding c-p classification

according to Bongers (1990). Rare groups are not displayed
and were not analyzed with ANOVA due to low densities

F P
Total soil nematodes 1.80 0.1868
Trophic groups numbers
Plant feeders 2.00 0.1564
Bacterial feeders 224  0.1274
Fungal feeders 0.40 0.6778 (< 2%).
Predators 1.17 0.3254
Omnivores 2.67 0.0892
Functional guilds
Pl 2.65 0.0907
Pls 0.13 0.8818
Ba: 3.10 0.0625
Baz 0.95 0.4007
Bas 2.60 0.0939
Bas 1.16 0.3312
Fuz 0.87 0.4295
Fus 0.45 0.6411
Prs 1.47 0.2500
Pra 1.94 0.1642
Omg 0.67 0.5190
Oms 2.94 0.0715
Litter biomass
Tree species  F P R?
Pl B 10.02 0.0040 0.2338
Tylenchidae (Pl2) B 7.52 0.0109 0.2244
Fungal feeders A 13.56 0.0011 0.3427
Fus B 8.28 0.0079 0.2416
Root biomass
Tree species  F P R?
Bacterial feeders A 5.59 0.0258 0.1770
Rhabditidae (Ba1) L 6.36 0.0181 0.1966
Mononchidae (Pra) A 5.46 0.0274 0.1737

Table 4 | Results of significant
multiple regressions analyses of
nematodes, litter and fine root
biomass (g dry weight). Capitals
indicate a significant effect of litter
or roots of a distinct tree species. B:
beech, A: ash, L: lime. Pl: Plant
feeders, Fu: Fungal feeders, Pr:
predators, Ba: bacterial feeders,
subscript numbers indicate the
corresponding c-p  classification
according to Bongers (1990).
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Figure 6 | Significant regressions between soil nematode density and tree species specific litter (left) and fine
root (right) biomass with confidence intervals at 95% (shaded). Pl: plant feeders, Ba: bacterial feeders, Fu:
fungal feeders, Pr: predators, subscript numbers indicate the corresponding c-p classification according to
Bongers (1990).

biomass (Fig. 6). The density of fungal feeders correlated negatively with ash leaf litter
biomass, whereas beech litter biomass correlated positively with densities of Fus
(Leptonchidae), Pl, and the Tylenchidae dominating Pl,, whereas fine roots had no effect on
these taxa (Table 4). Increased ash fine root biomass was associated with increased density
of bacterial-feeding nematodes. By contrast, fine root biomass of lime correlated negatively
with the density of bacterial-feeding Rhabditidae (Bai) and ash fine root biomass correlated

negatively with the density of predatory Mononchidae (Fig. 6, Table 4).
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Discussion

Tree diversity

The present study did reveal impact of tree species identity but not diversity on nematode
density and community composition, suggesting tree identity is predominantly modulating
the nematode fauna. Similarly, other studies found plant species identity to surpass effects of
species diversity on soil biota (De Deyn et al., 2004; Ball et al., 2009; Nadrowski et al., 2010).
The results suggest that particular tree species modify the importance of bacterial and fungal

energy channels as indicated by bacterial and fungal-feeding nematodes.
Ash

In mono-specific stands, ash beneficially affected bacterial-feeding nematodes and in parallel
detrimentally affected fungal feeders. Bacteria are positively influenced by neutral to high soil
pH what is in line with high Base saturation, soil pH and exchangeable Mg?* were high in ash
clusters (Langenbruch et al., 2012) and is reported to increase bacteria positively, whereas
fungi tolerate a wider range of soil pH (Aciego Pietri and Brookes, 2008; Rousk et al., 2009;
Strickland and Rousk, 2010). Indeed, bacterial biomass was highest in ash only clusters as
indicated by PLFA analysis (A. Scheibe, unpublished results). Positive correlations of
exchangeable Mg?* and Ca?* with the amount of ash leaf litter suggests that the beneficial
effect of ash is mediated via its litter (Langenbruch et al.,, 2012). In a common garden
experiment with 14 tree species planted in monocultures on a prior pine-dominated forest,
Reich et al., (2005) showed ash also to increase soil pH, exchangeable calcium and base
saturation arguing for specific species effects of plants on soil conditions forming distinct

environments. Moreover, the density of bacterial-feeding nematodes correlated positively
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with ash fine root biomass suggesting that belowground input via roots contributed to
fostering bacterial feeders in ash clusters. The amount of dissolved organic carbon (DOC) in
forest soils peaks in spring and decreases during litter fall (Weintraub et al., 2007; Kaiser,
Koranda, et al., 2010). High amounts of DOC in soil in spring match the period when only small
amounts of ash leaf litter were present at our study sites, as it decomposes rapidly, i.e., within
six months after litter fall (Jacob et al., 2009, 2010). We therefore suggest seasonal variations
in resource inputs to induce changes in the importance of leaf litter- and root-derived
resources in soil food webs and therefore likely affect the balance between aboveground to

belowground plant carbon input.

The detrimental effect of ash on fungal-feeding nematodes presumably was mediated via ash
leaf litter as indicated by negative correlations between the density of fungal-feeding
nematodes and the amount of ash leaf litter. Low densities of fungal-feeding nematodes in
ash clusters were associated with low fungal-to-bacteria ratio as indicated by PLFA markers
(A. Scheibe, unpublished results). However, as indicated by the marker PLFA 18:2w6,9
(Frostegard and Baath, 1996) fungal biomass was highest in ash only clusters (as also overall
microbial biomass) suggesting that the impact of ash was not based on a depletion of fungal
resources. Both competition for fungi as food but also control of nematodes by predators
could have contributed to this pattern. A range of soil invertebrates feed on both fungi and
nematodes, including oribatid mites, earthworms and collembolans (Ruess et al., 2005; Curry
and Schmidt, 2007; Pollierer et al., 2012). The density of both oribatid mites and collembolans
were low in ash as compared to beech clusters, whereas the density of earthworms did not
vary between clusters (Eissfeller et al., 2013; V. Eissfeller and S.Cesarz, unpublished results).

This suggests that low density of fungal-feeding nematodes was not due to increased
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competition for fungi as food or top-down control by predators in ash clusters. Probably, ash
roots are exclusively colonized by AM fungi resulting in only low amounts of EM fungi in pure
ash clusters. The high amount of fungal biomass in ash clusters indicated by the PLFA marker
18:2w6,9, indicating EM fungi and saprotrophic fungi but no AM fungi (Ruess and
Chamberlain, 2010), therefore refers mainly to saprotrophic fungi. This suggests EM fungi to
contribute strongly to the nutrition of nematodes and is supported by a compound-specific
13C fatty acid analysis of Pollierer et al. (2012) for other soil organisms such as the Lepidocyrtus
lanuginosus (Collembola) and Trichoniscus pusillus (Isopod). Further, nematodes are known to
preferentially feed and to multiply faster on ectomycorrhiza compared to saprotrophic fungi

(Mankau and Mankau, 1963; Ruess and Dighton, 1996).

Plant feeding Hoplolaimidae (Pls) benefited from the presence of both ash and beech and
reached maximum density in BA and A clusters, whereas densities were low in B clusters. Tree
fine root biomass and fine root composition did not differ among mono-specific (A and B
clusters) and diverse tree stands (e.g., BA clusters) at the same site (Meinen et al., 20093;
Jacob et al., 2012) and suggest no direct impact of tree root biomass and composition but
other factors to affect plant feeding Hoplolaimidae. Herb species richness and cover was
influenced by tree species diversity (Vockenhuber et al., 2011) and may have contributed to
the flourishing of Hoplolaimidae in BA and A clusters by increasing host diversity and
availability. For instance, spring ephemeral herbs are a higher nutrient sink in spring compared

to trees (Mabry et al., 2008; Ellum et al., 2010) whereof Hoplolaimidae may have benefitted.

As for plant feeders, seasonal fluctuations in nutrient supply by herbs and trees may have

caused the reduction in predatory Mononchidae. These are known to sensitively respond to
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altered soil nutrient concentrations (Neher and Darby, 2009), and such fluctuations are likely
associated with the shift in the input of above- vs. belowground components in ash clusters.
Generally, Mononchidae feed on nematodes (Loof, 1999) but apparently did not profit from
higher densities of bacterial-feeding nematodes which benefited from ash. Presumably,
Mononchidae, as typical K-strategists, more sensitively respond to variations in environmental
conditions rather than food (Bongers 1990; Ferris et al. 2001). Although bacteria and bacterial-
feeders were fostered by ash leaf litter, no “long” food webs with substantial biomass at
higher trophic levels could be sustained as indicat ed by Mononchidae. Thus, the litter supply
did not result in an enhanced carbon and energy transfer to higher trophic levels, i.e.,
increased propagation of carbon to upper trophic le vels potentially due to the lack of EM fungi

and EM fungi consumers.
Beech

In contrast to ash, beech beneficially affected fungal feeders and this was most pronounced
in Fus nematodes. These changes in trophic structure were associated with low soil pH, low
concentrations of exchangeable Mg?*, and low carbon-to-nitrogen and lignin-to-nitrogen
ratios in beech only clusters (Langenbruch et al. 2012), i.e., factors known to favor fungi over
bacteria (Aciego Pietri and Brookes, 2008; Rousk et al., 2009; Strickland and Rousk, 2010). As
the density of Fus nematodes correlated more closely with the amount of beech leaf litter
than with beech fine root biomass the favorable effect of beech presumably was mediated by
beech leaf litter associated factors such as increased fungal-to-bacterial ratio likely increasing

the competitive strength of fungi.
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Surprisingly, the plant-feeding Tylenchidae, the dominant group in Pl> nematodes, correlated
positively with the amount of beech leaf litter and not with root biomass. This suggests that
rather than feeding on living roots these nematodes rely on fungi associated with beech leaf
litter, and illustrates the ambiguity in ascribing nematodes bearing a stylet to root or fungal
feeders. Supporting this conclusion species of the tylenchid genera Filenchus and Tylenchus
have been shown to feed on fungi (Wood, 1973; Okada et al., 2002, 2005; Okada and Kadota,
2003). Generally, there is a lack of evidence that Tylenchidae pierce plant cells and live as root

feeders (Yeates, 1999).
Lime

Generally, increasing proportion of lime in clusters decreased total nematode density
(Pearsons Rho = -0.39904, P = 0.0354), in particular bacterial-feeding Rhabditidae were
negatively affected, whereas Tylenchidae benefitted from lime presence. The detrimental
effect of lime could not be attributed to any of the soil factors assessed but the decomposition
constant k of lime litter correlated positively with the density of earthworms (Jacob et al.,
2009) suggesting that nematodes suffer from the decline of leaf litter in the litter layer and
direct interactions with earthworms (Yeates, 1981). The detrimental effect of lime also applied
to omnivorous nematodes, which were neither affected by leaf litter nor by roots. Although
ash and lime leaf litter both are regarded as high quality food for decomposers these tree
species negatively affected soil nematodes suggesting that other factors than litter quality per

se, e.g., rhizodeposits or biotic interactions also structure soil nematode communities.
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Conclusions

The results suggest that tree species identity is more important than tree species diversity in
structuring nematode communities and associated soil processes. Ash increased the density
of bacterial-feeding nematodes and reduced the number of fungal feeders, indicating distinct
changes in regulatory forces of soil food webs. Beech detrimentally affected bacterial feeders
but favored fungal feeders probably via pH-mediated increase in the fungal-to-bacterial
ratio.The effect of lime was less pronounced but tended to be generally negative. The results
indicate that both leaf litter and roots influence the nematode community, with the effects
being driven not solely by resource quality but additionally by availability, i.e. seasonal shifts
in dominant belowground resources. In sum the structure of soil food webs varies markedly
with tree species pointing to the importance of variations in plant resources, i.e., leaf litter
quality and root exudates, as strong bottom-up regulating factors of microbial communities

and energy channels of decomposer systems.
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Table S1 | Means * SE of abundance (Individuals/g soil dry weight) of families of soil nematodes as affected by beech (B), ash (A) and lime (L) presence (+) or absence (-),
respectively. The respective cluster combinations are given in parenthesis. Pl: plant feeders, Ba: bacterial feeders, Fu: fungal feeders, Om: omnivores, Pr: predators, subscript
numbers indicate the corresponding c-p classification according to Bongers (1990).

-B +B

-A +A -A +A

+L -L +L -L +L -L +L

(Lime) (Ash) (Ash-Lime) (Beech) (Beech-Lime) (Beech-Ash) (Beech-Ash-Lime)

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Families
Pl>  Tylenchidae 109.96 * 22.09 106.54 *+ 51.76 169.29 *+ 41.55 265.88 + 86.98 198.85 * 43.77 78.48 + 41.35 293.39 + 50.28
Pl  Tylodoridae 16.21 + 16.21 0.00 + 0.00 3.11 + 1.83 3.66 + 3.66 6.77 + 6.77 0.00 £ 0.00 3148 + 23.85
Plz  Criconematidae* 9.58 + 2.10 0.00 + 0.00 1.68 + 1.68 796 + 462 0.00 + 0.00 2198 + 12.47 2034 + 9.14
Plz  Dolichoridae* 8.32 + 3.82 397 + 397 134 + 1.34 3.66 + 3.66 0.00 + 0.00 0.00 + 0.00 13.64 * 8.96
Plz  Hoplolaimidae 28.89 + 19.20 142.34 + 72.31 45.00 * 13.31 756 + 437 0.00 + 0.00 265.14 + 224.20 94.15 + 81.41
Plz  Paratylenchidae* 271 + 1.68 0.00 + 0.00 345 + 2.09 756 + 437 8.69 + 6.39 0.00 £ 0.00 9.84 + 357
Plz  Pratylenchidae* 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 20.31 + 20.31 0.00 + 0.00 0.00 + 0.00
Ba: Bunonematidae* 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 343 + 343 0.00 * 0.00
Ba: Monhysteridae 26.37 + 19.05 46.73 + 15.71 30.39 + 9.56 39.26 + 14.07 35.00 + 21.62 19.10 + 14.89 47.03 + 12.42
Ba: Rhabditidae 3280 + 12.53 104.89 + 52.96 38.37 + 7.66 30.01 + 10.71 4436 + 17.95 27.75 + 11.14 216.09 + 12691
Baz Cephalobidae 26.77 + 1191 142.97 * 86.22 55.16 + 10.26 37.87 + 23.95 4475 + 7.74 80.18 + 41.09 98.86 + 17.59
Ba: Plectidae 49.71 + 37.21 7794 + 28.46 2219 + 4.34 36.29 + 15.99 3549 + 13.76 115.77 = 71.79 49,73 + 23.75
Bas Bastianidae 726 + 3.20 17.61 + 13.23 3.54 + 354 8.14 + 471 3248 + 8.81 55.28 + 34.24 20.66 + 10.89
Bas Prismatolaimdae* 345 + 345 18.60 + 16.27 782 + 331 0.00 + 0.00 478 + 3.20 10.84 * 6.27 11.89 * 6.89
Basz Teratocephalidae 757 + 454 1055 + 7.94 274 + 1.66 19.00 * 11.51 7.15 + 546 3399 + 16.49 11.68 * 7.25
Bas Alaimidae 22.16 + 16.02 2753 + 6.66 41.33 £ 17.79 40.19 + 17.59 41,51 + 13.43 3738 + 6.49 40.98 + 19.50
Fuz  Anguinidae* 1.42 + 1.42 0.00 + 0.00 1.68 + 1.68 0.00 + 0.00 10.16 + 10.16 0.00 £ 0.00 19.60 * 19.60
Fuz Aphelenchoididae* 2.83 + 2.83 15.00 + 5.21 10.09 * 10.09 18.48 + 9.89 0.00 + 0.00 774 + 6.00 15.43 + 11.99
Fuz Aphelenchidae* 232 + 232 560 + 5.60 240 + 1.40 0.00 + 0.00 1535 + 6.20 0.00 £ 0.00 18.38 + 10.69
Fus Diphterophoridae* 142 + 1.42 24.28 + 15.29 9.01 + 3.26 0.00 + 0.00 139 + 1.39 14.06 + 12.24 421 + 4.21
Fus Leptonchidae 26.12 + 12.62 397 + 397 18.77 + 7.21 280.41 = 81.47 106.44 + 46.72 20.67 + 18.46 80.95 + 49.19
Prs  Tripylidae 561 + 4.40 33.92 + 31.12 11.12 + 3.78 13.87 * 13.87 8.62 + 3.58 41.05 *+ 21.38 11.27 * 6.59
Prs  Anatonchidae* 0.00 + 0.00 0.00 + 0.00 134 + 1.34 0.00 + 0.00 576 + 5.76 0.00 £ 0.00 0.00 £ 0.00
Pra  Mononchidae 33.28 + 13.68 26.53 + 13.63 36.72 + 23.86 76.10 + 28.90 58.05 + 29.76 55.01 + 3243 14.72 + 8.07
Omas Aporcelaimidae 49.65 + 24.14 45,03 + 6.91 34.82 + 11.12 38.35 + 18.80 89.03 + 52.42 64.69 + 34.64 7114 + 26.87
Oms Qudsianematidae 40.62 + 17.41 12.89 + 2.28 9.81 + 6.32 43.43 + 23.47 6.70 + 2.80 42,08 + 21.69 29.61 + 7.99
Oms Thornenematidae 15.11 + 7.62 41.14 + 25.28 9.04 + 462 119.50 + 79.31 3.39 + 3.39 51.68 + 4.64 39.21 + 15.00

*=not analyzed with ANOVA due to very low densities (< 2%).

Ul
=

S9P01EWAU UO S193443 AJISIDAIP pue Ayuapl sainads aaJ] | z 191dey)



zs |

Table S2 | ANOVA table of F- and P-values on the effects of beech, ash and lime presence and absence, respectively, and all possible interactions on the
abundance families of soil nematodes. Pl: plant fee ders, Ba: bacterial feeders, Fu: fungal feeders, Om: omnivores, Pr: predators, subscript numbers indicate
the corresponding c-p classification according to Bongers (1990). Rare groups are not displayed and were not analyzed with ANOVA due to very low densities

(<2%).

Beech Ash Lime BxA BxL AxL BxAxlL
F P F P F P F P F P F P F P
Families
Pl Tylenchidae 2.37 0.1390 1.44 0.2433 4.30 0.0505 excluded 1.42 0.2470 7.78 0.0110 0.00 1.0000
Pl Tylodoridae 0.12 0.7365 0.04 0.8409 291 0.1028 excluded 0.29 0.5976 1.03 0.3225 0.50 0.4888
Plz  Hoplolaimidae 496 0.0370 13.10 0.0016 4 3.46 0.0768 0.00 1.0000 excluded 0.00 1.0000 1.56 0.2258
Ba:1 Monhysteridae 0.48 0.4970 0.19 0.6696 0.07 0.7975 excluded 1.40 0.2495 2.85 0.1062 2.86 0.1058
Ba: Rhabditidae 0.01 0.9421 0.58 0.4540 2.04 0.1681 excluded 1.68 0.2095 0.57 0.4589 0.27 0.6069
Ba: Cephalobidae 0.52 0.4780 2.92 0.1020 0.52 0.4798 0.53 0.4736 excluded 0.53 0.4749 0.83 0.3714
Ba: Plectidae 0.15 0.6997 1.66 0.2119 1.75 0.1996 excluded 0.64 0.4330 0.19 0.6665 0.29 0.5983
Bas Bastianidae 3.60 0.0716 0.16 0.6933 0.00 0.9836 0.21 0.6536 1.00 0.3288 excluded 2.97 0.0994
Bas Teratocephalidae 0.63 0.4379 0.02 0.8839 1.01 0.3255 excluded 0.04 0.8478 0.10 0.7494 0.89 0.3568
Bas Alaimidae 1.23 0.2795 0.56 0.4642 1.00 0.3280 3.81 0.0644 0.00 1.0000 excluded 0.00 1.0000
Fus Leptonchidae 9.62 0.0054 12.40 0.0021 | 1.66 0.2118 0.00 1.0000 excluded 10.00 0.0047 0.00 1.0000
Pr3  Tripylidae 0.19 0.6666 1.83 0.1906 0.37 0.5503 0.30 0.5915 excluded 0.64 0.4339 1.79 0.1953
Pra Mononchidae 0.02 0.8801 1.19 0.2877 1.83 0.1906 excluded 1.97 0.1750 0.63 0.4374 0.00 1.0000
Omas Aporcelaimidae  0.04 0.8424 0.54 0.4721 0.42 0.5237 excluded 1.35 0.2583 1.53 0.2290 0.00 1.0000
Oms Qudsianematidae 0.14 0.7163 0.01 0.9413 0.60 0.4472 6.25 0.0207 0.41 0.5297 excluded 2.05 0.1666
Oms Thornenematidae 2.22 0.1514 1.28 0.2712 9.70 0.0052 | excluded 0.78 0.3870 2.52 0.1275 6.11 0.0220
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Chapter 3 | Beech and ash differently affect soil microorganisms and carbon dynamics

Abstract

Knowledge about the influence of living roots on de composition processes in soil is scarce but
is needed to understand carbon dynamics in soil. We investigated the effect of dominant
deciduous tree species of the Central European forest vegetation, European beech (Fagus
sylvatica L.) and European ash (Fraxinus excelsior L.), on soil biota and carbon dynamics
differentiating between root- and leaf litter-mediated effects. The influence of beech and ash
seedlings on carbon and nitrogen flow was investigated using leaf litter enriched in 13C and
15N in double split-root rhizotrons planted with beech and ash seedlings as well as a mixture
of both tree species and a control without plants. Stable isotope and compound-specific fatty
acid analysis (*3C-PLFA) were used to follow the incorporation of stable isotopes into
microorganisms, soil animals and plants. Further, the bacterial community composition was
analyzed using pyrosequencing of 16S rRNA gene amplicons. Although beech root biomass
was significantly lower than that of ash only beech significantly decreased soil carbon and
nitrogen concentrations after 475 days of incubation. In addition, beech significantly
decreased microbial carbon use efficiency as indicated by higher specific respiration. Low soil
pH probably increased specific respiration of bacteria suggesting that rhizodeposits of beech
roots induced increased microbial respiration and therefore carbon loss from soil. Compared
to beech 63C and 6N signatures of gamasid mites in ash rhizotrons were significantly higher
indicating higher amounts of litter-derived carbon and nitrogen to reach higher trophic levels.
Similar 63C signatures of bacteria and fine roots indicate that mainly bacteria incorporated
root-derived carbon in beech rhizotrons. The results suggest that beech and ash differentially
impact soil processes with beech more strongly affecting the belowground system via root
exudates and associated changes in rhizosphere microorganisms and carbon dynamics than

ash.
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Introduction

Soils store twice as much carbon as plants and the atmosphere together thereby forming an
important component of the global carbon cycle (Schlesinger and Andrews, 2000). However,
the way carbon is processed and how carbon dynamics are controlled still is not well
understood. Knowledge on factors changing the flux of carbon from plants into the soil and
controlling its turnover is of significant importance especially in face to global warming

(McKinley et al., 2011).

In terrestrial ecosystems 90% of the annual biomass produced by plants enters the dead
organic matter pool forming the basis of the decomposer system in soil (Gessner et al., 2010).
Plant carbon enters the soil via two pathways, dead organic matter (leaf litter and dead roots)
and root exudates. Soil chemical properties are mainly influenced by parent material and
mineralogy but also by leaf litter forming the major resource of soil biota responsible for
decomposition processes (Reich et al., 2005; Jacob et al., 2009; Langenbruch et al., 2012).
Litter quality strongly influences soil pH, as calcium and magnesium of the litter compete with
H* and AI** for exchange sites on soil particle surfaces or organic matter (Reich et al., 2005).
As a consequence, high pH often promotes higher microbial biomass resulting in higher soil
respiration, mineralization and decomposition (Swift et al.,, 1979; Wardle, 1998). Low
mineralization and decomposition rates are associated with high C-to-N ratios and high lignin
contents as it is typical for recalcitrant litter. In contrast, Pollierer et al. (2007) highlighted that
in temperate forests carbon does not enter the soil food web predominantly via litter but
rather via roots. Rhizodeposits comprise labile exudates (e.g., sugars, amino acids and organic
acids), but also complex molecules (e.g., polysaccharides, mucilage and proteins). Labile

exudates control both community structure and activity of rhizosphere microorganisms
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(Paterson et al., 2009). Summarizing results of 95 plant **C labeling studies, Jones et al. (2004)
estimated the loss of carbon by exudation to be equivalent to 5 - 10% of the net carbon fixed
by plants and 25% of the carbon plants allocate to root growth. This supply of energy increases
microbial biomass (Butler et al., 2004), acts as soil organic matter (SOM) priming agent (Bird
et al., 2011) and alters the physical and chemical soil environment (Gregory, 2006). Microbial
communities in rhizosphere and bulk soil are therefore responsible for root exudate-mediated
changes in soil processes (Soderberg et al., 2004; Paterson et al., 2007). Since plant species
differ in the quality and quantity of exudates (Jones et al., 2004), soil carbon dynamics are
likely affected by plant species identity and diversity (Grayston, Wang, et al., 1998; Steinbeiss

et al., 2008).

Decomposition studies report both effects of individual plant species (Jacob et al., 2009) and
positive mixing effects (Gartner and Cardon, 2004; Hattenschwiler et al., 2005). Until today,
however, studies investigating the influence of plant diversity on belowground dynamics in
forests are scare (but see Meinen et al., 2009) and most often only consider the effect of
aboveground plant residues (Hattenschwiler and Gasser, 2005; Jacob et al., 2009, 2010). To
what extent belowground processes mediated by roots and root exudates affect soil
organisms and thereby carbon dynamics remains largely unknown. This lack of knowledge is
unfortunate as 60% of the terrestrial carbon is bound in forests and its contribution to global

carbon cycling is of fundamental importance (McKinley et al., 2011).

To improve knowledge on carbon dynamics in forest soils from a root perspective we used the
common temperate broad-leaved tree species European beech (Fagus sylvatica L.) and
European ash (Fraxinus excelsior L.) to differentiate between general and species-specific

effects of living roots on soil organisms and decom position of litter material in soil. Beech is
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the dominant tree species in many Central European deciduous forests. Ash often is
associated with beech and is expected to increase in dominance in a warmer and drier climate
(Broadmeadow and Ray, 2005). Life history traits of beech and ash differ strongly, e.g., speed
of growth, root morphology, litter quality, mycorrhizal association, and nutrient, water and
light use efficiency (Grime et al., 1997; Emborg, 1998). Beech has higher specific root tip
abundance, specific fine root surface area (SRA) and specific fine root length (SRL), whereas
ash roots are characterized by higher mean fine root diameter (Meinen, Hertel, et al., 2009).
Roots of beech are colonized by ectomycorrhizal (EM) fungi and those of ash by arbuscular
mycorrhizal (AM) fungi which differ in nutrient acquisition strategies (Smith and Read, 2008).
Beech tolerates soil pH from acid to highly alkaline, while ash is restricted to soils of high base
saturation (Weber-Blaschke et al., 2002). Litter of beech at more acidic sites has high C-to-N
ratio (>50) and high lignin content, while ash litt er is regarded as high quality litter due to its

low C-to-N ratio of about 28 and low lignin content (Jacob et al., 2010).

For allowing access to the root system and to investigate interactions between both tree
species, beech and ash seedlings were planted into double split-root systems. The systems
allowed dissecting root associated processes and belowground interactions between beech
and ash. Carbon and nitrogen fluxes in soil were traced following the incorporation of 3C and
5N from labelled ash litter into soil, bacteria, fungi, soil animals and plants. Ash litter was used
to follow the uptake of resources from high quality litter materials by beech and ash as

compared to more recalcitrant soil resources.

We hypothesized that (1) beech and ash differentially affect the structure of the microbial
community thereby modifying soil processes and plant nutrient capture. Differences in

microbial community structure are expected to (2) result in differential decomposition of
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labeled ash litter and differential mobilization of nutrients from the litter. Further, we
expected (3) modifications of the soil microorganism community and soil processes to be most
pronounced in the mixed treatment with both tree species present due to complementary

effects of the two tree species.

Material and methods

Rhizotrons

Double split-root rhizotrons were used to separate root systems of two tree seedlings into
compartments with root strands of one individual se edling at each side and a shared root
compartment in the center where root strands of both tree seedlings could interact (Fig. 1).
We focused on the middle compartment where the two root strands grew together. The
central compartment had a volume of 7.6 IH and side compartments half the volume.
Rhizotrons were 90 cm high and 64 cm wide, and were built from anodized aluminum covered
at the front with a 10-mm Perspex plate. They were tilted at 35° to direct roots growing along
the Perspex plate. The Perspex plate was covered with black scrim to ensure that roots grow
in darkness. Rhizotrons were divided into six soil depth sections (I-VI). Each soil depth
contained four experimental sites (ES), two in the center and two at the sides (Fig. 1). The back
side of the rhizotrons was equipped with a cooling system keeping the temperature at a
constant level of 202C over the whole soil column. Climate conditions were set to 20°C air

temperature, 70% relative air humidity and 10 h daylight in winter and 14 h in summer. The
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Figure 3 | Scheme of double split-root rhizotrons. (a) Front view of mixed species treatments with
ash (left) and beech (right) roots interacting in the central compartment. Circles represent
experimental sites (ES) with soil (open circles) or soil-litter mixture (grey circles). The shaded area
refers to the surrounding sampling site (SS). Roman numerals indicate soil depths (I-VI). The bold
rim in the central compartment from soil depth Il to VI represents the sampling area. Black dots
along the central dashed line refer to the position of temperature sensors. Dashed lines mark the
sampling grid. (b) Side view of the double split- root rhizotron and assembly of ES. Tubes inside ES
were withdrawn and the empty space filled with soil or soil-litter mixture allowing roots to grow
into ES. A water flux based cooling system is installed at the back panel. A valve allowed drainage
of the rhizotrons.

tree seedlings were illuminated (EYE Lighting, Clean Ace, Mentor, OH, USA) ensuring a
minimum PPFD of 200 * 10 umol m2 s from June 2009 to October 2010. The experiment

lasted for 475 days, i.e., plants were harvested after the second season.

Soil and plants

The soil was taken from a mixed temperate broadleaf forest dominated by F. sylvatica, F.
excelsior and Tilia cordata in Central Germany (Hainich forest, 51°04' N 10°30' E, about 350 m

a.s.l.) from a depth of 0 - 10 cm after removing the litter. The soil type was a Stagnic Luvisol
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(IUSS Working Group WRB 2007; 1.8% sand, 80.2% silt and 18.1% clay) and free of carbonate
(<0.02% of total carbon) with a pH (H20) of 4.56 + 0.03 and a gravimetric water content at date
of sampling of 22.7%. Initial total carbon amounted to 19.2 + 0.3 g kg dry weight, initial total
nitrogen averaged 1.56 + 0.01 g kg dry weight and base saturation was 22.9 + 1.3%. Each
rhizotron was filled with 15.2 L of sieved soil (1 cm mesh) containing soil microflora and fauna.
Volumetric soil water content was monitored three times a week with a TDR measurement
device (Trime-FM, IMKO, Ettlingen, Germany), and kept at constant level by adding distilled
water. Soil temperature was measured with NTC thermistors (Epcos, Munich, Germany),
arranged vertically in the center of the rhizotrons at soil depths of 8, 20, 42.5 and 70.5 cm at a
distance of 2 cm from the Perspex plate. Data were recorded in 15-min intervals with a CR1000

data logger (combined with two AM416 Relay Multiplexer, Campbell Scientific Inc., Utah, USA).

In spring 2009 beech (F. sylvatica) and ash (F. excelsior) seedlings with comparable root
biomass were excavated in the Hainich forest with intact soil cores to preserve the root
system. Initial shoot height was 23.1 + 1.2 and 17.9 + 1.1 cm, and root length was 12.1 + 0.7
and 15.4 + 1.2 cm for beech and ash seedlings, respectively. At the start of the experiment,
ash had significantly higher fine root biomass than beech, but tree species did not differ
significantly in total root and total aboveground biomass (Table 1). Before planting, the soil
material adhering to the root systems was removed by watering. The remaining soil-water
mixture was used to equilibrate microbial communities in soil. Fifty-three days after planting,
1.5 g labeled ash litter was added to ES of each of the treatments, i.e., the control, beech, ash
and mixed rhizotrons at every second soil depth (ll, IV, VI; see Fig. 1). Therefore, tubes were
withdrawn and the empty space filled with soil or soil-litter mixture. Prior to adding ash leaves

(air dried, crushed to pieces < 1 cm) were mixed with 40 g soil (air dried). The litter was labeled
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Table 1 | Means + 1 SE and T- and P-values of plant biomass of beech and ash seedlings at the start of the
experiment (g dry weight plant?; n=5).

Initial Biomass

Beech Ash
Mean SE Mean SE T P
Biomass [g dw] per plant
Total 2.04 + 0.46 2.13 + 0.22 0.15 0.7122
Total aboveground 1.26 + 0.27 1.25 + 0.15 0.01 0.9294
Total belowground 0.78 + 0.20 0.88 + 0.08 0.81 0.3933
Shoots 0.88 + 0.22 0.74 + 0.09 0.27 0.6190
Leaves 0.38 + 0.05 0.52 + 0.07 249  0.1530
Fine roots 0.16 + 0.05 0.41 + 0.08 6.49 0.0343
Coarse roots 0.64 + 0.17 0.56 + 0.06 0.08 0.7866

with 3C and >N by incubating ash trees in the greenhouse for one vegetation period with the
CO> concentration in air elevated by adding *3C0O, (maximum concentration 1,200 ppm) and
by watering the soil with nutrient solution containing >°NOs'*NH; (both 99 atom %; Euriso-
top, Saint-Aubin, Essonne, France). The solution co ntained 0.6 mM CaCl;, 0.4 mM MgSQg4, 0.01
mM FeCls, 0.4 mM K3POa, 1.8 uM MnSQO4, 0.064 uM CuCl, 0.15 pM ZnCl3, 0.1 uM MoQ3, 5 mM
NOsNHs and 0.01 mM H3BOs. The stable isotope signature of the ash litter was 146.8 + 0.3%o

for 613C and 13,139 + 60%o for 8'°N (Table 2, see Table S1 for atom% values).

Experimental design

The experiment was set up in a factorial design with the factors beech (absence and presence)
and ash (absence and presence), resulting in the following treatments with four replicates
each: (a) two beech seedlings (BB), (b) two ash seedlings (AA), (c) a mixture with one beech
and one ash seedling (BA or AB, depending on target tree species), and (d) an unplanted
control (Co), resulting in rhizotrons without (B-: Co and AA) and with beech (B+: BB and BA),

as well as rhizotrons without (A-: Co and BB) and with ash (A+: AA and AB).
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Table 2 | Isotopic signatures of the soil, labeled ash litter and soil-litter-mixture at the start and end of the
experiment after 422 days [(means * 1 SE; n=5 except for samples taken at the end of the experiment which are
pooled across treatments (n=16)].

Start End

Soil Litter Soil-litter mixture Soil-litter mixture

Mean SE Mean SE Mean SE Mean SE
83¢C -26.20 + 0.10 146.80 + 0.32 69.00 + 0.60 -17.44 + 1.86
65N 1.60 + 0.16 13139.30 + 59.10 6153.80 + 0.40 577.38 + 124.88

Sampling

After 475 days, rhizotrons were harvested. They were opened in horizontal position and a
sampling grid was used to identify locations for sampling, i.e., at ES and the surrounding of
these sites (SS; see Fig. 1). Samples from the depth layers Il, lll, IV and V of the central
compartment were analyzed. As we were not interested in effects of soil depth we pooled the
data from the four layers. In addition to soil samples, plant shoots and roots from each of the
soil layers were taken for measuring plant biomass. Details on root biomass distribution along
the soil depth gradient as well as on gas emissions are presented elsewhere (Fender et al,,

2013)

Plants

At harvest shoot length and root collar diameter of seedlings were measured. Roots were
separated from soil, washed and cleaned from adhering soil particles. To obtain overall plant
biomass fine root biomass estimated from ES for mycorrhizal analysis were combined with
plant biomass data from SS. Whenever possible three intact root strands of ca 7 cm length
from each tree species per compartment and soil depths were taken and digitized on a flat-
bed scanner for image analysis carried out using WinRhizo 2005c software (Régent
Instruments Inc., Québec, QC, Canada) to determine specific fine root area (SRA; cm? gt dry

matter), specific fine root length (SRL; cm g* dry matter) and total fine root surface. Thereafter,
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samples were oven-dried (70°C, 48 h), weighed and milled for measurement of organic carbon
(Corg), total nitrogen (Niotal) as well as §13C and 6°N signatures (Delta C, Finnigan MAT, Bremen,

Germany).

Mycorrhiza

Colonization of roots at ES by mycorrhiza-forming fungi was determined. Fine roots were
stored in Falcon tubes with moist tissue paper at 4 °C until analysis. Fine roots of beech were
analyzed with a stereomicroscope (Leica M205 FA, Leica Microsystems, Wetzlar, Germany).

The percentage of EM fungi colonization was calculated using the following equation:

nmycorrhizal root tips

EM fungi colonization [%] = ( ) x 100 (eq.1)

nvital root tips

Fine roots of ash were stored in 70% EtOH at room temperature. For determining the
colonization by AM fungi roots were stained with lactophenole-blue (Schmitz et al., 1991) and
stored at room temperature in 50% glycerol until microscopic inspection at 200x
magnification. AM fungi colonization was calculated with the magnified intersection method
of McGonigle et al. (1990) using a 10 x 10 grid. The abundance of vesicles, arbuscles and
hyphae was calculated as percentage of mycorrhizal structures of the total number of
intersections. The percentage of vesicles was taken as relative colonization rate of AM fungi

and used for further calculations.

Soil properties

Soil pH was measured in a suspension of 10 g soil and 25 ml H,0 with a Vario pH meter (WTW
GmbH, Weilheim, Germany). Soil water content was measured gravimetrically after drying at
105°C for 24 h. Nitrate and ammonium concentrations were measured by extracting soil

samples in 0.5 M K3SO4 solution (1:3 wet soil mass-to-solution ratio). Sa mples were shaken for
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1 h and filtered through Sartorius folded filters (Sartorius Stedim, Aubagne, France). Nitrate
and ammonium concentrations of filtered extracts were analyzed using continuous flow
injection colorimetry (SAN* Continuous Flow Analyzer, Skalar Instruments, Breda,
Netherlands). Nitrate was determined by copper cadmium reduction method (ISO method
13395) and ammonium was quantified by Berthelot reaction method (ISO method 11732).
Corg, Ntotal as well as 813C and 8'°N values were measured after grinding soil samples with a disc
mill. Samples were analyzed with a coupled system consisting of an elemental analyzer (NA
1500, Carlo Erba, Mailand) and a mass spectrometer (Delta C, Finnigan MAT, Bremen,

Germany).
Microbial respiration

Basal respiration (BAS), microbial biomass (Cmic), and specific respiration (gO2) were measured
by substrate-induced respiration (SIR), i.e., the respiratory response of microorganisms to
glucose (Anderson and Domsch, 1978). Before measurement, roots were removed and soil
samples were sieved (2 mm). Measurements were done using an automated O;
microcompensation system (Scheu, 1992). BAS of microorganisms reflected their averaged
oxygen consumption rate without the addition of glu cose within 10-30 h after attachment of
the samples to the analysis system. Subsequently, 4 mg glucose g soil dry weight was added
as aqueous solution to the soil samples. The mean of the three lowest hourly measurements
within the first 10 h was taken as the maximum initial respiratory response (MIRR). Cmic (ug C
g!) was calculated as 38 x MIRR (ul Oz g* soil dry weight h'!) according to Beck et al., (1997).

Microbial specific respiration gO2 (ul 02 mg? Cmic h™') was calculated as BAS/Cmic.
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Fatty acid analysis

Before extraction of lipids, soil samples were sieved (2 mm) and root and litter pieces were
removed. Lipid extraction followed Frostegard et al. (1991). Bacterial biomass was estimated
using the following PLFAs: al15:0, i15:0, i16:0, 16:1w7, i17:0, cy17:0 and cy19:0; the PLFA
18:2w6,9 was used as fungal biomarker (Ruess and Chamberlain, 2010). A gas-
chromatography-combustion-isotope-ratio-monitoring-mass spectrometer (GC-C-IRM-MS)
using Thermo Finnigan Trace GC coupled via a GP interface to a Delta Plus mass spectrometer
(Finnigan, Bremen, Germany) was used to determine the isotopic composition of individual
PLFAs. Fatty acid identification was verified by GC-MS using a Varian CP-3800 chromatograph
coupled to a 1200L mass spectrometer and a fused silica column (Phenomenex Zebron ZB-

5MS, 30 m, 0.25 um film thickness, ID 0.32 mm) and helium as carrier gas.
Pyrosequencing

16S rRNA as well as the 16S rDNA were co-isolated to capture the active and the present
microbial community; 2 g soil were extracted from control, beech and ash treatments using
the RNA PowerSoil™ Total RNA Isolation Kit and DNA Elution Accessory Kit (MO BIO
Laboratories Inc., Carlsbad, CA, USA). Residual DNA contaminations in RNA extracts were
removed using the TURBO DNA-free™ Kit (Ambion Applied Biosystems, Darmstadt, Germany).
RNA was concentrated using the RNeasy MiniElute Kit (QIAGEN, Hilden, Germany). The nucleic
acid concentration was estimated using a NanoDrop ND-1000 spectrophotometer (Peglab
Biotechnologie GmbH, Erlangen, Germany).

The V2-V3 region of the 16S rRNA was reverse transcribed using the SuperScript™ Il reverse
transcriptase (Invitrogen, Karlsruhe, Germany). As template 100 ng of the DNA-free RNA were

applied. The resulting cDNA as well as the extracted DNA was amplified in triplicate using the
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Phusion® Hot Start High-Fidelity DNA polymerase (FINNZYMES, Espoo, Finland) as described
by Nacke et al. (2011).

The following barcoded primer set was used for reverse transcription and amplification,
containing the Roche 454 pyrosequencing adaptors (underlined): V2for 5’-

CTATGCGCCTTGCCAGCCCGCTCAGAGTGGCGGACGGGTGAGTAA-3’ and V3rev 5’-

CGTATCGCCTCCCTCGCGCCATCAGCGTATTACCGCGGCTGCTG-3 modified from

(Schmalenberger et al., 2001).

The PCR products were treated and purified as described by Nacke et al. (2011). All kits were
used as described in the manufacturer’s instructions. The Gottingen Genomics Laboratory
determined the sequences of the partial 16S rRNA genes using a Roche GS-FLX 454
pyrosequencer (Roche, Mannheim, Germany) according to the manufacturer’s instructions for
amplicon sequencing.

Sequences shorter than 300 bp were removed from the dataset. To minimize the bias
introduced by pyrosequencing due to decreasing read precision at the end of the reads
denoising was carried out using Denoiser 0.91 (Reeder and Knight, 2010). OTU determination
was performed using uclust OTU picker 1.2.22q (Edgar, 2010) at genetic divergence of 3%, 5%
and 20% according to Schloss and Handelsman (2005). The resulting datasets have been

deposited in the GenBank short-read archive under accession number SRA050002.

Soil animals

Soil not needed for other analysis was taken to extract soil animals by heat (Kempson et al.,
1963). Animals were preserved in saturated NaCl solution and kept at -10°C until analysis. The

gamasid mite Hypoaspis aculeifer (G. Canestrini, 1884) was taken for stable isotope analysis
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as it occurred in sufficient numbers. Twenty adult mites were weighed into each tin capsule

and dried at 40°C for 24 h. Samples were analyzed as described above.

Statistical analysis

Two-way ANOVA was used to test for main effects of beech (B- and B+), ash (A- and A+) and
their interactions with data of the four soil depths pooled. To detect differences in plant
biomass and mycorrhizal colonization contrasts were calculated in a GLM using pairwise t-test
to account for dependence in mixed rhizotrons. U-Te st was used for analyzing the number of
root tips. Treatments in beech-only rhizotrons (BB) were compared to ash-only (AA) and
beech-ash mixture (BA). Ash (AA) was also compared with beech-ash mixture (AB). Statistical

analyses were done using SAS 9.2 (SAS Institute; Cary, NC, USA).

Discriminant function analysis (DFA) was used to an alyze pyrosequencing data as well as fatty
acid patterns combined with microbial respiration and soil chemical data. Differences of the
bacterial composition in beech and ash rhizotrons a nd the control were calculated using non-
multidimensional scaling (NMDS) to reduce dimensions in the dataset. DFA and NMDS were

calculated using STATISTICA 7.0 for Windows (StatSo ft, Tulsa, USA, 2001).

Means were compared using Tukey's Honestly Significant Difference test (P < 0.05). Data on
plant biomass, isotopic signatures, SRA, SLR, number of fine root tips, NO3, NH4*, Corg, Niotal,
microbial respiration and PLFA content were log-transformed and percentage data, i.e.,
colonization rate of mycorrhiza, were arcsine-square root transformed prior to statistical
analyses to improve homogeneity of variance. Means given in text and tables are based on

non-transformed data.
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Results
Plants and mycorrhizae

After 475 days, total biomass of tree seedlings in BB rhizotrons was significantly lower than in
AA and BA rhizotrons (Table 3). Fine and coarse root biomass were significantly lower in BB
rhizotrons compared to that of seedlings in AA (-69%) and BA rhizotrons (-62%) resulting in
significantly lower total root biomass. Total biomass, total root biomass and coarse root
biomass of seedlings in mixtures exceeded that of seedlings in monocultures, but this increase
was only significant for beech (60%, 62%, 70%, respectively); biomass of ash seedlings in

mixture increased by 11%, 17% and 23%, respectively.

8'3C and 6%°N signatures in fine roots were significantly lower in BB than those in AA rhizotrons
(Table 3; see Table S2 for atom% values). SRA and SRL did not differ significantly between tree
species but tended to be higher in beech (BB vs AA: +6% and +68%, respectively), especially in
the mixture (BA vs AB: +24% and +79%, respectively). Generally, fine root tips of tree seedlings
increased in mixed rhizotrons, especially beech in mixed rhizotrons had a significantly higher
number of root tips than beech in monoculture by +89% compared to ash in mixed rhizotrons
and by +54% compared to ash in monoculture. Mycorrhizal colonization of roots of beech in
BB rhizotrons was significantly lower than that of roots of ash in AA rhizotrons, however, as
beech and ash are colonized by different types of mycorrhiza the differences have to be
interpreted with caution. Beech did not influence the colonization rate of ash by arbuscular
mycorrhiza (AA vs AB; +2%), whereas ash increased the colonization of beech by

ectomycorrhiza (BB vs BA; +45%) although the effect was not significant (Table 3).



Table 3 | GLM table of contrasts between rhizotrons planted with beech (BB), ash (AA), beech mixed with ash (BA) and ash mixed with beech (AB) for plant parameters
of rhizotrons planted with beech, ash or both after 475 days as well as means + 1 SE of the respective parameters (n=4). Significant effects are given in bold. Atom%
values of plant compartments are given in Table S2.

69

BB AA BA AB
BB vs AA BB vs BA AAvs AB (pure beech) (pure ash) (beech in mixture) (ash in mixture)
F P F P F P Mean SE Mean SE Mean SE Mean SE

Biomass [g dw] per plant

Total 8.82 0.0117 6.39 0.0266 0.00 0.9518 452 t 0.79 12.08 + 1.69 1133 + 2.03 1350 + 2.33

Total aboveground 4.20 0.0629 291 0.1138 1.11 0.3128 1.85 + 0.38 3.34 = 0.86 429 + 1.01 3.03 + 043

Total root 9.52 0.0094 6.96 0.0217 0.28 0.6035 2.67 + 0.50 874 + 1.08 7.04 = 1.08 10.47 + 2.15

Shoot 1.24 0.2876 3.43 0.0889 0.12 0.7300 138 + 0.25 1.78 = 0.32 3.20 + 0.73 264 + 041

Leaves 5.14 0.0426 0.53 0.4809 7.50 0.0180 0.46 + 0.14 156 = 0.56 1.08 + 0.34 0.39 + 0.22

Fine roots 9.14 0.0106 4.60 0.0532 0.09 0.7669 0.78 + 0.18 2.38 = 0.30 1.80 t+ 0.27 227 = 0.44

Coarse roots 7.95 0.0154 6.50 0.0255 0.59 0.4557 1.89 + 0.35 6.36 + 0.87 5.24 + 0.82 821 + 1091
813C [%o] plant compartments

Shoot 5.14 0.0426 7.00 0.0214 2.12 0.1708 -29.09 + 0.32 -28.07 + 0.28 -27.90 * 0.22 -27.40 * 0.26

Leaves 0.30 0.5955 0.25 0.6287 0.75 0.4029 -29.62 * 0.56 -29.26 t 0.27 -29.29 + 044 -29.83 + 0.20

Fine roots 8.27 0.0139 0.04 0.8402 0.01 0.9395 -27.64 t+ 0.34 -25.60 * 0.85 -27.49 + 0.19 -25.56 * 0.23

Coarse roots 12.86 0.0037 2.78 0.1215 0.06 0.8162 -28.35 = 0.31 -25.74 t 0.76 -27.15 £ 0.31 -2592 + 0.32
615N [%o0] plant compartments

Shoot 0.87 0.3701 0.07 0.8018 2.15 0.1682 171.27 + 30.67 260.05 * 66.16 15454 + 18.34 15440 t 26.76

Leaves 5.34 0.0394 0.55 0.4741 1.98 0.1853 192.42 + 32.67 316.50 + 43.37 166.67 + 23.49 22828 + 15.10

Fine roots 4.77 0.0496 1.35 0.2674 4.07 0.0666 209.02 + 41.75 396.07 = 99.34 148.85 t 17.63 21448 = 22.80

Coarse roots 9.34 0.0100 0.10 0.7630 2.81 0.1196 193.66 t 27.78 390.78 = 78.87 178.50 * 12.60 257.86 + 19.23
SRAS [m?/g]

Fine roots 0.23 0.6385 0.05 0.8271 0.78 0.3950 485.16 + 15.36 456.49 = 42.70 509.00 * 54.07 410.65 = 64.00
SRL® [m/g]

Fine roots 2.89 0.1150 0.50 0.4947 0.20 0.6596 2374.80 + 221.17 141442 + 168.82 323544 + 848.14 1810.83 + 450.85
Fine root tips

Number -0.48 0.9970 -13.16 0.0000 2.13 0.1750 1623.50 + 230.01 2299.00 + 419.58 3072.50 + 207.37 3543.75 + 107.79
Mycorrhiza [%]

Colonization” 27.50 0.0002 3.07 0.1053 0.04 0.8481 37.81 + 8.58 81.82 + 5.17 5480 = 6.51 83.54 + 2.87
SSRA, specific root area; SRL, specific root length.
"Note that the different type of mycorrhiza in beech and ash demanded for special counting techniques, thus direct comparisons have to be treated with caution but

allow comparison with trees in mixture.
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Table 4 | ANOVA table of F- and P-values on the effect of beech and ash on soil and microbial parameters, and signatures in gamasid mites as well as means
+ 1 SE of the respective parameters in rhizotrons planted with beech (B) and ash (A) after 475 days (n=4). Significant effects are given in bold. Atom% values
of soil Cand N, PLFA and gamasid mites are given in Table S2.

B- B+
Beech Ash Beech x Ash A- A+ A- A+
(Control) (Ash) (Beech) (Mixture)
F P F P F P Mean SE Mean SE Mean SE Mean SE

Soil data

pH (H20) 5.77 0.0334 0.11 0.7436 0.02 0.8944 478 + 0.12 483 = 0.05 453 + 0.14 455 + 0.11

N-NOs" [mg kg dw] 1.00 0.3387 0.04 0.8532 0.62 0.4487 4131 + 496 42,88 + 3.20 39.32 + 3.83 35.14 + 5093

N-NHs*[mg kgt dw] 0.01 0.9422 0.41 0.5360 0.38 0.5477 246 + 0.93 147 + 0.63 1.88 + 0.72 1.86 + 0.69

Corg [mg kgt dw] 15.02 0.0022 0.08 0.7829 0.02 0.8980 1.89 + 0.04 191 + 0.05 1.76 + 0.03 1.77 = 0.02

813C s0il [%o] 7.54 0.0177 1.73  0.2129 1.40 0.2604 -23.27 + 0.58 -21.21 + 1.35 -24.51 + 0.57 -24.41 + 0.40

Ntotal [Mg kgt dw] 7.82 0.0162 0.24 0.6297 0.00 0.9687 0.18 + 0.00 0.17 + 0.00 0.17 + 0.00 0.16 + 0.00

815N soil [%eo] 7.42 0.0185 0.83 0.3816 0.31 0.5907 212.18 + 55.44 318.33 + 78.47 126.29 + 37.64 127.79 + 20.99

C-to-N ratio 0.56 0.4677 0.98 0.3406 0.00 0.9932 10.78 + 0.24 10.94 + 0.08 10.66 + 0.16 10.82 + 0.14

CEC [umolc gt dw] 0.06 0.8162 1.33 0.2726 0.06 0.8109 189.78 + 3.98 185.12 + 2.33 19198 + 9.94 201.36 + 7.84

Base saturation [%] 1.39 0.2638 0.04 0.8518 1.13 0.3108 20.21 + 0.29 20.80 + 0.65 19.90 = 0.99 2092 + 047
Microbial parameters

BAS [ul O; h'1 g1]® 4.04 0.0674 0.09 0.7674 0.19 0.6701 1.18 + 0.09 1.18 + 0.05 141 + 0.07 136 + 0.15

Crmic [Mg Cg] 8 0.03 0.8643 0.48 0.5019 0.40 0.5365 150.03 + 13.65 134.32 + 593 139.79 + 6.62 140.86 + 13.38

g0, [ul O, mg?t Cric h1]8  9.00 0.0111 0.14 0.7178 1.59 0.2311 0.008 + 0.001 0.009 + 0.000 0.010 + 0.001 0.010 + 0.001
PLFA [nmol gldry weight]

Total 0.75 0.4025 0.00 0.9619 1.11 0.3130 7.22 £ 1.32 6.03 + 1.36 6.57 * 0.55 8.19 + 0.97

Bacteria 0.53 0.4801 0.01 0.9377 1.05 0.3262 6.95 + 1.20 5.85 + 1.29 6.25 + 0.52 7.66 t 0.95

Fungi 3.36 0.0916 0.18 0.6757 1.20 0.2955 0.27 + 0.16 0.18 + 0.07 0.33 + 0.05 0.53 + 0.15

Fungi-to-bacteria ratio 5.17 0.0422 0.33 0.5755 0.85 0.3752 0.032 + 0.017 0.026 + 0.010 0.050 + 0.008 0.073 + 0.019
PLFA 63C [%o0]

Total 2.43 0.1454 1.40 0.2590 0.30 0.5944 -22.80 + 2.37 -21.49 + 2.09 -27.14 + 0.60 -23.55 + 251

Bacteria 2.01 0.1818 0.49 0.4960 0.51 0.4871 -24.38 + 1.47 -24.43 + 1.05 -27.25 + 0.45 -25.31 + 1.89

Fungi 7.48 0.0181 0.08 0.7807 0.16 0.6941 -21.01 + 6.61 -17.06 + 4.53 -31.59 + 0.92 -28.27 + 4.01
Gamasid mites

8 13C [%o] 20.59 0.0008 159.43 <.0001 7.80 0.0175 -23.37 + 0.86 -13.89 + 0.31 -20.19 + 1.40 -8.78 + 0.43

8 15N [%o] 25.75 0.0004 148.88 <.0001 11.93 0.0054 130.14 + 23.08 713.33 + 43.37 339.07 + 37.35 1121.26 + 26.97

0L

SBAS, basal respiration; Cmic, microbial biomass; gO>, specific respiration.
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Chapter 3 | Beech and ash differently affect soil microorganisms and carbon dynamics

Soil properties

In general, the studied soil properties were strongly affected by beech and not by ash with
interactions between tree species also being not significant (Table 4). Soil pH was significantly
lower in B+ (4.54 + 0.08) than in B- rhizotrons (4.80 £ 0.06). In presence of beech Corg and Niotal
were significantly decreased by -7% and -6%, respectively, but NO3  and NH4* concentrations
remained unaffected (Table 4, see Table S3 for atom% values). Further, §3C and §'°N of bulk
soil were significantly lower in B+ (-24.46 + 0.32%o0 and 127.04 + 19.95%., respectively)
compared to B- rhizotrons (-22.24 + 0.78%0 and 265.25 + 48.79%., respectively). Generally,
after 422 days of litter incubation, the signatures of &'3C and 6'°N within the soil-litter-
mixtures decreased strongly by 86 and 5576 delta units, respectively (Table 2; see Table S1 for

atom% values).

Microorganisms

Cmic was not significantly affected by tree species and averaged over all treatments 141.25 +
4.93 pg C g'. However, gO, was significantly higher in B+ (0.0101 + 0.003 pl O2 mg™* Cmic h?)
than in B- rhizotrons (-16%, Table 4), which was due to marginally higher BAS in B+ (1.39 *

0.08 ul 02 h'! g'') as compared to B- rhizotrons (-15%).

The ratio of fungal-to-bacterial marker PLFAs was significantly higher in B+ (0.061 + 0.007)
than in B- rhizotrons (-53%) as the fungal biomass was higher in B+ (0.43 + 0.08 nmol g-dry

weight) than in B- rhizotrons (-47%), whereas bacterial biomass remained unaffected.

Bacterial and total PLFA content were not significantly affected by the treatments and
averaged 6.67 + 1.67 and 7.00 + 0.53 nmol g'dry weight, respectively. The §3C values of the
fungal marker PLFA 18:2w6,9 were significantly lower in B+ (-29.93 + 2.00%o0) than in B-

rhizotrons (-18.75 + 3.60%.). Also, weighted §3C values of bacterial PLFAs were lower in B+ (-
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Chapter 3 | Beech and ash differently affect soil microorganisms and carbon dynamics

26.28 + 0.97%o0) than in B- rhizotrons (-24.40 + 0.84%o0), whereas in A+ rhizotrons (-24.87 +
1.01%e.) they tended to be higher than in A- rhizotrons (-25.82 + 0.89%o). In general, ash did
not significantly influence §3C values of marker PLFAs (Table 4; see Table S3 for atom%

values).

DFA suggested strong similarity in the composition of PLFAs in BB and BA rhizotrons. Both
treatments differed strongly from AA and control treatments (Fig. 2). Differences were mainly
due to low amounts of gram-negative (cy17:0) and gram-positive bacteria (i17:0) in beech
rhizotrons. Higher fungal biomass and low pH in bee ch and mixed rhizotrons also contributed
to the separation of these treatments but to a lower extent (Tables 5, 6). Pyrosequencing of
the bacterial community revealed high overlap of bacterial phyla and species with little

differences between the treatments (Fig. 3).

Soil fauna / gamasid mites

The 86%3C and 8N from the added ash litter was incorporated into basal species of the soil
food web as indicated by the label in the predatory mite H. aculeifer (Table 4; see Table S3 for
atom% values). The signatures suggest that incorporation of label was most pronounced in
mixed rhizotrons (significant interaction between beech and ash) followed by AA, BB and
control rhizotrons. Abundances of soil animal taxa extracted by heat, i.e., collembolans,
gamasid and oribatid mites as well as earthworms, generally did not differ between

treatments (Table S4).
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Figure 4 | Discriminant function analysis (DFA) of microbial P LFAs, microbial respiration and soil properties in
rhizotrons without trees (control), with beech, ash and a mixture of beech and ash. Wilks' Lambda 0.0165, F(sa,33)
=1.85, P =0.0296. Ellipses represent confidence intervals at P = 0.05.
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Figure 5 | Discriminat function analysis (DFA) of bacterial phyla based on pyrosequencing of 16S rRNA in rhizotrons without
trees (control) and with beech and ash seedlings after reducing data to six dimensions by non-multidim ensional scaling
(NMDS). Wilks' Lambda 0.4996; F(12,60) = 2.07; P = 0.0325. Ellipses represent confidence intervals at P = 0.05.
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Discussion

Changes in the microbial community due to rhizodeposition

Lower pH in the rhizosphere of beech likely contributed to favoring soil fungi supporting our
hypothesis (1) that beech and ash differentially affect the structure of the microbial
community. Acidification of the soil by beech is well known (Holzwarth et al., 2011;
Langenbruch et al., 2012), however, commonly it has been ascribed to low concentrations of
calcium and magnesium and high concentrations of re calcitrant compounds such as lignin in
beech leaf litter (Reich et al., 2005; Hobbie et al., 2006; Hansen et al., 2009). As we excluded
leaf litter fall from seedlings to the rhizotron soil surface and uniformly placed high quality ash
litter in each of the treatments, the observed differences must have been due to the activity
of beech roots. Indeed, in the vicinity of beech roots concentrations of formate and acetate
were increased as compared to control rhizotrons in the same experiment, whereas in the
vicinity of ash roots only the concentration of acetate increased (Fender et al., 2013). The
release of organic acids increases nutrient availability and this is facilitated by low pH (Jones
et al., 2004); presumably, beech employs this strategy to increase nutrient mobilization and
uptake. Low pH in the soil, however, predominantly is caused by the release of H* by roots
rather than by dissociation of organic acids (Neumann and Romheld, 1999). Notably,
acidification of the soil by beech roots occurred despite a comparatively lower root biomass
in beech than ash rhizotrons. However, SRA and SRL were higher in B+ rhizotrons as compared
to A+ rhizotrons. This suggests that the observed modifications were partly due to changes in
root physiology rather than root biomass and number of fine root tips (Lehmann, 2003).
Differences in the release rates of specific exudates of the two species presumably also

contributed to the observed changes.
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Bacterial community composition was little affected by tree roots as indicated by analysis of
16S rRNA. The ratio of fungal-to-bacterial biomass measured via fatty acid analysis increased
in B+ rhizotrons and reflected the general pattern of increasing fungal dominance at low pH
accounting for differences in soil processes (Aciego Pietri and Brookes, 2008; Rousk et al.,
2009). Fungal biomass was measured using 18:2w6,9 as marker PLFA (Ruess and Chamberlain,
2010; Frostegard et al., 2011) which includes EM and saprotrophic fungi (Kaiser, Frank, et al.,
2010). We suggest the change in fungal biomass to refer not to AM fungi since the PLFA
18:2w6,9 is only found in very low densities in this type of fungi (Olsson and Johansen, 2000)
and since the AM colonization rate did not change. Colonization by EM fungi in beech was
relatively low (46 + 6%, pooled data from BB and BA rhizotrons). This corresponds to low
colonization rates in other greenhouse and rhizotron experiments (Duci¢ et al., 2009; Reich et
al., 2009; Winkler et al., 2010) when compared to field data (Leuschner et al., 2004; Lang et
al., 2011). Low EMF colonization rate and a stronger depletion of §'3C of PLFA 18:2w6,9 in B+
rhizotrons point to SOM decomposition suggesting th at saprotrophic rather than EM fungi
increased in beech rhizotrons as fine root tips and mycorrhiza were shown to have relatively
similar signatures, whereas soil is stronger depleted in 83C (Eissfeller et al., 2013). We
therefore suggest saprotrophic fungi to substantially contribute to changes in the fungal PLFA

marker.

Combined data on PLFAs, soil properties and microbial respiration revealed high similarity of
beech and mixed rhizotrons in DFA with these differing significantly from ash and control
rhizotrons. The fatty acids i17:0 and cy17:0 contributed most to this separation, with lesser
contribution by pH and fungal biomass. The fatty acid i17:0 is regarded as marker for gram-
positive bacteria whereas cy17:0 characterizes gram-negative bacteria, the former considered
to dominate in microorganisms being present in bulk soil whereas the latter in rhizosphere
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soil processing labile root derived carbon (Soderberg et al., 2004; Paterson et al., 2007). The
relative abundance of both was lowest in BB rhizotrons suggesting that both suffered from
the presence of beech roots, presumably due to beech increasing the competitive strength of

saprotrophic fungi.
Changes in decomposition due to different tree species

Hypothesis (2) assuming that litter decomposition is differentially affected by tree species was
supported by our data. Generally, stable isotope values of the litter-soil mixture in ES
decreased strongly during incubation. Ash litter is known to decompose fast; in the field it
disappears entirely after two years (Jacob et al., 2009). High and constant temperatures within
the climate chambers (20°C) contributed to fast decomposition of the litter in the rhizotrons.
Data on higher gO; (this study) and higher cumulative heterotrophic CO; production in beech
as compared to ash rhizotrons (Fender et al., 2013) suggest an overall higher stimulation of
litter decomposition in beech root affected soil, i.e., higher carbon loss due to microbial
respiration. High H* concentrations have been shown to limit bacterial growth, while low
concentrations limit fungal growth (Rousk et al., 2009). The fact that gO; increased whereas
bacterial biomass did not change suggests that the metabolic costs of rhizosphere bacteria
increased at least at the end of the experiment. Presumably, lower soil pH in beech rhizotrons
decreased the efficiency of bacteria to use carbon for biomass production by increasing
respiratory losses.

83C values in fungal and bacterial PLFAs were depleted most in B+ rhizotrons suggesting that
bacteria and fungi incorporated less litter carbon in presence of beech roots than of ash also
indicating a faster turnover of litter carbon. Further, the more depleted 6'3C values in fungi

compared to beech fine roots suggest that fungal carbon originated from soil organic matter
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in beech rhizotrons, whereas higher §13C values in bacteria rather suggest bacteria to depend
on root-derived carbon as their signatures resembled that of beech fine roots (Bowling et al.,
2008).

Several studies found plant species identity to have stronger effects than plant diversity (De
Deyn et al., 2004; Hattenschwiler and Gasser, 2005; Ball et al., 2009), with certain plant species
acting as key species (Jacob et al., 2009). The strong effect of beech in this study is mediated
by roots whereas ash had no effect suggesting that rhizodeposition in ash is of minor
importance. Despite this low rhizosphere changes ash incorporated more litter nitrogen than
beech (Lang and Polle, 2011; Schulz et al., 2011); potentially, ash is more effective in exploiting
resources from fast decomposing litter such as ash leaves or by virtue of the higher root
biomass production of ash in our experiment. Notably, ash seedlings incorporated more litter
N than beech seedlings supporting the conclusion that the reduced Niotal in B+ rhizotrons
was due to increased SOM decomposition and not due to plant uptake by beech. Notably, the
uptake of °N declined in mixture with ash. This corresponds to field observations where the
N concentrations in ash declined in mixtures with other tree species and their ectomycrrhizal
diversity (Lang and Polle, 2011). A higher uptake of N by ash roots was also found in a >N
tracer study in the Hainich forest where ash fine roots showed a significantly higher mass-
specific uptake of labeled NH4* and glycine (but not of NO3") than beech roots (A. Jacob,
unpubl.results).

Channeling of litter-derived carbon into higher trophic levels

Hypothesis (3) assuming that mixing of both tree species beneficially affects microorganisms
thereby stimulating carbon turnover is supported in part by our data. Generally, mixing of tree
species increased plant biomass, fine root tips, SRA, SRL and mycorrhizal colonization
especially that of beech seedlings but did not affect soil chemistry and microbial biomass.
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However, soil chemistry and microbial data are point measures and do not reflect fluxes over
the whole period of the experiment. As the plants are sinks for resources made available over
the whole experimental time higher plant growth in mixed rhizotrons suggests that the gross

flux of resources was greater in mixed rhizotrons.

Isotope analyses of food web components are a net measure over the long experimental
period. Here, we measured 8'3C and 8N being incorporated within the predatory mite H.
aculeifer. §13C and 6N values of H. aculeifer were significantly increased in mixed and ash
rhizotrons suggesting that more litter-derived carbon and nitrogen entered basal species of
the soil food web which served as prey for gamasid mites, such as nematodes and
collembolans feeding on bacteria and fungi. In contrast, in control and beech rhizotrons §3C
values of H. aculeifer resembled those in Hainich beech forests (63C: -23.9 + 0.76%o; 6'°N:
+2.0 + 2.11%so; Klarner et al., 2013) suggesting low incorporation of litter-derived carbon (and
nitrogen) into the prey of H. aculeifer. However, the turnover of belowground C in unplanted
soil, i.e., the control, was numerously shown to be lower compared to planted soil (Kuzyakov,
2010; Bird et al., 2011), i.e., soil with beech trees. Low incorporation of litter resources in BB
rhizotrons may point to the fast decomposition of ash litter and to the dominance of root
derived resources as basis of the soil animal food web in beech forests as suggested earlier
(Pollierer et al., 2007). Of course, measurements of a single species, i.e., H. aculeifer, do not
allow to predict carbon and nitrogen cycling through the whole soil food web. However, since
the soil fauna composition within the rhizotrons did not differ, we suggest tree species to

significantly affect the amount and the way carbon is channeled through the soil food web.
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Conclusions

The results suggest that the effect of living roots on litter decomposition, SOM dynamics and
energy channels varies with tree species identity. Rhizodeposits have the potential to change
soil pH with the potential to affect the metabolic activity of microorganisms. This propagates
to higher trophic levels as tree species can impact the amount of litter-derived resource
entering the soil food web and on energy channels. Effects of living roots are notoriously
understudied and have to be included into studies on soil C dynamics to understand carbon

and nutrient cycling as well as soil food web functioning of forests.
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Table S1 | Atom% values of the used soil, labeled ash litter and of the soil-litter mixture in experimental sites at the start of the experiment and at the end
after 422 days of litter incubation (means + 1 SE). Soil, litter and the soil-litter mixture samples at the start were replicated n=5, whereas soil-litter mixture

samples of the end were pooled across all treatments (n=16).

Start End
Soil Litter Soil-litter mixture Soil-litter mixture
Mean SE Mean SE Mean SE Mean SE
atom%*3C 1.0769728 + 0.00009197 1.2659526 + 0.0003437 1.1810216 + 0.00070136 1.08698261 + 0.0020640
atom%*°N 0.36690135 + 0.00006571 4,941404787 + 0.01963241 2.56267058 + 0.02469798 0.57583439 + 0.04140770
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Table S2 | Means * 1 SE of atom% values of plant parameters influenced by beech (B) and ash (A) in rhizotrons after 475 days (n=4).

BB AA BA AB
(pure beech) (pure ash) (beech in mixture) (ash in mixture)
Means SE Means SE Means SE Means SE

atom% 3C

Shoot 1.07383513 + 0.00017420 1.07495600 * 0.00015455 1.07514475 + 0.00017318 1.07568600 + 0.00019963
Leave 1.07326575 + 0.00030884 1.07365156 + 0.00015001 1.07362325 + 0.00034224 1.07303038 + 0.00015562
Fine roots 1.07465313 + 0.00018487 1.07750778 + 0.00046296 1.07596411 + 0.00014480 1.07730790 + 0.00017922
Coarse roots 1.07542997 + 0.00016796 1.07765847 + 0.00041694 1.07558569 + 0.00023790 1.07770568 + 0.00024885
atom% °N

Shoot 0.42876468 + 0.00559039 0.46109969 + 0.01205151 0.42266801 + 0.00472628 0.42261393 + 0.00689963
Leave 0.43647468 + 0.00595216 0.48166205 + 0.00789685 0.42708961 + 0.00605381 0.44954088 + 0.00388855
Fine roots 0.43692704 + 0.00760428 0.50868574 + 0.01805715 0.43140529 + 0.00454258 0.46031359 + 0.00587501
Coarse roots 0.44251012 + 0.00506091 0.51054955 + 0.01435028 0.42058708 + 0.00324815 0.44450474 + 0.00495442
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Table S3 | Means + 1 SE of atom% values of soil C and N, PLFA and gamasid mites as influenced by beech (B) and ash (A) in rhizotrons after 475 days (n=4).

B- B+
A- A+ A- A+
(Control) (Ash) (Beech) (Mixture)
Mean SE Mean SE Mean SE Mean SE

soil data

atomd% 13C 1.08291691 + 0.00068504 1.08691934 + 0.00267118 1.08061441 + 0.00267118 1.07997306 + 0.00267118

atomd% 15N 0.4995646 + 0.02435464 0.57079355 + 0.05107642 0.44495352 + 0.05107642 0.43470143 + 0.05107642
PLFA

Total (atom% 3C) 1.08072624 + 0.00041531 1.08215226 + 0.00067208 1.07597482 + 0.00038549 1.07989923 + 0.00226927

Bacteria (atom% 3C) 1.07898895 + 0.00120338 1.07894481 + 0.00082096 1.07585318 + 0.00033924 1.07797283 + 0.00043242

Fungi (atom% 3C) 1.08268228 + 0.00023938 1.08700051 + 0.00061554 1.07110968 + 0.00036185 1.07473461 + 0.00054633
gamasid mites

atom% 3C 1.08010350 + 0.00093649 1.09026840 + 0.00034029 1.08358067 + 0.00152939 1.09606000 + 0.00046706

atom% °N 0.41377425 + 0.00841666 0.62595061 + 0.01575008 0.48989230 + 0.01359816 0.77384461 + 0.00976060
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Table S4 | ANOVA table of F- and P-values as well as means + 1 SE for soil animal taxa extracted by heat from rhizotrons influenced by beech (B) and ash (A) after

475 days (n=4). Means refer to densities in the middle part of the microcosms.

B-
Beech Ash Beech x Ash A- A+ A- At
(Control) (Ash) (Beech) (Mixture)
F P F P F P Mean SE Mean SE Mean SE Mean SE
Soil taxa
Total 1.84 0.1994 0.02 0.8840 2.67 0.1281  294.75 + 130.36 93.00 + 20.99 131.50 + 26.88 141.25 + 25.02
Collembolat 0.20 0.6614 0.70 0.4177 0.20 0.6597 61.00 + 37.94 46.00 + 15.63 59.50 = 30.63 65.00 + 9.35
Sminthurida 0.63 0.4418 2.70 0.1263 441 0.0576 54.00 + 13.36 1450 + 5.48 12.25 = 6.84 21.50 + 12.07
Gamasida 2.89 0.1148 0.00 0.9889 222 0.1624 167.25 = 116.19 21.50 * 4.03 4950 + 17.29 43.50 + 9.46
Oribatida 0.15 0.7023 0.28 0.6059 0.82 0.3820 10.50 + 2.50 850 + 2.99 9.75 + 2.29 10.25 + 0.48
Lumbricidae 0.35 0.5626 240 0.1474 0.08 0.7884 2.00 + 091 250 £ 1.19 0.50 + 0.29 1.00 + 0.41

tCollembola without Sminthuridae
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Chapter 4 | Global change belowground

Abstract

The world’s ecosystems are subjected to various anthropogenic global change agents, such as
enrichment of atmospheric CO, concentrations, nitrogen (N) deposition and changes in
precipitation regimes. Despite the increasing appreciation that the consequences of
impending global change can be better understood if varying agents are studied in concert,

there is a paucity of multi-factor long-term studies, particularly on belowground processes.

Here, we address this gap by examining the responses of soil food webs and biodiversity to
enrichment of CO;, elevated N and summer drought in a long-term grassland study at Cedar
Creek, Minnesota, USA (BioCON experiment). We use structural equation modeling (SEM),
various abiotic and biotic explanatory variables, and data on soil microorganisms, protozoa,
nematodes and soil microarthropods to identify the impacts of multiple global change effects

on drivers below ground.

We found that long-term (13-year) changes in CO; and N availability resulted in modest
alterations of soil biotic food webs and biodiversity via several mechanisms, encompassing
soil water availability, plant productivity and — m ost importantly — changes in rhizodeposition.
Four years of manipulation of summer drought exerted surprisingly minor effects, only
detrimentally affecting belowground herbivores, and ciliate protists at elevated N. Elevated
CO; increased microbial biomass and the density of ciliates, microarthropod detritivores and
gamasid mites, most likely by fuelling soil food webs with labile C. Moreover, beneficial
bottom-up effects of elevated CO, compensated for detrimental elevated N effects on soil
microarthropod taxa richness. By contrast, nematode taxa richness was lowest at elevated
CO2 and elevated N. Thus, enrichment of atmospheric CO, concentrations and N deposition
may result in taxonomically and functionally altered, potentially simplified, soil communities.
Detrimental effects of N deposition on soil biodive rsity underscore recent reports on plant
community simplification. This is of particular con cern as soils house a considerable fraction

of global biodiversity and ecosystem functions.
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Introduction

Humankind is changing the composition and functioni ng of ecosystems by causing alterations
in global biochemistry and climate (Vitousek et al., 1997; Assessment Millenium Ecosystem
(MA), 2005; IPCC, 2007). The burning of fossil fuel in the last two centuries led to a substantial
increase of atmospheric CO, concentrations with accelerating impacts on global climate and
weather events (IPCC, 2007; Kerr, 2007). Concurrently, nitrogen (N) inputs increased
dramatically due to fertilization and fossil fuel b urning (Hungate et al., 1997; Vitousek et al.,
1997). As a component of climate change the amount and timing of precipitation events are
likely to change (Kerr, 2007), and globally the area affected by drought has increased since the
1970s (IPCC, 2007). All these global change agents are likely to have substantial effects on
terrestrial ecosystems and knowledge on single-factor effects has proliferated considerably in
the last two decades. However, given that multiple global change agents may interactively
impact ecosystems (Sala, 2000; Reich, Knops, et al., 2001; Hungate et al., 2003; Dukes et al.,
2005; IPCC, 2007), it remains largely unclear if results of previous single-factor experiments

realistically model future responses (Luo et al., 2008; Butenschoen et al., 2011).

While aboveground responses to global change have elicited the most attention, belowground
biota and functions are notoriously understudied (e.g., (West et al., 2006; Bardgett and
Wardle, 2010). However, information on belowground responses to global changes is crucially
important as soils house a considerable fraction of global biodiversity (Decaéns, 2010) and
support a wide range of key ecosystem functions (Bardgett and Wardle, 2010). Moreover, a
recent meta-analysis indicates that effects of CO,, warming and precipitation change with

time, reinforcing the urgent need for long-term experiments (Blankinship et al., 2011).

Previous studies reported mainly positive effects of elevated CO, on soil biota, although
effects are assumed to attenuate with time (Blankinship et al., 2011). Several plant-mediated
mechanisms underlying CO; effects on soil biota are conceivable and not mutually exclusive.
First, elevated CO; often reduces plant stomatal conductance and thereby increases soil
moisture content (Field et al., 1995), including in the BioCON experiment (Reich, 2009; Adair
et al., 2011), which beneficially affects most soil biota (Coleman et al., 2004). Second, elevated
CO2 may increase belowground translocation of assimilated carbon by plants, which has been
shown to increase microbial growth, biomass and change community composition

(Blagodatskaya et al., 2010; Drigo et al., 2010). This effect can be due to elevated root biomass
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production and/or increased rhizodeposition (Jones et al., 2009). Third, increased shoot
productivity at elevated CO; (Reich, Knops, et al., 2001; Reich, Hobbie, et al., 2006b) may

enhance the amount of aboveground litter input.

The above-mentioned mechanisms may also apply to effects of N addition and drought on
plant productivity. While N addition has been shown to increase plant productivity in the
BioCON experiment (Reich, Knops, et al., 2001; Reich, Hobbie, et al., 2006b), it may also
decrease root exudation supporting lower microbial biomass (Dijkstra et al., 2005). Moreover,
N fertilization was shown to decrease microbial enzyme activity (DeForest et al., 2004), though
previous studies report inconsistent N addition effects on soil microorganisms (Niklaus and
Korner, 1996; Zak et al., 2000; Dijkstra et al., 2005). Sjursen et al. (2005) reported enhanced
microarthropod abundances in a subarctic ecosystem after application of NPK fertilizer, and

assumed bottom-up effects of enhanced food availability.

Summer drought had mainly detrimental effects on soil enzyme activity and nematode density
in the Old-Field Community, Climate and Atmosphere Manipulation Experiment in Oak Ridge,
Tennesee, USA (Kardol et al. 2010). In contrast to effects of elevated CO, and N addition,
summer drought may also have direct effects on soil biota (Bardgett and Wardle, 2010) as
most soil biota strongly depend on the availability of water (Coleman et al., 2004; Kardol et
al,, 2011). However, CO;, temperature and water availability interactively impacted soil
ecosystem functioning in the study by Kardol et al. (2010). For instance, detrimental effects of
temperature and drought on some nematode feeding groups materialized under ambient CO»
but not elevated CO,. Similarly, Chung et al. (2007) found that the com position and functioning
of soil microbial communities depended on complex i nteractions between plant diversity, CO;
and N addition. Hoeksema et al. (2000) as well as Li et al. (2007) showed that nematode
community structure and diversity significantly responded to interactions between CO; and N
under trembling aspen and wheat, respectively, pointing at a complex interplay between
bottom-up and top-down forces in structuring soil b iotic communities. These studies present
clear indications that the consequences of future global change agents may be better
understood if studied in concert. Moreover, there is insufficient knowledge of the mechanisms

of how different global change agents interactively impact soils (Bardgett and Wardle, 2010).

We address this critical gap by studying the most relevant soil food web components

(microorganisms, protozoans, nematodes and microarthropods) in a well-established
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grassland global change experiment in Minnesota, USA (BioCON; Reich et al. 2001a),
manipulating CO,, N and summer drought in a complete factorial design. In order to gain a
mechanistic understanding of how global change effects materialize below ground we use

structural equation modeling (SEM).

According to the knowledge summarized above, we hypothesized that (1) elevated CO:
increases, (2) elevated N increases, and (3) summer drought decreases the abundance and
diversity of soil biota. We expected beneficial impacts of CO; and N to be due to increased
resource availability for soil biota. In addition, elevated CO, may positively affect soil biota by
increasing soil water content. Moreover and most importantly, we hypothesized (4) the three
global change agents to interactively affect soil biota. For instance, elevated CO, may
ameliorate drought effects, whereas elevated N may exacerbate drought effects by increasing
plant productivity. By contrast, effects of elevated CO; and N may be additive or greater-than-
additive as both factors and their interaction have been shown to increase plant productivity
(Reich, Knops, et al., 2001; Reich, Hobbie, et al., 2006b). Moreover, N addition may decrease
N constraints on soil microorganisms due to CO; enrichment (Hu et al. 2001). Although many
complex and plausible hypotheses about the interactions of these three factors could be
stated, the complexity of the belowground network system is such that alternative hypotheses
would often be equally plausible. This highlights t he need for empirical examination of

whether, and what kinds of interactions, occur in belowground communities.

Materials and methods

The site and experimental design

The present experiment was conducted in the framework of the BioCON experiment at the
Cedar Creek LTER site in Minnesota (Reich et al. 2001a). The region has a continental climate
with cold winters (mean January temperature -11 °C) and warm summers (July temperature
22 °C) and mean annual precipitation of 660 mm (Reich et al. 2001a). The soils are sands (Typic
Udipsamment, Nymore series) derived from sandy glacial outwash (94.4% sand, 2.5% clay).
The BioCON experiment (including factorial combinations of CO, x N treatments in plots
varying in plant species composition and number) was established in 1997 on a level,

secondary successional grassland after removing prior vegetation (Reich et al. 2001a).
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For the present experiment we used 48 of the original 2 x 2 m BioCON plots, chosen randomly
from the 64 plots that were initially planted with 9 species and now contain 6-7 species on
average. We used a complete factorial design of 2 summer drought (precipitation) x 2 CO; x
2 N treatments, each consisting of 6 unique replicates. Each plot was planted in 1997 with 9
species randomly selected from a pool of 16 herbaceous species representing 4 functional
groups. The species pool was comprised of the Cs grasses Agropyron repens, Bromus inermis,
Koeleria cristata, and Poa pratensis; the C4 grasses Andropogon gerardii, Bouteloua gracilis,
Schizachyrium scoparium, and Sorghastrum nutans; the herbaceous forbs Achillea millefolium,
Anemone cylindrica, Asclepias tuberosa, Solidago rigida; and the N-fixing legumes Amorpha

canescens, Lespedeza capitata, Lupinus perennis, and Petalostemum villosum.

CO; treatments consist of ambient and elevated CO.. Briefly, six circular areas (24 m diameter;
Fig. 1) were randomly assigned, three each to ambient (aCO) and elevated CO, (eCO;; +180
ppm, 24 hrs/day, early spring to late fall). The added CO; is delivered using FACE technology
(Hendrey et al. 1993). Within the central 20 m diameter zone in each ring, we established eight
square plots for the present experiment. Plots are separated by a 20 cm walkway buffer and
metal barriers 30 cm deep separate each plot. The elevated CO, treatment has been ongoing

since 1997.

Nitrogen was added to the surface of half the plots in each ring as 4 g N m2 yr! slow-release
ammonium nitrate (NH4NOs3) in equal fractions in early May, June and July (ambient N = aN,
elevated N = eN). Annual net mineralization rates are roughly 3-4 g N m2 y! in grassland at
Cedar Creek (Reich et al. 2001b). Thus, adding 4 g N m?2 y ! simulates doubling of available N
in this system and serves to elucidate responses of ecosystems differing in soil N supply

because of differences in fertility or N deposition. This treatment has been ongoing since 1997.

Half of the plots experienced summer drought via rain removal. For this treatment we used
24 portable (2 x 2 m) rainout shelters (Fig. 1) to reduce both the number of precipitation
events and total rainfall in the May—August period each year by approximately -45%. This
represents current and a plausible but markedly different future climate scenario for
Minnesota; the latter might occur as some predictions are for warmer and drier summers,
with fewer rainfall events, that might collectively lead to an average of 10-40% lower soil

moisture by 2100 (Wuebbles & Hayhoe 2004; IPCC 2007). However, such predictions are
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highly uncertain and we view our treatment largely as a test of potential effects of diminished

soil moisture rather than an assessment of effects of specific climate predictions.

Intercepted rain is channeled using gutters, and moved well outside each of the six
approximately 60-plot rings. Shelters were put into place during 45% of significant rainfall
events between May and August (Table 1). Shelters were in place much less than 1% of the
time (and nearly always under cloudy conditions and rarely during midday) and cumulatively
reduce integrated photosynthetic photon flux density (May to August) by much less than 1%
(approximately 0.05%). The chambers cause minimal warming under conditions of use and
given the limited time they are in place. This treatment has been ongoing since 2007 (details

are given in Table 1).

Samplings and measurements

In August 2010, i.e., 13 years after establishment of the CO, and N treatments, and after four
years of summer drought treatment, we took soil samples to investigate treatment effects on
soil biota. From each of the 48 plots we took three small soil samples (diameter 2 cm, depth
6 cm) and one larger soil sample (diameter 5 cm, depth 6 cm) using steel corers. The small soil
samples were pooled in a plastic bag, carefully but thoroughly homogenized and stored at 4
°C until further processing. Large soil samples were kept intact and stored in plastic containers

at 4 °Cuntil further processing. Soil from the small samples was subdivided into three portions

Figure 1 | Photograph showing one of the six FACE rings of the BioCON experiment in secondary successional
grassland in Minnesota, USA (Reich et al., 2001a) with four of the 24 portable rain-out shelters temporarily in
position above the plots of the precipitation.
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of approximately 15 g of soil (fresh weight) and used to measure soil microbial biomass,

protozoans and nematodes, while large samples were extracted for soil microarthropods.

Before measurement of soil microbial biomass, soil sub-samples were sieved (2 mm) to
remove larger roots, animals and stones (Anderson & Domsch 1978). Microbial biomass C of
approximately 5 g soil (fresh weight) was measured using an O,-microcompensation
apparatus (Scheu 1992). Substrate induced respiration was calculated from the respiratory
response to D-glucose for 10 h at 22 °C (Anderson & Domsch 1978). Glucose was added
according to preliminary studies to saturate the catabolic enzymes of microorganisms (4 mg
g'1 dry weight solved in 400 pul deionized water). The mean of the lowest three readings
within the first 10 h was taken as maximum initial respiratory response (MIRR; ul O, h™* g*

soil dry weight) and microbial biomass (ug C g™* soil dry weight) was calculated as 38 x MIRR
(Beck et al. 1997).

Total numbers of protozoa (i.e., active and encysted forms of amoebae, ciliates and
flagellates) were enumerated by a modified most probable number method (Darbyshire et
al. 1974). Briefly, 5 g fresh weight of soil was suspended in 20 ml sterile Neff’s modified
amoebae saline (NMAS; Page 1976) and gently shaken (70 rpm) for 20 min on a vertical
shaker. Threefold dilution series with nutrient broth (Merck, Darmstadt, Germany) and
NMAS at 1:9 v/v were prepared in 96-well microtiter plates (VWR, Darmstadt, Germany)

with four replicates each.

Table 1 | Details of the precipitation experiment. Given are the period of precipitation manipulation in each
year, the amount of precipitation accumulated within the respective periods, and the percentage of
precipitation removed using rain-out shelters (Fig. 1).

Year Start End Precipitation [mm] Percent removed
2007 30-May-2007 5-Aug-07 144 37
2008 13-May-2008 6-Aug-08 235 47
2009 9-May-2009 8-Aug-09 185 46
2010 7-May-2010 10-Aug-10 445 49
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The microtiter plates were incubated at 15°C in darkness and the wells were inspected for
presence of protozoa using an inverted microscope at 100x and 200x magnification (Nikon,
Eclipse TE 2000-E, Tokyo, Japan) after 3, 6, 11, 19 and 26 days. Densities of protozoa were

calculated according to Hurley & Roscoe (1983) and related to g soil dry weight.

Nematodes were extracted from 10 g soil (fresh weight) using a modified Baermann method
(Ruess 1995). After an extraction time of 30 h nematodes were preserved in 4% formaldehyde,
counted and related to g soil dry weight. Subsequently, 10% of the individuals (but not less
than 100 individuals, if possible) were additionall y identified to family level or if necessary to
genus level and assigned to the trophic groups bacterial feeders, fungal feeders, omnivores,

plant feeders and predators according to Yeates et al. (1993).

Soil microarthropods were extracted by heat (Kempson et al. 1963), collected in diluted
glycerol, and transferred into ethanol (70%) for storage. Soil animals were determined
following Gisin (1960), Fjellberg (1980), Schaefer (2000), Hopkin (2007) and Krantz & Walter
(2009) and counted (abundance m). Astigmatic and prostigmatic were pooled without
further determination; however, for the calculation of microarthropod taxa richness morpho-

species were distinguished.

Explanatory variables

In order to investigate how different global change agents influence soil biota, we measured
several explanatory variables contemporary to the samplings explained above. In August
2010, we determined plant community shoot, root biomass and surface litter biomass (g m?;
for detailed methods see e.g., Reich et al. 2006), and realized plant species richness. Briefly,
aboveground biomass was harvested by clipping a 10 cm x 100 cm strip just above the soil
surface. Total root biomass was sampled at 0-20 cm depth by taking three soil cores of 5 cm
in diameter. Further, C and N concentrations in plant shoot and root tissue were determined
(Reich et al. 2001a). Gravimetric soil water content [%] was measured from soil samples for
microbial analyses. Moreover, N mineralization [mg kg! d!] was determined according to
West et al. (2006). These variables were determined to test the hypotheses that effects of
global change agents on soil biota are due to changes (i) in soil water content, (ii) aboveground
productivity (shoot and litter biomass), (iii) belowground productivity (root biomass), (iv)

quality of plant inputs (N concentration of plant tissue, N mineralization), or indirectly (v) in
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root rhizodeposits. Since we did not measure root rhizodeposits directly, we followed the
approach by Lamb et al. (2011) using structural equation modeling (see below for more
details). Treatment effects on explanatory variables have been or will be published elsewhere
(e.g., Reich et al. 2001a, 2006; West et al. 2006; Adair et al. 2009; Reich 2009; P. B. Reich,
unpublished data) and thus are not given in the pre sent paper; however, they were included

in the SEM (see below).

Statistical analyses

Data on soil water content, soil microbial biomass, soil animal densities and taxa richness were
log-transformed to meet the assumptions of parametric statistical tests (normality and
homoscedasticity of errors). Means (+ standard error) presented in text, Fig. 2 and Table 2
were calculated using non-transformed data. Analysis of variance (ANOVA) was performed to
test the effects of CO; (ambient and elevated), N (ambient and elevated) and summer drought
(D; ambient and precipitation reduction) and interactions on soil microbial biomass,
abundance of amoebae, ciliates, flagellates, total nematodes, plant feeding nematodes,
bacterial feeding nematodes, fungal feeding nematodes, omnivorous nematodes, carnivorous
nematodes, collembolans, oribatid mites, gamasid mites, astigmatic and prostigmatic mites,
microarthropod herbivores (mainly Thysanoptera), and on the taxa richness of nematodes and
microarthropods. The effect of CO; was tested against the random effect of ring nested within
CO; (Reich et al. 2001a). CO3, N and D treatments were independent from each other. We did
not correct for multiple statistical tests considering the mathematical and logical
argumentation by Moran (2003). Some models were improved based on AIC by removing non-

significant independent variables or interactions (Table 3).

In addition to ANOVA, we used SEM to investigate how global change agents affect soil food
webs and biodiversity. The results of the ANOVA approach served as the hypothetical base for
the initial SEM model. In the initial model we only used exogenous and endogenous variables
which had significant effects in the ANOVA approach and which were significantly affected or
showed distinct tendencies due to the low number of replicates (n = 48; Grace 2006).
Moreover, predicted causal relationships between variables were based on prior knowledge
on effects of global change agents on the performance of plants and soil biota. The adequacy
of the model was determined via x? tests, AIC and RMSEA. Adequate model fits are indicated

by non-significant x? tests (P > 0.05), low AIC and low RMSEA (< 0.05) (Grace 2006; Arbuckle
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2010). Two separate models were determined for soil food web structure (based on
abundance and biomass data) and soil biodiversity (i.e., nematode taxa richness and
microarthropod taxa richness). Due to the complete factorial design global change agents
were uncorrelated to each other. Both bottom-up and top-down relationships between soil
food web components were tested (not shown). Model modification indices were used to
improve the models; however, only scientifically sound relationships were considered (Grace

2006).

As stated above, we tested five hypothetical pathways regarding how global change agents
affect soil biota; four of them were measured directly (aboveground productivity,
belowground productivity, input quality and soil wa ter content). Since effects through altered
rhizodeposits are also likely, we followed the approach by Lamb et al. (2011) to assume that
any effects of that type would be either covered by direct paths from global change agents to
endogenous variables or should have been captured by the model modification indices. SEM

was performed using Amos 5 (Amos Development Corporation, Crawfordville, FL, USA).

Results

ANOVA results

Overall, manipulation of CO,, N and summer drought exerted modest effects on soil biota,
significantly affecting the abundance/biomass of 7, 5 and 2 out of 14 groups of soil biota,
respectively (Table 3). The interaction between CO; and N accounted for 5 out of 6 significant
(P < 0.1) interactions between the investigated global change agents. Microbial biomass
(mean + SE: 478.2 + 20.5 pg Cmic g soil dry weight) was significantly higher at eCO; than at
aCoO; (+28%; Table 3), which was mainly due to low microbial biomass at aCO; and eN (Fig.
2a). While flagellates (16,309 + 2,542 ind. g* soil dw) and amoebae (8,962 + 1,017 ind. g* soil
dw) were not significantly affected by our treatments, ciliate abundance (27 + 4 ind. g* soil
dw) was considerably higher at eCO, than at aCO, (+83%). Moreover, ciliate abundance did
not differ between aN and eN at ambient precipitation, but was significantly lower at eN in
comparison to aN in treatments with reduced precipitation (-39%). Generally, total nematode
abundance (20 + 2 ind. g* soil dw) was little affected by our treatments (Table 3). However,

this masks different responses of contrasting nematode functional groups. The abundance of
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Figure 2 | Microbial biomass [pug Cmic g soil dw] (a), abundance of fungal feeding nematodes [ind. g* soil dw]
(b), abundance of Astigmata and Prostigmata [ind. m2 x 1000] (c), microarthropod herbivores [ind. m2 x 1000]
(d), Nematoda taxa richness (e), and soil microarthropod taxa richness (f) as affected by nitrogen addition (aN =
ambient N, eN = elevated N) and CO2 (aCO2 = ambient CO2, eCO2 = elevated COz) in secondary successional
grassland in Minnesota, USA. Means + SE. Bars with varying letters differ significantly (Tukey’s HSD test, P <
0.05).

predator nematodes (0.58 + 0.10 ind. g soil dw) decreased significantly at eN in comparison
to aN (-62%). By contrast, the abundance of nematode fungal feeders (2.53 + 0.33 ind. g™* soil
dw) was significantly higher at eN in comparison to aN (+206%) at aCO;, whereas the N
treatment had no significant effect at eCO; (Fig. 2b). Abundance of collembolans (3,523 + 526
ind. m2) and gamasid mites (840 + 143 ind. m) increased significantly at eCO, (+64% and
+143%, respectively; Table 3). There was also a strong but statistically marginal increase in
oribatid mite abundance (9,809 + 1,273 ind. m?) at elevated CO; (+87%), resulting in an overall
tendency of increased microarthropod detritivore abundance (+81%; collembolans and
oribatid mites). While the abundance of astigmatic and prostigmatic mites (22,854 + 3,156

ind. m?2) was little affected by CO> at eN, it increased at eCO, in comparison to aCO;
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Table 2 | Mean (SE in brackets) biomass (microorganisms), abundance (soil animals), and taxa richness of soil biota in the varying CO2 (ambient [aCO2] and elevated
[eCO2]), N (ambient [aN] and elevated [aN]), and summer drought (ambient [aH20] and reduced precipitation [rH20]) treatments

eCO:

aCO2

aN eN

aN eN

rH20

aH20

rH20 aH20

rH20 aH20

rH20

aH20

Microorganisms

Microbial biomass

541 (73)

580 (66)

520 (56) 503 (50)

428 (49) 458 (32)

340 (50)

455 (50)

Protozoa
Flagellata 11619 (2293) 13025 (3587) 22629 (15196) 20256 (6593) 13801 (5504) 22983 (10158) 11636 (4057) 14518 (3214)
Amoebae 8211 (3995) 8197 (2369) 8533 (2543) 10316 (2102) 7850 (3537) 8740 (2683) 9864 (4455) 9983 (2108)
Ciliates 42 (16) 36 (7) 28 (11) 31 (10) 22 (7) 17 (8) 12 (5) 24 (5)
Microfauna
Nematoda (total) 21 (4) 19 (2) 19 (4) 20 (6) 15 (3) 20 (3) 24 (3) 21 (3)
Plant feeders 2 (1) 3(1) 2 (1) 3(2) 2 (1) 4(2) 2 (1) 3(2)
Bacterial feeders 13 (3) 10 (2) 12 (3) 13 (4) 7(2) 11 (2) 12 (3) 10 (1)
Fungal feeders 4(2) 3(1) 2 (1) 3(1) 1(1) 2 (1) 4(2) 4 (1)
Omnivores 3(1) 3(1) 3(1) 2 (1) 3(1) 4(1) 4(1) 3(1)
Predators 1(1) 1(1) 1(1) 1(1) 1(1) 2(1) 1(1) 1(1)
Microarthopods
Collembola 4072 (862) 3988 (987) 6617 (2661) 2800 (366) 934 (306) 4836 (1692) 2800 (1912) 2121 (970)
Oribatida 10096 (2101) 13743 (2810) 16204 (5959) 11114 (3466) 8060 (2652) 8144 (3152) 6787 (4388) 4326 (2321)
Microarthropod detritivores 14168 (2627) 17731 (3436) 22821 (6956) 13914 (3589) 8994 (2762) 12980 (4155) 9587 (4616) 6447 (2929)
Gamasida 679 (252) 1612 (594) 1273 (599) 1188 (503) 764 (218) 679 (252) 85 (85) 425 (243)
Astigmata & Prostigmata 26129 (7857) 27571 (4348) 25196 (5768) 16204 (1448) 18664 (7394) 17985 (6535) 25790 (15166) 25366 (16716)
Herbivores 594 (333) 933 (533) 509 (263) 933 (382) 1103 (499) 2970 (1569) 255 (174) 1018 (720)
Soil animal biodiversity
Nematoda taxa richness 15 (1) 15 (1) 13 (1) 13 (1) 14 (1) 14 (1) 14 (1) 15 (1)
Microarthropod taxa richness 17 (2) 18 (2) 17 (2) 17 (2) 15 (2) 17 (3) 12 (3) 11 (2)
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Table 3 | ANOVA table of F and P values on the effects of CO. (ambient and elevated), N (ambient and elevated), summer drought (ambient and reduced precipitation),

and all possible interactions on the biomass (micro organisms), abundance (soil animals), and taxa rich ness of soil biota.

CO2 Ring (CO2) N Drought (D) CO2xN CO2xD N x D CO2xNxD
F P F P F P F P F P F P F P F P
Microorganisms
Microbial biomass 13.23 0.0226 1 0.70 0.5972 1.89 0.1772 excluded excluded excluded excluded excluded
Protozoa
Flagellata excluded 0.90 0.4907 excluded 1.85 0.1812 excluded excluded excluded excluded
Amoebae excluded 0.51 0.7643 1.97 0.1684 2.00 0.1653 excluded excluded excluded excluded
Ciliates 7.65 0.0528 4 0.79 05393 0.01 0.9163 0.45 0.5079 1.49 0.2296 excluded 4.23 0.0466 excluded
Microfauna
Nematoda (total) 0.04 0.8454 5.01 0.0025 0.34 0.5649 0.01 0.9420 2.17 0.1495 0.32 0.5747 1.52 0.2247 excluded
Plant feeders 2.41 0.1959 2.13 0.0944 excluded excluded excluded excluded excluded excluded
Bacterial feeders 0.23 0.6573 3.95 0.0092 0.73 0.3986 0.00 0.9552 0.63 0.4340 0.40 0.5288 0.42 0.5204 3.14 0.0850
Fungal feeders 0.06 0.8188 6.01 0.0006 1.94 0.1717 excluded 8.99 0.0047 excluded excluded excluded
Omnivores excluded 2.99 0.0298 0.73 0.3979 1.90 0.1754 excluded excluded 2.65 0.1116 excluded
Predators 2.49 0.1910 1.21 0.3218 9.08 0.0045 | 0.36 0.5385 excluded excluded 2.57 0.1172 excluded
Microarthropods
Collembola 7.85 0.0487 1 0.75 0.5663 excluded excluded excluded excluded excluded excluded
Oribatida 2.29 0.2044 10.26 <.0001 excluded excluded excluded excluded excluded excluded
Microarthropod detrit. 2.81 0.1688 584 0.0008 0.80 0.3754 excluded excluded excluded excluded excluded
Gamasida 11.14 0.0324 4 0.57 0.6875 0.37 0.5446 0.97 0.3323 0.83 0.3685 0.28 0.5999 0.21 0.6468 1.77 0.1912
Astig. & Prostig. 0.01 0.9129 10.23 <.0001 0.78 0.3843 0.20 0.6581 456 0.0396 0.11 0.7414 0.06 0.8048 1.72 0.1974
Herbivores 0.31 0.6076 6.50 0.0004 3.01 0.0905 | 5.48 0.0244 4.58 0.0387 excluded excluded excluded
Soil animal biodiversity
Nematoda richness 0.03 0.8703 6.10 0.0006 6.01 0.0187 | excluded 2.72 0.1069 excluded excluded excluded
Microarthropod richness 1.75 0.2533 8.01 <.0001 493 0.0323 | excluded 4.17 0.0479 excluded excluded excluded
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Chapter 4 | Global change belowground

at aN (+46%,; Fig. 2c). The abundance of herbivores (1,049 + 255 ind. m'2) was decreased
significantly in the reduced precipitation treatment (-58%). Moreover, microarthropod
herbivore abundance was higher, though not significantly, at aCO; and aN in comparison to

all other treatments (Fig. 2d).

Nematode taxa richness (14 + 1 taxa) and microarthropod taxa richness (16 + 1 taxa)
decreased significantly at elevated N (-7%; and -15%, respectively; Table 3, Fig. 2e,f).
Microarthropod taxa richness decreased significantly at eN when CO; was at ambient levels (-
28%), but it was virtually unaffected by eN at eCO; (Fig. 2f). By contrast, the detrimental effect

of N addition on nematode taxa richness was most pronounced at eCO; (-13%; Fig. 2e).

SEM results

The final models adequately fit the data on soil food web (x?13 = 12.68, P = 0.47; AIC = 58.68;
RMSEA = <.001) and soil biodiversity (x?15 = 6.93, P = 0.96; AIC = 48.93; RMSEA <.001)
(standardized path coefficients are given in Fig. 3, unstandardized path coefficients are given
in Fig. S1). CO, was the only exogenous variable remaining in the final soil food web model
(Table S1; Fig. 3a) supporting the ANOVA results. Elevated CO; increased gravimetric soil water
content, soil microbial biomass, and the abundances of soil microarthropod detritivores and
ciliates (the latter marginally significantly). Increased microbial biomass and ciliate abundance
increased the abundance of amoebae, although these relationships were marginally
significant. Increasing abundance of microarthropod detritivores increased the abundance of
gamasid mites. The remaining relationships between exo- and endogenous variables were not
significant but improved the fit of the model (Table S1; Fig. 3a). In the final soil biodiversity
model, eCO; had direct positive effects on soil water content, shoot biomass, microbial
biomass and soil microarthropod taxa richness (Table S1; Fig. 3b). By contrast, eN negatively
influenced soil microarthropod taxa richness. Increased shoot biomass led to increased litter
biomass on the soil surface. Moreover, increased litter biomass positively influenced soil
microarthropod taxa richness, whereas nematode taxa richness decreased. Microarthropod
taxa richness was negatively related to soil water content, although this relationship was only
marginally significant. The remaining relationships between exo- and endogenous variables

were not significant but improved the fit of the model (Table S1; Fig. 3b). The final model
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Figure 3 | Structural equation models of global change effects on soil biota in secondary successional grassland
in Minnesota, USA. (a) Causal influences of elevated CO2 (exogenous variable; grey rectangle) on soil water
content, root biomass productivity, microbial biomass and abundance of soil animals (endogenous variab les;
white rectangle). The model fit the data well: %13 = 12.68, P = 0.47. Numbers on arrows are standardized path
coefficients (equivalent to correlation coefficients). Width of the arrows indicated the strength of the causal
influence: green or red, bold arrows indicate significant standardized path coefficients (P < 0.05), green or red
arrows indicate marginally significant path coefficients (0.05 < P < 0.1), black, single-headed arrows indicate
non-significant path coefficients (P >0.1). Green arrows indicate significant and marginally significant positive
relationships and red arrows significant and margin ally significant negative relationships. Circles in dicate error
terms (el-e7); double-headed errors indicate correlations between error terms. Percentages close to
endogenous variables indicate the variance explained by the model (R?). (b) Causal influences of elevated N
and CO:2 (exogenous variables) on soil water content, shoot biomass productivity, shoot litter, microbial
biomass and taxa richness of soil microarthropods and nematodes (endogenous variables; white rectangle).
The model fit the data well: ¥?15=6.93, P = 0.96.

explained a large proportion of the variance in soil microarthropod taxa richness (33%),
whereas it explained only 10% of nematode taxa richness. Both final SEM models indicate that
direct pathways between global change agents and soil food web components and
biodiversity, which are assumed to represent changes in rhizodeposition, were more
important than indirect connections via changes in soil water content, or shoot and root

productivity.
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Figure S1 | Structural equation models of global change effects on soil biota. (a) Causal influences of elevated
CO: (exogenous variable; grey rectangle) on soil water content, root biomass productivity, microbial biomass
and abundance of soil animals (endogenous variables; white rectangle). The model fit the data well: y%13 =
12.68, P=0.47. (b) Causal influences of elevated N and CO2 (exogenous variables) on soil water content, shoot
biomass productivity, shoot litter, microbial biomass and diversity of soil microarthropods and nematodes
(endogenous variables; white rectangle). The model fit the data well: ¥°15=6.93, P = 0.96. Numbers on arrows
are unstandardized path coefficients. Width of the arrows indicated the strength of the causal influence: green
or red, bold arrows indicate significant relationships (P < 0.05), green or red arrows indicate marginally
significant relationships (0.05 < P < 0.1), black, single-headed arrows indicate non-significant relationships (P
> 0.1). Green arrows indicate significant and marginally significant positive relationships and red arrows
significant and marginally significant negative relationships. Circles indicate error terms (el-e7); double-
headed errors indicate correlations between error terms.

Discussion

Our hypothesis (1) predicting eCO; to increase the abundance and biodiversity of soil biota,
was confirmed in part as eCO; increased the density and taxa richness of about half of the
groups of soil biota. Elevated CO; increased soil water content most likely by decreasing leaf
stomatal conductance (Lee et al. 2011). Elevated CO; also increased plant shoot and root
biomass as shown before at the same field site (Reich et al. 2001a, 2006). Increased shoot

biomass led to more aboveground shoot litter material. Soil water content and root biomass,
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Table S1 | Results of structural equation models of global cha nge effects on soil biota illustrated in Fig. 3a and
3b. Given are the unstandardized path coefficients (estimates), standard error of regression weight (S.E.), the
critical value for regression weight (C.R.; z = estimate / S.E.) and level of significance for regression weight (P).
For more information of exogenous and endogenous variables as well as on model fit see main text.

a) Estimate S.E. C.R. P
Root biomass & CO2 91.65 65.15 1.41 0.160
Soil water & CO: 0.06 0.02 3.04 0.002
Soil water & Root biomass 0.00 0.00 1.17 0.243
Microbial biomass & CO2 0.09 0.04 2.29 0.022
Microbial biomass < Soil water 0.37 0.28 1.34 0.180
Ciliates & Microbial biomass 0.88 0.63 1.40 0.163
Ciliates & CO; 0.29 0.17 1.70 0.088
Microarthropod & Ciliates 0.13 0.10 1.28 0.202
Microarthropod & CO2 0.31 0.12 2.64 0.008
Microarthropod < Root biomass 0.00 0.00 1.03 0.303
Gamasid mites & Microarthropod 0.26 0.09 3.05 0.002
Amoebae & Microbial biomass 0.66 0.38 1.77 0.077
Gamasid mites & Root biomass 0.00 0.00 -1.22 0.223
Amoebae & Ciliates 0.14 0.09 1.65 0.099

b) Estimate S.E. C.R. P
Soil water & CO: 0.06 0.02 3.30 <.001
Shoot biomass & CO: 100.28 50.93 1.97 0.049
Microbial biomass & CO: 0.09 0.04 2.30 0.021
Shoot litter & Shoot biomass 0.20 0.09 2.26 0.024
Microbial biomass < Soil water 0.40 0.27 1.46 0.145
Microbial biomass < N -0.05 0.03 -1.47 0.141
Microarthropod diversity < Microbial biomass 0.19 0.18 1.04 0.301
Microarthropod diversity & Shoot litter 0.00 0.00 2.20 0.028
Nematode diversity & N -0.02 0.02 -1.12 0.262
Microarthropod diversity & N -0.10 0.04 -2.25 0.024
Microarthropod diversity & CO2 0.13 0.05 2.69 0.007
Nematode diversity & Shoot litter 0.00 0.00 -1.95 0.051
Microarthropod diversity & Soil water -0.63 0.35 -1.80 0.072

though not significant, remained in the final SEM m odel for the soil food web, whereas shoot
litter stayed in the final model for soil biodiversity, indicating that soil biota slightly benefited
from those indirect CO; effects. By contrast, our proxy measure for quality of plant inputs did
not remain in the final SEM models. In addition to the measured pathways, direct pathways
from CO; to some response variables remained in the final models and often were the most
significant ones. We suggest that these direct connections represent effects of elevated
rhizodeposition (Lamb et al. 2011) at eCO; (Jones et al. 2009; de Graaff et al. 2010) increasing

microbial biomass, the density of ciliates, microarthropod detritivores and microarthropod
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taxa richness (Fig. 3). This is in line with prior findings in this experiment of Chung et al. (2007),
indicating that increased microbial biomass at eCO, eN and high plant diversity were not only
due to increased plant biomass and of Adair et al. (2009, 2011) who reported higher carbon
inputs at eCO; and associated heightened soil microbial activity (as evidenced by increased
soil CO; flux). Moreover, Dijkstra et al. (2005) reported that eCO; increased labile soil C at the
same field site, potentially representing elevated root exudation (Hungate et al. 1997; Box et
al. 1998). However, more studies are needed verifying this proposed indirect pathway by
directly measuring root rhizodeposition and accompa nying effects on soil biota in response to
eCO; as the present study indicates its prime importance in mediating global change effects

below ground.

Similar to a recent study on plant diversity effects on soil biota (Scherber et al. 2010), we found
some evidence for the bottom-up control of belowground food webs: increased
rhizodeposition and thus resource availability led to elevated microbial biomass and density
of ciliates and microarthropod detritivores, which increased the density of amoebae and
gamasid mites (predators). The positive effect of eCO, on soil microorganisms (e.g., Rice et al.
1994; Hu et al. 2001; Carney et al. 2007) and soil animals (e.g., Yeates & Newton 2009;
Blankinship et al. 2011) is well established; however, the present study suggests that eCO;
influences soil biota mainly through increased rhiz odeposition, and that these effects are, in
contrast to the conclusions of the meta-analysis by Blankinship et al. (2011), still significant
for several groups of soil biota after 13 years of CO, manipulation. The pronounced response
of soil biota to eCO; — in comparison to the other global change agents — may be due to the
deficiency of soil organic matter in the sandy outwash (Reich et al. 2001a). This is likely to

result in shifts of soil biotic composition and fun ctioning (Drigo et al. 2010).

In contrast to hypothesis (2) expecting positive N addition effects on soil biota, the number of
nematode predators, microarthropod herbivores (only marginally significant) and the taxa
richness of nematodes and microarthropods decreased significantly at eN (Figs. 2b, 3).
Moreover, ciliate density was minimal at eN in the drought treatment, whereas fungal feeding
nematodes as well as astigmatic and prostigmatic mites were increased at eN in comparison
to aN when CO; was at ambient levels. The modest and mostly detrimental effect of eN, in
particular on soil biodiversity, is surprising sinc e soil biota are essentially fueled by the energy

derived from plants (Hogberg et al. 2010), and since N addition has been shown to increase
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plant productivity (e.g. Reich et al. 2001a, 2006). For instance, van der Wal et al. (2009) found
increased diversity of nematodes, collembolans, mites and enchytraeids in a long-term (>40
years) N fertilization experiment in grassland, attributing this finding to elevated plant
productivity. However, previous findings are inconsistent, reporting positive (e.g., Sjursen et
al. 2005; van der Wal et al. 2009; Cusack et al. 2011) and negative effects (e.g., Kopeszki 1993;
van Diepen et al. 2010; Hogberg et al. 2010) on soil biota in various ecosystems. Our results
on elevated abundances of fungal feeding nematodes at eN are in line with the studies of
Ruess et al. (1999) and Li et al. (2007), reporting shifts in nematode community structure in
response to N addition in favor of fungal feeding nematodes. This increase in fungal feeding
nematodes in the study of Ruess et al. 1999) was associated with an increase in soil fungal

biomass due to fertilization.

Our SEM results on soil biodiversity suggest that d etrimental eN effects may have been mainly
due to changes in rhizodeposition. Indeed, Hogberg et al. (2010) reported reduced
belowground C allocation due to N addition in a Pinus sylvestris forest, resulting in decreased
microbial biomass markers. Moreover, Dijkstra et al. (2005) reported reduced labile soil C at
eN at the same field site. Similarly, in BioCON Adair et al. (2009) found that eN stimulates little
increase in belowground activities beyond those strictly associated with root biomass, and in
fact a decreased total belowground carbon allocation once roots are accounted for. Thus,
similar to part of the positive eCO; effects on soil biota, negative eN effects may also be due
to changes in rhizodeposition. In addition, N addition can decelerate decomposition of soil
organic material, including in BioCON (Dijkstra et al. 2004), and change soil community
composition and reduce soil biodiversity (Ruess et al. 1999; Frey et al. 2004; Treseder 2008),
possibly by favouring few opportunistic taxa, such as shown for eCO; effects on microbial

communities (Drigo et al. 2010).

In contrast to hypothesis (3) expecting summer drought to decrease the abundance and
biodiversity of soil biota, summer drought only had few effects on soil biota; only the density
of microarthropod herbivores decreased in response to reduced precipitation and the density
of ciliates at eN and reduced precipitation. This is surprising given the strong dependency of
many taxa of soil biota on water availability (Cole man et al. 2004) and the significant reduction
of summer precipitation by approximately -45%. Many global change experiments found

detrimental drought effects on soil biota (e.g., Lindberg & Bengtsson 2005; Landesman et al.
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2011; Kardol et al. 2011; Blankinship et al. 2011) and Blankinship et al. (2011) found
precipitation to have significantly stronger effects on soil biota than eCO; and warming. In
addition, the positive impact of precipitation inte nsified with time (Blankinship et al. 2011), a
change that should have been covered by our study examining drought effects after four
years. However, soil biota colonizing the upper 10 cm of the soil may also be adapted to
drought events as the soil is a sandy outwash (Reich et al. 2001a), which dries out quickly
during summer. Further studies are needed to investigate the generality of our findings as well

as long-term effects of summer drought.

Recent reviews on global change effects on soil biota concluded that there is an urgent need
for long-term studies investigating interactions between different agents acting in concert
(Maraldo & Holmstrup 2010; Blankinship et al. 2011). Indeed, effects of global change agents
depended on each other. Although we found no significant three-way interactions between
CO;, N and summer drought, there were several two-way interactions, supporting our
hypothesis (4) in part, expecting significant interactive effects of global change agents on the
abundance and biodiversity of soil biota. Remarkably, five of the six two-way interactions were
those between CO; and N. Although the direction of interactions varied between groups of
soil biota, the response of soil microarthropod taxa richness is of specific interest as it is in line
with a recent study on plant diversity responses (Reich 2009). Soil microarthropod taxa
richness decreased significantly at eN, but only at aCO; (Fig. 2b), suggesting that eCO;
ameliorated the negative effect of N enrichment. Reich (2009) found the same interaction for
plant species richness and ascribed the changes to multiple effects of CO; and N on plant traits
and soil resources altering competitive interactions between plant species. Impacts on soil
microarthropod taxa richness in the present study were not due to changes in plant species
richness (r=0.14, P =0.35). The reduction in rhizodeposition at eN suggested above may have
been counteracted by eCO;through elevated shoot litter inputs, increase rhizodeposition and

soil microbial biomass.

In contrast to microarthropod taxa richness, nematode taxa richness was at minimum at eCO;
and eN (Fig. 3b), indicating more adverse belowground consequences for biodiversity of
interactions between these global change agents. In accordance with the response of
microarthropod taxa richness, there was a slight negative effect of eN on nematode taxa

richness, suggesting decreased rhizodeposition (Fig. 3b). This assumption is supported by the
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finding that the density of predatory nematodes strongly decreased at eN. As predatory
nematodes indicate complex and diverse soil food webs (Ferris et al. 2001; Williamson et al.
2005; Eisenhauer et al. 2011), we suggest that N enrichment leads to simplified belowground

food webs.

Elevated CO; had an indirect negative effect on nematode species richness through increasing
shoot litter biomass. This effect may have been due to changes in nematode community
composition due to the promotion of few dominant ne matode and/or microarthropod
species. Moreover, eCO; can change plant stoichiometry (e.g., Novotny et al. 2007; Reich
2009) and high excess C has been shown to fuel plant defense compounds, reducing the
palatability of plant tissue (Agrawal & Fishbein 2006). This assumption is supported by the
significant interactive effect of CO, and N on microarthropod herbivores: densities were
markedly higher in the ambient treatment than in the elevated treatments. The reasons for
the differential response of nematode taxa richness and microarthropod taxa richness to litter
biomass remain unclear, but perhaps are driven by complex interactions between bottom-up
and top-down forces (Hoeksema et al. 2000), which cannot be comprehensively evaluated
without detailed knowledge of all possible food sou rces and trophic interactions. For instance,
both Astigmata and Prostigmata as well as fungal feeding nematodes had higher densities at
eN in comparison to aN at aCO;, whereas the opposite was true at eCO>. This indicates distinct
shifts in microbial community composition and in th e ratio between bacteria and fungi in
response to global change agents (Ruess et al. 1999; Chung et al. 2007), which were not
reflected by total microbial biomass. Future studie s should investigate the relative importance
of the bacterial and fungal energy channels in varying global change treatments, since shifts
in soil microbial community composition are likely to have marked effects on ecosystem

functioning (Coleman 1983; Hunt et al. 1987).

In addition to interactions between CO; and N, the abundance of ciliates varied significantly
in response to eN and summer drought, supporting that the abundance of active ciliates is
particularly sensitive to drought events (Foissner 1997). Minimum densities at eN in the
summer drought treatment indicate that the assumed reduction in rhizodeposition due to N
addition was most detrimental under dry conditions. More long-term studies are needed to

investigate if this significant interaction will al so materialize in other groups of soil biota, since
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ciliates represent a crucial link between bacteria and higher trophic levels in soil (Ekelund &

Rgnn 1994).

Overall, the modest response of soil biota found in the present study may indicate that soil
food webs are buffered against global change stressors and/or have already adapted to the
treatments. It should however be noted that bottom-up and top-down stressor effects on soil
food webs are likely to depend on climatic conditions; thus, there is an urgent need for
repeated belowground measurements in long-term global change experiments in order to
appreciate the significance of stressor effects in multiple years and varying climatic conditions

(Yeates et al. 2003; Li et al. 2007).

In conclusion, four years of summer drought exerted surprisingly minor effects, but long-term
(13 years) changes in CO; and N availability resulted in modest alterations of soil biotic food
webs and biodiversity via several mechanisms, encompassing soil water availability, plant
productivity and — most importantly — rhizodeposition. Enrichment of atmospheric CO;
concentrations and elevated N deposition may result in taxonomically and functionally
altered, potentially simplified, soil communities. The overall reduction of soil biodiversity by -
11% at eN (F1,36= 8.58, P = 0.006) likely is an underestimation of real consequences as many
taxa have not been identified to species level. Simplification of soil food webs due to N
deposition may thus be similar to or even more pronounced than that of plant communities
(Clark & Tilman 2008; Reich 2009), and of particular concern as soils house a considerable

fraction of global biodiversity (Decaéns 2010).
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Global change and nematode communities

Abstract

Soils store ~80% of global terrestrial organic carbon and alterations in fluxes into and out of
this pool may interact with ongoing climate change. Little is known about the responses of
belowground food webs driving soil C dynamics to co-occurring global change agents. We
investigated grassland at ambient and elevated atmospheric CO2 concentration, ambient and
enriched nitrogen input, and ambient and reduced summer precipitation to evaluate how
these agents affect soil processes by utilizing nematodes as indicator group of soil food web
structure. The density of fungal feeders increased considerably due to N addition, but this
effect was alleviated by elevated CO,. Nematode community analysis suggested that the
decomposer community switched from bacterial-dominated to a fungal-dominated system at
elevated N, indicating shifts in the microbial community as well as in the functioning of
belowground food webs. Reduced densities of root-fe eding Longidoridae at elevated CO; and
elevated N suggest increased plant performance and lower susceptibility to herbivores.
Predacious nematodes were less abundant at elevated N, and changes in nematode
community structure suggest reduced top-down forces and simplified soil food webs. At
elevated CO; top-down forces likely were strengthened as the density of bacterial-feeding
nematodes did not change despite increased belowground carbon flow. The studied global
change agents interactively and differentially affected functional guilds of soil nematodes,
suggesting complex changes in soil processes with decomposition processes shifting towards
the fungal channel at elevated N. Overall, the results indicate that shifts in soil food web

structure may cause distinct changes in ecosystem functioning.
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Introduction

Human activity leads to changes in atmospheric CO, concentration, nitrogen (N) deposition
and precipitation regimes with considerable impacts on ecosystem functioning (IPCC 2007).
These global change agents are acting in concert, and understanding their interactive effects
is crucial to predict the consequences for ecosystem functions and services (Reich et al.
2006a). Typically, in terrestrial ecosystems >90% of the biomass produced by plants enters the
dead organic matter pool forming the basis of the decomposer system (Schlesinger and
Andrews 2000). Thus, understanding interactions between plants and decomposers is of high
importance, especially as the balance between carbon sequestration and carbon loss depends

on those interrelationships (Gessner et al. 2010).

Since the industrial revolution, CO, concentrations in the atmosphere have increased from
approximately 270 ppm to 380 ppm in 2005 and presumably will reach 550 ppm by the year
2050 (IPCC 2007; Rogelj et al. 2012). Higher atmospheric CO, concentrations significantly
impact plant physiological processes. At least three responses are relevant to the decomposer
system. Most prominent is the increase in plant carbon (C) acquisition which leads to both
greater biomass production (Ainsworth and Long 2005) and greater labile C inputs to the soil
(Adair et al. 2011). Also, increasing C acquisition is usually associated with a larger C-to-N ratio
of live plant tissue and therefore reduced tissue quality for consumers (Kérner 2000). These
plant responses have cascading effects on both aboveground (Lau and Tiffin 2009) and
belowground consumers (Blankinship et al. 2011), the latter representing important drivers
of soil processes, such as organic matter decomposition and nutrient mineralization. Within
the decomposer system, microbial biomass is enhanced at elevated atmospheric CO:
concentrations (He et al. 2010) probably due to increased rhizodeposition (Zak et al. 1993;

Grayston et al. 1998). Furthermore, arbuscular mycorrhizal fungi (AMF) rapidly respond to
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increased input of root derived resources at elevated atmospheric CO, concentrations (Drigo
et al. 2010), although responses are variable (Wolf et al. 2003; Antoninka et al. 2011). The
response of soil animals to elevated CO; depends on ecosystem type and plant community
composition (Blankinship et al. 2011). The recent study of Eisenhauer et al. (2012) proposed
bottom-up control of soil fauna due to higher rhizo deposition in a long-term study (13 years)
in temperate grassland. Belowground responses to higher plant biomass production and
rhizodeposition under elevated atmospheric CO> can either increase C loss by increasing
bottom-up forces leading to increased decomposition or enhance C sequestration when top-
down forces counter bottom-up forces (Wardle et al. 1998; Schulze and Freibauer 2005). This
balance has major implications for ecosystem feedback effects to atmospheric CO;
concentrations and therefore on the global C cycle and may depend on other co-occurring
global change agents. However, effects of elevated CO; concentrations on soil organisms may
depend on other environmental conditions, such as N inputs (Hoeksema et al. 2000; Chung et

al. 2007).

Nitrogen is a key nutrient in terrestrial ecosystems (LeBauer and Treseder 2008) and crucially
determines processes such as decomposition, mineralization and nitrification (Swift et al.
1979; Parton et al. 2007). The previously reported effects of N addition on different processes
are positive, negative or neutral, reflecting that N regimes in soils are poorly understood and
may be context-dependent (Knorr et al. 2005; Keeler et al. 2008). N fertilization often
increases plant productivity (Reich et al. 2001c), but also decreases above- and belowground
biodiversity by favoring dominant species (Clark and Tilman 2008; Reich 2009; Eisenhauer et
al. 2012). Elevated N availability can decrease rhizodeposition (Dijkstra et al. 2005; Hogberg
et al. 2010) with neutral to negative effects on soil microorganisms and higher trophic levels

of soil organisms (Eisenhauer et al. 2012). As most terrestrial ecosystems are N limited,
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fertilization and atmospheric N deposition may indu ce unexpected CO; responses with poorly
understood consequences for the belowground system and ecosystem functioning (Reich et
al. 2006b). Previous studies on soil biota found in teractive effects of increased atmospheric
CO; concentrations and N fertilization (Hoeksema et al. 2000; Hu et al. 2001; Eisenhauer et al.
2012). However, long-term responses of the belowground system remain little understood
(Bardgett and Wardle 2010), though they are important as ecosystems often respond slowly

to environmental changes (Kuzyakov and Gavrichkova 2010).

In addition to altered CO; and N levels, climate is projected to change with altered
precipitation regimes (IPCC 2007; Kerr 2007). Soil moisture and related biotic and abiotic
parameters are important driving forces for soil processes (Kardol et al. 2010). Drought has
mostly negative effects on soil fauna by hampering directly their reproduction and
development (Lindberg et al. 2002) or indirectly by changing the composition and biomass of
microorganisms (Hawkes et al. 2011) and plants (Kardol et al. 2010). In addition, responses to
changes in soil moisture regime depend strongly on the plant community (Gross et al. 2008).
Soil moisture may interact with CO; and N availability since elevated CO; levels often
increasing soil water content and N content increase with higher soil moisture (Kérner 2000;
Zhang and Wienhold 2002), therefore complex interactions in soil processes and involved soil
biota are likely. However, most previous studies separately investigated the influence of
atmospheric CO; enrichment, N fertilization and changes in soil water content (Blankinship et

al. 2011).

One promising approach to detect changes in soil processes is the investigation of soil food
web structure, exemplified by the composition of functional guilds of nematodes (Bongers
1990; Yeates et al. 1993; Ferris et al. 2001). As nematodes have diverse feeding behaviours

and life strategies and play a key role in soil food webs, they function as important indicators
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for ecosystem processes (Ferris 2010; Yeates 2010). Functional grouping of nematodes can
provide important information to detect changes in soil processes by considering distinct
feeding strategies, e.g. bacterial or fungal-feeding, and their responses (tolerance vs.
sensitivity) to environmental changes. In addition, nematode based indices allow evaluating
ecosystem nutrient status (enriched vs. depleted), structure of the soil food web (complexity
vs. simplicity), and the relevance of decomposition channels (bacterial vs. fungal) (Ferris et al.

2001).

We used a well-established global change experiment in grassland (BioCON) to explore
interactive effects of elevated atmospheric CO;, N deposition and reduced summer
precipitation on soil nematode communities. The Bio CON experiment is ongoing for more
than 13 years, and results may therefore not be biased by transient effects caused by the
establishment of the experiment. Nematodes comprise diverse trophic groups of different
trophic levels; using the approach by Ferris et al. (2001), nematodes can additionally be
arranged into functional guilds, i.e., accounting for different life history strategies in each
trophic group (Ferris et al. 2001). For instance, opportunistic species are favored by high
nutrient supply and are tolerant to environmental stress, whereas sensitive species respond
negatively to disturbance. Combining information on different life history strategies and
trophic group affiliation allows identification of functional guilds, which respond similarly to
food web enrichment and disturbance. Results of Eisenhauer et al. (2012) at the same site
indicated altered soil communities mainly due to treatment-induced changes in
rhizodeposition (Eisenhauer et al. 2012). The prese nt study goes one step further by arranging
nematodes into functional guilds. The calculation of the nematode functional indices

introduced above provides information on the functioning of soils communities.
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We hypothesised (1) elevated CO; to increase the abundance of opportunistic nematodes due
to higher resource availability, (2) increased N fertilization to reduce connectivity and food
web complexity, i.e., low number of trophic links and reduced stability of the nematode
community, but to increase the abundance of opportunistic nematodes as they may profit
from increases in resource availability, (3) reduced precipitation to have non-significant
effects on opportunistic soil nematodes as they are adapted to the sandy and dry environment
at the study site, and (4) nematode functional guilds to be influenced by interactions of the

three global change agents and therefore not to be predictable from single factor effects.

Material and Methods

Location and experimental design

The study was carried out within the framework of the BioCON experiment (short for
Biodiversity, CO, and N) at Cedar Creek in Minnesota, USA (Reich et al. 20013; c). The site is
situated on an N limited glacial outwash sand plain with soils containing 94.4% sand and 2.5%
clay. The climate is continental with warm summers and cold winters. Mean annual

precipitation is 660 mm (Reich et al. 2001a).

The experiment was conducted on secondary successional grassland after removing the
previous vegetation. Starting in 1997, atmospheric CO; was elevated (eCO;) via FACE (Free air
CO; enrichment) technology at 550 ppm in three of six rings 20 m ID. An ambient CO; (aCO3)
concentration (370 ppm) was delivered to the three remaining rings. Within these rings, plots
of 2 x 2 m were established differing in N concentration, plant species richness (not considered

in the present study) and summer precipitation. Nitrogen was delivered to half of the plots in
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May, June and July as 4 g NHsNO3z m™ yr!slow release ammonium nitrate (ambient N = aN,
elevated N =eN). This amount roughly doubles the ambient soil N availability at this site (Reich
et al. 2001b). Since 2007, summer precipitation was reduced on half of the plots (rPREC;
ambient precipitation = aPREC) by approximately 45% with portable rain-out shelters from
May to August to simulate summer drought (Eisenhauer et al. 2012) as one additional future

global change scenario in this region (Wuebbles and Hayhoe 2004; IPCC 2007).

The main experiment was set up in 1997 with plots differing in plant species richness (1, 4, 9,
and 16 species). Here, we focus on 48 randomly chosen 9-species plots now containing 6-7
species on average and belonging to 3-4 functional groups (Reich et al. 2001a; c; Eisenhauer
et al. 2012). The sown plant species comprise four species of each of the functional groups C3
grasses, C4 grasses, herbs and N fixing legumes (Reich et al. 2001a). The experiment was
arranged in a complete factorial combination of 2 x CO, (ambient and +180 ppm), 2 x N
(ambient and +2 g NHsNOs m2 yr') and 2 x summer precipitation (ambient and -45%),

replicated six times each.

Sampling

In August 2010, five weeks after the last N addition campaign, three soil samples (2 cm in
diameter, 6 cm depth) were taken at each plot. Homogenized samples were pooled and stored
at 4°C until extraction. Nematodes were extracted from the soil samples (10 g fresh weight)
by a modified Baermann method (Ruess 1995). Soil samples were placed in separate plastic
vessels with gauze at the bottom coated with a milk filter. The vessels were put in funnels
connected to glass vials and watered. Nematodes were left at 20°C for 30 h to traverse the
filter. Animals were killed and fixed by formaldehyde solution (4 %). Nematodes were counted

and a minimum of 100 individuals, if present, were determined to family or genus level using
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100x magnification (Zeiss, Axiovert 135) for arranging them into trophic groups according to

Yeates et al. (1993) (Yeates et al. 1993).

Nematode community indices

To evaluate food web characteristics, Enrichment Index (El), Structure Index (SI) and Channel
Index (Cl) were calculated after Ferris et al. (2001) (Ferris et al. 2001). These three indices are
calculated independently from the weighted abundance of nematode guilds. Nematode guilds
comprise bacterivores (Bax), fungivores (Fuy), predators (Prx) and omnivores (Omy) ranging
alongthe c-p scale from x=1to x=5. Nematodes of c-p 1 have a short life cycle, high fecundity,
are tolerant to disturbance and can be ascribed to r-strategists. In contrast, nematodes of c-p
5 produce few large eggs, have a long life cycle combined with a long generation time and are
sensitive to disturbance resembling K-strategists. Numbers between 1 and 5 reflect gradations
between these opposing life history strategies (Neher and Darby 2009). The relative
abundance of these guilds reflects certain soil conditions and characteristics of the soil food
web, such as level of enrichment, disturbance and food web complexity. The El provides
information about the resource status of the ecosystem investigated. It is based on bacterial-
feeding nematodes within c-p 1 (Bai) and fungal feeders within c-p 2 (Fuz). Ba1 occur in high
numbers in disturbed systems, e.g., due to mortality leading to nutrient flushes and high
microbial activity (high El). High availability of complex organic material is reflected in
increased densities of Fu,. Therefore, both guilds represent nutrient enriched conditions. In
addition, the calculation of the El is related to nematodes with a wide ecological range (Ba:
and also Fu;) consequently being ubiquitous. The El is calculat ed as

El= 100 x [e/(e+b)], (egn. 1)
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with e representing the enrichment component, calculated as the weighted frequencies of Ba:
and Fuz and b representing the basal food web component, calculated as the weighted

frequencies of Baz and Fua.

The Structure Index (SI) combines functional guilds of nematodes of higher c-p values ranging
from c-p 3-5. Nematodes within these guilds represent more stable conditions, e.g., by
recovering from stress and higher food web connectivity, i.e., a high degree of connectence
through many interactions and therefore functional resilience to disturbance (Ferris et al.
2001). High Sl values indicate a structured ecosystem with many trophic links, whereas low

values stand for simplified and disturbed systems. It is calculated as

SI=100 x [s/(s+b)], (eqgn. 2)

with s representing the structure food web component calculated as the weighted frequencies
of Bas-Bas, Fus-Fus, Pr3-Prs and Oms3-Oms as well as b the basal food web component,

calculated as the weighted frequencies of Ba; and Fus..

Information about the dominant decomposition channe | is provided by the Channel Index (Cl),
as it reflects the percentage of fungal-feeding nematodes among the total of fungal feeders
and opportunistic bacterial-feeding nematodes. It is calculated as

CI=100 x [0.8 x Fuz/(3.2 x Ba; + 0.8 x Fuy)], (eqn. 3)

with Fu; representing all fungal feeders of c-p 2 and Bai all bacterial feeders of c-p 1 and
coefficients represents the population increase rate (Ferris et al. 1996). Low Cl values indicate
bacterial dominated decomposition whereas high values refer to a more fungal dominated

system.
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Statistical analysis

Three-way ANOVA (SAS 9.2, SAS Institute Inc., Cary, NC, USA) was used to test for main effects
of CO; (ambient and elevated), N (ambient and elevated) and precipitation (ambient and
reduced) and all possible interactions. Nematode abundance data was log transformed to
meet the requirements of ANOVA. The effect of CO; was tested against the random effect of
ring nested within CO; (Reich et al. 2001c). We did not correct for multiple statistical tests
considering the mathematical and logical argumentation by Moran (2003) (Moran 2003).
Briefly, ecological studies often are highly variable and have low replication resulting in more
high P-values and only few very low P-values, therefore decreasing the probability of
significant multiple statistical tests. Nematode guilds and families comprising less than 2% of
the entire population were excluded from the analysis. Treatment effects on the overall
density of varying trophic groups and taxa richness are described elsewhere (Eisenhauer et al.

2012).

Results

Family composition

Elevated CO; significantly decreased densities of plant feeders within ¢c-p 5 (Pls), consisting
exclusively of root-feeding Longidoridae, but the effect varied with N supply (Table 1, Fig. 1a).
At eCO3, eN decreased Longidoridae density significantly by —65% compared to aN at eCO.. In
contrast, at aCO», eN significantly increased Longidoridae density by +148% compared to aN
at aCO,. Other plant feeders did not react significantly to the treatments. Elevated N

significantly increased densities of Ba, (Table 1), mainly due to dominant bacterial-feeding
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Figure 1 | The effect of CO2 (aCO2 = ambient CO2, eCO2 = elevated CO2) and N addition (aN = ambient N, eN =
elevated N) on a) Longidoridae (Pls), b) Baz nematodes, c) Fuz nematodes and d) Mononchidae (Pra). Pl = plant
feeders, Ba = bacterial feeders, Fu = fungal feeders, Pr = predators, Ce = Cephalobidae, Ple = Plectidae.
Subscript numbers refer to the related c-p-classification of nematodes (see text for details). Means + SE; n=6.

Cephalobidae increasing in density by +61% at eN compared to aN (Fig. 1b; Table 2). No
bacterial-feeding guild was significantly influenced by CO; or precipitation nor by any
interaction (Table 1).

Densities of Fu, were significantly higher at eN (+112%) than at aN, but differences mainly
occurred at aCO; (2-way interaction; Fig. 1c).

The predatory Mononchidae, representing the guild Prs, were significantly reduced at eN
compared to ambient N levels (-63%; Fig. 1d), whereas omnivore nematodes were not

significantly influenced by any of the treatments (Table 1).
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Table 1 | ANOVA table of F- and P-values on the effects of CO2 (ambient and elevated), N (ambient and elevated), summer precipitation (PREC: ambient and reduced
precipitation) and all possible interactions on the abundance of functional guilds of soil nematodes c haracterized with the same feeding habit (trophic group) and by life
history characteristics expressed along a colonizer—persister (c-p) scale (after Bongers 1990) as indicated by the number on the c-p scale and on nematode indices after
Bongers (1990) and Ferris et al. (2001). Pl = plant feeders, Ba = bacterial feeders, Fu = fungal feeders, Om = omnivors, Pr = predators, subscript numbers indicate the
corresponding c-p classification, EI = Enrichment Index, S| = Structure Index, Cl = Channel Index. Arrows indicate the direction of treatment effects. I = increase in
abundance at elevated CO2 and elevated N or at reduced level of precipitation, {, = decrease. Rare groups are not displayed and were not analyzed with ANOVA due to
very low densities (< 2%). For means consider Table S2

CO; N PREC CO:xN €O, x PREC N x PREC CO2x N x PREC
F P F P F P F P F P F P F P
c-p-classes
cpl 1.47 0.2930 1.58 0.2162 0.10 0.7591 0.23 0.6316 3.09 0.0873 0.06 0.8079 0.05 0.8278
c-p2 0.01 0.9215 5.14 0.0294 1 0.02 0.8879 0.78 0.3827 0.05 0.8298 0.97 0.3320 0.73 0.3970
cp3 0.10 0.7700 0.01 0.9141 199 0.1673 0.00 0.9967 0.81 0.3727 0.02 0.8832 2.84 0.1004
cp4 0.15 0.7206 9.16 0.0046 | 1.74 0.1949 3.17 0.0835 0.10 0.7590 2.28 0.1399 0.96 0.3346
c-p5 2.56 0.1857 1.26 0.2688 0.15 0.7039 145 0.2371 0.12 0.7280 0.90 0.3498 0.01 0.9087
Functional guilds
Pl 0.00 0.9936 0.01 0.9386 1.83 0.1851 0.50 0.4861 0.02 0.8951 0.06 0.8003 0.00 0.9603
Pls 4.89 0.0922 0.88 0.3544 0.05 0.8203 7.06 0.0117 0.00 0.9563 0.25 0.6210 0.12 0.7295
Ba1 1.47 0.2930 1.58 0.2162 0.10 0.7591 0.23 0.6316 3.09 0.0873 0.06 0.8079 0.05 0.8278
Baz 0.06 0.8118 7.16 0.0112 4 136 0.2506 0.33 0.5669 0.12 0.7331 0.51 0.4786 2.93 0.0956
Bas 0.09 0.7804 0.06 0.8034 2.53 0.1204 0.01 0.9143 0.41 0.5256 0.03 0.8616 3.70 0.0623
Fua 0.49 0.5230 535 0.0266 1 1.73 0.1964 4.30 0.0454 0.00 0.9870 0.81 0.3745 0.05 0.8280
Fus 0.55 0.4995 2.23 0.1437 2.75 0.1059 3.35 0.0757 0.06 0.8007 0.06 0.8091 194 0.1721
Oma 1.24 0.3292 244 0.1267 1.60 0.2145 2.14 0.1517 0.08 0.7744 2.23 0.1437 0.14 0.7118
Oms 0.19 0.6842 0.24 0.6291 0.46 0.5035 148 0.2312 0.09 0.7696 0.48 0.4914 0.13 0.7240
Pra 1.16 0.3444 7.68 0.0088 | 0.09 0.7677 0.16 0.6931 0.16 0.6894 194 0.1717 0.11 0.7404
Indices
El 6.42 0.0688 11.97 0.0014 | 1.38 0.2480 0.17 0.6812 5.20 0.0286 0.59 0.4492 0.38 0.5429
S| 10.67 0.0419 J 10.09 0.0031 | 0.00 0.9813 0.02 0.9030 0.12 0.7325 0.85 0.3638 0.92 0.3439
Cl 1.84 0.2470 10.59 0.0025 4 0.56 0.4572 2.25 0.1423 4,19 0.0481 2.94 0.0950 0.83 0.3682
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Table 2 | Mean + SE of abundance (Individuals/g soil dry weig ht) for c-p scale and functional guilds as well as Enrichment Index (El), Structure Index (SI) and Channel Index (Cl) as
affected by of CO2 (ambient = aCO2, elevated=eC02), nitrogen (ambient =aN, elevated eN) and precipitation (ambient = aPREC, elevated = rPREC). Pl= plant feeders,
Ba=bacterial feeders, Fu = fungal feeders, Om = omnivors, Pr = predators, subscript numbers indicate the corresponding c-p classification. *= not analyze d with ANOVA due to
very low densities (< 2%)

aCoO, eCO;
aN eN aN eN
aPREC rPREC aPREC rPREC aPREC rPREC aPREC rPREC
c-p classes
cpl 281 * 0.75 1.89 = 0.69 241 + 048 207 £ 138 3.06 £ 0.63 454 = 1.00 3.09 £ 161 351 £ 1.29
c-p2 7.85 = 214 596 + 1.49 9.77 + 175 12.23 + 227 7.75 = 1.27 7.53 = 1.56 11.11 = 4.14 9.29 + 161
cp3 293 + 0.74 099 * 0.35 195 = 0.56 156 +* 0.37 207 £ 123 190 * 049 212 £ 0.60 144 = 0.66
cp4h 331 + 0.68 291 + 043 189 = 0.34 379 + 084 368 + 0.84 493 * 1.82 134 + 0.28 250 * 1.04
c-p5 263 *+ 0.88 252 + 0.99 436 + 141 412 + 0.88 160 + 0.39 151 + 0.35 149 + 0.56 1.86 + 0.52
Functional guilds
Pl; 206 * 148 125 + 0.70 148 + 049 0.64 + 0.21 139 + 0.69 0.71 + 0.30 208 + 1.26 087 * 031
Pls* 0.00 * 0.00 0.09 * 0.09 0.11 * 0.08 0.03 * 0.03 0.00 * 0.00 0.09 * 0.06 0.00 * 0.00 026 + 0.13
Pls 113 + 0.72 125 = 0.74 320 * 1.29 272 + 0.82 0.70 £ 0.29 0.50 * 0.22 0.11 * 0.08 031 * 0.17
Ba; 281 * 0.75 1.89 = 0.69 241 + 048 207 £ 138 3.06 £ 0.63 454 * 1.00 3.09 £ 161 351 £ 1.29
Ba, 452 + 0.83 406 + 0.78 5.18 + 0.1 844 + 1.02 476 + 144 592 + 1.27 731 + 210 7.00 + 148
Bas 293 + 0.74 090 * 0.37 184 + 0.61 154 + 0.37 207 =+ 1.23 1.82 + 047 212 + 0.60 1.18 + 0.62
Bag* 0.02 =+ 0.02 0.02 + 0.02 0.00 =+ 0.00 0.00 + 0.00 0.10 + 0.07 0.06 += 0.06 0.00 + 0.00 0.00 =+ 0.00
Fu; 127 + 042 0.65 = 0.29 3.11 + 0.92 3.15 + 143 160 + 041 091 + 0.18 1.72 + 0.85 142 + 0.51
Fus 0.13 + 0.13 0.39 = 0.27 043 *+ 0.28 0.77 = 0.49 090 * 0.36 253 + 1.20 058 + 0.29 0.70 = 0.40
Omy 193 = 0.60 172 + 0.35 124 = 0.23 255 = 0.65 207 + 0.64 202 + 0.74 0.61 * 0.22 149 = 0.72
Oms 137 = 0.23 123 + 0.23 1.10 + 0.34 140 = 041 0.86 * 0.15 1.01 + 0.27 138 + 0.54 150 + 041
Prs 125 = 0.58 0.80 * 0.34 021 * 0.8 047 = 0.25 0.70 * 0.15 0.38 * 0.16 0.15 * 0.07 031 * 0.8
Prs* 0.13 * 0.3 0.03 + 0.03 0.07 * 0.07 0.00 * 0.00 0.04 + 0.04 0.00 * 0.00 0.00 * 0.00 0.05 * 0.05
Indices
El 57.21 + 5388 4959 + 532 5212 + 458 3096 + 7.15 61.30 + 4.50 66.54 + 2383 4562 + 7.95 4959 + 6.39
S| 85.25 + 2.68 83.69 + 343 7207 = 431 70.82 + 5.00 8136 = 4.02 7534 * 6.68 6234 = 7.96 70.81 + 5.25
Cl 7.87 * 291 10.02 + 4.25 18.24 * 2.76 3429 + 9.93 1091 * 3.80 406 + 091 14.04 + 533 12.47 * 455
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Figure 2 | Enrichment Index (El) and Structure Index (SlI) trajectories for plots arranged in a full factorial
combination of ambient CO2 (aCOg; triangles) or elevated CO; (eCOg; circles), ambient N (aN; open symbols)
or elevated N (eN; filled symbols) as well as ambient precipitation (aPREC; blue squares) and reduced
precipitation (rPREC; red squares). Ellipses group N treatments. Continious arrows indicate effects of rPREC
reducing El, whereas dotted arrows show only little effects of aPREC on El, (n=6).

Functional guilds

Different components of the nematode community were influenced by the three
environmental factors - most strongly by N, modestly by CO, and not at all by precipitation.
Interactions were found mainly for CO; x N on the level of nematode functional guilds, and
for CO; x PREC in case of nematode indices. The BioCON site can be classified according to the
position of samples within the faunal profile based on El and S| (Fig. 2). The varying global
change treatments were plotted closely dispersing in quadrants B and C. Generally, quadrant

B classifies sites being little to moderately disturbed, N enriched, with a balanced
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Figure 3 | The relative contribution (mean + SE) of bacterial feeders within c-p 1 (Bai) and fungal feeders
within c¢-p 2 (Fuy) reflect the importance of decomposition channels as affected by CO (aCO2 = ambient CO»,
eCO2 = elevated CO2), N addition (aN = ambient N, eN = elevated N) and precipitation (aPREC = ambient
precipitation, rPREC = reduced precipitation). Low Cl values indicate bacterial dominated decomposition,
whereas high values refer to a more fungal dominated system (n=6).

decomposition channel (i.e., bacterial vs. fungal-f eeding nematodes), and a mature food web,
whereas quadrant C contains undisturbed sites, moderate enrichment, decomposition
channels dominated by fungi and stable food web conditions. Here, quadrant B contained
plots treated with ambient N, whereas quadrant C comprised plots with N addition, indicating
a shift in decomposition channels towards fungi at eN. In detail, nematode communities at eN
were significantly less structured and enriched than at aN, as indicated by El and SI (Fig. 2,
Table 1). In addition, nematode densities belonging to c-p 2 generally were significantly
increased at eN as compared to aN (+46 %), whereas nematodes of the c-p 4 class were
significantly reduced at eN (-36%; Table 1). Moreover, nematode communities were
significantly less structured at eCO; than at aCO,. The El was reduced by rPREC at aCO;, but

not by aPREC.

The Cl indicated that decomposition pathways at the BioCON site ranged from strongly
bacterial dominated to balanced energy channels (Fig. 3). Reduced precipitation significantly

increased Cl at aCO;, whereas Cl was lowest at eCO2 and rPREC. Cl was significantly higher at
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eN than at aN (-58%), indicating stronger fungal contribution to decomposition processes at

eN, whereas decomposition was mainly driven by bacteria at aN (Table 1).

Discussion

We used nematodes as indicators of soil ecological processes as affected by elevated CO,,
enriched N and reduced precipitation as well as their interactions in a long-term global change
experiment in grassland. Functional guilds of nematodes were significantly influenced by
some of the treatments. In particular, elevated N and interactions between N and CO; altered
the structure of nematode communities, suggesting complex changes in belowground

processes in a changing world.

Hypothesis (1) posited that eCO; increases the abundance of opportunistic nematodes, which
was not supported by our results. Indeed, however, the availability of carbon sources within
the soil system increased as indicated by significantly higher labile carbon flow (Adair et al.
2011) and higher soil microbial biomass (Eisenhauer et al. 2012) at the same field site, but all
nematode groups remained unaffected. Similar to our results, Hungate et al. (2000) and
Yeates et al. (1997) reported no increase in bacterial-feeding nematodes despite higher
microbial biomass. They argued that top-down forces, e.g. caused by increased densities of
predatory microarthropods and nematodes, counteracted bottom-up effects. Indeed, eCO;
increased the density of gamasid mites (+143%) and Collembola (+64%) in the BioCON
experiment (Eisenhauer et al. 2012), and both groups are known to feed on nematodes (Ruess
et al. 2005; Klarner et al. 2012). In addition, the abundance of ciliates increased at eCO; by
+83% (Eisenhauer et al. 2012), and this may have also circumvented bottom-up effects on

bacterial-feeding nematodes due to resource competition (Bergtold et al. 2005). Thus,
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elevated availability of labile C compounds in this soil at eCO; might have affected
competitively superior groups of soil biota, and therefore is likely to induce shifts in the

composition of soil food webs by altering the prevalence of bottom-up vs. top-down forces.

Hypothesis (2), assuming eN to reduce food web structure of the nematode community but
to increase opportunistic nematodes, was supported by our data. Elevated N availability
significantly increased the density of opportunistic Baz nematodes, although microbial
biomass did not increase at eN (Eisenhauer et al. 2012). In contrast and as detailed above,
microbial biomass increased at eCO; without significantly affecting any bacterial-feeding
nematodes. This suggests that food quality ,i.e., nutrient concentrations of microorganisms
may be of greater importance for opportunistic bacterial-feeding nematodes than food
quantity as reflected by microbial biomass (Schmidt et al. 2000). An increase in the nutrient
quality of microorganisms is probably induced by shifts in the quality of organic material and
plant exudates delivered by plants (Bardgett and Wardle 2010). The lack of response in Bai
nematodes is probably due to an increase in densities rapidly after resource increases
(Bongers and Ferris 1999), thus sampling five weeks after the last experimental N addition
may not reflect a prolonged increase in this group. This is in line with other studies were
members of Ba: did respond with little or no changes to N additio n (Sarathchandra et al. 2001;
Wei et al. 2012). The remaining bacterial feeders of higher c-p classes (Bas and Bas) decreased
in numbers which supports hypothesis (2) as mainly opportunistic nematodes profit from N
addition and as food web structure was reduced. This is also supported by the strong
reduction of predatory nematodes at eN. Since omnivores and predatory nematodes
predominate in stable and structured environments (Bongers 1990; Ferris et al. 2001), their
reduced densities likely indicate disturbed conditions. The dominant predatory taxon at the

field site of the BioCON experiment Mononchidae mainly feeds on other nematodes (Loof
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1999). However, Mononchidae did not benefit from increased nematode densities at eN likely
causing short nutrient flushes only favoring fast growing opportunists. Thus, our results point
to a less structured food web with a lower number of trophic levels and reduced top-down
forces at eN. This is also indicated by decreased plant (Wedin and Tilman 1996) and soil fauna
diversity (Eisenhauer et al. 2012) at eN, resulting in a loss of functional traits (Suding et al.

2005).

Generally, effects of N fertilization on soil microbial activity are little understood (Dijkstra et
al. 2005), but several studies stressed that decomposition is predominantly negatively to
neutrally influenced by N fertilization (Hobbie 2000). At our study site, N fertilization only
slightly increased decomposition (Knops et al. 2007). However, the decomposition channel
changed as indicated by higher ClI at eN, reflecting a stronger fungal contribution to
decomposition processes at eN, potentially due to decreasing C-to-N ratios of organic material
(Ruess 2003; Ruess and Ferris 2004) and reduced carbon allocation to roots (Hogberg et al.
2010). Negative effects of eN on the labile C pool are supported by a recent structural equation
modeling approach by Eisenhauer et al. (2012), suggesting that negative effects of eN on

several groups of soil biota were due to decreased rhizodeposition.

Hypothesis (3), assuming that reduced precipitation little affects opportunistic soil
nematodes, was supported by the results of this study. Although summer precipitation was
reduced by approximately 45% (Eisenhauer et al. 2012), soil nematodes were little affected.
This is in line with other studies reporting only w eak effects of soil moisture on opportunistic
nematodes (Porazinska et al. 1998; Ekschmitt et al. 1999). However, in combination with eCO,,
El and Cl revealed compensatory effects of eCO; to drought, as drought had little effects at
eCO,. Interestingly, only eCO; but not aPREC (as compared to reduced precipitation) led to

higher soil water content (Eisenhauer et al. 2012). Potentially, moderate drought stress was
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compensated by eCO; due to reduced transpiration as a consequence of decreased stomatal
conductance (Lee et al. 2011). Overall, no responses of all nematode groups to rPREC may be
explained by their ability to stand dry conditions by anhydrobiosis (Treonis et al. 2000) and as

the community may generally be adapted to dry conditions as it is typical for this sandy soil.

As stressed above, nematode community indices were influenced by several interactions
between global change agents. These interactions were non-additive and therefore not
predictable from single factor effects supporting hypothesis (4). Fungal-feeding nematodes
with r-strategy (Fuz) increased on plots with N addition at aCO,, whereas little differences
were found at eCO,. Elevated CO; is assumed to favor arbuscular mycorrhizal fungi (AMF) due
to increased root carbon supply (Jifon et al. 2002; Treseder 2004), whereas N fertilization
reduced AM biomass (Antoninka et al. 2011). Our results suggest that Fu, did not rely on AMF,
as their densities increased as AMF fungi decreased (Antoninka et al. 2011), but may feed
predominantly on saprotrophic fungi. In contrast, Fus followed the reverse pattern and
reacted negatively to N fertilization (-63%) and increased strongly at eCO, and aN. This
suggests that these functional guilds depend on dif ferent fungi, Fu, on saprotrophic and Fuas
on AM fungi. Our results imply that altered C and N supply to differentially affect fungal
communities and thereby soil processes as saprotrophic fungi are suggested to mobilize
carbon while mycorrhiza to mobilize N (Hobbie and Horton 2007). Changes in the importance
of functional groups of fungi due to global change agents therefore may affect carbon C pools
in soil. However, our results only provide first hints and future studies are needed to check

our hypotheses.

Densities of root-feeding Longidoridae (c-p 5) decreased considerably at eCO; and eN levels.
Generally, eCO; enhances photosynthesis and plant growth (Ainsworth and Long 2005; Lee et

al. 2011). In the BioCON experiment, eCO; significantly increased fine root biomass (+22% in
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2010; P.B. Reich, unpublished data). However, Longidoridae did not benefit from enhanced
fine root biomass, especially under N-rich conditions. In studies of grazed C3 grass-dominated
pasture on sand Yeates et al. (2003) and Yeates and Newton (2009) found densities of
Longidorus elongatus (de Man) to be significantly higher at eCO, than at aCO; (Yeates et al.
2003; Yeates and Newton 2009). This contrasts with our findings suggesting different forces
in structuring the soil food web in different environmental contexts, e.g., soil type, vegetation
and climate. Variable responses of plant-feeding ne matodes to eCO, were reported before
(Runion et al. 1994; Yeates et al. 1997, 2003; Hoeksema et al. 2000; Hungate et al. 2000; Neher
et al. 2004; Kardol et al. 2010; Wei et al. 2012), indicating that effects not solely depend on
the quantity of resource inputs (when assuming a general increase in belowground inputs at
eCO;) (Adair et al. 2011). Moreover, the interactions between CO; and N argue for multifactor
experiments but also to consider different biotic (plant and animal community, SOM) and
abiotic contexts (soil type, latitude) to correctly interpret different patterns. In addition, it was
shown experimentally for Cs plants that high CO; concentrations increased C- but also N-
containing compounds like alkaloids (Ziska et al. 2 005; Matros et al. 2006; Bidart-Bouzat and
Imeh-Nathaniel 2008), suggesting enhanced investment in plant defense (Stiling and
Cornelissen 2007; Sun et al. 2011). Thus, changes in the composition of secondary plant
compounds due to elevated C and N availability may have reduced the performance of some
plant feeding groups in our experiment. In contrast, the positive effect of eN at aCO; on
Longidoridae reflect a common fertilization effect due to increased plant biomass N content
in plant tissue (Reich et al. 2006b), with the latter likely representing high quality food.
However, other plant-feeding nematodes, such as Tylenchidae, were not significantly affected
suggesting that those taxa are more tolerant to changes in plant physiology. In sum, changes

in C and N regimes may alter plant performance and consequently impact on trophic
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interactions; however, varying outcomes due to differences in species traits make

generalizations difficult (Reich et al. 2006a).

Our results show the relevance of interactive effects of CO,, N and precipitation on nematode
communities and their functions, suggesting that long-term studies on interactive effects of
global change agents are needed to improve predictions of consequences of future global
changes (Reich et al. 2012). Increased carbon allocation to roots and mycorrhizal fungi and
high N inputs presumably changed the composition of the microbial community with
cascading effects on the soil food web and on soil processes. The shift in soil energy channels
towards r-strategists at elevated N levels points to significant changes in the functioning of
soil food webs. Future studies need to investigate consequences for soil C dynamics to better
predict if soils act as C source or C sink when subjected to climate change. Moreover, studies
in global change experiments are needed relating changes in the functional indices of soil
nematodes to process rates, such as C dynamics with considering aboveground and

belowground systems together as they are intimately linked.
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Chapter 6 | NanoSIMS

Abstract

Nematodes contribute significantly to nutrient fluxes in soil but are excluded from soil food
web analyses due to their small size. NanoSIMS offers the possibility to trace isotopes at a high
spatial resolution but its adaptability to nematode s has not been investigated so far. High
vacuum during the measurement requires special embedding and was applied first according
to embedding techniques for transmission electron microscopy. Single specimen of
Aporcelaimellus spec. were embedded in resin and successfully measured with NanoSIMS.
Simultaneous measurements of different isotopes resulted in maps of carbon, nitrogen and
phosphorous. NanoSIMS did not deliver the possibili ty to integrate nematodes within food
web analyses based on natural abundances due to high error in isotope detection precluding
measurement of natural abundances of 3C and N but offering a powerful tool for tracking
element flow and food web relationships. Combing this approach with advanced
microbiological techniques allow to differentiate s pecies-specific bacterial and fungal sources,

also tissue analyses are possible.

Introduction

Nematodes are the most abundant Metazoa worldwide (Jairajpuri & Ahmad 1992) and
contribute significantly to essential ecosystem functions such as decomposition and
mineralization (Ettema 1998; Yeates et al. 2009). As nematodes are assumed to comprise
mainly of bacterial, fungal and plant feeders they form an important link between basal
resources and higher trophic levels. Empirical evidence for grouping nematodes into feeding
groups is scarce which is unfortunate considering the enormous species numbers of between
40,000 to 10,000,000 (Blaxter 1998). Traditionally, nematode feeding relationships are based
on stoma and pharyngeal morphology arranging nematodes into feeding groups (Fig. 1), with
support coming from laboratory observations (Wood 1973; Yeates et al. 1993; Okada et al.
2002, 2005; Okada & Kadota 2003) but these observations are of limited reliability for
extrapolation to field conditions. Simple stoma wit h fixed size are predominantly found in
nematodes assumed to feed on bacteria (Fig. 1a). Permanently cavernous stoma occur mostly

in predatory nematodes being expandable in size with fixed or moveable teeth to ingest large
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Figure 2 | Nematode feeding types of a) bacterial feeder, b) predator, c) plant feeder, d) fungal feeder and e)
omnivore.

prey (Fig. 1b). Many nematodes have stylets of different sizes. The stomatostyle within the
order Tylenchida presumably evolved from sclerotized parts of the stoma. It has a narrow
aperture (<0.5 um) constraining the type of ingested material and is found in plant (Fig. 1c)
and fungal feeders (Fig. 1d). The odontostyle of the Adenophorea originated from the wall of
the esophagus and is wide open (>5um). It is a hollow structure and is commonly associated
with predators and omnivores (Fig. 1e). Related genera within one family are assumed to be
trophically similar (Bongers & Ferris 1999), but exceptions exist (Gupta et al. 1979; Procter
1986; Small 1987; Yeates et al. 1993). Classification into ecological indices of nematodes
according to their mouth morphology is popular and widespread as it is much easier as species
determination. Varying sensitivity among nematodes families is used to monitor
environmental disturbance and pollution, a concept realized in the Maturity Index (Ml)
introduced by Bongers (1990). Within the MI nematodes are classified according to their life
history strategies assigning nematode families to colonizers (c) or persisters (p) along a scale
(c-p) ranging from 1 to 5. Nematodes of c-p 1 are small, have a short life cycle, high fecundity,
are tolerant to disturbance and can be ascribed to r-strategists. In contrast, nematodes of ¢c-p
5 are large, have a long life cycle combined with a long generation time and are sensitive to
disturbance, therefore pursuing a K-strategy. Numbers between 1 and 5 reflect gradations
between these opposing strategies. However, as empirical evidence for feeding relationships
in soil are lacking and life history traits may vary within families, this classification systems

might be of limited use Yeates et al. 2002 and need verification.
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Feeding relationships in soil are increasingly studied using stable isotope analysis (Scheu &
Falca 2000; Schmidt et al. 2004; Albers et al. 2006; Pollierer et al. 2009). However, due to their
small size (300 um to few millimeters) nematodes are excluded from terrestrial soil food web
analyses as a large number of individuals is needed for one single measurement. In addition,
to achieve precise information on feeding relationships determination to species level is
obligatory. Sampling and determination are very time consuming and rare species cannot be
included into measurements. The current limit of detection of isotopic values is in the range
of 5—10 ug N. For nematodes of intermediate body size of about 700 um (e.g., Mesorhabditis
spec.) 340 individuals are needed for a single measurement assuming that nematodes contain
about 50% carbon and 10% nitrogen of dry mass (Andrassy 1956; Buecher & Hansen 1971;
Sohlenius 1979).

To overcome size restrictions and to inspect the classification of nematodes into distinct
trophic groups according to their mouth part morphology in future, NanoSIMS was tested to
measure isotopic signatures within single nematode individuals. On a nano scale, observations
of element flow are possible in situ. The methodology is used in microbiology (Musat et al.
2008), biomineralization (Kopp et al. 2011), cell biology (Clode et al. 2009) but also in material
science and cosmochemistry. To our knowledge, it has not been employed to analyze

nematode stable isotope ratios.
NanoSIMS

SIMS (Secondary lon Mass Spectrometry) is a physical method to analyze surfaces. The sample
surface is bombarded with primary ions, mainly Cs* or O" depending on target secondary ions,
resulting in secondary ions sputtered from the surface (Fig. 2). Due to their specific
mass/charge ratio, secondary ions are differentiated in a magnetic field and are collected by
a magnetic mass analyzer (Fig. 3). As nitrogen can only be detected as cyanide ion, the
differentiation of 2C!>N-and *3C*N- requires high mass resolution being offered by NanoSIMS
50L (Cameca, Paris, France). Here, a small diameter of the primary ion beam combined with a
co-axial course beam allows a resolution of 50 nm. Consequently, stable isotopes and equal
masses can be separated, but only with Cs* as primary beam. Cs* produces negatively charged
ions e.g., 12C, 'N13C, whereas O generates positively charged ions such as 2Na* and “°Ca*
resulting in a lower lateral resolution of 150 nm. The possibility to detect seven masses

simultaneously allows an elemental mapping within on sample and
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Figure 2 | Schematic illustration of a primary ion beam (Cs*) sputtering a sample resulting in

negatively charged secondary ions.
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Figure 3 | Separation of seven secondary ions of different and equal masses in NanoSIMS and their

frequencies displayed on a color scale.
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may help to investigate a range of different topics e.g., energy flow and metabolic rates (Musat
et al. 2008). To test if it is possible to analyze nematodes with NanoSIMS single species of

Aporcellaimellus spec. were prepared for measurement.

Materials and methods

Nematode sampling

Nematodes were taken from a labeling experiment from intact soil cores with beech trees
fumigated with 13CO, and fertilized with 1> NO3°NH,4 for one vegetation period. Nematodes
were extracted from soil using a modified Baerman method (Ruess 1995) and stored in 4%

formaldehyde until embedding.
Sample preparation

Samples have to be attached tightly as they are subjected to high-vacuum in the NanoSIMS
apparatus and had to be embedded in resin. Until now, no method is published describing an
embedding technique for measuring nematodes for use in NanoSIMS. The following technique
is suggested according to embedding techniques for transmission electron microscopy. It

requires four different steps: fixation, dehydration, embedding and polishing.
Fixation

To preserve the structures of living organisms organic molecules have to be stabilized
chemically. This step can be conducted following ne matode extraction. After nematodes were
extracted from soil, nematodes were killed and fixed by formaldehyde solution (4 %)
functioning as fixation agent. It has a low molecul e size and penetrates single body parts of
interest easily, e.g., a leg of a beetle. However, as nematode samples are intact animals and
penetration may occur on only few access points, a fixation time of at least one month is

suggested.
Dehydration

The use of high vacuum requires dehydration of the animals to avoid artifacts and destruction
of the whole sample due to water escape. Dehydration is carried out by an increasing acetone

concentration. Using a binocular under an extractor hood the supernatant of the fixation
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agent was removed carefully as the sample must not fall dry and was replaced with 40%
acetone for 30 min until reaching propylene oxide after further ten concentration steps (Table
1). Dehydration was carried out in closed crucibles of glass to prevent the acetone from

evaporate and the propylene oxide from dissolve plastic dishes.
Embedding

The supernatant of the propylene oxide was pipetted off without falling dry and was replaced
according the steps listed in Table 1 using different concentrations of araldite A (Table 2).
Araldite A polymerizes slowly at room temperature and can be stored in closed vessels for
some days. Araldite B is a mixture of araldite A and a hardening agent polymerizing within few
hours. Aradite B was poured in a cylindrical silicon mold with an aluminum stub at the bottom
to harden at 60°C for 5 h. Afterwards, the nematode was placed on it and was covered with

araldite B for at 60°C 48 h.

Table 1 | Steps for dehydration and embedding of nematodes in resin.

Process Concentration [%]  Time [h] Agent
Dehydration 40 0.5 Acetone
50 0.5 Acetone
70 0.5 Acetone
80 0.5 Acetone
90 0.5 Acetone
95 0.5 Acetone
100 0.5 Acetone
100 0.5 Acetone
100 0.5 Acetone
100 0.5 Acetone
100 0.5 Propylene oxide
Process Ratio of agent used Time [h] Agent
Embedding 3:1 1 Propylene oxide : Araldite A
1:1 overnight  Propylene oxide : Araldite A
1:3 1 Propylene oxide : Araldite A
0:1 overnight  Propylene oxide : Araldite A
0:1 24 Propylene oxide : Araldite A
0:1 48 Araldite A : Araldite B
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Table 2 | Formulation of used chemicals.

Chemical Mixing

product ratio Chemicals Note
Araldite A 1:1 Araldite MCY 212 : Hardener HY 964 Polymerization after time
Araldite B 100:100:6 Araldite MCY 212 : Hardener HY 964 : Preparation of not less than
BDMA 20g
Polishing

Embedded samples analyzed in NanoSIMS have to be planar and were sectioned and

polished.

Results

Embedded nematodes revealed still some deficiencies in shape as their appearance was to
some extent compressed (Fig. 4). Nevertheless, embedding of nematodes according to the

procedure described above allowed isotopic measurements of nematodes.

1214 1215
C C

Labeled nematodes had higher N signatures than N resulting in relatively low 6°N
signatures (Fig. 5). High counts within the tail region were due to differences in topography
of the embedded nematode (Fig. 6). The opposite was true for measurements of the
intestine detecting only low counts in the marked region (Fig. 7). Isotopic mapping of 31p

identified distal regions of the nematode without any phosphorus (Fig 7D).

Figure 4 | Light optical microscope image of a specimen of Aporcelaimellus spec. after
embedding in resin and polishing of a) the head and b) the tail.
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Figure 5 | The abundances of 2C**N-, 2C**N-, and ratios of *>N/**N in the nematode
Aporcelaimellus spec. in the head region.
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Figure 6 | The abundances of 2C*N-, 2C'*N-, 2C and ratios of *N/*N in the
nematode Aporcelaimellus spec. in the tail region. Arrows mark regions with high
counts.
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Figure 7 | The abundances of 2C¥N-, 2C®N-, 2C and 3!P in the nematode
Aporcelaimellus spec. in the intestine. Ellipses mark regions with low counts due to
differences in topography.

Discussion

NanoSIMS allowed to measure different isotopes within nematodes. Isotopic imaging of the
nematode showed only little incorporation of °N displayed by low &N values. Natural
abundances of §13C and 8'°N cannot be expressed due to a high error during ion detection as
only one sputtered molecule of hundreds is detected making this method not sufficient for
measuring natural abundances of 3C. Interpretation of data using NanoSIMS requires
comparisons with other samples of known isotopic value. However, a standard which
represents the matrix of the nematode tissue is lacking. A possibility for validation may be
bacterial cultures raised on defined 3C and >N media feed to bacterial feeding nematodes

(e.g., Chaenorhabditis elegans).

High counts in the tail region (Fig. 6) and dark regions in the intestine (Fig. 7) were likely due
to differences in the topography of the embedded animal as no differences were observed in
8'°N. To overcome errors due to topography detailed images by electron microscopy are

obligatory. Using the new electron microscope (Quanta 250 FEG, FEl, Eindhoven, The
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Netherlands) available at the JFB-Institute of Zoology and Anthropology of the University of
Goettingen with an in situ ultra microtome may deliver additional information as it allows
exact orientation by 3-D imaging. Lacking label of 3!P in distal regions can then be linked

directly to specific structures within the animal.

Sample preparation was sufficient but has to be improved to achieve original body
proportions. As the pre-fixation with 4% formaldehyde lasted for several months’ the
application time of the agents (acetone and araldite) is suggested to be increased (1 day per

step) to penetrate the whole animal tissue completely.
Fields of application

Next to the distribution of different isotopes within samples, NanoSIMS can be coupled with
further microbiological methods. Musat et al. (2008) combined halogen in situ hybridization
(HISH) with secondary ion mass spectroscopy for phylogenetic identification of bacteria and
metabolic activities. Regarding nematode analysis, specific bacterial and fungal food resources
may be tracked as well as possible symbiotic relationships. Nitrogen fixation by individual
bacteria was imaged in the marine bivalve Lyrodus pedicellatus (Lechene et al. 2007). Here,
images of single measurements were combined giving an overview of the complete animal
allowing localizing the origin of N fixation within the bivalve. Hybridization with bacterial
probes can be used to differentiate between specific bacteria as well as to differentiate

bacteria labeled with different concentrations of high or light isotopes (Li et al. 2008).

To conclude, NanoSIMS can be a powerful tool to directly follow energy flow in soil in situ. As
physico-chemical conditions can vary strongly within only 10 mm of soil aggregates and root
surfaces high resolution of detecting methods are urgently needed to understand processes
at the nanoscale delivering spatially resolved information at biologically meaningful scales.

Further, nematode indices and grouping into distinct feeding groups can be verified in future.
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| Synthesis

Gaining insight into processes taking place in soil is a precondition to understand the
functioning of ecosystems. This thesis presented results on factors influencing energy flux in
soil. We found that tree species identity has a species-specific effect on energy flux and the
potential to affect carbon stocks in soil. Results of this thesis further highlight that global
change agents interactively influence belowground communities having the potential to affect
terrestrial carbon stocks. The thesis also presented first results on using NanoSIMS to follow

the flux of different elements in soil.

Species-specific effects on energy flux in soil

Results of Chapter 2 and 3 highlighted that tree species identity is of major importance in
structuring soil food webs and in channeling energy and surpasses effects by tree species
diversity. Pure beech clusters increased fungal-feeding nematodes significantly indicating
higher amounts of fungi in presence of beech. Beech is known to acidify soils (Holzwarth et
al.,, 2011; Langenbruch et al., 2012) thereby favoring fungi (Aciego Pietri and Brookes, 2008;
Rousk et al., 2009). Results of Chapter 3 indicated rhizodeposition to cause lower soil pH.
Reduction of soil pH, due to H* release, and release of organic acids by roots is a strategy to
acquire nutrients (Jones et al., 2004). As beech litter is relatively recalcitrant (Jacob et al.,
2009, 2010), lowering soil pH is liekely a strategy to increase the absorbtion of nutrients from
litter which are difficult to access. Positive regression between the amount of beech litter and
Fus nematodes (Leptonchidae), being dominant in pure b eech clusters, suggest that they rely
on fungi colonizing litter. Lindahl et al. (2007) f ound saprotrophic fungi to predominate in the
litter layer whereas mycorrhizal fungi to predominate in deeper layers, suggesting

Leptonchidae to feed on saprothrophic rather than mycorrhizal fungi.

In pure ash clusters fungal feeders, especially Fus nematodes, were strongly suppressed
suggesting reduced fungal biomass and this was supported by PLFA analyses (A. Scheibe,
unpublished data). High calcium and magnesium content of ash litter increased soil pH
(Langenbruch et al. 2012) and this negatively influenced fungi and thereby fungal-feeding
nematodes. In contrast to fungal feeders, bacterial feeding nematodes flourished in pure ash

clusters. Generally, bacteria flourish at higher soil pH, illustrating that bacteria and fungi are
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influenced opposingly by soil characteristics, especially soil pH (Aciego Pietri and Brookes,
2008; Rousk et al., 2009). Indeed, bacterial biomass was highest in pure ash clusters compared
to other tree clusters as indicated by PLFA analysis (A. Scheibe, unpublished data).
Interestingly, bacterial biomass did not decrease in beech clusters, however, the ratio of fungi
to bacteria increased. This is in line with findings of Chapter 3 reporting no change in the
bacterial biomass but an increase in the overall specific respiration. Low soil pH therefore is
suggested not to repress bacteria but to decrease their carbon use efficiency. Bacteria have
to invest more energy at low soil pH to work against high H* gradients (Rousk et al. 2009).
Reduced carbon use efficiency was shown in Chapter 3 to reduce the amount of litter-derived
carbon to enter higher trophic levels. In addition, the fungal marker 18:2w6,9 was depleted in
13C as indicated by 3C-PLFA analysis. Low 83C values indicate decomposition of structural
SOM compounds as recalcitrant and more complex compounds like lignin are stronger
depleted than labile compounds such as hotwater-soluble carbon (Bowling et al., 2008;
Pollierer et al., 2009). Reduced carbon use efficiency in bacteria and increased SOM
decomposition by fungi increased carbon loss from soil. Factors influencing carbon dynamics
in forest soils are of high interest as 60% of the terrestrial carbon is stored in forests (McKinley

et al.,, 2011).

On a global scale forest soils store twice as much carbon as the vegetation and the atmosphere
together (Batjes, 1996). Changes in vegetation were regarded less important than changes in
soil carbon stocks (Medlyn et al., 2005). However, results of this thesis indicate vegetation to
strongly influence carbon stocks with the effects potentially reinforcing today's rising
atmospheric CO; concentrations. The influence mediated by vegetation is likely restricted to
certain key species. Results from Chapter 2 reported lime to be of minor importance in
influencing energy flow in soil. Also other tree species studied in the close to natural beech
forest in the Hainich National Park (i.e., Carpinus betulus, Acer pseudoplatanus) revealed no
effects on litter decomposition, water use, ectomycorrhizal colonization and soil properties,
whereas beech and ash often had significant influence (Jacob et al.,, 2010; Kramer and
Holscher, 2010; Lang et al., 2011; Langenbruch et al., 2012). Also, other factors including forest
management type and land use were reported to be of minor importance for structuring soil
food webs but showed that strong differences between different tree species stands occur
(Erdmann et al., 2012). In sum, the structure of soil food webs, and therefore the way energy

is channeled through soil communities varies markedly with tree species. The basal resources
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provided by key species i.e., litter quality and root resources, control major decomposition

pathways and can affect soil carbon stocks.

Global change and belowground communities

Next to tree species, increased CO; concentrations and other global change agents are
reported to affect carbon stocks in soil (Hyvénen et al., 2007). To realistically estimate
alterations in carbon stocks induced by global change agents it is crucial to understand the
response of the belowground system as it influences a variety of important soil processes,
e.g., decomposition of organic matter and nutrient mineralization, and this may feedback to
atmospheric CO; concentrations. Changes in carbon dynamics in soil have the potential to
increase atmospheric CO; due to increased biological activity (carbon loss) or to strengthen
the passive pool through reduced biological activity, physical and chemical protection (carbon
sequestration) (Schulze and Freibauer, 2005). The lack of knowledge on soil organic carbon
dynamics led to unrealistic estimations of carbon losses. (Bellamy et al., 2005) observed an
unexpected annual carbon loss in soils across Engla nd of 13 million tons equivalent to the UK’s
annual CO; reduction effort. Reasons for this marked carbon loss remain unclear, however,
land use change and global change presumably are the main drivers (Schulze & Freibauer
2005). To inspect the response of the decomposer system to carbon dynamics we took
advantage of the BioCON project, where atmospheric CO; concentrations, nitrogen deposition
and precipitation were manipulated. The BioCON experiment operates since more than 13
years and investigates the effect of Cand N simultaneously; further, recently also precipitation

was manipulated (Reich et al., 2001; Adair et al., 2011).

Changes within the belowground community were positive, negative and neutral indicating
complex processes in soil with the soil fauna being affected at different levels. Elevated
atmospheric CO; concentrations increased the energy input into soil by increasing the biomass
of plants, rhizodeposition and microorganisms (Adair et al.,, 2009; Reich, 2009; Lee et al.,
2011). However, only few taxa were affected by these effects of elevated CO; arguing for
modest alterations of the soil food web subjected to long-term exposure to elevated COx.
Interestingly, neither bacterial- nor fungal-feeding nematodes profited from increased

microbial biomass at elevated CO,. The increase in plant growth at elevated CO; can lead to
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nutrient limitations in soil and reduces the quality of the microbial biomass (Hu et al., 2001).
This may explain the limited response of microbivore nematodes and suggests that food
quality i.e., nutrient concentrations of microorganisms, are more important than food
guantity (Schmidt et al., 2000). At high nitrogen levels, the densities of bacterial- and fungal-
feeding nematodes increased significantly suggesting an increase in quality of microorganisms
and bottom-up limitation of microbial feeding fauna. Other taxa were, however, negatively
affected by N addition reducing microarthropod diversity, nematode richness, densities of
predatory nematodes and herbivores. Decreases in diversity imply declines in the structure of
soil food webs. This is supported by low S| at high nitrogen levels indicating reduced
connectivity and only few trophic links (Ferris et al., 2001). Nitrogen addition was also shown
to decrease the labile C pool delivered by plants (Dijkstra et al., 2005; Adair et al., 2009, 2011;
Hogberg et al., 2010) and this likely accounts for the negative effects on soil fauna. Interactions
of nitrogen availability and plant derived root exu dates may function as an important driver
of belowground communities (Hogberg et al. 2010) and therefore of the maintenance of

ecosystem functions (Hooper et al., 2005; Balvanera et al., 2006).

Effects of elevated N were stronger than of elevated CO;. But interactions of CO, and N
indicated that both are interconnected and resulted in different responses of the soil fauna.
Negative effects of N on microarthropod taxa richness were ameliorated by elevated CO,,
while nematode taxa richness was at minimum at elevated N and CO,. Further, Astigmata,
Prostigmata and fungal feeding nematodes had higher densities at elevated N at ambient
levels of CO,, but the opposite was true at elevated nitrogen and CO,. Classification of fungal
feeders into Fuz and Fus nematodes revealed two contrasting responses to elevated CO; and
N. Fuz nematodes increased at high N levels, especially at ambient CO, concentrations. In
contrast, Fus nematodes increased at elevated CO; concentrations, but decreased at high N
levels and mirrored the pattern observed for AM fungi (Jifon et al., 2002; Treseder, 2004;
Antoninka et al., 2011). We suggest Fus nematodes to predominantly feed on AM fungi and
Fu, nematodes to rely rather on saprotrophic fungi. At nutrient rich conditions, the
importance of mycorrhizal fungi decreases (Antoninka et al. 2011) whereas it increases in
nutrient-poor soils and at elevated CO; conditions aggravating nutrient limitation (Fransson,
2012). Saprotrophic fungi are able to mobilize carb on from soil (Hobbie and Horton, 2007) and
their increase at elevated N may increase SOM decomposition and therefore carbon loss from

soil. However, the resistant C pool in soil increases at elevated N (Reid et al., 2012) suggesting
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increased input of recalcitrant compounds to soil originating from increased input of plant
litter at elevated N (Reich et al., 2001). Increased Cl at elevated N supports this finding and

suggests that elevated N can foster the carbon sink in nutrient-poor soils (Reid et al. 2012).

Isotope techniques

Isotope techniques are a powerful tool to follow carbon and nitrogen through the soil food
web. Advantages are provided in 3C-PLFA analysis allowing to follow bacterial and fu ngal
processed carbon from basal resources to higher trophic levels (Pollierer et al.,, 2012).
Interactions of carbon and nitrogen were shown to influence many processes, but compound-
specific PLFA techniques are restricted to follow carbon. Further advantages in tracing carbon,
nitrogen and other elements are provided by the use of NanoSIMS (Chapter 6). Starting to use
NanoSIMS, | obtained isotopic signatures of a single nematode for the first time. This opens a
variety of new opportunities to investigate soil food webs. By measuring single individuals the
variance in stable isotope signatures can be measured allowing to identify the width of trophic
niches of populations. Further, the method allows t o advance our knowledge in fractionation
processes in animal tissue. Trophic fractionation is not equal in different taxa and trophic
groups but varies with a range of factors (Tiunov, 2007; Semenina and Tiunov, 2011).
Characteristics of animal and microbial cell structures can be identified when comparing
elemental maps and microscopic pictures advancing our knowledge on physiological
processes (Lechene et al., 2007). The combination of NanoSIMS with hybridization techniques,
e.g., FISH, may allow to identify bacterial and fungal species as well as their metabolic rates
(Musat et al., 2012). Relationships between microorganisms, i.e. bacterial and fungal species,
and their basal resources, i.e. litter and root derived compounds, can be visualized (Li et al.,
2008). Consequently, isotopic signatures and fluore scent probe labels of microorganisms can
be traced into consumer tissue allowing to identify feeding relationships at species level.
Changes in energy flux induced by global change agents may also be investigated by the use

of NanoSIMS for identifying changes in energy flow.
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Conclusion and outlook

Although both investigated systems, i.e. forest and grassland, differ strongly in structure, plant
and animal community, they provided insights into important factors influencing carbon
dynamics. The idea of key species in the investigated forest is also applicable in grasslands. In
the BioCON experiment four out of sixteen plant species (Achillea millefoilum, Poa pratensis,
Lupinus perennis and Bromus inermis) increased in biomass suggesting to have a strong impact
on carbon flow in the study system (Reich et al., 2001). Further, the nitrogen-fixing legume
Trifolium pratense influenced soil N availability, overall plant biom ass production and carbon
and nitrogen storage in grassland (De Deyn et al., 2008). In a global change context,
management practices may foster sequestration of carbon in grassland thereby helping to

reduce atmospheric CO; concentrations.

The observed nutrient limitation caused by elevated CO; in the investigated grassland also
occurs in forests. Forests comprise long-lived plants sequestering large amounts of carbon and
nutrients in their biomass and, with the input of litter, also increasing carbon and nutrient
sequestration in soil. In the long-term, this causes a progressively decreasing mineral N pool
for plant uptake at elevated CO; as biomass increases (Luo et al., 2004). This highlights the
importance of interactions between CO; and N in terrestrial ecosystems (Reich et al., 2006).
The symbiosis of mycorrhizal fungi and plants to overcome nutrient restrictions is
hypothesized to increase with increasing CO, concentration in the atmosphere (Fransson and
Johansson, 2010; Fransson, 2012). Diversity of species but also within species is important to
allow adaptation of communities and species to chan ging environments (Hughes et al., 2008;
Johnson et al., 2012). Expected changes in plant functional traits are suggested to promote

carbon sequestration (De Deyn et al. 2008).

Nematodes were shown to be a useful tool to study energy flow in soil. Their diverse feeding
habits allow tracing bacterial and fungal dominated processes, thereby allowing to gain insight
into the structure of soil food webs. Using NanoSIM'S may help to verify suggested feeding
relationships of nematodes and make this tool more powerful. The combination of nematodes
with NanoSIMS will foster our understanding of the structure and functioning of soil food webs

which is of paramount importance in face of global change.
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