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Abstract

Earthworms are known to play an important role in soil structure and fertility,
but there are still big knowledge gaps on the functional ecology of distinct
earthworm species, on their own and in interaction with other species. This
thesis investigated how earthworms affect soil biochemical and biophysical
functioning, and other organisms such as plants and smaller soil organisms.

Two field experiments with stable isotope tracers were performed to
investigate how anecic earthworms (which feed on organic matter at the soil
surface and dig deep burrows) transfer carbon and nitrogen from fresh plant
litter into soil, and how this in turn affects soil organic matter composition,
protists and nematodes. Another field experiment tested whether the anecic
earthworm Lumbricus terrestris can counteract negative effects of intense
rainfall on soil and plants (ryegrass). A greenhouse experiment was carried out
to study how co-occurring earthworm species - two anecic and one endogeic
(smaller, soil-feeding) - affect transfer of nitrogen from dung to soil and plants,
nitrogen retention in soil, and plant growth. For the latter experiment, a
method to produce herbivore (rabbit) dung triple-labelled with carbon,
nitrogen and sulphur stable isotopes was developed.

Overall, the findings highlight important functions of earthworms in carbon
and nitrogen cycling, soil biophysical structure maintenance due to burrow
formation, and resulting biotic interactions. A novel finding was that the
sphere of influence of anecic earthworms in soil (the ‘drilosphere’) is a much
larger biochemical and biological hotspot than hitherto assumed. Rapid
movement of carbon and nitrogen from surface to soil thanks to anecic
earthworm activity resulted in spatial heterogeneity in soil carbon content,
organic matter composition, and density of smaller eukaryotes (e.g. bacterial-
feeding protists). Evidence was found that distinct earthworm anecic species
may have dissimilar effects on soil biochemistry and plant growth, and that
both anecic and endogeic earthworms may feed on surface organic matter
(dung). This shows that the validity of earthworm ecological groups depends
on the function under study, and suggests that, for some research questions,
species identity should not be neglected; other approaches to quantify
ecological differences between species (e.g. functional traits) are appraised.
Finally, L. terrestris was found to ameliorate the disturbance of intense rain on
plants, giving evidence to the idea that some components of soil biodiversity
may contribute to ecosystem stability in the face of disturbance.
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Chapter 1

General introduction

It may be doubted whether there are many
other animals which have played so important
a part in the history of the world.

Charles Darwin



Chapter 1

Foreword

If we were to rank animals by how much they impact on ecosystems,
earthworms would score among the highest. By influencing soil structure,
biochemical cycles and other organisms, they act as “keystone species” in many
terrestrial environments (Brown et al. 2000; Brussaard et al. 2007). Yet,
despite such a multitude of ecological functions (or perhaps because of it),
there are still many knowledge gaps on the functional ecology of earthworm
species, both on their own and in interaction with other species, and of their
impact on ecosystem functioning.

[ investigated the role of earthworms in soil biochemical and biophysical
functions and  Dbiotic interactions as part of ECOFINDERS
(http://ecofinders.dmu.dk), a large EU project on the links between soil
biodiversity, soil functioning, and ecosystem services. In this first chapter I
review how earthworms contribute to soil structure and processes and
interact with other organisms; then I critically evaluate relevant research
methods and challenges; and finally I describe my research questions and give
an outline of this thesis. The glossary in Box 1.1 clarifies some key technical
terms, marked by an asterisk the first time they appear in the text.

What earthworms do in ecosystems

Nature’s plough

Earthworms belong to several families of Oligochaeta (phylum
Annelida). Family Lumbricidae, which contains mostly terrestrial species, is
the focus of this work. Earthworm species vary considerably in size, diet,
reproductive rate, and habitat preferences. To make sense of this variety,
ecologists often divide them into three groups based on Bouché (1977): (i)
“anecic”, large species that dig and inhabit upright, deep burrows in soil, and
come to the surface to feed on detritus*; (ii) “epigeic”, small and fast-
reproducing inhabitants of the litter layer that also feed on detritus but do not
burrow; and (iii) “endogeic” species, which dig transient galleries and ingest
soil to assimilate energy from organisms and/or soil organic matter. Other
comparable ecological classifications of earthworms have been developed (e.g.
Perel 1977), but are less used nowadays.

Earthworms act as ecosystem engineers* (Jones et al. 1994). They
modify soil structure by moving surface detritus belowground, making
burrows, and ingesting organic matter and mineral particles which are then
egested in nutrient-rich casts*. The soil directly influenced by such activity
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forms the drilosphere* (Lavelle and Spain 2001), including burrow walls and
casts. These both form hotspots of biochemical processes, such as
incorporation of carbon (C) and nitrogen (N), mineralization, nitrification and
denitrification (Parkin and Berry 1999; Don et al. 2008; Fahey et al. 2013). The
permanent burrows of anecic earthworms are also pathways of water flow in
soil (Edwards et al. 1990; Shipitalo et al. 2004), and in fact these species
promote hydraulic conductivity (Spurgeon et al. 2013), i.e. they improve soil’s
ability to take water in.

Anecic and epigeic earthworms can bury large quantities of surface
residues (Bohlen et al. 1997; Straube et al. 2009). By mixing detritus with
mineral soil over long time scales they can alter the soil structure dramatically
(Clements et al. 1991; Shuster et al. 2001), even to the extent of causing shifts
in humus type (Hale et al. 2005), a role already recognised by early soil
ecologists (Darwin 1881; Miiller 1889). Endogeic earthworms have equally
impressive effects: a single individual can ingest more than twice its weight in
soil every day (Lee 1985). In ecosystems where they reach high biomass - up
to over one tonne per hectare (Lavelle 1988) - virtually the entire topsoil will
pass through earthworm guts in a matter of years.

All these activities have substantial effects on ecosystem functioning.
Earthworms often accelerate decomposition, thus boosting C mineralization
and soil respiration (Amador et al. 2003; Speratti and Whalen 2008;
Giannopoulos et al. 2010) and enhancing N availability to plants and
microorganisms (Binet and Trehen 1992; Curry et al. 1995). But they also
protect organic matter in soil aggregates, which leads to the idea that, in the
long term, they contribute to C stabilization (Bossuyt et al. 2005; Pulleman et
al. 2005; Hedde et al. 2013). If this were true, stabilization mechanisms should
at least counterbalance the losses through mineralisation and respiration. The
dilemma is still unsolved (Lubbers et al. 2013), partly because of the relatively
short duration of most experiments, and partly because of the context-
dependency of earthworm effects. For example, the same species may facilitate
or hinder N incorporation into soil aggregates depending on the cropping
system (Fonte et al. 2007).

It appears that soil-feeding earthworms form more aggregates than
litter-feeding earthworms, and so they have been suggested to stabilise more C
(Sanchez-de Leon et al. 2014); however, it was shown that they mobilise old C
that would otherwise be protected from decomposition (Scheunemann et al.
2010; Ferlian et al. 2014). Regarding litter-feeding species, in a laboratory
experiment Lumbricus rubellus simultaneously increased C losses and C
storage in a clay soil, but not in a sandy soil (Frouz et al. 2014), whereas Schon
et al. (2014) found that invasion by Aporrectodea longa was associated with
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increased C stocks in a sandy soil but decreased it in a clay soil. As these and
other examples illustrate (McInerney and Bolger 2000), often the impact of
earthworms on soil biochemistry is not easy to predict. This is because of the
numerous environmental and biological variables involved, including other
organisms.

BOX 1.1: Glossary

Casts: Solid earthworm excreta.

Community: The set of species that co-occur in a site. Fauth et al. (1996)
suggest using the term ‘assemblage’ for a smaller group of species closely
related phylogenetically relative to other groups in the same community,
but many ecologists prefer the term ‘community’ also in the latter case (e.g.
the plant community, the nematode community, etc.).

Detritus: Non-living particulate organic matter, e.g. plant litter.

Drilosphere: The volume of soil under direct earthworm influence,
including that inside the earthworm itself (i.e. gut contents).

Ecosystem engineer: An organism that makes its own habitat and thus
modulates the supply of resources other than itself (= not just through food
web links) to other organisms. For example, beavers that make ponds by
building dams, fungi and plant roots that influence soil aggregation, etc.
Earthworms may act as ecosystem engineers via a variety of mechanisms,
depending on the species and environmental conditions: mixing soil,
digging burrows, thinning forest floors, burying seeds, etc.

Functional traits: Characteristics of an organism that determine how it
influences an ecosystem process (= effect traits), or how it responds to a
change in environmental conditions (= response traits).

Microcosm: An enclosed experimental system with simple features, e.g.
strictly controlled microclimate and few or no non-target organisms. The
term ‘mesocosm’ in this thesis indicates more realistic systems, such as soil
columns with living plants placed under natural day-night cycle. Kampichler
et al. (2001), on the other hand, argue that mesocosms are only in the field
and with intact soil.

Middens: Mounds of organic material mixed with soil and casts, produced
by some anecic earthworms above the surface entrance of their burrows.

Redundancy: When distinct species perform an ecological function so
similarly that one could replace the other without affecting that function.

Stable isotope tracer: A variant of an element or chemical compound that
has the same chemical properties but a different stable isotope ratio, and so
can be added to a system to follow that element or compound. For example,
a fertilizer enriched in 15N can be used to follow N cycling in a soil.
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Earthworms and other organisms

Regardless of whether they increase or decrease microbial biomass
(Blair et al. 1997; Sheehan et al. 2008), earthworms usually boost microbial
activity, either through ingestion and gut passage (Drake and Horn 2007;
Depkat-Jakob et al. 2010), or by mixing soil with organic matter and providing
favourable microhabitats (Devliegher and Verstraete 1997; Parkin and Berry
1999; Aira et al. 2009). Comparisons between forests invaded by exotic
earthworms and non-invaded forests in North America show that they can
change microbial community* composition and soil enzymatic activity
(Dempsey et al. 2013). Not surprisingly, earthworms also affect the abundance
of protists and other invertebrates (Tiunov et al. 2001a; Raty and Huhta 2003;
Tao et al. 2009; Cameron et al. 2013), depending on the species involved and
the spatial scale under consideration (Eisenhauer 2010).

Effects on soil biochemistry and other biota are especially pronounced in
the drilosphere. The permanent burrows of anecic earthworms, in particular,
contribute to soil biochemical and biological spatial heterogeneity (Shuster et
al. 2001; Stromberger et al. 2012). Burrow walls are enriched in C and N
compared to surrounding soil, and are hotspots of mineralization and nutrient
turnover (Binet and Trehen 1992; Don et al. 2008), as well as of other
microbial-driven processes such as pesticide degradation (Monard et al. 2011).
As remarked, these effects may be due to more than mere changes in microbial
biomass. Tiunov and Scheu (1999) found bacteria around L. terrestris burrows
to respond to nutrient input faster than bacteria in bulk soil, indicating a
microbial community adapted to fresh resource addition; likewise, Uksa et al.
(2015) found enhanced activities of hydrolases (enzymes that break down
readily degradable substrates) in burrows compared to bulk soil, especially in
nutrient-poor subsoil. Also fresh casts and middens* are characterized by high
microbial activity (Furlong et al. 2002), and the earthworm gut itself hosts
microbial communities well-suited to live in it (Thakuria et al. 2010)%. In turn,
earthworms might benefit from this enhanced biological activity: Lavelle
(1998) suggested that microbial degradation makes organic matter easier for
earthworms to assimilate, so that the drilosphere functions as a sort of
external rumen. Regarding other eukaryotes, there is some evidence that the
drilosphere of L. terrestris is a distinct microhabitat for protists and nematodes
compared to bulk soil (Tiunov et al. 2001a; Savin et al. 2004; Stromberger et al.

1 These microbes differ from those in bulk soil in terms of community composition, but this
does not necessarily point to strictly specialised, obligate symbionts, as demonstrated by
Egertetal. (2004).
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2012), while other anecic species are less studied in this context (as in other
contexts).

Earthworms often enhance plant growth (Scheu 2003), and the main
mechanism is probably the release of N from organic matter (van Groenigen et
al. 2014). Litter-feeding species in particular facilitate the transfer of N from
surface detritus to plants (Binet and Trehen 1992; Amador and Goérres 2005).
At high earthworm density and fast turnover, N released from their bodies
through excretion, mucus secretion and death could also be important (Curry
et al. 1995; Costello and Lamberti 2008). Other mechanisms are also involved,
for instance the release of hormone-like substances (produced either by the
earthworms or by microbes that they stimulate) that modify plant gene
expression (Puga-Freitas et al. 2012). Moreover, earthworms have been shown
to influence seed burial and seedling establishment (Milcu et al. 2006a; Wurst
etal. 2011), and may regulate the composition (functional or taxonomic) of the
plant community by helping some species outcompete others (Thompson et al.
1993; Schmidt and Curry 1999).

Effects on plants may then extend on to aboveground consumers. Multi-
trophic interactions have been documented: for example, earthworms may
induce changes in leaf chemistry and thus alter the performance of insect
herbivores (Wurst and Jones 2003; Newington et al. 2004), and are themselves
affected by aboveground predators, with potential feedbacks on plants and
herbivores (Zhao et al. 2013). Ecosystem engineering by earthworms can exert
profound effects also on vertebrates (Nuzzo et al. 2009; Loss and Blair 2011).
In turn, earthworms are an important food resource for many animals,
including insects (King et al. 2010), birds (Meier 2009), reptiles (Brown et al.
2012), and medium-size mammals (Muldowney et al. 2003). Moving on to even
higher trophic levels, earthworms have been an important food resource in
pre-industrial human societies, and in some they still are (Paoletti et al. 2003).
Rearing them for human consumption has been considered in developed
countries (Lee 1985), but it has failed to attract mainstream consumers.
Nevertheless, earthworms are important to modern societies, in particular via
their contribution to soil fertility and primary production in agriculture.

Earthworms and us

Earthworms are often viewed as useful, because their effects on soil
functioning result in “ecosystem services” - benefits that people obtain from
ecosystems (Millennium Ecosystem Assessment 2005) - like nutrient cycling,
primary production, and soil water regulation. It is well-known that
earthworms promote soil fertility (Syers and Springett 1984; Amador and
Gorres 2005), and it has been suggested that they also contribute to soil
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organic matter stabilisation and soil structure preservation (Mclnerney et al.
2001; Pulleman et al. 2005). Other services to which they may contribute
include remediation of organic pollutants and pesticide detoxification
(Schaefer et al. 2005; Hickman and Reid, 2008; Monard et al. 2011; Sanchez-
Hernandez et al. 2014).

In agroecosystems, earthworms may thrive under crop rotations with
reduced tillage, whereas intensive management may reduce their abundance
and diversity (Chan 2001; Postma-Blaauw et al. 2010), due to farming
practices like ploughing, which kills earthworms, and removal of surface
residues, which deprives litter-feeding species of food and shelter (Curry et al.
2002). On the other hand, they have been shown to thrive under intensively
managed grasslands, for example high livestock results in increased
availability of manure (Muldowney et al. 2003). In general, with farming
practices that reduce disturbance (reduced or no-tillage), enhance food supply
(organic fertilizers, permanent understory in cereal-legume intercrops), and
provide safe habitats (field margins), earthworms can be relatively abundant
(Schmidt et al. 2003; Nieminen et al. 2011; Crittenden et al. 2014) and play a
greater role in soil functioning (Shipitalo et al. 2000). Such practices are being
increasingly employed in order to reduce the environmental and economic
costs of conventional systems, including soil degradation and high energy
consumption (Holland 2004), so it may be expected that the contribution of
earthworms to soil fertility and agriculture may once again become prominent.

However, earthworm activity is not necessarily beneficial to human
beings, or to other organisms. The same mechanisms by which they enhance
soil fertility and plant production may result in less desirable trade-offs: by
boosting C and N turnover they raise emissions of greenhouse gases (Lubbers
et al. 2013), and by promoting water flow they tend to increase leaching of
nutrients and surface-applied chemicals (Dominguez et al. 2004; Costello and
Lamberti 2008). They may increase the availability of phosphorus to plants
(Coulis et al. 2014; Vos et al. 2014), but also decrease it by leaching and
transport to deeper layers (Suarez et al. 2004; Le Bayon and Binet 2006).
Invasive Lumbricidae in North America are linked to the decline of many plant
and animal species that cannot cope with the habitat changes brought about by
them (Holdsworth et al. 2007; Nuzzo et al. 2009).

In short, although simplifications help communicating with decision
makers and the general public, labelling earthworms with naive utilitarian
features should be avoided. Investigating their ecological functions without
preconceived notions on their usefulness is more valuable to both science and
society. But as we shall see, it is also challenging.
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Knowledge gaps

Digging in the unknown: the role of the drilosphere in soil functioning

To predict how earthworm species impact on ecosystems, a greater
understanding of their ecology is paramount. To start with, their feeding
ecology is not as well-known as one would think, given the number of studies
on the topic that has been published. While earthworms (and most soil animal
“decomposers”) are thought to be generalist in their food choice, co-occurring
species from the same group can have remarkably different diets (Zhang et al.
2010; Melody and Schmidt 2012), and this may translate into different effects
on soil functioning.

Then, there are other mechanisms by which earthworm species affect
soil and other organisms, related to ecosystem engineering, such as the
deposition of casts, the making of burrows, and the formation of soil
aggregates. Surface-feeding species cast mostly aboveground, while endogeics
cast mostly belowground (Shipitalo and Le Bayon 2004). Or so it is thought: a
laboratory experiment found that L. terrestris was the only anecic (out of five)
to leave most excreta aboveground (Zicsi et al. 2011), and contrasting findings
on the proportion of surface casts have been reported for the endogeic Ap.
caliginosa, perhaps indicating high behavioural plasticity (Zhang et al. 2009;
Zicsi et al. 2011). Earthworms indeed appear to tune their casting behaviour to
environmental factors, including soil compaction (Binet and Le Bayon 1998;
Perreault et al. 2007) and temperature (Whalen et al. 2004).

One way to analyse the effects of earthworms on the spatial
heterogeneity of ecosystem properties is to compare the drilosphere to
surrounding soil (Don et al. 2008; Stromberger et al. 2012). Determining the
functional size of the drilosphere is not easy for dynamic entities such as casts
and the ephemeral burrows made by endogeic species, whereas anecic
earthworm burrows are relatively stable structures. The drilosphere around
these burrows has been described as a thin soil layer about 2 mm thick
(Lavelle and Spain 2001), but this has been suggested to be an
underestimation (Tiunov and Scheu 1999), and in some studies a layer of more
than 2 mm around burrows was considered drilosphere (Amador et al. 2003;
Savin et al. 2004; Dempsey et al. 2013).

The potential of anecic earthworms to enhance water movement in soil
is widely documented, but how this in turn feeds back on other organisms is
less known. It would be worthwhile to assess whether these earthworms can
buffer soil and plants from events such as heavy rain and floods, because it is in
those conditions that burrows become important for water flow (Syers and
Springett 1984; Edwards et al. 1989). This has never been tested directly,
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although Chaudhry et al. (1987) showed earthworms to facilitate barley
seedling establishment under wet conditions.

Anecic earthworm burrows may continue to facilitate downward water
years after being abandoned (Shipitalo et al. 2004), but probably they are
active biochemically only when occupied by a living earthworm (Parkin and
Berry 1999; Stromberger et al. 2012). It is open to question whether burrows
that become vacant (e.g. if the resident worm dies) remain unoccupied for
long, or are soon taken over by other individuals (Nuutinen 2011).
Disproportionally great numbers of burrows below the plough layer compared
to earthworm density have been recorded from arable systems (Peigné et al.
2009; Péres et al. 2010), but those structures might pre-date the decline of
anecic species caused by frequent tillage (Shipitalo et al. 2004). This example
well illustrates the difficulty of extracting causalities from observational
studies in which important factors cannot be controlled. In fact, many
ecologists are fond of manipulative experiments in controlled conditions, as in
a laboratory. Such experiments have given precious insights on the role of
earthworms in ecosystem functioning. But as we shall see (‘Methodological
challenges’), they come at a cost: the risk of making causal inferences that have
little relevance to the outside world.

Earthworm ecological groups and ecosystem functioning

To assess what earthworms do in ecosystem processes, one needs to
understand their functional diversity. Put simply, this is the component of
biodiversity that relates to what organisms do in ecosystems (Petchey and
Gaston 2006). It has been shown as more important than taxonomic diversity
with respect to ecosystem functioning (Heemsbergen et al. 2004; Nielsen et al.
2011), but it is less straightforward to determine. To reduce the functional
diversity of a set of organisms to broader, generalizable measures, a common
approach is to assign species to groups based on characteristics they share
(Brussaard 1997).

Bouché’s groups are the most widely used for earthworms, although the
original framework was arguably not as linked to ecological functions as many
researchers apply it today. Moreover, Bouché placed species over a range of
features rather than in clear-cut categories (Fig. 1.1), and in fact some do not fit
easily in a single group - e.g. L. terrestris and L. rubellus are considered epi-
anecic by some (Jégou et al. 2000; Péres et al. 2010). Nevertheless, testable
hypotheses on the links between earthworm species and ecosystem
functioning can be made based on Bouché’s groups. For example, the number
of vertical, long-lasting macropores positively correlates with the density of
anecic rather than endogeic species (Lamandé et al. 2011).

9
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Bouché's original framework

Functional group framework

ENDOGES
EPIGEIC LC LF LR
ANECIC AL LT
ENDOGEIC AR Al

ANECIQUES EPIGES

Fig. 1.1. Bouché’s framework - left, adapted from Bouché (1977) - envisaged earthworm
species along a continuous range of features delimited by three extreme ecological
strategies. Many researchers use those extremes as non-overlapping ecological groups
(though some also use intermediate groups). Seven Lumbricidae are shown here: Al = Ap.
icterica, AL = A. longa, AR = Ap. rosea, LC = L. castaneus, LF = L. festivus, LR = L. rubellus,
LT = L. terrestris.

Bouché’s groups can also be used to select multi-species combinations to
study the role of earthworm diversity in the ecosystem, as done in some
laboratory experiments (Scheu et al. 2002; Sheehan et al. 2006, 2007, 2008).
The rationale is that adding or removing a functional group will impact on a
given ecosystem process or component, whereas changing species within a
group will have negligible effects. The results may then be extrapolated to
assemblages with different taxonomic, but corresponding ecological
composition. For this to be valid, species within a group should be redundant*
in a function (or in their response to environmental change). Is there enough
evidence to support such an assumption? Some studies suggest that there is.
Stable isotope analyses of earthworm tissues (Schmidt et al. 1997; Briones et
al. 2005; Pollierer et al. 2009) and molecular analyses on the microbial
communities living in earthworm guts (Depkat-Jakob et al. 2010; Thakuria et
al. 2010) indicated that endogeic species use different food resources than
anecic and epigeic. Several experiments confirmed the distinct digging
behaviour expected by representatives of the groups (Daniel et al. 1997;
Pitkdnen and Nuutinen 1997; Capowiez et al. 2003). But other studies showed
that the assumption does not hold for all species and ecological functions, with
either less similarity than expected between species in the same group, or
more similarity than expected between species from different groups (Neilson
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etal. 2000; Hedde et al. 2007; Pollierer et al. 2009; Zhang et al. 2010; Caro et al.
2013; Eissfeller et al. 2013).

Assumptions of functional redundancy deserve particular consideration
if those species naturally co-occur. Close scrutiny should reveal differences
that allow niche partitioning and thus avoidance of competitive exclusion, for
instance use of distinct food sources (Bishop et al. 2008; Zhang et al. 2010;
Melody and Schmidt 2012; Ferlian et al. 2014). Given their ecological plasticity,
perhaps similar earthworm species tend to diverge in their characteristics
more where they co-occur than where they do not. Such character
displacement is found across many animals and plants (Dayan and Simberloff
2005), and has been recently linked to biodiversity effects in plant species
mixtures (Zuppinger-Dingley et al. 2014), but is seldom studied in earthworms
(Fragoso and Rojas 1997). In general, determining how to capture ecological
differences between earthworm species is relevant to ecosystem functioning,
because these differences may translate into species-specific effects. In the
General discussion [ will re-examine these issues in the light of findings
reported in the next chapters and in relation to the broader debate on how
biodiversity regulates ecosystem functioning.

Methodological challenges

The ecosystem in a box

Soil ecological experiments are often conducted in microcosms* under
well-controlled conditions in a laboratory or a greenhouse (Fig. 1.2), or in the
field but still reducing undesired sources of variation, for instance using field
mesocosms*. Many studies on earthworms have been performed in small
enclosed systems, where these invertebrates are relatively easy to maintain for
at least some months (compared to many other organisms: non-culturable soil
bacteria, obligate ectomycorrhizal fungi, tigers..). A downside is that
extrapolating the results of these experiments to real soil communities may be
challenging. Reducing sources of variability in an experiment, from ensuring
constant environmental conditions such as temperature and moisture to
excluding non-target organisms, inevitably results in much simpler systems
than the real world. This, and the generally higher replication in the laboratory
than in the field make it easier to obtain statistically significant results, but
their relevance to real ecosystems may be questionable. Over-emphasis on
laboratory studies may indeed be a problem in current ecological research
(Carpenter 1996; Kampichler et al. 2001).
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Enclosed systems may coerce earthworms into conditions that they
would avoid in the field (e.g. compacted soil, high competition for space), and
this is likely to bias their behaviour. Some published experiments used
unnaturally high densities, leading one to wonder whether their statistically
significant results are also ecologically meaningful. In some studies, the
equivalent of 100 or more adult L. terrestris m?2 have been introduced in
artificial cores (Amador and Gorres 2005; Ernst and Emmerling 2009), about 5
times the highest densities reported from the field (Curry et al. 2002). A
related issue, which also applies to field mesocosms, is whether different
species treatments should have standardized abundance or biomass (more on
this in the General discussion).

Prior to most laboratory experiments on earthworms, soil is sieved to
homogenize organic matter distribution and remove other invertebrates. This
keeps undesired variation at bay, but inevitably results in a much simplified
structure compared to natural soil. To reduce the artefact of artificially
repacked soil cores, intact cores may be defaunated prior to inoculation with
living specimens (that is, resident animals are Kkilled, e.g. by freezing,
microwaves, radiation); this might lead to a "fertilization" effect, for dead
earthworms can be a significant source of N (Whalen et al. 1999; Sudrez et al.
2004). This in turn may alter the properties and organisms under study, such
as microbial activity and plant growth, and possibly the feeding and burrowing
patterns of the earthworms themselves, for instance anecic species may feed
more belowground than at the surface compared to field situations
(Langmaack et al. 1999).

There are further challenges yet in establishing rigorous earthworm
treatments in intact soils. Even if selective removal or addition is successful,
the legacy of previous earthworm activity on soil structure in intact cores may
hinder the experiment, so that cores with pre-existing burrows and ageing
casts may not be optimal as an earthworm-free treatment. In summary, both
undisturbed and repacked soils have advantages and limitations, and although
the former allow more realism, the choice of which to use depends on the aims
of the study.

The field approach

Up-scaling the results of laboratory experiments can be difficult, but it is
critical that they are meaningful (Kampichler et al. 2001). Field studies on
earthworms in which large areas were used have, for example, been conducted
using neighbouring fields under different tillage systems as plots. These
studies often suffer, for practical reasons, from poor replication and difficulty
in controlling hidden “treatments” (Huston 1997), such as differences in soil
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properties, which could introduce serious bias. Using smaller plots may offer a
trade-off between the replication and manipulation of laboratory experiments,
and greater realism in scale and environmental conditions. Nonetheless, there
are methodological issues to consider.

Firstly, an efficient sampling method is needed. The combined use of
chemical irritants and hand-sorting is the most reliable strategy (Bartlett et al.
2010). Chemical extraction has long been performed with formalin (Lee 1985),
which however is highly toxic. An increasingly common alternative is allyl-
isothiocyanate (Zaborski 2003), which is safer than formalin, and easier to
standardise than commercial mustard oil (Pelosi et al. 2009). While highly
efficient for anecic species, chemical extraction is less suitable for endogeic
species (Chan and Munro 2001), whereas hand-sorting tends to under-sample
the smallest individuals. Patchiness in distribution related to particular
aboveground microhabitats and food resources (e.g. dung pats) might be
another issue, e.g. for highly mobile epigeic earthworms (Jimenez et al. 2006).

Secondly, earthworm density is hard to manipulate in the field. Reducing
it without disrupting soil can be done with electroshocking or the afore-
mentioned chemicals, but juveniles and inactive stages are difficult to
eliminate (Eriksen-Hamel and Whalen 2007); increasing it by inoculating
individuals tends to be poorly effective because of high mortality. Moreover, to
probe species-specific effects or diversity-function hypotheses, selective
manipulation of specific taxa or functional groups should be performed, adding
or removing only some target species. Selective removal of anecics by injecting
irritants in burrow openings is achievable (Grigoropoulou and Butt 2010;
Stromberger et al. 2012), and surface-living species which do not retreat in soil
can be visually detected and collected. In contrast, effective removal of the
endogeic earthworms without disturbing the rest of the edaphic community
may be practically impossible.

Common issues

Control over the earthworm species composition in an experimental unit
is easier to achieve in a laboratory than in the field. Most studies that
compared functional groups used only one species per group, usually selected
from a restricted pool of relatively well-known taxa. In few studies, multiple
species per group were used but without distinguishing them (Scheu et al.
2002, Sheehan et al. 2006, 2007, 2008), an approach that discounts
interspecific functional dissimilarities that may be found also within groups.
To move forward, a first step would be to test these dissimilarities
experimentally, but it is unrealistic that such experiments can be performed
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outside of a limited pool of species, since the number of possible comparisons
is very high.

An important aspect of laboratory and field studies alike is the duration.
An experiment may be designed to investigate short-term dynamics, but over
longer times the effects may be non-linear, making temporal extrapolation
problematic. For instance, in a four-month experiment with L. terrestris
(Borken et al. 2000), first an increase and then a decrease in soil respiration
were observed, the former effect being possibly just a temporary consequence
of earthworm establishment. But for some ecological processes, even studies
that most ecologists would consider long-term may be not long enough. In a
comparison between earthworm-invaded and non-invaded forest patches
(Straube et al. 2009), effects of invasive Lumbricidae on microorganisms and
arthropods contrasted with those recorded three years before by Eisenhauer
et al. (2007). In a twenty-year study (Clements et al. 1991), clear effects of
earthworm eradication on soil compaction were first recorded only nine years
after the start of the experiment (not a good match with the duration of a PhD
or post-doctoral researcher’s contract!). Extrapolations from short-term
studies should be made with special care, and validated at longer temporal
scales.

Fig. 1.2. The mesocosms used in chapter 6. Enclosed experimental systems with a
simplified biological community, placed in a highly controlled environment, make a
valuable tool in soil ecology, but the results they yield are not always realistic.
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Finally, progress in earthworm taxonomy is of course important to
ecological studies. Traditional identification based on external morphology
alone does not distinguish cryptic species, which seem to be disquietingly
common among these invertebrates (King et al. 2008). Molecular tools,
combined with traditional morphological taxonomy, will be crucial in making
earthworm identification more reliable (Chang and James 2011), but for the
coming years they might beget more questions than answers. If natural
“populations” of a putative species turn out to be assemblages of cryptic
species, will these species be revealed as functionally dissimilar? If yes, some
previous findings will need revision; if not, their co-existence needs
explanation. Moreover, will findings made on one species in a complex apply
also for the other members of that complex? As King et al. (2008) aptly
remarked, unravelling the diversity of earthworm assemblages is like “opening
a can of worms”.

About this thesis

Research objectives

The general aim of my PhD research was to investigate how earthworms
influence soil functioning. Two aspects of the latter were distinguished:

e Biochemical functioning, with a focus on C and N
e Biophysical functioning, with a focus on water infiltration

The two aspects were the subject of separate experiments, due to
different methodological requirements, but they were also studied together in
a greenhouse experiment with three earthworm species, two anecic and one
endogeic. The other experiments focused on anecic earthworms, as these are
involved in both aspects of soil functioning (Fig. 1.3). A specific aim was to
determine functional aspects of the drilosphere under realistic field conditions.
Moreover, since biotic interactions are an essential aspect of soil functioning,
effects on smaller organisms (protists and nematodes, chapter 3) and plants
(chapters 4-6) were also investigated.
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Fig. 1.3. Conceptual diagram of how anecic earthworms affect soil functions investigated
in this thesis. ‘Drilosphere’ here refers principally to burrows, not to casts and middens
outside.

Here I summarise the main research questions and how they were
tackled.

e Question - Is the drilosphere of anecic earthworms (a) a larger
biochemical hotspot in soil than hitherto presumed, and (b) a
distinctive microhabitat for smaller eukaryotic organisms?

0 Approach - Sample concentric soil layers around natural anecic
earthworm burrows and measure soil properties that point to (a)
enhanced biochemical activity, such as incorporation of C and N
from plant material (labelled with stable isotope tracers*), and (b)
biota, such as protists and free-living nematodes.
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e (Question - Are distinct species of anecic earthworms redundant in
their effects on soil biochemistry?
0 Approach - Quantify the impact of two or more anecic earthworm
species on C and N incorporation and soil organic matter
composition in the drilosphere under field conditions.

e Question - Can anecic earthworms counteract the effects of extreme
rain events on soil and plants?
0 Approach - Subject field mesocosms with or without anecic
earthworms (L. terrestris) to simulated intense rainfall, and assess
(a) short-term effects on soil hydrology, and (b) effects on plants
and soil structure over a growing season.

e Question - How does the functional diversity of an earthworm
assemblage affect N cycling through soil and plants, and primary
production?

0 Approach - Perform an experiment with combinations of multiple
species to represent a range of functional effect traits*, from
typical anecic to typical endogeic, and assess single species and
interspecific interaction effects on fertilizer N uptake by plants
and earthworms, N losses through leaching, and plant growth.

Although the general aims were based on the overarching ECOFINDERS
agenda, the research questions evolved during the project. For example, I
decided to progress from the study of direct effects of anecic earthworms on
water infiltration in soil to that of “lagged” effects on plant growth because
other studies on the former topic were being done in ECOFINDERS (also with
my contribution?), and attempts to investigate species-specific effects of anecic
earthworms on water infiltration had not been successful (see Box 7.2 in
General discussion).

Outline of the thesis

The main body of this thesis consists of five research chapters (written
with one or more co-authors) and a General discussion.

The first two chapters are about field experiments on the drilosphere of
anecic earthworms and its role in soil biochemistry. In chapter 2 we set up the
methodology, based on the use of stable isotope techniques to follow the
transfer of detritus >N and 13C to soil, and thus the incorporation of fresh

2 Some results were presented at the First Global Soil Biodiversity Conference (Dijon,
France, 2014). A poster and abstract can be accessed online at

http://library.wur.nl/WebQuery/wurpubs/484655 and http://nora.nerc.ac.uk/509713.
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Chapter 1

organic matter, by L. terrestris. In chapter 3 we describe a follow-up
experiment on two co-occurring species (L. centralis and A. longa), in which
not only stable isotope tracers but also chemical data on organic matter
composition were used to detect fresh organic matter incorporation (see also
Box 7.1 in General discussion). Then we report how one of those species
influenced the abundance and community composition of protists and
nematodes at the drilosphere scale.

The other side of the original question of this thesis is how earthworms
influence soil biophysical functioning. In a field experiment carried out in
Ireland, water infiltration rates were measured using the double ring
infiltrometer method, and were related to earthworm biomass; consistently
with previous studies, biomass of L. terrestris was linked to faster water
infiltration in soil (Box 7.2 in General discussion). Subsequently I decided to
investigate further ecological effects of this enhancement of water flow in soil,
in particular asking whether L. terrestris may counteract the disturbance of
intense rainfall on soil (e.g. surface ponding, waterlogging) and plants. The
field mesocosm experiment described in chapter 4 was thus conducted.

Chapter 5 describes a method to produce animal dung labelled with
three stable isotopes. Rabbit faeces enriched in 13C, 1SN and 34S were
specifically produced for use in the experiment described in chapter 6, but the
protocol may be followed by other researchers in need of stable isotope
enriched faecal material to study nutrient cycling in soil- and plant-animal
systems.

The two soil functioning themes (biochemical and physical) come
together in chapter 6, in which we studied how the functional diversity of an
earthworm assemblage influenced N cycling in soil, including N leaching (a
product of both decomposition and hydrology), and plant growth and N
acquisition. A special experimental design was used to build assemblages of up
to three species (the anecic L. terrestris and A. longa, and the endogeic
Allolobophora chlorotica), and determine species-specific and interspecific
interaction effects. A greenhouse setting was chosen to circumvent challenges
that would have made it unfeasible in field conditions, such as manipulating
the earthworm species assemblage while avoiding legacy effects of non-target

individuals that were removed (i.e. remaining burrows and casts).
The findings of the research chapters and their implications to soil ecology are

reviewed in the General discussion.
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Chapter 2

Abstract

Anecic (deep-burrowing) earthworms are important for soil
biogeochemical functioning, but the fine-scale spatial range at which they
incorporate C and N around their burrows (the drilosphere sensu stricto) needs
to be investigated under realistic conditions. We conducted a field experiment
to delimit spatially the extent to which soil around natural Lumbricus terrestris
burrows is influenced biochemically. We placed plant litter dual-labelled
with 13C and 15N stable isotope tracers on L. terrestris burrow openings and we
measured residue-derived 13C and 15N in thin concentric layers (0-2, 2-4, 4-8
mm) around burrows with or without a resident earthworm.

After 45 days, earthworms were significantly enriched in 13C and 15N as
a result of feeding on the plant litter. At 0-5 cm soil depth, soil >N
concentrations were significantly higher around occupied than unoccupied
burrows, and they were significantly higher in all burrow layers (including 4-8
mm) than in bulk soil (50-75 mm from burrow). This suggests that
biochemical drilosphere effects of anecic earthworms, at least in the
uppermost portion of the burrow, extend farther than the 2 mm layer assumed
traditionally.

Introduction

Anecic earthworms are large earthworm species that live in semi-
vertical, permanent burrows in the soil and feed on surface residues (Lee
1985). They are ‘ecosystem engineers’, exerting considerable influence on soil
functioning through both trophic and non-trophic activities (Bohlen et al.
1997; Jones et al. 1994; Jouquet et al. 2006; Shipitalo et al. 2004). Despite clear
evidence that they are a ‘keystone’ group of soil biota (Brussaard et al. 2007),
there are gaps in our understanding of how they affect the incorporation and
distribution of litter and thus elemental cycling. In particular, while it is known
that their burrows are hotspots of microbial activity, N mineralization and C
sequestration (Don et al. 2008; Gorres et al. 2001; Monard et al.
2011; Stromberger et al. 2012; Tiunov and Dobrovolskaya 2002), their role in
creating spatial heterogeneity of soil biogeochemical processes has not been
assessed adequately or under realistic conditions.

Traditionally, the soil under direct earthworm influence - the
‘drilosphere’ - has been defined (apart from casts and middens) as the 2 mm
thick layer around burrows (Bouché 1975 cited in Brown et al. 2000), however
this might be an underestimation (Tiunov and Scheu 1999). Moreover,
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different drilosphere effects can be expected between burrows made by
functionally dissimilar species (e.g. anecics feeding on litter versus endogeics
feeding on subsoil), as well as between different soil depths. Although small-
scale patterns in total and organic C and N around burrow walls have been
investigated (Don et al. 2008; Parkin and Berry 1999; Tiunov et al. 2001), few
studies have attempted to determine the incorporation of residue-derived C
and N through anecic earthworm activity at an appropriately fine scale (Binet
and Trehen 1992; Stromberger et al. 2012). Determining the functional size of
the drilosphere is necessary to clarify the role of anecic earthworms in soil, as
even small-scale variations in nutrient content may affect biological activity
and ecosystem functioning (Beare et al. 1995).

Here, we report a preliminary field study on the burrows of Lumbricus
terrestris, a cosmopolitan anecic earthworm species. Using plant litter enriched
in 13C and 15N isotope tracers, we investigated the short-term earthworm-
mediated C and N translocation into soil (0-5cm depth) around natural
burrows. Stable isotopes have been used to quantify C and nutrient turnover in
the drilosphere (Binet and Trehen 1992; Jégou et al. 1998; Stromberger et al.
2012), but we are aware of only one study that used isotopic tracers to detect
freshly incorporated C and N around anecic earthworm burrows under field
conditions (Stromberger et al. 2012). We hypothesised that due to earthworm
activity, soil around occupied burrows would be enriched in!3C and °N, i.e. C
and N recently translocated belowground, while around burrows without
earthworms there would be no or less enrichment.

Materials and methods

In March 2012, we labelled maize (Zea mays) with 13C and >N using a
urea leaf-feeding method (Schmidt and Scrimgeour 2001). Maize seedlings
were sprayed daily with a urea solution (97 atom% 13C, 2 atom%?15N); after 21
days, shoots were harvested, rinsed, cut into 5 mm fragments, mixed and
stored at 4 °C for 2 days. Potential L. terrestris burrow openings were located
in an unfertilized pasture in Ireland (Lyons Research Farm, Co. Kildare) on
30th March 2012. Twenty grams of labelled maize litter were placed within an
8 cm radius around each burrow opening and secured with a metal mesh cage
(about 1cm mesh size) to minimize unwanted movement of litter
aboveground. A minimum distance of 1 m between burrow openings was
deemed adequate to ensure independence of the samples. Three main
treatments were established (8 replicates each, assigned randomly to
burrows): (i) burrows occupied by an L. terrestris individual (assumed from
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the presence of fresh middens); (ii) burrows where the earthworm had been
removed by injecting 50 ml of a dilute allyl-isothiocyanate solution (AITC) (as
in Stromberger et al. 2012); and (iii) burrows where the earthworm had been
removed, rinsed with water and re-introduced, in order to test for confounding
effects of AITC. Five non-manipulated control burrows were also selected to
measure natural isotope abundances. All burrows were rinsed generously with
tap water (500 ml) in order to wash down the AITC and minimize its effects on
microbes and microfauna.

After 45 days, all earthworms were extracted by injecting dilute AITC
into burrow openings. Soil samples at 0-5 cm depth were collected around
burrow openings with steel cores (sampling at 5-10 cm was attempted
unsuccessfully). Using a mini spatula, four subsamples (about 0.3 g each) were
taken from concentric layers around each burrow: 0-2 mm, 2-4 mm, 4-8 mm
and 50-75 mm. Earthworms were identified, freeze-dried and tail ends
powdered. Soil was oven-dried at 50 °C for 48 h and powdered. Samples were
analysed for stable isotope C and N ratios with an Elemental Analyser - Isotope
Ratio Mass Spectrometer (Europa Scientific 20-20) at Iso-Analytical Ltd.
(Cheshire, UK). Isotopic values are expressed in the §-notation in parts per
thousand (%o).

Some burrows had to be excluded because earthworms were present in
some treatment (ii) burrows despite the use of AITC, or no worm could be
extracted at harvest from some burrows of the other treatments despite the
presence of middens. Sample sizes were further reduced due to missing
samples, often resulting in fewer than 8 replicates per concentric soil layer per
treatment, but the minimum was 4. Using linear mixed effects models, we
initially tested AITC and original treatment effects, and then, with treatments
(i) and (iii) pooled, analysed earthworm presence effects, distance from
burrow walls and interaction on soil §3C and 615N, with burrow as random
effect. We used marginal (i.e. adjusted for mildly unbalanced designs) Wald-
type F tests to assess significant effects (Zuur et al. 2009), and Tukey HSD tests
to estimate means and standard errors in multiple comparisons. Given the
unavoidably high variability in data from this type of field manipulations and
the relatively low power of the analysis (few replicates), differences were
considered significant at the 10% significance level. Analyses were performed
in R 2.15.0 (Hothorn et al. 2012; Pinheiro et al. 2012; R Development Core
Team 2012). Results are expressed as mean + 1 standard error.
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Results and discussion

Weather and soil conditions were favourable for high earthworm
activity: between experimental set-up and sampling, total rainfall was about
130 mm, almost double the average for that period, while the mean
atmospheric temperature was 8.0 °C, only slightly lower than the 30-year
average; soil temperature (10 cm depth, 09:00 h) was 7.2°C in April and
11.4 °C in May 2012 (Met Eireann 2013).

Earthworm present Earthworm removed
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Fig. 2.1. Stable isotope ratios of nitrogen and carbon in soil (0-5 cm depth) at increasing
distances from occupied burrows (left panel) and unoccupied burrows (right panel)
of Lumbricus terrestris. On the vertical axis >N and 3C abundances are reported as
6 = [(Rsampte/Rstandara) = 1] x 1000 (%0), where R is the ratio of the heavy isotope (*°N
or 13C) to the light isotope (**N or 12C). Different letters indicate significant differences
(Tukey HSD, p < 0.1, n = 4-8) and error bars represent * 1 standard error.

The labelled litter was highly enriched in15N (81°N: labelled
843.1 + 18.4%o, unlabelled 4.1 * 0.3%o, n = 5), while the 13C-enrichment was
comparatively modest (813C: labelled 52.0 + 3.0%o0, unlabelled -10.7 =*
1.1%o0, n=5). All extracted earthworms were L. terrestris (individual fresh
weight 2.33 £0.22 g). Compared to control specimens, earthworms from
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treatments (i)-(iii) had highly significantly enriched 6!3C values (labelled
-22.79 = 0.60%o, unlabelled -26.96 + 0.15%0; F19 =43.69,p <0.0001) and
615N (labelled 55.60 * 7.00%o, unlabelled 8.64 *+ 1.19%o; F19 = 65.01, p <
0.0001), demonstrating that they had fed on the maize fragments. Overall, soil
(all distances pooled) under labelled litter was clearly enriched in 15N (81°N:
labelled 16.46 + 1.63%o, unlabelled 6.89 + 0.24%o; F120 = 32.04, p < 0.0001),
but only marginally in13C (813C: labelled -27.71+0.15%0 unlabelled
-28.67 £ 0.20%o0; F1,20 = 7.69,p = 0.011).

Comparing treatments (i) and (iii), we detected no confounding effects
of AITC on soil 815N (F1,15 = 0.39, p = 0.540) or 813C (F1,15 = 2.80, p = 0.115), or
on earthworm 815N (F19 = 0.163, p = 0.696) or 613C (F1,9 = 0.285, p = 0.604).
Therefore, data from treatments (i) and (iii) were pooled as 'occupied'
burrows.

Considering all distances together again, 61°N in soil was significantly
higher around occupied (21.64 * 2.67%0) than unoccupied burrows (10.72 *
2.02%o0; F1,15 = 4.64, p =0.048), evincing strongly the earthworm-mediated
incorporation of N. Remarkably, significant (Tukey HSD, p < 0.1) 15N-
enrichments of soil were detected when earthworms were present not only at
0-2 mm, but also at 2-4 mm and 4-8 mm distance from burrow walls
(Fig. 2.1). Only at 50-75 mm from the burrow wall was 61°N not significantly
different between inhabited and vacant burrows (Fig. 2.1). No such significant
patterns over all distances were found for 613C (Fig. 2.1), but this was likely
due to the relatively low 13C-labelling of the maize and dilution by the much
larger soil C pool. Nevertheless, 61°N values strongly suggest that the
drilosphere extended at least to 4-8 mm from the burrow walls. Mechanisms
of this N translocation, via incorporated residues, deposited earthworm mucus
or casts, or bioturbation by other, midden-associated invertebrates, remain to
be investigated.

Conclusions

In this preliminary study, we showed that L. terrestris may incorporate N
into burrow walls over a greater spatial range than hitherto assumed, as
suggested previously by Tiunov and Scheu (1999). Further research is needed
to determine whether the same effect can be seen for C, at greater soil depths
(i.e. further down from middens) and for other anecic species; distances not
studied here (8-50 mm from burrow) should also be investigated. Our findings
suggest that burrows of anecic earthworms, even though they are long-lived
structures that can remain hydrologically active once vacated (Shipitalo and

24



Incorporation of N and C in the drilosphere

Butt 1999; Péres et al. 2010), are hotspots of nutrient cycling primarily when
an active earthworm inhabits them (Costello and Lamberti 2009; Parkin and
Berry 1999; Stromberger et al. 2012).
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Chapter 3

Abstract

By living in permanent burrows and incorporating organic detritus from
the soil surface, anecic earthworms contribute to soil heterogeneity, but their
impact is still under-studied in natural field conditions. We investigated the
effects of the anecic earthworm Lumbricus centralis on fresh carbon (C)
incorporation, soil organic matter composition, protists and nematodes of a
Cambisol under grassland. We used plant material labelled with stable isotope
tracers to detect fresh C input around earthworm- occupied burrows, or
around burrows from which the earthworm had been removed. After 50 days,
we sampled soil (0-10 cm depth) in concentric layers around the burrows,
distinguishing between drilosphere (0-8 mm) and bulk soil (50-75 mm).

L. centralis effectively incorporated fresh C into the drilosphere, and this
shifted soil organic matter amount and chemistry: total soil sugar content was
increased compared to unoccupied drilosphere and bulk soil, and the
contribution of plant-derived sugars to soil organic matter was enhanced.
Earthworms also shifted the spatial distribution of soil C towards the
drilosphere. Total densities of protists and nematodes were only slightly
higher in earthworm-occupied drilosphere, but strong positive effects were
found for some protist clades (e.g. Stenamoeba spp.). Additional data for the
co-occurring anecic earthworm species Aporrectodea longa showed that it
incorporated fresh C less than L. centralis, suggesting that the two species may
have different effects on soil C distribution and organic matter quality.

Introduction

Anecic earthworms forage at the soil surface for organic detritus which
they bring inside their vertical burrows, and translocate large amounts of
organic matter belowground (Hale et al. 2005; Nuutinen 2011). Together with
the earthworms’ excreta, the soil near the burrows forms the 'drilosphere’, a
microhabitat that acts as a hotspot of many edaphic processes, such as C and N
incorporation (Andriuzzi et al. 2013; Fahey et al. 2013), mineralization (Don et
al. 2008), and nitrification and denitrification (Parkin and Berry 1999). These
functions are associated with, and partly driven by, enhanced biological
activity. For instance, the soil around burrows of Lumbricus terrestris supports
bacterial communities that can respond rapidly to the earthworm-mediated
input of fresh organic detritus (Tiunov and Scheu 1999).

Considering their widespread presence, anecic earthworms can be a
major driver of soil heterogeneity. However, few studies have analysed the
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quantity and composition of the soil organic matter (SOM) in the drilosphere
(Szlavecz 1985; Don et al. 2008), and none tested the effects of anecic
earthworms experimentally. This is the first knowledge gap that we address
here, as both the quantity and the quality of organic matter are important to
biochemical cycling in soil.

Some studies have shown that protists and nematodes can reach higher
densities in L. terrestris middens and burrows compared to bulk soil, and
significant shifts in community composition have been reported for nematodes
(Gorres et al. 1997; Maraun et al. 1999; Tiunov et al. 2001a; Tao et al. 2009).
However, most studies have been performed on re-packed soil in laboratory
conditions, and very few have investigated nematodes and protists around
natural burrows in the field. In a rare example of the latter, Stromberger et al.
(2012) analysed phospholipid fatty acids inside and outside the drilosphere of
L. terrestris, showing that this microhabitat hosts distinct microfaunal
communities. However, the markers used in that study were not specific
enough to discriminate between eukaryotic groups, for instance protists and
nematodes, and thus no conclusion on their relative abundance could be made
(Stromberger et al. 2012). Hence, the second knowledge gap we address is how
the small-scale heterogeneity in SOM quality and quantity driven by
earthworm activity may influence protist and nematode community structure.

We performed a field experiment in a temperate grassland soil to test
the effects of anecic earthworms on drilosphere soil biochemistry and on
abundance and community composition of protists and nematodes associated
with naturally formed burrows. Traditionally, the drilosphere around burrows
has been delimited as a 2 mm-thick layer, but this has recently been shown to
be an underestimation for the anecic L. terrestris (Andriuzzi et al. 2013)1. We
focused on L. centralis (Bouché), which is morphologically and ecologically
similar to the widespread L. terrestris. In addition we were able to sample soil
around the burrows of a co-occurring species, Aporrectodea longa (Ude), also
traditionally classified as anecic. We provided plant material enriched in C
stable isotopes (13C) around the surface openings of natural burrows occupied
by one of the two target species, or from which the earthworm had been
removed. We measured the incorporation of fresh surface-derived C, and
analysed the composition of sugars in the SOM within a radius of 8 mm around
burrow walls (drilosphere) and 5 cm away (bulk soil). Finally, we assessed the
effects of earthworm presence (L. centralis) on density of protists, in total and
divided into morphologically determined clades, and on nematodes, in total
and divided into families and feeding groups.

1 Chapter 2 of this thesis.
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We tested the hypotheses that the drilosphere is a hotspot of
incorporation of fresh organic matter from the soil surface; that it supports
higher abundance of protists and nematodes than bulk soil; and that
earthworm activity is necessary to maintain this status as a soil biochemical
and biological hotspot.

Materials and methods

Experimental design and data collection

The field experiment was performed between April and May 2013 in
Lusignan, France (46°25'12.91" N, 0°07'29.35" E). The site is part of the
SOERE ACBB (http://www.soere-acbb.com), which investigates the impact of
agricultural management on soil biogeochemical cycles and biodiversity. Soil
type is Cambisol with a silty-loamy texture (Chabbi et al. 2009), no CaCO3, pH
6.4, organic C 1.4% and N 0.16%. In 2005, a mixture of three grass species was
sown (Lolium perenne, Festuca arundinacea and Dactylis glomerata), with the
addition of 120 Kg N ha-! year-1. Grass was mown at 5 cm height and removed
2 days before the experiment set-up.

Plant material enriched in 13C was produced in a greenhouse at
University College Dublin (Ireland). Two-week old maize seedlings (Zea mays)
were labelled using the urea leaf-feeding method of Schmidt and Scrimgeour
(2001), by daily spraying with a 13C-enriched urea solution (97 atom% 13C). To
further boost 13C labelling, the seedlings were enclosed for 2 (non-consecutive)
days in commercially available transparent polyethylene bags that can be
hermetically sealed; by inserting a thin tube under a sealable cap, acid (35%
HCl) was injected into a vial containing 99% 13C sodium bicarbonate just
before sealing, releasing 13C-enriched CO;. Labelling lasted 10 days (8 days
urea, 2 days sodium bicarbonate). The maize shoots were harvested and cut
into 5 mm fragments, which were thoroughly mixed and transported fresh to
the field site after 2 days. We recognize that this material (from young, green
plants, high in N) does not represent actual litter or residue from senescent
plants, but comparable material is available to soil animals through agronomic
practices such as green manure, mulching, and cover cropping.

The openings of anecic earthworm burrows (n = 28), made by either L.
centralis or A. longa, were located by visual inspection of the soil surface in a
400 m? area, and an experimental design based on Andriuzzi et al. (2013) was
applied. A minimum distance of 1 m between burrows was deemed sufficient
for independence of replicates. To establish an exclusion treatment to test
earthworm presence effects, the resident anecic earthworms were removed
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from nine burrows, which later received labelled material, using 50 ml of a
0.2% v/v allyl-isothiocyanate solution (AITC). The solution was injected with a
syringe, and did not touch the burrows walls in the top 10 cm of soil
Nevertheless, to account for potential confounding effects of AITC and
earthworm removal, anecic earthworms were removed by the same procedure
from another nine burrows and then re-introduced after rinsing with water.
Additional, occupied burrows (n = 4) were chosen as isotopic controls, that is,
they were not given the labelled maize in order to measure natural isotope
abundance.

All burrows, including the isotopic controls, were rinsed with 0.5 L of
water to wash down AITC and avoid water addition biases. The burrows from
which the anecic earthworms were successfully removed are hereafter
referred to as 'unoccupied burrows', but smaller invertebrates were active
around them, e.g. smaller earthworms and slugs were observed during
sampling. In an 8 cm radius around each burrow opening, 10 + 0.2 g of the
labelled maize were placed on the soil surface, and fixed with a metal mesh
cage (0.5 cm mesh size) to prevent displacement by wind and rain.

Sample collection

After 50 days, mesh cages were removed. No maize material was
detected above the earthworm-occupied burrows, while fragments were still
found above unoccupied burrows. Dilute AITC was injected into burrows to
expel resident earthworms, and intact soil blocks (15 x 15 cm, 10 cm deep)
containing individual burrows were excavated with a knife. Earthworm
presence / removal or burrow structure could not be ascertained in some
samples, reducing the sample size (see below).

Shortly after collection, the soil blocks were transported to a laboratory.
Using a mini spatula, four concentric layers (0-2, >2 to 4, >4 to 8 mm and 50-
75 mm) were taken around each burrow. Samples were sub-divided for
chemical (SOM and stable isotopes) and biotic analyses (protists and
nematodes); due to the different requirements of soil amount and difficulty in
separating some layers, in some samples not all analyses could be performed.
After weighing, earthworms were fixed in pure ethanol, and caudal segments
were cut, dissected and freeze-dried (unlabelled controls n = 2 L. centralis, n =
2 A. longa; labelled n =5 L. centralis, n = 2 A. longa).

Stable isotope ratio and non-cellulosic sugar analyses

Soil samples for chemical analyses were oven-dried at 502C for 24 hours.
A sub-set was analysed for stable isotope ratios (isotopic controls n = 3
replicates x 4 concentric layers; isotopically labelled n = 7 x 4 unoccupied, n =
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4 x 4 L. centralis, n = 2 x 4 A. longa). Oven-dried soil and freeze-dried
earthworm samples were powdered in a ball mill, weighed into tin capsules,
and sent to Iso-Analytical Ltd. (Cheshire, UK) for the analysis of stable isotope
C and N ratios, and total C and N concentrations with an Elemental Analyser -
Isotope Ratio Mass Spectrometer (Europa Scientific 20-20). Ethanol
preservation is assumed to have only minor effects on intact tissue 13C
signatures (Sarakinos et al. 2002). Isotopic values are expressed in the &-
notation in parts per thousand (%o). The maize shoots were highly and
consistently enriched in 13C (813C = 3432.9 + 2.8%0, n = 3) compared to plant
material in the C3-dominated grassland site (-31%o < 613C < -29%.o, Sanaullah
etal. 2010).

The three layers considered as drilosphere (hereafter designated as 0-2,
2-4 and 4-8 mm) were pooled to obtain sufficient material for SOM analysis
(labelled only: n = 4 unoccupied, n = 4 L. centralis, n = 4 A. longa). Neutral non-
cellulosic sugars were analysed using gas-chromatography after hydrolysis
(Rumpel and Dignac 2006). Briefly, one g of soil was hydrolysed using 10 ml of
4 M TFA at 110°C for 4 hours, and sugar monomers transformed into acid
alditols. The monosaccharides were recovered and analysed with a HP 6890
gas chromatograph equipped with a flame ionization detector and a silica
capillary column (BPX 70, 60 m long, 0.32 mm internal diameter, 0.25 mm film
thickness).The following temperature program was used: from 200 to 250 °C
at 3°C min-1, isothermal for 15 min. Total sugars were calculated as the sum of
all individual monosaccharides. The ratio of (galactose + mannose) to
(arabinose + xylose), or GM/AX, was used as an indicator of sugar origin: the
lower the ratio, the larger the contribution of fresh plant-derived material.

Biotic analyses

Protists and nematodes in drilosphere (0-8 mm) and bulk soil were
extracted from L. centralis burrows (n = 4 replicates x 2 microhabitats) and
unoccupied burrows (n = 5 x 2). Soil samples for extraction of protists were
kept at 4°C and sent to the University of Cologne (Germany) in a cooled
Styrofoam box within 48 hours of collection. Nematodes were extracted from
another set of soil samples (1 g each) shortly after collection, by mixing the soil
with water (10 ml), heating at 60°C for 2 min and then adding formaldehyde
(final concentration 4%), before shipping to SRUC (Edinburgh, United
Kingdom).

The protists were enumerated using a modified version of the liquid
aliquot method (LAM) according to Butler and Rogerson (1995), with slight
modifications as described in Geisen et al. (2014a), and identified with an
inverted microscope (Nikon Eclipse TS100) at 100x and 200x magnification.
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Protists were determined to morpho-group level according to Lee et al. (2000),
Smirnov and Brown (2004), Smirnov et al. (2011), and Jeuck and Arndt (2013).
Naked amoebae were identified up to genus level according to the most recent
phylogeny, and individual genera were subsequently grouped into different
higher taxonomic levels (Smirnov et al. 2011). Total numbers of flagellates and
amoebae per g dry weight soil were calculated from the cumulative
abundances in microtiter-plates and the respective dilution of soil.

The nematodes were counted at 40x magnification to estimate densities,
identified to family level and allocated to feeding groups: bacterial-feeding,
fungal-feeding, plant parasites, plant-associated (i.e. feeding on root hairs and
mycorrhizal hyphae), omnivores and predators (Yeates et al. 1993). Due to low
numbers, omnivores and predators were merged, and fungal-feeding and
plant-associated nematodes were combined into hyphal-feeding.

Statistical analyses

To verify the efficacy of the stable isotope tracers, a linear mixed-effect
model on soil §13C around earthworm-occupied burrows was fitted, using
burrow identity as random effect and labelled plant material presence as fixed
effect, and subjected to a marginal Wald F test (suitable to unbalanced
designs). Means and standard errors of earthworm body 613C were calculated,
separately for labelled and unlabelled specimens (the large difference in
variance prevented a direct statistical comparison).

Subsequent analyses were restricted to burrows provided with the
labelled plant material. The interactive effects of L. centralis (present vs
removed) and microhabitat (drilosphere layers vs bulk soil) on soil §13C, C and
N content, and C/N ratio were analysed in linear mixed-effect models with
burrow as random effect. AITC use was included as factor to test for undesired
biases, but none were detected. To account for potential body size effects, the
analyses were repeated with earthworm weight as covariate, and Spearman’s
correlation coefficient between earthworm weight and body 63C was
calculated. The effects of L. centralis presence on the GM/AX ratio and total
sugar content of SOM in the drilosphere (0-8 mm) were analysed with general
linear models. We report data for A. longa, but do not include them in the main
statistical analyses because of the low number of suitable samples for this
species.

Effects of L. centralis presence and microhabitat (drilosphere vs bulk
soil) on densities (individuals g-! soil) of nematodes, in total and for each
feeding group, and of protists, in total and for taxonomic groups, were tested in
linear mixed-effect models with burrow as random effect. Potential differences
in the taxonomic composition of protists and nematodes between soil around
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occupied and unoccupied burrows were visualised with non-metric
multidimensional scaling ordination (NMDS), based on a Bray-Curtis
dissimilarity matrix generated on the densities of nematode families or protist
groups, and tested with non-parametric multivariate analysis of variance
(npMANOVA), which compared the observed data with 1000 random
permutations.

Results are reported as mean + standard error (S.E.) with associated p-
values estimated from the models; post-hoc multiple comparisons were
carried out with Tukey HSD when appropriate (= 10 pairwise comparisons).
Homogeneity and normality assumptions were checked by visual inspection of
the residuals. The variance explained by the mixed-effect models was
estimated as conditional R? (which includes the random effect, i.e. accounts for
variability between burrows) and marginal R? (only the fixed effects) following
Nakagawa and Schielzeth (2012). Analyses were done in R 2.15.0 (R
Development Core Team 2013), using libraries “nlme” (Pinheiro et al. 2013)
and “vegan” (Oksanen et al. 2012).

Results

Incorporation of fresh C into soil and earthworm tissue

Soil that had received the labelled plant material was significantly
enriched in 13C compared to the isotopic controls (0-10 cm depth, all
concentric layers pooled: §13C = -25.86 * 0.56%0 vs -27.88 + 0.07%o, p < 0.01).
Around the burrows under labelled material, average soil §13C was higher in L.
centralis drilosphere soil (0-8 mm) than unoccupied drilosphere soil (-23.43 +
1.02%0 vs -27.25 * 1.37%o, p = 0.03), pointing to a larger incorporation of
plant-derived C (Fig. 3.1). The mixed-effect model explained almost 60% of the
total variance (conditional Rz = 0.57), but less than half as much once the
influence of the burrow random effect was removed (marginal Rz = 0.22),
indicating that the variability between burrows was important. The few
available A. longa burrows (n = 2) had lower soil §13C values than L. centralis
burrows (-27.08 * 0.31%o in the drilosphere).

As expected, L. centralis specimens from the burrows under labelled
maize had on average higher 8§13C (1.67 * 11.85%0) than isotopic control
specimens (-21.00 * 0.13%o), but there was very high variability. This
indicates that some earthworms had fed on the labelled maize more than
others; this did not depend on their body size (Spearman’s r = 0.3, p = 0.69).
Tissue 613C of the A. longa specimens (n = 2) from labelled burrows was even
more variable, ranging from -20.95%o to 57.63%so.
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Soil C and SOM chemistry

There was no overall difference in total C content between bulk soil and
unoccupied L. centralis drilosphere (all layers: 2.55 + 0.14% and 2.36 = 0.11%
respectively, p > 0.10). However, earthworm presence shifted the spatial
distribution of C around burrows (Fig. 3.2): when a worm was resident, the
total soil C was significantly higher in the drilosphere than in surrounding soil
(p < 0.05, Tukey HSD), whereas there was no difference around unoccupied
burrows (p > 0.10). Again, variability between burrows was high and had a
substantial influence on the observed patterns (conditional R% = 0.64, marginal
R2 = 0.16). The earthworm effects on soil C were not driven by differences in
individual body size, because adding individual weight as a covariate did not
change the outcome (the covariate was non-significant, and R? increased only
by 2%). Like total C content, soil C/N ratio was significantly (p < 0.01) higher in
drilosphere than bulk soil when L. centralis was present (11.18 + 0.19 vs 10.04
+ 0.11, p < 0.01), whereas no such difference was found around unoccupied
burrows (10.56 + 0.18 vs 10.62 + 0.03). Soil N content itself was not affected by
earthworm presence, nor did it differ between drilosphere layers and bulk soil
(both in the range 0.17-0.30%).

The total sugar content in SOM (Fig. 3.3) was clearly higher (p < 0.01)
around L. centralis burrows (15.1 = 1.2 mg g-! soil) than around unoccupied
burrows (9.2 + 1.6 mg g-1 soil). The presence of a resident earthworm resulted
in a higher relative contribution of plant-derived sugars to the SOM sugar pool,
as revealed by the lower GM/AX ratio (0.56 * 0.04 L. centralis, 0.82 + 0.06
unoccupied, p < 0.01, Fig. 3.3). The burrows with A. longa had total sugar
content (10.3 + 1.6 mg per g of soil) more similar to that of unoccupied
burrows than burrows of L. centralis, and the same was observed for the
GM/AX ratio (0.75 + 0.06).
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Fig. 3.1. C stable isotope ratios in soil (0-10 cm depth) around earthworm burrows
occupied by L. centralis (n = 4) and burrows from which the earthworm had been
expelled 50 days before sampling (n = 7), in the drilosphere (D, 0-8 mm around burrow
walls) and in bulk soil (B, 50-75 mm around burrow walls). Maize fragments labelled
with 13C were placed near the burrow entrances at the start of the experiment. The thick
lines inside the boxes are the medians, the black dots are the means, and the error bars
outside the boxes delimit the interquartile range. Different letters mark significant
differences (p < 0.05).

Effects of earthworm activity on protists and nematodes

The total abundance of protists was not significantly influenced by the
presence of L. centralis or the soil microhabitat (drilosphere vs bulk soil),
although the highest densities were recorded in the earthworm-occupied
drilosphere (Fig. 3.4). NMDS ordination and npMANOVA (Supplementary
Material) did not reveal any potential difference in overall taxonomic
composition between soil microhabitats. However, there were interactive
effects of earthworm presence and microhabitat on some abundant clades
within higher taxonomic clades, viz. the supergroup Amoebozoa and the
phylum Cercozoa (Fig. 3.4 and Supplementary Material).

In particular, monotactic amoebae of the amoebozoan class Tubulinea
were more abundant in drilosphere than bulk soil around unoccupied burrows
(p = 0.02), whereas they had similar abundances in the two microhabitats
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around occupied burrows (p > 0.10, Fig. 3.4). Within the amoebozoan class
Discosea, amoebae of the genus Stenamoeba were more than twice as
abundant in the drilosphere with L. centralis than in bulk soil (p = 0.01, Fig.
3.4), whereas an opposite pattern occurred around unoccupied burrows (p =
0.01). Among the amoeban classes, the larger bodied Variosea were the least
responsive (Fig. 3.4). Flagellates of the order Glissomonadida, from supergroup
Cercozoa, were more abundant in the drilosphere than in bulk soil if the
earthworm was present (p = 0.04), while Cercozoa on the whole were more
abundant in drilosphere than in bulk soil, whether the earthworm was present
or not (p < 0.01, Supplementary Material).
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Fig. 3.2. Total C content in soil (0-10 cm depth) around burrows with a resident L.
centralis (n = 4) and burrows from which the earthworm had been removed (n = 7). The
thick lines and the dots inside the boxes are medians and means, respectively, and the
error bars delimit the interquartile range. Different letters mark significant differences (p
<0.05).

The density of nematodes was not markedly affected by earthworm
presence or soil microhabitat (drilosphere vs bulk soil p > 0.10, mixed-effect
models), but, similarly to protists, the highest densities were found in the
drilosphere around earthworm-occupied burrows (Fig. 3.4). There were no
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recognizable patterns in taxonomic composition (Supplementary Material),
whether the analysis included rare families or not (absent from 75% or more
of the samples). Most nematodes were hyphal-feeders, plant parasites or
bacterial-feeders (Supplementary Material), with Tylenchidae (52.0 + 4.9%)
and Cephalobidae (13.3 + 1.5%) as the most represented families.

Discussion

Anecic earthworms maintain hotspots of fresh incorporated C

We confirmed that the drilosphere (in 0-10 cm depth) of the anecic
earthworm L. centralis is much thicker than traditionally presumed (at least 8
mm, as compared to 2 mm), as was shown previously for L. terrestris in intact
soil in the field (Andriuzzi et al. 2013). The added plant material was highly
enriched in 13C, and indicated higher incorporation of surface C in the
drilosphere than in bulk soil. Such C translocation might have been due to
mobilisation of soluble litter compounds (Gaillard et al. 2003), and possibly the
activity of other invertebrates in and around the burrow, for instance
microarthropods (Chamberlain et al. 2006). Whatever the mechanisms
involved, the presence of active L. centralis played a key role, as demonstrated
by the lower soil 13C enrichment around burrows from which the resident

38



The drilosphere as biochemical and biological hotspot
earthworm had been removed a priori (Fig. 3.1). In this study we focused on

topsoil, which is where most soil biological activity occurs, but the activity of
anecic earthworms also affects deeper layers (Zaller et al. 2013).
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Fig. 3.4. Density of soil protists (top and middle rows) and nematodes (bottom row) in
soil around burrows occupied by L. centralis (+, grey boxes) or from which the earthworm
had been removed 50 days before sampling (-, white boxes), in drilosphere (D; 0-8 mm
around burrow walls) and bulk soil (B; 50-75 mm around burrow walls). For protists,
density is shown for the entire community, the four classes of amoebae and the highly
represented genus Stenamoeba (class Discosea). For nematodes, density is shown for the
entire community and the two most abundant trophic groups. The thick lines in the boxes
are the medians, the black dots are the means, and the error bars delimit the interquartile
range.
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As a result of earthworm-driven incorporation of fresh organic material,
both the quantity and the quality of SOM were modified: soil in the drilosphere
controlled by L. centralis had higher total sugar content and lower GM/AX ratio
than in the drilosphere surrounding vacant burrows (Fig. 3.1). A larger
proportion of the plant-derived sugars xylose and arabinose in the SOM sugar
pool (= lower GM/AX) is diagnostic of a higher contribution of recently
incorporated plant material, whereas a larger share of microbial sugars such as
galactose and mannose (= higher GM/AX) is linked to older and more
stabilized organic matter (Spielvogel et al. 2008). All our samples had
relatively low GM/AX ratios (< 1) compared to the bulk soil analysed in other
studies (Spielvogel et al. 2008; Rumpel et al. 2010), indicating a high relative
abundance of fresh plant-derived sugars. This is not surprising, as burrows
made by anecic earthworms are preferential pathways of detritus
incorporation into soil, and the unoccupied burrows we sampled had been
earthworm-free for only 50 days.

Despite the latter fact, earthworm presence led to a concentration of C in
the drilosphere compared to the corresponding bulk soil, as recorded in other
studies on anecic earthworm burrows (Don et al. 2008; Stromberger et al.
2012; but see Tiunov et al. 2001b). Notably, this did not occur around burrows
from which the earthworms had been removed. While 50 days without a
resident earthworm might have been enough for some C losses (e.g. through
DOC leaching), a more likely explanation is that the earthworms mediated
larger inputs of C from the labelled plant material to the soil, as indicated by
both 13C and SOM data (Fig. 3.1 and 3.3). Indeed, the drilosphere around
isotopic control burrows, which were occupied by L. centralis but were not
given the labelled plant material, had somewhat lower soil C concentrations
(2.48 + 0.08, n = 4) than the labelled earthworm-occupied drilosphere (2.64 +
0.13%, n = 4).

The earthworms occupying burrows under labelled maize were only
weakly enriched in 13C, and individual variability in isotopic signature was
high. Given the strong 3C enrichment of the plant material, this high variability
is surprising. Although a complete disappearance of the maize was observed
above the burrows with anecic earthworms (suggesting their important role in
litter degradation), and L. centralis effectively incorporated plant material
belowground (Fig. 3.1 and 3.3), some individuals apparently assimilated little
or negligible amounts of the labelled plant material. This could be partly
explained by individual differences in consumption, meaning that some
earthworms fed on the plant material for a shorter time than others. In fact,
even though anecic earthworms may transport very fresh leaves inside their
burrows (Griffith et al. 2013), they preferably feed on them only after they are
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more or less decayed and mixed with mineral soil (Doube et al. 1997). Another
possibility is that, due to the short labelling period, the stable isotope tracer in
the maize fragments was mostly in highly labile fractions, which could have
been lost during decomposition before residues were ingested by earthworms.
Variation in earthworm body size was not influential, as individual weight was
not a significant predictor in the statistical analyses.

Protists and nematodes around anecic earthworm burrows

Protists and nematodes attained higher average densities in the
presence of L. centralis, but burrow-to-burrow variability was high and
resulted in a substantial overlap. We did not detect clear community-wide
differences between drilosphere and bulk soil, although the highest densities
of both groups were measured in earthworm-occupied drilosphere (Fig. 3.4).
Earthworms may provide protists and nematodes with advantageous
conditions in the drilosphere through nutrient enrichment, stable soil moisture
and higher microbial activity, and possibly enhanced pore space (Gorres and
Amador 2010). Moreover, earthworms feed on protists and nematodes (Dash
et al. 1980; Bonkowski and Schaefer 1997), and so they might regulate their
community composition and abundance also via direct trophic effects.

In a laboratory experiment with L. terrestris and two types of leaf litter,
nematodes were consistently more abundant in the drilosphere (0-4 mm)
than outside, while for protists the same occurred under litter from Tilia
cordata but not Fagus sylvatica (Tiunov et al. 2001a). In our study, the trophic
structure of the soil nematode community was little affected by earthworm
presence and soil microhabitat, whereas there were clearer effects on the
taxonomic composition of protists. For instance, Cercozoa and in particular
Glissomonadida, a dominant group of bacterial-feeding soil flagellates (Howe
et al. 2009), were more numerous in the drilosphere, whether L. centralis was
present or not (Supplementary Material). Also the density of Stenamoeba spp.,
a species-rich genus within the eukaryotic supergroup Amoebozoa (Geisen et
al. 2014b), was higher in drilosphere than in corresponding bulk soil when L.
centralis was present, but was depressed in the drilosphere when the burrow
was abandoned (Fig. 3.4). This finding corresponds with the increased
numbers of amoebae of Vannella morphotypes (which previously included
Stenamoeba) in L. terrestris middens reported by Anderson and Bohlen (1998).
Desiccation sensitive protists such as Stenamoeba (Geisen et al. 2014a) might
have especially benefitted from the moisture conditions in the active
drilosphere, characterized by frequent mucus secretion by the earthworm. The
enriched microfauna in Lumbricus burrows may contribute to nutrient cycling,
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but still far too little is known on how changes in the protist community
composition may affect the rest of the soil food web.

Do anecic earthworm species have similar effects on soil
biogeochemistry?

Our results obtained from real, natural earthworm burrows highlight the
variability and the difficulties associated with field-based experiments
compared to laboratory approaches (Kampichler et al. 2001). Issues with
validating earthworm presence (or removal) in target burrows and with the
collection of the required amount of soil for the various analytical methods
impeded a rigorous statistical comparison of A. longa and L. centralis.
Nevertheless, our data suggest that A. longa incorporated less surface organic
matter into soil than L. centralis, so that its drilosphere was more comparable
to bulk soil or soil around unoccupied burrows (e.g. in soil 613C and GM/AX
ratio). If confirmed, this would mean that the two anecic species had specific
effects on soil biogeochemical and biological heterogeneity under the given
field conditions, due to different effect traits related to the incorporation of
surface organic matter. Such difference would be consistent with traditional
niche theory (Leibold 1995), according to which a strong functional overlap of
two co-occurring species must lead to the competitive exclusion of one of
them. In fact, although soil is a highly heterogeneous environment where
competing species may co-occur at small scales (Amarasekare 2003) - the so-
called enigma of soil animal diversity (Anderson 1975) - trait differences
between co-occurring anecic earthworm species have been found. In
particular, A. longa feeds more extensively on highly mineralized SOM than do
Lumbricus spp., the latter showing a stronger preference for fresher detritus
(Briones et al. 2005; Thakuria et al. 2010). Also, the burrowing behaviour of A.
longa appears somewhat intermediate between that of endogeic earthworms,
that dig transient channels below the soil surface, and true anecic earthworms
(Bastardie et al. 2005). But it should be noted that A. longa and other anecic
species are remarkably flexible in their diet (Schmidt 1999; Thakuria et al.
2010; Griffith et al. 2013), as they tune their behaviour according to
environmental conditions (e.g. availability of surface residues).

Conclusions

The anecic earthworm L. centralis incorporates fresh organic C into soil
around its burrows, altering both the quantity and the chemical quality of the
soil C pool in this microhabitat. The biochemical effects of the earthworms
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were detected over the 8 mm from burrow walls investigated, consistent with
recent findings (Andriuzzi et al. 2013) that in topsoil the drilosphere of anecic
earthworms is a much larger microhabitat than the thin layer (2 mm)
traditionally considered. Soil around burrows that did not have a resident
earthworm during the experiment (50 days) was biochemically more similar
to soil beyond earthworm influence than to earthworm-occupied drilosphere
soil, indicating that, for biogeochemical effects to be persistent, the earthworm
has to be present. While earthworm presence had small effects on the overall
density of nematodes or protists in the drilosphere, it stimulated some
phylogenetic clades of protists. Additional data on the co-occurring anecic
earthworm A. longa hinted at the possibility that distinct species in the anecic
functional group may differ in their effects due to niche differentiation, in
particular in terms of incorporation of surface detritus belowground.
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Supplementary Material

Supplementary Figure. Non-metric multidimensional scaling (NMDS) ordination of
(a) nematode families, (b) the four amoebozoan classes (Tubulinea, Discoseaq,
Variosea and Heterolobosea) and (c) protist groups in soil around burrows occupied
by the earthworm L. centralis (+) or from which the earthworm was removed (-), in
drilosphere (D) and bulk soil (B). Stress was below 5%, indicating a good fit.

List of nematode and protist groups used for the Supplementary Figure
Nematodes: Aphelenchoididae, Alaimidae, Cephalobidae, Plectidae, Rhabditidae,

Tylenchidae, Hoplolaimidae, Dolichoridae, Paratylenchidae, Pratylenchidae,
Qudsnematidae, Aporcellaimidae, Mononchidae. Very rare families (found in only
one sample) were excluded (Diptherophoridae, Tylencholaimidae,
Panagrolaimidae, Prismatolaimidae and Heteroderidae).

Protists: the Amoebozoan genera Leptomyxa, Acanthamoeba, Echinamoeba,
Stenamoeba, Testateamoeba, Vermamoeba, Vannella, Filamoeba, Flammella,
Thecamoeba, Hartmannella, Vexillifera; Heterolobosea (divided in large and small
forms); Cochliopodium; small flabellate amoeba; Glissomonadida; unknown
flagellates; Bodonida; Euglenida; Thaumatomonadida; Chrysomonads
(Chrysophyceae); other Cercozoa (divided in large and small); Micriamoeba;
unknown amoebae; and Dinoflagellates.
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Supplementary Table. Density of microfauna in soil around burrows made by the
anecic earthworm L. centralis, with the earthworm present (+, n = 4 replicates x 2
microhabitats) or removed (-, n = 5 x 2), in drilosphere (D, 0-8 mm around burrow
walls) and bulk soil (B, 50-75 mm around burrow walls). Nematode density (per g of
dry soil) is shown for the total assemblage and for each feeding group; few
unidentified juveniles could not be allocated. Protist density (10? per g of dry soil) is
shown for the total assemblage and for selected clades, including the highly
represented amoebozoan genus Stenamoeba.

D+ B+ D- B-
Nematodes (all) 82.00 + 12.90 67.50 + 13.82 54.20 +10.40 52.80 +10.52
bacterial-feeding 10.10 £ 6.50 12.52 £8.30 10.00 + 2.22 13.60 + 2.28
plant parasites 19.02 £ 8.48 10.00 £9.20 8.78 £ 3.06 5.60 + 4.34
hyphal-feeding 43.48 £ 8.54 39.98 + 4.30 28.80 + 12.28 28.00 = 8.82
omni-predators 0.98 £ 0.60 1.98 £ 0.82 1.20+0.56 0.80 £ 0.66

Protists (all)

820.94 +£102.08

703.98 £112.05

661.74 £127.41

573.76 £150.33

supergroup Cercozoa 212.75 £20.14 144.58 + 24.81 202.06 +18.01 147.26 +22.19
order . 91.78+18.04  4620+13.90  60.84+16.13  37.02+12.43
Glissomonadida

class Tubulinea 37.08 £10.17 50.75+7.19 43.01 £ 13.65 24.55 £ 9.65

class Discosea 101.25 +27.32 60.97 + 23.09 86.56 + 36.65 47.40 £ 26.76
Stenamoeba sp. 15.60 + 3.96 6.19 + 3.29 8.19 £5.32 1593 +4.41

class Variosea 22.00 £ 7.55 30.14 £ 7.55 23.21+£892 31.35+892

class Heterolobosea 30.11£5.71 28.85+5.71 27.15 +6.37 25.89 + 6.37
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Abstract

Background and aims - Intense rains are becoming more frequent. By
causing waterlogging, they may increase soil erosion and soil surface
compaction, hamper seedling establishment, and reduce plant growth. Anecic
earthworms make vertical burrows that improve water infiltration, so we
hypothesised that they can counteract such disturbance.

Methods - In a field experiment, intact soil mesocosms with ryegrass
(Lolium multiflorum), and with or without Lumbricus terrestris, underwent
either a precipitation regime with two intense rain events (36 mm, at
beginning and end of spring), or a control regime with the same cumulative
rainfall but no intense events. Short-term response of soil moisture and lagged
response of plant growth were measured, and soil macroporosity was
quantified.

Results - Intense rains reduced ryegrass shoot biomass (by 16-21% on
average) only in the absence of earthworms. Waterlogging duration
aboveground was not affected, whereas soil moisture after intense rainfall
tended to drop faster with earthworms present. Continuous vertical
macropores were found only in the treatments with added earthworms, and in
2.4 times higher numbers under the intense precipitation regime, despite
similar earthworm survival.

Conclusions - We found that anecic earthworms can offset negative
effects of intense rainfall on plant growth. Underlying mechanisms, such as
macropore formation and enhanced nutrient cycling, are discussed. We also
observed that altered precipitation patterns can modify earthworm burrowing
behaviour.

Introduction

Climate change is not only a shift in long-term trends, but also a
variation in frequency and magnitude of intense weather events (IPCC 2013).
According to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC 2013), the chance of heavy rains and flooding is
increasing globally, as precipitations will be “concentrated into more intense
events, with longer periods of little precipitation in between”. The ecological
consequences of such events are more difficult to predict than those of gradual
shifts in averages, but may be no less critical (Jentsch et al. 2007; Reyer et al.
2013). So far, drought has been given more attention than intense rainfall
(Beier et al. 2012), but both can have major effects on soil and plants. Excessive
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water may cause anoxia in the rhizosphere and hinder nutrient uptake by
plants (Sairam et al. 2008), which is especially harmful to seedlings (Cannell et
al. 1980). Waterlogging caused by excessive rain can decrease plant growth to
the point of seriously reducing agricultural yields (Cannell et al. 1984;
Rosenzweig et al. 2002). Common technical solutions, for instance surface
drains, are costly and often ineffective (Setter and Waters 2003). Moreover, the
use of heavy agricultural machinery on wetter soils may cause soil compaction,
making the soil even more prone to waterlogging (Batey 2009) and reducing
soil workability and trafficability. However, soil organisms can improve the
resistance and resilience of soil against disturbance, for instance by enhancing
soil structure (Brussaard et al. 2007). It has therefore been suggested that
agricultural practices that stimulate soil biodiversity, such as increased crop
diversity, reduced tillage and continuous soil cover, could help mitigate the
effects of climate change (de Vries et al. 2012; Scherr and McNeely 2008).

Among the enormous variety of life forms in soil, anecic earthworms
may be particularly important in ameliorating the effects of soil and plants to
intense rains. These large-bodied, detritivorous invertebrates dig vertical
burrows that are connected to the soil surface and can act as preferential
pathways for water flow and gas diffusivity (Edwards et al. 1990; Capowiez et
al. 2009; Clements et al. 1991; Spurgeon et al. 2013). Their burrows are
considered semi-permanent structures, since they can outlive the individual
that produced them (Shipitalo et al. 2004). Once abandoned, they are often
reutilized by other earthworm individuals or colonized by plant roots
(Nuutinen 2011). Where anecic earthworms occur, their burrows make a
major contribution to soil macroporosity, as suggested by correlations
between the density of earthworms and macropores (Francis and Fraser 1998;
Lamandé et al. 2011). The role of these macropores to downward water flow
may be relatively small under moderate soil moisture conditions (though not
necessarily negligible - Nimmo 2012), but becomes more important as the soil
approaches water-saturated conditions (Pitkdnen and Nuutinen 1998). In fact,
Spurgeon et al. (2013) showed that across several studies the biomass of
anecic earthworms was positively correlated to water infiltration even after
accounting for the role of tillage and soil type. Moreover, anecic earthworms
promote plant growth through mechanisms other than burrowing, for instance
by mineralizing N from plant residues and stimulating soil microbial activity
(van Groenigen et al. 2014).

In this study, we tested whether anecic earthworms can indeed
ameliorate the detrimental effects of intense rains on soil and plants. To our
knowledge this hypothesis has not been tested experimentally, although
Chaudhry et al. (1987) found that under very wet soil conditions in a barley
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field earthworms improved drainage and oxygen diffusion rate, and as a result
promoted the establishment of barley seedlings. No other study seems to have
demonstrated a link between direct effects of earthworms on water infiltration
and lagged effects that may become apparent days or weeks later, such as
enhanced plant growth.

We performed a field experiment under ryegrass monocultures to test
whether the presence of the anecic earthworm Lumbricus terrestris modulates
the response of soil and plants to intense rain events. We hypothesised that
earthworm presence would counteract the disturbance caused by the intense
rainfall: (1) in the short term of hours to days by increasing intake of excess
water in soil; and (2) over a longer term (one month) by offsetting
disturbance-driven reduction of plant growth.

Materials and methods

Study site and experimental design

The study was performed from November 2013 to July 2014 in a long-
term conventionally managed arable field, with a loamy-sandy soil of pH 5.5
and organic matter content of 2%, located in Wageningen University
Droevendaal farm, in the Netherlands (51°59'20.60"N, 5°38'59.51"E). The field
had been cultivated with wheat but had no standing crop when it was last
ploughed, to 25 cm depth, in November 2013. Previous experiments showed
that anecic earthworms were absent from the field, and no signs of their
presence (such as surface casts or middens) were detected before ploughing.

On 22 November 2013, twenty-eight mesocosms were established by
inserting PVC cylinders (30 cm diameter, 40 cm high) into undisturbed soil to a
depth of 30 cm, spaced 2 m apart in a regular grid (7 x 4). The distance
between mesocosms, and the PVC enclosures, ensured independence of
replicates. Within each grid row, mesocosms were randomly assigned to four
treatments, i.e. two precipitation regimes crossed with two earthworm levels
in a factorial design: with experimental intense rain events (+R) or without (-
R), and with introduced L. terrestris (+L) or without (-L). More replicates were
given to the two +L treatments to assess earthworm survival during the
experiment. Thus, final sample size was n = 7 for +R+L and -R+L, and n = 5 for
+R-L and -R-L; the remaining four mesocosms were used to test the rainfall
simulation methods.

One week after field installation, adult L. terrestris purchased from a
commercial supplier were added, with four individuals in each +L (189 +0.5 g
S.E. fresh weight per mesocosm, equivalent to 270 g m-2). Velcro strips were
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glued to the inner edge of the mesocosms to prevent escape (Lubbers and van
Groenigen 2013); escape belowground was possible but unlikely, as L.
terrestris mostly digs vertically and disperses over the soil surface (Mather and
Christensen 1988). To provide food and shelter, a mixture of Acer spp. and
Fraxinus excelsior leaf litter (collected from a nearby forest floor and
thoroughly mixed) was placed on the soil surface in all mesocosms (54 + 1 g
dry weight each). The mesocosms were left in situ until March 2014 to allow
earthworms to acclimatise and make burrows.

The leaf litter was removed early in March 2014, and semi-liquid cattle
manure (in dry matter: 5.0% N, 2.2% P205, 7.1% K20, dry matter content
20%) was applied (20 * 1 g dry weight per mesocosm, equivalent to 140 kg N
ha-1). In the last week of March, access tubes for the insertion of a time
domain reflectometry (TDR) moisture probe (TRIME T3, IMKO GmbH,
Ettlingen, Germany) were installed outside six randomly chosen mesocosms (n
= 3 each for +R+L and +R-L). The tubes were inserted outside the mesocosms
at an angle of 55° to the soil surface, so that the probe would measure soil
moisture directly below the cylinders at 35 cm soil profile depth, without
disrupting the soil above. On 24 April 2014, ryegrass (Lolium multiflorum var.
Sultano) was seeded in all mesocosms (2.5 g seeds each). Mesocosms were
inspected twice a week, and any weed seedlings growing inside or < 0.5 m
around were removed manually.

Rainfall manipulation

In addition to natural rainfall, all mesocosms received water through
experimental irrigation, applied manually with a horticultural watering can
with rose from a fixed height (50 cm). The cumulative amount was the same
for all treatments, but the number and intensity of artificial rain events
differed as follows: two intense showers, each equivalent to 36 mm, were
simulated in +R, whereas the same total was spread over ten small events in -R
(Fig. 4.1). The latter events were not intense enough to cause ponding on the
soil surface. Natural daily rainfall of 36 mm or more occurred 22 times during
the previous 30 years in Wageningen. The first intense rain was simulated on
28 April 2014, when the ryegrass seedlings started to emerge, and the second
on 12 June. All mesocosms were covered with transparent plastic when very
intense or prolonged rains were forecast (on 9 and 12 May, 5 June, and 22 July
2014). Taking into account both natural and simulated rains, and excluding
rains during covering, total rainfall during the experiment was approximately
520 mm (14% of which was artificial), close to the average for the period
throughout the previous 30 years (551 mm). All precipitation data were
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obtained from the Royal Dutch Meteorological Institute! (weather station
“Wageningen (Pd)”, 51°58'00"N, 05°39'00"E).

-R +R

60 — 60 —

36 mm event

v
36 mm event
v
40 — 40 —
20 — I 20 — '

o —
Week 1 3 5 7 9 11 13 1 3 5 7 9 11 13

Rainfall (mm)
]
|

Fig. 4.1. Weekly rainfall during the experiment, from the week before seeding to the
second plant biomass collection, under two experimental precipitation regimes. The grey
part of each bar shows the artificial rain that was provided to the mesocosms, either as
ten moderate events (-R) or as two intense events (+R, identified with arrows). The
dashed lines show the average weekly rainfall, which was the same in the two regimes.

Data collection

During the intense rain events, the duration of waterlogging
aboveground (that is, the time it took for water ponding on the soil surface to
disappear) was recorded in each +R mesocosm. After 3 and 24 hours, soil
moisture (vol. %) at 35 cm depth below three +R+L and three +R-L
mesocosms was measured with the TDR probe. On 2 June, one month after the
first +R event, ryegrass shoots were cut at 5 cm height, oven-dried at 50°C for
72 hours, and weighed. Three days after the first ryegrass sampling, 0.2% allyl
isothiocyanate (AITC) was applied to two randomly chosen +L mesocosms

1 http://www.knmi.nl/klimatologie /monv/reeksen/select rr.html
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(one +R and one -R) to extract earthworms and gauge the survival rate. These
mesocosms were then excluded from further analyses.

On 10 July 2014, one month after the second +R event, all ryegrass
biomass aboveground was harvested. A week later, earthworms were
extracted with AITC. AITC was also applied to the -L mesocosms to ensure that
they were earthworm-free and to avoid biases in the subsequent analyses.
Earthworms were confirmed as L. terrestris and weighed. On 23 July, the
mesocosms were unearthed and carefully transported to a cold room (4°C).
Over the next week, numbers of burrow openings and earthworm casts on the
soil surface were recorded. Then, the outer cylinders were removed, and
horizontal soil sections were cut at three depths (10, 20 and 30 cm). Visible
macropores on the surface of each section were counted, and their vertical
continuity was assessed. Sub-samples of the oven-dried plant material were
analysed for C and N concentrations with an elemental analyser (LECO
TruSpec, St. Joseph, MI, USA).

Statistical analyses

The interactive effects of precipitation regime and earthworm presence
on plants were assessed in linear models with a normal distribution, using
ryegrass aboveground biomass (g dry weight) or C:N ratio as response variable
and treatment as explanatory variable, separately for the two harvests. The
effects of precipitation regime on density (per m?) of continuous macropores,
earthworm biomass (+L only), and waterlogging duration (+R only) were
assessed in linear models. The effects of precipitation regime on the number of
earthworms retrieved at the end were assessed in generalized linear models
(GLM), with a Poisson distribution and a log link function. Treatment statistical
significance was assessed with F-tests (linear models with normal
distribution) or x? tests (Poisson GLM). Means and standard errors were
estimated from the models, together with associated t-tests and p-values to
compare the treatments; p-value adjustments to avoid inflation of type I error
rate (e.g. Tukey HSD test) were considered unnecessary, given the low number
of pairwise comparisons (max. 6). Model distributional and variance
assumptions were checked by visual inspection of the residuals; if needed to
avoid heteroskedasticity, a special variance structure was used to allow a
different variance in each treatment (R function ‘varldent’, Pinheiro et al.
2014).

Correlations between earthworms retrieved at the end of the
experiment (either as abundance or biomass) and final plant growth, and
between earthworms and macropores, were tested using Spearman rank-
order correlation (rs). We calculated means and standard errors of soil
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moisture at 35 cm depth, but refrained from testing treatment effects, as those
data were only available for 6 mesocosm units. All statistical analyses were
performed in R 3.1.0 (R Development Core Team 2014). Results are presented
as mean # standard error.

Results

Plant response to intense rain and earthworm presence

One month after the first intense rain event (Fig. 4.2A), plant biomass
was lower in +R than in -R treatments (on average -17%), but the effect
depended on earthworm presence (rainfall x earthworm interaction, F3z0 =
3.19, p = 0.04). L. terrestris increased plant growth, with grass shoot biomass
being 23% higher in +L than in -L, an effect mainly driven by the difference
between treatments +R-L and -R+L (5.60 + 1.08 g vs 8.88 £ 0.69 g, p = 0.006).
Plant biomass in +R-L was also lower than in +R+L (7.55 + 0.98 g), although
not significantly at the 5% probability level (p = 0.08), whereas there was more
overlap between —-R+L and -R-L (p = 0.11).

The ameliorating effects of earthworms on plant growth were more
evident after the second event (Fig. 4.2B): intense rainfall reduced plant
growth only in the absence of L. terrestris (rainfall x earthworm interaction,
F318 = 3.11, p = 0.05). Grass biomass in +R-L (10.07 + 1.14 g) was markedly
lower than in +R+L (12.45 * 0.77 g, p = 0.04) and -R+L (1345 + 1.08 g, p =
0.008), while there was no difference between +R+L and -R+L (p = 0.41).

Plant C:N ratio was not affected by precipitation regime or earthworm
presence in either sampling (p > 0.10). The ratio was much higher in the
second sampling (ranging from 28.9 to 48.8) than in the first (ranging from
20.1 to 27.9), a change driven by a strong decrease in N concentration (from
18.0 to 10.9 g kg1 on average) as the N-rich seedlings developed into mature
swards.
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(A) (B)
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Fig. 4.2. Means and standard errors of ryegrass (L. multiflorum) shoot biomass (g dry weight
per microcosm) in mesocosms with the anecic earthworm Lumbricus terrestris (+L, black
circles) or without (=L, white circles), under two precipitation regimes (+R and -R, see Fig. 1).
Biomass was measured (A) one month after the first intense rain event (in the +R mesocosms),
and (B) one month after the second event. Different small letters above the error bars mark
differences between treatments that were statistically significant at the level of p = 0.05, as
revealed by linear models, separately in (A) and (B).
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Earthworm responses to intense rain

Of the inoculated L. terrestris individuals, 40% were retrieved at the end
of the experiment. No other earthworm species were found except sporadic
individuals of Aporrectodea caliginosa (small soil-feeding earthworms with
body mass < 0.5 g). Plant biomass in +L mesocosms was neither correlated to
earthworm abundance (rs = 0.14, p = 0.66) nor to biomass (rs = 0.16, p = 0.61),
indicating that the positive effect of L. terrestris was not an artifact induced by
earthworm mortality (i.e. it was not an unwanted “fertilizer” effect of dead
individuals). At the end of the experiment, there was no difference between
+R+L and -R+L with respect to earthworm numbers (% = 0.47, p = 0.49, Fig.
4.3) or biomass (F1,10 = 2.31, p = 0.16).

4 earthworms
O burrows
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Number of burrows per m

Earthworms retrieved (% of initial)

Fig. 4.3. Percentage of the introduced L. terrestris individuals found at the end of the
experiment (triangles), and density of continuous vertical macropores (circles) in the two
precipitation regimes (+L treatment only). The p-values refer to the comparison between
the two R regimes, and are based on a Poisson GLM and a general linear model,
respectively.
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Earthworm effects on soil structure and moisture

Continuous macropores were found only in +L mesocosms, and their
size and shape corresponded to L. terrestris burrows. They were 2.4 times
more abundant in +R+L than in -R+L (F110 = 8.45, p = 0.02, Fig. 4.3), and
ranged from none to three per mesocosm. There was no significant correlation
between the number of macropores and the abundance (rs = 0.36, p = 0.51) or
the biomass (rs = 0.20, p = 0.25) of earthworms at the end of the experiment.
Although some soil detachment from the cylinder walls was detected,
earthworm activity was not concentrated along the walls, as only 13.8% of the
burrows were visible on the mesocosm perimeter.

After the first intense rain, visual aboveground waterlogging duration
ranged from 60 to 605 seconds, with no consistent difference between +R+L
and +R-L (144 + 47 svs 182 + 106 s, p = 0.68). The same was found after the
second intense rain event, with a duration of 45-312 seconds, and no effect of
earthworm presence (+R+L 117 + 30 s, +R-L 142 + 50 s, p = 0.70). On the other
hand, soil moisture at 35 cm depth was the same in the two treatments 3 hours
after the first rain event (18.9 £ 0.7% and 18.0 + 3.5%, n = 3 each), whereas 24
hours later it had decreased in +R+L (15.3 £ 1.9%) but not in +R-L (18.8 +
2.6%), suggesting that earthworm presence triggered a faster decrease in soil
moisture (Fig. 4.4).

3 hours after +R event 24 hours after +R event
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Fig. 4.4. Soil moisture (vol. %) 35 cm below a subset of the +R mesocosms (n =3 +R+L, n =
3 +R-L), as measured with a TDR probe 3 h (left) and 24 h (right) after the first rain
event. The thick lines in the boxes show the medians and the dots show the means, while
the bars outside the boxes delimit the interquartile range.
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Discussion

Earthworms promoted plant growth and modified soil physical
structure

We showed that the anecic earthworm L. terrestris can buffer the soil-
plant system against the effects of intense rain events. Earthworms
counteracted the adverse effects of intense precipitation on model ryegrass
mesocosms, partially (first +R event, Fig. 4.2A) or fully (second +R event, Fig.
4.2B) offsetting rain-induced reduction of plant growth. Soil moisture data
from 35 cm depth suggest that water flow belowground was improved by
earthworm presence (Fig. 4.4). This interpretation should be taken as
tentative, because soil moisture was measured only under six mesocosm units,
but is nonetheless consistent with the presence of macropores only in
mesocosms with added L. terrestris (+L) We recognize that our irrigation
technique did not realistically simulate the small-scale impact of raindrops, but
we argue that it was adequate for the aims of the study.

Waterlogging duration at the soil surface was not clearly affected by
earthworm presence. A reason could be that the water input was not enough to
approximate saturation. It should be noted, however, that water infiltration is
highly heterogeneous in space (Hassler et al. 2014), and that the experiment
was performed in intact soil, rather than in a homogenised substrate. Water
infiltration may indeed be unpredictable even under highly controlled
conditions: for instance, in a greenhouse experiment that simulated a heavy
rainfall event similar to ours (40 mm), anecic earthworms increased water
infiltration (Zaller et al. (2011), but the effect was not detected in a subsequent
experiment with the same methodology (Zaller et al. 2014).

Only 40% of the inoculated earthworms were found at the end of the
experiment, indicating mortality, inefficiency of AITC extraction from deep soil,
or (less likely) escape despite the Velcro strips. Notably, vertical macropores
were found also in +L mesocosms where no earthworm was retrieved,
indicating that the missing earthworms had been active to some extent during
the experiment. Those macropores were considered burrows formed by L.
terrestris, and in fact no such structures were found in any -L mesocosm. In +L
there was no correlation between number of burrows and earthworm
abundance or biomass, suggesting that some earthworms shared a burrow.
This decoupling between earthworm and burrow density has also been
observed in arable systems, where the number of burrows below the plough
layer may exceed numbers expected based on earthworm abundance (Peigné
et al. 2009; Péres et al. 2010). This phenomenon may be due to non-active
burrows formed before tillage-reduced earthworm abundance (Shipitalo et al.

58



Anecic earthworms and intense rainfall disturbance

2004), or perhaps because earthworm digging activity increased in response
to lower soil organic matter content (Péres et al. 2010).

There were on average more than twice as many burrows in the intense
rain regime as in the control regime, despite no corresponding difference in
the number of earthworms retrieved at the end of the experiment (Fig. 4.3).
Assuming that any missing individuals had died during the experiment, this
indicates that the earthworms were digging more burrows under the intense
rain regime. Although earthworms are known to react to intense rainfall by
obstructing their burrows temporarily (Ela et al. 1992), we are unaware of any
previous study in field conditions that showed altered burrowing behaviour in
response to increased soil moisture or intense rain. Regarding L. terrestris
survival and growth, it has been shown that high soil moisture may be
favourable (Berry and Jordan 2001), while prolonged flooding is detrimental
(Fournier et al. 2012).

How did the earthworms counteract negative effects of rain on plants?

The faster decrease of soil moisture after the intense rain event in the
presence of earthworms (Fig. 4.4), coupled with the lack of vertical
macropores in earthworm-free mesocosms, suggests that L. terrestris
counteracted the rain-induced disturbance of plant growth by enhancing water
drainage through burrow formation. Water flow in macropores is considerably
faster than in matrix soil (Jarvis 2007), and early experimental work showed
that earthworm presence can prevent waterlogging (Guild 1955).

However, other mechanisms not necessarily related to physical soil
structure might also have been involved, or even dominant. In particular,
earthworm feeding and casting may have improved the availability of N to
plants (van Groenigen et al. 2014), for instance by incorporating the surface-
applied manure into the rhizosphere. It is possible that earthworm-enhanced
N availability to plants more than compensated for any leaching induced by
intense rainfall; but L. terrestris usually increases N losses through leaching
(Dominguez et al. 2004; Costello and Lamberti 2008; Zaller et al. 2011). To
ensure that the plants would not be N-limited during the experiment, we had
fertilized all the mesocosms with manure more than one month before
seeding, allowing natural incorporation into soil through rainfall and activity of
resident non-earthworm invertebrates in all mesocosms. Although plant C:N
ratio increased with time (from 28.9 to 48.8), precipitation regime and
earthworm presence did not affect variation in C:N ratio or N concentration.
We emphasize that the positive impact of earthworms on plant growth was not
an artifact caused by a fertilizing effect of dead individuals: plant biomass was
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not higher in mesocosms with higher earthworm mortality, nor was there a
(negative) correlation with earthworm numbers at the end of the experiment.

It is difficult to disentangle physical and biochemical effects of anecic
earthworms on plants, as they are bound to co-occur. However, the positive
effects of earthworms on plant growth through enhanced nutrient cycling are
expected to decrease in importance with increasing soil fertility (van
Groenigen et al. 2014), although this is not always the case (Laossi et al. 2010).
Therefore, to determine whether anecic earthworms counteract the effects of
intense rains on plants through burrow formation, enhanced nutrient
availability, or yet some other mechanism (e.g. release of hormone-like
substances - Puga-Freitas et al. 2012), future studies could compare model
systems with the same earthworm and plant species but different soil fertility
conditions. A complementary approach could be to compare treatments with
anecic earthworms to corresponding treatments with the burrows but without
earthworms. Earthworm-free burrows may be obtained through non-
destructive earthworm removal, or by making them artificially. The first
technique would ensure more realism, though perhaps at the cost of non-
target legacy effects, caused by the mucus secreted and the organic detritus
incorporated in the burrows. However, such biochemical effects are short-lived
in the absence of earthworms (Andriuzzi et al. 2013)2, while legacy effects in
terms of soil structure are longer-lived, since anecic earthworm burrows can
outlast their makers (Shipitalo et al. 2004).

Implications for future studies

Our experiment can be considered a proof-of-concept study, as it
involved a simplified community with one plant species, one earthworm
species, a single soil type, comparing just two precipitation regimes. The same
grass species might have responded differently to equally intense rains with
different timing or in a different soil. We also recognize that, since our grass
swards were young, plant root effects on soil structure may not have fully
established yet, possibly leading to an overestimation of the earthworm effect.
On the other hand, if a population of anecic earthworms had been present for a
longer time than the few months between mesocosm establishment and
experimental operations, there could have been more and deeper burrows,
possibly resulting in a stronger effect.

Our results are consistent with a large body of literature on the positive
effects of anecic earthworms on soil hydrological functioning and plant growth
(Spurgeon et al. 2013; van Groenigen et al. 2014). Nevertheless, caution is

2 Chapter 2 of this thesis.
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needed in extrapolating our results based on L. terrestris to other anecic
earthworm species. While species in this functional group are presumed to
have the same effects on soil macroporosity and water flow, the assumption is
largely untested. Distinct anecic earthworm species may differ in burrowing
activity and burrow morphology. For example, using X-ray tomography on re-
packed soil cores, Bastardie et al. (2005) found that two supposedly anecic
species did not actually re-use their burrows, in contrast to L. terrestris.
Furthermore, it has long been known that anecic earthworms may obstruct the
openings of their burrows with casts and middens (Darwin 1881), but not all
species do this under the same conditions. For instance, comparing the burrow
systems of L. badensis and L. polyphemus, Lamparski et al. (1987) found that
only the latter protects the surface openings with middens, making its galleries
less susceptible to drying up. Finally, some species (e.g. Aporrectodea longa)
usually aestivate in summer even if temperature and moisture conditions are
favourable, while others (e.g. L. terrestris) are active year-round as long as the
soil does not freeze or dry out (Lee 1985). Knowledge of the ecology of the
species is therefore essential to predict their responses to extreme weather
events.

Conclusions

We provide the first experimental evidence that anecic earthworms can
counteract the effects of intense rain events on soil and plants. As some of the
strongest ecological and agronomic effects of climate change will occur
through pulse events, rather than altered average trends, this role of
earthworms needs to be explored further. The combined findings of many
previous studies on the generally positive effects of earthworms on plant
growth and water flow in soil suggest that our results may apply to other soils
and species, although experimental validation is needed. Our results point to
soil structure modification by earthworms (i.e. macropore formation) as a
mechanism behind this effect, but the contribution of other co-occurring
mechanisms, such as enhanced nutrient availability to plants, needs to be
elucidated. Moreover, potential trade-offs between contrasting earthworm
effects should be investigated, for example increased nutrient leaching as a
result of improved drainage.

61



Chapter 4

Acknowledgements

This study was financially supported by the European Commission within the EcoFINDERS
project (FP7-264465). We thank Ingrid Lubbers for information on the field site, Mart Ros
for procuring the earthworms, Harm Bartholomeus for helping with preliminary remote
sensing measurements, Piet Peters and Harm Boesveld for providing the TDR probe and
access tubes, and the Unifarm staff for assistance with the practical work. We also thank
Tom Bolger and Jan Willem van Groenigen for helpful comments on the manuscript.

62



Chapter 5

Production of rabbit dung triple-labelled with C,
N and S stable isotopes

Walter S. Andriuzzi »b, Olaf Schmidt 2

Published in Pedobiologia 57 (2013), 155-160

a Department of Soil Quality, Wageningen University, P.0. Box 47, 6700 AA,
Wageningen, The Netherlands; b UCD School of Agriculture and Food Science,
University College Dublin, Belfield, Dublin 4, Ireland

63



Chapter 5

Abstract

Animal dung is an important resource in natural, pastoral and agro-
ecosystems. Labelling dung with stable isotopes offers a powerful technique to
trace faeces-derived carbon and nutrients in soils and organisms, but the
production of isotopically labelled animal excrements needs to be practicable
and cost-effective. Here we present a simple method for producing solid rabbit
faeces triple-labelled with 13C, 15N and 34S stable isotopes. The steps involved
are: (1) fertilising cereal seedlings with isotopically enriched fertilizers (13C-
15N urea and 34S sodium sulphate); (2) feeding these seedlings daily to a rabbit
as supplementary forage for 6 days; and (3) collecting the accruing faeces and
measuring the isotopic enrichment in bulk dung and the undigested fraction.

The rabbit dung was clearly enriched in 13C, 15N and 34S compared to
unlabelled start dung. The enrichments increased linearly with time and
peaked on the last day of the labelling diet, but most were still detectable two
days later, especially 1>N. The undigested fraction (Neutral Detergent Fibre)
had lower enrichments than the bulk material; this was especially marked
for 34S. Data from a follow-up experiment, in which soil microcosms were
fertilised with the dung, illustrated that the >N enrichments were sufficient to
track N incorporation into grass. Our method is simple, rapid and suitable to
the small-scale production of labelled faeces. We present tracer recovery
estimates for the sequence total tracer used — wheat biomass — animal dung
and discuss ways of increasing the proportions recovered and of obtaining
higher enrichments if required.

Introduction

The excreta of mammalian herbivores play important roles in the
functioning of many terrestrial ecosystems, both natural and human-
dominated. Faeces provide C, N and other nutrient elements to soil, thereby
they affect the cycling and spatial distribution of energy and nutrients (Willott
et al. 2000; Stark et al. 2000), and subsequently soil biota (Lovell and Jarvis
1996; Schmidt and Ostle 1999) and plant biomass and community composition
(Van der Wal et al. 2004; Olofsson et al. 2007). Organic fertilizers based on
livestock excreta are a major source of nutrient inputs to crops in many agro-
ecosystems, but these nutrients can also be transferred to water and the
atmosphere (Sheldrick et al. 2003; Powell et al. 2004). Ecologically, dung is an
important, ephemeral resource for decomposer food webs, exemplified by
studies on macro-invertebrates such as earthworms and dung beetles (Curry

64



Production of dung labelled with stable isotopes

and Schmidt 2007; Beynon et al. 2012). For all these reasons, tracking the flow
of faeces-derived elements and compounds in organisms and in abiotic
ecosystem components (including soil, water, and gases such as CO; and N,0)
is of interest to a wide range of ecological research topics.

The usefulness of stable isotope labelling techniques is well-established,
but their application to dung is challenging. One challenge is to achieve a
strong enough isotopic signature to be detectable in a pool of interest. For C,
natural abundance 13C spacing can be achieved by providing the target animal
with C4 plants and then following the degradation of faeces in a C3 soil-plant
system, or vice versa (Bol et al. 2000; Dungait et al. 2010). Similarly, natural
variations in 1N abundances between animal excreta and other organic
materials have also been exploited in ecological studies (Schmidt and Ostle
1999; Dijkstra et al. 2006), but in many circumstances natural 15N abundances
are not a quantitative tracer for N sources.

Generating high 15N enrichments of the ammonium (NH4*) pool in faeces
(mostly slurry) after excretion by adding !>NH.* salts is an inexpensive
technique that has been used successfully in agronomic investigations, but it
targets only the inorganic N fraction (Dittert et al. 1998; Powell et al. 2004). An
alternative approach is to label the faeces through the diet, i.e. feeding labelled
feedstuff to animals (Peschke 1982; Sgrensen et al. 1994; Thomsen 2000). For
instance, Hoekstra et al. (2011) fertilised ryegrass with 5N-enriched
ammonium nitrate and fed it to cows, and were subsequently able to quantify
recovery of slurry-derived N in soil and plants. However, this approach can be
expensive, especially when large animal species are used, and the rate of tracer
recovery in faeces can be low because a large proportion of the tracer in forage
will be assimilated into animal tissues.

While C and N are justifiably the focus of most studies on nutrient
cycling, other elements occurring in animal excreta are ecologically important.
In particular, sulphur (S) is essential to plants and animals and has important
interactions with the N cycle (Eriksen 2009; Kopacek et al. 2013), but
variations in natural stable isotope abundances of this element in terrestrial
systems are rarely large enough to act as tracer (Chae and Krouse 1986).
Readily available, feasible methods to achieve multi-element stable isotope
labelling of animal faeces would offer valuable tools for future research.

Here we demonstrate how animal dung triple-labelled with C, N and S
stable isotopes can be obtained, in small quantities, with a simple, rapid and
cost-effective method. To the best of our knowledge, only two studies have
attempted either dual-labelling with 1N and 13C (Ambus et al. 2007) or
labelling with 34S (Martinez-Sierra et al. 2013) of animal excreta. No attempts
to label faeces simultaneously with three stable isotopes have been reported

65



Chapter 5

(but note that Salvarina et al. (2013) recently communicated C, N and S isotope
turnover in the faeces of two carnivorous bats). In our study, wheat seedlings
enriched in 13C, 15N and 34S were given as food to a rabbit over 6 days, and
faeces were collected daily. We hypothesised that the dung would rapidly
become enriched in the stable isotopes, with progressively higher enrichments
as the experiment proceeded. We further hypothesised that differences in
labelling would be detected between bulk dung and the undigested faecal
fraction. We also used labelled dung in a follow-up soil-plant experiment to
illustrate that our approach can be successfully applied to soil ecological
experiments.

Materials and methods

Production of labelled forage

Untreated wheat seeds (Triticum aestivum var. Cordial) were sown in
twenty-six trays (20 cm x 15 cm x 7 cm) filled with horticultural compost
“John Innes No. 2” and kept in a glasshouse under natural light at UCD
Rosemount Environmental Research Facility. After 14 days, applications
commenced of dual-labelled 13C -15N urea and 34S labelled sodium sulphate.
Labelling through foliar urea applications followed Schmidt and Scrimgeour
(2001): a urea solution was made by mixing 1.02 g of urea (1 g 99 at% 13C, 0.02
g 98 at% 15N; euriso-top, France) in 500 ml of water and 1.25 ml of the wetting
agent Citowett (BASF, Ludwigshafen, Germany); the seedlings were sprayed
daily with increasingly high doses as they grew (from 2 to 7 ml per tray) and
enclosed (with trays) in large transparent polyethylene bags for 3-4 h after
each application. Sodium sulphate (90 at% 34S, Sigma-Aldrich, Ireland) was
provided in three separate applications through watering with a 0.05 g L-!
solution (50 ml per tray x 3 times). The fertilisation period ranged from 10
days, when the first seedlings were given to the rabbit (see below), to 13 days.
Two trays were sampled destructively 10 days after labelling had started;
shoots were weighed and oven-dried (60 °C for 72 h) to estimate dry weight.
On the last day of labelling, wheat shoot samples were collected from three
randomly chosen trays and processed for isotopic analyses.

Rabbit feeding and dung collection

This experiment was approved by the Animal Research Ethics
Committee of University College Dublin (AREC-P-12-45-Schmidt) and was
conducted at the UCD Biomedical Facility. Dung samples were obtained from a
young (12-16 weeks) female Himalayan rabbit (Oryctolagus cuniculus, strain
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Crl:CHBB(HM)), purchased from an approved breeding company (Charles
River Limited, UK). We only used a single animal for this proof-of-concept
study because isotopic fractionation effects due to age, gender and individual
metabolism (Karasov and del Rio 2007) are negligible when highly enriched
tracers are used, which is the ultimate application of this method.

The rabbit was kept in standard laboratory conditions, on a perforated
floor with wood shavings as bedding, and was fed ad libitum with a complete,
pelleted feed, Teklad Global Diet 2940 (Harlan Laboratories Inc., Indianapolis).
Nutritional values (per product label) were: 19% protein, 3% fat, 12% crude
fibre, Neutral Detergent Fibre 25%. The elemental composition (own analysis,
in duplicate) of the batch used was: 43.45% C, 3.45% N, 0.28% S. Isotopic
compositions are reported in Table 5.1.

The actual labelling feeding period lasted 6 days: Each day four (six on
the last day) trays of labelled wheat seedlings (equivalent to 7-10g dry
biomass wheat) were offered to the rabbit as feed supplement. Virtually all the
wheat was consumed by the animal. Starting on day 0 (unlabelled), dung was
collected each day ca. 9:00 h, for 8 days, from a tray beneath the rabbit cage
floor and stored in a polyethylene bag. Solid dung pellets were separated
manually from wood shavings, so dilution of dung samples with wood is
unlikely. The dung was also likely free of urine since the latter was absorbed by
the wood shavings. Total fresh weight was recorded and subsamples were
weighed and oven-dried (80 °C for 36 h) to assess the dry weight, while the
rest was frozen at —18 °C until processing.

Follow-up experiment

After subsamples for chemical analyses were taken, all remaining dung
collected after days 1, 2, 3 and 5, plus all dung produced on day 4 and 6, was
pooled for a subsequent experiment on the effects of earthworms on nutrient
cycling in a soil-plant system. Briefly, 20 soil microcosms (15 cm diameter,
24 cm depth) with ryegrass (Lolium perenne var. Tyrella) were amended with
8.9 + 0.1 g (fresh weight, equivalent to about 5.0 g dry weight) of labelled or
unlabelled dung. After 25 days, ryegrass shoots were collected and oven-dried
at 60 °C for 72 h. Here we show only preliminary results on 15N recovery in
ryegrass from four labelled and four unlabelled microcosms.

Sample preparation and laboratory analyses

Fibre fractionation was performed on dung subsamples in UCD Lyons
Research Farm. A method based on Kitcherside et al. (2000) was used to
separate the Neutral Detergent Fibre (NDF) fraction of dung, i.e. the undigested
lignin, cellulose and hemicellulose.
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After oven-drying as described above, wheat, bulk dung and dung NDF
samples were thoroughly mixed and pulverised, and duplicate subsamples
(4.0 £ 0.5 mg) of bulk dung, dung NDF fraction, ryegrass and wheat were
weighed into ultra-clean tin capsules for dual 13C and >N analyses. For dung
and wheat, the same procedure was followed for34S analyses, with the
addition of about 8 mg of V,05 to each capsule. Due to the total requirements
of dung for the follow-up experiment, dung samples from days 4 and 6 could
not be analysed separately, but subsamples of the dung mixture used in the
microcosms were analysed.

C, N and S concentrations as well as stable isotope ratios were
determined by Elemental Analysis - Isotope Ratio Mass Spectrometry (EA-
IRMS) at Iso-Analytical Ltd. (Cheshire, UK). Isotopic values are expressed in the
S-notation as parts per thousand (%o). The reference materials were I1A-R001
(wheat flour, §13Cyv.ppg = —=26.43%0, 61°N air = 2.55%0), for combined 13C and 15N
analysis, and IA-R061 (barium sulphate, 634Sy.cpr = 20.33%0), for 34S analysis.

Statistical analyses and calculations

To test whether stable isotope enrichment increased linearly with time
(until end of labelling diet, day 5), generalised least square (GLS) models with
013C, 615N or 634S as response variable and day as predictor were fitted. GLS
models were also used to test whether bulk dung and the NDF fraction differed
in 813C, 815N, 634S (day O excluded), or in C/N ratio or S concentration (all
dates). All these models included an appropriate temporal autocorrelation
structure; a variance structure that allowed residual spread to differ between
bulk dung and NDF was used when needed to correct heteroscedasticity.
Significance was assessed with marginal ANOVA tests. To check for potential
biases in isotopic values due to variations in the concentration of the
corresponding element, Spearman partial correlation coefficients between
stable isotope abundance and elemental concentration (%) were calculated,
separately for bulk dung and NDF, while controlling for the effect of time. All
statistical analyses were carried out in R 2.15.0 (R Development Core Team
2013); library ‘nlme’ was used to fit the models (Pinheiro et al. 2012). Data are
reported as mean # standard error.

To assess labelling efficiency, recovery of tracer was estimated from at%
excess values, (1) as tracer mass recovered in harvested above-ground wheat
biomass (per tray) relative to total tracer mass applied to growing wheat, and
(2) tracer mass recovered in rabbit dung relative to tracer mass that was
contained in consumed wheat biomass (calculated from faeces production and
isotope values for days 2, 3 and 5 of the labelled diet period).
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Results

The wheat seedling shoots (stem and leaves) were highly enriched in C,
N and S stable isotopes (Table 5.1). Their C/N ratio was 5.99 * 0.06 and the
N/S ratio was 13.72 + 7.56 (n = 3). Recovery of applied tracer in harvested
wheat shoot biomass was estimated at 15.0%, 23.1% and 3.0% for 13C, 15N
and 34S.

The rabbit produced 26.52 + 4.23 g dry weight hard faeces per day. The
undigested Neutral Detergent Fibre (NDF) fraction accounted for 64.31 *
0.95% (n = 14) of the dung mass. Starting one day after switching to the
labelling diet, bulk dung was clearly elevated in all three stable isotopes
compared to the pre-diet dung (Fig. 5.1). The enrichment increased linearly
with time during the Ilabelling diet for all three isotopes: 13C
(F18=20.98, p=0.002), N (F18=23092, p<0.0001) and 34S
(F18 = 28.84, p < 0.001). Similar, significant trends were observed in the NDF
dung fraction, except for &3¢S which did not increase further after an initial
jump on day 1 (Fig. 5.1(c)).

The pooled, bulk dung used in the follow-up experiment (a mixture of
days 1-6 with greatest contributions from days 4 and 6) had an even stronger
labelling than that collected on day 5 alone (Table 5.1). Dung collected after the
end of the labelling diet (days 7 and 8) was still isotopically distinct from the
pre-diet dung, again except for 63*S of dung NDF (Fig. 5.1(c)). The 13C
enrichment, however, disappeared fastest after switching to the unlabelled
diet (Fig. 5.1(a)).
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Overall, bulk dung had significantly higher enrichments than the NDF
fraction in all three stable isotopes (p < 0.0001). The C/N ratio of dung NDF
was significantly higher (more than double) than that of bulk dung (NDF
3749+1.01,n=14; bulk 1549+1.82,n=16; FI1.3=146.17,p<0001),
reflecting a much lower N concentration in the undigested fraction (1.26%)
compared to bulk dung (2.80%). The S concentration was also lower in NDF
(0.19% versus 0.30%) (F1,.28 = 222.14, p < 0.0001).

When controlling for the effect of time, no significant correlations
between 613C and C content, 815N and N content or 634S and S content were
found, with one exception: bulk dung 613C was inversely correlated to C
concentration (r?2=-0.72,p <0.001), but the range of C concentrations was
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small (from 41.8% to 44.4%) and in turn positively correlated with NDF
(rz=0.62,p=0.011).

The proportion of tracer fed in wheat to the rabbit that was recovered in
dung was estimated to be 2.9%, 4.3% and 7.9% for13C, 5N and 34S, as
calculated per day for days 2, 3 and 5 when labelled wheat was offered.

Preliminary results from the follow-up experiment illustrated that the
dung mixture had a sufficiently high 15N enrichment to be used as tracer in a
plant-soil system: 815N in ryegrass grown for 25 days with the labelled faeces
was significantly higher (15.12 + 1.43%o, n = 4) than in ryegrass amended with
unlabelled faeces (9.35 + 0.81%o, n = 4).

Table 5.1. Stable isotope abundance, expressed as 6%o, of 13C, 1°N and 3*S in: shoots of
labelled wheat used as supplementary forage for a rabbit for 6 days; the pelleted feedstuff
that made up the rest of the rabbit's diet; and the rabbit's dung collected before (day 0)
and during the diet (day 5, near the end; mixture, pooled over several days, with the entire
material from days 4 and 6 and smaller amounts from days 1-3 and 5). Values are
mean # standard error.

813C 815N 834S
Wheat shoots 2 346.59 £ 45.92 451.74 + 51.53 117.48 £ 10.14
Pellets 2 -26.98+0.28 5.41+0.09 8.38+0.23
Rabbit dung
Day 0 b -28.18 £ 0.01 4.82 £ 0.24 6.85 + 0.20
Day 5P -22.65%0.14 15.71 % 0.06 11.47 £ 0.10
Mixture b -21.87 +0.08 17.36 + 0.01 12.66 + 0.30

an=3;bn=2

Discussion

Here we describe, for the first time, a method for generating animal
faeces triple-labelled with the stable isotopes 13C, 15N and 34S. The dung was
clearly enriched in all three heavy stable isotopes, and large enough amounts
were produced for use in a subsequent microcosm experiment. Including the
preliminary stages, i.e. sowing and emergence of wheat seedlings, the
procedure took only 30 days, and it did not require laborious techniques or
specialised facilities such as 13CO; atmosphere chambers.

Recent years have seen a surge of interest by soil ecologists in applying
stable isotope labelling techniques to various organisms, substrates and
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ecological questions (Dungait et al. 2010; Espafia et al. 2011; Heiner et al.
2011). Yet, cost-effective methods to produce animal excreta with greater than
natural abundance values are still lacking. In our experiment, supplemental
feeding of labelled wheat for less than one week was sufficient to demonstrate
the enrichment dynamics in dung and to obtain rabbit dung isotopically
elevated by over 5 § units in 13C and 34S and more than 10 & units in 15N. Final
values may be regarded as “near natural abundance” labelling, but our findings
imply that higher enrichments can realistically be obtained in several (not
mutually exclusive) ways.

First, the day-by-day linear increase observed for all three elements
suggests that a longer labelling period may have ensured stronger
enrichments. However, it should be noted that the 13C signature in faeces of
mammalian herbivores readily reflects changes in diet (Sponheimer et al.
2003; Martins et al. 2012).

Second, increasing the relative contribution of the labelled dietary
component to the animal's diet would also produce dung with higher labelling.
Our rabbit had access to an unlimited supply of standard feedstuff, which
contributed most of its total food intake, as suggested by a comparison of the
daily consumption of labelled wheat (7-10 g) and the daily production of hard
faeces (26.5 g on average). Rabbits and other herbivores such as sheep
produce faeces with a §13C very close (<2%o difference) to that of their dietary
source (Jones et al. 1979; Martins et al. 2012). However, for labelled feedstuffs,
this relationship may be modified if labelling in the feed is not homogeneous
(e.g. more digestible components are more highly labelled) or if labelled and
unlabelled feed components differ in digestibility (Peschke 1982; Powell et al.
2004).

Third, higher dung enrichment could be achieved through higher
enrichment in the labelled component of the diet. Our wheat seedling had 613C
and 815N values (Table 5.1) much above the natural abundance ranges for T.
aestivum (Yoneyama et al. 1997), but much higher values (several at%) can be
achieved by using more powerful (but also costlier) methods, such as 13C -CO
plant growth chambers (Thompson 1996). We stress however that the urea
leaf-feeding method (Schmidt and Scrimgeour 2001) has the advantage of
enabling the simultaneous labelling with 13C and 15N with low-tech equipment
(e.g. sealed polyethylene bags can be used instead of air-tight chambers).
Likewise, the input of 34S via the addition of sodium sulphate to irrigation
water was operationally straightforward. S stable isotope labelling of the
wheat was successful and the biomass 634S enrichment (117%o, Table 5.1) was
more than 6-fold the values achieved in earlier labelling trials on T. aestivum
(Monaghan et al. 1999; Zhao et al. 2001). The N/S ratio of the labelled shoots
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was within the optimal range for wheat (Zhao et al. 1999), suggesting that the
amount of S salt added was appropriate in relation to the urea application rate.

Fourth, since isotope tracer chemicals are expensive, tracer recovery
estimates reported here provide useful pointers for estimating likely costs and
for ways of improving tracer incorporation efficiency. For labelling wheat,
urea 13C and 15N recovery (15% and 23%) was somewhat lower than the 22%
and 41% attained by Schmidt and Scrimgeour (2001) when labelling maize;
recovery of 34S applied to soil as sulphate was very low (3%) and needs to be
improved (e.g. using a hydroponic system) because it is currently by far the
costliest of the three tracer elements used. By contrast, the proportion of tracer
fed in wheat seedlings and recovered in rabbit dung was highest for 3¢S (8%),
but low for 13C and 15N (only about 4% and 3%). The latter figures probably
reflect high digestibility of young wheat seedling shoots.

The comparisons between undigested NDF fraction and bulk dung
revealed some differences in isotopic enrichment. Most notably, dung NDF had
consistently lower stable isotope abundances than bulk dung for all three
elements. The difference was particularly striking for 34S (Fig. 1(c)), probably
because labelled wheat S was mostly present in the protein-rich component (in
cysteine and methionine, also as disulphide bonds in proteins) that is easily
digestible (Zhao et al. 1999). In fact, bulk dung had much lower C/N ratio and
higher N concentrations than the NDF fraction (see Results). The observation
of slightly lower §13C and 6!°N values in the undigested component compared
to the bulk dung (Fig. 1) is consistent with the study by Hoekstra et al. (2011),
in which 15N enrichment of the labile non-NDF faecal fraction was twice as high
as in the NDF fraction. Non-uniform labelling can already be introduced at the
forage production stage, for instance Schmidt and Scrimgeour (2001) found
significantly higher 613C and 62°N in the labile fractions (hot-water extracts) of
maize dual-labelled with 13C, 15N urea. In our study, the difference in labelling
between bulk dung and NDF was possibly also due to the contribution of the
unlabelled feedstuff (pellets, 25% NDF) that may have contributed more NDF
than the young labelled wheat seedlings.

Acknowledging that labelling will not be homogenous across faecal
components is essential for the correct interpretation of results of dung tracer
experiments. For example, because the most labile faecal fractions can be
expected to decompose or leach more rapidly than lignin-rich fractions, stable
isotope analyses on bulk material may overestimate or underestimate the
incorporation of dung-derived C in soil, depending on the timing of the
measurement (Dungait et al. 2010). In the present study, labelled bulk dung
and NDF differed in several 6%o units, and perhaps even larger differences
could be found between water-extractable fractions and NDF. However,
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detailed understanding of differential 13C, !N and 34S enrichments of
biochemical fractions and their release during dung decomposition requires
considerable conceptual and analytical effort, as has been expended on 15N in
agricultural manures (Powell et al. 2004; Sgrensen et al. 1994; Hoekstra et al.
2011).

It should also be noted that the pre-labelling dung was slightly depleted
in all three stable isotopes compared to the pelleted feedstuff (Table 5.1),
indicating isotope fractionation during metabolism and/or residual elemental
contributions from the rabbit's previous diet. Such metabolic effects at natural
abundance level, as well as effects of animal age and gender (Karasov and del
Rio 2007), are probably negligible at high enrichment levels.

While rabbit excreta are an important source of nutrients in some
ecosystems (Willott et al. 2000; Delibes-Mateos et al. 2008), the choice of
rabbit as study animal here was largely dictated by economic considerations:
obtaining labelled faeces, over multiple days, from a larger species (ovine,
bovine) would have required much larger quantities of labelled plant material,
and therefore of isotope tracers. Cost considerations aside, the present method
should be applicable to other herbivorous mammals, although digestion
dynamics in ruminants are likely to be different (Peschke 1982; Martins et al.
2012; Warner et al. 2013). Recently published data from a diet-switching
experiment with carnivorous microbats show a similar, albeit faster, C, N and S
isotope turnover dynamic in bat faeces (Salvarina et al. 2013).

In conclusion, we have tested a rapid, low-tech protocol to obtain rabbit
dung enriched in C, N and S stable isotopes. Our experiment may provide a
template for the production of multi-labelled faeces, from rabbits or other
mammals, for use in ecological experiments, for instance to study
decomposition of dung, track the flow of C, N and S into soil food webs, and
investigate the contribution of herbivores’ excreta to greenhouse gas
emissions and C sequestration.
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Abstract

We performed a greenhouse experiment to test how the functional
diversity of earthworms, the dominant group of soil macro-invertebrates in
many terrestrial ecosystems, affects nitrogen cycling and plant growth. Three
species were chosen from two functional groups to represent a range of
functional traits: the anecic Lumbricus terrestris (large, mainly detritivorous,
makes permanent burrows open at the surface) and Aporrectodea longa
(medium-large, feeds on both detritus and soil, makes burrows more branched
than L. terrestris), and the endogeic Allolobophora chlorotica (small, soil-
feeding, makes ephemeral burrows below the soil surface). Mesocosms with
ryegrass (Lolium perenne) were inoculated with none to all three species, using
a design (Simplex) suited to partition single species and diversity effects. Two
contrasting N sources, urea or mammalian dung, were labelled with 15N so that
the acquisition by plants and earthworms (% recovery of applied 15N) could be
estimated.

Over 3 months, plant production was higher with urea applications, but
there were also species-specific earthworm effects: A. chlorotica and, to a
lesser extent, A. longa increased shoot biomass, whereas L. terrestris increased
root biomass. Earthworms did not affect soil N concentrations or leaching
losses, whereas more N was leached under urea. A. chlorotica tended to
increase dung-1°N recovery in grass shoots, but in interaction with A. longa
had the opposite effect, possibly through increased N immobilization in the
microbial biomass. Earthworms assimilated negligible amounts of urea-15N
but a substantial proportion (17% on average) of the dung-15N, with no clear-
cut differences between species. Our findings show: 1) that even earthworm
species from the same functional group (anecic) may have different effects on
plant N uptake and primary production, although their trophic response to N
sources may be similar; and 2) that their inter-specific interactions may result
in non-additive diversity effects.

Introduction

There is mounting evidence that the diversity of soil animal
decomposers matters for ecosystem processes such as decomposition and
nutrient cycling (Gessner et al. 2010; Sheehan et al. 2006). However, it is not
well known how such diversity can influence not only soil processes and biota,
but also plant nutrient uptake and growth (Bardgett and Wardle 2010).
Earthworms are one of the most important groups of soil fauna worldwide,
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and a good example of ecosystem engineers due to their ability to modify their
habitat physically (Jones et al. 1994). They have been linked to the provision of
beneficial ecosystem services, such as soil fertility (Syers and Springett 1984)
and organic matter protection (Pulleman et al. 2005), but they can also be
invasive species with the potential to change natural ecosystems dramatically
(Nuzzo et al. 2009). There is a wide literature on their effects on soil structure,
nutrient dynamics and plant growth (Blouin et al. 2013; Lubbers et al. 2013;
Scheu 2003), and also an increasing body of studies on their plant-mediated
effects on aboveground consumers (Wurst 2010). Nevertheless, to what extent
and how the diversity of earthworms plays a role in ecosystem functioning, for
instance in nutrient cycling and biological interactions, has received scant
attention so far.

Effects on decomposition and nutrient cycling arising from distinct
earthworm species, and also from interactions with other animal decomposers,
have been investigated in several studies (Hattenschwiler and Gasser 2005;
Heemsbergen et al. 2004; Postma-Blaauw et al. 2006; Sheehan et al. 2006;
Zimmer et al. 2005), but, again, effects on plants are less explored. Moreover,
while discrete functional groups are commonly used to compare earthworms
with ostensibly divergent traits, e.g. soil-feeding vs litter-feeding species
groups, consequences of diversity within a functional group have been seldom
assessed. Although functional groups make a useful tool in studying diversity-
function relationships, approaches that retain information on species identity
are also valuable, because functional classifications should be treated with
caution until tested (Petchey and Gaston 2006). This is particularly relevant to
earthworms because of the wide range of ecological traits in this taxon (Lee
1985). In fact, it has been shown that even earthworm species usually included
in the same group may differentially affect soil processes and other biota
through niche partitioning and behavioural dissimilarities (Zhang et al. 2010;
Zhao et al. 2013).

To investigate how the functional diversity of the earthworm
assemblage affects N dynamics in a soil-plant system, we performed a
greenhouse experiment in mesocosms with ryegrass monocultures (Lolium
perenne L.) and different assemblages of up to three earthworm species. Three
Lumbricidae widely occurring in temperate regions (also through
anthropogenic introduction) were chosen. Allolobophora chlorotica (Savigny)
is a small endogeic earthworm (average individual fresh weight in our
experiment 0.3 g) that spends virtually its entire life cycle belowground,
digging transient burrows while ingesting soil to feed on organic matter and
microorganisms (Lee 1985). Lumbricus terrestris L. is a much larger (3.4 g)
anecic earthworm, inhabits permanent vertical burrows in the soil, and feeds
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mainly on surface-deposited organic residues such as leaf litter and dung (Lee
1985). Aporrectodea longa (Ude) is also anecic, closer in size (2.2 g) and auto-
ecology to L. terrestris than to A. chlorotica, but to some extent intermediate
between more specialized detritivorous and soil-feeding forms (Schmidt et al.
1997); it also digs more branched tunnels than L. terrestris (Eisenhauer et al.
2008). Hence, our species pool covers a range of functional traits, trophic and
non-trophic. Interspecific trait dissimilarity, rather than other measures of
diversity, is probably the real driver behind many biodiversity effects on
ecosystem functioning (Diaz and Cabido 2001; Heemsbergen et al. 2004). In
particular, we asked whether interactions between these three earthworm
species with divergent traits will lead to synergistic effects on the plant-soil
system.

Rather than using factorial combinations of earthworm species
presence-absence, we established a “continuous” range of species assemblages
at fixed overall biomass. This experimental framework, which has been
successfully used in recent studies on plants and soil animal decomposers
(O'Hea et al. 2010; Piotrowska et al. 2012; Sheehan et al. 2006), allowed us to
separate the contribution of species identity and interspecific interactions
(diversity effects) to an ecosystem process. Furthermore, as the relationship
between soil animal decomposers, nutrient cycling and plants is likely to
depend on the form in which nutrients enter the belowground system, we
included two distinct N sources, dung and urea. From an agricultural
perspective, dung and urea simulate organic and mineral fertilization,
respectively, but they also exemplify common N sources in natural grasslands,
i.e. mammalian faeces and urine. We hypothesized that earthworms would
incorporate more N from the dung than the urea fertilizer, and increase plant
growth with both types but in particular with dung. We expected such effects
to be more pronounced in communities in which an anecic and an endogeic
coexisted; the posited mechanism is that the anecic species would directly
incorporate dung belowground, and also assimilate more dung-derived N in
their bodies through direct feeding, whereas A. chlorotica would mix the
buried dung with soil, making it more available to plant roots. We also
hypothesized that earthworms would increase N losses through leaching, in
the order L. terrestris > A. longa > A. chlorotica, as the size and vertical
orientation of burrows decreases in that order.
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Materials and methods

Experimental design

Two N source treatments were established (details below). Under each,
mesocosms with up to three earthworm species (L. terrestris, A. longa and A.
chlorotica) were set up following a Simplex design (Cornell 2011). The
earthworm assemblages ranged from monospecific to “centroids” where all
three species contributed equally to the total biomass, with several
intermediate biomass combinations (Fig. 6.1). In each N treatment 20
mesocosms were established, 17 with earthworms (13 assemblages, of which
single-species and centroids were in duplicate) and 3 additional earthworm-
free units. All mesocosms with earthworms had a similar total biomass,
irrespective of the number of species. This design makes it possible to
disentangle (1) the effects of species identity and interspecific interactions and
(2) the effects of diversity and biomass. Another advantage is the relatively
small sample size required: the assemblages need not be replicated, because
they cover a continuous range of community structures rather than few
factorial combinations, and so can be analysed in a multiple regression
framework. See Kirwan et al. (2009) for a detailed discussion.

Mesocosm set-up and earthworm assemblages

The experiment was performed in an unheated glasshouse in the UCD
School of Biology and Environmental Science (Dublin, Ireland). Air
temperature averaged 15.2 °C, mirroring outdoor fluctuations (with minima
above 5 °C). The mesocosms were Plexiglas columns 15 cm in diameter and 24
cm high, with a 1-mm mesh fitted to the bottom to hold the soil while allowing
drainage. A funnel and a collection cup were placed below each column to
collect leachates. Slightly alkaline clay-loam topsoil (total N 3 g kg-1, C/N ratio
16.4) was collected from an unfertilized meadow in UCD Belfield campus
(53°18'38"N, 6°13'58"W) in November 2012, passed through a 2-mm sieve,
thoroughly mixed and stored at 4 °C for some weeks. Columns were filled with
soil to a depth of 20 cm. The soil was allowed to settle for a week to reach a
realistic dry bulk density (1.1 g cm=3) and watered as required to keep
gravimetric moisture constant. The outer column walls enclosing the soil
profile and the leachate cups were wrapped in white paper to prevent
exposure to sunlight. Perennial ryegrass (L. perenne var. Tyrella) was sown in
all mesocosms (2.5 g m2). Any weeds growing from the seed bank were
removed manually.

In early December, earthworms were collected manually from the same
meadow from which the soil had been taken. Adults and sub-adults of the
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target species were kept in buckets filled with topsoil, initially at 4 °C for 1
week and then in the glasshouse to acclimatise (with lettuce residues as food)
for 3 weeks. For A. chlorotica, only individuals of the green morph were used,
as the co-occurring pink morph might be a cryptic species complex (Dupont et
al. 2011). Six weeks after sowing, the earthworms were introduced into the
mesocosms. With the exception of the earthworm-free units, 4.2 + 023 g
earthworm biomass was placed on the soil surface in each. This is equivalent
to 255 g m2, which is a realistic value for ryegrass-dominated grasslands in
Ireland (Curry et al. 2008). The biomass of each species was set as close as
possible to the Simplex mixture proportions (Fig. 6.1); discrepancies between
the ideal biomass values according to those proportions and the actual values
were small (#13% on average).

N sources and 15N labelling

Two weeks after earthworm addition, the two fertilizer treatments were
applied on the soil surface. Each mesocosm received approx. 100 mg of N in the
form of either 0.21 g of granulated urea or 8.9 g fresh weight (5 g dry weight)
of dung. This is equivalent to approx. 60 kg N ha-1, which is less than yearly
application rates in most managed Irish grasslands (normally 100-200 kg N
ha-1 year-1) but was deemed appropriate for the duration of the experiment. In
each N treatment, 16 mesocosms (representing all earthworm assemblages
and the earthworm-free replicates) were given 15N-enriched fertilizer, while 4
(single-species and centroid assemblage only) were given the corresponding
unlabelled source and served as unlabelled baseline for the calculation of 15N
tracer recovery in the labelled mesocosms.

To achieve stable isotope labelling, 2.5% of the urea was 98atom% 1°N
(Sigma-Aldrich, Ireland), while dung was collected from a laboratory rabbit
whose diet was supplemented with 1°N-enriched wheat seedlings. The rabbit’s
dung was collected on the day before the start of the supplementary diet to
obtain unlabelled dung (81°N = 4.82 * 0.24%o), and in the following week to
obtain labelled dung (615N = 17.36 * 0.01%o0). The procedure is described in
detail in Andriuzzi and Schmidt (2014)!. After its fresh weight was measured
and subsamples were taken for calculation of dry weight, the dung was stored
at -18 °C for 60 days.

1 Chapter 5 of this thesis.
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Fig. 6.1. Diagram of the Simplex design that guided the biomass proportions in
earthworm species assemblages. The vertices of the triangle are the single-species
treatments, the points on the sides are the two-species mixtures, and the others
correspond to various three-species combinations, in the order L. terrestris, A. longa, A.
chlorotica. For instance, (0.1, 0.1, 0.8) means that L. terrestris and A. longa each
accounted for 10% of the earthworm biomass, while A. chlorotica made up 80%.

Mesocosm maintenance and data collection

The experiment ran for 13 weeks after imposing the fertilizer
treatments. The mesocosms were watered every 2 or 3 days, each receiving
between 200 and 400 ml per week depending on evaporation and plant
growth. The amount applied was equivalent to 740 mm per year, close to the
average rainfall in Dublin. Leachates were collected from the cups below the
columns and taken to the laboratory for analysis, initially every week and then,
as leachate volume decreased, every two weeks. Leachate volumes were
recorded and samples were kept at 4 °C and analysed for ammonium-N
(Indophenol method with hypochlorite and phenol for the reaction) and
nitrate-N (ion chromatography with a Dionex DX-120) within 2 days;
subsamples for ammonium-N were acidified soon after collection to prevent
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oxidation. Mesocosm position on the glasshouse benches was randomized
during leachate collection to reduce any bias caused by microclimatic
gradients.

Four weeks after the addition of fertilizer, ryegrass was cut at 5 cm
above the soil surface to analyse short-term responses of aboveground
biomass and N uptake. At the end of the experiment (13 weeks), the shoots
were cut at ground level and harvested. Dung presence on the soil surface was
recorded. The columns were then taken to a laboratory and sampled
destructively. Soil was sampled at two depths, 0-5 cm (where most root
biomass was located) and 5-20 cm. Earthworms and roots were collected. The
entire operation took 4 days. Soil nitrate-N and ammonium-N were measured
on 2M KCl soil extracts by flow injection analysis with a Lachat QuikChem FIA+
® autoanalyzer (QuikChem methods 12-107-06-2-A and 12-107-04-1-B).
Ryegrass and soil samples were weighed and oven-dried at 60 °C for 72 hours,
and moisture contents were calculated. After weighing, earthworms were
euthanized by freezing at -18 °C, and then 15-20 tail segments were cut,
dissected, cleaned of gut content and freeze-dried. When a species had two or
more individuals in the same mesocosm, they were pooled. The anterior body
part of each earthworm was transferred to 70% ethanol to confirm
identification.

Oven-dried ryegrass and freeze-dried earthworm samples were finely
ground for isotopic analyses. Stable isotope C and N ratios (together with total
C and N concentrations) were measured with an Elemental Analyser - Isotope
Ratio Mass Spectrometer (Europa Scientific 20-20) at Iso-Analytical Ltd.
(Cheshire, UK) and are expressed in the §-notation in parts per thousand (%o).
From the 615N signatures, recovery of 15N tracer in ryegrass shoots and
earthworms could be estimated as follows. Firstly, atom% values were
calculated as

AP =100 (615N + 1000) / (615N + 1000 + 1000/Rstandard)

where Rstandara is the isotopic ratio in atmospheric N2 (the international
standard for N). Then, atom% excess values were calculated as the difference
in AP between >N-labelled and unlabelled control samples:

APE = APabeiied — AP unlabelled

Atom% excess values, N concentrations and dry weights were used to
calculate the amounts (mg) of 15N in excess in analysed materials as well as
labelled dung and urea. Finally, 15N recovery (% of applied 15N in excess) in
earthworms and ryegrass was estimated as:

% recovery = (mg 15N excess sample / mg 15N excess tracer) - 100%
where sample indicates earthworms or ryegrass, and tracer the 15N
labelled dung or urea.
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Statistical analyses

General linear models were used to analyse the effects of fertilizer type
(dung or urea), earthworms and earthworm-fertilizer interactions on
ammonium-N and nitrate-N in soil (concentrations, mg kg-1) and in leachates
(total amounts, mg N); ryegrass shoot and root biomass and C:N ratio; and
ryegrass shoot 815N and 15N tracer recovery. Temporal variation in N losses
was analysed in generalised least square models with week as covariate and a
time correlation structure to account for non-independence of repeated
measures. The biomass of each earthworm species was used as a continuous
variable, in interaction with other species and fertilizer treatment. Ryegrass
015N was analysed separately for the two harvests (4 and 13 weeks) to
differentiate short and longer term responses, and also independently for dung
and urea due to large differences in 1>N-enrichment. As the second harvest was
spread over 4 days, day of sampling was included as a factor when analysing
final plant data. Differences between initial and final earthworm biomass, in
total and for each species, were analysed with paired t-tests. Differences in
015N and recovered 15N tracer between earthworm species were tested,
separately under dung and urea (labelled mesocosms only), using linear
mixed-effect models with species identity as fixed effect and mesocosm as
random effect.

Mean and standard errors were estimated from the models together
with the associated p-values (t-test based). When potential (p < 0.1)
interactions with fertilizer type were detected, the two treatments were
analysed separately. Clearly non-significant (p > 0.1) terms were removed in
turn, starting from highest-order interactions, and the full and reduced models
were compared with Akaike Information Criterion (AIC) to select the
parameters that best explained the data. Model assumptions of homogeneity
and normality were checked by visual inspection of the residuals;
transformations of the response variable or special variance-covariance
structures were applied when needed to meet the assumptions. Analyses were
done in R 2.15.0 (R Development Core Team 2013), using library “nlme” for
time series and mixed-effect models (Pinheiro et al. 2013). Unless otherwise
stated, results are shown as mean + standard error.

Results

Earthworm biomass and 15N incorporation

At the end of the experiment, in the dung treatment no dung pellets
were found on the soil surface in any mesocosm with earthworms, while intact
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pellets were still recognizable in the earthworm-free mesocosm. Final
earthworm biomass in the dung treatment did not significantly differ from the
start (paired t-test, t = 1.26, p = 0.22; Fig. 6.2), whereas it had decreased by an
average of 31.5% in the urea treatment (¢t = 7.39, p = 0.0001; Fig. 6.2). Under
urea fertilizer net biomass losses were observed in all species (paired t-tests, p
< 0.05), in the order L. terrestris > A. longa > A. chlorotica (-55.6%, -32.2% and
-20.7% on average). Earthworm mortality was higher under urea than dung
for L. terrestris and A. chlorotica, while it did not differ between treatments for
A. longa (Fig. 6.2).

The labelled urea was much more 15N-enriched than the labelled dung,
and this was reflected in higher absolute earthworm 815N values in the urea
treatment. However, 15N excess recovery figures revealed that incorporation of
N from fertilizer in earthworms was much greater in the dung treatment
(Table 6.1), where up to 24.6% of all dung-derived 15N was retrieved in
earthworm bodies (in a 3-species assemblage), whereas the maximum figure
for urea-derived 15N was below 1%. In the N mesocosms treated with
labelled urea, A. chlorotica was marginally more enriched than A. longa (815N
47.91 + 10.03%o0 vs 28.12 + 6.88%o, p = 0.09), whereas L. terrestris overlapped
with both (81°N 30.77 + 11.51%o). The pattern was stronger in the labelled
mesocosms under the dung treatment, where A. chlorotica had a significantly
higher 815N (10.64 + 0.87%o, p = 0.02) than either L. terrestris (8.33 + 0.85%o)
and A. longa (8.27 * 0.64%o0). But also in the unlabelled mesocosms A.
chlorotica had the highest 615N (7.99 * 0.15%o), with no significant overlap
with either L. terrestris (4.61 * 0.76%o0) or A. longa (4.54 * 0.60%0). Thus,
inter-specific signatures in the labelled mesocosms largely reflected baseline
differences in natural abundance. Recovery of applied 15N in the dung
treatment suggests that greater amounts of tracer were immobilized in L.
terrestris (8.32 £ 2.76%, n = 9) and A. longa (12.08 + 4.55%, n = 7) than in A.
chlorotica (5.72 + 2.02%,n = 8), but the differences were non-significant (p >
0.1, Fig. 6.3).
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Fig. 6.2. Change % in biomass (left) and total survival % (right) of the three earthworm
species over the course of the experiment under dung (D) and urea (T) nutrient source.
The lines inside the box plots show the median and the error bars represent the
interquartile range.

Plant growth and 15N uptake

Plant aboveground biomass at the end of the experiment was
significantly higher in the urea treatment (p < 0.001, Table 6.2). It was also
higher in mesocosms that had lost earthworm biomass during the experiment
(+3% for every 0.1 g of earthworm biomass lost, p = 0.002), probably due to
direct N release from earthworm tissues, including individuals that died during
the experiment. There were species-specific earthworm effects on plant
growth: aboveground biomass was increased by A. chlorotica and, to a lesser
extent, A. longa (Fig. 6.4), whereas no effects of L. terrestris were evident
(Table 6.2). In contrast, L. terrestris increased root biomass, which was also
higher under urea, although a lot of the variation was unexplained by fertilizer
type or earthworms (R2? = 0.15). No interactions with treatment or between
species were detected, i.e. the species effects were consistent irrespective of N
type and presence of the other earthworms. Because the final harvest took 4
days, the order in which mesocosms were taken accounted for some variability
in ryegrass growth, as swards harvested later were measurably larger (Table
6.2). Earthworm community composition had greater effects on plant
aboveground biomass than did change in overall earthworm biomass (variance
explained 63% vs. 46%). No significant effects on grass C:N ratio were found.
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Because of the much higher !N enrichment of the labelled urea
compared to the labelled dung, grass 61°N in the urea treatment (2577.3 *
77.5%0 after 4 weeks, 1539.4 + 71.4%o after 13 weeks) was more than 2
orders of magnitude higher than in the dung treatment (13.33 * 0.53%o after 4
weeks, 10.89 + 0.23%o after 13 weeks). As was done for the earthworms,
tracer recovery figures can be compared between the two N sources. After 4
weeks, grass uptake of 15N relative to the applied amount was about 26% with
labelled urea and 16% with labelled dung (Table 6.1). Even though at the end
of the experiment this discrepancy had almost disappeared, overall grass took
up a greater proportion of the applied 15N in the urea treatment (Table 6.1).

Whereas no effects of earthworms on ryegrass >N acquisition were
detected at the first harvest (4 weeks), diversity effects were found at the end
of the experiment (13 weeks) in the dung treatment. A. longa increased §2°N in
grass (+0.48 + 0.20%o per earthworm g, p = 0.04), but co-occurrence with A.
chlorotica clearly resulted in the opposite effect (A. chlorotica x A. longa
interaction, -0.52 * 0.19%o0 per g of each species, p = 0.02). Recovery of 15N
tracer applied with dung revealed that the actual amount of dung-derived N in
grass shoots was increased by A. chlorotica (**N recovery from 12.63% to
16.07% per earthworm g increase, p < 0.01), which is consistent with the
related increase in shoot biomass. But the overriding interaction with A. longa
(p < 0.01) confirms that uptake of dung-derived N in grass was decreased by
co-occurrence of the two species (Table 6.2, Fig. 6.4). No detectable effect of L.
terrestris was found, and the model with only A. chlorotica and A. longa better
explained variance in 15N uptake in grass under dung (R? = 0.40).

In the dung-fertilized mesocosms, overall amount of 15N tracer
recovered from ryegrass shoots across both harvests (30.43% on average) was
almost 2 times larger than that recovered from the earthworms (17.04 %). By
contrast, a 180-fold difference in fertilizer-derived N immobilized by plants
(42.17%) and earthworms (0.23%) was observed in mesocosms amended
with urea (Table 6.1).
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Table 6.1. Recovery of 1°N tracer (mean # S.E., % of applied) in earthworms (after 13
weeks) and ryegrass shoots (after 4 and 13 weeks) in two fertilizer treatments. Figures
are based on atom% excess values in labelled relative to unlabelled samples. Earthworms
= all earthworm species together (n = 12 Dung, n = 13 Urea), Grass = L. perenne
(ryegrass, n = 16 x 2 treatments x 2 harvests).

Fertilizer Earthworms Grass 4 weeks Grass 13 weeks Grass total Earthworms + Grass

Dung 17.04 £2.13% 16.08+2.86% 14.35+0.72% 30.42+3.18% 43.21 + 4.56%

Urea 0.23£0.03% 2653+141% 15.64+1.10% 42.17 £1.82% 42.36 + 1.83%
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Fig. 6.4. Modelled effects of A. chlorotica and A. longa on (a) ryegrass aboveground
growth (both fertilizer treatments) and (b) recovery of applied 1°N tracer in ryegrass
shoots (labelled dung treatment only). Species contribution to the total earthworm
biomass is shown as proportion from 0 to 1 (see also Fig. 6.1). The two species had
additive positive effects on grass shoot biomass under both treatments (a). In the dung-
fertilized mesocosms (b), concurrent biomass increase of A. longa and A. chlorotica led to
lower grass uptake of 15N, while, with no or little presence of A. longa, A. chlorotica

tended to have the opposite effect. As dung was 1SN-enriched, >N recovery is a proxy for
dung N uptake.
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Table 6.2. Summary of the models that best explained variation in ryegrass growth, N
losses in leachates and N retention in soil (nitrate-N and ammonium-N together), and
(with Dung only) fertilizer-N recovery in ryegrass shoots at the end of the experiment,
with mean % change caused by the explanatory variables (“Effect”). For the earthworms,
the relative effect induced by unit (g) change in biomass is shown, e.g. grass shoot
biomass increased on average by 11% for every 1 g of A. chlorotica. Fertilizer type = Dung
vs Urea; AC = A. chlorotica biomass; AL = A. longa biomass; LT = L. terrestris biomass;
Day = day of harvest (1 to 4). The x symbol stands for an interaction, with AC x AL
indicating a parallel 1 g biomass increase for the two species.

Response variable R2 Explanatory variable Effect p-value
Grass shoot biomass 0.63 Fertilizer type +17% Urea <0.001
AC +11% <0.0001
AL +3% 0.03
Day +4% per day 0.02
Grass root biomass 0.15 Fertilizer type +30% Urea 0.04
LT +10% 0.05
N losses in leachate 0.36 Fertilizer type +123% Urea <0.0001
N retention in soil 0.11 Fertilizer type +36% Dung 0.02
With Dung fertilizer only
5N tracer recovery 0.40 AC +27% <0.01
in grass shoots AL 8% 0.10
AC x AL -15% <0.01

N losses and retention

Nevertheless, cumulative N losses through leachates were considerably
higher under the latter (8.33 * 0.95 mg per mesocosm, compared to 3.74 *
0.67 mg under dung, p < 0.0001). Although much of the variance in N losses
was unexplained by fertilizer type alone (R2 = 0.36, Table 6.2), neither total
earthworm biomass nor earthworm species had significant effects. Analyses on
temporal variation showed that N losses were highest shortly after fertilization
and then decreased significantly with time (p < 0.0001, Fig. 6.5), although the
relationship was non-linear (time also as a quadratic term, p < 0.01). No
significant earthworm effects were found. Most of the leached N was in the
form of nitrate, and in the late stage of the experiment ammonium-N losses
from some mesocosms were so low as to be below detection limits. Small
leachate volumes prevented analysis in the last 2 weeks.
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The treatment effects on N losses were paralleled by opposite trends in
soil N contents (Table 6.2). Soil nitrate-N content in the dung treatment
significantly exceeded that in the urea treatment (0.40 + 0.04 mg kg-1vs 0.19 *
0.06 mg kg-1, p = 0.003), whereas ammonium-N did not differ (0.31 * 0.03 and
0.30 £ 0.05, p > 0.1). When analysing soil nitrate-N concentration separately
above and below 5 cm depth, N type effect was significant only in the deeper
part. No significant earthworm species effects, whether single or interactive,
were found, but soil nitrate-N content increased 0.03 mg kg-1 for every 0.1 g of
earthworm biomass lost during the experiment (p = 0.05), indicating some
animal-derived N enrichment to the soil.
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Fig. 6.5. Temporal variation in N losses (nitrate-N + ammonium-N, means with standard
errors) under the two external nutrient sources, urea and dung. Leachate was collected
weekly until 5 weeks after fertilizer input and then every 2 weeks until the end of the
experiment (but in the last 2 weeks little amounts prevented analyses).

Discussion

We found distinct effects of each earthworm species on plant
performance. Also, with dung as fertilizer, earthworm diversity affected
nutrient acquisition by plants, as the interaction between A. longa and A.
chlorotica decreased 15N recovery in grass shoots. Bengtsson (1998) argued
that, to unravel the diversity-function relationship in soil, experiments
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designed to separate the effects of species identity and species richness are
needed, and also advocated the use of treatments with similar initial biomass
distributed over different numbers of species. The design that we employed in
this study meets these requirements (Kirwan et al. 2009), and allowed us to
probe both single and interactive effects of our target earthworm species. The
earthworm assemblages were based on biomass rather than number of
individuals, on the assumption that the biomass of an organism is closely
linked to its functional impact.

In this study we focused on earthworms, which we argue have been so
far under-studied in diversity-function relationship studies, considering their
ecological importance in many terrestrial ecosystems (Bardgett and Wardle
2010). We also encourage further studies on how earthworm diversity effects
may interact with those of other important terrestrial animal decomposers,
such as surface-dwelling macro-invertebrates (Hattenschwiler and Gasser
2005; Heemsbergen et al. 2004; Zimmer et al. 2005) and soil mesofauna
(Kuiper et al. 2013; Partsch et al. 2006; Scheu et al. 1999). Linkages with
herbivores and predators may also be crucial, and there is indeed growing
evidence that earthworms can be determinant components of multi-trophic
interactions (Newington et al. 2004; Wurst 2010; Zhao et al. 2013).

Increased N leaching due to earthworms has been measured in several
studies (Costello and Lamberti 2008; Dominguez et al. 2004), but opposite
effects have also been documented (Bonkowski et al. 2001; Tiunov and Scheu
2004) with cast structure, soil type and wetting regimes affecting the dynamics
(McInerney and Bolger 2000). In our experiment, earthworm species did not
affect cumulative or week-to-week N leaching, neither alone nor in interaction
with each other. As for N retention in soil, there was a dominating effect of type
of N source, with higher amounts lost in leachates under urea than under dung
(Table 6.2). The higher N losses under urea were paralleled by lower soil
nitrate-N content. Nitrate was the dominant form of inorganic N in dung-
fertilized soil, while ammonium dominated urea-fertilized soil.

Mineral N leaching peaked immediately after fertilizer application and
then decreased to negligible amounts (Fig. 6.5). The total amount collected in
leachate was only a small fraction of the external N input (2.9% dung, 8.3%
urea), so the decline was probably caused by immobilization of N in plants, soil
biota and the soil matrix itself. In fact, 15N tracer recovery revealed that grass
took up about 30% of the dung-derived N and 40% of the urea-derived N
(Table 6.1). These figures are based on aboveground tissues only, and thus
underestimate the total plant uptake of fertilizer-derived N. Higher N fertilizer
acquisition in the urea treatment likely explains why plants grew bigger than
in the dung treatment (Table 6.2).
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Earthworms acquired much more dung-derived N than urea-derived N
(Table 6.1), as they were able to feed directly on dung but not on urea. This
would also explain why they performed better under dung, with no significant
variation in biomass between the beginning and the end of the experiment,
whereas under urea much biomass was lost. These results are in line with our
expectations, as it is recognized that earthworms, and especially detritivores
such as L. terrestris, thrive under organic amendments like manure (Edwards
and Lofty 1982; Estevez et al. 1996). Although no earthworm specific effects on
N retention in soil were observed, a substantial amount of dung-derived N was
immobilized in their biomass (Table 6.1, Fig. 6.3). Coupled with the lower N
losses through leachates (Table 6.2), this suggests that dung led to a slower,
more conservative N cycling than urea, and highlights the likely role of soil
fauna in N storage and cycling in natural and organic farming systems
(Kemmers et al. 2012; Stockdale et al. 2002).

We were interested in assessing earthworm species differences in
acquisition of 15N from the two fertilizers. Natural abundance 15N data from
control specimens were needed to quantify such intake. A. chlorotica had a
baseline 615N higher than L. terrestris, consistent with previous studies
(Briones et al. 2005; Melody and Schmidt 2012). We expected feeding
dissimilarities to produce inter-specific differences in incorporation of dung-
derived N, which should be detectable by labelling the dung with 15N. More
precisely, because A. longa and L. terrestris are known to feed on organic
residues at the soil surface, whereas A. chlorotica mainly ingests soil, we
expected a higher recovery of 15N tracer in the former two species. Whereas
the raw data suggest such a trend, the hypothesis was not supported by the
statistical analyses, which took into account the correlation between
earthworms from the same mesocosm (mixed-effect models), due to
substantial overlap between A. chlorotica and the two larger, detritivorous
species (Fig. 6.3). This suggests that A. chlorotica was not only able to feed on
the dung incorporated into the soil by L. terrestris and/or A. longa, but it also
foraged at the soil surface, which has been suggested to be common for this
species (Cole et al. 2006). In fact, at the end of the experiment mesocosms no
dung was found on the soil surface in earthworm-occupied mesocosms,
including those with A. chlorotica only, while dung pellets were found in the
earthworm-free mesocosms, demonstrating the capacity of earthworms,
including A. chlorotica, in incorporating surface-applied organic amendments.

One caveat in the comparison of temporal 15N incorporation by different
earthworm species is that smaller-bodied species (such as A. chlorotica) have a
faster tissue turnover than larger-bodied species (Schmidt 1999). Observed
higher enrichments after 13 weeks in A. chlorotica compared to those in the
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two other, larger species could partly reflect faster tissue turnover rather than
preferential feeding on labelled dung.

Plant production (as shoot and root biomass) was stimulated by
earthworms, as expected (Scheu 2003), but our experimental design allowed
us to detect and quantify species-specific effects on biomass and resource
allocation (Table 6.2). A. chlorotica and A. longa boosted primary production
by increasing shoot biomass, whereas L. terrestris promoted root biomass.
Overall, A. chlorotica had the strongest and most consistent effect. No
significant species interactions were found, which means that their effects
were additive. We expected earthworm effects on plant growth to be stronger
in the mesocosms fertilized with dung, but found no clear treatment effect.
Nevertheless, there could have been differences in the underlying processes.
Whereas earthworm presence was important for the incorporation of the
surface-applied dung into the soil, urea infiltrated into the soil in solution with
irrigation water independently from earthworms, although it is possible that
burrows open to the surface facilitated such movement. Belowground,
earthworms may have stimulated urease activity (Syers and Springett 1984),
enhancing the conversion of urea to ammonium, although plants might have
also taken up urea directly (Witte 2011). The strong effect of A. chlorotica may
be explained by enhanced microbial activity and N redistribution in the
rhizosphere through soil mixing. Release of N from decaying earthworm
tissues under urea was indicated by our data, representing an additional
fertilizer effect (Whalen et al. 1999). In fact, mesocosms which lost more
earthworm biomass over the course of the experiment had higher ryegrass
biomass and slightly higher soil nitrate-N content.

Previous studies have assessed the effects of a pool of earthworm
species on N acquisition in plants using 1°N tracers (Partsch et al. 2006; Rashid
et al. 2014; Schmidt and Curry 1999), but to our knowledge this is the first
attempt to partition the individual and interactive effects of multiple species.
Interestingly, whereas A. chlorotica alone tended to increase recovery in grass
shoots of N applied as dung (an effect linked to the increase in shoot biomass),
A. longa and A. chlorotica together decreased dung N uptake, as indicated
by 15N excess recovery % in grass shoots (Fig. 6.4) as well as by grass 615N. An
earthworm-driven reduction in plant N acquisition was also observed by
Schmidt and Curry (1999) in a laboratory experiment with three soil-feeding
Lumbricidae, including A. chlorotica. An explanation may be that the activity of
microbes was stimulated by the earthworms and thus more N was
immobilised, reducing the N pool available for plant uptake (Dunn et al. 2006;
Tiunov and Scheu 2004). While earthworms have idiosyncratic effects on soil
microbial biomass, they are often found to enhance microbial activity, through
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a variety of direct and indirect mechanisms (Dempsey et al. 2013; Drake and
Horn 2007). Immobilisation in the earthworms themselves might also have
contributed to depriving the plants of otherwise available dung-derived N.
Another explanation could be that earthworms (or more precisely, co-
occurring A. longa and A. chlorotica) disrupted root and ectomycorrhizal
networks. If so, reduced plant productivity would be expected, but this was not
observed in our study. It should be remarked that earthworms may affect plant
growth not only by impacting on nutrient cycling. Other mechanisms could
also have been at play, such as improved water and O availability in the
rhizosphere or hormone-like effects (Scheu 2003), but we did not attempt to
measure such effects.

Conclusions

In this study we examined how species identity and interspecific
relationships in earthworms can impact on nutrient cycling and aboveground-
belowground biotic linkages. In mesocosms with ryegrass, we investigated
single and interactive effects of three common earthworm species with
differing functional traits (size, food source and feeding mode, burrowing
behaviour) on soil N cycling and plant growth. Using 15N tracers we followed
the transfer of N from two different sources, dung and urea, to earthworms
and grass. We found species-specific effects on plant N uptake and N allocation,
with different effects of L. terrestris and A. longa, which are generally
considered ecologically similar and belonging to the same earthworm
functional group. Plant growth was increased by earthworms, especially A.
chlorotica, whether dung or urea was applied on the surface, although the
mechanisms might have differed. In fact, while earthworm feeding was
instrumental in the incorporation of surface-applied dung into the soil, urea
uptake by plants bypassed them, as indicated by the negligible recovery of
urea-derived N tracer in their bodies. With dung as external N source, plant N
uptake was modulated by earthworm species composition, e.g. the interaction
between A. chlorotica and A. longa led to a decreased uptake, possibly through
stimulation of microbial competitors in soil. All three earthworm species
incorporated substantial amounts of dung N, without clear-cut differences
between the soil-feeding A. chlorotica and the other larger, detritivorous
species.

Our results indicate that the functional composition of the earthworm
species assemblage, within and across functional groups, can affect plant
nutrient acquisition and biomass production, and that such effects are
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controlled by the type of nutrient input. While we recognize that traditional
functional groups and measures of species richness have played and will
continue to play a role in unravelling diversity-function relationships, our
findings underline the need to acknowledge species identity and to consider
measures of functional diversity that express species functional dissimilarity
better.
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Chapter 7

General discussion

Man cannot produce a single work without the
assistance of the slow, assiduous, corrosive
worm of thought.

attributed to Eugenio Montale, Italian poet
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The main findings

[ start this discussion by recapping the main research questions and
summarising the findings detailed in the previous chapters.

e Question - Is the drilosphere of anecic earthworms (a) a larger
biochemical hotspot in soil than hitherto presumed, and (b) a
distinctive microhabitat for smaller eukaryotic organisms?

0 Answer - The drilosphere of anecic earthworms is a larger hotspot
than hitherto presumed: in concentric topsoil layers up to 8 mm
around burrows of Lumbricus terrestris (chapter 2) or L. centralis
(chapter 3) there was a higher content of fresh C and N than in
bulk soil (25 c¢cm away) or around burrows from which the
earthworms had been removed with a non-destructive method.
Incorporation of surface detritus altered soil organic matter
composition, making it enriched in plant sugars, and affected
spatial distribution of C, with higher total C content in the
drilosphere. Soil protists and nematodes were on average more
abundant in the drilosphere of L. centralis than in bulk soil, and
the effect was especially strong for some bacterial-feeding
protists. Notably, the drilosphere is a functional hotspot only with
earthworm activity: soil around unoccupied burrows was not
different from bulk soil.

e (Question - Are distinct species of anecic earthworms redundant in
their effects on soil biochemistry?

0 Answer - Species redundancy depends on the process or scale
under consideration. L. centralis and Aporrectodea longa differed
in the extent to which they incorporate fresh plant material into
soil: higher incorporation by L. centralis resulted in more plant-
derived sugars in soil organic matter, while the drilosphere of A.
longa was more similar to bulk soil (chapter 3 and Box 7.1).

e Question - Can anecic earthworms counteract the effects of extreme
rain events on soil and plants?

0 Answer - Yes: in a field mesocosm experiment where we
simulated extreme rainfall, in the presence of L. terrestris we
observed both a faster decrease of soil moisture after the rain
event, and less or no reduction in plant growth over the following
month (chapter 4). This can be explained, at least in part, by
increased water flow in macropores made by the earthwormes.
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e (Question - How does the functional diversity of an earthworm
assemblage affect N cycling through soil and plants, and primary
production?

0 Answer - Through additive and interactive species effects. In a
greenhouse experiment (chapter 6), the endogeic Allolobophora
chlorotica and the anecic L. terrestris and A. longa responded
similarly to resource addition (survival rate and amount of
assimilated dung-N differed only slightly), but had distinct effects
on ryegrass growth and N uptake (e.g. A. chlorotica had the
strongest positive effect). Interspecific interactions resulted in
idiosyncratic outcomes (not predictable based on single species
effects): A. longa and A. chlorotica increased dung N uptake in
plants when they dominated the earthworm assemblage, but
decreased it in mesocosms where they occurred in similar
proportion.

In the following sections I discuss these findings in more detail, linking
them to a broader ecological context; then I highlight research gaps and
perspectives for future studies; and finally I evaluate the ecosystem service
framework, which is central to ECOFINDERS (the EU project of which my
research was part).

The role of anecic earthworms in soil functioning

The drilosphere as a hotspot of biochemical functioning

In two field experiments in pasture soils of silty-loamy texture, we found
that burrows occupied by anecic earthworms formed biochemical hotspots
compared to both abandoned burrows and surrounding soil (chapters 2-3).
Presence of L. centralis in the French site resulted in higher total C content
compared to abandoned burrows, and a similar, albeit weaker, pattern was
observed for L. terrestris in the Irish site. Here, high incorporation of N as a
result of earthworm activity was detected”. Soil around L. centralis burrows
was enriched in fresh, plant-derived organic matter, as previously found with
L. terrestris in repacked soil cores in laboratory conditions (Pey et al. 2013).
This suggests that anecic earthworm activity does not promote C stabilisation

L This is due to the stable isotope tracers: highly enriched in 15N but only moderately in 13C
in the Irish site, the opposite in the French site. Perhaps soil properties also played a role, as
the Irish soil had larger C and N pools (4.7% and 0.5%, vs 2.3% and 0.2%), so a larger
“dilution” could have occurred.

99



Chapter 7

in the drilosphere, as that would have been linked instead to a relative increase
in microbially-derived sugars in the soil organic matter (Spielvogel et al. 2008;
Guidi et al. 2015). In fact, radiocarbon dating in a previous study showed that
organic matter in the drilosphere of L. terrestris is a highly dynamic pool with a
short turnover time (Don et al. 2008). This can be linked to enhanced turnover
and enzymatic activity of microbes that live around the burrows (Tiunov and
Scheu 1999; Uksa et al. 2015), which in turn may exert positive feedbacks on C
and nutrient cycling at the drilosphere spatial scale.

We found that some protists, including bacterial-feeders such as
Stenamoeba spp., were more abundant in the drilosphere of L. centralis than in
bulk soil. This could be explained by enhanced prey availability in the former
microhabitat, and possibly also by higher soil moisture, as some of these
protists seem especially sensitive to desiccation (Geisen et al. 2014a). Protists
probably contribute to fast C and nutrient cycling in the drilosphere (after
taking into account direct effects of fresh organic matter input and earthworm
mucus): predation by bacterial-feeders can induce changes in microbial
community composition (Rgnn et al. 2002), and lead to fast release of
nutrients, spinning the so-called microbial loop often documented in soil
microbe-microfauna interactions (Bonkowski 2004). We limited our analyses
to the top 10 cm of soil, but other studies found clues that burrows are
distinctive biological hotspots also at greater depths (Zaller et al. 2013; Uksa et
al. 2014, 2015).

In both our experiments, the drilosphere around active burrows was a
circumference at least 8 mm in radius, considerably larger than the 1-2 mm
layer delimited in previous studies. Tiunov and Scheu (1999) already
suggested that the drilosphere might be larger than originally presumed, but to
my knowledge we were the first to demonstrate. One could argue that even
such an “extended” drilosphere still represents an insignificant volume of total
soil, but its contribution in terms of biologically active soil is disproportionately
large, considering that many biological processes in soil are localised in small
hotspots (Burns et al. 2013; van Groenigen et al. 2015). Moreover, anecic
earthworms can reach high population densities - e.g. up to 20 individuals m2
in Ireland (Curry et al. 2002) - and so their cumulative contribution to soil
heterogeneity is far from insignificant. Finally, earthworm influence is not
restricted to the drilosphere: by incorporating plant litter and animal dung
belowground, they fuel the soil food web with resources that in their absence
would enter at much slower rates, as demonstrated by the striking reduction
of leaf litter layers caused by L. terrestris in forests (Staaf 1987; Bohlen et al.
2004). Because supply of fresh C to subsoil can stimulate decomposition of old
C through priming effects (Fontaine et al. 2007), detritus burial by anecic
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earthworms has the potential to mobilise stable C pools, and in general speed
up organic matter turnover.

Anecic earthworms and saturated hydraulic conductivity - why does it
matter?

The disproportionately large role of burrows is even more evident in the
biophysical aspects of soil functioning. Hydraulic conductivity in macropores
can be orders of magnitude higher than in matrix soil (Jarvis 2007), and
therefore anecic earthworms enhance water movement into soil (Spurgeon et
al. 2013). In a multi-site experiment within the ECOFINDERS project (Faber et
al. in preparation, poster preview at http://nora.nerc.ac.uk/509713), we found
that macropores connected to the soil surface contributed most effectively to
water infiltration rates, and their occurrence was positively related to anecic
earthworm abundance. Furthermore, in an experiment performed in Irish
grassland, we found that variation in water infiltration rate could be partly
explained by L. terrestris abundance (Box 7.2).

In these experiments, water infiltration was measured with the double
ring infiltrometer (Fig. 7.1), which consists of securing two concentric rings on
the ground (by pushing them in the top centimetres of soil), and pouring water
inside. The height of the water table in the inner ring is recorded at regular
intervals until it stabilises (i.e. is constant over 5 times intervals), at which
point soil is considered saturated; the measured rate is a proxy for the
saturated hydraulic conductivity. An advantage of this method is that its
sampling area (about 0.3 m2, with clay soils requiring a slightly larger diameter
than sandy soils) is large relative to other techniques, which makes more likely
to include earthworm burrows. Moreover, the method is not hampered by the
unevenness of the soil surface, and is suitable with slopes up to 20%
(Bodhinayake et al. 2004). Disadvantages include the amount of water (up to
several hundreds of L per sampling unit, especially if soil is coarse in texture)
and time (usually no less than 30 minutes per unit, and often much more)
required to reach saturation. These factors make large sample sizes unfeasibly
time-consuming. And yet, the double ring infiltrometer seems the most widely
used method to assess saturated hydraulic conductivity, at least in studies with
a focus on earthworms (Spurgeon et al. 2013). Alternative techniques that
allow collecting higher numbers of replicates have been advocated, for
example disc permeameters (Smettem 1992; Francis and Fraser 1998).
However, high variability even at small spatial scales is a common feature of
saturated hydraulic conductivity (Sobieraj et al. 2004; Hassler et al. 2014).

Preferential flow through macropores is presumed to occur when the
soil matrix is water-saturated (Scotter and Kanchanasut 1981). This suggests
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that the role of earthworm burrows under ordinary rain or irrigation regimes
may be marginal (Syers and Springett 1984). If this were true, quantifying the
effects of earthworms on water flow in saturated conditions would be of little
ecological and societal relevance. One could even ask whether anecic
earthworms boost water infiltration only when someone uses a double ring
infiltrometer.

My answer is no, for two reasons. Firstly, macropores can act as
preferential flow pathways also under unsaturated conditions (Nimmo 2012).
Positive effects of anecic earthworms on water flow in those conditions have
been recorded, e.g. Fischer et al. (2014) found earthworms to increase
unsaturated hydraulic conductivity, although the effect disappeared at lower
matric potentials (i.e. when the soil dried up). Similarly, Edwards et al. (1989)
found that rain intensity does not necessarily have to be high to initiate
infiltration in burrows (presumably of L. terrestris), although the proportion of
conductive burrows increased with the amount of rain. Secondly, even if anecic
earthworms affected hydraulic conductivity only at or near saturation, their
effects would not be irrelevant, because of course soil can approach water
saturation outside a double ring infiltrometer, for instance because of rainfall.
Due to climate change, intense rainfall is becoming more common in many
parts of the world (IPCC 2013), for instance Central Europe is experiencing
fewer but heavier rains (Tabi Tataw et al. 2014). Even if still rare, such events
might bring about great economic losses, especially given that soil compaction
makes many agroecosystems vulnerable to waterlogging (Batey 2009). Anecic
earthworms might improve water infiltration in soil to the point of
counteracting the ecological effects of intense rainfall (reducing the duration of
waterlogging). The results of the experiment described in chapter 4 support
the idea: simulated intense rains at the start and towards the end of the
growing season were detrimental to ryegrass growth only in the absence of L.
terrestris. This earthworm was thus able to offset the effects of extreme
precipitation, probably through its burrowing activity (but see discussion in
chapter 4), and so an “insurance value” could be attributed to its presencez. It
may be expected that, in similar environmental conditions, other anecic
species will have similar effects. This is a reasonable prediction, but should not
be taken for granted: as we shall see, functional groups are not always good
proxies for what distinct species do.

2 On the other hand, flooding reduction by deep-burrowing earthworms appears to degrade
rice terraces in the Philippines (Joshi et al. 2000).
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Fig. 7.1. Securing a double ring infiltrometer on the ground to measure the rate at which
water infiltrates in soil. The actual measurement is performed in the inner ring, while the
outer ring serves as a buffer zone to reduce lateral flow.

Earthworm functional diversity and soil functioning

Functional dissimilarity within and across earthworm ecological
groups

As discussed in the General introduction, the most frequently used
ecological classification of earthworms is that based on Bouché’s framework
(Fig. 1.1). For Bouché’s groups to be a useful tool in functional ecology, two
earthworm species need not be exactly redundant in their effects; if they are
equivalent in some function, and this can be predicted based on a shared
group, then the classification can improve our understanding of their role in
ecosystems (Fig. 7.2). For example, Thakuria et al. (2010) found ecological-
group-specific bacterial communities in the guts of four Lumbricidae species,
despite some intraspecific variability due to different food resources. But as
our results from chapters 3 and 6 highlight, (i) distinct species in the same
group may differ in some trait, and (ii) species from different groups may share
some trait.

Even small functional differences within a group may affect ecosystem
processes, as seen in Collembola and their role in decomposition (Faber and
Verhoef 1991; Cragg and Bardgett 2001; Tordoff et al. 2008). There is
mounting evidence that this applies also to earthworms. Several studies
showed that A. longa does not consume surface residues to the same extent as
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the anecic Lumbricus spp. (Schmidt et al. 1997; Briones et al. 2005; Eisenhauer
et al. 2008; Pollierer et al. 2009), and our own findings suggest that this may
lead to different impacts on drilosphere soil biochemical properties (chapter 3,
Box 7.1). Zhao et al. (2013) report that two co-occurring endogeic species
differ in their ability to escape predators by moving deeper in soil, with
potential species-specific impacts on nutrient availability to plant roots. Zhang
et al. (2010) showed that Amynthas agrestis and L. rubellus, both invasive
epigeic species in the study site, modified their habitat rather differently.

(A) (B)
L lOITasliis  -eeeesesseseesesassessesnassssessesssaseass W P
L. rubeflisg  sreseereresssssinissssssssiass sy, e e, T LTI T P
Sensitivity to tillage Soil bioturbation
(C) (D)
Ap. longa sasssssesssssssssnsrnssnseffisassassssssansansinstnssannss sasssssssssssssssnsinssnsessasansassnsadiesnsiestnssanns
Removal of surface litter Emission of greenhouse gases

Fig. 7.2. Hypothetical functional responses (A) and effects (B-C) of four European
earthworm species (® endogeic, M anecic, A epigeic). Predictions are based on the
literature reviewed in the General introduction and in this chapter.

On the other hand, functional redundancy can be found within a group -
but also across groups. In chapter 6 we showed that two anecics and one
endogeic all fed on dung located at the soil surface. In a greenhouse
experiment with stable isotope tracers, Eissfeller et al. (2013) found that the
trophic signature of the endogeic Ap. caliginosa overlapped with that of the
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anecic L. terrestris more so than with the other endogeic 0. tyarteum. Likewise,
in a field study across several land use types, natural stable isotope signatures
of epigeic and anecic earthworms were undistinguishable, and differences
between conspecifics from different sites were larger than between species in
a site (Neilson et al. 2000). In some functional traits, an earthworm might be
even more similar to such a different animal as an arthropod than to another
earthworm (Faber 1991; Hedde et al. 2007).

To overcome these issues, some researchers use intermediate groups.
But if these are based on expert opinion, rather than on quantitative data, they
are no less arbitrary than the groups they should clarify. For instance, some
experts consider L. rubellus epi-anecic (Pérés et al. 2010), while others
consider it epi-endogeic (Vos et al. 2014). Another practical solution is to
refine the classification with more detailed subgroups. Lavelle (1983) assigned
tropical endogeic earthworms into subgroups based on the depth they inhabit
and the type of material they ingest, ranging from polyhumic (which ingest soil
high in organic matter) to oligohumic (which ingest soil low in organic matter),
with mesohumic in between. The outline has proved useful in the study of
earthworms in sub-Saharan Africa (Blanchart et al. 1997; Tiho and Dagnogo
2012), but is less applicable in temperate systems. Moreover, it does not
necessarily elucidate which substrate soil-ingesting earthworms assimilate -
microbes, labile or stabilised organic matter, living roots, etc. (Curry and
Schmidt 2007).

A way forward is to use quantified functional traits, either as a
continuous range (e.g. body size in c¢cm) or as discrete units (e.g. ‘large’ vs
‘small’). Such approaches are increasingly popular among ecologists
(Brussaard 2012; Gagic et al. 2015), and have been applied to earthworms too
(Fournier et al. 2012). They may partly replace discrete functional groups, but
also complement them (Tsiafouli et al. 2015) or guide the construction of novel
groups (Sanders et al. 2015; Byun et al. 2013). Functional trait approaches
require potentially laborious and time-consuming data collection, but they
hold great promise. As molecular techniques help clarify phylogenetic
relationships previously inferred only from morphology, so trait data may
complement, or amend, organism-based groups built on morphological and
presumed ecological similarities between species.

[ emphasise that the point of this discussion is not to say that the groups
based on Bouché’s ecological strategies cannot predict ecological functioning.
The validity of a functional group system depends on the function under
consideration (Briones 2014), and is thus conditional on the research question
(Bengtsson 1998). Of course this applies also to trait-based systems, as they
too are arbitrary to some extent (e.g. in the choice of the traits to use). To find
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functional metrics both practical and realistic, it should be acknowledged that
two species may be sufficiently similar to be redundant in certain functions,
but not so in other functions. For example, both epigeic and anecic species can
remove considerable amount of surface litter through feeding, whereas the
latter have much larger effects on soil structure through their burrowing (Fig.
7.2). Therefore, while species may be grouped together because they have
similar values for a given trait, another trait might require a different
functional assemblage. This entails that, when studying the functional ecology
of earthworms (or any group of organisms), trade-offs between reductionism
and complexity are inevitable (Fig. 7.3). Whether interspecific dissimilarity
needs to be considered or can be overlooked depends not just on the species,
but also on the target and scale of study. All this may sound rather obvious, but
it is worth pointing out, because we soil ecologists risk being overconfident in
our ability to predict the effects or responses of earthworms (and many other
organisms) based on functional groups. We must keep in mind that functional
groups are mental constructs that we impose on the real world for
convenience, not some sort of Platonic idea that organisms tend to embody.

Generalize ¢uee——) Specify

Dissimilarities Similarities
Similarities Dissimilarities

All species are the same All species are different

Unrealistic A Impractical A

Fig. 7.3. Conceptual overview of the trade-off between reductionism and complexity in the
study of the functional ecology of earthworms (or any group of organisms).

Interactions between functionally (dis)similar earthworm species, and
links with ecosystem functioning

Chapter 6 was the first study to partition the effects of earthworm
species and their interspecific interactions on plant growth and nutrient
acquisition. The experimental design, called Simplex, had previously been used
to study other invertebrates (O'Hea et al. 2010) and plants (Lei et al. 2012), as
well as earthworm effects on soil biochemistry and microbes (Sheehan et al.
2006, 2008), but never to study effects on plants, nor discriminating between
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species in the same functional group. It allowed us to separate species identity
effects from diversity effects, a recurrent challenge in biodiversity-function
studies (Bengtsson 1998; Benedetti-Cecchi 2004). A diversity effect is an effect
of a multi-species assemblage that differs from the sum of the individual
species effects (Heemsbergen et al. 2004), that is, a non-additive outcome of
species interactions (O'Hea et al. 2010).

We found that plant growth and N uptake depended on which
earthworm species were present, with both identity and diversity effects. This
points to the so-called idiosyncrasy hypothesis (Lawton 1994), where the
consequences of species diversity on ecosystem functioning are unpredictable
because they heavily depend on the particular species involved. Idiosyncratic
effects of apparently redundant taxa have been observed in several
experiments on terrestrial and marine communities (Faber and Verhoef 1991;
Emmerson et al. 2001; Hedlund et al. 2003; O'Connor and Crowe 2005;
Postma-Blaauw et al. 2005). But as already remarked, whether two species are
to be considered redundant or not depends on the function under focus. The
earthworm species in chapter 6 had distinct effects on plant growth (in terms
of magnitude) and dung-N uptake by plants, but they were redundant in their
(lack of) effects on uptake of urea-N and leaching, and responded similarly to
fertilizer type.

Effects of biodiversity on an ecosystem process may be idiosyncratic and
yet overall consistent, with the former more likely when there are few species
(Emmerson et al. 2001); moreover, the more species in a community, the
higher the chance that some are redundant (Lawton 1994). Our experiments
drew from a small taxonomic pool, but real earthworm assemblages are made
up of fewer species than most other soil animal groups. Furthermore, in
chapter 6 we selected earthworm species in order to ensure functional
dissimilarity, which is more important than species richness per se to
biodiversity-function relationships (Heemsbergen et al. 2004).

The non-additive (= diversity) effect of A. chlorotica and A. longa arose
only when the relative contribution of those species to the total earthworm
biomass exceeded a certain threshold. This could be detected because, rather
than factorial treatments, we used a “continuous” range of species’ relative
abundances at a constant total biomass. This may fail to highlight clear-cut
effects that are easier to find in a factorial design, but our interest lied in the
species composition and the interspecific interactions, rather than in isolating
an earthworm presence effect relative to an earthworm-free system.

Since our species differed in body size, the number of earthworms per
mesocosm had to vary to keep total biomass constant. We used biomass
because body size is closely linked to metabolic requirements and functional
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impact (Turnbull et al. 2014), whereas setting a constant density would have
given to larger and smaller species equal weight (pun intended). Treatment
comparisons based on standardized abundance confound the effects of species
identity and biomass, biasing results in favour of larger-sized species (Connolly
1988). For example, Caro et al. (2014) interpreted different dung consumption
between Ap. giardi and Ap. icterica, which were kept separately and at constant
density, as indication of different feeding preferences; but each Ap. giardi
weighed as much as three Ap. icterica, and so there might simply have been too
much dung for the latter to consume. In diversity-function studies, spurious
identity and diversity effects may be actually biomass effects (van Geffen et al.
2011). Of course, setting species treatments at the same biomass has its own
drawbacks, because animal behaviour can be density-dependent (Schneider et
al. 2012). Body mass is a trait in itself, so size-related effects can also be
genuine ecological phenomena.

For some research questions, a density-based calibration is indeed more
fitting than a biomass-based calibration. For example, the number of burrows
made by anecic earthworms in a soil volume is intuitively more related to
numerical abundance than biomass (on the assumption that each individual
earthworm will inhabit one burrow) - although burrow volume may also be
important. Setting distinct biomass baselines for different species is especially
useful if the aim is to simulate natural species abundances in a certain habitat,
as in Eisenhauer et al. (2012). The choice of which approach to use is
ultimately a matter of informed common sense. Heemsbergen et al. (2004)
kept the total biomass of earthworms constant across species combinations,
but for smaller arthropods total density was kept constant, otherwise they
would have been unrealistically abundant. In short, the question of how to
select the relative abundance of earthworm species in an experiment has no
simple answer. Moreover in general, a wide array of approaches is required to
match the range of ecological functions earthworms perform, as we shall see in
the next section.
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BOX 7.1: Do Lumbricus centralis and Aporrectodea longa produce
dissimilar soil biochemical hotspots?

The comparison between drilosphere of L. centralis and A. longa (chapter 3),
although to be taken as tentative given the limited sample size, suggests that these
two species are not functionally redundant in the incorporation of fresh organic
matter into soil.

GM/AX and 613C data indicate that A. longa incorporated fresh organic matter in
soil less than L. centralis did (chapter 3). Such dissimilarity between co-occurring
anecic species is likely to influence soil biochemical heterogeneity. In fact, a
multivariate analysis showed that soil controlled by A. longa was biochemically
more similar to soil around abandoned burrows than to soil controlled by L.
centralis (figure below).

This ordination graph was made
with non-metric multidimensional
scaling (NMDS) on a Bray-Curtis
dissimilarity matrix of six soil
biochemical properties (arabinose,
galactose, e g

A | centralis stress < 0.05
v A. longa

© no earthworm

xylose, mannose, »
glucose, and total sugar content) G,/" ,-' A
in the drilosphere (0-8 mm around Tl 0OV A Ia R

burrows). Low stress indicates a
good fit. Lines enclose different
groups according to a non-
parametric multivariate analysis
of variance (npMANOVA, p < 0.01,
with 999 random permutations).

The npMANOVA supported the distinction between L. centralis soil on one side,
and A. longa and unoccupied burrows on the other (R2 = 0.56, df =1 and 10, p =
0.008).

Instead, distinguishing soil occupied by A. longa from soil where the earthworm
had been removed did not increase explained variance (R2 = 0.57,df =2 and 9, p =
0.02), and mere earthworm presence (A. longa and L. centralis together) was not a
good grouping factor (R2 =0.20,df =1 and 10, p = 0.15).
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BOX 7.2: Linking anecic earthworm burrows and water infiltration rate

e We aimed to measure water infiltration in undisturbed soil plots with different
species identity and abundance of anecic earthworms, quantifying burrow physical
features that could explain variation in water flow, e.g. depth, diameter, continuity.

e In June 2012 we performed an experiment in a grassland field of an UCD research
farm in Lyons, Ireland (53°18'15"N, 6°31'55"W). The soil is a heavy textured (32%
silt, 34% clay), poorly drained low-humic Gley, with neutral pH and high OM
content. Circular plots (30 cm diameter, 1 m apart) were randomly located.

e The following protocol was followed:
i. Find burrows by locating surface openings and associated middens.

ii. Use an allyl isothiocyanate solution (0.2% in 2 L water) to extract the
earthworms, and mark the position of the burrows from which they exit.

iii. Measure water infiltration rate with a double ring infiltrometer (inner and
outer ring diameter 53 and 30 cm, respectively).

iv. Based on Shipitalo et al. (2004), pour polyester resin into the burrows to
obtain plastic replicas, and dig them out 48 hours later (right figure below).

v. Use the plastic replicas to measure burrow length (depth), diameter, etc.

e Water infiltration rate was highly variable, ranging from 0 to 60 mm hour-1. In
some plots it was so slow that no change in water level was observed within 30
min. This is because rainfall in the month preceding the experiment was more than
twice the monthly average (Met Eireann 2013), resulting in a waterlogged soil.

o Nevertheless, a weak positive linear relationship between L. terrestris biomass and
water infiltration was detected (5.2 £ 2.5 mm hour-! increase for every 1 g of fresh
earthworm biomass; p = 0.06, r2 = 0.21). L. terrestris was the only anecic species
found, despite detection of A. longa in previous years (Curry etal. 2002).

e Because of a low success rate of step (iv), measurements on burrow size and shape
could not be taken. Either excessive viscosity of the resin or obstructions in the
upper portion of the burrows had hampered the production of burrow replicas.
Therefore, quantitative data on burrow morphology could not be obtained.

Water infiltration rate (mm h™" )

L. terrestris biomass (§ per plot)
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Where to dig next? Challenges and opportunities in earth-
worm research

As amply discussed in this thesis, earthworms play multiple roles in
ecosystem functioning, and thus studying them is relevant to a wide range of
topics in ecology. Here | summarise some research areas, directly or indirectly
related to my own research, which should provide fertile ground to improve
our knowledge on earthworm functional ecology, as well as address broader
ecological questions. Where possible, 1 briefly point to experimental
approaches that could be used to reap this knowledge.

Burrows of anecic earthworms as dynamic biochemical and biological hotspots

It is clear that burrows of anecic earthworms are hotspots of C
incorporation, nutrient cycling and biological activity (chapters 2-3), but there
are still gaps in our understanding of their dynamics and interspecific
differences. Burrows made by distinct species may have different biochemical
characteristics, as highlighted by findings that A. longa does not incorporate
fresh detritus to the same extent of anecic Lumbricus spp. (chapter 3 and
references therein). Furthermore, there could be interactions between
earthworm species identity and soil characteristics (texture, organic matter
content, etc.) that go undetected in laboratory studies with repacked soil cores.
Regarding biotic interactions, more in-depth analysis on the community and
functional composition of nematodes and protists in the drilosphere could give
insights that cannot be obtained from total abundance data, broad groupings,
or relatively coarse molecular markers (e.g. phospholipid fatty acids).

Since the presence of an active earthworm is needed to maintain the
“hotspot” status of a burrow (chapters 2-3), it would be useful to assess how
frequently and how quickly burrows that are abandoned due to mortality or
dispersal become occupied by a new individual. There are indications that
juvenile anecics often occupy burrows previously made by adults (Nuutinen
2011), and laboratory studies show that adults also tend to use pre-existing
macropores rather than forming new ones (Caro et al. 2012; Pagenkemper et
al. 2015). However, it is not known how fast this “burrow inheritance” happens
under natural conditions, whether it is more common after particular
circumstances, for instance related to reproduction or dispersal, and how
widespread it is among different (anecic) species.

Earthworm functional traits and ecosystem functioning

[ have argued that Bouché’s earthworm ecological groups, and functional
groups in general, are adequate for some research questions but less so for
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others. The functional trait framework is a promising tool to devise
complementary methods based on data rather than on expert opinion, and
perhaps tailored to specific questions rather than “catch-all”. I suspect that
earthworm species are harder to distinguish ecologically than many other
animal groups, because of their highly plastic behaviour and ecosystem
engineering, plus strong change in auto-ecology from juveniles to adults in
some species (Schmidt 1999; Lowe and Butt 2002). This means that predicting
their ecological responses and effects in ecosystems by much-needed general
principles is challenging. On the other hand, habitat modification through
ecosystem engineering and trait plasticity spark interesting research
questions, for instance about the role of niche construction in evolution
(Laland and Sterelny 2006).

Studies are needed to identify contexts in which the functional group
approach is appropriate to earthworms, and others in which neglecting
interspecific dissimilarities would be an oversimplification (Fig. 7.3). This may
sound ambitious, but given the low number of species and large body size of
earthworms in comparison to other groups of soil fauna, it is not unfeasible to
investigate interspecific differences in at least the most widespread species.
Then a variety of questions could be tackled, for example whether the
contribution of an earthworm assemblage to an ecosystem process saturates at
the low species richness often observed in agricultural fields and semi-natural
grasslands. Earthworms could thus be a model group to test whether the
effects of (functional) diversity on certain ecosystem processes are consistent,
idiosyncratic or redundant.

What do soil-ingesting earthworms really eat?

Endogeic earthworms are thought to derive their energy from the
organic matter associated with the soil that they ingest, and have in fact been
shown to take up C from old or stabilized soil fractions, thereby mobilizing
organic matter that would otherwise be unavailable to other biota (Melody and
Schmidt 2012; Ferlian et al. 2014). But as reported by us (chapter 6) and
others (Cole et al. 2006), they can switch to highly nutritious organic resources
located at the surface, and they also feed on smaller organisms such as protists
and nematodes (Dash et al. 1980; Bonkowski and Schaefer 1997). Perhaps the
question as to which substrates these earthworms assimilate does not admit of
a simple answer, such is their plasticity in feeding behaviour, but well-
designed experiments could unravel species-specific or habitat-dependent
patterns. These studies could use stable isotope tracers in the field, and be
complemented by feeding experiments in laboratory microcosms.
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Earthworms and the basal resources of the soil food web

Despite well-reasoned predictions based on ecological groups, we still
lack a clear picture on the relative contribution of surface detritus and
belowground resources, and associated microorganisms, to earthworm diet.
More in general, the importance of plant litter vs living roots in the soil food
web is uncertain. Some studies in deciduous forests revealed that earthworms
and other animal decomposers obtain most of their C not from leaf litter but
from roots (Pollierer et al. 2007; Gilbert et al. 2014); to what extent this is due
to feeding directly on fine roots, or on organic matter and smaller organisms
that have derived their C from root exudates, is an open question. Notably,
plant litter appears to be a more important basal resource than living roots not
only in agricultural systems with annual crops (Elfstrand et al. 2008), but also
in coniferous forests with thick litter layers and fungal-dominated decomposer
systems (Klarner et al. 2014), where one might expect the contrary
considering the high litter recalcitrance® (in fact, Clemmensen et al. (2013)
found that root-C contribution to the soil food web in boreal forests was
positively linked to thicker humus layers).

All this this leads to ask whether the relative contribution of litter- and
root-C and nutrients to the soil food web, and thereby to plants, depends on
litter thickness and identity of the dominant decomposers (fungi or bacteria)
more than on chemical recalcitrance, especially in forest soils. If so, it can be
hypothesised that litter-feeding earthworms may shift the balance in favour of
litter-based resources, given that their translocation of surface residues
belowground enriches soil organic matter with fresh C (chapter 3). By fuelling
the soil food web with fresh detritus, and disrupting fungal hyphae
(Butenschoen et al. 2007), anecic earthworms could possibly also induce shifts
in the microbial decomposer community by enhancing the bacterial channel
relative to the fungal channel, as suggested by observational studies on
earthworm-invaded and non-invaded sites (e.g. Dempsey et al. 2011). Such
comparisons can be enlightening (provided that the sites have similar soil
properties and plant community), but more rigorous manipulative
experiments are also needed; again, stable isotope techniques (natural
abundance or tracers) should be valuable.

3 Perhaps it should not come as a surprise: evidence is mounting that decomposition is to a
great extent controlled by factors other than chemical recalcitrance, such as temperature
and physical accessibility to microbes (Fontaine et al. 2007; Schmidt et al. 2011; Dungait et
al. 2012; Cotrufo et al. 2013). Even supposedly recalcitrant substances like humic acids are
actually biodegradable (Straathof et al. 2014).
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The net effect of earthworms on soil C stocks

It is undisputed that earthworms enhance decomposition, and yet it has
been posited that they also contribute to organic matter stabilisation and
protection of C from decomposition (see General introduction). Although
appealing, the idea is challenged by several findings. Anecic earthworms
translocate fresh C in soil around their burrows (chapter 3), which can lead to
fast C turnover rates and priming effects on decomposition (Don et al. 2008).
Some endogeic earthworms consume old C pools that in their absence would
have been protected from degradation (Scheunemann et al. 2010; Melody and
Schmidt 2012), and C stabilisation inside earthworm casts and soil aggregates
cannot compensate for C mobilisation even over times longer than a year
(Frouz et al. 2014; Lubbers 2014). In a study across several European
agroecosystems with a range of climates and land use intensities, high
earthworm biomass corresponded to high CO; production (De Vries et al
2013).

However, more work is needed before we can provide a clearer answer,
especially because the interplay of earthworms and living plants has yet to be
assessed in this regard: earthworms promote plant growth, and plants may act
as C sinks. Moreover, enhanced C turnover is easier to detect in most
experiments (which usually last less than one year) than long-term changes in
soil C pool (Alban and Berry 1994; Crumsey et al. 2014). Finally, many
earthworm species (e.g. Lumbricidae) sequester sizeable amounts of
atmospheric CO; in calcium carbonate granules, which have a long residence
time in soil (Briones et al. 2008).

Anecic earthworms and ecosystem stability against intense rainfall events

Research efforts on the role of earthworms in soil water regulation and
biotic interactions have been rather independent to date. We were among the
first to link “immediate” earthworm effects on water infiltration to “lagged”
effects on plant growth (chapter 4), and showed that L. terrestris may help
plants cope with the disturbance induced by waterlogging, increasing the
stability of the soil-plant system against disturbance. Anecic earthworms could
thus contribute to the functional diversity that makes ecosystems stable in the
face of disturbance (McCann 2000), particularly in the case of agro-ecosystems
prone to soil compaction (waterlogging caused by intense rains or untimely
irrigation may decrease seedling establishment and plant yield). However,
mechanisms behind the effects need to be clarified, for instance soil structure
modification (as a result of earthworm burrowing) vs enhanced nutrient
availability. Such mechanisms inevitably co-occur through earthworm activity,
but they could be unravelled by experiments performed over a range of soil
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fertility conditions, or by comparing systems with earthworm-occupied
burrows to systems with artificial or non-occupied burrows. The outcomes
may be context-dependent, for instance soil type may affect the response of the
earthworms themselves to waterlogging (Plum and Filser 2005).

Links between plants and earthworm (functional) diversity

It is unclear what controls earthworm diversity (taxonomic or
functional) in a site. Neither aboveground plant diversity (Gastine et al. 2003;
Milcu et al. 2006b) nor soil abiotic properties (Gutiérrez-Lopez et al. 2010) are
robust predictors of earthworm diversity and species assembly, or sometimes
even of biomass (Hedlund et al. 2003). Functional trait data could cast light on
the drivers of earthworm diversity. For example, Lange et al. (2013) found
morphological and life history traits of earthworm assemblages that clearly
correlated with inundation frequency in a floodplain.

Regarding the other side of the question, evidence is accruing that, to
some extent, earthworms determine plant community composition. While
some generalisations can be made, for instance that they tend to promote
grasses over legumes (Schmidt and Curry 1999; Partsch et al. 2006; but see
Thompson et al. 1993), it is still not possible to draw robust relationships
between earthworm species and plant community composition, or between
their functional traits. This should be a fertile area of research, as most
experiments to date have compared systems with earthworms to systems
without earthworms (and often of a single species). Future studies may be
designed based on either functional group or continuous functional trait
approaches, and should also take into account interspecific interactions.

Ecosystem services (and disservices)

Assessing the contribution of earthworms and other soil organisms to
ecosystem services was an overarching goal of ECOFINDERS, the EU project to
which my research contributed, yet I have hardly mentioned ecosystem
services thus far. I focussed on understanding ecological functions, rather than
their applications to human well-being. However, since the findings I described
can be linked to services such as soil fertility and water regulation, and given
the popularity of the ecosystem service framework in recent research (Fig.
7.4), it is timely that I discuss the subject, starting with one of its central
aspects: the conversion, be it notional or quantitative, of biodiversity and
ecosystem processes into economic values.
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Fig. 7.4. Increasing number of published studies on the topic of ecosystem services (black
dots), including those directly related to soil (white dots). Data were obtained from the ISI
Web of Science with the query TS= "ecosystem service*", refined year by year; the search
was then restricted to studies related to soil by refining with: TOPIC: (soil).

Such conversion is thought to awaken the interest of citizens and
decision-makers in a more sustainable, science-driven managing of
ecosystems. As proponents of the framework are well aware, this may be
difficult to reconcile with the pressure for short-term economic growth (Daily
et al. 2009). But there is a more fundamental, and in my opinion overlooked,
issue: if we evaluate ecosystems only in terms of socio-economic gains, we run
the risk of having no counter-arguments against their overexploitation when
competing economic interests arise. Crucially, the risk does not just emerge
from misunderstandings of the underlying idea. If ecosystems are conceived as
“working” for human society, the translation to economic values follows
logically.

I recognise that the ecosystem service framework could lead to some
effective policies. For example, if research showed that low-impact organic
practices foster soil biological activity, and hence services such as nutrient
cycling and primary production, farmers could reduce inorganic fertilization
without fearing losses in yields4, and the cause of sustainable farming would

“ But conclusive evidence is still lacking (Seufert et al. 2012).
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benefit. But in other cases the approach could backfire to the detriment of
biodiversity. For example, commercial forestry and animal husbandry may
profit from bringing exotic earthworms into relatively unfertile regions, since
these invertebrates increase soil fertility and plant growth,; in economic
assessments, benefits on ecosystem services linked to productivity would
likely outweigh harmful effects on native animals and plants of no commercial
interest. This is not just a hypothetical case: in the second half of the 20t
century local grasslands in New Zealand have been “improved” by spreading
European species of Lumbricidae (Stockdill 1982), and similar actions are
planned for the coming years (Schon et al. 2011).

In natural ecosystems, many species give no measurable contribution to
ecosystem services; some affect human activities negatively, for instance
livestock predators (Ciucci and Boitani 1998; Butler 2000). What is the
rationale for protecting such species under the ecosystem service framework?
It is true that the framework recognises cultural heritage services, but most
species can hardly be linked to them - actually, negative perception of some
species is culturally ingrained (Kellert et al. 1996; Rgskaft et al. 2007). A more
reasoned approach is to recognise that complex networks of biological
interactions may be crucial for ecosystem functioning, and therefore to give a
value to biodiversity, including “problematic” species. The ecosystem service
framework is compatible with the idea that biodiversity has an insurance
value, that is, high species richness is postulated to insure the environment
against losses in functioning if some species go locally extinct, because others
will still be there to fill the gap (Yachi and Loreau 1999).

But what if positive effects of biodiversity on ecosystem services were
largely driven by few species, and thus levelled off at low richness? This is a
realistic scenario (Hooper et al. 2005), especially for soil communities
(Griffiths et al. 2001, Heemsbergen et al. 2004). Do we give land managers
“carte blanch” to transform habitats as long as those few useful species are
maintained? And what if those species were able to thrive under disturbed
habitats? Again, a realistic possibility: earthworms can be abundant under
intensively grazed pastures (Curry et al. 2008) and are little affected by plant
diversity (Gastine et al. 2003). Most ecosystem services are actually performed
by soil microbes, which have tremendous diversity and functional redundancy
even in the face of strong disturbance (Nannipieri et al. 2003) - although this
may not apply to some biochemical functions such as denitrification (Hallin et
al. 2012).

Perhaps even more importantly, the ecosystem service framework may
lead to an anthropocentric, utilitarian, even teleological interpretation of
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ecology: one in which wild species and habitats should dutifully provide
services, biodiversity is given a market value, and ecosystems are valued only
on the yardstick of economically measurable interest. Is this the best remedy
for the economic and demographic growth that sparked the global biodiversity
crisis? Can we protect wild species and ecosystems simply by treating them as
means to guarantee economic profit?

In short, while I recognise that the ecosystem service framework may
deliver tangible benefits to society, | contend that it should not remain the sole
approach to ecosystem management, or replace ethical arguments for nature
conservation. I argue that both the study of biodiversity and human progress
would be better advanced if society recognised a biologically diverse, well-
functioning ecosystem as something worth in its own right, rather than merely
as a source of services to exploit. But this is beyond the scope of this thesis.

118



References

A

Aira M, McNamara NP, Piearce TG, Dominguez ] (2009) Microbial communities of Lumbricus
terrestris L. middens: structure, activity, and changes through time in relation to earthworm
presence. Journal of Soils and Sediments 9:54-61

Alban DH, Berry EC (1994) Effects of earthworm invasion on morphology, carbon, and
nitrogen of a forest soil. Applied Soil Ecology 1:243-249

Amador JA, Gorres JH (2005) Role of the anecic earthworm Lumbricus terrestris L. in the
distribution of plant residue nitrogen in a corn (Zea mays)-soil system. Applied Soil Ecology
30:203-214

Amador JA, Gorres JH, Savin MC (2003) Carbon and nitrogen dynamics in Lumbricus
terrestris (L.) burrow soil. Soil Science Society of America Journal 67:1755-1762
Amarasekare P (2003) Competitive coexistence in spatially structured environments: a
synthesis. Ecology Letters 6:1109-1122

Ambus P, Petersen SO, Soussana JF (2007) Short-term carbon and nitrogen cycling in urine
patches assessed by combined carbon-13 and nitrogen-15 labelling. Agriculture, Ecosystems
& Environment 121:84-92

Anderson | (1975) The enigma of soil animal species diversity. In: Vanék ] (ed.) Progress in
Soil Zoology. Springer

Anderson OR, Bohlen P] (1998) Abundances and diversity of ggmnamoebae associated with
earthworm (Lumbricus terrestris) middens in a northeastern US forest. Soil Biology and
Biochemistry 30:1213-1216

Andriuzzi W, Schmidt O (2014) Production of rabbit dung triple-labelled with C, N and S
stable isotopes. Pedobiologia 57:155-160

Andriuzzi WS, Bolger T, Schmidt O (2013) The drilosphere concept: Fine-scale
incorporation of surface residue-derived N and C around natural Lumbricus terrestris
burrows. Soil Biology and Biochemistry 64:136-138

B

Bardgett RD, Wardle DA (2010) Aboveground-belowground linkages: biotic interactions,
ecosystem processes, and global change. Oxford University Press

Bartlett MD, Briones M], Neilson R, Schmidt O, Spurgeon D, Creamer RE (2010) A critical
review of current methods in earthworm ecology: from individuals to populations.
European Journal of Soil Biology 46:67-73

Bastardie F, Capowiez Y, Renault P, Cluzeau D (2005) A radio-labelled study of earthworm
behaviour in artificial soil cores in term of ecological types. Biology and Fertility of Soils
41:320-327

Batey T (2009) Soil compaction and soil management-a review. Soil Use and Management
25:335-345

Beare MH, Coleman DC, Crossley DA, Hendrix PF, Odum EP (1995) A hierarchical approach
to evaluating the significance of soil biodiversity to biogeochemical cycling. Plant and Soil
170:5-22

Beier C, Beierkuhnlein C, Wohlgemuth T, Penuelas ], Emmett B, Kérner C, Boeck H,
Christensen JH, Leuzinger S, Janssens [IA (2012) Precipitation manipulation experiments -
challenges and recommendations for the future. Ecology Letters 15:899-911

119



Benedetti-Cecchi L (2004) Increasing accuracy of causal inference in experimental analyses
of biodiversity. Functional Ecology 18:761-768

Bengtsson ] (1998) Which species? What kind of diversity? Which ecosystem function?
Some problems in studies of relations between biodiversity and ecosystem function. Applied
Soil Ecology 10:191-199

Berry E, Jordan D (2001) Temperature and soil moisture content effects on the growth of
Lumbricus terrestris (Oligochaeta: Lumbricidae) under laboratory conditions. Soil Biology
and Biochemistry 33:133-136

Beynon SA, Mann DJ, Slade EM, Lewis OT (2012) Species-rich dung beetle communities
buffer ecosystem services in perturbed agro-ecosystems. Journal of Applied Ecology
49:1365-1372

Binet F, Le Bayon R-C (1998) Space-time dynamics in situ of earthworm casts under
temperate cultivated soils. Soil Biology and Biochemistry 31:85-93

Binet F, Trehen P (1992) Experimental microcosm study of the role of Lumbricus terrestris
(Oligochaeta: Lumbricidae) on nitrogen dynamics in cultivated soils. Soil Biology and
Biochemistry 24:1501-1506

Bishop H, Grieve I, Chudek ], Hopkins D (2008) Liming upland grassland: the effects on
earthworm communities and the chemical characteristics of carbon in casts. European
Journal of Soil Science 59:526-531

Blair ], Parmelee R, Allen M, McCartney D, Stinner B (1997) Changes in soil N pools in
response to earthworm population manipulations in agroecosystems with different N
sources. Soil Biology and Biochemistry 29:361-367

Blanchart E, Lavelle P, Braudeau E, Le Bissonnais Y, Valentin C (1997) Regulation of soil
structure by geophagous earthworm activities in humid savannas of Cote d'lvoire. Soil
Biology and Biochemistry 29:431-439

Blouin M, Hodson ME, Delgado EA, Baker G, Brussaard L, Butt KR, Dai ], Dendooven L, Péres
G, Tondoh JE, Cluzeau D, Brun J] (2013) A review of earthworm impact on soil function and
ecosystem services. European Journal of Soil Science 64:161-182

Bodhinayake W, Si BC, Noborio K (2004) Determination of hydraulic properties in sloping
landscapes from tension and double-ring infiltrometers. Vadose Zone journal 3:964-970
Bohlen P], Parmelee RW, McCartney DA, Edwards CA (1997) Earthworm effects on carbon
and nitrogen dynamics of surface litter in corn agroecosystems. Ecological Applications
7:1341-1349

Bohlen PJ, Pelletier DM, Groffman PM, Fahey TJ, Fisk MC (2004) Influence of earthworm
invasion on redistribution and retention of soil carbon and nitrogen in northern temperate
forests. Ecosystems 7:13-27

Bol R, Amelung W, Friedrich C, Ostle N (2000) Tracing dung-derived carbon in temperate
grassland using 13C natural abundance measurements. Soil Biology and Biochemistry
32:1337-1343

Bonkowski M (2004) Protozoa and plant growth: the microbial loop in soil revisited. New
Phytologist 162:617-631

Bonkowski M, Geoghegan IE, Birch ANE, Griffiths BS (2001) Effects of soil decomposer
invertebrates (protozoa and earthworms) on an above-ground phytophagous insect (cereal
aphid) mediated through changes in the host plant. Oikos 95:441-450

Bonkowski M, Schaefer M (1997) Interactions between earthworms and soil protozoa: a
trophic component in the soil food web. Soil Biology and Biochemistry 29:499-502

Borken W, Griindel S, Beese F (2000) Potential contribution of Lumbricus terrestris L. to
carbon dioxide, methane and nitrous oxide fluxes from a forest soil. Biology and Fertility of
Soils 32:142-148

120



Bossuyt H, Six ], Hendrix PF (2005) Protection of soil carbon by microaggregates within
earthworm casts. Soil Biology and Biochemistry 37:251-258

Bouché M (1977) Strategies lombriciennes. Ecological Bulletins 25:122-132

Briones MJI (2014) Soil fauna and soil functions: a jigsaw puzzle. Frontiers in Environmental
Science 2:7, doi: 10.3389/fenvs.2014.00007

Briones M]I, Garnett M, Piearce TG (2005) Earthworm ecological groupings based on 14C
analysis. Soil Biology and Biochemistry 37:2145-2149

Briones M]I. Ostle NJ, Piearce TG (2008) Stable isotopes reveal that the calciferous gland of
earthworms is a CO2 fixing organ. Soil Biology and Biochemistry 40:554-557

Brown DS, Jarman SN, Symondson WOC (2012) Pyrosequencing of prey DNA in reptile
faeces: analysis of earthworm consumption by slow worms. Molecular Ecology Resources
12:259-266

Brown GG, Barois I, Lavelle P (2000) Regulation of soil organic matter dynamics and
microbial activity in the drilosphere and the role of interactions with other edaphic
functional domains. European Journal of Soil Biology 36:177-198

Brussaard L (1997) Biodiversity and ecosystem functioning in soil. Ambio 26:563-570
Brussaard L (2012) Ecosystem services provided by the soil biota. In: Wall DH, Bardgett RD,
Behan-Pelletier V, Herrick JE, Jones TH, Six ], Strong DR (eds.) Soil Ecology and Ecosystem
Services, Oxford University Press

Brussaard L, de Ruiter PC, Brown GG (2007) Soil biodiversity for agricultural sustainability.
Agriculture, Ecosystems & Environment 121:233-244

Brussaard L, Pulleman MM, Ouédraogo E, Mando A, Six ] (2007) Soil fauna and soil function
in the fabric of the food web. Pedobiologia 50:447-462

Burns RG, DeForest JL, Marxsen ], Sinsabaugh RL, Stromberger ME, Wallenstein MD,
Weintraub MN, Zoppini A (2013) Soil enzymes in a changing environment: current
knowledge and future directions. Soil Biology and Biochemistry 58;216-234

Butenschoen O, Poll C, Langel R, Kandeler E, Marhan S, Scheu S (2007). Endogeic
earthworms alter carbon translocation by fungi at the soil-litter interface. Soil Biology and
Biochemistry 39:2854-2864

Butler H, Rogerson A (1995) Temporal and Spatial Abundance of Naked Amoebae
(Gymnamoebae) in Marine Benthic Sediments of the Clyde Sea Area, Scotland. Journal of
Eukaryotic Microbiology 42:724-730

Butler ] (2000) The economic costs of wildlife predation on livestock in Gokwe communal
land, Zimbabwe. African Journal of Ecology 38:23-30

Byun C, Blois S, Brisson ] (2013) Plant functional group identity and diversity determine
biotic resistance to invasion by an exotic grass. Journal of Ecology 101:128-139

C

Cameron EK, Knysh KM, Proctor HC, Bayne EM (2013) Influence of two exotic earthworm
species with different foraging strategies on abundance and composition of boreal
microarthropods. Soil Biology and Biochemistry 57:334-340

Cannell R, Belford R, Gales K, Thomson R, Webster C (1984) Effects of waterlogging and
drought on winter wheat and winter barley grown on a clay and a sandy loam soil. Plant and
S0il 80:53-66

Cannell RQ, Belford RK, Gales K, Dennis CW, Prew RD (1980) Effects of waterlogging at
different stages of development on the growth and yield of winter wheat. Journal of the
Science of Food and Agriculture 31:117-132

Capowiez Y et al. (2009) The effect of tillage type and cropping system on earthworm
communities, macroporosity and water infiltration. Soil and Tillage Research 105:209-216

121



Capowiez Y, Pierret A, Moran C] (2003) Characterisation of the three-dimensional structure
of earthworm burrow systems using image analysis and mathematical morphology. Biology
and Fertility of Soils 38:301-310

Caro G, Decaéns T, Lecarpentier C, Buono L, Mathieu ] (2012) Is earthworms' dispersal
facilitated by the ecosystem engineering activities of conspecifics? Biology and Fertility of
Soils 48:961-965

Caro G, Decaéns T, Lecarpentier C, Mathieu ] (2013) Are dispersal behaviours of
earthworms related to their functional group? Soil Biology and Biochemistry 58:181-187
Caro G, Hartmann C, Decaéns T, Barot S, Mora P, Mathieu ] (2014) Impact of soil engineering
by two contrasting species of earthworms on their dispersal rates. Applied Soil Ecology
84:223-230

Carpenter SR (1996) Microcosm experiments have limited relevance for community and
ecosystem ecology. Ecology 77:677-680

Chabbi A, Kogel-Knabner I, Rumpel C (2009) Stabilised carbon in subsoil horizons is located
in spatially distinct parts of the soil profile. Soil Biology and Biochemistry 41:256-261

Chae YM, Krouse HR (1986) Alteration of sulfur-34 natural abundance in soil by application
of feedlot manure. Soil Science Society of America Journal 50:1425-1430

Chamberlain PM, McNamara NP, Chaplow ], Stott AW, Black HIJ (2006) Translocation of
surface litter carbon into soil by Collembola. Soil Biology and Biochemistry 38:2655-2664
Chan K (2001) An overview of some tillage impacts on earthworm population abundance
and diversity—implications for functioning in soils. Soil and Tillage Research 57:179-191
Chan K-Y, Munro K (2001) Evaluating mustard extracts for earthworm sampling.
Pedobiologia 45:272-278

Chang C-H, James SW (2011) A critique of earthworm molecular phylogenetics. Pedobiologia
54:53-S9

Chaudhry A, Baker C, Springett ] (1987) Barley seedling establishment by direct drilling in a
wet soil. 2. Effects of earthworms, residue and openers. Soil and Tillage Research 9:123-133
Ciucci P, Boitani L (1998) Wolf and dog depredation on livestock in central Italy. Wildlife
Society Bulletin 26:504-514

Clements R, Murray P, Sturdy R (1991) The impact of 20 years' absence of earthworms and
three levels of N fertilizer on a grassland soil environment. Agriculture, Ecosystems &
Environment 36:75-85

Cole L, Bradford MA, Shaw PJ, Bardgett RD (2006) The abundance, richness and functional
role of soil meso-and macrofauna in temperate grassland—A case study. Applied Soil
Ecology 33:186-198

Connolly ] (1988) What is wrong with replacement series? Trends in Ecology and Evolution
3:24-26

Cornell JA (2011) Experiments with mixtures: designs, models, and the analysis of mixture
data. Wiley. com

Costello DM, Lamberti GA (2008) Non-native earthworms in riparian soils increase nitrogen
flux into adjacent aquatic ecosystems. Oecologia 158:499-510

Costello DM, Lamberti GA (2009) Biological and physical effects of non-native earthworms
on nitrogen cycling in riparian soils. Soil Biology and Biochemistry 41:2230-2235

Cotrufo MF, Wallenstein MD, Boot CM, Denef K, Paul E (2013) The Microbial Efficiency-
Matrix Stabilization (MEMS) framework integrates plant litter decomposition with soil
organic matter stabilization: do labile plant inputs form stable soil organic matter? Global
Change Biology 19:988-995

122



Coulis M, Bernard L, Gérard F, Hinsinger P, Plassard C, Villeneuve M, Blanchart E (2014)
Endogeic earthworms modify soil phosphorus, plant growth and interactions in a legume-
cereal intercrop. Plant and Soil 379:149-160

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

Crittenden S], Huerta E, de Goede RGM, Pulleman MM (2014) Earthworm assemblages as
affected by field margin strips and tillage intensity: An on-farm approach. European Journal
of Soil Biology 66:49-56

Crumsey JM, Le Moine JM, Vogel CS, Nadelhoffer K] (2014) Historical patterns of exotic
earthworm distributions inform contemporary associations with soil physical and chemical
factors across a northern temperate forest. Soil Biology and Biochemistry 68:503-514

Curry ], Byrne D, Boyle K (1995) The earthworm population of a winter cereal field and its
effects on soil and nitrogen turnover. Biology and Fertility of Soils 19:166-172

Curry JP, Byrne D, Schmidt O (2002) Intensive cultivation can drastically reduce earthworm
populations in arable land. European Journal of Soil Biology 38:127-130

Curry JP, Doherty P, Purvis G, Schmidt O (2008) Relationships between earthworm
populations and management intensity in cattle-grazed pastures in Ireland. Applied Soil
Ecology 39:58-64

Curry JP, Schmidt O (2007) The feeding ecology of earthworms-a review. Pedobiologia
50:463-477

D

Daily GC, Polasky S, Goldstein ], Kareiva PM, Mooney HA, Pejchar L, Rickets TH, Salzman ],
Shallenberger R (2009) Ecosystem services in decision making: time to deliver. Frontiers in
Ecology and the Environment, 7:21-28

Daniel O, Kretzschmar A, Capowiez Y, Kohli L, Zeyer ] (1997) Computer-assisted
tomography of macroporosity and its application to study the activity of the earthworm
Aporrectodea nocturna. European Journal of Soil Science 48:727-737

Darwin C (1881) The formation of vegetable mould, through the action of worms, with
observations on their habits. John Murray, London

Dash M, Senapati B, Mishra C (1980) Nematode feeding by tropical earthworms. Oikos
34:322-325

Dayan T, Simberloff D (2005) Ecological and community-wide character displacement: The
next generation. Ecology Letters 8: 875-894

De Lange H, Kramer K, Faber ] (2013) Two approaches using traits to assess ecological
resilience: a case study on earthworm communities. Basic and Applied Ecology 14:64-73

de Vries FT, Liiri ME, Bjgrnlund L, Bowker MA, Christensen S, Setdld HM, Bardgett RD
(2012) Land use alters the resistance and resilience of soil food webs to drought. Nature
Climate Change 2:276-280

de Vries FT, Thebault E, Liiri M, Birkhofer K, Tsiafouli MA, Bjornlund L, Jorgensen HB, Brady
MV, Christensen S, de Ruiter P, D'Hertefeldt T, Frouz ], Hedlund K, Hemerik L, Hol WHG,
Hotes S, Mortimer SR, Setala H, Sgardelis SP, Uteseny K, van der Putten WH, Wolters V,
Bardgett RD (2013) Soil food web properties explain ecosystem services across European
land use systems. Proceedings of the National Academy of Sciences 110:14296-14301
Delibes-Mateos M, Ferreras P, Villafuerte R (2008) Key role of European rabbits in the
conservation of the Western Mediterranean basin hotspot. Conservation Biology 22:1106-
1117

123



Dempsey MA, Fisk MC, Fahey TJ (2011) Earthworms increase the ratio of bacteria to fungi in
northern hardwood forest soils, primarily by eliminating the organic horizon. Soil Biology
and Biochemistry 43: 2135-2141

Dempsey MA, Fisk MC, Yavitt |B, Fahey TJ, Balser TC (2013) Exotic earthworms alter soil
microbial community composition and function. Soil Biology and Biochemistry 67:263-270
Depkat-Jakob PS, Hilgarth M, Horn MA, Drake HL (2010) Effect of earthworm feeding guilds
on ingested dissimilatory nitrate reducers and denitrifiers in the alimentary canal of the
earthworm. Applied and Environmental Microbiology 76:6205-6214

Devliegher W, Verstraete W (1997) The effect of Lumbricus terrestris on soil in relation to
plant growth: Effects of nutrient-enrichment processes (NEP) and gut-associated processes
(GAP). Soil Biology and Biochemistry 29:341-346

Diaz S, Cabido M (2001) Vive la difference: plant functional diversity matters to ecosystem
processes. Trends in Ecology and Evolution 16:646-655

Dijkstra P, Menyailo OV, Doucett RR, Hart SC, Schwartz E, Hungate BA (2006) C and N
availability affects the 15N natural abundance of the soil microbial biomass across a cattle
manure gradient. European Journal of Soil Science 57:468-475

Dittert K, Goerges T, Sattelmacher B (1998) Nitrogen turnover in soil after application of
animal manure and slurry as studied by the stable isotope 15N: a review. Journal of Plant
Nutrition and Soil Science 161:453-463

Dominguez ], Bohlen P], Parmelee RW (2004) Earthworms increase nitrogen leaching to
greater soil depths in row crop agroecosystems. Ecosystems 7:672-685

Don A, Steinberg B, Schoning I, Pritsch K, Joschko M, Gleixner G (2008) Organic carbon
sequestration in earthworm burrows. Soil Biology and Biochemistry 40:1803-1812

Doube BM, Schmidt O, Killham K, Correll R (1997) Influence of mineral soil on the
palatability of organic matter for lumbricid earthworms: a simple food preference study.
Soil Biology and Biochemistry 29:569-575

Drake HL, Horn MA (2007) As the worm turns: the earthworm gut as a transient habitat for
soil microbial biomes. Annual Reviews in Microbiology 61:169-189

Dungait JA, Bol R, Lopez-Capel E, Bull ID, Chadwick D, Amelung W, Granger S], Manning DAC,
Evershed RP (2010) Applications of stable isotope ratio mass spectrometry in cattle dung
carbon cycling studies. Rapid Communications in Mass Spectrometry 24:495-500

Dungait JA, Hopkins DW, Gregory AS, Whitmore AP (2012) Soil organic matter turnover is
governed by accessibility not recalcitrance. Global Change Biology 18:1781-1796

Dunn RM, Mikola ], Bol R, Bardgett RD (2006) Influence of microbial activity on plant-
microbial competition for organic and inorganic nitrogen. Plant and Soil 289:321-334
Dupont L, Lazrek F, Porco D, King RA, Rougerie R, Symondson WOC, Livet A, Richard B,
Decaéns T, Butt KR, Mathieu ] (2011) New insight into the genetic structure of the
Allolobophora chlorotica aggregate in Europe using microsatellite and mitochondrial data.
Pedobiologia 54:217-224

E
Edwards C, Lofty ] (1982) Nitrogenous fertilizers and earthworm populations in agricultural
soils. Soil Biology and Biochemistry 14:515-521

Edwards W, Shipitalo M, Owens L, Norton L (1989) Water and nitrate movement in
earthworm burrows within long-term no-till cornfields. Journal of Soil and Water
Conservation 44:240-243

Edwards W, Shipitalo M, Owens L, Norton L (1990) Effect of Lumbricus terrestris L. burrows
on hydrology of continuous no-till corn fields. Geoderma 46:73-84

124



Egert M, Marhan S, Wagner B, Scheu S, Friedrich MW (2004) Molecular profiling of 16S
rRNA genes reveals diet-related differences of microbial communities in soil, gut, and casts
of Lumbricus terrestris L.(Oligochaeta: Lumbricidae). FEMS Microbiology Ecology 48:187-
197

Eisenhauer N (2010) The action of an animal ecosystem engineer: identification of the main
mechanisms of earthworm impacts on soil microarthropods. Pedobiologia 53:343-352

Eisenhauer N, Fisichelli NA, Frelich LE, Reich PB (2012) Interactive effects of global
warming and ‘global worming’ on the initial establishment of native and exotic herbaceous
plant species. Oikos 121:1121-1133

Eisenhauer N, Marhan S, Scheu S (2008) Assessment of anecic behavior in selected
earthworm species: effects on wheat seed burial, seedling establishment, wheat growth and
litter incorporation. Applied Soil Ecology 38:79-82

Eisenhauer N, Partsch S, Parkinson D, Scheu S (2007) Invasion of a deciduous forest by
earthworms: changes in soil chemistry, microflora, microarthropods and vegetation. Soil
Biology and Biochemistry 39:1099-1110

Eissfeller V, Beyer F, Valtanen K, Hertel D, Maraun M, Polle A, Scheu S (2013) Incorporation
of plant carbon and microbial nitrogen into the rhizosphere food web of beech and ash. Soil
Biology and Biochemistry 6: 76-81

Ela SD, Gupta SC, Rawls W] (1992) Macropore and surface seal interactions affecting water
infiltration into soil. Soil Science Society of America Journal 56:714-721

Elfstrand S, Lagerlof ], Hedlund K, Martensson A (2008) Carbon routes from decomposing
plant residues and living roots into soil food webs assessed with 13C labelling. Soil Biology
and Biochemistry 40:2530-2539

Emmerson MC, Solan M, Emes C, Paterson DM, Raffaelli D (2001) Consistent patterns and
the idiosyncratic effects of biodiversity in marine ecosystems. Nature 411:73-77

Eriksen ] (2009) Soil sulfur cycling in temperate agricultural systems. Advances in Agronomy
102:55-89

Eriksen-Hamel NS, Whalen JK (2007) Impacts of earthworms on soil nutrients and plant
growth in soybean and maize agroecosystems. Agriculture, Ecosystems & Environment
120:442-448

Ernst G, Emmerling C (2009) Impact of five different tillage systems on soil organic carbon
content and the density, biomass, and community composition of earthworms after a ten
year period. European Journal of Soil Biology 45:247-251

Espafia M, Rasche F, Kandeler E, Brune T, Rodriguez B, Bending GD, Cadisch G (2011)
Identification of active bacteria involved in decomposition of complex maize and soybean
residues in a tropical Vertisol using 15N-DNA stable isotope probing. Pedobiologia 54:187-
193

Estevez B, N'Dayegamiye A, Coderre D (1996) The effect on earthworm abundance and
selected soil properties after 14 years of solid cattle manure and NPKMg fertilizer
application. Canadian Journal of Soil Science 76:351-355

F

Faber JH (1991) Classification of soil fauna: a new approach. Oikos 62: 110-117

Faber JH, Verhoef HA (1991) Functional differences between closely-related soil arthropods
with respect to decomposition processes in the presence or absence of pine tree roots. Soil
Biology and Biochemistry 23:15-23

Fahey TJ, Yavitt JB, Sherman RE, Maerz JC, Groffman PM, Fisk MC, Bohlen P] (2013)
Earthworm effects on the incorporation of litter C and N into soil organic matter in a sugar
maple forest. Ecological Applications 23:1185-1201

125



Fauth JE, Bernardo ], Camara M, Resetarits W], Van Buskirk ], McCollum SA (1996)
Simplifying the jargon of community ecology: a conceptual approach. American Naturalist
147:282-286

Ferlian O, Cesarz S, Marhan S, Scheu S (2014) Carbon food resources of earthworms of
different ecological groups as indicated by 13C compound-specific stable isotope analysis.
Soil Biology and Biochemistry 77,22-30

Fischer C, Roscher C, Jensen B, Eisenhauer N, Baade ], Attinger S, Scheu S, Weisser WW,
Schumacher ], Hildebrandt A (2014) How do earthworms, soil texture and plant
composition affect infiltration along an experimental plant diversity gradient in grassland?
PloS One 9:€98987

Fontaine S, Barot S, Barré P, Bdioui N, Mary B, Rumpel C (2007) Stability of organic carbon
in deep soil layers controlled by fresh carbon supply. Nature 450:277-280

Fonte S], Kong AY, van Kessel C, Hendrix PF, Six ] (2007) Influence of earthworm activity on
aggregate-associated carbon and nitrogen dynamics differs with agroecosystem
management. Soil Biology and Biochemistry 39:1014-1022

Fournier B, Samaritani E, Shrestha ], Mitchell EA, Le Bayon R-C (2012) Patterns of
earthworm communities and species traits in relation to the perturbation gradient of a
restored floodplain. Applied Soil Ecology 59, 87-95

Fox O, Vetter S, Ekschmitt K, Wolters V (2006) Soil fauna modifies the recalcitrance-
persistence relationship of soil carbon pools. Soil Biology and Biochemistry 38:1353-1363
Fragoso C, Rojas P (1997) Size shift in the Mexican earthworm species Balanteodrilus
pearsei (Megascolecidae, acanthodrilini): A possible case of character displacement. Soil
Biology and Biochemistry 314:237-240

Francis G, Fraser P (1998) The effects of three earthworm species on soil macroporosity and
hydraulic conductivity. Applied Soil Ecology 10:11-19

Frouz ], Spaldotiova A, Fri¢ova K, Bartuska M (2014) The effect of earthworms (Lumbricus
rubellus) and simulated tillage on soil organic carbon in a long-term microcosm experiment.
Soil Biology and Biochemistry 76,58-64

Furlong MA, Singleton DR, Coleman DC, Whitman WB (2002) Molecular and culture-based
analyses of prokaryotic communities from an agricultural soil and the burrows and casts of
the earthworm Lumbricus rubellus. Applied and Environmental Microbiology 68:1265-1279

G

Gagic V, Bartomeus [, Jonsson T, Taylor A, Wingvist C, Fischer C, Slade EM, Steffan-Dewenter
I, Emmerson M, Potts SG (2015) Functional identity and diversity of animals predict
ecosystem functioning better than species-based indices. Proceedings of the Royal Society B:
Biological Sciences 282,20142620

Gaillard V, Chenu C, Recous S (2003) Carbon mineralisation in soil adjacent to plant residues
of contrasting biochemical quality. Soil Biology and Biochemistry 35:93-99

Gastine A, Scherer-Lorenzen M, Leadley P (2003) No consistent effects of plant diversity on
root biomass, soil biota and soil abiotic conditions in temperate grassland communities.
Applied Soil Ecology 24:101-111

Geisen S, Bandow C, Rombke ], Bonkowski M (2014a) Soil water availability strongly alters
the community composition of soil protists. Pedobiologia 57:205-213

Geisen S, Weinert ], Kudryavtsev A, Glotova A, Bonkowski M, Smirnov A (2014b) Two new
species of the genus Stenamoeba (Discosea, Longamoebia): Cytoplasmic MTOC is present in
one more amoebae lineage. European Journal of Protistology 50:153-165

Gessner MO, Swan CM, Dang CK, McKie BG, Bardgett RD, Wall DH, Hattenschwiler S (2010)
Diversity meets decomposition. Trends in Ecology and Evolution 25:372-380

126



Giannopoulos G, Pulleman MM, Van Groenigen JW (2010) Interactions between residue
placement and earthworm ecological strategy affect aggregate turnover and N20 dynamics
in agricultural soil. Soil Biology and Biochemistry 42:618-625

Gilbert K], Fahey TJ, Maerz JC, Sherman RE, Bohlen P, Dombroskie JD, Groffman PM, Yavitt ]B
(2014) Exploring carbon flow through the root channel in a temperate forest soil food web.
Soil Biology and Biochemistry 7: 45-52

Gorres JH, Amador JA (2010) Partitioning of habitable pore space in earthworm burrows.
Journal of Nematology 42:68-72

Gorres JH, Amador JA, Savin MC (2001) Soil micropore structure and carbon mineralization
in burrows and casts of an anecic earthworm (Lumbricus terrestris). Soil Biology and
Biochemistry 33:1881-1887

Gorres JH, Savin MC, Amador JA (1997) Dynamics of carbon and nitrogen mineralization,
microbial biomass, and nematode abundance within and outside the burrow walls of anecic
earthworms (Lumbricus terrestris). Soil Science 162:666-671

Griffith B, Tiirke M, Weisser WW, Eisenhauer N (2013) Herbivore behavior in the anecic
earthworm species Lumbricus terrestris L.? European Journal of Soil Biology 55:62-65
Griffiths B, Ritz K, Wheatley R, Kuan H, Boag B, Christensen S, Ekelund F, Sgrensen SJ, Muller
S, Bloem ] (2001) An examination of the biodiversity-ecosystem function relationship in
arable soil. Soil Biology and Biochemistry 33,1713-1722

Grigoropoulou N, Butt KR (2010) Field investigations of Lumbricus terrestris spatial
distribution and dispersal through monitoring of manipulated, enclosed plots. Soil Biology
and Biochemistry 42:40-47

Guidi C. Cannella D, Leifeld J, Rodeghiero M, Magid ], Gianelle D, Vesterdal L (2015)
Carbohydrates and thermal properties indicate a decrease in stable aggregate carbon
following forest colonization of mountain grassland. Soil Biology and Biochemistry 86:135-
145

Guild W] (1955) Earthworms and soil structure. In: Kevan DKMcE ] (ed.) Soil Zoology.
Butterworths, London

Gutiérrez-Lopez M, Jestus ]JB, Trigo D, Ferndndez R, Novo M, Diaz-Cosin D] (2010)
Relationships among spatial distribution of soil microarthropods, earthworm species and
soil properties. Pedobiologia 53:381-389

H

Hale CM, Frelich LE, Reich PB, Pastor ] (2005) Effects of European earthworm invasion on
soil characteristics in northern hardwood forests of Minnesota, USA. Ecosystems 8:911-927
Hallin S, Welsh A, Stenstrom ], Hallet S, Enwall K, Bru D, Philippot L (2012) Soil functional
operating range linked to microbial biodiversity and community composition using
denitrifiers as model guild. PloS one 7:¢51962

Hassler SK, Lark RM, Zimmermann B, Elsenbeer H (2014) Which sampling design to monitor
saturated hydraulic conductivity? European Journal of Soil Science 65:792-802
Hattenschwiler S, Gasser P (2005) Soil animals alter plant litter diversity effects on
decomposition. Proceedings of the National Academy of Sciences 102:1519-1524

Hedde M, Bureau F, Akpa-Vinceslas M, Aubert M, Decaéns T (2007) Beech leaf degradation
in laboratory experiments: effects of eight detritivorous invertebrate species. Applied Soil
Ecology 35:291-301

Hedde M, Bureau F, Delporte P, Cécillon L, Decaéns T (2013) The effects of earthworm
species on soil behaviour depend on land use. Soil Biology and Biochemistry 65:264-273
Hedlund K, anta Regina I, Van der Putten WH, Leps ], Diaz T, Korthals GW, Lavorel S, Brown
VK, Gormsen D, Mortimer SR, Rodriguez Barrueco C, Roy J, Smilauer P, Smilauerova M, Van

127



Dijk C (2003) Plant species diversity, plant biomass and responses of the soil community on
abandoned land across Europe: idiosyncracy or above-belowground time lags. Oikos
103:45-58

Heemsbergen D, Berg M, Loreau M, Van Hal ], Faber ], Verhoef H (2004) Biodiversity effects
on soil processes explained by interspecific functional dissimilarity. Science 306:1019-1020

Heiner B, Drapela T, Frank T, Zaller JG (2011) Stable isotope 15N and 13C labelling of
different functional groups of earthworms and their casts: A tool for studying trophic links.
Pedobiologia 54:169-175

Hickman ZA, Reid BJ] (2008) Earthworm assisted bioremediation of organic contaminants.
Environment International 34:1072-1081

Hoekstra NJ, Lalor STJ, Richards KG, O'Hea N, Dungait JA], Schulte RPO, Schmidt O (2011)
The fate of slurry-N fractions in herbage and soil during two growing seasons following
application. Plant and Soil 342:83-96

Holdsworth AR, Frelich LE, Reich PB (2007) Effects of earthworm invasion on plant species
richness in northern hardwood forests. Conservation Biology 21:997-1008

Holland ] (2004) The environmental consequences of adopting conservation tillage in
Europe: reviewing the evidence. Agriculture, Ecosystems & Environment 103:1-25

Hooper D, Chapin FS, Ewel J], Hector A, Inchausti P, Lavorel S, Lawton JH, Lodge DM, Loreau
M, Naeem S, Schmid B, Setdld H, Symstad A], Vandermeer J,Wardle DA (2005) Effects of
biodiversity on ecosystem functioning: a consensus of current knowledge. Ecological
Monographs 75:3-35

Hothorn T, Bretz F, Westfall P, Heiberger RM (2012) Multcomp: Simultaneous inference in
general parametric models. R package version 1.2-14

Howe AT, Bass D, Vickerman K, Chao EE, Cavalier-Smith T (2009) Phylogeny, taxonomy, and
astounding genetic diversity of Glissomonadida ord. nov., the dominant gliding
zooflagellates in soil (Protozoa: Cercozoa). Protist 160:159-189

Huston MA (1997) Hidden treatments in ecological experiments: re-evaluating the
ecosystem function of biodiversity. Oecologia 110:449-460

I

IPCC (2013) Climate change 2013: The physical science basis. Intergovernmental Panel on
Climate Change, Working Group [ Contribution to the IPCC Fifth Assessment Report.
Cambridge University Press. Accessed online at http://www.ipcc.ch/report/ar5

J

Jarvis N (2007) A review of non-equilibrium water flow and solute transport in soil
macropores: Principles, controlling factors and consequences for water quality. European
Journal of Soil Science 58:523-546

Jarvis N (2007) A review of non-equilibrium water flow and solute transport in soil
macropores: Principles, controlling factors and consequences for water quality. European
Journal of Soil Science 58:523-546

Jégou D, Cluzeau D, Balesdent ], Tréhen P (1998) Effects of four ecological categories of
earthworms on carbon transfer in soil. Applied Soil Ecology 9:249-255

Jégou D, Cluzeau D, Hallaire V, Balesdent ], Tréhen P (2000) Burrowing activity of the
earthworms Lumbricus terrestris and Aporrectodea giardi and consequences on C transfers
in soil. European Journal of Soil Biology 36:27-34

Jentsch A, Kreyling ], Beierkuhnlein C (2007) A new generation of climate-change
experiments: events, not trends. Frontiers in Ecology and the Environment 5:365-374

128


http://www.ipcc.ch/report/ar5

Jeuck A, Arndt H (2013) A Short Guide to Common Heterotrophic Flagellates of Freshwater
Habitats Based on the Morphology of Living Organisms. Protist 164:842-860

Jimenez ], Lavelle P, Decaéns T (2006) The efficiency of soil hand-sorting in assessing the
abundance and biomass of earthworm communities. Its usefulness in population dynamics
and cohort analysis studies. European Journal of Soil Biology 42:S225-S230

Jones CG, Lawton JH, Shachak M (1994) Organisms as ecosystem engineers. Oikos 69:373-
386

Jones R], Ludlow MM, Troughton JH, Blunt CG (1979) Estimation of the proportion of C3 and
C4 plant species in the diet of animals from the ratio of natural 12C and 13C isotopes in the
faeces. The Journal of Agricultural Science 92:91-100

Joshi R, Matchoc O, Bahatan R, Pefia FD (2000) Farmers' knowledge, attitudes and practices
of rice crop and pest management at Ifugao Rice Terraces, Philippines. International Journal
of Pest Management 46:43-48

Jouquet P, Dauber ], Lagerlof ], Lavelle P, Lepage M (2006) Soil invertebrates as ecosystem
engineers: intended and accidental effects on soil and feedback loops. Applied Soil Ecology
32:153-164

K

Kampichler C, Bruckner A, Kandeler E (2001) Use of enclosed model ecosystems in soil
ecology: a bias towards laboratory research. Soil Biology and Biochemistry 33:269-275
Karasov WH, del Rio CM (2007) Physiological ecology: How animals process energy, nutrients,
and toxins. Princeton University Press

Kellert SR, Black M, Rush CR, Bath A] (1996) Human culture and large carnivore
conservation in North America. Conservation Biology 10:977-990

Kemmers RH, Bloem ], Faber JH (2012) Nitrogen retention by soil biota; a key role in the
rehabilitation of natural grasslands? Restoration Ecology 21:431-438

King RA, Tibble AL, Symondson WO (2008) Opening a can of worms: unprecedented
sympatric cryptic diversity within British lumbricid earthworms. Molecular Ecology
17:4684-4698

King RA, Vaughan IP, Bell JR, Bohan DA, Symondson WOC (2010) Prey choice by carabid
beetles feeding on an earthworm community analysed using species- and lineage-specific
PCR primers. Molecular Ecology 19:1721-1732

Kirwan L, Connolly ], Finn JA, Brophy C, Luscher A, Nyfeler D, Sebastia MT (2009) Diversity-
interaction modeling: estimating contributions of species identities and interactions to
ecosystem function. Ecology 90:2032-2038

Kitcherside MA, Glen EF, Webster AJF (2000) Fibrecap: an improved method for the rapid
analysis of fibre in feeding stuffs. Animal Feed Science and Technology 86:125-132

Klarner B, Ehnes RB, Erdmann G, Eitzinger B, Pollierer MM, Maraun M, Scheu S (2014)
Trophic shift of soil animal species with forest type as indicated by stable isotope analysis.
Oikos 123:1173-1181

Kopacek ], Cosby BJ, Evans CD, Hruska ], Moldan F, Oulehle F, Santrti¢kova H, Tahovska K,
Wright RF (2013) Nitrogen, organic carbon and sulphur cycling in terrestrial ecosystems:
linking nitrogen saturation to carbon limitation of soil microbial processes. Biogeochemistry
115:33-51

Kuiper I, Deyn GB, Thakur MP, Groenigen JW (2013) Soil invertebrate fauna affect N20
emissions from soil. Global Change Biology 19:2814-2825

129



L

Laland KN, Sterelny K (2006) Perspective: seven reasons (not) to neglect niche construction.
Evolution 60:1751-1762

Lamandé M, Labouriau R, Holmstrup M, Torp SB, Greve MH, Heckrath G, Iversen BV, De
Jonge LW, Moldrup P, Jacobsen OH (2011) Density of macropores as related to soil and
earthworm community parameters in cultivated grasslands. Geoderma 162:319-326
Lamparski F, Kobel-Lamparski A, Kaffenberger R (1987) The burrows of Lumbricus badensis
and Lumbricus polyphemus. In: Bonvicini-Pagliai AM, Omodeo P (eds.) On Earthworms,
Mucchi Editore

Langmaack M, Schrader S, Rapp-Bernhardt U, Kotzke K (1999) Quantitative analysis of
earthworm burrow systems with respect to biological soil-structure regeneration after soil
compaction. Biology and Fertility of Soils 28:219-229

Laossi K-R, Ginot A, Noguera DC, Blouin M, Barot S (2010) Earthworm effects on plant
growth do not necessarily decrease with soil fertility. Plant and Soil 328:109-118

Lavelle P (1983) The structure of earthworm communities. In: Satchell JE (ed.) Earthworm
Ecology, Springer

Lavelle P (1988) Earthworm activities and the soil system. Biology and fertility of soils
6:237-251

Lavelle P, Spain AV (2001) Soil Ecology. Springer

Lawton JH (1994) What do species do in ecosystems? Oikos 71:367-374

Le Bayon R-C, Binet F (2006) Earthworms change the distribution and availability of
phosphorous in organic substrates. Soil Biology and Biochemistry 38:235-246

Lee J], Leedale GF, Bradbury P (2000) The illustrated guide to the Protozoa. Society of
Protozoologists, USA

Lee KE (1985) Earthworms: Their Ecology and Relationships with Soils and Land Use.
Academic Press Inc.

Lei P, Scherer-Lorenzen M, Bauhus ] (2012) The effect of tree species diversity on fine-root
production in a young temperate forest. Oecologia 169:1105-1115

Leibold MA (1995) The niche concept revisited: mechanistic models and community
context. Ecology 76:1371-1382

Loss SR, Blair RB (2011) Reduced Density and Nest Survival of Ground-Nesting Songbirds
Relative to Earthworm Invasions in Northern Hardwood Forests. Conservation Biology
25:983-992

Lovell RD, Jarvis SC (1996) Effect of cattle dung on soil microbial biomass C and N in a
permanent pasture soil. Soil Biology and Biochemistry 28:291-299

Lowe CN, Butt KR (1999) Interspecific interactions between earthworms: a laboratory-
based investigation. Pedobiologia 43:808-817

Lowe CN, Butt KR (2002a) Growth of hatchling earthworms in the presence of adults:
interactions in laboratory culture. Biology and Fertility of Soils 35:204-209

Lubbers IM (2014) Earthworms and the soil greenhouse gas balance. PhD thesis, Wageningen
University

Lubbers IM, van Groenigen JW (2013) A simple and effective method to keep earthworms
confined to open-top mesocosms. Applied Soil Ecology 64:190-193

Lubbers IM, van Groenigen K], Fonte S], Six ], Brussaard L, van Groenigen JW (2013)
Greenhouse-gas emissions from soils increased by earthworms. Nature Climate Change
3:187-194

130



M

Maraun M, Alphei ], Bonkowski M, Buryn R, Migge S, Peter M, Schaefer M, Scheu S (1999)
Middens of the earthworm Lumbricus terrestris (Lumbricidae): microhabitats for micro-and
mesofauna in forest soil. Pedobiologia 43:276-287

Martinez-Sierra ]G, Sanz FM, Espilez PH, Gayén JM, Fernandez JR, Alonso JG (2013) Sulphur
tracer experiments in laboratory animals using 34S-labelled yeast. Analytical and
Bioanalytical Chemistry 405:2889-2899

Martins MB, Ducatti C, Martins CL, Denadai ]JC, Natel AS, Souza-Kruliski CR, Sartori MMP
(2012) Stable isotopes for determining carbon turnover in sheep feces and blood. Livestock
Science 149:137-142

Mather ], Christensen O (1988) Surface movements of earthworms in agricultural land.
Pedobiologia 32:399-405

McCann KS (2000) The diversity-stability debate. Nature 405:228-33

Mclnerney M, Bolger T (2000) Temperature, wetting cycles and soil texture effects on
carbon and nitrogen dynamics in stabilized earthworm casts. Soil Biology and Biochemistry
32:335-349

Mclnerney M, Little D], Bolger T (2001) Effect of earthworm cast formation on the
stabilization of organic matter in fine soil fractions. European Journal of Soil Biology 37:251-
254

Meier RM (2009) Observations on two Red-billed Choughs Pyrrhocorax pyrrhocorax in
Cornwall: habitat use and food intake. Bird Study 37:199-209

Melody C, Schmidt O (2012) Northward range extension of an endemic soil decomposer
with a distinct trophic position. Biology Letters 8:956-959

Met Eireann (2013) Monthly Weather Summary, http://www.met.ie/climate/monthly-
weather-reports.asp (last accessed on 15/09/2014)

Milcu A, Partsch S, Langel R, Scheu S (2006b) The response of decomposers (earthworms,
springtails and microorganisms) to variations in species and functional group diversity of
plants. Oikos 112:513-524

Milcu A, Schumacher ], Scheu S (2006a) Earthworms (Lumbricus terrestris) affect plant
seedling recruitment and microhabitat heterogeneity. Functional Ecology 20:261-268

Millennium Ecosystem Assessment (2005) Ecosystems and human well-being: Synthesis.
Island Press, Washington DC, http://www.millenniumassessment.org

Monaghan JM, Scrimgeour CM, Stein WM, Zhao FJ, Evans EJ (1999) Sulphur accumulation
and redistribution in wheat (Triticum aestivum): a study using stable sulphur isotope ratios
as a tracer system. Plant, Cell and Environment 22:831-839

Monard C, Vandenkoornhuyse P, Le Bot B, Binet F (2011) Relationship between bacterial
diversity and function under biotic control: the soil pesticide degraders as a case study. The
ISME Journal 5:1048-1056

Muldowney ], Curry JP, O'Keeffe J, Schmidt O (2003) Relationships between earthworm
populations, grassland management and badger densities in County Kilkenny, Ireland.
Pedobiologia 47,913-919

Miiller PE (1889) Recherches sur les formes naturelles de I'humus et leur influence sur la
végétation et le sol. Annales de la Science Agronomique Francaise et Etrangére 6:85-423

Miiller, 1889

N

Nakagawa S, Schielzeth H (2012) A general and simple method for obtaining R? from
generalized linear mixed-effects models. Methods in Ecology and Evolution 4:133-142

131


http://www.met.ie/climate/monthly-weather-reports.asp
http://www.met.ie/climate/monthly-weather-reports.asp
http://www.millenniumassessment.org/

Nannipieri P, Ascher ], Ceccherini M, Landi L, Pietramellara G, Renella G (2003) Microbial
diversity and soil functions. European Journal of Soil Science 54:655-670

Neilson R, Boag B, Smith M (2000) Earthworm &13C and 815N analyses suggest that putative
functional classifications of earthworms are site-specific and may also indicate habitat
diversity. Soil Biology and Biochemistry 32:1053-1061

Newington ], Setdld H, Bezemer T, Jones T (2004) Potential effects of earthworms on leaf-
chewer performance. Functional Ecology 18:746-751

Nielsen U, Ayres E, Wall D, Bardgett R (2011) Soil biodiversity and carbon cycling: a review
and synthesis of studies examining diversity-function relationships. European Journal of Soil
Science 62:105-116

Nieminen M, Ketoja E, Mikola ], Terhivuo ], Sirén T, Nuutinen V (2011) Local land use effects
and regional environmental limits on earthworm communities in Finnish arable landscapes.
Ecological Applications 21:3162-3177

Nimmo JR (2012) Preferential flow occurs in unsaturated conditions. Hydrological Processes
26:786-789

Nuutinen V (2011) The meek shall inherit the burrow: feedback in earthworm soil
modification. In: Karaca A (ed.) Biology of Earthworms. Springer

Nuzzo VA, Maerz JC, Blossey B (2009) Earthworm invasion as the driving force behind plant
invasion and community change in northeastern North American forests. Conservation
Biology 23:966-974

0

O'Connor NE, Crowe TP (2005) Biodiversity loss and ecosystem functioning: distinguishing
between number and identity of species. Ecology 86:1783-1796

O'Hea N, Kirwan L, Finn ] (2010) Experimental mixtures of dung fauna affect dung
decomposition through complex effects of species interactions. Oikos 119:1081-1088
Oksanen ], Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Simpson GL, Solymos P,
Henry M, Stevens H, Wagner H (2012) Vegan: Community Ecology Package. R Package
Version 2.0-5. URL: http://CRAN.R-project. org/package=vegan

Olofsson ], de Mazancourt C, Crawley M] (2007) Contrasting effects of rabbit exclusion on
nutrient availability and primary production in grasslands at different time scales. Oecologia
150:582-589

P

Page FC (1976) An illustrated key to freshwater and soil amoebae. The Ferry House
Pagenkemper SK, Athmann M, Uteau D, Kautz T, Peth S, Horn R (2015) The effect of
earthworm activity on soil bioporosity - Investigated with X-ray computed tomography and
endoscopy. Geoderma 146:79-88

Paoletti MG, Buscardo E, Vander]agt D], Pastuszyn A, Pizzoferrato L, Huang Y-S, Chuang L-T,
Millson M, Cerda H, Torres F (2003) Nutrient content of earthworms consumed by Ye'Kuana
Amerindians of the Alto Orinoco of Venezuela. Proceedings of the Royal Society of London.
Series B: Biological Sciences 270:249-257

Parkin TB, Berry EC (1999) Microbial nitrogen transformations in earthworm burrows. Soil
Biology and Biochemistry 31:1765-1771

Partsch S, Milcu A, Scheu S (2006) Decomposers (Lumbricidae, Collembola) affect plant
performance in model grasslands of different diversity. Ecology 87:2548-2558

Peigné ], Cannavaciuolo M, Gautronneau Y, Aveline A, Giteau J-L, Cluzeau D (2009)
Earthworm populations under different tillage systems in organic farming. Soil and Tillage
Research 104:207-214

132



Pelosi C, Bertrand M, Capowiez Y, Boizard H, Roger-Estrade ] (2009) Earthworm collection
from agricultural fields: comparisons of selected expellants in presence/absence of hand-
sorting. European Journal of Soil Biology 45:176-183

Pere TS (1977) Differences in Lumbricid Organization Connected with Ecological Properties.
Ecological Bulletins 25:56-63

Pérés G, Bellido A, Curmi P, Marmonier P, Cluzeau D (2010) Relationships between
earthworm communities and burrow numbers under different land use systems.
Pedobiologia 54:37-44

Perreault JM, Eriksen-Hamel NS, Whalen JK (2007) Temporal and spatial dynamics of
earthworm surface casting in a temperate soybean agroecosystem. Applied Soil Ecology
37:10-17

Peschke H. (1982) Gezielte 15N-Anreicherung von organischen Diingemitteln fiir
Versuchszwecke: 2. Mitt.: Herstellung von !SN-markierter Giille. Isotopenpraxis 18, 104-106.

Petchey OL, Gaston K] (2006) Functional diversity: back to basics and looking forward.
Ecology Letters 9:741-758

Pey B, Cortet ], Watteau F, Cheynier K, Schwartz C (2013) Structure of earthworm burrows
related to organic matter of a constructed Technosol. Geoderma 202:103-111

Pinheiro ], Bates D, DebRoy S, Sarkar D, R Development Core Team (2012) nlme: linear and
nonlinear mixed effects models. R Package version 3.1-106. R Foundation for Statistical
Computing. Vienna, Austria.

Pinheiro ], Bates D, DebRoy S, Sarkar D, R Development Core Team (2014) nlme: linear and
nonlinear mixed effects models. R package version 3.1-117. R Foundation for Statistical
Computing. Vienna, Austria

Pinheiro ], Bates D, DebRoy S, Sarkar D, R Development Core Team (2014) nlme: linear and
nonlinear mixed effects models. R package version 3.1-105. URL: http://CRAN.R-project.
org/package=nlme

Piotrowska K, Connolly ], Finn ], Black A, Bolger T (2012) Evenness and plant species
identity affect earthworm diversity and community structure in grassland soils. Soil Biology
and Biochemistry 57:713-719

Pitkdnen ], Nuutinen V (1997) Distribution and abundance of burrows formed by Lumbricus
terrestris L. and Aporrectodea caliginosa Sav. in the soil profile. Soil Biology and Biochemistry
29:463-467

Pitkdnen ], Nuutinen V (1998) Earthworm contribution to infiltration and surface runoff
after 15 years of different soil management. Applied Soil Ecology 9:411-415

Plum N, Filser ] (2005) Floods and drought: Response of earthworms and potworms
(Oligochaeta: Lumbricidae, Enchytraeidae) to hydrological extremes in wet grassland.
Pedobiologia 49:443-453

Pollierer MM, Langel R, Korner C, Maraun M, Scheu S (2007) The underestimated
importance of belowground carbon input for forest soil animal food webs. Ecology Letters
10:729-736

Pollierer MM, Langel R, Scheu S, Maraun M (2009) Compartmentalization of the soil animal
food web as indicated by dual analysis of stable isotope ratios (15N/14N and 13C/12C). Soil
Biology and Biochemistry 41:1221-1226

Postma-Blaauw M, de Vries FT, De Goede R, Bloem ], Faber ], Brussaard L (2005) Within-
trophic group interactions of bacterivorous nematode species and their effects on the
bacterial community and nitrogen mineralization. Oecologia 142:428-439

Postma-Blaauw MB, Bloem ], Faber JH, Van Groenigen JW, De Goede RG, Brussaard L (2006)
Earthworm species composition affects the soil bacterial community and net nitrogen
mineralization. Pedobiologia 50:243-256

133



Postma-Blaauw MB, de Goede RGM, Bloem ], Faber JH, Brussaard L (2010) Soil biota
community structure and abundance under agricultural intensification and extensification.
Ecology 91:460-473

Powell JM, Wu Z, Kelling K, Cusick P, Mufioz G (2004) Differential nitrogen-15 labeling of
dairy manure components for nitrogen cycling studies. Agronomy Journal 96:433-441
Puga-Freitas R, Barot S, Taconnat L, Renou J-P, Blouin M (2012) Signal molecules mediate
the impact of the earthworm Aporrectodea caliginosa on growth, development and defence
of the plant Arabidopsis thaliana. PloS One 7:e49504

Pulleman M, Six ], Uyl A, Marinissen ], Jongmans A (2005) Earthworms and management
affect organic matter incorporation and microaggregate formation in agricultural soils.
Applied Soil Ecology 29:1-15

R

R Development Core Team (2012) R: A language and environment for statistical computing.
Version 2.15.0. R Foundation for Statistical Computing, Vienna, Austria. URL: http://www.r-
project.org

R Development Core Team (2014) R: A Language and Environment for Statistical Computing.
Version 3.1.0. R Foundation for Statistical Computing, Vienna, Austria. URL: http://www.R-
project.org

Rashid MI, de Goede RG, Corral Nunez GA, Brussaard L, Lantinga EA (2014) Soil pH and
earthworms affect herbage nitrogen recovery from solid cattle manure in production
grassland. Soil Biology and Biochemistry 68:1-8

Riaty M, Huhta V (2003) Earthworms and pH affect communities of nematodes and
enchytraeids in forest soil. Biology and Fertility of Soils 38:52-58

Reyer CP, Leuzinger S, Rammig A, Wolf A, Bartholomeus RP, Bonfante A, de Lorenzi F, Dury
M, Gloning P, Abou Jaoudé R, (2013) A plant's perspective of extremes: terrestrial plant
responses to changing climatic variability. Global Change Biology 19:75-89

Rgnn R, McCaig AE, Griffiths BS, Prosser JI (2002) Impact of protozoan grazing on bacterial
community structure in soil microcosms. Applied and Environmental Microbiology 68:6094-
6105

Rosenzweig C, Tubiello FN, Goldberg R, Mills E, Bloomfield ] (2002) Increased crop damage
in the US from excess precipitation under climate change. Global Environmental Change
12:197-202

Rgskaft E, Handel B, Bjerke T, Kaltenborn BP (2007) Human attitudes towards large
carnivores in Norway. Wildlife biology 13:172-185

Rumpel C, Dignac MF (2006) Gas chromatographic analysis of monosaccharides in a forest
soil profile: Analysis by gas chromatography after trifluoroacetic acid hydrolysis and
reduction-acetylation. Soil Biology and Biochemistry 38:1478-1481

Rumpel C, Eusterhues K, Kdgel-Knabner I (2010) Non-cellulosic neutral sugar contribution
to mineral associated organic matter in top-and subsoil horizons of two acid forest soils. Soil
Biology and Biochemistry 42:379-382

S

Sairam R, Kumutha D, Ezhilmathi K, Deshmukh P, Srivastava G (2008) Physiology and
biochemistry of waterlogging tolerance in plants. Biologia Plantarum 52:401-412

Salvarina I, Yohannes E, Siemers BM, Koselj K (20130 Advantages of using fecal samples for
stable isotope analysis in bats: evidence from a triple isotopic experiment. Rapid
Communications in Mass Spectrometry 27:1945-1953

134


http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/

Sanaullah M, Chabbi A, Lemaire G, Charrier X, Rumpel C (2010) How does plant leaf
senescence of grassland species influence decomposition kinetics and litter compounds
dynamics? Nutrient Cycling in Agroecosystems 88:159-171

Sanchez-de Le6n Y, Lugo-Pérez ], Wise DH, Jastrow JD, Gonzalez-Meler MA (2014) Aggregate
formation and carbon sequestration by earthworms in soil from a temperate forest exposed
to elevated atmospheric CO2: A microcosm experiment. Soil Biology and Biochemistry
68:223-230

Sanchez-Hernandez JC, Aira M, Dominguez ] (2014) Extracellular pesticide detoxification in
the gastrointestinal tract of the earthworm Aporrectodea caliginosa. Soil Biology and
Biochemistry 79:1-4

Sanders D, Vogel E, Knop E (2015) Individual and species-specific traits explain niche size
and functional role in spiders as generalist predators. Journal of Animal Ecology 84:134-142

Sarakinos HC, Johnson ML, Zanden M]V (2002) A synthesis of tissue-preservation effects on
carbon and nitrogen stable isotope signatures. Can ] Zool 80: 381-387.

Savin MC, Gorres JH, Amador JA (2004) Microbial and Microfaunal Community Dynamics in
Artificial and Lumbricus terrestris (L.) Burrows. Soil Science Society of America Journal
68:116-124

Schaefer M, Petersen SO, Filser F (2005) Effects of Lumbricus terrestris, Allolobophora
chlorotica and Eisenia fetida on microbial community dynamics in oil-contaminated soil. Soil
Biology and Biochemistry 37: 2065-2076

Scherr S], McNeely JA (2008) Biodiversity conservation and agricultural sustainability:
towards a new paradigm of ‘ecoagriculture’landscapes. Philosophical Transactions of the
Royal Society B: Biological Sciences 363:477-494

Scheu S (2003) Effects of earthworms on plant growth: patterns and perspectives.
Pedobiologia 47:846-856

Scheu S, Schlitt N, Tiunov AV, Newington JE, Jones HT (2002) Effects of the presence and
community composition of earthworms on microbial community functioning. Oecologia
133:254-260

Scheu S, Theenhaus A, Jones TH (1999) Links between the detritivore and the herbivore
system: effects of earthworms and Collembola on plant growth and aphid development.
Oecologia 119:541-551

Scheunemann N, Scheu S, Butenschoen O (2010) Incorporation of decade old soil carbon
into the soil animal food web of an arable system. Applied Soil Ecology 46:59-63

Schmidt MW, Torn MS, Abiven S, Dittmar T, Guggenberger G, Janssens IA, Kleber M, Kogel-
Knabner I, Lehmann ], Manning DA (2011) Persistence of soil organic matter as an
ecosystem property. Nature 478: 49-56

Schmidt O (1999) Intrapopulation variation in carbon and nitrogen stable isotope ratios in
the earthworm Aporrectodea longa. Ecological Research 14:317-328

Schmidt O, Clements R, Donaldson G (2003) Why do cereal-legume intercrops support large
earthworm populations? Applied Soil Ecology 22:181-190

Schmidt O, Curry JP (1999) Effects of earthworms on biomass production, nitrogen
allocation and nitrogen transfer in wheat-clover intercropping model systems. Plant and Soil
214:187-198

Schmidt O, Ostle NJ (1999) Tracing nitrogen derived from slurry in earthworms
using 15N /14N stable isotope ratios at natural abundances. Applied Soil Ecology 12:7-13
Schmidt O, Scrimgeour C, Handley L (1997) Natural abundance of 15N and 13C in earthworms
from a wheat and a wheat-clover field. Soil Biology and Biochemistry 29:1301-1308

Schmidt O, Scrimgeour CM (2001) A simple urea leaf-feeding method for the production
of 13C and 15N labelled plant material. Plant and Soil 229:197-202

135



Schneider FD, Scheu S, Brose U (2012) Body mass constraints on feeding rates determine
the consequences of predator loss. Ecology Letters 15:436-443

Schon NL, Mackay AD, Gray RA, Dodd MB (2014) The action of an anecic earthworm
(Aporrectodea longa) on vertical soil carbon distribution in New Zealand pastures several
decades after their introduction. European Journal of Soil Biology 62:101-104

Schon NL, Mackay AD, Gray RA, Minor MA (2011) Earthworms in New Zealand sheep-and
dairy-grazed pastures with focus on anecic Aporrectodea longa. Pedobiologia 54:5S131-S137
Scotter D, Kanchanasut P (1981) Anion movement in a soil under pasture. Soil Research
19:299-307

Setter T, Waters I (2003) Review of prospects for germplasm improvement for waterlogging
tolerance in wheat, barley and oats. Plant and Soil 253:1-34

Seufert V, Ramankutty N, Foley JA (2012) Comparing the yields of organic and conventional
agriculture. Nature 485:229-232

Sheehan C, Kirwan L, Connolly ], Bolger T (2006) The effects of earthworm functional group
diversity on nitrogen dynamics in soils. Soil Biology and Biochemistry 38:2629-2636
Sheehan C, Kirwan L, Connolly ], Bolger T (2007) The effects of earthworm functional group
diversity on earthworm community structure. Pedobiologia 50:479-487

Sheehan C, Kirwan L, Connolly ], Bolger T (2008) The effects of earthworm functional
diversity on microbial biomass and the microbial community level physiological profile of
soils. European Journal of Soil Biology 44:65-70

Sheldrick W, Syers JK, Lingard ] (2003) Contribution of livestock excreta to nutrient
balances. Nutrient Cycling in Agroecosystems 66:119-131

Shipitalo M, Dick W, Edwards W (2000) Conservation tillage and macropore factors that
affect water movement and the fate of chemicals. Soil and Tillage Research 53:167-183
Shipitalo M], Butt KR (1999) Occupancy and geometrical properties of Lumbricus terrestris
L. burrows affecting infiltration. Pedobiologia 43:782-794

Shipitalo MJ], Le Bayon R-C (2004) 10 Quantifying the Effects of Earthworms on Soil
Aggregation and Porosity. In: Edwards CA (ed.) Earthworm Ecology, CRC Press

Shipitalo MJ, Nuutinen V, Butt KR (2004) Interaction of earthworm burrows and cracks in a
clayey, subsurface-drained, soil. Applied Soil Ecology 26:209-217

Shuster W, Subler S, McCoy E (2001) Deep-burrowing earthworm additions changed the
distribution of soil organic carbon in a chisel-tilled soil. Soil Biology and Biochemistry
33:983-996

Smettem KR (1992) The relation of earthworms to soil hydraulic properties. Soil Biology and
Biochemistry 24:1539-1543

Smirnov AV, Brown S (2004) Guide to the methods of study and identification of soil
gymnamoebae. Protistology 3:148-190

Smirnov AV, Chao E, Nassonova ES, Cavalier-Smith T (2011) A revised classification of
naked lobose amoebae (Amoebozoa: Lobosa). Protist 162:545-570

Sobieraj JA, Elsenbeer H, Cameron G (2004) Scale dependency in spatial patterns of
saturated hydraulic conductivity. Catena 55:49-77

Sgrensen P, Jensen ES, Nielsen NE (1994) Labelling of animal manure nitrogen
with 15N. Plant and Soil 162:31-37

Speratti AB, Whalen JK (2008) Carbon dioxide and nitrous oxide fluxes from soil as
influenced by anecic and endogeic earthworms. Applied Soil Ecology 38:27-33

Spielvogel S, Prietzel ], Kogel-Knabner I (2008) Soil organic matter stabilization in acidic
forest soils is preferential and soil type-specific. European Journal of Soil Science 59:674-692
Sponheimer M, Robinson T, Ayliffe L, Passey B, Roeder B, Shipley L, Lopez E, Cerling T,
Dearing D, Ehleringer ] (2003) An experimental study of carbon-isotope fractionation

136



between diet, hair, and feces of mammalian herbivores. Canadian Journal of Zoology 81:871-
876

Spurgeon D], Keith AM, Schmidt O, Lammertsma DR, Faber JH (2013) Land-use and land-
management change: relationships with earthworm and fungi communities and soil
structural properties. BMC Ecology 13:46

Staaf H (1987) Foliage litter turnover and earthworm populations in three beech forests of
contrasting soil and vegetation types. Oecologia 72:58-64

Stark S, Wardle DA, Ohtonen R, Helle T, Yeates GW (2000) The effect of reindeer grazing on
decomposition, mineralization and soil biota in a dry oligotrophic Scots pine forest. Oikos
90:301-310

Stockdale E, Shepherd M, Fortune S, Cuttle S (2002) Soil fertility in organic farming
systems-fundamentally different? Soil Use and Management 18:301-308

Stockdill SM] (1982) Effects of introduced earthworms on the productivity of New Zealand
pastures. Pedobiologia 24:29-35

Straathof AL, Chincarini R, Comans RN, Hoffland E (2014) Dynamics of soil dissolved organic
carbon pools reveal both hydrophobic and hydrophilic compounds sustain microbial
respiration. Soil Biology and Biochemistry 79:109-116

Straube D, Johnson EA, Parkinson D, Scheu S, Eisenhauer N (2009) Nonlinearity of effects of
invasive ecosystem engineers on abiotic soil properties and soil biota. Oikos 118:885-896
Stromberger ME, Keith AM, Schmidt O (2012) Distinct microbial and faunal communities
and translocated carbon in Lumbricus terrestris drilospheres. Soil Biology and Biochemistry
46:155-162

Sudrez ER, Pelletier DM, Fahey TJ, Groffman PM, Bohlen P], Fisk MC (2004) Effects of exotic
earthworms on soil phosphorus cycling in two broadleaf temperate forests. Ecosystems
7:28-44

Syers ], Springett ] (1984) Earthworms and soil fertility. Plant and Soil 76:93-104

Szlavecz K (1985) The effect of microhabitats on the leaf litter decomposition and on the
distribution of soil animals. Holarctic Ecology 8:33-38

T

Tabi Tataw ], Hall R, Ziss E, Schwarz T, von Hohberg und Buchwald C, Formayer H, Hésch ],
Baumgarten A, Berthold H, Michel K (2014) Soil types will alter the response of arable
agroecosystems to future rainfall patterns. Annals of Applied Biology 164:35-45

Tao ], Chen X, Liu M, Hu F, Griffiths B, Li H (2009) Earthworms change the abundance and
community structure of nematodes and protozoa in a maize residue amended rice-wheat
rotation agro-ecosystem. Soil Biology and Biochemistry 41:898-904

Thakuria D, Schmidt O, Finan D, Egan D, Doohan FM (2010) Gut wall bacteria of
earthworms: a natural selection process. The ISME Journal 4:357-366

Thompson L, Thomas CD, Radley M, Williamson S, Lawton JH (1993) The effect of
earthworms and snails in a simple plant community. Oecologia 95:171-178

Thompson RB (1996) Pulse-labelling a cover crop with 13C to follow its decomposition in
soil under field conditions. Plant and Soil 180:49-55

Thomsen IK (2000) C and N transformations in 15N cross-labelled solid ruminant manure
during anaerobic and aerobic storage. Bioresource Technology 72:267-274

Tiho S, Dagnogo M (2012) Co-occurrence of earthworms in Lamto savanna: A null model
analysis of community structure. European Journal of Soil Biology 53:40-47

Tiunov AV, Bonkowski M, Bonkowski M, Tiunov JA, Scheu S (2001a) Microflora, Protozoa
and Nematoda in Lumbricus terrestris burrow walls: a laboratory experiment. Pedobiologia
45:46-60

137



Tiunov AV, Dobrovolskaya TG (2002) Fungal and bacterial communities in Lumbricus
terrestris burrow walls: a laboratory experiment. Pedobiologia 4: 595-605

Tiunov AV, Dobrovol'skaya TG, Polyanskaya LM (2001b) Microbial complexes associated
with inhabited and abandoned burrows of Lumbricus terrestris earthworm in soddy-
podzolic soil. Eurasian Soil Science 34:525-529

Tiunov AV, Scheu S (1999) Microbial respiration, biomass, biovolume and nutrient status in
burrow walls of Lumbricus terrestris L.(Lumbricidae). Soil Biology and Biochemistry
31:2039-2048

Tiunov AV, Scheu S (2004) Carbon availability controls the growth of detritivores
(Lumbricidae) and their effect on nitrogen mineralization. Oecologia 138:83-90

Tordoff GM, Boddy L, Jones TH (2008) Species-specific impacts of collembola grazing on
fungal foraging ecology. Soil Biology and Biochemistry 40:434-442

Tsiafouli MA, Thébault E, Sgardelis SP, de Ruiter PC, van der Putten WH, Birkhofer K,
Hemerik L, de Vries FT, Bardgett RD, Brady MV, Bjornlund L, Jgrgensen HB, Christensen S,
Hertefeldt TD, Hotes S, Gera Hol WH, Frouz ], Liiri M, Mortimer SR, Setila H, Tzanopoulos ],
Uteseny K, Pizl V, Stary ], Wolters V, Hedlund K (2015) Intensive agriculture reduces soil
biodiversity across Europe. Global Soil Biology 21:973-985

Turnbull MS, George PB, Lindo Z (2014) Weighing in: Size spectra as a standard tool in soil
community analyses. Soil Biology and Biochemistry 68:366-372

U

Uksa M, Fischer D, Welzl G, Kautz T, Képke U, Schloter M (2014) Community structure of
prokaryotes and their functional potential in subsoils is more affected by spatial
heterogeneity than by temporal variations. Soil Biology and Biochemistry 75:197-201

Uksa M, Schloter M, Kautz T, Athmann M, Koépke U, Fischer D (2015) Spatial variability of
hydrolytic and oxidative potential enzyme activities in different subsoil compartments.
Biology and Fertility of Soils doi: 10.1007/s00374-015-0992-5

\%
Van der Wal R, Bardgett RD, Harrison KA, Stien A (2004) Vertebrate herbivores and
ecosystem control: cascading effects of faeces on tundra ecosystems. Ecography 27:242-252

van Geffen KG, Berg MP, Aerts R (2011) Potential macro-detritivore range expansion into
the subarctic stimulates litter decomposition: a new positive feedback mechanism to climate
change? Oecologia 167:1163-1175

van Groenigen JW, Huygens D, Boeckx P, Kuyper TW, Lubbers IM, Riitting T, Groffman PM
(2015) The soil N cycle: new insights and key challenges. SOIL Discussions 1:623-676

van Groenigen JW, Lubbers IM, Vos H, Brown GG, de Deyn GB, van Groenigen K] (2014)
Earthworms increase plant production: a meta-analysis. Scientific Reports 4:6365

Vos HM, Ros MB, Koopmans GF, van Groenigen JW (2014) Do earthworms affect phosphorus
availability to grass? A pot experiment. Soil Biology and Biochemistry 79:34-42

w

Warner D, Dijkstra ], Hendriks WH, Pellikaan WF (2013) Passage kinetics of 13C-labeled corn
silage components through the gastrointestinal tract of dairy cows. Journal of Dairy Science
96:5844-5858

Whalen JK, Parmelee RW, McCartney DA, Vanarsdale JL (1999) Movement of N from
decomposing earthworm tissue to soil, microbial and plant N pools. Soil Biology and
Biochemistry 31:487-492

138



Whalen JK, Sampedro L, Waheed T (2004) Quantifying surface and subsurface cast
production by earthworms under controlled laboratory conditions. Biology and Fertility of
Soils 39:287-291

Willott SJ, Miller AJ, Incoll LD, Compton SG (2000) The contribution of rabbits (Oryctolagus
cuniculus L.) to soil fertility in semi-arid Spain. Biology and Fertility of Soils 31:379-384
Witte C-P (2011) Urea metabolism in plants. Plant Science 180:431-438

Wright A], Ebeling A, de Kroon H, Roscher C, Weigelt A, Buchmann N, Buchmann T, Fischer
C, Hacker N, Hildebrandt A, Leimer S, Mommer L, Oelmann Y, Scheu S, Steinauer K, Strecker
T, Weisser W, Wilcke W, Eisenhauer N (2015) Flooding disturbances increase resource
availability and productivity but reduce stability in diverse plant communities. Nature
Communications 6:6092

Wurst S (2010) Effects of earthworms on above-and belowground herbivores. Applied Soil
Ecology 45:123-130

Waurst S, Gebhardt K, Rillig MC (2011) Independent effects of arbuscular mycorrhiza and
earthworms on plant diversity and newcomer plant establishment. Journal of Vegetation
Science 22:1021-1030

Whurst S, Jones TH (2003) Indirect effects of earthworms (Aporrectodea caliginosa) on an
above-ground tritrophic interaction. Pedobiologia 47:91-97

Y

Yachi S, Loreau M (1999) Biodiversity and ecosystem productivity in a fluctuating
environment: the insurance hypothesis. Proceedings of the National Academy of Sciences
96:1463-1468

Yeates G, Bongers T, De Goede R, Freckman D, Georgieva S (1993) Feeding habits in soil
nematode families and genera—an outline for soil ecologists. Journal of Nematology 25:315-
331

Yoneyama T, Handley LL, Scrimgeour CM, Fisher DB, Raven JA (1997) Variations of the
natural abundances of nitrogen and carbon isotopes in Triticum aestivum, with special
reference to phloem and xylem exudates. New Phytologyst 137:205-213

Z

Zaborski ER (2003) Allyl isothiocyanate: an alternative chemical expellant for sampling
earthworms. Applied Soil Ecology 22:87-95

Zaller ]G, Heigl F, Grabmaier A, Lichtenegger C, Piller K, Allabashi R, Frank T, Drapela T
(2011) Earthworm-mycorrhiza interactions can affect the diversity, structure and
functioning of establishing model grassland communities. PloS One 6:€29293

Zaller ]G, Heigl F, Ruess L, Grabmaier A (2014) Glyphosate herbicide affects belowground
interactions between earthworms and symbiotic mycorrhizal fungi in a model ecosystem.
Scientific Reports 4:5634

Zaller ]G, Wechselberger KF, Gorfer M, Hann P, Frank T, Wanek W, Drapela T (2013)
Subsurface earthworm casts can be important soil microsites specifically influencing the
growth of grassland plants. Biology and Fertility of Soils 49:1097-1107

Zhang C, Langlest R, Velasquez E, Pando A, Brunet D, Dai ], Lavelle P (2009) Cast production
and NIR spectral signatures of Aporrectodea caliginosa fed soil with different amounts of
half-decomposed Populus nigra litter. Biology and Fertility of Soils 45:839-844

Zhang W, Hendrix PF, Snyder BA, Molina M, Li ], Rao X, Siemann E, Fu S (2010) Dietary
flexibility aids Asian earthworm invasion in North American forests. Ecology 91:2070-2079
Zhao C, Griffin JN, Wu X, Sun S (2013) Predatory beetles facilitate plant growth by driving
earthworms to lower soil layers. Journal of Animal Ecology 82:749-758

139



Zhao FJ], Hawkesford M], McGrath SP (1999) Mini review: Sulphur assimilation and effects
on yield and quality of wheat. Journal of Cereal Science 30:1-17

Zhao FJ, Verkampen KC], Birdsey M, Blake-Kalff MMA, McGrath SP (2001) Use of the
enriched stable isotope 34S to study sulphur uptake and distribution in wheat. Journal of
Plant Nutrition 24:1551-1560

Zicsi A, Szlavecz K, Csuzdi C (2011) Leaf litter acceptance and cast deposition by peregrine
and endemic European lumbricids (Oligochaeta: Lumbricidae). Pedobiologia 54:5145-5S152
Zimmer M, Kautz G, Topp W (2005) Do woodlice and earthworms interact synergistically in
leaf litter decomposition? Functional Ecology 19:7-16

Zuppinger-Dingley D, Schmid B, Petermann ]S, Yadav V, De Deyn GB, Flynn DFB (2014)
Selection for niche differentiation in plant. Nature 515:108-111

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (eds.) (2009) Mixed Effects Models and
Extensions in Ecology with R. Springer

140



Summary

Earthworms are widespread in terrestrial ecosystems, including semi-natural
and agricultural landscapes. That these “ecosystem engineers” play an
important role in soil structure and fertility has been known since Darwin'’s
time, but there are still big knowledge gaps on their functional ecology. This
research investigates how earthworms affect two suites of soil processes: (1)
biochemical functioning, with a focus on carbon and nitrogen; and (2) physical
functioning, with a focus on macropores, a feature of soil structure with a large
influence on water infiltration. Resulting effects on other organisms, such as
plants and smaller soil biota, were also a target of investigation. Field
experiments on natural soil communities were performed in Ireland, France
and the Netherlands, with a focus on anecic earthworms, i.e. species that dig
deep burrows and forage for organic residues at the soil surface. Furthermore,
the two aspects of soil functioning were studied together in a greenhouse
experiment on the impact of earthworm functional diversity on nitrogen
dynamics.

Chapters 2 and 3 report two field studies quantifying the effects of anecic
earthworms on carbon and nitrogen cycling in and around the ‘drilosphere’ -
earthworm-influenced soil around burrows, thought hitherto to be about 2
mm thick. In two grassland sites, an experimental exclusion approach and
stable isotope tracers were used to measure the translocation of carbon and
nitrogen from dead plant material to soil around burrows with or without a
resident anecic earthworm; for the latter treatment, earthworms were
removed with a non-destructive method. After about 7 weeks, concentric soil
layers were collected around burrows (up to 8 mm distant) and in
corresponding bulk soil (5 cm distant). The method was first applied in a pilot
experiment focusing on Lumbricus terrestris and its role in nitrogen input to
soil (chapter 2), and then in a subsequent experiment with an expanded scope
covering carbon incorporation, soil organic matter chemistry, protists and
nematodes (chapter 3). In the latter study, two co-occurring anecic species, L.
centralis and Aporrectodea longa, were compared in their biochemical effects.

Presence of anecic earthworms led to fast translocation of nitrogen and carbon
from surface detritus into soil. Soil was enriched in fresh carbon and nitrogen
up to at least 8 mm away from the burrow perimeter, suggesting that the
drilosphere as a biochemical hotspot is much larger than hitherto presumed.
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Rapid movement of fresh carbon by L. centralis altered soil organic matter
composition, with higher total sugar content and greater contribution of fresh
plant-derived sugars to the organic matter pool in the drilosphere. L. centralis
enhanced abundance of protists and, to a lesser extent, nematodes at the
drilosphere scale, with strong effects on some taxa of protists (e.g. genus
Stenamoeba, a group of bacterial-feeders). The drilosphere is thus also a
microhabitat of high biological activity. Soil around burrows from which
earthworms had been removed was biochemically similar to bulk soil, showing
that, despite persistence of the burrow, earthworm activity is essential for
maintaining a functional drilosphere. By incorporating fresh carbon from the
surface into soil, earthworms also altered the small-scale spatial pattern of soil
carbon, with higher content in the drilosphere, while carbon distribution
around burrows without earthworms was more homogeneous.

Notably, A. longa had weaker effects than L. centralis, as the drilosphere of the
former was much more similar to bulk soil (chapter 3 and box 7.1 in chapter
7). This suggests that these species are not redundant in the incorporation of
fresh organic matter into soil, that is, they do not perform that ecological
function so similarly as to be interchangeable. This highlights that even within
a functional group there are interspecific differences in certain functions.

Chapter 4 focuses on the role of the drilosphere of anecic earthworms in
physical functioning, and links two ecological effects of earthworms that,
although widely recognised as important, have so far been studied in isolation:
direct effects on water flow in soil through macropore formation, and lagged
effects on plants (ryegrass). In a field mesocosm experiment with introduced L.
terrestris, two intense rainfall events were simulated, and their effects on soil
properties (surface ponding and soil moisture, up to twenty-four hours after
the event) and plant growth (one month later) were measured. Plant growth
was hampered by simulated rains only in the absence of the earthworms,
attesting that L. terrestris has indeed the potential to ameliorate the effects of
intense rainfall disturbance. Although earthworms did not affect surface
ponding, they tended to enhance drainage deeper in soil, likely through
increased soil macroporosity due to burrowing, as macropores were only
found in mesocosms with L. terrestris. Other unmeasured mechanisms may
also have played a role, e.g. increased nitrogen availability.

Chapter 5 describes a simple and cost-effective method to obtain animal dung
triple-labelled with carbon, nitrogen and sulphur stable isotopes. Cereal
seedlings were fertilised with 13C-15N urea and 34S sodium sulphate and fed to
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a rabbit, the dung of which was collected. The efficacy of the stable isotope
tracers was tested in the experiment in chapter 6, and the results suggest that
the protocol is suitable to generate triple-labelled dung for carbon and nutrient
cycling studies in soil-plant systems.

Chapter 6 reports how earthworms with a suite of functional traits affected
nitrogen cycling and plants under contrasting nutrient sources. In a
greenhouse mesocosm experiment with ryegrass, fertilized with either urea or
dung (both enriched in 15N to trace their nitrogen), three earthworm species
were used to cover a range of functional traits: from anecic L. terrestris and A.
longa, to endogeic Allolobophora chlorotica (soil-feeding, small size, makes
ephemeral burrows). A special experimental design (Simplex) made it possible
to partition single species and interspecific interaction effects on nitrogen
losses via leaching, nitrogen uptake by plants (ryegrass), and plant growth.

On the one hand, the three earthworm species responded similarly to resource
addition, performing better under dung than urea; surprisingly, the soil-
feeding A. chlorotica fed on dung as much as the two anecic species did, as
shown by incorporation of dung-derived nitrogen into earthworm bodies, as
well as by dung disappearance from the soil surface in all experimental units
with earthworms (but not in earthworm-free units). On the other hand,
earthworm effects on plant growth and nitrogen uptake were to some extent
species-specific, e.g. A. chlorotica had a strong positive effect on shoot biomass,
whereas L. terrestris had a weak positive effect on root biomass. Moreover,
while high biomass of both A. longa and A. chlorotica decreased dung-N uptake
by plants, their interaction resulted in a decreased uptake (possibly due to
increased activity of microbes which competed with plants for nitrogen). No
earthworm effects on nitrogen losses through leaching were found, probably
due to the overriding effect of plant roots.

In conclusion, this research confirmed important roles of earthworms in
ecological processes such as carbon and nutrient cycling, in soil structure
maintenance due to macropore formation, and in biotic interactions. A novel
finding was that the drilosphere of anecic earthworms is a much larger soil
biochemical hotspot and microhabitat than hitherto assumed. Two
experiments with stable isotope tracers on natural burrows in the field showed
rapid movement of carbon and nitrogen from surface detritus to soil thanks to
anecic earthworm activity, resulting in spatial heterogeneity in soil carbon
content, organic matter composition and density of protists and nematodes.
These and other experiments provide evidence that earthworm species in the
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same functional group (anecic) may have dissimilar effects on soil
biochemistry and plant growth, but that both anecic and endogeic earthworms
may feed on surface detritus (dung). This shows that the validity of earthworm
functional groups depend on the ecological function under study. Therefore,
for some research questions species identity should not be neglected, and
more flexible measures of interspecific functional dissimilarity than groups
(e.g. traits) will likely advance soil ecological research. Finally, a novel indirect
interaction between earthworms and plants was observed, namely that anecic
earthworms can counteract the negative effects of intense rain disturbance;
this provides evidence for the appealing but, as yet, largely unverified idea that
some components of soil biodiversity may contribute to ecosystem stability in
the face of disturbance.
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