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Abstract

Relatively little is known about life in the solil, particularly the interactions between its
components (such as plant roots, macrofauna and ‘migemisms). Many of these
interactions drive soil processes that give rise to ecosystem services suppariary h
wellbeing. Most of the valuable ecosystem services are driven by soil organisms, and
earthworms are the key representatives. Earthworm activity underpins a number of soil
properties that directly influenceoil hydrological functioningand food produdtion.
However, the influence of different earthworm ecotypespdaut rootghey interact with

is largely unknown. This research project examines these effects through laboratory and
field experiments.

The data show that the interaction between earthwandglant roots can significantly
increase soil physiehydraulic properties. However, laboratory experiments indicated
that there are species / ecotype effects. The vertical burrowing earthwmoniricus
terrestris increased soil water flow, but in cotidns where their burrows are not
connected to drainage systems, plant roots had a greater effect. The lateral burrowing
earthwormAllolobophora chloroticahad a greater impact on soil hydraulic properties
thanL. terrestris The presence @. chloroticain soils resulted in the greatest and most
rapid increase in soil water flow through macropores > 3 mm diam&geresult of their
interaction with plant roots. In the field experiment, the conversion of arable soil to ley
caused a significant improventdn soil properties; the presence of earthworms in the ley
was responsible for a significant proportion of these improvements. However, the
magnitude of earthworm impacts is significantly controlled by seasonal climate
variations. Furthermore, the presenof earthworms significantly increased plant

biomass.

These results show that the interaction between earthworms and plant roots can lead to
increased soil drainage and also soil water retention which could help mitigate the impacts
of increasing extreme weather events such as floods and droughts, thepsby teel

maintain ecosystem services that are derived from soils.
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Chapter 1

General introduction

1.1. Introduction

For a long time, soils were considered tcabanert substrate, however, now it is widely
acknowledged that soils are a dynamic system comprising much biodi@isitynet

and Coquet, 2013Earthworms are an essential component of the biological activity in
soils (Edwards, 2004)These organismsontribute to plant productivity, plant and soll

health and many other ecosystem services.

Because many ecosystem services are performed by orgddem&005)Blouin et al.

(2013a) reviewed the link between earthworms as part of biodiversity andugario
ecosystem services, and summarized different soil functions and ecosystem services that
earthworms contribute to. The bibliometric analysis conducteBityin et al. (2013b)
illustrates the growing interest in the use of earthworms in the manageneeosgftem
services. Using earthworm research citation data from the Science Citation Index
Expanded during the period from 2000 to 2045ng et al. (2015)ound that the number

of records relating to earthworm research (85% of which wererpemwed purnal

articles) increased from 100 to 300 yearly outputs during theea6studyJeanneaux et

al. (2012)observed that the rise in the number of scientific publications on ecosystem
services related themes occurred following the publication of therMilien Ecosystem
Assessment (MEA) in 2008Millennium Ecosystem Assessment, 2Q0B)deed, the
adoption of the operational use of ecosystem approaches occurred in 2004 as part of the
MEA, a UN programme that aimed to better identify and evaluate the impertat
ecosystems to human wdléing (Millennium Ecosystem Assessment, 2005, Tancoigne

et al., 2014) Ecosystem services were defined as the benefits that people obtain from

ecosystems, an idea first proposedayly et al. (1997)
15



The role of biodiverty and ecological entities in providing benefits from ecosystem
services was signaled Byemen and Ostfeld (2003louin et al. (2013ajive examples

of earthworm as drivers of soil functions such as soil formation and soil structure
development, and esystem services including water regulation, nutrient cycling, climate
regulation, pollution remediation, primary production and cultural services. Amongst
these many vital services, water regulation, and soil water in particular, are fundamental

in the soil -plantwater system and are of prime importance to modern agriculture.

The ability of earthworms to improve soil properties and the subsequent effects on soil
hydrology were first recognized by Gilbert White in 17{3Ripitalo and Le Bayon, 2004)

In the presence of earthwosrsoil physicalDarwin, 1881, Zhang and Schrader, 1993,
Edwards, 2004, Bohlen et al., 2004, Drouin et al., 2@h@) hydrauliqSmettem, 1992,
Bohlen et al., 2004, Chan, 2004, Ouellet et al., 2008, Yunusa et al., [20p8)ties e
dynamic and affect soil water regulati¢Blouin et al., 2013a}hrough transfer and
storage process€PRitkanen and Nuutinen, 1998, Blouin et al., 2007, Capowiez et al.,
2014, Bertrand et al., 2015)he Fifth Assessment Report of the Intergovernmétaakl

on Climate Chang@PCC, 2014pr oj ect ed changes in the cli
likely that heat waves will occur more often and last longer, and that extreme precipitation
events wil|l become more i nt en seemodificationf r eque
of soil water flow and storage by earthworms would help to alleviate negative effects of
such events that limit exposure of many human systems and ecosystem services.
Additionally, improved water storage and flux in the soils promote pjamivth by
increasing water available to plants and diffusion of dissolved nutrient ions within the soil
to the root surface, leading to higher crop yie(@hapman et al., 2012)urther,
earthworms support plant growth by increasing nutrient mineraiz&tm residue and

soil organic matter humification and by stimulation of soil microff@anha et al., 2016,
Scheu, 2003)Metaanalysis of 57 published papers before 2013 showed an indnease
biomassof plant shoot by 23% and roots by 20% in the preseof earthworms (van
Groenigen et al., 2014The growth of plant roots will create further biopores and modify
soil physical propertie/NVhalley and Dexter, 1994yhich in turn influence soil water

flow and storageRigure 1- 1).

16



The impact of earthworms on soil hydraulic properties differ according to their species or
functional groupgColeman and Wall, 2015Anecic earthworms are usually associated
with an incease in water infiltration due to their vertical burrowing which creates wide
and continuous macropores that function as bypass through saturaté@aleitsan et

al., 2004) Endogeic species are generally linked with alteration of soil water retention
ard storage presumably due to their intense activity and highly branched and tortuous
burrows of small diametéCapowiez et al., 2015albeit contradicting results have been
reported in the few conducted stud{Btanchart et al., 1999, Blouin et al., 20&#nst et

al., 2009, Stockdli and Cossens, 1969)he litter dwellers, epigeic earthworms, rarely
burrow within the soil minergShipitalo and Le Bayon, 2008t are reported to increase

soil water retentiofErnst et al., 2009, Smagin and Prusak, 20B88garding the effect of
earthworms on plant growth, each of the three ecological groups of earthworm have
shown positive effectgvan Groenigen et al., 2014However, 50% to 70% of the
conducted studies investigated endogeic species, in partAodairectodea caliginosa
(Scheu, 2003, van Groenigen et al., 20T4)is shows the importance of the endogeic
ecotype in stimulating shoot and root growth, presumably because of their intense
bioturbation compared to the other ecotyp@&apowiez et al., 2015)A better
understanding of the interaction between earthworms that occupy different ecological
niches and plant roots and their effect on soil phybiairaulic properties is required.

This will allow us to collect the maximum benefit of earthworms to &ltevnegative
effects of extreme events caused by climate change and sustain food production and other

depending ecosystem services.
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The overall aim of this thesis was to investigate the combined effects of earthworms and
plant roots on thavay that water interacts with soil. This was achieved through a series
of laboratory experiments and a field experiment involving different earthworm ecotypes
common in the UKThe experiments were carried out with and without plants and in the
presence ahabsence of earthworms in soils of differing texture (Loam, silt loam and
sandy loam soils; two of the fields from which these soils were collected were used in the

field experiment). The main outputs of this work were:

1 The measurement of soil hydrautienductivity at different water tensions and the

partitioning between macropore flow and micropore flow;

1 The generation of soil water release curves showing how much water is held at

different water potentials, together with sewterholding capacity;

1 The measurement of the percentage of water stable aggregates as an important

component of soil structure which is crucial for water flow and retention in soil;

1 The response of plant growth to the presence/absence of earthworms.

1.2. Outlines of the thesis

This PhD comprises seven chapters including three laboratory experiments (Chapters 3,
4 and 5) and a field experiment (Chapter 6). The contents of each chapter are described

briefly below:

1 Chapter 1 presents a general introductmthe importance of earthwosrand
their role in providing ecosystem services that benefit people. It introduces the
ability of different earthworm ecotypes to influence soil water regulation through
modification of soil physicénydraulic properties and how this is vital to buffer
extreme events caused by climate change. It also introduces the role of plant roots
in biopores formation and the subsequent benefits in term of soil water regulation.

Finally, it summarizes the aim and different outlines of the thesis.
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1 Chapter 2 reviews ouunderstanding of how earthworms affect soil water
regulation. It briefly presents factors, processes and mechanism that influence soill
water infiltration and water storage. It provides information on the current state of
knowledge on the influence of eartbrms on soil water regulation and identifies
relevant knowledge gaps.

1 Chapter 3 investigates the effects of two earthworm ecotypes, the endogeic
Allolobophora chloroticaand anecid.umbricus terrestrison two important soil
properties, the percentage temstable aggregates and wakeiding capacity.

The measurements were done on the upper and lower layers ofTlseil
experiment was conducted to clarify contradicting literature findings and establish
principles prior to determination of earthworm ardnp root interaction effects

on soil water storage and transport.

1 Chapters 4 and 5 examine the effects of the vertical burrowing earthlxzorm
terrestris and lateral burrowing earthworrA. chlorotica in the presence or
absence of winter wheat roots on ey that water interacts with soil of differing
texture. The measurements were made under undrained soil conditions where
earthworm burrows terminate within the soil matrix. In Chapter 5 changes over
time of soil hydraulic conductivity and the partitiogibetween macropore flow

and micropore flow in the soileveconsidered.

1 Chapter 6 investigates how earthworm interaction with grls®r roots changes
properties of arable soil when converted into ley. The field experiment described
in this chapter wasonducted on 28 monoliths of intact soil collected from arable
fields of soil textures similar to those used in the laboratory experiments. Changes
in soil water flow measured over different seasons of the year and other soil
physicehydraulic propertiesmeasured at the end of the experiment were

discussed.
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1 Chapter 7 concludes the key findings of the research, provides research limitations
and research needs for future work both in the context of specific findings of the

thesis and in a more general cote

The detailed aims of each experiment are given within the relevant chapters.
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Chapter 2

Earthworms and soil water regulation: A review

2.1. Introduction

Previous reviewgBlouin et al., 2013, Bertrand et al., 201gve highlighted the main
ecosystem services provided indirectly by earthworms via their activity in the soil. In this
paper we focus on one of the many important ecosystem services provided by earthworms,
soil water regulation. This review will considgwil water regulation as the set of actions
and interactions controlling soil water flow and availability during a given period for
ecological, agricultural and environmental purposes. Addition of earthworms to soil has
a significant influence on soil wateegulation bychanginghydraulic conductivity and
infiltration (Bouche and AlAddan, 1997, Capowiez et al., 2009, Capowiez et al., 2014b,
Ehlers, 1975water retentiofErnst et al., 2009, Milleret et al., 2009b, Bertrand et al.,
2015)risk of flooding (Edwards and Lofty, 1972and erosion during runofRoth and
Joschko, 1991, Blanchart et al., 2004, Jouquet et al., 200@b)nderstand the influence

of earthworm behaviour and burrows on soil water flow some authors have tried to model
the system usingod physicahydraulic propertie¢Bastardie et al., 2002, Ouellet et al.,
2008, Schneider and Schroder, 2012, Capowiez et al., .2Bib&)ever, despite this
modelling work, this aspect of earthworm ecology is under represented in the literature
compared tother aspects such as earthworm population dynamics and the morphological

characteristics of earthworm burrows.

Thus, the aim of this review is to synthesise our understanding of how earthworms affect
soil water regulation, particularly soil water infdtron and movement and soil water
retention and storage dynamics. Many factors interact in a complex fashion to impact soll

water regulationKigure 2- 1) such as earthworm species and bion{a$sgre et al.,
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1996, Blouin et al., 2007)ulk density(Blanchart et al., 1997purrowing and casting
activities(Bastardie et al., 2003, Le Couteulx et al., 20%B})l texture, soil structure and
initial water conten{Péres et al., 1998, Fischer et al., 2014}his review we will briefly
review each of these factors in turn along with key findings. We will then report key
methodology information and results of a number of the reviewed literature in tables
(Table A1, A2) and then identify relevant knowledge gaps, the filling of which would lead
to an improved understanding of earthwenater interaction. Table Al and A2

summarises experiments detail which are discussed below.
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Figure 2- 1. Potential influences of earthworms on soil water regulation (solid arrows) and the interactions between soil hydrological

components (dotted blue arrows). (a): Earthworms affect soil water content and storagysl {igter content affect life cycles of

earthworms, (c): Earthworms affect soil water runoff and erosion, (d): Earthworms affect soil water infiltration andqer(®lathe

major variables affected by earthworms.
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2.2. Earthworms and sal water infiltration and movement

Water infiltration influences hydrological flows by the transfer of water through the
topsoil. Using dye and other tracdfigCoy et al. (1994), Chan (2004), Shipitalo and Le
Bayon (2004), Shipitalo et al. (2004), HolderdaGell (2009andSchwartz et al. (1999)

have shown that in soils with high populations of earthworms, burrows made by some
earthworm species from all three main ecotypes can effectively conduct water and affect
infiltration rate of the bulk soil despitbe volumes of the burrows not exceeding a few
percent (0.2 %) of total soil porosity. Earthworms affect soil water infiltration depending

on several factors which are related to each offigufe 2- 1).

2.2.1. Earthworm ecotypes

Earthworms can be classified into three ecological groups, epigeic (litter dwelling),
endogeic (shallow burrowing) and anecic (deep burrowiBguché, 1977)and these
have differing effects on infiltratiorF{gure 2- 2). The majority of studies on the impacts

of earthworms on infiltration rates have been conductsithg anecic species and
particularlyLumbricus terrestrigShipitalo and Le Bayon, 2004, Spurgeon et al., 2013)

L. terrestrisare known to increase water infiltration rates and flow in g@Bloughby

and Kladivko, 2002, Fischer et al., 20IM)h a number of studies identifying rapid water
flow through their burrows because of their large diameter, up to 12 mm, and deep
penetation, up to 240 cm(Shipitalo and Butt, 1999)Bouche and AlAddan (1997)
showed that in various soils the infiltration rate with 100 ¢ of anecic species
earthworm was close to 282 mit bompared to a mean rate of 150 mpler 100 g m

2 of fresh arthworm biomass without anecic speci€han (2004)estimated that the
infiltration rate of water through a single burrow in 2ahsoil was 1.9 times that of the
remaining bulk soil (6.7 mm'fagainst 3.6 mm'R). Using medical Xray tomography

for the3D characterization of earthworm burrow systems in natural soil dominated by the
anecic speciedlicodrilus giardi Bastardie et al. (2005dpund that burrow systems
provided a soil surfacaccessible burrow volume ranging from 1400 to 10463 amd

wall area ranging from 1069 to 728 for 1 n?* of soil. The accessible burrow volume
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Figure 2- 2. Potential effects of the three ecological groups of earthworms, epigeic, endogeic
and anecic, described by Boudii®77), on soil water flow. The blue lines are example of
burrows filled with water. Arrow sizes are proportional to the impact of the earthworm species

on water flow

and area would allow a good vertical water flow, through the burrows, and lateral water
flow, within the soil matrix through burrow walls. Howev@&astardie et al. (2005b)
reported lower lateral water flow throughterrestrisburrows compared to that through

soil fractures presumably due to high compaction of the burrow.vilalisomparison to
endogeic specieapowiez et al. (2015yeported that the burrow systems of anecic
species have fewer branched burrows (12.2 to 20.2 vs 28.2 to 37.2 brart}laesi nvere

far more efficient regaing water infiltration rate (11. 03 to 12.42 vs 2.32 to 5.15 L min

1 due to open burrows linking the top and bottom of the soil cores. The concerns with
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some of the field experimen{Shipitalo and Butt, 1999, Edwards et al., 1989, Shipitalo

et al., 20@, Ehlers, 1975and most laboratory experimeifEa et al., 1992, Capowiez et

al., 2015, Bastardie et al., 200%r¢ that water movement through the burrows would be
more than would naturally occur at realistic conditions since the burrows do not terminate
within the soil matrix(Smettem, 1992)When earthworm burrows terminate within the
soil matrix the flow doesat depend strictly on burrow diame{&utera and Skalak, 1993,
Singh et al., 2013)ut also on burrow length and on soil matrix flow once they are water
filled (Smettem, 1986)Higure 2- 3). In addition, after initial infiltration the pressure of
encapsulated air in the burrow may reduce further water [@wnstantz et al., 1988)
Deadend burrows also improve macropa@l matrix interaction by ineasing lateral

water flow as the burrows are filling @ey and Rudolph, 2009)
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Figure 2- 3. Empirical relationships between earthworm burrow characteristics and soil water
flow. The schematic tubes are a simplification of the morphology of an earthworm burrow. Case
1: earthworm burrow is well drained (connect to field drains, or an underlying meomeable
layer) and water flow depends on the burrow rafiBigera and Skalak, 199%ase 2:
earthworm burrows terminate within the soil matrix and water flow depends on burrow radius,

burrow length and soil matrix flogsmettem, 1992)
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Unlike anecic earthworms, significant effects on soil water infiltration have not been
widely reported for endogeic earthworii&a et al., 1992, Spurgeon et al., 20IR)is

may be because their burrowing activity is restricted to the top soil horizdnthein

lateral burrowing preference (Bouche, 1972), sinuous and smaller burrow diameter
(ranging between 2 mm and 5 mm in diameter compared to anecic earthworms that are
up to 9 mm(Péres et al., 1998and blocking of burrows below the soil surface bstica.
Regarding the latteiVhalen et al. (2015¢onfirmed that macropore continuity can be
reduced by endogeic compared to anecic earthworms when refilling no loagse in
burrows by ingested soil redeposited urrows. Burrow refilling by endogeic
eathworms was estimated to be up to 50 % compared to only 20 % for anecic earthworms
assuming that all burrows should be conne¢@apowiez et al., 2014ad)e Couteulx et

al. (2015)reported a greater percentage of burrowed area was refilled with casts in t
presence of endogeic earthworms when organic matter was mixed into soil rather than
being added to thesurface. The authors showed that burrow refilling by endogeic
earthworms does not depend on earthworm species and would result in low water
movement de to burrow discontinuity. Refilling, caused by endogeic species, can also
reduce burrows life span due to the disintegration of no longer in use burrows (separated
by casts) compared to anecic earthworms that repair and consolidate the burrows by

reusingthem(Capowiez et al., 2014a)

In contrast to the above, some studies report an increase in soil water flow in the presence
of endogeic earthworms. In column experiments, for example, saturated hydraulic
conductivity as well as percolation rates wereeased in the presence of the endogeic
speciesAllolobophora caliginosaand Allolobophora roseacompared to the control
(Joschko et al., 1992, Roth and Joschko, 1994inhg the endogeic speci&scaliginosa

Ernst et al. (2009xeported a largewater infiltration and faster water discharge through
the soil column compared to aneticterrestris,probably due to thgreaterburrowing
activity and connectivity between macropores of endogeic sp€apswiez et al. (2015)
observed a positive lineaelationship between burrow length and the water infiltration
rate & = 0.49,p < 0.01) for endogeic speciedforrectodea roseaAllolobophora
chlorotica, Aporrectodea caliginogabut whenAporrectodea ictericavas excluded from

the linear regressior® increase to 0.95p(< 0.001). This increased correlation was
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explained by the low efficiency of water infiltration throughictericaburrows due to

lateral compaction or cast compressing along the burrow walls.

Studies that investigated the effect epigeic species on water infiltration are
contradictory. Although they have little effect on soil macroporosity and produce only
shallow burrows in the litter layer or in the first 5 cm of soil compared to anecic species
(Bens et al., 2007, Bouch#972, Fragoso and Lavelle, 1998 metadata analysis by
Spurgeon et al. (2013howed that epigeic earthworms increased soil water infiltration
significantly. This was attributed to their ability to: i) prevent soil surface crusting due to
their surfacectivity, ii) form stabilized soil aggregates that helped in soil water regulation
and iii) form temporary deeper burrows when the earthworms are exposed to extreme
climate conditions which helped to conduct water through the soil. Compared to other
earttworm ecotypesSchutz et al. (2008gported a significant higher correlation between
infiltration rate and epigeic earthworm density than anecic earthworms, but the results
varied significantly for endogeic earthworms depending on their species. This was
explained by the epigeic speciasmbricus rubellupreventing the blockage of burrows

by mixing the soil litter with the top soil or simply because anecic earthworm density was
too low (25 to 65 ind M) to have a significant effect on infiltration rat&nst et al.
(2009)reported lower water infiltration rates and percolation in columns inoculated by
the epigeid.. rubellusthan in those containing the endogeic earthwolimealiginosa

They assumed that the higher burrowing activithofaliginosaand the high connections
between their burrows relative to epigeic earthworms had a big impact on soil water
infiltration. In another studifrancis and Fraser (1998))owed no significant differences
between water flow in columns inoculatedlbyubellusand in earthworrfree controls,

which was attributed to the lack of burrows in the subsoil that could conduct water.

2.2.2. Soil structure

By ingesting litter and soil, earthworms contribute to the increasergzinic matter
mineralization and to the development of soil aggregates and structure which have a
significant impact on soil aeration and water infiltrati@douquet et al., 2012a)

Earthworms affect soil structure by incorporating surface organic essituthe soll
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profile within cast aggregates or as coatings on their bur(Beginelli et al., 2015)

These biogenic aggregates (macroaggregates embedded one in another and produced by
earthworms via casting) create a temporary structure composediollegagathered by

weak bounds through organic matter and cl@sgaFreitas and Blouin, 2015) arink

et al. (2001found that aggregates producedLbyerrestrisandA. caliginosashowed ca.

10 % lower relative water stability andiZD % higher porosity than soil aggregates. The
loose structure was attributed to the low quality of the organic matter eaten by the
earthworms.Clause et al. (2014)eported that the high porosity arlkle particular
microstructure of cast aggregates may enable better water infiltration compared to soil
aggregates. The porosity of casts can, initially, be greater than in other soil aggregates.
However, they are less stable and, after breakdown and smlidyring rainfall and
infiltration, compaction can result in the soil porosity reducing by up to §Bdtinelli

et al., 2010)

The activity of earthworms has the potential to compact the soil which is observed through
an increase in density and a des® in porosity of soil; this change in turn results in a
decrease in water infiltration rates and sorpiiafegre et al., 1996)The compacting
effect of earthworms may be efet by the decompacting effect of burrows and pores
between casts that enhaneater infiltration(Jouquet et al., 2012dylacropore size and
number also affects infiltration ra€mettem and Colli§eorge, 1985)The diameter of
macropores created by earthworms ranges from 2 to 11 mm and a single macropore of 3
mm diameter per 3@m diameter of soil area could contribute more to the steady
infiltration rate through a soil than the cresesctional area associated with the soil matrix
(Ehlers, 1975, Smettem and Collgeorge, 1985)This is why anecic species suchLas
terrestrisand adult endogeic species suchfagaliginosalmore than 2 mm in diameter)
could contribute to a greater water infiltration rate, particularly the wider burrows of
anecic species when water is supplied in large quan(fissher et al., 2014)Soll
macopores, as preferential pathways for water flow, depend also on the soil type and on
the interaction between earthworm and soil type. Lower macroporosity was observed in
sandy soils compared to soil of finer texture because of the low level, or absence, of

earthworm activity and their lower organic matter content; this lower macroporosity may
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result inslower rates of water infiltratiofLuo et al., 2010, Fischer et al., 2014, Bens et
al., 2007)

2.2.3. Land management practices

Further understanding of the furantial links between earthworms and soil structure and
their effect on infiltration requires soil management practices, such as existing crops and
tilage management, to be considered. Previous research showed-titlagadarming
management resulted inareases in soil water infiltration and percolation rates of up to

8 times compared to conventional tillagehlers, 1975, Edwards et al., 1990, Wuest,
2001, Chan, 2004, TerAvest et al., 20IH)e increased soil water flow was attributed to

an up to 9 fa increase in earthworm abundance and activity which resulted in improved
soil physical propertieEdwards et al., 1990, Chan, 20@#)d an increased number of
earthworm burrows wider than 1 mm at the soil sur{&tgers, 1975, Wuest, 2001he
increasd earthworm abundance and activity in thetiidarming was due to an increase

in soil residue covefTerAvest et al., 2015)favourable soil conditions and reduced
earthworm mortality due to the cessation of discing the upper soil layers when ploughing
(Chan, 2004, Spurgeon et al., 2013)

The decrease of earthworm abundance and biomass in conventional tillage usually comes
with an alteration of the species composition (Chan, 2@@dpowiez et al. (2009nd
Nuutinen (1992Jeported a significant influee of tillage system on ecological groups of
earthworms and the abundance and continuity of soil macroporosity. They found less
continuous pores, less abundant anecic spdcigsyrestrisand Aporrectodea giardia

and more abundant endogeic spedies;aliginosain conventional tillage compared to
reduced tillage. Similarhspurgeon et al. (2013¢ported a tendency of the dominating
endogeic earthworm species in arable soil to be the first to increase in nimibsponse

to grassland conversion. The higher population of endogeic earthworms compared to
other ecotypes was attributed to their easy access to decomposed organic matter when
plant residue is buried during ploughi(Bertrand et al., 2015However,Capowiez et

al. (2009)eported no significant effect of tillage management on water infiltration (mean

values of 81.8 and 96.0 mrt ln conventional and reduced tillage, respectivily;0.33)
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even with the increase in macroporosity in reduce tillage;High macroporosity was
reported to be offset by a significant increase in soil bulk density which resulted in no
effect on soil water infiltration rate. However, they reported a significant effect of the
cropping system on water infiltration as a resufitdifferent compaction intensities
depending on the crops rotation (119 mfirhless compacted plots vs 79 mrhih most
compacted plots)uo et al. (2010pn the other hand, found higher macroporosity and
macropore length density in pasture compaecetbw crop land use because of greater
earthworm activities and higher organic matter content in pasture land use which would

probably increase soil water flow.

To understand the interactions between earthworm and soil water flow many
interconnected faotr s shoul d be taken into consi de
species, most studies generally report an increased soil water infiltration and percolation

in the presence of anecic species. The influence of endogeic species is highly debated and
epigeics wee considered in few studies with contrasting effects. Much current research

is focussed on modelling using new technologies (exgyXomography) to visualize the

hidden parameters of the bulk soil that affect water flows.

2.2.4. Seasonality

Various studies hee reported variations in infiltration rates through the seasons of the
year(Elhakeem et al., 2018, Moujahed and Gifford, 1984, Andalamillo et al., 1997)

In some cases infiltration rates increased significantly during the summer compared to
other sasons(Cerda, 1999, Bertoni et al.,, 1958, Sharma et al., 2017, Cerda, 1996)
whereas in other studies infiltration rates decreased during the su@oheson and
Beschta, 1981, Schumm and Lusby, 1963)ese contrasting results are dependent on
interactions between changes in soil properties, such as soil texture (swelling effect), dry
bulk density and moistur@-an et al., 2013, Hesseltine, 201&)d external factors, such

as land management pracscelimate and biotic facto(Starr, 1990, Willoughby et al.,
1997, Azooz and Arshad, 199@iotic factors, such as plants and earthworms, change
through the different seasons of the year. Plants affect soil water flow through the growing

season by creiaig new biopores via developing / decaying roots, but their impact depends

36



on the plant functional group with legumes increasing and grasses decreasing infiltration
rate(Meek et al., 1992, Fischer et al., 201%he proliferation and decay of the tap ot

of legumes results in stable macropores and an increase in earthworm biomass because of
an increase in organic matter content which increases water infiltration rate, whereas the
fibrous roots of grass cause clogging of pore space and decrease wiatationfirate.
Earthworm activity is seasonal with increasing activity in spring and au(@allaham

and Hendrix, 1997, Gates, 196Their activity is a function of food availability and
abiotic factors(Johnston et al., 2014)ut also of root growth thadepends on plant
functional groupgEisenhauer et al., 20Q9From the few studies reporting seasonal
effects of earthworm on soil water flowYilloughby et al. (1997)showed that the
presence ofL. terrestris increases water infiltration rates graduathyoughout the
growing season in a rillage compared to tillage systerdu et al. (2012)eported
seasonal changes in soil water flow and attributed this to a number of factors including
earthworm activity which contributed to the increase of satutatdchulic conductivity

in autumn compared to summer. Further experiments are, however, required to better
understand the role of earthworms in changing soil water flow through time (under

controlled conditions), or time of year (under field conditions).

2.2.5. ldentified knowledge gaps

Studies looking at the relationship between earthworms and soil water infiltration have
considered both comparison between species and the effect of interactions between
earthworm functional groups (Table Al). In the reviewed isgidifferent earthworm
population densities, initial soil bulk densities and methods of measuring infiltration were
used. The studies have been conducted under many different climatic conditions across
the globe and on soil textural classes ranging betwsandy loam to clay loam. In
manipulation experiments, aneclabricus terrestrig endogeicA. caliginosaandA.
chlorotica) and epigeicl(. rubellug species are most frequentiged. Epigeic species

were considered in far fewer studies than anao endogeic species and have been
found to have contrasting effects on soil water flow. Anecic species cause an increase in
water infiltration rate in laboratory experiments and under conservation field management

practices in field experiments. In thestidies, the assessment of infiltration rate was
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coupled to physical descriptions and quantification of burrow morphology and
characteristics of the population, such as earthworm abundance. Studies using endogeic
species focus on the effect of casting aothpacting activities of earthworms on soll
water infiltration through modification of soil porosity, bulk density and macropore
continuity. These studies were performed mostly in the laboratory, without any combined
cropping system; increased, decreasedasignificant effects of earthworms on water
infiltration were reported. Studies investigating the combined effects of anecic and
endogeic species focus more on the morphological characterization of the burrows and
the effect of different cropping systeand land management on water infiltrationder

field conditions, earthworm burrows usually terminate in a ggwst] but most laboratory
studies have investigated the effect of earthworms on soil water flow under the situation
where earthworm burrows emwell connected to a drainage system at theirpemak

which would bias the estimated effects of earthworms during an experimental

manipulation.

The relationship between earthworm activity and soil water infiltration has been
extensively studied ithe literature using a variety of laboratory and field experiments,

however, we are still unable to say:

- How interactions of earthworms with crop types impact water flownore
specifically how different root length / densities may enhance the activity of

earthworms in increasing water flow;

- How earthworms influence water flow through different soil pore classes
(macropores to micropores) and particularly whether these effects are different in

the presence of plant roots which earthworms interact with;

- Wha are the potential behavioural effects of different earthworm species
commonly present across the world, suchLaterrestris A. caliginosaand A.

chlorotica on soil water flow in the presence/absence of plant roots;
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- What is the way in which temporahanges in soil structure (e.g. due to crop
development, seasonal weather changes and dry and wet cycles) are influenced by
different earthworm species or as community and how this in turn can affect the

stability of macropores and the potential consegegon water flow;

It would be useful to consider these questions in situations where earthworm burrows
terminate within the soil matrix to mimic the conditions found in the majority of fields.
This will allow the prediction of soil water infiltration anget sustainability of qualitative

and quantitative beneficial effects of earthworms on soil water flows.

2.3. Soil water storage and earthworms

While soil water infiltration implies the downward entry of water into ¢Bichards,

1952) stored soil water is considered in this review as that part of the infiltrated water
that is held by the soil matrix and that therefore does not flow downwas@sd® the

water table. Soils that can retain more water support more plant growth and are less
subject to leaching losses which is highly desirable for rainfed agricultural systems
(Kramer and Boyer, 1995, Wang et al., 2013pil water storage is known aging
spatially variable and affected by many factors such as soil properties, vegetation,

topography, and meteorological conditigbaian et al., 2016)

2.3.1. Soil proprieties influencing soil water storage

Soil water content capacity depends on soil properties such as texture, porosity, bulk
density and soil organic carbon cont@tang et al., 2013)Additional factors such as

soil structure, cation exchange capacity, carbonate content and plastic linais@re
associated with soil water retention but not recognized as the most important factors
(Yangetal.,2014) The relationship betwermd)agnd edi ct
the major factors impacting it has been describeRdwyls et al. (1982)sing a multiple

linear regression equation of the form:
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do=a+ b (% sand) + c (% silt) + d (% clay) +e (% organic matter) + f (bulk density,
Mg/nv)

Where a, b, c, d, e, and f are regression coefficients.

Soil water content varies widely for different soil texture and particularly depending on
clay content(Saxton et al., 1986, Yang et al., 2014¥)deed, the water content held at
matric potentials 0f10,-33 and-1500 kPa was reported to have an exponential increasing
trend with clay contenfMinasny et al., 1999However, the effect of clay is stronger at
lower matric potentials, particularly €t500 kPa, due to the increasing adsorptive effects
of the negatively charged clay particles on water retention compared to capillary forces
(Khlosi et al., 2013, McBride and Mackintosh, 1988and content has more impact on
water content at saturation and silt fraction also has a significant effect amthmt of

water available to plan{®cBride and Mackintosh, 1984, Petersen et al., 1968, Yang et
al., 2014) Soil bulk density is considered as a measure of soil structure because it
incorporates soil particle compaction, porosity and water co(tegkini-Vishkaee et

al., 2014) The effect of bulk density on the available water is hard to predict because pore
geometry, distribution and connectivity can differ for the same soil at a given bulk density
(Ohu et al., 1987, Alaoui et al., 201However, someauthors reported a decrease in
water retention at low matric suctions, in the range-d® Pa, and an increase of water
retained at 1500 kPa as result of increased bulk defSaiyton et al., 1986, Ohu et al.,
1987, Hill and Sumner, 1967, Walczak et aD04) Hudson (1994}eported an increase

in water holding with increased organic matter due to its influence on soil aggregation
and the related pore size distribution. The increased water holding capacity resulted in a
significant positive correlatiobhetween organic matter content and plant available water
for sand (% = 0.79,p < 0.0001), silt loamrf = 0.58,p < 0.0001) and silty clay loam?%=

0.76,p < 0.0001) texture groups. Land management through conservative agriculture
systems showed an improved soil moisture content and availability as a consequence of

enhanced aggregate stability and total pordSibuza et al., 2016)
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2.3.2. Effect of earthworms orsoil water retention

Earthworms as biological actors impact soil proprieties influence soil water storage

(see Table A2). Earthworms support plant growth by increasing soil water retention and
nutrient release as a result of improved aggregation and porosity through mineral and
organic matter mixing @arwin (1881)andWhite (1789)ited byShipitalo and Le Bayon
(2004). Improvement of hydrghysical proprieties of soil such as porosity and capillary
water capacity requires time, fexample in the presence of earthworm with an initial
quantity of 0.1% of the soil mass the increase of soil water retention may take longer than
the growing seaso(BGmagin and Prusak, 2008fomparison between sites on various
soils with and without the elogeic earthwornd\. caliginosa showed a 17 % increase in

soil moisture holding capacity, 27 % more available water and a near doubling of
infiltration rate 10 years after the introduction of the earthwd@isckdil and Cossens,
1969) The authors repatl more water moisture held in high organic matter topsoil as
result of an improved soil structure in the presence of earthworms. Earthworm absence
was associated with high soil compaction which severely restricted moisture penetration.
FurthermoreMcDaniel et al. (2015)showed thaf. caliginosacan change the soil water
retention curves with soil depth with an improved soil residual water content from 33 to
41 % in the top 30 cm of the soil. Without giving any quantified measurements, they
suggested thathe greater concentration of fine soil particles in casts coated with
hydrophilic surface layer may explain the increased residual water content in the top 30
cm of soil, where earthworms are most active. In the presence of the epigeic earthworm
specied.. rubellus Ernst et al. (2009eported an increase in soil water storage at 10 cm
depth as a result of low rates of litter loss relativie. tierrestristreatment which reduced
water evaporation at the soil surfateterrestrisspecies buried surfadéter leading to

an increase in soil surface drying and aeration of their large burrows, resulting in lower

water storage.

2.3.3. Effect of earthworm burrows and soil structure

Due to their burrowing activity, earthworms can improve water holding in the top soil

layers by modifying soil porosity to laroaderrange of pore sizes that can retain more
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water(Boyle et al., 1997, Palm et al., 2013, McDaniel et al., 2045p, crackssmaller

than surface holes, and burrows generated by earthworm activity could increase
infiltration and help in water retention as the water in whlied macropores diffuses

into the soil matrix through macropore wa(lEdwards, 2004, Lee and Fostég91,
Bastardie et al., 2003Even though the volume of earthworm burrows accounts for only
a few percent of total soil porosi($schwartz et al., 1999, Kérdel et al., 200Bastardie

et al. (2005a¥howed that the total surface of the burrow walls dabetween 7721 to
12764 cn m3 with burrows that connected to the surface providing 1069 to 723#htm

3, The burrow walls provide an important surface for water diffusion into the soil matrix.
In addition, the same accessible burrows offer a volumengrigim 1400 to 10463 cm

m~ corresponding toi110 mm of a water storage capacity. This amount of water held by
the soil matrix through the penetration of water into the earthworm burrow walls, in
addition to water stored in watélled burrows would hed to increase soil infiltration and
enhance water available for root absorpt{Bastardie et al., 2005byVeiler and Naef
(2003) reported that the macropores built by earthworms significantly affect water
infiltration rate, but the flow into the surroundj soil matrix and its storage is mainly
influenced by the soil properties and initial soil water contS&miettem (1992pand
Bastardie et al. (2003 dicated that water diffusion from the burrow to the soil matrix is
highly dependent on the burrow walenmeability. IndeedBastardie et al. (2005b)
showed that the speed and volume of water itifdtrated through burrow walls ot.
terrestris earthworms is less than thafiltrated through soil fractures due to low soil
porosity as a result of the higbmpaction of burrow walls. In their experiment the density
values of artificial burrows (made by a metal rod) were 1.33 and 1.36%fanthe G3

mm wall layer and the surrounding soil respectively, whereas the values for burrows made
by L. terrestriswere 1.395 and 1.38 g &ffor the 33 mm wall layer and surrounding

soil matrix respectively. SimilarifRogasik et al. (2014eported a 30 % increase (from
1.34 g crh®to at least 1.75 g crf) in the bulk density of the burrow walls lof terrestris
compared to the soil matritrom the burrow walls to their outer boundary the bulk
density decreased. Since soil bulk density is a proxy for porosity and pore connectivity,
high bulk density willtherefore greatly reduce the transfer of water and solutes between

burrows and the soil matrix. Anecic earthworms such.dsrrestrisuse their burrows
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for long periods of time and compress egested material onto the burrow walls, whereas
epigeic and endyeic earthworms do not reuse their burrows and their casting influence
on burrow wall permeability is assumed to be insignifi¢delnichuk, 2016) However,

the presence of the compacting endogeic earthvRontoscolex corefhrurus three
organic residug¢reatments resulted in a decrease in soil porosity (from 58 to 53 %) and
sorptivity (from 0.45 to 0.15 cmi*¥) due to an increased soil bulk dengiyegre et al.,

1996) Similarly, Blouin et al. (2007) reported a decrease of soil water retentiontgapac

by more than 6 % in the presence of the endogeic earthRegmaldia omodeas a

result of their compacting behaviour which led to a decrease in plant growth.

2.3.4. Effect of earthworm casts

Soil water storage may be enhanced by the good water holdiagitgaof earthworm

casts and the interstitial pores between c@tsiche and AlAddan, 1997, Blanchart et

al., 1999) The hydroscopic swelling of plant remains in the casts and the improved
capillarity of their highly porous aggregate structure was refdd cause up to a 20 %
increase in soil water holding capacity compared to the surroundin¢Ssaglgin and
Prusak, 2008)The fine fraction of the soil is known to play an important role in soil water
and nutrient retentiorfYang et al.,, 2014, Saxton at., 1986)and was found to be
significantly higher in casts of endogeic earthwoiompared to the surrounding soil
(Asawalam and Johnson, 2007, Duboisset, 19B%)ing ingestion, the clay and silt
fractions in earthworm guts are coated by an extra hydrophilic surfacéMg@aniel et

al., 2015, Smagin and Prusak, 2Q0B)e high organic matter content mixed with the high
proportion of fine particles in mostmaworm casts would increase their ability to retain
more water than the bulk sdilavelle, 1988) However,Lipiec et al. (2015)eported
greater water repellency of old earthworm casts compared to the bulk soil. This was
assigned to the high hydropholbgyer of organic carbon coating the surface area of the
casts during ingestion (1.99 vs 1.30 % organic carbon in casts vs in natural soil aggregates
respectively). These contrasting effects could be dependent on organic matter quality and

aging effect of asts on water retention.
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2.3.5. Identified knowledge gaps

Compared to soil water infiltration, the impact of earthworms on soil water retention and
storage is less well studied. Studies exist that consider all three ecotypes of earthworm,
but the majority of ®idies focus on endogeic species, particularhjocaliginosaTable

A2). Studies either measure the water content of soils, the ability of earthworm casts to
retain water under different soil water pressures or water repellency of earthworm casts.
L. terrestrisandL. rubellusare the main anecic and epigeic species studied. Studies that
considered anecic earthworms focus on compaction due to burrowing activity and rates
of waterinfiltration through burrow walls. Studies using epigeic earthworms dinegs

ability to maintain soil cover with low rates of litter loss which results in low water
evaporation and the capacity of their casts to retain water. Studies in which earthworm
numbers were manipulated reported a positive effect of the presencéhefcears on

soil water storage and related this to burrow characteristics, cast age and levels of organic
matter present. Most studies that consider the impact of earthworms on water storage are
laboratorybased and used individual soils ranging in texfuoen sandy and silty loam

to clays, though the majority of studies used sandy and silty loams. Studies using suites
of soils did not report textural information. Experiments conducted under a particular

cropping system, or where soil water retention cuwe® drawn, are also infrequent.

The following are the identified knowledge gaps arising from the reviewed literature that

should be pursued:

- There s currently little consideration in the literature as to how soil texture impacts
on the effect thatarthworms have on soil water retention when earthworm

ecotype, earthworm density, soil density and soil organic matter content vary.

- Studies involving common earthworm species in Europe and globally are required,
particularlyLumbricus terrestriganeci¢ Aporrectodea caliginosAA. chlorotica
(endogeic) and.umbricus rubellugepigeic)to investigate their impact on soil

water retention in order to better understand the role earthworms play in soil water
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regulation. The impact of ecotype/species co@ealuated both by comparison

between and within ecotypes;

Since different earthworms occupy different positions in the soil, water release
curves for soils at different soil depth should be produced. Also, earthworm
population density could be studied bgmparing the influence of abundant,

reduced and ambient densities in different soil types;

Most experiments reported in the literature were performed in vegetsgmsoil
but most soils are vegetated. Carrying out experiments in the presence ehdiffer
crop types would highlight the relative effects of crops and earthworms on water

retention and any interactions that exist;

Organic matter (OM) pools in soils are modified by earthworms and this in turn
may impact water retention. The composition ajasic matter may affect the
hydrophilic nature of casts and the location of OM in the soil may be relevant.
Experiments where different organic matter compositions are used should
emphasis the hydrophilic nature of casts (e.g. by measuring casts watenogpe
indexor water drop penetration tinf€osentino et al., 2010pf different ecotypes

of earthworm and its effect on soil water retention. Characterization of
geomorphology and topography of the hydrophilic/hydrophobic surface layer
coating soil partles of casts, using electronic microscopy for example, will help

understand the processes;

Most studies were undertaken in the laboratory; field experiments where
treatments are exposed to natural condition would be more effective in transferring

knowledye into practice.;

Earthworms are reported to improve crop growth through different processes (e.g.
nitrogen mineralization, root aeration), it is likely that this is due in part to changes
in water storage as a result of earthworm presence. This castéé terough

experiments where soil water storage is measured in the presence of earthworm.
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Once the effects are established, crop growth could then be examined at different
levels of soil water storage. Further experiments examining the processes by

which earthworms/plants impact on soil water storage are to be considered.

2.4. ldentified experiments for the thesis

On the basis of the knowledge gaps identified above, the following experiments were

designed:

- An initial laboratory experiment (Chapter 3) was aairiout to determine the
effects of two different earthworm ecotype$e anecid.umbricusterrestrisand
endogeicAllolobophora chlorotica- on the percentage watstable aggregates
and watetholding capacity of three different soil textures. The upper and lower
soil layers were investigated;

- On the basis of the initial experiment results, laboratory experiments with the
vertical burrowingearthwormL. terrestris (Chapter 4) and lateral burrowing
earthwormA. chlorotica(Chapter 5) were carried out in order to determine their
effects on soil physicbydraulic properties anathether these effects are different
in the presence of plant rootsichin soils of three different textures. An
experimental design was used to investigate the effects oodditions where

earthworm burrows are not well drained;

- Afield experiment (Chapter 6) was carried out to test the effects of earthworms
on soil phgico-hydraulic properties in ambient environmental conditions.
Physicehydraulic properties were measured in different fields of three differently
textured soils. Changes in soil water flow were measured over different seasons

of the year.

The detailed aim and measured parameters of each experiment are given within the
relevant chapters.
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Chapter 3

Impact of different earthworm ecotypes on water

stable aggregates and soiater holding capacity

3.1.Declaration

This chapter is presented asubmitted paper for publication without changes to the
original submitted main text. The paper was written in the style of European Journal of
Soil Science to which it was submitted. For consistency and ease of reading, headings
have been numbered, figuresd tables inserted and renumbered and citations changed to
follow the standard for this thesis.
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3.2.Summary

It is widely accepted that earthworm activity underpins a number of soil properties that
give rise to valuable ecosystem services. However, earthworms occupy a range of
ecological niches and different ecotypes may have different impacts on soil projterties.

is important to understand these differences as different soil management techniques may
favour different earthworm ecotypes. We carried out mesocosm experiments using either
the anecic earthworrhumbricus terrestrisor the endogeic earthwormllolobophora
chloroticaand a loam, silt loam and sandy loam to investigate the differing impact of
these ecotypes owater stableaggregate (%WSA) and soil water holding capacity
(WHC) two soil properties that underpin many of the ecosystem services provided by
soils. Earthworms significantly increased %WSA-865% and 1953 % forL. terrestris

andA. chloroticarespectively). FoL. terrestristhis increase was significantly greater in

the upper 6.5 cm of the soil where their casts were more obviously presehnlorotica
treatments significantly increased WHC byl@ %. Despite causing an increase in
%WSA in all three soilsl.. terrestrisonly caused a significant increase in WHC in the
upper 6.5 cm of the sandy loam soil. Nevertheless, a significant nslaijpobetween
increases in %WSA and WHC was found for both earthworm species. Overall, the
earthworms increased soil %WSA and WHC but the significant species / ecotype
differences need to be considered in discussions of the beneficial impacts of earthworms

to soil properties.

Keywords: Earthworms].umbricus terrestrisAllolobophora chloroticawater stable

aggregates, water holding capacity.
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3.3.Introduction

In order to develop sustainable agricultural management systems that deliver a range of
ecosystem services a full understanding of the impacts of soil fauna on soil properties is
required. Soil macrofauna use the soil as a habitat and a source of famhaaequently,

they exert a large influence on the physical properties of soils through the diversity and
abundance of the structures they prod@8eivin and KohlesMilleret, 2011) They
change the structure of soil, water flow and retention, soil aeradiuh resistance to
erosion (Lavelle et al., 1992)These changes in turn affect the ecosystem services
provided by soils such as being a medium for plant growth and providing storage and
filtration of water(Edwards, 2004, Li et al., 2013, Zhang et ab1&) Soil macrofauna
change soil structure by modifying soil aggregation and por(&ityitalo and Le Bayon,

2004) The space between aggregates and its distribution allows air and water retention
and exchangéGuber et al., 2004, Saha and Kukal, 20E5)il aggregates contain the
majority of organic carbon of the soil and contribute to water retention and nutrient release
for plant growth(Ramachandran Nair et al., 2010, Cornforth, 196®)l water holding
capacity (WHC) is one measure of water retamaind is an important soil parameter for
monitoring soil function and procesdg$ong et al., 2013, Rousseva et al., 20175 a
function of a variety of soil properties including texture, organic matter content and soil
aggregategSaxton et al., 19868Hudson, 1994)is easily measurable and is a key factor

in soil ecology as it influence the distribution and dynamics of animal and plant

populationgBIO Intelligence Service, 2014)

Earthworms are major ecosystem engineers in the soil and influencgraoture by
creating macropores through their burrowing activities and play an important role in
aggregate formation and stabilisation through the ingestion and egestion(bésaind
Foster, 1991, Six et al., 2002, Snyder et al., 20B8)thworms an be grouped into three
ecological nichegBouché, 1977)Epigeic earthworms (e.gumbricus rubellugsare litter
dwellers that consume plant residue on the soil surface and rarely ingest mineral soil;
endogeic earthworms (e Allolobophora chloroticainhabit the upper levels of the saill,
construct narrow branching sinuous burrows and rarely come the 8wil surface and;

anecic earthworms (e.gumbricus terrestris which are deep burrowers that typically
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inhabit semipermanent deep burrows and feed on organic litter which they collect from

the soil surface.

Epigeic earthworms have littldirect effect on soil aggregation because they rarely
burrow within the soil(Shipitalo and Le Bayon, 2004iHowever, the precise role that
anecic and endogeic earthworms play in modifying key soil properties is still unclear.
Some studies indicate that earthworngmiicantly increase soil water stable aggregates
(%WSA) relative to aggregates of the same soil without earthworms. For example
Ketterings et al. (1997 @9ndHamilton et al. (1988jneasured an increased %WSA in soil
dominated by.. terrestris Bossuyt etl. (2005)andBlanchart (1992)eported an increase

in %WSA in repacked soil in the presence of the endogeic earthwaltatsbophora
caliginosa and Millsonia anomalarespectively. In contraslanchart et al. (1997)
showed that the addition of the endogeic spelleanomala Chuniodrilus zielaeand
Stuhlmannia poriferdo intact soil decreased %WSA compared to treatments without
earthworms addition at-B cm soil depth, but increased %WSAaatepthof 10-15 cm
although the legacy effects of old earthworm casts in the intact soil caused them to
question their results. No differences between species were def#wead.and Schrader
(1993) reported that the anecic. terrestris and endogeicAllolobophora caliginosa
species either had no effect on the %WSA compared to natural arable soil aggregates
(Zhang and Schrader, 1998y decreased the %WS£Schrader and Zhang, 1997)
depending on soil type. In contr@gtorrectodea longdecreased the %WSA (Zhang and
Schrader, 1993). However, all three species always increased the %WSA compared to

mechanically produced artificial aggregates

Whilst in generalstudies support an increase%WSA in the presence of earthworms
(Swaby, 1950, &8wards, 2004, Edwards and Bohlen, 198@ye are relatively few studies

on the impacts of earthworms on soil WHC. The majority of studies consider the impact
of soil water content and soil WHC on earthworm distributions rather than the influence
of earthwvorms on these properti€Schneider and Schroder, 2012, Palm et al., 201®)

few studies that exist are superficially contradictory, but this is most likely because they
measure different thing&magin and Prusak (2008ndErnst et al. (2009)eportedan

increase in WHC in the casts of epigeic earthworms from laboratory experiments and
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Stockdil and Cossens (1969gported an increase in WHC whén caliginosawas
introduced toa pasture field, dugo an improved soil structure. Howevéinst et al.
(2009) observed a decrease in soil water storage in laboratory experimentsLusing
terrestrisor A. caliginosaspecies due to increased evaporation because of the created
biopores increasing soil aei@t. In field experiments with kaolinitic soils and tropical
earthwormsBlanchart et al. (1999pund that compacting endogeic specksrtoscolex
corethrurus or Millsonia anomalg increased WHC whereas decompacting endogeic
species (eudrilid earthworms) decreased WHC. How®leujn et al. (2007bbserved a
decrease in WHC in laboratory experiments using a sandy soil in the preskhiteafia
anomala demonstrating the compléxteraction between earthworm type, soil properties

and the influence that earthworms have on those properties.

Here we report an experiment to investigate the impact of two earthworm species that are
common in the UKNatural England Commissioned Report NECR145, 20h46WSA

and soil WHC. Our experiments use the anecic earthvikommbricus terrestriand the
endogeic earthwormllolobophora chlorotica These earthworms were added to loam,

silt loam andsandy loam soils. We measured the %WSA and WHC in the upper and lower
portions of the soil in order to investigate the spatial variation of changes in these
properties due to earthworm activity. We hypothesised that iderrestris and A.
chloroticawill have different effects on the measured soil properties due to their differing
ecologies, ii) they will increase watholding capacity in all soils because of improved

soil structure and iii) the least effects will occur in soils with higher organic matter

contents due to the significant role that organic matter plays in controlling soil properties.
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3.4.Materials and methods

3.4.1. Soils and earthworm selection and mesocosms establishment

Soil was collected from the top 20 cm from three fi€Big Substation East, Valley and
Copse) at the University of Leeds commerci
soils are Cambisol@VBR, 2006)and have different texturegach soilwas air dried,
sieved at 2 mm, and t ho anylegatyleffectshobpresique ni s e ¢
earthworm activity. Basic soil properties and land management information are presented

in Table 3- 1. pH was determirteon 1:2.5 soil: water mixturgMinistry of Agriculture

Fisheries and Food, 19863ing an Orion 420Aplus pH meter (Thermo orion, USA), soil

organic matter content by loss on ignition at 35@&@ub and Boyd, 1994, CEAE, 20Q3)

field dry bulk density usig soil density rings of 95 chvolume and soil texture using a
MasterSizer2000 laser particle size analyser (Malvern Instruments, UK). A standard sand
(SiOy, CAS 1480850-7) was used as an in housgerence material for the particle size

analyser which reported the mean grain size distribution at thé&@0and 9¢" percentile

to within 1% percent.
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Table 3- 1. Physical and chemical properties of soils selected for the experiment (mean + standard
deviation,n = 3 apart from forfield dry bulk density measurements where= 2 and both
measurements are given

Field Clay/% Silt/%  Sand /%

_ Organic  dry
Field name Land
Use pH matter bulk , . 50-2000 Texture
1% density < -5 € e m
/g cnm®
771+ 341+ 196 gaa: 4365+ 4702+
Copse Arable Loam (L)
0.10 0.19 0.44 2.02 2.46
1.54
Big 1.38
_ 764+ 360t - 432+ 5212+ 4356+t Siltloam
Substation Arable _
0.11 0.22 0.13 1.49 1.61 (SiL)
East 1.51

727+ 959+ 122 308+ 4157+ 5535+  Sandy

Valle Pasture
y 0.05 0.02 1.14 0.54 6.08 6.60 loam (Sal)

For each soil, 300 g of air dristil were wetted with deionized water up to a gravimetric
water content of 30 % to sustain earthworm actiflipwve and Butt, 2005, Butt and Lowe,
2011, Berry and Jordan, 200The moist soil was put in sealed laboratory bags punctured
with pin holesto prevent earthworms from escaping but to allow the exchange dhair.

soil bags were placed in plastic beakers to support the soil and to give columns of soil of
approximately 7 cm diameter and 13 cm height. The soil was then stored at 15 °C until
the adlition of earthworms.

Clitellate, adult earthworms of the vertical burrowing, ankammbricus terrestrisind the
horizontal burrowing, endogeiéllolobophora chloroticaspecies were used in this
experimentL. terrestriswere purchased from Blades Biologi Ltd. (Edenbridge, UK)
andA. chloroticawere collected from the same fields as the test soils and identified using

the OPAL earthworm identification keyones and Lowe, 20Q9)he earthworms were
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rinsed with deionized water and acclimatized in comiatontaining the test soils at 15

°C in darkness. After 3 days, the viable adult earthworms were rinsed again with deionized
water, dried with tissue paper, weighed and added to the mesocosms to give leither 2
terrestris(9.04 + 0.52 g) or &. chlorotca (2.16 + 0.11 g) per mesocosm£ 12 per
species). These earthworm loadings are equivalent to densities of 540%ifat in
terrestrisand 2100 ind M soil for A. chlorotia, far greater than those typically found in
pasture fields (100 ind ®for L. terrestris Ernst et al. (2009), Palm et al. (2013), Rogasik

et al. (2014)200- to 800 ind n? for individual adults of endogeic species suchAas
chlorotica; Capowiez et al(2015), Ernst et al. (2009), McDaniel et al. (2Q15)d were
usedto clearly establish possible earthworm effects over the timescale of the experiment.
The mesocosms (4 replicates of control and earthwasent treatments for each of the
three soil tetures for each species) were maintained in a controlled environment room
(15 £ 1°C and 60 £ 7 % rh) for 40 days. They were weighed initially and then every week
with any mass loss being corrected by addition of deionised water to maintain a constant
soil moisture content. At the end of the experiment earthworms were removed, rinsed with

deionized water, dried with tissue paper and weighed.
3.4.2. Soil physical properties measurement

The percentage water stable aggregates (%WSA) and water holding capacity (WHC) of
the soils were measured at the start of the experiment. At the end of the experiment the
soils were divided5iamp d&mg pAYanseadddsai( 00 (

and WHCmeasured for soil from each depth.

The %WSA was measured using bespoke wet sieving equipment (Wet Sieving Apparatus;
Eijkelkamp soil and water Agrisearch Equipment Art no. 08.13) with gugb8ieve size

and airdried soil that was previously sieved toi 22 mm. Unstable aggregates were
broken up and collected by raising and lowering the soil sample into water at a rate of 34
times per minute for a period of three minutes. Material <r#&0passed through the

sieve and was collected, oven dried at 105 °C and weighed. A dispersing solution of
sodium hexametaphosphate was then added and the process repeated to break up and

collect the water stable aggregates, leaving primary particles u@6behind. The
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%WSA was calculated, after correction for the mass of sand >250 um, as the weight of
waterstable aggregates divided by the total weight of aggre(slifleret et al., 2009a,
Kodegov§8 e tWHGWwas detertnihédd Following the method of ISO 11268
2:1998. In brief a soil sample was saturated, allowed to drain until it stopped dripping and
then the moisture content was determined by drying the soil at@.0bhe WHC was

determined as the mass of water held in the soil against gravity.

3.4.3. Statistical analysis

For each treatment %WSA and WHC were analysed usingvayoanalysis of variance
(ANOVA) with soil texture and earthworm presence/absence as the factors. Tukey's
honestly significant difference (HSD) procedure was used for pairwise comparisons. All
computations were made using SPSS (IBM Corp. Released 2016, versighwalt)es

of < 0.05 were used as the threshold for significance. We assessed relationships between
%WSA and soil WHC forL. terrestris and A. chlorotica using linear regression.
Differences in the slopes and intercepts of the regression lines were testhdirfor
significance between species using GraphPad Prism (GraphPad, Inc. Released on
November 2017, Version 7. 04).
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3.5.Results

3.5.1. Earthworms biomass

All the earthworms were recovered at the end of the experiments. The mean inass of
terrestrisearthworms decreased significantly over the course of the experiment in all three
soils(F1,18= 48.8,p < 0.001) whereas the mass of thechloroticaonly decreased in the

L and SiL soils F1,18=535, p<0.01)(Table 3- 2).

Table 3- 2. Mean total. terrestrisandA. chloroticamass (g) at the start and end of the

experiment i = 4 replicates, = standard deviations)

Earthvvprm Soil texture Initial total earthworm  Final total earthworm
species mass /g mass /g

Loam* 8.88+0.41 6.60 + 0.39
L. terrestris Silt loam* 9.18+0.71 7.30+0.81
Sandy loam* 9.08 £ 0.61 7.76 £0.78
Loam* 2.15+0.05 1.56 £ 0.10
A. chlorotica Silt loam* 2.20+0.10 1.74 £ 0.09
Sandy loam 2.16 £0.15 2.11 £0.13

*The mean difference between the initial and final mass for the given soil texture is significant at the 0.05

level.

3.5.2. Water stable aggregates (%WSA)

Figure 3- 1 (L. terrestrig and 3- 2 (A. chloroticg show the %WSA at the beginning and
end of the experiments. At the start of the experiment the SaL showed a significantly
greater %WSAthan the othetwo soils F29 = 28.1, p < 0.001) The addition of both
earthworm species increased significantly the %WSA in the upper and lower soils
compared to the control and the initial spil(0.01). The %WSA of the initial soil was

between that of the earthworm present and the control treatments for the upper and lower
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soils and for both earthworm specips<(0.05). At the rd of the experiment arfdr both

sampling depths, SaL soil had thighest value of the %WSA and L and SiL soils were

not significantly different from each othgry € 0.001)
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Figure 3- 1. Mean percentage of water stable aggregates of upper soils (a) and lower soils (b) in

the presence (Soil + Earthworms) and absence (Contrbl)tefrestriswithin each soil texture.

Initial soil is the soil at the start of the experiment. Letters refsoitdextures; L: Loam, SiL.:

Silt loam and SaL: Sandy loa@olumns with the same letter over them are not significantly

differentwithin each soil texturgn = 4, bars = standard deviations).
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Figure 3- 2. Mean percentage of water stable aggregates of upper soils (a) and lower soils (b) in
the presence (Soil + Earthworms) and absence (Contral) dfloroticawithin each sail
texture. Initial soil is the soil at the start of the experiment. Lettersteefanil textures; L.
Loam, SiL: Silt loam and SalL: Sandy loa@olumns with the same letter over them are not

significantly differentwithin each soil texturgn = 4, bars = standard deviations).
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3.5.3. Soil water holding capacity (WHC)

WHC of the soils at the start and end of the experiments are shdviguire 3- 3 (L.
terrestrig andFigure 3- 4 (A. chloroticg. Initially the SaL soil had the highest, and the

L soils the lowest, WHC respectivelif{s = 96.3 p < 0.001). There was a significant
difference in WHC in the upper soils between theterrestris present and absent
treatmentsKi1,18= 8.2 p < 0.01) but the pairwise comparison indicated that the difference
was only significant for the SalL soip & 0.001) (Figure 3- 3a). In theL. terrestris
experimentlower soils Figure 3- 3b), no significant effect was associated with the
presence / absence of earthworms. There were no significant changes in WHC over the
course of the experiment except for the earthwprasentSalL upper soil. In contrast to

L. terrestris A. chloroticacaused an increase in WHC in both the upper and lower soils
for each soil texture relative to the initial soil and the earthwalosent treatmenp (<
0.001) Figure 3- 4).
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3.5.4. Links between earthworms, %WSA and WHC

For each experiment and for each soil, except fol_therrestrisand L soil there is a
statistically significant strong (i.@.< 0.001r > 0.5,(Cohen, 1988)positive relationship
between the %WSA and soil WHEigure 3-5). Although the strength of the correlations
is greater for theA. chloroticathan L. terrestrisexperiments the slopes of the linear
regressions are not significantly differérgtween species for each soil texture. However,
the intercepts of the linear regressions are significantly highe®(001) forA. chlorotica

and for the L and SiL soils and also when the data for all three soil types is plotted together.
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3.6.Discussion

3.6.1. Earthworms biomass

In our experiments we deliberately did not feed the earthworms in order to encourage
them to intensely process the qddibbott and Parker, 1981 almost all the treatments

the earthwams still lost weight Table 3- 2). The decrease in mass of the andcic
terrestrisis typical and reflects their feeding preference of surface grazing on decaying
organic matteLavelle, 1997) Although A. chloroticais an endogeic earthworm and
feeds by consuming soithe earthworms still lost weight over the duration of the
experimet except in the SalL soil which has theeatestorganic matter content, and

therefore presumably more available foddlfle 3- 1).

3.6.2. Impact of earthvorms on %WSA

The addition of both earthworm specggnificantlyincreased the %WSA of the upper

and lower soil comparedd the control. Our results agree with reported increase of %WSA

in the presence of earthworrSwaby, 1950, Edwards and Bohlen, 1996, Ketterings et

al., 1997) although in these studies it is not always clear what depth of the soil was being
inspectedL. terrestrisincreased %WSA by 10 £ 0.32 % in upper soils relative to lower

soils, whereas foA. chloroticathere was no difference in the increase in the upper and

lower soils (betweer3 . 92 and 0.04 %) . This i s consi si
surface casting behaviour that will result in an accumulation of captimduced

aggregates in the surface layer compared to endogeics mixing soil and making extensive
burrows filled with cast§Pérés et al., 1998, Whalen et al., 2015)

For both earthworm ggies, the Sal soil showed theeatesvalues of %WSA and the

lowest increase in the presenceeafthworms Eigure 3- 1, 37 2). Increased organic
matter content of soils also leads to better soil aggregétiaynes, 2005, Alag6z and
Yilmaz, 2009) Although clay particles also play an important role in soil aggregation
through intimately binding to soil organic matter city contents of < 10 % such as in

the soils used in these experiments the effects are far less significant than those related to
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organic matter conteifllison, 1973, McBride and Mackintosh, 198%gaL is a pasture

soil rich in organic mattewhilst SiL and L are arable, have relatively low organic matter
contents and, asresult, had lower initial %WSAdu Preez et al., 2011, Haynes et al.,
2003) Our results suggest that the contribution of earthworms to aggregation is more
important in lower organianatter soils. Perhaps in these soils the contribution of
earthworm mucus to organic binding agents is more important for aggre¢i&tionles

et al., 2016, Schomburg et al., 2008}he stimulation of fungal activity via the increased
supply of soluble @anic compound@arle, 1963, Rashid et al., 2016, Montecchio et al.,
2015) is more significant due to the background of lower organic matter which might

otherwise supply these effecEEdure 3- 6).

Similarly, significant differences betwedn terrestris and A. chlorotica effects on
%WSA are only evident in the SaL soil which has the highest organic matter content. It
seems likely that the high orgammatter content of this soil is responsible for the majority

of the %WSA and that the limited processing of soil by the aneciterrestrisis
insufficient to further increase %WSA whereas the more intense soil processing by the
endogeicdA. chloroticais.
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Figure 3- 6. A conceptual model of the relationship between water stable aggregate formation
and soil organic matter content in the presence and absence of earthworms. The dotted line is the
difference between the earthworms absent and earthworms present linegesehtethe
enhanced formation of aggregates due to the presence of earthworms. Insert shows percentage
organic matter content of each soil texture used in the current expetiaeptesented ihable

3-1; L: Loam, SiL: Silt loam and SaL: Sandy loam.

Although our results are in agreemeuith the positive effect of earthworms on %WSA,
they contrast the findings Mfilleret et al. (2009ayvho found tha. chloroticadecreased

the % WSA. The lowA. chloroticadensity used in their experiment and a laboratory
temperature higher than the optm temperature for earthworm activigutt, 1991)

could have reduced the intensity of soil processing relative to our experiment despite the
experiment lasting for 35 weeks. In additiddilleret et al. (2009akterilized their soil

with gamma irradiadbn resulting in the removal of microbiota which may play an
important synergistic role with earthworms in soil stabilisation and aggred&tosier,

1990) In another experiment with similar conditidvgdleret et al. (2009bjound that the
presence oplants partly reduced the decrease in soil aggregationAthahlorotica

caused. The slightly enhanced soil aggregation was attributed to-onganisms that
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feed on carbon from exudates released by plant roots. In a separate experimdnt using
terrestis Shuster et al. (2000pbserved no increase in %WSA in the presence of
earthworms. However, these authors conducted field enclosures experiment with an initial
immature and adult. terrestrisearthworm at a density of 100 ind?nfar lower than the
dersity of 540 ind ¥ that we used.

3.6.3. Impact of earthworms on WHC

Various studies indicate thgteater%WSA results in areaterWHC (Franzluebbers,

2002, Zibilske and Bradford, 2007, Suzuki et al., 2007, Blanchart et al., 1999, Jackson,
2014, Basche etl., 2016) Similarly, our linear regressianalysigFigure 3- 5) showed

a significant increase in the WHC as the %WSA increases. drhparable slpes from

the regressions of th#e. chloroticaandL. terrestrisdatareflect a consistent relationship
between increases in %WSA and WHC. Despite the positive relationship seen in the linear
regression, our analysis of variance indicates that there was not always a significant
increase in WHC due to earthworm processingthle Whilst,A. chloroticasignificantly
increased the WHC relative to the controls in all soil textures and for both the upper and
lower soils, it is only for the SaL upper soil that a significant increase was seken for
terrestris For the L and SiL pper soils, the presence lof terrestrisslightly increased

the WHC but not significantly, presumably because the increase in %WSA of those soils

was not high enough.

The significantly different intercepts of the regression lines forAthehloroticaard L.
terrestrisdata indicate a greater underlying impact on WH@\bghloroticathan byL.
terrestrisseparate from any %WSA effect. This could be tuthe different burrowing
behaviour of the earthworm speci@schloroticaproduces many tortuous shindiameter
burrows through the so{Pérés et al., 1998yhich help to hold more water wherdas
terrestrisproduces a smaller number of continuous and wider diameter (@apswiez

et al.,, 2015) A simple approach for verifying this would be to perfommfltration
measurements at different tensions and produce water release curves for different soils

that both species have processed. Comparable slopes and intercepts in the Hgusoil (
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3 - b¢) are consistent with the high organic matter content dominating the %WSA and

WHC, rather than earthworm activity.

3.7.Conclusion

In these experiments by using carefully controlled conditions we d@wvenstrated that
earthworms have a significant impact on an important hydrological property (WHC),
presumably via the formation of %WSA but alsodilier speciespecific mechanism,

most likely theirburrowing behaviourThis shows that earthworms can tidyute to
important ecosystem services such as increased water storage by soils and increased
availability of water to plants to support crop growth. We have shown that different
earthworm ecotypes have different effects, due to their differing lifesiyiéshature of

the burrows, and effects can differ with position in the soil mesocosm; further the effects
are also a function of soil organic matter which also plays an important role in aggregation
and water retention. This helps to explain some of tinéradictory work in the literature
regarding the impact of earthworms on these properties. It also highlights the point that
caution should be exercised when generalising about the impacts that earthworms have
on soil properties and processes. To bettelesstand the impact of earthworms on soil
hydrology further experiments are required that use a more realistic earthworm density.
In addition,plant roots are known to have significant impacts on soil hydrdMdpalley

and Dexter, 1994, Beven and Germal®B82)and therefore experiments that consider the

relative impacts of plant roots and earthworms on soil hydrology are warranted.
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Chapter 4

The interacting effects of the anecic earthworm
Lumbricus terrestriswinter wheat roots and soil

texture on hydraulic function

4.1.Declaration

This chapter is presented as submitted paper for publication without changes to the

original submitted mai text. The paper was written in the style of Hydrological Processes

to which it was submitted. For consistency and ease of reading, headings have been
numbered, figures and tables inserted and renumbered and citations changed to follow the

standard for tis thesis.

89



The interacting effects of the anecic earthwornbumbricus terrestris,

winter wheat roots and soil texture on hydraulic function

Running title: L. terrestris& root interaction effects on water flow

Jamal HALLAM'?, Mark E. HODSON, David A.ROBINSON, Joseph HOLDERN

1 University of York, Environment Department, Wentworth Way, Heslington, York,
YO10 5NG, UK, jh2066 @york.ac.uk mark.nodson@york.ac.uk

2 National Institute of Agricultural Research of Morocéwenue des FAR. B.P. 124

Inezgane Agadir Moroccgamal.hallam@gmail.com

3 Centre br Ecology & Hydrology, Deiniol Road, Bangor, UK LL57 2UW
davi2@ceh.ac.uk

‘water@leeds, Schoobf Geography, University of Leeds, Leeds, LS2 9JT, UK

j.holden@]leeds.ac.uk

Acknowledgement

This research was supported by the Islamic Development Bank and National Institute of
Agricultural Research of Morocco. We thank Dr. Inma Robinson from the Centre for
Ecology & Hydrology of Bangor and Dr Sylvia Toet and Dr. Claire Hughes fthe
University of York for their assistance.

90


mailto:jh2066@york.ac.uk
mailto:mark.hodson@york.ac.uk
mailto:jamal.hallam@gmail.com
mailto:davi2@ceh.ac.uk
mailto:j.holden@leeds.ac.uk

4.2. Abstract

Earthworms, and the burrows they make, play an important role in regulating water flow
across the landscape. This study examines the combined effects of the vertical burrowing
anecic earthwornLumbiicus terrestrisand crop roots, on soil hydraulic properties.
Replicate § = 4) soil columns30 cm high and 11 cm diameter with the presence and
absence of both individual winter wheat plants adndterrestris earthworms were
established for loam (LXilt loam (SiL) and sandy loam (SalL) soils. Soil water flow
measurements were carried out under undrained soil conditions where earthworm burrows
have a finite length so that water flow through the soil matrix was considered. The
hydraulic conductivity atlifferent tensions was mainly controlled by plant ro&tsi{e =

21.3pO 0.001) compared to earthworms. Althou
SaLsoilpO 0.05), field saturated hydrauwlic co
terrestris, with the Plant + Earthworm treatments having the greatest value (up to 270 cm
day?). The combined effect of plants and earthworms reduced the amount of water present

in L soil as the soil dried in the range 10 to 1500 kPa. The presence of earthwdmas ha
significant effect on either water holding capacity or the percentage of water stable
aggregatesrelative to the treatments without earthworri$ie results indicate that

vertical burrowing earthworms can have a significant impact on the hydraytierpes

of soils, but when these burrows do not connect to field drains, or an underlying more

permeable layer, the impact of plant roots is more significant.

Keywords: Lumbricus terrestrishydraulic conductivity, combined effect, earthworm

and plantroot interaction, soil physical properties, macropores.
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4.3. Introduction

Earthworms have long been recognized for their contribution to ecosystem functions
through their action on soil procesgB#ouin et al.,2013, Edwards, 2004, Darwin, 1881)
Among the ecosystem services, water regulafMiiennium Ecosystem Assessment,
2005)is influenced by earthworms through impacts on soil water transfer and storage
processegCapowiez et al., 2014, Ernst et al., 2009tkanen and Nuutinen, 1998,
McDaniel et al., 2015) Different ecological groups of earthworms have different
burrowing and bioturbation strategi@ouche, 1977gach of which may influence soil
water movement and stora@féhan, 2004, Joschko et al., 299e Couteulx et al., 2015,
Bastardie et al., 2005b)

The anecic specied,umbricus terrestris produce deep and large burrows, lacking
branching,(Shipitalo and Butt, 1999, Capowiez et al., 20ftigt have been shown to
contribute to water movement through well drained ¢bilscher et al., 2014, Chan, 2004,
Bouche and AlAddan, 1997). terrestrishas been associated with a substantial increase
of both flow rates and volume of soil water flow field and laboratory experiments
(Shipitalo et al., 1994, Capowiez et al., 2015, Edwards et al., 1989, Shipitalo et al., 2004)
However, in those experimentsterrestrisburrows were either connected to the bottom

of the soil coreor to an installed dma within the field. This situation generates free
drainage conditions and may lead to an eestrmation of the water flow through the
burrows for some environments. In practice, earthworm burrows often have a finite length
terminating within the soil mek at their lower end and so water flows through the soill
matrix over the wall of the watdilled burrows (Smettem, 1992)The walls of the
accessible bioturbated burrows provide an additional water contact area where water
could flow through into the domatrix (Bastardie et al., 2005aJhis may increase the
plant available soil water and therefore affect plant grqBtmnckiser, 1997, Blouin et

al., 2007)

L. terrestrisis one of the most thoroughly studied and globally widespread species of

earthwom (Gailing et al., 20123nd is the second most frequently reported anecic species
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in England(Natural England Commissioned Report NECR145, 2014, Kutschera and
Elliott, 2010) L. terrestriswas used in our study due to its abundance and potential for
impad on soil water flow due to its burrow morphology. In addition to burrow
morphology effects, the increased flow of water througterrestrisworked soil may be

due to other factor&arthworns ofteninfluence the development of soil aggregates and
strucure(Jouquet et al., 2012, Bottinelli et al., 2015, R&gaitas and Blouin, 201530il
porosity and compactiofClause et al., 2014, Larink et al., 2001, Bottinelli et al., 2015,
Jouquet et al., 2012)nacropore size and number of openi§mettem and alis-
George, 1985, Ehlers, 1975pil texturg(Wang et al., 2013, Yang et al., 2014, Fischer et
al., 2014) soil organic mattefHudson, 1994, Lipiec et al., 2015, Stockdihd Cossens,
1969, Luo et al., 2010nd the interaction with plant root biopor@uiz et al., 2015,
Weiler and Naef, 2003jay all be important to water transfer.

Plant roots also create biopores that improve water flow within the soil and promote the
development of stable aggregates and soil stru¢tyssels et al., 2005, Ghestem et al.,
2011) However, the formation of biopores by plant roots causes less ititurton
average than the formation of earthworm burrows (1 Kgym' compared to 100 kg 'rh

yr) (Ruiz et al., 2015and therefore might impact less on soil hydrology compared to
earthworm burrows. The biotic interactions between earthworms and manht r
bioturbation are very complex and may influence soil hydrology. Just as earthworm
burrow morphology could be modified by plant roots, so root distributions are influenced
by earthworm bioturbatio{Springett and Gray, 1997 the presence of earthwos,

plant roots can easily penetrate the soil by exploiting earthworm burrows which in turn
can lead to increases in root biomass, indirectly affecting soil aggregatoec et al.,

2016, Ruiz et al., 2015, Colombi et al., 2Q1EQually, the presencé plant roots in soils

can modify the number and distribution of burrows produced by newly added earthworms
(Springett and Gray, 199 More burrows are created in topsoils when roots are abundant
compared to lower in the profile where there are fewes(&yringett and Gray, 1997)

Both earthworm bioturbation and plant rooting restore soil physical properties, by
increasing soil porosity, water stable aggregates and decreasing soil erd@ilahghart

et al., 2004 and these properties should alsduahce soil water flow. However, despite

some knowledge of the effect of plant roots and earthworm bioturbation activity on water
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flow and soil physical properties, little is known about the impact of their interactions.
Detailed information about the imtection of earthworm ecotypes and plant rooting
strategies is necessary if we are to understand processes driving soil functions. Such
understanding could lead to the development of earthviwemdly management
practices to help deliver ecosystem servaes improved soil hydrological functioning,

helping to mitigate and buffer extreme events caused by climate change.

To investigate the complex relationship between plant roots, earthworm bioturbation and
the formation of soil aggregates with regards @rttmpact on soil hydrology, we carried

out a laboratory study with the anecic earthwdrnterrestris winter wheat (Skyfall
variety) and three soils with different textures. The study was performed in conditions
where earthworm burrows have a finiteddmand are disconnected from the drainage
system. Unsaturated and field saturated hydraulic conductivity, soil water release curves,
aggregate stability and soil watkolding capacity were measured together with plant
biomass in the presence and absafide terrestris We hypothesize that: i) the presence

of plants will increase soil aggregate stability, hydraulic conductivity and water holding
capacity within soil; ii) by modifying the distribution of hydrologically functioning pore
size classes withirthe soil matrix, L. terrestris will increase the soil hydraulic
conductivity and water retention; iii) because earthworms are more active in loam soils
(Lowe and Butt, 2005, Jongmans et al., 200@&jr modifications of soil physical and
hydraulic propriées will be more significant in L soil than SiL and Sal soils; and.iv)
terrestrisincreases plant biomass production through an increase in water available for

root absorption.

94



4.4. Materials and methods

4.4.1. Experimentaldesign

4.4.1.1.Soil selection and preparation

Topsoil was sampled to a depth of 20 cm in late May 2016 from three Can{liRy
2006)of di ffering textures at the University
200 35 adewsievedda <r2 mm and theragyzed for pH, organic matter content,

dry bulk density and soil particle siz€aple 4- 1) . Soils were repacked into 30 cm high

x 11 cm diameter PVQ@olumns to a dry bulk density of 1.3 g énand wetted
gravimetrically with deionized water up to 80 % to sustain earthworm activiiyowe

and Butt, 2005, Butt and Lowe, 2011, Berry and Jordan, 2@l replicate columns

with the presence and absence of both individual winter wheat plants. &sdestris
earthworms as treatments were established for each soil texture. The height of the columns
was chosen to alloWw. terrestrisearthworms to prodie vertical burrows thaerminated

within the soil matrixabove a buffering soil layer at the foot of the coluBouché, 1977,
Shipitalo and Butt, 1999)

A uniform soil density was achieved in the columns by filling them gradually layer by
layer. Sequeidl 5 cm layers of soil were compacted to the target bulk density and then
moistened with deionized water to the correct moisture content to minimize variations
with soil depth. Vertical paper barriers of 105 cm height were placed at the top of all
thecolumns (including earthworrabsent controls) to prevent earthworms from escaping.

All columns had a 3 cm thick buffer soil layer at their ba9®e top of this layer was
covered with fine nylon mesh with a mesh size of c. 0.5 mm, i.e. significantlyesmall
than the earthwormsdé di ameter to prevent
the base of the columns. The base of each column was covered with wire mesh with a
diameter of 1 mm. The soil columns were weighed, the tops covered with plastic film t
prevent water loss and stored at 15 °C until the start of the experiment (up to a maximum
of 4 days later).
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Table 4- 1. Physical and chemical properties of soils selected for the experinreBtgpart from
for field dry bulk density measurements whare 2).

Field Clay (%)* Silt(%)* Sand (%)

Organic dry
Land Textural
pH?! matter? bulk 50-2000
use _ < 2 ¢ 250 ¢ class
(%) density? em
(g cnrd)
7.73 3.63 156 8.93 45.93 45.14
Arable 7.79 3.31 1'54 8.08 42.09 49.82 Loam (L)
7.62 3.30 ' 8.29 42.93 48.78
7.48 3.86 4.28 51.24 44.47 _
1.38 Silt loam
Arable 7.71 3.46 4.46 53.83 41.70 _
1.51 (SiL)
7.73 3.50 4.21 51.28 44.50
7.26 9.61 3.54 45.11 51.33
1.22 Sandy loam
Pasture 7.33 9.57 2.48 34.55 62.96
1.14 (SaL)
7.23 9.58 3.21 41.56 51.76

! Determined using a ratio of 1 : 2.5 (soil : wat@fnistry of Agriculture Fisheries and Food,
1986) 2 by loss on ignition at 350 °C to avoid decomposition of carbonates during ignition
(Ayub and Boyd, 1994, CEAE, 20Q3)using soil density rings of 95 émolume and using a

MasterSizer2000 laser particle size analyzer (Malvern Instruments, UK ).

4.4.1.2. Crop growth conditions

Before adding thd.. terrestris the columns were planted with pgerminated winter
wheat seedlings Tfiticum aestivum Skyfall variety). Winter wheat seeds were
germinated on Petri dishes kept at room temperature in naturalféighbreedays
Seedlings with 2 cm radicles were transplanted into the soil columns and allowed to grow
for five days under natural light.. terrestriswere then added to the earthwepmesent
treatments and the columns were placed under 50 W LED lfjfdssa et al., 2008,
Schroer and Holker, 2016) a controlled temperature room set at 15+ 1°C and 60 + 7 %
rh. Photosynthetically Active Radiation (PAEvans and Poorter, 2001, Harding et al.,

1990, Bugbee and Salisbury, 1988xs measured at the surface of the soil for each
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column to ensure a homogeneous distribution of radiation and appropriate light levels for
plant growth by adjusting the distance between the LED lights and the plants every week.
The position of the columnsithin each block was changed randomly every week in order

to provide the plants with equivalent lighting. A lighting regime ohb@r days and-8

hour nights was used, and the growing seedlings were watered every week over the 16
weeks of the experimeperiod with deionized water. Plant water needs were estimated
from free water surface evaporation (Pan evaporation mefiat)g et al., 2017, Allen,

1998)

4.4.1.3. Earthworm collection and culturing

Anecic L. terrestris were purchased (Biological Blades Ltd, Bdddge, UK) and
maintained in the laboratory prior to the experiment. Clitellate individuals were selected
for the experimentd.. terrestristo be used in the experiment were moved from the culture
into containers containing the same type of soils useldd soil columns and kept at 15

°C in darknes$Butt, 1991) for three days to acclimatize them to the soil and ensure that
individuals were active and viable. An individlialterrestriswas then added to each soll
column giving a density of 100 ind-f¢Ernst et al., 2009, Palm et al., 2013, Rogasik et
al., 2014) Oven dried milled horse manure rewetted with deionized water was used to
feed the earthworms. A surface application of 20 g &duabinth! of horse manure was
used(Butt, 2011, Butt and Low&011, Lowe and Butt, 2003, Svendsen et al., 2002, Lowe
and Butt, 2005)At the end of the experiment the following measurements were made in
the | aboratory at & 20 AC.

4.4.2. Measurements

4.4.2.1. Plant biomass, earthworm biomass and cast production

At the end of the experiment winter wheat shoots were collected, cutting the stems at the
soil surface, and the fresh biomass weighed. The shoots were then oven dried at 70 °C to
constant weight. terrestrisbiomass was recorded at the start and engeoéxperiment.

L. terrestriscasts (> 2 mm) were collected from the soil surface every week, weighed,
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oven dried at 105 °C for 48 h and reweighed; the rate of cast production over the duration

of the experiment expressed as mg cast per mass of earthwodaypeas calculated.

4.4.2.2. Unsaturated and saturated hydraulic conductivity

There is a range of pore size classifications and an arbitrary value is usually chosen as the
boundary between class@suxmoore, 1981) We defined micropores as those with a
diameter 6< 0.5 mm corresponding to a water tensibphdf -6 cm and mesopores as
those with diameters in the range ©5mm corresponding to water tensions®tm to

-3 cm. For macropores, a pore radius corresponding to a capillary potential of zero is not
defined when using the capillary rise equation. Therefore, following previous work
(Germann and Beven, 1981, Holden, 2008, Holden et al., 281dhose a pore diameter

of 1 mm, corresponding to a water tension-&fcm, as the minimum dimension of
macropors. Smaller and largenacropores are pores in the rangesBlmm and® 3 mm
respectively. Macropore diameters of anecic species in general are wider than 2 mm
(Péres et al., 1998MHere,pores of 3 mm diameter corresponding to a water tensigh of

cm areassumed to be the minimum size of earthworm produced macropores. A Decagon
Mini Disk Portable Tension InfiltrometgfDecagon Devices Inc, 2016yas used to
measure the infiltration properties of the soils at potential, 63, and-1 cm until steady

stae flow was reached. A fine moist sand layer was applied to the column surface to
improve contact between the tension disk and soil su(f&idlene et al., 2011, Reynolds

and Elrick, 1991) Measurements were made starting at the lower tension to avoid
hystaesis effectgBaird, 1997) The VanGenuchten Zhang transient method, proposed

by Zhang (1997)was used to estimate the unsaturated hydraulic conduckyitgr(three
dimensional infiltration. The field saturated hydraulic conductivi€y) (was calcudted

using theReynolds and Elrick (199Bquation assuming that water flows within all pores

of the soil matrix under saturated conditions. The contribution of different pore size
classes to water flow and the proportion of the soil volume in which dledtcurred

were calculated following the procedure presente@/hyson and Luxmoore (1986)
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4.4.2.3. Soil water release curves

Water release curves were measured using a HYPROP device (UMS, Munchen,
Germany). Soil cores of 250 érand 5 cm height were taken from the surface of the
columns and analyzed following the simplified evaporation me(smthindler et al.,

2010, Peters et al.,, 201HYPROP measurement campaigns were modeled using the
HYPRORFIT software to generate the hwdtic function parameters using the Van
GenuchterMualem model(Van Genuchten, 1980Because soil water release curve
determination takes a considerable time to complete, the measurements were limited to
the different treatments applied to the loam sedduse earthworms were seen to be more
active in this soil texturéJongmans et al., 2003, Lowe and Butt, 200% the pore
holding water radius is proportional to the potential value at which that pore drains, the
volume of pores can be determinedfrdmet s | ope of wat eOftheel ease
12 cores from the L soil columns (three cores for each treatment) that were used in the
soil water release determinations two cores were excluded, one from the Soil + Wheat
treatment and the other from the I$dlvheat + Earthworm treatment, because of a power
cut to the Hyprop equipment during the measurements whide tin@ data unusable.

4.4.2.4. Water holding capacity and water stable aggregates

The water holding capacity (WHC) was measured in accordance with 383-211998.

Intact soil cores 3.5 cm diameter x 5 cm high were taken from the soil surface of the
columns. The cores were saturated, allowed to drain for 48 hours and then their water
content was determined by drying the soils to constant weight at 10héQercentage

wet aggregate stability (%WSA) was measured using wet sieving equipment (Eijkelkamp,
Agrisearch Equipment). 250 pum sieves were filled with 4g of t#i rim air dried
aggregates, prmoistened by capillarity for 10 minutes and wet sieve@fiminutes. The
%WSA was calculated, after correction for the mass of sand >250 um, as the weight of
aggregates remaining on the sieve relative to the total initial weight of aggr@dideret

et al., 2009a, .Kodegov§ et al., 2009)
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4.4.3. Statistical analysis

Data were analyzed using general linear model analysis of variance (ANOVA). SPSS
(IBM Corp. Released 2016, version 24) software was used to estimate the statistical
significance of mean differences between treatméntalues of < 0.8 were used as the
threshold for significance. To deal with variability of low replicate numbers, in this paper
we presented the median, minimum and maximum values of the data. Mean values +

standard deviation are given when describing data sets 8t

4. 5. Results
4.5.1. Water flow

Hydraulic conductivity varied significantly with the applied water tensinspil texture

and treatmentg O 0 . FigOrd 4- 1 shows the hydraulic conductivity measured at the

different water tensions for the different treatments for each soil textwewas

significantly higherthalk (pO 0. 001) whi ch means that mac.]
hydrological agents in these sojidessing et al., 2005, Lin et al., 1999he hydraulic
conductivity measured al cm tension was significantly higher than the conductivities
measured atthe lowerensi on 9O (0. 065)1. O

The winter wheat treatments for all textures had significantly higher hydraulic
conductivities at the different tensions compared to bare soilcoly®s (0. 001) , e xc
for the SiL soil at a water tension «f and-6 cm @ > 0.05). Winter wheat roots appear

to be the main factor controlling water flow in these soils. The addition of a dingle
terrestrisearthworm to the planted and bare columns led to a significant incraggsenof

t he Sal sp 10.(00.Yy6hesdfectwfiburrowing activity on matrix flow in

this soil texture. With the presencelafterrestrisin planted and bare columns, a non
significant increase in hydraulic conductivities was observed for the L and the SiL textures
at different water tesions, showing that the burrowing activity did not have a major
impact on matrix flow. The SaL soil conducted more waterlat3 and-6 cm water
tensions than the other soil texturgs@ 0. 0 0 1) .Kis Whe noe sigaificantly

different between soil textures.
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Figure 4- 1. Median hydraulic conductivity for the treatments and water tension for each soil
texture (a, b, c). Letters refer to treatments; S: Soil, S+E: Soil hviEams, S + W: Soil +
Wheat, S+W+E: Soil +Wheat + Earthworm; and soil textures; (a): The loam soil), (b): The silt
loam soil) and (c): The sandy loam soil). Insert shows zooms of hydraulic conductiviBies at
and-6 cm tensionColumns with the same lettever them are not significantly differentthin

eachof theapplied water tensioiin = 4, error bars = max and min values).
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The contribution of different pore size classes to water flow was significantly different
between soil texturep(© 0. 00 1) except bet ween the Sil
micropores. The proportion of water flow within micropores in the SaL soil ranged from

10 % up to 57 % and was greater than the proportion of water flow in the L and SiL soils

(< 4 % through micopores Figure 4- 2). In contrast, largemacropores contributed

more significantly to flow through the SiL soils (87 to 94 %) and the L soils (77 to 84 %)
compared to the SalL soil (30 to 66%). The proportion of flow within mesopores and

smallermacropores was approximatehe same for each soil texture.

The proportion of flow within pore classes was significantly different between treatments

only for the SaL soil. Plant roots had a significant effect on the proportion of flow within
microporesgO 0. 00 1) -macrogreslp®r §e 05) . In the plant.
was on average 30 % less flow through the micropores and 30 % more flow through the
largermacropores compared to the bare soils. A significant effdcttefrestrison pore

size class contribution to watéow was found for bare soils for the micropores and

mesopores.
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B Micropores Mesopores O Smaller Macropores Larger Macropores

Soil + Wheat + Earthworm

Soil + Wheat

Soil + Earthworm

Sandy loam soil

Soil

Soil + Wheat + Earthworm

Soil + Wheat [

Soil + Earthwoerm

Silt loam soil

Treatments

Seil

Soil + Wheat + Earthworm

Soil + Wheat

Loam soil

Soil + Earthwerm

Soil

0% 10% 0% 30% e 50% 60"% T0% B0% AW 100%
Water flow through pore size classes (%)

Figure 4- 2. Pore size class contribution to water flow for all treatments under the loam, the silt loam and the sandy loam sod atteuthee
method ofWatson and Luxmoore (1986)
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Across all the treatments and soils, macropores provide anllcwezeage contribution

of 86 £ 6 % of water flow at saturation. This water flow was transmitted through only
0.0037% of the soil volume. The percentage of water flow through macropores larger than
1 mm was significantly lesp@© 0. 00 1) i nmparkdeto tt8d land Sib $oils ¢ o
(averages of 65 = 6 % vs 95 + 3 % and 98 = 1 % respectively). In the SaL soil, the flow
through macropores increased when planted with winter wheat (46 + 20 % vs 84 £ 4 %
which occurred in 0.001 % vs 0.006% of the soil volumébare and planted soils
respectively). The addition df. terrestriswas associated with a greater proportion of
macropore flow through both planted and bare soils but the effect was not significant. The
combinedL. terrestrisand winter wheat treatmentssulted in 94 £ 6 % of water flow
through macropores which occurred in only 0.007% of the soil volume. The proportion
of flow through macropores in the L and the SiL soils was not significantly different and
there were no significant differences for thesoils between earthworm or wheat

treatments.

4.5.2. Soil water release curves

The Van Genuchten (1980urve was fitted to the combined water release data of
replicates of each treatmerfigure 4- 3). Water retention at saturation showed no
significant differences between treatmerfisg(= 0.9, p > 0.05, Table 4- 2). In all
treatments, the soil retained the majority of water across the saturation matric potential

range.
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Table 4- 2. Analysis of variance of water content and plant available water at different soil water
potential pF (pF = Log (static pressure at cm water)).

Source of P-
o d.f. SS MS F-ratio
variation value
Water content at pF 1. 3 22.99 7.66 0.78 0.535
Water content at pF 2. 3 57.90 19.30 2.75 0.112
Water content at pF 4. 3 46.08 15.36  10.08 0.004
treatments
Plant available water
3 43.50 14.50 1.83 0.219
from pF 1.8 t0 4.2
Plant available water
3 6.94 2.31 0.39 0.763

from pF 2.51t0 4.2

0.60 = = = Soil + Wheat fitted model
0.55
os0 +— |l 0000000000000 e Soil + Wheat + Earthworm

______ o ®angg fitted model
Logy,
0.45 E i

Soil (control) fitted model

0.40

— - Soil + Earthworm fitted
model

0.35
0.30
0.25
0.20

Soil water content (cm®/em?)

0.15
0.10
0.05
0.00

Soil water potential (pF)

Figure 4- 3. Water release curves of the four treatments, Soil + Wheat, Soil + Wheat + Earthworm,

Soil (control) and Soil + Earthworm, for the loam soil. Standard deviation bars are shown.
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The columns with soil and wheat were slightly more porous, but not signific&mnen

we are interested in the soil structure it is useful to repligute 4- 3) as an effective

pore size Figure 4- 4). Water in the largest pores drains most easilyfgdre 4- 4

shows that such pores are more abundant in columns with plants, as opposed to those with
no plantsFigure 4- 4 clearly shows that it is primarily the plant roots that alter the soil
structure at the core scale and hoterrestrisearthworm species. This makes sense as

the earthworms produce vertical burrows and do not contribute gre#tly bioturbation

of the soil matrix as a whole over the time period of the experiment (16 weeks).

Soil+ Wheat

------- Soil+ Wheat+ Earthworm
— — Spil {control)

— -+ Spil+Earthworm

0.1

0.08

0.06

0.04

Volume of pores holding water
{cm3/cm?)

0.02

0.000001 0.00001 0.0001 0.001 0.01 0.1 1 10
Pore radius (mm)

Figure 4- 4. Volume of pores holding water within the effective pore size class. Radius of pores
bearingwateripr oporti onal to the potential values f

(10°% mm radius).

4.5.3. Water holding capacity (WHC)

Among the 48 samples used for the measurement of WHC, three samples from the L soill
(Soil + WheatSoil + Wheat +Earthworm and Soil + Earthworm) were excluded from

the statistical analysis because of soil loss from the bottom of the cores when transporting
them to the oven for drying after the initial weighing. Soil WHC was greatest in the SalL

soil (Figure 4- 5) and varied significantly between soil textures. The soil WHC ¢om
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%) values of the L soil vary in the same range as that measumsatuaation on the
HYPROP device. For each soil type there were no significant difference in WHC between
treatments, except for the SiL soil where Soil + Wheat treatment is significantly lower
than earthwormgresent treatments.

0.9 b
o ab
g
208
g
L

. 0.7 b
% a ab b I a
i i :
5 0.6 t :
e a
g a
=
205 . - ]
=
5 t
o 0.4
=

0.3

Soil Sail + Soil + Soil + Soil Sail + Soil + Soil + Soil Sail + Soil + Soil +
Earthworm  Wheat Wheat + Earthworm  Wheat Wheat + Earthworm  Wheat Wheat +
Earthworm Earthworm Earthworm
Loam soil Silt loam soil Sandy loam soil

Figure 4- 5. Median water holding capacity for the different treatmedtsdumns with the same
letter over them are not significantly differamithin each soil texturgn = 4, error bars mmax

and min values

4.5.4. The percentage water stabéggregates (%WSA)

The %WSA in the L and SaL soils are not significantly different from each other but are
both significantly greater than the %WSA in the SiL spik(.001). For the bare soils,
aggregate stability was much lower for the SiL soil, whiath dwaly 51 % aggregates left

after wet sieving, compared to the other two soils which had 67 % and 77 % aggregates
left. The %WSAwere significantly influenced by plant rootg €0.05). The highest
%WSA were observed for the planted L (82 %) and SalL so8€4), compared to the

SiL soil (65 %). Although the soil in the planted columns contained a higher %WSA
compared to bare columns these differences w@sesignificantfor the SiL soil (Figure

4 - 6). Aggregate stability in thé. terrestristreatments was not significantly different

from earthwormabsent treatments.
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Figure 4- 6. Median percentage watdable aggregates for the different treatments for each
soil. Columns with the same letter over them are not significantly diffevithin each soil

texture.(n = 4, error bars max and min valugs

4.5.5. Plant biomass

Dry matter biomass weight of winter wheat shoots in the treatments was significantly
different between soil texture§A1s = 63.5,p <0.001) and was lowest in the SiL soil
(Figure 4- 7). The presence df. terrestriswas associated with a significantly greater
plant biomass in the SiL soil compared to the earthwalosent treatmeriFie = 11.1,p

= 0.016). The dry matter biomass difference between treatments in the L and SalL soils

was not significant.
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Figure 4- 7. Median winter wheat shoot dry matter biomass for the treatments with and without
L. terrestrisfor eachsoil. Columns with the same letter over them are not significantly different

within each soil texturdn = 4, error bars mmax and min valugs

4.5.6. Earthworm biomass and cast production

An earthworm was missing in one replicate of the Soil + Whdzdrthworm treatments

of both SiL and Sakoils. Another earthworm was found decayed in the Soil + Earthworm
treatment of the L soil. Thee. terrestrisweight gain was highest, but not significant, in

the Soil + Wheat + Earthworm treatments of the Salcswmiipared to the other treatments
(Table 4- 3). Cast production was significantly greates ;7 = 13.9 p <0.05) in the SalL

soil compared to the L and the SiL soil&able 4- 3). The highest valugy(<0.05) was
recorded in the Soil + Wheat + Earthworm treatments (up to 73.61 g). Based on the initial
L. terrestrisweight, the largest cast production rate was up to 244.32 nequghworm

day’. This value is an underestimate as only the casts collattdw column surface

were weighed and thus burrow wall casts were not included.
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Table 4- 3. L. terrestrisweight at the start and end of the experiment, total cast production and cast production rate by treatme&ntS8il +
Wheat + Earthworm, S+E: Soil +Earthworm.<4).

) Initial earthworm Final earthworm ) Cast production raterig gt
Soll _ ) Cast dry weight (g)
Treatments weight () weight (g) day?)
texture
Median Min Max Median Min Max Median Min Max Median Min Max
S+W+E 3.86 260 558 381 164 5.66 29.42 2440 32.28 71.09 39.04 104.43
L
S+E 3.52 242 454 429 315 459 4121 2481 48.89 96.20 91.54 116.62
S+W+E 3.69 290 501 434 332 497 4247 39.28 50.30 12094 75.69 141.67
SiL
S+E 405 304 590 454 351 579 3757 2837 5213 89.84 54.15 107.14
S+W+E 3.79 269 498 477 467 6.20 63.43 54.04 73.61 15198 96.89 244.32
SalL

S+E 3.66 250 570 372 271 494 4476 3890 5263 11356 76.60 138.93
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4.6. Discussion

4.6.1. Unsaturated hydraulic conductivity and field saturated hydraulic conductivity

4.6.1.1. Pore size classes and water flow

Macropores O 1 mm and O 3 mm diameter cont
respectively Figure 4- 2). The minor effect of microand meseores on water flow

(11% and 1.8% respectively) is consistent with previous studies in(pkdtten, 2008)

forest mineral soil§Watson and Luxmoore, 1986hd pasture mineral sdihlaoui and

Helbling, 2006) Because of the lower hydraulic conductivities in our study compared to
those above, our calculations suggest that this flow was through amatly% of soll

volume (< 0.01 % compared to 0i25%). In broad terms these lower hydraulic
conductivities reflect differences in experimental systems between our study and others
including our use of repacked soils compared to in situ soils and thexgeeseonly a

single wheat plant and earthworm in our experiment compared to a combination of fully

vegetated soils and invertebrate burrows.

4.6.1.2. Soil texture and organic matter effects

Particle size has often been related to pore size and occurrence of fioatrixnd
macropore flomM{Rawls et al., 1982, Saxton et al., 1986aL soil contained relatively
fewer effective largemacropores compared to the L and the SiL soils. In contrast to our
findings, coarse grained soils, similar to SaL, are usually morer wahducting at high
water tension and under field saturated conditions than finer texture soils due to their
larger matrix pore sizgglopmans et al., 1993, Bresler et al., 1984y possible that the
relatively high organic matter content in the Satil (Table 4- 1) resulted in high soil
aggregate stability (overall %WSaAf & FigBeX; 6) (Kapur et al., 2007)vhich
resulted in a shift from largenacropores to narrower pore sizes, apparently to micropores
in our caseKigure 4- 2). Dal Ferro et al. (2012Yang et al. (2016ndZaher et al. (2005)

studied the contribution of organic matter to the development of mesopnd

111



micropores; the organic matter decreased the number of macropores, increased soll

hydrophobicity and decreased soil hydraulic conductivity.

4.6.1.3. Crop root effects

Clear differences were observed in hydraulic conductivities in columns planted with
winter wheat compared to bare soils, for all soils except the SiL s8ibaid-6 cm water
tension Figure 4- 1). As water tension increased, theative differences between
hydraulic conductivity in planted and unplanted columns increased. Under field saturated
conditions, mean hydraulic conductivity was 178 + 74 cm'dayplanted columns and

35 + 30 cm day in bare soils Figure 4- 1). When relating these values to the rainfall
records in the region (between 2007 and 2016) with a highest total rainfall recorded of
6.24 cm in a day and a tigst rainfall intensity of 17.73 cnith(University of York
Weather Station, 2017), we do not expect infiltratexecess overland flow to be a
frequent occurrence in the region for the planted soils. However, it should be noted that
our columns had repaafeoils and so the comparison to field rainfall conditions may not
be reliable. The high hydraulic conductivities in the planted columns relative to bare soils
may be due to winter wheat roots that can extend relatively deep into the columns
promoting pre¢rential pathways for water movemé¢Hblden and Gell, 2009)Growing

roots physically modify soil properties by creating biopores and contributing to
continuous pore systems present in the soil and therefore increasing water transport
through soil (Shinotra et al., 2016)Figure 4- 2 shows the significant effect of the
creation of biopores by roots on the SaL soil, where water flow through micrapooes

average, 30 % less in planted columns compared to bare soils.

In addition, winter wheat roots are able to stabilize soil aggregates and st(Ketuneal

etal., 2013, Amellal et al., 1998, Rillig et al., 20Q2)gh aggregate stability may impmv
water movement through sdiBhrestha and Lal, 2008, Kapur et al., 200i)e high
%WSA observed in our planted columns compared to bare soil in the L and the SiL soils
(Figure 4- 6) may have an effect on increasing hydraulic conductivities in planted
columns. For the SaL soil there was a high %WSA but a lack of earthworm and wheat

treatment effects which may be relatedthe high organic matter content in this soil
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masking any treatment effects (see above). In the SiL soil, %WSA was lowest compared
to the other two soils which may explain the absence of significant differences between
hydraulic conductivities at3 and-6 cm water tension in planted columns. Considering
the strong positive correlation that exists between root and shoot bi@tirags 2011),

the lowest %WSA in the SiL soil may be due to the low plant root biodassrow et

al., 1998, Péres et al., Z)1n this soil Figure 4- 7).

4.6.1.4. Earthworm effects

The presence df. terrestrishad no significant impact on hydraulic conductivity in the L
and SiL ®ils. However, a significant effect was observed for the SaL soil under field
saturated condition&igure 4- 1c shows that the creation of additional pores wider than
3 mm by earthworm burrowing resulted in more water flow in columnslwitlrrestris

than those without. terrestris The combined effect df. terrestrisand plants resulted

in the SaL soil havingie highesKss for all the soils and treatments. The reason Wwhy
terrestrisactivity showed a significant effect dfis in the SaL soil rather than the other
soil texturescould be due to the soil texture preferences of this earthworm species
(Nuutinen,1992) Contrary to our first hypothesis, in our experiménterrestrisappears

to have been more active in the SaL than in the L and SiL koilsrrestrisproduced
more casts in the Sal soil than in the SiL or the L soil and, within this soil,qadadoore
casts in the presence of plantalfle 4- 3). Also, the weight gain of. terrestriswas
largest in the SaL soil at the end of the experimEable 4- 3), consistent with increased
feeding activity and the cast production. Althougit always the cag®&uutinen, 1992)
oftenL. terrestrisoccurs more in coarser soil than finer soil textfesild, 1948) The

large particles of coarser soils, such as Sal, are loosely held to@ebckhart and
Wiseman, 1983yhich may make it easidor L. terrestristo burrow through this soll.

Soil texture alone may not explain the effect on hydraulic conductivity in the SaL soil, the
organic matter content may also have contributed. The initial high organic matter content
in this soil Table 4- 1) will have helped maintain the soil moisture at levels suitable for

earthworms and provided a food soufedwards, 2000)
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Previous studies have fod thatL. terrestrisincreased water flow in soils under field
conditions(Edwards et al., 1988, Willoughby and Kladivko, 2002, Fischer et al., 2014,
Shipitalo and Butt, 1999)n our study under controlled conditions, this effect was only
observed aKss in the Sal soils. No significant effect bf terrestrisactivity onK (water
tensions of6, -3 and-1 cm) was detected in any of the soils. The reason for such a lack
of effect might be that the density of the anéciterrestriswas too low to work the soils

and to have a significant effect on infiltration rates given itneftame over which the
columns were studied. Studies where simiilaterrestrisdensity was manipulated and
which showed an impact on water infiltration rates, were carried out in either field plots
in the presence of other earthworm species or in unbisd soil cores already worked by
earthworms for a long perio@bchutz et al., 2008, Bastardie et al., 2005a, Palm et al.,
2013) In all these cases it is likely that burrows connected to the bottom of the cores or a
freely draining substrate. Under lahtory conditions using &. terrestris density
relatively similar to that of our experiment and with a short incubation period in repacked
cores,Capowiez et al. (2015nd Ernst et al. (2009jound a significant increase
infiltration rate and low biotpation intensity irL. terrestrispresent treatments compared

to other species. However, earthworm macropores were present throughout the entire
core, connecting the surface of the soil to the base of the core unlike our experiment where
the bottom extreity was ended by a buffer soil layer and the water flow was therefore
only matrix flow. This shows that earthworms by themselves have a limited impact on
water regulation unless they connect to conductive pathways or field drains so that water

can flow awg.

4.6.2. Soil water release curves

The results suggest that the soil water release curves for the L soils are influenced by
winter wheat roots in the same way as the other measured parameters. At saturation, Soil
+ Wheat had a higher water content and drainetbupe matric potential of pF= 2.5

much more readily than other treatments. The winter wheat increased the %W&# (

4 - 6), which improves solil structur@/eiga et al., 2009)and will have caused more of

the soil water to be held in larger por&sglre 4- 4). This would shift the saturation

segment of the water release curve upward as showinguré 4- 3) (Yuge et al., 2012)
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In the Soil + Wheat + Earthworm treatment of the L soil, the soils had a similar curve
response at saturation as bare soils, but lost water more easily at soil water potentials up
to, and above, the field capacity point of pR2.5. It is likely that the Soil + Wheat +
Earthworm treatment had a similar volume of large whtdding pores, > 0.01 mm
diameter, as the Soil + Wheat treatmdrigQre 4- 4). These wide pores, together with

the small volume of narrow watéolding poresKigure 4- 4), have caused water content

to be lower in planted soils with. terrestristhan withoutL. terrestrisunder saturated
conditions. From a matric potential of pF = 2.5 up to the wilting point, the few wide pores
would have drained easily and plants wouéyd to work progressively harder to pull
water from the soil. Plant roots are known to stabilize maggregates and help create
large pores in the sofVeiga et al., 2009, Angers and Caron, 19%®)wever, the soil
around earthworm burrows is typicatlgnser than in the bulk s¢iRogasik et al., 2014)

and burrow walls are lined with smeared d@look and Linden, 1996\hich may
increase the difficulty of roedoil contact and penetrati¢din et al., 2013)eading to a
smaller soil volume that rootsas access to extract water from in the presence of
earthworms. Observations of our soils, on removal from the columns, support the
hypothesis that earthworm burrows can be hard for roots to pené&tigiiee(4- 8). In
contrast,unplanted soils with fewer bioporéScholl et al., 2014)held more residual
water above the matric potential of pF = 2.5 due to the high number of smaller pores that
hold waterby adsorption.

4.6.3. Water holding capacity and plant biomass

Usually, soils with coarser particles, such as the SaL soil, hold less(®at¢on et al.,
1986) However, SaL soil had a relatively high organic matter confexittié 4- 1) which
likely contributed to largeWWHC (Williams et al., 2016) Considering a range of soil
textures,Hudson (1994)showed that availablevater capacity could be doubled by

increasing organic matter content from 0.5 % to 3 %.

Within planted columns, the significant increas®\IRIC in the presence df. terrestris
in theSiL soil was accompanied by a significant increase in plant biorkagsé 4- 7).

Many mechanisms stimulate plant growth in the presence of earthworms (Brown et al.,
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1999).0ur study shows that one contributing factould be an increase in water holding
capacity. This would lead to an increase in the availability of water in SiL soil ensuring
that plant growth was not water limited. In addition, retention of water could reduce the

leaching of nutrients from the soildang to the process of plant growth.

Figure 4- 8. Smeared casts along the walld oferrestrisburrows. Note the reduced root

penetration into the burrow wall material.

116



4.7. Conclusion

In this study we examined the relative effects of the vertical burrowing earthizorm
terrestrisand wheat roots, together with their interactions on the partitionitvgeba
macropore flow and micropore flow in three soils of differing textures. The experiment
was designed so that the earthworm burrows terminated within the soil matrix at the
bottom of soil columns. Overall, the results showed thatptaots were a merimportant
control of soil water flow at different tensions compared.tderrestris L. terrestris
significantly increasedss in the SalL but not the L or SiL soils. In the SaL safie
combined effect of the earthworm and whetadwed the greatest valke (up to270 cm

day?l). However Kis was not significantly different between soil textures. The earthworm
density used in this experiment was similar to that typically found indtte Therefore,

our results suggest that vertical burrowing species of earthworm sucheasestriscan

have an impact on soil water flow, but their impact is small when burrows are not
connected to field drains or a freely draining substrate. Nevest)ethe influence of
earthworms and plant root interactions on the partitioning between macropore and
micropore flow could be a critical area for further research in other soil types and with

other earthworm functional groups with different burrowingtsigies.
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Chapter 5

Interaction effects of winter wheat roots and the
endogeic earthwormAllolobophora chloroticaon soill

physical properties including hydraulic conductivity

5.1. Declaration

This chapter is presented as submitted paper for publication without changes to the
original submitted main text. The paper was written in the style of Soil Biology &
Biochemistry to which it was submitted. For consistency and ease of reading, headings
have been numbered, figures and tables inserted and renumbered and citations changed to

follow the standard for this thesis.
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Highlights

1 A. chloroticachanged soil physiehydraulic properties;
1 Plant rooti earthworm interactions caused a bigger change;

1 Plant roots and earthworms increased permeability up to 39 tméf the

control;

91 A higher proportion of flow was through macropores in the presence of

earthworms;

1 A. chloroticaincreased soil water holding capacity and plant growth.
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5.2. Abstract

Different earthworms have different burrestyles and these may contribute differently

to soil physicehydraulic processes. Typically, earthwehydrology studies focus on
vertical burrowing earthworms with little study of the normally more abundant iegriet
such as the endogeic earthwoAtolobophora chloroticathat produces more lateral
burrows. Therefore, the interaction between winter wheat rootsAawctloroticawas
studied in an experiment lasting 16 weeks using soil columns of three different soil
textures Importantly, in our design, the earthworm burrows produce@.bghlorotica

were prevented from connecting to a drainage system by a buffer layer, separated from
the earthworrb ear i ng soi | by a yne nyl on nhesh.
have a Qtheechydresultidgin water flow through the soil matrix rather than
specifically through fre@raining earthworm burrows and is more likely to mimic
conditions found in the majority of field situations. Field saturated hydraulic cawituct

(Kfs) increased over time in both the plaamd earthwornpresent treatments, with a more
rapid increase occurring when both plants and earthworms were present. By the end of
the experimentKs had increased in the plant and earthwamasent exp@nents by
factors of 12, 34 and 39 respectively in loam, silt loam and sandy loam soil textures
relative to controls. The presence of the earthworms resulted in an 88.5% increase in the
contribution to water flow of pores >3mm diameter. In the majoritysaitments, the soll

water holding capacity and percentage water stable aggregates in theapthrihe
earthwormpresent treatments increased significantly compared to controls with the plant
and earthworm present treatments showing the greatest indP&agsgrowth was greater

in the presence rather than absence of earthworms. Our study shows that it is not just
vertical burrowing anecic earthworms that can have a significant effect on soil hydraulic
properties but thaA. chloroticg the most common Klendogeic earthworm, has a role to

play in mitigating the impacts of flooding and drought.

Keywords: Allolobophora chloroticaendogeic earthworm, hydraulic conductivity, soil

water release curves, soil physical properties, interaction, plant roots.
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5.3. Introduction

It is well known that earthworms directly or indirectly affect soil physical and
hydrological processes bggulating the surrounding physical environment through their
burrowing behavio(Blouin et al., 2013, Jones et al., 1994, Bardgett et al., 2BOinows
created by earthworms can conduct water and affect other hydrological proprieties of the
bulk soil with specific impacts depending on the ecological gr(iipipitalo and Le
Bayon, 2004) The different ecological groups of earthwor(@ouché, 1977reate
burrows of different diameters, from 2 to 11 mm, different lengths, up to 2 m, at different
densities ad directions and at a rate ranging from 0.1 to 0.2 rh'd&plers, 1975, Ruiz

et al., 2015, Shipitalo and Butt, 1999, Bouché, 19Buyrow diameter is a function of
earthworm size and not only of ecological categories. The hydrological effectiveness of
these burrows depends not only on parameters cited above but also on the degree of their
continuity, connectivity to the soil surface and other macropores and, on the interaction
between the water filled burrows with the soil matrix through the burroveaalivell as

on the antecedent soil moisture conditigBeven and Germann, 1982, Smettem, 1992,
Weiler, 2005) In field conditions it is only the burrows of some deep burrowing anecic
earthworm species that are commonly connected to the drainage sy$t@msrip
drained soils such as tile drai(&@hipitalo et al., 2004)in these situations, when it rains

and the burrows fill with wate constant flux of water can flow through the burrows at

a rate related to their radius as described by Poiseuillet@yudowever, nofvertical
burrows often terminate within the soil matrix and once they are filled with water, constant
flow is not maintained; the water flowlsrough the soil matrix through the burrow wall
with the flux of water depending on factors Buas the permeability of the soil matrix,
burrow length and radius and the wetness of the surrounding soil matrix. The majority of
laboratory studies that consider earthworms and hydrology focus on vertical burrows

connected to a wetlraining base.

Endogéc earthworm species produce lateral burrows within the upper soil layer which
are more likely to terminate within the soil matrix compared to the deep burrowing,

anecic, earthworms. Although studies on the impact of earthworms emeateil relations
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tend to focus on the impact of anecic species on soil water {MiNloughby and
Kladivko, 2002, Shipitalo and Edwards, 1996, Shuster et al., 2@0&pgeic species
impact on a number of soil properties that influencewater relations (e.d@louin etal.

(2013). Hallam and Hodson (submitted)showed that the endogeic species
Allolobophora chloroticahas the potential to increase the percentage water stable
aggregates (%WSA) and water holding capacity (WHC) whereas the anecbricus
terrestris increased only %WSA. Of the few other existing studies that consider the
impact of earthworms on soil water retention and storage, most report an increase in water
retention in the presence of endogeic (maflgaliginosa (Stockdil and Cossens, 1969,
McDaniel et al., 2015, Blanchart et al., 1928 epigei¢Ernst et al., 2009, Smagin and
Prusak, 20083pecies or when endogeics were associated with other ecological groups
(Boyle et al., 1997). The effect of endogeics on soil water retention could be tthag to
burrowing behaviour with greater bioturbation of the soil and aggregate formation
resulting in a tortuous and complex burrow system that helps to hold water and ensure
more flow into the surrounding soil matr{¥Veiler and Naef, 2003, Péres et ab9R)
However, more research is needed to understand their effect on soil hydraulic proprieties
particularly whenearthworms areassociated with plants. In the field, earthworms
generally live in vegetated areas and endogeics live in the upper minevahsmal they
interact with plant root8Nu et al., 2017, Springett and Gray, 199herefore, the impact

of earthworms on soil hydrology will usually be within the context of the presence of
plant roots. Plant roots penetrate the soil more slowly thahveanins, at a rate up to
0.025 m day* (Ruiz et al., 2015)though like earthworms, as they penetrate the soil they
create biopores and modify soil physical properties including hydrological\bfesley

and Dexter, 1994) Therefore, understanding the ir#tetions between endogeic
earthworm and plant roetand t hei r i npuence on soil

surrounding soil matrix flow is crucial to gain an overview of soil processes.

Hallam et al. (submittedpbserved a significant impact of plant t®on soil water flow
compared td.. terrestriswhen earthworm burrows terminated within the soil matrix; the
current work aims to extend that study by investigating the interactive effects of the
endogeic earthworrA. chloroticaand winter wheat (Skyfaltariety) on soil hydrology

and soil aggregationA. chloroticais of special interest as it is the most frequently
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occurring earthworm species in England, representing 34% of identified specimens
(Natural England Commissioned Report NECR145, 20M4)chlorotica is found
throughout Europe and is present as an invasive species in North and South America,
North Africa and New Zealandarthworms that occupy the same ecological niche are
present across the worl@upont et al., 2011)Therefore, we carriedut a column
experimentin which we studied changes across time of soil hydraulic conductivity and
the contribution of different pore sizes to the flow of water through the soil. Treatments
with and without winter wheat and in the presence and abseneartbivorms were
established for three differently textured soils. In addition to soil hydraulic conductivity,
we measured soil water release curves, soil water holding capacity, aggregate stability,
and plant biomass after a period of 16 weeks of earthwaotivity. To establish a metric

t hat could be wused for management pur pose
guantifies earthwornnelated changes to field saturated hydraulic conductivity. The main
hypothesis that we test is that the combined effedt chloroticaand winter wheat roots

will increase soil hydraulic conductivity and soil water retention more than any other
treatment for the three tested soil textures. Subsequent hypotheses arednapaned

to other treatmentshe increase overrtie of field saturated hydraulic conductivitd)

will be faster and th&ss will be highest in treatments where bétlthloroticaand winter

wheat are present, ii) as well as increasing soil water retention, the action Af the
chlorotica will stabilize soil aggregates which will alter water flow by increasing soill
water availability, thereby resulting in increased plant shoot biomass, iii) the trends will
be similar across sotlexturesbut the most significant increases in water flow and

retention willbe in soils with a coarser texture and higher organic matter content.
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5.4. Materials and methods

5.4.1. Experiment design

5.4.1.1. Soil columns

PVC columns (16 cm diameter x 30 cm high) were repacked with CamfsaR,
2006)of different textures sampled from a depth &f@cm from the University of Leeds
commercial farm (53A 516 440 N 1A 206 35060
the soils are presented ihable 5- 1. The soil textures were ailried and sieved to <
2mm. The columns were filled gradually with c. 1163 g of salt&ie to give a dry bulk
density of 1.3 g cm. Between soil additions the columns weaésed and dropped in
order to ensure spatial homogeneity in the pore structure of the soil. This was to allow
plant roots to follow the path of least resistance attkébexploit of the soil profile, rather

than deflecting towards the column wall due to compacted soil I§yatentine et al.,

2012, BurrHersey et al., 2017 he soil textures were then wetted wdgionizedwater

to approximately 30% gravimetric water content to sustain earthworm aglivitye and

Butt, 2005, Butt and Lowe, 20114 layer of melted petroleum jelly was smeared over
the inner surface of the columns before adding the soil. The petroleum jelly belped
maintain a good contact between the soil and the column wall in order to avoid preferential
flow of water down the sides of the colun{iawes and Goonetilleke, 2008he upper

and lower surface of the basal 3 cm of soil in the columns was cowéfed. 0.5 mm
diameter nylon mesh to prevent earthworm escape from the column and connection of
their burrows to the base of the columns. Fifteen cm high paper barriers held in place with
rubber bands to prevent earthworm escape were placed at the topcofutimes. The
columns were weighed, covered with plastic film to prevent water loss and stored at 15

°C for four daysuntil planting of winter wheat and addition of earthworms.
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Table 5- 1. Physical and chemical properties loé tsoils used in the experimentH{ 3 apart
from for field dry bulk density measurements where?2).

Fielddry Clay (%)* Silt(%)* Sand (%)

Organic
bulk Textural
Landuse pH! matter? )
density? < 2 €250 €502000 class
(%)
(g cnrd)
7.73 3.63 156 8.93 45.93 45.14
Arable 7.79 3.31 1'54 8.08 42.09 49.82 Loam (L)
7.62 3.30 ' 8.29 42.93 48.78
7.48 3.86 4.28 51.24 44 .47 )
1.38 Silt loam
Arable 7.71 3.46 4.46 53.83 41.70 )
1.51 (SiL)
7.73 3.50 4.21 51.28 44.50
7.26 9.61 3.54 45.11 51.33
1.22 Sandy loam
Pasture  7.33 9.57 2.48 34.55 62.96
1.14 (SaL)
7.23 9.58 3.21 41.56 51.76

1 Measured at soil : water ratio of 1:ZMinistry of Agriculture Fisheries and Food, 1985py
loss on ignition at 350 °QAyub and Boyd, 1994, CEAR003) * using soil density rings of 95
cm?® and* using a MasterSizer2000 laser particle size analyzer (Malvern Instruments, UK ).

5.4.1.2. Crop growth and earthworm addition

Winter wheat seedd (iticum aestivumSkyfall variety) were germinated on Petri dishes.

Il ndi vi dual seedlings were transplanted to
Plants were grown under natural light for five days and thechloroticawere added.

The columns warplaced at 15 1°C and 60 £ 7 % rh in a controlled temperature chamber

with a photoperiod of 16 h under 50 W LED ligl{fidassa et al., 2008, Schroer and
Holker, 2016) To ensure optimum photosynthesis and better distribution of radiation the
position of the lights wasegularly adjusted during the growing period by measuring the
Photosynthetically Active Radiation (PAREvans and Poorter, 2001, Harding et al.,

1990, Bugbee and Salisbury, 19&8)the top of each column. The plants were watered
every week with deionizkwater. TheA. chloroticawere collected from the same site as

the test soil textures by hand sorting of soil. In the laboratory active and viable adult
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earthworms were selected, washeth deionizedwater and acclimatized to laboratory
conditions in containers of the same sexttres used for the experiment. After 3 days at

15 °C in darknes@utt, 1991) active earthworms were selected again, rinsed, dried with
tissue paper and weighed. Eight earthworms of approximately the same total mass (2.32
+ 0.18,n = 24) were added toaeh earthworapresent column. Eight earthworms per
column gave a density equivalent to 460 nm? equal to the highest density of all adult
endogeic species recorded at the University of Leeds farm in December 2016 but greater
than the highest density afiult A. chloroticarecorded (30Ond ni?). The higher of the

two densities was chosen to ensure the burrowing and aggregation of the test soil textures
during the 18wneek experiments. Earthworm burrowing along column walls as the path
of least resistances a typical bias in mesocosm experimefisnst et al., 2009)To
discourage this behavior a thin layer of petroleum jelly was applied to the inner wall of
the columns and a very shallow vertical hole, slightly less wide thaA.tlhlorotica
diameter, vas made on the soil surface of each column together with a small amount of
water being added to the center of the columns to facilitate earthworms burrowing. Milled
and rewetted oven dry horse manure was used to feedl ttldoroticawith a surface
application of 10 g aduft month* (Butt and Lowe, 2011). The columns were established

in four replicates for each soil texture in an orthogonal design with the presence and

absence oA. chloroticaor individual winter wheat plants as the treatments.
5.4.2. Measuremats

5.4.2.1. Unsaturated and saturated hydraulic conductivity

Water infiltration rates were measured using a Decagon Mini Disk Portable Tension
Infiltrometer (Decagon Devices Inc, 2016yntil steadystate flow was reached.
Measurements were made over a range of supply tensiané ofm,-3 cm and-1 cm
equivalent, according to capillary theory, to water flow through pore diameters of < 0.5
mm, < 1 mm and < 3 mm respectively. The diddtrometer was placed on a layer of

fine moist sand applied to the soil surface to improve the hydraulic contact between the
disc and the soilKdhne et al., 2011, Reynolds and Elrick, 1984)l measurement was
started at the lower tension to avoid hyssts effects(Baird, 1997) Unsaturated
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hydraulic conductivity K) at different tensions was derived from cumulative infiltration
measurements following the V& enuchten Zhang transient method as proposed by
Zhang (1997) The field saturated hydraulic adunctivity (Krs) was calculated using the
Reynolds and Elrick (199Ipethod that requires cumulative water flow measurements

under two or more applied tensions.

Hydraulic conductivities were measured after 3, 9 and 16 weeks of the expefiiment.
measurenm@s during the experiment (weeks 3 and 9) were made in the controlled
temperature room at 1€ whilst those at the end of the experiment (week 16) were made
in the laboratory at 20C. All the estimated hydraulic conductivities from the controlled
tempersure room were adjusted to a standard temperature ofC2fb account for

viscosity difference¢lLevy et al., 1989, Aleksandrov and Trakhtengerts, 1974)

In this study we dePljoaeta $iPgniKginreasddet e
and, if so, by how much:

00— — 1)

whereKisgreatment)iS theKss for a tested treatment amscontrol) IS theKss for the control

treatment.

5.4.2.2. Partitioning flow between different pootasses

The proportion of water flow through different pore sit&sses and the percent of soll
volume accounting for that proportiavere calculated based datson and Luxmoore
(1986) Soil pore classes are not uniformly defined in the litergtunremoore, 1981,)but

here we define macropores as pores > 1(@srmann and Beven, 1981, Holden, 2008,
Holden et al., 2014, Luxmoore, 198Bores of 3 mm diameter were assumed to be the
minimum size ofA. chloroticaburrows(Péres et al., 1998herefore we defined smaller
and larger macropores as pores of B mm and > 3 mm diameter respectively.
Micropores and mesopores were defined as pores < 0.5 mm and in the ranfyendnb

diameter espectively.
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5.4.2.3. Soil water release curves (SWRC)

SWRC determinations are extremely time consuming, therefore measurements were
restricted to théoam soil,since earthworms are typically more active in this soil texture
(Jongmans et al., 2003, Lowe and Baf05) One soil core of 250 chf5 cm height x 8

cm diameter) was collected from the surface of each column and analyzegpF = 3

using a HYPROP device (UMS, Munchen, Germany) based on the simplified evaporation
method(Schindler et al., 2010, Petezsal., 2015)For the very dry end of the SWRC,

we measured the relative humidity of a soil sample at equilibrium with potassium
carbonate. UsingdYPRORFIT software,the HYPROP measurement campaigns were
modeled and adjusted using the measHKreandK at different tensiond.he SWRC were

then fitted to our data arfuydraulic function parameters were generatsthg the Van
Genuchten (1980) model.

5.4.2.4. Water holding capacity (WHC) and percentage water stable aggregates
(%WSA)

Soil cores of 5 cm high x 8 caiameter were collected from the surface of the columns

and measured for WHC following tH80 112682:1998 method. The samples were
saturated for 24 hours, drained ## hours and then the water content was measured by
drying the samples at 105°C oveghi. Four grams of-2 mm airdried soils were added

into 250 um sieves to measure the %WSA udi@gpoke wet sieving equipment
(Eijkelkamp, Agrisearch Equipment). The aggregates werenpistened for 10 minutes

and wet sievedt a rate of 34 times per mite for 3 minutes. The remaining stable
aggregates in the sieves were then broken up using sodium hexametaphosphate in order
to correct the %WSA for the mass of sand >250 um. The %WSA was then calculated as
the weight of water stable aggregates dividedh®y/sum of unstable and water stable
aggregatesweiglit Mi | | er et et al ., 2009a, Kodegov s
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5.4.2.5. Winter wheat and earthworm biomass

Winter wheat shoots were collected at the end of the experiment then were oven dried at
70 °C to constant weighf. chloroticawere recovered, rinsed, dried with tissue paper
and weighed.

5.4.3. Statistical analysis

The change in hydraulic conductivity with time was tested usingweyp mixed
ANOVA. Two-way mixed ANOVA was applied to each soil texture in turn with time and
treatment as factors. Repeated factor (measurement at different time points) effects were
tested for their sphericity and the Bonferroni method was chosen for pairwise
comparisons Tukey's honestly significant difference (HSD) procedure was used for
pairwise comparisons between factors. At the end of the experiment ordinawaiwo
ANOVA was used to analyze the interaction effect between soil textures and treatments
for hydraulic onductivities and the other measured parameters. SPSS (IBM Corp.
Released 2016, version 24) software was used to estimate the statistical significance of
mean differences between treatmeRtsalues of < 0.05 were used as the threshold for
significance. i this paper median, minimum and maximum values are presented for
directly measured parameters as we make the assumption that the number of raplicates (
= 4) are insufficient to describe the variation of the data about a mean. BecaBR$e the
values are ratios we present mean values calculated as the ratio of thEwéahe
treatment against the melg of the control, with standard deviations.
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5.5. Results

5.5.1. Soil water flow

5.5.1.1. Changes over time ofiK

Kts varied with soil texture, trément and timeKigure 5- 1). For each soil texture there
was a significant increase ks with time ( < 0.05). This increase was significant

between each measurement point over the duration of the experiment.

Ktsbetween treatmentsas also significantly differenp 0.001).There was a significant
interaction between treatment and tinpp& (0.001) indicating that changesdr over time
varied between the four treatments. Kagof the bare soils were similar avieme across

the solil texturesHigure 5- 1). No significant difference was observed between treatments
at week 3 for the SiL and Sal soil but for the L soil kaefor the earthwornpresent
treatments was significantly higher than the conat 0.05). After 16 weeks testing all
the treatmentshowed significantly highdfss than the controlsp(< 0.05); theKss for the
earthwormpresent treatments had the greatest incrgas®(01), with the Soil + Wheat

+ Earthworms treatments showing the greatest vdlabklé 5- 2). In all soil textures the

Krs in the earthworrpresent treatments were significantly larger than Soil + Wheat
treatments after 16 weeks testipg(0.01). Between the thrseil textures Sal soils had

the highest and SiL the lowest valuekaf (p < 0.01).
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Table 5- 2. Mean of field saturated hydraulic conductivity (cm &egf control treatments at the
end of the experiment and tRermeability IndexRl) (Eq (1)) for the different treatments for the
three soil textures (mean + standard deviation4).

Treatments
Control (bare Soil + Soil + Wheat + Soil +
soil) Wheat Earthworms Earthworms

Soil textures :
Mean of field

saturated hydraulic .
. Permeability IndexRI)
conductivity (cm

day?)

L 46.23 + 8.87 295+1.17 12.25+4.07 7.00 = 3.05
SiL 11.92 + 3.68 400+0.30 34.40+ 2.36 13.50+ 1,54
SalL 43.89 + 6.09 570+1.20 38.90+7.8 30.60 £ 7.79
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Figure 5- 1. Medianhydraulic conductivity over time at field saturated conditions in (a) the L soil,
(b) the SiL soil and (c) the SalL sditolumns with the same letter over them are not significantly

different throughime within each treatmefih= 4, error barsamax and min valugs

5.5.1.2. Changes across time of K

For each soilexturetheK at-1 cm water tensiork(1) increased significantly across time

(p < 0.05) and varied significantly between treatmepts 0.001) Figure 5- 2). There

was also a significant interaction between treatments and time for eagh s@lq01).

K.1 showed no significant chaagvith time in the control treatments and, after 16 weeks
was greatest in the Soil + Wheat + Earthworms treatnpentq.01). At 16 weeksK.1

was also significantly greater in the Soil + Earthworms and Soil + Wheat treatments than

in the controls, excepor the Soil + Wheat treatment in the L soil.
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The K at -3 cm water tensionK(s) only changed significantly over time for the L soil
texture(F224 = 5.2,p = 0.013). In contrast, there were significdifterences between
treatments for each saikxture(p < 0.01) and, apart fromhé SiL soil, a significant
interaction between time and treatmgnk(0.05). There were no significant changes in
Kz with time in the control treatments. At week K g of the Soil + Wheat treatment was
significantly higher compared to the control for the L and SalL soils. However, by week
16 K.z decreased relative to the controls for the Soil + Earthworms treatment for the L and
Sal soils Figure 5- 3).
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Figure 5- 3. Medianhydraulic conductivity over time at a water tensiofi 8fcm in (a) the L
soil, (b) the SiL soil and (dhe SaL soilColumns with the same letter over them are not
significantly different through time within each treatmémt 4, error bars smax and min

values.

For each soil th&K at -6 cm tension ofK.s) showed significant differences between
treatments and time & 0.05) Figure 5- 4). In all soiltextures K. did not change over

time in the control treatments and decreased significanter time under the other
treatments, except for the Soil + Wheat + Earthworms treatment in the L soil and the Soil
+ Wheat in the SaL soil where the flow remained the same. At the end of the experiment,
for all the soiltextures the earthwornpresentreatments had the lowdsts except for in

the L soil where the flow aé cm tension of the Soil + Wheat + Earthworms was the same
as in the control.

146



(2)

3 weeks B9 weeks W16 weeks 53

a a
a a a
b
C
| I

14

12

10

=]

Hydraulic conductivity (cm day)
(=

a a

4
2
0
Control Soil + Earthworms Soil + Wheat Soil + Wheat + Earthworms
25
;P-‘: ] 3 weeks ™0 weeks ® 16 weeks
=
g 20
2
=y
>
= 1.5 a
=)
=
=]
g 1.0
S L
P ab b
B
= 0.5
=4
=
0.0
Control Soil + Earthworms Soil + Wheat Soil + Wheat + Earthworms
(©)

35
B3 weeks M9 weeks W16 weeks

30
a b
25 a
a
20 a a
d a
1
1
b b D
0 ﬁ B .

Control Soil + Earthworms Soil + Wheat Soil + Wheat + Earthworms

[=] A

Hydraulic conductivity (cm day?’)

Figure 5- 4. Medianhydraulic conductivity over time at a water tensiori éfcm in (a) the L
soil, (b) the SiL soil and (c) the SalL sdilolumns with the same letter over them are not

significantly different through time within each treatméme 4, error bars max and rm value3.
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5.5.1.3. Pore size class contribution to water flow

The percentage of flow occurring in larger macropores increased with time in all soil
texturesand treatmentsp(< 0.05)Figure 5- 5. However, pairwise comparisons showed
that the increase in flow through larger macropores was only significant in the Soil +
Earthworms and Soil + Wheat + Earthworms treatments for the Balndoils at the end

of the experiment. In the control treatment, there were no significant changes across time

in the proportion of water flow through the different pore size classes.

The proportion of water flow was also significantly different betweeattnents ff <

0.01) within each pore size class for each moitureexcept for smaller macropores in

the SaL soils. The proportion of water flow in larger macropores increased gradually over
time in the Soil + Earthworms and Soil + Wheat treatmentgsdgch soittexture In the

Soil + Wheat + Earthworms treatment, the % flow through the larger macropores reached
a maximum after 9 weeks and did not increase further. By the end of the experiment, a
higher proportion of flow occurred through the larger rapores in the earthworms
present treatments than in the earthwalmsent treatments (88.5 = 3 % vs 58 + 21 %6, (

< 0.05)). This high proportion of water flow in larger macropores, likely formeA.by
chlorotica, was transmitted through only 0.0028% of sledd volume as calculated using

the method oWatson and Luxmoore (1986)he proportion of flow through each of the
different pore ranges was similar for the Soil + Earthworms and Soil + Wheat +

Earthworms treatments.

Ordinary tweway ANOVA showed that #hgreatest proportion of water flow through the
larger macropores was seen in the SiL soils. Conversely, the proportion of water flow

through pores < 3 mm in diameter was greater in the SalL and L soils.
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Figure 5- 5. Pore size class contribution to water flow across time (a, b, ¢). The figures
represent the four treatments, Soil (control), Soil + Earthworms, Soil + Wheat, Soil + Wheat +
Earthworms for the L, the SiL and the Sal soildtdrs refer to different time points when

measures were made; (a) 3 weeks, (b) 9 weeks and (c) 16 weeks after the start of the experiment.

5.5.2. Soil water release curves

The SWRC Figure 5- 6) indicate that the volumetric water contents averaged across
different treatments were significantly different at different applied water potentials pF.
Pairwise comparison shows that at saturation the water corasrgignificantlygreater

in all the wheat and. chloroticatreatments compared to the control (bare soil treatment).
The greaest water content was in the Soil + Earthworms treatnpest@.001). Water
content was measured at potentials of 1.8 and 2.5 corresponding to soils at field capacity
for shallow (< 1 m) and deep (> 1 m) water taljRsrtassek et al., 2015, Kirkham, 2005)
Under these conditions only the Soil + Earthworms treatrabowed a significantly

higher water content than the contrpl € 0.01). The Soil + Wheat + Earthworms
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treatment also showed a higher water content at field capacity than the control, but the
difference was only significant at pF 18< 0.05 for pF 1.&ndp = 0.07 at pF 2.5).

The water content at the wilting point of the soils (pF 4.2), was also significantly higher
in the earthwornpresent treatments than earthweaibsent treatments, more so for the
Soil + Earthworms than the Soil + Wheat + Earthwotrestment. However, despite
apparent differences in the plant available water (i.e. the difference between the field
capacity and wilting point) for both the shallow and deger table conditions between

the Soil + Earthworms treatment and the contt@se differences were not significant.
Apart from at saturation, the Wheat + Soil treatment was not significantly different from

the control treatment.
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Figure 5- 6. Water release curves fitted to the measured data using the Van Genuchten (1980)
model. The curves represent the four treatments, Soil (control), Soil + Earthworm, Soil + Wheat,
Soil + Wheat + Earthworms, for the L soil. Three replicates were combineddbrtreatment

using HypropFit models. Standard deviation bars are shown.
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5.5.3. Water holding capacity

The WHC was significantly different between treatments andesdiliregp < 0.001) but

the treatment effects were similar across thetegtlres Pairwse comparisons indicate

that the WHC across treatments was greatest in the SaL and lowest in the p soils (

0.001). Within each soitexture WHC was significantly higher in planted columns

compared to controls with the highest values in the Soil + WthEarthworms treatment

(Figure 5- 7). In all soiltextures the WHC measured in the Soil + Earthworms treatment

was not significantlylifferent from that of the Wheat + Soil treatment.
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Figure 5- 7. Median water holding capacity by tested treatments and for the L, the SiL and the

Sal soils Columns with the same letter over them are not significantly diffexithin each soil

texture.(n = 4, error bars = max and min values).

5.5.4. Percentage water stable aggregates

The %WSA varied significantly between stakturesand treatmentgp(< 0.001) Figure

5 - 8). The SalL soil samples had significangjseater%WSA than the other two soil

textures p < 0.001). Between treatments, soil from thenpdd columns had greater

%WSA than unplanted treatments. The %WSA was significantly highest in the Soil +

Wheat + Earthworms treatments. Within unplanted columns of the SilAsaclhorotica
addition resulted in higher %WSA compared to the contrdl.dnd SaL soils, the %WSA

was not significantly different between control and the Soil + Earthworms treatment.
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5.5.5. Plant biomass

Plant dry matter biomass was greater in the earthwasent than earthworabsent

treatments{ < 0.001,Figure 5- 9). The dry biomass waswest in the SiL soilsp(<

0.001) but was not significantly different between the L and SalL soils. There was no

significant interaction between treatments and soil textures.
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Figure 5- 9. Median winter wheat shoot dry matter biomass for the treatments with and without

A. chloroticaand forandfor the L, the SiL and the SalL soifSolumns with the same letter over

them are not significantly different within each soil textre= 4, errorbars =max and min

values.
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5.5.6. Earthworms biomass

All A. chloroticafrom the columns were recovered at the end of the experiment except
for one replicate of the Soil + Earthworms treatment of both the L and SiL soil#A.One
chloroticawas missing in the L soil and two in the SiL soil. Within other replicates of the
sametreatment and soitextures additional juvenile earthworms were found. One
juvenile was found in the L soil and four in the SiL sdiable5 - 3 shaws that the
earthworm biomass decreased between the start and the end of the experiment in L and
SiL soil. In the SaL soll, thA. chloroticaweight increased with time for both the tested

treatments. The weight change was, however, not significant.

Table5 - 3. A. chloroticaweight in g at the start and end of the experiment by tested soil
textures and treatments. S+W+E: Soil with winter wheatfarghloroticg S+E: Soil withA.

chlorotica(n = 4).

Saoll Initial earthworm weight (g)  Final earthworm weight §)
Treatments
texture

Median Min Max Median Min Max

S+W+E 2.42 2.12 2.86 2.24 2.18 2.73

) S+E 2.21 2.11 2.48 2.08 1.81 2.18

_ S+W+E 2.35 2.15 2.60 2.39 2.25 2.55
Sk S+E 2.30 2.11 2.39 1.98 1.85 2.43
S+W+E 2.33 2.14 2.56 2.75 2.49 2.88

sat S+E 2.25 2.16 2.35 2.51 2.31 2.68
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5.6. Discussion

5.6.1. Hydraulic conductivity under unsaturated and field saturated conditions

5.6.1.1. Field saturated hydraulic conductivity

The results of this study suggest that the roots of winter wheatAardahlorotica
earthworms play a key role in water flow. This impact was common to all the different
tested soil textures and was the greatest when whea.attdoroticawere combined.

The Kt data show that this impact was significant within 3 weeks of the start of the
experiment in the L soilHigure 5- 1). After 9 weeks, th&ss in the Soil + Wheat +
Earthworms treatments of all soil textures was much higher than that of all the other
treatments. By the end of the experiment kaein the Soil + Wheat + Earthworms
treatment was greater by a factor of 12, 34 and 39 thagotiteol treatments for L, SiL

and Sal soils respectivelfdble 5- 2). In Soil + Earthworms treatments, tkg was 7,

14 and 31fold more than the curol for L, SiL and SaL soils respectively. Similar trends
are reported in the literature both for earthworms in gelgdavards and Bohlen, 1996,
Lee, 1985, Hopp and Slater, 1948, Becher and Kainz, E3®B3pecifically for endogeic
earthwormgZachmam et al., 1987, Ernst et al., 2009, Ela et al., 1992, Joschko et al.,
1992) However, in our study we observed a much higher level of increase in the

interaction earthworaplant root treatments than reported in those earlier studies.

Typically flow ratesare low for unstructured soilsK o d e g o v 8 . EBherefad,the, 2 00 9
high values of théI| of the earthwormgresent treatment3 éble 5- 2) may inpart be

due to the comparison between worked soil treatments and a control with an unstructured

soil sieved to < 2 mm at the beginning of the experiment. This would be consistent with

the extreme findings dfloogerkamp et al. (1988Jho recorded an increa of a factor of

118 to 136 in water infiltration in the presence of earthworms in Dutch polders when using
unstructured soil reclaimed from the sea. While some of the hydraulic conductivity values

we have found may appear very high (e.g. > 1000 cmb)ddlgis is still orders of

magnitude slower than typical rates of overland fi@ouma, 1982) If, rather than
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considering the control soil as the reference value for hydraulic conductivity, we use the
Soil + Wheat treatments at 16 weeks as a referenae thieepresence @. chlorotica
causes an increase of a factor of 4, 9 and 7 irKgher L, SiL and SaL respectively,
which is more in line with what was reported by previous stu(Bésckburn, 1975,
Edwards and Bohlen, 1996)

The Pl indices inTable 5- 2 could be calculated differently depending on the purposes

of land management. As presented’able 5- 2, thePI are relevahfor a management
scenario where information is needed regarding the impact of introducing earthworms on
water flow through an unstructured bare soil (e.g. sediment deposit, accumulated aeolian
or runoff deposit, mine dumps). On the other ha&id;alculded with either the wheat
present/earthworm absent or the wheat absent/earthp@sent treatments as the
reference values could be used for scenarios where either plant cover or earthworm
activity is already established in the absence of earthwormsutispglespectively. In the
context of land management to reduce the risks of flooding and erosion due to overland
flow, our study shows that earthworms and plant roots could be an important tool to

increase flow through soils.

5.6.1.2. Unsaturated hydraulic conduutty

Water flow through the soil varied between treatments andestilresdepending on the
applied water tension. Flow through < 3 mm diameter pores followed the same trends as
that atKrs. By the end of the experiment after 16 weeks, a significant amount of water
flows through these pores for each treatment compared to theldon all of the soil
textures Figure 5- 2). This amount of water was highest in the Soil + Wheat +
Earthworms treatments (81.6, 30.2 and 210.3 day® in L, SiL and SaL soils
respectively). Although there was higher flow through macropores > 3 mm diameter
(Figure 5- 5) there was still more fl through the < 3 mm pores in the presenca.of
chloroticaand winter wheat than in their absence. This could be due to the effect of
chlorotica and plant roots on soil structure which influences pore size distributions,
connectivity and tortuosity{Carrow and Duncan, 2011)he %WSA was higher in the

wheat/earthworm treatments than in the contmBigure 5- 8). The changes in the saill
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structuredue to the increase in %WSA results in more tortuous and connected pores which

in turn affect the amount of water movemé@vitDaniel et al., 2015, Veiga et al., 2009)

Water flow through pores <1 mm and < 0.5 mm diameter was variable depending on the
treatment and the sotexture This indicates thaf. chloroticaand winter wheat have

only a small impact on water movement within those pores and potentially by creating
larger burrows (earthworms) and biopores (plant roots) they may also destroy smaller

pores.

5.6.1.3. Pore size classes and water flow

Although theKss at the end of the experiment was greater for the Soil + Wheat +
Earthworms treatments than the Soil + Earthworms treatmé&igsiré 5- 1), the
percentage contribution of pore size classes to water flow was similar between both
treatmentsKigure 5- 5). However, the dominance of flow through the larger macropores
was reached earlier in the experiment in the Soil + Wheat + Earthworm treatments. Thus,
although the proportion of the differepbre sizes that contribute to water flow was
influenced by the plants (e.g. see the Soil + Wheat treatfgntre 5- 5), the main
control on water lbw through the different pore sizes, at least coarse pores, was the
presence ofA. chlorotica. Both earthworms and plant roots affect soil structure and
macroporosity and shape soil hydraulic propeltiescher et al., 2014)he presence of

plant rootsin addition to earthworms mainly impacted the amount of water flow by
creating more biopores and forming more stable aggregates. The %WSA relative to the
controls was increased by the presence of plants and increased further still by the presence
of A. chbrotica (Figure 5- 8). SaL soil had both the highest %WSA and a higher water
flow compared to L and SiL soils. In addition to the high %WSA, the edasdure of

SalL soils could explain the higher water flow compared to the othdeghiles

After 16 weeks plant growth arAl chloroticaburrowing, the Soil + Wheat treatments
showed a slightly higher percentage contribution to water flow through smaller
macropores, mesopores and micropores compared to earthypm@sesnt treatments
suggesting that the earthworms create larger pores bytelsaps destroy smaller pores

as soil particles are pushed together. In all treatments, pores < 1 mm diameter contributed
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less to water flow by the end of the experiment compared to wider pores except for in the
controls Figure 5- 5). The percentage contribution in these pores was lowest in
earthwormpresent treatments probably because the wider pores have been created and

control the flow water aexplained earlier.

Macropores (> 1mm) contributed to 0.015 % of the total soil volume and dominated water
flow (87 % of total flow) across all treatments. This result is consistent with findings of
previous studies in agriculturgAzevedo et al., 1998ad forest soil(Watson and
Luxmoore, 1986) However, when considering only the earthweprasent treatments,

only 0.0028 % of the total soil volume was responsible for 88.5 % of water flow through
larger macropores, presumably createdbghlorotica Thisresult reflects the important

role of earthworm burrows in controlling water flow.

5.6.2. Soil water release curves

A. chloroticahad a significant effect on the SWRC of the L soil. At saturation, earthhworm
present treatments showed a high volumetric waterecbrdompared to earthworm
absent treatments$-igure 5- 6). The saturated and unsaturated hydraulic conductivity
data suggest th#. chlorotica created wide pores, > 3 mm while burrowing. Endogeic
earthworms produce burrows that are more sinuous than those produced by other species
(Ernst et al., 2009)Sinuous burrows will create more pore volume for water storage than
straight burrowshat traverse the same soil volume. Furthermore, water will drain more
slowly through sinuous rather than straight burrows because of their gedeirngas,
2015,Lal, 2006) These effects will be more significant the more openings there are at the
soil surface. In additionA. chloroticacasting behavior increased soil surface roughness
(Figure 5- 10). Micro-depressions of rough soil temporarilyrstavater and may focus it,

once they are full, to the opened macrop@Bramorski et al., 2012, Cook and Linden,
1996) Thus,A. chloroticaa ct i vi ty may hdams & rtetad te dh éilnp eed

flow down nearby burrows.

Generally endogeic earthwos build complex burrow systems with only a few
connections to the surfageee and Foster, 1991)hough burrowing activity and the

number of openings to the surface depend more on the earthworm species than the
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ecological grougFrancis and Fraser, 199Bastardie et al., 2003fror exampld@astardie

et al. (2003¥ound that the endogeic speci@stalasion lacteuncreate burrow systems

with more surface openings than the anecic spdaigsbricus terrestrisbut fewer
openings less than the anedacodrilus giardia whereasFrancis and Fraser (1998)
reported more soil surface opening in the presence of the endApercectodea
caliginosacompared tdctalasioncyaneumn(Bastardie et al., 2003n the current study

A. chloroticamade several openings to the soil surfdéigure 5- 10) compared to the
anecicL. terrestrisused under the same conditions in our previous stddyam et al.
(submitted) and these would have directed water flow into the sinuous burrow network
that helps store water. Additionally, the soil surface roughness was more pronounced in
Soil + Earthworms treatments compared to Soil + Wheat +Earthwortmeees.A.
chloroticawas more prone to cast at the surface, making it rougher, when plants were
absent. This is most likely related to the availability of food; in this experiment food in
the form of manure was added to the soil surface but, in the Sdlieat + Earthworm
treatmentsA. chloroticamay have been able to feed in the root zone where conditions
are more favorable (Se&. chloroticabiomass gain ifrable5 - 3). The rougher soll
surface, that creates depressions which store water, may in part explain why Soil +
Earthworms treatments showed higher water content at saturation condition compared to
Soil + Wheat + Earthworms treatment. Casts ralp help retain water through the
creation of porous aggregates or by the high swelling hygroscopic manure remains in the
egested cas{Smagin and Prusak, 200&Jowever, the data showed highgin Soil +

Wheat + Earthworms treatments than in Soil + Earthworms treatfignt€ 5- 1) which

was attributed to flow through > 3 mm pores. Perh@pst roots impact water flow in

the burrows through the improvement of soil structure by increasing the %W@Ad

5 - 8) (Katuwal et al., 2013,iFl i povi | and thraugh root frlctur¢ that
interconnects the soil channels and interact to create a network that act as preferential flow
(Ghestem et al., 2011/t field capacity, the soil in the earthwoipnesent treatments
showed higher watecontent than that in the earthweahsent treatments although the

estimated plaravailable water was not significantly different between all treatments.
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Figure 5- 10. Soil surface roughness at the end of the experiment of (a): eartkpvesent

treatment and (b) control treatment.

5.6.3. Water holding capacity

WHC was controlled by both plant roots aidchloroticaburrowing Eigure 5- 7). For

all the soil textures, planted columns showed higher WHC compared to the bare soils.
Plant roots modify the soil WHC lajrect effects such as creating biopores while growing
and soil aggregation by indirect effects such as the excretion of exudates which modify
soil physical and hydraulic properties (Doussan et al., 2015). The -yiessnt
treatments had a higher %WSA théne bare soilsRigure 5- 8). High levels of stable
aggregates improve soil structure including pore size distributions which result in a higher
cgpacity to hold wate(Veiga et al., 2009)As in our previous studylallam and Hodson
(submitted}he endogeic earthwori chloroticaincreased the %WSA and consequently
the WHC. Earthworms increase aggregates by casting activity which produces iterstiti
spaces between casts and porosity that helps to hold(katiek et al., 2001, Kuan Teng

et al.,, 2012, Bouche and AlAddan, 199Tyeatments where both winter wheat ahd
chloroticawere present showed the highest WHC reflecting the impact of boivhtre

and earthworms on the soil structure.
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The Sal soil had a higher WHC than the other two soil textures across all the treatments.
This may be due to higher organic matter content in thisalllé 5 1). Organic matter

can increase the soil water content because of the presence of micropores or a variation in
pore size distribution through soil aggregat{Bouyoucos, 1939, Reicosky, 2005, Syers

and Springett, 1983, Dal Ferro et al., 2012, Tang et al., 20h6)increased processing

of high organic matter soils b4. chloroticavia ingestion and egestion will lead to the
development of hydrophilic coatings on inorganic soil components which myapve

further soil water retention in the presence of earthwqi®msagin and Prusak, 2008,
Lavelle, 1988)

5.6.4. Wheat shoot biomass

As has been observed in many stud&twckdil and Cossens, 1969, Laossi et al., 2010,
Bertrand et al., 2015fhe presence @&. chloroticain the planted treatments increased
plant shoot biomass significantly across all soil texturegufe 5- 9). This may be due

in part to the increase in WHC in those treatments compared to earttabeant
treatmentsKigure 5- 7) although increases in WHC do not necessarily lead to an increase
in plantavailable waterincreases in plant biomass in the presence of earthworms has
been attributed to increasing N mineralization, K availability in soils and stimulating soil
microbial activity(Andriuzzi et al., 2015, Boyle et al., 1997, van Groenigen et al., 2014)
Increasedheration in the root zone may also have had an €ftsable, 1966, Barnes and
Ellis, 1979)

In the presence @&. chlorotica theSaL soil produced a higher wheat shoot dry biomass
than the other soil textures. This may be due to the increased aitgilafllutrients due
to processing of high organic matter of 8&L soil (Table 5- 1) by A. chloroticawhich

accelerates organic matter breakddwavelle et al., 1998)
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5.7. Conclusion

This study confirmed our main hypothesis that the combination efeizal burrowing

A. chlorotica earthworms and winter wheat roots would increase kgdraulic
conductivity and the retention of water in soil compared to the presence of &ither
chlorotica or winter wheat roots alone. The high Permeability Index in the earthworm
present treatments compared to other treatments suggests that endogeiormart
species can contribute greatly to soil water flow regulation across the landscape. Adopting
a minimum till management approach to replace conventional tillage of the upper soil
horizons, where endogeic earthworms usually burrow, leads to an incre@sthworm
numberqSpurgeon et al., 2013)ur study shows that there would be benefits in terms of
water retention and plant growth. We have shown that the effects on soil hydraulic
conductivity would be rapid wheA. chloroticainteract with winter wkat roots. In
addition to creating burrows (earthworms) and biopores (plant roots) > 3mm that played
a big role in water flow with an average overall contribution of 88.5 % to flow through
the soil, A. chloroticaand plant roots also induced variation eofsaturated hydraulic
conductivity at low water tensions as a result of changing the proportion of micropores (<
0.5 mm). The association 8f chloroticaand winter wheat also increased the soil WHC
and %WSA which impacts on soil water storage and ingqofains the increased plant

growth, two vital services that soils provide.

The soil hydraulic conductivity measurements were carried out under conditions where
burrows have a finite length and do not connect to a drainage system. We suggest that
these coditions are most likely to mimic those found in the majority of field situations,

as it is unlikely that the majority of earthworm burrows connect to field drains. Thus,
during and after a rain event, burrows and biopores will fill with water which v th

flow through the walls and the base of the burr¢8mettem, 1992)During the winter

spring period, most UK soils are wet enough that capillary forces are negligible and only
pressure head forces control water flow through burrows. This allows thef ulse
Permeability Index to estimate infiltration rates under different situations where
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earthworms and plant roots are present or absent. This may be a useful tool to guide
managers to promote soil biota to mitigate surface water erosion or perhaps even

downstream flood risk, although further testing of upscaling effects will be required.
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Chapter 6

Effects of earthworms on soil physicenydraulic
properties and wheat growth on arable land

converted to ley

6.1. Declaration

This chapter ipresente@s paper ready for submissidine paper was written in the style

of Soil Biology & Biochemistryto whichit will be submitted For consistency and ease

of reading,headings have been numberadufes and tablesnsertedand renumbered
figures and tables of the Supporting Information section of the original paper renumbered

and put inAppendix Dandcitations changed to follow the standard for this thesis
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growth on arable land converted to ley
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6.2. Abstract

The effect of earthworms on the physiogdraulic propertiesf soilandonwheat growth

in long-term aablesoil convertedo leywas investigated. Intact monoliths of soil were
collected from four arable fields. Six monoliths from each field were defaunated by deep
freezing; earthworms were added to three of the defaunated monoliths (DeF+E) to mimic
pasture fild density and diversity whilst three were left defaunated (DeF). One monolith
from each field was left unfrozen asantrol The monoliths were returned to the field
and planted with a ryegrastover ley for 12 months. Hydraulic conductivity
measuremest at -0.5 cm tension Kos) were taken five times over the yedfos
significantly increased in Summer and Spring and decreased in Wkderwas
significantly greater for the DeF+E monoliths than the DeF monoliths. By the end of the
experiment pores > 1 mm in diameter made a significantly greater contribution to water
flow in the DeF+E than the DeF monoliths. Arable conversion to ley significa
decreased soil bulk density and increased organic matter content (%OM):Hdldirg
capacity, plantavailable water, %OM content, waistable aggregates and grassver

shoot dry biomass were significantly higher in the DeF+E than the DeF maendiith

wheat bioassay on the soil following the y&@rg experiment, significantly more total

dry biomass was produced in the DeF+E monolith soil, probably due to the developed soill
physicehydraulic properties. Our results show that earthworms plagnéisant role in

the improvement of soil quality brought about by arabldey conversion Boosting
earthworm populations is a worthwhpeacticeto ensuresuccestl and sustainable land

reclamation and soil quality improvement

Keywords: Earthwormshydraulic conductivitysoil water release curvesaterholding
capacity plant available water, watstable aggregates, wheat bioassay.
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6.3. Introduction

Soil degradation affectsbout 38% of worldwide agrultural land and is a major threat

to future food securityincreasing the vulnerability of thecreasing global populaticio
impacts of climate change such as flood and fanfrdted Nations Convention to
Combat Desertification, 201L7Estimates of th costs to the global economy of soil
degradation range widely frotdS$231 billionper year{Nkonya et al., 20160 US$L0

trillion per year(The Economics of Land Degradation, 20M)ich is equivalent th60%

of the global spend on healthcdorld Hedth Organisation, 2012)Soil degradation
involves both loss of soil functions, such as depleted organic matter content which reduces
carbon, water and nutrient storage, and loss of soil volume caused by erosion and
compaction. The degradation of soil gtyaland quantity are interlinked, as reduced
waterholding capacity and infiltration rates and poorer crop establishment leave soil more
vulnerable to wind and water erosifhurner et al., 2018, Durdn Zuazo and Rodriguez

Pleguezuelo, 2008, United Natio@snvention to Combat Desertification, 2017)

Intensive arable cultivation growing annual crops on soils that are ploughed and harrowed
each year is a major cause of soil degradation causing loss of organic matter,
disaggregation and compaction, yet as médgeas 2016, 60% of arable land in England
has been cultivated in this wélyownsend et al., 2016Arable farmingaccounts fo29%%

of the land use of England and Wales and is responsible31é6 of the total costs
associated with soil degradation, inner of the loss of capacity of soils to deliver
ecosystem servicg&raves et al., 2015These costs have been estimated at betfi@én

- 1.2 billion per yeamwithout considering the cost diffuse contamination of soils, soil
biota loss and sealin@sraves et al., 2015¥he core components the authors identified

as contributing to these costs are loss of soil organic ng4#t#s),compaction (39%) and
erosion (12%).

Increasing awareness of the economic and environmental impacts of soil degradation,
highlighted by the UK parliamentary inquiry into soil hegltouse of Commons, 201,6)
have led to the policgoalin the 25 year Environment PlgHouse of Commons, 2018)

to sustaiablymanagea | | of Englandds soil s biyatiod 030.
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is the need to increaseil organic matter contentreate a bettegoil structure enhance

the hydrological function of the soil (e.g. enhanced infiltration and water storage) and to
protectthesoil surface from erosio(BlancoCanqui and Lal, @08). This can be achieved

in a number of ways, for example through the use of atapleotations and minimum

or notill methods (van Eekeren et al.,, 2008, van Capelle et al., 2042) are less
damaging to earthworm&dwards and Lofty, 19829nd mycerhizal fungal symbionts

of plant roots, that assist in soil aggregate stabilization and soil carbon sequestration
(Wilson et al., 2009, Zhang et al., 2013, Asmelash et al., 20a)st these management
approachefavourthe development of earthworm pdations(Chan, 2001, van Capelle

et al., 2012}t is not always clear whether it is the action of the earthworms, or other direct
aspects of these management methods that give rise to observed improvements in soll

properties.

Earthworms are known to in@se soil organic matter content by incorporating organic
material into soi[Fahey et al., 2013knhance soil aggregati@@harma et al., 201and
generate macropores that increase soil water ffnancis and Fraser, 199&hich in

turn protects the sbisurface against erosio@ouquet et al., 2012We therefore
hypotheged that direct processing of soil by earthworms is responsible for improvements
in soil propertiesand functions including soil carbon sequestration, aggregate stability,

and hydrologal functions such as infiltration ratéBlouin et al., 2013)

Adding earthworms to improve soil properties has the potential to be economically
affordable, environmentally sustainable and socially accepi@hka et al., 2010, Sinha,
2009) Earthworms can procetens of tons of sokach yea(Birkas et al., 201QZaller

et al., 2013and reproduce rapidly under optimal soil conditions when sufficient food is
pr ovi de2wo(md peRyear from a single adult earthwofdohnston et al., 2014,
Lowe and Butt, 2005, Butt and Lowe, 20Mhich could lead to rapid emges in soil
properties. The effect of earthworms depends on both which earthworm species are
present and on the soil conditiof@lause et al., 2014, Hedde et al., 2013, Hallam and
Hodson, submitted)Typically, in field conditions earthworms are presemtmixed
communities comprising severgbeciesbelonging to the three main ecological groups,

i.e. epigeic, endogeic and anegf®och and Jalilvand, 200&)at interact with other soil
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biota and plant roots. Under laboratory conditions, individualheanm species
interactions with plant roots have resulted in significantly greater increases in soil
physicehydraulic properties by endogeic compared to anecic earthworm s(italikesn

et al., submitteéh, Hallam et al., submittelo). The aim of this sy was to determine the
effects of earthworm communities on soil physioalraulic properties and plant growth
under realistic conditions by conducting experiments in soil monoliths in arable fields

using field relevant earthworm populations.

A field experment was set up to investigate the influence of earthworms on soil recovery
when arable soil is converted to ley. dantrol earthworm populatienwe collected intact
monoliths from fieldgAllaire and Bochove, 200@nd defaunated them by freezing at
20 C (Bruckner et al., 1995thernondestructiveearthwormextraction methodssed

in previous studies, such asustardsolution and electrgshocking have an incomplete
effect on earthworm extractiofEisenhauer et al., 2008yhereas freezing is totally
effective for eliminating theniBruckner et al., 1995, Barley, 1968elected monoliths
were reinoculated with earthworm populations typical of local pasture fields and all
monoliths were planted with ryegrass and red and white clover to create anataiple
conversion. The monoliths were monitored for a year with soil hydraulic conductivity
measurements being made five times and plant shoot biomass twice. At the end of the
experiment,we measured soil water release curves, soil waikling capacitybulk
density, percentage watstableaggregatgein the 1- 2 mm size classorganic matter
content,total nitrogen contentand earthworm diversity. Soil froneach monolith was

thenusedin a6 week wheat growth bioassay.
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6.4. Materials and methods

6.4.1. Site and experimental design

Monoliths were extracted frorfour arablefields (approximately 70 m from the field
margin)in March 2017 at the University of LeeBarm, Field Research Ur{Bramham,
England; 53° 52' 25.2 N 1° 19' 47.0",\®Wigure 6- 1). The fields had been cultivated and
used to grow annual arable crops every year since last converted from ley in 1988 (Copse);
1994 (Big Sulstation East (BSEandBig Substation West (BSW)and 2009 Killside

(HS)). Paired ley strips 3 m wide and 70 omd), extending into the fields from the hedges

had been previously established in each of these fields as part of the NERC Soil Security
consortium research project SoilBioHedge and the monoliths were extracted from the area
of the field between these $tsi Figure 6- 1). The soil in each field was a Cambisol

(WBR, 2006)and basic propertieseasummarized ifTable 6- 1.

Figure 6- 1. The location of the four arable fields, Big StdtionEast (BSE), Big Substation
West (BSW), Copse and Hillside (HS) in which the experiment was carried oytairbd
green strips within each field are the ley stiipsnveen which the monoliths were sampled from

and near the end of whithe monoliths wer@nstalled following defaunation by freezing
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Table 6- 1. Physical and chemical properties of the experimental arable fraldsafid max
values are showm,= 3; full data are presented in Table D1).

. Clay Silt Sand
Organic  Bulk
_ _ (%)* (%) 4 (%)4 Textural
Field pH? matter? density?
50-2000 class
(%) (gen®) < 2 250 ¢
em
7.58 3.14 134 4.21 51.24 41.70 _
BSE Silt loam
7.75 3.26 1.3 4.46 53.83 44.50
7.79 3.13 1.25 4.69 53.03 40.83 _
BSW Silt loam
8.00 3.18 1.47 4.82 54.36 42.28
750 351 131 8.08 42.09 45.14
Copse Loam
7.70 3.69 153 8.93 45.93 49.83
6.45 5.03 1.22 3.91 45.75 42.10
HS Sandy loam

5.56 5.39 1.28 451 53.39 50.34

! Determined using a ratio of 1 : 2.5 (soil : wat@vlinistry of Agriculture Fisheries and Food,
1986) 2 by loss on ignition at 350 °C to avoid decomposition of carbonates during igiiiab
and Boyd, 1994, CEAE, 2003j using soil density rings of 96m® volume and* using a

MasterSizer2000 laser particle size analyzer (Malvern Instruments, UK ).

Seven intact soil monoliths were extracted from each field and used to produce three
treatments: i) frozen monoliths inoculated with earthworms (DeFrE)3J), ii) frozen
monoliths not inoculated with earthworms (DeR)< 3), iii) unfrozen monolith not
inoculated with earthworms (contral,= 1). The monoliths were planted with a grass
clover Lolium-Trifolium repensandT. pratensgmix and weraeturned to their fields of

origin towards the ends of they2arold ley strips furthest from the field edgéhe

monolith experiment ran until midpril 2018.
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6.4.2. Monolith preparation and grasslover planting

Seven undisturbed monoliti{2 cm deep, 36 criong x 27cm widg were carefully
extracted from each field following procedures similaillaire and Bochove (200&)nd
placed into plastic boxeEach box hd drainage holesf 10 mm diametein the bottom
and8 mm diameter in theideswhich were coverd innylon meston both the insidand
outside(see Figure D1)A mesh size of 0.5 mm was usednypto preventheentry and
exit of earthworms or other soil macrofauoger the duration of the experimeiithe
controlmonoliths (= 1) from each fieldvasimmediately placed in an excavated hole in
the ley strip of the field from which the monolith was takéhe remaining 24 monoliths
were defaunated by deéezing at-20 °C for three weeks. After defaunation, all 28
monoliths were plated with the grasslover ley.

Because clover establishment is slow, established clover plants were collected from the
2-year ley strips in the fieldd=(gure 6- 1). The clover roots were thoroughly washed to
remove any earthworms and their cocoons. Six white clover plants with extensive lateral
root system, and 3 red clover plants with strong taprawse transplantednto each
monolith. The monoliths were kept indoors for one day and2rgeof hybrid and Italian
ryegrass (sorted from an original mixture of cleger a s s Bsadswbre HifPro ,
Oliver Seeds, Lincoln UKyere scattered on the suréaof each monolithThe monoliths
werekept irdoorsfor another 24 hourand then, o the third day, watered to stimulate
grass seed germinati@nd moved outdoorsBlocks of soils were excavated in the ley
strips of the fields from which the monolithsthieeen extracted and the monoliths placed

in the holes so that they were level with the surrounding sesh\liencesf 15 cm height

and supported by aambooframe were placedaround the monoliths to prevent

earthworms coming in and oaver the surface

6.4.3. Earthworm collection and culturing

Three defaunated monoliths per replicate field were repopulatedavitiwerns to give
a population diversity and density basedlwat recorded imearbypasture field (Warren
Paddockand Valley FieldFigure 6- 1) on the same farnm December 2016Table 6-

2). Earthworms were collectdtbm pasture fields by excavating the doildepth of 20
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cm and hand sorting. The earthworms were classified using @RAL earthworm
identification key(Jones and Lowe, 20Q9)insed with deionized water placedin
containers containing the softem each field from which the monoliths were extracted
andmaintainedat 15 °C in darknesgButt, 1991)to ensure that individuals were viable
prior to the experimeniAfter 3 daysacclimateation the viable adlt earthworms were
rinsedagain with deionized watebjotted touckdry with tissue paper, weighed apdt

in containers ready for inoculation at the surface of the DeF+E monoliths. Earthworms
were placed on the surface of the monoliths and watchedheyihad completely entered

the soil to avoid birds or other earthworm predators.

To ensure earthworm inoculation success and survival of the more vulnerable species
during the experiment period we followed the recommendationButff (2008) in
repeating dditions after the summer. Our main concern was earthworm survival during
high summer temperatures (see Table D6) and low soil moisture conditions. Earthworms
were therefore added to the DeF+E monoliths twice, droBMarch 2017 at the start of

the expement and again on the #5of November 2017 after the summer, at
approximately the same density and species composition (though we were unable to
collect sufficientAllolobophora longan March 2017 and sufficieumbricus castaneus

and Aporrectodea roseéor the November 2017 restockable 6- 2, seeTable D2for
details). To reduce the abundance of earthworms that managed to recolonize the DeF
mondiths, we appliedip to 3 L of #lyl isothiocyanateat 0.1gL per monolith(Zaborski,
2003)in November 2017, when earthworms are very active, to expel any earthworms (we

found Oi 8 adults and 1 14 juveniles in each monolith, see TablefDBdetailg.
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Table 6- 2. Number andotal weight of the added adult earthworm species across all the(irelds
= 4)and replicategn = 3) of the frozen monolith with earthworm addition treatmébisF+E)in
March and November 2017. All replicates received the same number of adult eartibworms
slightly different weighs; (min and max values are shown, see Tablef@2nformation on
individual monolith3.

Earthworm addition on | Earthworm addition on the
the 32 of March 2017 15" of November 2017
Earthworm i
_ ) Number | Total weight Number _
ecological Earthworm species Total weight (g)
Added | (9) Added to
group
to each each
_ Min Max _ Min Max
monolith monolith
_ Lumbricus terrestris 2 3.83 | 6.44 2 6.65 9.96
Anecic
Allolobophora longa 0 0.00 0.00 1 1.20 3.64
Aporrectodea rosea 3 0.50 0.74 2 0.28 0.54
Endogeic | Allolobophora chlorotica] 12 2.78 3.05 12 2.42 3.29
Aporrectodea caliginosa 3 1.25 1.64 3 0.53 1.45
Epigeic Lumbricus castaneus 3 0.43 0.68 0 0.00 0.00

6.4.4. Measurements made during the experiment

6.4.4.1. Hydraulic conductivity (K)

K was measuretive times, once a season, over the duration of the experiment (Spring
2017, 2326" May; Summer 2017, 225" August; Autumn 2017, 630" November;
Winter 2018, 28 January to 2 February; and Spring 2018, 08" April 2018). The
measurements were madsing a Decagon Mini Disk Portable Tension Infiltrometer
(Decagon Devices Inc, 201&jth aninfiltrometer placed on a thisand layer t@nsure
goodcontact between the tension@@dmonolithsurfacg Kohne et al., 2011, Reynolds
and Elrick, 1991)Measurements were made potentials of6, -3, -1 cm and-0.5 cm

until steadystate flow was rached corresponding to water flow through pores less than
0.5, 1, 3 and 6 mm in diameter respectivély.avoidhysteresis effeci& measurements

were made in an ascending tension sequéBeed, 1997) K for three dimensional
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infiltration was computedising he VanGenuchten Zhang methddhang, 1997)The
contribution of different pore size clasqegs0.5, 0.51, 1-3 and > 3 mm in diametet)
water flow for each set of measurements veadculatedafter Watson and Luxmoore
(1986) In this study the hywulic conductivity at a tension €.5 cm, close to zero, was
assumed to be a good approximation for saturated hydraulic conduitiyiglcubal et
al., 2004)

6.4.4.2. Grassclover shoot biomass

Grassclover abovegroundiomass was measured halfwayough the experiment (23
September 2017) and just before the end of the experimehtA@@ 2018). At each
sampling point all plant shoots were atitthe soil surfaceThe freshshootbiomasswvas

weighedandthen oven dried at0 °C to constant weht.

6.4.5. Measurements made after monolith removal

At the end of the experiment all the monoliths were removed and weigagbwiarms
were first extracted usingip to 3 L of &yl isothiocyanateat 0.1gL™* per monolith,
(Zzaborski, 2003) Emergingearthwormswere collected foapproximately20 mirutes
after application.Soil core samples were then collected from the monoliths for the
measurement of soil water release curves, soil watleling capacity, bulk density,

percentage watestable aggregas, organic matter content and tat@fogen content.

After the samples of undisturbed soil had been removed, any remaauithgvormsn

the monolithswere recovered by harsbrting Stones > cm dianeterwere removed,

and subsamples of this sortedl seére collected for a plant bioassay. In the laboratory,
the recovered earthworms were ringgtth deionized watehlotted-dry with tissue paper
identifiedusing the Opal identification keand weighedBecause it is hard to differentiate
between thejuveniles of different earthworm species, juveniles were classified at
ecological group level; species that could not be identified to group were classified as

unknown.
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6.4.5.1. Soil water release curves and water holding capacity (WHC)

Intact ©il cores8 cm diameter x 5 cm high were taken from the surface ahtheoliths.

The cores wereanalyzedfor water retention at different potentiafsllowing the
simplified evaporation metho@Schindler et al., 2010, Peters et al., 20LS)hg a
HYPROP device (UMSMunchen, Germany)The measurethydraulic conductivities
using the minidisk infiltrometer and tiY PROP measurement campaigns were modeled
using the HYPROHFIT software The hydraulic function parametevgere generatd
using thebimodal Van Genuchten (D) model (Durner, 1994) Soil water content at
saturation, at field capacity and at wilting point, @hehtavailable watewere calculated

from the generated curves.

The WHCwasdeterminedn 05 cm depth x 3.5 cm diamet@tact soilcores that were
saturated in the laboratory for 48 houfée cores were then allowed to drain freely, until
water was no longer draining out, at which point the cores were weighed and oven dried
at 105 °Cto a constant weight to establish the water cont&@ (112682:198).

6.4.5.2. Soil bulk density (BD) and percentage water stable aggregates (%WSA)

BD was determineth themonolithsat 05, 510 and 1615 cm deptlusing a bulk density
corer with rings of 100 crh (Eijkelkamp Agrisearch Equipmeht Fine earth BD
measurements were corrected for the mass and volume of st@nesn and were

averaged across the three depths for each monolith.

Four grams of soil that had been sieved through a 2 mm sieve and retained on a 1 mm
sieve and air dried wengdaced on250 pum sievespremoistened and wedieved for 3

minutes in deionized wateusing wet sieving equipment (Eijkelkamp, Agrisearch
Equipmen}. The %WSA was determined as the weight of the stable aggregates remaining

on the sieve relative to the &btweight of aggregates adjusting for the mass of primary

sand particles 250 umpresent in the samplésMi | | er et et al . |, 2009
2009)
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6.4.5.3. Percentage organic matter (%OM) and total nitrogen (%N) contents

Organic matter was determinég loss on ignition as the soil contained carbonates an
ignition temperature 0350 °Cwas used to avoid their decompositi@dtyub and Boyd,
1994, CEAE, 2003)Total N was measuredusing a vario MACRO (N Analyser
(ElementarAnalysis SystemGermany). The soil samples were first dragd105 °C
sieved to < 2 mm then homogenized to a fine powder with a labotzlbryill (Retsch,
Germany). The samples were then weighed into dotincups and sealed for dry

combusion.

6.4.5.4. Wheat bioassay experiment

Moist homogenized soil from each monolith equivalent to a dry mass of 200 g was added
to plastic pots of approximately 7 cm diameter and 13 cm heighétaret at 15 °Gor

four daysuntil planted with pregerminatedVinter wheat seedlingsTgiticum aestivum
Skyfall variety). Winter wheat seeds were germinated on Petri dishes kept at room
temperature in natural light. Three days after germinaseedlings wittapproximately

2 cm radicles were transplanted into the betlkersand allowed to grow for five days
under natural lightThe beakers were thgataced under 50 W LED ligh{#Massa et al.,

2008, Schroer and Holker, 201@®perating 12-hour photoperiodin a controlled
temperature room set at 15.°The plants were watered three times a week with distilled
water. After 6 weeks, shoots and roots were harvested with wwashed free of sqil

weighed, oven dried at 7€ to aconstantwveight and weighed again.
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6.4.6. Statistical analysis

The treatment mondh datawere analyzedising a general linear modednalysis of
variance ANOVA). Threeway Mixed ANOVAwith two between factor@reatment and

field name)and one repeated factgeasonal measurements) was used to an&lyate
different tensions. Ordinarfwo-way ANOVA was used to analyze data of the other
measured parameters at the end of the experiment with treatment and field name as
factors. Due to logistic limitations we only had one unfrozen control monolith per field.
Consequently, ANOVA analysis ¢tuding control treatments was performed to look at
the main effects of treatments and fields or seasons bat thair interactionssincethe

design is an unbalanced ANOVAhe unbalanced design resulted in uneven variances
for some parameters, we therefore repeated our ANOVA analysis excluding control
monoliths; the statistically significatrends were the seanTherefore, here we report the
results of the AIOVA analysisincluding control treatments. However, the ANOVA
analysis excluding the controls was used to investigate interactions between the main

factors in the DeF+E and DeF monoliths.

As part of the regular management of the fields where the monoliths were Jazated
selective herbicidéASTROKerb® MAPP 16184 Dow AgroSciencesCambrdge UK)

was applied idateNovember 2017. The herbicide spray ddfonto theedges of the ley
stripsin HS field killing the grassn one replicateeachof the DeHE (Replicate 3)and
DeF(Replicate 3) treatments; this appears to have had a negative effect on the earthworm
populations geeTable D4).Forthis reason,heinfiltration measurements in January and
April 2018 in addition to the collected data at the end ofakgeriment forthe two
monoliths were excluded from the statistical analySRSS (IBM Corp. Released 2016,
version 24)wasused to estimatie statistical ggnificance of mean differencésetween

treatmentsP values of < 0.05 were used as the thresfmidignificance
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6.5. Results

6.5.1. Recovered earthworms

Figure 6- 2a shows the mean number of each earthworm species recovered from all the
treatments and across all the fields &mglre 6- 2b the weights. Detailedatafor each
replicatearegiven in Table D4 and Figure D3. Themberof adults F1,14= 55.6,p <

0.001) and the mass of aduf (4= 72.9,p< 0.001) and all (i.e. adult and juvenil&) (4

= 13.2,p < 0.05) earthworms recovered from the DeF+E treatments at the end of the
experiment were significantly less than the totals added over the course of the experiment
(April and November 2017). However, total earthworm numbers recovered (mglud
juveniles) were not significantly different to numbers added. Importantly, for testing our
hypotheses, at the end of the experiment, the DeF+E monoliths showed significantly
greatertotal earthworm numbers and weights than the DeF treatnesqt6.001). Total
earthworm numbers and weights of the control treatment were significantly higher (
0.05) than DeF treatment but not significantly different from the DeF+E treatment. At the
end of the experiment no significant differences were obsepetdeen fields for
recovered earthworm numbers, but BSE contained a lower total weight of earthworms
than BSW field p =0.049).There were no significant interactions between fields and
treatments. Endogeic species dominated the earthworm population +i Drefatments

(p < 0.001) while epigeics were the dominant species in the P& (05) treatments at

the end of the experiment.
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(b)

Unknown species ™ Lumbricus castaneus B Lumbricus rubellus Aporrectodea rosea " Aporrectodea caliginosa W Allolobophora chlorotica M Allolobophora longa W Lumbricus terrestris

—
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‘Weight of recovered earthworms (g)

Adult Juvenile Adult Juvenile Adult Juvenile

DeF+E DeF Control

Figure 6- 2. Mean of the recovered earthwofa) numbergper monolithand(b) weight(g) per monolithfor adults and juvenilescross all fields
The figures represent the three treatmddész+E= frozen monoliths with earthworm additi¢n = 12), DeF =frozen monoliths without
earthworm additiorfn = 12) andControl (n = 4). The chart stack colw and its shades represent the ecological group of earthworm; Brown :
anecic, green : endogeic and bl@pigeicspeciesL. terretrisandL. rebellusspeciedor juveniles represent anecic andgpc ecological group
respectivelyand not species, for the purpose of this graph &&govered earthworm numbers ameightfor each treatment on a field by field

basis is presented in Figure D3.
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6.5.2. Seasonal differences in hydraulic conductivity (K)

Figure 6- 3 presents the seasowalriation inK at-0.5 cm tensioiiKos) for all treatments
and across all the fields (f&rdata atifferent tensionand details oéachfield see Figure
D4). Threeway mixed ANOVA indicated thdo s varied significantly with seasdits,ss
=17.9,p < 0.001), treatment and field typg (< 0.001).Kos increased from Spring to
Summer 20170 < 0.001), there were no significant differences between Summer and
Autumn 2017, a significant decrease from Autumn 2017 to Winter 2028(003) and
a significant increase from Winter to Spring 2048 (0.001). Across treatmerits s was
significantlygreater in DeF+E compared to DeF and control treatmert®.001). There
was no significant difference between DeF and control treatm@ntg. seasons and
treatments showed a significant interactibmnss = 3.1,p = 0.023), withKo s significantly
greater in DeF+E compared to DeF treatments only in Winter and Springd200801).
Across fieldXKo.s was higher in HS field compared to BSE and BSW fighds @.01) and
lower in the BSW field compared to Copse and HS fighds @.01)

Apart from a significantly loweK at-1 cm tensionKy) in Winter 2018 compared to
Summer 2017, Autumn 2017 and Spring 2018 (0.05), no significant differences were
observed irK; between seasons. Across all seagénsvas not significantly different
between fieldsKz14 = 3.1,p = 0.06) andwas greater in DeF+E compared to DeF and
control treatmentsp(= 0.05). There was no significant difference between DeF and

control treatments and no significant interaction effect between main factors

Kz at a tension af 3 cm was significantly different between seasons and fipkd®.001)

but not significantlydifferent between treatmentszincreased from Spring to Summer
2017 < 0.01) and from Winter to Spring 2018 £ 0.05) but decreased from Summer

to Autumn 2017 and from Autumn 2017 to Winter 20A& (0.01).Kzwas significantly
lower in BSE compareatthe other fields and higher in HS compared to Copse and BSE
fields (p < 0.05). There was no significant interaction between fields and treatments.
Interactions between seasons and treatments or fields are repottex Supporting

information section.
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Ke was not significantly different between treatments. No differendéswere observed
between BSE and Copse or between BSW and HS fields through all the seasons. The
highest values were reported for BSW and HS fighds 0.001). All the fields showed a
significant decrease iKs from Summer to Autumn 201D & 0.05) with no significant

differences between the other seasons.

The relative flow of water through different pore size rangagedbetween treatments
through the experiment perigolut there were naignificant differences or trendsg the
data are not reported in the main text of gaper(see Figure D5)However, at the end
of the experimen{Figure 6- 4) water flow through pores wider th&hmm showeda
significanty greatercontribution tototal flow in the control treatments compared to the
DeFE and DeF treatments; there was no significant difference betweerEleld DeF
treatments. Howeverhe proportion of water flow through pores wider than 1 was
significanty greaterin the DeRE treatments comparedttte DeRreatmentsy{ = 0.045).
Flow through pores wider than 1 mm in thentrol treatment was not significantly
different from the other two treatments but had a value that lay between Ntwem.

significant differences were observed between fields at the end of the experiment.
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Figure 6- 3. Mean hydraulic conductivity a0.5 cm tension across seasang all the field¢n
= 4). DeF+E= frozen monoliths with earthworm additigm= 11), DeF= frozen monoliths
without earthworm additiofn = 11), n = 4 for the @ntrol. Columns with thesame letter over
them are not significantly different through time within each treatnegnor bars =standard
deviation Hydraulic conductivity atlifferent tensiongacross seasoifisr each treatment and on

a field by field basis is presented in Figuré.D
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Pores < 0.5 mm diam Pores between 0.5-1 mm diam Pores between 1-3 mm diam Pores > 3 mm diam

Control 31 67

DeF 54 40
DeF + E 58 40
0%  10%  20%  30%  40%  50%  60%  70%  80%  90%  100%

Water flow through pore size classes (%)

Figure 6- 4. Mean pre size class contribution to water flatvthe end of the experimeadtross
all the fields.DeF+E= frozen monoliths with earthworm additign= 11), DeF =frozen
monoliths without earthworm additiqn = 11), n = 4 for the @ntrol. Pore size class
contribution to water flovacross seasons for each treatment on a field by field basis is presented

in Figure D5.

6.5.3. Soil water release curves (SWRC) and watelding capacity (WHC)

The SWRC data from the individual cores from each monaktte combinedo produce

a single SWRGQor the DeHE and theDeF treatmentdrom each fieldand fitted using
Hyprop-Fit models.SWRCfor thecontrols were from single core&igure 6- 5, Figure

D6). The generated SWRC were used to derivedhevater content at saturati@mdat

field capacity (at 33KP&irkham, 2005), andalso theplant availablevater Table 6-

3). All these valuesvere significantly higher in thBeHE compared t®eFand control
treatmentgp < 0.05) No significant differences were observed between DeF and control
treatments. All the parameters showed significant differences between fieddx@5).

HS field had the highest values, but this was only significant compared to Copse field.

There was a significant interaction between treatments and fields.
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Table 6- 3. Soil water contenfcr?® cn1?) at different potetials derived fronsoil water release
curves(SWRC)fitted to the measured data usihgbimodal constrained Van Genuchten (1980)
model (Durner, 1994PDeF+E= frozen monoliths with earthworm additigm= 3), DeF= frozen
monoliths without earthworm adait (n = 3). Only one treatment was fitted for tBentrol (n =

1). Min and max values are showhe full data, including values of the combined SWRGoée
replicates each for tHeeF+Eand theDeFtreatmentsare presented in Table D5.

Water Water

contentat  content at Plant
. Water content . i available
Field Treatment . field wilting
at saturation . . water (33 to
capacity  point (1500 1500KPa)

(33 KPa) K Pa)

475 33.1 11.7 21.4

DeF+E 50.9 38.2 14.1 25.2

BSE Ser 451 26.4 9.9 16.5

46.2 33.0 11.6 21.6

Control 457 305 12.8 17.7

46.3 29.7 6.7 21.3

DeF+E 53.0 33.5 9.5 24.0

BSW Der 44.9 23.9 55 18.2

49.9 27.4 7.0 218

Control 50.6 27.0 8.7 18.3

48.6 33.3 10.8 19.3

DeF+E 51.9 33.9 14.2 225

Copse DeF 36.0 210 6.2 12.6

43.1 21.9 9.3 15.1

Control 42.6 29.3 9.8 19.5

46.2 31.6 120 19.6

DeF+E 54.3 425 15.7 26.8

HS - 458 30.8 11.6 19.2

515 35.3 14.4 213

Control 45.4 32.2 120 20.2
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Figure 6- 5. Soil waterreleasecurves(SWRC)of Copse fielditted to the measured data using
thebimodal constrainefan Genuchten (198@hodel(Durner, 1994)The curves represent the
three treatment®eF+E= frozen monoliths with earthworm additiobeF = frozen monoliths
without eathworm addition an€ontrol. Three replicates were combined each foDkE+E
and theDeF treatments and fitted using HyprBfi models.Only one treatment was fitted for
the Control (error bars Standard deviatign SWRC for BSE, BSW and HS fileds greesented
in Figure D6.
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WHC varied significantly between treatmels,14 = 6.3,p = 0.011; Figure 6- 6). The

WHC of the DeF+E monoliths was greater than the DeF monofith®(05). There was

no significant difference between controls and the other treatments. WHC was
significantly higher irHS compared to BSE and BSW fielgis<0.01) and significantly
lower in BSE compared to Copse and HS fields<(0.01). There was no significant

interaction between treatments and fields.

0.60
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0.40
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WHC of the sampled cores (¢cm® cm?3)

0.00

DeF+ E DeF Control

Figure 6- 6. Meanwater holding capadésof the3.5 cm x 5 cntoresacross all fieldsDeF+E
= frozen monoliths with earthworm additiégn= 11), DeF =frozen monoliths without
earthworm additiorin = 11),n = 4 for the @ntrol; error bars sstandard deviatiarColumns
with the same letter over them are not significantly different. WHC for each treatment on a field

by field basis is presented in Figure D7.
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6.5.4. Soil bulk density (BD)

BD was significantly lower in the DeF treatments at the end ofxperiment compared
to the initial soil conditionsHy,15 = 8.6,p = 0.01). This suggests that after one ydas t
conversion of arablesoil to ley led to a significant decreasa the BD. BD also
significantly decreased in the DeF+E treatmeaelative to starting conditions, however,
there was no significant differenceB between treatmentd the end of the experiment
(Figure 6- 7). BD wassignificantly highesin BSE field compared to other fieldp <
0.05). There was no significant interaction between treatments and fields.

1.30

1.25

1.20

Bulk density (g cm™)

1.05

1.00

DeF +E DeF Control

Figure 6- 7. Meansoil bulk density across dields. DeF+E =frozenmonoliths with earthworm
addition = 11), DeF=frozen monoliths without earthworm additi¢m= 11),n = 4 for
Control; error bars sstandard deviatiarColumns with the same letter over them are not

significantly different. Dry bulk density for eatteatment on a field by field basis is presented

in Figure D8.
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6.5.5. Percentage water stable aggregates (%WSA)

The %W\ was greater in the DeF+E monoliths than in the DeF mondjitks0.014).
%WSA of the control treatments was between the DeF+E and the &&kmants with no
significantdifferences Eigure 6- 8). %WSA also varied significantly with field=§ 14 =
7.6,p = 0.0®); %WSA was highest in the HS fiellihere waso significant interaction

between treatments afidlds.

% Water stable aggregates
~
(=]

DeF +E DeF Control

Figure 6- 8. Meanpercentage water stable aggreg@¥®/SA) across aliields. DeF+E =
frozen monoliths with earthworm addition£ 11), DeF=frozen monoliths without earthworm

addition(n=11),n = 4 for Control;error bars sstandardieviation Columns with the same

letter over them are not significantly different. %WSA for each treatment on a field by field

basis is presented in Figure D9.
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6.5.6. Percentage organic matter (%0OM)

Comparison of the DeF treatments at the end oekperiment Figure 6- 9) with the

initial soil conditions Table 6- 1) indicate thathe conversion of arabkoil to leyled to

a significantincreasan the %0OM content of the monolitis just one yea(F1,14= 399.2,

p <0.001). In addition, there waa significant increase of the %OM contefitheDeHE
treatments compared eF treatments{ < 0.01). The %OM of the control treatments
was between the DeF+E and the DeF treatments with no significant differences. The
%O0OM was highest in HS field andvest in BSW field(p < 0.0001). There was no

interactionbetween treatments afidlds.

% OM content
(3] (5] = n

—

DeF+E DeF Control

Figure 6- 9. Mean %OM in the different treatments acrossialtls. DeF+E =frozen monoliths
with earthworm additionn= 11), DeF=frozen monoliths without earthworm additiem= 11),
n = 4 for Control;error bars sstandard deviatiarColumns with the same letter over them are
not significantly different. %OM for each treatment on a field by field basis is presented in
Figure D10.
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6.5.7. Total nitrogen content (%N)

The addition of the earthworms to the defaunated monoliths resulted in a significant
increase in %N compared to the DeF treatmpnrt @.05). %N in the control treatments
was between the DeF+E and the DeF treatments wisigndicant differencesHigure 6

- 10). %N was significantlyfower in theHS field compared to the other fields < 0.001).

The interaction betweetteatments and fields showed significant differences between

treatments except in the BSE field.

0.35 ab

0.05

0.00

DeF + E DeF Control

Figure 6- 10. Mean % N in the different treatments acrossi@ldls. DeF+E =frozen monoliths
with earthworm additionn(= 11), DeF=frozen monoliths without earthworm additi¢m= 11),
n = 4 for Control;error bars sstandard deviatiarColumns with the same letter over them are
not significantly different. %N for each treatment on a field by field basis is presentgglin F
D11.
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6.5.8. Plant dry biomass

6.5.8.1. Grass and clover shoot dry biomass of the monoliths

No significant differences between treatments were observed at the midpoint of the
experiment. At the end of the experiment, more biomass was produtiee DeHE
monoliths compared tilhe DeFmonoliths(p = 0.004). Plant shoot biomass in the control
treament had an intermediate value and was not significantly different from the DeF+E
and DeF treatments. More biomass was collected in September 2017 than in April 2018
(Figure 6- 11). Over bothperiods, the BSEand HSfield producedthe leastdry shoot
biomasqp = 0.0QL andp = 0.005in September 2017 and April 204&spectively)At the

end of the experiment only grass was present in HS field monoliths. The low shoot dry
biomass in the BSE field and HS field in September 2&igufe 6- 11a) is thought to

have been due to vole activity; plant stems at the soil surface of the monoliths showed
evidence of grazing, vole galleries were present around the monoliths and the mesh fences
had beemiercedat surface level. This impactéhe weight of the collected plant material

in those fields in Spring 2018. Voles have a preference for clover over Dekec6 and

Batzli (2013)explaining why only grass was collected in the HS soil at the end of the

experiment.

30 @

Shoot dry matter biomass (g)
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<
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202



(b)

45

ab

40

35

30

25

20

15

10

Shoot dry matter biomass (g)

n

DeF +E DeF Control

Figure 6- 11. Mean clover and grashoot dry matter biomas (a) September 2017 (at the
midpoint of the experiment) and (b) April 2018 (at the end of the experiment) across all field
monoliths. DeF+E f#rozen monoliths witkearthworm addition(= 12 in September 2017 and
n=11 in April 2018) DeF=frozen monoliths without earthworm addititm= 12 in September
2017 anch = 11 in April 2018),n = 4 for Control;error bars sstandard deviatiarColumns with
the same letten@r them are not significantly different. Clover and grass shoot dry matter
biomass for each treatment on a field by field basis is presented in Figure D12 and separate dry

weights for the clover and grass are presented in Figure D13.
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6.5.8.2. Wheat bioassay exparent

The wheat in the bioassays had significagtigatertotal dry biomass when grown ihe

soil from the DeF+E treatments compared to the DeF and control treatiigoie (6-

12, p < 0.006). This was due to an increase in root biomass in DeF+E compared to DeF
and control treatmentp € 0.001); shoot biomasses were not diffel@nts = 1.6,p >

0.05). Root and total dry biomass varggnificantly between fieldgp(< 0.001) with the
highest values recorded for Copse field and the lowest for BSE field. Shoot biomass was
not significantly different between fields. There was no significant interaction between

treatments and fields.

1.6

1.4

12 5 -

f—

0.8

0.6
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Total wheat dry biomass (g)

02

DeF +E DeF Control

Figure 6- 12. Mean total dry biomass of wheat grown in the bioassay on soil taken from the
BSE, BSW, Copse and HS field monolitBeF+E= frozen monoliths with earthworm addition
(n=11),DeF= frozen monoliths without eartlosm addition § = 11),n = 4 for Control; error
bars =standard deviatiarColumns with the same letter over them are not significantly different.
Separate dry weights for the shoots and rfwteach treatment on a field by fieddepresented
in FigureD14.

204



6.6. Discussion

6.6.1. Earthworm populations

The earthwormdiversity that we introduced inthhe DeFE treatmerg was maintained

for the duration of the experimerEndogeics dominatethe earthworm populatiamin
theDeE treatmergat the end of thexperiment asypically found inpasturefields of

the farm Figure 6- 2; Holden et al. (submitted)Earthworms did occur in the DeF
treatments desm@tthe use of mesh on the outside and inside of the plastic containers that
contained the monoliths and the use of mesh fences around the monoliths. These
earthworms were dominated by epigeics but with some anecic juveniles also present
(Table D3). Epigeicsire reported as having high dispersion rates relative to anecic and
endogeic earthwormsvhich results in more rapid colonization of new habi(Btsuché,

1977, Chatelain and Mathieu, 2017, Miggkeian et al., 2006, Margerie et al., 2001)
Epigeic specig produce a higher number of cocoons than other sp@yesond et al.,
1997)and the cocoons of the epigéicrubellusandL. castaneugtwo dominant epigeic
species found in the monoliths) have a temperature tolerance of de8m°® and-50
°Crespectivelf{Meshcheryakova and Berman, 2014)s therefore possible that cocoons
produced by these species survived the monolith fredmagment and hatched when

conditions became suitable.

Low earthworm populations in replicate 3 of the DeF+E and DeF treatments (Table D4)
may be due to the herbicide spray drift onto the monoliths in late November 2017
(Edwards, 1970, Singh and Singh,180 Hackenberger et al., 2018, GatBgrghausen

et al., 2015) The selective herbicideused ASTROKerb® MAPP 16184 Dow
AgroSciencesCambrdge UK) has thactiveingredientsaminopyralid which has low
ecotoxicological risk to earthworm@&uropean Food &ety Authority, 2013, VKM
Report, 201Q)andpropyzamidewhich has significant effectsn growth and survival of
earthwormgTravlos et al., 2017)According tolSO guideline 11268, full recovery of
earthworm populations should be observed within czar pf application of licensed

plant protection products compared to confdd Jong et al., Ockleford et al., 201IH)
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our study earthworms were collected only 4 months after the herbicide spray so the

earthworm populationshaystill berecovering.

6.6.2. Soil water flow

6.6.2.1. Soil properties and earthworm effect on water flow

Ko.s was significantly higher in HS compared to the other fields. HS had the highest %OM
content of all the fields at the start and end of the experi(iabie 6- 1, Figure D10).

High %OM contentypically improves soil aggregation which in turn increas®il water

flow (Boyle et al., 1989)Soil texture is also a factor. The soilHi$ field is coarser than

that in the other field§Table 6- 1) which typically results in highgko s (Saxton et al.,
1986)

The significant increasinKosin the DeF+E compared to the DeF and control treatments
(Figure 6- 3) is consistent with previous studies reporting a positive effect of earthworms
on water flow(Blouin et al., 2013, Edwards and Bohlen, 1996, Francis and Fraser, 1998,
Bouche and AlAddan, 19971.amandé et al., 2003he impact of earthworms was
significant in Winter and Spring 2018 just after the second addition of earthworms to the
frozen monoliths in milNovember 2017. The lack of significant differences between
treatments in Spring 2017 jsobably due to earthworms having had insufficient time to
work the soil. Qualitative observations made whilst measu{imdicate that although
earthworm casts were found on the surface of the DeF+E monoliths in Summer and
Autumn 2017 these were at alegively low density compared to in Spring. Earthworm
activity typically reduces in the Summer mon(B#kas et al., 2010and the higher than
average temperatures during the Summer of 2017 may have reduced earthworm
populations in the DeF+E monoliths flier which may explain the nesignificant
differences between the DeF+E and DeF treatments.

In Spring 2018, DeF+E treatments showed significamqtky 0.01) higheKos compared
to the other seasons. In this period pores > 1 mm contributed more sighjiftoavater

flow in the DeF+E than the DeF treatmerfisg(re 6- 4). These pores will have been
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created by earthworms or produced as a result ofawegl soil structure through
aggregationKigure 6- 8). Earthworms facilitate soil aggregation and the incorporation
of organic matter within the daggregates which may explain the high %OM content in
the DeF+E treatments at the end of the experirfianrite et al., 2007)

The mean values dfo s across all seasons are @2, 44+ 22 and 3% 28 mm h' for

the DeF+E, DeF and Control treatments respectivedawl rainstorm the UK rarely

exceed 200 mm daywith the greatest rainfaih 2015 being recorded 841.1 mmday

! (Friederike et al., 2018}hough with the rainfall being concentrated isharter time

period than 24 hours. The experimental results suggest that the presence of earthworms
in the soil willlargely reducénfiltration-excess overland floand flooding which would

helpto alleviate negative effects of such events

6.6.2.2. Water flow clanges throughout seasons

K is a dynamic property influenced by, amongst other things, climate, management
practices and biological activifAmer et al., 2014, Elhakeem et al., 2Q183 in previous
studies(Alletto and Coquet, 2009, Deb and Shukla, 20%#udley et al., 2008)K
measured at different tensions varied significantly across the seasons. In this study we
largely used measures kf, Kz andKe to determine the proportion of water flow through
different pore sizes, therefore in this section we focukwaras this is close to hydraulic

conductivity at saturation and allows comparison with other studies.

Our initial hypotheses were thKtwould increase with earthworm activity and in line
with the seasonal activity of earthworms. By the end of our experiment our data supported
our first hypothesis, but it failed to fully support the second part of ourthgpis.Ko s,
increased significantly in Summer 2017 when soils are dry and earthworms activity
decreasegSpurgeon and Hopkin, 1999%vas unchanged during Autumn 2017 when
typically earthworms that aestivated over the Summer start working the soil again a
conditions become moister and grass and clover litter accumulate on the soil @aface

et al., 2006, Michiels et al., 200 9nd decreased considerably in Winter (January 2018)
when soils are wet facilitating earthworm movement and the hatchingtacivsome
species starts to increadeotvin and Lilleskov, 2017, Spurgeon and Hopkin, 1999)
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The high monthly precipitation and temperatures during the Summer of 2017 compared
to the other seasons (see Table BW®uld have induced multiple soil wettityying

cycles resulting in the formation of soil cracks and also increased aggregation leading to
improved soil structurgTang et al.,, 2016)Although high rainfall can lead to the
disintegration of aggregates and the consequent blocking of pores gesuteduced

for coarse textured sailvith anorganic matter contemif less than 1%Hu et al., 2009,

Hu et al., 2012 fine textured soils the formation of small cracks can lead to an increase
in K of several order of magnitudalbrecht and Benson, 20QIjhese contrasting effects

are dependent on soil texture and organic matter content and in the case of thedoils us
in this experiment, the formation of small cracks rather than the breakdown of soil
aggregates seems to have dominated and resulted in the indfeage@Gummer 2017.

In addition, grass and clover reached maximum grove@Rgure D2) in Summer 2017
(abundant rainfaland suitable temperatures for plant growtisummer) and the cracks

and pores associated with wdbiveloped root systenfdngers and Caron, 199&ay

have also increasdh s.

We did not detect a significant change&igs from Summeto Autumn 2017 although we
expected an increase in earthworm activity Kn@Hu et al., 2009, Hu et al., 2012) is
possible that earthworms died over the Summer reducing the populations in the monoliths
and therefore earthworm impacts knWe restocke the monoliths with earthworms in
Autumn 2017 just after measuriifg so that the new earthworms could have a significant
impact onK at the next measuring point. Also, plant material was collected in late
September 2017 potentially reducing the food sugpr any earthworms that had
survived over the Summer, particularly for vertical burrowing anecics that produce water
transmitting vertical pores which may therefore have reduced their activity. Further, at
this time of year the growth of grass and clowsuld switch from a focus on root
development, which can create pores, to shoot produ@Miiaume and Pages, 2006)

This effect would be reinforced by our collection of shoot material in late September 2017

which would also have led to a focus on dhmeer root development.

By Winter 2018 K had reduced significantly. The low air temperatures in Winter 2018
(down to-5.9 °C) would have reduced earthworm activity. There was frequent rainfall in
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the Winter period (Table D6) and although the averageeanperature during the
infiltration measurement campaign was 3 °C, on the mornings of the measurements there
was often a thin sheet of ice on the soil surface so it seems likely that at |eastrieeze

pores could also have been blocked by ice whichldvoaduce measures df.
Conversely, the expansion of the water during freezing could result in soil expansion and
a reduction in soil bulk density and consequent increagésimthawing(Hu et al., 2009,

Hu et al., 2012)Thus,K would vary over a finer temporal scale than that measured in our
experiments. In addition the viscosity whter decreases with decreasing temperature
(e.g. by a factor of 1.6 between temperatures of 28A@) (Haridasan and Jensen, 1972,
Aleksandrov ad Trakhtengerts, 1974yhich would reduce rates of flow. Finally, low
temperatures and solar radiation in Winter reduce water evaporation after frequent rainfall
and the increased water content can lead to increasing periods of water saturation and
expanfon of clays in the soi(Hesseltine, 2016)Although our soils only contained a
small percentage of clay, any swelling could lead to a reduction in pore size and thus a
decrease K (Jabro, 1996, Messing and Jarvis, 1990, Dexter, 1988)

In some soilsK can decrease in Spring after Winter fredzwv cycles due to the
reconsolidation of soils and an increase in soil derfkityet al., 2009, Hu et al., 2012)
However, in our experiment& sincreased significantly in Spring 2018 (from January to
April 2018). Earthworm activity and plant growth increase during the Spring may
contribute to an increase in connected soil pores that can conduct more water. At a coarser
scale of observation than the hydraulic conductivity measurements we recorded a decrease
in the dry bulk density and an increase in the %OM content of the soils between the start
and end of the experiment which would improve soil structure and also be expected to
increaseghe amount of water movemaeuithin the soil(Hillel, 2008).

6.6.3. Soil water réease curves and water holding capacity

Soil water release curves for theHE treatments shifted to the right relative to Ered-
andcontrol treatmentgesulting in increased predicted water contents at saturation, field
capacity and at wilting point for all the field3able 6- 3, Figure D6). The DetE
treatments also had highesater holding capadds Figure 6- 6) andplant available
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water This is consistent witlin improved soil structui@luntington, 2006)Earthworms
impact soil structure directly by creating biopores of different size, branching and
sinuosity which impact on soil water storage capa@gstardie et al., 2005)ccording

to thecapillary rise equatigrporeradius is proportional to the potentialue at which

that pore drainéHillel, 1980) Therefore, at very low potential, water drains through both
rapidly and slowly draining poréémer, 2012)uch as those created by adult earthworms
(27 9 mm diamete(Péres et al., 1998)The wide pores have more impact on soil water
content at saturation than lower water content. Pores created by juveniles of diameter less
than 1 mm would affect capillary water and therefore water coatdietd capacity, plant
avdlable water and water holding capac{fymer, 2012) Earthworms also impact soil
structure by fragmenting organic matter content and mixing it into thd_seitlle et al.,
1998) This would improve soil aggregatiofigure 6- 8) and porosity which in turn
increases soil water retentig@magin and Prusak, 2008, Tisdall and Oades, 1982)
highest values of soil water content at different potergiaésplant available water in HS
field may be due to the high %OM content in this fightldson, 1994)These results
show the potential for earthworms to increase soil water storage and that thecefitetts

be important in soil with higher %OM content.

Plants rootsalso improve soil structure by stabilizing maaggregategTisdall and
Oades, 1982and creating biopores of different sizes. Plant species with dense and fine
roots such as gragderu etal., 2016)and fibrous lateral root systems as clover
(Wyngaarden et al., 2016pth produce a range of spibresizesandincreasemicropore
volume (Bodner et al., 2014, Jarvis et al., 20WHich has been shown to increase the
water available to plant&Zangiabadi et al., 2017Plant growth was greater in the
presence of earthwormBiQure 6- 11, Figure D14) and this will also have contributed to

the greatepredicted water contents at saturation, field capacity and at wiltingipakre

DeF+E treatments. The results show the pasitmpact of the combined effect of
earthworms and plants on soil water storage. However, the impact could depend on the

functional group of plants with different rooting strategies.
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6.6.4. Plant dry biomass

Plant shoot dry biomass of gradsver was greatenithe DeF+E compared to the DeF
treatments, which is consistent with the majority of studies that report the impact of
earthworms on plant grow{scheu, 2003)in a metaanalysisvan Groenigen et al. (2014)
reported that the presenceesrthworns in agreecosystemsnicreased thaboveground
biomassby 23% on average and attributed the majority of this effect to the release of
nitrogen from organic matter by earthworms. In our experiment, the DeF+E treatment of
the monoliths increased soil N contelaigure 6- 10) and increased shoot dry biomass by

37 = 10% Figure 6- 11b). Although no significant increase in shoot biomass was
observed in the DeF+E treatments in the bioassay, root biomass did increase significantly
resulting in a significant increase in tothtly biomass in the DeF+E treatments. It seems
likely that the 6 week growing period of the bioassay experiment was only enough for

wheat root establishment before rapid shoot grdWteaver et al., 1924)

The significantly higher water holding capacity and available water to plants in the DeF+E
treatmentsKigure 6- 6, Table 6- 3) would contribute to the significant increase in shoot
dry biomass in the monoliths and the total dry biomass of the bioassay experiment
(Veihmeyer and Hendrick&, 1950, Denmead and Shaw, 196Zhe effect of
earthworms on plant biomass may also, in fgeetdue to the plant available nutrients in
soil such as nitrogefingestad, 1977, Robinson et al., 1992pnsistent with this the
DeF+E monoliths contained agher %OM and %N than the DeF monolitisgure 6-

9 and 6- 10). Although the low biomass recovered from the monoliths in BSE and HS
fields was due to vole activity, these soils also gave the lowest biomass in the bioassay
experiments. This could be due to the low nitrogen content in those fields cortgared
Copse and BSW fields (Figure D11). The results show the important role of earthworms

in supportingiood productiorandsecurity
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6.7. Research limitations

As we have mentioned previously in the statistical analysis section, the experimental
design is unbalanced. Only one control was used for each field factor as a result of logistic
limitations. One way to avoid this issue would have been to involve oely tieids rather

than four as in the current experimental design. However, our research was part of the
NERC Soil Security consortium research project SoilBioHedge developed originally to

draw general conclusions involving the four fields.

It is understod that the tests with unbalanced design would be less powerful than
balanced design, particularly when using the-parametric tests. In this study, we used
parametric tests (ANOVAs) and the unreplicated controls within fields compared to other
treatmentss not considered as severely unbalanced design where factor combinations
have no observations at all. However, one should be very cautious Hviddags are
anywhere near the threshold for significance of 0.05. Unfrozen control monoliths were
not replcated within fields but were replicated across fields. Therefore, ANOVA analysis
was performed to look at the main effects of each factor level (consistent with the original
concept of the field being the uerample)of r e
but not at their interactions (which consider observations per field per treatment). To treat
the findings with more caution, we repeated the ANOVA tests excluding unfrozen control
monoliths and the trends were statistically the same. Thus, whthihmitations of the
experimental design we can have confidence in the results of the comparisons between
DeF+E and the DeF monoliths whilst acknowledging that a better experimental design,
had resource permitted, would have been fully balanced witlyadplicated control set

as well as the two other treatments.

Consistently, the results were plotted as an average across all fields because the fields
were considered the unit of replication and in order to draw conclusions indicating the
extent to wheh the findings were generalizable, rather than presenting the data at the level
of individual fields (as differences between fields depend upon thelsmacteristics,

experimental errors and design complex, which detract from the main message and aim).
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6.8. Conclusion

This experiment examined how the soil properties of f@ngn arable fields develop
when converted into ley in the presence or absence of earthworms. Withypamée
conversiored to significant decreases in the dry bdéasity andncreassin the %0OM
contentof the soils. The presence of earthworms resulted in significant greater increases
of %OM and also improved other sgihysicehydraulic properties. This resulted in
improved plant growth as determined by biomass production both in the field and in
bioassays subsequent to the field experiment. Our results suggest that earthworms are a
key component that can help achieve the four criten@dnsed soil organic matter, better

soil structure, enhanced hydrological function and protection from erosion) for successful
and sustainable land restorati(BlancoCanqui and Lal, 2008nd land management
practices that encourage earthworm populatioragricultural production systems are to

be encouraged. Although earthworms increasetheir impact changed in magnitude
through the seasons. This suggestgortantly forflood runoff modelling that large
estimation errors could occur if the wrohgdraulic conductivity values are used for the
wrong season. Seasonal climate changes influence soil properties and biological activities
which in turn impact, but the presence of earthworms fostered positive effects and
reduced probable negative effeofsclimate on soil properties. Given the positive effect

of earthworms, there is a need to better understand whether those effects are only
temporary and how they change in the long term. The improved soil proprieties of a
converted ley due to the preseraf earthworms may be more resilient than the smaller
improvements that occur in their absence when exposed to extreme drought or flooding

events.
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Chapter 7
General discussion, researchmitations and future research

7.1. Introduction

The primary aim of this thesis was to examthe influence of different earthworm
ecotypes andhe plant rootswhich they interact with on soproperties that directly
influencesoil hydrologicaffunctioningandfood production. It showthe crucial benefits

of integrating soil biology, and earthworms in particular, into sustainable land
management policies. Laboratory and field experiments were carried addrtesghis

aim. The first laboratorgxperiment (Chapter 3) was carried out, before taking further
steps, to clarify contradicting literature findings on the impact of different earthworm
ecotypes on soil properties. In this experimentt@gted the impact of two earthworms
occupying differat ecological niches, the anecic terrestris and the endogei@.
chlorotica,on two important soil properties, %water stable aggregates (%WSA) and soil
water holding capacity (WHC), that underpin many of the ecosystem services provided
by soils (Chapter 3). We used a higher than realistic density of earthworms to establish
possibe earthworm effects over the timescale of the experiment. Once principles were
verified and we quantified the contribution of earthworms in improving those soill
properties, we examined, using a more realistic earthworm density, the effects of the
verticalburrowing earthworni.. terrestrison hydraulic function of different soil textures

and whether these effects are different in the presence of plant roots which earthworms
interact with (Chapter 4); then determined whether the interaction effects ondsaillity
function are different for the lateral burrowing earthwolmchloroticaand how they
change with time (Chapter 5). A field experiment was then conducted to determine the
effects of earthworms as a community, composed of different ecologjioafs of
earthworms, on soil hydraulic function when exposed to natural climate and how those
affects change through seasons (Chapter 6). The thesis also explored the resulting effects
on plant growth (Chapters 4, 5, 6).
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7.2. Main findings

The research presentea ithis thesis makes the following contributions: it has (1)
examined for the firsttime, how earthworms influence the partitioning between
macropore flow and micropore flow, and whether these effects are different in the
presence of plant roots which davbrms interact with; (2) assessed the combined effect
of plant roots and earthworm burrows on soil hydraulic properties in undrained soil where
earthworm burrows terminate within the soil matrix; and (3) explored how earthworms
foster positive effects angduce probable negative effects of seasonal changes of soil
hydraulic properties of arable converted to ley soils. The key outputs are (1) the
measurement of water flow through different pore sizes of differing soil textures; (2) the
generation of soil ater release curves showing how much water is retained at different
potentials; (3) the measurement of wdtelding capacity and percentage water stable

aggregates; and (4) the estimation of plant growth.

In the first laboratory experiment (Chapter 3)tleaorms were kept at high densities in

soil in order to determine the potential for impacts on water holding capacity (WHC) and
percentage water stable aggregates (%WSA) at different vertical positions in the soil.
Earthwormprocessed soil had a higher \@Hlue to changes in soil structure brought
about by earthwordacilitated aggregationHowever, regression analysis of the
relationship between WHC and %W$Bhapter 3, Figure 35) gave different intercepts

for L. terrestrisand A. chloroticaindicatingthat species specific factors in addition to
%WSA had a significant impact on WH@ith the increase in WHC that could not be
attributed to %WSA being greater féx. chloroticathan L. terrestris A. chlorotica
bioturbateghe soil more significantly and produces smaller, more tortuous burrows that
can hold water compared tb. terrestris L. terrestris significantly increased the
percentage of water stable aggregates in the upper soils of the mesocosm, Whereas
chlorotica had the same effect regardless of soil depth. This reflects the effects of the
differing lifestyles and nature of the burrows of different earthworm ecotypes on soil
propertiesThe results show the potential of earthworms to influence soil properies th
give rise to important ecosystem servicgsch as an increase in soil water storage and

availability of water to plants to support crop production.
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The drain pipe experiments (Chapters 4 and 5) were carried out to better understand the
impact of earttvorms on soil hydrological processes using a more reaéatittyworm

field densitywhilst consideringhe relative effects of plant roots. The experimshtsved

that in conditions where burrows do not connect to drainage systems, the vertical
burrowing arthwormsL. terrestrisincreased water flow at saturation; however, the
impact of plants was more significant. Under the same conditions, the lateral burrowing
earthwormA. chloroticg showed more significant impact on water flow than both plant
roots andhe vertical burrowing earthworin terrestris The interaction between winter
wheat roots and eithér. terrestrisor A. chloroticashowed the greatest effect on water
flow. In the A. chloroticaexperiment, the increase in saturated hydraulic conduyctivit
occurred more quickly in the earthworm + winter wheat than the other treatments. In the
L. terrestrisexperiment, the contribution of water flow in pores > 3 mm was greatest in
the plantpresent treatments. In contrast in hechloroticaexperiment wadr flow in

pores > 3mm was greatest in thechloroticapresent treatments. Similarly, for soil water
release curves, the water content in the soil was greatest in th@rasant treatments in

thelL. terrestrisexperiment. In thé\. chloroticaexperimet water content in the soil was
greatest in théA. chloroticapresent treatment\. chlorotica burrowing and casting
behaviour increased soil surface roughness (adarns) and built complex sinuous
burrow systems of small diameter that helped to holcemater in soil thah. terrestris

These results show the important role of soil biota in modifying soil hydrological
processes and suggests that the action of soil biota can mitigate surface water erosion, or
perhaps even reduce downstream flood risks. The resultstehbendogeic edrtvorm

species can have a significant effect on soil hydraulic properties and could have a greater
role to play in mitigating the impacts of flooding and drought compared to vertical
burrowing earthwormsAlso, to reap the maximum benefit of earthwormssiaccessful

land management requires the use of the appropriate species.

The use ofa mixed population of earthworms under field conditions (Chapter 6)
confirmed the significant effect of earthworms on soil water flow as in the laboratory
experiment. Howewe their impact was affected significantly by seasonal changes.

Earthworm addition to ley increased hydraulic conductivity in summer and spring and
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decreased it in winter. Earthworm addition to ley also increased the soil water content at
saturation and dield capacity, water holding capacity and available water to plants. This
reflects the ability of earthworms to contribute to soil water regulation and support crop
growth, two key services provided by soil, through water transfer and storage processes.
The decreased soil bulk density and increased organic matter content in the ley monoliths
suggest that arable to ley conversion improved soil properties, but the further increase in
organic matter content in the presence of earthworms shows the impaigrdgfr
earthworms in fostering/enhancing these effects. The differences in hydraulic
conductivity between seasons can affect modelling of hydraulic processes and importantly
this suggests the need to use the appropriate hydraulic conductivity for thpragiero

season.

The soil from the fields with higher organic matter content had higher water flow and
water holding capacity in all the experiments compared to other soils with lower organic
matter content. The high soil hydraulic properties appear tod&dhe high percentage
water stable aggregates in those soils. Overall, the increase in plant dry biomass in all the
experiments reflected the increase in soil water holding capacity or the availability of
water to plants. Plant growth was the higheshaearthworm addition treatments which

suggests improved soil properties in the presence of earthworms.

Overall, earthworms that occupy different ecological niches have differing effects on soil
physicehydraulic properties. However, the interaction westn plant roots and
earthworm improved soil properties which resulted in rapid water draining through the
soils, together with more water being retained by the soil at different volumetric water
contents, which in turn result in higher plant growfhe ncreased soil water flow and
storage could help alleviate exposure of many human systems and ecosystem services to

negative effects of extreme events due to current climate change.

The main finding of the research presented in this thesis are summaribeéigure 7-

1 below.
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WHC, %WSA, 3 plant roots and L. terrestris) chlorotica and plant roots
PB) },, was only significant for KfSI i, showed the greatest impact
-0en in sandy loam soil. I dwen on the measured parameters.
Lateral burrowing earthworms, 4. chlorotica, showed more impact on soil
physical properties and plant growth than vertical burrowing L. ferrestris
when earthworm burrows are disconnected from drainage system
Intact soil monoliths : 4 fields + Grass-clover = Earthworms
~e) 36 cm 36 cm
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<P
E Chapter 6
. : 1
“22cm
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= WHC, %WSA, monoliths to ley led to an monoliths improved soil physical
= | %OM, BD, improved soil properties properties further, which in turn resulted
,2 %N, PB) within one-year. in an improved plant growth both in the
& field and in bioassays.

Earthworms play a significant role in the improvement of soil quality brought
about by arable to ley conversion. The presence of earthworms fostered positive
effects and reduced probable negative effects of climate on soil properties

Figure 7- 1. Diagram summarising the main results of the research in this thesis (Chapters 3, 4, 5
and 6). Letters refer tilne measured parametedsyWSA = % water stable aggregates, WHC = water
holding capacityKss = field saturated hydraulic conductivitgh = unsaturated hydraulic
conductivity, SWRC = Soil water release curves, %OM = % organic matter content, BD = bulk

density, %N = % total nitrogemand PB = plant dry biomass. Symbol + refers to present or absent.
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7.3. Research limitations

7.3.1. Experimental design

Hydraulic conductivity measurements were conducted during.ttexrestrislaboratory
experimen{Chapter 4)but becausthere were no significant differences or trends, data
are not reported in this thesis. The reason could be the insufficient contact between the
sand layer on the soil surface and the disc infiltrometer. This was due to the narrow
diameter of the columns 10 mm outer diameter) used to suit the vertical burrowing
behaviour ofL. terrestris(Bouche, 1972), which turned out to be impractical for the
measurement of hydraulic conductivity during the experiment. The barrier surrounding
the columns and the wheaillars pushing the infiltrometer during measurement
campaigns resulted in highly biased measurements. This problem was overcome after
barriers were removed and plant material had been collected at the end of the experiment.
In theA. chloroticaexperimen{Chapter 5we did nothave the same problem as we used
wider columns (160 mm outer diameter) which were chosen to reflect the lateral
burrowing behaviour of the earthworr(Bouche, 1972)At the end of the.. terrestris
experimentChapter 4)we observedhat plant roots had developed around the walls of
some columns, perhaps as a result of repacking the soil by layers and the slight compaction
of each layer to a dry bulk density of 1.3 gtmihe roots would exploit horizontal planes
between layers anda@wv towards the column walalentine et al., 2012, Bukiersey et

al., 2017) This is a common problem in most mesocosm experiments using plants, and
was overcome in thé\. chlorotica experiment(Chapter 5)by filling the columns
gradually with soil; theolumns were then gently raised and dropped downward to reach
the targeted bulk density of 1.3 g €rithis helped to ensure spatial homogeneity in the
pore structure of the soil and allowed plant roots to follow the path of least resistance and
better exjoit the soil profile. A layer of melted petroleum jelly was smeared over the
edges and inner surface of the columns before adding the soil. The petroleum jelly helped
to maintain a good contact between the soil and the inner surface of the columns in orde
to reduce root penetration and avoid side water flow down the columns when irrigating

the plant§Dawes and Goonetilleke, 200®arthworm burrowing along column walls as
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the path of least resistance is a typical bias in mesocosm exper{@ersiset al, 2009)

To discourage this behaviour a very shallow vertical hole, slightly less wider than the
earthworm diameter, was made on the soil surface for each column together with a small
amount of water being added to the centre of the columns to encowndigecem

burrowing.

The field experiment (Chapter 6) had a seontrolled design; qualitative observations
made whilst measuring hydraulic conductivities showed that the fences above the
monoliths to prevent earthworms coming in and out created +olicnate that may
influence plant growth and earthworm activity compared to the real field conditions.
However, this is not expected to have influenced the fact that earthworm addition
improvedsoil properties compared to the earthwerge treatment. Also, with this design
earthworms could not burrow deeper than the depth of the monoliths which may have
been a particular problem over the summer as the soil dried out, some species of
earthworm(Dar et al., 2006, Potvin and Lilleskov, 20¥@spond to such conditions by
deep burrowing and limitations on burrow depth may have resulted in earthworm deaths.
This limitation was addressed by restocking the monoliths with earthworms in November.

7.3.2. Data cdlection

There were data collection limitations for the measured hydraulic conductivity and soil

water release curves:

For unsaturated hydraulic conductivih, we used the equation @hang (1997)
comprising a hydraulic conductivity term and a soilpsieity term, as recommended by
Decagon Devices Inc (2016)jnce it was considered simple and reliable. For field
saturated hydraulic conductiviks, we used the method proposed®®ynolds and Elrick
(1991) Both methods require that the applied tenglwih for the Kh measurements is
higher than the soil tension;)lbefore measurements. HowevEhang (1997Yyeported

that only the sorptivity term of his equation was sensitive to high soil moisture and not
theKh term, andReynolds and Elrick (199Bhowed that the assumption produced only
minor errors particularly for the applied tensions, on the infiltromatgher thar15 cm
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which is within the tension range of the minidisc infiltromeliethe drain pipe laboratory
experiments (Chapters 4 and 5) it is likely that the assumption was fairly met for the
measurements at the end of the experiment than dilmengxperiment. In fact, soil was

maintained up to a gravimetric water content of 30 % to sustain earthworm activity and

Kh measurements at the end of the experiment were performed after the columns were

given an acceptable time to dry at 2C, without dfecting earthworms. The

measurements were done after the vertical paper barriers were removed and plant material

was collected which increases soil surface aeration. Howklieneasurements during

the A. chlorotica experiment(Chapter 5) were made on domns kept typically at a
constant water content at 16, would be less reliable for the applied tension 6fcm

since it may be close tq bausing the assumption to fail. To take precautions to fairly
meet the assumption, we performi€éd measurementbefore plant irrigation and soll
moisture adjustment, when the soil surface was drier. In the field experiment (Chapter 6),
we chose periods of less rainfall to perform the measurements and rain shdlteerha

put on the monolithafew days prior teeach measurements campaign.

The Reynolds and Elrick (1998quation is a modification aVooding (1968)olution

for infiltration from a shallow pond which assumes homogeneity, isotropy and uniform
water content of the soil under the disc infiltrometerisTdssumption would have been
met under laboratory columaxperiment¢Chapter 4 and Since the soils were repacked
homogeneously into the columns (with the same bulk density without soil layering which
also assume isotropic soil under the nursc infitrometer) and watered uniformly.
Under field conditions the changes in water content, bulk density and soil texture all
occurred near the soil surface making the assumption unreglighite et al., 1992,
Hussen and Warrick, 1993, Logsdon and Jaynes3)188lden et al. (200Xeported that

for most studies using tension infiltrometers this assumption is only met approximatively.
The nonhomogeneity of the soils under the tension disc infiltrometer in our field
experiment could be seen in the soil watease curves (SWRC) in Chapter 6. The
measured data points for the SWRC showed a binsbdgleg Chapter 6compared to the
laboratory experimen{Chapter 4 and 5)ndicating a heterogeneous pore system
distribution that can be due to aggregation, patstte (hcluding stones) or biological
effects(Durner,1994) To avoi d Woodi ng 0ReymldsandiEligck i o n
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(1991)method we have used the unsaturated hydraulic conductiv@}ysatm calculated

usingZhang (1997)nethod as an approxitian for saturated hydraulic conductivity.

For the SWRC,Decagon Devices Inc (201@ecommend complimenting Hyprop
measurements with data from a WP4 instrument (Decagon devices, Pullman, Washington,
USA) for the dry section of the curves. Since this egeipimvas not available, we have
used the relative humidity, at equilibrium with potassium carbonate, of the soil samples
to adjust the dry part of the generated curves. The method was used previously by
Fredlund et al. (201Zbr the dry end of the soil wait release curves.

7.4. Future research

For the better prediction of soil hydraulic processes, simulation models integrating the
following properties/factors are needed: 1) the behaviour, population dynamics and
distribution (for adults angiveniles) of the three earthworm functional groups; 2) plant
root growth and soil penetration; 3) the interacting effect between earthworms and plant
roots; and 4) seasonal weather change effects on phligab@ulic properties. Previous
modelling work réated to earthworms focuses on the population dynamics of particular
species in response to soil hydraulic properties and other abiotic factors (Palm et al., 2013,
Schneider and Schroder, 2012). The few studies that model the effect of earthworms on
soil hydraulic properties are based on simple models simulating water flow through
earthwormproduced macropores that terminate in a drainage system (Bastardie et al.,
2002, Jarvis, 2007) and the calibration of those models was mostly done on the basis of
laboraory studies (Schneider and Schroder, 2012). | believe that selecting suitable factors
(such as earthworm characteristics, behaviour and population dynamics, growth rate of
plant roots, interacting effects between earthworms and plant, climate, land manage

and soil properties), and linking the existing mathematical models considering the
different interactions between soil biota calibrated by field experiments will definitely
improve the predictive capacity of future models. Based on the main redhiis thiesis

and by integrating existing models, such as those developed Jghriston et al. (2014)

for predicting earthworms distribution and abundance as response to food resources, soil
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water and temperature conditions,R)iz et al. (2015¥or predicting earthworms and
plant root soil penetration, Bastardie et al. (200ZXpr simulating the topology of
earthworm burrow systems and,Stpettem (1992\here water flux through water filled
burrow is coupled to soil matrix flow under undrained soiidition, it should be possible

to provide useful insightsto soil water regulation and earthwoimmot interactios.

Studies should exploit new experimental techniques such asdinneasional computer
tomography to study the interaction between odférearthworm ecotypes and plant
roots. Most studies using-dy computed tomography have been performed separately
for earthwormgBastardie et al., 2003, Capowiez et al., 2014, Capowiez et al., &0d.5)

plant rootgMooney et al., 2012, Zappala et @013) studying their interactioremains

to be doneThis technique could be used in particular to further study the geometry of soil
macropore structure with continuous réale measurements of water transport and
storage through different pore sizekislis important to understand for example whether

the increase of soil water storage is due to pores created via the stimulation of root growth
by earthworms or is because of the small tortuous pores created by earthworms through

burrowing (such as endags, epigeics or juveniles), and/or by soil aggregation.

In addition to soil water flow covered in this thesis, it would be useful to consider the way
in which temporal changes in soil structure (e.g. due to crop development, seasonal
weather changes artty-wet cycles) are influenced by different earthworm species or
community assemblages and how this in turn can affect the stability of macropores and

the potentiatonsequences on soil water flow through different pore sizes.

The field experiment (Chaptes) showed improved soil properties with earthworm
addition after one year of the arable soil being converted to ley. More detailed experiments
are needed to test whether the improved soil functions could maintain their resilience over

time to severe droing/flooding conditions caused by climate change.

Theresearch in thishesis showed an increased soil water holding capacity and water

available to plants in soils in the presence of earthworms. This important result could help
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to improve crop productiom drylands where water supply is irregular and scarce. This
could be achieved through a new managemer
irrigationo, where African earthworm spec
introduced to farms under iragjon systems. By harnessing the benefits of drip irrigation
technology-such as water conservation whilst maintaining optimum soil moisture and
production of crops the introduction of earthworms has the potential to improve soil
properties, further increeng water conservation and promoting crop production. Also, it
woul d be wuseful to carry out-i fiiedatiexrpcr u

reduced tillage regimes conserves water and improves crop yields.
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Appendices of Chapter 2

Tables

Appendix A

Table Al. Synthesis of the maieviewed literature on earthworm and soil water infiltration. Letters refer to type of experiment; R = Review, L = Laboratory

experiment, F = Field experiment; and earthworm groups, AN = Anecic, EN = Endogeic, EP = Epigeic.

. Soll Cropping Burrows o
L Type of Earthworm Earthworm Estimated . . . Infiltration
Authors Study objective | Study area ) ) ) Soil type | density | system/land | description Results
experiment species group population - method
(gcm § | management method
Study the effect ) o
. Subtraction of | Infiltration and ground wate
Edwards | of L. terrestris ) ) Dye and )
. Lumbricus. . No-till / corn . runoff and recharge could increase K
et al. burrows on ne | Ohio, USA R&F ) AN - Silt loam - ) chemical o
o terrestris filed evapotranspiratior] more than 100 mm yeadue to
(21990) till field tracers o o
from precipitation | earthworm activity.
Hydrology
- Infiltration rate in soils with
100 g n? of earthworms is
Assessment of 17 sites less than with 100 g ¥of
Bouche . . . .
the effect of . with Double ring anecic species: (150 vs 282
and Montpellier Scherotheca
earthworms on F&L ) AN - large 1.1to 1.3 | Dry grassland Dye method(Miintz et | mm h?);
AlAddan . . , France gigas . L .
(1997) soil physical variety of al., 1905) - Infiltration rate 5 correlated
functions. soil types to earthworm biomass €
0.975) and to burrow length,
surface and volume € 0.99);
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- Infiltration rate is not
correlated with burrow
diameter, tortuosity,
earthworm number and soll

profile depth.

- Before any tillage, the tilled

Seasonal Quallitative treatment without casts had
variations in observations No-till and Sorinkii the highest infiltration rate
) T . prinkiing
Willoughb | infiltration rate ) ) of earthworm conventional o than casts presence;
. Indiana, Lumbricus. . . . infiltrometer o .
y et al. under netill ) AN casts on soil | Silt loam tillage / corn - ) - Infiltration rates increased
USA terrestris (Zegelin and )
(2997) and surface as an and soybean ) through tke growing seasons
_ o . White, 1982) ) o
conventional indication of rotation. in noill with casts presence
tillage systems their presence| on soil surface compared to
the other treatments.
- Infiltration rate of 6.7 mm
Increase - .
_ h' Yor single burrow vs 3.6
Impact of in %clay ) )
) ] o mm H *or bulk soil
anecic Central . with Twin ring method
Chan Spenceriella. Permanent (macropores > 0.75 cm
earthworm Tablelands, o AN - depth Dye (Smettem and .
(2004) ) ) hamiltoni ) pasture ) diameter excluded for bulk
burrows on soil | Australia starting Clothier, 1989) i
soil);
hydrology from .
- 53% of the burrow openings
25% o
were transmitting water
Quantify the Allolobophora 83 g m?fresh Columns
. . . -High correlation betweeKs
Joschko et effect of caliginosa weight Loamy with Constant head
Germany EN . - values and total burrow lengt
al. (1992) earthworm Allolobophora. 60 g m?fresh silt burrows permeameter o
) ) for A. caliginosa(rs = 0.943);
burrows on soil were filled

rosea

weight
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hydraulic with -Increase of percolation rates
properties gypsum with burrow length for both
species but more fak.
caliginosa.
Earthworm inoculation
Comparing induced:
changes in soil Plots were -An increase of
. Instantaneous
physical cropped to ) macroaggregates (> 1 cm)
. o water ponding by o
properties and maizerice- . from 25.1 to 32.7% in size an
. . driving a 110 mm
Alegre et their effect on | Yurimaguas Pontoscole. 36 g n? fresh cowpearice- ) a decrease of small aggregat
EN ) Loam 1.12 o - i.d. and an open
al. (1996) water Peru corefhrurus weight rice-rice form ded steel (<2 cm) from 33.2 to 26.1%;
ended stee
infiltration in March 1990 ) ) - An increase of bulk desity
cylinder into the _
the presence / to January " (from 1.12 to 1.23 g chryj;
SOi
absence of 1993 -A decrease of porosity (from
earthworms 58 to 53%) and of sorptivity
(from 0.45 to 0.15 cm’®).
Determine the High Water infiltration | After simulated infiltration the
i
Bottinelli impact of ) ) g ) test using 2 castds porosi
Hanoi, Metaphire 14 g m? fresh resolution ) o
et al. earthworm ) EN ) Loam 0.8 - ) syringes placed al 50 % and wasignificantly
. o Vietnam posthuma weight image )
(2010) casting activity vsi 1 cm above the | lower than the surrounding
analysis
on soil porosity Y soil surface soil aggregates.
Assessment of
the effect of o
o Earthworms significantly
earthworm on Decagon minidisk| .
) ) o ) improved hydraulic
Jouquet et water Hanoi, Metaphire . infiltrometer with .
o i EN 92 ind m? Loam llorl4 - - i conductivity at-0.05 kPa
al. (2012) infiltration Vietnam posthuma a 40 mm diamete|

depending on
the initial soil

bulk density

base

for two soil densities: 1.1 and
1.4 gcm 3
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Allolobophora

- Regardless of earthworm

) chlorotica ) species, there was a high
Burrowing Drawings
o Aporrectodea percentage of burrow
activity of of burrows ) o
. caliginosa . discontinuity (from 15 to 30 %
Le endogeic of sliced
) . ) . . Vs 612 %) and fewer burrows|
Couteulx species as Brittany, ) Silt loam Soil from microcosm
EN 170 ind n? ] 1.3 ] ) - (12 to 16 vs 18 to 40 burrows
et al. affected by France soil arable field using a o o )
. section) in soil mixed with
(2015) organic matter Allolobophora transparent ) o
organic matter vs soil with a
placed at icterica sheet + o
. o surfaceapplication of OM;
different depths digitization n
- Burrows ofA. caliginosaare
affected by OM location.
Nicodrilus - Accessible burrows offer a
giardi AN volume from 1400 to 10463
3D Lumbricus. cm?® m* of soil;
Bastardie | characterization| Clermont terrestris Sand Agricultural X - Burrow length density: 687
an -ra;
et al. of earthworm Ferrand, Dendrobaena 101 ind n¥ y 1.3 research y - to 1212 m rt¥,
clay loam tomography )
(2005a) burrow systems France mammalis pasture - Burrow volume density: less
of natural soil EN than 2.5% of total soil volume
Aporrectodea N
. - 97 43% of the volume was
caliginosa .
connected to the soil surface.
10.2-22.5 ind - No significant effect of
Assessment of . . .
. m<in Conventional tillage management on water
the effect of Lumbricus. . P . .
] . conventional and reduced . . infiltration (increased porosity
. tillage type and terrestris . Singlering .
Capowiez . Estrees AN and reduced tillage Methylene o was offset by increasdullk
cropping system| . ) infiltration o )
et al. Mons, tillage Silt loam | 1.181.52 coupled to blue dye density in reduced tillage
on earthworm method(Braud et .
(2009) . France Aporrectodea . three tracer compared to conventional
communities o 2.2-27 ind m? ) al., 2005) .
giardi cropping tillage);
and on water L .
o Aporrectodea 54.223.9 ind system -Significant effect of cropping
infiltration EN o
caliginosa m2 system on water infiltration
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(high infiltration in crop

Aporrectodea 16.619.6 ind ) )
) system inducing less bulk
rosea m .
density).
Lumbricus. AN - High earthworm populations
terrestris and welldeveloped soil
Aporrectodea structureexplain the higher
caliginosa water infiltration in silt clay
Assessment of ) )
Octolasion soil compared to coarse soil;
the effect of . )
i tyrtaeum Arable land / - Burrows of anecic species
earthworm, soil Sandy G Hood d ofA tod
) o Allolobophora rasses, o ana olAporrectoaea
Fischer et texture and Thuringia, P ) loam to infiltrometer o .
chlorotica 26.88 ind n? . - small herbs, - B caliginosg which are larger
al. (2014) plant Germany silt clay (Schwérzel and o
. EN tall herbs and than 2 mm in diameter,
composition on texture Punzel, 2007) )
legumes explain the effect of
water
o earthworm presence on wate
infiltration Aporrectodea
flow;
rosea .
-Legumes increasezhd
grasses decreased soil water
infiltration.
Aporrectodea
caliginosa ) ) ]
Earthworm Drawings -Anecic species burrow area
nocturna
AN collected at of burrows was greater than that of
o Aporrectodea . . ) .
. Estimation of . 450 ind n? of sliced endogeic species (c. 40 tns
Capowiez caliginosa ]
burrow system | Montfavet, o . from orchard Clay Abandoned | cores using c. 15 cmi);
etal. meridionalis 11 - )
area and France and added to loam orchard a - 40% to 50% of endogeic
(2014) o Aporrectodea .
continuity o repacked transparent species burrows and about
caliginosa . .
o cores at 200 sheet + 20% of anecic species burrow
icaliginosa EN . . . .
ind m?in digitization were refilled by casts.

Allolobophora

chlorotica
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Aporrectodea

Infiltration rates per core:

100 ind n? -
nocturna 11.03 L min *
_ AN
Lumbricus ) -
3D ) 100 ind n? 12.42 L min *
terrestris
characterization
. ] Aporrectodea ) ) ) .
Capowiez | of reconstituted 200 ind n? Single ring 2.32L mid *
Montfavet, rosea Clay Abandoned X-ray
et al. burrow systems L 1.26 method(Braud et
. France Allolobophora ) loam orchard tomography o
(2015) of different i 200 ind n? al., 2005) 441 L mid*
chlorotica
earthworm EN
) Aporrectodea ) o
species N 200 ind n? 5.15 L mir *
caliginosa
Aporrectodea ) o
o 200 ind n? 3.76 L min *
icterica
L -In the laboratory:
Eisenia rose EP
matrix flow
through fieldcore
using
o permeameter
Prediction of
0-14 cm method(Scotter et )
steadystate _ -Single macropore of 3 mm
Smettem | Sandy -Resin al., 1982) ) )
. infiltration rates 1.33- . diameter contribute greater tg
andCollis- ) loam, peels & - In situ: o
through Australia F&L - 1.42 cnd Pasture o steady infiltration rate than thg
George ) Allolobophora 14-100 Methylene | infiltration . .
macropores in & . EN ] cm® ) crosssectional area associate
(1985) ) caliginosa cm silty blue through soil . . .
soil under . with the soil matrix.
loam matrix by double

native pasture

tube method
(Bouwer, 1962)
and Infiltration
through individual

macroporse as
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described by
Ehlers (1975)

Lumbricus
) from 25 to 65
terrestris & AN ind
ind nt
Study of others
earthworm ) - Low correlation was found
Allolobophora Fluvi-
population and Lange ) from 57 to ) Floodplain Bouwer Cylinder | between infiltration rate and
Schutz et chlorotica& EN . eutric ) ) )
water Erlen, 160 ind n? ) - (forest and - Infiltrometer anecic earthworm density but
al. (2008) | ] others Cambisol _ _ _
infiltration rates | Switzerland grassland) (Bouwer, 1986) | high correlation for endogeic
in woodland Lumbricus from 11 to 29 and epigeic densities.
flooding sites rubellus& EP g m2fresh
others weight
Quantify the Lumbricus AN 100 and 113 The water infiltration rates
impact of terrestris ind m2 Modified were the highest and water
Ernst et al. earthworm Trier, Aporrectodea EN 350 and 370 Sandy 15 Agricultural infiltrometer discharge was faster in
(2009) species on soil | Germany caliginosa ind nm2 loam ' use soil according tcHills | treatments wittA. caliginosa
water Lumbricus Ep 270 and 210 (1970) compared td.. terrestrisand
characteristics rubellus ind n? L. rubdlus treatments.
Photograph
Quantify s of )
) ) ) 30 to 100% more biopores
biopores after No-till / horizontal . . .
. wider than 1 mm diameter in
Wuest long-term ne Pendleton, . spring and Cross . .
) - - - Silt loam - . ) - long-term netill (17 years) in
(2001) till compared to USA winter wheat | sections of ) )
. . . comparison to recently tilled
recently tilled rotation intact cores. "
soil.
soil +
digitization
TerAvest Investigate the | Nkhotakota -Three Difference ) )
. Sandy . . In high potential
etal. effects of three | and Dowa, - - 270 ind n? 1.37-1.49 cropping - between rainfall o
. . loam . evapotranspiration zone:
(2015) cropping Malawi systems: applied and runoff
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systems on sail
water relations
and crop

production

continuous
no-till maize,
conservative
agriculture
rotation and

conventional

collected using

rainfall simulator

as described by

Thierfelder and
Wall (2009)

- No-till and maize residue
significantly increased
earthworm abundance
compared to conservative
agriculture rotation and

conventional tillage rotation;

tillage - Residue retention is
rotation positively correlated to
infiltration and no till;
- Conservative agriculture
improved soil water content
by 20 mm compared to
conventional tillage.
Metaanalysis -Positive correlation between
of the . earthworm numbers and soil
. . Conventional o
relationships water infiltration;
/no & o . .
Spurgeon between AN - Epigeic and anecic species
reduced . .
et al. earthworm EN " / - are a positively associated
. lllage ) . .
(2013) community EP with an increased soil water
_ grassland / s .
change and soil infiltration, whereas endogeic
woodland

structural

properties

species has no significant
effect.

247




Francis
and Fraser
(1998)

The effects of
earthworm
species on soil
macroporosity
and hydraulic

conductivity

New

Zealand

F

(monoliths)

Aporrectodea
caliginosaand
Octolasion

cyaneum

EN

300 ind n?

Lumbricus

rubellus

EP

600 ind n?

Silt loam

1.2-13

Pasture soil

Analysing
the binary
images
(using a
standard
image
analysis
system) of
macropores
filled with
sand of a
horizontal
sectioned

monoliths

Disc
permeameters
(Perroux and

White, 1988)were

used to measure

unsaturated and
saturated
hydraulic

conductivities

- Lumbricus rubellugreated
burrows in top soits

- Endogeic species created
continuous burrows in both
top and sub soil, but
Aporrectodea caliginosa
burrows were more connecte
to the soil surface;

- Aporrectodea caliginosa
showed the greateksthan
other earthworm species;

- No significant differenes in
Kswere observed between
treatments with earthworms

and control.
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Table A2. Synthesis of the main reviewed literature on earthworm and soil statage. Letters refer to type of experiment; R = Review, L = Laboratory

experiment, F = Field experiment; earthworm groups, AN = Anecic, EN = Endogeic, EP = Epigeic; and earthworm effect,ike=megpobsitive.

Soil water
Soil Cropping retention /
Study Study Type of Earthworm Earthworm Earthworm . ) ) Earthworm
Authors o . ) ) Soil type density | system/land moisture / Results
objective area experiment species group population . . effect
(g cnd) management | holding capacity
method
- The amount of water transits
- Simplified (mean coefficient of sorptivity)
Assessment One worm o o
) sorptivity through burrows ok. terrestrisis
) of water Clermont ) incubated per ) » )
Bastardie et o Lumbricus . Sandy equation ofPhilip lower than that transited through
diffusion Ferrand, L . AN 2D terrarium 13 - N )
al. (2005b) terrestris ) clay loam (1957)for water soil fractures;
through France (48 cm high x o ) ]
. diffusion - Micro- - Bulk densiy of L. terrestris
burrow walls 33 cm wide) ) ) -
tensiometers burrows are higher than artificial
burrows.
- Spatial heterogeneous
earthworm effect on the bulk
Assessment density (BD) (increased BD of
of the inner burrows wall, 1.75, and
) structural Braunsch ) decreased BD from the walls to
Rogasik et ) Lumbricus ) ) )
changes of weig, L . AN 105 ind m? Silt loam | 1.341.38 - - P/N drilosphere);
al. (2014) . terrestris .
drilosphere | Germany - Earthworm compacting effect
by on burrow walls would have a
compaction potential impact on lateral water
transfe between burrows and thg
surrounding soil matrix.
Effects of . . .
Stockdll New Allolobophora. - Moisture holding capacity
earthworm F o EN - - - Pasture - P .
and o Zealand caliginosa increased by 17%, and 27% mo
activity on
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Cossens hydraulic of available moisture in top soll
(1969) properties of with earthworm presence;
soil under - Increase of root development
pasture
- Earthworm reduced soivater
Study of ) )
retention capacity by more than
drought
. . 69%;
stress on rice]  Humid . . -
) ) ) ) ) Daily weight of - No significant effect of
Blouin et in the savannah, Millsonia 127gm?2 ) ) )
EN . Sandy 0.8 Rice soil mass after earthworms on plant growth in
al. (2007) presence of Cote anomala fresh weight . »
) R water saturation. drought condition;
compacting | d 6| v d ) . )
- 40% increase in shoot biomass
earthworm . .
. production with the presence of
species . .
earthworm in wet condition.
Determine
changes in
pore size Water drop
distribution, penetration time - Oneweek old casts collected
Lipiec et al. | stability and Lublin, Aporrectodea ) method was used next to the burrows showed
o EN - Silt loam 1.33
(2015) water Poland caliginosa to measure water greater repellency than the natul
repellency of repellency(Chenu aggregates.
cast and et al., 2000)
natural
aggregates
Investigate .
- Water content increased by 33
) the effect of :
McDaniel and 41% in the-15 and 1530
earttworms | Colorado, Aporrectodea . Sandy Bar Pressure Platg .
et al. ) o EN 852 ind n¥ 11 - cm of column sections
on soil USA caliginosa loam Extractor . .
(2015) . respectively in theresence of
hydraulic
) earthworm compared to control;
properties
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- Reduction of poreize
distribution index (greater variety

of pore sizes) in the presence of

earthworm.
Study the ) ) )
- The soil water retention capacit
effect of _ o
o of casts increased within the
. earthworm Equilibrium . . )
Smagin and . . o entire range of the soil moisture
casts Moscow, Lumbricus 0.1% of soil centrifuging
Prusak ) ) L EP Loam - - ) contentscompared to the
on the soil Russia rubellus mass method(Smagin . .
(2008) surrounding soils up to 20 wt.%
water et al., 1998)
) for O toi 1000 kPa water
retention .
potentials).
curve
Lumbricus AN - Grass yields were 89% and 19
terrestris higher in organically fertilized
Aporrectodea and inorganically fertilized
- EN buckets with earthworm presenc|
The effects caliginosa _ _ p
] respectively than without
of Perennial Sand box method
) earthworms;
Boyle et al. | earthworms | Clonsant, ) ryegrass in | based orBtakman ) ) -
L 250 ind n? - 1.45 . - Soil from the orgaic fertilizer
(1997) on grass Ireland bucket and in et al. (1969) .
wih and lassh d treatment with earthworm
growth an glasshouse procedures N
| struct Allolobophora EN addition held the greatest volum
soil structure .
chlorotica of water than both treatments
without earthworms and
treatment using inorganic
fertilizers. .
3D Nicodrilus ) ) Estimation of - Accessible burrows offer a
) ~ | Clermont L AN 101 ind n? Agricultural
Bastardie et| characterizati L (natural giardi ) Sandy water storage volume from 1400 to 10463 ém
Ferrand, , (in natural 13 research . . B
al. (2005a) on of cores) Lumbricus. clay loam amount by Xray m of soil corresponding toi10
France AN burrow cores) pasture .
earthworm terrestris tomography mm of a water storage capacity;
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burrow Dendrobaena EN - Surface diffusion from 1069 to
systems of mammalis 7237 cmd m3,
natural soil Aporrectodea
- EN
caliginosa
Quantify the Lumbricus 100 and 113
) . AN . - L. rubellustended to enhance
impact of terrestris ind nt2 . ) )
Tensiometers at the storage of soil moisture at 1d
earthworm ) Aporrectodea 350 and 370
Ernst et al. ) Trier, o EN ] Sandy 10 and 40 cm + cm depth;
species on L caliginosa ind nv2 15 - -
(2009) il wat Germany loam FD-probes at 10 - A. caliginosaenhanced water
soil water
L Lumbricus 270 and 210 cm infiltration rates comparetd L.
characteristic EP )
rubellus ind n? terrestrisandL. rubellus
S
) Lumbricus 0to92ind m
Modelling . AN
o terrestris 2
distribution i
Octolasium
patterns of ) o o
cyaneum, Different Distribution of epigeic
earthworms .
. Baden . Aporrectodea 0to168 ind texture . earthworms are controlled by
depending on Modelling of B EN o No till and )
Palm et al. ) Wirttemb caliginosa and m?2 containin topographic features and
soil collected - reduced - ) ) )
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Appendix B
Appendices of Chapter 4

Figures
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Figure B1. Diagram of the experimental set up viewed from above. Circles in orange are the

randomized position of the columns of one replicateaah treatment.
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Figure B2. Repacked soil in PVC column used to test the effect of ahetacrestris
earthworm on soil hydraulic proprieties. Upper barrier is designed to stop earthworm escape; the
buffer soil layeristosmot hl y i sol ate earthwormsdé active a

on the bottom of columns.
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Inverse Distance Weighting interpolation map of
Photosynthetically Active Radiation (PAR)
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Figure B3. Inverse Distance Weighting interpolation map of Photosynthetically Active
Radiation (PAR) measured above the blodkha upper surface of soil columns (Crop growth

conditions section of the main text).

Figure B4. PVC column of all treatments placed under LED lights.
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Tables

Table B1. Analysis of variance diydraulic conductivity by applied water tension, soil texture

and treatments.

Source of _
o d.f. SS MS F-ratio P-value
variation
Water
) 3 298614.18 99538.06 122.62 <0.001
tension
Texture 2 21123.18 10561.59 13.01 <0.001
Treatments 3 92009.58 30669.86 37.78 <0.001

Table B2. Pairwise comparisons of water holding capacity means between soil textures by

Tukey's honestly significant difference (HSD) procedure.

95% Confidence
Mean
_ Soil textures _ _ Interval
Solil textures (1) Difference  Std. Error Sig.

) Upper

(1-J) Lower Bound
Bound
SiL soil -13.57 2.78 .000 -20.39 -6.74

L soll

Sal soil -21.22 2.78 .000 -28.04 -14.40
SiL soil SalLsaoll -7.65 2.63 .017 -14.12 -1.19

Measurements made in detalil

Hydraulic conductivity measurements were conducted during the experiment, but because
we couldn't identify any significant differences or trends, data are not reported in the

paper. At the end of the experiment the following measurements were made in the
laboratory at & 20 AC.
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