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Abstract

Earthworm casts on golf courses affect the playability of the turf and can potentially
damage mowing equipment. Traditionally this problem has been limited using chemical
controls. It is estimated that 0.6% of the total UK land surface is occupied by golf
courses, therefore, the land management strategies which green keepers adopt with
respect to the application of chemicals has a major environmental impact. The aim of
this thesis was to investigate the ecology and potential control of earthworm casting in
golf turf in environmentally sustainable ways.

A quadrat survey of earthworm casts was conducted over two years at five golf courses
in Bedfordshire and Buckinghamshire, UK. Using generalized linear models and
forward multiple stepwise regression, an internally validated predictive model of
earthworm casting activity was constructed. Annual activity on surfaces was predicted
using five physicochemical parameters of which C:N and total inorganic nitrogen were
the most important. Environmental parameters were also used to predict monthly
earthworm activity, with evapotranspiration and rainfall representing the most

significant variation. '*

Mustard extraction surveys were used to investigate species diversity and community
structure of earthworms. Four dominant species were identified (Aporrectodea rosea,
Lumbricus rubellus, Aporrectodea longa and Lumbricus terrestris). It is likely that A.
longa and L. terrestris, the two must abundant anecic forms, cause the greatest
problems to green keepers as these are the largest of the four earthworm species.

The microbial community of soil represents the earthworm’s primary food source. An
analysis of the microbial community size (using chloroform-extraction) and community
structure (using phospholipid fatty acid [PLFA] analysis) showed that different surfaces
found on golf courses supported significantly distinct and consistent microbial
communities. Differences in population size and structure were evident at diflerent
depths through all golf course soil profiles investigated. Individual surface types were
comparable, irrespective of geographical location. Therefore different surfaces and
depths through the soil profile on golf courses represent different earthworm habitats.

An investigation of the effects of different construction techniques and materials used In
the golf industry on the rate of earthworm cast formation was made. This showed no
effect of construction on the vertical distribution of earthworms, but the rate of casting
increased on the sand dominated surfaces. It is proposed that this is due to the lower
calorific value that this soil represents to the earthworms. This knowledge was applied
in an earthworm cast mitigation experiment, reducing casting rates by stimulating the
size of the microbial community with glucose solution. Control through physical
exclusion of earthworms to the surface using a buried mesh was also trialled and
significantly reduced earthworm casts, however no causal mechanism could be

elucidated.

This study has advanced the understanding of earthworm ecology on golf courses,
deriving mechanistic understandings of this system as a whole. This will lead to a more
environmentally sustainable approach to the control of earthworms on golf courses.
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Definition of terms

Aeration — The mechanical disruption of the soil without destroying the turfs,

for example using hollow tining or slitting in order to reduce compaction and

increase the movement of air and water through the soil.

Anthropogenic soil horizon — A man-made soil profile as defined by the World
Reference Base for soils.

Aggregates — Soil particles held tightly together, either by surface attraction

forces (hydrogen bonding and Van der Waals forces) and gums, mucilage and
hyphae generated by the biologically active component of the soil, forming a
basic soil structural unit.
Bulk density — The mass of dry soil material per unit volume.
Fairway - The area of a golf course that links the tee to the green over which
each hole is (ideally) played.
Green — The area of a golf course where the hole is located, with closely cut
grass.

o Standard green — A green built by ramping the surrounding soil up into

a levelled mound. Sometimes with a perched water table.
o USGA specification green — A green built to a high specification using
closely defined root zone material with a perched water table.

K selected life-style strategy — A species that has a long life cycle, with a low
growth rate and low fecundity.
Pedogenesis - The formation of soil profiles dependent on five soil forming
factors; climate, parent material, topography, organisms, and time.
r selected life-style strategy — A species that has a short life éycle, with a fast
growth rate and a high fecundity and able to utilise ready assimilable resources
only.
Soil profile — The vertical arrangement of layers of soil down to the bedrock.
Soil macrofauna — The animal life-forms found in soil that are above the

microscopic scale, such as earthworms (>2 mm).
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Soil microfauna — Life-forms found in the soil that are smaller than the
microscopic scales, such as bacteria (1-2 pm), fungi (2-10 pm) and nematodes
(0.3 - 8000 pm).

Suspended water table — A water table separated from the main water table

beneath it by a zone that is not saturated.

Tee — The starting place for each hole on a golf course.

o Standard Tee — The standard construction method for tees on golf
course: an area is closely mown and top dressed with sand to produce a
regulated starting point for each hole.

o USGA specification tee — This tee type is constructed using USGA

specification root zone at the surface to increase drainage and promote

better turf growth.
Top dressing — The application of sand and soil mixes to the surface of greens

and tees used to alleviate surface compaction, smooth uneven surfaces and aid
the decomposition of thatch.

Thatch — The build up of decomposing root and plant material between the
growing tips and the soil surface, caused by an in balance of nutrient cycling.
USGA - United States Golf Association

USGA specification root zone — This is a root zone mixture of between 80 —

90% sand and the remainder as peat or soil, produced to strict specifications

with regards particle size analysis.

XVii



Chapter 1: Introduction

1. 1. Overview |
In the UK, sport is of great social and economic importance. Communities are unified

by the support of clubs and teams; individuals are taught the importance of team-work
in achieving a games goal; or pent up aggression is acceptably discharged through the
rules of a specific game. UK sport is supported by central government and the National |
Lottery, through organisations such as Sport England (Sport England Staff 2006). Since
its inception in 1997 this organisation has invested £2,200,000,000 of lottery deriv_ed
funds and £550,000,000 from the Exchequer in 2006. The current round of investment

is set to distribute £100,000,000 into 30 key sports' between 2003 —~ 2006 (Russell
2006). The distribution of spending in sport is not even. Sports with greéter popularity
and easier access by individuals, such as football and athletics, command a greater
proportion of spending from governmental organisations than private individuals, and as
such government funding is deliberately focused on large participant sports where
communities would be enhanced by access to facilitiés'and equipment (Figure 1.1).
Most golf clubs are private companies, with significant revenues and relatively poor

community access, which means that they are generally illegible for government
funding. Golf as a sport is of major importance to an aging population allowing retired

individuals to maintain an active lifestyle.

' One of the 30 key sports specified by Sport England is golf.
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Figure 1.1: Histogram showing Sport England investment in four different sports
between 2001 and 2004. Data derived from Sport England website (Sport England Staff
20006)

A large proportion of the UK’s gross domestic produce can be associated in some way
with sport, through the multi-million pound industries from agrochemicals and turf care
products, to the shoe, equipment and clothing industries. Individuals, clubs and facilities
are run as businesses on the back of sporting endeavours. All Premier League football
clubs are traded as high-value public limited companies; the last time that Manchester
United Football Club plc was valued its net worth was estimated at £741,000,000.
Similarly, golf courses and facilities are generally either private or publically limited
companies, with clubs having retail values of upwards of £7,500,000 (Agriseek Staff
2006). Investment in golf courses is frequently on an individual basis, with
organisations such as Polaris World building integrated golf courses and residential

facilities for private purchase (Polaris World Staff 2006). It is estimated that



approximately 1500 km® of the UK surface mass is occupied by golf courses,
representing a total national coverage of 0.6% (based on assumptions made by Terman

(1997)). In urbanised areas, the proportion of amenity turf (including golf courses) has

been recorded to be as high as 4% (Office of the Deputy Prime Minister 2005).

Amenity turf has varying degrees on ‘naturalness’ — some facilities, such as a local
authority cricket pitch may be little more than a consolidated meadow, mowed and
compacted so that cricket can be played on Sundays during the summer months by the
local residents. The majority of facilities like this represent semi-natural lowland
pastures. However, at the other extreme of the spectrum, anthropogenic soil profiles and

radically altered grass species compositions are found at some facilities e.g. ihigh
specification golf greens on courses that host international competitions. In the case of

the Lords cricket ground, these man-made soil profile and grass species constructions

represent the whole facility (ECB staff 2006).

There 1s little known about the soil biology of sports facilities, and the ecology of
earthworms in sports turf is an area of research that has received very little attention.
The majority of studies of earthworms have been carried out in arable, pasture land

(Edwards and Lofty 1977; Curry 1998) or forests (Lee 1985), but the soil environmental

conditions in these systems are considerably different from the anthropogenic soil
materials used to create the engineered soil profiles that are found below sports surfaces.
Golf courses are intensively managed grassland systems, with regular irrigation and
mowing, coupled with the application of a wide variety of fertilizers and biocides to

promote desirable turf growth. There is also considerable difference between the grass



species present and species diversity that are found on golf courses and natural
grasslands. Poa annua (annual meadow grass), frequently found in pastureland is
considered as a weed on golf courses where mown ground cover is maintained as

exclusively fine-leaved grass species (Balogh and Walker 1992). These differences

mean that direct comparison and application of the knowledge of earthworm activity
and diversity from other grassland ecosystems may not be appropriate. Further

investigation into the problems, and their solutions, in a golf course context is therefore

required.

Earthworms, the soil’s natural eco-system engineer (Lavelle 2001), can affect the

playability at sports facilities by producing casts on the surface of turfgrass. Earthworm

casts can lead to a decline in terms of overall aesthetics and trueness of ball roll.

Smeared earthworm casts on the surface of these recreational amenities are not
considered attractive by most participants in, or spectators of, sports. The earthworm
casts can also cause damage to mowing and other maintenance equipment, presenting
significant management problems for greenkeepers. A poor management strategy of
earthworm populations can decrease the perceived playability of a golf course and thus
impact upon its profitability. Earthworm species that cast soil on the surface of golf
céurses have been causing problems to green keepers since the game was devised,
sometime in the 13" Century (McGrath 2006). Several labour intensive solutions to
remove the result of this problem (such as switching and brushing) have been used since
then. More recently, chemical controls have been used. The most effective and widely
used chemical, chlordane, was banned in 1992 following changes to the pesticide

regulations (Baldwin and Bennett 1990; Perris 1996a). Several fungicides used for



fungal control, can also be used at higher application rates as a vermicide but only have
a short lived effect (Woolhouse and Wright 1984; Baker et al. 1998). All other methods
to control earthworms aim to manipulate the soil conditions to generate an ostensibly
hostile soil environment for earthworms (Cook et al. 1997; Baker et al. 2000;
Williamson and Hong 2005). These have only had limited success because hostile

conditions for earthworms are also hostile to, and generally retard, grass growth. There
is therefore a pressing need for effective but environmentally benign methods to control
earthworm casting on golf courses, balancing legislative and business requirements. A
suitable control mechanism that can be scaled up for whole golf course use could also

be financially valuable to the golf industry.

1. 2. Review of literature
Earthworms are invertebrates, found within the class Oligochaeta in the phylum

Annelida®. This phylum comprises approximately 15,000 species, and terrestrial
oligochaete worms account for around 3,700 of these species (Brusca and Brusca 1990).
Fossil evidence shows that earthworms began to colonise terrestrial environments about
500 million years ago, during the Cambrian explosion, and they are now the most
predominant species in the soil macro-fauna (Lavelle 2001). In the UK, 25 species of
earthworms are found and their distribution is related to geography, local soil conditions

and microclimate, Most communities have between ei ght and ten species making up the

population structure (Brusca and Brusca 1990; Curry 1998).

As well as being the most predominant macrofauna, earthworms are one of the most

important in UK soils. This is because of their role in pedogenesis and soil profile

? The phylum Annelida consists of all segmented worms.



development (Brady and Weil 1999). An earthworm will ingest between 2 - 30 times its
body weight in soil per day. This action has major impacts on the drainage properties
and fertility of the soil. The burrows of earthworms in some soils can account for up to

9 L m™ of the pore space in volume of soil (Lavelle ef al. 1987), and earthworms can

also account for the cycling of up to 100 kg N ha™ y”' in woodland ecosystems as

earthworm biomass (Curry 1987).

1. 2. 1. The drilosphere
The actions of earthworms in soils, and their significance has been considered for over

120 years. The first published work, by Darwin (1883) “The formation of vegetable

mould, through the action of worms” was a seminal overview of the ecology and
habitats where earthworms are found in temperate environments. The understanding of
the role of earthworms in the terrestrial environment has been advanced considerably

since that time.

The concept of the drilosphere was introduced by Lavelle et al. (1987), a term that

encompasses the area of influence of the earthworm (in the same way that the
rhizosphere describes the area affected by the roots of plants). In this way the whole soil
system can be considered with the earthworm, including localised interactions with soil
bacteria and fungi. The drilosphere was defined as the soil within a 2 mm vicinity of a
earthworm, accounting for roughly 3% of the soil volume. It can contain between 5-

25% of soil microflora by volume (Lavelle et al. 1987).

In a typical base rich, fertile soil the fresh weight mass of earthworms can be greater

than 100 g m™ at the surface. While earthworms are very important in the development



of the soil profile, they actually contribute very little to primary litter decomposition.
This is because they lack the gut enzymes to digest cellulose, hemicellulose and other
complex sugars (Lee 1985). They do however promote litter mixing from which
bacterial decomposition benefits (Curry 1987). There is also an increase in the
assimilation of phosphorus, potassium, calcium, and magnesium by crop plants in

earthworm populated soils (Curry 1987; Postma-Blaauw et al. 2006).

Earthworms are very adaptive creatures and can live in a range of soil environments.
Diversification is apparent within and between species. Consequently three distinct
ecological groups can be distinguished (Lee 1985; Lavelle et al. 1987):

1. Epigeic earthworms: These species of earthworms feed on and live in the leaf
litter. They are unable to burrow into the soil and are most commonly found in
woodland environments. These species normally have a high fecundity and short
life expectancy (r type life-style strategy).

2. Anecic earthworms: This ecological classification of earthworm is capable of
burrowing and normally have burrows that are open at the surface. They feed on
leaf litter that they find at the surface and mix it within the soil horizons. This
type of earthworm is responsible for the formation of surface casts that cause
major problems within the sports turf industry. They have a slow growth rate
and a low fecundity (K type life-style strategy).

3. Endogeic earthworms: These earthworms also form burrows but they are not

open to the surface. They live in the upper soil horizons (normally the top 15 to

20 cm) — species representing this niche follow both r or K life-style strategies.



Of the 25 species of earthworm found in the UK, only three are frequently reported as
adopting anecic life-styles. It has been demonstrated that these three species can all
cause casting problems on sports turfs; Allolophora cholorotica (Savigny) will feed on

deep roots; Aporrectodea longa (Ude) will feed on leaf litter; Lumbricus terrestris (L.)

feeds on a combination of deep roots and leaf litter (Lee 1985; Brusca and Brusca 1990).

These different ecological groupings and the different habitats of earthworms mean that
not all species present a problem with respect to surface casting in sports turf. Only
anecic species cast at the surface, endogeic species are actually beneficial to the turf

environment, increasing drainage and promoting decomposition of thatch. Thatch is

defined as the layer of living and dead organic matter that occurs between the green
biomass and the soil surface, caused by an imbalance between inputs and outputs of

plant biomass, frequently instigated by the overuse of inorganic nitrogenous fertilisers

(Potter et al. 1990).

1. 2. 2. Earthworm physiology
Earthworms are one of the most ancient terrestrial animal groups and within the 3,700

species the basic body plan varies very little. It essentially consists of two concentric
tubes, one creating the body wall and the other the gut. They are separated by a fluid
filled cavity, called the coelom (Figure 1.2). This whole structure is divided into a series
of structural segments, of which there may be hundreds of in a single worm. These
segments and the structures that are found as part of them, such as the position of the

male pores or the length of the tubercula pubertais, are taxonomically pertinent (Figure

1.3).
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Figure 1.2: Stylised cross section of oligochaete body wall. Left hand side of diagram
shows a single nephridium (composite of two segments); the right hand side shows the
setae and associated muscle structure (adapted from Brusca and Brusca 1990).

Several studies have analysed the cross sectional structural components of a range of

earthworms (Lee 1985). Generically they consist of:

e A tough but thin, laminated cuticle made from collagen (therefore unstretchable).

The arrangement of the long chain molecules in this layer results in a fibrous

‘skeleton’.

An epidermis consisting of supporting column cells that attach to the cuticle.

A layer of circular and longitudinal muscle fibres. The muscles are mutually

antagonistic and allow movement by producing pressure against the coelomic

fluid. Locomotion is coordinated between each segment in sequence, by



alternate contractions of the circular and longitudinal muscle. This is possible in
cither forwards or backwards directions and is controlled by three nerve fibres

running along the dorsal region off the nerve chord.

o Coeclomic fluid is an incompressible medium to provide muscle tension against.
This fluid 1s also used as a transport medium for waste products and toxins to the
nephridia structures in the body wall where they are filtered and excreted from
the body (in a sir;lilar way to the kidneys in vertebrates).

e A thin membrane defining the inner boundaries of the body wall, confining the

coelomic fluid.

Even though earthworms have a closed circulation system (blood comprised of water

and erythrocruorin pigment proteins, capable of carrying oxygen and carbon dioxide,
around the body in dedicated vessels) earthworms have no dedicated body parts for
gaseous exchange (Lee 1985; Brusca and Brusca 1990). Blood vessels run underneath
the cuticle and mucus is excreted to the exterior to aid diffusion. This mucus also helps

with lubrication and locomotion. The respiratory gases must diffuse into the circulatory

system across the whole body surface. For this reason the surface area to volume ratio 1s

a key factor in defining both body shape and size. Most worm species have a surface
area to volume ratio of between two and four (Brusca and Brusca 1990). The respiration
rate for L. terrestris is approximately 38.7 to 45.2 mm> O, h™! g body weight™" at 10°C

and considerably higher at increased temperatures. Normal respiratory behaviour is seen

in atmospheres of up to 50% CO,. Earthworms are also capable of anaerobic respiration

and can survive for several hours in anoxic environments (Edwards 1996).
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Figure 1.3: Stylised longitudinal plan of oligocheate worm showing common external
features. Not drawn to scale. (adapted from Sims and Gerard 1999)

Earthworms are hermaphroditic and semi-continuous breeders but cannot self-fertilize
(Brusca and Brusca 1990). Reproduction between an adult pair will result in the
formation of a cocoon, which can be produced at any time of the year but activity
normally peaks in late spring or autumn in the northern hemisphere. A single L.
terrestris can produce up to 100 cocoons each year, generally hatching a single worm

each (Lee 1985). The rate of reproduction is linked to the quality of the food available

11



to the earthworms; when there is a poor food source there is a lower rate of reproduction.
The gestation period for cocoons varies widely and is both soil moisture and
temperature dependent, with hatching delayed at low soil moisture or higher

temperatures. Earthworms have a defence mechanism against extremes of temperature

known as diapause. In this situation the earthworm will void its gut and surround itself
with mucus in a lined chamber. Individuals will lose weight but will not suffer any of
the problems relating to cellular damage from dehydration. This phase will vbe
terminated when soil conditions return to a suitable earthworm environment. When
earthworms leave diapause they normally produce spherical masses, similar to casts at

the surface (Lee 1985). These sorts of stresses can have major impacts on the fecundity

of the earthworm population and it can take up to three years to recover to pre-stress
levels (Edwards and Lofty 1977). The nature of the required irrigation patterns on sports

turf means that the arid conditions normally invoking diapause are rarely reached (Kirby

and Baker 1995).

1. 2. 3. Earthworm environmental distribution and habitats
The largest populations of earthworms are recorded in base rich grassland soils under

cool temperate conditions. Abundance, as with many studies in ecology is governed by
the supply of food available to the earthworm, although factors such as disturbance
often play a key role. Theif distribution is therefore generally governed by the
management strategy of the land they occupy (Muldowney er al. 2003). It is suggested
that in the sports turf environment, the horizonta!l distribution of earthworms varies
across a range of physiochemical gradients, these include pH, inorganic salts and

particle size/soil texture (Kirby and Baker 1995).
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Earthworm distribution is affected by compaction and bulk density of the soil: the more
compact the soil the smaller the earthworm population. When earthworms are removed
from the soil system (e.g. soil is treated with a vermicide) it will become more compact

as soil pore space are not altered by the burrowing action of the worms (Boag et al.

1997). This makes a more adverse environment for the earthworms, thus reducing their
abundance. Earthworms pla); an important - part in maintaining percolation and
infiltration in soils and thus the absence of earthworms has a major impac't on the rate of
drainage (Smettem 1992). The burrowing and soil mixing of earthworms results in the
formation of water stable aggregates as well as aerating the soil. This results in an
increased soil water holding capacity. Quantitatively it has been shown that earthworm

worked soil has a gas volume that is increased by between 8 and 30%, and that the soil

volume will drain between four and ten times faster than soil not worked by earthworms

(Edwards and Lofty 1977).

Earthworms feed on organic detritus and undigested food material is then incorporated
into the soil on egestion. There is evidence that soil fungi and bacteria provide an
important food source to earthworms (Bonkowski et al. 2000). The current
understanding of the interactions between earthworms and soil microflora is that soil
bacteria have very little effect on feeding selection by earthworms. However,
metabolites producediby soil fungi may provide a feeding cue in soil to the earthworms
(Lee 1985). Interestingly, the same experiments have shown that earthworms cannot
survive by feeding on fungi alone. This indicates that the system interactions are
controlled by a large number of variables (Bonkowski e al. 2000). Experiments have

shown that some species of bacteria and fungi are resistant to decomposition In
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earthworm guts (Lee 1985). No single species of microflora is found exclusively in
earthworm guts, but some evidence shows that there is a symbiotic relationship between
the earthworms and soil bacteria (Lee 1985). Analysis using direct counts and 16S
rRNA gene clone libraries show that microbial communities found in earthworm guts
are dominated by a small number of phylotypes and associations are more opportunistic
than obligate (Singleton ef*al. 2003). These findings have been reinforced by isolation
of microbial community using phospholipid fatty acid analysis (PLFA) from bulk soil

and soil found in the gut of earthworms, which' indicate that distinct microbial

communities are found in these two places (Sampedro et al. 2006).

Earthworm distribution and populations can be linked to the supply of their substrate. In

ecosystems, earthworms are typically only responsible for a small amount of the energy
transfer. In a temperate woodland L. ferrestris consumes about 10% of the annual leaf
litter fall with soil fungi and bacteria therefore decomposing the majority of the litter.
The role 6f earthworms in the carbon and nitrogen cycle is not clear but the C:N ratio of
their food source and surrounding soil will have an effect on the rate of growth and

abundance of earthworms (Lee 1985). Where there is a high C:N ratio there will be a
reduction in the number of worms found. The formation of micro and macro aggregates,

and so to some extent soil structure and carbon cycling, is also dependent on

earthworms. In an experiment where Aporrectodea caliginosa (Savigny) were

introduced into soils, the formation of microaggregates in a soil that had previously
been homogenised to <250 pum was enhanced within 12 days (Bossuyt ef al. 2004). All

anecic earthworms cause a significant difference in the pore structure through
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burrowing and casting. This also has an effect on carbon mineralization and other

biogeochemical cycles in the soil (Gorres ef al. 2001).

The texture of the soil will also have an effect on the distribution of earthworms. The

factor governing this is primarily the proportion of clay and sand particles within the
matrix. Experimentally it has been shown that a greater number of Ap. trapezoides
(Duges) are found in soils that are clay soils than sandy clay loams (Baker et al. 1998).
The feeding of the earthworms is also selective relative to the soil particle size. Where
possible the worms will avoid larger sand particles. This can be seen in a size particle
analysis of earthworm casts that will typically contain less sand that the surrounding soil

(Curry 1998). The earthworm’s preference is for organic matter but the soil particles
will be graded through the gut as a by-product (Pilar Ruiz et al. 2006). This action has
an effect on the soil structure. Soil mixing in the gut with mucus, microbial exudes and
fungal hyphae will bind particles together. Whether this egestion from the gut takes

place into or onto the soil profile, it will still have a significant effect on pedogenesis.

The feeding habits of earthworms mean that they can re-distribute seeds within the soil
matrix. Anecic worms can transport seeds to the surface via casting where subsequently

they can be stimulated to germinate when they receive suitable moisture and light cues.

The casts are also a good environment for seed germination. The soil particles are
loosely packed allowing new roots to penetrate with greater ease: the casts are also high
in available nitrogen (Decaens et al. 2003). In a controlled turf environment where fine
leaved species of grass are used this can cause a significant problem with weed species.

[nvasion by Poa spp (especially Poa annua), and other weed species can be increased
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by this sort of seed movement. Even if seeds are not transported to the surface by the
worm then the cast at the surface of the turf still provides an ideal seed bed for wind
distributed seeds (Decaens et al. 2003). Earthworms however can play a useful role in
reducing thatch and increasing turf growth. In pasture land their presence is generally
considered highly beneficial. Soil gut extracts from L. ferrestris have been shown to
contain metabolites that stimulate grass growth, such as the plant growth regulator
indolyl-3-acetic acid (IAA). Other earthworm species have been associated with the
secretions of other plant growth regulators (Lee 1985).

1. 2. 4. Earthworm interactions with the environment

On pasture land earthworm density is normally around 200 m™ to unreported depths.

However the engineered environment of sports turf means that this density is
considerably reduced (Stewart 1994; Binns et al. 1999). Only relatively few of the 25

species of earthworm in the UK have any major beneficial effects in relation to the

incorporation of organic residues in the soil and increasing drainage under grasslands

(Stewart 1994).

The vertical distribution of earthworms also varies considerably with the time of year.

The species distribution in the UK during spring months varies to a range of depths

(Table 1.1):
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Table 1:1: Position in the soil profile of frequently found worm species in pastureland
(adapted from Edwards and Lofty 1977).

Depth in soil profile Species commonly found
Surface organic horizon Dendrobaena octaedra
Top 8 cm of soil Allolobophora cholorotica

Aporrectodea caliginosa
Aporrectodea longa
Aporrectodea nocturna
Aporrectodea rosea

Lumbricus castaneus

Lumbricus rubellus

Lumbricus terrestris

Octolasion cyaneum (immature)
Octolasion tyrtaeum tyriarem (immature)

Top 15 cm of sall | All mature worms present

Depths of up to 45 cm Aporrectodea longa
Aporrectodea noctura

Dépths of up to 250 cm Lumbricus terrestris

The pH of the soil has been demonstrated as an important property modulating

earthworm distribution. Baker and Whitby (2003) demonstrated that earthworms
showed an aversion to soils of pH less than 4.5, but only a slight aversion to soils with a
pH of above 8. No trend could be seen between these values. The control of worms on
sports turf has attempted to take advantage of this knowledge. By applying a sulphur-
based fertilizer, with a low pH the soil is acidified: thi{s practice is common as it results
in so1l conditions that are hostile to fungal diseases, such as Microdochium nivale, and
so is commonly practiced. The disadvantage of this is that it produces a root zone
environment that is less beneficial for the growth of the turf, Other workers have
concluded that L. terrestris can tolerate a wide range of soil pH, but that they will die in

soils with a pH of less than 4.4. For most other species the minimum pH range is

between 5.0 and 6.0 (Edwards and Lofty 1977).

17



There are two difterent kinds of earthworm burrows, permanent burrows: that remain
open to the surface (from anecic species) and temporary burrows that are back-filled by
the earthworm (from endogeic species). These different burrow types have different

effects on the soil. The strength of the walls of these burrows is dependent on the

hydrostatic pressure that the earthworm can generate in the coelomic cavity. This will
have an effect on the stability and drainage capacity of the soil. The biggest physical
effects of the burrows on the soil are mostly a function of pore space both at the macro
and micro scale, increasing aeration and drainage. Statistically, it is difficult to correlate
sotl porosity with earthworm biomass (Lee 1985). It is suggested that the presence of

greater pore space 1Is not the most important factor but the movement and relocation of

pore spaces through the connection of macropores and thus creating by-pass flow that is

~ the critical factor for increasing drainage and flow rate. However, Smettem (1992)
developed a mathematical model to describe the relationship between earthworms and
soil hydraulic properties. This showed that burrow length and surface area of the burrow
opening were the most critical factors in increasing flow rate. Despite the ranée of
views on the mechanism of effects on drainage, data on the physical effects cannot be

denied: burrows increase the soil air volume and increase drainage rates (Edwards and

Lofty 1977).

The spatial habitat of earthworms is highly complex with both inter- and intra- species

interactions having an effect on the rate and nature of activity. Capowiez (2000) studied
the behaviour of A. noctura and A. chlorotica in relation to each other. Both of these

species are known to cast at the surface. This study showed that the number of

individuals and species distribution within the microcosm reduced the casting behaviour
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of A. chlorotica, while A. noctura often produced surface casts irrespective of the
species distribution in the microcosm. However, these experiments also showed that the
surface exploration of these earthworm species is dependent on population size and
activity of the other species present however; 4. noctura will always investigate the

largest surface area.

1. 2. 5. Earthworms in sports turf

The ecology of oligochacta pest species, unlike that of other invertebrate classes such as
Insecta, is still under-represented in research work. Many studies are still descriptive
and correlative, focussing on the environments that worms inhabit (Curry 1998). There
are no time-based studies of effect, either beneficial or deleterious, of earthworms on

sports turf.

On the playing surface where ball roll (e.g. golf and bowls) or bounce (e.é. cricket and
tennis) is important earthworm casts can be problematic because they can result in an

uneven playing surface (Stewart 1994; Binns ef al. 1999: Baker et al. 2000) but the

problems extend beyond this. The surface earthworm casts present problems with
maintenance of the sward, especially with mowing. Most high performance grass
surfaces are cut very close to the ground. Mowers are typically set to a height of 5 mm
or below on golf greens (Baker and Binns 1998). Earthworm casts, which can be up to
25 mm in height (Lee 1985), will stand proud of the grass and may damage and blunt
mower blades. The earthworm casts can also be smeared on the surface, which can
result in problems with drainage. Smeared casts will also damage and prevent the fine-

leaved grass species used for sports turfs from growing (Hope 1990). In many sporting
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situations, the cosmetic appearance of the turf 1s an important attribute, and earthworm

casts are considered unsightly (Stewart 1994).

In the past the problems presented by earthworms have been overcome by Kkilling all
earthworms present. This was achieved using surface applications of organochloride
chemicals that have now been banned due to their inherent toxicity and effects on non-
target organisms. The practice of earthworm eradication in sports turf has a major
impact on soil compaction, increasing it far above that found in a natural system. This
has a knock-on effect on the drainage because there is less penetration of water int6 the
soil. This results in a reduction in both nutrient cycling and plant growth (Hope 1990;

Stewart 1994). In the absence of earthworms, sub-surface problems such as thatch

formation occur. This can have major impacts on the health of the turf and impact on

the overall sustainability of the sports surface.

Groundsmen around the world have for years been trying to strike a balance between
the positive and negative effect of an earthworm population in the turf environment.
They ha\;e sought to balance the increases in aeration, drainage and nutrient cycling
provided by earthworm p0pulati9ns and their deleterious cosmetic effects (Baker et al.
1995; Perris 1996a). Until 1992 the most effective solution to these problems was
earthworm eradication through use of chlordane (Figure 1.4). This is a highly

chlorinated chemical, toxic to a wide range of organisms. However a change to the
Control of Pesticides Regulations 1986, revoked its Application Certification on the 31*
December 1992 because of it toxicity to other, non-target organisms (Baldwin and

Bennett 1990; Perris 1996b; Cook et al. 1997).

20



Ci Cl
Cl Ci

Cl
Cl

Figure 1.4: Structural formula for chlordane

The dominantly problematic species within sports turf have been identified as Ap. longa,
Ap. caliginous and L. terrestris (Jefferson 1956), but the interaction with the
environment has been poorly understood as most work has focussed on killing or
deterring all worms (Woolhouse and Wright 1984; Cook et al. 1997; Baker et al. 1998).
Data collected in relation to golf courses is largely qualitative, but indicates that most

earthworm-related problems are observed on tees and fairways rather than greens. It

alsp suggests that problems are more prevalent on golf courses that have been
developed from agricultural land than on parkland or links courses (Baker and Binns
1998). This probably reflects the long-term damage to the earthworm population by
persistent use of vermicidal chemicals, and the slow recovery period observed with

earthworms (Edwards and Lofty 1977).

1. 2. 6. Golf course playability
The playability of a golf course can be considered in terms of the degree to which a

round 1s enjoyable to play as a game and how aesthetically pleasing the course is to
walk. This contributes significantly to the overall quality of a single round. For this
reason it must be a subjective matter, one person’s opin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>