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1.

Introduction

1.1 Poultry Waste Management
Tailoring an on-site (farm) waste management solution for a particular waste stream involves
integrating it into existing farm infrastructure, management and operational structures, and
waste production cycles. This on-site approach is in contrast to larger centralised off-site
facilities that can aggregate waste from many farms operating at different cycle times, and have

their own industry structures and infrastructure (Kelleher et al. 2002). The waste manager's
challenge is increased if the characteristics of the waste in question are only suited to a few
alternative disposal options (Cole et al. 2005). Nitrogen rich organic wastes including fresh
animal manures are sometimes referred to as having hot characteristics and often require

specific management for utilisation and disposal.
Like other intensive animal systems, chicken meat (broiler) production worldwide generates
large quantities of hot biomass (Kpomblekou-A et al. 2002, Brye and Pirani 2006). This
includes litter, of which Australia produces approximately 0.7 million Mg annually (Turnell et al.
2006), comprising organic bedding, excreta, feed and feathers (Gupta et al. 1997, Gilmour et al.
2004). The agronomic sector has for many years recognised the value of litter to plant growth
when used as a fertiliser (Kpomblekou-A et al. 2002), and is fundamentally a form of value-

adding and recycling. However, this nutrient and energy rich resource has become attractive to
other value-adding industries including vermiculture, composting and waste-to-energy (Kelleher
et al. 2002, Turnell et al. 2007).
For the foreseeable future, the Australian broiler industry should be able to effectively dispose of
litter onto land (Sanson, G. 2006, pers. comm., 21 July). However, restrictions in this practice
overseas have developed primarily due to reduced water quality in surrounding catchments
(Gascho and Hubbard 2006, Warren et al. 2006), and the same restrictions may eventually
apply in Australia. It is also likely the general public's concern for bio-security will influence the
disposal of litter, especially with highly pathogenic avian influenza (H5N1) receiving greater
attention (Bendfeldt et al. 2006). As a result the global poultry industry is investigating
alternative value-adding options to reduce their reliance on land application (Lesson 2002).
Therefore, the Australian broiler industry has shown interest in alternative litter disposal options,
with an emphasis on value-adding technologies.
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In Australia and overseas there are several different on-site and off-site mechanisms by which
litter can be utilised and value-added, the most common being thermophilic composting (Collins
et al. 1993) and various waste-to-energy systems (Collins et al. 2000). When applied to land,
composted litter is considered safer than fresh litter from both environmental and bio-security
perspectives (Bendfeldt et al. 2006). The major drawbacks to composting include its relatively
low value, coupled with significant production and transport costs (Kelleher et al. 2002) and
issues relating to greenhouse gas emissions (GHGE, Peigne and Girardin 2004). However,
with improvements in composting systems it may become cheaper to produce quality composts
within emission reduction targets (Tiquia and Tam 2002).
With public concerns over global warming, any energy source that is carbon (C) neutral will
become increasingly valuable. Waste-to-energy technologies including anaerobic digestion and
direct combustion are accepted as C neutral when waste inputs are derived from plants
(Buckley and Schwarz 2003). The major reasons why these technologies have not been
adopted for litter utilisation by either growers (small on-site) or broiler integrators (larger off-site)
are due to economic factors are associated with high capital and running costs as well as
competition with cheaper coal fired electrical power sources (Kelleher et al. 2002, Abelha et al.
2003). Therefore, waste-to-energy would offer alternative disposal solutions when energy
becomes more valuable, especially when carbon dioxide (CO 2 ) emission targets are set in
Australia.
Another value-adding mechanism for litter is the mesophilic aerobic process known as
vermiculture, whereby organic wastes are converted into humic rich compost-like vermicast
(Edwards and Steele 1997) and earthworms (vermimeal) that are safe for animal consumption
(Medina et al. 2003). Vermicast is useful for improving soil fertility and structure and has a
value similar to that of compost (Subler et al. 1998). However, the demand for vermimeal
(protein rich meat meal) is expected to increase as animal production expands, especially if the
aquaculture industry continues to grow in Australia (CSIRO Marine Research 2005).
Earthworms can be grown on a variety of organic wastes and vermiculture offers waste
management solutions for many industry waste streams (Edwards 1995, Nogales et al. 2005).
Fresh poultry manures including litter have been avoided by vermiculturalists, primarily due to
high N concentrations and its hot characteristics (Murphy 1993). Interestingly, when
composting, washing or blending litter with other less N rich organic materials, earthworms still
respond very well (Edwards 1995, Garg et al. 2005). Composting, washing or blending is
considered problematic for the adoption of an on-site vermiculture system utilising litter, both in
terms of bio-security and increased costs. Firstly, bringing other wastes on-site to maintain the
vermiculture process could compromise a broiler farm's strict bio-security procedures (Sanson
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2004). Pre-composting, washing litter and importing other organic wastes on-site increases the
complexity and cost of the system (Edwards 1995, Garg et al. 2006).
The issues surrounding current litter production from the Australian broiler industry and the
advantages and disadvantages of applying litter to land have been discussed in the following
review (chapter 2). Alternative disposal and value-adding technologies were also evaluated
based on their suitability for Australian conditions.
Aim
1. To evaluate the viability of producing vermicast and vermimeal from litter.
Objectives
a. Assess the variability in chemical composition of litter between five farms and two

broiler integrators for it's suitability in vermiculture.
b. Evaluate efficient measures of earthworm health (stress).
c. Determine if E. andrei could be grown solely on fresh (hot) litter in a batch flow
system by managing N concentrations in litter.
d. Maximise conversion of litter and earthworm biomass through manipulations of
water application, bedding and inoculation.
e. Conduct a field trial utilising commercial quantities of litter in a batch flow
vermiculture system.

f.

Develop a model for the broiler industry to evaluate the potential volume of
vermicast and mass of earthworms produced from litter.
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2. Literature review
2.1

Introduction

The world's population is expected to reach 8.5 billion by 2025 requiring a 60-70% increase in
food production from 1990 levels (Bolan et al. 2004). It is expected that intensive animal
production will supply at least some of this growing food demand. With this expansion comes
an increase in the production of manure which is expected to become an major environmental
issue (Mallin and Cahoon 2003, Bolan et al. 2004). Broiler production is the fastest growing
intensive animal industry worldwide (Kpomblekou-A et al. 2002). By 2010 it is estimated that
globally 55 million T of broiler meat will be consumed annually, which equates to 37 billion birds
weighing 2 kg, requiring 145 million T of feed (Lesson 2002), generating large amounts of litter
and other industry wastes.
The application of litter directly onto land provides a convenient mechanism for disposal
(Ribaudo et al. 2003, Sharpe et al. 2004), because it acts as both a fertiliser and soil
conditioner. However globally, in excess of 90% of litter is spread on land close to the grower
(Vervoort and Keeler 1999, Lu et al. 2003). This concentrated application of litter may be of
some concern, as application in excess of plant requirements can cause excess nutrients, trace
elements (TE) and metals to accumulate in the soil, leading to a negative impact on the
environment (Shepherd and Bhogal 1998). For some poultry producing regions in Australia
land application of litter is also becoming less cost effective, predominantly because of
restrictions on land availability and the costs associated with moving litter to appropriate land
(Jackson et al. 2003, Ribaudo et al. 2003, Paudel et al. 2004). Alternative litter disposal
solutions need to be investigated such as value-adding (Lima and Marshall 2005), possibly
using a bio-integrated waste management approach (Reynnells 1999).
Sustainability principles surrounding mass utilisation of any animal waste are possibly tied up in
the concept of closed-loop systems. This approach would suggest that the outputs from
intensive animal production could be used responsibly by another industry, promoting recycling
and nutrient loop closure (NLC). An example of NLC includes responsible land application of
litter resulting in plant production, destined for either human or animal consumption.
Composting, waste-to-energy and other new and emerging technologies (Lima and Marshall
2005) offer the broiler industry alternatives to land application and could enable the industry to
operate more sustainably. For Australian conditions the feasibility of composting and waste-toenergy may be limited due to economic viability and some environmental concerns, such as
polluting gas emissions (Kelleher et al. 2002).
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If the outputs from broiler production are transformed so that these new products are now
attractive to outside industries, then value-adding has occurred. Such attractiveness would be a
very desirable outcome for integrators as their waste streams would be considered a valuable
resource, facilitating utilisation (Turnell et al. 2007). The production of activated carbon from
litter is a good example of value-adding (Peabody 2005) and other alternatives are being
considered.
Vermiculture is a relatively simple process whereby specially raised earthworms are used in
conjunction with microbes to degrade and stabilise organic wastes (vermicast). Bio-integrated
waste management systems using vermiculture have been identified as a possible on-site
value-adding option for animal wastes (Gunadi and Edwards 2003), with outputs of both
vermicast and vermimeal. Using fresh litter as a food source for earthworms has been
considered problematic due to high concentrations of ammonia (NH 3 ) in comparison to other
common animal manures (Edwards et al. 1985). Perhaps a reason why vermiculture has not
being widely adopted for hot poultry wastes.
Vermicast is used as organic fertiliser, similar to nutrient rich compost (Murphy 2005), and has a
pleasant 'earthy' odour and significantly reduced pathogen levels in comparison to the animal
manures that are used to derive them. Vermimeal is a valuable earthworm meat-meal rich in
protein and with a favourable composition of amino-acids, that can be safely used in animal
production (Medina et al. 2003). This review was compiled to examine the issues surrounding
current and future waste disposal for the Australian broiler industry, and investigate how
vermiculture could enhance environmental sustainability, whilst generating another income
source (value-adding).

2.2

The Australian poultry industry

Expansion of intensive livestock industries in Australia has been driven by production
efficiencies and consumer preference. Beef cattle feedlots, piggeries, broiler and layer
production are Australia's major intensive livestock industries, but demand for turkey, duck and
quail meat may see the poultry industry expand further. It is anticipated that Australians are
likely to consume 40 kg chicken meat per person annually in 2006/07 and over the past decade,
chicken meat consumption has increased by 27% and chicken is soon expected to replace beef
as the primary meat (Fairbrother 2004b).
The domestic broiler market accounts for 96% of total chicken meat production, in contrast to
the large reliance other agricultural industries often have on export markets. As a result the
industry currently has a turnover of $3.6 billion annually, supporting 120,000 jobs with $6 billion
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worth of assets. In 2002, 428 million birds were slaughtered (Fairbrother 2004b, Fairbrother
2004a), and as broiler chickens produce approximately 1.72 kg of litter/bird/every 7 weeks, it is
estimated that 700,000 T of litter is produced annually (Turnell et al. 2006), equivalent to 1.66
million m 3 (Runge et al. 2007).

2.2.1 Litter and other poultry wastes
Litter is comprised of cellulose bedding material, manure and feathers, forming a free flowing
granular material (Marshall et al. 2000, Gilmour et al. 2004, PPRP 2004). Regional availability
of dry organic materials dictates which bedding material broiler growers use, however broiler
growers are predominantly using wood shavings, sawdust, rice hulls, straw and paper products
as bedding material on shed floors (Gilmour et al. 2004, Runge et al. 2007).

Table 2.1 Type and volume of bedding material and volume of litter produced in Australia
(Runge et al. 2007)
Bedding material type (m3)

Type
Shavings

Sawdust

Rice hulls

Straw

Paper

Total

New

486,065

236,370

188,325

43,420

2,970

957,150

Used

774,560

470,070

329,860

80,030

5,550

1,660,470

Sand has also been considered as a non-organic bedding material, since plant based litter has
become less available in the USA. Early results indicate that sand would have no negative
effects on broiler growth (Bilgili et al. 1999). However the effect of the non-organic sand fraction
on litter utilisation has yet to be determined. This point highlights the importance of choosing
the most suitable bedding material for both broiler production, and final litter utilisation.
Bedding material is usually spread approximately 5 cm deep on the shed floor and there is a
trend towards multiple flocks per cleanout (litter reuse). However, single flock cleanouts are
more common in Australia. For example, a shed that requires 40 m 3 of rice hulls to house
29000 birds will produce approximately 100 m 3 of litter, equivalent to 50 T (Breedveld, P. 2004,
pers. comm., 19 July). Litter has significant gross energy values, comparable with wood and
half that of coal (Abelha et al. 2003), with Australian rice hull based litter containing 17 MJ/kg
(Turnell et al. 2006). It is broadly comprised of proteins, carbohydrates and lipids or fats, with
carbohydrates comprising the majority of biodegradable materials in the form of cellulose,
starch, and sugars (Kelleher et al. 2002).
Litter handlers or third parties have an important role in the utilisation and sale of poultry waste
streams (Park et al. 2005) and are used extensively to clean out commercial broiler sheds.
Handlers provide most Australian growers with small profits from the sale of litter, applied to
land as a fertiliser and soil conditioner. In some poultry producing regions, especially where
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amalgamations to form fewer and larger operations has occurred (Harmel et al. 2004), land
application of litter has become less cost effective (Shepherd and Bhogal 1998, Lu et al. 2003,
Ribaudo et al. 2003, Kaplan et al. 2004, Paudel et al. 2004). For example, in Queensland some
growers have recently had to pay a small fee for litter disposal (McTavish, K. 2004, pers.
comm., 20 Aug).
Litter can be considered a vector for some pathogens when applied to land, potentially
compromising bio-security levels within poultry producing regions (Kelleher et al. 2002). Human
perceptions about pathogens in animal manures may further restrict their use in agriculture,
especially considering community concerns associated with H5N1. However, the Australian
poultry industry is considered free of any viral pathogens that are a health risk to humans and to
also be free from bacteria such as Salmonella enterica serovar Enteritidis and Cryptosporidium
parvum which can cause infections in humans (Blackall 2005). This situation currently gives
litter a clean fertiliser status with an advantage over other animal manures which are known to
contain C. parvum.
Examples of inadequate bio-security for litter utilisation have had implications for other
agricultural sectors in Europe. Both Clostridium botulinum and Bovine spongiform
encephalopathy (BSE) in beef cattle throughout England and Wales have been linked to stock
gaining access to litter, or to chicken feed directly, and the frequency of outbreaks has

increased (DPI&F 2004, Blackall 2005). Fortunately C. botulinum has not been a strain
associated with human infections, but BSE has direct human implications. Such reports
highlight the risks that pathogens could have when utilising un-treated litter in wider agricultural
systems. These bio-security concerns are probably responsible for regulatory bodies in
Australia banning the re-feeding of litter to livestock (Cowles 2006). In the future, ensuring
convenient disposal of litter will be a challenge if land availability decreases and bio-security
thresholds increase.
The odour from broiler sheds and the disposal of litter is a major concern for the poultry industry
worldwide and in Australia (Jiang and Sands 2000, Chavez et al. 2004). Odour complaints from
residents around broiler growers can impinge on their viability, especially when regulatory
organisations become involved (Jiang and Sands 2000, Chang and Chen 2003). The reduction
of NH 3 and hydrogen sulphide emissions from poultry sheds is recognised as the major initiative
for odour control (Nahm 2002b). Therefore, ameliorative research on odour in Australia has
involved isolating the major offensive odour molecules produced in broiler sheds (Farren, I.
2004, pers. comm., 9 Dec). Any reductions in odour from litter in the shed should also benefit
end-users, by being less offensive.
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The chemical and physical composition of litter is highly variable resulting from different diets,
litter retention time and farm management practices (Patterson et al. 1998). This variability is
also thought to be a deterrent to plant producers (Cole et al. 2005). Variation may also be
attributed to different sampling techniques and the age of the litter since cleanout. Reported
concentrations of TN in litter vary as much as 10 fold, while total phosphorus (TP) varies to a
lesser extent with only two fold differences. Variation in TE concentrations in litter was also
common between sources (Table 2.2 and Table 2.3).
Broiler growers have to dispose of dead birds daily, and as birds get older this can amount to a
considerable mass of carcases. On a dry weight basis broiler carcases typically contain 52, 41
and 6% of protein, fat and ash respectively, and are approximately 66% water. Therefore, an
average broiler enterprise (50,000 birds) that achieves 0.1% daily mortality (4.9% total mortality)
produces approximately 2.2 T of carcases, over a 49 day period. In Australia the preferred
disposal option has been to move carcases to rendering facilities and more recently to compost
birds. Alternatives are being considered due to increasing costs and a need for an alternative
when trying to reduce disease transmission during times of pathogenic outbreak (Bendfeldt et
al. 2006). Other significant poultry industry waste streams include hatchery waste and
processing plant sludge which often attract a fee for disposal (Dickson, E. 2006, pers. comm., 9
June). Greater waste management efficiency might be achieved if value-adding technologies
that utilise litter also include dead birds, hatchery and processing wastes streams.
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Table 2.2 Chemical and physical composition of litter based on dry weight
NH4-N NO 3 -N

TN

TC

TP

Ca

S

K

Mg

Na

C:N

C

Moisture

59

281.7

5.5

56.8

15.0

44.9

8.6

-

19

12

359.0

6.3

36.7

-

-

-

278.0

6.2

46.8

-

-

-

362

7.37

-

-

-

370

7.76

-

-

-

10.4

-

-

-

-

5.2

-

-

23.0

40.8

4.7

2.8

-

348

51.4

2.3

1.9

-

247

-

-

-

21.059.3

3.810.1

0.22.0

-

34.5

-

26.859.6

-

-

-

23.8

1.50

1.72

9.8

14.8

-

20.2

35.4

3.31

0.026

10.8

20.1

-

20.8

-

24

-

2.33

11.3

3.26

22.4

*GEV-gross energy value
-Not reported
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254348
6.8

34.1

6.57

26.4

-

4.70

20.35

Ireland

(Brodie et al. 2000)

USA

- (Cooperband et al.
2002) Experiment I

USA

-

- (Cooperband et al.
2002) Experiment II

USA

8.3

- (DeLaune et al. 2004)
Experiment I

USA

8.4

(DeLaune et al. 2004)
Experiment II

USA

-

- (Gilmour et al. 2004)
Experiment I

USA

(Gilmour et al. 2004)
Experiment II

USA

(Kpomblekou-A et al.
2002)

USA

-

6.811.4

-

7.48.6

5.878.23

-

-

-

(Marshall et al. 2000)

- (Moore et al. 2000)

USA

7.85

-

-

6611

7.59

-

-

-

-

-

-

284.6

23.2

8870

7.6

(Pote et al. 2003)
Experiment I

USA

301.6

18.7

10810

6.9

(Pote et al. 2003)
Experiment II

USA

-

-

-

19.7

13690

8.5

4.95

-

(Abelha et al. 2003)

-

40

-

-

37.50

7

-

47.2

-

385

34

106.20

43

-

-

27.1

-

49.1

10

22

13

Country

Kj/kg

uS/cm

g/kg
37.8

GEV* Reference

pH

EC

-

-

(Nahm 2002b)

(Rutherford et al.
2003)
(Sauer et al. 1999)
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Table 2.3 Trace element composition of litter based on dry weight
Al

As

B

Ba

Cd

Co

Cr

Cu

Fe

Mn

Mo

Ni

Pb

Se

U

V

Country

Zn Reference

mg/kg

-

400
8400

-

-

-

16.79

-

34.6

-

<270.4

-

37

-

43

51

-

-

29

7.97

0.74

0.95

2.17

3.63

247 (Jackson and Bertsch
2001)

2.46

0

1.23

-

-

743 (Jackson and Miller
2000 cited in Bolan et
al. 2004)

-

-

0.68

2.59

656

497.1

274.5

4.93

-

9.9

6.1

-

501

-

6.1

-

<0.2>10

211840

-

254720
(388)

-

20

-

-

390

-

655

3

6

748

1095

956

-

-

-

-

540

-

-

-

-

-

189

-

-

-

-

-

-

-

400

2000

-

-

-

-

-

32593

-

-

-

-

1196

-

-

-

-

-

-

-

-

17.7

540 (Brodie et al. 2000)

500

850

-

-

-

-

-

-

313

-

6

1.9

-

35

15

11

-

-

377 (Kunkle et al. 1981,
cited inGupta and
Charles 1999)
718 (Moore et al. 2000)

-

246

- (Kpomblekou-A et al. USA
2002)

-

-

- (Pote et al. 2003) USA
Experiment I

-

-

(Pote et al. 2003)
Experiment II

USA

et al.

-

430 (Rutherford
2003)

-

125- (Sims and Wolf 1994
496 cited in Pederson et
al. 2002)

-

-

631

-

-

327 (Wood et al. 1996
cited in Bolan et al.
2004)

-

USA

(van der Watt et al.
1994 cited in Jackson
et al. 2003)

-Not reported
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2.3

Benefits of litter to agriculture

2.3.1 Plant production in Australia
The use of both inorganic and organic fertilisers has been vital for Australian agriculture,
predominantly due to the age of Australian soils and the parent material (Wild 1957, Taylor
1983). In Australia the factors which rejuvenate soils on a landscape level have generally been
geologically absent for a long time. Glaciation, mountain genesis and volcanic activity are
considered the major contributors to soil rejuvenation, and their absence has led to soils that
are strongly weathered and infertile (McKenzie et al. 1999). As a result Australian soils are
considered, on average, to be among the poorest in the world. Thus application of fertilisers to
Australian soils are vital for plant production, due to the deficiencies in soil N and P (Blair et al.
1976, Taylor 1983, Davis 2000).
Although inorganic fertilisers have been routinely used over the last 60 years, applications of
organic fertilisers are considered an alternative and accepted way to improve soil nutrients and
organic matter levels. Animal manures are used extensively in Australian agriculture. Poultry
manures are preferred due to their high concentrations of N and P along with other essential
and non-essential plant nutrients and TE (Table 2.2 & Table 2.3, Nahm 2003). When litter is
applied to land it is usually at rates that satisfy the N requirements for a particular plant species,
as N often limits crop production (Warren et al. 2006).

2.3.2 Nitrogen
Nitrogen is a primary plant nutrient, responsible for protein synthesis and critical for the
development of chlorophyll and many coenzymes. It is constantly being recycled between the
atmosphere, plants, animals, soil bacteria and microorganisms in the soil matrix. Fertiliser
additions of N to soils are considered vital for plant growth, with inorganic and organic options
available to farmers (Muchovej and Rechcigl 1994). With increasing costs for inorganic N
fertilisers (Kingwell 2005), organic fertiliser sources like litter may become more valuable.
Concentrations of N in litter have been shown to vary from 21-60 g/kg (Table 2.2); this variation
might be due to different sampling protocols. A standard approach to sampling, perhaps at the
time of cleanout before stockpiling and exposure to different weather conditions, should show
much less N variation.
Poultry faeces contain two main forms of N; uric acid and undigested proteins, which represent
70 and 30% of the TN, respectively. Under aerobic conditions uric acid and undigested proteins
break down into NH 3 (Figure 2.1), probably the reason why it has often been referred to as hot
waste. This degradation process occurs quickly, with microorganisms a fundamental
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component in determining the rate of conversion. Once litter is applied to land NH 3 quickly
converts to nitrite (NO 2 -) and finally nitrate (NO3), the most readily plant available form of N. In
contrast, anaerobic decomposition of uric acid and undigested proteins is slower and results in
the majority of N in litter being in the NH 3 form (Nahm 2003).
Nitrogen is considered the most volatile nutrient in animal manures with significant losses

attributed to NH 3 volatilisation, both in the broiler shed (Patterson et al. 1998), and during
storage and application to land (Wu et al. 2003). Nitrate is also considered one of the most
mobile nutrients in soils (Easton and Petrovic 2004), hence its potential impact on the wider
environment (see section 2.4). Factors that influence N composition and concentrations in litter
are predominantly pH, temperature and moisture (Nahm 2002b). Often the storage of litter
results in 50-90% of the TN being present as NH 3 by the time it is applied to land (Nahm 2003).

2 H 2 0 + 02

H20

CO2 + H202

►

Uric acid

S(+)-allantoinase

Uricase

2H20

Allantoic acid

S(+)-allantoin

Urea or NH3
S-ureidoglycolic

Glycolic

acid

acid + urea

R- and Sureidoglycosase

H20
Urease

2NH 3 + CO2

Figure 2.1 Aerobic decomposition of uric acid in litter (Nahm 2003)

2.3.3 Phosphorus
Phosphorus is essential for plant growth, being a component of adenosine triphosphate (ATP)
and adenosine diphosphate (ADP) compounds, which are significant for energy transformations
in plants. It is also an essential component of DNA, RNA and most metabolic processes.
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Farmers apply both inorganic and organic forms of P fertiliser to soils to improve plant growth
and crop quality (Hart et al. 2004).
The forms of P in soil and water are conveniently described as being; soluble, reactive and
stable P. Soluble-P represents the smallest component of soil P (<1%) and is in a constant
equilibrium with reactive-P (Hansen et al. 2002). Plants only take up soluble forms of P (H2PO4
& HPO 4-2 ) and the interactions between plants and microbes will determine soil soluble-P (Nash
and Halliwell 1999). The majority of soil P is in a stable form, and effectively excluded from crop
uptake due to very slow reactions, however over longer periods this pool will contribute to
soluble P. Evidence suggests that the repeated application of fertilisers reduces a soil's P
sorption ability, leading to what is known as P saturation of soils. This consequently increases
the risk of eutrophication of fresh water ecosystems (Hansen et al. 2002).
It is generally accepted that applying litter to soils will lead to a level of P in excess of plant
requirements (Pant et al. 2004). Phosphorus concentrations in broiler diets are maintained to
ensure rapid animal growth, and consequently manure has high P concentrations (Codling et al.
2000). Reported P concentrations in litter are variable, ranging from 9.8 to 27.1 g/kg (Table 2.2)
and the majority of this P is in the soluble form (Codling and Isensee 2005).

2.3.4 Organic matter
The use of organic fertilisers such as litter has advantages over the use of inorganic fertilisers,
particularly the addition of soil organic matter (SOM). Soil organic matter has been described
as a key component of any ecosystem and has received increasing attention in areas of soil
science (Weil and Magdoff 2004) and microbial improvement (Zaller and Kopke 2004). The
main source of SOM is the autotrophic section of the plant community which undergoes in-soil
microbial decomposition to form a 'humic' residue. This residue is unidentifiable from its plant
origins (Spain et al. 1983). The soil structure benefits from additions of SOM, by improving
aggregate structure and porosity and increasing water holding capacity, which in turn influences
plant available water (Spain et al. 1983, Kpomblekou-A et al. 2002). For example, Durham
(2006) found that cotton production in the USA could be drought proofed by using the organic
matter in litter to increase SOM.
Approximately 75% of Australian surface soils contain a median value of less than 1 % organic
matter (Spain et al. 1983). It is generally accepted that SOM will improve soil physical properties
and increase the cation exchange capacity (CEC) of soils, acting like a cation sponge thereby
increasing soil fertility. The CEC and its interactions within an aqueous environment are
arguably one of the biggest contributing factors involved in determining the behaviour of soils
within any ecosystem (Rengasamy and Churchman 1999). Therefore, the low CEC of
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Australian soils could be a contributing factor to the loss of nutrients via hydrological pathways
into the wider environment. These points highlight the benefits of increasing the concentration
of SOM in soils from both production and environmental perspectives.

2.4

Environmental concerns with land application of animal
wastes

The poultry industry internationally has started to recognise the limits to conventional waste
management practices, including land application of fresh or untreated litter (Sta yer and
Brinsfield 2001, Lesson 2002, Gascho and Hubbard 2006). It is also possible that the
integrated nature of the Australian poultry industry has limited the uptake of new waste
management technologies, in comparison to independent growers (Ressler 1999). With this
vertically integrated industry (integrators) expected to grow throughout the next decade (Hoban
et al. 1997), so too are the associated risks of poultry by-product utilisation (Lesson 2002).
Combine this with the growing community awareness of environmental issues (Pant et al. 2004)
the poultry industry will probably be made to become more accountable for its wastes.
It is generally accepted that nutrients are geographically concentrated around intensive animal
production systems overseas (Edwards et al. 1985, Pant et al. 2004). This scenario was
particularly evident around poultry producing regions in the USA as a result of repeated litter
applications exceeding crop requirements (Marshall et al. 2000, Mallin and Cahoon 2003). As a
result USA broiler farms are defined as concentrated animal feeding operations (CAFO's) and
regulation enforces accountability of litter utilisation by stipulating all operations to submit
nutrient management plans (Cole et al. 2005, Park et al. 2005). Transport costs inhibit the
movement of litter over large distances, where agricultural lands are better suited to utilise the
nutrients and TE (Hansen et al. 2002). The high chemical variability of litter and the miss match
of nutrients and TE for plants make it difficult to apply litter at rates that will satisfy all nutrient
requirements. This issue reduces the value of litter in comparison to consistent inorganic
fertilisers (Bolan et al. 2004, Pant et al. 2004), which can be easily blended together to match a
plant's specific nutrient requirements (Cole et al. 2005).
The Australian poultry industry possibly benefits from the relatively abundant agricultural lands
within convenient distance to their growers. As a result the negative effects that have been
experienced overseas are expected to be much less pronounced in Australia. However,
available agricultural land especially around metropolitan areas has decreased, due to
encroaching urban development (Old EPA 2001). In the USA the increase in poultry production
over the last 40 years has led to difficulties in disposing litter on land close to growers, because
of potential environmental impacts on water quality and public amenities (Chinkuyu et al. 2002).
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2.4.1 Hydrological losses
Increasing public concern in Australia with both water quality and quantity has led to land
management practices that contribute to eutrophication and/or contamination of fresh water
ecosystems becoming less socially acceptable (Nichols et al. 1998, Nash and Halliwell 1999,
Burkitt et al. 2004). Eutrophication of streams and dams has been shown to promote weeds
and algae, deplete oxygen, thereby decreasing the amenity of freshwater supplies. When algal
growth includes Anabaena and Microcystis, animal and human health can be directly affected
(Nash et al. 2005). Elevated NO 3- concentration in drinking water is also linked to blue baby
syndrome, a significant concern for young children (WHO 2006). Concerns have also been
raised over faecal bacteria and sex hormones (17(3-estradiol and testosterone) in litter
contaminating aquatic systems (Jenkins et al. 2006). For Australian conditions as with
overseas, it is potentially the effect on water quality which will influence future land application
of nutrients and TE in the form of organic wastes (Graetz et al. 1999, Jackson and Bertsch
2001, Kpomblekou-A et al. 2002, Nash et al. 2003), including litter (Franklin et al. 2006).
The vectors by which water contamination can occur from litter applications are through the
hydrological pathways of surface flow (runoff) and vertical flow (leaching, Sharpley 1985, Nash
and Halliwell 1999, Hart et al. 2004), as soils often exist in an aqueous environment (Figure 2.2,
Rengasamy and Churchman 1999). Small losses of nutrients from inorganic and organic
fertiliser application of 1-5% are seen as negligible from an agronomic perspective, however if
these losses enter waterways major environmental concerns can arise (Nash et al. 2003, Pote
et al. 2003, Hart et al. 2004). In Australia these types of losses are likely to be exacerbated due
to the low SOM and CEC of the typical Australian soil. Suggesting that more care should be
taken when using fertilisers in such landscapes. Previous advice given to land owners was that,
due to Australia's relatively nutrient poor soils, organic wastes could be applied at virtually any
rate to ensure maximum plant growth (Nash and Halliwell 1999).
Such advice ignored potential wider environmental implications including the eutrophication of
aquatic systems from non-point source pollution, resulting in water quality degradation (Vervoort
and Keeler 1999, Sharpley and Moyer 2000, Cooperband et al. 2002, Tiquia and Tam 2002,
Nash et al. 2003). Where there has been the continued application of manure from intensive
livestock production to agricultural land, the potential for N and P losses has increased
(Sharpley and Sisak 1997, Nash and Halliwell 1999, Sta yer and Brinsfield 2001).
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Figure 2.2 Flow diagram of the global hydrological cycle (Todd and Mays 2005)
The effects on water quality from the mobilization of P from poultry wastes applied to land,
including litter, is well documented overseas and to a lesser extent in Australia (Nash et al.
2003, Hart et al. 2004, Gascho and Hubbard 2006, Warren et al. 2006). Water bodies are at
high risk of eutrophication when the P level exceeds 0.05 mg/I, with some evidence suggesting
that levels as low as 0.024 mg/I are a concern (Nash and Halliwell 1999, Easton and Petrovic
2004). Consequently, P from enriched soils has led to the increased occurrence of algal
blooms in Australian aquatic systems through point and non-point sources of pollution (Nash
and Halliwell 1999). Perhaps evolutionary processes have conditioned Australian aquatic
ecosystems to function with low nutrient inputs from both surface and vertical flow. Increased P
loads in Australian soils may have a greater impact on our fresh water aquatic ecosystems than
overseas, and increased occurrence of algal blooms in Australia (Ball et al. 2001) might be an
indication of this.
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Runoff is considered the most significant vector for the movement of nutrients, TE, bacterial
pathogens and sex hormones into aquatic systems from agricultural landscapes (Eghball et al.
2000, Jenkins et al. 2006). Rainfall patterns, soil properties, topography, climate, land use and
vegetation cover are all identified as being highly influential in surface flow from agricultural land
(Gilley et al. 2002, Self-Davis et al. 2003). Soil erosion and surface runoff are closely linked
together (Eghball et al. 2000), as the force of moving water transports soil particles (erosion)
and fertiliser applications, including animal manures. This movement can exacerbate
eutrophication as nutrients contained in the soil sediments and surface applied fertilisers
combine in the receiving water bodies (Hansen et al. 2002). These issues have significant
implications for the responsible use of litter as a fertiliser on agricultural lands.
It is generally accepted that risks associated with surface flow are greatest when land is first
tilled and when plant biomass is too small to slow surface waters down (Gilley et al. 2002,
Easton and Petrovic 2004). Furthermore, concentrations of TN in runoff from soils receiving
litter have been shown to exceed 0.34 mg/I, the USEPA guideline for over enrichment of surface
waters (Mishra et al. 2006). Studies have also shown that 80-90% of P in runoff water from
soils fertilised with litter was soluble-P, which is easily available for algae uptake (Moore et al.
1998). These finding should be put in perspective, as some results suggest that when
comparing litter to inorganic fertilisers at the same nutrient rates, less P will be lost from land
receiving litter (Hart et al. 2004), which might be due to increases in SOM. On the whole, land
disposal of animal manure and the effects of surface flow are contributing to eutrophication and
water quality degradation (Marshall et al. 2000).
Various approaches have been developed to reduce nutrient and microbial losses via runoff,
mainly including the trapping of sediment before it reaches aquatic ecosystems. Although
evidence suggests that using minimum-till techniques combined with grass filter (buffer) strips is
an effective approach to trapping sediment (Eghball et al. 2000). This approach is not as useful
in removing soluble-P and faecal bacteria species (Coyne et al. 1998). The benefits of filter
strips for removing sex hormones is less understood, however recent studies have shown that
only very low concentrations of sex hormones have been found in runoff from land amended
with litter (Jenkins et al. 2006). For filter strips to work effectively knowledge of climatic
conditions is required so that litter is applied at the appropriate time (Coyne et al. 1998, Codling
and lsensee 2005). This is a significant challenge in Australia due to our often highly variable
rainfall patterns compared to Europe and the USA (Burton 1998).
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Another approach to reduce the P loss from land receiving litter is to include Aluminium (Al) rich
compounds in the litter. Soluble-P is readily adsorbed and precipitated in litter and soils when
Al is present, and this reduces losses to the environment via runoff (Warren et al. 2006).
However, studies have shown that even with these additions of Al the concentration of P in
runoff is still above levels recommended by the USEPA (Codling and Isensee 2005).
Leaching of water through soil is another vector for the transport of litter pollutants into the wider
environment via sub-surface and groundwater flow (Figure 2.2). Pollutants in organic fertiliser
that are known to move via vertical flow include nutrients, TE and bacterial pathogens (McMurry
et al. 1998, Pederson et al. 2002, Rutherford et al. 2003). Nitrogen in the form of NO 3- is the
most common contaminating pollutant of groundwater and agriculture is considered the major
contributor (Burkart and Stoner 2002). However, the loss of P via vertical flow is still a concern
(Hansen et al. 2002).
The soil-water zone is of significant importance to agriculturalists due to its role in supplying
water to plants (Figure 2.3), and is the location where the majority of nutrients and TE remain
after the application of litter to soil (Pederson et al. 2002). Studies have shown that 1.7 to 2.9%
of the TN applied to soils in animal manure, including litter, is lost via leaching (Marshall et al.
2000). Experiments conducted on pasture soils in southern Victoria indicated that long-term or
short-term intensive P applications could increase the risk of P loss to the environment via
vertical flow (Burkitt et al. 2004). Escherichia coli is known to move vertically through soils
amended with litter via macropore flow, and thereby contaminate groundwater (McMurry et al.
1998). These issues suggest that losses to the environment via vertical flow should be
considered along with runoff when utilising litter on agricultural lands.
In summary, continual nutrient burdens on groundwater have changed watercourse (river) base
flow chemistry in overseas poultry producing regions (Marshall et al. 2000, Hansen et al. 2002),
which has implications for Australia. Changes in baseflow chemical composition is recognised
as a factor contributing to eutrophication of aquatic systems, leading to increases in algal
blooms (Burkitt et al. 2004). The amount that surface applied litter contributes to groundwater
contamination in comparison to conventional inorganic fertilisers should be investigated further.
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Figure 2.3 Schematic diagram of subsurface water nomenclature (Todd and Mays 2005)

2.4.2 Trace element accumulation in soils
Trace elements are required in low concentrations by both animals and plants to maintain
proper physical functioning (Gupta and Charles 1999). The intensive animal industry has
increased its reliance on TE growth promoters to improve feed efficiencies and reduce disease
(Bednar et al. 2003). The most commonly used TE feed additives in broiler diets include
arsenic (As), copper (Cu), selenium (Se), iron (Fe) and zinc (Zn) (Han et al. 1999, KpomblekouA et al. 2002). The use of such elements has led to their increased concentration in faeces and
litter (Gupta and Charles 1999).
With regards to land application, concerns are developing over whether TE included in animal
feed are entering human food-chains via the process of plant uptake and animal transfer (Bolan
and Duraisamy 2003). Hydrological losses via surface and vertical flow are also a concern
(Gupta and Charles 1999, Han et al. 1999, Kpomblekou-A et al. 2002, Bolan et al. 2004). Trace
elements found in litter are not only due to the birds' ration but naturally occur in the bedding,
and all TE are highly variable (Gupta et al. 1997, Kpomblekou-A et al. 2002). For example,
when recycled paper products was used as a bedding source, boron (B) levels became
elevated in litter, due to the use of boric acid in paper treatment (Bolan et al. 2004).
Until recently, overseas restrictions in the use of litter as a fertiliser have been determined by N
and P loadings, without consideration of TE (Bolan et al. 2004). This regulation ignores the
potential for soils and the wider environment to become contaminated with non-point source
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polluting TE, from the land application of animal manures (Han et al. 1999, Bolan et al. 2004,
Brye and Pirani 2006). Soils fertilised with litter have been shown to accumulate As, cadmium
(Cd), Cu and manganese (Mn), whilst Zn and lead (Pb) tend to be leached (Gupta and Charles
1999). While manure treatments like composting are considered important for stabilising
manure, the effect on total concentration, speciation, and mobility of metals is not well
understood (Bolan et al. 2004).
Some major TE of interest in litter include Zn, Cu, As, and Cd, and the following section
discusses them in turn. Firstly, in terms of human health risks from poultry waste products, Zn
and Cu should receive further investigation in Australia (Blackall 2005). These elements are
maintained at relatively high levels in the diet to ensure maximum growth (Kpomblekou-A et al.
2002). Dietary Zn and Cu requirements for broilers are recommended to be 40 and 8 mg/kg
however, commercial broiler diets often have as much as 120 and 125 mg/kg, respectively
(Dozier et al. 2003, Burrell et al. 2004). Copper has also been found to be 3.25 times more
concentrated in litter than in the ration and was linearly related to the concentration of Cu in the
broiler diet (Gupta and Charles 1999).
More importantly Zn and Cu are likely to be the first TE to present toxicity problems in soil
receiving litter, as plants require very little of these elements (Gascho and Hubbard 2006). It has
been reported that when litter was applied to land to satisfy N rates, Zn and Cu could exceed
crop requirements by 660 and 560%, respectively. These are interesting findings considering
that Cu and Zn have also been shown to be relatively mobile in soils (Han et al. 1999) and could
potentially pollute surface and groundwaters. In Ontario USA, peizometer water containing 0.2
mg Zn/kg has been reported, these relatively high levels are the result of various agricultural
enterprises, including the poultry industry (Lesson 2002).
Secondly, Roxarsone (3-nitro-4-hydroxyphenylarsonic acid) and p-ASA (4aminobenzenearsenic acid) are aromatic organoarsenic compounds, that as feed additives
provide benefits to broiler production (Jackson and Bertsch 2001, Garbarino et al. 2003,
Jackson et al. 2003). The addition of As to broiler diets resulted in a sevenfold increase in litter
As concentrations and is implicated as being a major As input to soils (Kpomblekou-A et al.
2002, Bolan et al. 2004). The issue has become so critical in some areas of the USA that there
was a direction to remove As from broiler diets to improve the elemental composition of litter,
and avoid further environmental contamination (Nachman et al. 2005). It is unclear how
extensive the uses of arsenicals are in Australian broiler production.
In Australia Cd is considered the most significant heavy metal accumulating in the human foodchain, the major source being from P inorganic fertilizers and animal manures (Bolan and
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Duraisamy 2003). Cadmium tends to concentrate in the upper soil horizon as it is strongly
bound by organic matter (Gupta and Charles 1999). Experiments conducted around Sydney
suggested that increased Cd in vegetables and soils was partly the result of repeated fertiliser
applications of poultry manure (Jinadasa et al. 1997). However, an experiment evaluating TE in
litter in Alabama, USA found Cd to only be present in a few samples and did not consider it as
great a threat as other TE like As, Cu and Zn (Kpomblekou-A et al. 2002).

2.4.3 Greenhouse gas emissions and atmospheric pollution
Besides CO2 , methane (CH 4), nitrous oxide (N 20) and NH 3 are considered significant
greenhouse gases (Pierzynski and Gehl 2005) due to their efficiency in absorbing infrared
radiation. Importantly CH 4 and N 20 absorb 26 to 200 times more infrared radiation than CO2,
respectively (Sommer and Moller 2000). Methane emissions potentially contribute 9-20% of the
total global warming effect, while N 20 goes through photochemical degradation and reduces
levels of ozone in the stratosphere (Sommer and Moller 2000). Animal production worldwide
contributes 5-6% of the total emissions of CH 4 and 7% of N 20, through the decomposition and
degradation of manures (Hao et al. 2004). Composted and surface applied animal manures
have been shown to contribute to GHGE, thereby potentially contributing to both global warming
and acid rain (Ginting et al. 2003, Hao et al. 2004, Peigne and Girardin 2004, Sharpe et al.
2004).
When NH 3 reacts with other atmospheric gases it produces a haze. Some estimates suggest
that 50% of anthropogenic NH 3 emissions in the USA are attributed to animal production
(Pierzynski and Gehl 2005), of which the land application of manure is expected to be
contributing. Nitrogen polluting gases are also closely linked to unpleasant odours, making the
management of gases a significant challenge for the poultry industry (Nahm 2002a). The extent
to which these gases contribute to global warming will likely become more evident as research
in this area develops, and as climate change becomes less acceptable.

2.4.4 Regulations on litter end-users
Increasing regulation on intensive animal production has occurred overseas in an attempt to
protect the environment from nutrient, TE and pathogen pollution associated with animal wastes
(Mallin and Cahoon 2003). As the public become more aware of the factors that contribute to
poor environmental quality, it is likely that the broiler industry will become more accountable for
their wastes, through increased regulation. In Australia, the utilisation of litter has not been
regulated at a national level, but controlled at a state and local level. This control is in contrast
to the USA which have a set of federal standards controlling land application of by-products,
including animal wastes from intensive animal production (Park et al. 2005, Pierzynski and Gehl
2005).
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Recommendations given to Australian end-users of litter are different between states and
depending on local council requirements can also be different within states. For example, in
South Australia if the user of litter incorporates it into the soil, then buffer zones associated with
surface spreading are not required to be met, and the onus is on the user to not inconvenience
local residents. In contrast, NSW guidelines do not promote the incorporation of litter due to the
increased risk of erosion and recommend surface applying litter on grazed or harvested
pastures with 5-10 cm of stubble. Interestingly in Western Australia, broiler growers are
required to partially compost or direct litter into waste-to-energy or pelletising technologies due
to stable fly (Stomoxys calcitran). This is due to the fly breeding in areas of irrigated
horticulture where litter has been applied. These examples highlight the differences between
states regarding the requirements on end users for litter utilisation.
In NSW, there seems to be a requirement for some local councils to enforce responsible
utilisation of litter, under the Protection of the Environment Operations Act 1997 (Parliamentary
Councils Office 2006). For example, Goulburn Mulwaree Council has a mechanism to enforce
environmentally and socially acceptable use of litter. This council may take action when litter
enters a watercourse, dust impinges on nearby residents, litter is deposited on adjoining
properties and when feathers are blown onto nearby properties (Goulburn Mulwaree Council
2006).
In contrast, the Tamworth Regional Council under its 1996 Local Environmental Plan makes no
reference to offences from land application of litter. These inconsistencies between regions are
inequitable and are probably not conducive to compliance (Tamworth Regional Council 1996).
For example, high application rates of litter could be spread on a single farm in the Tamworth
region and until a complaint is made to the NSW DEC this practice would go unchecked.
Therefore clear record keeping of amount, timing and weather condition should be mandatory
from a state or federal level, similar to what the Goulburn Council requires with regards to litter
application to land.
Currently the application of litter onto land in NSW is self regulating and the onus is on the end
user to follow best management practices (NSW DPI 2004). Future control and regulation over
the way agronomic sectors can utilise litter may change the viability of using litter as a fertiliser.
For example, making plant producers incorporate litter into soils will increase costs. While
increasing withholding periods for stock before slaughter, after pasture is fertilised with litter,
may also deter farmers from using litter. This highlights the need for the poultry industry to
develop alternative disposal options, of which value-adding is expected be an integral
component.
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2.5 Current value-adding technologies and closed loop
systems
A closed loop system with respect to industry is analogous with ecological processes, where
outputs from one organism become inputs for another. Therefore pollution is defined as a
resource or raw product that has an adverse effect on the environment, which has not been
transformed into another useful product (Lichtenberg and Penn 2003). For the poultry industry
as with all intensive animal production an opportunity exists to achieve a closed loop system.
Generation of renewable energy from litter using anaerobic digestion and direct combustion is
becoming recognised as a utilisation option for the poultry industry (section 2.5.2), moving it
towards a closed loop system (Anonymous 2000, McRoy and Dixon 2002).
A component of a closed loop system includes NLC (Figure 2.4), whereby the nutrients in plants
that are grown to supply intensively fed animals are eventually directed back into plant
production (Coffey 1999). The success of NLC is determined by the worth of value added litter
to industries which effectively utilise the nutrients (Reynnells 1999, Lichtenberg and Penn
2003), and is highly influenced by demand (Brodie et al. 2000). Transportation costs are the
major limiting factor determining how far nutrients can be distributed to plant producing regions
(Jackson et al. 2003). Inclusion of carcasses, processing sludge and hatchery waste into an
integrated waste management system that utilises litter, could further improve NLC for the
poultry industry, by increasing waste utilisation efficiency.

Broiler
production

Figure 2.4 A representation of NLC for the broiler industry
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The poultry industry could move toward a closed loop system by manipulating the bird's diet to
enhance the chemical composition of litter for the end user (Dozier et al. 2003), while producing
value-added commodities. Value-adding is considered a solution to animal waste utilisation and
could satisfy both economic and environmental sustainability (Reynnells 1999). With regards to
diet manipulation, it is generally accepted that the overall sustainability of the intensive poultry
industry is strongly influenced by nutrient efficiency both in terms of nutrient retention and
excretion from the bird. The nutrients excreted by broiler chickens must then be properly
utilised by agriculture (Pant et al. 2004) so as to achieve NLC and ultimately allow the industry
to operate as a closed loop system. This concept is closely linked to sustainable agriculture
(Kratz et al. 2004, Cole et al. 2005).
The broiler industry could reduce the nutrient burden of litter by improving the bioavailability of
nutrients in broiler feed (Nahm 2002a, Vadas et al. 2004, Pierzynski and Gehl 2005). Phytase
is an enzyme that can be used to improve bioavailability of P bound in phytate. The inclusion of
phytase can reduce P concentrations in manure by 30% which would otherwise require disposal
(Bosch et al. 1997, Kies et al. 2001, Wu and Ravindran 2002). With regards to Zn and Cu, the
use of organic Zn and Cu complexes have been shown to be more available to broilers than
traditional inorganic sources (Dozier et al. 2003). This should facilitate two outcomes, firstly,
less of these elements will be included in the ration while still maintaining production, and
secondly broilers will also excrete less lowering the environmental burden of litter (Turnell and
Faulkner 2005). An investigation of composting and waste-to-energy has been discussed
below, along with issues surrounding more recent developments in charring, pelletisation and
carbon sequestration into agricultural soils.

2.5.1 Composting
Composting is the aerobic microbial breakdown of organic matter, usually incorporating a
thermophilic phase in which the end product no longer resembles the organic components from
which it was derived. The adoption of composting systems for poultry waste is receiving
attention due to its ability to reduce litter volume, dispose of carcases, stabilise nutrients and TE
and reduce pathogens (Bendfeldt et al. 2006). Agronomic benefits of composted litter include
increased plant available nutrients and humic residues (Atkinson et al. 1995, Brodie et al. 2000),
and they are known for their pleasant 'earthy' odour. The immobilisation of N and P during
composting reduces the risk of soluble N and P entering aquatic ecosystems systems via runoff
and leaching (Vervoort et al. 1998, Cooperband et al. 2002, Vadas et al. 2004, Flavel and
Murphy 2006). Composting offers both on-site and off-site solutions to litter utilisation and could
potentially enhance NLC for the Australian poultry industry.
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The use of composting in the USA (Delmarva Peninsula) for value-adding to litter has been
thoroughly investigated for its role in moving nutrients further away from poultry producing
regions (Teffeau 2000). However, commercialisation of the process and some sustainability
issues, including GHGE, may need to be addressed before it is adopted by the poultry industry
(Tiquia and Tam 2002, Peigne and Girardin 2004). Factors that have prevented the adoption of
large scale litter composting overseas may also exist in Australia. These include, there being
only one saleable product (Figure 2.5) which is of limited agronomic value (Brodie et al. 2000),
and high transport costs (Teffeau 2000). A feasibility study in West Virginia USA on off-site
composting of litter determined, that a disposal fee from growers would be required to make it
economically viable to attract a commercial operator (Collins et al. 1993). With traditional
inorganic fertilisers becoming more expensive, future feasibility studies may indicate better
investment conditions. Also, development of composting technology including forced-aeration
could lead to more efficient, less labour intensive and more environmentally acceptable
composting facilities (Tiquia and Tam 2002).
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Figure 2.5 Flow diagram of composting processes using poultry wastes
Composting considerably reduces pathogen concentrations in organic wastes due to the heat
produced in the decomposition process (Das et al. 2002, Blake 2004). Hatchery waste
composting systems have been shown to reduce E. coli by 99.9%. While amending hatchery
waste with small percentages of litter enabled the composting process to remove all Salmonella
(Das et al. 2002). Interestingly, composting biosolids reduced pathogens more effectively than
conventional anaerobic digestion of sludge (Ponugoti et al. 1997), and the same is likely to be
true for litter.
Roxarsone and p-ASA are highly water soluble and are commonly found in litter (Jackson et al.
2003). The water solubility of Roxarsone is highlighted as a potential concern for soil and water
quality in catchments where litter is applied directly onto land (Jackson and Bertsch 2001,
Jackson et al. 2003, Rutherford et al. 2003). One advantage of composting litter is that under
the right controlled conditions Roxarsone and p-ASA may be degraded to more stable arsenate
(As04 )-3 ions, potentially limiting contamination of ground and surface waters with arsenicals
(Garbarino et al. 2003, Jackson et al. 2003).
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Nitrogen losses occur through NH 3 volatilisation during composting, reducing the agronomic
value of the compost (Kelleher et al. 2002, Tiquia and Tam 2002, DeLaune et al. 2004). This
makes it difficult to develop a closed loop system and contributes to GHGE as mentioned
previously. Large scale litter composting operations should consider all gases when evaluating
the project's overall sustainability and implement minimisation options like forced-aeration
technologies (Tiquia and Tam 2002).
Release of nutrients from composted litter is often time dependent, relying on in-soil microbial
processes to release plant available (inorganic) nutrients from their organic precursors.
Traditional inorganic fertilisers and to a lesser extent raw litter, provide plant producers with
instant responses in growth which contrasts with the slower responses of composted litter
(Cooperband et al. 2002). Transport costs associated with the sale, distribution and spreading
of composted litter may limit the distance nutrients can be transported away from poultry
producing regions (Vervoort and Keeler 1999).
The chemical energy that drives microbial populations in composting systems is also attractive
to renewable energy sectors. Australian litter has been shown to contain an average of 16.8
MJ/kg (dry wt) of energy (Turnell et al. 2006) which is equivalent to half that of bituminous coal
(Sheth and Turner 2002). The energy in litter can be released indirectly through anaerobic
microbial degradation or directly through many different types of combustion technologies.

2.5.2 Waste-to-energy
Direct combustion or incineration is recognised as an efficient option for generating renewable
energy and fertiliser grade ash from litter (Abelha et al. 2003) and can potentially close the
nutrient loop for the poultry industry. There are currently successful large scale off-site
electricity utilities operating in the UK that primarily use litter as a fuel (Anonymous 2000).
However, the benefits of energy-capture may be off-set by infrastructure and ongoing
maintenance costs and the remaining ash also needs to be marketed (Kelleher et al. 2002).
Possibly the main reason why alternative energy sources have not been adopted in Australia
has been the economic view that such technologies will increase the price of power at the
consumer level (Buckley and Schwarz 2003). For on-site electricity and heat generation smaller
direct combustion systems are being developed, and if commercialised could supply Australian
broiler growers with both environmentally sustainable waste disposal and energy (Abelha et al.
2003, Henihan et al. 2003).
Public concerns have been raised over the emissions of nitrogen oxides (NO,), carbon
monoxide (CO) and sulphur dioxide (SO 2 ) from the combustion of fuels like litter (Henihan et al.
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2003). These gases along with 'public-perceived' emissions are considered a major noneconomic determinant in the commercialisation of direct combustion (Porteous 2002). This
issue might be amplified in Australia due to the concerns the public have traditionally had with
incineration of wastes in general (Connett 1998). Waste-to-energy is not the preferred option
for litter utilisation in Australia (Runge et al. 2007) and emissions may be a contributing factor to
this reluctance.
Emissions aside, a 7.5 MW waste-to-energy facility utilising litter has been approved by the
Redland Shire Council in Queensland, and there is some evidence that public are supportive of
the proposal (Bayside Bulletin 2007). Advances in both gas cleanup and combustion system
design have led to emissions from litter combustion being well below the limits set for air quality
standards (Henihan et al. 2002, Henihan et al. 2003). In light of global warning concerns, clean
renewable energy will become more attractive and waste-to-energy may become more publicly
acceptable.
Anaerobic digestion could also close the nutrient loop for the poultry industry, as the process
can degrade and stabilise a wide range of organic poultry wastes including litter, producing
potentially saleable methane and digestate (Bujoczek et al. 2000, Collins et al. 2000). Methane
can be captured after digestion, the gas then cleaned and used as renewable energy. While
the digestate can also be utilised as a soil improving agent with potentially good fertiliser
attributes (Salminen and Rintala 2002). Encouragingly, research into steam pressure disruption
has improved methane capture from the anaerobic digestion of cellulosic materials (Liu et al.
2002), which could also be beneficial for litter digestion.
Some concerns have been raised over the value of the somewhat bulky digestate and the
possibility it could assume a waste status itself (Kelleher et al. 2002). Also, the high N content
of litter inhibits the production of methane, unless litter is considerably diluted with water
(Bujoczek et al. 2000). While the high capital and operation costs of anaerobic digestion may
limit its adoption both on and off-site (Collins et al. 2000, Trably et al. 2003), these issues could
limit the suitability of anaerobic digestion for the Australian broiler industry.
Both gasification and ethanol production deserve a mention here. Recent gasification research
may offer a cleaner way to ultimately combust litter, compared to direct combustion (Sheth and
Turner 2002). While research into ethanol production from complex plant sugars is being
undertaken (Kuyper 2006, Nielsen 2006) and if the process is successful, all plant based
wastes could be used to produce ethanol. As the demand for power increases it is inevitable
that new waste-to-energy technologies will be developed, which should help poultry waste
managers maintain a closed loop system for the industry.
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2.5.3 Charring, pelletisation and carbon sequestration
Charring, pelletisation and carbon sequestration of litter provide opportunities to value-add to
litter. Recently litter has been successfully converted into activated carbon or char, and
represents a much cheaper and more easily available alternative to existing coal and coconut
inputs (Lima 2003). This char can successfully remove Cu, Cd and Zn from polluted water,
which in turn increases litter value (Lima and Marshall 2005, Peabody 2005). Char can also be
used to remove unpleasant tastes and odour (Ridal et al. 2001). Pelletisation has long been
identified as an option for removing nutrients away from intensive animal producing regions
(Gray 1999, Carpenter 2000), however in Australia it has not been widely adopted, with the
exception of Dynamic Lifter®.
Australia has recently unveiled a potential emission trading scheme because carbon dioxide
pollution is becoming less favourable and more politically volatile (ABC Online 2007). When
pyrogenic carbon is incorporated into soils it increases carbon concentrations (Glaser et al.
2001) and substantially increases soil fertility (Lehmann et al. 2003). If animal wastes are used
to increase soil carbon, then organic wastes should become more valuable (IAI 2007). This
might also support the use of fresh and composted litter on land as a means to increase the C
content of soils; however investigations into sequestration efficiency between options should be
investigated. Another method by which soil C could be increased is to use earthworms to
process and stabilise agricultural wastes before applying them to land. This process is called
vermiculture and vermi-stabilised wastes are known as vermicast or casts.

2.6

Value-adding to litter using vermiculture

Vermis is Latin for earthworm; therefore vermiculture is the intensive production of earthworms.

Vermiculture in Australia is receiving increased attention due to the potential to value-add to
organic wastes such as animal manures, with minimal odour generation (Edwards and Steele
1997). The vermiculture process can also be defined as the non-thermophilic (mesophilic)
biodegradation and stabilisation of organic materials (Arancon et al. 2003), resulting from
interactions between earthworms and micro-organisms living in both the earthworm's intestine
and the organic material (Pizl and NovaKova 2003). Worldwide vermiculture systems most
commonly use two earthworm species, E. andrei and E. fetida (Elvira et al. 1996b, Dominguez
et al. 2005), and a wide variety of systems are used, including both continuous and batch flow
designs (Edwards 1995, Bajsa et al. 2003, Craig and Ankers 2006).
Poultry wastes utilised in such systems can include litter, dead birds, hatchery waste and bird
processing sludge (White 1996), and could all potentially be converted into vermicast and
protein (vermimeal) at relatively low costs (Figure 2.6). Therefore vermiculture is effectively a
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secondary intensive animal system that utilises organic wastes from conventional intensive
animal production. Earthworms might provide also an ability to obtain NLC for industries that
produce organic wastes (Bajsa et al. 2003, Murphy 2005), including the poultry industry. An
example is where viticulture operators have adopted vermiculture techniques to process their
most significant waste streams, including pruning waste and crushed grape waste (Nogales et
al. 2005).

Vermicast

Litter
Dead birds &
hatchery waste
Sludge (liquids)

-11P

Plants

Vermiculture
Vermimeal

Animals

Figure 2.6 Flow diagram of vermiculture processes using poultry wastes

2.6.1 Earthworm species and their role in the ecosystem
Eisenia andrei and E. fetida are two morphs of earthworms that are commonly thought of as the
same species within the vermiculture industry and the wider scientific community. Eisenia
andrei is often referred to as the "red" earthworm and E. fetida the "brandling" or "tiger"
earthworm, however they are being considered biologically separate species (Dominguez et al.
2005). Irrespective of whether these morphs deserve species differentiation or not, both are
resilient and have a wide temperature and moisture tolerance range. These characteristics and
their ability to rapidly process organic wastes compared to other earthworm species make them
commercially valuable (Tripathi and Bhardwaj 2003). Often the tiger earthworm has been called
E. foetida however this is considered an illegal species name and should be called E. fetida
(Dominguez et al. 2005). Of the two species E. andrei is considered the most suitable for
commercial applications due to its faster growth and reproduction rate (Elvira et al. 1996a)
however, both species are commonly used for the stabilisation of organic wastes (Bajsa et al.
2003).
Earthworms are generally classified into three types based on the position they naturally occupy
in the soil profile and their food requirements, they are epigeic, anecic and endogeic. Epigeic
species are found on the surface of organically rich soils; they commonly consume microbes
and animal wastes, and are small in comparison to other earthworms. Anecic earthworms
burrow in the upper soil horizons mixing and eating microbes in soil and organic matter, with
some of these microbes being collected from the surface. Whereas, Endogeic species are
found deeper in the soil profile, are largest of the earthworm species, and they effectively
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consume microbes in soils rich in organic matter without coming to the surface to feed (Jegou et
al. 1997).
Even though E. andrei and E. fetida are currently the most widely used species for the
conversion of animal wastes (Garg et al. 2005), other species may be more useful for targeting
specific wastes. For example, the epigeic species Aporrectodea caliginosa has been shown to
degrade lignocellulose components of organic wastes more effectively than other earthworm
species (Tereshchenko and Naplekova 2002). This may be important considering the large
amount of rice hulls and wood shavings (broiler bedding) that make up litter. However, vermiprocessing agricultural wastes (30% cattle manure) with E. fetida will still degrade lignin more
effectively than composting (de Roy et al. 2004).
Some evidence suggests that using a mix of different earthworm species in the same
vermiculture system could contribute to faster decomposition than using a single species
system (Sinha et al. 2002). However, E. andrei has been shown to have a negative affect on
the growth of other species in mixed cultures, possibly due to bactericidal compounds in the
celomatic fluid which E. andrei excretes. Mixed cultures may be more suitable where each
species is chosen to occupy a particular niche within a substrate, reducing competition and
improving waste conversion (Elvira et al. 1996b). For example, epigeic, anecic and endogeic
earthworms could be used in conjunction with one another so as to maximise the consumption
of organic wastes capitalising on their different habitat preferences.
Using a mix of E. andrei and E. fetida had no effect on mortality, growth or cocoon production,
when fed a blend of paper pulp, domestic refuse and animal manures (Elvira et al. 1996a).
However, some evidence suggests that by mixing both species the hybrid offspring may be
infertile (Dominguez et al. 2005), therefore caution should be taken when mixing earthworm
species especially when the occupy ecological niche or substrate.

2.6.2 Earthworm substrates and feeding approaches
During the vermiculture process organic material forms a three dimensional region, otherwise
known as a substrate (Bolotetskii and Kodolova 2005), which the earthworms move through to
harvest microbes (Edwards 1995, Tereshchenko and Naplekova 2002). The substrate provides
earthworms with insulation from temperature and weather extremes and protection from
predators. Movement of water in a substrate is important as it directly influences conditions for

earthworms and their microbial food sources (Wallwork 1983). Substrate that becomes too wet
will force earthworms to the surface to acquire oxygen, whereas if it is too dry then they will only
feed in the moist deeper regions of the bed (Murphy 1993).
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Due to moisture and possibly other gradient factors like temperature and oxygen, earthworm
substrates provide many different microclimates, which different microbial communities can
occupy. Naturally earthworms occupy different parts of a soil profile depending on their
requirements (Jager et al. 2003) and it is likely that this behaviour occurs in commercial
vermiculture substrates. Where conditions are suitable for earthworms and microbial
populations, earthworms can move into these areas and effectively harvest the substrate. For
example, earthworm beds are often covered in permeable materials so as to keep the upper
layers moist and dark for microbial growth, so as to encourage earthworms to utilise all of the
substrate (Sinha et al. 2002) and to avoid predation (Tripathi and Bhardwaj 2003). It is
generally accepted that the greater the mass of earthworms used the faster the substrate will
decompose to form vermicast (Sinha et al. 2002, Governo and Faucette 2005). This also
seems to apply to the efficiency of continuous flow vermi-reactors, where three to four-fold
increases in efficiency occurred when earthworm densities increased from 7 to 65.5
earthworms/I (Gajalakshmi et al. 2005).
The most common feeding approach used in vermiculture systems has been to use a layer of
moist mature vermicast substrate or bedding which the earthworms occupy. A homogeneous
mix of manure is then applied on top of the earthworm substrate on a regular basis as required
(Governo and Faucette 2005). Applying manure both too thick or too often can result in
unpleasant odours as well as earthworm mortality, requiring attention from the vermiculturalist
(Edwards 1995, Standards Australia International 2003). Another feeding method is to blend
different organic wastes together, pre-compost the windrow or bed and then introduce
earthworms (Garg et al. 2006).
A continuous feeding approach may not be the most effective when utilising large quantities of
odorous litter. Commercial vermiculturalists cap substrates with mature vermicast, so that
earthworms can work their way down into the waste, and at the same time seal in any odours.
This approach could allow a shed's worth of litter to be utilised in a batch flow type system
thereby minimising machinery and labour costs and more importantly malodours (Fauser, W.
2004, pers. comm., 17 April).

2.6.3 Physiology and management of earthworms
Eisenia andrei and E. fetida are hermaphrodites and can also self-inseminate (Dominguez et al.
2003b). They reach sexual maturity once a clitellum forms (`reproductive collar'), easily visible
on most earthworm species. A mucus filled cocoon in which eggs are laid develops around the
earthworm's clitellum, as often as five times per week (Edwards et al. 1985). Once mature, the
cocoons are shed from the anterior end of the earthworm and at the same time the eggs and
sperm are deposited, leading to fertilisation (Wallwork 1983).
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Cocoons harden and dry out once shed and take anywhere from three weeks to several months
to hatch (Wallwork 1983, Dynes 2003). Vermiculturalists use the colour of cocoons to predict a
hatching time, pale indicating immaturity and dark indicating maturity (Murphy 1993). The
juveniles are approximately 1 mm long, light in colour and functionally look like very small
earthworms. Juveniles mature rapidly if resources are available, and can grow at a rate of 4.67
mg/day (Elvira et al. 1996a), with adult E. andrei reported to grow to 1.1 g (Fauser, W. 2005,
pers. comm., 10 August).
Not only does E. andrei grow quickly the species is renowned for its fast recruitment. As many
as six juvenile earthworms per cocoon have been reported by commercial vermiculture
operators using E. fetida, therefore each adult earthworm could produce up to 15-20 young per
week (Edwards et al. 1985). Experiments conducted by Bolotetskii and Kodolova (2005) found
variations in the number of cocoons shed and the number of embryos in each cocoon between
local populations of E. fetida. This difference suggests that recruitment levels achieved by
commercial vermiculturalists may vary between operators and regions due to the effects of
geographic isolation.
An earthworm's ability to achieve homeostasis of body fluids in a terrestrial environment is a
significant challenge, and its ability to achieve this to some extent explains their evolutionary
success (Wallwork 1983). Literature also suggests that an earthworm substrate should have a
moisture content of between 70-80% (Murphy 2005), making these systems significantly water
dependent. Maintaining the right balance between water and salts continues to be a very
important issue facing vermiculturalists. It is generally accepted that the EC of earthworm food
should not exceed 3 dS/m (Standards Australia International 2003) which is much lower than
what is recorded in commercial Australian litter (Turnell et al. 2006). Therefore, maintaining a
moist substrate alone may not be enough for earthworms to survive in wastes with high EC.
High concentrations of N and H + ions in an earthworm's substrate or environment are
undesirable (Murphy 1993, Garg et al. 2005). Ammonium concentrations in substrates above
0.5 g/kg have also been shown to kill earthworms (Edwards 1995), while the optimum pH range
for earthworms is reported to be between 5.5 and 8.5 (Standards Australia International 2003).
These requirements make the use of fresh poultry wastes a significant challenge due to high N
concentrations in litter, in particular NH 4+ (Edwards et al. 1985). On the other hand, the pH of
litter was found to be within this range (Turnell et al. 2006), and is not expected to be an issue
when utilising litter in a vermiculture based system. However, the pH of raw poultry droppings is
often at the upper end of this range (Garg and Kaushik 2005) and could require the removal of
some H + ions.
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The issue of high NH 4+ was reinforced in vermiculture experiments and by commercial operators
who use cow manure, requiring it to be urine free (Elvira et al. 1996b, Biradar and Amoji 2003)
or pre-composted (Hamman et al. 2003, Governo and Faucette 2005, Nogales et al. 2005,
Flavel and Murphy 2006). If washing or pre-composting could be avoided then an on-site
vermiculture system for the broiler industry would be more economically viable. Pre-composting
waste could reduce the nutrient value in substrates, in particular N, and ultimately the potential
to produce vermimeal and high analysis vermicast (Gunadi and Edwards 2003). A vermiculture
system that could initially accommodate high nutrient levels in litter could capitalise on these
increased nutrients, compared to a pre-washed or pre-composted approaches.
Many vermiculturalists like to maintain their own earthworm populations in an attempt to breed
special traits based on the type of waste the earthworm will be utilising. However, only
anecdotal evidence has been available to support this. Some evidence suggests that
earthworms are able to acclimatise to environmental conditions that would normally be outside
their tolerance range, especially for metals like As (Langdon et al. 1999). This tolerance is
encouraging for the utilisation of litter, as it may be possible to develop a community of
earthworms over time that are less sensitive to NH 4+ and salts in general.
Most earthworms react strongly to light (Wallwork 1983) and if exposed will try to retract into any
available substrate. Retraction may be a response to avoid ultraviolet (UV) radiation, which has
been shown to reduce cocoon fertility (Hamman et al. 2003), however it is more likely to be an
instinctive response to avoid predation. This behaviour towards light provides a convenient
mechanism to harvest earthworms (Murphy 1993). Earthworms will also move or retract into a
substrate to access more favourable substrate temperatures. The optimal temperature range
for vermiculture substrates using E. andrei was reported to be between 18-24°C (Belfroid and
Sijm 1998, Dominguez et al. 2003a, Murphy 2005), however it is unclear how this temperature
range was determined. Earthworms die quickly if substrate temperatures exceed 30°C (Murphy
1993). These points indicate that earthworms are very mobile within a vermiculture substrate
and this mobility represents an important management tool.
Some vermiculturalists make the analogy between grazing cattle on pasture and earthworms
grazing on the complex assemblages of organisms in an earthworm substrate. Therefore,
understanding the substrate ecology is probably just as important as understanding the
earthworms, much like a grazier understands pasture species and soils. Earthworms consume
organisms by using a grinding gizzard to harvest them, acting like a 'biological blender'
(Dominguez et al. 2003a). The earthworms then excrete fine textured casts which contain a
liquid fraction (Edwards 1995), and also secrete lubricating nitrogenous compounds (Bajsa et al.
2003).
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2.6.4 Substrate ecology
Earthworms consume organic matter, fungi, protozoa, algae, nematodes and bacteria (Bajsa et
al. 2003) as they move throughout the vermiculture substrate. However, fungi are considered
the major food resource for E. andrei (Edwards et al. 1985). Saprotrophic and coprophilous
fungi make up the majority of micro-fungi found in the substrate and the earthworm's gut.
Furthermore, the majority of micro-fungi are present as spores and not mycelium, possibly due
to earthworms grazing preferences favouring mycelium. It is generally accepted that fungi
diversity is greater in vermicast than raw materials (Piz! and Novakova 2003) indicating a link
between these organisms.
As an understanding of the assemblage of organisms that drive the vermiculture process
improve, the easier it will be to develop substrate inoculants (Dynes 2003, Piz! and Novakova
2003). For example inoculation with Azotobacter strains in vermiculture experiments using cow
manure increased the concentrations of both available N and P in the vermicast (Kumar and
Singh 2003). Also, it is thought that certain microbes only become activated in a substrate after
ingestion by earthworms (Doube & Brown 1998 cited in Bajsa et al. 2003) again highlighting the
important ecological link that has evolved between these organisms. Greater understanding in
this area could improve disposal of industry specific wastes, like litter, by promoting beneficial
fungal, microbial and faunal populations.
Atmospheric N fixations by microorganisms (Azotobacter) in the soil are recognised as an
important contribution to the fertility of a soil (Choudhury and Kennedy 2004), and both the
earthworm intestines and their substrates are concentrated with such species (Tereshchenko
and Naplekova 2002). It is possible that the vermiculture process continually adds N from the
atmosphere to the substrate, which drives biological communities that earthworms then feed on.
Garg et al. (2006) found that TN levels increased in substrates with time mainly due to the
consumption of organic carbon (00), but atmospheric additions may also contribute to
increasing TN. These atmospheric additions of N have a major implication on the viability of the
vermiculture process, as waste materials can effectively be used to enhance nitrogenase in
vermicast, thus maximising earthworm biomass. This process might explain why large volumes
of earthworms can be grown on relatively low N organic materials. Some evidence suggests
that epigeic species like E. andrei may be less effective at adopting this approach than their
anecic and endogeic relations; however this species still promotes valuable atmospheric N
fixation (Tereshchenko and Naplekova 2002).
Very little research is available on the effect earthworms have on the micro-flora and fauna
diversity in organic substrates. Some evidence suggests that bacterivores and fungivore
nematodes are significantly reduced in vermi-processed materials (Dominguez et al. 2003a).
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This reduction could be due to grazing pressure by earthworms or competition for resources, or
indirectly due to changes in environmental conditions which do not favour nematode species.
These issues highlight the complex ecological relationships between organisms in a
vermiculture substrate and a need for further scientific research to improve waste conversion
into vermicast.

2.6.5 Casts and vermicast
Casts are the digested organic remains, mucus and nitrogenous excretory substances from the
earthworm's intestinal tract (Tripathi and Bhardwaj 2003). Vermicast is an industry recognised
product that contains a proportion of earthworm excrement (casts) mixed with portions of
undigested microbially stabilised humic residues. Casts have a much finer texture than both
raw and composted wastes (Bajsa et al. 2003), with particle size often as small as 2-4 pm
(Sinha et al. 2002). The longer the earthworms occupy the substrate the greater the proportion
of casts (humates) in the final product. Pure earthworm casts can take longer than a year to
generate, depending on the system used. The rate of vermicast production is influenced by the
stocking rate of earthworms and the feeding rate (Governo and Faucette 2005).
Vermicast is marketed as a biologically enhanced organic fertiliser (Subler et al. 1998). As
supported by Buckerfield et al. (1999) who found that applying sterilised vermicast to radishes
resulted in greater benefits to plant growth than inorganic fertilisers at the same rate. As a
result vermicast derived from manures has been shown to supply growth benefits to plants,
which often out-perform conventional inorganic fertilisers when compared on a nutrient basis.
Vermicast has become increasingly valuable in horticulture (Garg et al. 2006) due to its soil like
texture and pleasant odour (Ndegwa and Thompson 2000). Vermicast potting mixture derived
from cattle manure is more suitable than the raw manure (Hashemimajd et al. 2004), the same
maybe true for litter.
A comparison between vermicast and its organic origins shows it to have more plant available
N, P and K; greater OC and lower C-N ratio (Vinceslas-Akpa and Loquet 1996, Ndegwa and
Thompson 2000, Atiyeh et al. 2002, Arancon et al. 2003, Tripathi and Bhardwaj 2003). The
value of vermicast may be due to its increased microbial biomass (Subler et al. 1998), plant
growth regulators, enzymes and humic acids available to both soils and plants (Atiyeh et al.
2002, Arancon et al. 2003). It is also claimed that vermicast suppresses plant pest and disease
attacks by changing the soil microbial community, however the mechanisms for this response
are not well understood (Edwards and Arancon 2004).
It is expected that the environmental benefits of using vermicast would be similar to that of a
composted product (section 2.5.1). Some claims have been made suggesting that vermicast is
superior to compost and possibly better than inorganic fertiliser (Dominguez et al. 1997,
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Gajalakshmi et al. 2005), however the basis of these claims is not always clear. Putting aside
such statements, work conducted in Western Australia suggests that vermicast are a more
mature soil amendment than compost, when derived from similar inputs, including a proportion
of poultry manure (Flavel and Murphy 2006). This is supported by Vinceslas-Akpa and Loquet
(1996) and Maboeta and van Rensburg (2003) who found that pruning wastes and a mixture of
sewage sludge and woodchips that underwent vermi-processing, were in a more advanced
state of humification than composts of the same age. It is also generally accepted that the
nutrient concentrations in vermicast are dependent on the concentration of nutrients in the
waste used (Garg et al. 2006). Therefore, it is likely that vermicast derived from litter will have a
higher N-P-K ratio than other agricultural wastes.
The amount by which OC decreases in a vermiculture substrate is related to time, with evidence
that agricultural residues undergo threefold reductions in OC over 100 days of vermi-processing
(Garg et al. 2006). This would explain why total P and K increased in maturing substrates as
the volume of organic wastes decreases, an affect noticed in other vermiculture experiments
(Maboeta and van Rensburg 2003). Developing a method to evaluate the efficiency of a
vermiculture substrate to reduce OC would be a useful tool. Since biological oxidation of
organic compounds is generally a dehydrogenation process (Nogales et al. 2005),
dehydrogenases may make up an important enzyme group for evaluating vermiculture
efficiency.
Standards Australia International (2003) guidelines for vermiculture systems recommend no
less than 6 weeks processing time for animal manures to be converted into vermicast. A further
4 to 6 weeks are recommended if a greater level of maturity is required after the material is
removed from the system. Since the average broiler takes less than 6 weeks to grow out,
achieving litter conversion before the following cleanout may be difficult, unless the conversion
process could be accelerated. This will be less of a concern if broiler growers adopt litter reuse
in sheds, where litter may serve several flocks of birds, extending the time between cleanout.

2.6.6 Vermimeal
Short life cycles of earthworms enable large populations to develop quickly if food is available
(Biradar and Amoji 2003), making meat-meal derived from earthworms (vermimeal) increasingly
viable (Edwards et al. 1985, Medina et al. 2003, Dominguez et al. 2005). Earthworms (E. fetida)
are recognised as a safe alternative protein source for animals (Ganesh et al. 2003) and
possibly human consumption, with vermimeal containing 61.8% protein and 11.3% fat. This
makes vermimeal more concentrated in protein and fat than tuna fish meal (Medina et al. 2003),
while some sources have reported vermimeal to have as much as 72% protein (Ghosh 2004).
The amino acid content has been shown to be similar between E. fetida, Eudrilus eugeniae and
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Perionyx excavatus and that vermimeal is relatively high in arginine and low in methionine

(Reinecke et al. 1990). It is possible that most earthworm species will be similarly comparable.
Earthworms are naturally high in omega-3 fatty acids and protein and by manipulating their diet
the composition of these compounds can be changed (Dynes 2003). The composition of
vermimeal grown exclusively on litter has yet to be determined. It is generally accepted that the
more nutrients in earthworm food, the higher the production of vermimeal (Barik et al. 2005,
Garg and Kaushik 2005). Therefore it is likely that litter could produce more vermimeal than
many other agricultural wastes, so long as the issues associated with salts (including NH 4+ ) can
be overcome. Selecting a species of earthworm purely on it ability to produce vermicast may
become less important than selecting a species that is suitable for producing more valuable
protein. Some evidence supports using a larger tropical earthworm species like Perinnyx
excavatus to increase vermimeal production; however how well P. excavatus is suited to

Australian conditions is yet to be determined (Dynes 2003).
Efficient light retracting methods have been developed to harvest earthworms from vermicast;
although a facility to process large quantities of earthworms has yet to be developed in
Australia. It is possible that earthworms could be included in existing meat processing systems,
thereby producing a mixed meat-meal (Dynes 2003). The water content of earthworms is 7590% (Edwards 1977, Barker et al. 1998), which might make the drying of earthworms for
vermimeal a significant challenge and costly process. Some concerns have been raised over
the contamination of vermimeal with the digesta that remains in the earthworm gut during
processing. However, earthworms have been shown to empty their gut within 24 hours when
placed on a moist paper substrate (Das and Dash 1990, Belfroid and Sijm 1998, Jager et al.
2003), therefore a simple pre-processing purge may alleviate this issue.
By the direct utilisation of earthworms for animal nutrition, vermiculture could further satisfy NLC
for the poultry industry. In Asia, the integration of vermiculture and aquaculture has
demonstrated how vermimeal can be used as a nutrient source for fish (Ganesh et al. 2003,
Ghosh 2004). Since aquaculture in Australia has been expanding at approximately 20% per
annum (CSIRO Marine Research 2005), the demand for cheap environmentally sustainable
protein sources should grow. In other trials, animal production systems including broiler
chickens have successfully used vermimeal, making it a more accepted protein source (Das
and Dash 1990, Reinecke et al. 1990, Dynes 2003). So long as the vermiculture system could
maintain the broiler industry's bio-security requirements, vermimeal production could recycle
nutrients between industries, thereby improving NLC.
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2.6.7 Pathogen control
No viral or protozoan agents that exist in Australian litter have been identified as a significant
risk to humans (Blackall 2005) and therefore are not considered a risk in litter reuse
technologies like vermiculture. Standards Australia International (2003) recommend that if pre
or post pasteurisation is not used in the vermiculture process then operators need to show that
adequate pathogen reductions are being achieved through regular testing. This is probably
more important for domestic marketing of vermicast and may not be an issue for large scale
application onto land that would normally receive untreated or fresh litter.
Processing of biosolid using vermiculture has resulted in pathogen reductions and is considered
a safer treatment than direct land application of biosolid (Eastman et al. 2001, Bajsa et al. 2003,
Maboeta and van Rensburg 2003). Trials in the USA on biosolid have shown that the
integration of a short thermophilic composting phase before vermi-processing will satisfy
regulatory requirements for pathogens, which mesophilic vermiculture alone does not (Ndegwa
and Thompson 2000). However, a pre-composting phase might increase costs, and reduce the
amount of N available for vermimeal production due to NH 3 volatilisation (Tiquia and Tam 2002).
An example of where pathogens could become a problem is the Blackhead protozoan
(Histomonas meleagridis) disease, which is of considerable concern for poultry, in particular
turkey and peafowl. It has been suggested that blackhead is transmitted in poultry when birds
consume earthworms, as earthworms are known to eat caecal worm eggs (Heterakis gallinae),
which are thought to harbour the blackhead protozoan (Bell 2003). It is unknown if this disease
would be transmitted by E. andrei however it would be highly unlikely that broilers housed in
sheds would come in contact with earthworms that are used in vermi-processing of litter. Even
so, this highlights the importance of maintaining bio-security for any on-site bio-integrated waste
management system that uses an intermediate animal to process manure, such as
vermiculture.

2.6.8 Implications for adopting vermiculture by the poultry industry
Vermiculture systems can potentially use litter, dead birds, hatchery waste, and processing
sludge as food for earthworms (Edwards et al. 1985). Traditionally, poultry wastes are not
ideally suited for earthworm food due to their high N concentrations, however improvements in
vermiculture have led to both solid and liquid animal wastes being targeted as a food source for
vermiculturalists (Garg et al. 2006). Australian broiler growers will benefit from on-site valueadding options that attract low capital costs, have good odour control and appropriate biosecurity measures. The commercialisation of vermiculture for large scale waste processing in
Australia has not been achieved; however commercial interest has been growing (Thompson, L.
2007, pers. comm., 28 February).
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There are five main vermiculture systems that can be utilised by the poultry industry including;
windrows beds, stackable trays, batch flow containers and continuous flow containers
(Standards Australia International 2003). However, many vermiculture operations are designed
specifically for the types of waste they utilise, and in particular whether the waste is a liquid or a
solid. For example, vermi-filtration technology allows liquid wastes that are concentrated in
nutrients to be utilised (Bajsa et al. 2003). As the wastewater passes through a layer of
microbes, earthworms and plants utilise microbes and nutrients, and cleaner water passes out
the other side (White 1996, Murphy 2005).
An integrated waste management vermiculture system could be established at low cost
anywhere in Australia (Smith et al. 1999) and could be either on or off-site. Vermiculture has
the potential to reduce the volume of organic waste by up to 45% (Ndegwa and Thompson
2000), but like composts, the transport of vermicast may inhibit its sale to nurseries and
landscapers (Teffeau 2000). However, if vermimeal production was viable then transport of
vermicast could be subsidised to facilitate its utilisation and improve NLC for the industry. By
processing litter on-site, volume reductions in waste could be achieved before final transport of
vermicast, thus reducing overall waste disposal costs. In contrast, an off-site vermiculture
system would have to aggregate and process the somewhat bulky litter on suitable land
elsewhere, and transport costs could greatly affect economic feasibilities, lowering its
attractiveness.
Large fully automated vermiculture reactors have been developed and are currently processing
a maximum of 1000 T of waste per year (Edwards and Steele 1997). However, the initial capital
cost of the reactor is likely to inhibit its adoption by Australian poultry growers. The Australian
company Vermitech has been supplying large continuous flow vermiculture reactors to the town
of Grandville in Pennsylvania for biosolid utilisation (Craig and Ankers 2006). Automated
vermiculture systems are usually continuous flow (Edwards 1995, Bajsa et al. 2003) as this
system is the most efficient at maximising earthworm biomass and vermicast production
(Gunadi and Edwards 2003). This approach is unlikely to be suitable for broiler growers as litter
is only be available approximately every 8 weeks (single batch cleanout) and even longer if litter
reuse is being adopted. Otherwise litter would have to be stored on-site and added to the
system as required, which maybe less desirable than a batch system that could take all the litter
at once.
Variations in vermicast composition are a limitation to the sale of vermicast as an organic
fertiliser (Edwards and Steele 1997), which could be due to large variations in nutrient
composition of the earthworm feedstock. By using inputs of known chemical composition,
vermiculture operations in southeast USA are becoming more viable due to a demand for
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consistent vermicast (Governo and Faucette 2005). Integrators could supply large volumes of
consistent litter (Turnell et al. 2006), which could be used by vermiculturalists for the production
of consistent vermicast. One identified problem could be salinity, as composted litter has not
always been accepted as a suitable nursery medium (Teffeau 2000). This salt load and
concerns over TE could also be an issue if vermicast is marketed to the same end users.
Litter may be able to act as a catalyst for vermi-processing other industries' wastes, which on
their own would be unsuitable for vermiculture (Garg and Kaushik 2005). For example, toxic
wastes like fly-ash from coal combustion are being utilised in experimental vermiculture
systems, by blending the ash with animal waste (Gupta et al. 2005). Also, municipal green
waste (woodchips) and winery wastes are being mixed with biosolids to form the food for
earthworms in vermiculture (Nogales et al. 2005, Craig and Ankers 2006). Although this
blending could increase the value of animal wastes, the value of mixed input vermicast
compared to a pure litter vermicast might be less, indicating that proper economic analysis is
required.
Concerns over the production of GHGE from composting facilities have been raised (Peigne
and Girardin 2004), while the extent to which vermiculture contributes to these gases is not well
understood. Some evidence suggests that using earthworm as opposed to composting may
result in less anaerobic decomposition (Mitchell et al. 1980), which could translate to less
GHGE. Furthermore, less GHGE will be emitted by vermiculture systems compared to
composting as there is less mechanical input (Edwards 1995, Ndegwa and Thompson 2000).
The lower processing temperature in vermiculture substrates could reduce NH 3 losses in
comparison to composting (Maboeta and van Rensburg 2003) making this an interesting area of
research.

2.7 Conclusion
The poultry industry is a vital agricultural sector for Australia and is expected to continue
growing into the next decade, along with a concurrent increase in waste generation. Land
application of litter has been and will continue to be a convenient disposal method for the
Australian poultry industry. Overseas restrictions on this practice due to environmental
concerns has increased, and led to alternative disposal options being investigated. Composting
and waste-to-energy currently offer disposal options for overseas litter generation; however the
economic viability of these approaches has yet to be determined for Australian conditions. Onsite value-adding has economic advantages over off-site centralised facilities considering the
dispersed nature of poultry production in Australia and the costs of transport.

41

Chapter 2 Literature review

By using specially developed vermiculture techniques litter could be utilised in a way which
would allow the poultry industry to operate as a closed loop system. It is also possible that
processing animal wastes with earthworms is more economically viable than other waste
management options. The basis for this argument is threefold, firstly, the service benefits to
industry by supplying an alternative disposal option for litter. Secondly, the value-adding
prospects of producing both vermicast and vermimeal, and thirdly, the environmental
sustainability benefits of improving NLC, which is recognised by the public as recycling.
Vermiculture has started to achieve NLC for the poultry industry in Asia and is being seriously
considered worldwide for its role in waste management and odour control (Edwards 1995, White
1996).
The commercialisation of vermiculture for large scale waste applications in Australia is in its
infancy and to date investigations into using hot litter as a sole food have not been undertaken.
Therefore, research into vermiculture's role in managing hot or N rich wastes is required, which
was the overall aim of this project. With collaboration from a commercial vermiculturalist and
the Australian broiler industry a series of experiments and a field trial were conducted to answer
these questions.
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3.

Variability in litter composition and its
implication for vermiculture

3.1

Introduction

Variability of litter chemistry could impede the effectiveness of vermiculture to value-add to litter
in three ways. Firstly, it is likely that the majority of nutrients, TE and salts will remain in the
vermicast after the conversion process, and if highly variable they can reduce its value for plant
producers (Edwards and Steele 1997, Garg et al. 2006). Secondly, compounds of N can
directly affect the health of earthworms (Edwards 1995). For example, variations in NH 4+ will
make it harder for a vermiculturalist to predict earthworm response (reduce mortality) from one
batch of litter to the next. Thirdly, the composition of amino-acids in vermimeal could be
influenced by the type and chemical composition of the waste used to produce the earthworms
in question (Dynes 2003). End users of both vermicast and vermimeal would benefit from a
resource that is consistent, making the response of either plants or animals more consistent,
therefore increasing the value of such inputs.
It is generally accepted that the chemical and physical composition of litter is highly variable as
a result of different diets, litter retention times and other management practices (Patterson et al.
1998, Nahm 2003). However, no studies have been conducted in Australia to evaluate the
variation in chemical composition of litter between growers and integrators using modern tunnel
ventilated sheds. The objective of this study was to determine if litter chemical composition
varied significantly between growers of two integrators that operate in different regions of
Australia. The results were evaluated in terms of the potential impact that chemical variability
may have on a vermiculture system that uses litter as the sole food source for earthworms.
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Methods

3.2

Litter samples were collected from two broiler integrators and five growers in total were
sampled. To minimise bio-security risks each integrator provided an employee to collect litter
samples. Integrator one (11) had two growers and 10 sheds and was in located in NSW, whilst
Integrator two (12) had three growers and 18 sheds in Queensland (Table 3.1). Due to a
tightening of biosecurity for 12, there was a variation in litter collection methodology between the
integrators. A 15 kg sample was taken from 11 growers after the litter had been scraped from
the shed and bucketed to the truck, with three replicate samples taken in the winter of 2004.
While 1 kg cores were taken randomly from 12 in three zones of a modern evaporative-cooled
tunnel ventilated shed, with three replicate samples taken in the winter of 2005. These zones
included areas near cool pads, mid-shed positions and near the fans. The number of broiler
batches grown out on the litter and the original litter base used is located below (Table 3.1).
Table 3.1

Summary of sampling methodology for litter

Integrator
(I)

Grower
(G)

Sheds

Replicates

Total no.
samples

Sample
size (kg)

Batches of
broilers

Litter base

1

1

5

3

15

15

1

Pine shaving

1

2

5

3

15

15

1

Rice hulls

2

1

6

3

18

1

1

Fine shaving

2

2

6

3

18

1

2

Pine shaving

2

3

6

3

18

1

3

Pine shaving

After collection by the integrator the litter samples were prepared for analysis in the following
order. Samples were refrigerated until they were homogenised and sub-samples taken using a
soil splitter. Dry weight was determined after samples were oven dried for 48 h at 80°C and
then ground. An inductively coupled plasma (ICP) spectrometer was used to determine the
concentration of macro (N, P, Ca, K, Mg and S) and micro-nutrients (Na, Fe, Al, Zn, Mn, Cu, B
and Mo, Anderson and Henderson 1986). Total N was determined using Kjeldahl nitrogen
digests (TKN) and atomic absorption spectrometer. The pH and EC was determined using a
1:5 (litter:water) suspension after agitation for 1 h. Dry weight was determined using gravimetric
method (Rayment and Higginson 1992). Gross energy of the litter was determined using a
bomb calorimeter (Calorimeter C7000, Protech Group, Australia) standardised with benzoic
acid.
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Data were analysed using analysis of variance (LSD, a = 0.05) and excessive variation was
defined as being that greater than 25% coefficient of variation. This definition was based on
variability deemed acceptable by a commercial vermiculturalist who had experience using
poultry wastes.
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3.3

Results

Detailed statistical analysis for all figures and tables are in Appendix A, while standard error
(SE) for litter composition is located in Appendix B.
Two growers 11-G1 and 11-G2 were operating with the same number of batches and batch
retention times. There were significant differences in the concentration of N, S and EC for these
samples. Three growers for 12 were operating with different numbers of batches before
cleanout, while bedding and batch retention times were the same. There were significant
differences in concentrations between farms for N, Ca, K, Na, Fe, Al, B, dry weight, pH and EC
(Figure 3.1, Figure 3.2 and Table 3.2). It was evident that concentrations of P, Ca, Zn, Mo and
Cu were lower in 11 litter compared to 12 litter, while S was less concentrated in all 12 farms.
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Figure 3.1 Concentrations of macro-nutrients (not including Na) in the litter from five growers
(G), belonging to two integrators (I)
Different superscripts show significant differences between treatments (a=0.05)
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Figure 3.2 Concentrations of trace-elements, in the litter from five growers (G), belonging to two
integrators (I)
Different superscripts show significant differences between treatments (a=0.05)

Table 3.2 Mean gross-energy, pH, EC, B and Mo for each grower
Gross
IntegratorIDry weight
energy
Grower- G
(MJ/kg)
(%)

EC

B

Mo

(mS/cm)

(mg/kg)

(mg/kg)

pH

11-G1

16.7

85.9

a

6.9

b

7.6

c

37.2

a

4.1

b

11-G2

16.8

84.1

ab

6.8

be

9.0

b

40.0

a

3.4

b

12-G1

-

83.2

b

7.2

a

9.4

b

21.6

b

9.9

a

I2-G2

-

79.2

c

6.7

c

11.6

a

22.7

b

9.9

a

84.2

ab

7.1

a

9.4

b

17.7

c

9.4

a

12-G3

Different superscripts show significant differences between treatments (a=0.05)

The most variable elements in litter were Fe, Al, Cu, and Mo while more importantly the
concentration of N was consistent between farms and integrators (Table 3.3). The
concentration of all other elements and the variation in dry weight, pH, EC and gross energy for
II were similar (Table 3.3 & Table 3.4).
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Coefficient of variation in litter for each grower, expressed as a percent

Table 3.3
Grower

P

N

K

Ca

S

Mg

Na

Fe

Al

Zn

Mn

Cu

B

Mo

0/0
I1-G1

18

6

13

6

5

6

11

126

154

8

7

22

18

32

11-G2

10

8

18

9

7

7

12

27

52

12

11

28

15

28

12-G1

9

10

11

10

11

10

11

224

98

14

15

22

24

21

I2-G2

12

18

18

17

16

16

18

35

37

16

18

21

21

16

12-G3

9

12

12

12

11

10

12

42

59

14

15

21

17

16

Table 3.4 Coefficient of variation in litter for each grower, expressed as a percent
Grower

Dry weight

pH

EC

Gross energy

%
I1-G1

3

3

18

6

11-G2

3

1

10

2

I2-G1

2

2

12

NA

I2-G2

7

6

21

NA

I2-G3

2

2

15

NA

3.4

Discussion

The purpose of this study was to compare chemical composition of litter from several growers
associated with two Australian broiler integrators. Understanding chemical variation of inputs is
important for any value-adding operation (PPRP 2004) including vermiculture, as high variation
could result in extra management requirements and potentially impact on the system's stability.
Some nutrient and trace-element concentrations were significantly different between growers
belonging to the same integrator and between integrators (Figure 3.1, Figure 3.2 & Table 3.2).
It is intended that the vermiculture process will be on-site, therefore low within-grower variation
in litter chemical composition is desirable. Further more, the concentration of N in litter is a
challenge for vermiculturalists and would require specific management if litter was the sole food
source for earthworms (Edwards 1995). However, due to the low within-grower variation in N
concentrations, management of the process should be similar from one clean out of litter to the
next (Table 3.2). This variation combined with the generally low within-grower variation should
improve the resource status of litter for on-site vermiculture (Table 3.3). It was noted that
analysis of NH 4+ , NO3, uric acid and undigested proteins in litter should be undertaken to
determine if the proportion of different N forms vary (Nahm 2003). Especially considering
earthworms are most sensitive to NH 4+ and that TN data might be inadequate on their own.
To apply this vermiculture technique to the broiler industry it would also be beneficial if the
chemical composition of the litter was similar between growers. The significant difference in EC
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between growers is interesting since high salinity could also affect the commercial value of the
litter resource (Teffeau 2000), making 11-G2 and 12-G1 litter the most attractive. The less
concentrated levels of Cu and Zn for 11 makes this litter more valuable, as it will burden the
environment less once applied to land (Dozier et al. 2003, Burrell et al. 2004), which would be
relevant when using vermicast as a fertiliser (Figure 3.2.). This confirms that any successful
value-adding operation must be able to operate with the variability in litter composition that
exists between growers and integrators (Table 3.2).
Fe, Al, Cu and Mo had a coefficient of variation greater that 25% (Table 3.3 & Table 3.4). One
sample contributed to the majority of Fe and Al variation for 11-G1, suggesting a limitation in
sampling methodology. For example, road base from the shed floor may have been included in
the sample. Even at these concentrations Fe and Al is unlikely to affect the vermiculture
process, other than possibly reducing the value of vermicast. Also, the slightly higher variation
in Cu and Mo for 11 is not excessive for the vermiculture process and by increasing the number
of samples collected this variation may be reduced.
In conclusion, animal wastes are renowned for being highly variable in composition (Eghball
and Power 1994), however the extent of litter chemical variation from modern Australian tunnel
ventilated sheds has not been published. The general lack of variation in the parameters
investigated in this study suggests that Australian litter may be more consistent than previously
recognised. If this is true, a vermiculturalist would be reasonably well assured that litter could
provide a reliable food source for earthworms, providing N is managed appropriately.
The current study was a preliminary investigation and further sampling is required throughout
the year. This would provide information on temporal variation in litter composition, along with
further analysis of metals and pathogens. The following chapters will investigate the suitability
of using litter as an earthworm food source, through a series of laboratory experiments and a
commercial field trial.
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