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- 6.28. Manure constitutes an unavoidable by-product of any livestock
production system. The different and often highly variable biological,
chemical, and physical properties of livestock manure can result in
both positive and negative impacts on air, soil, water, fauna, and flora.
A highly valuable fertilizer and amendment for soil-crop agricultural
systems when properly managed, manure can also become an
important source of pollution when the management systems are
deficient. The first part of this review paper addresses the large
variability of the physical, chemical, and biological properties of
manure and how this variability needs to be accounted for in the design
and operation of land application systems and equipment. A
discussion follows on land application systems for livestock manure
that includes equipment for the transfer of manure from the storage
facilities, equipment for transporting the manure to the application
sites, and equipment for applying the manure to soil-crop systems.
This discussion highlights the current technological shortcomings for
land application systems adapted to semi-solid and solid manure.
Criteria for the design of future land application systems and the
improvement of existing ones are then presented. Those criteria
include the maximization of nutrient recycling and of social
acceptance, the protection of air, soil and water resources and of
human health and safety, the control of manure application rates, and
the minimization of capital and operating costs and of energy
requirements. The paper concludes with an overview of required
technological improvements to land application systems for all types
of livestock manure. 

Les fumiers et lisiers constituent un sous-produit incontournable
en production animale. En raison des différences et de la variabilité qui
existent au niveau des propriétés biologiques, chimiques et physiques
des fumiers et lisiers, le recyclage de ces derniers peut avoir des
impacts positifs et négatifs sur les ressources naturelles air, sol et eau
ainsi que sur la flore et la faune. Lorsqu'ils sont gérés de façon
appropriée, les fumiers et lisiers peuvent constituer un fertilisant ou un
amendement de grande qualité pour les sols et les cultures. Cependant,
les fumiers et lisiers peuvent rapidement constituer un risque de
pollution important si les systèmes de gestion deviennent déficients.
Cette revue débute par un aperçu de la problématique engendrée par
la variabilité des propriétés biologiques, chimiques et physiques des
fumiers et lisiers et de l'importance de la prise en compte de cette
variabilité lors de la conception et de l'utilisation des systèmes
d'application au champ des fumiers et lisiers. Suit une discussion sur
ces systèmes d'application, incluant les équipements de reprise, de
transport et d'application sur les sols et les cultures. Cette discussion
permet de soulever les déficiences qui existent au niveau des systèmes
d'application pour le fumier solide et semi-solide. Des critères pour la
conception future de systèmes d'application ainsi que pour
l'amélioration des systèmes existants sont présentés. Ces critères
incluent la maximisation du potentiel de recyclage des éléments

fertilisants des fumiers et lisiers ainsi que de l'acceptabilité sociale des
systèmes d'application, la protection des ressources naturelles sol, air
et eau ainsi que de la santé et la sécurité, le contrôle des taux
d'application et la minimisation des coûts fixes et variables ainsi que
des besoins énergétiques globaux des systèmes d'application. La revue
se termine par un aperçu des innovations technologiques qui seront
requises afin d'améliorer l'efficacité des systèmes d'application au
champ des fumiers et lisiers.

INTRODUCTION

Manure constitutes an unavoidable by-product of any livestock
production system. The main components of manure are animal
feces and urine, wasted feed and water, and soiled bedding
materials from the livestock production facilities. It may also
contain materials not directly associated with livestock excreta
such as soil, barn wastewater, wasted livestock products (e.g.
milk, eggs), and animal debris (e.g. feathers, ground carcasses,
hair) (ASAE 2002a). In 1996, Canadian livestock farms
produced 132 Tg of manure with the most important
contributors being beef cattle (51%), dairy cattle (19%), swine
(16%), veal (7%), poultry and horses (3% each), and sheep (1%)
(Statistics Canada 2000). The projected expansion of livestock
production in Canada will translate into increased quantities of
manure that will need to be managed effectively and efficiently
and in a sustainable manner. 

There exist at least five possible options for the management
of livestock manure: 1) direct recycling as a feed ingredient for
livestock; 2) on-farm or 3) off-farm recycling of manure for
crop production; 4) recycling for non-agricultural uses, and
5) discharge to the environment (Richard 1998). Options 2 and
3 are the most popular since livestock production constitutes an
important link in the overall nutrient and water cycling
processes that occur within sustainable agricultural production
systems (Fig. 1). The different and often highly variable
biological, chemical, and physical properties of livestock
manure can result in both positive and negative impacts on air,
soil, water, fauna, and flora (Statistics Canada 2000). A highly
valuable fertilizer and amendment for soil-crop agricultural
systems when properly managed, manure can also become an
important source of pollution when the management systems are
deficient (AAFC 1980). 

As a result, the design of the systems and equipment used to
land apply livestock manure to soil-crop systems must take into
account a number of considerations that include, but are not
limited to: maximizing the potential for the recycling of manure
nutrients, water, and other components by soils and crops;
protecting surface and groundwater from manure contamination;
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Fig. 1. Livestock production systems as components of the nutrient and water cycling processes.
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Table 1. Physical classification, by dry matter content
(% w.b.), of livestock manure (ASAE 2002b).

  

Livestock
species

Physical category

Liquid Slurry Semi-solid Solid

Beef (feeders)
Dairy
Poultry
Swine

0 - 3
0 - 2
0 - 4
0 - 5

4 - 9
3 - 8

5 - 12
6 - 14

11 - 15
10 - 14
14 - 20
15 - 23

> 19
> 16
> 24
> 25

minimizing odour and gas emissions to the atmosphere, and
optimizing the economic returns to the crop and livestock
producers. The objective of this paper is to review some of the
physical, chemical and biological characteristics of livestock
manure as they relate to land application operations, to review
recent developments in manure land application technology, and
to discuss future perspectives and needs for improved systems
and equipment in that area.

CHARACTERISTICS OF LIVESTOCK MANURE

Physical characteristics 
From a physical point of view, livestock manure may be viewed
as a mixture of water and solid materials. The dry matter or
solids content of the manure represents the proportion on a mass
basis of the dissolved and suspended materials in the manure
(ASAE 2002a). From a materials handling perspective,
livestock manure may be classified either as liquid, slurry,
semi-solid, or solid product as a function of its dry matter
content and based on its mass flow and rheological
characteristics (ASAE 2002a). Liquid, slurry, and semi-solid
manure exhibit typical fluid properties as these materials flow
readily (i.e. deform continuously) when subjected to a shearing
force and at a velocity that is proportional to the magnitude of
the applied shearing force (Henderson et al. 1997). At dry
matter contents lower than 5%, liquid or slurry manure behaves
as a Newtonian fluid (Kumar et al. 1972). Manure flow
properties gradually become non-Newtonian with increasing
total solids content (Chen 1986; Laguë 1985). Chen (1986)
suggested that the power law could be used as a constitutive
relation for liquid and slurry manure having dry matter content
below 5%. The power law is also applicable to manure having
dry matter content as high as 20%, but better models might be
capable of better describing the behavior of such products. Solid
manure has non-zero shear strength as it can resist shear and
move in bulk under the effect of a shear force. Few constitutive
models have been proposed for semi-solid and solid manure.

The transition between categories does not depend only on
the dry matter content of the manure but is also affected by the
livestock species, the diet fed to the animals, the type and
amount of bedding materials used, water and feed wastage, and
the presence of other residues in the manure (ASAE 2002a).
Table 1 presents the transition between the four physical
categories of manure for different livestock species. Depending
upon the feeding and manure management systems that are used
on a particular livestock operation, the dry matter content of the
manure can vary over a wide range as shown by the data
presented in Table 2 and this variability has a direct impact on

the operation of the handling and land application systems and
equipment.

In addition to solids content, other physical characteristics
of livestock manure are important from a materials handling
perspective: density, particle size distribution and mean
geometric diameter of the solid phase, internal friction
characteristics (shear stress vs shear rate realtionships), external
friction properties (coefficient of static and dynamic friction on
different types of surfaces and materials), etc. (Landry et al.
2004). All these properties need to be carefully assessed and
considered during the design process of land application
systems and equipment (Malgeryd and Wetterberg 1996).
Kumar et al. (1972), Hashimoto and Chen (1976), Chen (1982,
1986), Chen and Shetler (1983), and Achkari-Begdouri and
Goodrich (1992) have reported experimental data on the
rheological and flow properties of slurries and liquid manure
products. Researchers such as Wilhoit et al. (1993, 1994),
Glancey and Adams (1996), Ling et al. (1996), Malgeryd and
Wetterberg (1996), Wilhoit and Ling (1996), Thirion et al.
(1998), Landry and Laguë (1999), Agnew et al. (2003), and
Landry et al. (2004) have contributed to the establishment of a
physical properties database for solid and semi-solid manure
products.

Chemical characteristics
The solid fraction of livestock manure consists of mineral (or
fixed) and volatile materials. Depending upon the livestock
species and the age of the animals, the proportion of volatile
solids in the manure can range from under 45 to almost 85% of
the total solids content (ASAE 2002b). The volatile solids
provide an approximation of the organic matter content of the
manure (ASAE 2002a). Manure contains both organic and
inorganic nutrients that may be dissolved into or suspended
within the liquid phase. The inorganic nutrients present in
livestock manure include the macro or primary nutrients
nitrogen (N), phosphorous (P), potassium (K), and sulphur (S),
the secondary nutrients calcium (Ca) and magnesium (Mg), and
micro nutrients such as boron (B), chlorine (Cl), copper (Cu),
iron (Fe), manganese (Mn), molybdenum (Mb), and zinc (Zn)
(ASAE 2002b). In contrast to synthetic commercial fertilizers,
a significant portion of many nutrients contained in manure are
bound to complex organic chemical compounds that need to be
broken down through various biological mineralization
processes in order for the nutrients to become available for plant
growth. The ratio between the organic and inorganic fractions
of manure nutrients and the speed and efficiency of the different
mineralization processes determine, to a large extent, the
availability of manure nutrients for crop growth and this
important issue must be properly addressed when establishing
nutrient management plans that are based on livestock manure.
In their review of solid – liquid separation of manure, Zhang
and Westerman (1997) concluded that there exists a relation
between the size of the particles of suspended solids in the
manure (a physical property) and the distribution of nutrients
within the manure. Most of the reduced carbon compounds,
protein materials, and nutrient elements, especially nitrogen and
phosphorous, are contained in the finer particles (particle size
smaller than 0.25 mm). Wilhoit et al. (1993) found a relatively
uniform nitrogen concentration throughout the particle size
fractions of poultry litter while the carbon content increased
with particle size. 
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Table 2. Dry matter content of various types of livestock manure.
  

Livestock
species Manure management system Dry matter content

(%w.b.) Reference Class*

Beef Freshly excreted manure
Freshly excreted manure

11.5 - 14.7
14.0 - 22.5

ASAE (2002a, 2002b)
Powers and Van Horn (2001) 

Semi-solid
Semi-solid to solid

Calf Freshly excreted manure 21.0 - 22.0 Powers and Van Horn (2001) Solid

Dairy

Agitated EMS# facility
Agitated storage tank
Non-agitated storage tank
Freshly excreted manure
Freshly excreted manure
Non agitated EMS
Scraped, freshly excreted manure
Separated solids
Separated solids
Composted separated solids

6.1
6.6 - 7.5

9.9
13 - 14
13 - 14

14.5
18.9
29.9

29.0 - 48.5
57.7

Dou et al. (2000)
Dou et al. (2000)
Dou et al. (2000)
ASAE (2002a, 2002b)
Powers and Van Horn (2001)
Dou et al. (2000)
Dou et al. (2000)
Dou et al. (2000)
Powers and Van Horn (2001)
Dou et al. (2000)

Slurry
Slurry
Slurry
Slurry
Slurry
Semi-solid
Solid
Solid
Solid
Solid

Duck Freshly excreted manure 28.2 ASAE (2002b) Solid

Goat Freshly excreted manure 31.7 ASAE (2002b) Solid

Horse Freshly excreted manure
Freshly excreted manure

29.4
24.0

ASAE (2002b)
Powers and Van Horn (2001)

Solid
Solid

Poultry

Freshly excreted manure (layer)
Freshly excreted manure (layer)
Freshly excreted manure (broiler)
Freshly excreted manure (broiler)
Separated solids (layer)
End of production cycle (broiler litter)
End of production cycle (broiler litter)

12.0 - 26.5
25

25.9
25.0 - 38.5
21.0 - 36.0
60.8 - 89.1

64.2

Powers and Van Horn (2001)
ASAE (2002b)
ASAE (2002b)
Powers and Van Horn (2001)
Powers and Van Horn (2001)
Powers and Van Horn (2001)
Dou et al. (2000)

Slurry to solid
Solid
Solid
Solid
Solid
Solid
Solid

Sheep
Freshly excreted manure
Freshly excreted manure
Freshly excreted manure (lamb)

27.5
26.5 - 55.9

38.0

ASAE (2002b)
Powers and Van Horn (2001)
Powers and Van Horn (2001)

Solid
Solid
Solid

Swine

Scraped, freshly excreted manure
Floor grab, freshly excreted manure
Freshly excreted manure
Freshly excreted manure
In open storage facility
Freshly excreted manure (finisher pig)
Separated solids (centrifuge)
Separated solids (sieve)

7.7 - 8.9
13

10 - 13.1
10 - 15

5
20.5 - 28.0
24.0 - 35.0
38.0 - 60.0

Dou et al. (2000)
Dou et al. (2000)
ASAE (2002a, 2002b)
VIDO (2000)
VIDO (2000)
Powers and Van Horn (2001)
Powers and Van Horn (2001)
Powers and Van Horn (2001)

Slurry
Slurry
Slurry
Slurry
Liquid
Semi-solid to solid
Solid
Solid

Turkey Freshly excreted manure 25.5 ASAE (2002b) Solid

Veal Freshly excreted manure 8.4 ASAE (2002b) Slurry

* See Table 1 for classification
# EMS - Earthen manure storage

Compared to commercial synthetic fertilizers, the relative
concentration of primary inorganic nutrients in livestock manure
is one or even two orders of magnitude lower. This means that
the application rates of livestock manure for providing soil-crop
systems with the required amounts of nutrients need to be much
larger than for commercial fertilizers. While application rates of
commercial fertilizers on soil-crop systems are expressed in
terms of 101 or 102 kg/ha, application rates for livestock manure

need to be in the order of 103 or 104 kg of material per ha in
order to supply the same quantities of nutrients. The design and
operation characteristics of systems and equipment for land
application of livestock manure therefore need to be much
different than those for commercial fertilizers. 

Effective manure management must include a complete and
accurate assessment of the nutrients that are excreted by the
animals on the livestock operation. Published data about
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nutrient concentration in manure are generally very site-specific
and extreme caution must be used if such data are to provide
assessment of manure nutrients production on a particular
livestock operation. Regular analyses of freshly excreted
livestock manure or the use of validated mass / nutrient balance
models constitute preferred methods for the purpose of
completely and accurately characterizing nutrient excretion by
the animals at any particular site (Powers and Van Horn 2001).

McGahan et al. (2000) have developed a mass balance
model (Dry Matter Digestibility Approximation of Manure
Production or DMDAMP) that takes into account mass balances
for water, feed materials, and animals along with digestibility
parameters for the prediction of swine manure production (total,
volatile and non volatile solids, N, P). According to many
authors, such mass or nutrient balance approaches have the
potential to better reflect site-specific conditions for more
accurate estimates of manure production and composition
(Aarnink et al. 1992; Koelsch et al. 2000; Powers and Van Horn
2001; Song et al. 2000).

In contrast to commercial synthetic fertilizers for which the
nutrient content and availability for crop production are
generally known parameters, there are a number of uncertainties
associated with these parameters for livestock manure. Manure
nutrient content varies from one livestock species to another,
from one set of management practices to another, and from one
livestock operation to another. Losses of manure nutrients
within the manure management chain further add to the
complexity of efficient manure nutrient recycling by soil-crop
systems.

Because livestock manure contains both inorganic and
organic forms of nitrogen, potential causes of losses during land
application of manure are more diverse than for commercial
fertilizers. These include mineralization and immobilization,
nitrification and denitrification, and ammonia volatilization
processes (Siemens et al. 1993). Gasser et al. (2005) completed
a nitrogen balance that took into account crop uptake and nitrate
leaching in potato fields fertilized by liquid swine manure
during a 5-year period. They reported that more than 60% of the
manure nitrogen was not accounted for, suggesting important
nitrogen losses through ammonia volatilization, denitrification,
or immobilization in soils. The phosphorous contained in
livestock manure may be lost to surface or groundwater through
run-off or leaching of manure. Once in the soil, phosphorous is
not very mobile as it is tightly held by soil particles. In addition
to direct run-off losses, the phosphorus contained in surface
-applied manure may thus also be lost through erosion of the
surface soil. Most of the potassium contained in livestock
manure is soluble and its main transport mechanism is liquid
diffusion. As for all other nutrients, manure potassium may be
lost to surface or groundwater through the direct run-off or
leaching of manure. Land-applied manure potassium may also
be lost to surface or groundwater through these same two
mechanisms. 

Biological Characteristics
Livestock manure contains many microorganisms, including

bacteria, fungi, protozoa and viruses. Some of these
microorganisms may be pathogenic to humans. Examples
include e-coli, Helicobacter pylori, campylobacter, salmonella,
and listeria (ASAE 2002b; Souty 1999; Lee et al., 1993;
Taiganides 1977). The potential of those microorganisms to

contaminate surface or groundwater following land application
of manure depends upon a number of parameters including type
of organism, climate, type of soil, hydrological regime,
competition with or predation by other organisms, etc. (Bates et
al. 1994). In a recent study, Quessy et al. (2005) reported that
microorganisms such as salmonella, yersinia enterocolitica,
listeria monocytogenesis, and crytosporidium in cattle, poultry,
and swine manure are able to survive typical storage conditions
used on livestock farms and also that most of these organisms
can be detected in the soil following land application of the
manure. However, these authors did not detect any microbial
contamination of root and leaf vegetable crops that were
fertilized with manure when they were harvested. Quessy et al.
(2005) and Murthy (2005) have reported that manure treatment
techniques, such as anaerobic digestion and the use of
bacteriophages, can be very effective in reducing the bacterial
load of livestock manure prior to land application. 

Another important health and safety issue that needs to be
considered during the design and operation of manure land
application systems and equipment is the potential for
contamination of equipment operators by microorganisms.
Consequently, the remote operation of these machines should
constitute a high priority in their design and operation.

DEVELOPMENTS IN MANURE LAND APPLICATION
TECHNOLOGY

Complete land application systems for livestock manure must
include equipment for the transfer of manure from the storage
facilities, equipment for transporting the manure to the
application sites, and equipment for applying the manure to
soil-crop systems.

Manure transfer from storage facilities
Most types of stored liquid and slurry manure need to be
thoroughly mixed and homogenized in order to avoid nutrient
imbalances between the liquid and solid phases of the manure,
to chop and break up surface crust or organic cover materials
(e.g. straw), and also to facilitate the complete emptying of the
storage facilities. Equipment used to complete that operation
include prop agitators, centrifugal agitation pumps with
recirculating nozzles, and pneumatic agitators (fixed network of
perforated pipes laid on the floor of the storage facility or
mobile nozzle) (AAFC 1988; Cédra et al. 1997; PAMI 1997).
Proper agitation of storage facilities often require that the
agitation equipment be moved to several locations around the
perimeter of the facilities, or even the operation of more than
one agitator. For most types of liquid and slurry manure,
agitation should continue throughout the pump-out. Agitation is
generally not required for semi-solid and solid manure.

Liquid and slurry manures are transferred from storage
facilities to land application equipment using mechanical
pumps, pneumatic (e.g. vacuum) pumping systems, or screw
conveyors. Front-end loaders or bucket excavators are used to
remove solid manure from storage facilities and to transfer it to
land application equipment.

Manure transport from storage facilities to application sites
Liquid and slurry manure can be transported from the storage
facilities to the land application sites by means of spreader,
pipeline, or hybrid systems (Laguë et al. 1994a; PAMI 1997,
2000). 
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Spreader systems can be tractor-operated (wagon or trailer
configurations) or truck-mounted and make use of closed tanks,
either vacuum tanker or spreader tanker (ASAE 2002c; Cédra
et al. 1997). Vacuum tankers can be depressurized for
self-loading and pressurized for self-unloading. Spreader
tankers must be filled using external manure transfer systems
and incorporate a pumping system for emptying. The same
tankers can be used both for transport and land application if
they are provided with appropriate land application equipment.
Alternatively, it is also possible to use a dedicated transport
tanker system (typically truck-mounted) that transfers the
manure to the land application systems at the application site. 

Pipeline systems involve the transport of liquid manure and
slurry inside a network of rigid pipes and/or flexible hoses
between the storage and land application sites (PAMI 1997; PSI
2004). Primary and booster high-pressure pumps are required to
ensure the continuous flow of manure at appropriate flow rates
inside the pipeline system. Provisions for turning the pumping
system off during headland turns or stops of the land application
equipment are required as well as means for minimizing the
associated water hammer problems. Not all commercially
available manure pipeline systems currently include those
design features. 

Hybrid systems include different combinations of tanker and
pipeline systems components. A first possibility is to transport
the manure from the storage facility to the land application site
using a pipeline system where it is transferred into tanker(s) that
complete the land application operations. Another option is to
use a transport tanker system to move the manure from the
storage to the application site where it is transferred to a field
pipeline system for land application.

The transport options for both semi-solid and solid manure
are limited to spreader systems. For short transport distances,
box type, open tank, and V-bottom tank spreaders can be used
for both transport and land application (ASAE 2002c; Cédra et
al. 1997). Those spreaders can be tractor-operated (wagon and
trailer configurations) or truck-mounted. When longer transport
distances are involved, tractor-operated dump wagons/trailers or
dump trucks can be used to transport the manure from the
manure storage site to the land application sites where it will be
temporarily stored on the ground before being loaded into the
land application equipment.

Land application of manure
After it has been transported to the application site, livestock
manure can be applied to the land for recycling by soil-crop
systems using four broad techniques:
! Broadcast surface application  The manure is applied to

the soil surface over a given width from either a single
location (e.g. irrigation gun, single splash plate system, rear
or side discharge solid manure spreader) or from multiple
sources (e.g. irrigation boom, multiple splash plate system)
that can be placed either high above or close to the ground
surface. Manure moves from the application equipment to
the soil surface under the influence of external mechanical
forces or pressure and gravity. This mode of application is
currently commercially available for all types of manure.

! Banded surface application  The manure is applied to the
soil surface in uniformly separated bands from multiple
sources on the application equipment (e.g. drop tube system,
dribble bar system). Manure movement between the

equipment and the soil surface is usually governed by
gravity. A number of banded applicators for liquid and
slurry manure is available on the market (Cédra et al. 1997).
This is not the case for semi-solid and solid manure for
which only a limited number of experimental and prototype
systems has been developed and tested (Laguë 1991;
Glancey and Adams 1996).

! Direct injection  The manure is applied directly under the
surface of the soil either by using some type of tillage tool
(e.g. coulter, disk, shank) or through the use of pulsating
high-pressure injectors (Godwin et al. 1990; Morken and
Sakshaug 1996). Manure flow can be induced by gravity
only or by some external mechanical force or pressure. A
wide variety of direct injection systems exist for liquid and
slurry manure: low vs high soil disturbance, shallow vs deep
injection, broadcast vs row crops, etc. (Cédra et al. 1997).
Khalilian et al. (2002) reported on the development of an
injection system for municipal solid waste compost. Ohshita
et al. (1996) have also reported upon the development of a
prototype direct injection system for semi-solid and solid
manure. However, no effective commercial equipment of
that type is currently available.

! Incorporation  Suface applied manure (broadcast or
banded) is incorporated into the surface layer of the soil
through regular tillage operations (e.g. primary or secondary
tillage, cultivation operations) or using dedicated equipment
incorporated or not with the application equipment (e.g.
covering disks and shanks, rotary tilling equipment). This
mode of application is currently available for all types of
manure. 
The main objective of any land application operation for

livestock manure is to supply the receiving soil-crop system
with a controlled application rate of manure that matches the
local requirements of soils and crops and to distribute this
manure as uniformly as possible on or under the soil surface
(Lenehan et al. 1998). Application rate and uniformity control
on land application equipment for livestock manure are
governed by:

(1)R
Q

WS
=

where:
R = desired application rate of manure (kg/m2),
Q = manure flow rate coming out of the land application

equipment (kg/s),
W = effective application width of the equipment (m), and
S = travel speed of the land application equipment (m/s).
The three operating parameters (Q, W, and S) must be

monitored continually in order to achieve the desired application
rate. Most application rate control systems for manure land
application equipment control the manure flow rate, Q, as a
function of W, S, and the desired application rate, R.

For liquid and slurry manure, Q may be determined using
flow meters (e.g. gear, vane, electromagnetic, ultrasonic) that
monitor manure flow within the main outlet line of the
equipment. If a distribution or flow dividing system is used
downstream from the flow meter to distribute manure to
individual application tools (e.g. drop tube, splash plate,
injector), it is necessary to ensure that the flow rates of manure
to each of these tools are the same (Laguë et al. 1994a; Petersen
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1994). The continuous monitoring of manure flow rate on
semi-solid and solid manure land application equipment poses
problems because of the heterogeneous nature of the product
and of the often non uniform loading conditions of solid manure
spreaders. Flow rate may be correlated to conveyor speed on
some types of application equipment while some other designs
may make use of continuous in-line weighing systems at the
outlet of the machines. For spreader systems (all types of
manure), manure flow rate data may be derived from the
continuous monitoring of the mass of manure inside the
equipment as a function of time (Glancey et al. 1997). However,
it is important to mention that even a precise control of the
manure flow rate does not always translate into a precise control
of the nutrient application rate because of the internal variability
of manure nutrient concentration.

Most single point broadcast application systems that are
used for all types of manure (from liquid to solid) have a
bell-shaped application pattern as they apply more manure
around the location of the discharge point than further away
(Cédra et al. 1997). This makes the determination of W more
difficult as overlapping between adjacent passes of the land
application equipment becomes necessary in order to obtain an
even distribution of manure on the soil surface. The value of W
for multiple point application systems (e.g. banded applicators,
injectors) is generally obtained by multiplying the number of
application points on the equipment by the spacing that
separates them.

FUTURE NEEDS and PERSPECTIVES

Needs
Criteria for the design of manure handling and land application
systems and equipment need to include several factors.

Maximizing nutrient recycling  Nutrients constitute the most
valuable manure components from a recycling by soil-crop
systems perspective. To maximize the recycling of manure
nutrients, the design of land application equipment must
consider:
! The prevention of anaerobic conditions that can promote the

loss of manure nitrogen to the atmosphere through
denitrification (AAFC 1998, 2000). Such conditions may
occur when relatively large quantities of liquid or slurry
manure are not incorporated or mixed with the soil (e.g.
surface banded application, subsurface injection); 

! The continuous sensing and monitoring of manure nutrient
content and manure flow rate on land application equipment
to match nutrient application rates with spatial soil-crop
requirements (Crowe and Maulé 2000; Malley et al. 1999;
Scotford et al. 1998, 2000);

! The rapid and effective mixing of manure with soil to reduce
ammonia volatilization (e.g. direct injection, rapid soil
incorporation) (AAFC 1998, 2000);

! The timeliness of application: match application periods to
correspond with the periods of available nutrient uptake by
plants and avoid periods of low uptake or high potential for
nutrient losses (AAFC 1980; Barnett 1991; Bertrand 1991;
Pahl et al. 2000; Sweeten 1998);

! The use of properly engineered land application systems and
equipment to avoid catastrophic failure (e.g. pipe breakage,
tanker overturn) and resulting point source losses of manure
nutrients.

Practices that limit the loss of one type of nutrients may
actually promote the loss of another type. As an example,
consider the direct injection of liquid manure through the use of
low disturbance injectors. Under low infiltration conditions, this
may result in the emission of nitrous oxide and other
denitrification by-products to the atmosphere although this
practice has a positive impact on the loss of manure nitrogen
through ammonia volatilization (Godwin et al. 1990; Sharpley
et al. 1998).

Protecting natural resources (e.g. air, soil, water)  This
criterion is closely associated with the one above as systems that
maximize the potential for nutrient recycling contribute in
minimizing nutrient losses to the environment. Additional
considerations for air quality include minimizing odour and
greenhouse gas (GHG) emissions (Sey et al. 2005), which can
be achieved through rapid incorporation or direct injection of
manure into the soil (AAFC 2000; Philips et al. 1990). Manure
land application operations may have negative impacts from a
soil conservation point of view. For example, heavy tanker
traffic on sensitive soils may lead to excessive soil compaction
(McBride et al. 2000). Also, the use of high disturbance
injectors that promote good mixing of manure with the soil may
increase the risks of soil erosion and may not be acceptable
under reduced or no tillage soil management practices. 

Controlling application rates  This technical criterion is
directly related to the agronomic and environmental criteria
above. The high variability in the physical and flow properties
of livestock manure has a direct impact upon the performances
of flow control and discharge systems for land application
equipment (Agnew et al. 2004; Munack et al. 2001). Some
studies suggest that flow control and metering on manure land
application equipment is greatly influenced by the product
particle size distribution (Balsari et al. 2002; Glancey and
Adams 1996; Pezzi and Rondelli 2002; Wilhoit et al. 1994).
Uniformity of application and control of application rate for
most commercially available machines are not satisfactory,
especially for semi-solid and solid manure (Thirion and Chabot
2003). The spinners are probably the spreading devices for
broadcast surface application that have been studied the most.
The uniformity of distribution is a function of the configuration
of the system (e.g. blade adjustment, point of delivery).
According to Bisang (1987), broadcast solid manure spreaders
that use horizontal axis rotors had an effective operating width
of 2 to 3 m only, while vertical axis rotors allowed for an
increase of that value to about 6 m. However, they also reported
that the precision of distribution was only fair for most of the
spreaders tested, that spreading mechanism having one rotor
resulted into a coarser final material being applied to the soil
and that screw-type rotors yielded smaller particles when
compared to teethed rotors. Most studies reported coefficients
of variation across the swath of 15% and more, which is above
the target value for other land application equipment used for
commercial fertilizers or pesticides (Hofstee et al. 1999). 

Economics  Manure management systems, including land
application, need to be economically viable in terms of capital
and operating costs and of the economic benefits associated
with the recycling of manure and manure by-products (Barnett
1991). Moreover, the value attributed by society to externalities
of livestock manure management systems (e.g. air quality, water
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quality, nuisances) evolves in time and space. Manure
management systems need to be designed and operated
accordingly (Forster 1998). For example, direct injection of
manure may cost 20% more than surface application but it also
presents advantages in terms of reduction of ammonia and
odour emissions to the atmosphere (Godwin et al. 1990).
McGechan and Wu (1998) concluded that neither larger manure
storage facilities (which can provide more flexibility regarding
the timing of manure application), nor the use of subsurface
injection rather than surface application could be justified
economically in terms of fertilizer cost savings although these
two practices reduce nutrient losses to the environment. The
economic profitability of different manure management systems
depends to a large extent upon the quantity of manure that has
to be managed on the livestock operation (Brundhin and Rodhe
1992). From a nutrient recycling perspective, one very
important consideration that must be integrated in any economic
analysis is the substitution of synthetic sources of nutrients (e.g.
commercial fertilizers) that need to be manufactured from
non-renewable resources by manure nutrients that are naturally
produced by livestock animals (Richard 1998).

Energy efficiency  Optimizing the use of non renewable energy
by manure management systems and equipment needs to be
addressed (Vigneault 1985). For example, the direct and indirect
energy requirements for the manufacturing, distribution and
application of commercial fertilizers (e.g. the production of
1 tonne of anhydrous ammonia requires about 950 m3 of natural
gas (Jones 1982)) should be compared with those associated to
the handling, storage, agitation, transport, and land application
of livestock manure. Subsurface injection significantly increases
the energy requirements for the land application of liquid and
slurry manure. For example, Laguë (1991) reported unit power
requirements ranging from 4.47 to 5.50 kW per injector for wide
injectors operated at a shallow depth in a firm clay soil. Energy
requirements for pipeline transport systems are directly related
to manure flow rate and to the characteristics of the pipes or
hoses such as surface smoothness and internal diameter. In their
review, Laguë et al. (1994b) showed that unit friction losses in
those systems increased as the diameter of the pipes or hoses
was reduced or as the flow rate was increased. 

Health and safety issues  As was mentioned earlier, livestock
manure carries some micro-organisms (mostly bacteria,
protozoa, and viruses) that, under some conditions, have the
potential to infect both humans and animals. The design and
operation of manure land application systems must address the
need to minimize the risks of surface and groundwater
contamination through the use of appropriate manure
management practices and technologies (Bicudo et al. 2000). In
addition, certain land application systems or equipment may
promote the formation of bioaerosols, dust, and gases that may
have a detrimental impact on human and animal health (Centre
for Agricultural Medicine 1991). Also, systems and equipment
used to collect, store, or land apply livestock manure may
present health and safety hazards (e.g. electrical shocks, falls,
mobile components) for the operators.

Social acceptance  Manure management practices, including
handling and land application, are often prescribed within the
scope of laws and regulations that apply over specific
jurisdictions (Blackie 1991; Tessier 1998; West 1991). In
addition, societal perceptions of and acceptance levels for

manure management methods are not always consistent with
scientific knowledge, which points to the need for public
education (Hurley and Kliebenstein 2000) and a better
understanding of social concerns associated with livestock
manure management (Caldwell 2005; Tessier 1998). For
example, according to Schmitt et al. (1996) and Statistics
Canada (2001), there exists a positive correlation between the
size of livestock farms and their ability to comply with
recommended manure management practices that minimize
environmental impacts. However, it is also well known that
society in general does not favor the concentration of the
livestock industry into larger and larger operations, even though
such larger operations might in fact be better positioned to meet
environmental objectives. 

Perspectives
Decisions related to the design, selection, and operation of
manure management systems are difficult and complex because
of heterogeneity of manure; options for managing manure in
different forms (e.g. from liquid to solid; as a whole product vs
separated components; raw vs processed); options for possible
end uses (e.g. amendment and fertilizer for soil-crop systems,
source of energy); options available at the different stages of the
management process (collection, storage, treatment, land
application); requirements for capital investment, equipment,
labour, energy, etc.; constraints associated with land base, soil
and crop types and cropping systems, environmental and social
issues, etc.; temporal fluctuations in capital and operating costs
(Stonehouse 1991). Many manure management strategies may
actually offer conflicting performances when more than one
issue is considered. This can be illustrated by an example.

Manure injection is a proven technique for reduction of
odour emissions, improved availability of nutrients and reduced
risks of manure runoff (Sharpley et al. 1998) but it may increase
the risks of soil erosion (high disturbance injectors, reduction in
crop residue cover) (Shelton and Mamo 2000), may promote
nitrous oxide emissions, and has higher unit costs and energy
requirements (Godwin et al. 1990) when compared to surface
application.

This example highlights the importance of developing and
using a systems approach to integrate all relevant considerations
into the design, selection and operation of manure management
systems in livestock production (Barnett 1991; Laguë et al.
2000; Ogilvie et al. 2000). Ogink et al. (2000) and Wathes et al.
(2001) suggest that Life Cycle Analysis (LCA) or Integrated
Management System (IMS) approaches should be used to
manage all the aspects of livestock production, from the
production of primary products (e.g. eggs, meat, milk) to the
management of by-products such as manure. Such an approach
requires the evaluation of the environmental, economic, and
social factors that ultimately determine whether animal manure
is considered as a resource or as a waste by-product of livestock
production (Karlen et al. 1998).

Data presented in Table 2 indicate that semi-solid and solid
manure products constitute a very important category for many
types of livestock production systems. However the
technological options available for the land application of those
types of manure are much more limited than for liquid and
slurry manure (Laguë et al. 2005). Pipeline and hybrid systems
are not adapted to semi-solid and solid manure. Equipment for
the direct injection or incorporation of semi-solid and solid
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manure are not commercially available. Systems that allow for
the precise control of the application rate of manure and for
uniform application to the soil are still rudimentary for these
types of manure compared to those available for liquid and
slurry manure. This technological imbalance between systems
and equipment for the land application of semi-solid / solid and
liquid / slurry manure needs to be corrected rapidly in order to
optimize the effective and efficient recycling of semi-solid and
solid manure by soil-crops systems. 

With respect to liquid and slurry manure, there exists a need
to design pipeline transport and land application systems that
allow for varying application rates while taking into account
parameters such as the minimal liquid velocity required to
maintain the manure solids in suspension and the construction
and dimensions of the pipes and hoses as related to friction
losses for example. Wide-span application systems will also
need to incorporate systems that will allow for varying the
application rate across the width of the equipment. 

SUMMARY and CONCLUSIONS
1. Livestock manure constitutes highly variable materials in

terms of physical, chemical, and biological properties and
this variability needs to be taken into account for the design
and operation of land application systems and equipment.

2. Complete land application systems for livestock manure
must include equipment for the transfer of manure from the
storage facilities, equipment for transporting the manure to
the application sites ,and equipment for applying the manure
to soil-crop systems.

3. Few technological options for transferring, transporting, and
land applying semi-solid and solid manure are currently
available compared to the array of land application systems
that have been developed for liquid and slurry manure.

4. Criteria for the design of future land application systems and
the improvement of existing ones will need to include the
maximization of nutrient recycling and of social acceptance,
the protection of air, soil, and water resources and of human
health and safety, the control of manure application rates,
and the minimization of capital and operating costs and of
energy requirements into a systems approach.

5. Required technological improvements to land application
systems for semi-solid and solid manure include equipment
for banded surface application and for direct injection or
incorporation of the manure and improved systems for
controlling application rates and increasing the uniformity
of application.

6. Pipeline land application systems for liquid and slurry
manure that allow for a wider range of application rates are
required. There is also a need to develop flow control
systems that allow for variable application rates across the
width of the application equipment in the case of wide-span
systems. 
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