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Introduction

Globally, livestock-based agriculture continues to intensify,
and there is increasing concern regarding its environmental
impacts such as deforestation, overgrazing causing compaction,
soil degradation, erosion, and water pollution (Steinfeld et al.
2006). About 20% of the world’s pastures and rangelands are
considered degraded through overgrazing and compaction
(Steinfeld et al. 2006). Clearing of Amazon rain forest and
subsequent cattle trampling can degrade soil physical condition
and greatly reduce pasture competitiveness and yield (Martı́nez
and Zinck 2004). Soil compaction by animal treading can have
detrimental impacts on soil physical conditions and also plant
growth. Hence, indicators of physical condition and health are
an important area of research, and are increasingly being
included in environmental reporting (Sparling et al. 2004).
Soil physical degradation, treading-induced damage, and
reduced plant and pasture cover also contribute to erosion
and surface runoff to waterways under semi-arid and
temperate climates (e.g. Greene et al. 1994; Eldridge 1998;
McDowell et al. 2004; Kurz et al. 2006). Erosion and
surface runoff effects from treading are outside the scope
of this review.

Many studies have reported reduced pasture growth
following a single intensive treading or pugging event where
a considerable amount of pasture damage was sustained. Such
treading events and trials are commonly imposed during very
wet conditions. For example, visual pugging damage following
high-density winter grazing by cattle (grazed at 300 cows/ha for
0, 3, 9, or 24 h) took up to 29 weeks to recover to the level of
untreaded plots, whereas the effect of pugging on hydraulic
conductivity lasted only 1–3 months (Zegwaard et al. 2000).
Although Zegwaard et al. (2000) presented no time frame,
their study also reported an initial reduction in pasture
production of 51% following 24-h duration grazing treatment
(described above), but due to favourable growing conditions
following damage, full recovery of pasture growth was reached
after the 14th week (Zegwaard et al. 2000).

Although many other trials studied the effects of
animal treading on pasture production and soil properties
(e.g. Scholefield et al. 1985; Cluzeau et al. 1992;
Greenwood et al. 1997; Ward and Greenwood 2002;
Menneer et al. 2005; Pande and Yamamoto 2006), it is often
difficult to determine direct v. indirect effects on pasture
quantity. Pasture yield responses to treading may be due
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to direct damage to pasture plants, which includes both
plant damage through hoof action accompanied by visible
disruption of soil aggregates and plant burial in muddy
conditions from pugging damage in temperate climates
(Menneer et al. 2005; Zegwaard 2006). Direct damage is
often visible to land managers. Greater hoof activity with
high stocking rates in semi-arid rangelands may directly
damage plants and pulverise the soil surface (Greene et al.
1994). Yield reduction may also occur from indirect effects.
These indirect effects on pasture yield include changes in soil
physical conditions, such as reduced pore space from
compaction. Such changes during treading may not be as
visually evident as direct soil damage, e.g. pugging and
surface smearing, but can have large effects on plant growth
(Cannell 1977; Carter 1988; Drewry et al. 2001).

Soil compaction and yield decline may occur in seasons such
as moist summer or autumn periods, particularly in temperate
climates, but this area of study requires further research. In
contrast, with the intensive winter-grazing and direct damage
effects when excess moisture prevails in temperate climates
(e.g. Menneer et al. 2005), grazing during spring, summer, or
autumn may cause less soil damage. Under pastoral (e.g. dairy,
beef cattle, and sheep) grazing systems, soil may be subject to
compaction damage when there is little visual evidence of
surface damage or disturbance. Simulated treading or
compaction in controlled environments, however, has
attempted to minimise, control, or separate the direct effects
of plant crushing, bruising, and injury from those of changes in
soil physical conditions (e.g. Moore and Laidlaw 1980; Ferrero
1991; Drewry et al. 2001).

To assist farmmanagers to optimise pasture growth, it would
be useful to establish relationships between soil physical
properties and pasture yield to enable management tools to
be developed (Drewry et al. 2004a). Response relationships
between yield and soil physical properties (response curves)
have been derived for many crops and conditions
(e.g. Canarache et al. 1984; Carter 1990; Kayombo and Lal
1994), but generally not for pastoral grazing systems.
Macroporosity and air-filled porosity are good indicators of
soil physical condition, with values of <10–12% often used to
indicate limiting conditions for plant health and soil aeration
(Greenland 1981; Carter 1988, 1990). Carter (1988), in a study
of the cereals spring barley (Hordeum vulgare) and spring
wheat (Triticum aestivum), found that the relationship
between macroporosity and saturated hydraulic conductivity
indicated that 8–14% macroporosity would maintain adequate
soil permeability. Carter (1990) identified 12–14%
macroporosity as adequate for aeration. Further research is
required to determine these types of relationships for pasture
and treading management to enable better understanding,
particularly of economic effects of soil physical quality at
paddock and farm system scales. Such information will
enable land managers to make more informed management
decisions.

This review focuses on animal treading and the associated
effects on soil physical properties and pasture productivity in
both pugged and compacted non-pugged soil. The emphasis is
to review pastoral yield response curve relationships over the
continuum of soil physical property values. We start with an

overview of some principles of soil compaction, consistency,
and the effects of soil moisture and grazing-treading
management. The effects of animal treading on pasture
productivity and selected soil physical properties are
reviewed—a comprehensive review of effects of all soil
physical properties is beyond the scope of this paper.
Simulation studies of treading and compaction effects on
plant yield are also discussed, as such studies are useful to
minimise the direct plant damage during treading.

Emphasis is placed on reviewing effects of soil physical
properties on plant growth, particularly response relationships
and critical and optimum values of soil physical properties for
maximum plant yield. Although there has been much research
on the effects of management on compaction in cropping
systems, much of this research may not apply directly to
pastoral systems due to different tolerances to soil physical
conditions compared with established pasture, and the added
complication of animal grazing and treading interactions.
Because there is little equivalent research published for
pastoral systems, we also review research for cropping
systems, in particular relating yield response curves to soil
compaction. Finally, we outline tools and management of soil
physical condition and pasture yields on-farm, and areas for
future research.

Principles of soil compaction

Definitions

Soil compaction has been traditionally described as ‘the
compression of an unsaturated soil body resulting in a
reduction of the fractional air volume’ (Hillel 1980). The
effect of compaction is to decrease the total porosity,
particularly the volume of the large inter-aggregate pores.
Once the air volume is reduced, or the soil is saturated, then
the term consolidation can be used (Hillel 1980). Consolidation
is the compression of a saturated soil brought about by
squeezing out water. Consolidation is a more gradual process
than compaction, as the viscosity of water is much greater than
air. Poaching or puddling, in contrast to compaction, are terms
used for slurry-induced soil conditions on very wet soil (often in
winter-grazed management systems in moisture-excess
climates) when trampled by stock. Pugging in wet, soft soil
causes deep hoof imprints and is often associated with
considerable pasture damage. In this review, pastoral damage
from soil pugging and poaching is considered to be direct
damage, whereas pastoral yield response to compaction is
considered an indirect response.

Soil moisture, consistency, and compaction

Soil consistency (e.g. hard, friable) and compaction are very
dependent on the level of moisture. Very dry soil is hard and
resists deformation, while wetter friable soil will break up
easily. When soil deforms rather than breaks up, it is said to
be in a plastic state (McLaren and Cameron 1996). Figure 1
shows the relationship of soil consistency to water content and
the risk of compaction and pugging damage.

The plastic limit of a soil is the gravimetric water content at
which a soil changes from being friable to being plastic, and
represents the minimum amount of water at which pugging and
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puddling may occur (McLaren and Cameron 1996). For some
soils the field capacity (see definition next section) is close to
the plastic limit. If soil moisture at field capacity is lower than
the plastic limit, treading or cultivation at close to field capacity
should be avoided as the soil is likely to be compacted
(Mapfumo and Chanasyk 1998).

When a soil is subjected to compaction, starting from a
dry condition, its bulk density will increase with increasing
moisture due to a particle lubricating effect, until a maximum
soil density is reached which will occur at an ‘optimum’
moisture (Hillel 1980). The maximum bulk density (hence
maximum compaction) v. wetness corresponds to ~80% of
the degree of saturation (Hillel 1980). Beyond saturation,
soil particles are pushed further apart, reducing bulk
density. Figure 1 shows the relationship of bulk density to
soil water content. Under standardised conditions this
relationship is measured using the Proctor test, and
varies with texture and other properties, so other concepts
(Carter 1990; Lipiec and Hakansson 2000) including
relative compaction and degree of compactness are discussed
below.

Pugging by stock commonly occurs at lower soil moisture
than for poaching, although soils with high clay contents are
more prone to damage. Plastic flow predominates around the
hoof when the soil is very wet (Scholefield et al. 1985;
Mulholland and Fullen 1991). However, because of uneven
distribution of water in the soil profile, compression in deeper
layers may also occur.

The liquid limit (upper plastic limit) of a soil is the
gravimetric water content at which a soil changes from
being plastic and starts to behave as a viscous liquid when
an external force is applied (McLaren and Cameron 1996). At
the liquid limit, a soil is very prone to puddling and poaching.
The physical damage caused by treading may involve both

compaction at low to medium water contents (e.g. during
spring, summer, or autumn in summer moisture-deficit
climates), or soil poaching and pugging at high water
contents (e.g. early spring or winter in moisture-excess
winter climates), depending on treading management.
Trafficking of soil should generally be avoided near and
beyond the plastic limit or field capacity, whichever is less
(Mapfumo and Chanasyk 1998).

Soil moisture content at consistency limits varies with
texture, depth, and organic carbon content. Examples of
gravimetric soil moisture (kg/kg) for a sandy loam
were maximum bulk density at 0.14, field capacity 0.15
(at –33 kPa), plastic limit 0.25, and liquid limit 0.30
(Mapfumo and Chanasyk 1998). Gravimetric soil moistures
(kg/kg) for a clay loam were maximum bulk density at
0.24, field capacity 0.35, plastic limit 0.27, and liquid limit
0.51 (Mapfumo and Chanasyk 1998). Gravimetric soil
moistures (kg/kg) for a silt loam were plastic limit
0.30–0.36, and liquid limit 0.60–0.81, depending on soil
depth (Singleton and Addison 1999).

Soil physical properties

As a measurement of soil compaction, bulk density, the mass of
soil per unit volume, can give an indication of the level of
compaction, or conversely porosity (McLaren and Cameron
1996).

Macroporosity describes the volume percentage of pores
>30mm equivalent diameter (McLaren and Cameron 1996).
Macropores are primarily responsible for adequate soil aeration
and rapid drainage of water and solutes (McLaren and Cameron
1996). However, macropores have also been defined with
different equivalent pore diameters (Table 1), which must be
considered when making comparisons between studies. The
volume and functional effectiveness of large pores are most
susceptible to reduction when soil is compacted, by vehicles or
animal treading. Macroporosity was demonstrated by Ball et al.
(2007) to be a very good and sensitive indicator of soil physical
condition.

Air-filled porosity is the ratio of the volume of air to the total
volume of soil (Cameron and Buchan 2006). It is dependent on
soil moisture content. Air-filled porosity is often calculated at
field capacity (McLaren and Cameron 1996). The definition
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Fig. 1. Schematic diagram of relationship of soil consistency and
gravimetric water content (adapted from Marshall and Holmes 1988).
The risk of compaction and pugging damage is also shown. Soil water
range between plastic and liquid limits and damage risk varies with soil
properties such as texture. The solid line shows soil shrinkage; the dashed
line shows soil bulk density including maximum density.

Table 1. Macroporosity as defined in the literature

References Pore diameter > x mm

Greenwood and McNamara (1992) 30
McLaren and Cameron (1996) 30
Singleton and Addison (1999) 30
Drewry et al. (2000, 2001, 2004a, 2004b) 30
Menneer et al. (2005) 30
Houlbrooke et al. (2006) 30
Kurz et al. (2006) 30
Carter (1988, 1990) 50
Gradwell (1960, 1965) 60
Climo and Richardson (1984) 60
Glinski and Lipiec (1990) 100
Koppi et al. (1992) 195
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of macroporosity above (i.e. volumetric percentage of
pores >30mm diameter) represents the air-filled porosity at
field capacity (Cameron and Buchan 2006). Hence, when
measured at the same matric potential, they can be
considered equivalent.

If the soil air-filled porosity is <10% (v/v) at field capacity,
then drainage is recommended (McLaren and Cameron 1996).
Field capacity has been described as the volumetric water
content of the soil following 48 h of drainage, from an
initially saturated state, or determined in the laboratory
commonly at a matric potential of –10 kPa (McLaren and
Cameron 1996).

Soil compaction and consolidation can cause detrimental
changes in physical properties, particularly decreases in
macroporosity and air-filled porosity, and increases in bulk
density.

Treading management and treading intensities

Soil physical condition and pasture responses depend on
grazing management (and hence treading damage) regimes
and climatic conditions. Pasture and soil damage is greatest
when pasture stocking coincides with high soil moisture. Much
of the soil structural damage, for example, in temperate climates
is therefore likely to occur in when animals are grazed while soil
moisture is high, and particularly when stocking density is high.
This section briefly outlines treading management that is
relevant to this review. Low stocking density grazing for
high production, for example, is compared to management
under high stock densities.

Grazing systems in temperate areas, e.g. New Zealand and
southern Australia, are predominantly pasture-based, with
rotational grazing during periods of greatest production.
A rotational dairy grazing system, e.g. with 14–21 days
between paddock grazing, is common on southern New
Zealand dairy farms from September to May (i.e. during
lactation), giving a grazing paddock density of ~70–90 cows/
ha for 24 h (Drewry and Paton 2000). Under these
circumstances, soil moisture varies over spring–autumn, with
frequent deficits during summer in this region. Grazing systems
in Australia and New Zealand include summer irrigation where
available. Rotational grazing in Tasmania, for example, is
commonly 21–28 days with irrigation (from November to
May), and 40 days without (Lobry de Bruyn and Kingston
1997). Other high stocking rate grazing systems are practised in
other periods of the year.

In other regions and countries, rotational grazing systems
have local variations based on regional and climate constraints,
e.g. time-control grazing systems in temperate grasslands.
Time-control grazing in southern Australia attempts to
encompass a landscape-wide and holistic management
approach to reduce land degradation that may occur under
set-stocked regimes (Earl and Jones 1996; Anderson 2004).
Soil physical quality has been shown to improve in rotational
grazing systems compared with set-stocking systems (stock
grazed continuously per paddock), possibly as a result of more
vigorous pasture cover (Southorn and Cattle 2004).

In contrast to rotational grazing, during winter in southern
regions of New Zealand, ‘dry’ (not milked) dairy cattle are

normally completely removed from the farm milking area, so
pasture is not grazed or treaded. This can have the effect of
transferring potential soil damage from treading in excess
moisture conditions to other farms where these animals are
grazed. Wet winter and spring pugging damage by cows is also
an important limitation for dairying in Victoria and Tasmania,
Australia (Nie et al. 2001; Ward et al. 2003). Grazing cattle at
very high densities is often reported in trials in northern areas of
New Zealand as dairy cows are more likely to be grazed
on-farm over winter at much higher densities than during
lactation (Ledgard et al. 1996). Consequently, there is a
great risk of pugging damage. Non-lactating dairy cows, for
example, are ‘block-grazed’ in winter on blocks or strips at
stock densities that can reach 300–600 cows/ha, often in wet
conditions, with resulting treading damage, pugging, and
poaching likely (Singleton and Addison 1999). Dairy
grazing densities in winter conditions in other regions and
studies under experimental conditions range from 137–350
cows/ha (Drewry 2003) up to 450 cows/ha (Menneer et al.
2005). Soil moisture in these studies was 53–83 kg/kg
(Drewry 2003) and near saturation (Menneer et al. 2005).
Experimental grazing densities in winter conditions were
67–267 cows/ha in the Victorian study of Nie et al. (2001).
Such grazing densities are uncommon in other grazing
systems including rotational grazing systems to maintain
optimum productivity, and stocking rates are commonly less
in drier climates and under more extensive rangeland
agriculture.

Effects of treading on pasture productivity

This section reviews the effects of animal treading on
pasture productivity, and discusses the effects of intensive
treading when pugging occurs in wet conditions. The
effects of compaction on pasture and plant productivity,
when treading-induced pugging damage does not occur, are
presented later in the paper.

Intensive cattle treading causing pugging damage to soil

Animal grazing and treading, particularly in wet conditions, can
affect pasture yield directly through leaf burial in mud,
crushing, bruising, and a reduction in dry matter production
(Hamilton and Horne 1988; Ledgard et al. 1996; Nie et al.
2001). Brown and Evans (1973) reviewed the work of Edmond,
including sheep treading rates, interaction with moisture levels,
soil type, herbage height, and pasture species. Herbage yields
were reduced by up to 63% for high stocking rates particularly
in wet conditions (Brown and Evans 1973). Perennial ryegrass
(Lolium perenne) was found to be the most tolerant to heavy
treading treatments in a study of the relative yields of 10 pasture
species at 5 treading rates (Edmond 1964; Brown and Evans
1973). However, ryegrass yields were reduced by 5% for
20 stock units/ha and up to 23% for 80 stock units/ha
relative to a non-treaded control; 1 stock unit is defined as
the equivalent annual feed requirement for one 55-kg sheep
rearing a single lamb.

Large production decreases for a single intensive cattle
treading event during winter were demonstrated by Ledgard
et al. (1996), on a Te Kowhai silt loam (Typic Ochraqualf).
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Pasture production, for example, decreased by 20–80% relative
to a non-treaded treatment, depending on soil type. The effects
of pugging on yield lasted 4–8 months. Reduced infiltration
and soil aeration also resulted from intensive treading. Declines
in pasture productivity from other studies are shown in
Table 2. Clearly, as stocking rates and treading intervals
increase, the declines in pasture productivity increase (Table 2).

Under wet conditions pasture yield declines greatly when
soil is pugged. Annual herbage production was reduced by 16%
and 34% following moderate (walking 450 cows/ha for 1.5 h on
15m2 plots) and severe (walking 450 cows/ha for 2.5 h) cattle
pugging (Menneer et al. 2005). Yield reductions were recorded
from a single pugging event on a Te Kowhai silt loam (Typic
Ochraqualf) in the Waikato region, NZ, when soil moisture was
near saturation (Menneer et al. 2005). However, a greater
reduction in yield of perennial ryegrass (Lolium perenne)
occurred in the severe treatment with white clover (Trifolium
repens). Reductions of pasture yield of 40–42% under medium
to heavy pugging were also demonstrated in Victoria by Nie
et al. (2001) (Table 2).

Grazing wet soils in Victoria with ‘on–off’ grazing
(e.g. grazed for 2 h then removed from pasture), or
subsurface drainage, reduced severity of pugging damage
(Ward et al. 2003). The study of Ward et al. (2003)
associated increased bulk density with lower than expected
pasture yield, but further yield details were not presented. A 3 h
(i.e. on–off) grazing treatment in a 3-year study also
showed improved soil physical conditions after minimising
pugging damage, but was not reflected in greater pasture
production compared with 24 h conventional grazing
(Drewry 2003). In contrast, a conventionally grazed but
never-pugged treatment greatly improved soil physical
condition and had greater winter/spring pasture growth in
some years than conventional grazing (Drewry 2003).
Farmers may therefore justify using ‘stand-off’ pads to
remove animals from wet soils in their management, but
further research is still required to fully evaluate yield
benefits and whole farm system economics. Other studies of
pugging damage are summarised in Table 2.

While many studies of grazing and soil properties report
reduced pastoral yield, fewer studies report other agronomic
indicators such as tiller numbers. However, Pande et al. (2000)
determined that low spring herbage growth rates following a
single winter treading of pasture on a Pallic soil (Aeric
Fragiaqualf) were due largely to reduced tiller numbers and
leaf area index. Under cattle treading, for example, mixed
pasture perennial ryegrass (Lolium perenne), browntop
(Agrostis capillaris), and yorkshire fog (Holcus lanatus)
tiller numbers (recorded at 20 days after treading) were
reduced by 75% in damaged pasture treatments in
comparison to undamaged pasture (Pande et al. 2000).
Curll and Wilkins (1983) considered the effects of treading
were less important than intensity of defoliation on herbage
accumulation.

While there have been studies examining effects from
pugging damage, further research is required examining the
pastoral effects of treading during seasons when the soil is
unlikely to have been damaged by pugging. The effects of
animal treading on soil physical properties are outlined in the

following section, with the effects of soil physical properties
on plant and pasture growth outlined later in the paper.

Effects of treading on soil physical properties

Compaction and pugging will detrimentally affect soil structure
in wet conditions. Badly pugged soil will result in poor structure
such as surface caps, platy structure, or increased clods of
massive structure. Good soil structure has a more open pore
system, with porous crumbs and very few dense aggregates
(McLaren and Cameron 1996). The effects of treading on soil
physical properties are outlined in the following section only.
There are many soil physical properties affected by treading:
bulk density, aggregate size and stability, and penetration
resistance, for example, were reviewed by Greenwood and
McKenzie (2001). Ball et al. (2007) concluded that
macroporosity was the best indicator of soil physical fertility
in their study as it was sensitive to structural changes. For these
reasons we particularly highlight macroporosity and air-filled
porosity in this review. First we discuss the incidence and
effects of intensive cattle treading when pugging in wet
conditions occurs, and then soil compaction when pugging
damage does not occur.

Incidence of soil compaction

The incidence of soil compaction on farms is strongly related to
soil characteristics, water content, and treading intensity.
Zegwaard et al. (1998) showed, for 5 soils under dairying,
that macroporosity and other soil properties may be limiting
to plant growth depending on the level of treading damage and
the soil type. Singleton and Addison (1999) surveyed soil
physical properties including bulk density, macroporosity,
saturated hydraulic conductivity (Ksat), unsaturated hydraulic
conductivity (Kunsat), and aggregate size under dairying, on
3 soil types. Singleton and Addison (1999) demonstrated a
decline in values for macroporosity, Ksat, Kunsat, and
aggregate size from never-treaded sampling areas to
normally grazed and previously pugged areas. Macroporosity
at 50–100mm in the poorly drained Hauraki clay (Melanic
Orthic Gley; Aeric Fluvaquent) decreased from 16.2% to 7.7%
in untreaded to pugged sites. Bulk density increased indicating
degrading soil physical health. Declines were also apparent in
Orthic Allophanic (Typic Udivitrand) soils, volcanic in origin
and therefore commonly resistant to pugging damage. In a
survey of 97 sheep and 87 dairy farm sites, soils on the sheep
farms had significantly greater air permeability and saturated
hydraulic conductivity than soils on dairy farms (Drewry et al.
2000). Macroporosity decreased from 0–50 to 50–100mm at a
significantly greater rate on dairy farms than sheep farms.
Drewry et al. (2000) also considered macroporosity limiting
for plant growth (on some Pallic Soils; Aeric Fragiaquept),
particularly under dairying.

Intensive cattle treading causing pugging damage to soil

The effects of treading under field conditions on soil physical
properties, particularly macroporosity, are shown in
Table 3. These studies at high stocking rates, commonly in
wet conditions, cause considerable declines in pore space and
Ksat, even if grazed for relatively short intervals

Pasture yield and soil physical responses to soil compaction Australian Journal of Soil Research 241
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(Table 3). Surface roughness also increases with pugging
damage. Mean pugging depths of 35 and 43mm occurred for
medium and heavy pugging treatments, respectively, when
imposed in Victoria (Nie et al. 2001). Soil physical
condition can however recover from pugging damage, but
commonly takes many months or years (Drewry 2006).

Cattle treading increases bulk density. Mulholland and
Fullen (1991), for example, reported a 21% greater bulk
density on areas heavily trampled by cattle than on less
trampled areas. Increases in bulk density occurred with
successive grazing of wet soils in Victoria with ‘on-off’
grazing and subsurface drainage (Ward et al. 2003).
However, the study indicated that benefits of subsurface
drainage (i.e. reducing soil moisture quickly after rain) may
lead to some compaction as macropores were compressed
(Ward et al. 2003). The lack of compaction in undrained,
saturated treatments was likely to be a result of macropores
being full of water and resisting compression (Ward et al.
2003), a finding similar to several other studies
(e.g. Betteridge et al. 1999). Although drainage reduces the
risk and severity of poaching and pugging (Ward et al. 2003)
during moisture-excess winter and spring conditions, an
implication is that it may also increase the risk of
compaction occurring by reducing soil water content. This
can be seen in Fig. 1. Although drainage is perceived to be
most useful in wet years, Horne and Singleton (1997) showed
that drainage was more useful in average years than in
wet years.

Most of the early work on treading by Edmond and other
authors was agronomic in nature, and there were few soil
physical measurements, although Edmond (1958) associated
greater bulk densities with greater stocking rates. However,
the usefulness of bulk density as a measure of compaction
varied between trials and soil types. Gradwell (1968) showed
little change in bulk density but a large change in macroporosity
for treading trials, suggesting that macroporosity was a
more useful measure of soil compaction. Macroporosity is,
however, more time-consuming and expensive to measure
than bulk density.

Topsoil total porosity was demonstrated by Gradwell
(1960) not to be a reliable measure of the structural changes
most likely to affect plants. Large pores to 30mm depth
were reduced from 10% to 3% as a result of sheep grazing
in winter. Regeneration of free-draining pores took up to
2 months. Other studies are less clear, as Hamilton and
Horne (1988) showed that sheep treading in winter did not
significantly alter macroporosity between drained and
undrained plots, although there was considerable pasture
damage and poaching on undrained plots. However,
Hamilton and Horne (1988) noted that macroporosity
remained at ~10% before and after treading. Areas of heavy
trampling and poaching reduced infiltration rates by 98%
compared with less trampled areas and produced very dense
zones at 70–105mm (Mulholland and Fullen 1991). Similarly,
Singleton and Addison (1999) showed hydraulic
conductivity had decreased by 80% at 50–100mm in
previously pugged areas, compared with areas that were not
treaded. The importance of a balance between grazing duration
and stock exclusion was demonstrated by Clifton (2005) for

maintenance of soil physical structure in floodplain wetlands
in south-east Australia.

Treading management and soil compaction

Despite many studies on the effects of intensive pugging (e.g.
Table 3), there are fewer studies in intensive farming systems
evaluating the effects of treading causing compaction where
pugging/poaching damage does not occur. Declines in
macroporosity are shown in Table 4 for treading studies
where the extensive poaching/pugging damage does not
occur. Compared with studies described in the previous
section, these studies show a decline in macroporosity (and
other soil physical properties) even under farming conditions
that are much more likely to favour good soil ‘health’.

It is thought that soil compaction (from non-pugged grazing)
and recovery may occur in a cycle. The magnitude of
compaction and recovery for soils prone to damage is of
practical interest to farmers and researchers. The magnitude
of compaction during spring, and natural recovery of soil
physical properties during summer and autumn, were
quantified on a Pallic soil (Aeric Fragiaquept) intermittently
grazed during rotational grazing by dairy cows (Drewry et al.
2004b). Compaction of soil macropores, averaged over
3-year spring periods, is shown in Table 4. Many of the
soil physical properties at 0–50 and 50–100mm depth
also showed significant recovery over summer and autumn.
For many physical properties, recovery over winter was
much less than for summer and autumn (Drewry et al.
2004b). Possible reasons for increased recovery of physical
condition in summer and autumn in temperate
environments include increased cracking and activity of
soil fauna. For a review of natural recovery of physical
properties under pastoral systems, readers are referred
elsewhere (e.g. Drewry 2006).

Land use intensification via sheep grazing under trees
(i.e. silvopastures) can result in reduced air-filled pore
space compared with ungrazed areas (Sharrow 2007).
Sharrow (2007) suggested that woodland grazing occurs in
large areas of North America, but research on treading and
soil physical properties in these areas is needed. Land use
intensification via irrigation, by changing farm systems from
dryland sheep grazing to irrigated cattle grazing, reduced
macroporosity from 18% to 9%, respectively (Houlbrooke
et al. 2006). The authors noted however, that the change
in soil physical health on this Fragic Pallic soil (Aeric
Fragiaquept) had not significantly affected pasture yield over
the 2005/06 season, suggesting that soil quality had not
yet fallen below a critical level for production (Houlbrooke
et al. 2006). The studies of Houlbrooke et al. (2006) and
Drewry et al. (2000) indicate that some soils are more
compact than others and that soils under cattle grazing are
likely to be more compact than under sheep farming. However,
there is a need to define values of soil physical properties that
may limit pasture yield.

Pasture management in association with annual
cultivation is important in parts of South Africa. Kikuyu
(Pennisetum clandestinum) pastures, for example, become
dominant, so temperate annual ryegrass (Lolium multiflorum)
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or perennial ryegrass (Lolium perenne) pastures are often
sown annually to produce pasture growth during winter
rotational cattle grazing (Milne and Haynes 2004).
Cattle-grazed 15-year-old kikuyu pasture soil was shown
to be less compact than annually tilled and resown
ryegrass-based soil, from bulk density, aggregate stability,
and hydraulic conductivity (Milne and Haynes 2004).
Permanent pasture had greater organic carbon content than
annually tilled pastures.

While this review has focused on some unfavourable aspects
for soil structure following intensive grazing, we note that
converting land to developed pasture also produces some
counterbalancing benefits for soil structure and fertility
including increases in organic matter (e.g. Conant et al.
2001). The extent to which structure improvements may
occur is dependent on the degree of intensification,
especially the degree of pasture growth optimisation
including the extent of irrigation and fertilisation.

In summary, animal treading generally reduces pore space
and infiltration while increasing bulk density. The detrimental
effects of soil treading damage may last for many months
depending on circumstances. Although many studies have
investigated single intensive treading events at various
treading rates, often in wet winter conditions causing
poaching and pugging damage to soils, there are few studies
examining the effects of animal treading during other seasons,
when the soil is unlikely to have been damaged to the same
extent.

Simulated compaction and treading

Simulation studies of treading and compaction on plant yield
are discussed in this section, as such studies are useful to
minimise the direct plant damage during treading. In field
studies of the consequences of animal treading on pastoral
grazing systems, it is difficult to separate the direct effects of
plant burying, crushing, bruising, and injury from that of the
change in soil physical conditions. Simulated treading or
compaction in a controlled environment has been used to
attempt to minimise these effects.

Simulated treading on seedlings

Several studies have investigated the effects of simulated
compaction on seedlings. For example, pot trials with
repacked soil and perennial ryegrass (Lolium perenne)
seedlings determined that plant growth was reduced when
soil density was increased, which was associated with
reduced soil aeration (Gradwell 1965). Soil pores >60mm
were associated with optimum growth and were 6–10% of
soil volume, depending on the study. In another study,
Manawa ryegrass (Lolium multiflorum� perenne cv.
Manawa) and Ruanui ryegrass (Lolium perenne) seedlings
up to 65 days old were grown in repacked soil compacted
with a hydraulic press (Brown and Evans 1973). Herbage
yields were not significantly different between treatments,
but moderate compaction caused significant increases in
crown and root weights. Artificial hooves have also been
used in rangeland studies (Dadkhah and Gifford 1980), and

short-term seedling studies up to 85 days (Sun 1990), but were
confined to boxes or glasshouse pots. Resistance of
Bermudagrass (Cynodon dactylon) and perennial ryegrass
(Lolium perenne) to trampling was found to increase with
seedling age (Sun 1990).

Simulating treading and compaction

Gradwell (1974) developed a simulated compaction procedure
and used a penetrometer to test the susceptibility of several
soils to compaction, and concluded that soil resistance to
penetration was not a good indicator of the relative
abilities of soils to resist pugging, but the latter was better
predicted from the content of macropores remaining after
simulated trampling.

A reduction in macroporosity caused by treading, for 3 soil
types, was reported by Climo and Richardson (1984), but its
magnitude depended on texture, drainage status, and the soil
susceptibility to damage. The field site had been artificially
compacted using a steel rod apparatus to simulate
compaction. However, prior to compaction, the top 10mm of
soil had been removed to remove the vegetative cover. The
vegetative cover, though, is likely to be important and may offer
some protection to the soil structure from treading (Betteridge
et al. 1999). Protective vegetative cover was also shown by
Eldridge (1998) to be important. Simulated sheep trampling
under low moisture conditions on monolith lysimeters collected
from semi-arid grazing land increased erosion and bare ground
and resulted in the loss of protective microphytic (lichen and
moss) crusts (Eldridge 1998). Damage was mainly in the
surface few mm of soil (Eldridge 1998). However, in
rangelands, such micro-morphological changes have a major
effect on vegetation distribution and infiltration (Greene and
Ringrose-Voase 1994).

Simulated cattle-hoof treading (Di et al. 2001) can be
used to avoid direct damage to temperate climate ryegrass
pasture. Simulated treading, over a range of seasons, has
been used to determine perennial ryegrass (Lolium perenne
cv. Yatsyn 1) relative yield relationships with soil physical
condition (see later section) and impacts of several rates of
simulated treading (Drewry et al. 2001). By minimising
pugging damage to a Wakanui silt loam (Mollic
Haplaquept), the study demonstrated that total pasture yield
was reduced by a mean of 14% in the greatest simulated
treading density treatment, compared with untreaded
controls, during the 11 months of the trial. Macroporosity,
for example, was reduced at 0–50mm from 20.5% in the
untreaded treatment to 10.7% in the highest simulated
treading density treatment, and from 13% in the untreaded
treatment to 9.3% at 50–100mm in the highest simulated
treading density treatment (Drewry et al. 2001).

Of note is that simulated cattle-hoof treading is considered
an important tool to simulate actual cattle treading (Di et al.
2001), and thereby avoid likely natural rejuvenation of soil
physical properties after treading ceases following animal
exclusion (Drewry 2006). The cow-hoof treading simulator
has therefore been used to simulate cattle treading pressure
when walking (i.e. 220 kPa) in soil–pasture monolith lysimeters
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evaluating nutrient leaching and nitrous oxide emission in
order to maintain soil physical conditions as they would
occur under grazing (e.g. Di and Cameron 2002).

Red clover (Trifolium pratense) that was not treaded had
30% greater yield and the soil had 25% lower bulk density than
a plant–soil simulated treading treatment (Moore and Laidlaw
1980). Moore and Laidlaw (1980) concluded that the indirect
effect of soil compaction was as detrimental to red clover
growth as the direct effect of plant damage.

For simulated trampling under woodland in Italy,
Ferrero (1991) also demonstrated reduced perennial ryegrass
(Lolium perenne) growth compared with a non-trampled
control. Lolium perenne yield 80 days after sowing
decreased by 30%, but only in the most compacted plots,
and it was much less sensitive to compaction than
timothy (Phleum pratense) (Ferrero 1991). An average
yield reduction of 14% was demonstrated for Kentucky
bluegrass (Poa pratenis) and redtop (Agrostis stolonifera)
grasses by simulating cattle treading (Clary 1995), a similar
reduction to the perennial ryegrass yield reduction from
simulated cattle treading treatments of Drewry et al. (2001).
The primary compaction effect occurred during spring
(Clary 1995).

Simulated poaching and treading

In a study of simulated poaching, Edmond (1958) indicated
Manawa ryegrass (Lolium multiflorum� perenne) yields were
reduced by 27% on poached treatments compared with non-
poached. However, artificial compaction of poached treatments
3 weeks after poaching increased yields, possibly due to
breaking up the surface cap leading to increased
permeability and diffusion of air. Gradwell (1965) conducted
a pot trial with poached and non-poached treatments. Ryegrass
seedling weights were significantly greater in non-poached
compared with poached treatments, while the content of air
pores >60mm in the top 40mm of soil was 10.8% in the
non-poached and 2% in the poached treatment. Scholefield
and Hall (1985, 1986) developed a spring-mounted pivoting
penetrometer to simulate stresses exerted by a walking cow.
Deformation produced by the penetrometer was demonstrated
to be small and independent of water content on both sandy and
clay loams. However, they concluded that deep hoof prints
occur after a progressive loss of soil strength due to repeated
treading.

Simulated trampling detached 15–25% of blue grama
(Boureloua grucifis) and western wheatgrass (Agropyron
smifhii) plant material as a result of hoof action during a
1-month study (Abdel-Magid et al. 1987). Simulated
trampling was applied to small soil cores for 3moisture
regimes using a mould of a steer hoof (Abdel-Magid et al.
1987).

In summary, many studies have shown detrimental effects of
simulated compaction or treading on pasture seedling
production, but there appear to be few studies on mature
pasture yield responses, particularly in field situations, and
evaluating soil layers deeper than the surface. There is also a
need to examine physical properties in deeper soil layers, and to

establish relationships between pasture growth and the
compaction component, without the confounding effects of
animal grazing and soil pugging.

Soil physical properties and plant productivity: effects
and yield response curves

Effect of macroporosity and air-filled porosity on plant
productivity

Asmentioned in the Introduction, research for cropping systems
relating yield to soil compaction is also reviewed where
appropriate. There has been research for cropping systems
on the relationships between macroporosity and/or air-filled
porosity and plant growth. As discussed earlier above,
macroporosity and air-filled porosity can be considered as
equivalent terms. Although various measures of air-filled
pore space may vary with season and rainfall occurrence,
they nevertheless can be considered somewhat equivalent
if measured at standard matric potentials (Cameron and
Buchan 2006).

Macroporosity and air-filled porosity values of <10% are
often used to indicate limiting conditions for soil aeration and
plant health (Gradwell 1965; Grable 1971; Cannell 1977; Carter
1988; Lipiec and Hatano 2003). Grable (1971) reviewed the
effects of soil compaction on the content, composition, and
transmission of soil air, including air-filled porosity, air
permeability, and diffusivity of gases. Grable (1971)
indicated that diffusivity of gases was almost zero at ~10%
air-filled porosity. However, the critical level of air-filled
porosity could be as high as 20% even at shallow depths if
temperature and microbial activity are great. Similarly, the
critical air-filled porosity for crop root growth was shown to
be 14.5% (Hodgson andMacLeod 1989). At air-filled porosities
<14.5%, gas was not able to diffuse through the pores, and
was thought to be due to closed pores in the fine-textured
(Typic Pellustert) soil (Hodgson and MacLeod 1989). This
exceeds the previously accepted limit of 10% (Hodgson and
MacLeod 1989).

For British soils, estimates of minimum air-filled porosities
for adequate diffusion and crop growth are 10–12%
(Greenwood 1971, 1975; O’Connell 1975). Above these
values the oxygen content of the near-surface soil
atmosphere will be similar to that in air.

Carter (1988) indicated that macroporosity should be >14%
to maintain optimum air space for cereal growth. Carter (1988)
indicated that 8–10% macroporosity would maintain adequate
soil water permeability for cereal growth. Macropores were
defined in that study as >50mm diameter. However, optimum
macropore volumes depend on moisture content, as measured
by relative saturation, to prevent root rot in cereals (Carter and
Johnston 1989). At field moisture content near field capacity
(e.g. 27.5% kg/kg), a macropore volume of 15.5% was required
to achieve a relative saturation for adequate growth (Carter and
Johnston 1989).

The continuity of air-filled pores to the soil surface is likely
to be broken when air-filled pore space is less than about 10%,
but this value is affected by the arrangement and continuity of
pores (Cannell 1977). Gas transport through soil occurs either
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by mass flow or diffusion. Gas diffusion is an important process
(Stepniewski et al. 1994), although not commonly measured.
Diffusivity, for example, can be expressed as the relative
diffusion coefficient, D/Do, where Do is the coefficient of the
same gas in free atmosphere at the same conditions of
temperature and pressure (Stepniewski et al. 1994). The
relative diffusion coefficient is useful as it is insensitive to
pore diameter and can be used to derive indices of pore
continuity (Ball et al. 1991; Stepniewski et al. 1994). Ball
et al. (1987) concluded that relative diffusivity was useful to
determine the water potential and bulk density at which aeration
may limit plant growth.

A relationship between air-filled pore space and sugar beet
(Beta vulgaris) yield was shown by Erikson (1982).
Below 8–10% air-filled pore space, yield was considerably
reduced, but remained relatively constant from 10 to 23%
air-filled pore space (Erikson 1982). Graham et al. (1986)
indicated reduced wheat (Triticum aestivum cv. Avalon) root
growth in soil with 5% macroporosity, which may have been
related to reduced oxygen supply. Optimum and minimum
macroporosity and air-filled porosity values from the
literature are shown in Table 5. Optimum values correspond
to the greatest crop yield. Minimum or critical values generally
represent limiting conditions for crop growth. Grevers
and de Jong (1990) using image analysis also associated
greater pasture yield with greater macropore area and
length. Similar research is warranted to evaluate soil
physical relationships with yield in permanent non-pugged
pasture-grazing systems.

Effect of bulk density on plant productivity

Bulk density and penetration resistance have been shown to be
poor indicators of how compaction will influence crop growth
(Lindstrom and Voorhees 1994). However, the concept of
relative compaction is closely related to macroporosity and
crop yield (Carter 1990; Lindstrom and Voorhees 1994).
Relative compaction can be obtained by dividing the
measured bulk density by the maximum bulk density, such

as measured by the Proctor test. Carter (1990) established a
relationship between relative compaction and relative
grain yield of the cereals spring barley (Hordeum vulgare)
and spring wheat (Triticum aestivum) shown in Fig. 2.
A macroporosity range of 12–14% was identified by Carter
(1990) from the same study as adequate for soil aeration. This
macroporosity range corresponded to 83–86% relative
compaction. A range of 77.5–84% relative compaction was
associated with a relative grain yield of 95% or greater. There
were marked decreases in relative grain yield as relative
compaction exceeded 84%, corresponding to 13.5%
macroporosity (Carter 1990). Similar relative measures of
bulk density, such as ‘degree of compactness’, are useful for
representing critical mechanical impedance and air-filled
porosity as a function of the extent of compaction and
matric water potential (Lipiec and Hakansson 2000). Using
this concept rather than values of bulk density and porosity, the
critical values of penetration resistance at matric suctions in the
dry range and air-filled porosity in the wetter range were
demonstrated by Lipiec and Hakansson (2000) to be similar
between the cropped soils, irrespective of large differences in
texture, porosity, and water-holding properties. Similarly,
Braunack (1999) showed maximum sugarcane (Saccharum
officinarum) yield occurred at an optimum degree of
compactness of approximately 90%. Braunack (1999) noted
that this optimum degree of compactness differed from that of
barley, wheat, and other grasses. Yield was reduced at a degree
of compactness of 75–80% and >100%. A degree of
compactness value can be >100% in field trials because
maximum density is measured under standard conditions.
Evaluation of optimum measures of compactness is
therefore needed over a range of conditions for crops and
pastures.

The effects of soil compaction on root growth have
been reviewed by Unger and Kaspar (1994). They
indicated that compact zones with high bulk density may
restrict root penetration and radial growth of roots,
limit nutrient availability and aeration, increase water-
logging, and so may reduce yield. Compact layers may also

Table 5. Optimum and minimum macroporosity and air-filled porosity values for crop and pasture yield response

Reference Condition Macroporosity (%) Crop

Gradwell (1965) Optimum 6–10 Perennial ryegrass (Lolium perenne)
seedlings

Carter (1988) Optimum >14 Barley (Hordeum vulgare), wheat
(Triticum aestivum)

Carter (1990) Adequate 10–12 Barley (Hordeum vulgare), wheat
(Triticum aestivum)

Drewry and Paton (2000) 97% RY 11.5–11.7 Perennial ryegrass (Lolium perenne)
Drewry et al. (2001) Optimum 16–17 Perennial ryegrass (Lolium perenne)

Air-filled porosity (%)
Hodgson and MacLeod (1989) Minimum 14.5 Cotton (Gossypium hirsutum)
Grable (1971) Minimum 10 or more Various
Greenwood (1975) Minimum 10–12 Various
O’Connell (1975) Minimum 10 Various
Erikson (1982) Minimum 8–10 Sugar beet (Beta vulgaris)
Stepniewski et al. (1994) Lower limit 5–8 Maize (Zea mays)
Stepniewski et al. (1994) Upper limit 15–20 Maize (Zea mays)
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limit water infiltration and hence water storage. Reducing
the effects of previous compaction by ploughing resulted in
increased infiltration and water storage in cotton fields.
Ploughing also resulted in greater cotton (Gossypium
hirsutum) yields in dry years, but yields were not
affected in years with adequate rainfall. The long-term
influence of management on development of critical soil
properties that influence yield should be considered in
cropping systems.

There is considerable literature indicating negative
relationships between bulk density and crop yields (e.g.
Kayombo and Lal 1994). In pot trials, Stirzaker et al. (1996)
indicated that barley (Hordeum vulgare) shoot dry weight was
26% lower at 1.78Mg/m3 bulk density than at 1.64Mg/m3.
However, barley shoot dry weight was only 3% less at the high
bulk density when natural biopores existed from previous
ryegrass growth, allowing deeper root access. Stirzaker et al.
(1996) also found shoot yield of peas (Pisum sativum) was 75%,
and root length 57%, at 1.70Mg/m3, compared with their values
at an optimum bulk density of 1.47Mg/m3. Similarly, other
studies have shown negative linear growth relationships with
bulk density for shoot biomass (Mapfumo et al. 1998) and
maize (Zea mays) yield (Canarache et al. 1984). Mapfumo et al.
(1998) showed the most sensitive parameter for smooth
bromegrass (Bromus inermis) response to compaction, as
measured by bulk density, was shoot biomass.

Effect of soil structure and mechanical impedance
on plant productivity

The ability of the plant root to find space in which to grow or
force its way through the soil is an important factor limiting
plant growth. Although the percentage of fine roots is highly
variable (Boot and Mensink 1990), transmission pores are an
important pathway for many growing roots. Mechanical
impedance will inhibit root growth by reducing pores and
affects root elongation and soil aeration, but depends on soil
conditions, plant species, and the stage of plant development.
Glinski and Lipiec (1990) reviewed the literature, describing
reduced crop root growth with increased mechanical
impedance, some of which is summarised in Table 6, showing
considerable variation between crops and soils.

Ryegrass (Lolium perenne), browntop (Agrostis capillaris),
and white clover (Trifolium repens) seedlings grown for 23 days
in cylinders, repacked to penetration resistances of 0.25, 1.40,
and 2.30MPa, were studied by Cook et al. (1996). Shoot and
root dry weights were significantly reduced with increasing
penetration resistance, particularly in the 2.30MPa treatment.
Increased impedance also reduced root growth and length.
The ratio between roots and shoots remained constant as
impedance increased, implying some signalling that kept
root and shoot growth in synchrony (Cook et al. 1996).

Indirect effects of soil physical properties on plant
productivity

Soil physical properties can also indirectly affect plant
growth. For example, Letey (1985) described the effect of
bulk density, texture, and pore sizes on crop yield as being
an indirect effect. Their relationship with crop yield is through
their effect on water, aeration, oxygen supply, temperature,
and mechanical resistance. For example, reduced tomato
growth at high bulk density may be caused by restricted
oxygen supply, rather than just mechanical resistance.
Reduced aeration may also lead to anaerobic conditions,
affecting root growth through changes in respiration and
nutrient uptake (Cannell 1977). Letey (1985) also suggests
that the relationship between yield and soil physical
conditions depends on several variables including differing
plant species response, phases of growth, and interaction
with climate.

Climatic variations between growing seasons may mean that
crop response curves vary considerably (Boone 1986). For
example, in a dry location the optimum bulk density is
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Fig. 2. Relationship between relative compaction (%) and relative yield
(%) of cereals (adapted from Carter 1990).

Table 6. Soil mechanical impedance causing reduction in root growth (Glinski and Lipiec 1990)

Plant Degree of
reduction

Critical mechanical
impedance (MPa)

Soil texture

Maize (Zea mays) 50% 0.9–1.6 Sandy loam
Barley (Hordeum vulgare) 50% 1.3–3.7 Sandy clay loam
Cotton (Gossypium hirsutum) Stopped 2.5 Loam
Peas (Pisum sativum) Stopped 3 Clay
Oats (Avena sativa) Stopped 4.6–5.1 Silt
Maize (Zea mays) 50% 5 Loam
Italian ryegrass (Lolium multiflorum) Restricted 2–3.5 Various
Perennial ryegrass (Lolium perenne) 80% 8 Loam
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higher than for more humid regions, as water can be conserved
better in dry periods (McKyes 1989). The converse is true in wet
conditions, where moisture is more than adequate to support
plant growth and a loose structure aids drainage and prevents
water-logging. McKyes (1989) showed for corn (Zea mays)
grown in a clay soil that, in a wet year, the optimum bulk density
was 0.99Mg/m3, whereas in relatively dry years the optimum
density was about 1.13Mg/m3 (Fig. 3). Optimum soil density
values were larger in a sandy loam than a clay soil, due to the
greater natural density of the sandy loam (McKyes 1989).

Numerous studies have established approximate limiting
or optimum conditions for soil parameters including
macroporosity, air-filled porosity, bulk density, and
mechanical impedance. Research shows well-defined
relationships between crop yield and soil physical properties.
However, many of these studies relate to crops that may
have a different tolerance to soil physical conditions
compared with established pasture.

Effects of soil physical properties on ryegrass
pasture productivity

The effects of treading-induced compaction on ryegrass pasture
productivity are presented in this section. Earlier, we discussed
pasture productivity when treading-induced pugging damage to
soil occurred in wet conditions with high stocking rates. This
section presents results for non-pugged soil conditions which
are likely to occur in soil that is not as wet, and has lower
stocking rates than under conditions of greater risk of pugging.

Soil compaction and ryegrass pasture productivity
under non-treaded conditions

It has been suggested (Cannell 1977; Houlbrooke et al. 1997)
that bulk densities from 1.3 to 1.7Mg/m3 may limit root growth
and plant yield. Houlbrooke et al. (1997) grew ryegrass (Lolium

perenne) in pots containing volcanic soil in layers of varying
density. Herbage yields decreased by 50% (during 171 days) as
bulk density increased from 0.9 to 1.2Mg/m3, beneath the
germination depth. Houlbrooke et al. (1997) reported that
adverse effects on ryegrass root growth and yield occurred at
lower bulk densities (<1.3Mg/m3) in their study than is
commonly reported in the literature. However, air-filled
porosity was 17–38% in the treatments, so air-filled porosity
per se may not have been limiting to ryegrass growth.
Houlbrooke et al. (1997) concluded that adverse effects were
possibly due to the volcanic nature of the soil. It should be noted
that although bulk density >1.2Mg/m3 was considered compact
in this volcanic soil, such densities are commonly considered
non-compact in most mineral and sedimentary soils.

Perennial ryegrass (Lolium perenne) pasture in Scotland,
compacted by wheeled traffic, yielded 68% compared
with a zero compaction control (Douglas and Crawford
1991). Douglas and Crawford (1993) reported reduced
macroporosity, air permeability, and infiltration when
ryegrass pasture had been subjected to compaction by
wheeled or mechanical traffic. Yield reduction was
particularly severe when the volume of air-filled pores at
20–70mm was <4%, indicating poor aeration. Douglas
(1994) reviewed traffic-induced compaction in European
forage pasture. He concluded that productivity decline was
through deterioration in bulk density or air-filled porosity.
This is illustrated by the comparison of traffic systems in
Fig. 4, demonstrating yields of ryegrass (Lolium perenne)
were greatest when soil macropore volume was greatest.
Macropores in that study were defined as pores >195mm
diameter (Koppi et al. 1992).

In a field trial to evaluate effects of soil physical
characteristics on perennial ryegrass (Lolium perenne cv.
Yatsyn 1) yield, Drewry et al. (2001) used simulated cattle-
hoof treading (Di et al. 2001) to avoid direct damage to ryegrass
pasture. The study avoided any pugging and minimised pasture
damage common with grazing on a Pallic soil (Mollic
Haplaquept), commonly considered susceptible to treading
damage. Of the soil physical properties measured,
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macroporosity gave the strongest relationship with ryegrass
relative yield. There was a significant relationship between
relative pasture yield and macroporosity at 0–50mm depth,
with optimum macroporosity being 16–17% (Drewry et al.
2001; Fig. 5). The soil physical property–yield relationships in
that study were of a similar nature to some that have been
presented for crops (Negi et al. 1981; McKyes 1989; Carter
1990), with linear relationships having also been reported
(Pabin et al. 1991; Kayombo and Lal 1994). Some crop
response curves may undergo a ‘lateral shift’ (Fig. 3)
depending on wet or dry years or different textures
(Negi et al. 1981; McKyes 1989).

Soil compaction and ryegrass pasture productivity
under treading

This section discusses several studies to evaluate yield from
treading-induced compacted soil (i.e. avoiding soil pugging
damage), or where yield relationship curves are developed
when pugging does not occur.

Annual pasture yield was depressed by 7% for grazed
(48 cows/ha.day) v. non-grazed pasture treatments, on a Te
Kowhai silt loam (Typic Ochraqualf; Campbell 1966) in the
Waikato. However, treatment yield differences were not great
in any of the 3 years. Kelly (1985) showed similar reductions in
yield (Table 7), and declines in air-filled porosity (Table 4).

Several studies have demonstrated macroporosity or air-
filled porosity to be a good indicator of pasture yield (Grevers
and de Jong 1990; Drewry and Paton 2000). Drewry and Paton
(2000) indicated that various soils under cattle grazing had an
average macroporosity of about 8%, which was associated with
81% of maximum pasture yield. However, they indicated that
the relationship between yield and macroporosity varied
between soil types. Relationships between macroporosity and
pasture relative yield over 2 years indicated that at 97% relative
pasture yield, the average level of macroporosity (averaged
over 0–0.20m depth) in 3 silt loams (Typic Fragiaquept, Typic
and Aquic Dystrudepts) was 11.5–11.7%. Similarly, a
relationship was developed for second year results, where

macroporosity (averaged over 0–0.20m depth) was 10.8% at
97% relative pasture yield (Drewry and Paton 2000). Although
optimum or a critical macroporosity was not determined, a
relative pasture yield of 95–97% is commonly used for near
maximum relative yield, in pasture nutrient relationships
(Drewry and Paton 2000). Other details for the studies are
shown in Table 7.

Linear relationships between soil physical properties and
yield responses for 7 years of dairy grazing trials were
determined by Drewry et al. (2004a). Soil physical
properties at both 0–50 and 50–100mm depths showed
positive relationships with relative pasture yield in spring,
with the best fit being for macroporosity (Drewry et al.
2004a). The study showed macroporosities at 0–50 and
50–100mm were the most useful indicators for predicting
spring and summer/autumn pasture yields, but there were
no reliable physical indicators for annual pasture yield
(Drewry et al. 2004a). Although individual sites varied, the
most responsive relationship was for a Pallic soil (Aeric
Fragiaquept) site during year 1. Across all sites, at 0–50mm,
a unit (i.e. 1%) increase in macroporosity was associated with a
1.6% increase in spring relative yield. At 50–100mm, a unit
increase in macroporosity was associated with a 2.6% increase
in spring relative yield (Drewry et al. 2004a). There were also
negative response relationships for summer/autumn yield and
soil physical properties, possibly related to an improvement in
physical condition. Similarly, the response curves highlighted
in other sections demonstrate that at some parts of the yield
response function, responses can be negative.

Confounding influences in such examples help illustrate the
incomplete knowledge of factors influencing yield and soil
physical properties, and hence the need for further research.
A contributing factor to the results in the study of Drewry et al.
(2004a) is likely to have been the soil physical condition at the
Pallic soil site following a cycle of natural recovery during
summer/autumn, after compaction had occurred during
the wetter spring periods (Drewry et al. 2004b; Drewry
2006). It is likely that such soil recovery changes could
occur elsewhere, particularly when soil undergoes wetting
and drying cycles. This information would be beneficial to
provide more certainty in decision support tools or models of
pasture growth with soil physical conditions to better provide
economic evaluation of management strategies.

Tools and management of soil physical condition
and pasture yields on-farm

Information on pastoral yield responses to soil physical
condition would be beneficial to provide information for
decision support tools, or appropriate models to better
provide economic evaluation of management strategies such
as feed-pads or on-off grazing. In regions where dairy farming
is currently expanding (e.g. Monaghan et al. 2006), soil
management or farm system tools and yield response
information are required for land managers for improved
farm system cost–benefit analyses. Such tools will help land
managers balance unfavourable aspects with improvements in
organic matter and fertility that may occur through greater
farming inputs and development. In the small number of studies
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that have examined pastoral response relationships across a
wide range of soil physical properties, few have defined the
critical or optimal soil physical values associated with
maximum pasture yield. Information on soil physical values
associated with optimum pasture yield would add value when
integrated into tools for land managers to enable them to make
informed decisions about soil management.

Recent efforts to provide practical tools for farmer decision-
making relating to soil physical condition include a simple
penetrometer for on–off grazing for on-the-spot decisions
(Betteridge et al. 2003; Zegwaard 2006) and a simple ready-
reckoner (look-up chart) for grazing decisions (Betteridge et al.
2003). When, for example,�50% of soil indentations using the
penetrometer are �20mm depth, a grazing with 300 cows/ha
for 3 h is likely to result in pasture yield decline (Zegwaard
2006).

Tools for long-term soil quality monitoring range from
Visual Soil Assessment guides (Shepherd 2003), a Soil
Quality Management System for cropping soil systems
(Beare et al. 2003), to all-encompassing paddock or whole-
farm systems such as the Dairy Soil Management System (de
Klein et al. 2004). The last also contained recommendations for
monitoring soil quality indicators such as macroporosity. Such
systems are very useful for farmers and farm consultants to gain
knowledge of soil quality on-farm and include a wide range of
indicators. Alternatively, the combined effects of integrating
penetration resistance, macroporosity (air-filled porosity), and
matric potential could be further evaluated by the ‘least limiting
water range’ concept (e.g. Zou et al. 2000), which would be
useful in a research context for future soil physical treading
studies. Indeed, even in the extensive compaction-cropping
literature, Lipiec and Hatano (2003) concluded that there is
considerable potential to improve compaction and crop
modelling research by incorporating macroporosity as input
data to compaction models. Similarly, macroporosity, or readily
available alternative indicators, should be included in decision
support models for farm grazing systems.

Conclusions

Although the effects of soil pugging are commonly apparent,
the effects of compaction from treading causes a range of
undesirable effects which may not always be obvious.
Increased levels of compaction can lead to reductions in
crop and pasture yields, and are also associated with a
degradation of soil structure and physical properties. Animal
treading studies often show large reductions in pasture yield,
particularly when soil is pugged in wet conditions at high
stocking rates. Pasture productivity, when reduced by soil
compaction only, is depressed less than for soil conditions
where there is considerable surface deformation such as
pugging. It is difficult to separate the effects of direct plant
damage, pugging, and animal grazing from the indirect effects
of changes in soil physical properties. Attempts to overcome
these problems in pasture have been made in a limited number
of simulated compaction or simulated treading studies. Despite
response relationships between plant yield and soil physical
conditions having been derived for many crops, there are few
comparable relationships for grazed-pasture systems.

The review has shown that there is little information on the
effects of grazing animal treading on soil physical property
relationships with pastoral yield, when soil pugging and plant
damage are minimised. Many simulated trampling studies have
confined soil physical measurements to one surface soil layer.
Evaluation of soil physical properties at incremental depths
would improve our knowledge in treading studies. There is
some evidence that compaction and natural recovery occur in
acycle, but researchquantifying thiswithin the samefarmsystem
is limited. Finally, andmost importantly, knowledge of response
curve relationships and critical or optimum soil physical values
for grazing systems is required for improved soil management.
Several studies reviewed showedadequate plant growth required
minimumsoilair-filledporositiesormacroporositiesgreater than
the commonly accepted value of 10%. Soil physical and pasture
yield response relationships are needed to provide improved
practical and rigorously tested farm-system decision support
models and tools for land managers. These tools are
particularly important to enhance the ability to make
informed, long-term, and economically viable decisions for
management options to protect soil structure. Suitable soil
physical condition indicators, such as macroporosity, or
suitable surrogates should be included in future decision
support tools or models for grazing conditions, particularly for
farm systems.
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