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ABSTRACT

The measurement and prediction of pasture intake in extensive grazing systems, typical of northern
Australia, remain elusive after 50 years of research. The aim of this paper is to review research
conducted over the past 50 years, highlight advances in understanding, discuss remaining
challenges and consider future developments with digital technologies. While the fundamental
components of voluntary intake are well understood, their measurement is difficult, particularly
in extensive grazing systems, which has limited the development of predictive models that
adequately address the interplay of factors influencing intake from the bite to the landscape
scale. Ongoing research by the authors is used as an example to highlight the potential
application of digital technologies to overcome limitations in measurement and prediction.
Digital technologies offer the opportunity for monitoring factors that control voluntary pasture
intake at scale and under commercial conditions. However, our ability to ground-truth novel
indices of intake remains limited without ongoing development of physical methods. This will
limit the accuracy and precision of predictive models incorporating digital technologies that can
be applied to the extensive grazing conditions of northern Australia. The advent of precision
livestock management for extensive cattle production is essential if the industry is to remain
viable in the future where production is transparent, ethically sound and environmentally
defensible as well as profitable.

Keywords: Beef cattle, grazing behaviour, information technology, intake, modelling, pasture,
review, tropical.

Introduction

The critical importance of feed intake to animal performance and productivity has been 
known for centuries. Poppi (1996) summarised the state of research in the 1990s and 
concluded that prediction equations would continue to improve as larger datasets were 
amassed, statistical methods improve, and rapid methods of characterisation would 
evolve. Yet despite decades of research, it is still challenging to measure or predict the 
intake of pastures by grazing animals. Methods such as use of oesophageally cannulated 
animals to estimate diet quality, coupled with indigestible markers or total faecal 
collection are laborious and time consuming, while before and after grazing measurement 
to estimate disappearance constrain the grazing environment (Penning 2004). In this 
review, the advances in our understanding of the control of pasture intake are discussed 
with particular reference to the extensive grazing systems of northern Australia. While 
our knowledge has increased, the ability to directly measure or predict pasture intake 
remains elusive. The advent of digital technologies may offer new opportunities to observe 
in detail the sward, the animal, and its behaviour for research and under commercial 
conditions, and use these observations to improve intake measurement and prediction. 

Foraging theory

Foraging theory can be simply described as the drive for an individual to meet its nutrient 
requirements to survive and reproduce. This involves balancing the need to maximise the 

https://orcid.org/0000-0002-4189-1861
https://orcid.org/0000-0001-6653-2315
mailto:ed.charmley@csiro.au
https://doi.org/10.1071/AN23045
https://creativecommons.org/licenses/by/4.0/
https://www.publish.csiro.au/an
https://www.publish.csiro.au/
https://doi.org/10.1071/AN23045


E. Charmley et al. Animal Production Science

supply and balance of nutrients, while expending the least 
amount of energy, with the need to avoid becoming nutrients 
for animals higher up the food chain (Owen-Smith et al. 
2010). While this is a rather simplistic description, it serves 
as a good starting place in understanding how this theory 
has relevance for domestic cattle in extensive grazing conditions. 
In the domestic context, humans have become the dominant 
predator, but we aim to improve on nature by minimising 
other predators, enhancing the feed supply,  and improving  
the fitness of the species in a particular environment. 

Tropical pasture intake is primarily influenced by two 
factors, the rate of disappearance of material from the 
reticulorumen (hereafter termed the rumen), which can be 
characterised as potential intake (PISC 2007), and the 
presentation of nutrients in the grazing environment that 
influences the actual intake (Coleman 2005). Under intensive 
cattle production, where feed availability is controlled by 
management, dry-matter (DM) intakes can exceed 3% of 
liveweight (LW), with energy-dense feed producing gains of 
over 2.5 kg/day in growing cattle and feed efficiency in 
terms of the ratio of DM intake to unit LW gain of less than 
6:1 (NASEM 2016). However, for the grazing ruminant, the 
animal exploits a more natural fibre-based diet, which, 
without the intermediary step of enteric digestion, would 
not play a role in the human food chain. Therefore, we 
accept lower and more variable performance and efficiencies. 
Nevertheless, within the constraints of the system, under-
standing the controlling factors of intake and how to manipulate 
these for optimum performance is still important. 

Why is pasture intake important?

Feed is the single largest variable cost in ruminant production 
systems (Webster 2013; Greenwood and Bell 2014). The 
efficient conversion of feed into animal product therefore 
underpins the economics and productivity of ruminant livestock 
systems. Yet, for grazing cattle, that constitute about 95% of 
the Australian beef herd, feed efficiency cannot be calculated 
as we remain unable to measure or accurately predict pasture 
intake, especially in the extensive grazing lands of northern 
Australia. The advent of genomics and marker-assisted 
selection has revolutionised cattle improvement (Hayes et al. 
2013). It can be argued that the advances in ruminant nutrition 
have not kept up with the advances in genetic improvement. 
The heyday of ruminant nutrition in the 1970s and 1980s saw 
major advances in the understanding of ruminant nutrition on 
pastures and the factors that control pasture intake and 
efficiency. But this level of endeavour was not sustained. 
The recent development of residual feed intake (RFI), the 
difference between observed and expected feed intake to 
attain a given LW gain has led to renewed research inves-
tigating the underlying factors controlling intake and growth 
of ruminants (Herd and Arthur 2009; Kenny et al. 2018). 

While RFI does not tell us much about the control of 
pasture intake, research into the mechanisms contributing 
to RFI have highlighted differences in maintenance require-
ments, digestibility and efficiency of utilisation of energy for 
gain among individuals and among breeds (Cantalapiedra-Hijar 
et al. 2018). Selection for improved growth rate or feed 
efficiency in livestock has contributed to the development 
of more efficient genetics (Hammond 2006). The following 
question remains: does selection under confinement feeding 
reflect efficiency under grazing conditions? Constraints to 
intake such as potential intake rate, chemical and physical 
properties of forage, the ability of animals to select higher-
quality material through selective gazing, and environmental 
factors such as climate, topography and access to water, create 
a much more complex model of intake than do confinement 
feeding conditions (Weston 2002). Herd et al. (2002)  suggested 
that there was a positive genetic correlation between feedlot 
and pasture RFI. However, there is also evidence that RFI 
measured under confinement feeding does not correlate well 
with RFI measured on pasture (Lawrence et al. 2013; Oliveira 
et al. 2018). 

It can be argued that the feeding standards developed in 
temperate climates 40 plus years ago are not applicable to 
the tropical cattle or today. The ability to select for ‘grazing-
efficiency’ traits must be included in breeding programs of the 
future. 

The management of pastures to ensure optimum quantity 
and quality of the feedbase is constrained when the rate and 
composition of biomass removal by cattle is unknown. Today 
pasture is considered to be more than a feedbase. It also 
protects the soil from erosion (Ash et al. 1995; O’Reagain and 
Scanlan 2013), contributes to carbon storage in soils (Boval 
and Dixon 2012) and provides habitat for a plethora of 
animals and plants that have intrinsic value (Kutt et al. 2012). 
The relationship of pasture biomass with these factors (soil 
erosion, carbon storage and biodiversity) has not changed 
over time, but societal attitudes, and hence the importance 
placed on these factors, have. More than ever, our ability to 
control grazing to maintain a healthy pasture ecosystem is 
critical to both the economic and environmental drivers of 
the industry (Chilcott et al. 2020; Bell and Sangster 2023). 

The contribution of grazing ruminants in northern 
Australia to increases in atmospheric methane, and hence 
their contribution to global warming, is significant and linked 
directly to DM intake (Charmley et al. 2016). Poor diet quality 
limits DM intake, reduces LW gain and weaning rate and 
results in high methane per unit of product (methane 
intensity; Harrison et al. 2015). Nevertehless, the contribution 
of soils and trees to carbon storage in eucalypt woodlands of 
the north counteract livestock emissions (Bray et al. 2014). 

Major advances in productivity in intensive crop and 
livestock systems have arisen through precision management 
of the individual plant or animal throughout the production 
cycle. Efficient use of nutrients (crops) or feed (animals) is 
central to optimising the production system. In contrast, for 
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tropical forages). The authors suggested separate relation-
ships of tropical and temperate forages, as follows: 

OMItropical = −30.5 + 0.89OMD 

OMItemperate = 8.6 + 0.26OMD 

where OMI is OM intake in g/kg BW and OMD is OM 
digestibility as a percentage. This suggestion that the 
relationship between digestibility of tropical or temperate 
forages and intake differs has been explored further (Freer 
1981; Minson 1981a). Minson (1981a) concluded that at 
any given digestibility, the intake of tropical forages may 
be as much as 20% higher than that of temperate forages. 
However, the source of the data used was not cited and was 
represented by a graph with just seven points (reproduced 
here as Fig. 1a). It could equally be argued that a single 
line representing both tropical and temperate forages was 
just as applicable. Indeed, when data also presented in Minson 
(1981a) and representing different tropical and temperate 

extensive grazing systems, only a few indices (e.g. weight, 
weaning rate/weight, deaths) are measured at the herd 
level across seasons. The challenge of precision livestock 
management under the extensive production systems of 
northern Australia is daunting but essential if the industry 
is to remain viable in a world where social licence to operate 
and access to markets insist that we manage our cattle with 
precision and sustainability. Central to this is the measure-
ment or accurate prediction of pasture intake and feed 
efficiency. The adoption of new technologies in intensive 
agriculture have led to improvements in efficiency (e.g. 
Berckmans 2014). The opportunity exists for the pastoral 
industry of northern Australia to also benefit from these 
advances. 

Factors influencing intake

Pasture quality

Tropical forages are noted for their poor nutritive value 
relative to temperate forages. In part this is attributed to 
rapid maturation after summer rains, leading to increases in 
the fibre fraction, and particularly lignin, and concomitant 
reductions in N content (Minson 1981a, 1981b; Poppi and 
McLennan 2010). Course fibrous feed compromises the ability 
of cellulolytic bacteria to degrade structural carbohydrates, 
leading to reduced digestibility (Minson 1981b) and low 
rate of passage from the rumen (Forbes 2003). The rate of 
passage is directly related to intake and this is controlled 
primarily by the neutral detergent fibre (NDF) content of 
the diet (Mertens 1987). The close association between the 
NDF, apparent digestibility and DM intake (DMI) is well 
understood for mixed diets (NASEM 2016). For pasture-based 
diets, the plant species (C3 versus C4, grass versus legume) can 
have modifying effects on rate of passage and the relationship 
between NDF, digestibility and intake (Krizsan et al. 2010). 

The importance of digestibility in the control of tropical 
pasture intake has been established for decades. For example, 
Topps (1969) presented data showing the characteristic 
increase in organic-matter (OM) intake as OM digestibility 
increased in steers of varying bodyweight (BW) grazing veld 
grasses. However, even in that early study, the author noted 
that ‘It would seem that the relationship between intake and 
digestibility for subtropical grasses is not so close as that 
proposed by Blaxter et al. (1961) for temperate roughages’ 
(Topps 1969, p. 253). Nevertheless, numerous papers 
since then have demonstrated that digestibility of tropical 
forages is central to regulating intake. Within experiments, 
numerous equations have described this relationship (Hodgson 
et al. 1977; Coleman et al. 2014). Hodgson et al. (1977) 
summarised several early papers that suggested that the 
intake response to increasing digestibility was less above an 
OM digestibility of 60% (predominantly temperate forages), 
than it was below 60% OM digestibility (predominantly 

Fig. 1. The relationship from Minson (1981a) supporting the view
that (a) intake of tropical forages is 20% higher than that of
temperate forages of similar digestibility and (b) the relationship
derived from table 8.1 in the same paper. Red squares denote
tropical forages, blue circles temperate forages.
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grass species are depicted graphically (Fig. 1b) a single 
relationship is apparent. We therefore question the notion 
that tropical forages have a higher intake than do temperate 
forages at the same digestibility. This is important because the 
higher intake for tropical grasses has been incorporated into 
the PISC (2007) equation for the determination of intake of 
tropical forages (PISC 2007). This model has been widely 
used as the basis for estimating intake of tropical pastures 
by researchers and extension specialists (McLennan 2014). 
Minson (1981a) postulated sound morphological reasons why 
higher intake of a tropical (C4) grass compared with a temperate 
(C3) grass of similar digestibility might be expected. He 
pointed out that at 60% digestibility, a tropical grass is still 
vegetative while a temperate grass is reproductive. Differences 
between C3- and C4-dominated pastures in spatial distri-
bution, forage structure, feed-component selectivity, rumen 
breakdown and rate of passage are all factors that potentially 
confound relationships between digestibility and intake 
between tropical and temperate pastures. 

At equal NDF, intake of temperate legumes is approxi-
mately 20% higher than that of grasses (Freer and Jones 
1984). Thornton and Minson (1973) compared eight grasses 
and six legumes and confirmed that intake of legumes was 
28% higher than that of grasses in sheep, due to shorter 
retention time in the rumen. There are limited data on the 
relative intake of tropical grasses and legumes. Typically, 
when legume content of tropical grass-based diets is increased, 
there is both a legume effect and a diet-quality effect, which 
cannot be separated (Stifkens et al. 2022). However, 
Archimède et al. (2011) conducted a meta-analysis of data, 
comparing 28 tropical C4 grasses with 12 tropical legumes. 
Across all diets, legumes were lower in NDF, higher in crude 
protein (CP), but not higher in intake (Table 1). However, 
OMD was much lower for legumes (48%) than grasses 
(62%), which biased the data. Consequently, intake relative 
to OMD was 35% higher for tropical legumes than for C4 

grasses. One explanation for this is that lignification 
reduced fibre digestibility of legumes but did not have as 
marked an effect on intake. Indeed, the disparity between 
tropical legumes and C4 grasses in OMI relative to NDF was 
much less (20%) than in OMI relative to OMD (Archimède 
et al. 2011). 

Research by Poppi et al. (1981) demonstrated that intake of 
leaf was higher than that of stem in C4 grasses, even though 

both were of similar NDF content and digestibility. A 
similar observation was made for the tropical legume Lablab 
purpureus by Hendricksen et al. (1981). Both authors 
attributed this to the faster comminution of leaf than stem 
particles during rumination, allowing for earlier escape from 
the rumen via the reticulo-omasal orifice. 

Low nutritive value of tropical pastures, especially in the 
dry season, can be offset to some degree by selective grazing 
for higher-quality components of the pasture (Topps 1968; 
Thomas et al. 2010). Fig. 2 shows results over a 12-month 
grazing trial at Lansdown Research Station in northern 
Queensland (19°39 0S, 146°50 0E; E Charmley, P McSweeney, 
P Greenwood, S Denman, G Bishop-Hurley, unpubl. data). 
Samples of the standing herbage, harvested at 50 mm above 
ground level were analysed for CP by using near-infrared 
(NIR) spectroscopy (Coates and Dixon 2011) and compared 
with CP measured by NIR in faecal samples. Dietary CP content 
was consistently higher than pasture CP (Fig. 2a), especially 
when pasture CP content was low (Fig. 2b), indicating that 
selectivity is influenced by change in diet quality. 

Nitrogen is essential to provide the building blocks for 
microbial growth. According to PISC (2007), optimum microbial 
protein synthesis of 130 g/kg digestible OM (DOM) can be 
achieved when N supply is above 30 g/kg DOM. Below this 
concentration, N availability in the diet limits the growth of 
rumen microbes, slows rate of DM degradability, rate of 
passage from the rumen, and hence intake (Lazzarini et al. 
2009). Supplementation of with N up to approximately 
1.3% DM (Batista et al. 2017) increases microbial protein 
synthesis, which can be accompanied by increased rate of 
passage and intake (Hunter and Siebert 1985; McLennan 
et al. 2017). However, Panjaitan et al. (2010) demonstrated 
that the relationship between forage CP content and 
efficiency of microbial protein synthesis is not simple, with 
different responses being observed between tropical grasses 
of similar NDF. This was possibly related to the interactions 
among varying values of N, lignin and digestibility among 
species. In low-N diets, if N content per se elicits an additional 
influence on intake over and above digestibility, then a 
curvilinear or broken-stick response on intake to N would 
be expected. In some datasets, this is apparent (e.g. Hunter 
and Siebert 1987) but in others it is not. Fig. 3 summarises 
data from six trials with tropical grasses. It shows the change 
in OM intake of tropical grasses in relation to increased N 

Table 1. Selected results from Archimède et al. (2011) describing the chemical composition of tropical grasses and legumes.

Item Tropical grasses (n = 28) Tropical legumes (n = 12)

Mean ± s.d. Minimum Maximum Mean ± s.d. Minimum Maximum

NDF (% DM) 65 ± 9.8 41 75 57 ± 9.9 44 69

CP (% DM) 11 ± 6.3 2.4 25 16 ± 5.7 9.3 24

OMI (% LW) 1.77 ± 7.0 0.74 3.10 1.86 ± 4.6 0.73 2.52

OM digestibility (%) 62 ± 0.57 51 71 48 ± 0.53 42 57
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Fig. 3. The relationship betweenN content of the diet andOM intake
(OMI) for a range of tropical forages. The arrow indicates approximate
N content range at which the N effect on intake would be nullified
(Siebert and Hunter 1977; Poppi and McLennan 1995; Panjaitan et al.
2010; Kennedy and Charmley 2012; Batista et al. 2017; McLennan
et al. 2017).

(Varva and Ganskopp 1998; Roguet et al. 1998). Nutritional 
optimisation is but one of several factors that influence 
intake. Other factors include environmental (paddock size, 
distance to water, shelter, predators; Hunt et al. 2007), animal 
(breed, genetics, social hierarchy within the group, cognitive 
ability; Roguet et al. 1998) and sward (Benvenutti et al. 2009) 

Fig. 2. Effect of season (a) on pasture (blue circles) and diet (red
squares) crude protein concentration measured using NIR and (b) on
diet crude protein compared with pasture crude protein (blue circles),
measured at varying times over 12months in 2021. Data fromCharmley
et al. (unpubl. data).

content. Over a three-fold range in N content, which covers 
the expected point at which N limitations on microbial 
protein synthesis would cease, there was no evidence of 
curvilinearity or a break point in slopes. For practical purposes, 
it appears that the digestibility effect on intake is so large that it 
effectively masks the nuances around supply of N for microbial 
protein synthesis to promote intake. 

Pasture availability (relative intake)

The adequate supply of pasture and the conditions under 
which that supply is presented have major implications for 
voluntary intake under extensive grazing systems of northern 
Australia. Despite a large amount of research into the ecolog-
ical and grazing aspects of foraging theory, there is little 
information on how these influence pasture intake. This section 
will consider the factors that influence intake, and how they 
may affect the ability to measure or estimate intake under 
such conditions. 

The relationship between the grazing animal and the sward 
is complex and defined across spatial and temporal scales 

factors. Roguet et al. (1998) identified four spatiotemporal 
scales of grazing behaviour, namely, bite, feeding site, feeding 
station and habitat. Pasture intake is influenced by variables 
at each scale. 

Cumulative intake over a period such as a day is the 
product of the number and mass of individual bites. Extensive 
research has demonstrated that bite mass is strongly influ-
enced by diet quality as defined by digestibility, fibre content 
or leaf:stem ratio. Early research with the tropical grass 
Setaria sphacelata by Chacon and Stobbs (1976) elegantly 
demonstrated that cattle graze in horizons, with the upper-
most horizon grazed first, comprising mostly leaf. As grazing 
continues and the upper horizon becomes depleted, cattle 
graze proportionally more of lower horizons that have a 
higher proportion of stem and less leaf. Bite mass declines 
as biomass is progressively removed from the sward, forcing 
cattle to graze in lower horizons with more stem and less leaf. 
Cattle initially compensate by increasing bite rate and grazing 
time. However, ultimately bite rate and grazing time decrease 
and pasture intake declines. It is not a reduction in nutritive 
value per se that reduces intake but the avoidance of stem in 
the bite and the effect of this on bite mass. 

At this micro-scale, the potential effect of these morpholog-
ical differences in grasses on voluntary intake is difficult to 
assess. Da Silva et al. (2013) used individual grazing paddocks 
to overcome this issue (Table 2). Grazing pressure in swards of 
Bothriochloa brizantha was manipulated to maintain the grass 
at four sward heights (100, 200, 300, and 400 mm) over 
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Table 2. Selected results from Da Silva et al. (2013), showing the
relationship among sward height, grazing behaviour, pasture intake
and animal performance.

Item Sward height (mm)

100 200 300 400

Stocking rate (AU/plot) 4.1 3.1 2.1 1.1

Grazing days (n/plot) 178 116 82 51

Bite mass (g/bite) 0.5 0.8 1.2 1.5

Bite rate (bites/minute) 46 30 24 18

Crude protein (% DM) 14 13 12 11

In vitro OM digestibility (%) 67 66 63 62

DMI (% LW) 1.3 1.8 1.8 2.0

LW gain (kg/day) 0.19 0.51 0.75 0.93

almost a year. As noted nearly 40 years previously (Chacon 
and Stobbs 1976), bite mass was highest and bite rate lowest 
at the highest sward height. However, this study also demo-
nstrated that sward height also influenced pasture intake, 
LW gain and diet quality (Table 2). An inevitable consequence 
of the design was the large differences in stocking rates. Thus, 
there was clear relationship among stocking rate, grazing 
behaviour at the bite scale, intake and LW gain. In agreement 
with Chacon and Stobbs (1976), diet quality as determined 
from CP and OMD was less important than was sward height. 

A similar, but short-term experiment was conducted by 
Benvenutti et al. (2016) with sward heights of 330, 440 
and 610 mm. For the three grazing-height treatments, there 
was a clear break point when residual sward height was approxi-
mately 100 mm, at which digestibility, intake and rumination 
time all declined. Thus, cattle can compensate for increased 
stemminess and reduced sward height, up to a point, but 
eventually intake will be affected. 

The preceding experiments (Chacon and Stobbs 1976; 
Da Silva et al. 2013; Benvenutti et al. 2016) all demonstrate 
a relationship between sward biomass/height and bite 
mass/rate that appears to be related to the leaf:stem ratio 
in the grazing horizon. Consequently, pasture intake is 
reduced through the presence of stemmy material in the 
grazing horizon slowing the prehension of feed, which may 
or may not be accompanied by a concomitant reduction in 
digestibility, potentially further contributing to reduced intake. 

A feeding station is defined as the sward surface accessible 
to the animal without moving its forefeet (Roguet et al. 1998). 
Depending on the nature of the sward and climatic and 
edaphic variables, they may be close together or further apart, 
but groups of stations comprise a feeding site, which in a 
grazing context is often defined as a patch or uniform area 
differentiated from surrounding areas due to its nature and 
appearance (MacArthur and Pianka 1966). From a grazing 
efficiency perspective, the biomass and quality within a 
station are important. Abundant leafy grass will result in larger 
bite mass, than does either lower biomass (Da Silva et al. 2013) 

or high biomass of stemmy material (Gregorini et al. 2011). 
Gregorini et al. (2011) examined in detail the relationship 
between grazing behaviour at the station and site level, by 
using short-term observations of rumen-evacuated cattle offered 
swards of low, medium and high sward height/biomass. They 
noted that as sward height was reduced, intake per feeding 
station declined, steps per minute and eating distance 
increased, the area grazed increased, bite rate increased, but 
bites per feeding station declined. In simple terms, cattle spent 
more time looking for grass, as the availability per feeding 
station was reduced. Cattle were optimising their energy 
budget by visiting more feeding stations but taking fewer and 
shallower bites at each station. Clearly, these observations are 
relevant in northern grazing systems. This view is supported 
by Stobbs (1970), who reported that time spent grazing 
tropical grasses was 550 versus 360 min per day in more 
homogenous temperate pastures. Hunt et al. (2007) suggested 
that animals seek out grazing stations low in biomass but high 
in quality. The proximity of stations within a patch, and the 
proximity and size of patches will have important implications 
on the cumulative DM intake, with many smaller bites reducing 
intake rate compared with fewer larger bites (Da Silva et al. 
2013). 

In northern Australian grazing conditions, cattle may have 
to walk considerable distances between patches and water 
points and have marked preference for certain patches within 
a landscape. McGavin et al. (2018) used GPS to relate daily 
distances walked to paddock size. At a GPS fix rate of 10 s, 
daily distance travelled increased rapidly as paddock size 
increased to approximately 50 ha, but thereafter paddock size 
had little influence on distance travelled, which reached a 
plateau at approximately 15 km/day. Hunt et al. (2007) 
demonstrated how cattle utilise patches within large paddocks 
(9–57 km2) by using GPS tracking. Within the landscape, cattle 
spent more time close to waterpoints and other attractants in 
the landscape. Within these large areas, cattle will establish 
home ranges (Hunt et al. 2007). These show some elasticity 
with paddock size (Hunt et al. 2007), topography (Bailey 
et al. 2006), and familiarity (Tomkins and O’Reagain 2007). 
Hunt et al. (2007) found that home ranges vary, occupying a 
higher proportion of small paddocks than larger paddocks, 
consistent with there being a maximum distance travelled 
limiting the area an animal can access in a day (McGavin 
et al. 2018). Patches within home ranges become over-
grazed due to their proximity to attractants in the landscape. 
The preference to spend more time close to attractants in the 
landscape leads to biomass contours, with low biomass close 
to attractants and increasing biomass further away from 
attractants. This piosphere effect has been associated with 
larger paddocks (Manthey and Peper 2010; Frank et al. 2012) 
and contributes to poor overall pasture utilisation of ~10% 
standing biomass (Hunt et al. 2007). Coleman (2005), citing 
Raeburn (1986), demonstrated the concept of relative intake 
in relation to the maximum intake expected for that class of 
animal on that quality of pasture. Relative intake was attributed 
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to biomass availability and stocking rate (Fritz and 
Garine-Wichatitsky 1996). Intake increases rapidly to approxi-
mately 90% of maximum when pasture biomass is approximately 
2–3 t DM/ha. Under extensive, tropical conditions, it is the 
patch or home-range biomass that is critical, rather than 
the whole paddock, and at this scale there is a lack of 
evidence to support a threshold biomass at which relative 
intake approaches potential intake. 

The highly seasonal nature of diet nutritive value in 
northern Australia causes fluctuations in the plane of nutrition 
that results in compensatory gain. Cattle transitioning from a 
low plane of nutrition to a higher one, such as after the 
transition from the dry to the wet season (break of season), 
typically exhibit higher than expected rates of LW gain (e.g. 
Tomkins et al. 2006; Silva et al. 2022). This compensatory 
growth has been attributed to increased lean tissue (protein 
plus associated water) deposition (Berge 1991; Mota et al. 
2020), increased proportional digestive tract weight as well 
as a lower proportional maintenance requirement (Berge 
1991). Thus, for a given level of DM intake, cattle will exhibit 
increased LW gain. In addition, cattle transitioning from a 
restricted plane of nutrition frequently exhibit increased 
appetite, with increases in DM intake being considered to 
average 10–20% (Berge 1991). The changes in feed conversion 
and intake associated with compensatory growth therefore 
influence the relationships between intake and both diet 
nutritive value and LW gain. Estimations of DMI rely on 
one or both of these variables depending on the estimation 
method chosen. Thus, in the wet season, DMI would be 
routinely underestimated to a varying extent and compen-
satory gain should be accounted for when attempting to 
predict or estimate wet-season pasture DM intake. However, 
this is not the case and represents a deficiency in the accurate 
prediction of DMI. 

Lower maintenance requirements for Brahmans have been 
confirmed with the view that they result from a lower fasting 
heat production (Vercoe 1970; Chizzotti et al. 2007; Cadenas-
Soberanis et al. 2021). Given that there are differences in 
metabolism between taurine and indicine cattle, presumably 
as an adaption to their original environments, it follows that 
there may be differences in voluntary intake. Research suggests 
that if there are differences, they are small and inconsistent. 
Hunter and Siebert (1985, 1987) compared voluntary intake 
of Herefords or Angus steers with Brahman steers. Over 12 
treatment comparisons, they observed a 5% higher intake 
in Brahmans than the British breeds, but this was attributed 
to one result with young cattle, and when these data were 
removed, there was no difference. Azevêdo et al. (2010), 
with feedlot diets, found the opposite response when gain 
was above 1.4 kg/day, with Bos indicus × Bos taurus cross-
cattle having a higher intake than did B. indicus cattle. For 
slower-growing cattle, given less energy-dense diets, both 
breed types exhibited the same voluntary intake. It can be 
concluded that although there are metabolic differences 

between the two subspecies, voluntary intake of forage-based 
diets is essentially the same. 

Methods of pasture intake measurement

Several reviews (Coleman 2005; Decruyenaere et al. 2009; 
Smith et al. 2021) and the book Pasture Intake Handbook 
(Penning 2004) cover the various methods of pasture-intake 
measurement and developments over the years. The classical 
method of sampling oesophageal extrusa to determine diet 
digestibility coupled with total collection of faeces has 
evolved into less invasive methods (Penning 2004). The dosing 
or release of in-rumen capsules of inert markers such as 
chromic oxide or even chain alkanes allows for estimation 
of faecal output, which, when combined with faecal NIR 
estimates of diet digestibility, represents a less invasive 
option to the total collection method (Dove and Mayes 1991). 
Administration of markers is problematic as attaining a 
steady-state concentration in the rumen and, hence, faeces 
is influenced by dosing frequency or variable release rates 
from in-rumen capsules. While inert markers present in the 
diet have been studied, such as acid-insoluble ash or lignin, 
the question of how inert they really are remains (Sales 2012). 
The alternative approach of measuring the disappearance of 
DM from a grazed sward can also be used (Greenwood 
et al. 2014). Methods to measure before- and after-grazing 
biomass, the comparison of biomass in and outside exclusion 
cages and measurement of sward height have all been used 
with varying degrees of success. Given the shortcomings of 
physical methods and the cost, labour and invasiveness of 
these methods, prediction equations remain the best option 
for on-farm application. 

Review of empirical equations

The equation for prediction of pasture intake published in 
PISC (2007) is the most widely used in Australia. Although 
developed for temperate regions, factors can be included to 
account for potential differences between C3 (temperate) 
and C4 (tropical) grasses. The DMI predictions from this 
(PISC 2007) and other equations (Hodgson et al. 1977; 
Siebert and Hunter 1977; Minson and McDonald 1987; 
Azevêdo et al. 2010; Coleman et al. 2014; Fernandes et al. 2022; 
Table 3) were tested against papers with observed measures of 
intake from tropical forages. Five papers (Kloppenburg et al. 
1995; Boval et al. 2007; Krueger et al. 2008; Madruga et al. 
2017; Velazco et al. 2017) with observed measures of intake 
using 14 comparisons that included LW gain data were used to 
evaluate the equations requiring LW gain. Two additional 
papers (Ash and McIvor 1998; Andrade et al. 2016) with 
observed measures of intake contributing 17 additional 
comparisons were used to evaluate equations that required 
data only on diet quality. 
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Table 3. Description of inputs required for the equations used to
estimate voluntary intake.

Source Equation inputs required

Equations based on animal and diet characteristics

PISC (2007) LW, birth weight, age, digestibility,
legume content, C3:C4

Coleman et al. (2014) LW, OMD

Equations based on LW and LW change

Minson and McDonald (1987) LW, LWG

Azevêdo et al. (2010)A LW, LWG

Fernandes et al. (2022)B LW, LWG

Equations based on digestibility or N content

Hodgson et al. (1977) OMD

Siebert and Hunter (1977) N

AEquation for Nellore cattle (Bos indicus).
BModel 1.

None of the equations was able to provide precise and 
accurate predictions of observed intakes (Table 4). The PISC 
(2007) model showed very poor correlation with observed 
data, confirming the conclusions made by McLennan (2014) 
and McLennan et al. (2020). A lack of data on the age and 
genetics of the animals involved in the published literature 
may have contributed to poor performance, as these are 
key inputs required for the model. Further, the PISC model 
relies on the Allden and McDWhittaker (1970) relationship 
between herbage availability and rate of intake developed 
from temperate-pasture grazing studies. This relationship 
may be quite different for tropical pastures due to high 
spatial heterogeneity and other sward characteristics mentioned 

Table 4. Predictive capacity of selected equations used to estimate
voluntary intake.

Source Predicted/ Slope 2r Root mean
observed square

error (kg)

Equations based on animal and diet characteristics

PISC (2007) 1.26 0.26 0.10 2.12

PISCrA 0.96 0.34 0.18 1.18

Coleman et al. (2014) 0.96 0.53 0.37 1.20

Equations based on LW and LW change

Minson and McDonald (1987) 1.00 0.61 0.57 0.94

Azevêdo et al. (2010)B 0.94 0.73 0.56 1.22

Fernandes et al. (2022)C 0.82 0.44 0.49 1.82

Equations based on digestibility or N content

Siebert and Hunter (1977) 0.82 1.14 0.23 3.65

Hodgson et al. (1977) 1.43 1.57 0.39 2.49

ARevised equation without C4 factor.
BEquation for Nellore cattle (Bos indicus).
CModel 1.
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earlier. The Minson and McDonald (1987) equation based on 
LW and LW gain showed the best agreement, with observed 
values having the lowest root mean square prediction error 
(RMSE). The Azevêdo et al. (2010) and Fernandes et al. 
(2022) equations, also based on LW and LWG and derived 
from large Brazilian datasets, both performed reasonably well. 
A major limitation of these methods is the length of time 
required to record an accurate measure of LW gain, parti-
cularly if the diet characteristics are changing, and accurate 
LW is susceptible to errors arising from compensatory gain. 
In extensive grazing conditions where diet quality is poor, 
the energy requirement for activity (walking, grazing, etc.) 
can be up to 40% of the total energy requirements (McGavin 
et al. 2018) and  affects equations relying on LWG (e.g. Minson 
and McDonald 1987). Given these methods are easily 
applied in the field and appear to work quite well, the use of 
digital technologies to (1) improve LW measurement 
through development of rolling average LW gain from 
in-paddock autonomous weighting systems and (2) measure 
activity from on animal GPS sensors, should further improve 
their utility for research and commercial application. 

Under controlled feeding conditions, response in intake to 
changes in digestibility or CP has been well characterised and 
is clearly related to the appropriate balance of nutrients in the 
rumen, such as, for example, the ME:N ratio (Panjaitan et al. 
2010). However, under grazing conditions, availability of 
pasture supply, the heterogeneity in space (patch grazing), 
quality (stem, N content, legume versus grasses) and time 
(change in biomass and quality) effectively reduce the actual 
intake relative to potential intake (Allden and McDWhittaker 
1970; Coleman 2005). Thus, it is not surprising that the 
relationships derived between intake and N content (Siebert 
and Hunter 1977) or digestibility (Hodgson et al. 1977) failed 
to predict intake under grazing conditions. It was expected 
that equations, including characteristics of both the diet 
and the animal, would have out-performed other equations. 
Although the Coleman et al. (2014) equation based on LW 
and DM digestibility underestimated intake, it responded well 
to the range in observed intake, having an RMSE of 1.20 kg. 

The poor performance of the PISC (2007) model for 
predicting intake of tropical forages by tropically adapted 
cattle was addressed by McLennan (2014) and McLennan 
et al. (2020). They observed that the model overpredicted 
DMI, especially at higher intakes, i.e. the slope of the 
relationship was significantly different from 1. These authors 
revised the equations defining the utilisation of energy by 
cattle for growth and released a spreadsheet intake calculator 
(QuikIntake), which utilised the PISC (2007) methodology to 
predict DMI. The relationships between predicted intakes 
using QuikIntake and those observed in a number of pen-
feeding studies (Mclennan et al. 2020) are shown in Fig. 4. 
Relative to the PISC (2007) model, changes were made to the 
maintenance requirements, the efficiency of use of energy for 
maintenance and gain, the energy value of gain, and the 
energy density of the diet. With these changes, the QuikIntake 
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Fig. 4. Relationships between dry-matter intake usingQuikIntake and
those observed for cattle fed forage diets (after McLennan et al. 2020).
Eqn 1 PISC equation; Eqn 2 is Eqn 1 adjusted for changes in the
maintenance requirements, energetic efficiency for maintenance, and
the energy value of gain; Eqn 3 is Eqn 2 adjusted for changes in the
energy value of the diet; Eqn 4 is Eqn 3 adjusted for changes in the
energetic efficiency for gain; and Eqn 5 is Y = X.

model better predicted intake of pen-fed cattle and was 
defined by the following equation: 

DMIobserved = 0.661 × DMIpredicted + 1.309; 

r2 = 0.49, SSE = 12.2. 

where DMI is DM intake in kg/day, r2 is the correlation 
coefficient and SSE is the sum of squared errors. Dove et al. 
(2010) reviewed the difficulties of accurately estimating 
intake of low-quality tropical pastures, highlighting the 
importance of herbage supply and legume content in the 
prediction of actual intake. They concluded that prediction 
of intake from pasture and animal characteristics was so 
fraught with difficulties that a better option was to predict 
intake from known growth rate relying on accurate prediction 
of diet ME (from faecal NIR) and efficiencies of energy 
utilisation, noting that the latter have been called into 
question by McLennan et al. (2020). 

We adopted a different approach in attempting to improve 
the predictive ability of PISC (2007) for DMI, by looking at the 
relationships between diet characteristics and intake. It was 
noted that incorporating the ‘C4 factor’ of 0.16 used in PISC 
(2007) markedly increased the DMI. The use of this factor 
in PISC (2007) was attributed to data published by Minson 
(1981a). In this review, we concluded that the Minson (1981a) 
data relating intake to digestibility could be represented by a 
single line as opposed to two separate lines for temperate and 
tropical diets. Thus, this factor was removed from a revised 
PISC equation (PISCr) used in our analysis and this resulted 
in improvements in accuracy but not precision (Table 4). 

Can technology provide solutions?

Digital technologies are advancing rapidly and their applica-
tion in assisting our understanding of livestock behaviour is 

increasing (Smith et al. 2021). How these technologies can 
assist researchers in understanding voluntary intake on pastures 
is yet to be fully realised, but the promise of monitoring animal 
behaviour under varied grazing situations to integrate our 
existing knowledge of factors influencing intake is exciting. 
Remote sensing of pasture characteristics is now a commer-
cial reality for Australian producers and the recent integra-
tion with on-animal tracking capability (https://www.mla. 
com.au/extension-training-and-tools/tools-calculators/australian-
feedbase-monitor/) demonstrates that the grazing industry is 
finally entering the digital age. These commercial developments 
will inevitably improve pasture management and animal 
production in the near term and will drive the demand for 
research to improve the quantitative estimation of voluntary 
intake for producers. Smith et al. (2021) published a comp-
rehensive review of the methods and sensors now available 
to monitor grazing behaviour and, by extension, estimate 
voluntary intake. 

Here, we focus on selected data that have relevance to 
understanding voluntary intake in extensive grazing systems 
in northern Australia. The temporal, spatial and nutritional 
heterogeneity of tropical pastures present challenges in 
developing methods that can measure intake under such 
diverse conditions. Historically, these challenges were addressed 
by specifically focussing on the components of grazing 
behaviour and the relationship to intake. While this resulted 
in fine-scale understanding of these various components, such 
as diet quality, bite characteristics, selective grazing and 
patch grazing, it has been impossible to integrate reductionist 
science into a systems framework as complex as grazing. 
While models exist that attempt to achieve this (e.g. Illius 
and Gordon 1991; PISC 2007; Coleman et al. 2014; NASEM 
2016) only PISC (2007) can be applied to tropical grazing 
situations. However, the model is a poor predictor of observed 
measures of tropical pasture intake due to a lack of integrated 
observational data. Digital technologies may offer the 
solution by providing integrated data collection of pasture, 
grazing and performance characteristics that collectively 
influence voluntary intake. 

Digital technologies can distinguish cattle behaviours 
including, grazing, walking, ruminating, bites, and resting. 
These can be coded further into relationships, including 
grazing per unit distance walked, bites per minute, duration 
and frequency of bite events (Smith et al. 2016). These 
relationships match with observations of grazing behaviour 
such as instantaneous intake rate (bite rate), feeding stations 
(bite events), site and patch grazing (grazing per unit distance 
walked). It is not currently practicable to use a digital approach 
of such detail under commercial conditions. A database of 
digital signatures that have been classified into behaviours 
using visual identification from video or direct in-field 
observations is a required prerequisite. The use of machine 
learning and common measurement platforms are essential 
to expediting this challenge. However, this is not a trivial 
task. Development of an intake prediction method from 
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grazing behaviour is ongoing but has already taken over 
5 years (Greenwood et al. 2017; Hu et al., in press). 
Nevertheless, improvements in technology, energy storage 
and generation, miniaturisation and communications will 
accelerate adoption of these technologies. 

The needs of any commercial system differ according to the 
requirements of the technology. For example, if ranking 
individuals within a herd for feed efficiency on pasture is the 
goal, then estimation of past intake is sufficient. However if 
pasture budgeting is the goal, then some means to predict 
future intake are required. 

The components of a method to estimate past intake for 
growing animals over a defined time could include the 
following: 

� Satellite or drone-based imagery of pasture biomass and 
heterogeneity 

� Estimates of diet quality by using faecal NIR 
� Measurement of LW and LWG by using remote in-paddock 

weighing 
� Estimate of activity and behaviours by using GPS and 

accelerometry data from on animal devices 
� An app to integrate information on pasture biomass and 

quality, animal weight change and animal behaviour to 
predict intake from metabolisable energy (ME) expenditure 
(MJ/day) divided by ME of the diet (MJ/kg DM) to estimate 
DM intake (kg/day). 

The components of such a model are already commercially 
available, or will be within a few years. A predictive model 
would require all of the above plus a pasture-growth model 
driven by weather predictions, with accompanying measures 
of uncertainty that would allow for stocking-rate scenarios. 
Extrapolating such models from growing cattle to include 
breeding cattle adds another layer of complexity and uncertainty. 

A recent study (Charmley et al., unpubl. data) demon-
strated several applications of digital technologies that 
might work in practice. In the first scenario, the Greenwood 
et al. (2017) equation is applied to our measures of grazing 
time. They have developed a method to estimate intake by 
using grazing time according to the following equation: 

DMI = − 6.46 + 2.61GT, r2 = 0.59, RSD = 1.66kg DM 

where DMI is dry-matter intake in kg/day, GT is grazing time 
in hours, r2 is the correlation coefficient and RSD the residual 
standard deviation. Using preliminary data from one 
Brahman heifer collected in late October–early November 
2021 in the Lansdown trial (Charmley et al., unpubl. data), 
the Greenwood et al. (2017) equation estimated DM intake 
to be 6.2 kg/day. 

The second scenario employs digital technologies to 
estimate energy requirements of the animal for activity, main-
tenance, and gain (and potentially reproduction). From a 
knowledge of the distance travelled (km/day) and grazing 

and ruminating time (h/day), energy expenditure for 
activity can be calculated. Knowledge of animal LW, sex, breed, 
condition and age can be used to estimate maintenance 
(excluding activity), and LW gain can determine energy for 
growth. These data are from the same animal and dates as 
those used to estimate intake from grazing time. The heifer 
weighed 319 kg, was gaining 0.0 kg/day and was consuming 
a diet with a DMD of 56%, being equivalent to 7.9 MJ/kg DM. 
By using PISC (2007), the combined energetic expenditure for 
activity, maintenance and gain can be calculated (47.2 MJ/day). 
From the faecal NIR estimate of ME (7.9 MJ/day), the 
predicted DMI was 6.0 kg/day (1.9% LW), close to that 
estimated from grazing time (6.2 kg/day; Greenwood et al. 
2017). The above scenarios show the theory of the approach, 
but also demonstrate the proportional importance of energy 
requirements for activity in cattle grazing tropical pastures. 
In the energetics example, activity accounted for 31% of 
total energy requirement. Estimated intake using the equation 
of Minson and McDonald (1987), which relies solely on LW 
and LW change, was 5.8 kg/day and does not account for 
variation in activity. As activity varies with paddock size, 
and pasture characteristics, the ability to measure activity 
should improve an energetics basis for predicting intake in 
extensive grazing conditions. 

Digital technologies can also assist in dealing with 
understanding home ranges and patch grazing in very large 
paddocks. By using the same study (Charmley et al., unpubl. 
data), detailed observations of cattle behaviour were combined 
with detailed characterisation of the sward. GPS collars were 
placed on Brahman heifers grazing 16 ha paddocks at the 
Lansdown Research Station, northern Queensland. Data 
analysis of this trial is ongoing; so, only preliminary data from 
one group will be used to illustrate the utility of this approach. 
Fig. 5 shows the spatial characteristics of grazing behaviours 
and Fig. 6 shows pasture biomass. While visualisation is 
useful, examining the data behind the response surfaces allows 
for determination of metrics that can be used to augment intake 
prediction. 

For example, biomass DM data were categorised in 1 t/ha 
assemblages that can be envisaged as analogous to grazing 
patches. Preference indices were developed for the frequency 
rates with which cattle visited each biomass assemblage. As 
biomass increased, preference declined, suggesting that cattle 
avoided areas of high biomass, as noted by Hunt et al. (2007). 
These technologies allow for automated measurement of the 
interaction between patch biomass and grazing preference 
within the paddock. By applying knowledge of the influence 
of biomass on relative intake (Coleman 2005), pasture 
availability at the patch scale can be incorporated into a 
simple model that adjusts potential intake derived from diet 
ME (calculated from faecal NIR) to actual DMI. Currently, 
such a method relies on collar-mounted GPS systems, but 
ear tag-sized versions appropriate for commercial use are 
becoming available (e.g. https://cerestag.com). 
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Legend: 
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Fig. 5. Activity map for one heifer from 29 September to 1October 2021, showing positions while
grazing (green), walking (red), ruminating (yellow), and resting (blue). Data from Charmley et al.
(unpubl. data).
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Fig. 6. Spatial distribution of biomass (t DM/ha) measured on 6
November 2021 in the same paddock as Fig. 4. Data from Charmley
et al. (unpubl. data).

Digital technologies offer a range of measurements at a 
resolution and frequency previously not possible. The 
ability to monitor in near real-time animal status (LW from 
walk over weighing, diet composition from faecal NIR), 
animal behaviour (grazing activities from tag-mounted 
behaviour monitoring) and pasture characteristics (biomass 

from satellite imaging) at scale and across varied environ-
ments should provide enough data to greatly improve predic-
tions of voluntary intake under extensive grazing conditions. 
Improving the precision and accuracy of voluntary intake will 
allow the selection of appropriate cattle for the environment, 
sustainably match the productivity of the sward with the 
requirements of the animal, and more accurately meet market 
specifications. Digital technologies offer the prospect of 
introducing precision livestock management to the extensive 
grazing industry. 

While these preliminary observations are encouraging, 
challenges remain. From a research perspective, a direct 
physical measurement of DMI by grazing animals is still 
needed. Faecal NIR has been validated as a method to estimate 
ME of the diet, but ongoing research is required to update the 
method to expand the database to a wider range of forages and 
forage mixtures. Animal house data with cattle and sheep are 
required to calibrate spectra with in vivo digestibility data. 
Accurate measures of ME can then be combined with 
marker-based methods of estimating faecal excretion of DM 
and nutritional components of interest. The alkane method 
has been extensively researched and offers one method (Dove 
and Mayes 1991). Greenwood et al. (2014) developed a 
‘pasture intake research platform’ and used DM disappearance 
in small plots with single animals as an alternative approach. 
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A coordinated research approach to address these requirements 
is needed to standardise a methodology that can be used to 
measure intake across a wide range of grazing scenarios. 

Machine-learning techniques are revolutionising the 
interpretation of behavioural signals that correlate with 
grazing behaviours such as grazing, ruminating, walking and 
resting. While it is hoped that universal algorithms could be 
applied to all grazing conditions, our preliminary data suggest 
that this may not be the case. Further research is required to 
test the robustness of models both within and between 
intensive and extensive grazing environments. 

Conclusions

The zenith of research activity into understanding the control 
of voluntary intake from tropical forages was 40 years ago. 
Those experiments established the fundamentals of pasture 
intake and have since been refined. However, the scarcity of 
data relevant to northern grazing conditions remains an 
impediment to improving our understanding of intake of these 
extensive, heterogenous pastures. Extrapolation of data from 
temperate environments cannot account for the heterogeneity 
found under more extensive situations and also fails to account 
for differences in plant morphology and chemistry. 

Some of the previously held views regarding intake of 
‘tropical’ diets should be re-examined, but direct measurement 
of tropical pasture intake is possibly more difficult today than 
it was in the past due to animal welfare and health and safety 
constraints. The advent of digital technologies represents an 
opportunity to significantly improve the measurement of 
voluntary DMI in northern Australia, but significant challenges 
remain. Concerted and coordinated research effort is needed to 
realise this opportunity. 
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