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ABSTRACT: This paper was aimed to summa-
rize known concepts needed to comprehend the 
intricate interface between the ruminant animal 
and the pasture when predicting animal perfor-
mance, acknowledge current efforts in the math-
ematical modeling domain of grazing ruminants, 
and highlight current thinking and technologies 
that can guide the development of advanced 
mathematical modeling tools for grazing rumi-
nants. The scientific knowledge of factors that 
affect intake of ruminants is broad and rich, and 
decision-support tools (DST) for modeling energy 
expenditure and feed intake of grazing animals 
abound in the literature but the adequate predict-
ability of forage intake is still lacking, remaining a 
major challenge that has been deceiving at times. 
Despite the mathematical advancements in trans-
lating experimental research of grazing ruminants 
into DST, numerous shortages have been identified 
in current models designed to predict intake of 
forages by grazing ruminants. Many of which are 
mechanistic models that rely heavily on preceding 
mathematical constructions that were developed 
to predict energy and nutrient requirements and 
feed intake of confined animals. The data collec-
tion of grazing (forage selection, grazing behavior, 

pasture growth/regrowth, pasture quality) and 
animal (nutrient digestion and absorption, vol-
atile fatty acids production and profile, energy 
requirement) components remains a critical bot-
tleneck for adequate modeling of forage intake 
by ruminants. An unresolved question that has 
impeded DST is how to assess the quantity and 
quality, ideally simultaneously, of pasture forages 
given that ruminant animals can be selective. The 
inadequate assessment of quantity and quality 
has been a hindrance in assessing energy expendi-
ture of grazing animals for physical activities such 
as walking, grazing, and forage selection of graz-
ing animals. The advancement of sensors might 
provide some insights that will likely enhance our 
understanding and assist in determining key vari-
ables that control forage intake and animal activ-
ity. Sensors might provide additional insights to 
improve the quantification of individual animal 
variation as the sensor data are collected on each 
subject over time. As a group of scientists, how-
ever, despite many obstacles in animal and forage 
science research, we have thrived, and progress has 
been made. The scientific community may need to 
change the angle of which the problem has been 
attacked, and focus more on holistic approaches.
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INTRODUCTION

Computer models have been used for the last 
century to translate experimental agricultural 
research into quantifiable measurements using 
rigorous mathematical notations (Black, 2014). 
Humankind has in many ways benefited from the 
evolution of digital computers in developing math-
ematical models to assist with production chal-
lenges for agricultural decision support through in 
silico experimentation (Tedeschi and Fox, 2018). 
Nonetheless, the collection of data is still needed to 
calibrate and improve the predictability of mathe-
matical models.

Accurate supplementation of energy or nutri-
ents (e.g., protein) to ruminant animals depend on 
the accurate determination of the nutritive value 
(NV) of the forage, which is a function of how 
much nutrients can be extracted from the forage by 
the ruminant animals. In a nutshell, Figure 1 sche-
matizes the major anatomical, physiological, and 
metabolic loops that control satiety and hunger. We 
define feed value as a function of its quality (NV), 
usually digestible energy or metabolizable energy 
(ME), and quantity (voluntary feed intake [VFI]), 
as shown in the loop B1 in Figure 1. However, these 
variables interact with many other variables to alter 
VFI (Pulina et  al., 2013; Allen, 2014; Oltjen and 
Gunter, 2015). Therefore, feed values are based 
on the VFI (i.e., dry matter intake [DMI]) and an 
assessment of the digestibility of the feed.

To some extent, however, VFI also affects digest-
ibility of the feed via changes in the mean retention 
time, i.e., the reciprocal of passage rate in which as 
intake increases the faster the passage rate becomes, 
as shown in the loop R1 in Figure 1. Energy and 
nutrient requirements are the major drivers of for-
age intake (i.e., VFI) and it is determined by the 
level of production of the animal (e.g., growth rate, 
days pregnant or milking), as shown in the loop B3 
in Figure 1. Similarly, the energy (or other nutrients) 
balance might also affect VFI via metabolic factors 
as shown in the loop B2 in Figure  1. The energy 
balance can provide stimulatory (when negative) or 
inhibitory (when positive) signal to the ruminant 
animals to eat to meet their energy requirement 
unless physical bulkiness of the diet prevents the 
consumption (Conrad et al., 1964).

The VFI depends on the palatability of the for-
age (i.e., acceptance or edibility by the ruminant 
animal) and it depends on forage’s physical (i.e., 
bulkiness) and chemical (e.g., oils and tannins con-
tents) characteristics that may alter animal’s appetite. 
Many indexes have been developed to predict the 
NV of forages, but few have taken into account the 
explicit mechanisms that dictate VFI and digestibil-
ity of the feedstuff. In general, the following charac-
teristics affect the NV of feeds: potential digestibility 
and ability to support high rates of fermentation 
digestion, balance between rates of microbial pro-
tein synthesis and volatile fatty acids absorbed by the 

Figure 1. Feedback loops of variables that alter voluntary feed intake. Self-reinforcing (R) and self-correcting (B) loops are shown within the 
semicircle arrows. Positive and negative signs near the arrowheads indicate that the effect if  positively or negatively related to the cause. Different 
colors represent different feedback loops for ease of identification.
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ruminant animal, VFA profile (gluconeogenic versus 
fat formatting acetate), the bypass of nutrients for 
intestinal absorption, and VFI per se (Norton, 1994).

Therefore, feed value is not only about quantity 
and about quality per se, but it also involves other 
factors that interact among themselves and with the 
ruminant animal. The NV depends on the concentra-
tion of the feed nutrient, availability of the nutrient 
to the animal (bioavailability), efficiency of use of the 
absorbed nutrient, and factors that may influence the 
VFI (Coleman and Henry, 2002). Digestibility trial 
is usually assumed to be the gold standard to deter-
mine NV (Schneider and Flatt, 1975). There are many 
other methods (in vivo and in vitro) that can be used 
to determine NV (Coleman et al., 1999), such as bio-
assays (enzymatic assays), feed chemical and struc-
tural characteristics, and near-infrared reflectance 
spectroscopy. However, these methods are prone to 
limitations and specificity (e.g., microbial accessibility, 
fermentation rates, passage rate, postruminal absorp-
tion) that prevents a direct comparison, often yielding 
crude assessments of NV via indirect methods.

The objectives of this paper were to 1) summa-
rize essential concepts needed to comprehend the 
intricate interface between the ruminant animal 
and the pasture when predicting animal perfor-
mance, 2)  review current efforts in the mathemat-
ical modeling domain of grazing ruminants, and 
3) highlight current thinking and technologies that 
can guide the development of advanced mathemat-
ical modeling tools for grazing ruminants.

IMPLICATION OF NUTRITIONAL 
DIFFERENCES AMONG DOMESTIC 
RUMINANTS TO ASSESS PASTURE 

SUPPLEMENTATION REQUIREMENTS

Differences in the Digestive Capacity and Feeding 
Behavior

The development of models to predict the pas-
ture supplementation requirements for ruminants 
need to consider the effect of body size of differ-
ent domestic ruminant species and breeds in terms 
of digestive capacity and selectivity. Small rumi-
nants are, in general, 10 to 12 times smaller than 
large domestic ruminants. Body size also changes 
within species by breeds and sex in which males are 
approximately 40% bigger than females. As rumi-
nants increase in size, the wet fermentation contents 
of the gastrointestinal tract increase proportionally 
to body weight (BW) (Demment and Van Soest, 
1985). However, as BW increases, there is a lower 
proportional increase in energy requirement for 

maintenance, which is usually proportional to 
BW0.75. An index of the fermentative capacity may 
be estimated by dividing the liquid contents of the 
gastrointestinal tract by the maintenance energy 
requirements. In general, this index increases as BW 
increases, large ruminants have more fermentative 
volume and contents per unit of energy required 
for maintenance than small ruminants. This gen-
eral mechanism is valid across ruminants of differ-
ent species, breed, and sex. This implies that large 
ruminants compared to small ruminants can retain 
larger amounts of feedstuffs in their rumen per unit 
of requirements or that they can retain feedstuffs 
with low degradability for longer times. These dif-
ferences result in the fact that large ruminants have 
a better general ability to ferment the feeds frac-
tions with low degradation rates, such fiber and 
insoluble cytoplasmic or fiber linked proteins.

These facts have important practical implica-
tions, which should be accounted for when predict-
ing supplementation of grazing animals. Indeed, to 
compensate for their lower fermentative capacity, 
small ruminants need to eat more feed per day (as 
% of BW) than large ruminants to satisfy hunger. 
For instance, high-producing lactating ewes and 
goats may have levels of dry matter (DM) intake 
between 6 and 7% of BW, while in high-producing 
cows this value does not usually exceed 4% of BW. 
The very high intake of small ruminants leads to 
shorter rumen feed retention times (Udén et  al., 
1982) and lower digestibility coefficients of slowly 
degraded feed fractions but higher daily supply of 
digested nutrients in small compared to large rumi-
nants (Van Soest, 1994). For equal pasture char-
acteristics, not even considering the effect of diet 
selectivity, sheep and goats have higher escape of 
nutrients to the intestine and, thus, would need a 
different nutrient composition of the supplements 
used to integrate the pasture eaten.

Another way small ruminants compensate for 
their lower fermentative capacity is by exercising 
greater feed selection than cattle (Van Soest, 1994). 
When allowed they choose feeds or parts of feeds 
(young stems, leaves, and buds) of good quality and 
whose digestibility is less affected by rumen retention 
time. They are helped by their narrow muzzle and by 
the high mobility of their tongue and lips. Langlands 
and Sanson (1976) demonstrated the difference in 
selectivity between small and large ruminants in 
which sheep fed in the same pasture at the same time 
of cattle selected a diet much richer in crude protein 
(CP: 24 vs. 18.2%, DM basis), more digestible (70.3 
vs. 58.3%), and with a higher percentage of green 
parts (89 vs. 69.7%). In addition, the rumen liquor of 
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the cattle contained more acetic acid and proportion-
ally less other volatile fatty acids than the sheep, sug-
gesting that cattle had a fiber-rich diet (not measured 
in the experiment). However, feed selection cannot be 
explained only in terms of body size. For example, even 
though sheep and goats have similar body size, when 
fed on the same mixed (grassland and shrubs) pasture, 
they show quite different behavior, with goats prefer-
ring shrubs and sheep eating off of herbs (Leclerc, 
1985). In addition, when fed on mixed pastures goats 
preferentially selected grasses and sheep did legumes 
(Fedele et  al., 1993) likely because grasses have a 
higher content of sugars than legumes and goats have 
a higher requirement of glucose than of sheep due to 
their high milk yield and lactose output. This brows-
ing behavior poses another challenge in the prediction 
of the nutrients actually eaten by these animals on 
pasture and thus on their supplementation needs.

Small ruminants differ from large ruminants in 
chewing activity as well. Indeed, small ruminants 
spend between 9 and 16 times more to eat and rumi-
nate each kilogram of feed DM than large ruminants 
do (De Boever et  al., 1990) because their chewing 
activity is less powerful. Sheep also have to grind 
the particles more finely than cattle to allow them 
to pass through the rumen and other compartments 
of the foregut (Udén and Van Soest, 1982; Clauss 
et al., 2015). Intense rumination in small ruminants 
can also be important when the diet includes grains. 
Rumination reduces the particle size and increases 
the rumen digestibility of grains, and because sheep 
and goats chew grains more finely than cattle the like-
lihood that whole grains reach the feces undigested is 
minimum (Cannas, 2004). Thus, the optimal physical 
form of the supplements for grazing sheep and goats 
might differ from that optimal for grazing cattle.

Differences in the Optimal NDF Intake and 
Concentration

The filling effect of the diet, the rumen turnover, 
and the physical control of DMI are mainly influ-
enced by the rumen content of neutral detergent fiber 
(NDF) and by its quality, in terms of lignification 
and fiber degradability (Van Soest, 1994; Cannas 
et al., 2003; Vieira et al., 2008a, 2008b). Rumen NDF 
fill and forage NDF intake are closely and positively 
associated (Paloheimo et  al., 1959; Cannas et  al., 
2003). For this reason, in terms of diet formulation, 
Mertens (1987) defined maximum concentrations of 
dietary NDF that would not cause DMI reduction in 
dairy cows due to diet’s filling effect in the rumen and 
would also maximize milk production. In his seminal 
work, optimal NDF concentrations of the diet were 

obtained considering an optimal daily level of NDF 
intake (NDFI), as a percent of BW (NDFI%BW), of 
1.2%. This value was experimentally determined and 
was considered independent of milk production. The 
actual value used was 1.1% per day, to include safety 
margins. This average value can largely vary depend-
ing on milk production and the quality of the NDF, 
being higher for high-quality NDF sources and lower 
for those less fermentable (Williams et  al., 1989; 
Rayburn and Fox, 1993). It is clear, though, that as 
milk production increases rumen NDF content and 
dietary NDFI cannot increase at the same rate. Thus, 
as milk production increases, a growing portion of 
the requirements must be covered by energy-rich 
concentrates. This poses the need to define optimal 
levels of dietary NDF concentrations. Despite all 
the limitations of considering a fixed optimal NDFI 
level, optimal NDF dietary concentrations for dairy 
cattle of different categories and milk production 
were developed assuming little variability in optimal 
daily NDFI (Mertens, 1987). These reference values 
indirectly set the optimal level of concentrate supple-
mentation in the diet of cattle.

For small ruminants, however, the information 
on optimal NDFI and NDF dietary concentration is 
very limited (Cannas, 2004), making the assessment 
of optimal pasture intake and supplementation very 
uncertain and difficult. Because small ruminants 
easily reach during the peak of lactation values of 
DMI between 6 and 7% of BW, if their optimal 
average NDFI was equal to the value (1.1% of BW), 
their dietary concentrations of NDF would be too 
low (below 20% of DM) to allow a proper rumen 
function. Indeed, lactating ewes and goats usually 
have NDFI levels markedly higher than the value 
of 1.1% suggested for cattle. As an example, Molle 
et  al. (2014, 2016) reported NDFI levels of 2.28% 
of BW for 42-kg lactating ewes, while Olsen (2016), 
summarizing the values of six experiments carried 
out on Nordic lactating ewes, found a value of 1.76% 
of BW for 92-kg ewes. Similarly, the intake level 
of NDF during pregnancy in ewes is much higher 
(around 1% of BW) than that usually observed in 
cows (around 0.6%) (A. Cannas, personal commu-
nication). Cannas et al. (2016) developed an equa-
tion to predict optimal NDFI level and dietary NDF 
concentration for lactating ewes using the equations 
of Mertens (1987). The 1.1% NDFI level suggested 
by Mertens (1987) was scaled to the BW of sheep 
BW assuming that it varied as a function of BW−0.25, 
which is the result of the ratio of energy mainte-
nance requirements, which scales at BW0.75, and 
reticulum-rumen volume, which scales with BW1 
(Van Soest, 1994). This approach is coherent with 
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the scaling at BW−0.27 of feed rumen passage rate 
reported by Illius and Gordon (1991). As shown in 
Equation 1, Cannas’ et al. (2016) work implies that 
the NDFI level that would not restrict DMI due 
to rumen fill decreases exponentially, ranging from 
2.10% for 45-kg ewes to 1.77% for 90-kg ewes.

 NDFI BW= × −5 4442 0 25. .  (1)
where BW is body weight, kg; and NDFI is neutral 
detergent fiber intake, % of BW.

Tedeschi and Fox (2018, Ch. 11) provided 
graphical representations for DMI (% of BW) ver-
sus dietary NDF (% of DM) modulated by phys-
ical restriction and metabolism of dairy cows and 
ewes.  Equation 1 assumed the maximum dietary 
concentrations of  NDF to avoid rumen fill restric-
tion on DMI were calculated for sheep of  differ-
ent mature BW and milk production. These values 
were evaluated by using the 50 individual measure-
ments of  ad libitum DMI, diet composition, and 
milk production of  lactating ewes (Molle et  al., 
2014, 2016). There was a fairly close agreement 
between predicted and observed dietary NDF con-
centrations (root of  the mean squared prediction 
error was 5.0% NDF, the concordance correla-
tion coefficient was 0.64, and r2 = 0.57) and a very 
close agreement between predicted and observed 
DMI (root of  the mean squared prediction error 
was 0.11 kg/d, concordance correlation coefficient 
was 0.94, r2 = 0.94). For lactating goats, it is likely 
that the optimal levels of  intake of  NDF and die-
tary NDF concentrations are close to those sug-
gested for sheep. The much higher NDFI in small 
ruminants compared to cattle has obvious strong 
implications, so far not considered by existing 
nutritional models, in the prediction of  supplemen-
tation requirements of  grazing sheep and goats.

ESSENTIAL CONCEPTS TO UNDERSTAND 
THE INTERFACE BETWEEN RUMINANTS 

AND PASTURE

Accurate Determination of Forage Consumption

Predicting ruminants feed intake. The literature on feed 
intake of ruminants is vast as are the ideas and con-
cepts put forward to explain it and simulation models 
that were developed to predict it (Tedeschi and Fox, 
2018, Ch. 10). Many scientists agree that accurate 
prediction of forage DMI while grazing is critical 
in formulating and feeding supplements to improve 
animal performance and to reduce the excess of 
supplementation that is wasted, leading to nutrients 
excreted into the environment. This goal, however, is a 

typical case of easier said than done. In fact, for quite 
some time, we have known many of the controlling 
mechanisms of VFI: physical and metabolic factors 
(Poppi et al., 1989), but the adequate predictability 
of DMI in practice has not been short of deceiving 
attempts. Many other theoretical or practical factors 
that may alter VFI exist; some are partially known 
whereas others are simply hypothetical. For instance, 
it is known that variations in daily VFI are more 
related to the kinetics of fermentation and passage 
of organic matter from the rumen than shorter-term 
metabolic events (Illius et al., 2000). Thus, synchroni-
zation of fermentable carbohydrate in the rumen and 
ruminally degradable protein is believed to expedite 
the disappearance of organic matter from the rumen 
that should lead to an increased intake by freeing 
rumen space, but practical results have not been that 
clear (Herrera-Saldana et  al., 1990; Henning et  al., 
1993; Hall and Huntington, 2008).

Empirical equations (i.e., statistical regression) 
might provide reliable estimates of DMI when 
used under similar conditions in which they were 
developed, such as similar animal and diet types 
and environmental conditions, because the cor-
relations among independent variables are kept 
within an acceptable, narrow range that prevents 
major departures from statistical assumptions. In 
contrast, when animal, diet, or environmental var-
iables deviate significantly (even temporarily) from 
the conditions from which empirical equations were 
developed, their predictive power might be signifi-
cantly decreased. Grazing scenarios are classical 
illustrations of these conditions, and in this case, 
mechanistic modeling might provide better insights 
on VFI than empirical equations (Illius and Allen, 
1994; Illius et al., 2000). Empirical equations tend to 
be simpler whereas mechanistic models tend to be 
more complex. Simplicity due to inadequate detail 
may lead to inadequate prediction whereas the 
complexity of a mechanistic model can also work 
against its practicality and accuracy. The complex-
ity threshold of mechanistic models is relative and 
self-imposed, but clearly, an attempt to model every 
relationship is futile and may cause modelers to lose 
sight of the purpose of the model and fail miserably 
(Tedeschi and Fox, 2018), especially when the objec-
tive of the model is already complicated (Illius et al., 
2000), and data collection is not straightforward.

Mechanistic models that use a combination 
of rumen fill (physical) and energy intake (meta-
bolic) factors have been developed (Fisher, 1996; 
Hackmann and Spain, 2010; Tedeschi et al., 2013), 
but these models lack the feedback signals of spe-
cific dietary elements (micronutrient deficiency and 
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the presence of plant antinutritional factors also 
known as plant defensive chemicals [Tedeschi and 
Fox, 2018]) and endocrinal and physiological stages 
effects (Coleman et al., 1999) on feed intake. The 
effect of an antinutritional factor on the intake is, 
however, complicated and one would expect that 
grazing animals would minimize their impact by 
avoiding them. The animal’s endocrinal and physi-
ological stages could be accounted for by predicting 
forage DMI within specific periods. For example, 
Hackmann and Spain (2010) reported their model 
had greater adequacy in predicting VFI of differ-
ent ruminant species than the National Research 
Council’s (NRC, 2000) empirical equation, which 
was developed for cattle under confinement condi-
tions and at different stages of growth.

The unanswered question still is the reliability 
of the measurement of forage intake for grazing 
animals. As stated above, the VFI of grazing and 
confined animals are controlled by physical and 
metabolic factors (Detmann et  al., 2014) as well 
as BW, but they may have different relationships 
with VFI such as linear and quadratic rather than 
3/4 power (Coleman et al., 2014). The VFI data of 
confined animals, however, may not be appropri-
ate to predict VFI of grazing animals (Coleman 
et  al., 2014) mainly because under confinement 
conditions metabolic signals are most likely to dic-
tate VFI whereas under grazing situations physical 
distension of the gastrointestinal tract (primar-
ily the rumen) is the first limiting factor of VFI. 
However, the opposite could occur in high-quality 
pasture conditions. Additionally, physical activities 
of walking, grazing, and forage selection are prac-
tically inexistent under confinement conditions. 
Wiley et al. (2016) reported the results of a com-
parative analysis of residual feed intake obtained 
for animals during confinement and grazing con-
ditions yielded a poor ranking correlation between 
residual feed intake, suggesting that animals may 
have different priorities for VFI depending on their 
accessibility to feedstuffs. Therefore, using predic-
tive equations obtained with VFI data from con-
fined animals is likely to bias the prediction of VFI 
of grazing animals.

Measuring ruminants feed  intake. Besides classical 
studies using markers to determine digestibility 
and feed intake of grazing animals (Mayes et al., 
1986), others have relied on the detection of animal 
feeding behavior to assess intake through biting 
and chewing. Typical sensing devices for grazing 
animals include silicon tubes containing carbon 
granules (Rutter et al., 1997), acoustic monitoring 

systems (Ungar and Rutter, 2006), and di- or tri-ax-
ial accelerometers (Scheibe and Gromann, 2006; 
Oudshoorn et  al., 2013) among few others. More 
recently, Greenwood et  al. (2017) used on-animal 
sensor devices (accelerometers) to determine forage 
intake of grazing animals through grazing behav-
iors (time spent grazing, ruminating, walking, and 
resting). Though their initial assessment yielded low 
precision in predicting forage intake, the authors 
discussed several options to refine the predictions 
that may lead to improved modeling development. 
Similarly, Deniz et al. (2017) used acoustic monitor-
ing devices to detect, classify, and quantify events 
of ruminant’s feeding behavior (chew, bite, and 
chew-bite) and Rombach et  al. (2018) combined 
pressure sensor with an accelerometer to detect a 
different behavioral characteristic of grazing dairy 
cows. These techniques are promising ways to 
model feeding behavior, and when associated with 
markers they might generate reliable data to predict 
forage intake more accurately.

Assessment of the Quantity and Quality of Pasture 
Herbage

Forage quality, either through its fiber content 
or noncell wall content, affect consumption poten-
tial (Welch and Smith, 1969). The question is how 
to assess the quantity and quality, ideally simul-
taneously, of pasture forages given that ruminant 
animals can be selective, i.e., select forage parts that 
have greater NV than the average available forage 
mass (Coleman and Barth, 1973). Classical meth-
ods to assess the quantity of forage mass include 
1)  protecting selected pasture areas with cages to 
avoid animal grazing and subsequent measure-
ment of forage growth, or 2) clipping forage parts 
that mimic animal selectivity while grazing (Van 
Soest, 1994). Similarly, classical methods to assess 
the quality (i.e., usually digestibility) of consumed 
forage mass include 1)  cannulate grazing animals 
with esophageal or rumen fistulas to collect the for-
age mass harvested by the animal, 2) internal (e.g., 
acid-insoluble ash and silica, indigestible neutral or 
acid detergent fibers, chromogens, waxes—alkanes) 
or external (stains, metal oxides, rare earths, iso-
topes) markers, 3) ruminal fermentation techniques 
(e.g., in vitro, in situ, and in sacco), or 4) enzymatic 
cellulases and hemicellulases procedures (Van 
Soest, 1994).

In the middle of the 1980s and later, other tech-
niques were proposed for determining forage qual-
ity and quantity, including near-infrared reflectance 
spectroscopy (Brooks et al., 1984), light detection 
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and ranging (Bork and Su, 2007; Schaefer and 
Lamb, 2016), and satellite imagery (Milton et al., 
2009; Phillips et  al., 2009). Although these tech-
niques might provide a satisfactory assessment of 
the quality and quantity of forage herbage mass, 
their practical application is currently limited due 
to cost, availability, and specialized labor need. 
Modeling and simulation decision-support tools 
(DST) might come to rescue the field of assess-
ment of forage herbage mass quality and quantity 
through models that simulate plant growth under 
diverse ecosystems (Thornley, 1998).

Physical Activity and Grazing

The accurate assessment of energy expenditure 
of grazing animals for physical activities such as 
walking, grazing, and forage selection is a major hin-
drance in predicting energy requirements for grazing 
animals. Despite many methods available to measure 
energy expenditure of grazing animals such as the 
portable mask technique and headstall trough, dou-
ble labeled water technique, carbon dioxide entry 
rate technique, their results vary considerably and 
can hardly be compared (Tedeschi and Fox, 2015). 
Walking is the main physical activity that requires 
significant amounts of energy, approx. 10.6 Kcal/
kg0.75 BW/d for standing, 21.1 Kcal/kg0.75 BW/d for 
walking idle, and 23 Kcal/kg0.75 BW/d or about 0.68 
Kcal/kg0.75 BW/km for grazing (Brosh et al., 2010). 
But, estimates vary widely from 0.34 to 4.45 Kcal/
kg0.75 BW/km (Tedeschi and Fox, 2015, 2018).

In developing a submodel to estimate grazing 
energy requirement, Tedeschi and Fox (2015) com-
bined the recommendations of the NRC (2000), 
National Academies of Sciences, Engineering, and 
Medicine (NASEM, 2016), and Fox et  al. (2004), 
and partitioned the energy expenditure as per the 
NRC (1981) in which heat production is the sum 
of heat for basal metabolism (HeE), muscular activ-
ity (HjE) required for standing, walking, grazing, 
drinking, and laying down; action of digestive 
enzymes (HdE), fermentation as a result of rumi-
nal microbial action (HfE), heat associated with 
the metabolic processes of product formation from 
absorbed metabolites (HrE), thermal regulation 
(HcE), and waste formation and excretion (HwE). 
Heat increment (HiE) is the sum of HfE, HdE, HrE, 
and HwE. The authors further subdivided heat 
for muscular activities into animal physical activ-
ity (i.e., locomotion or movement) (HjEpa), and 
eating and ruminating (i.e., chewing) the digesta 
(HjEer). Assuming published energy expenditure 
data for chewing (Susenbeth et al., 1997, 1998) and 

that feed for maintenance can be computed as the 
ratio between net energy required for maintenance 
(Mcal/d) and dietary net energy available for main-
tenance (Mcal/kg), Tedeschi and Fox (2015) derived 
Equation 2 to compute energy expenditure for eat-
ing and ruminating as a function of ME intake.

 

H E

H E H E
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mr
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=

+( )
−

×( )
×

×

−

−

4 2557

4 2557

0 95878

0

.

.

.

.995878( )  
(2)

where HeE is energy expenditure for basal metabo-
lism, Mcal/d; HjEer is energy expenditure for eating 
and ruminating (i.e., chewing) the digesta, Mcal/d; 
HjEpa is energy expenditure for physical activities, 
Mcal/d; MEmr is ME required for maintenance, 
Mcal/d; and NEma is net energy available for main-
tenance, Mcal/d.

Unfortunately, Equation 2 can only be solved 
iteratively by changing MEmr until MEmr is equal 
to the sum of HeE, HjEpa, and HjEer divided by the 
partial efficiency of use of ME to net energy for 
maintenance (Tedeschi and Fox, 2015). Based on 
their simulation of typical grazing conditions, ani-
mals grazing forages containing 1.5 to 1.9 Mcal/kg 
DM would not meet their energy need, and would 
lose body condition score. Further development and 
evaluations of such models are important in estab-
lishing the trust needed to incorporate iterative, 
loop-solving, models into DST for practical use.

Substitution and Associative Effects of Supplements

When a supplement is included into the diet 
of a ruminant fed pasture only, the total intake 
of DM can vary unexpectedly. This phenomenon 
constitutes the substitution effect, measured as sub-
stitution rate (SR), i.e., the ratio of the difference 
between herbage intake in the unsupplemented and 
supplemented animals to the intake of the supple-
ment itself  (Equation 3). The  SR ranges between 
−1 and 1, and it is commonly positive, i.e., supple-
ment intake is usually associated with a reduction 
of herbage intake.

 
SR =

(
(
Forage intake when  - 
Forage intake wh

unsupplemented )

een supplemented
Supplement intake

 )
 
(3)

In dairy cattle, several studies have been 
deployed to evaluate and possibly model the sub-
stitution effect of supplements (Stockdale, 2000; 



Translate basic science to industry innovation

818 Tedeschi et al.

Bargo et  al., 2003; Baudracco et  al., 2010; Hills 
et  al., 2015). Though most of the studies refer 
to perennial type pastures based on perennial 
ryegrass (Lolium perenne L.), their results sup-
port the hypothesis that SR is mainly affected by 
the ruminant’s energy balance, being higher under 
conditions where the energy balance is positive. 
This means that SR tends to increase (i.e., decreas-
ing herbage intake) when herbage allowance (kg 
DM/d) and herbage quality (i.e., ME content) are 
high, requirements for milk production are low, 
supplementation level is high, and supplements are 
based on starchy concentrates (e.g., cereal grain-
based concentrates). The effect of the starch level 
is explained by the increase of rumen concentration 
of propionic acid, whose uptake and metabolism 
favors a satiation effect (Farningham and Whyte, 
1993). Moreover, SR is often higher in conserved 
forages than concentrates due to the fill effect of 
the former supplements. According to Bargo et al. 
(2003), SR ranges as follows: 0.1 to 0.6 for concen-
trates, 0.4 to 1.0 for silages, and 0.3 to 2.4 for hay 
in cows grazing perennial pastures in different lac-
tation stages.

Research on beef cattle, basically confirms 
the  results in dairy cattle with a trend to positive 
SR with high level of supplementation (>0.7% BW) 
and high-quality pasture (with adequate N) and 
negative SR with low quality (low N) pasture but 
without clear differences among different types of 
concentrates (Moore et al., 1999). In an experiment 
carried out to quantify the relationship between 
grass supply and concentrate supplementation in 
steers, French et al. (2001) found an SR of 0.43 and 
0.81 at medium- and high-grass allowance, respec-
tively. Data on SR for dairy sheep follow those of 
cattle (Molle and Landau, 2002; Molle et al., 2008).

Recent research has shown that managerial 
factors may impinge on SR as well, including the 
number of supplementary daily meals and the sup-
plementation timing. Pulido et al. (2009) found that 
SR increased with the number of daily concentrate 
meals: 0.65 for two, 0.76 for three, and 0.95 for four 
concentrate meals. Results are less clear for concen-
trate meal timings. In general, if  the concentrate 
meal is close to pasture allocation, for dairy cows, 
herbage intake is depressed even further when the 
supplement is fed in the morning rather than in the 
afternoon (Sheahan et  al., 2013). Supplementing 
dairy cows with 3  kg DM/d of corn silage in the 
morning resulted in lower SR (0.19) than in the 
afternoon (0.47), i.e., closer to pasture allocation 
(15:30 to 20:30) (Al-Marashdeh et al., 2016).

Substitution effect often goes hand in hand 
with the so-called “associative effect” of  the sup-
plement (Doyle et al., 2005). This is the decrease in 
fiber digestibility associated with the use of  starchy-
based supplements (cereal grains, in particular). 
According to Ho et  al. (2013), the decline in the 
NDF digestibility is quadratically related with the 
intake of  grain, with a slight linear decrease (0 to 
5% less than the NDF digestibility of  unsupple-
mented diet) up to 5  kg/d of  grain supplementa-
tion. Therefore, when starch supplementation is at 
low to moderate level, and the diet’s effective fiber 
not limiting, the lower digestibility of  fiber does 
not necessarily result in a lower diet digestibility, 
and associative effect and SR are minimum. This 
explains the better milk response when the level 
of  supplementation of  starchy concentrate is low 
to moderate, as reported for dairy cows (Bargo 
et  al., 2003) and dairy ewes (Molle et  al., 2008), 
who highlighted a higher milk response in grazing 
ewes fed high levels of  digestible fiber-based rather 
than starchy-based concentrates. This fact was also 
confirmed in stall-fed mid-lactation ewes (Cannas 
et al., 2013). A recent direct comparison of  mid-lac-
tation ewes and goats fed high digestible-fiber diets 
or high starch diets showed that the milk response 
might differ among species, being higher with high 
starch diets in goats and with high digestible-fiber 
diets in sheep, mainly for the different sensitivity of 
the two species to the insulinemic effect of  starchy 
diets (Lunesu, 2017). Partial mixed ration has been 
reported to reduce associative effects of  concen-
trate in ruminants, with a higher synchronization 
of  nutrient intake and digestion and a better esti-
mated economic return than the traditional combi-
nation of  pasture, hay, and concentrate (Ho et al., 
2013).

In general, substitution and associative effects 
have a synergistic negative impact on milk and 
meat production responses at the individual level. 
However, considering the grazing system rather 
than the individual animal, the substitution of 
high-quality forages with concentrates during the 
period of pasture shortage can be regarded as a 
tool for allowing 1)  a delayed herbage consump-
tion, adopting the stockpiling grazing technique; 
or 2) an increase of stocking rate in order to effi-
ciently utilize the pasture saved due the substitution 
effect. The above consideration further emphasizes 
the need for accurately predicting supplementation 
level and its optimal composition, possibly taking 
into consideration both substitution and associa-
tive effects.
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CURRENT NUTRITION MODELS TO 
PREDICT INTAKE OF GRAZING ANIMALS

Mathematical Modeling

Models, in general, are more than just an 
agglomeration of empirical equations obtained 
through statistical regressions. They are com-
posed of concepts and input variables that are 
linked by meticulously validated calculation logic 
to yield estimates of variables of interest (Tedeschi 
and Fox, 2018). Some model parameters can be 
obtained through empirical equations (or combina-
tions of thereof), but how they are linked (i.e., cal-
culation logic) is what constitutes the brain of  the 
mathematical model. How the calculation logic and 
model variables interact among themselves, dictates 
the nature of the mathematical model. The most 
common types are descriptive or predictive, empir-
ical or mechanistic, deterministic or stochastic, 
static or dynamic, discrete or continuous (France 
and Thornley, 1984; Haefner, 2005; Tedeschi and 
Fox, 2018). Forbes and Gregorini (2015) have sug-
gested the use of catastrophe theory, which deals 
with situations where an outcome is discontinuous 
(e.g., eating vs. not eating) but control variables of 
intake are continuous (e.g., physiological and envi-
ronmental factors), to model and predict feeding 
behavior of grazing animals. Other types of mod-
els that have not been frequently used in ruminant 
nutrition, but might warrant some investigation in 
the future, include chaos theory (Raccoon, 1995) 
and fuzzy logic (Wirsam and Uthus, 1996).

Empirical Models: Nutritive Indices

Simpler predictive systems in the form of indi-
ces have been proposed to assess the NV of forages. 
In general, such indices are purely empirical and 
have limited range of applicability and accepta-
bility; thus, they rarely can be used outside of the 
boundaries (i.e., spatial region, forage species, ani-
mal species) they were developed or even evaluated. 
These limitations might partially explain the lack 
of broader utilization of nutritive indices despite 
the disappointment of some (Moore, 1994), who 
provided a comprehensive review of nutritive indi-
ces. The majority of nutritive indices provide a 
comparative assessment of forage quality related to 
a “standard” condition. Examples of nutritive indi-
ces include the NV index (Crampton et al., 1960), 
digestible energy intake (Heaney et al., 1966), rel-
ative feed value (Rohweder et  al., 1978), quality 
index (Moore, 1978), fill and feed units (Jarrige 

et  al., 1986), and relative forage quality (Moore 
and Undersander, 2002). The nutritive indices have 
useful but limited applications, and it is unlikely 
that an ideal numerical index for forage NV will be 
developed. The main reasons lie with the simplic-
ity by design of a nutritive index and the lack of 
representability of the diversity of forages that are 
outside of the index development boundaries.

Mechanistic Models: Integrated Systems

Table  1 shows a list of selected mechanistic 
nutrition models primarily aimed at the prediction 
of intake and performance of grazing ruminants. 
Most of them were published in the last decade and 
their base comes from previous modeling exercises 
such as the mechanistic model for dairy cattle fed at 
nonsteady conditions (Chilibroste et al., 2008), the 
grazing model that was focused on unsupplemented 
dairy cows (Brereton et al., 2005), or the partially 
dynamic mechanistic model that was aimed at pre-
dicting foraging behavior and intake of unsupple-
mented grazing sheep (Baumont et al., 2004).

The model GrazeSim is a simple model based 
on a cluster of algorithms that include equations 
to estimate animal requirements and nutrient sup-
ply from pasture and supplements; all expressed as 
energy densities. Fill intake capacity is estimated 
according to Mertens (1987). A coefficient is used 
to account for herbage intake restriction due to low 
herbage mass. The model has been shown to be rel-
atively inaccurate (22% of the coefficient of varia-
tion), but this occurs particularly at high pasture 
allowance conditions. A  new algorithm has been 
developed to account for this discrepancy, decreas-
ing the coefficient of variation to 12% (Vazquez 
and Smith, 2001). Similarly, the model Diet Check 
(Heard et al., 2004) is comprised of two submod-
els (animal requirements and nutrient supply) that 
accounts for the substitution effect of concentrates, 
the energy cost of grazing activity, and weather 
condition effects on energy expenditures (cold 
stress), all overlooked by GrazeSim, but the Diet 
Check currently limited to localized usage in to the 
Northern irrigated region of Victoria, Australia.

The model e-Cow (Baudracco et  al., 2012) 
includes three submodels: 1)  intake prediction 
based on the animal (fill and metabolic) and pas-
ture factors (herbage allowance), 2)  milk produc-
tion (dynamic aspect), and 3) body lipid (dynamic 
aspect). It was sensitive to the interaction between 
genotype and feeding level with a low relative pre-
diction error (RPE) in an independent validation 
for DMI (<10%) and a moderate RPE for milk yield 
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(15% to 18%). However, it has some known short-
comings, as follows: 1) only two pasture types are 
modeled, 2) it does not account for dietary protein 
nutrition and its effects on intake and performance, 
3) it is not accurate for high supplementation levels, 
and 4) it does not incorporate the effects of weather 
and photoperiod.

The GrazeIn model (Delagarde et  al., 2011a, 
2011b; Faverdin et al., 2011) also entails three sub-
models: 1)  potential milk yield (dynamic aspect), 
2)  VFI (based on fill value system) and nutrient 
partitioning, and 3) grazing non-nutritional factors 
affecting VFI. It has a good sensitivity concern-
ing different variates such as BW, herbage mass, 
fill value of the forage, and supplementation level. 
The RPE in herbage DMI prediction varies from 
15% to 16% (Delagarde et al., 2011b; O’Neill et al., 
2013). O’Neill et al. (2014) adapted the model by 
increasing the intake capacity, resulting in lower 
RPE, particularly in mid and late lactations. The 
model is not sensitive enough with heavy pasture 
constraints such as low allowances and pasture in 
the reproductive phase.

Mindy is a deterministic, mechanistic, dynamic 
model (Gregorini et al., 2013) whose aim is to simu-
late diurnal grazing patterns and widen the spectrum 
of prediction responses by dairy cattle predom-
inantly fed on pasture (feeding behavior, walked 
distance, urine excretion, intake, milk production, 
and BW changes). Mindy is a cluster of submodels, 
including 1) a modified Molly dairy cow digestion 
and metabolism model (Baldwin, 1995), 2) feeding 
motivation model, 3)  sward canopy structure and 
herbage quality model, 4) feeding behavior model, 
and 5)  foraging bioenergetics model. Because of 
its dynamic structure, model responses can be pre-
dicted every minute. Herbage DMI has been shown 
to be sensitive to changes in grazing techniques, 
supplementation levels, and genotypes but the 
RPE can be occasionally high, although consisting 
mainly of random components. Mindy has been 
subjected to an intense development since its first 
publication, and lately, it has incorporated another 
component aimed at predicting dietary preference 
and selection in grazing ruminants (Gregorini et al., 
2015a). This model is based on the minimum total 
discomfort theory (Forbes, 2007) that is based on 
the neuro-endocrine intake control system (Ginane 
et al., 2015). The theory of discomfort affecting VFI 
has also been used in developing a dynamic model 
for fluxes of body reserves (Tedeschi et al., 2013). 
Based on these premises, a grazing ruminant having 
access to different feeds would prioritize (i.e., show 
an immediate preference for) the one richest in the T
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dietary component (energy, protein, or fiber) exhib-
iting the highest deficit in the diet at that moment 
(i.e., the component whose shortage cause the max-
imum instantaneous discomfort). Preference will be 
then adjusted by a coefficient (modulator), which 
accounts for the availability/accessibility of the pre-
ferred feed. Mindy has been challenged in several in 
silico tests, using different scenarios where the die-
tary background was imbalanced regarding ener-
gy-to-protein ratio followed by fasting or preload 
(breakfast) of a specific feed (Gregorini et  al., 
2015b). Overall, response patterns were in line with 
dynamics reported under experimental conditions. 
It is, however, noteworthy that Mindy uses only two 
feeds, typically a forage and a supplement or two 
forages. Under these conditions, the modeled pat-
tern of preference in ruminant having free access to 
grass and legumes pastures soundly parallels that 
found during the daytime, with a preference for the 
legume in the morning and the grass in the evening 
(Rutter, 2006). Mindy has also been recently used 
to estimate the diurnal pattern of drinking and uri-
nation by grazing cattle, which is of great impor-
tance for predicting the environmental impact of 
different grazing and housing management strate-
gies (Gregorini et al., 2018).

The model Suckler Cow Pastoral System 
(Jouven et  al., 2006a, 2006b, 2008) is among the 
most advanced model devoted to beef cattle. This 
model is based on three modules: 1) pasture mod-
ule that can be skipped allowing direct data entry, 
2)  intake module (based on the Institut National 
de la Recherche Agronomique’s fill unit system), 
and 3)  performance module. This model is par-
tially dynamic and takes into account ruminant 
selectivity. Authors reported a good sensitivity to 
forage digestibility and stocking rate, with accept-
able prediction errors, concerning intake and diet 
digestibility.

Literature is poor concerning mechanistic 
models to predict herbage intake and performance 
of cattle grazing tropical pastures. The model 
Tropical Pasture Simulator (Herrero et  al., 2000a, 
2000b) and the intake prediction model developed 
by Boval et al. (2014) are valuable DST that pro-
vide useful insights regarding grazing management 
of cattle allocated to Pennisetum clandestinum, 
(Herrero et al., 2000a, 2000b) or Dichanthium spp. 
(Boval et  al., 2014). In both models, pasture sub-
models consider herbage growth under grazing, but 
unfortunately, Boval’s (2014) model overlooks the 
effect of supplementation and its SR effects. There 
is also a lack of mechanistic and mechanistic-dy-
namic models encompassing both pasture and 

animal phases concerning dairy sheep or goat graz-
ing Mediterranean forages (Pulina et al., 2013).

Mechanistic, but static models have been used 
to develop DST that allow users the rationing of 
ruminant fed on pasture. These applications mainly 
refer to dairy and beef cows, grazing temperate 
grassland. The Australian model GrazFeed (Freer 
et al., 1997), for instance, is an exception because it 
encompasses the nutrition of different species (cattle 
and meat sheep) grazing temperate, Mediterranean 
and tropical pastures but not bushland. The 
French’s Pasture Simulation (Graux et  al., 2011), 
the Irish’s Moorepark Dairy system (Shalloo et al., 
2004) and PastureBase (Hanrahan et al., 2017), the 
Australian’s Moosim (Bryant et al., 2008), and the 
New Zealand’s IDEA (Doole et al., 2013) models 
are mainly focused on the production system func-
tioning rather than on animals responses. They are 
valuable in predicting the dynamics of key variables 
such as pasture growth, greenhouse gas emissions 
or farm economic returns, but their description and 
evaluation stretch beyond the scope of this review.

Unfortunately, many DST addresses the need 
for local production systems in which they were 
originally developed to predict herbage DMI; thus, 
although useful, they can be relatively inaccurate. 
They tend to overlook several aspects that can 
impinge on the VFI of grazing ruminants such as 
diet selectivity, weather conditions, actual photoper-
iod, and time allocation to pasture. Some of them, 
such as GrazFeed, however, account for selectivity 
and SR, but the algorithms used have been evalu-
ated only partially (Pittroff  and Kothmann, 2001a, 
2001b, 2001c). Improvement of current DST, such 
as incorporation of new algorithms, should be 
guided by explicit goals that provide a relevant 
standard to evaluate accuracy and precision.

FUTURE PERSPECTIVES FOR 
DEVELOPING HOLISTIC AND PREDICTIVE 

MODELS FOR GRAZING ANIMALS

Although mechanistic, dynamic models are 
still mainly used for exploratory research analyses, 
they have great scope to become core components 
of precision livestock farming applications, e.g., 
those aimed at monitoring and driving the supply 
of concentrates (e.g., automatic feeding systems). 
However, due to their low time-scale unit (min), 
a proper equally-scaled evaluation of these mod-
els using independent data is very difficult, if  not 
impossible. It will be possible in the near future, 
under experimental conditions, if  accurate and pre-
cise smart technologies can gather reference data 
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at the same time-scale unit of these models. This 
further emphasizes the value of the link between 
modeling and technologies to strengthen and fur-
ther precision livestock farming applications.

A reasonable number of agricultural computer 
models (i.e., DST) exists, but because of the lack 
of a combination of models from different fields 
(animal, soil, crop, forages, and weather sciences), 
many believe that agricultural models are poorly 
coupled and difficult to integrate (Janssen et  al., 
2017). The integration of forage growth models 
with weather patterns and animal requirement 
models are needed for long-term prediction of pro-
duction policies (Oltjen and Gunter, 2015). Many 
computer models for crop and pasture growth exist 
(Bryant and Snow, 2008), but an additional chal-
lenge is imposed to them with the inclusion of rumi-
nant animals because they represent an additional 
trophic level, adding a considerable complexity 
of nutrients flow across the compartments (Snow 
et al., 2014). Besides the synchronization and flow 
of nutrients, the grazing and consumption of forage 
(e.g., grasses and legumes) by ruminant animals has 
been the single most constraining nutrition mod-
els to accurately predict DMI of grazing animals 
(Oltjen and Gunter, 2015). A model developed by 
Fust and Schlecht (2018) can predict forage avail-
ability and animal feed requirement for semi-arid, 
drought-prone regions and to simulate different 
management strategies and clime conditions on 
environmental degradation with and without rumi-
nants. Then the question becomes, are they valid 
for other grassland ecosystems on the planet?

Undisturbed grasslands are ideal examples of 
sustainable grazing systems that support large and 
diverse herbivore and plant species without inten-
sive management or resource allocation, but they 
are rapidly diminishing (Muir et al., 2011; Carbutt 
et  al., 2017). Conversely, current pasture grazing 
systems rely on large amounts of inputs (fertilizer, 
seed, and pesticide) and emphasize monoculture 
grass and single herbivore management opera-
tions that are unsustainable, considering current 
and future demands for food (Muir et  al., 2011; 
Tedeschi et al., 2015). Sustainable pasture intensi-
fication prevents the environment from being debil-
itated and produces more with fewer resources in 
a profitable, yet socially, economically, and envi-
ronmentally responsible manner (Muir et al., 2011; 
Tedeschi et al., 2015). Implementation of innova-
tive and heuristic approaches that utilize synergies 
between diverse grasses, legumes, and multiple her-
bivore species provide alternatives for high-input 
pasture systems to help overcome existing short and 

long-term production challenges, such as economic 
feasibility and resource limitations (Nicholson 
et  al., 2001; Muir et  al., 2011). However, pasture 
sustainability efforts have many barriers, complex-
ity of diverse plant and animal communities and 
stakeholder adoption/management, which may be 
overcome with modeling (e.g., Sustainable Grazing 
Systems Pasture Model [Johnson et al., 2003]) cou-
pled with improved technology and smart farms 
(Muir et al., 2014, 2017; Tedeschi et al., 2017b).

Advances in multiple technologies for improved 
agricultural production have led to the advent of 
smart farming (González et al., 2018). Smart farm-
ing harnesses sensor (e.g., livestock GPS) and com-
munication (e.g., Wi-Fi) technologies to increase 
production efficiency and profitability of agricul-
tural operations (O’Grady and O’Hare, 2017). 
Modeling, through DST, has been used to process 
and interpret large data from multiple agricultural 
technologies, in near-real time, to overcome envi-
ronmental, technical, and economic production 
challenges (Le Gal et al., 2011). As discussed above, 
currently, a major obstacle is leveraging smart farm 
technology and DST to more effectively evalu-
ate the complex interaction of livestock’s physical 
activity and pasture composition and quantity. For 
example, dairy farmers rely on the accurate assess-
ment of pasture biomass and quality to optimize 
productivity and manage supplemental feeding, 
especially when pasture is the primary feed source 
to meet cattle nutrient requirements (Shalloo et al., 
2018). Livestock activity such as trampling, manure 
deposition, and grazing pressure impacts pasture 
quality and quantity. Bishop-Hurley et  al. (2014) 
monitored cow feeding behavior on pasture (graz-
ing, searching, walking, ruminating, resting, and 
head down) using motion sensors, accelerometer, 
GPS collar, and magnetometer. The authors con-
cluded that behavior monitoring techniques might 
be a solution for enhancing farming systems, pas-
ture quality and quantity, and supplemental feed-
ing to optimize milk production and profitability. 
Smart farms and advancing technology combined 
with modeling have the potential to identify high 
leverage solutions (i.e., small change produces big 
results) that could have otherwise gone unnoticed, 
such as individual supplementation of dairy cattle 
(Bishop-Hurley et  al., 2014; Milovanović, 2014). 
Therefore, the use of smart farms and modeling (or 
DST), and innovative pasture systems (e.g., multi-
ple herbivore species and diverse plant species) is 
likely the next step toward improving the sustain-
ability of livestock and pasture systems (González 
et al., 2018; Tedeschi et al., 2017a, 2017b).
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CONCLUSIONS

The data collection on the grazing side (for-
age selection, grazing patterns, pasture growth/
re-growth, pasture quality) as well as on the animal 
side (nutrient digestion and absorption, volatile fatty 
acids production and profile, energy requirement) 
remains a critical bottleneck for adequate modeling 
of forage intake by ruminants. The advancement of 
sensors might provide some insights that will likely 
enhance our understanding and assist in determin-
ing key variables that control forage intake. Because 
sensors are assigned to individual animals, they 
might provide additional insights on the variation 
associated with individual animals; thus, creating 
another level of sophistication for model develop-
ment that can improve the predictability for each 
animal. The scientific knowledge of factors that 
affect intake of ruminants is broad and rich, and 
DST for modeling energy expenditure and feed 
intake of grazing animals abound in the literature, 
but the adequate predictability of forage intake 
is still lacking, and it has been deceiving at times. 
As a group of scientists, despite many obstacles in 
animal and forage science research, including the 
shortage of funding (Rouquette et  al., 2009), we 
have thrived, and progress has been made. The sci-
entific community may need to change the angle 
of which the problem has been attacked, and focus 
more on holistic approaches.
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