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Figure 1. Calf birth body weight (control group, n = 39; methionine group, n = 42) in response to feeding 

cows a basal control diet or the basal diet plus ethylcellulose rumen-protected methionine (0.9 
g/kg dry matter intake) during the last 28 d of pregnancy. Values are means 6 pooled SEMs. 

















































































evaluated many aspects of heifer rearing, however, most of the focus has been on pre- 
pubertal growth rate and its effects on mammary development. Little to no attention has 
been placed on the effects of such growth rates on body composition or maturity at 
calving as it relates to energy balance or growth during the lactation. Transition cow 
research has unequivocally shown the negative effects of over conditioned cattle at the 
time of calving on DMI, metabolic problems and milk yield. These findings also apply to 
first lactation heifers. When accounting for predicted body composition at calving, we 
are able to explain most of the variation in milk production observed in different studies. 
Body composition explains both the lack of differences in production observed in some 
studies (Valentine et al., 1987; Waldo et al., 1998) as well as the differences in milk 
production observed in others (Swanson, 1978; Foldager and Sejrsen, 1987; 
Hohenboken et al., 1995). Thus in many studies evaluating mammary development and 
milk yield, directly or indirectly, the outcome was most likely better predicted by body 
composition at calving and not mammary development.  Moreover, body composition 
during different growth stages is greatly influenced by mature size. When mature size is 
not accounted for in diet formulation, energy is often over-fed, resulting in greater fat 
deposition in growing heifers in subtle but significant outcomes. 

 
Figure 3. Three 18 months old heifers grown at ADG of 400, 600 and 800 g (0.88, 1.32 
and 1.76 lb). Live weights were 250, 402 and 540 kg (551, 886, 1,190 lb) respectively 
(Foldager and Sejrsen, 1987). 

  

     An additional scenario commonly seen in practical conditions is reducing AFC 
without taking into consideration the physiological maturity of heifers (MBW), 
necessary to adjust growth rates and achieving target weights. This practice might lead 
to heifers with a significant growth requirement during lactation and growth will always 
be a priority for nutrient use as the heifer partition energy away from lactation.  This is 
most likely one of the primary factors effecting milk yield in herds were AFC is identified 
as an important metric with no discussion of body weight, pre- or post-pubertal growth 
rates or mature size of the herds were considered. Under sized heifers will not only be 













hydrolyze the urea that diffuses from the blood into the rumen, producing the ammonia that 
rumen microorganisms can combine with carbon skeletons to synthesize amino acids. So 
although this small group of bacteria does not contribute significantly to feed digestion, they still 
make a significant contribution to the microbial community (Cheng et al., 1979).  

 

 
Fig. 1. Adherence of mixed of rumen bacteria to plant material  

 
Diet is the major factor that determines the composition and diversity of the rumen bacterial 

population.(Fernando et al., 2010; Henderson et al., 2015). When cattle are fed high forage diets, 
cellulolytic bacteria proliferate (e.g., Ruminococcus flavefaciens, Ruminococcus albus, 
Bacteroides succinogenes and Butyrivibrio fibrisolvens), in the rumen. In contrast, if cattle are 
fed high grain diets, amylolytic bacteria (e.g., Ruminobacter amylophilus, Prevotella 
ruminocola, Streptococus bovis,) that digest starch and those that utilize the end products of 
starch digestion (e.g., Megasphaera elsdeni; Selenomonas ruminantium) such as lactic acid 
proliferate. This change in the microbiome leads to a decrease in acetate and increase in 
propionate concentration in the rumen. The production of more fermentation end products leads 
to a decline in pH and if it reaches 5.0 or lower, lactate concentration in the rumen also usually 
increases [(Nagaraja and Titgemeyer, 2007); Fig. 2]. At a pH below 5.8, many of the cellulolytic 
bacteria are inhibited and as a result ruminal fiber digestion also decreases. 



 
Fig. 2. Relationship of ruminal pH with proportions of acetate, proprionate and lactate. Adapted 
from (Kaufmann et al., 1980)  

 
3. Protozoa 

Protozoa are present in rumen fluid at 103 to 106 cells per ml of rumen fluid and may account 
for up to 50% of the total rumen microbial biomass. Protozoa are thought to be responsible for ¼ 
to ⅓ of the fiber digestion in the rumen. Although protozoa are often associated with rumen 
fluid, large numbers may also attach to the surface of feed particles (Fig. 3) or to the rumen 
epithelium. Protozoa are predators of rumen bacteria, thus the number of protozoa in the rumen 
fluctuates inversely with the number of bacteria. As a result of bacterial predation, protozoa are 
also responsible for the turnover of a large portion of the microbial protein within the rumen. 
They also contribute to the degradation of feed protein and are associated with higher ruminal 
concentrations of ammonia. Ruminants can survive without any protozoa in the rumen, and as 
protozoa and methanogens have a close symbiotic relationship, removal of protozoa often results 
in a transient decline in methane emissions. 



 
Fig. 3. Protozoa colonizing barley grain after 2h of ruminal incubation  

 
Ruminants that lack protozoa are said to be defaunated, (Newbold et al., 2015) and although a 

reduction in methane emissions and ruminal protein breakdown could be of benefit, it is often at 
the expense of a decrease in organic matter and fiber digestibility (Newbold et al., 2015). The 
diversity of protozoa in the rumen declines with increasing concentrate in the diet, but those 
protozoa that remain are capable of engulfing starch granules, modulating starch digestion and 
reducing the risk of ruminal acidosis (Fig. 4). Thus, the benefits of eliminating rumen protozoa is 
a matter of debate and as protozoa are readily transmitted among individuals within the herd, it is 
very difficult to ensure that ruminants remain defaunated under practical production conditions.  



 
Fig. 4. Protozoa engulfing starch 
 

4. Fungi 
Fungi are the least populous of the rumen microorganisms (103 to106 zoospore/mL), and 

represent < 20% of rumen microbial biomass (Rezaeian	et	al.,	2004).	However,	rumen	fungi	
are	 among	 the	most	 important	microorganisms	 involved	 in	 the	 digestion	 of	 low	 quality	
forages	 such	 as	 cereal	 straw.	 Anaerobic fungi, also produce a wide array of carbohydrate 
degrading enzymes, but are most well-known for the highly active fibrolytic enzymes. 
Furthermore, they produce filamentous structures known as rhizoids that have the capacity to 
exert a physical force and penetrate highly lignified plant cell walls (Krause et al., 2003). The 
enzymes that they produce are concentrated at the tip of these structures and the openings that 
are created in the plant cell wall provide bacteria with access to the interior of the plant cell (Fig. 
5).  

 



 
Fig. 5. Synergism between fungi and bacteria on colonizing plant material  

 
5. Methanogens  

Methanogens are members of a unique group of microorganism known as the Archaea, and 
are responsible for methane production in the rumen. Methanogens are not prominent members 
of the microbial community (106 cell/mL), but their ability to reduce methylamines, formate and 
carbon dioxide to methane is an integral component of fermentation. Eructation, (not flatulence) 
is responsible for the majority of methane produced in the rumen. Ruminal methane emission is 
not desirable for either the host or the environment, since it represents a significant energetic loss 
and has 25 times the global warming potential of carbon dioxide.  

Because of that, considerable research effort has been expended into methods of methane 
mitigation. The most effective mitigation strategy is to reduce the amount of feed necessary to 
produce one unit of product (e.g., kg carcass; L of milk). Other strategies consist of the usage of 
feed additives (e.g., ionophores, probiotics or natural extracts) that are either toxic to 
methanogens or redirect H2 to other electron acceptors  (Leng, 2014). More recently, enzymes 
produced by bacteriophage (viruses that predate bacteria) have been also being researched 
(Altermann et al., 2018). However, due to the large variety of species and the capacity of 
methanogens to adapt, several of these developed technologies only result in a short term 



reduction in methane emissions and some have had undesirable side effect on feed digestibility 
and host productivity. 

 
6. Bacteriophage 

Bacteriophages are “bacterial viruses” that reside in the rumen in concentrations of 1010 
cells/mL of ruminal fluid. These viral particles need a host (bacteria) for replication which may 
culminate in rupture of the bacterial cell (Lytic cycle) or in the integration of the bacteriophage 
genome (Lysogenic cycle) into the genome of the host (Fig. 6) 

 

 
 
Fig. 6. Lysogenic and Lytic cycle of bacteriophage infecting rumen bacteria.  
 
Bacteriophages are extremely host specific, often being able to infect only a few strains of a 
given bacterial species. To date, more than 125 different morphological types of bacteriophage 
have been identified, however there is still many more types that remain unidentified and 
uncharacterized. Although largely unstudied, it is well known that bacteriophage play an 
important role in density and types of bacteria that reside in the rumen. Recently, bacteriophage 
have been gaining increasing attention by rumen microbiologists. Although not presently 
practical on farm, it is believed that bacteriophage could be used to target undesirable bacterial 
species (e.g., Streptococcus bovis) in the rumen that contribute to digestive upsets such as 
acidosis and bloat.  This approach may have the potential to replace the use of antibiotics in the 
future.   

 
II. Rumen contents 

 
1. Dimension 

In ruminants, the digestion of fibrous material requires a fermentative chamber of a great 
volumetric capacity (reticulum and rumen), that can retain feed for the long period of time  
required to digest recalcitrant cell walls. Ruminants actually have a 4 chamber stomach (Fig. 7) 



which 80 % is accounted for by the rumen, 5 % by the reticulum, 8 % by the omasum, and 7 % 
by the abomasum (Dyce et al. (2004). The rumen accounts for about 6 % of the live weight and 
in adult ruminants can have a volumetric capacity of up to 200 L. 

  

 
Fig. 7. The ruminant digestive tract 

 
2. Osmolarity, pH and redox potential 

The temperature in the rumen ranges between 38 °C and 41 °C, conditions that are optimal for 
growth of the rumen microorganisms. Ruminal pH is far more variable, ranging from 7.2 to as 
low as 4.6. Ruminal pH below 5.0 are undesirable as they are associated with subclinical or 
clinical acidosis. Ruminal pHs below 5.8 inhibit the activity of fibrolytic microorganisms and 
account for the inevitable decline in fiber digestion as a result of increasing levels of concentrate 
in the diet. Ruminal pH typically exhibits a diurnal patter where it declines shortly after feed 
consumption and recovers to pre-feeding levels prior to the next meal. Individual animals can 
vary substantially in their sensitivity to low pH, with some individuals going of feed when the 
pH declines below 5.4 and other showing no adverse effects even when the ruminal pH reaches 
5.2 

Diets with a high-fiber content (NDF > 40 %) and moderate amount of starch (<20 %), 
usually result in ruminal pH being no lower than 6.0- 6.2; as acid production occurs at a 
moderate rate and the presence of forage stimulates rumination and saliva production which 
contains sodium bicarbonate that buffers the rumen (Van Soest et al., 1991). However, with 
high-concentrate diets (over 65 % concentrate and/or more than 45 % of non-fibrous 
carbohydrates) are fed the rapid fermentation of starch accelerates the production of organic 





protein N source can be used by rumen microorganism to synthesize amino acids which are 
intern assembled into microbial protein.  

 
5. Protein absorption 
The microbial protein produced in the rumen is the principal protein source of the ruminant host. 
The rumen is anatomically positioned before the abomasum and duodenum. Rumen 
microorganisms that flow from the rumen either with feed or fluid are subject to digestion in the 
abomasum and small intestine where released amino acids can be absorbed. 
Often, protein levels in the diet may not be sufficient to meet the animals’ requirements. Under 
these circumstances non-protein nitrogen and fermentable carbohydrates can be added to the diet 
in an effort to optimize the efficiency of microbial protein synthesis. Depending on the nature of 
the protein, as much as 60–90 % of the feed protein consumed can be degraded and the nitrogen 
released as ammonia (NH3) in the rumen. The excess ammonia in rumen is absorbed across the 
rumen wall and converted into urea in the liver. If nitrogen is in excess, the urea will be excreted 
in the urine. However, if there is a deficiency of ruminal N, the urea can be recycled via the 
saliva or across the rumen wall where it can once again be used be the rumen microorganisms to 
synthesize amino acids (Fig. 8). 
 

 
Fig. 8. Digestion and absorption of protein in ruminants (Satter, 1978). 

 
6. Methane 

As previous discussed, the fermentation activity of the rumen produces from 500–1000 L of 
gas per day in the rumen of an adult bovine. In general, this gas consists of 0.2 % hydrogen, 0.5 
% oxygen, 7 % nitrogen, 26.8 % methane and 65.5 % carbon dioxide (Cunningham, 2011).It is 
the  methanogenic archea that are responsible for the production of methane. Eructation is a vital 
and essential physiological mechanism for the removal of this gas from the rumen. Adult cattle 
produce 30–50 L of gas/h, whereas sheep and goats produce approximately 5 L/h (Cunningham, 
2011). In cattle, CO2 and methane account for 60–70 % and 30–40 % of the gas produced, 
respectively.  

 

























 
 
Figure 1. Variability in day-to-day pellet delivered in the AMS based on the 
amount of pellet offered in the AMS.  
 
 

In most studies, a fundamental assumption is that as AMS pellet delivered, 
and presumably consumed, increased, PMR intake would decrease with an equal 
magnitude. We know this assumption is not true as substitution rates (amount of 
decrease in PMR intake for every 1 kg increase in AMS pellet intake) range from 0.62 
to 1.58 kg (Table 1). Obviously, the reduction in PMR intake with increasing AMS 
pellet allocation will change the nature of the total diet and depending on the direction 
and magnitude of the PMR substitution, the proportions of forage neutral detergent 
fibre (NDF) or physically effective NDF may become marginal coupled with 
increases in ruminally degradable starch. 

In AMS systems, there are three values that are relevant when considering 
AMS pellet delivery. The first value is the computer programmed target value. This 
value is the maximum amount that can be offered to cows in the AMS, assuming that 
carry-over of pellet is not included in the equation. The second value is the amount 
that is delivered to the cows in the AMS. The third value is the amount consumed in 
the AMS. The amount of pellet programmed in the computer does not correspond 



with the amount delivered (Figure 2). For example, Bach et al. (2007) allocated either 
3 or 8 kg/day in the AMS but only 2.6 and 6.8 kg/day were delivered, respectively. 
 

 
Figure 2. Comparison of computer programmed target AMS pellet allocation 
and AMS pellet consumption. The circles indicate the target quantity of AMS 
pellet desired, the ‘x’ indicate the computer programmed quantity, and the grey 
vertical bars indicate the average quantity that cows are delivered (adapted from 
Paddick and Penner, 2018). 
 

Halachmi et al. (2005) offered either 7 kg/day or 1.2 kg/visit to cows and 
reported that cows offered 7 kg/day were only delivered 5.2 kg/day while those 
offered 1.2 kg/visit received 3.85 kg/day. Pellet delivery and pellet consumption 
below that of the formulated diet are major concerns. Evaluating the deviation 
between the amount programmed and the amount offered is an important 
management tool because it demonstrates the ability to deliver the formulated diet to 
the cows. The deviation between the amount programmed and the amount delivered 
increases as the amount programmed increases (Figure 2). This can also be viewed 
under commercial settings (Figure 3). The data in Figure 3 were obtained from a 
commercial free-flow barn in Alberta and demonstrate some important findings. 



 
 
Figure 3. Relationship between the programmed quantity of pellet to be 
provided in the AMS and the actual amount delivered in a commercial herd in 
Alberta. 
 

Firstly, in this barn, the average maximum pellet delivered was 
approximately 6.3 kg in the AMS, although some individual cows were delivered as 
much as 8.1 kg. It is important to note these maxima as the amount of pellet 
programmed to be available was 10 kg. Data from this farm also show a similar 
response as reported by Menajovsky et al. (2018) and Paddick et al. (2019). 
Specifically, as the quantity of AMS pellet programmed increases, the deviation 
between the computer programmed quantity and the amount that is delivered 
increases (Figure 4). Based on a linear regression, we would expect that cows 
programmed to receive 2.7 kg did in fact receive that quantity, while as the quantity 
of AMS pellet programmed increased by 1 kg, cows only were delivered an additional 
0.62 kg. However, the variability in the difference between the programmed and 
delivered quantities was very large, particularly at the higher target pellet allowances. 
While it cannot be evaluated on farm easily, residual pellet left in the AMS feeder 
also increases with increasing pellet allocation in the AMS (Bach and Cabrera, 2017). 
Differences among the amount of pellet programmed, amount delivered in the AMS, 
and amount consumed by cows in the AMS can pose a challenge to dairy producers 
and their nutritionists, and diminish the ability to formulate diets that reasonably 
predict production outcomes. 
 



 
 
Figure 4. Influence of the amount of AMS pellet programmed for delivery and 
the difference between the programmed and delivered AMS pellet on a 
commercial farm in Alberta. 

 
From a nutritional standpoint, minimizing the range in the amount of pellet 

allocated in the AMS among cows within a group can help to ensure the diet is 
adequately balanced despite still allowing for differences in the amount of pellet 
allocated through the AMS. Maintaining a moderate quantity of pellet provided in the 
AMS can also reduce the bias between the computer programmed amount, amount 
delivered to the cow in the AMS, and amount consumed by the cow in the AMS. 
Moderate pellet allocations in the AMS should also minimize day-to-day variability 
in AMS pellet delivered (Figure 1). 

Automated milking systems also enable producers to impose adaptation 
programs for cows in early lactation. While increasing the energy density of the diet 
by increasing pellet allocation may seem like a plausible option, recent results suggest 
that such an approach may actually decrease DMI and milk yield (Deiho et al., 2016). 
We are not aware of any studies that have evaluated precision feeding strategies to 
determine whether such approaches improve milk and milk component yield and 
profitability. Studies that have evaluated fermentability of the diets following 
parturition have shown that increasing the rate of grain inclusion (Deiho et al., 2016), 
or increasing fermentability by including more rapidly fermentable grain sources may 
not be optimal (Albornoz and Allen, 2016). Deiho et al. (2016) reported that cows 
adapted to a diet that consisted of a concentrate supplement (45% DM basis) with the 
















































































