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Introduction

In many countries with a significant dairy industry, there is pressure to mitigate
carbon and methane and to reduce fugitive nitrogen (N) from dairy production. Fugitive N
consists of urinary and fecal N that was not utilized by the dairy cow for productive
functions such as milk or tissues and fertilizer N that migrates to soil and plants roots or
volatilizes away. Inherently, cattle will always excrete N through fecal and urinary losses;
however, the potential to minimize and mitigate these losses through more precise
estimations of both ruminal N requirements and post-ruminal amino acid (AA)
requirements and supply is significant. Additionally, this precision can help reduce the
societal pressure on the dairy industry. Over one-half of all ammonia emissions in the US
are sourced from domesticated farm animals due to the presence of ureases in feces that
mix with urine to convert urinary urea into volatilized products (Hristov et al., 2011). There
is a direct effect of ammonia production and fine particulate matter in the air that can
negatively impact human health (Wyer et al., 2022). Further, N has often been considered
the primary cause of eutrophication in marine ecosystems (Liu et al., 2024) and reducing
excretion would lead to increased water quality. Although still not fully quantified among
all conditions and regions, nitrous oxide emissions from cattle manure range from 0.5 to
1.5 percent of total excretion. This means, for every 100 g of N excretion, nitrous oxide
emissions are approximately 1 g, which is 273 times more potent as a greenhouse gas
compared to carbon dioxide and about 10 times more potent than methane (Nichols et
al., 2016; Rivera and Chara, 2021)

The concept of nitrogen efficiency in lactating dairy cattle has been proposed,
published, and discussed for many years (Van Vuuren and Meijs, 1987; Dijkstra et al.,
2013; Reed et al., 2015). Many concepts previously published on N efficiency focused on
the amount of intake N transferred into milk N or productive N (maintenance, tissue, fetus,
and milk). In most cases, improving N efficiency can be achieved by partitioning more
nutrients to the mammary gland, which increases energy-corrected milk (ECM) yield
following the same concept as feed efficiency and dilution of maintenance. As most
practicing nutritionists know, it is difficult to change metabolizable energy (ME) supply and
milk volume during established lactation or post-peak milk; however, modifications to the
form and amount of N being fed are possible and can reduce the amount of excreted N
in cattle diets. This approach does not significantly change N efficiency but reduces
environmental impact.

Adhering to the classical definition of efficiency, N efficiency can be improved by
creating an N deficiency from the diet, as the available N is a scarcer resource and is
used where the demand is greatest. The problem with this approach is that high-



producing cattle cannot perform in a deficient state, which would result in the highest
efficiencies, so we must work with optimum efficiencies, not maximum efficiencies. This
has been discussed previously (Higgs and Van Amburgh, 2016; Van Amburgh and
LaPierre, 2022), where the AA requirements were described based on ME supply
anchoring the requirements to the energetic state of the animal, whether at fresh, peak,
or post-peak milk yield. Most N efficiency calculations for cattle include the non-protein
nitrogen (NPN) intake, which confuses the comparisons between ruminant and
monogastric species. When evaluating the N efficiencies for pigs and chickens, only the
efficiency of use of AA is considered, which makes the comparison biased by the NPN
content of ruminant diets. This also suggests that N efficiency might be more variable for
a ruminant on a total N basis due to the inability to account for NPN utilization and loss,
as well as urea production and recycling.

An efficiency of use of less than one demonstrates that not all N is allocated to a
productive use, thus, the difference is what we cannot recover as milk or tissue. Higgs
(2014) discussed this during CNCPS v7 development, where it was recognized that after
accounting for rumen N requirements and all supplies of AA, the overall efficiency of use
of the essential AA (EAA) on a metabolizable protein (MP) basis was 0.73 or 73%. This
is reasonably high compared with pigs and chickens and suggests that the difference in
efficiency in N utilization by lactating dairy cattle is the metabolism and fate of the NPN.
The overall N efficiency when NPN is included is approximately 48% lower or essentially
one-half of what we observe on farms or in research studies. In addition, even if we knew
the non-essential AA (NEAA) requirements, it is unlikely that the efficiency of the use of
EAA could be increased in high-producing lactating dairy cattle because we need to
operate at an optimum efficiency, not a maximum. Additionally, we need to recognize that
the NEAA is required for optimum energy metabolism and is used for many functions
unrelated to N output, including energy substrates not captured in net protein yield. Thus,
the opportunity to improve overall N efficiency is to reduce the amount of N excreted in
the urine because that demonstrates overfeeding of nutrients to the cow that cannot be
used for productive functions, ultimately contributing to excess excretion into the
environment.

It is also critical to recognize other end-products of metabolism that can confound
our estimations of N utilization, mainly when we apply a reductionist approach to N
metabolism where the utilization of N appears intuitive but might not produce a direct
outcome. For example, when considering the EAA requirements of lactation in cattle,
many calculations are made solely based on the EAA requirements for milk protein
synthesis and yield (NASEM, 2021; Lapierre et al., 2005). This is partially true, as EAA,
although essential and contributing to the production of milk protein, is functional in the
mammary gland outside of milk protein synthesis. Lactose and fat synthesis are EAA-
intensive processes that also involve metabolic regulation through protein and enzyme
synthesis. When discussing EAA requirements, all metabolic processes in the mammary
gland for the yields of milk and milk components are protein synthetic pathways (Bionaz
and Loor, 2008; Mu et al., 2021; Osario et al., 2016; Palmquist and Harvatine, 2020) and
calculating efficiencies of use for EAA must incorporate all uses of the EAA integrated
with diet energy allowable productivity — from a CNCPS perspective this is ME. The study



of Higgs et al. (2023) and review by Reed et al. (2014) suggested the concept of relating
N efficiency to the ME supply and energy status of the animal and expands on many of
the approaches previously used to improve N efficiency. When considering available ME,
all available energy sources, including carbohydrates, lipids, and proteins, should be well
described. In the context of nitrogenous compounds, such as AA, many EAA and NEAA
are glucogenic, providing necessary precursors for cellular energetics and metabolism.
Discrete predictions for EAA supplies have been commonplace in our diet formulation
systems, yet, until discrete NEAA supply is fully described, MP will still be used as a proxy
of total AA sufficiency, for both protein synthesis and energy metabolism.

Further, the recognition that some EAA can be utilized as signaling mechanisms
and are required for the synthesis of most end-products should be prioritized in future
models to optimize our predictions for metabolic demand. For example, Li et al. (2019)
observed that lysine (Lys) enhanced fatty acid binding protein (FABP) and sterol
regulatory element binding protein (SREBP) in bovine mammary epithelial cells, which
are vital regulators of milk fat synthesis. Lysine is also part of many carrier proteins that
support the synthesis of milk fatty acids (FA). Thus, some Lys will never be available for
milk protein synthesis due to these other metabolic demands. This does not mean the
mammary gland inefficiently uses Lys or other AA, rather the mammary gland has a
requirement for these AA for other metabolic pathways such as lactose and fat synthesis.
Ultimately, this leads to efficiencies that are optimums as the cattle cannot operate at a
deficiency of EAA or NEAA while partitioning all nutrients to ECM yield. Additionally, the
efficiency of use of energy for milk synthesis is improved when balancing for AA. For
example, Table 1 shows actual treatment outputs from cows fed a basal diet not balanced
for AA and actual treatment outputs from cows fed a diet balanced for Methionine (Met),
Lys and Histidine (His). The basal and AA-balanced diets were formulated iso-calorically,
but the cows fed the AA-balanced diet had 1.7 kg/d greater ECM yield, suggesting that
balancing for AA improved the efficiency of energy use by partitioning more nutrients to
the mammary gland for increased milk component synthesis. If calculated correctly, the
supply of EAA from escape feed, bacteria, protozoa, and endogenous protein is
accounted for to meet the needs for productive functions and can be incorporated into the
concept of productive N. This condenses the N for productive purposes into one metric,
which can be used to evaluate the diet formulation for N intake relative to the productive
N requirements. Consideration of ruminal N requirements is paramount in leveraging a
ruminant’s ability to optimize productivity. It is likely that we will not make significant
improvements to post-ruminal N efficiency without considering the N demand for efficient
microbial growth, as the fermentation of carbohydrates and proliferation of microbial
supply led to a larger source of AA and energy for cattle.

The ruminal requirements for N have been discussed extensively over the last 30
years (Russell et. al., 1992; Chen et al., 1987; Wallace, 1996; Firkins et al., 2007). There
are other considerations around the idea of N efficiency, as the cow has two separate
metabolic systems operating in synchrony. Rumen microbes require N, in the form of
amino or ammonia N sourced from either the diet, protein degradation, or hepatic urea
recycling secreted by the salivary glands (Van Kessel and Russel, 1996; Firkins et al.,
2007; Hackman and Firkins, 2015). Generally, ruminal N requirements have been



reasonably well described in the CNCPS and applied in a manner that is consistent with
good diet formulation practice. However, as the industry looks to reduce protein feeding
in cattle, more discrete metabolic demands tend to elucidate themselves as sources of N
become scarcer in the rumen. One such demand is the obligate requirement of fibrolytic
bacteria for branch chain volatile fatty acids (BCVFA).

Nearly all diet formulation systems that utilize CNCPS provide a rumen ammonia
value expressed as a percent of requirement, which is calculated based on the ammonia
N requirement of rumen bacteria to digest the amount of fermentable carbohydrates
(fCHO). Bacteria have an N requirement to ferment the feed and grow. In a simple
approach, bacteria range from 9 to 10% N; thus, to digest 100 grams of fCHO, the model
would calculate 0.5 grams bacteria/gram fCHO/h, resulting in 50 grams of bacteria/h. If
the bacteria are 10% N, the requirement for growth would be 5 grams of N. If this is scaled
up to the total fCHO intake, considering the rate of passage and digestion, the result is
calculated by the pool size of fCHO, the grams of bacteria produced, and the N required
to allow it to happen. Most of the bacteria in the rumen require either ammonia or amino
N to synthesize AA for growth and metabolism (Russell et al., 1992). As characterized in
the CNCPS (Russell et al., 1992; Chen et al., 1987), the amylolytic bacteria (starch and
sugar utilizers) have an enhancement in growth dependent on the concentration of dietary
peptides in the rumen. One of the factors that have impeded the ability to formulate at the
lower rumen degradable protein (RDP) is the consideration for more discrete nutrient
needs, including BCVFA needs for fibrolytic bacteria (Allison, 1969; Firkins, 2023;
LaPierre and Van Amburgh, 2023). As such, a sub-model has been developed that will
allow users of the CNCPS to predict any ruminal shortcomings of BCVFA, which, when
implemented, should allow for the formulation of diets with lower and more targeted N
intake. There has been little focus on the precision of predicting the ruminal N
requirements and the minimum N supply in the diet that should be fed and still meet the
requirements of the rumen microbes for maximum fCHO digestion and growth. Further
refinements of these BCVFA predictions will look to predict what dietary strategies
promote the most efficient production of microbial protein in the rumen.

Another consideration when estimating and managing the efficiency of N use in
dairy cattle is the amount of ammonia produced, diffused to the mesentery and portal
blood, and converted to urea in the liver. This is a continuous process and is a function of
the total intake of N in the diet and the pool size of urea N in the blood. On average, dairy
cattle intake from about 600 to 870 grams of N per day in a modern dairy diet. Of this,
50% to 70% will be converted to ammonia in the rumen, of which a significant portion will
diffuse out of the rumen and be converted to urea in the liver (Reynolds and Kristensen,
2008; Recktenwald et al., 2014). Of the urea production, the amount recycled back to the
gastrointestinal tract will range from 40% to 60% in high producing cattle in the range of
most N intakes, with the balance being excreted in the milk and urine (Reynolds and
Kristensen, 2008). The efficiency of use of the recycled N is a probability function based
on the amount of consumed N relative to the demand from fCHO digestion. Given that
urea recycling is essentially a function of the relatively constant plasma pool size, the
greater the intake of N, the lower the probability of recycled N being captured by bacteria
and moving into the AA pool; thus, the efficiency is reduced, and more urea is excreted in



the urine. This is where there is an opportunity to alter this formulation and N supply
condition to increase the efficiency of the use of the recycled N. This requires having
accurate DMI, appropriate and comprehensive feed chemistry, aNDFom and other f{CHO
digestibility, and appropriate “safety factors” to account for on-farm management like feed
pushup, time budgets, and overcrowding at the feed bunk. Improved feed and feeding
management reduce the need for “N safety factors” in the diet and this will increase the
efficiency of use of recycled N for microbial protein yield.

One additional factor necessary to monitor the efficiency of N use is urinary N
excretion predictions. Any N not utilized in the rumen or in post-ruminal metabolism is
excreted in the urine, and although this number cannot be zero, it can be lower than what
is observed in most dairy cattle. There are many diets being fed where urinary N excretion
is over 200 grams and, in some situations, up to 280 grams per day. On a CP basis, that
is 1.25 to 1.74 kg of protein being excreted. The opportunity is to lower urinary N so that
it equals the amount of productive N (total protein used for all functions, converted to N
basis) — 1:1 productive N to urinary N or achieve a ratio greater than 1 for productive N
to urinary N (Table 1). In Table 1, Diets 1 and 2 were diets from Benoit et al (2021) and
were the diets fed. Diet 3 is a formulated diet to show the potential to reduce N from the
diet, especially rumen available N.

Achieving a 1:1 ratio in most herds results in at least a 40-gram reduction in urinary
N excretion with a potential of up to 80 grams based on the starting point, the available
alternative feeds, and our knowledge of how low we can formulate rumen N balance.
Reducing the urinary N will reduce the potential for ammonia and nitrous oxide
production, which are two targets for reduction in many countries around the world to
improve air quality and global warming.



Table 1. Intake, production, and excretion parameters among three diets. A base diet and
two diets modified from the base — one balanced for amino acids (AA) and
increased nitrogen (N) efficiency through AA balancing. The final diet uses the
AA balanced diet and reduces N intake by refining the formulation of the ruminal
N supplies to reduce excretion. The days in milk are not equivalent among the
diet comparisons between the base and modified diets, which explains part of
the milk volume difference. For Diet 1, days in milk average 120, whereas for
Diet 2 and 3, days in milk are 190.

Diet 1 Diet 2 Diet 3
Input/Output variables que Balgnced .for Balanced.for
Diet Amino Acids reduced urinary
and N efficiency N excretion
DMI, kg/d 26.4 26.7 26.6
Milk, kg/d 41.7 39.6 39.6
ECM, kg/d 44 4 46.1 45.9
Milk fat, % 4.10 472 4.70
Milk protein, % 3.10 3.37 3.35
ME Allow milk, kg 43.0 43.6 43.6
MP Allow. Milk, kg 43.4 47.3 454
Carbohydrate allowable bacteria, g 4,021 4,184 4,210
N allowable bacteria, g 5,019 4,646 4,668
N intake, g/d 684.9 683.5 668.9
Rumen NH3s balance, % 146 121 125
Rumen Degradable Protein, % DM 10.5 9.0 9.0
True RDP/Fermentable CHO, g/kg 199 188 178
Productive N, g/d 219 223 223.1
Urine N, g/d 221 215 192.6
Fecal N, g/d 257 258 256.1
Manure N, g/d 478 473 448.7
Productive N/Total N, % 32.0 32.6 33.5
Productive N/Urinary N, % 99.1 103.7 116.1
MP Supply, g/d 2888 3214 3131
MP Required, g/d 2820 2825 2840
MP Met, g/d 78.9 85.0 84.9
MP Met, g/Mcal 1.13 1.18 1.17
MP Lys, g/d 191.0 222.4 221.1
MP Lys, g/Mcal 2.74 3.20 3.05
MP His, g/d 76.0 88.9 86.7
MP His, g/Mcal 1.08 1.19 1.20
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