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ABSTRACT

Context. In the past century, many systems have been proposed to represent the energy that
animals can derive from their feeds. Productive energy, metabolizable energy (adjusted to nitrogen
balance), net energy and net energy based on metabolizable energy systems all have significant
drawbacks. This should not be surprising because the various methods have been based primarily
on the proximate analysis system developed in the 19th century before the true nature of dietary
compounds such as protein and carbohydrates were understood. Aims. The Armidale method of
describing feed ingredients was proposed because it adresses categories representing 2Ist century
understanding based on analytical chemical techniques for sugars, oligosaccharides, starch, pectin,
hemi-cellulose, cellulose, lignin, ash, neutral lipids, polar lipids, true protein and non-protein
nitrogenous compounds. Methods. The idea of defining ingredient energy in terms of the
ATP-generating capacities of the various nutrients has been developed for humans and animals as
arefined method of comparing the potential contributions of feedstuffs. Key results. The proposed
NEaTp system facilitates the inclusion of the energy content for each nutrient in each ingredient. All
nitrogen-containing chemicals do not have the same energy content, neither do all carbohydrates,
etc. NEorp represents the potential energy that animals can get from their feeds. Interactions among
nutrients, (e.g. manifestations of the extra-caloric effect of fats) and the nitrogen balance of the
animal being fed are properties of the animal and should not be ascribed to the feed. They
should be integrated into the formulation models rather than be complicating factors in animal
energy bioassays. Conclusions. Ascribing traditional metabolizable and net energy assay results to
ingredients will always be problematic because heat increment effects are temperature dependent,
being helpful to a cool animal, stressful to a warm animal. Implications. NE,7p based on modern,
refined, ingredient composition will contribute to improved profitability and sustainability models
of feed formulation for each set of environmental conditions.

Keywords: Armidale method, broilers, feed composition, feed energy, layers, net energy, poultry,
Weende method.

Introduction

Poultry scientists have long discussed and debated how the energy values of feed
ingredients should be expressed (Zuidhof 2019). Pesti (2024) suggested that it is time for
a paradigm shift in the way feed ingredient nutrient contents are described, and labeled the
new categories collectively the Armidale method (see Fig. 1 for examples). He also
proposed expanding the net energy (NE) to NE1p, based on the production of adenosine
triphosphate (ATP) system of (Jansman et al. 2004; Van Der Klis et al. 2010; Van Der Klis and
Jansman 2019) (NEatp) by using the categories from the Armidale method (Pesti 2025a, 2025b).
Proximate analysis methods are crude by definition and inconsistent with the current
understanding of chemistry. For instance, the crude fiber in wheat is near 2%, whereas the true
fiber content is near 12% (Pesti et al. 2024). The energy content of feed ingredients is still based
on bioassay results, related primarily to crude chemical analyses based on 1860s technology.
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Fig.1. The composition of several feed ingredients as measured by the Armidale method. DDGS, distillers dried grains with solubles; NPNC,
non-protein nitrogenous compounds.

Nutritionists are taught the latest 21st century nutritional and to better practical decision making. These ideas were
biochemistry, molecular genetics and, perhaps, feed analytical discussed by Pesti and Miller (1997) and have been updated
techniques. Then they begin to work in the animal industries by Gous (see Gous, Chapter 13, this volume) (p. 5).
where they are expected to know how to formulate animal
feed by using 1950s, least-cost, linear programming technology. Although there have been profit-maximizing models

Their challenges are reduced to questions of what value they  available for some time (Oviedo-Rondén 2015), the industry

should put in the computer, for example, for the lysine require-  has been slow to adopt them. At least part of the reasons for

ments of finishing broilers or what values should be used for the ~ slow adoption may be the nature of the crude dietary descrip-

digestible threonine of soybean meal when a feed is super dosed ~ tions on which many advanced models have been based on.

phytase, etc. How best then to move forward, away from the 19th century
Fisher (2015) expressed the importance of changing from  paradigms?

least-cost feed formulation models based on meeting minimum

requirements to profit-maximizing formulation models: The NE,rp system can help nutritionists conceptualize

existing problems with feed formulation

The idea that populations of birds have characteristic  The critical argument for changing to a new NEap system can

requirements for nutrients is hard to defend and the logical e found by careful study of Fig. 2, including the following:
way to determine nutrient feeding levels for commercial

use is to interpret the experimentally observed response DE=GE - FE,

in economic terms. ... This is one area of poultry science

where the early adoption of a systems approach and the = where DE = digestible energy, GE = gross energy and FE =
use of modelling would have led to a better use of resources  fecal energy. FE is not usable by the animal and is meaningless.
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ME = DE — UE,

where ME = metabolizable energy and UE = urinary energy.
UE is not available to the animal and should be omitted.

NE=ME - HI,

where HI = heat increment, or calorigenic effect of feed.

In contrast, HI energy is usable by the animal and is helpful
for animals in cool environments. The misconception that the
heat increment is not usable is shown in Fig. 2 (from fig. 15.1,
p. 280, of The Fire of Life by Max Kleiber (1975)). The HI is
usable and useful for the animal to raise its body from
ambient environmental temperature to body temperature. It
makes no sense to not credit feed ingredients for energy
that contributes to keeping the animal’s body warm! HI is
measurable only if it is greater than what is needed to warm
the body from ambient environmental to normal body
temperature. If the HI is greater than what is needed to warm
the body, then heat stress exists, and the animal will have to
use energy to cool itself. The HI, or caloric effect of food,
lowers the cirtical temperature, allowing the animal to deposit
energy in meat, milk or eggs (Fig. 3).

To properly compare the dynamics of feed energy
allocation and needs for different animals kept at different
temperatures, it will be necessary to model both the total
potential energy content and HI of feed ingredients (Fig. 4).
The comparable energy content of the various nutrients in a
feed are best represented by their ATP-generating potentials
(Livesey 1984; Jansman et al. 2004; Coles et al. 2013;
Moughan 2018). The entire amount of ATP generated by a
feed ingredient should be used to determine how much
energy is available to heat the body and to produce meat,

c
2 Gain = Net energy of production
° 4 Minimum
3 o heat,
° N Calorigenic effect fed
oy : N of food
® : H S Minimum
N T CTTT N heat,
o [ ; : NG fasted
3] .
] B : : : s
asal : : . : AN
€ | nest | Critical [ Criical | Heat .
. temp., temp., ™™ requirement -
l fed fasted ! l S
0 -« : — — ‘ =
0 10 20 30 40
Environmental temperature (°C)
Fig. 3. Schematic diagram showing bird heat production versus

environmental temperature (redrawn from fig. 15.1 of Kleiber 1975).

milk, or eggs. The ATP energy from the HI is necessary to
model how the ingredient is affecting total heat production
and the potential for heat stress at different environmental
temperatures (Kiiciiktopcu 2023). The HI should not be ignored,
but estimated through the calculation of ATP produced in
nutrient metabolism for its value in warming the body and
deleterious effects when warming the body is not needed.

Nutrition is a relatively new and evolving science

Feed ingredient (proximate) analysis is still primarily based
on 1860s crude chemical analytical techniques (Severe
2022). Since the introduction of the Weende (or proximate
analysis) system in 1866 (Wardeh 1981) and its adoption by
the US Department of Agriculture in 1888 (Severe 2022),
great strides in both the chemical analysis of feeds and,
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Fig. 2. The classical animal energy classifications (black) and terminology based on assay

conditions (red).
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Armidale method [Sugars ?::g:’l;::- Starch | Pectin c::ﬁ::;o Cellulose Lignin | Ash ':;::::' ::::; p:.;:l:ln NPNC
Sugarunits| 1-2 3-12 >12 >12 >12 >12
GE (MJ/g)| 16.74 16.74 17.57 15.56 16.74 16.74 25.50 0.00 39.75 [31.00| 23.85 24.59
Potential digestibility| 1.00 0.90 100.00 0.70 0.50 0.10 0.00 0.00 100.00 [100.00| 100.00 | 103.09
Potential ME (MJ/g)| 16.74 16.74 17.57 10.90 8.37 1.67 0.00 0.00 39.75 |31.00 23.85 24.59
NE (based on ATP)| 10.56 10.60 11.73 8.21 8.21 11.73 8.21 0.00 2531 [20.36| 11.35 6.33

Fig. 4. A comparison of the Weende and Armidale methods for classifying ingredient composition. ADF, acid detergent fibre; NPNC, non-

protein nitrogenous compounds.

subsequently, nutritional requirements of livestock have
been made.

The Weende system categorized the chemical composition
of feed ingredients into the following six components: the
moisture content; the nitrogenous or albuminous material
(the nature of protein was not yet known); the ether extract
or fat soluble material; the ash that was the residual after
burning; the fibrous material that was not ash and not soluble
in acid or alkali solutions; and the nitrogen-free extract
representing the soluble carbohydrate fraction. Nitrogen-
free ‘extract’ was a poor translation from German into English,
because it is the residual, not an extract. It is found by
difference, 100 minus the percentages of the others. As a
result, the Weende system results always total exactly 100%.

Over time, analytical and synthetic chemists improved
methods of food and feed analysis, leading to many improve-
ments in nutritional science (e.g. DuVigneaud 1952; Carpenter
et al. 1997; Olson 1998). The ash has been fractionated into
many macro- and micro-minerals and the requirement of each
has been determined. The albuminous fraction was determined
to be mainly protein, made of amino acids, but also many other
non-protein nitrogenous compounds such as nucleotides and
phospholipids. The crude fiber fraction has been found to
contain cellulose, hemi-cellulose, lignin and some of the nitrogen-
free extract.

Nutritionists decided to use metabolizable energy (ME) as
the standard for poultry feeds because productive energy (PE)
was too variable and results could not be repeated. The results
could not be repeated because the bird’s nitrogen balance and
activity were affecting the results. The simple solution was to
use one ME value adjusted to zero nitrogen retention and not
credit the feed for energy retained in the bird carcass. An
alternative is to find and properly adjust for the energy used
for heat production versus body warming according to nitrogen
retention, and give the feed its due. NErp modeling will make
that possible. Another system with the same goal (effective
energy) was proposed by Emmans (1994) and applied to the
EFG growth model (Fisher and Gous 1998). The NE,1p method
improves on Emmens’ system because it is not based on ME

measurements, which are based on crude measures of feed
composition.

Towards a new feed energy paradigm

The one obvious exception to nutritional science changing
with improvements in analytical chemistry has been in the
estimation of the energy content of feeds. Methods to estimate
the energy content of feed ingredients are still primarily based
on proximate analysis (WPSA 1989; Mateos et al. 2018).
Jansman et al. (2004) proposed a new net energy system for
broilers based on the ATP-generating capacity contributions
of the various chemicals in feed ingredients. The system is
based on digestible true protein, digestible DNA and RNA
bases, digestible fat, fermentable carbohydrates, and fermenta-
tation of sugars and starch.

Pesti (2024, 2025b) expanded on the feed composition
categories proposed by Jansman et al. (2004) to create the
Armidale method (Fig. 4). Instead of a single coefficient to
convert nitrogen content to crude protein, true protein is
represented as the sum of the amino acid residues. A category
called the non-protein nitrogenous (NPNC) compounds was
introduced to replace Jansman’s digestible pentose bases,
DNA and RNA. The lipid fraction was separated into neutral
and polar lipids. The carbohydrate fraction was separated into
sugars, oligosaccharides, starch, pectin, hemicellulose, cellulose
and lignin on the basis of the work of Choct (2015).

Unlike the Weende method, components of the Armidale
method do not always sum to a perfect 1000 g/kg. When
the Armidale method constituents were estimated for 25
ingredients primarily by using the Australian Feed Ingredient
Database (AFiD; Moss 2020), the mean + s.d. was 1032 +
49.5 g/kg (Pesti 2024). Some ingredient totals were very close
to comparable Weende method values, whereas some were not.

Defining and developing a new feed composition
paradigm

Reliance on the Weende method led to considerable
complacency in finding out what is in many commonly fed
ingredients. For instance, xylanase is currently being added

4
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to many feeds around the world, without knowing the actual
xylan concentration of important feed ingredients such as
soybean meal.

The Armidale method should be seen only as a beginning
point for discussion. There are questions that need to be answered
before it can be implemented, including the following:

e How should each fraction be defined and determined?
O Are different methods appropriate for different ingredients?
O What method should be used for starch?
O What methods should be used for neutral and polar lipids?
O How should choline and betaine be accounted for because

they are oxidized to glycine?

e The ash contents of which ingredients are best measured by
wet and dry methods?

e Is the difference even important?

e What is the best way to measure the carbohydrate fractions?

e Do the various methods sum to 1000 g/kg for all ingredients?
O If not, why not?

Defining and developing a new feed energy paradigm

As already discussed, the present ME and NE systems used
for estimating the potential energy contributions of feed
ingredients are fraught with problems (Mateos et al. 2018;
Pesti 2025a). ME estimates the apparent, not true, energy
contributions of ingredients. The values for fats are not additive,
depending on the level of inclusion (Mateos and Sell 1980a,
1980b, 1981). For poultry, values are corrected to zero
nitrogen balance, despite the animals being fed not being in
a state of zero nitrogen balance. Feed manufacturing methods
affect overall nutrient and ingredient utilization. The
technical value of feed processing, especially pelleting, on
utilization of each nutrient needs to be quantitated so that
the economic value can be properly evaluated.

Each of the nutrient categories in the Armidale method
should ideally have estimates of their potential digestibil-
ities and energy contents. The energetic contribution of each
component can then be calculated and tailored to individual
samples. Knowing what the digestion and absorption of all
ingredient fractions is important for all systems and ingredients.

In the present ME and NE system predictions, the energy
contents of all the nitrogenous fractions (including the
phospholipid containing choline, betaine, serine, etc.) are
based on the total nitrogen content of the ingredient. In the
future, energy contributions of proteins should be based on
the digestibility and energy contents of each amino acid.
Jansman et al. (2004) proposed using a single coefficient of
9.70 KJ for the NEp content of protein. Since the amino acid
compositions of feed ingredients are known, it is reasonable to
base the energetic content of proteins on their individual
amino acids. There are important differences in the energetic
contribution of proteins. The NE1p of sorghum protein is 19%
higher than is the NEop of meat meal protein, for instance
(Pesti 2025b).

As discussed by Pesti (2025b), ME measurements are
dependent on the nitrogen balance of animals, and especially
so for birds. PE is dependent on the activity and temperature
of the test animal’s environment. Bioassay results based on
crude feed analytical techniques are not helpful for adapting
to environmental changes, except to calibrate advanced
models, which is, of course, very important.

Advantages of NE,p for feed formulation and
modeling

When the pioneers of energy metabolism were first investi-
gating the heat increment, their experiments lacked appropriate
controls (Kleiber 1975, Fig. 3). The obligatory heat loss from
nutrients during metabolism was measurable only when it
exceeded the amount of energy from warming the animal’s
body from the ambient environmental temperature to body
temperature (Fig. 3). Extra heat production followed feeding
meat, but not feeding bone. The chemical energy provided in
meat was more than that provided by bone, but only the
obligatory heat loss from meat exceeded the heat necessary
to warm the body. Today, through understanding the
biochemistry involved, we know that the conclusion that there
is more obligatory heat loss when protein is being digested,
absorbed and deposited in tissue than when minerals are being
digested, was correct. It is possible to estimate the heat produced
as a function of ATP production through understanding the
biochemical pathways involved.

As animals grow, feed protein utilization (grams oxidized
per grams ingested) increases. Therefore, the proportion of
obligatory heat loss (HI) increases as birds age. Understanding
how ATP generation changes with age will allow producers to
balance the costs of heat coming from the feed versus heat
coming from the environment. Young birds have relatively
low obligatory heat loss from dietary protein (HI) because
they deposit a relatively high amount of protein into their
tissues, but they have relatively high heat losses to the environ-
ment because of their greater surface area to bodyweight ratio
(Pesti and Billard 2024).

With an NE,7p-based system, adjustments in heat produc-
tion for the amino acids being deposited in the animal’s
body, versus those oxidized to uric acid, can be accounted
for. The feed ingredients should be given credit for all heat
they supply, whether it is deposited in the tissues or used to
heat the bird’s body.

Animals can be a significant source of heat for their
environments. By modeling the NEp production of the birds,
the additional heat added to poultry houses can be estimated
on a continuing basis. Several equations such as the one of
Sakomura (2004) have been fitted to determine the energy
needs of laying hens (Fig. 5). The cost of providing heat
from bird metabolism versus fossil and other fuels can be
modeled to maximize profits. Such information can be used to
alter feeds and to minimize bird heat production under heat
stress conditions. The results from Sakomura (2004) and other
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Fig. 5. The heat production of broiler breeders and laying hens kept at
different environmental temperatures. Based on data from Sakomura
(2004).

experimental data indicate that there is no thermoneutral zone
where ambient temperature does not affect growth or feed
conversion efficiency (Davis et al. (1973): ‘There was a linear
relationship between heat production and ambient tempera-
ture with no thermoneutral zone or critical temperature’,
p- 173). In general, layers kept at warmer temperatures have
better feed utilization efficiencies. Models of layer performance
should balance the costs of feed energy with maintaining
environmental temperatures to maximize profits.

The same phenomena exist for broilers, but because
bodyweight, bodyweight to surface area and rate of protein
deposition change more quickly, and heat dissipation is subject
to ventilation rates, the solution is much more complex. Again,
data show that there is no thermoneutral zone. Hurwitz et al.
(1980) showed maximum bodyweight gain for broilers at 19°C
or lower, but feed conversion efficiency was maximized at
27°C. Modeling performance of broilers and layers should
always include heat coming from the energetic effects of
digestion and obligatory metabolism (Fig. 4) to maximize
production efficiency. In general, broilers kept at cooler
temperatures eat more feed and grow more quickly, whereas
birds grown at warmer temperatures grow more slowly but
have better feed utilization efficiencies. Models of broiler
performance should balance the costs of feed energy with
maintaining environmental temperatures to maximize profits.

Estimates of NEp represent the potential energy that can
be provided by feed ingredients. There remains the influence
of anti-nutritional factors such as phytate and the arabi-
noxylans, their levels fed, and feed processing to be considered.
When the ME of ingredients is determined, antinutritional
factors and nutrient interactions present under the assay
conditions influence the results. For instance, when meat
meal is assayed for ME, its saturated fats may not be well
absorbed, but in a mixed feed with corn oil from corn present,

the saturated fats should be very well absorbed (Fig. 6; Ketels
and De Groote 1989).

Assay conditions do not affect NE,rp values. Factors that
affect utilization by different animal species during assays
and under production conditions need to be understood so
they can be applied to animal feeds in practice. For instance,
nitrogen ‘corrections’ to imply that all birds are in nitrogen
balance are not correct nor helpful. Very few commercial
birds are in nitrogen balance; most are not. Broiler chickens
are not in nitrogen balance because they deposit protein into
their carcasses. They have lower heat increments than old
roosters near nitrogen balance. Correcting for the nitrogen
balance for each bird and maximizing profitability through
proper modeling should be the goal of meat production.
Formulating least-cost feeds for broilers on the basis of
ingredient energy values adjusted for some other nitrogen-
balance situation does not mean that this criterion is not
productive.

In general, the oil from vegetable products is highly
absorbed because of its high unsaturated fatty acid content,
but the grease from animal products is less well absorbed due
to its low content of unsaturated fatty acids. The energy value
for formulation should be based on the unsaturated fat to
saturated fat ratio in the final ration. The relationship is
non-linear and is not easily or accurately solved by traditional
least-cost, linear feed-formulation programs. By knowing the
ATP-generating capabilities of the various fatty acids and
triacylglycerols, and the final unsaturated fat to saturated fat
ratio in the formulation solution, the NE,rp can be estimated.

Similarly, when oilseed meal nutrients are studied at high
proportions in test feeds, dietary fiber affects the absorption of

100

90

©
o

Fat digestibility (%)
~
o

60

50
0 2 4 6 8

U:S ratio
FIGURE 2. Relation between the digestibility of added

fat and the dietary unsaturated:saturated fatty acids (U:S)
ratio.

Fig. 6. Fat digestibility as a function of the unsaturated to saturated
fatty acid ratio (from Ketels and De Groote 1989).
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the amino acids (Messad et al. 2016). In mixed feeds with
lower concentrations of oilseed meal, the fiber concentration
is lower, thus allowing more amino acids to be absorbed. Feed
utilization efficiency (gain/feed intake) increases with feed
processing, but it is important to determine which nutrients
are affected. Nutritional interactions are important, and
depend on whether ME, ME,, NE, PE, or NEayp is used.
Interactions should be easier to model by using NEarp,
because the starting point is the energy available from the
finished feed, not what has already been discounted for
nitrogen balance in the bird or when anti-nutritional factors
are not present at the concentration of the finished feed.

Conclusions

Classic metabolizable energy measurements have many
problems (Mateos et al. 2018; Pesti 2025a). Net energy systems
based on ME systems ignore that the heat increment is available
and useful to animals whenever they need to raise their body
temperatures from ambient room temperature. Both the
Armidale method for feed ingredient analysis and the NEa1p
system of estimating potential feed ingredient energy are
still in the proposal stages, but offer considerable advances
over current methodologies. To properly model sustainability
of animal production, it will be necessary to include all sources
of energy in animal houses, including the energetic effect of
feed. It seems obvious that if precision feed formulation and
modeling systems are to evolve, it will be best to change from
the 19th to 21st century technologies as soon as possible. Birds
kept in warmer environments have reduced feed intake and
improved feed utilization efficiencies. Proper modeling of all
sources of heat, including the HI or energetic effects of feed,
need to be modeled to balance feed energy levels and
environmental temperatures, to maximize broiler profitability.
A similar situation exists for laying hens. If nutritionists want to
formulate feeds with precision, they need to find out precisely
what is in their ingredients.
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