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Editorial on the Research Topic

Strategies for Mitigating the Environmental Impacts of Pig and Poultry Production

Pig and poultry production are crucial agriculture-based industries in many countries. These
production systems are frontlines in the fight against food insecurity. However, these livestock
sectors also contribute to the excretion of potential pollutant substances to the environment, like
nitrogen and phosphorus. Furthermore, cereals grains used in poultry and pig feeding are also
related to land use and many emissions from the cultivation to the processing steps.

In recent years, the poultry and pig industries have advanced in reducing their impacts on the
environment. However, there is still much room for improvement, and scientists can contribute to
greener animal production by proposing and testing solutions that make these production systems
more environmental-friendly. This Research Topic presented scientific evidence that is possible and
viable to mitigate the environmental impact of poultry and pig production systems using currently
available nutritional tools.

The feed has a major contribution to the environmental impacts of pig and broiler production.
However, it should be noted that animal nutrition research has a critical role in attenuating
this impact. The use of nutritional tools is one of the main insights provided by Andretta
et al. after performing a systematic review of original studies that estimated the environmental
impacts associated with both pig (55 studies) and poultry productions (30 studies). The study’s
conclusion supports the hypothesis that novel feeding techniques may be necessary to mitigate the
environmental footprint of both production chains.

One of the most promising options to mitigate environmental impacts is to optimize nutrient-
use efficiency by applying precision feeding techniques, as highlighted by Pomar et al.. The
potential of novel diet formulation strategies as tools to mitigate the carbon footprint was also
described in this paper, as well as the several limitations of standard formulation methods in the
context of conventional and precision feeding systems. In agreement with this premise, innovative
formulation methodologies that incorporate the environmental impacts of feed ingredients were
described and validated by de Quelen et al. as efficient ways to reduce the environmental impacts
of pig production without compromising animal performance.

In addition to this innovative formulation method, consistent information on the animal
nutrient requirements and the feedstuff characteristics are non-negotiable items when
proposing a precision feeding program. The methods available to accurately evaluate
the nutritional values of feed ingredients and to assess phosphorus requirements were
reviewed by Lautrou et al.. Undoubtedly, a better understanding of the nutritional
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requirements is of utmost importance for mitigating pollutant
excretion. To accomplish this, an alternative modeling
framework that incorporated uncertain traits of individual
pigs in a precision feeding modeling framework was presented
by Misiura et al.. This data-driven approach can improve
the estimation of individual nutrient requirements and,
therefore, the economic and environmental sustainability of pig
production systems.

Still focusing on mitigation options related to the feed
formulas, the beneficial effects of supplementing feed-grade
amino acids on the environmental impacts of broiler and pig
production were reviewed by Cappelaere et al.. The current
knowledge on using low-crude protein diets was summarized,
and factual research information was provided to quantify direct
(feed production) and indirect (emissions frommanure) impacts.
In addition, Hickmann et al. provided several results indicating
the potential of using feed additives as eco-friendly strategies
during formulation. The study was developed focusing on β-
mannanase supplementation, which reduced the amount of
soybean oil used in feed formulas and, consequently, mitigated
the environmental impacts of pig and poultry feeding programs.
Both papers highlighted the importance of choosing feed
ingredients considering not only performance or economic
criteria but also the environmental standpoint.

In fact, growth performance and environmental aspects
cannot be separated. The relationships between different
performance selection traits and environmental impacts were
evaluated by Monteiro et al. in individual growing pigs.
This study concluded that genetic selection to improve feed
conversion ratio is the best option to benefit both performance
and environmental impacts. The authors also suggested using
a similar approach on actual data (e.g., information collected
by genetic companies). Another important insight from this
study is that improving performance can be a way to improve
environmental sustainability too. Indeed, the findings presented
by Chen et al. revealed a significant correlation between sow gut
microbiota and litter size, providing another piece of evidence
that several responses are connected in animal science and that
an overall assessment should be preferred instead of focusing on
isolated impacts.

Evaluating the overall aspects of a given system is not an
easy task, but protocols or assessment routines can help. Thus,
a protocol to assess the energy performance of broiler facilities
was developed and presented by Baxevanou et al.. After applying
the protocol in production units with different technology
levels (study-case), the authors also proposed energy-saving
measures that canmitigate the environmental footprint of broiler

farms, which included proper insulation. In addition, efficient
climatization is vital to save energy and prevent physiological and
metabolic implications of heat stress on broilers. These effects
were reviewed by Nawaz et al., who also suggested strategies to
improve broiler production in a warming world.

All the studies presented in this Research Topic can be seen
as attempts to improve the way pigs and poultry are raised
nowadays. Facing challenges of modernization, farmers and food
producers have become more efficient over the last decades;
however, the systems’ environmental sustainability still needs
improvements. We do believe the more the production chains
are studied, the more effective the actions will be to move
toward amore resource-efficient and sustainable food production
system. This aspect is particularly crucial because the growing
demand for food worldwide must be met at an affordable cost
without compromising environmental integrity. Access to food is
a fundamental human right. This Research Topic demonstrated
that scientists are working worldwide to make food available with
as little impact as possible to meet current demands and ensure
the same right for the next generations.
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The selection of pigs for improved production traits has been, for a long time, the

major driver of pig breeding. More recently, because of the increasing concern with the

environment, new selection criteria have been explored, such as nitrogen (N) excretion.

However, many studies indicate that life cycle assessment (LCA) provides much better

indicators of environmental impacts than excretion. Therefore, the objective of this study

was to investigate, using a modeling approach, the relationships between production

traits and LCA impacts of individual growing pigs calculated at the farm gate for 1 kg of

body weight gain. Performances of pigs were simulated for 2-phase (2P) and precision

feeding (PR), using the InraPorc population model (on 1,000 pigs). Nitrogen excretion

was positively correlated with feed conversion ratio (FCR; r = +0.96), climate change

(CC; r = +0.96), acidification potential (AC; r = +0.97), eutrophication potential (EU; r =

+0.97), and land occupation (LO; r = +0.96), whatever the feeding program. However,

FCR appeared to be a better indicator of LCA impacts, with very high and positive

correlations (r > +0.99) with CC, AC, EU, and LO for both feeding programs. The CC,

AC, and EU impacts of pig production for PR feeding were 1.3, 10, and 7.5% lower than

for 2P, respectively, but the correlations within each outcome were very similar among

feeding programs. It was concluded that the use of FCR as a selection criterion in pig

breeding seems to be a promising approach to associate improved performance and

low environmental impact of pig fattening.

Keywords: feed efficiency, environmental impacts, life cycle assessment, growing pig, modeling

INTRODUCTION

The selection of animals for improved production traits has been, for a long time, the major driver
of pig breeding (1, 2). More recently, because of the increasing concern with environment, new
selection criteria have been explored, such as nitrogen (N) or phosphorus (P) excretion, which are
related to both feed efficiency and environmental impact (3). Residual feed intake (RFI) was also
proposed as a possible selection criterion to simultaneously improve feed efficiency and reduce N
and P excretion (1).

However, the pig supply chain involves a complex system, which requires production
of fertilizers and pesticides; production of feed ingredients; feed processing; animal raising;
transportation of animals and feed; water use for drinking and cleaning; energy use for light, heat,
and ventilation; and waste management (4). Therefore, the environmental degradation is not the
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consequence of only one process (e.g., the raising of pigs) or
one element (e.g., N excretion) and, as reviewed by McAuliffe
et al. (4), impacts are better evaluated through integrated
methodologies such as life cycle assessment (LCA).

Recently, a comparative LCA showed that pigs selected for
low RFI have, on average, 6% lower environmental impacts on
climate change (CC), acidification (AC), eutrophication (EU),
land occupation (LO), and water depletion than these selected
for high RFI (5). However, in this study, RFI did not appear to
be the optimum measure for efficient environmentally friendly
selection, since it was rather poorly correlated to environmental
impacts (r = 0.73 for CC in the low RFI line).

The objective of the present study was thus to investigate,
using a modeling approach, the relationships between different
performance selection traits and LCA environmental impacts
evaluated in individual growing pigs.

MATERIALS AND METHODS

Feeding Strategies and Animal
Performance
This study considered a conventional growing–finishing pig unit
located in West France, as described in detail by Monteiro et al.
(6). Two feeds were formulated on the basis of net energy (NE,
9.6 MJ/kg), standardized ileal digestible (SID) amino acids, and
digestible phosphorus (P): feed A to achieve 110% the mean
population nutrient requirements at the beginning of the growing
period (9.84 g/g SID lysine, 3.01 g/kg digestible P), and feed
B to achieve 90% the mean population nutrient requirements
at the end of the finishing period (4.55 g/kg SID lysine, 1.68
g/kg digestible P). The two feeds were blended according to two
feeding programs: 2-phase feeding (2P) corresponding to the
strategy used in French central test stations or precision feeding
(PR). The 2P pigs were fed with feed A from 30 to 70 kg BW, and
then with a blend of 50% of each feed until the end of fattening,
to achieve 110% the mean population SID-lysine requirement at
the start of the finishing period. For PR pigs, the blend of the two
feeds was calculated according to a factorial approach in order
that each pig received each day the exact amount of SID lysine
required to achieve its potential of protein deposition, which was
defined according to a Gompertz function, as described by van
Milgen et al. (7).

Simulations for a virtual population of 1,000 female pigs
were performed individually, from 30 to 115 kg of BW, for each
feeding program to determine individual animal performance,
nutrient balance, and excretion according to InraPorc population
model (8). This virtual population was generated according to
the method described by Brossard et al. (8), from a variance–
covariance matrix with two parameters describing individual pig
feed intake (the net energy intake at 50 and 100 kg BW: 20.2 ±

2.0 and 25.0± 2.9MJ NE/day, respectively) and three parameters
describing the Gompertz function of potential protein deposition
(the BW at 70 days: 30.0 ± 2.9 kg, the mean protein deposition
rate between 70 days of age and 110 kg BW: 142.8 ± 15.2 g, and
the precocity b-value of the Gompertz function: 0.0169± 0.0103).

The simulated performance and excretion data were then
used to calculate gaseous emissions from animals and manure,
according to Rigolot et al. (9). The pig production system
considered was a conventional growing–finishing pig farm
located in Brittany (West France) with indoor raising of
animals on complete slatted floor, in a building with mechanical
ventilation and collection and storage of manure as liquid
slurry (6).

Life Cycle Assessment
The LCA was performed for each pig, considering all the impacts
associated with feed production, animal housing, and manure
management (as described by 6). We based our analysis on the
CML 2001 (baseline) method version 3.02 as implemented in
SimaPro software version 8.05 (PRé Consultants) and added the
category land occupation from CML 2001 (all categories) version
2.04. Thus, we considered the potential impacts of pig production
on CC (kg CO2-eq), EU (g PO4-eq), AC (g SO2-eq), and LO (m2 ·

year). The CC was calculated according to the 100-year global
warming potential factors in kilograms CO2-eq. Impacts were
calculated at the farm gate, and the functional unit considered
was 1 kg of BW gain over the fattening period.

Statistical Analysis
The LCA calculationmodel was implemented using SAS software
(SAS Inst. Inc., Cary, NC). Performance and environmental
impacts were subjected to variance analysis using GLM
procedure with feeding strategy as main effect. Pearson
correlations for each feeding strategy were calculated between
performance and environmental impacts data using CORR
procedure, and pigs were ranked according to their CC impact,
considering the feeding strategy and using the RANK procedure.
All analyses were conducted using SAS software version 9.1 (SAS
Inst. Inc., Cary, NC).

All the data used in the statistical analysis are available in the
INRAE data repository (10).

RESULTS AND DISCUSSION

Feeding Strategies, Animal Performance,
and Environmental Impacts
Feeding strategies affected most of the parameters evaluated
(Table 1); effects were more accentuated for N excretion and
N retention efficiency, and for CC, EU, and AC environmental
impacts, which are highly dependent on dietary crude protein
(CP) content, which was on average lower for PR (144 g/kg) than
for 2P (167 g/kg). Compared to 2P, with PR, ADG was slightly
improved (by 1.3%), efficiency of N retention was increased (40.5
vs. 36.2%), N excretion was reduced (by 16%), and environmental
impacts were decreased (CC, AC, EU, and LO impacts 1.3,
10.0, 7.5, and 0.8% lower than for 2P, respectively). These
results are in agreement with previous studies indicating that
PR feeding strategy allows the improvement of the performance
of pigs, compared to phase feeding, by providing sufficient
amount of amino acids even to the animals with the highest
potential of protein retention, which may not be the case with
phase feeding, especially at the beginning of each phase. In
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TABLE 1 | Effect of feeding strategy on pig performance, nitrogen excretion, and environmental impacts measured by life cycle assessment (n = 1,000 pigs).

Item Two-Phase feeding Precision feeding P-valuea

Performance

ADFI, g/day 2,310 ± 259 2,316 ± 261 ns

ADG, g/day 864 ± 112 876 ± 116 *

FCR, kg/kg 2.69 ± 0.29 2.67 ± 0.32 t

SID lysine intake, g/day 1.89 ± 0.20 1.47 ± 0.11 ***

Protein intake, g/day 375 ± 42.2 340 ± 32.5 ***

Protein retained, g/day 135 ± 18.4 138 ± 20.1 *

N retention efficiency, % 36.2 ± 4.8 40.5 ± 4.8 ***

Environmental impacts

N excreted, kg/pig 3.83 ± 0.69 3.20 ± 0.56 ***

CC, kg CO2-eq/kg BW gain 2.34 ± 0.25 2.31 ± 0.28 *

EU, g PO4-eq/kg BW gain 17.4 ± 2.34 16.1 ± 2.22 ***

AC, g SO2-eq/kg BW gain 48.1 ± 7.29 43.3 ± 6.60 ***

LO, m2 year/kg BW gain 3.77 ± 0.40 3.74 ± 0.45 t

ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion ratio; CC, Climate Change; EU, Eutrophication potential; AC, Acidification Potential; LO, Land Occupation.

Two-phases feeding = pigs received a “growing” diet from 30 to 70 kg of BW and a “finishing” diet from 70 to 115 kg of BW; Precision feeding = individual pigs were fed daily with a

diet providing the exact amount of digestible amino acids they required.
at: P < 0.10; *P < 0.05; ***P < 0.001.

TABLE 2 | Correlationsa between performance traits, nitrogen excretion, and environmental impacts, for the precision (PR) and the two-phase (2P, in italic) feeding

strategies.

ADFI ADG FCR NR NEff NE CC EU AC

ADG PR 0.683

2P 0.576

FCR PR 0.181 −0.583

2P 0.246 −0.636

NR PR −0.692 −0.002 −0.643

2P −0.675 −0.112 −0.593

Neff PR −0.361 0.543 −0.986 0.683

2P −0.385 0.400 −0.959 0.669

NE PR 0.187 −0.552 0.963 −0.428 −0.940

2P 0.125 −0.682 0.956 −0.450 −0.953

CC PR 0.188 −0.577 0.999 −0.647 −0.987 0.963

2P 0.249 −0.633 0.999 −0.599 −0.960 0.955

EU PR 0.225 −0.546 0.998 −0.625 −0.983 0.971 0.998

2P 0.225 −0.645 0.997 −0.610 −0.973 0.966 0.997

AC PR 0.241 −0.532 0.996 −0.621 −0.981 0.972 0.996 0.999

2P 0.224 −0.643 0.996 −0.617 −0.977 0.968 0.996 0.997

LO PR 0.181 −0.583 0.999 −0.643 −0.986 0.963 0.999 0.998 0.996

2P 0.245 −0.637 0.999 −0.593 −0.959 0.956 0.999 0.997 0.996

ADFI, average daily feed intake; ADG, average daily gain; FCR, feed conversion ratio; NE, nitrogen excretion; CC, Climate Change; EU, Eutrophication potential; AC, Acidification

Potential; LO, Land Occupation.
aAll correlations were significantly different from 0 (P < 0.001).

PR compared to 2P feeding strategy, protein and SID lysine
intakes were reduced by 9.3 and 22.2%, respectively. Combined
with the slightly improved protein retention in PR pigs, this
resulted in a significant increase of N retention efficiency (from
36.2 to 40.5%) and a reduction of nutrient load in excreta,
contributing to the lower CC, EU, and AC impacts with precision
feeding, as already shown by Monteiro et al. (6) and Andretta
et al. (11).

Correlation Between Performance,
Excretion, and Environmental Impacts
Correlations between performance, excretion and environmental
impacts are shown in Table 2. The correlation values obtained
for 2P and PR strategies were very close. Nitrogen excretion was
highly and positively correlated with CC (r =+0.96, Figure 1A),
AC (r = +0.97), EU (r = +0.97), and LO (r = +0.96).
Correlations between environmental impacts and NR were much
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FIGURE 1 | Relationships between climate change (CC) impact and nitrogen excreted (A) or feed conversion ratio (FCR, B), and effect of feeding program on ranking

of pigs according to CC impact (C) (N = 1,000 pigs).

lower than with NE, with r values ranging between 0.42 and 0.64,
depending on the category. Correlations between environmental
impacts and N retention efficiency were similar to these obtained
with N excretion.

Average daily feed intake (ADFI) presented much lower
correlation with all the impact categories (r =+0.21 on average).
The weak correlation between ADFI and environmental impacts
corroborated the 0.25–0.30 values obtained by Soleimani and
Gilbert (5).

Feed conversion ratio appeared the best indicator of LCA
impacts, with very high and positive correlations (Table 2, r >

+0.99) with CC (Figure 1B), AC, EU, and LO for both feeding
programs. This is consistent with the major contribution of feed
intake to most environmental impacts (more than 70% for CC,
EU, and LO, and about 30% for AC; 6), as well as to FCR.
Moreover, efficient pigs, with lower FCR, ingest less energy and
protein per kilogram of gain, which results in reduced enteric and
manuremethane production, and reduced organic matter, N, and
P excretion. Gaseous emissions of N compounds from excreta
have an important contribution to CC (due toN2O emission) and
to AC and EU (due to NH3 emission). Moreover, NO−

3 and PO−

4
leaching after manure spreading also contributes to EU. This
contributes to explain the close correlation between N retention
efficiency and environmental impacts (r ranging from 0.96 to 0.98
depending on the impact category). These reductions in enteric
emissions and emissions from excreta and manure from more
efficient pigs (with low FCR) also contribute to explain the close
relationship obtained between FCR and environmental impacts,
both expressed per kilogram of body weight gain.

Despite the lower CC, AC, EU, and LO of pig production in
the PR program, the correlations within each outcome were very
similar among feeding programs.

Between-Animal Variability
It has already been shown that precision feeding strategy removes
a constraint on reaching maximum growth potential and allows
all animals to express their maximum growth potential, whereas
with phase-feeding strategy, the performance of the highest
potential animals may be limited due to insufficient amino acid

supplies (8, 12). This explains that the variability of performance
and environmental impacts may differ according to the feeding
strategy. For instance, the coefficient of variation of CC impact
was higher with PR than with 2P feeding strategy (12.1 and
10.7%, respectively). This affects the pigs’ ranking, as illustrated
in Figure 1C, which shows the correlation between the ranking
of pigs according to CC impact with the two feeding strategies.
Similar results were obtained for FCR.

CONCLUSIONS

The results of this study indicate that FCR is better correlated
with environmental impacts evaluated using LCA than nitrogen
excretion or other performance criteria. This offers interesting
perspectives for the improvement of both feed efficiency
and environmental impacts. However, further studies are still
required before implementing LCA environmental impacts (or
FCR as a proxy of these impacts) in selection programs.
The same approach as the one used in this study with
simulated data could be carried out on real data collected from
selection programs. This would allow the assessment of the
genetic parameters of the different LCA impacts and would
allow taking better account of all the biological phenomena
influencing growth performance, nutrient excretion, and enteric
emission, which are probably not completely represented in
the growth simulation model. Moreover, the correlated effects
on other important criteria, such as carcass lean percentage,
meat quality, or animal health and behavior, should also
be evaluated.
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Animal feeding has a major contribution to the environmental impacts of pig production.

One potential way to mitigate such effects is to incorporate an assessment of these

impacts in the feed formulation process. The objective of this study was to test the ability

of innovative formulation methodologies to reduce the impacts of pig production while

also taking into account possible effects on growth performance. We compared three

different formulation methodologies: least-cost formulation, in accordance with standard

practices on commercial farms; multiobjective (MO) formulation, which considered feed

cost and environmental impacts as calculated by life cycle assessment (LCA); and MO

formulation, which prioritized locally produced feed ingredients to reduce the impact

of transport. Ninety-six pigs were distributed between three experimental groups, with

pigs individually weighted and fed using an automatic feeding system from 40 to

115 kg body weight. Based on the experimental results, six categories of impacts were

evaluated: climate change (CC), demand in non-renewable energy (NRE), acidification

(AC), eutrophication (EU), land occupation (LO), and phosphorus demand (PD), at both

feed plant gate and farm gate, with 1 kg of feed and 1 kg of live pig as functional

units, respectively. At feed level, MO formulations reduced CC, NRE, AC, and PD

impacts but sometimes increased LO and EU impacts. These formulations reduced

the proportion of cereals and oil meals into feeds (feed ingredients with high impacts),

while the proportion of alternative protein sources, like peas, faba beans, or high-protein

agricultural coproducts increased (feed ingredients with low impacts). Overall, animal

performance was not affected by the dietary treatment; because of this, the general

pattern of results obtained with either MO formulation at farm gate was similar to that

obtained at feed level. Thus, MO diet formulation represents an efficient way to reduce

the environmental impacts of pig production without compromising animal performance.

Keywords: life cycle assesment, multiobjective formulation, local feed ingredients, low-impact feed, pig fattening
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INTRODUCTION

Livestock production is a significant contributor to global
environmental change. The associated greenhouse gas emissions,
water pollution, acidification (AC), and primary energy
consumption can have serious environmental impacts, in
particular in territories with high concentrations of livestock
(1, 2). For pig farming, such impacts are the consequences of
feed production, direct farm energy use (electricity, gas, and
oil consumption), and emissions from housing and manure
management systems (3, 4). In particular, depending on the
production system in question, animal feed accounts for 55–
75% of the effects of climate change (CC), 70–90% of energy
use, and 85–100% of land occupation (LO) associated with
production (5). This is due, in part, to crop production processes
for feed ingredients that are reliant on mineral fertilizers and
pesticides, contribute to LO and transformation, consume
significant amounts of energy, and use large-scale transportation
networks (6). The challenge, then, is to reduce emissions and
increase the efficient use of resources. Feed ingredients can vary
dramatically in their environmental impacts; certain ingredients,
like imported soybean meal, are resource intensive compared
with alternative protein sources that can be locally produced
(peas, faba beans, or high-protein agricultural coproducts) (6).
Several studies have investigated the possibility of reducing
the environmental impacts of pig production by modifying
the composition of the diet. For example, Eriksson et al. (7)
substituted soybean meal with peas and rapeseed meal in
growing–finishing pig diets and observed reductions of 10% in
energy use, 7% in global warming potential (GWP), and 17%
in eutrophication (EU). Similarly, van Zanten et al. (8) showed
that replacing soybean meal with rapeseed meal in the diets of
finishing pigs reduced GWP as well as LO and energy use. A
study of pig diets that substituted coproducts of wheat for corn
and soybean meal also reported decreases in the potential for
AC and EU, non-renewable energy (NRE) use, and GWP (9).
Therefore, there is a possibility to reduce environmental impacts
by selecting feed ingredients with relatively low impacts like
alternative protein sources (peas, faba beans, or high-protein
agricultural coproducts) or by using ingredients locally produced
in order to reduce the impact of transport (6).

The traditional approach to feed formulation is based only
on cost and makes no consideration of environmental factors.
To reduce the overall impacts of pig production, new methods
have been proposed that incorporate the environmental impacts
of feed ingredients in the feed formulation process. For example,
Garcia-Launay et al. (10) developed a multiobjective (MO)
formulation method based on the environmental impacts of feed
ingredients as calculated by life cycle assessment (LCA). Previous
studies that have included environmental objectives in the
calculation of feed formulations (9–11) have generated diets with
lower proportions of cereals and oil meals and higher proportions
of alternative protein sources (peas, faba beans, or high-
protein agricultural coproducts). However, these studies were all
based on models that assumed animal performance would be
unaffected by these dietary changes. In general, feed formulations
that are designed to minimize environmental impacts contain a

higher proportion of protein-rich crops and coproducts, which
may have potentially undesirable consequences with respect
to the nutritional composition of feed and/or variability in
energy, fiber, or protein content (12, 13). Indeed, using an
experimental approach, Shaw et al. (14) reported a negative effect
on pig growth of the incorporation of wheat middlings in the
diet. Similarly, the replacement of soybean meal with rapeseed
meal in the diet may also decrease pig performance (15). An
increased incorporation of coproducts associated with the MO
formulation could therefore adversely affect the pig performance
and, consequently, reduce the improvement obtained at feed
level. The objective of this study was then to test the effectiveness
of innovative formulation methodologies in fattening pigs to
reduce the environmental impacts of pig production, while
taking into account their possible effects on animal performance.
The global approach adopted was (i) to formulate diets based
on these innovative feed formulation methodologies combining
economy and environment, (ii) to test these diets experimentally
on growing–finishing pigs, and (iii) to use the results of the
experiment to assess the associated environmental impacts
using LCA.

MATERIALS AND METHODS

Three different formulation methodologies were compared:

- least-cost formulation (Control-diet), in accordance with
standard practices on commercial farms;

- MO formulation (Eco-diet) that simultaneously optimized
feed cost and environmental impacts as calculated by LCA; and

- MO formulation using locally produced feed ingredients
(Local-diet) to reduce the impact of feed transport.

Feed Formulation
Information on the nutritional composition of feed ingredients
was obtained from the French nutritional table INRA-CIRAD-
AFZ (16). Diets were formulated to meet the nutritional
requirements of an average growing [40–65 kg body weight
(BW)] or finishing (65–115 kg BW) pig. Minimum contents for
standardized ileal digestible amino acids were set according to
expected performance using the InraPorc R© model (17) and
also took into consideration French regulatory guidelines on
maximum feed protein content (18). Minimum and maximum
values of net energy content were defined in accordance with
NRC 2012. The ingredients used in this study were analyzed
before the diets were created in order to adjust diet composition
according to the real nutritional values of ingredients (dry matter,
organic matter, crude protein, and gross energy). Consequently,
the incorporation rates of wheat, corn, soybean meal, and sugar
beet pulp were slightly modified because their energy and protein
contents were slightly different from the ones in the tables.
Ingredient prices and availability were provided by IFIP (Didier
Gaudré, personal communication). Ingredient prices of October
2018 (price of wheat: 203e/t; price of soybean meal: 351e/t)
were used.

The environmental impacts of ingredients were taken from
the ECOALIM dataset (version 7, October 1, 2019, https://
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www6.inrae.fr/ecoalim/) of the AGRIBALYSE database (6). They
included International Reference Life Cycle Data System (ILCD)
metrics of AC potential (expressed in molc H+-eq/kg) and CC,
which included land use change (CC, expressed in kg CO2-
eq/kg). They also included Center for Environmental Studies
(CML) EU potential (expressed in kg PO3−

4 -eq/kg from the
Center for Environmental Studies); cumulative energy demand
1.8 (CED v1.8) as NRE demand (expressed in MJ/kg); and
CML LO (expressed in m²year/kg) and phosphorus (P) demand
(6) (PD; expressed in kg P/kg). For crops, data used for the
life cycle inventories (crop management practices; yields; and
amounts of fertilizers, pesticides, and seeds) were obtained from
French agricultural data and represented the national averages.
All impacts from the ECOALIM dataset were considered to be
those at the storage agency gate for the least-cost formulation
(Control-diet) and the Eco-diet formulation, and to be those
at the farm gate for the Local-diet formulation (except for
rapeseed meal and for amino acids, premix, and phytase, which
are not assumed to be produced on farm). An economic
allocation approach was used to partition environmental impacts
between a product and its c-product (Supplementary Table 1)
as described in Wilfart et al. (6, 19) and advised by the Food
and Agriculture Organization (20) and the French guideline to
perform environmental assessment of agricultural product (21).
Furthermore, Ardente and Cellular (22) recommended the use
of the economic allocation concerning production of a main
product with high economic value where coproducts are only a
side effect of production.

The MO method developed by Garcia-Launay et al. (10) was
used to formulate the experimental diets. This method considers
animals’ nutritional requirements, the cost of feed, and various
environmental impacts. A detailed description of the method
can be found in the original publication (10). As developed,
the MO formulation method uses linear programming (Simplex
algorithm) in the Python programming language (http://www.
python.org). For the least-cost formulation, only feed cost was
minimized. For the MO formulation, the objective function
(Equation 1) included global environmental impacts calculated
through the LCA, i.e., CC, NRE, LO, and PD, under a varying
constraint ǫ of maximum feed cost (Equation 2) (10). Constraints
were added on the environmental impacts of the formulated
feed to ensure that the MO formulation did not increase any
impact by more than 5% relative to the environmental impacts
of the reference least-cost feed (Equation 3). Constraints were
also applied to nutritional composition (Supplementary Table 2)
and the incorporation rates of feed ingredients (Equation 4)
(Supplementary Tables 3–5).

f (x) =
∑

i∈I

coefi
Impacti

tx−Mini

Refimpacti −Mini
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Refprice, . . . ,Maxprice
}

(2)

Impacti
tx ≤ 1.05×Refimpacti (3)
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nmin

1



 ≤





Q
N
1t



 x ≤





qmax

nmax

1



 (4)

i = {CC, NRE, LO, AC, EU}

Impacti
t : vector of impact i of feed ingredients; c: matrix of

feed ingredient prices; Maxprice: price of feed when formulating
without constraint ǫ; Mini: level of impact i when formulated
at lowest impact i; x: matrix of incorporation rates of feed
ingredients (decision variables); Refimpacti and Refprice: impact i
and price of least-cost feed formulation; coefi: weighting factor
of impact I, with coefCC being double that of the other impacts.
qmin and qmax are the minimum and maximum incorporation
constraints on feed ingredients, respectively. nmin and nmax are
the lower and upper bounds, respectively, for the nutritional
constraints applied to the feed. The objective function weighted
the environmental impacts of CC by 2, and those of NRE, LO and
PD by 1.

The best feed formula is that for which the marginal decrease

in the environmental index (
Impact

tx
i

Refimpacti )
is less than the marginal

increase in the cost index ctx
Refprice.

The Local-diet was also formulated with theMO approach but
with locally produced ingredients (cereals and protein-rich crops
like peas and faba beans) as well as rapeseed meal.

The composition and the environmental impacts of the
three growing diets and the three finishing diets are given in
Tables 1, 2, respectively.

Animal Study
The experiment was conducted in accordance with French
legislation on animal experimentation and approved by the
Regional Ethics Committee (authorization: 2019041815163846).

A total of 96 Pietrain × (Large White × Landrace) pigs
were raised in a single experimental room; each pig was
weighed and fed individually using an automatic weighing
and feeding system. The experiment was conducted at the
INRAE Pig Physiology and Phenotyping Experimental Facility
(UE3P) located in Saint Gilles, France (https://doi.org/10.15454/
1.5573932732039927E12). Pigs were distributed among three
experimental groups: Control-diet, Eco-diet, and Local-diet
(Tables 1, 2). Pigs were assigned to the experimental treatments
according to sex and litter origin according to a randomized
complete block design. Therefore, each experimental group
had an equal number of entire males and females (n = 16
per group per sex). Pigs in the experiment started at 40 kg
average BW and ended at 115 kg average BW. Based on BW,
pigs received experimental diets that met the requirements for
growing (40–65 kg) or finishing (65–115 kg). Prior to entering the
experimental room, pigs were tagged in the right ear with a serial
number and an RFID chip for identification in the sorter (which
also served as the weighing machine) and at the automated
feeders. A detailed description of the feeding system used in this
experiment was provided by Pomar et al. (23). The experimental
room had two feeding zones that the pigs accessed by passing
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TABLE 1 | Composition of experimental growing dietsa.

Diets Control-diet Eco-diet Local-diet

Ingredients, %

Corn 19.20 31.00 10.70

Wheat 36.00 15.22 29.50

Triticale 10.00 10.00

Barley 5.50 12.25

Wheat middlings 5.10 17.80

Peas 10.00 20.00 20.00

Faba bean 5.00 10.00

Rapeseed oil 1.50

Sunflower meal 2.00

Rapeseed meal 1.10 7.00 5.00

Soybean meal 8.44

L-lysine HCl 0.33 0.26 0.25

DL-methionine 0.04 0.05 0.09

L-threonine 0.09 0.09 0.10

L-tryptophan 0.01 0.03 0.03

Sodium chloride 0.45 0.45 0.45

Monocalcium 0.19 0.01

Calcium carbonate 1.05 1.10 1.12

Trace elements and mineral

premixb
0.50 0.50 0.50

Phytase G5000 0.02 0.01 0.01

Chemical composition, g/kg

Dry matterc 886 884 885

Organic matterd 838 833 839

Crude proteinc 148 151 147

Crude fatc 21.3 40.5 18.4

Crude fiberc 31.2 41.3 34.3

Cad 6.67 6.74 6.67

Pd 4.35 4.67 3.86

P digestibled 2.35 2.33 2.36

Nad 1.75 1.74 1.75

Kd 6.62 6.862 6.17

GE, MJ/kgc 15.89 16.34 15.84

NE, MJ/kgd 9.82 9.82 9.83

Environmental impacts of diets, per kg of feede

CC (g CO2-eq) 518 378 338

NRE (MJ) 5.13 4.58 3.11

AC (molc H+-eq) 0.0093 0.0082 0.0075

EU (g PO3−
4 -eq) 4.08 3.50 3.95

LO (m²year) 1.43 1.39 1.61

PD (g P) 4.09 2.53 2.83

aDiet fed in pellet form.
bProvided per kilogram of complete diet: vitamin A, 1,000,000 IU; vitamin D,

3,200,000 IU; vitamin E, 4,000mg; vitamin B1, 400mg; vitamin B2, 800mg; calcium

pantothenate, 2,170mg; niacin, 3,000mg; vitamin B12, 4mg; vitamin B6, 200mg;

vitamin K3, 400mg; folic acid, 200mg; biotin, 40mg; choline chloride, 100,000mg; iron

(sulfate), 11,200mg; iron (carbonate), 4,800mg; copper (sulfate), 2,000mg; zinc (oxide),

20,000mg; manganese (oxide), 8,000mg; iodine (iodate), 40mg; cobalt (carbonate),

20mg; and selenium (selenite), 30mg.
cAnalyzed values.
dCalculated values.
eCC, climate change; NRE, non-renewable and fossil energy demand; AC, acidification;

EU, eutrophication; LO, land occupation; PD, P demand.

TABLE 2 | Composition of experimental finishing dietsa.

Diets Control-diet Eco-diet Local-diet

Ingredients, %

Corn 25.20 37.40 2.45

Wheat 30.20 21.70

Triticale 10.00 14.60 10.00

Barley 7.00 34.50

Wheat middlings 5.00 19.50

Peas 10.00 26.04 27.48

Faba bean 1.40

Sugar beet pulp 2.60

Sunflower meal 2.00

Rapeseed meal 1.00

Soybean meal 4.60

L-lysine HCl 0.31 0.22 0.22

DL-methionine 0.03 0.06 0.08

L-threonine 0.08 0.08 0.09

L-tryptophan 0.01 0.04 0.03

Sodium chloride 0.45 0.45 0.45

Monocalcium 0.11 0.05

Calcium carbonate 0.90 1.10 1.05

Trace elements and mineral

premixb
0.50 0.50 0.50

Phytase G5000 0.01 0.01 0.01

Chemical composition, g/kg

Dry matterc 887 880 884

Organic matterd 843 834 840

Crude proteinc 132 136 135

Crude fatc 22.2 27.9 17.1

Crude fiberc 34.1 34.8 33.9

Cad 6.16 6.20 6.11

Pd 3.96 4.22 3.55

P digestibled 2.14 2.14 2.14

Nad 1.82 1.72 1.75

Kd 5.93 6.59 5.93

GE, MJ/kgc 16.03 16.02 15.83

NE, MJ/kgd 9.85 9.85 9.87

Environmental impacts of diets, per kg of feede

CC (g CO2-eq) 479 364 339

NRE (MJ) 5.06 4.55 3.06

AC (molc H+-eq) 0.0094 0.0077 0.0074

EU (g PO3−
4 -eq) 3.98 3.60 4.06

LO (m²year) 1.41 1.40 1.68

PD (g P) 3.37 2.22 2.87

aDiet fed in pellet form.
bProvided per kilogram of complete diet: vitamin A, 1,000,000 IU; vitamin D,

3,200,000 IU; vitamin E, 4,000mg; vitamin B1, 400mg; vitamin B2, 800mg; calcium

pantothenate, 2,170mg; niacin, 3,000mg; vitamin B12, 4mg; vitamin B6, 200mg;

vitamin K3, 400mg; folic acid, 200mg; biotin, 40mg; choline chloride, 100,000mg; iron

(sulfate), 11,200mg; iron (carbonate), 4,800mg; copper (sulfate), 2,000mg; zinc (oxide),

20,000mg; manganese (oxide), 8,000mg; iodine (iodate), 40mg; cobalt (carbonate),

20mg; and selenium (selenite), 30mg.
cAnalyzed values.
dCalculated values.
eCC, climate change; NRE, nonrenewable and fossil energy demand; AC, acidification;

EU, eutrophication; LO, land occupation; PD, P demand.
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through an automatic sorter. Each feeding zone was equipped
with four automatic feeders. The sorter was programmed in
random order so pigs could access either zone at random. Feed
and water were provided ad libitum. Six pigs were removed from
the experiment as a result of bodily injuries (4) or death (2) from
causes unrelated to the experimental diets.

Live weight was measured automatically when the pigs passed
through the automatic sorter. For each pig, average daily BW
was calculated as the average of all of the BW recordings taken
each day. Individual daily feed intake was calculated based on
the recordings of the automatic feeding system according to the
number of feed servings (in theory, one serving = 25 g) and
a calibration factor. Calibration measurements were performed
weekly on all feeders to adjust for the actual amount of feed
delivered per serving. From these measurements, the calibration
factor was calculated as the ratio of the actual amount delivered
to the theoretical value.

All pigs fasted 24 h before slaughter; BW at slaughter
was the final measurement taken as the pigs passed
through the automatic sorter upon their departure for the
slaughterhouse. Carcass characteristics, including carcass weight,
lean meat percentage, and carcass yield, were measured at
the slaughterhouse.

Life Cycle Assessment
Goal and Definition of Scope
The potential environmental impacts were calculated for each
of the three experimental treatments using LCA; this approach
evaluated the whole process of pig production, farrow to finish,
in this case as carried out in Brittany, northwest France. The
pig production system considered was a conventional growing–
finishing pig farm in which animals are raised indoors on a slatted
floor and manure is collected and stored externally as liquid
slurry in an uncovered pit. To investigate the specificmechanisms
by which each of the feed strategies modified the environmental
impacts of pig production, three different system boundaries
were considered (Figure 1):

- For the feed production process, the system boundaries (SB1)
included the production and transport of feed ingredients and
feed production, either at the feed factory (for the Control-
diet and Eco-diet) or on-farm (Local-diet). In this case, the
functional unit considered was 1 kg of feed leaving the feed
factory (or, for the Local-diet, leaving the farm feed unit).

- For the fattening process, the system boundaries (SB2) were
derived fromMonteiro et al. (24) and included the production
and transport of feed ingredients to the feed factory, the
production process for growing and finishing feeds, transport
of the feed to the farm (for the Control-diet and Eco-diet),
growing to finishing pig production, and manure storage. For
these system boundaries, the functional unit was 1 kg of live
weight gain during fattening.

- For the entire farrow-to-finish production process, the system
boundaries (SB3) were derived from Dourmad et al. (5)
and included the production of piglets (farrowing unit) as
well as the postweaning and growing–finishing periods, the
production and transport of feed ingredients to the feed

factory, the production of feed on-farm or at the feed
factory, and emissions from animals and manure storage. The
associated functional unit was 1 kg of live weight at the farm
gate, including fattening pigs and culled sows.

For the fattening and farrow-to-finish analyses, the
environmental impacts were calculated individually for each pig
according to its individual performance. To this end, the impacts
associated with piglet production and the postweaning period
were accounted for in each pig using the following equation:

ImpactSB3ij =

Impact
Fattening
ij ×NbW+

(

ImpactPWi ×NbP
)

+ImpactFUi

LW
Slaughter
j ×NbS+ (LWCulledSow−LWGilt)×CullingRate

(5)

with ImpactSB3ij : the impact i of pig j per kilogram of live weight

at the farm gate, NbW: the number of weaners produced per
sow per year, NbP: the number of weaned piglets per sow per
year, NbS: the number of slaughtered pigs per sow per year,

Impact
Fattening
ij : the total impact i of fattening pig j during the

fattening period, ImpactPWi : the total impact i of one pig during
the postweaning period, ImpactFUi : the total impact i of one sow

over 1 year, LW
Slaughter
j : the live weight of pig j at the farm gate,

LWCulledSow: the live weight of the culled sow at the farm gate,
LWGilt : the live weight of the gilt at first mating, and CullingRate:
the replacement rate of sows on the farm.

Life Cycle Inventories
The environmental impacts of the feed ingredients that were
incorporated in the growing and finishing feeds came from the
ECOALIM dataset (version 7, October 1, 2019, https://www6.
inrae.fr/ecoalim/) (6). Hypothesized impacts of the transport of
feed ingredients from field to feed factory and of the transport
of feeds from feed factory to pig farm came from Méda et al.
(25). The impacts of feeds for sows and postweaning piglets
came from Méda et al. (25). Estimates of energy consumption
in buildings were obtained from Dourmad et al. (5) for sows,
postweaning piglets, and fattening pigs. The impact of processing
in the feed factory was included in the life cycle inventories
of Control-diet and Eco-diet feeds, with the assumptions that
grinding and pelleting required 41 kWh of electricity and 20.5
kWh of natural gas per ton of feed produced (26). For on-
farm feed production, grinding and mixing were estimated to
require 18 kWh of electricity per ton of feed produced (27).
The construction of buildings and manure storage units, as well
as veterinary and cleaning products, were not included in the
life cycle inventories. Background data for energy and transport
came from ecoinvent v3.5 (28) included in the Agribalyse v3
database available in SimaPro R©.

Nitrogen (N), phosphorus (P), and potassium excretions of
sows, postweaning piglets, and fattening pigs were calculated
using the mass balance approach of BRSPorc (29). Excretion
of total ammoniacal N was calculated for fattening pigs
as urinary N, resulting from the difference between the
intake of digestible N and its retention in the body. For
sows and piglets, excretion of ammoniacal N was calculated
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FIGURE 1 | Description of the three system boundaries (SB) considered in this study.

as a fixed proportion of N excretion, established by expert
knowledge (Sandrine Espagnol, personal communication).
Gaseous losses of nitrogen from manure in buildings and
during manure storage were calculated in one of two
ways: for NH3, NOx, and N2 emissions, conversion factors
from the European Monitoring and Evaluation Programme
(EMEP) (2016) emission guidebook were applied to excreted
ammoniacal N, and for N2O, conversion factors were applied
to total N excreted as per IPCC (2006). Excretion of organic
matter was determined as a function of feed composition;
emissions of CH4 from enteric fermentation and from
manure storage were calculated using methods from the
Intergovernmental Panel on Climate Change (IPCC) (2006) and
Rigolot et al. (30, 31).

Life Cycle Impact Assessment
Six categories of impacts were calculated: CC, NRE, AC,
EU, LO, and PD. The indicator result for each category was
determined by multiplying the aggregated resources used and
the aggregated emissions of each individual substance by a
characterization factor unique to each applicable category.
For CC (kg CO2-eq) and AC (molc H+-eq), impacts were

estimated according to the International Reference Life
Cycle Data (ILCD) System (32). EU (kg PO3−

4 -eq) and
LO (m²year) were calculated using the approach of the
CML, and NRE (MJ) was predicted according to CED v1.08
(implemented in SimaPro R© v. 8.0.5.13). All calculations
were made with a publicly available software developed in
Python 3.7 (https://doi.org/10.15454/PIJXCR) and extracted
from the model developed by Cadéro et al. (33), which
contains all equations and inputs for LCA described in
this manuscript.

Statistical Analysis
Since all pigs were raised in a single experimental room, the
statistical unit was the pig. Animal performance and farm-gate
environmental impacts were subjected to an analysis of variance
that tested the effects of gender (G), sire (S), and experimental
diet (D) while taking into account the random effect of sire; the
pig was the statistical unit considered. For this, the LME (linear
mixed-effects) function from the NLME package of R software
[version 3.5.1, (34)] was used, and results were considered
significant for p-values lower than 0.05.
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RESULTS

Experimental Diets
Diet Composition
The mean composition of each experimental diet with respect
to ingredient (%) and nutritional content (g/kg) is provided
in Tables 1, 2. Compared with the Control-diet, the MO
formulations contained a smaller proportion of cereals and

oil meals and a larger proportion of protein-rich crops and
coproducts. Specifically, the Control-diet contained an average

of 71% cereals, 10% protein-rich crops (peas), 9.5% oil meals, 5%
wheat middlings, 2.6% sugar beet pulp (only finishing), and 2.7%

(growing) or 2.4% (finishing) additives (amino acids, vitamins,
trace elements, and phytase). For the Eco-diet, the growing feed

contained 46.2% cereals, 25% protein-rich crops (peas and faba
beans), 17.8% wheat middlings, 7% rapeseed meal, 1.5% rapeseed
oil, and 2.5% additives (amino acids, vitamins, trace elements,
and phytase), while the finishing feed contained 52% cereals, 26%
protein-rich crops (peas and faba beans), 19.5% wheat middlings,
and 2.5% additives (amino acids, vitamins, trace elements, and
phytase). The Local-diet contained 62.5% (growing) or 68.6%
(finishing) cereals, 30% (growing) or 28.9% (finishing) protein-
rich crops, 5% oil meals (only growing), and 2.5% additives
(amino acids, vitamins, trace elements, and phytase).

LCA Impacts of the Diets (Per Kilogram of Feed)
The detailed LCA impacts of the experimental growing and
finishing diets (expressed per kilogram of feed) are provided

TABLE 3 | Effect of diets on the growth performance of pigs.

Control-diet Eco-diet Local-diet RSD Statistics

Animals, n 31 29 30

Initial BW, kg 40.8 40.5 40.9 0.11

Growing BW, kg 61.4 61.1 60.6 0.09

Final BW, kg 113 113 113 0.08 G**

Growing period

Initial BW, kg 40.8 40.5 40.9 0.10

Growing BW, kg 61.4 61.1 60.6 0.09

Duration, d 23 23 23

Total feed intake, kg/pig 47.3 45.9 48.0 0.15

ADG, g/d 896 898 854 0.15 G**

ADFI, kg/pig/d 2.06 1.99 2.09 0.15 G***

FCR 2.32ab 2.24b 2.48a 0.11 G*, S**,D**

Daily water consumption, L/pig/d 4.47 4.47 4.84 0.31 G*, S*

Finishing period

Initial BW, kg 61.4 61.1 60.6 0.09

Final BW, kg 113 113 113 0.08 G**

Duration, d 55 55 55

Total feed intake, kg/pig 142.5 144.3 149.9 0.11

ADG, g/d 938 940 963 0.10 G**

ADFI, kg/pig/d 2.69 2.72 2.83 0.11 S***

FCR 2.65 2.69 2.72 0.09 G***,S**

Daily water consumption, L/pig/d 5.26 5.52 5.99 0.31 S***

Growing–finishing period

Duration, d 78 78 78

Total feed intake, kg/pig 189.8 190.2 198.0 0.11

ADG, g/d 926 927 931 0.10 G***

ADFI, kg/pig/d 2.50 2.50 2.60 0.11 S***

FCR 2.64 2.64 2.74 0.11 G***, S***

Daily water consumption, L/pig/d 5.02 5.20 5.64 0.30 S**

Carcass yield, % 78.2 78.3 78.4 0.01 G**, S*

Lean meat, % 61.0 61.3 60.7 0.03 G*

Carcass weight, kg 88.4 88.3 89.0 0.08 G*

ADG, average daily gain (g/d); ADFI, average daily feed intake (kg/pig/d); FCR, feed conversion ratio (ADFI/ADG); G, gender; S, sire; RSD, Residual standard deviation; *p < 0.05,
**p < 0.01, ***p < 0.001. a,bMeans with different superscripts (a, b) are significantly different between the experimental diet (p < 0.05).
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TABLE 4 | Environmental impacts at farm gate (per kilogram of body weight gain in fattening unit and per kilogram of pig live weight at farrow-to-finish farm gate).

Impacts at fattening unit gate (per kilogram of body weight gain)

Control-diet Eco-diet Local-diet RSD Statistics

CC (kg CO2-eq) 2.40a 2.04b 1.95b 0.14 G**, S***, D***

NRE (MJ) 19.06a 17.30b 12.82c 0.19 G***, S***, D***

AC (molc H+-eq) 0.112a 0.104b 0.108a 0.11 G**, S***, D**

EU (g PO3−
4 -eq) 226a 208b 234a 0.11 G**, S***, D***

LO (m²year) 4.65b 4.58b 5.68a 0.14 G***, S***, D***

PD (g P) 115a 74c 97b 0.20 G*, S***, D***

Impacts at farm gate (per kilogram of body weight)

CC (kg CO2-eq) 2.40a 2.17b 2.11b 0.08 G***, S***, D***

NRE (MJ) 22.37a 21.22b 18.30c 0.10 G***, S**, D***

AC (molc H+-eq) 0.085a 0.080b 0.083a 0.08 G*, S***, D**

EU (g PO3−
4 -eq) 198a 186b 203a 0.08 G**, S***, D***

LO (m²year) 4.33b 4.28b 4.99a 0.1 G**, S***, D***

PD (g P) 122a 95c 110b 0.12 G***, S***, D***

CC, climate change; NRE, non-renewable and fossil energy demand; AC, acidification; EU, eutrophication; LO, land occupation; PD, P demand; G, gender; S, sire; D, diet; RSD, residual

standard deviation; **p < 0.01, ***p < 0.001; a,b,cMeans with different superscripts (a, b, c) are significantly different between the experimental diet (p < 0.05).

in Tables 1, 2. Compared with the Control-diet, the growing
and finishing Eco-diets reduced the impact of CC by 27.0 and
24.0%, NRE by 10.8 and 9.9%, AC by 11.8 and 18.2%, EU by
14.2 and 9.6%, LO by 3.4 and 0.5%, and PD by 38.1 and 34.1%,
respectively. Again compared with controls, the growing and
finishing Local-diets reduced the impact of CC by 34.7 and 29.2%,
NRE by 39.4 and 39.5%, AC by 20.1 and 21.6%, EU by 3.2% (only
for the growing diet), and PD by 30.8 and 34.1%, respectively.
However, the impact of EU increased by 2.0% with the finishing
Local-diet, and the impact of LO increased with both Local-diets:
12.2% with the growing diet and 19.6% with the finishing diet.
When we compared the Eco-diet and Local-diet, we found very
similar patterns regardless of the growth stage targeted: the Eco-
diet had higher CC impacts (10.6% for growing and 6.9% for
finishing), higher NRE impacts (32.1 and 32.8%, respectively),
higher AC impacts (9.5 and 4.2%, respectively), lower EU impacts
(12.9 and 12.8%, respectively), lower LO impacts (16.1 and 20.2%,
respectively), and lower PD impacts (11.9 and 29.3% respectively)
than the Local-diet.

Animal Performance
Indicators of pig performance are presented in Table 3.
Measurements of initial, growing, and final BW did not differ
between the experimental groups (40.7, 61.0, and 113.0 kg on
average; p = 0.915, p = 0.852, and p = 0.943, respectively).
During the growing period, average daily gain (ADG) (883
g/d), average daily feed intake (ADFI) (2.05 kg/d), and total
water consumption per pig per day (4.59 L) were similar among
the experimental groups (p = 0.336, p = 0.442, and p =

0.486, respectively). Pigs fed the Local-diet had the highest feed
conversion ratio (FCR), while those fed the Eco-diet had the
lowest (2.48 vs. 2.24 kg/kg; p < 0.01); the FCR for the Control-
diet group was intermediate in value (2.32 kg/kg). During the

finishing period, we did not observe any significant differences
between the experimental groups with respect to ADG (947
g/d), ADFI (2.75 kg/d), FCR (2.69 kg/kg), and daily water
consumption per pig (5.59 L) (p = 0.505, p = 0.108, p = 0.569,
and p= 0.195, respectively).

When we examined the performance of pigs over the total
experimental period, we detected no significant differences in
ADG (928 g/d), ADFI (2.53 kg/d), FCR (2.67 kg/kg), and total
water consumption per pig per day (5.29 L) among the three
experimental groups (p = 0.976, p = 0.188, p = 0.139, and
p = 0.238, respectively). Values of carcass yield (78.3%), lean
meat percentage (61%), and carcass weight (88.6 kg) were also
similar in the three groups (p = 0.819, p = 0.362, and p =

0.919, respectively).
Globally, we observed significant (p < 0.01) differences

between females and entire males with respect to final BW (110.4
vs. 116.0 kg), ADG (895 vs. 964 g/d), FCR (2.76 vs. 2.57 g/g),
carcass yield (78.59 vs. 78.02%), lean meat percentage (60.6 vs.
61.4%), and carcass weight (86.8 vs. 90.5 kg).

Environmental Impacts at Farm Gate
LCA Impacts of Pig per Kilogram of BW Gain
The environmental impacts of growing–finishing pigs are
reported in Table 4, per kilogram of BW gain (BWG). Compared
with the Control-diet, the Eco-diet significantly reduced CC by
15.0%, NRE by 9.2%, AC by 7.5%, EU by 7.9%, and PD by 35.3%
(p < 0.01). The LO impact was similar between the Control-diet
and the Eco-diet (4.65 and 4.58 m²year, respectively; p = 0.808).
The Local-diet, in comparison with the Control-diet, significantly
reduced CC by 18.6%, NRE by 32.7%, and PD by 15.5% (p
< 0.01). No modification of AC (0.112 and 0.104 molc H+-
eq, respectively) and EU (226 and 208 g PO3−

4 -eq, respectively)
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impacts was observed between the Control-diet and the Local-
diet (p = 0.316 and p = 0.221, respectively). However, relatively
to the Control-diet, the Local-diet significantly increased LO by
22.1% (p< 0.01). The Eco-diet and the Local-diet had similar CC
impact (2.04 and 1.95 kg CO2-eq, respectively; p = 0.180). The
Eco-diet had higher NRE impact than the Local-diet (increased
by 25.9%), but lower AC (decreased by 4.6%), EU (decreased by
12.6%), LO (decreased by 24.0%), and PD (decreased by 30.7%)
impacts than the Local-diet (p < 0.01).

LCA Impacts of Pig per Kilogram of BW at Farm Gate
The details of LCA impacts of pig production at farm gate per
kilogram of BW are also presented in Table 4. In comparison
with the Control-diet, the Eco-diet significantly decreased the
CC impact by 9.7%, the NRE impact by 5.1%, the AC impact
by 6.2%, the EU impact by 5.8%, and the PD impact by 21.9%
(p< 0.01). No difference in LO impact was observed between the
Control-diet and the Eco-diet (4.33 and 4.28 m²year, respectively;
p = 0.808). The Local-diet significantly decreased CC impact
by 12.2%, NRE impact by 18.2%, and PD impact by 9.8% in
comparison with the Control-diet (p < 0.01). No modification
of AC (0.085 and 0.080 molc H+-eq, respectively) and EU (198
and 186 g PO3−

4 -eq, respectively) impacts was observed between
the Control-diet and the Local-diet (p = 0.227 and p = 0.174,
respectively). However, relatively to the Control-diet, the Local-
diet significantly increased the LO impact by 15.4% (p < 0.01).
The CC impact per kilogram of BWwas similar between the Eco-
diet and the Local-diet (2.17 and 2.11 kg CO2-eq, respectively;
p = 0.129). In comparison with the Local-diet, the Eco-diet
had higher NRE impact (increased by 13.8%) and lower AC
(decreased by 3.6%), EU (decreased by 9.0%), LO (decreased by
16.5%), and PD (decreased by 15.4%) impacts (p < 0.01).

DISCUSSION

Effectiveness of MO Formulation Approach
on the Environmental Impacts of Feeds
In the least-cost formulated Control-diet, the main ingredients
were cereals (71%), supplemented with protein-rich crops (10%),
oil meals (9.5%), and coproducts of wheat (5%) (Table 1). The
feeds obtained with the MO formulation approach differed from
this in important ways: the Eco-diet was characterized by a
lower proportion of cereals, while both the Eco-diet and Local-
diet contained higher proportions of alternative protein sources
and smaller proportions of oil meals, especially soybean meal,
which was substituted with rapeseed meal, peas, or faba beans
(Tables 1, 2). These changes were consistent with those reported
from previous efforts to include environmental objectives in the
calculation of feed formulations (9, 10). Here, the composition
of the diets obtained with the MO formulation was close to that
formulated by Garcia-Launay et al. (10). Similarly, Mackenzie
et al. (9) reported that diets formulated with environmental
objectives in mind included a smaller proportion of cereals and
a higher proportion of coproducts than diets formulated with
economic objectives only (6).

With MO formulations, the relative incorporation rates of
feed ingredients are shaped by trade-offs between the nutritional

value, cost, and environmental impacts of each ingredient.
Compared with cereals, protein-rich ingredients obtained from
legume seeds, like peas and faba beans, are characterized by
lower CC and NRE impacts because, unlike cereals, they do not
require mineral nitrogen fertilization (6); this was the reason for
their relatively high contributions to the Eco-diet and Local-diet.
However, because of lower production yields, locally produced
protein-rich crops have a higher LO impact than cereals (6).
The production and utilization of crops on farm—and thus a
reduced reliance on transport—decreased the average CC impact
of ingredients by 8%, NRE by 14%, AC by 4.5%, and EU, LO,
and PD by 2.5%. The environmental impacts of coproducts
were relatively low, partly due to the economic allocation of
impacts. Moreover, the industrial processes associated with their
production are not input intensive (6). For example, the CC
impact of wheat middlings was 75% lower than that of wheat,
even though its crude protein content is about 50% higher;
similar patterns were observed for other impacts as well. Among
all the feed ingredients used in this study, wheat middlings had
the lowest value for all impact categories (except for the AC
impact, for which it was the second lowest). Similarly, the LCA
impacts of rapeseed meal are about 60% lower than those of
rapeseed grain. On the other end of the spectrum is soybean
meal, which is associated with serious environmental impacts:
most soybean meal in France is imported from South America,
where agriculture-associated deforestation remains widespread
(35). This means that soybean meal has a CC impact four times
higher and anNRE impact three times higher than rapeseedmeal,
while its price and protein content are only about 30–40% higher.

In the MO formulation approach, the objective function
weighted the environmental impacts of CC more heavily (×2)
than those of NRE, LO, and PD (×1) because the mitigation
of CC is considered to be a priority [Paris Agreement, 2015;
(10)]. This was the underlying reason for the higher proportions
of protein-rich crops and wheat coproducts and the reduced
proportions of cereals and imported soybean meal in diets
formulated with both environmental and economic objectives.
Specifying weighting factors to the various environmental
impacts is still a matter of debate in the literature. As
recommended by Garcia-Launay et al. (10), in this study, we
chose a pragmatic approach that consists in providing the same
factors to all global impacts (NRE, PD, and LO) and a higher
factor to CC. Performing feed formulation while accounting for
various environmental impacts requests weighting the various
impacts in the objective function. Indeed, formulating while
minimizing a single impact leads to pollution transfer to other
impacts or the increased use of limited resources (9). Using
constraints on the various environmental impacts requires a step-
by-step approach to find the adequate constraints for each single
impact. Other approaches include basing weighting factors on
monetary valuation, public opinion, or the state of the receiving
environment (36). Although relevant for comparing the LCA
of various scenarios, using these approaches for optimization
may increase greatly impacts that are associated with lowest
weighting factors.

When we compared the MO-formulated feeds to the least-
cost Control-diet, we found that the environmental impacts of
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the Eco-diet were universally smaller. The Local-diet, instead,
had smaller impacts with respect to CC, NRE, AC, and PD; no
change for EU; and an increased impact on LO. In the least-
cost formulation, imported soybean meal accounted for 19.5%
of the CC impact and 12.9% of the NRE impact. Our results
are consistent with those of Eriksson et al. (7) and van Zanten
et al. (8), who reported a similar reduction in environmental
impacts after replacing soybean meal with peas or rapeseed
meal. Specifically, Eriksson et al. (7) substituted soybean meal
with peas and rapeseed meal in growing–finishing pig diets
and observed a reduction of 7% in the CC impact and 10% in
the NRE impact; van Zanten et al. (8) showed that replacing
soybean meal with rapeseed meal in a finishing pig diet reduced
the CC impact by 10%. Here, the AC impact of the least-
cost formulation (0.0094 molc H+-eq) was a little higher than
that of the Eco-diet (0.0078 molc H+-eq) and the Local-diet
(0.0074 molc H+-eq) (Supplementary Table 6). This was the
result of higher proportions of high-AC cereals in the least-
cost diet and a shift to higher proportions of low-AC protein-
rich crops and wheat coproducts in the MO formulations. In
addition, a higher proportion of wheat middlings in the Eco-
diet resulted in a reduced EU impact (3.6 g PO3−

4 -eq) relative

to that of the least-cost formulation (4.0 g PO3−
4 -eq) and the

Local-diet (4.0 g PO3−
4 -eq) (Supplementary Table 6). However,

the reductions in AC and EU impacts with the MO formulation
were minor compared with those observed for other impacts,
mainly due to the fact that the objective function did not include
either AC or EU. Patterns of PD among the diets (3.5 g P with
least-cost formulation compared to 2.3 and 2.9 g P with Eco-
diet and Local-diet, respectively) (Supplementary Table 6) could
also be traced back in large part to the Control-diet’s reliance
on soybean meal, which has a P demand three times higher
than that of other ingredients; the inclusion of wheat middlings
in the Eco-diet also played a role, as the P demand of wheat
middlings is five times lower than that of other ingredients.
Overall, then, the MO formulation approach appeared to be
quite effective in reducing the environmental impacts of pig fed.
However, in one case, the MO approach significantly increased
one environmental impact: the Local-diet had an LO impact
that was about 18% higher (1.66 m²year) than that of the least-
cost formulation (1.41 m²year) or the Eco-diet (1.40 m²year)
(Supplementary Table 6). Because of their generally lower yields,
protein-rich crops need more land than cereals or coproducts to
produce the same quantities (6–8). Moreover, for some crops,
like soybean meal grown in South America, more than one crop
can be harvested per year, which results in reduced values for
LO. The Local-diet contained a similar proportion of cereals
as the Control-diet but a higher proportion of protein-rich
crops, and these two ingredient families have strong impacts
on LO.

In agreement with the literature, we confirm that substituting
cereals and soybean meal with alternative protein sources
(rapeseed meal, peas, faba beans, or wheat middlings) is an
efficient means of reducing the environmental impacts of pig
feed; the overall balance of impacts can be further mediated
by factors associated with ingredient production (i.e., locally

produced vs. imported). The incorporation of ingredients that
are produced locally further decreases the CC and NRE
impacts of feed because of a reduction in transportation
requirements; however, this strategy also increases the impact
of LO because it relies more heavily on lower-yielding crops.

Animal Performance
Previous studies that have included environmental objectives
in the calculation of feed formulations (9, 11) based their
models of environmental impacts on the assumption that animal
performance would be unaffected by feed composition. However,
feeding strategies that minimize environmental impacts typically
contain higher proportions of protein-rich crops and coproducts
that may vary in their nutritional composition and energy,
fiber, or protein content (12, 13). Such variability may have
consequences on feed intake or digestibility, with potential
repercussions for animal performance (14, 15). With an
experimental approach, Shaw et al. (14) showed that the
incorporation of wheat middlings in pig feed had a negative
effect on growth. Similarly, the substitution of soybean meal
with rapeseed meal may also decrease pig performance (15).
Therefore, one potential concern with MO-formulated diets is
that the environmental improvements obtained for the feed
might be offset, partially or in total, by losses in pig performance.
Here, we observed a slightly lower ADG and a slightly higher
ADFI in the Local-diet group during the growing period, which
resulted in an FCR that was significantly higher than that of the
two other groups. We do not fully understand this difference
in animal performance, as the estimated net energy and lysine
concentrations in the three diets were formulated to be equal and
based on the real nutritional values of ingredients (dry matter,
organic matter, crude protein, and gross energy). This response
might be due to interactions among ingredients that then affect
digestibility, but in any event, it deserves further study. During
the finishing period, animal performance was unaffected by the
feeding strategies. The three groups all demonstrated similar
carcass characteristics, including carcass weight, lean meat
percentage, and carcass yield, resulting in similar carcass value.
Over the fattening period as a whole, the MO formulations had
no effect on animal performance, indicating that this innovative
formulation method is effective in reducing environmental
impacts without compromising performance or carcass quality.

Overall, unlike previous studies, we found no evidence of
impaired performance due to the inclusion of alternative protein
sources (rapeseed meal, protein-rich crops, or cereal coproducts)
in animal diets. This difference may be related to the relatively
higher levels of variability in the nutritional value of these
ingredients. Instead of designing diets based on published
average nutritional values, our study analyzed the real nutritional
value of ingredients to determine the composition of diets. In
addition, diets were carefully formulated to ensure they met
the minimum nutritional content for pigs, in order to meet the
requirements for net energy and standardized amino acid content
established by the performance objective.
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FIGURE 2 | Effect of the strategy for diet formulation on environmental impacts of the average feed and of pig production at fattening unit gate or at farm gate. Values

are expressed as a percentage of the value obtained for the Control-diet strategy.

Environmental Impacts of Fattening Unit
and Farrow-To-Finish Production
In our study, we calculated the environmental impacts of each
diet strategy in three contexts: with respect to the feed only
(i.e., impacts arising from feed ingredients and feed production
processes), in the context of a fattening unit (i.e., the cumulative
impacts required to raise an animal that is ready to be transported
to the slaughterhouse), and in the context of an entire farrow-
to-finish production farm (i.e., the cumulative impacts related
to breeding, growing, and finishing). Since animal performance
was similar among the three feeding strategies tested, the effects
of the different feed formulations on the environmental impacts

of fattening units followed the same general pattern as those
obtained for the feed only (Figure 2). In comparison with the
least-cost formulation, the Eco-diet significantly reduced all
impacts except LO. The extent of the reduction was the same
for the feed and the fattening unit with respect to NRE (−10%),

LO (−1%), and PD (−35%) (Figure 2). However, for CC, AC,

and, to a lesser extent, EU, the reduction in the fattening unit
was smaller in magnitude than that observed for the feed (−15

vs. −25% for CC, −8 vs. −17% for AC, and −8 vs. −11%

for EU, respectively; Figure 2). This might be explained by the
fact that, for NRE and LO, the feed production process made
a higher relative contribution to the total impact (>90%) than
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it did for CC, AC, and EU (30, 50, and 60%, respectively)
(24). With respect to AC and EU, the relatively small degree
of improvement seen with the use of the Eco-diet compared
to the Control-diet can probably be explained by the fact that
emissions from housing and manure were similar between the
two feeding strategies.

In the same way, the effect of the Local-diet on the overall
environmental impact of a fattening unit was the same as the
effect of the diet alone (relative to the Control-diet) for three
categories: NRE (−39% for Local-diet compared with Control-
diet), LO (+20%), and PD (+20%). Instead, the fattening-unit
effect was lower in magnitude for CC, AC, and EU (−31% for
feed-only vs. −20% for the fattening unit with respect to CC,
−21 vs. −3% for AC, and +1 vs. +4% for EU; Figure 2). In
the context of the fattening unit, then, use of the Local-diet still
reduced the impacts of CC, NRE, and PD compared with the
Control-diet but was not significantly different from the Control-
diet with respect to the impacts on AC and EU. At the level
of both feed and the fattening unit, the Local-diet significantly
increased LO over control values to a similar extent (+18 and
+22%, respectively).

When applied to a fattening unit, the Eco-diet was
more effective in reducing the impacts of AC, EU, LO,
and PD than the Local-diet; however, the impact on CC
was similar between the two strategies. Furthermore, the
Local-diet was more efficient in reducing the impact of
NRE per kilogram of BWG (−40%) than the Eco-diet.
Garcia-Launay et al. (10), Wilfart et al. (11), and Méda
et al. (25) all obtained similar results based on models of
animal performance.

For CC and NRE, the differences among the feeding strategies
were more muted when examined in the context of a farrow-
to-finish production farm than in a fattening unit, while for
AC, EU, LO, and PD, the relative differences between strategies
remained generally similar. Specifically, implementation of the
Local-diet and Eco-diet reduced the CC impact of a production
farm by only 10% compared with the Control-diet strategy
(the corresponding reduction for the Local-diet and Eco-diet
in fattening units being 15 and 19%, and in the feed-only
analysis, 25 and 31%, respectively; Figure 2). Similarly, use
of the Local-diet reduced NRE on the production farm by
only 5% compared to a 39% reduction for feed only and
a 33% reduction for the fattening unit. These differences
are mainly related to the contributions of the farrowing and
postweaning units, which consume a significant amount of
energy for heating (5). Furthermore, the farrow-to-finish LCA
was carried out based on the assumption that sows and
piglets were given conventional (least-cost formulated) diets,
and it is likely that this also contributed to the reduction
(or dilution) in the apparent effects of the different fattening
feeds. If MO formulations had also been applied for the
phases of gestation, lactation, and weaning, it is probable
that the difference between feeding strategies would have been
more marked.

CONCLUSION

MO formulation is a useful strategy for reducing the
environmental impacts of pig production. Using this approach,
we were able to select feed ingredients with lower environmental
impacts, such as protein-rich crops or agricultural coproducts,
and thus efficiently reduce the impacts of pig production without
adverse consequences on animal performance or carcass quality.
Before such diets can be applied, however, it is important to
first analyze the nutritional composition of the ingredients
in order to adjust the composition of the diet according
to their real nutritional values. Another potential challenge
could arise regarding the availability of ingredients: wide-scale
incorporation of these ingredients in ecofriendly diets could
result in scarcity, as protein-rich crops currently represent only
2% of cultivated land in France. Moreover, increasing demand
for coproducts could affect feed prices and, consequently, the
economic allocation of environmental impacts. Such potential
constraints must be taken into consideration by future efforts
to implement these innovative formulation methodologies at a
large scale.
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The continuous increase in poultry production over the last decades to meet the high

growing demand and provide food security has attractedmuch concern due to the recent

negative impacts of the most challenging environmental stressor, heat stress (HS), on

birds. The poultry industry has responded by adopting different environmental strategies

such as the use of environmentally controlled sheds and modern ventilation systems.

However, such strategies are not long-term solutions and it cost so much for farmers

to practice. The detrimental effects of HS include the reduction in growth, deterioration

of meat quality as it reduces water-holding capacity, pH and increases drip loss in meat

consequently changing the normal color, taste and texture of chicken meat. HS causes

poor meat quality by impairing protein synthesis and augmenting undesirable fat in meat.

Studies previously conducted show that HS negatively affects the skeletal muscle growth

and development by changing its effects on myogenic regulatory factors, insulin growth

factor-1, and heat-shock proteins. The focus of this article is in 3-fold: (1) to identify the

mechanism of heat stress that causes meat production and quality loss in chicken; (2)

to discuss the physiological, metabolic and genetic changes triggered by HS causing

setback to the world poultry industry; (3) to identify the research gaps to be addressed

in future studies.

Keywords: heat stress, poultry, meat production, meat quality, muscle development

INTRODUCTION

The increasing world population demands a more efficient food production system since
the global food shortage issue keeps on rising. The poultry sector is noted to make a
considerable contribution to global nutrition and food security, which helps in the provision
of cheap protein, essential micronutrients, and energy to humans (1). Poultry, owing
to their short production cycles and having the potential of converting wide ranges of
agricultural food waste and by-products into eggs and meat edible for humans. Poultry meat
production have been reported to increase from 120.5 MMT (million metric tons) in 2017
to 122.5 MMT in 2018 (2). FAO (3) also estimated its production to reach 137 MMT in
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2020, with growth being anticipated in China, Britain, the
EU, Mexico, and Brazil, suggesting the poultry industry’s
hidden potentials.

Recently, there has been a remarkable escalation in global
environmental temperature, which poses serious implications to
the farming sector in both tropical and subtropical regions of the
world. A gradual increase in ambient temperature affects all living
organisms (4, 5). In living organisms, if the temperature exceeds
the normal range (thermo-neutral zone), it disturbs the normal
physiological functioning and induces cell injury. Usually, high
ambient temperature leads to stress associated problems such
as production losses, metabolic changes, growth depression, and
poor efficiency (6, 7). In temperate regions of world the high
ambient temperature during the summer season often proves
disastrous for poultry farming as thermal stress induced by
extremely high temperatures is responsible for massive economic
losses to poultry industry. According to a report, the U.S.
livestock production industry suffers a severe loss of $1.69 to
$2.36 billion because of high environmental temperature; out
of which poultry industry accounts the loss of $128 to $165
million (8). Heat stress (HS) is widely classified into acute heat
stress (AHS), which is the intense environmental temperature
for a brief period and chronic heat stress (CHS) characterized
by high temperature for a longer duration. Unluckily, both
AHS and CHS challenge the genetic, nutritional, pharmaceutical,
and management developments made by the animal farming
industries that cause a considerable drop in production, proving
to be one of the major hurdles to achieve efficient livestock
farming in many regions of the world (9, 10). Chronic heat
stress has permanent damaging effect on the broiler chicken,
if heat stress persists for longer period of time it increases
fat content and damages the muscle portion of chicken unlike
acute heat stress. Apart from duration of heat stress, the extent
of production damage is also dependent on the intensity of
heat stress (11). Harmful consequences of heat exhaustion
(temperature exceeds beyond thermo-neutral zone and animal
no more able to regulate body temperature) in animal farming
would become more challenging as temperature keeps rising due
to global warming. Climate change due to global warming is
becoming more relevant these days, especially for the chicken
meat industry (12, 13). The broiler industry faces the challenge
of HS, which increases production cost and severely damages the
meat quality due to poultry’s susceptibility to heat because of their
rapid metabolic rate and high growth. Metabolic changes occur
in chickens, specifically, broilers, reared in a HS environment,
causing a considerable decrease in breast muscle size of the
broiler chicken. HS is also responsible for the reduction in the
protein content of muscles (14). Both AHS and CHS could
cause a sharp decline in the metabolism of birds, which in
turn will induce serious complications regarding the growth and
performance of the broilers, such as a change in color, the decline
in muscle pH, water-holding capacity (WHC), and juiciness
of chicken meat (15, 16). Many studies have revealed that
high ambient temperature causes oxidative stress by producing
reactive oxygen species (ROS). ROS has severe implications
on skeletal muscle development, as they are responsible for
lipid peroxidation in muscles (17, 18). Thus, understanding the

mechanisms underlying, the causes, and effects of HS and the
strategies that can be put in place to curb or control such
global menace, can be beneficial in solving the global food
insecurity issues. This review dealt deep in analyzing the available
information surrounding HS impact and the strategies to limit
the unwanted implications of this threat. Figure 1 illustrates the
physiological, metabolic and genetic changes amid HS and its
relation to meat production and quality in chicken.

HEAT STRESS IN BROILERS; HOW DOES

IT PROCEED?

Any foreign stimuli, which alters the normal biological and
physiological mechanisms within living cells and threatens
the living organism’s survival, is referred as stress (18, 19).
In broiler production, environmental stress is often caused
by numerous factors, including ambient temperature, which
severely compromises birds’ normal physiology, leading to poor
production efficiency and food safety (20). In animals, stress often
manifests in three stages. Firstly, the recognition of external stress
by the body is known as a state of alarm. Secondly, stress induces
the immune mechanism in living cells; thus, if stress persists,
the body tries to adapt to that new environment. Despite all
resistance, if the body still fails to cope with that stress, it leads to
the exhaustion stage (21). Every living organism responds to HS
accordingly, depending on the intensity and duration of stress.
Numerous studies reported a substantial reduction in feeding
and walking duration (discrete values) of birds kept under HS
conditions as heat-stressed birds spend most of the time in
acclimatizing activities such as panting, drinking more water, and
resting to cope with the HS (22).

The neuroendocrine system plays a very significant role
in HS response by inducing the autonomic nervous system
(ANS) that often regulates fight and flight situations in living
organisms (23). In response to HS, the ANS takes charge and
triggers tachycardia (increased heartbeat), increases respiration
rate and enhances the blood flow toward the body peripheries
(skin) for maximum heat loss to maintain body temperature
(23, 24). It also promotes the breakdown of glycogen into
glucose in muscles and reduces their capacity to store energy
(6, 13). Activation of the neuroendocrine system positively
regulates the release of catecholamine. Catecholamine acts on
beta androgenic receptors of skeletal muscles and initiates a
series of reactions, disturbing the normal enzymatic activity in
skeletal muscles as it inhibits the enzyme glycogen phosphorylase
and activates the muscle glycogenolysis (25). HS also activates
the hypothalamic-pituitary-adrenal axis (HPA) along with the
sympathetic-adrenal-medullar axis (SAM), which promotes the
release of glucocorticoids, vasodilation, lipolysis, and proteolysis
in muscles (26, 27). Glucocorticoids enhance glucose synthesis to
confirm the survival of animals under such critical conditions as
HS. The substantial release of glucocorticoids characterizes AHS
as compared to CHS. Glucocorticoids encourage proteolysis by
damagingmyofibrils in skeletal muscles facilitated throughmajor
proteolytic mechanisms (ca+2 dependent, ubiquitin-proteasome
system) (28, 29).
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FIGURE 1 | Relationship of HS with physiological and biochemical changes in chicken and how it affects broiler chickens’ meat quality.

Furthermore, glucocorticoids initiate the hydrolysis of
circulating triglycerides, intensifying the activity of lipoprotein
lipase that leads to an increase in lipolysis. Moreover, anabolic
factors like insulin growth factor (IGF-1) are negatively regulated
by glucocorticoids to worsen the skeletal muscle damage. HPA
is considered a better indicator of HS than corticosterone as it
could be secreted in many other conditions like fear of invading
animals etc. (30, 31). Corticosterone is secreted from both the
HPA axis and the pituitary gland, corticosterone’s secretion rate
is relatively as slow compared to adrenaline but displays more
compound and prominent effect during HS (32, 33). Long-term
secretion of corticosterone during chronic HS is linked to
many deleterious consequences in broiler chicken, including
compromised immunity, muscle breakdown, cardiac issues, and
depression (Figure 2). HS also induces infertility by disturbing
reproductive hormones, severely affecting poultry gut health
(leaky gut), as well as the altering of the immune functioning by
triggering inflammatory cytokines (34).

THERMOREGULATORY APPARATUS IN

CHICKEN

All homoeothermic organisms have an optimal temperature
range considered as the thermo-neutral zone unlike
poikilotherms whose body temperature varies greatly depending

on environmental temperature. In case the environmental
temperature increases, the birds require more energy to maintain
their body temperature (35). During HS conditions, metabolic
heat increases, and animal succumbs to hyperthermia. Birds do
not have sweat glands unlike mammals, but they have developed
some behavioral adaptations to cope with heat, including
elevated respiration rate, panting and raised wings (35, 36).
In commercial poultry, high production always remained a
priority that made the broiler more vulnerable to environmental
stressors. The insulation provided by feathers in commercial
poultry is one of the major hindrances in birds’ thermoregulation
(35, 37). To sum up, high ambient temperature beyond the
thermo-neutral zone during the production phases badly
affect meat production, meat quality and cause severe immune
problems in the broiler flocks.

IMPACT OF HS ON POULTRY MEAT

PRODUCTION

Reduction in Feed Intake and Poor Weight

Gain
Reduction in feed intake in HS animals is an adaptive mechanism
to minimize metabolic heat production. A significant decrease
in feed intake, body weight gain, and feed efficiency has
been reported in many studies conducted on birds and other
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FIGURE 2 | Mechanism of heat stress in broiler. HPA, Hypothalamic pituitary adrenal axis; ANS, Autonomic nervous system.

animals. During stress conditions, the priority of every living
organism is to survive rather than growth. A recent study on
broilers revealed that both cyclical and continuous heat stress
significantly compromises growth performance by reducing
protein digestibility up to 9.7%. Broilers under heat stress (32◦C)
have shown increased metabolizable energy intake (20.3%) and
heat production (35.5%), and decreased energy retention (20.9%)
and energy efficiency (32.4%) as compared to control group (38).
Another study in laying hens reported a significant decrease
in weight gain as average body weight (BW) of heat stressed
hens was recorded 1.233 kg as compared to 1.528 kg BW of
control group after 5 weeks of chronic heat stress (35◦C). The
significant decrease in weight is possibly due to reduced feed
intake as birds under heat conditions ate less feed in relation
to the control ones (39). This reduction in feed intake and
nutrient digestibility severely compromises production efficiency
and product quality. Chickenmeat quality deteriorates since poor
nutrients availability causes a sharp decline in muscle glycogen
reserves, leading to dark, firm, and dry (DFD) meat (16).

Increase in Fat and Reduction in Protein

Contents of Poultry Meat
High ambient temperature disrupts normal lipid metabolism
(lipolysis) by downregulating the enzymes involved in lipid
breakdown resulting in more fat deposition and reduced

protein content in muscles (40, 41). Many publications reported
increased fat content in chicken under HS that seems to be
an adaptive mechanism in birds as they store more energy
in the form of fat to avoid further heat production during
metabolism. A study conducted by Zhang et al. (14) reported
that broiler birds raised under CHS (34–36◦C) showed reduction
in breast muscle mass (31.53%) and thigh muscle (11.17%) as
compared to the normal control group. Considerable reduction
in breast muscle mass was characterized by a significant change
in chemical composition with higher fat quantity and lower
protein concentration in muscles. Another study also concluded
that cyclical HS (33◦C for 9 h, 25◦C for 15 h 1–42 days) in
broiler reduced breast muscle weight by 16% (42). Lu et al.
(43) reported higher intramuscular fat, increased activity of
pyruvate kinase and lactate dehydrogenase in pectoral muscles
of broilers under HS (32◦C for 14 days). Moreover, CHS
reduces the rate of aerobic metabolism by disturbing the
mitochondrial functioning, decreasing aerobic metabolic activity
and promoting glycolysis consequently leading to more fat
deposition in muscles, which ultimately deteriorates meat quality

(44). A study reported more fatness and low protein content
in HS-broiler-chicken as compared to those maintained at the
thermo-neutral condition (45). Production and quality losses
in broiler chicken are not merely due to the reduced intake.
Many other factors, including physiological, biochemical, and
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hormonal changes, are equally involved in all these losses to the
poultry industry.

EXCESSIVE HEAT BURDEN TRIGGERS

METABOLIC STRESS THAT

DETERIORATES MEAT QUALITY

Excessive Production of ROS Impairs Meat

Quality
Genetic modifications for rapid growth in broiler chicken has
made the chicken more vulnerable to environmental stressors
(17, 46). Oxidative stress is among the major stressors, which can
potentially halt chicken growth, having severe consequences on
the broiler’s meat quality. Increased ROS liberation is potentially
damaging as it aggravates the aging of muscles, protein
degradation and inactivates the nuclear proteins, including
DNA and RNA. HS induces ROS production by impairing
mitochondrial function leading to reduced aerobic metabolism
of fat and glucose and enhanced glycolysis, which ultimately
results in poor meat quality characterized by low pH and
high drip loss (47). Living tissues have many antioxidants to
cope with oxidants, if the balance among antioxidants and
oxidants disturbs and oxidants exceed a certain limit within the
body, this condition indicates oxidative stress. Mostly oxidants
are produced during cellular metabolism in the mitochondria
of living cells. Cellular metabolism is not the only source
of oxidants, some external sources, including feed comprised
of oxidized lipids and fats, are responsible for producing
reactive oxygen species (48). According to Mujahid et al. (49),
leakage of electrons from the mitochondrial respiratory chain
during oxidative phosphorylation is the main source of ROS.
HS increases ROS production by compromising the electron
transport chain’s functioning, which is necessary for energy
production in the muscles (50).

ROS changes calcium sensitivity by oxidizing the thiol
groups in the ryanodine receptor and damages an enzyme
sarcoendoplasmic reticulum Ca+2-ATPase (SERCA). This
enzyme maintains calcium balance within the sarcoplasmic
reticulum by removing extra calcium. Due to ROS, this
system for calcium control collapses leading to overwhelming
muscle contractions, culminating in muscle dystrophy (51–
53). Numerous studies reported that oxidative stress leads to
cell death and causes oxidation of protein and lipids, which
ultimately deteriorates production efficiency and quality.
Production of ROS in mitochondria leads to cellular oxidative
stress, and it has severe consequences on physiological and
behavioral characteristics in birds, which ultimately reduces
the performance efficiency of the commercial meat birds. In
short, oxidative stress lowers ATP production, creates calcium
imbalance, and oxidizes several proteins within mitochondria
along with mitochondrial membrane disruption (48, 53, 54).

Acidosis Lowers Water Holding Capacity

(WHC) and Damages Meat Texture
Rapid pH reduction in chicken muscle is also associated with HS,
and it has severe implications onmeat quality or texture.Multiple

studies indicated HS to potentially reduce muscle pH leading to
harmful changes in muscles (55). HS triggers anaerobic glycolysis
within the muscles during and after slaughtering of the animal,
thus, more H+ and lactic acid accumulate in the muscles due to
hydrolysis of ATP during the anaerobic glycolysis. This result in
a rapid drop in the pH of muscles leading to low water holding
capacity which then develop into an abnormal condition called
pale, soft, and exudative meat (56, 57).

Thyroid Hormone Imbalance Under HS

Impairs Skeletal Muscle Development
Thyroid hormone plays crucial role in the thermogenesis of
avian via the thermoregulation by controlling metabolic heat
production that is crucial to maintain normal body temperature.
Tri-iodothyronine (T3) and tetra-iodothyronine (T4) enhance
basal metabolism by modifying the mitochondrial function
and assists skeletal muscles to acclimatize with a changing
environment. Recent study regarding thyroid hormones in heat-
stressed chicken found that high ambient temperature reduces
both activity and size of thyroid. Lower level of thyroid hormone
has observed in different studies conducted on heat stressed
(38 ◦C for 24 h) quail (58) and domestic fowl (59). Thyroid
hormones from external sources have also been observed to
have lower survival time during HS (60). In broiler chicken,
the thyroid gland’s size, along with activity, decreases by
high ambient temperatures and vice-versa (15). High ambient
temperature normally responsible for drop in T3 and T4 plasma
concentration. Thismechanism is an adaptive tool to escape extra
heat load, by decreasing metabolic heat production, plummeting
maintenance energy requirements and increasing fat deposition
by discouraging lipolysis (45, 61).

How Does Meat Quality Deteriorate?
Drip Loss
After slaughtering, when muscle converts to meat, it loses some
of its contents, including water, myofibers, iron, and proteins.
Loss of muscle contents during which meat tends to lose its
original texture and taste are often referred as drip loss (62).
When frozen meat is being thawed, it loses its texture and taste
due to loss of water contents and leakage of other nutritional
contents through the water. Drip loss is related to overall meat
quality as it reduces meat palatability, juiciness, and acceptability
of meat. It is one of the major meat quality defects, of which
experts are trying to resolve, most particularly in pork and
chicken (63). HS before slaughtering of bird increases metabolic
rate and rigor mortis that results in protein denaturation. As
protein is involved in the water-binding capacity of meat, so
protein damage due to high carcass temperature hinders protein
ability to bind water that culminates into pronounced reduction
in poor water-holding ability characterized by higher drip loss
and cooking loss (64). According to a recent study, constant high
temperature harms water-holding capacity because it increases
drip loss in poultry meat. The researchers found that broiler
birds’ meat under high temperatures had increased value of cook
loss, shear force, and decreased pH. Birds under cyclic heat had
higher cook loss value in breast muscles as compared to those
raised under the thermo-neutral environment (14). Practical
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observations and studies have demonstrated both AHS and CHS
during the housing period of broiler to be responsible for poor
water-holding capacity.

Development of Pale, Soft, and Exudative Meat
In chicken, the development of PSE is mainly due to the
rapid decrease in pH after birds’ slaughtering. Birds with high
metabolic activities and efficient growth rates often have poor
thermoregulatory ability; consequently, these birds are more
prone to HS during the growing period (65). HS, during the
broiler’s growth period especially, causes multiple problems,
including muscle atrophy, acid-base imbalance, and poor meat
quality. In chicken, mostly muscles are comprised of fast
twitching fibers. Fast twitching fibers are mainly dependent on
anaerobic glycolysis (66). HS before slaughtering accelerates
the anaerobic glycolysis in muscles and lowers pH during the
conversion of muscles into the meat while the body temperature
is high (67). High carcass temperature with low pH causes
protein degradation and develops PSE condition (68). The
processing capability of PSE meat is poor making processed meat
more dry and brittle due to lack of proper WHC and protein
extractability (69, 70). During hot weather, the broiler industry
reports extensive losses in meat production due to reduced water
holding capacity, poor meat texture, and pale color (57).

Production of Protein Carbonyls
AHS downregulates the protein synthesis at the transcriptional
level, and it alters both ribosomal gene transcription and
protein synthesis, consequently reducing protein deposition. The
different durations of HS have different implications on the
proteinmetabolism of hyperthermic animals (15). Short duration
HS increases protein catabolism (marked by an increased plasma
uric acid level), reduces protein synthesis and N retention,
which decreases plasma concentrations of aspartic acid (Asp),
serine (Ser), tyrosine (Tyr), and cysteine (Cys) (71). However,
CHS knockdown protein synthesis in various muscles, decreases
protein breakdown, with lower levels of plasma amino acids
(especially sulfur and branched-chain amino acids) and higher
serum levels of Asp, glutamic acid (Glu), and phenylalanine (Phe)
(45, 72).

THE GENETIC BASIS OF MUSCLE

DEVELOPMENT AND HEAT STRESS

Skeletal muscles contribute up to 40–60% of total animal body
weight and play a crucial role in the movement, respiration,
and homeostasis of the animal body (73). Moreover, they
play significant role in the food industry and have significant
economic importance. Especially in meat-producing animals,
scientists and researchers are busy finding multiple ways to
enhance skeletal muscle mass (74). Each muscle cell in skeletal
muscle is termed as myofibril having multiple nuclei. This
myofibril arises from the fusion of mesoderm progenitor cells
called myoblast. In almost every major species, the number of
myofibrils set at the time of birth and cannot be increased after
birth, but muscle size can be increased (75). In chickens, muscle
growth after birth is only due to hypertrophy, characterized

by proliferation and fusion of activated satellite cells with
muscle fibers and increased protein synthesis ability. Myogenesis
is an intricate process having multiple steps determined by
numerous myogenic factors including transcription factors,
adhesion, molecules, growth hormones, andmyogenic regulatory
factors (76). Figure 3 illustrates the stepwise process of muscle
cell formation and highlights genetic factors, which regulate the
myofiber formation at every step.

Myogenic Regulatory Factors (MRFs), namely; Myf5, MyoD,
myogenin, and MRF4, are members of the basic helix-loop-helix
family of transcription factors that control the determination and
differentiation of skeletal muscle cells during embryogenesis and
postnatal myogenesis (77). MRFs form a family of transcription
factors whose function and activity represent a paradigm where
a series of molecular switches determine an entire cell lineage’s
fate. The MRFs are a group of muscle-specific proteins that
act at multiple points in the muscle lineage to cooperatively
establish the skeletal muscle phenotype by regulating the muscle
cell proliferation, irreversible cell cycle arrest of precursor cells,
followed by a regulated activation of sarcomeric and muscle-
specific genes to facilitate differentiation and sarcomere assembly
(78). A study on the mouse model has shown that MyoD, Myf5,
and MRF4 are responsible for a myogenic determination as in
the absence of these factors, there will be no skeletal muscle
formation. At the same time, myogenin works as a differentiation
factor. As myogenesis initiates, Myf5 is the first regulatory gene
to be activated near the neural tube while Mrf4 is also activated
during the early stages, but later on, it expresses only during the
differentiation of the skeletal muscles (79, 80).

Constituents of the endocrine system, such as growth
hormone (GH), IGF-1, and androgens, are the principal
regulators of muscle metabolism. These endocrine components
significantly impact muscle growth and act as anabolic factors,
the major regulators of muscle’s bulk (81). IGF-1 is considered to
play key roles in fetal development and growth up to adolescence
and in maintaining homeostasis in adult tissues by regulating cell
proliferation, differentiation, and survival (82). IGF-1 exhibits a
direct and crucial influence on muscle growth and differentiation
during skeletal muscle development. Numerous studies have
reported that IGF-1 is a positive regulator of myogenesis, which
tightly controls the whole process of myogenic development.
It is involved in various phases of myogenesis and muscle
regeneration: triggering satellite cell proliferation, increasing
protein synthesis, and promoting differentiation (82, 83).

MRFs are key regulators in skeletal muscle development, and
numerous studies reported that HS has negative implications
on myogenic regulatory factors. Low expression levels of MyoD,
myogenin had been observed in chicken embryos at high
temperatures (84). HS, during the embryonic development phase,
postpones the formation of myofibers, consequently affecting
the muscle proliferation and differentiation at later stages. The
number of muscle fibers is fixed at the time of birth and can never
increase; the only size of those fibers increases, and major muscle
growth in chicken is carried out by hypertrophy lead by protein
deposition (85, 86). A study on muscle development reported
that HS impairs muscle hypertrophy by reducing the IGF-1 gene
expression level and circulating IGF-1 concentration. HS also
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FIGURE 3 | Step wise progress of myofiber formation during skeletal muscle development.in chicken.

decreases the expression of MyoD, MyoG, and consequently
hinders muscle hypertrophy by inhibiting S6K1. S6K1 plays a
major role in cell growth regulation and muscle hypertrophy
(84, 87). A study demonstrated that knockdown of S6K1 in rats
caused a significant reduction in muscle size. This molecule is
responsible for cell growth by increasing muscle cell size without
affecting the cell number (84, 88).

To conclude, HS reduces growth performance, breast muscle
mass, and yield in broilers. HS also reduced the mRNA
expressions of IGF-1 and its downstream genes in breast muscle,
thereby induced inactivity of mTOR and its downstream target
S6K1 that regulates MRFs to decrease muscle hypertrophy.
Meanwhile, the reduction of muscle protein synthesis is caused
by reductions in both muscle amino acid uptake and the
expressions of specific transporter isoforms due to the inactivity
of mTOR and S6K1 (84).

HEAT SHOCK PROTEINS DURING HEAT

STRESS

Heat shock proteins are widely considered as stress proteins
found within the cells of all living organisms. During the high
ambient temperature, living cells trigger a response named “heat
shock response,” which activates the specific set of proteins to
protect cells from stressors like heat (89). The primary function
of heat shock proteins is housekeeping, they maintain order in
the cell by synthesizing other proteins while during stressful
environment or any pathological condition, their expression level
increases and they incline to attract immune cells at the respective
site or organ (90, 91). HSPs comprised six members classified
and named on the basis of molecular weight, including HSP40,
HSP70, HSP90, HSP100, small HSPs, and chaperonins. HSPs
originate from an extracellular environment and function in
specific parts of the body as stress signals and trigger immune
cells during any stress and unfavorable conditions. HSPs also
play an important role in protein formation and degradation
by regulating folding/unfolding and translocation of proteins.
All living organisms produce heat shock proteins under HS

environment as these proteins are only produced under the
stimuli of any stressor such as high temperature (91–94).

Role of HSPs as Stress Indicator and Cell

Protector
HSP70 is very crucial for cell recovery after the damage done
by HS (95). Increased expression levels of HSPs during HS is an
adaptive phenomenon that improves tolerance level against HS in
living cells as the studies on the transcriptional behavior of heat
shock proteins have revealed that HSPs are the heat polypeptides
produced due to high temperature. HSP70 and 90 are more
extensively studied families among heat shock proteins, and these
two families exhibit a plethora of functions from involving in
cell tolerance to control cell cycle (96–99). Exposure to high
ambient temperature enhances the production of heat shock
proteins, which are synthesized in respective cells experiencing
stress, and helps synthesize other proteins. It also regulates
many processes, including protein refolding, translocation, and
prevents the oxidative breakdown and apoptosis of damaged
proteins during stress conditions. All these functions carried out
by Heat shock proteins are very handy for cell recovery after
stress (96, 100–102). Studies revealed that HSPs play regulatory
roles in various types of immunity. Production of HSPs during
HS is mainly to attract immune cells. Numerous studies on
differentially expressed genes during HS have shown that HSPs
are related to birds’ immune functioning during HS (103).

HSPs Protect the Muscle Cells From

Damage
In an HS environment, HSPs repair the damaged proteins.
In normal climatic conditions, HSP 70 is present in low
concentrations as molecular chaperones, while the level of HSPs
increases rapidly in muscles during cellular stress (hyperthermia,
oxidative stress, changes in pH). An increase of HSPs leads to
significant changes in gene expression leading to remodeling
of skeletal muscles (104). Numerous studies in broiler chickens
reported that the HSP family is playing a key role to repair the
damaged cells, and it has observed during acute stress, HSP70
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expressed in the muscles, liver, heart, kidney, and blood vessels
(101, 105). During AHS, an upregulated gene expression of
HSP70 and 90 have been observed in muscle cells of broiler
chicken. Moreover, AHS triggers both protein and mRNA
expression of HSP70 and 90 in the kidney of chicken. A study
conducted on Taiwanese roosters under acute HS has revealed
the upregulation of HSP70 and 90 in Taiwanese roosters’ testes.
In contrast, another study reported depression in the expression
level of HSP 90 and HSP25, which are believed to be involved in
protein folding (101, 106, 107).

HSPs Regulates Meat Quality by Inhibiting

Muscle Apoptosis
After the slaughtering of animals, muscles undergo cell apoptosis
due to the unavailability of oxygen and nutrients within muscle
cells. All those factors involved in the apoptotic activity of muscle
cells are considered to control the animal’s ultimate meat quality.
Multiple studies reported the role of small heat shock proteins
as an anti-apoptotic factor in muscle cells during post-mortem
changes in muscles of slaughtered animals and influences the
meat quality attributes including color, tenderness, juiciness,
and the meat flavor (108, 109). After the muscle undergoes
cell death due to apoptosis, the number of small heat shock
protein increases at that side and lowers the rate of apoptosis
and unfolding of proteins in muscles (110). They delay protein
degradation in muscle cells and try to maintain homeostasis at
the cellular level. In this way, small heat shock proteins impede
the aging process and play a crucial part in developing meat
quality (110, 111).

DEALING WITH HS TO IMPROVE MEAT

PRODUCTION AND MEAT QUALITY

Dietary Supplementation
Multiple nutritional strategies have been suggested to alleviate
HS destructive effects in the poultry industry. Previous studies
revealed that protein metabolism is severely affected by chronic
HS and leads to reduced protein deposition in muscles. This
dwindling protein level cannot be compensated through dietary
protein because it further aggravates HS by producing more
metabolic heat (112, 113). On the other hand, reducing protein
concentration in diet culminates in to poor weight gain and
lower feed efficiency. Chickens on a low protein diet often
consume more feed to fulfill their protein requirements and
the consumption of more feed results in poor feed efficiency. It
has suggested that feed with more fat supplementation and low
protein contents could minimize HS mischievous impact (114,
115). A similar study (116) proposed that feed supplemented
with 5% fat and 4% palm oil can improve broiler production
performance under the HS environment by lowering feed
retention and optimizing the nutrient utilization. Secondly, Feed
restrictions during the early period of life in chicken have
been proved handy in reducing HS’s damaging effects. A study
demonstrated that feed restriction during early days of broiler
chicken (4–6 days after birth) promotes heat tolerance later in
life (35–40 days of age) (7, 116). Early feed reduction (EFR) and

fat supplemented feed have a beneficial impact on heat-stressed
broiler birds.

Thirdly, ample supplementation of vitamins is obligatory for
better broiler production, especially amid harsh environment
(10, 116, 117). Vitamin supplementation through drinking
water is common practice in some poultry farms that have
proved helpful to boost immunity and enhance heat-stressed
broilers’ performance. Diets containing vitamin A help broilers
to fight against oxidative injuries induced by high environmental
temperature (118). Kucuk et al. (118) also reported that vitamin
A fortification has positive effects on production status as it
enhances body weight gain, feed efficiency and reduces oxidative
damage. Poultry birds can synthesize Vitamin C by itself and
does not seek an external supply of vitamin C during normal
conditions. However, under stress conditions, the additional
supplementation of vitamin C might be fruitful for broilers’
better performance as it promotes fatty acid oxidation instead
of protein breakdown and reduces respiratory quotient (119).
Studies reported increased hunger of birds for vitamin C
during HS as vitamin C promotes fatty acid oxidation instead
of protein breakdown and reduces respiratory quotient (119,
120). Moreover, it enhances meat quality by producing meat
with high protein and low-fat contents and maintains redox
status during high temperature because of its ability to be
one of the best antioxidants. A study based on vitamin E
diet supplementation reported that vitamin E supplementation
promotes the phagocytic activity of macrophages and increases
serum antibodies (IgM and IgG) levels in broiler under HS (121).

Use of Herbs
There has been much attention placed on how herbal feed
additives can be used in alleviating the adverse effects of
HS, which in a way will help to enhance the production
and performance of other animals, including poultry, pigs,
and rabbits (122). The advantages of herbal additives include
pharmacological and nutritional values and amelioration of
many animal diseases. For example, there was noticeable
recovery reported in animals which suffered harmful HS
sequence after dietary supplementation of some herbs such as
Ginger, Fennel, Black seed, hot red pepper, Artemisia annua,
Rosemary, Moringa, Radix bupleurum, Chicory, and Dill (123).

Ginger (Zingiber officinale) as widely known to be used in the
treatment of lots of disorders (119), contains compounds such
as gingerdione, gingerdiol, and shagaols, which possess quite a
lot of antioxidant and antimicrobial activities (119, 124). The
addition of ginger (2%) to heat-stressed broilers significantly
improved the biochemical blood parameters and the growth
performance in comparison to the control whereby the changes
which emanated were attributed to antibacterial potential of
the supplement, which in effect improved the digestibility,
palatability, metabolism, and health status of the chicken (119,
124). HS is noted to affect the poultry by reducing the villus
height in quail (125) and broiler chicks (126). However, broilers
supplemented with 2 and 4 g/kg garlic diets revealed the highest
intestinal villi and most significant crypt depth in comparison
to the control as reported by Shewita and Taha (127) although
negative impacts on body weight, FCR, and FI at higher levels
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(6 g/kg) were reported. A report by Khonyoung et al. (128)
showed that dietary supplemented with fermented-dried ginger
products at 1% can help reduce abdominal fat, which in effect
can help improve the health of heat-stressed broilers. For Fennel
(Foeniculum vulgare), lots of research showcases the role that
its essential oil plays as an antioxidant, antimicrobial, and a
potent hepatoprotective agent (129, 130). A study conducted by
Ragab et al. (131) revealed an improvement of feed intake, meat
breast (%), and leukocytes of heat-stressed Ross broilers after 1 or
2% of this herb. Correspondingly, fennel fruits supplementation
at 10 or 20 g/kg diet in heat-stressed laying hens significantly
improved the quality of eggs, reduced the malondialdehyde
(MDA) contents, carboxyl levels in eggs, and again reduced the
triglyceride and cholesterol contents (132). Again, Mohammed
and Abbas (133) also observed that feeding of chicks with 1, 2,
and 3 g fennel/kg diet significantly increased the RBCs, Hb, and
PCV in comparison to the control.

Again, Nigella sativa, commonly known as the black seed,
has been used in many HS research of poultry, and effect has
shown encouraging results due to the higher nutritional values
it carries. Active materials such as thymoquinone, nigellone,
and thymohydroquinone, which aids in exerting antitoxic and
antimicrobial properties through increased defense mechanisms
against infectious diseases, are reported to be contained in black
seed (134). Heat stressed pigeon which was fed with 2% black
seed aided in weight gain and body weight improvement, hepatic
lesion protection, which led to mild vascular congestion and
vacuolization of the hepatocyte without creating damages to
sinusoids in comparison to the control [EL (135)]. Heat stressed
broilers subjected to a 1% black seed diet increased the feed
intake, dressing percentage, body gain while reducing the panting
behavior, water to feed ratio, corticosterone, and T3 levels (136).
Judging from these, ginger, fennel and black seed herb among
others can be used to reduce the bad effects HS is noted to have
on the poultry production.

Probiotic Effects on HS in Poultry
The supplementation of feed additives such as probiotics,
prebiotics, and symbiotics has been used lately to curb the
negative impacts HS poses in birds (9). Probiotics are “live
microorganisms which, when administered in adequate amounts,
confer a health benefit on the host (137).” Lots of research have
been conducted proving that probiotics administration in diets is
a sure way of improving the growth, immune response, digestive
enzyme activity, disease resistance, gut microbiota in aquatic
animals (138–141) chicken (142), pigs (143), etc. Given this,
probiotics have gained lots of attentions from scientists in the
poultry industry as the addition of this additive is a sure way of
enhancing the intestinal morphology, physiological conditions,
immunity; thus, the overall well-being and performance of heat-
stressed poultry as previously reported (144, 145). A study
conducted by Zulkifli et al. (146) reported that a probiotic-
enhanced water acidifier (S. faecium and L. acidophilus + citric
acid + sorbic acid + sodium citrate + sodium chloride +

zinc sulfate + ferrous sulfate + potassium chloride + cellulase
+magnesium sulfate) aided in the restoration of Na and K
levels in broilers after 1 day HS. Broilers subjected to HS

saw an increase in T3 (147) and T4 (148) in the serum after
administering probiotics.

There has been a report that “Protexin R© Boost,” a probiotic
treatment, improved serum uric acid levels of heat-stressed
birds. Uric acid plays a critical role as an antioxidative agent
(149); thus, an increase in its level after the probiotic treatment
depicts that the probiotic exerts some mechanism in alleviating
the oxidative damage after the HS in birds. Hasan et al. (150)
observed an increase in hemoglobins in heat-stressed birds
after dietary supplementation of probiotics (Protexin R© Boost).
Furthermore, probiotics have also been revealed to improve the
immune system ofHS birds (151). It has been established that, the
administration of probiotics enhances not only the responses of
antibody (146, 151, 152) but also leukocytes count (153) in heat-
stressed birds. Intraepithelial lymphocyte (IEL), an important
host immune system component, is noted to respond rapidly
when host organisms are infected (154). An experiment executed
by Deng et al. (151) revealed a lower IEL number in the cecum
and ileum of laying hens at week 61. Hasan et al. (155) revealed
that the lymphoid organ’s involution due to HS in poultry could
be prevented by B. subtilis supplementation. Correspondingly,
Lei et al. (156) observed a reduction in the corticosterone
levels, which causes lymphoid organ involution after HS.
Studies show that probiotics’ dietary supplementation enhances
the intestinal composition after HS conditions (144). Many
studies on the health and well-being of heat-stressed poultry
after supplementation have been established, as some have
been discussed. Table 1 also enlists other research performed
previously, which reveals the positive effects of probiotics in
improving microbiota, morphology, and immune response of
heat-stressed poultry.

Introducing Heat Tolerant Traits From

Indigenous Breeds Into Commercial

Breeds
Introduction of new technologies such as genomics provides
valuable data and new approaches to address these challenges.
The commercial broiler industry’s focus largely remained only on
fast weight gain and feed efficiency from previous two decades.
Commercial breeds capable of gaining more weight in thermo-
neutral conditions when raised under a high-temperature
environment fail to maintain their growth performance (15).
Genetic selection for heat tolerance in broilers needs to be taken
into account, especially in tropical and subtropical regions of the
world. A specific phenotype “frizzled feather,” characterized by
curly feathers waving outside, was reported by Darwin (163). It
was proposed that this type of chicken gives the best protection
against the severe environment and the specific gene revealing
such characteristics expresses in many chicken breeds (164). A
study reported that 69-bp deletion in KRT6A was responsible
for frizzle character in chicken. On the other hand, our research
group conducted study on local Chinese frizzle breed found a 15-
bp deletion in the KRT75L4 gene (165). This natural mutation
in the chicken genome is reflected as an adaptive mechanism as
these birds can tolerate heat better and are mostly found in warm
regions. Data on the country-wise distribution of different animal
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TABLE 1 | Role of different probiotics to counter the damaging impact of heat stress in poultry.

Probiotics name Poultry strain Findings which aided in countering heat stress Country of

Investigation

Sample

size

References

Multi strains probiotics

(L. plantarum,

L. bulgaricus,

L. acidophilus,

L. rhamnosus,

B. bifidum,

S. thermophiles)

White layer (Hy-line

variety)

(1) Strengthens antibody titer against SRBC Iran 60 (157)

Probiotic B. licheniformis Hy-line Brown (1) Enhanced mucosal immunity (IgA-secreting cells) in

heat-stressed chicken

(2) Overturned the increased levels of serum TNF-α and

IL-1 due to HS

(3) Improved IEL counts in the ileum and cecum of

heat-stressed chicken

(4) Counter the increased number of mast cells in the

ileum and cecum of birds due to HS

China 96 (151)

Probiotic mixture (L. pentosus

ITA23 and L. acidophilus ITA44)

Broiler chicken

(Cobb-500)

(1) Improved antioxidant ability of liver in chicken raised

at high ambient temperature

(2) Improved the population of following bacteria in

heat-stressed chicken

a. Bifidobacteria

b. Lactobacillus

c. Enterococcus

Malaysia 192 (145)

B. subtilis and B. licheniformis Duck (cherry valley

pekin Ducks)

(1) Augmented expression levels and enzyme action of

LXRα, which wheels the functional specialty of

splenic macrophages in ducks

China 750 (158)

Probiotic S. cerevisiae Broiler chicken

(Cobb-400)

(1) Enhanced the villus height in the duodenum of

broilers raised under HS

(2) Reduced the number of Salmonella and E. coli in

excreta and gut of HSed broilers

Turkey 175 (152)

Probiotic mixture (L. acidophilus, L.

casei, E. faecium, and B. bifidium)

Broiler chicken

(Ross-308)

(1) Improved antibody responses to Newcastle disease

(ND), Bronchitis, and Gumboro disease in broilers

under cyclic HS

Iran 96 (159)

Lactobacillus sp. and yeast culture Arbor Acres broiler (1) Reduced the population of E. coli and Salmonella

pullorum

(2) Lessened the pH of the intestine (duodenum,

jejunum, ileum, and cecum) in a heat-stressed broiler

300 (147)

Lactobacillus-based probiotics

(L. plantarum,

L. acidophilus,

L. bulgaricus,

L. rhamnosus,

B. bifidum,

S. thermophilus,

E. faecium,

A. oryzae, and

C. pintolopesii)

Broiler chicken

(Hubbard)

(1) Regained villus height and crypt depth in duodenum

and ileum of a heat-stressed broiler

(2) Maintained the activity of goblet cells

Pakistan 250 (160)

Probiotic B. subtilis Hubbard broiler (1) Improved the population of useful Intestinal bacteria

(Lactobacillus and Bifidobacterium)

(2) Renovated the reduced villus-crypt structure

Jordan 480 (144)

Probiotic mixture (B. licheniformis,

B. subtilis, and L. plantarum)

Ross-308 (1) Improved the viable counts of small intestinal

Lactobacillus and Bifidobacterium, and reduced

coliforms in a heat-stressed broiler

(2) Enhanced villus height in the jejunum and improved

intestinal barrier function

China 360 (161)

Lactobacillus-based probiotics

(L. plantarum,

L. acidophilus,

L. bulgaricus,

L. rhamnosus,

Hubbard (1) Ameliorated the inflammatory response (decreased

excessive numbers of IEL) in all intestinal segments

of heat-stressed broilers

(2) Increased the count of goblet cells in the intestine

(duodenum and jejunum) of heat-stressed broilers

Pakistan 250 (160)

(Continued)
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TABLE 1 | Continued

Probiotics name Poultry strain Findings which aided in countering heat stress Country of

Investigation

Sample

size

References

B. bifidum,

S. thermophilus,

E. faecium,

A. oryzae, and

C. pintolopesii)

Probiotic mixture

(L. plantarum,

L. delbrueckii

ssp. Bulgaricus,

L. acidophilus,

L. rhamnosus,

B. bifidum, and

S. salivarius ssp.)

Ross-708 (1) Developed intestinal microarchitecture (villus width

and surface area) of heat-stressed broilers

United States 450 (162)

IEL, Intraepithelial lymphocyte.

FIGURE 4 | (A) Frizzled feather chicken (B) Naked neck chicken (C) Comparison among normal and frizzle feathers, frizzle feathers on the left side, normal feathers

on right side (D) Dwarf size plymouth rock chicken with normal Plymouth rock chicken (E) Shank length of dwarf chicken as compared to normal chicken (These

pictures have been taken in Guangdong Ocean University, Zhanjiang, China by our research group).

breeds on the FAO website revealed both naked neck and frizzled
feather chicken found worldwide. The naked neck gene has also
been observed to withstand extreme climatic changes like high
temperature (116).

Naked neck (Na), Frizzle (F, candidate gene: KRT6A and
KRT75L4), and Dwarf (Dw, candidate gene: GHR) genes in
poultry are considered candidate genes to tolerate thermal stress.
Naked neck gene reduces the feather mass up to 40% and
lowers the chances of heat insulation due to more feathers on

the skin (166, 167). Studies reported that Na chicken perform
better under heat stress compared to birds with normal feathers.
Better immunity and production performance have also been
observed in the Na chicken line (168). Lack of feathers on the
neck provides more space for heat dissipation and discourages
heat insulation, helping birds tolerate the harsh temperature. Na
gene has a considerable positive role in production performance
and immunity development in birds. It also minimizes the fat
deposition in the breast region, promoting heat dissipation,
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leading to heat tolerance (166, 169, 170). The dwarf (GHR) gene
is also considered a heat-tolerant gene as it reduces body size
from 30 to 40%. Na, F, and Dw genes could prove beneficial for
the commercial poultry industry in tropical and subtropical parts
of the world (171). Figure 4 shows different heat-tolerant breeds,
including naked neck, frizzled feather, and dwarf chicken.

CONCLUSION

With time, HS issue is becoming more challenging for poultry
industry. Genotype selection in broiler birds for higher growth
rates to meet ever-increasing food requirement has made
broiler chicken vulnerable to HS. Unluckily, the detrimental
consequences of heat stress for poultry health and production are
likely to continue and to be acquired by next generation during
gestation if selection for only production traits is prioritized
against heat tolerance and climate adaption according to current
trends of global warming. High producers, commercial broiler
breeds cannot withstand HS resulting in substantial economic
losses to the industry, which triggers food security issues. Genetic
selection for heat tolerance in poultry is the only durable
solution to curb HS’s negative implications. Realizing this threat
to food security, scientists and industry’s concerted efforts will
be required to overcome this problem. These efforts should
include (a) Genotype profiling of heat-tolerant breeds along with

comprehensive studies on the interaction between genotype and
phenotype in both heat tolerant and susceptible broiler breeds.
(b) To explore the complete molecular mechanism of muscle
development and muscle growth during HS environment. (c)
Crossing frizzled feathers chicken breed to dwarf breed may
give more apparent illustration about molecular and genetic
mechanisms underlying heat resistance. Apart from breeding
strategies, adopting modern managerial and environmental
strategies could minimize the deleterious effects of heat on meat
production and quality.
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Amino Acid Supplementation to
Reduce Environmental Impacts of
Broiler and Pig Production: A Review
Léa Cappelaere, Josselin Le Cour Grandmaison, Nicolas Martin and William Lambert*

METEX NOOVISTAGO, Paris, France

Poultry and swine farming are large contributors to environmental impacts, such

as climate change, eutrophication, acidification, and air and water pollution. Feed

production and manure management are identified as the main sources of these

impacts. Reducing dietary crude protein levels is a nutritional strategy recognized to both

decrease the use of high-impact feed ingredients and alter manure composition, reducing

emissions of harmful components. For a successful implementation of this technique,

feed-grade amino acid supplementation is crucial to maintaining animal performance.

Reducing crude protein lowers nitrogen excretion, especially excess nitrogen excreted in

urea or uric acid form, improving nitrogen efficiency. At the feed-gate, low–crude protein

diets can reduce the carbon footprint of feed production through changes in raw material

inclusion. The magnitude of this reduction mainly depends on the climate change impact

of soybean meal and its land-use change on the feed-grade amino acids used. Reducing

dietary crude protein also lowers the environmental impact of manure management in

housing, storage, and at spreading: nitrogen emissions from manure (ammonia, nitrates,

nitrous oxide) are reduced through reduction of nitrogen excretion. Moreover, synergetic

effects exist with nitrogen form, water excretion, and manure pH, further reducing

emissions. Volatilization of nitrogen is more reduced in poultry than in pigs, but emissions

are more studied and better understood for pig slurry than poultry litter. Ammonia

emissions are also more documented than other N-compounds. Low–crude protein

diets supplemented with amino acids is a strategy reducing environmental impact at

different stages of animal production, making life cycle assessment the best-suited tool to

quantify reduction of environmental impacts. Recent studies report an efficient reduction

of environmental impacts with low–crude protein diets. However, more standardization

of limits and methods used is necessary to compare results. This review summarizes

the current knowledge on mitigation of environmental impacts with low–crude protein

diets supplemented with amino acids in poultry and swine, its quantification, and the

biological mechanisms involved. A comparison between pigs and poultry is also included.

It provides concrete information based on quantified research for decision making for the

livestock industry and policy makers.

Keywords: crude protein, amino acids, broiler, pig, nitrogen, environmental impacts, life cycle assessment
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INTRODUCTION

The environmental impact from animal production has become
a major concern in the past decades (1, 2). Simultaneously, an
increasing world population and shift toward more meat-based
diets in developing countries will increase demand for animal
products by an estimated 50% by 2050 (3). Pork and chicken are
the most consumed meats today and will continue to grow (4),
making the transition to less impactful practices crucial for these
productions. Furthermore, societal demand for environmentally
friendly production is rising and should be taken into account by
industry actors in the sector of broiler and pig production.

Environmental impacts of animal rearing aremostly caused by
feed production and emissions from manure (5, 6). At the feed
production step, the main impacts are climate change linked to

energy consumption, nitrous oxide emissions from the fields, and
the land-use change (LUC) impact of crops cultivated on recently
converted forests or grasslands. This mostly concerns soybean
meal (SBM) produced in South America and used widely in
Europe and Asia as a source of protein for animal feed. Emissions

from the field, due to fertilization, are also an important
contributor to acidification and eutrophication. Emissions
from manure cause climate change (methane, nitrous oxide),
acidification [ammonia (NH3)], eutrophication (phosphorus,
nitrates, NH3), air pollution (NH3, particles), and water pollution
(nitrates). Nitrogen (N) emissions are involved in all those
impacts and are the leading cause of pollution from broiler and

pig manure. Those emissions can happen on the farm, in the
barn or during manure storage, or at the field after spreading.
Other sources of environmental impact are less important in
the case of monogastrics. They include energy consumption
on the farm and production of enteric methane for pigs. The
main processes involved in broiler and pig production and
their associated resource use and impacts are summarized in
Figure 1.

Nutrition is one of the most effective levers to reduce
environmental impact as it can affect emissions from feed
production and modify manure composition, limiting emissions
in housing and during storage and spreading. Reduction of crude
protein (CP) content of feed is a method that has been widely
studied and implemented in pig production in order to reduce
environmental impacts (7, 8). For broilers, it has been explored
more recently with studies focusing on animal performance
rather than on implications for environmental impacts, and its
practical implementation is still in the early stages (9, 10). In the
European Union, it is recognized as a best available technique to
reduce NH3 emissions from pig and broiler farms (11). It is also
a recommended method to reduce eutrophication impact due
to nitrate leaching. Indeed, it allows reducing N excretion with
a maintained animal performance thanks to feed-grade amino
acid (AA) supplementation to cover animal requirements. This
reduces N emissions from manure. Low-CP diets supplemented
with AA gradually replace protein sources, generally SBM, with
cereals and feed-grade AA and possibly alternative protein
sources and co-products. In contexts in which SBM associated
with LUC is used, this allows tackling the environmental impact
of feed production.

This work aims to review the current knowledge on the
mitigating effects of low-CP diets supplemented with AA on the
environmental impacts of broiler and pig production. Effects of
this strategy are considered at different stages of production:
animal performance and excretion, feed production, and manure
management. Evaluations of the strategy through life cycle
assessment (LCA) are also presented, which allows evaluating the
effects on the whole system. The review covers both mechanisms
involved and available quantification, highlighting areas in which
more research is needed and comparing effects between the
two species.

IMPACT OF LOW-CP DIETS AND
FEED-GRADE AA INCLUSION ON ANIMAL
PERFORMANCE AND METABOLISM

Animal Performance
Dietary CP reduction in swine and broiler diets is performed by
replacing protein-rich feedstuffs, generally SBM, by cereals and
feed-grade AA. This reduces CP and, thus, N content of the diet
while maintaining an adequate supply of indispensable AA.

Low-CP diets formulated with an adequate dietary AA supply
are shown to maintain growth performance of growing and
finishing pigs consistently in the past decades (12–19). These
results are confirmed in recent trials even with a dietary
CP reduction of more than 30 g/kg (20–22). Feed-grade AA
supplementation is shown to be essential to ensure constant
animal performance and successful implementation of a low-CP
strategy in swine (22, 23).

In broilers, multiple recently published trials show that
reducing dietary CP formulated with an adequate dietary AA
supply does not affect growth performance (9, 10, 24–26). When
balancing all indispensable AA, it seems possible to reduce
dietary CP by 30 g/kg in broiler chickens without affecting
growth, intake, feed efficiency, or carcass traits. Lowering dietary
CP is also shown to improve animal welfare based on foot pad
lesion indicators (10), thanks to a lower litter moisture.

In both species, lowering dietary CP requires a holistic
nutritional approach as not only protein and AA, but also fiber,
electrolyte balance, and energy sources are affected (27). A careful
control of those parameters is, thus, recommended to optimize
performance of pigs and poultry fed low-CP diets.

Nitrogen Balance and Animal Metabolism
Various meta-analyses have been published in recent years to
synthesize the extensive literature available on the effect of CP
reduction on N excretion for both pigs and broilers. In swine, one
estimated from nine trials shows a reduction of N excretion by
7.5% per each 10 g/kg CP reduction (28); another reported from
59 publications an average reduction of N excretion of 28.5%with
low-CP strategies (29); and the last, based on 27 trials, shows a
reduction of N excretion by 8.2% per each 10 g/kg CP reduction
(8) (Figure 2). In broilers, a reduction of N excretion by 9% per
each 10 g/kg CP reduction was estimated from 107 trials (27)
(Figure 3). The reduction of total N excretion with low CP diets
is, thus, of similar extent in broilers and pigs.
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FIGURE 1 | Resource use and environmental impacts associated with the main steps of broiler and pig production.

FIGURE 2 | Meta-analysis of the effect of dietary CP reduction on nitrogen excretion in pigs: total excretion (A), urinary excretion (B) and fecal excretion (C) [adapted

from Cappelaere et al. (8)].

Reduction of dietary CP lowers N content of diets and, thus,
N intake. As growth performance is not affected, N retention
is kept constant. Consequently, N efficiency is improved by 1.6
percentage points per each 10 g/kg CP reduction in swine (8) and
2.3 percentage points in broilers (27). Dietary CP reduction with

AA supplementation improves valorization of N from feedstuffs
used by livestock.

Dietary CP reduction lowers the supply of excess AA, thanks
to a better balanced, indispensable AA profile reached with the
use of feed-grade AA and a reduction of the dispensable AA
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FIGURE 3 | Meta-analysis of the effect of dietary CP reduction on nitrogen

excretion in broilers [adapted from Alfonso-Avila et al. (27)].

content of the diet. This reduces the AA catabolism as evidenced
by the reduction of plasma uric acid concentration in broilers
(30–33) and serum or plasma urea N concentration in pigs
(16, 18, 34). Indeed, N excretion pathways differ between broilers
and pigs. Mammals are ureotelic animals, and birds are uricotelic,
meaning that N is excreted mainly as urea in the former and as
uric acid in the latter. Urea excretion requires more water than
uric acid excretion as the first has to be solubilized in urine at
a non-toxic concentration while the second is not soluble, less
toxic, and excreted directly in solid form in the cloaca, mixed with
feces. Conversely, nitrogen excretion in birds is more complex
and requires more energy than in mammals.

In pigs, the separation between undigested N excreted in feces
and catabolized N excreted in urine allows for easily measuring
the contribution of reduction of excess dietary AA to lower N
excretion. It also allows differentiating between organic N, which
is a stable form of N, and urea N, quickly degraded into ammonia.
A meta-analysis (29) reports an average reduction of urinary
N excretion by 39.6% with low-CP strategies although fecal N
excretion was only reduced by 10.4%. Similarly, another meta-
analysis (8) reports a reduction of urinary N excretion by 10%
and of fecal N excretion by 3.1% per each 10 g/kg CP reduction
(Figure 2). Thus, the share of N excreted as urea is reduced
by 2.5 percentage points per each 10 g/kg CP reduction. This
meta-analysis also shows that the share of N excreted as urea is
very well-predicted by N efficiency, tightly correlated to excess
N. A limited effect of classic CP-reduction strategies on fecal
excretion is explained by a limited impact on N digestibility.
This is not the case when fiber-rich ingredients, such as rapeseed
meal, dried distiller’s grain with solubles or sugar beet pulp, are
used, resulting in a more important shift from urinary to fecal N
excretion and an increased fecal excretion (35–37).

This differentiation is not possible in broilers as undigested
and catabolized N are excreted together. However, the share of N
excreted as uric acid should also decrease in broilers fed low-CP
diets as the biological mechanisms involved are similar in broilers
and pigs.

Dietary CP reduction also leads to lower water intake and
water excretion in both pigs and broilers (27, 38–41). Lower AA
catabolism reduces the quantity of water needed for N excretion
in both species (42, 43). Dietary CP reduction is also associated
with a lower potassium content and electrolyte balance as SBM
is a high contributor to dietary potassium, and feed-grade lysine
is rich in chlorure. This has the added advantage of lower water
intake and excretion with low-CP diets (27, 44, 45).

ENVIRONMENTAL IMPACT OF FEED
PRODUCTION FOR LOW-CP DIETS
SUPPLEMENTED WITH AA

Feed production is the main contributor to the climate change
impact of pig and broiler production, accounting for around 60–
85% (46–48). These data are consistent across the literature as
the evaluation of climate change impacts has been harmonized,
following IPCC guidelines (49). Contribution of feed production
to the final product’s acidification and eutrophication impacts
is also significant but varies depending on the allocation
of emissions from manure to animal or vegetal production.
Furthermore, this contribution reflects the variety of practices
and also the characterizationmethods used for those impacts (50)
that are less robust and homogenized between official methods
than for climate change (51).

Several feed LCAs focusing on low-CP diets have been
performed in recent years for pigs and broilers and are
summarized in Table 1. Most of those studies are performed in a
European context and test the effect of taking into consideration
or not LUC. All studies that included a LUC impact reported a
decrease in climate change potential when reducing CP levels, but
this decrease was always <5% per each 10 g/kg CP reduction. CP
reduction and feed-grade AA inclusion also decrease energy use
for feed production (52, 55). The effect on acidification potential
is contrasted between publications. It mostly depends on NH3

volatilization during crop fertilization and, thus, on agricultural
practices considered. Eutrophication potential is consistently
decreased with dietary CP reduction.

Dietary CP reduction generally replaces SBM with cereals
and feed-grade AA. SBM is mostly produced in North and
South America. South American SBM is generally associated
with deforestation and has a high LUC impact, especially in
Center-West Brazil, leading to a high climate change impact
(56, 57). This is not the case for SBM produced in North America.
Thus, dietary CP reduction is mainly implemented to reduce the
climate change impact of feed when Brazilian SBM is used.

In contexts in which the SBM used has an LUC impact
(South America, Europe, China), CP reduction allows reducing
the climate change impact associated with SBM inclusion. In
low-CP diets, impact values attributed to feed-grade AA are
also important even if their inclusion rate is low because they
are much higher compared with crops due to the processes
used and the high energy demand (55, 58). These values can
vary with the origin of the product, type of energy used, and
C and N sources for fermentation. Due to these influencing
factors, the climate change impact of feed production has been
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TABLE 1 | Methodology and results of recent broiler and pig feed LCAs.

publication animals

considered

farm

location

crop

origin

LUC scenario CP

levels

climate

change

acidification eutrophication energy

demand

Méda et al.

(52)

finishing

broilers

France Europe yes

S19 19 100% 100% 100% 100%

S17 17 91% 103% 96% 100%

S15 15 80% 105% 92% 99%

Cherubini

et al. (53)

finishing

pigs

Brazil Brazil no

18 100%

16 103%

15 107%

13 110%

Meul at al.

(54)

fattening

pigs

Europe Europe,

Brazilian

SBM

no

reference 15.7 100%

low crude

protein

13 102%

yes

reference 15.7 100%

low crude

protein

13 93%

yes +

indirect

LUC

reference 15.7 100%

low crude

protein

13 91%

Mosnier et al.

(55)

fattening

pigs

France Europe,

Brazilian

SBM

no

standard (noAA) 100% 100% 100% 100%

biphase (noAA) 99% 98% 98% 94%

biphase low CP 16.5/15 101% 90% 87% 94%

biphase least

cost with AA

101% 90% 87% 94%

broilers France Europe,

Brazilian

SBM

no

only Met 100% 100% 100% 100%

Met, Lys 100% 98% 98% 100%

Met, Lys, Thr 105% 93% 94% 100%

fattening

pigs

France Europe,

Brazilian

SBM

yes

standard (noAA) 100% 100% 100% 100%

biphase (noAA) 97% 96% 98% 94%

biphase low CP 16.5/15 94% 87% 89% 88%

biphase least

cost with AA

93% 85% 89% 86%

broilers France Europe,

Brazilian

SBM

yes

only Met 100% 100% 100% 100%

Met, Lys 98% 97% 98% 97%

Met, Lys, Thr 100% 92% 94% 96%
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FIGURE 4 | Effect of CP reduction and supplementation with AA on SBM use (A) and climate change impact of feed production (B) [adapted from Le Cour

Grandmaison et al. (61, 62)].

shown to slightly increase with CP reduction in some specific
contexts (53, 59). Monteiro et al. (60) shows that, with a farm-
gate LCA, CP reduction and AA inclusion decreased climate
change impact of French and Brazilian pig production when SBM
associated with recent deforestation was used but increased it
when SBM was not associated with LUC. Furthermore, the effect
of the strategy was more pronounced when SBM was the sole
source of protein compared with diets with a mix of protein
sources. Similarly, Kebreab et al. (48) evaluate the sensitivity to
geographical context and inclusion or not of LUC of the benefits
from AA inclusion in pig and broiler production. When LUC
was excluded, variation of the feed production climate change
impact was low and depended on the geographical region and the
species, whereas when LUC was included, climate change impact
consistently decreased. In a European context using Brazilian
SBM associated with LUC, Le Cour Grandmaison et al. (61)
calculated, from recent performance trials, that a 10 g/kg dietary
CP reduction reduced climate change impact of a ton of feed by
101 kg CO2eq. It corresponds to an 8% decrease of climate change
impact and, for broilers, to a reduction of 226 kg CO2eq per ton
of live weight (62). This is associated with a reduction of SBM
inclusion of 39 kg/t in fattening pigs and 35 kg/t in broilers for
each point of dietary CP reduction (Figure 4).

Beyond the context of production, quantitative benefits of
low-CP strategies for the climate change impact of diets relies
heavily on the value taken for LUC impact of SBM. Those
values vary greatly between LCA databases, even for equivalent
products. For example, the average Brazilian SBM climate change
impact triples between EcoAlim (ADEME, 2016) and GFLI
(Global Feed LCA institute, 2019) or Agri-footprint 5.0 (Blonk
Consultants, 2019) databases. Da Silva et al. (57) also frequently
uses in LCAs reports of even lower climate change impacts with
a low contribution of LUC (under 30%). Climate change impact
values of Brazilian soybeans are presented in Table 2. Efforts have

been made to propose a standardized method to calculate LUC
(63), and those guidelines should be broadly used to improve the
consistency and comparability of studies.

Some approaches have also taken into consideration indirect
LUC, i.e., LUC caused by the displacement of other crops,
pushed by the increased demand for crop cultivated on existing
cropland (54), reducing the benefits of using feedstuffs from non-
deforested areas. Beyond LUC, CP reduction is shown to reduce
land use by up to 10% (64, 65), reducing the pressure for arable
land in all production regions.

Reducing CP level using AA also allows for more flexibility on
raw materials used. Thus, inclusion of alternative protein sources
ismade easier, permitting an increase in use of local feedstuffs and
reducing the impact of feed transportation and also to valorize
more by-products (54).

LOW-CP STRATEGIES REDUCE
ENVIRONMENTAL IMPACT OF MANURE
MANAGEMENT

Composition of Manure
Commercial broilers across the world are mainly reared on litter,
and manure is managed in solid form (66). Conversely, most
pigs are reared on slatted floors, and urine and feces are mixed
to produce liquid manure, i.e., slurry (11). Feeding animals low-
CP diets reduces their N excretion and, in turn, manure N
content. A reduction of total N content of pigmanure by 3.5% per
each 10 g/kg CP reduction was quantified (67). A meta-analysis
calculated a higher reduction of N concentration of pig slurry by
5% per each 10 g/kg CP reduction (8), which could be explained
by the inclusion of more recent experiments and the selection of
trials on iso-digestible lysine diets. Litter N content has also been
shown to decrease with low-CP diets in broilers (9, 10, 33, 68).
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TABLE 2 | Average Brazilian soybean climate change value in several databases and publications.

AgriFootPrint 5.0 and GFLI EcoInvent 3.6 EcoAlim V7 Da Silva et al. (57)

Climate change impact (kg CO2eq/kg) 5.6 2.6 1.35 0.51–0.96

The chemical form of N in manure is affected by CP
reduction. Uric acid and urea, to a greater extent, are quickly
degraded by bacteria into NH3, and N contained in undigested
proteins is very stable. Consequently, total ammoniacal N (TAN)
content of manure is greatly reduced with low-CP diets correctly
supplemented with feed-grade AA.Meta-analyses have estimated
a reduction of TAN content of pig slurry by 7–8% per each
10 g/kg CP reduction (8, 69). In broilers, litter TAN has been
less studied, and more research is needed on this parameter. An
article reported no statistical effect of CP reduction on litter TAN
content (10) although a trial in breeders showed a 9% reduction
of TAN concentration with a 15 g/kg CP reduction (70).

The lower water excretion of animals with low-CP diets
reduces manure moisture and increases dry matter (DM) content
and, consequently, reduces manure production expressed as
volume or weight. In pigs, slurry volume is reduced by 2.8%
per each 10 g/kg CP reduction (8). Some studies report a
higher DM content of slurry with low-CP diets (39, 71), but
other dietary parameters, such as fiber content, have a higher
impact and interact with the protein level (72, 73). Hence, the
impact on DM content depends on the formulation choices made
when implementing CP reduction and their consequences on
ingredient inclusion. In broilers, a reduction of litter moisture by
12 g/kg and a reduction of litter weight by 3.3% per each 10 g/kg
CP reduction was quantified by meta-analysis (27). Reduction
of CP results in drier and more friable litter with a higher DM
content (10).

The magnitude of the benefits, during manure management,
of changes in manure composition due to nutritional strategies
depends on manure management practices implemented (slurry
separation, composting, biological treatment, etc.).

Modifications of pig slurry composition with manipulation of
dietary CP have been modeled (74), allowing a precise prediction
of the effects of nutritional strategies. Such an approach has not
been yet developed in broilers.

Dietary CP reduction also reduces slurry pH in swine (67)
by 0.15 points per each 10 g/kg CP reduction (8). This can
be explained by a lowered urinary pH (38, 75) due to a
lower electrolytic balance. Fecal pH can also be lowered when
alternative protein sources rich in fiber are added as hindgut
fermentation producing volatile fatty acids is increased (36, 76).
In broilers, no effect of CP level on litter pH has been found
(10, 68).

Volatilization of N Components and
Biological Processes Involved
The nitrogen content of pig and broiler manure is degraded
by microorganisms, resulting in different N compounds emitted
in the environment with various negative impacts. When

manure is produced, the main forms of N are undigested and
microbial protein (organic N), urea or uric acid, depending on
the species (simple forms of organic N), and ammoniacal N
(mineral N). Uric acid is degraded into urea by aerobic bacteria.
Urea is quickly degraded into NH3 by urease produced by
microorganisms present inmanure. Mineralization of undigested
protein is slower and requires specific organisms. It happens
mostly in soils when manure storage is short. With long-term
storage of slurry or litter or when it undergoes treatments, such as
composting, a significant share of the organic matter is degraded
before spreading. Ammoniacal N is present in manure in an
acid-base equilibrium between ammonium (NH+

4 ) and NH3.
It is degraded into N oxides: nitrites (NO−

2 ) and then nitrates
(NO−

3 ) during the nitrification process. This step of the N cycle
takes place in aerobic conditions and, thus, mainly concerns
litter compared with slurry, which is an anaerobic environment.
Nitrates are degraded into N2 during denitrification. Nitric oxide
(NO) and nitrous oxide (N2O) are also produced during this
nitrification–denitrification process due to incomplete biological
reactions. Intensity of these processes depends on numerous
regulating factors of microbial activity: substrate availability,
aerobic or anaerobic conditions, humidity, temperature, pH.
Gaseous N compounds (NH3, NO, N2O, N2) are volatilized
when exposed to the atmosphere. As slurry is an anaerobic
environment, on-farm emissions are in NH3 form for the
majority. In poultry litter, the entire Nmineralization process can
take place, and emissions are more diversified. The volatilization
rate depends on chemical and physical parameters, such as
temperature, pH, concentration, and air flow (77). These
mechanisms are summed up in Figure 5.

The first effect of CP reduction is to decrease manure N
content and, thus, substrate to produce harmful N compounds,
particularly TAN, as presented above. Synergies with other
impacts on manure composition are also involved as CP
reduction influences humidity and pH of manure as well as
C/N ratio. In pigs, the main effect is the one of pH as a
more acidic slurry favors the left-hand side of the NH+

4 /NH3

chemical equilibrium and limits volatilization of NH3. This effect
is limited and was not caught by the meta-analysis by (8), as
CP reduction was not shown to have an effect on the emission
factor of TAN into NH3. Water content of slurry does not have
a significant effect on ammonia emissions as slurry remains
an anaerobic environment in which water is not limiting to
biological processes when water content decreases. However, a
higher DM content of slurry is shown to reduce emission factors
(77). Conversely, water content of broiler litter largely impacts
N volatilization (78) as it is a limiting factor for the biological
breakdown of uric acid into NH3. Belloir et al. (9) measured a
reduction of the share of N volatilized from broiler litter with CP
reduction of between 3.9 and 6.4 percentage points per each 10
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FIGURE 5 | Biochemical processes of the degradation of nitrogen excreted by pigs and broilers.

g/kg CP reduction. However, the form in which N was volatilized
was not studied, and thus, no conclusion on NH3, NO, or N2O
volatilization can be drawn without strong hypotheses. The effect
of litter humidity and pH on emissions introduces a synergetic
effect between CP reduction and SBM inclusion reduction as
the later reduces dietary potassium and, thus, water intake and
excretion as well as electrolytic balance and, thus, excreta pH as
detailed in previous parts.

These synergetic effects mostly concern on-farm emissions.
After spreading, manure is incorporated into the soil and
becomes part of a more complex system with many interfering
factors (soil type, climate, meteorological conditions, agronomic
practices, etc.).

For pig production, the most studied on-farm emissions are
NH3 emissions. Meta-analyses show a reduction of on-farm NH3

emissions by 10% (8) or 11% (69) per each 10 g/kg CP reduction.
Reduction of NH3 emissions in the barn and at storage ranging
from 24 to 65% with low CP strategies are reported (29, 67).

In poultry, quantification of NH3 emissions in the context
of low-CP strategies is not as advanced. Reduction of NH3

emission by 16% was observed in commercial settings with a
15 g/kg CP reduction (29). A synergy was observed with litter
moisture as N excretion was only reduced by 4.8% due to
impaired performance. With a similar CP reduction, another
trial measured a 9% reduction of NH3 emissions and an 11%
reduction of total N volatilization with breeder broilers (70). A
meta-analysis estimated a reduction of NH3 emissions by 20%
with low-CP strategies (66).

For other N compounds, empirical data on the effect of CP
reduction is scarcer. A reduction of N2O emissions from pig
manure compost by 39% is shown with a 25 g/kg CP reduction
(79) with no effect on the emission factor. Conversely, two studies
identify no effect on N2O emissions with up to a 30 g/kg CP
reduction (80, 81).

The effect of low-CP diets on emissions during and after
manure spreading are also rarely studied. Portejoie et al. (39) did
so, measuring a 53% reduction of NH3 emissions following pig
slurry application for a CP reduction from 200 to 120 g/kg but no

significant difference between 160 and 200 g/kg CP treatments.
Furthermore, models proposed by international guidelines use
fixed emission factors—depending on the animal species, type
of manure, country, and climate—based on TAN (82) or total
N (49). With these hypotheses, reduction of N2O, NO, and
nitrate emissions are of the same magnitude as reduction of N
excretion. However, predicting the fate of N in organic fertilizer
is much more complicated as it interacts with the soil and crops.
Reducing dietary CP decreases TAN content of manure that
is readily available for fertilized crops, and increases the share
of organic N, slowly degraded and made available for plants.
Without an effective prediction of nutrients available long-
term, associated with good fertilization management, changes in
manure composition achieved with low-CP strategies can lead
to a reduction of emissions at spreading but an increase of
long-term emissions, such as nitrate leaching (83).

More research is needed to accurately model the effects of low-
CP diets on N emission factors and the type of N compound
volatilized. This is particularly true for poultry production and
for emissions other than NH3.

Associated with the reduction of these emissions, the
environmental impact of manure management can be greatly
decreased. An LCA study estimated a reduction of the
eutrophication potential linked to manure management by
20–35% in pigs and 19–49% in broilers with low-CP diets
supplemented with feed-grade AA, depending on the continent
considered (48). Acidification potential was reduced by 30–35%
in pigs and 51–53% in broilers.

FARMGATE LIFE CYCLE ASSESSMENT
ALLOWS AGGREGATING THE VALUE
CREATED ALONG THE PRODUCTION
CHAIN

Dietary CP reduction is a multifactorial strategy that reduces
environmental impacts from feed production and also from
manure management. To correctly take into consideration those
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benefits, the whole pig or broiler production chain has to be
assessed, from production of feedstuffs to manure spreading.
LCA is the best-suited method to do so, thanks to its normalized
methodological framework (84, 85) designed to measure the
environmental impact of a product or a system throughout its
life cycle with a holistic approach.

Dietary CP reduction strategies have been thoroughly
evaluated with LCA approaches in pigs since the early 2000s (86,
87), but they have only been recently studied in broilers with few
publications. Supplementary Table 1 summarizes methodology
used and results of recent pig LCA studies and available broiler
LCA studies focusing on the effect of CP reduction and feed-
grade AA supplementation. Similar results were obtained for
pigs and broilers. All but one (52) study took into consideration
the impact of manure spreading, using the system extension
method, meaning that the manure is considered to be used
to fertilize crops fed to the animals studied. This allows fully
grasping the effect of the mitigation measure. With this method,
use of animal manure for fertilization is generally considered
to avoid production of mineral fertilizer. This gives a bonus
for manure production on energy demand, which is decreased
with reduction of N excretion, penalizing low-CP diets for
this indicator.

Most studied contexts are European and Brazilian animal
productions, which are major broiler and pig producers, but
more research effort should be carried out for North American
and Asian contexts. The method used was fairly similar between
publications. The functional unit used is generally a ton of live
weight, but some studies also used the animal (59).

All LCAs considered in this review report a positive effect
of CP reduction on the environmental parameters studied
(Figure 6): climate change, acidification, eutrophication, and
land use. The effect on climate change was low when no LUC
was considered (48, 64), confirming the conclusions of feed
LCAs. Acidification and eutrophication impacts are consistently
reduced (7) regardless of context. This is explained by the
fact that those impacts are mainly caused by emissions from
manure (48, 65). Energy demand increased in some studies,
particularly due to energy used for feed-grade AA production
(48, 52, 64). Compatibilization of manure used as fertilizer is
also involved.

An LCA (65) studied in a French context showed the
effect of numerous interacting factors on reduction of
environmental impact with low-CP diets supplemented
with feed-grade AA: type of manure management, source
of protein, interaction with phase-feeding, and LUC value
of SBM. CP reduction had a positive effect in all of the
contexts. The main differences between liquid and solid manure
management were the contribution of manure emissions
to climate change impact with higher emissions of N2O
from manure in solid manure systems. As a consequence,
reduction of climate change impact is more important in
solid manure systems. Other factors had a low influence
on the effect of nutritional modifications. Climate change
impact was highly affected by the origin of SBM and N2O
emission factors.

DISCUSSION

State-of-the-Art and Future Research
Dietary CP reduction is possible without decreasing performance
with adequate feed-grade AA supplementation. Very low-
CP diets need to be further explored to keep lowering the
environmental impact of animal production. Not impairing
performance is of the first importance to keep the economic
value of animal production and also to improve environmental
performance as feed efficiency is one of the first levers to do so
(88). Variability in animal performance has been identified to
affect results of dietary solutions (60).

The impact of CP reduction on N balance has been largely
studied for both species. Accurate quantification of the amount
of N excreted with low-CP diets supplemented with feed-grade
AA is available and should be used to predict N emissions from
manure. However, the form of in which N is found in manure is
also important. Reactive N responsible for emissions is mainly
in ammoniacal form. In pigs, the share of N in ammoniacal
form can be predicted from urinary excretion, and models exist
to estimate it with CP reduction. Due to metabolic differences,
this is not the case for broilers for which the share of N
excreted as uric acid is not well-documented. This discrepancy
remains at the manure level as effects of CP reduction on pig
slurry composition are well-quantified, and effects on poultry
litter remain to be explored. Furthermore, slurry is a simpler
environment to study compared with dry manure as only
anaerobic processes happen in the former. Several models for N
volatilization have been developed for pigs, including an effect
of dietary protein or manure N. This does not exist in broilers,
and the effect of reducing CP on N emissions has only been
quantified in a few trials. Most publications study NH3 emissions,
but more work is needed for other types of emissions, especially
nitrous oxide. Moreover, studies on reducing CP diets focus
on emissions at the farm, and few data is available on the
effects at the field after spreading. Agronomic valorization of the
organic fertilizer produced should also be taken into account to
evaluate nutritional strategies. Reducing dietary CP will be more
interesting in a territory producing excess organic N fertilizer
compared with a territory where it is in demand.

LCA studies on low-CP diets were first performed at the feed
level (86). This measures the effects of the strategy on the impact
of feed production. The context of production influences greatly
the results of all those studies as LUC impact has the highest
weight (60). To have comparable data, a standardized method
should be used, and LCA values of crops and feed ingredients
(especially feed-grade AA and SBM) should be harmonized
between databases to avoid cherry-picking of values. The PEFCR
method for evaluation of feed provides guidelines and should be
used more broadly. In European and South American contexts, a
low-CP diet supplemented with amino acids is shown to reduce
the environmental impacts of feed production, but themagnitude
of this impact is low. In contexts in which SBM associated with
recent LUC is not used, low-CP strategies do not intend to
reduce environmental impacts of feed production and have a
low potential of doing so. In those cases, the interest of low-CP
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FIGURE 6 | Reduction of environmental impacts with CP reduction in recent pig and broiler LCAs: climate change (A), acidification (B), land use (C) and

eutrophication (D).

strategies is mostly in the reduction on environmental impacts
arising from N excretion.

Thus, it is crucial to aggregate the different effects of the
strategy to evaluate its benefits. To fully encompass the effects
of low-CP diets on environmental impacts, a farm-scale LCA
is the most appropriate tool. It should include the impact of
manure spreading to represent accurately the benefits of low-CP
diets. However, this is complicated as it requires modifying feed
production data to avoid accounting twice for emissions from
fertilization. A first step is to, at least, take into account emissions
up to manure storage in product LCAs. The LCA method has
been increasingly used for pig production since the early 2000s
(89). In broiler production, environmental impact has been more
recently raised as a concern, and thus, few LCAs are available,
even fewer on a specific topic such as low-CP diets supplemented
with feed-grade AA (90). The scope and method applied are
similar between studies, allowing for comparison. Results are all
in accordance to indicate a positive effect of CP reduction on
climate change, acidification, and eutrophication impacts.

Perspectives for the Broiler and Pig
Sectors
Dietary CP reduction is an effective method to reduce the
environmental impact of broiler and pig production. Protein
inclusion has already been substantially decreased in pig diets,

especially in European production. This process is only starting
for broiler production across the world. Current knowledge on
animal nutrition and experimental data leaves room to keep
reducing dietary CP levels in both species and, doing so, reducing
environmental impact. Innovation, such as precision feeding, will
allow further decreasing CP levels as individual requirements
will be met. Precision feeding can significantly contribute to
improving environmental performance of livestock (91, 92).
Synergy with the reduction of dietary CP further drives down the
environmental impacts of poultry and pigs. Precision feeding also
has the added advantage to be able target multiple problematics,
such as phosphorus or energy supply, in a holistic approach.

To keep improving the environmental performance of animal
production, quantified impacts should be included in the
decision-making process at the farm or on the company scale
(93) and for policy making (94). In this context, specificity
and accuracy of data used to model animal performance and
emissions is key to have reliable quantification of the effects of a
strategy (95), and further research is encouraged to fill the gaps
identified. Interaction with types of manure management and
other mitigating measures has to be studied (precision feeding,
technological measures, manure treatment, anaerobic digestion
for energy production, etc.) as these techniques have to be
combined to achieve optimized environmental performance. To
be able to compare mitigating techniques, the same scope should
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be used for LCAs estimating their benefits (89). The whole animal
production system from feed production tomanuremanagement
should be considered to be as inclusive as possible.

Including feed LCA values in feed formulation is shown to
significantly decrease environmental impacts of feed compared
with the least-cost formulation currently in use (46, 94). It
supports further reduction of CP levels and inclusion of feed-
grade AA. To increase accuracy of the predicted impact of dietary
solutions on environmental impacts, a farm-scale LCA model
should be used, but it is harder to implement as we exit the linear
programming domain. Inclusion of other indicators should
be also considered to encompass societal and environmental
demands: economics, animal health and welfare, and antibiotic
use (96).

CONCLUSION

Low-CP diets supplemented with feed-grade AA reduce the
environmental impact of broiler and pig production, acting on
both impact of feed production and emissions from manure.
Concerning impact of feed ingredients, the amplitude of the
mitigation effect of the strategy depends on the raw material and
geographical context. Implementation of harmonized methods is
necessary to have reproducible and comparable data. For effects
on manure emissions, mechanisms involved and quantification

of the effects of CP reduction have been thoroughly studied for
pigs. It is not the case for broilers for which only the effect on
N excretion is well-quantified. For both species, a higher focus
on molecules other than NH3 is also needed, especially N2O,
for which climate change impact is well-known but for which
emissions factors have a lot of uncertainty.

AUTHOR CONTRIBUTIONS

LC, WL, and NM worked on the conception of the review. LC
performed the literature review and drafted the article. WL, JL,
and NM provided critical review of the paper. LC, JL, NM, and
WL approved the final draft of the paper. All authors contributed
to the article and approved the submitted version.

FUNDING

Redaction and publication of this article was fully funded by
Metex Noovistago.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.689259/full#supplementary-material

REFERENCES

1. Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M, Rosales M, et al.

Livestock’s Long Shadow: Environmental Issues and Options. Rome: Food &

Agriculture Org. (2006).

2. De Vries M, de Boer IJ. Comparing environmental impacts for livestock

products: a review of life cycle assessments. Livest Sci. (2010) 128:1–

11. doi: 10.1016/j.livsci.2009.11.007

3. Alexandratos N, Bruinsma J. World Agriculture Towards 2030/2050: The

2012 Revision. Rome: Food and Agricultural Organization of the United

Nations (2012).

4. Mottet A, Tempio G. Global poultry production: current state and

future outlook and challenges. Worlds Poult Sci J. (2017) 73:245–

56. doi: 10.1017/S0043933917000071

5. Dourmad J-Y, Ryschawy J, Trousson T, Bonneau M, Gonzàlez J,

Houwers H, et al. Evaluating environmental impacts of contrasting

pig farming systems with life cycle assessment. Animal. (2014)

8:2027–37. doi: 10.1017/S1751731114002134

6. Gerber PJ, Steinfeld H, Henderson B, Mottet A, Opio C, Dijkman J, et al.

Tackling Climate Change Through Livestock: A Global Assessment of Emissions

and Mitigation Opportunities. Rome: Food and Agriculture Organization of

the United Nations (FAO) (2013).

7. Monteiro AR, Dourmad J-Y, Pozza PC. Life cycle assessment as

a tool to evaluate the impact of reducing crude protein in pig

diets. Ciência Rural., Universidade Federal de Santa Maria (2017)

47. doi: 10.1590/0103-8478cr20161029

8. Cappelaere L, Van Milgen J, Syriopoulos K, Simongiovanni A, Lambert

W. Quantifying Benefits of Reducing Dietary Crude Protein on Nitrogen

Emissions of Fattening Pigs: A Meta-Analysis. Paris; Journées de la Recherche

Porcine (2021).

9. Belloir P, Méda B, Lambert W, Corrent E, Juin H, Lessire M,

et al. Reducing the CP content in broiler feeds: impact on animal

performance, meat quality and nitrogen utilization. Animal. (2017)

11:1881–9. doi: 10.1017/S1751731117000660

10. Van Harn J, Dijkslag M, Van Krimpen M. Effect of low protein diets

supplemented with free amino acids on growth performance, slaughter yield,

litter quality, and footpad lesions of male broilers. Poult Sci. (2019) 98:4868–

77. doi: 10.3382/ps/pez229

11. IRPP B. Best Available Techniques (BAT) Reference Document for the Intensive

Rearing of Poultry or Pigs. Luxembourg: Publications Office of the European

Union (2017).

12. Valaja J, Alaviuhkola T, Suomi K. Reducing crude protein content

with supplementation of synthetic lysine and threonine in barley-

rapeseed meal-pea diets for growing pigs. Agric Food Sci. (1993) 2:117–

23. doi: 10.23986/afsci.72640

13. Le Bellego L, van Milgen J, Dubois S, Noblet J. Energy utilization

of low-protein diets in growing pigs. J Anim Sci. (2001) 79:1259–

71. doi: 10.2527/2001.7951259x

14. Figueroa JL, Miller PS, Fischer RL, Diedrichsen RM, Gomez RS, Lewis AJ.

Nitrogen metabolism and growth performance of gilts fed standard corn-

soybean meal diets or low-crude protein, amino acid-supplemented diets. J

Anim Sci. (2002) 80:2911–9. doi: 10.2527/2002.80112911x

15. Quiniou N, Primot Y, Peyronnet C, Quinsac A. Des aliments porcs moins

riches en protéines et formulés à base de tourteau de colza et d’acides aminés

de synthèse, dont la L-Valine, permettent de réduire le recours au tourteau de

soja. J Rech Porcine. (2011) 43:135–6.

16. Roux ML, Donsbough AL, Waguespack AM, Powell S, Bidner TD, Payne

RL, et al. Maximizing the use of supplemental amino acids in corn-

soybean meal diets for 20- to 45-kilogram pigs. J Anim Sci. (2011) 89:2415–

24. doi: 10.2527/jas.2010-3756

17. Ball MEE, Magowan E, McCracken KJ, Beattie VE, Bradford R, Gordon FJ,

et al. The effect of level of crude protein and available lysine on finishing

pig performance, nitrogen balance and nutrient digestibility. Asian-Australas

J Anim Sci. (2013) 26:564–72. doi: 10.5713/ajas.2012.12177

18. Nørgaard JV, Hansen MJ, Soumeh EA, Adamsen APS, Poulsen HD.

Effect of protein level on performance, nitrogen utilisation and carcass

composition in finisher pigs. Acta Agric Scand Sec A Anim Sci. (2014) 64:123–

9. doi: 10.1080/09064702.2014.943280

Frontiers in Veterinary Science | www.frontiersin.org 11 July 2021 | Volume 8 | Article 68925952

https://www.frontiersin.org/articles/10.3389/fvets.2021.689259/full#supplementary-material
https://doi.org/10.1016/j.livsci.2009.11.007
https://doi.org/10.1017/S0043933917000071
https://doi.org/10.1017/S1751731114002134
https://doi.org/10.1590/0103-8478cr20161029
https://doi.org/10.1017/S1751731117000660
https://doi.org/10.3382/ps/pez229
https://doi.org/10.23986/afsci.72640
https://doi.org/10.2527/2001.7951259x
https://doi.org/10.2527/2002.80112911x
https://doi.org/10.2527/jas.2010-3756
https://doi.org/10.5713/ajas.2012.12177
https://doi.org/10.1080/09064702.2014.943280
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Cappelaere et al. AA Supplementation Reduces Environmental Impacts

19. Morales A, Araiza BA, Castillo G, Buenabad L, Arce N, Cervantes

M, et al. Low-protein amino acid–supplemented diets for growing pigs:

Effect on expression of amino acid transporters, serum concentration,

performance, and carcass composition1. J Anim Sci. (2015) 93:2154–

64. doi: 10.2527/jas.2014-8834

20. Wang YM, Yu HT, Zhou JY, Zeng XF, Wang G, Cai S, et al. Effects

of feeding growing-finishing pigs with low crude protein diets on

growth performance, carcass characteristics, meat quality and nutrient

digestibility in different areas of China. Anim Feed Sci Technol. (2019)

256:114256. doi: 10.1016/j.anifeedsci.2019.114256

21. Yamazaki M, Inoue H, Matsumoto M, Kaji Y. Effect of feeding a

low crude protein diet on growth performance of finishing pigs at a

high ambient temperature. Japan Agricu Res Q JARQ. (2019) 53:47–

50. doi: 10.6090/jarq.53.47

22. Zhao Y, Tian G, Chen D, Zheng P, Yu J, He J, et al. Effect of

different dietary protein levels and amino acids supplementation

patterns on growth performance, carcass characteristics and nitrogen

excretion in growing-finishing pigs. J Anim Sci Biotechnol. (2019)

10:75. doi: 10.1186/s40104-019-0381-2

23. Ma W, Mao P, Guo L, Qiao S. Crystalline amino acids supplementation

improves the performance and carcass traits in late-finishing gilts fed low-

protein diets. Anim Sci J. (2020) 91:e13317. doi: 10.1111/asj.13317

24. Chrystal PV, Moss AF, Khoddami A, Naranjo VD, Selle PH, Liu SY. Impacts

of reduced-crude protein diets on key parameters in male broiler chickens

offered maize-based diets. Poult Sci. (2020) 99:505–16. doi: 10.3382/ps/pez573

25. Chrystal PV, Moss AF, Khoddami A, Naranjo VD, Selle PH, Liu SY. Effects

of reduced crude protein levels, dietary electrolyte balance, and energy

density on the performance of broiler chickens offered maize-based diets with

evaluations of starch, protein, and amino acid metabolism. Poult Sci. (2020)

99:1421–31. doi: 10.1016/j.psj.2019.10.060

26. Ospina-Rojas I, Murakami A, Duarte C, Eyng C, Oliveira C, Janeiro V. Valine,

isoleucine, arginine and glycine supplementation of low-protein diets for

broiler chickens during the starter and grower phases. Br Poult Sci. (2014)

55:766–73. doi: 10.1080/00071668.2014.970125

27. Alfonso-Avila A, Cirot O, Lambert W, Létourneau-Montminy M. Effect of

low protein diets on nitrogen utilization efficiency, daily water consumption,

and litter moisture in broilers through meta-analysis approach. EAAP

Scientific Series. Wageningen: Wageningen Academic Publishers (2019). p.

344–50. doi: 10.3920/978-90-8686-891-9_18

28. Wang Y, Zhou J,Wang G, Cai S, Zeng X, Qiao S. Advances in low-protein diets

for swine. J Anim Sci Biotechnol. (2018) 9:60. doi: 10.1186/s40104-018-0276-7

29. Wang H, Long W, Chadwick D, Velthof GL, Oenema O, Ma W, et al.

Can dietary manipulations improve the productivity of pigs with lower

environmental and economic cost? A global meta-analysis. Agricu Ecosystems

Environ. (2020) 289:106748. doi: 10.1016/j.agee.2019.106748

30. Kriseldi R, Tillman PB, Jiang Z, Dozier WA, III. Effects of feeding reduced

crude protein diets on growth performance, nitrogen excretion, and plasma

uric acid concentration of broiler chicks during the starter period. Poult Sci.

(2018) 97:1614–26. doi: 10.3382/ps/pex395

31. Corzo A, Fritts C, Kidd M, Kerr B. Response of broiler chicks to essential and

non-essential amino acid supplementation of low crude protein diets. Anim

Feed Sci Technol. (2005) 118:319–27. doi: 10.1016/j.anifeedsci.2004.11.007

32. Namroud NF, Shivazad M, Zaghari M. Effects of fortifying low crude protein

diet with crystalline amino acids on performance, blood ammonia level,

and excreta characteristics of broiler chicks. Poult Sci. (2008) 87:2250–

8. doi: 10.3382/ps.2007-00499

33. Kamran Z, Sarwar M, Nisa M, Nadeem MA, Mahmood S. Effect of low

levels of dietary crude protein with constant metabolizable energy on nitrogen

excretion, litter composition and blood parameters of broilers. Int J Agric Biol.

(2010) 12:401–5.

34. Martínez-Aispuro M, Figueroa-Velasco JL, Zamora-Zamora V, Cordero-

Mora JL, Narciso-Gaytán C, Sánchez-Torres MT, et al. Effect of CLA

supplementation to low-protein diets on the growth performance,

carcass characteristics, plasma urea nitrogen concentration, and fatty

acid profile in the meat of pigs. Braz Arch Biol Technol. (2014)

57:742–54. doi: 10.1590/S1516-8913201401407

35. Jarret G, Martinez J, Dourmad JY. Effect of biofuel co-products in pig

diets on the excretory patterns of N and C and on the subsequent

ammonia and methane emissions from pig effluent. Animal. (2011) 5:622–

31. doi: 10.1017/S1751731110002041

36. Lynch MB, O’Shea CJ, Sweeney T, Callan JJ, O’Doherty JV. Effect of crude

protein concentration and sugar-beet pulp on nutrient digestibility, nitrogen

excretion, intestinal fermentation and manure ammonia and odour emissions

from finisher pigs.Animal. (2008) 2:425–34. doi: 10.1017/S1751731107001267

37. O’Shea CJ, Lynch B, Lynch MB, Callan JJ, O’Doherty JV. Ammonia emissions

and dry matter of separated pig manure fractions as affected by crude protein

concentration and sugar beet pulp inclusion of finishing pig diets. Agricu

Ecosystems Environ. (2009) 131:154–60. doi: 10.1016/j.agee.2009.01.019

38. Carpenter DA, O’Mara FP, O’Doherty JV. The effect of dietary crude protein

concentration on growth performance, carcass composition and nitrogen

excretion in entire grower-finisher pigs. Ir J Agricu Food Res. (2004) 43:227–36.

39. Portejoie S, Dourmad JY, Martinez J, Lebreton Y. Effect of lowering

dietary crude protein on nitrogen excretion, manure composition and

ammonia emission from fattening pigs. Livest Prod Sci. (2004) 91:45–

55. doi: 10.1016/j.livprodsci.2004.06.013

40. Alleman F, Leclercq B. Effect of dietary protein and environmental

temperature on growth performance and water consumption of male broiler

chickens. Br Poult Sci. (1997) 38:607–10. doi: 10.1080/00071669708418044

41. Hernández F, López M, Martinez S, Megias M, Catala P, Madrid J. Effect

of low-protein diets and single sex on production performance, plasma

metabolites, digestibility, and nitrogen excretion in 1-to 48-day-old broilers.

Poult Sci. (2012) 91:683–92. doi: 10.3382/ps.2011-01735

42. Pfeiffer A, Henkel H, Verstegen M, Philipczyk I. The influence of protein

intake on water balance, flow rate and apparent digestibilty of nutrients

at the distal ileum in growing pigs. Livest Prod Sci. (1995) 44:179–

87. doi: 10.1016/0301-6226(95)00070-4

43. Collett SR. Nutrition and wet litter problems in poultry. Anim Feed Sci

Technol. (2012) 173:65–75. doi: 10.1016/j.anifeedsci.2011.12.013

44. Mushtaq M, Pasha T, Mushtaq T, Parvin R. Electrolytes, dietary electrolyte

balance and salts in broilers: an updated review on growth performance,

water intake and litter quality. Worlds Poult Sci J. (2013) 69:789–

802. doi: 10.1017/S0043933913000810

45. Shaw MI, Beaulieu AD, Patience JF. Effect of diet composition on

water consumption in growing pigs1. J Anim Sci. (2006) 84:3123–

32. doi: 10.2527/jas.2005-690

46. Garcia-Launay F, Dusart L, Espagnol S, Laisse-Redoux S, Gaudré D, Méda

B, et al. Multiobjective formulation is an effective method to reduce

environmental impacts of livestock feeds. Br J Nutr. (2018) 120:1298–

309. doi: 10.1017/S0007114518002672

47. Dourmad J-Y, Ryschawy J, Trousson T, Bonneau M, Gonzalez J, Houwers W,

et al. Évaluation par analyse de cycle de vie de la durabilité environnementale

de systèmes contrastés de production porcine en Europe. 45èmes journées de

la recherche porcine. Paris, FRA: 45 Journées de la Recherche Porcine (2013)

p. 109–14.

48. Kebreab E, Liedke A, Caro D, Deimling S, Binder M, Finkbeiner M.

Environmental impact of using specialty feed ingredients in swine and

poultry production: a life cycle assessment. J Anim Sci. (2016) 94:2664–

81. doi: 10.2527/jas.2015-9036

49. IPCC. Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas

Inventories. Geneva: The Intergovernmental Panel on Climate Change (2019).

50. Cherubini E, Franco D, Zanghelini GM, Soares SR. Uncertainty in LCA

case study due to allocation approaches and life cycle impact assessment

methods. Int J Life Cycle Assess. (2018) 23:2055–70. doi: 10.1007/s11367-017-

1432-6

51. European Comission JRC. Analysing of existing Environmental Impact

Assessment Methodologies for Use in Life Cycle Assessment. Luxembourg:

Joint Research Centre Institute for Environment and Sustainability, ILCD

handbook (2010).

52. Méda B, Belloir P, Lessire M, Juin H, Corrent E, Lambert W, et al.

Environmental implications of decreasing dietary crude protein content in

finishing broilers. 12e Journées de la Recherche Avicole et Palmipèdes à Foie

Gras (JRA-JRPFG 2017), 5 & 6 avril 2017. Tours, France. (2017). p. 356–60.

53. Cherubini E, Zanghelini GM, Tavares JMR, Belettini F, Soares

SR. The finishing stage in swine production: influences of feed

composition on carbon footprint. Environ Dev Sustain. (2015)

17:1313–28. doi: 10.1007/s10668-014-9607-9

Frontiers in Veterinary Science | www.frontiersin.org 12 July 2021 | Volume 8 | Article 68925953

https://doi.org/10.2527/jas.2014-8834
https://doi.org/10.1016/j.anifeedsci.2019.114256
https://doi.org/10.6090/jarq.53.47
https://doi.org/10.1186/s40104-019-0381-2
https://doi.org/10.1111/asj.13317
https://doi.org/10.3382/ps/pez573
https://doi.org/10.1016/j.psj.2019.10.060
https://doi.org/10.1080/00071668.2014.970125
https://doi.org/10.3920/978-90-8686-891-9_18
https://doi.org/10.1186/s40104-018-0276-7
https://doi.org/10.1016/j.agee.2019.106748
https://doi.org/10.3382/ps/pex395
https://doi.org/10.1016/j.anifeedsci.2004.11.007
https://doi.org/10.3382/ps.2007-00499
https://doi.org/10.1590/S1516-8913201401407
https://doi.org/10.1017/S1751731110002041
https://doi.org/10.1017/S1751731107001267
https://doi.org/10.1016/j.agee.2009.01.019
https://doi.org/10.1016/j.livprodsci.2004.06.013
https://doi.org/10.1080/00071669708418044
https://doi.org/10.3382/ps.2011-01735
https://doi.org/10.1016/0301-6226(95)00070-4
https://doi.org/10.1016/j.anifeedsci.2011.12.013
https://doi.org/10.1017/S0043933913000810
https://doi.org/10.2527/jas.2005-690
https://doi.org/10.1017/S0007114518002672
https://doi.org/10.2527/jas.2015-9036
https://doi.org/10.1007/s11367-017-1432-6
https://doi.org/10.1007/s10668-014-9607-9
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Cappelaere et al. AA Supplementation Reduces Environmental Impacts

54. Meul M, Ginneberge C, Van Middelaar CE, de Boer IJ, Fremaut D, Haesaert

G. Carbon footprint of five pig diets using three land use change accounting

methods. Livest Sci. (2012) 149:215–23. doi: 10.1016/j.livsci.2012.07.012

55. Mosnier E, Van der Werf H, Boissy J, Dourmad J-Y. Evaluation of the

environmental implications of the incorporation of feed-use amino acids

in the manufacturing of pig and broiler feeds using Life Cycle Assessment.

Animal. (2011) 5:1972–83. doi: 10.1017/S1751731111001078

56. Castanheira ÉG, Freire F. Greenhouse gas assessment of soybean production:

implications of land use change and different cultivation systems. J Clean Prod.

(2013) 54:49–60. doi: 10.1016/j.jclepro.2013.05.026

57. Da Silva VP, van der Werf HM, Spies A, Soares SR. Variability

in environmental impacts of Brazilian soybean according to crop

production and transport scenarios. J Environ Manage. (2010)

91:1831–9. doi: 10.1016/j.jenvman.2010.04.001

58. Marinussen M, Kool A. Environmental Impacts of Synthetic Amino Acid

Production. Netherlands: Blonk Milieu Advies BV. (2010).

59. Ogino A, Osada T, Takada R, Takagi T, Tsujimoto S, Tonoue T, et al.

Life cycle assessment of Japanese pig farming using low-protein diet

supplemented with amino acids. Soil Sci Plant Nutr. (2013) 59:107–

18. doi: 10.1080/00380768.2012.730476

60. Monteiro ANTR, Garcia-Launay F, Brossard L,Wilfart A, Dourmad J-Y. Effect

of feeding strategy on environmental impacts of pig fattening in different

contexts of production: evaluation through life cycle assessment1. J Anim Sci.

(2016) 94:4832–47. doi: 10.2527/jas.2016-0529

61. Le Cour Grandmaison J, Martin N, Lambert W, Corrent E. Benefits of low

dietary crude protein strategies on feed global warming potential in broiler

and pig production systems: a case study. 12th International Conference on

Life Cycle Assessment of Food. Berlin, Germany (2020).

62. Le Cour Grandmaison J, Bertrand M, Nicolas M, Lambert W, Corrent

E, editors. Benefits of low crude protein diets in broilers: beyond CO2,

the importance of N and NH3 assessment. EAAP Annual Meeting. Virtual

Conference. (2020).

63. BSI. PAS 2050:2011 Specification for the Assessment of the Life Cycle

Greenhouse Gas Emissions of Goods and Services. (2012). London: British

Standards Institution.

64. Monteiro A, Bertol TM, de Oliveira PAV, Dourmad JY, Coldebella A, Kessler

AM. The impact of feeding growing-finishing pigs with reduced dietary

protein levels on performance, carcass traits, meat quality and environmental

impacts. Livest Sci. (2017) 198:162–9. doi: 10.1016/j.livsci.2017.02.014

65. Garcia-Launay F, van der Werf HMG, Nguyen TTH, Le Tutour L, Dourmad

JY. Evaluation of the environmental implications of the incorporation of feed-

use amino acids in pig production using Life Cycle Assessment. Livest Sci.

(2014) 161:158–75. doi: 10.1016/j.livsci.2013.11.027

66. Wang Y, Xue W, Zhu Z, Yang J, Li X, Tian Z, et al. Mitigating ammonia

emissions from typical broiler and layer manure management – a system

analysis.Waste Manage. (2019) 93:23–33. doi: 10.1016/j.wasman.2019.05.019

67. Hou Y, Velthof GL, Oenema O. Mitigation of ammonia, nitrous oxide

and methane emissions from manure management chains: a meta-

analysis and integrated assessment. Glob Change Biol. (2015) 21:1293–

312. doi: 10.1111/gcb.12767

68. Hernández F, Rivas MDM, Femenia JO, López M, Madrid J. Effect of

dietary protein level on retention of nutrients, growth performance, litter

composition and NH3 emission using a multi-phase feeding programme in

broilers. Span J Agricu Res. (2013) 11:736–46. doi: 10.5424/sjar/2013113-3597

69. Sajeev EPM, Amon B, Ammon C, Zollitsch W, Winiwarter W. Evaluating

the potential of dietary crude protein manipulation in reducing ammonia

emissions from cattle and pig manure: a meta-analysis. Nutr Cycling in

Agroecosys. (2018) 110:161–75. doi: 10.1007/s10705-017-9893-3

70. van Emous RA, Winkel A, Aarnink AJA. Effects of dietary crude

protein levels on ammonia emission, litter and manure composition, N

losses, and water intake in broiler breeders. Poult Sci. (2019) 98:6618–

25. doi: 10.3382/ps/pez508

71. Hansen MJ, Nørgaard JV, Adamsen APS, Poulsen HD. Effect of reduced

crude protein on ammonia, methane, and chemical odorants emitted from

pig houses. Livest Sci. (2014) 169:118–24. doi: 10.1016/j.livsci.2014.08.017

72. Le PD, Aarnink AJA, Jongbloed AW, van der Peet-Schwering CMC, Ogink

NWM, Verstegen MWA. Interactive effects of dietary crude protein and

fermentable carbohydrate levels on odour from pig manure. Livest Sci. (2007)

114:48–61. doi: 10.1016/j.livsci.2007.04.009

73. Seradj AR, Balcells J, Morazan H, Alvarez-Rodriguez J, Babot D, De la

Fuente G. The impact of reducing dietary crude protein and increasing

total dietary fiber on hindgut fermentation, the methanogen community

and gas emission in growing pigs. Anim Feed Sci Technol. (2018) 245:54–

66. doi: 10.1016/j.anifeedsci.2018.09.005

74. Rigolot C, Espagnol S, Pomar C, Dourmad J-Y. Modelling of manure

production by pigs and NH 3, N 2 O and CH 4 emissions. Part I: animal

excretion and enteric CH 4, effect of feeding and performance.Animal. (2010)

4:1401–12. doi: 10.1017/S1751731110000492

75. Pierce KM, Callan JJ, McCarthy P, O’Doherty JV. The interaction between

lactose level and crude protein concentration on piglet post-weaning

performance, nitrogen metabolism, selected faecal microbial populations

and faecal volatile fatty acid concentrations. Anim Feed Sci Technol. (2007)

132:267–82. doi: 10.1016/j.anifeedsci.2006.02.010

76. Jarret G, Cerisuelo A, Peu P, Martinez J, Dourmad J-Y. Impact of pig diets

with different fibre contents on the composition of excreta and their gaseous

emissions and anaerobic digestion.Agricu Ecosystems Environ. (2012) 160:51–

8. doi: 10.1016/j.agee.2011.05.029

77. Rigolot C, Espagnol S, Robin P, Hassouna M, Béline F, Paillat J-M, et al.

Modelling of manure production by pigs and NH 3, N 2 O and CH 4

emissions. Part II: effect of animal housing, manure storage and treatment

practices. Animal. (2010) 4:1413–24. doi: 10.1017/S1751731110000509

78. Meda B, Hassouna M, Aubert C, Robin P, Dourmad J-Y. Influence of

rearing conditions and manure management practices on ammonia and

greenhouse gas emissions from poultry houses. Worlds Poult Sci J. (2011)

67:441–56. doi: 10.1017/S0043933911000493

79. Osada T, Takada R, Shinzato I. Potential reduction of greenhouse gas

emission from swine manure by using a low-protein diet supplemented

with synthetic amino acids. Anim Feed Sci Technol. (2011) 166–167:562–

74. doi: 10.1016/j.anifeedsci.2011.04.079

80. Le PD, Aarnink AJA, Jongbloed AW. Odour and ammonia emission from

pig manure as affected by dietary crude protein level. Livest Sci. (2009)

121:267–74. doi: 10.1016/j.livsci.2008.06.021

81. Wang Y, Dong H, Zhu Z, Gerber PJ, Xin H, Smith P, et al.

Mitigating greenhouse gas and ammonia emissions from swine

manure management: a system analysis. Environ Sci Technol. (2017)

51:4503–11. doi: 10.1021/acs.est.6b06430

82. EMEP/EEA. Air Pollutant Emission Inventory Guidebook (3. B Manure

Management). (2019). Luxembourg: Publications Office of the European

Union.

83. Rees B, Sylvester-Bradley R, Olesen J, Vallejo A. Field Application of Organic

and Inorganic Fertilizers and Manure. Luxembourg: Publications office of the

European Union (2019)

84. I. Environmental Management: Life Cycle Assessment; Principles and

Framework. Geneva: International Organization for Standardization (2006).

85. I. Environmental Management: Life Cycle Assessment; Requirements and

Guidelines. Geneva: International Organization for Standardization (2006).

86. van der Werf HMG, Petit J, Sanders J. The environmental impacts of the

production of concentrated feed: the case of pig feed in Bretagne. Agricu Syst.

(2005) 83:153–77. doi: 10.1016/j.agsy.2004.03.005

87. Eriksson IS, Elmquist H, Stern S, Nybrant T. Environmental systems analysis

of pig production-the impact of feed choice (12 pp). Int J Life Cycle Assess.

(2005) 10:143–54. doi: 10.1065/lca2004.06.160

88. Nguyen TLT, Hermansen JE, Mogensen L. Fossil energy and GHG saving

potentials of pig farming in the EU. Energy Policy. (2010) 38:2561–

71. doi: 10.1016/j.enpol.2009.12.051

89. McAuliffe GA, Chapman DV, Sage CL. A thematic review of

life cycle assessment (LCA) applied to pig production. Environ

Impact Assess Rev. (2016) 56:12–22. doi: 10.1016/j.eiar.2015.

08.008

90. Méda B, Belloir P, Narcy A,Wilfart A. Improving environmental sustainability

of poultry production using innovative feeding strategies. Proc 22nd Eur

Sympo Poult Nutr. Gdansk, Poland. (2019). p. 82–92.

91. Garcia-Launay F, Delage C, Quiniou N, Brossard L, Marcon M, Espagnol S,

editors. Analyse environnementale de stratégies d’alimentation de précision

Frontiers in Veterinary Science | www.frontiersin.org 13 July 2021 | Volume 8 | Article 68925954

https://doi.org/10.1016/j.livsci.2012.07.012
https://doi.org/10.1017/S1751731111001078
https://doi.org/10.1016/j.jclepro.2013.05.026
https://doi.org/10.1016/j.jenvman.2010.04.001
https://doi.org/10.1080/00380768.2012.730476
https://doi.org/10.2527/jas.2016-0529
https://doi.org/10.1016/j.livsci.2017.02.014
https://doi.org/10.1016/j.livsci.2013.11.027
https://doi.org/10.1016/j.wasman.2019.05.019
https://doi.org/10.1111/gcb.12767
https://doi.org/10.5424/sjar/2013113-3597
https://doi.org/10.1007/s10705-017-9893-3
https://doi.org/10.3382/ps/pez508
https://doi.org/10.1016/j.livsci.2014.08.017
https://doi.org/10.1016/j.livsci.2007.04.009
https://doi.org/10.1016/j.anifeedsci.2018.09.005
https://doi.org/10.1017/S1751731110000492
https://doi.org/10.1016/j.anifeedsci.2006.02.010
https://doi.org/10.1016/j.agee.2011.05.029
https://doi.org/10.1017/S1751731110000509
https://doi.org/10.1017/S0043933911000493
https://doi.org/10.1016/j.anifeedsci.2011.04.079
https://doi.org/10.1016/j.livsci.2008.06.021
https://doi.org/10.1021/acs.est.6b06430
https://doi.org/10.1016/j.agsy.2004.03.005
https://doi.org/10.1065/lca2004.06.160
https://doi.org/10.1016/j.enpol.2009.12.051
https://doi.org/10.1016/j.eiar.2015.08.008
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Cappelaere et al. AA Supplementation Reduces Environmental Impacts

des porcs charcutiers. 52 Journées de la Recherche Porcine. Paris: IFIP-Institut

du Porc (2020).

92. Andretta I, Pomar C, Rivest J, Pomar J, Radünz J. Precision feeding

can significantly reduce lysine intake and nitrogen excretion without

compromising the performance of growing pigs. Animal. (2016) 10:1137–

47. doi: 10.1017/S1751731115003067

93. Meul M, Van Middelaar CE, de Boer IJ, Van Passel S, Fremaut D,

Haesaert G. Potential of life cycle assessment to support environmental

decision making at commercial dairy farms. Agricu Syst. (2014) 131:105–

15. doi: 10.1016/j.agsy.2014.08.006

94. de Boer IJ, Cederberg C, Eady S, Gollnow S, Kristensen T, Macleod M, et al.

Greenhouse gas mitigation in animal production: towards an integrated life

cycle sustainability assessment. Curr Opin Environ Sustain. (2011) 3:423–

31. doi: 10.1016/j.cosust.2011.08.007

95. Monteiro ANTR, Dourmad J-Y, Moreira CA, Rossi RM, Ferreira LFM,

Costa AER, et al. The source of performance and excretion data affects the

environmental impact of pig rearing estimated by life cycle assessment. Canad

J Anim Sci. (2020) 100:184–92. doi: 10.1139/cjas-2019-0022

96. Tallentire CW, Edwards SA, Van Limbergen T, Kyriazakis I. The challenge

of incorporating animal welfare in a social life cycle assessment model

of European chicken production. Int J Life Cycle Assess. (2019) 24:1093–

104. doi: 10.1007/s11367-018-1565-2

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

This paper was funded and produced by employees of Metex Noovistago,

which produces and sells feed-grade amino acids.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Cappelaere, Le Cour Grandmaison, Martin and Lambert.

This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction

in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Veterinary Science | www.frontiersin.org 14 July 2021 | Volume 8 | Article 68925955

https://doi.org/10.1017/S1751731115003067
https://doi.org/10.1016/j.agsy.2014.08.006
https://doi.org/10.1016/j.cosust.2011.08.007
https://doi.org/10.1139/cjas-2019-0022
https://doi.org/10.1007/s11367-018-1565-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


ORIGINAL RESEARCH
published: 29 July 2021

doi: 10.3389/fvets.2021.689206

Frontiers in Veterinary Science | www.frontiersin.org 1 July 2021 | Volume 8 | Article 689206

Edited by:

Luciano Hauschild,

São Paulo State University, Brazil

Reviewed by:

Robert Gous,

University of KwaZulu-Natal,

South Africa

Artabandhu Sahoo,

Indian Council of Agricultural Research

(ICAR), India

Ines Andretta,

Federal University of Rio Grande do

Sul, Brazil

*Correspondence:

Maciej M. Misiura

m.m.misiura@ncl.ac.uk

Specialty section:

This article was submitted to

Animal Nutrition and Metabolism,

a section of the journal

Frontiers in Veterinary Science

Received: 31 March 2021

Accepted: 21 June 2021

Published: 29 July 2021

Citation:

Misiura MM, Filipe JAN and

Kyriazakis I (2021) A Novel Estimation

of Unobserved Pig Growth Traits for

the Purposes of Precision Feeding

Methods. Front. Vet. Sci. 8:689206.

doi: 10.3389/fvets.2021.689206

A Novel Estimation of Unobserved
Pig Growth Traits for the Purposes of
Precision Feeding Methods

Maciej M. Misiura 1*, Joao A. N. Filipe 1,2 and Ilias Kyriazakis 3

1Newcastle University, Newcastle upon Tyne, United Kingdom, 2Biomathematics & Statistics Scotland, Rowett Institute of

Nutrition and Health, University of Aberdeen, Aberdeen, United Kingdom, 3 Biological Sciences Building, Queen’s University
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Recent technological advances make it possible to deliver feeding strategies that can

be tailored to the needs of individual pigs in order to optimise the allocation of nutrient

resources and contribute toward reducing excess nutrient excretion. However, these

efforts are currently hampered by the challenges associated with: (1) estimation of

unobserved traits from the available data on bodyweight and feed consumption; and

(2) characterisation of the distributions and correlations of these unobserved traits to

generate accurate estimates of individual level variation among pigs. Here, alternative

quantitative approaches to these challenges, based on the principles of inverse modelling

and separately inferring individual level distributions within a Bayesian context were

developed and incorporated in a proposed precision feeding modelling framework.

The objectives were to: (i) determine the average and distribution of individual traits

characterising growth potential and body composition in an empirical population of

growing-finishing barrows and gilts; (ii) simulate the growth and excretion of nitrogen

and phosphorus of the average pig offered either a commercial two-phase feeding plan,

or a precision feeding plan with daily adjustments; and (iii) simulate the growth and

excretion of nitrogen and phosphorus across the pig population under two scenarios:

a two-phase feeding plan formulated to meet the nutrient requirements of the average

pig or a precision feeding plan with daily adjustments for each and every animal in the

population. The distributions of mature bodyweight and ratio of lipid to protein weights at

maturity had median (IQR) values of 203 (47.8) kg and 2.23 (0.814) kg/kg, respectively;

these estimates were obtained without any prior assumptions concerning correlations

between the traits. Overall, it was found that a proposed precision feeding strategy

could result in considerable reductions in excretion of nitrogen and phosphorus (average

pig: 8.07 and 9.17% reduction, respectively; heterogenous pig population: 22.5 and

22.9% reduction, respectively) during the growing-finishing period from 35 to 120 kg

bodyweight. This precision feeding modelling framework is anticipated to be a starting

point toward more accurate estimation of individual level nutrient requirements, with the

general aim of improving the economic and environmental sustainability of future pig

production systems.

Keywords: Bayesian inference, body composifion, individual traits, nitrogen excretion, phosphorus excretion,

precision feeding, pigs
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INTRODUCTION

To address economic and environmental concerns about
standard feeding practises in commercial pig production (1–
3), precision feeding strategies have been suggested as a way
forward (4–6). Precision feeding strategies aim to accurately
match nutrient supply to the demand of animals by formulating
feeds that account for the dynamic changes in nutrient
requirements, preferably at the individual level (7, 8). This is in
contrast to standard feeding practises, which typically neglect
variation in nutrient requirements among individuals, as they
involve formulating feeds that satisfy the estimated nutrient
requirements of a nominal average pig in a population, at a given
static reference point specified by bodyweight (BW) or age (9).
Initial evaluations of precision feeding strategies against standard
population level feeding regimes in growing-finishing pigs have
been encouraging based on reports of considerable reduction
in excretion of nitrogen (N) and phosphorus (P), without any
apparent loss in growth performance (10–12).

A successful implementation of precision feeding requires
the development of methods for estimating the nutrient
requirements of individual pigs, which in turn requires
estimating their growth potential and body composition.
There are notable issues associated with this challenge, which
concern: (1) estimation of unobserved traits from data; and
(2) characterisation of the distributions and correlations of
these unobserved traits. Regarding the first issue, while body
composition is a major determinant of nutrient requirements,
real-time data on e.g., protein or lipid retention are either rare
or unavailable due to technological and logistical limitations
(13–15), and consist of tissue scan proxies with limited
correlation to body amounts (16). Consequently, these traits
are often estimated from data on BW and feed consumption
by making assumptions whose validity could be restrictive.
This limits the ability to formulate optimal feeding rations.
For example, a typical approach to obtain information on

lean tissue growth and requirements for precision feeding

of growing pigs assumes an isometric relationship relating
protein retention and BW gain, and that the isometric
parameters are the same across pigs (5). However, this approach
neglects individual variation in protein growth among animals
as well as the non-proportionality between these variables
during growth (17, 18). Alternative models, including a
polynomial regression relating body protein weight to BW
have been recently developed (19), but their validity is still
largely unascertained.

Regarding the issue of the distributions and correlations of
the unobserved traits of individuals, a typical approach relies
on an explicit specification of their multivariate distribution
(20–26). Within this setting, it is necessary to either assume
or estimate multiple mean and variance-covariance parameters
from data, which carries uncertainty (27) and can be challenging
in practise (9). To avoid these challenges, a potential alternative
approach to model trait variation, based on separately inferring
individual level distributions within a Bayesian framework, has
been recently suggested by Filipe and Kyriazakis (27). This
framework is yet to be comprehensively tested in the context of

the estimation of traits that are typically required for precision
feeding purposes.

The aims of this chapter were to develop alternative data-
driven approaches to estimate uncertain traits in individual pigs
and incorporate this information in a proposed precision feeding
modelling framework. This modelling framework was applied
to evaluate feeding strategies in their effectiveness to minimise
excess excretion of N and P when compared to standard feeding
practises. These evaluations were conducted by considering
the average of the individual responses in a population and
the response of the average pig in the population, to gain a
better insight into possible impacts of phenotypic heterogeneity
on nutrient excretion. The specific objectives were to: (1)
determine the empirical average and distribution of individual
traits characterising growth potential and body composition in
a pig population; (2) simulate the growth and excretion of N
and P of the average pig offered either a commercial two-phase
feeding plan, or a precision feeding plan with daily adjustments;
and (3) simulate the growth and excretion of N and P across the
pig population under two scenarios: a two-phase feeding plan
formulated to meet the nutrient requirements of the average pig
or a precision feeding plan with daily adjustments for each and
every animal in the population.

MATERIALS AND METHODS

There was no requirement for ethical approval, since the data
used originated from a previous experiment, which was granted
ethical approval on behalf of the original trial investigators.

Data
Empirical sequential data on individual daily feed intake DFIt
(kg/d) and BWt (kg), at ages t (d), of 32 barrows and gilts
[(LargeWhite× Landrace)× Pietrain] were obtained from a trial
conducted by the INRAE at the UE3P unit (Pig Physiology and
Phenotyping Experimental Facility, https://doi.org/10.15454/1.
5573932732039927E12), Saint Gilles, France. Pigs were kept in
near-commercial conditions (ad-libitum access to water and
feeds, group housing, ambient room temperature of 20–24◦C) for
a period of 81 d from an initial mean BW of 35.2 (SD: 4.70) kg
until a final mean BW of 118 (SD: 8.87) kg. The pigs were given
access to two feeds in succession formulated to meet or exceed
the expected population level average nutritional requirements.
The change in feeds occurred when animals reached∼65.0 kg.

Approach to Estimate Individual Level
Variation in Growth Potential and Body
Composition
Model Description
The Gompertz growth model (28), comprehensively reviewed by
Filipe et al. (29), was used to describe the evolution of BWt of
each individual pig over time:

BWt = BWm × exp

(

− ln

(

BWm

BWin

)

× exp

(

−
t − t0

B

))

(kg) (1.1)

where t and t0 were the current and initial times (d), BWin

(kg) was the observed initial bodyweight at the start of the data
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collection period, and BWm (kg) and B (d) were unknown
parameters (traits) estimated for each pig. The unknown model
traits correspond to the weight at maturity and the inverse of
the growth rate controlling how fast the weight at maturity
is reached.

After accounting for gut fill to derive the empty BW, eBWt

(30), this eBWt was expressed as a sum of the four main body
chemical components (31): protein [N∗ = 6.25 × × N,
where N is nitrogen (kg)], lipid (L) (kg), water (W) (kg) and ash
(Ash) (kg):

eBWt = α × BWt = N∗
t + Lt +Wt + Asht(kg) (1.2)

where α was assumed to be a constant proportion over the growth
period under consideration, equal to 95% of BWt (32, 33) and to
be the same across animals.

The growth of these four body chemical components was
represented by the following allometric relationships (29, 34–36):

N∗
t = N∗

m ×

(

BWt

BWm

)

log(N∗
m/N∗

in)
log(BWm/BWin)

(kg) (1.3)

Lt = Lm ×

(

BWt

BWm

)

log(Lm/Lin)
log(BWm/BWin)

(kg) (1.4)

Wt = 3.04×

(

N∗
t

N∗
m

)0.855
(

kg
)

(1.5)

Asht = 0.190×

(

N∗
t

N∗
m

)

(

kg
)

(1.6)

where N∗
m and Lm are mature weights, and N∗

in and Lin are
initial weights of protein and lipid, respectively; these traits were
unknown in advance and had to be estimated from individual
data from each pig in the population.

Fitting to the Data
To estimate the traits characterising each individual pig in
the population, Equations (1.1–1.6) describing the dynamic
evolution of BWt , N

∗
t , Lt , Wt , and Asht were fitted to the data

of each individual pig one at a time.
To account for the uncertainty and correlations between

individual trait estimates, a Bayesian inference approach was
utilised, which outputs estimated distributions rather than
point estimates of the traits (37). Samples of trait estimates
were obtained using the Markov Chain Monte Carlo (MCMC)
methods (38) and more specifically, the Metropolis-Hastings
algorithm (39). The posterior inferences on the traits were
based on samples generated using the MCMC engine rjags
(40). Prior distributions for the traits are given in the
Supplementary Material, together with a justification for their
choice. Four independent MCMC chains, each containing
100,000 samples and initialised with different random starting
parameter values, were generated, from which the first ten

percent samples were discarded as burn-in (41, 42). The posterior
inferences were carried out on the remaining 90,000 samples
from each chain; no thinning was applied (43). Four MCMC
chains, rather than one, were used as a way of assessing
differences among the sampled trait distributions and thus, was
a first convergence diagnostic (44). The convergence of each
sample chain was also assessed by investigating trace plots (after
burn-in) for each trait and by calculating the potential scale
reduction factor, R̂ (45, 46). Values of R̂. > 1.01 were considered
to indicate poor convergence (47). The posterior distribution
of sampled traits used for inference comprised every chain that
converged; for example, when the four chains converged, it
comprised Ns = 4× 90,000= 360,000 sampled trait values.

Data-Based Estimation of the Average Pig in the

Population
The average pig in the population was estimated by minimising
the following metric across the pigs in the population:

Di =

4
∑

j=1

∣

∣

∣

∣

∣

Ŷij − Ȳj

Ȳj

∣

∣

∣

∣

∣

(1.7)

Where Ŷij are obtained estimates of the traits BWm, B, N
∗
m and

Lm for pig i (i = 1, . . . , 32) in the population, and Ŷj are
the median values of these trait estimates calculated across the
population. The pig whose set of estimates Ŷj had the lowest
value of D was chosen to characterise the average pig as its
traits were regarded as central in the population. This specific
approach to multidimensional estimation of the average pig
was chosen because it preserves the individual level correlations
between traits which were estimated jointly for each animal in the
population (27).

Estimation of Nutrient Requirements
Daily requirements forN∗, P and energy of the estimated average
pig and of each pig in the pig population (whose individual traits
were estimated) were expressed as a sum of requirements for
maintenance and growth using the equations in Table 1; inputs
to these equations were the data-driven trait estimates that are
the parameters of Equations (1.1–1.6).

Maintenance requirements for N∗, P and energy at t were
related to the estimated N∗

t and N∗
m, rather than BWt and BWm,

to account for any potential variation in these requirements
due to differences in body composition among animals (30). It
was assumed that there were no inefficiencies in utilising these
nutrients for maintenance purposes (48, 49).

Growth requirements forN∗, P and energy at t were related to
themaximumdaily retention ofN∗ (kg/d) and P (kg/d) and to the
desired (normal) retention of L (kg/d), which were estimated as:

N∗′

max (t) =
1

B
× N∗

t × log

(

N∗
m

N∗
t

)

(1.8)

P
′

max (t) = 0.0337×
1

B
× N∗

t × log

(

N∗
m

N∗
t

)

(1.9)
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TABLE 1 | Equations to estimate individual daily requirements for maintenance and growth in terms of effective energy (E), digestible protein (N∗) and digestible

phosphorus (P).

Quantity Abbreviation Equation Unit Efficiency value Source

Energy Emaint (t)
1

eEm
×

(

1.63×
N∗(t)

N∗
m
0.27

)

(MJ/d) eEm = 1.00 (31)

Protein N∗
′

maint (t)
1

e
N∗

′
m

×

(

0.004×
N∗(t)

N∗
m
0.27

)

(kg/d) e
N∗

′

m
= 1.00 (30)

Phosphorus P
′

maint (t)
1

e
P
′

m

×

(

0.0001293×
N∗(t)

N∗
m
0.27

)

(kg/d) e
P
′

m
= 1.00 (30)

Energy Egrowth (t) eEg
N∗

′
× N∗

′

max (t) + eEg
L
′
× L′max (t) (g/kg) eEg

N∗
′
= 50.0; eEg

L
′
= 56.0 (30)

Protein N∗
′

growthmax
(t) 1

e
N∗

′

g

× N∗
′

max (t) (kg/d) e
N∗

′

g

= 0.763 (48)

Phosphorus P
′

growthmax
(t) 1

e
P
′

g

× P
′

max (t) (kg/d) e
P
′

g
= 0.940 (49)

N*
′

max (t) = 1
B×N

*
t×log

(

N*m
N*t

)

is the daily maximum retention of N* at time t; P
′

max (t) = 0.0337×1
B×N

*
t×log

(

N*m
N*t

)

is the daily maximum retention of P at time t; L
′

max (t) = 1
B×Lt×log

(

Lm
Lt

)

.

is the daily desired (normal) retention of lipid at time t.

L′max (t) =
1

B
× Lt × log

(

Lm

Lt

)

(1.10)

To calculate growth requirements, equations (1.8–1.10) were
multiplied by coefficients that account for the metabolic
inefficiencies in the utilisation of nutrients for retention processes
(50–52) and thus, to derive requirements expressed on digestible
N∗ (30) (kg/d), digestible P (kg/d) (49) and effective energy basis
(MJ/d), which is the difference between digestible energy and
losses associated with feed consumption (53).

Simulated Feeding Scenarios
Four feeding scenarios were considered to quantify the effects on
N and P excretion of the within- and between- animal variation in
growth potential and body composition. The first two scenarios
were designed to predict differences in growth performance,
and N and P excretion of the average pig offered either a
“static” feeding strategy that targeted its nutrient requirements
at pre-specified reference points, or a precision feeding strategy
that adapted to the dynamic evolution of the performance of
this animal. These two scenarios are equivalent to investigating
responses of the homogeneous pig population. The remaining
two scenarios were designed to quantify differences in growth
performance, and in N and P excretion across the heterogenous
pig population offered either a “static” feeding strategy that
targeted nutrient requirements of the average animal or a
precision feeding strategy that adapted to real-time performance
of each individual pig within the population.

Scenario 1: Two-Phase Feeding Strategy for the

Average Pig
The first scenario (S1) simulated the growth of the average pig

from 35.0 to 120 kg when given ad-libitum access to two feeds

(Feed 1 and Feed 2), offered in succession with a switch from

Feed 1 to Feed 2 at∼65.0 kg. The nutritional composition of Feed

1 and Feed 2, in terms of crude N∗ (g/kg), digestible N∗ (g/kg),
total P (g/kg), digestible P (g/kg), and effective energy (MJ/kg)
were inputs into the growth model. The following contents were
calculated by dividing the estimated nutrient requirements for
maintenance and growth of the average pig at reference points

ti by the median DFIt at the same point from the collected data
across the thirty-two pigs (section Data):

Xti =
Xmaint (ti) + Xgrowth (ti)

DFIti
(1.11)

where X = [digestible N∗, digestible P, effective energy] and ti
= (1,2) are the reference points where BWt1 = 50.0 kg (Feed
1) or BWt2 = 92.5 kg (Feed 2), which are based on Symeou
et al. (54). Crude N∗ contents were calculated according to
Wellock et al. (55) by dividing digestible N∗ contents in each
feed by the product of the digestibility coefficient, 0.800, and the
biological value [a common measure of N∗ quality in the feed
(56)], 0.750, reflective of typical commercial feeds (57). Total
P contents were calculated by dividing digestible P contents in
each feed by the digestibility coefficient, equal to 0.500 (58)
to derive total P values consistent with the typical commercial
feeds (26). As nutrient requirements for the average pig were
conditional on the estimates under section Estimation of nutrient
requirements, estimated nutritional composition of Feed 1 and
Feed 2 is given in section Estimation of nutrient requirements
and feed composition.

Scenario 2: Precision Feeding Strategy for the

Average Pig
The second scenario (S2) simulated the growth of the average pig
given ad-libitum access to feeds adjusted daily for a time period
(d) equal to the length of S1. Daily adjustments to the nutritional
composition of the feeds, in terms of digestible N∗, digestible P
and effective energy were calculated as the ratio of the estimated
daily nutrient requirements for maintenance and growth of the
average pig to the estimated target DFIt of this pig. The target
DFIt was estimated using:

DFIt = θ1(CG
θ2
t − CGθ2

t−1), (1.12)

where CG is the cumulative gain, θ1 and θ2 are parameters
estimated from the animal’s past BW and feed consumption.
Crude N∗ feed contents were calculated according to Wellock
et al. (55) by dividing digestible N∗ contents in each feed by
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the product of the digestibility coefficient, equal to 0.800 and
the biological value, equal to 0.750. Total P contents in Feed
1 and Feed 2 were calculated by dividing digestible P contents
in each feed by the digestibility coefficient, equal to 0.500 to
derive total P values. It is assumed that the usual practise of
blending high-nutrient and low-nutrient basal feeds would not
alter nutrient composition of these feeds. However, blend feeding
was not explicitly considered in this study.

Scenario 3: Two-Phase Feeding Strategy for the

Heterogenous Pig Population
The third scenario (S3) extended S1 to the heterogenous pig
population by simulating the growth of each pig in the population
for a time period from the population average BW of 35.0–120 kg.
Each pig in the population was given ad-libitum access to Feed 1
and Feed 2, with a change in feeds when the population average
BW reached 65.0 kg.

Scenario 4: Precision Feeding Strategy for the

Heterogenous Pig Population
The fourth scenario (S4) extended S2 in the context of the
heterogenous pig population. This scenario simulated the growth
of each pig in the population offered ad-libitum access to the
individualised precision feeding plan, adjusted daily to adapt to
real-time performance of each pig, for a time period equal to the
length of S3. For each pig, daily adjustments to the nutritional
composition of the feeds were calculated using the approach
described in section Scenario 2: precision feeding strategy for the
average pig but accounting for the individualised daily nutrient
requirements for maintenance and growth, and target DFIt .

Estimation of Growth and Nutrient
Excretion
In S1 and S3, which described the commercial two-phase feeding
strategy, Feed 1 and Feed 2 were assumed to result in periods of
nutrient under-supplementation or over-supplementation for a
number of pigs (54). When undersupplied with nutrients, pigs
were assumed to consume excess amounts of feeds when either
N∗or energy was the most deficient (20, 59), as an attempt to
eat for the first limiting feed resource in the feed, but not when
P was the most deficient (49, 60). In the cases of P deficiencies,
feed intake was assumed to be controlled only by the energy
needed to support the potential growth. In S2 and S4, which
described the precision feeding strategy, the individualised feeds
were assumed to provide the precise quantities of nutrients to
support maintenance and growth requirements of each pig.

Daily feed consumption, DFIt was predicted using the
following equation:

DFIt =











Emaint(t)+Egrowth(t)

Efeed
, energy or P limiting

N∗′

maint(t)+N∗′

growthmax
(t)

N∗

feed
, protein limiting

(1.13)

where terms in the numerator of this equation are given in
Table 1, and Efeed and N∗

feed
are effective energy feed content

(MJ/kg) and digestible N∗ (g/kg), respectively. There were no
additional constraints (such as bulkiness of the feed) imposed on
the actual feed consumption and pigs were assumed to be kept in

a thermoneutral housing environment (61). The predicted DFIt
was utilised to inform the actual growth, which could differ from

the potential growth. The actual retention of protein (N∗
′

(t))

and retention of P (P
′

(t)) were determined by the actual DFIt
function used but these quantities were assumed to not exceed

N∗
′

max (t) or P
′

max (t), respectively. Any excess N∗ consumed was
assumed to be deaminated and excreted as urea (53); any excess
energy was assumed to be retained as excess L (62). The actual L
retention was calculated as follows:

L
′

(t) =
DFIt × Efeed − Emaint (t) − EN × N∗′ (t)

EL
(1.14)

where EN and EL are the energy used (and expressed in effective
energy scale) per kg of N∗ and L retained, respectively. The

retention of Ash and W were related to N∗′ and implemented
as in Wellock et al. (30) and Symeou et al. (49).

Daily excretion of N (Nout(t)) (kg/d) and P (Pout(t)) (kg/d)
were calculated as follows:

Nout(t) =

((

DFIt ×
crude N∗

1000

)

− N∗′

maint (t) − N∗′ (t)
)

6.25
(1.15)

Pout (t) =

(

DFIt −
total P

1000

)

− P
′

maint (t) − P
′

(t) (1.16)

where crude N∗ and total P denote the feed levels of these
quantities per kg of feed.

Simulated Outputs
The following outputs were generated to assess growth
performance and nutrient excretion of either the average pig
(S1 and S2) or of the heterogenous pig population (S3 and S4):
(1) average daily feed intake (ADFI; kg/d/pig); (2) average daily
gain (ADG; kg/d/pig); (3) feed conversion ratio (FCR; kg/kg/pig);
(4) average daily N∗ retention (kg/d/pig); (5) average daily L
retention (kg/d/pig); (6) finalN∗ weight at end of each simulation
(kg/pig); (7) final L weight at end of each simulation (kg/pig);
(8) cumulative N and P balances [intake, retention, excretion
(kg/pig)]. For S1 and S2, the outputs were expressed in terms of
mean values; for S3 and S4 the outputs were expressed in terms
of mean (SD) values.

RESULTS

Data-Based Estimation of the Average Pig
and the Heterogenous Pig Population
Estimated traits for each pig in the heterogenous population are
visualised in Figure 1 and are summarised by the descriptive
statistics calculated across the individuals in Table 2. Within
the population: (1) BWm ranged from 124 to 580 kg; (2) B
ranged from 50.1 to 127 d; (3) Lm/N∗

m ranged from 0.683 to
4.41 (kg/kg); (4) N∗

m ranged from 16.6 to 93.5 kg; (5) Lm ranged
from 35.7 to 184 kg; (6) N∗

in ranged from 3.86 to 8.24 kg; (7) Lin
ranged from 2.17 to 5.72 kg. There were three pigs that were
notably different from the remaining animals in the population,
namely: (i) two pigs were notably larger at maturity than the

Frontiers in Veterinary Science | www.frontiersin.org 5 July 2021 | Volume 8 | Article 68920660

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Misiura et al. Estimating Uncertain Traits for Precision Feeding

FIGURE 1 | Scatterplots of the estimated traits for each individual pig in the population: (A) mature bodyweight (BWm) vs. inverse of daily growth rate BB; (B) ratio of

lipid to protein weights at maturity (Lm/N∗
m) vs. B; (C) mature protein weight (N∗

m) vs. B; (D) mature lipid weight (Lm) vs. B; (E) initial protein weight (N∗

in) vs. B; (F) initial

lipid weight (Lin) vs. B.

rest, with the estimated BWm exceeding 400 kg (Figure 1A); (ii)
one pig was notably leaner than the rest, with the estimated
Lm/N∗

m below one (Figure 1B). Despite these differences, these
three potential outlier pigs were kept in further analyses as their
inclusion or exclusion did not influence the overall comparisons
of different feeding strategies (see Supplementary Material for
results produced in the context of pig population which excluded
the three aforementioned pigs). Estimated traits of the average
pig in the population were: BWm = 205 kg; B = 65.0
days; Lm/N∗

m = 2.31 (kg/kg); N∗
m = 31.0 kg; Lm = 71.6 kg;

N∗
in = 7.33 kg; Lin = 3.34 kg.

Estimation of Nutrient Requirements and
Feed Composition
For the two-phase feeding strategies under consideration (S1 and
S3), the kg of Feed 1 was estimated to contain 181 g of crude
N∗, 109 g of digestible N∗, 6.01 g of total P, 3.01 g of digestible
P and 11.8 MJ of effective energy, in order to meet precisely the
requirements of this pig at the mid-point of the period under

consideration. Subsequently, the kg of Feed 2 was estimated to
contain 122 g of crude N∗, 72.9 g of digestible N∗, 4.06 g of total
P, 2.03 g of digestible P and 11.8 MJ of effective energy.

Estimated nutritional composition of the feeds (in terms
of digestible N∗, digestible P and effective energy) in S1 and
S2, together with the accompanying estimated daily nutrient
requirements for maintenance and growth of the average pig is
given in Figure 2. In the context of the average pig, the precision
feeding strategy (S2) resulted in gradual decreases in digestible
N∗ and digestible P feed contents over time; the effective energy
content of the feeds remained largely unchanged over time. On
the first day of S2, the kg of feed was estimated to contain 205 g
of crude N∗, 123 g of digestible N∗, 6.78 g of total P, 3.39 g of
digestible P and 11.9 MJ of effective energy. On the last day, the
kg of feed was estimated to contain 96.3 g of crude N∗, 57.8 g of
digestible N∗, 3.25 g of total P, 1.62 g of digestible P and 11.8 MJ
of effective energy.

Estimated nutritional composition of the feeds in S3 and S4 (in
terms of digestibleN∗, digestible P and effective energy), together
with accompanying estimated daily nutrients requirements for
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TABLE 2 | Summary statistics of the estimated traits across the thirty-two pigs in the population.

Trait Min Median IQR Mean SD Mode Max

BWm (kg) 124 203 47.8 221 82.2 226 580

B (days) 50.1 67.1 20.9 71.4 17.9 73.9 127

Lm/N∗
m (kg/kg) 0.683 2.23 0.814 2.39 0.737 1.80 4.41

N∗
m (kg) 16.6 30.8 8.78 34.0 13.9 37.4 93.5

Lm (kg) 35.7 72.3 31.0 77.2 29.5 67.4 184

N∗

in (kg) 3.86 6.06 1.115 6.14 0.880 6.40 8.24

Lin (kg) 2.17 3.61 1.59 3.73 1.01 3.49 5.72

BWm, mature bodyweight; B, inverse of daily growth rate; Lm/N*
m, ratio of lipid to protein weights at maturity; N*

m, mature protein weight; Lm, mature lipid weight; N*
in, initial protein

weight; Lin, initial lipid weight.

FIGURE 2 | Estimated nutritional composition of the feeds in either two-phase feeding strategy (dashed black line, Scenario 1) or precision feeding strategy (solid red

line; Scenario 2) offered to the average pig in terms of: (A) digestible protein (g/kg); (B) digestible phosphorus (g/kg); (C) effective energy (MJ/kg); estimated daily

nutrient requirement for maintenance and growth of the average pig in terms of: (D) digestible protein (g/d); (E) digestible phosphorus (g/d); (F) effective energy (MJ/d).

For a detailed description of the simulated scenarios, see section Simulated Feeding Scenarios.

maintenance and growth of each pig in the heterogenous
population is given in Figure 3. In the context of the pig
population, the precision feeding strategy (S4) also resulted in
gradual decreases in digestible N∗ and digestible P feed contents
over time for each pig; the effective energy content also remained

largely unchanged over time for each pig. There were notable
differences in nutrient requirements of individual pigs, which
were reflected in the differences in the estimated nutritional
composition of the individualised feeds. For example, on the first
day, the kg of feed offered to the pig with the lowest nutrient
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FIGURE 3 | Estimated nutritional composition of the feeds in either two-phase feeding strategy (dashed black line, Scenario 3) or precision feeding strategy (solid

lines; Scenario 4) given to a pig population in terms of: (A) digestible protein (g/kg); (B) digestible phosphorus (g/kg); (C) effective energy (MJ/kg); estimated daily

nutrient requirement for maintenance and growth of each of the thirty-two pigs in the population in terms of: (D) digestible protein (g/d); (E) digestible phosphorus

(g/d); (F) effective energy (MJ/d). For a detailed description of the simulated scenarios, see section Simulated Feeding Scenarios.

requirements was estimated to contain 145 g of crude N∗, 86.7
of digestible N∗, 4.78 g of total P, 2.39 g of digestible P and 11.2
MJ of effective energy, while the kg of feed offered to the pig with
the highest nutrient requirements pig was estimated to contain
271 g of crudeN∗, 162 of digestible N∗, 8.96 g of total P, 4.48 g of
digestible P and 13.0 MJ of effective energy.

Comparison of Growth Performance and
Nutrient Excretion
A summary of the growth performance indicators calculated in
the context of S1–S4 is given inTable 3. Relative to S1, S2 resulted
in: 0.270% decrease in ADFI; 0.570% increase in ADG; 0.834%
decrease in FCR; 1.19% increase in average daily N∗ retention;

0.964% decrease in daily L retention; 0.902% increase in final
N∗ weight; and 0.949% decrease in final L weight. Relative to
S3, S4 resulted in [mean (SD)]: 1.31 (3.38)% decrease in ADFI;
1.76 (3.32)% increase in ADG; 3.64 (7.04)% decrease in FCR;
3.12 (5.36)% increase in average daily N∗ retention; 2.43 (4.54)%
decrease in daily L retention; 2.13 (3.80)% increase in final N∗

weight; and 2.19 (3.91)% decrease in final L weight.
Summary of the daily excretion of N and P over time for

pigs considered in S1–S4 is given in Figure 4. Cumulative N

and P balances calculated in the context of S1–S4 are given

in Table 4. Relative to S1, S2 resulted in: 4.04% decrease in N

intake; 0.858% increase in N retention; 8.25% decrease in N
excretion; 3.93% decrease in total P intake; 1.04% increase in
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TABLE 3 | Summary statistics of average daily feed intake (ADFI); average daily gain (ADG); feed conversion ratio (FCR); protein (N∗) retention; lipid (L) retention; final

protein (N∗) weight; and final lipid (L) weight in each of the four simulated scenarios in terms of mean values (S1 and S2 for the average pig) and mean (SD) values (S3 and

S4 for the population of pigs).

Simulated Scenario

Trait S1 S2 S3 S4

ADFI (kg/pig) 2.97 2.96 2.84 (0.359) 2.81 (0.403)

ADG (kg/pig) 1.03 1.04 0.982 (0.0949) 1.00 (0.0944)

FCR (kg/kg/pig) 2.88 2.86 2.89 (0.277) 2.82 (0.356)

N∗ retention (kg/d/pig) 161 163 147 (18.6) 153 (21.4)

L retention (kg/d/pig) 325 322 323 (67.1) 317 (72.4)

Final N∗ weight (kg/pig) 19.9 20.1 18.8 (2.02) 19.3 (2.24)

Final L weight (kg/pig) 28.6 28.4 31.5 (6.36) 31.0 (6.82)

For a detailed description of the simulated scenarios, see section Simulated Feeding Scenarios.

FIGURE 4 | Boxplots of: (A) the individual daily nitrogen excretion (g/d); and (B) the individual daily total phosphorus excretion from two-phase feeding strategy or

precision feeding strategy offered either to the average pig (Avrg) or each of the thirty-two pigs in the population (1–32). For a detailed description of the simulated

scenarios, see section Simulated Feeding Scenarios.

P retention; and 9.17% decrease in total P excretion. Relative
to S3, S4 resulted in [mean (SD)]: 10.3 (23.9)% decrease in
N intake; 2.98 (5.05)% increase in N retention; 22.5 (42.6)%

decrease in N excretion; 10.0 (23.6)% decrease in total P intake;
4.35 (7.65)% increase in P retention; and 22.9 (40.2)% decrease in
total P excretion.
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TABLE 4 | Calculated nitrogen (N) and phosphorus (P) balances in each of the four simulated scenarios in terms of mean values (S1 and S2 for the average pig) and

mean (SD) values (S3 and S4 for the population of pigs).

Simulated Scenario

Trait S1 S2 S3 S4

Cumulative N intake (kg/pig) 5.16 4.95 5.51 (0.710) 5.12 (0.751)

Cumulative N retention (kg/pig) 2.31 2.33 2.33 (0.273) 2.41 (0.307)

Cumulative N output (kg/pig) 2.85 2.62 3.18 (0.710) 2.71 (0.460)

Cumulative total P intake (kg/pig) 1.08 1.03 1.15 (0.148) 1.07 (0.154)

Cumulative P retention (kg/pig) 0.481 0.486 0.481 (0.0541) 0.506 (0.716)

Cumulative total P output (kg/pig) 0.599 0.544 0.669 (0.142) 0.564 (0.0828)

For a detailed description of the simulated scenarios, see section Simulated Feeding Scenarios.

DISCUSSION

Estimation of the Unobserved Traits From
Data
In practise, it is not possible to collect individual sequential
measurements of the traits that determine growth potential
and body composition, such as the growth of protein or
lipid in growing-finishing pig systems (13–15). Yet, estimates
of these traits are required to accurately estimate individual
nutrient requirements (63). In this context, there is substantial
research interest in developing mathematical models that utilise
sequential data on individual bodyweight and feed consumption
from electronic feeding and weighing stations to estimate these
unobserved traits (4, 8, 64). To date, approaches to estimate
the growth of protein have been developed, but the growth
of the remaining main body chemical components (i.e., lipid,
water, ash) has been largely overlooked, which could impact
the estimation of the nutrient requirements needed to deliver
tailored feeding strategies. In this chapter, an inferential approach
utilising the concepts of inverse modelling (13, 65) was developed
to estimate altogether the growth of the four main body chemical
components (protein, water, lipid, and ash) from sequential
bodyweight data that is typically available for precision feeding
purposes. Joint estimation is preferred, as it ensures that all
parameters that estimated traits are mutually consistent with
the observed individual data (29). Accordingly, the estimates
obtained via this approach could be used to formulate data-
driven feeding strategies that more optimally match nutrient
supply to the demand of pigs.

One of the main building blocks of the developed approach

concerned a mathematical description of the relationship

between protein weight and bodyweight, which consequently

informs protein deposition. There is a considerable body of
evidence suggesting that the relationship between these traits
is approximately allometric (66–72). In light of this empirical
evidence, the allometric model was chosen to describe the
relationship between protein weight and bodyweight. This is in
contrast with previous precision feeding studies, which suggest
alternative ways of relating these traits, including isometric,
quadratic and Gompertz relationships (5, 19). However, these
models are inconsistent with the aforementioned empirical
evidence and thus, were not considered further in this chapter.

The remaining body elements were related to protein, based
on similar well-established allometric scaling rules supported
by the view that lipid-free dry matter is considered to be
one of the best indicators of the growth progress (29, 34–36).
While these rules seem plausible for pigs kept in high-standard
livestock production systems, modifications to the allometric
body composition models could be needed if there is evidence
suggesting that the data originated from pigs faced with severe
limitations in the availability of nutrient resources.

Characterisation of the Distributions and
Correlations of Unobserved Traits
In the context of pig production data, population and individual
level trait estimation is typically carried out within a framework
based on hierarchical regression models (19, 73). Under this
framework, the overall quality of inferences could be negatively
impacted by having to directly estimate multiple variance-
covariance parameters (27), which can be challenging due to
data limitations (9). The technical difficulties associated with this
estimation procedure are the main reason why several studies
make various working assumptions that neglect trait correlations
(20, 54, 61). However, as highlighted by Pomar et al. (22),
this is undesirable as it could lead to an overestimation of the
trait variation in a population. In an attempt to alleviate these
concerns, the developed approach to estimate population and
individual level traits described in this paper, shifted away from
hierarchical regression modelling in favour of an alternative
framework based on separately inferring individual level trait
distributions, which were then scaled up to obtain population
level traits. This alternative framework does not necessitate an
explicit specification of the aforementioned variance-covariance
parameters (27). Thus, reducing the number of assumptions and
the number of parameters that need to be estimated should
increase the ability to adequately characterise the traits of
individual pigs, which should lead to a greater understanding of
the impact of such differences on the estimation of population
averages (74).

Overall, the developed approach to characterise unobserved
traits from bodyweight data on growing (Large White ×

Landrace)× Pietrain barrows and gilts converged to biologically
plausible estimates for most pigs in the population (65, 75). There
was considerable variation in the estimated traits among pigs,
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but very few individuals were identified as potential outliers.
However, it is difficult to ascertain if these potential outliers
are a result of genetics, environment, feeding and management
practises, a combination of some of these factors (76), or
data limitations (27). Moreover, it is also important to note
that since the parameters on body composition were estimated
conditional on the bodyweight parameter estimates and without
any additional data, some of these estimates could carry increased
uncertainty and have limited biological interpretability (29).

As highlighted by Gauthier et al. (77), mathematical models
applied in the context of precision feeding should be able to
process both more extensive “historical” data, covering longer
timescales and less extensive “real-time” data, covering shorter
timescales. When dealing with the latter type of data, it is
likely that there will be additional uncertainty in the estimates
of body composition and thus, in the estimates of nutrient
requirements. The purpose of the current study was to hindcast
the nutrient excretion of growing-finishing pigs under differing
hypothesised feeding strategies to quantify the differences in
the nutrient excretion between these different feeding strategies.
Consequently, the developed approach was not tested in the
context of “real-time” data, but such evaluations could be an area
of future research.

Mechanism of Feed Intake Regulation and
Consequences on Nutrient Intake
Recent advances in engineering enable the delivery of feeds, that
can be tailored to the needs of individual pigs at a particular
point in time (78, 79). It is expected that there would be
improvement in feed and nutrient utilisation efficiency if such
individualised, data-driven feeding strategies are implemented.
In this study, simulation modelling was utilised to illustrate
how the estimated variation in individual growth potential
and body composition traits could be incorporated in a
proposed precision feeding strategy. Specifically, simulations
were carried out to assess growth performance and nutrient
excretion in the context of a precision feeding plan with daily
adjustments and a commercial two-phase feeding plan that did
not adapt to real-time animal performance. However, before
describing the outcomes of these simulations, it is important
to highlight some of the key assumptions concerning how
growth was simulated, as these assumptions predetermine the
consequent assessments.

In the simulations, the actual growth of pigs was allowed
to differ from the estimated potential growth. These differences
were largely conditional upon feed composition. Specifically,
it was assumed that when the feeds were deficient in either
energy or protein, the pigs would attempt to increase their feed
consumption according with the previous empirical evidence
(59, 80–83). For the purposes of this study, no constraint was
assumed to prevent the pigs from meeting their requirements for
these two nutrient resources. In reality, however, it is likely that
some constraints would operate and prevent the animals from
achieving these goals (84, 85). This potential compensatory feed
consumption was assumed to be absent in cases when P was the
most deficient nutrient to reflect the current knowledge of feed

intake regulation in the context of this nutrient (49, 60). In those
cases, it was assumed that feed intake could be predicted solely
from the estimated energy requirements and energy content of
feeds. If the nutritional deficiency triggers attempts to eat for the
most deficient nutrient resource, then a possible consequence of
this feed intake mechanism would be the excess consumption
of the remaining nutrients, leading to their excess excretion
(62). In scenarios when feeds were no longer deficient, there
was no attempt to correct for any potential imbalances in the
body composition as a result of uncertainty surrounding the
phenomenon of compensatory growth, especially in relation to
the correction of the lipid to protein ratio in the body (86–88).

Comparison of Feeding Strategies
Regarding Growth Performance and
Nutrient Excretion
The aforementioned simulations were structured to assess the
potential advantages (or disadvantages) of precision feeding
strategies as measured by the average of individual responses
in a population and by the response of an assumed average
pig in a population, as it is appreciated that there could be
notable differences between these two responses (20). These
differences are conditional upon the levels of heterogeneity in
the population (24). Note that the present simulations serve
mainly as an illustration of the developed approach to estimate
individual level variation in unobserved traits and assess
deviations from the population average. Additional simulations
could be carried out as sensitivity analysis or to evaluate different
feeding scenarios.

In scenarios simulating the average pig in the population,
which would only represent a population if it were homogenous,
the precision feeding strategy led to an approximate ten
percent decrease in N and P excretion compared to the typical
two-phase feeding strategy. In this case, the higher nutrient
excretion from the typical two-phase feeding strategy could be
attributed to periods of over-supplementation. Extending the
comparisons to the heterogeneous pig population demonstrated
an even greater decrease in N and P excretion in the precision
feeding strategy compared to the two-phase feeding strategy
that targeted nutrient requirements of the average animal
(∼20% reduction). These estimates are consistent with previous
studies evaluating precision feeding strategies, which reported
an average reduction in N and P excretion ranging from
approximately ten to forty percent (10, 12, 89), although those
studies focussed on evaluating individualised feeding strategies
against three-phase feeding sequences. The additional decrease
in nutrient excretion observed in the context of the heterogenous
pig population could be explained by what happens to the
pigs whose nutrient requirements differed from those of the
average pig. When offered the phase feeding strategy, the pigs
with lower nutrient requirements were oversupplied, leading
to notable periods of excess excretion that was mitigated by
the precision feeding strategy. The converse was also true
implying that the pigs with higher nutrient requirements were
excreting more nutrients when offered the precision feeding
strategy due to the inefficiencies associated with higher nutrient
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intakes. Both feeding strategies resulted in comparable growth
performance, which is consistent with the previous literature
(10, 12, 89). However, there were some differences between
growth performance in the context of the two feeding strategies
under consideration. Specifically, the precision feeding strategy
led to small increases in average daily gain and protein retention,
and small decreases in average daily feed intake, feed conversion
ratio and lipid retention when compared to the typical two-
phase feeding strategy. Again, these differences were magnified
in the context of the heterogenous pig population due to the
individual level variation in nutrient requirements, which led to
more severe periods of both under-supplementation and over-
supplementation for some animals.

Note that in the precision feeding strategies under
consideration, two feed components (protein and phosphorus)
were subject to considerable adjustments over time. It was
assumed that the current practise of blending high-nutrient and
low-nutrient basal feeds would be largely compatible with such
adjustments, although this is not fully guaranteed. To ensure
universality, blending three basal feeds is likely to be needed (90).

CONCLUSIONS

Alternative data-driven approaches to estimate individual level
variation in unobserved traits using the available data on
BW were developed. The key advantages of these alternative
approaches relate to the improvements made in terms of
characterisation of the traits of individual pigs, which should
also lead to a greater understanding of the impact of such
differences on the estimation of population averages. This
was achieved through: (1) a more comprehensive description
of the growth potential and body composition; and (2)
a reduction in the number of parameters needed to be
estimated compared to the typical hierarchical regressionmodels.
Consequently, these alternatives approaches were incorporated
in a proposed precision feeding modelling framework to quantify
the differences in the nutrient excretion between individualised
feeding strategies and standard feeding strategies. It was found
that the implementation of individualised feeding strategies
could notably reduce nutrient excretion in pig populations,
which supports the earlier findings by other researchers. The
main outstanding challenge relates to whether the developed
approaches are applicable in the context of ‘real-time’ data on
bodyweight of pigs that has been collected over shorter periods
of time, than those examined in this study which covered the
entire growing-finishing phase of growth. Overall, the outcomes
of this study should increase the ability to accurately match
nutrient supply to the demand of animals by building a more
comprehensive picture of their individual nutrient requirements.
Moreover, the proposed methodology could also be relevant in
the context of selective breeding focussing on improving feed
efficiency, such as in the case of residual feed intake-based
genetic selection.
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Broiler facilities consume a lot of energy resulting in natural source depletion and greater

greenhouse gas emissions. A way to assess the energy performance of a broiler facility

is through an energy audit. In the present paper, an energy protocol for an energy audit is

presented covering both phases of data collection and data elaboration. The operational

rating phase is analytically and extendedly described while a complete mathematical

model is proposed for the asset rating phase. The developed energy audit procedure was

applied to poultry chambers located in lowland and mountainous areas of Epirus Greece

for chambers of various sizes and technology levels. The energy intensity indices varied

from 46 to 89 kWh/m2 of chamber area 0.25–0.48 kWh/kg of producedmeat or 0.36–1.3

kWh/bird depending on the chamber technology level (insulation, automation, etc.) and

the location where the unit was installed. The biggest energy consumer was heating

followed by energy consumption for ventilation and cooling. An advanced technology

level can improve energy performance by ∼ 27%−31%. Proper insulation (4–7 cm) can

offer a reduction of thermal energy consumption between 10 and 35%. In adequately

insulated chambers, the basic heat losses are due to ventilation. Further energy savings

can be achieved with more precise ventilation control. Automation can offer additional

electrical energy saving for cooling and ventilation (15–20%). Energy-efficient lights can

offer energy saving up to 5%. The use of photovoltaic (PV) technology is suggested

mainly in areas where net-metering holds. The use of wind turbines is feasible only

when adequate wind potential is available. Solar thermal energy is recommended in

combination with a heat pump if the unit’s heating and cooling systems use hot/cold

water or air. Finally, the local production of biogas with anaerobic fermentation for

producing thermal or electrical energy, or cogenerating both, is a choice that should

be studied individually for each farm.

Keywords: energy audit, energy save, renewable energy sources, poultry houses, broiler chicken farms
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INTRODUCTION

The European Union has set the goal of reducing energy
consumption and CO2 emissions due to high energy prices
and the need to achieve sustainable development (1). Broiler
houses consume a lot of energy which on the one hand
leads to natural source depletion and on the other hand
is responsible for greater greenhouse gas emissions (GHGs).
Furthermore, GHGs emitted by livestock operations (including
broiler houses) along with emitted air pollutants represent
potential risks to farmers’ health, livestock, and residents in
the vicinity. The energy consumption in livestock buildings is
expected to increase in the coming years due to increasing
levels of mechanization and automation and due to the
intensification of livestock production to meet the enlarged
nutritional needs of a growing population. On the other hand,
the reduction of energy intensity in livestock facilities can help
the European Union achieve sustainable development in the
near future, introducing green and eco-labeled products into the
European market.

The annual energy consumption in livestock buildings
concerns (a) the control of internal microclimate (temperature,
humidity, air quality, and lighting), (b) the animals’ feeding
(provision food, medicines, and water), (c) both animal and
facility hygiene, and (d) applications related with the production
process. In broiler facilities, the basic energy needs are limited
to the first two categories. In fact, a broiler house is an enclosed
building in which there is complete mechanical control of
the microclimate.

Energy crises in the ‘70s induced in the food sector the
concepts of primary energy and life cycle analysis (2). The
relevant work of the ‘70s and ‘80s is summarized in a review paper
(3) in 1989. High energy prices, the upgrade of used equipment,
and environmental issues raised by the food production at
the beginning of the 21st century resulted in several activities
including an evaluation of energy consumption in broiler
facilities. In this context, the issue of energy consumption in
broiler farms has been addressed in some publications (4–8)
which address different locations on earth. According to (9) and
(10), in a broiler house, the energy consumption varies between
12 and 16 MJ/t of bird or 60–80 kWh/m2.

Energy audits are processes that reveal the most energy-
intensive operations and devices of a production unit as well as
the energy efficiency of the examined processes and equipment.
Thus, energy audits guide veterinarians, engineers, and farmers
to choose the most effective energy measures to reduce energy
consumption, leading to reduction of natural resource depletion
and GHGs. The energy audit concept was initially developed
in the US being adopted by Europe, 20 years ago, in many
applications. Methodologies have been developed for conducting
energy audits in industry and buildings under relevant European
Union Directives (from 93/76/EC to 2018/844/EU) (11–15).

Abbreviations: PV, photovoltaic; GHGs, greenhouse gas emissions; RES,

renewable energy sources; PV/T, photovoltaic/thermal; EM, electromechanical;

HDD, heating degree days; CDH, cooling degree hours; CHP, combined heat

and power.

For conventional buildings, the energy audit methodology is
based on the 2002/91/EC (12) directive supported by numerous
European and International norms (ENs and ISOs). In the last
two decades, the issue of an energy audit in the industry has
been addressed by many research and development projects (like
FP7, Intelligent Energy and Horizon 2020), however, without
any specific directive unless 93/76/EC (12). The issue of energy
audit in livestock facilities has not been addressed in Europe at
the level of directives as a separate subject. For this reason, it is
treated utilizing a combination of methods concerning buildings
and industry. In this endeavor, the NRCS/USDA recommended
valuable practices, based on energy audits conducted by experts
in the USA (16). However, energy efficiency issues of individual
processes such as heating and cooling, cogeneration, and energy
label and eco-design are covered by relevant EU directives (17–
19). In (10), a methodology for energy audits in broiler facilities
is presented. However, the process of an energy audit in broiler
farms has not been presented in detail yet at a theoretical level
with a complete description of the mathematical model used.

Renewable energy source (RES) utilization in broiler farms
usually focuses on the utilization of biomass. In this work, in
addition to biomass, the use of wind, solar, and geothermal
energy will be examined.

The use of wind energy in a poultry house of 22,000
birds in Turkey is examined in (20) according to the yearly
electrical energy consumption profile and the available wind
potential focusing on electrical energy consumed for lighting
and ventilation.

Greater interest has been developed in the use of photovoltaic
(PV) to cover electrical loads given the large available area on the
roof of broiler farms. (21, 22) examined the use of PV as a stand-
alone and interconnected system to meet the needs of a poultry
farm with or without storage of electricity in batteries. The same
subject is analyzed in (23) using a different approach. In (24), it is
proved that the use of PVs in the roof of poultry chambers only
slightly aggravates the microclimate inside the chamber. Finally,
in (23), a feasibility study for the use of PV in poultry farms
is presented.

The use of solar thermal energy for heating in poultry farms
requires sophisticated heating systems beyond the usual ones
used, such as heated walls, floors, ceilings, and heat exchangers
for air heating. Thus, at a research level, passive solar systems
with a heated roof (25) or solar walls (26) have been proposed.
The most common is the investigation of the utilization of
heat that can be abducted from the rear surface of a PV
since the incident radiation only by a percentage of 12–18% is
converted into electricity while the rest is reemitted as thermal
radiation. Thus, the heat utilization by photovoltaic/thermal
(PV/T) hybrid systems (26, 27) has been considered. This heat
can be used directly or indirectly through a heat exchanger to
heat the air of a poultry house. Other thermal solar systems,
such as concentrating solar collectors and vacuum solar thermal
collectors, are still very abstract and practical progress has been
much less (26). Finally, the use of thermal solar energy in
collaboration with a heat pump (26) is examined for poultry
heating as well as for the enhancement of the operation of
anaerobic digestion systems.
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Instead, the use of geothermal energy is considered to meet
the thermal needs of poultry chambers (28). Apparently, this can
be applied only to new units, as in existing facilities it is needed
to reconstruct the main buildings. It is important to note that
in the case of a geothermal system, the cooling needs during the
summer can also bemet. Finally, (29) examined the effect of using
a geothermal system on bird health.

In this paper, an analysis of broiler houses’ energy
performance is presented and it is accompanied by energy-
saving measures that are suggested according to the findings
of this analysis. For the energy analysis, the method of the
energy audit is used. For that, a protocol for energy audit in
broiler houses is developed and presented for the first time
analytically, fully documented, and with a full description of
the mathematical model. This protocol is applied in several
broiler houses of various technology levels and topographic relief
(e.g., mountainous and lowland stations). The findings of these
energy audits are presented and analyzed followed by suggested
energy-saving measures and renewable energy solutions for the
different types of broiler facilities. In addition, some strategies
to reduce energy intensity in broiler facilities are suggested
according to the type of broiler facility evaluated.

METHODOLOGY

The basic methodology used was the assessment of broiler
facilities’ energy performance through the procedure of energy
audits. An energy audit is a systematic process that aims to (a)
form a comprehensive view on the energy consumption profile
of a building or system by identifying the factors that affect it,
(b) consider energy-saving options taking into account the total
cost of the product, and (c) provide a comprehensive proposal
with the energy-saving measures that could be implemented.
In livestock, the building, its operating strategies, and the
electromechanical (EM) systems are examined at the same time.

Energy audit procedures for broiler houses have been
suggested and presented by authors in (10, 30). An energy audit
consists of two discrete phases. The first concerns an operational
rating approach using the data of energy bills and the production
data to calculate the energy consumption. From the first phase,
the auditor acquires a general perspective about the broiler
facility energy performance but analysis is required to be able
to (a) distribute the consumed energy among the chambers of
broiler facility units or different procedures inside a chamber,
(b) allocate the most energy-consuming activities, (c) assess the
efficiency of various procedures, and finally (d) suggest energy
performance improvement measures. This analysis is realized in
the second phase which is an asset rating approach. In Figure 1,
a flowchart of the energy audit procedure is presented. It should
be noted that the proposed energy audit procedure concerns only
the energy consumption and/or production inside the farm.

Data Acquisition for the Energy Audit
The data acquisition procedure consists of the following: (a) site
visit, (b) data collection, and (c) measurements and recording.

FIGURE 1 | Flowchart of the energy audit procedure.

Site Visit Procedure
In the first step (site visit), the auditor (i) records the installed
equipment which consumes energy, (ii) records the construction
characteristics, (iii) records the basic characteristics of the
surrounding area, and (iv) interviews the unit manager.

The energy demand in a broiler is for (i) food and water
supply (terminal motors for the operation of food lines, auger
motors for the transfer of food from silos to the chamber,
drilling pumps, water pumps), (ii) lighting (lighting fixtures in
the chambers, in the vestibule, outdoor), (iii) heating (radiant
brooders, local space air heaters, gas boiler), (iv) ventilation (axial
exhaust fans, axial recirculation fans, motors for the operation
of ventilation slots), (v) cooling (evaporative pads’ pumps,
evaporative pads’ flaps’ motor, mist pumps, heat pumps), and (vi)
farm management (compressor, power generator, vehicles, air
conditions, incinerator, etc.). For the installed energy-consuming
equipment, the auditor records the kind of equipment, the
nominal power, the number of identical devices, the efficiency
performance coefficients, the position where it is sited inside the
farm, and finally the operational characteristics.

The construction elements that can be found in a broiler house
are walls (exterior or interior), evaporative pads (as part of the
buildings’ shell), roof, floor, space divider (plastic curtain), and
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openings (ventilation openings, ventilation windows, security
windows, doors, and fans as part of buildings’ shell). For
each of these elements, except for openings, the following
information should be recorded: (i) kind of construction element,
(ii) name, (iii) position in the building, (iv) orientation, (v)
length, (vi) height or width, (vii) color, and (vii) composition.
The composition concerns the different layers of which the
construction material is composed. For each layer, the material
and the thickness should be recorded. For openings, the following
information should be recorded: (i) kind of opening, (ii) name,
(iii) construction elements where it belongs, (iv) height from
the floor and distance from the beginning of the construction
element where it belongs, (v) orientation, (vi) length and height
of the opening or diameter, (vii) material, and (viii) color.

Regarding the surrounding area, the auditor should first get
the geographical coordinates of the farm position. Then he
should record the relative position of the chambers as well as
the location of the chambers inside the broiler farm site. For
each element that could cause shading (other buildings, parts of
the same building, cantilevers, shades, or natural elements, e.g.,
mountains), the following information should be recorded: (i)
type of shading element, (ii) construction element that shades,
(iii) dimensions (length, height, or width), and (iv) distance
from the construction element that shades. Furthermore, the
existence of an element that may alter the local microclimate
to what prevails in the general area (e.g., water elements, or
elements that block the passage of wind, etc.) and local wind
regime should be recorded. Finally, the availability of water and
electricity networks should be examined.

Finally, the first step is completed with an interview with
the owner or manager of the broiler unit. In this interview,
data should be recorded about the (i) owner/manager name and
contact info as well as his position in the farm, (ii) data about
the poultry farm establishment like the year of construction
and renovation, capacity of chambers in birds, and existence
of unit’s plans, (iii) energy consumption information for the
last 3 years, e.g., electricity and gas invoices, (iv) production
information for the same period, e.g., number and weight
of birds per year, (v) existence of equipment manuals, (vi)
operational strategy, (vii) renovation that has taken place, and
(viii) interventions that are planned. Specifically about the
operational strategy, information should be collected about (i)
breeding duration, (ii) time interval between two consecutive
breedings, (iii) lighting operation schedule, (iv) heating operating
conditions (design temperature each day of the breeding),
(v) schedule and operating conditions of feeding and water
supply equipment, (vi) fans’ operation schedule, (vii) schedule
(operating conditions) of cooling equipment, (viii) schedule
(operating conditions) of window motors, and (ix) schedule of
operation of other machines.

Data Collection
In the second step, the auditor should collect data that cannot
be recorded by farm inspection. Most of them are collected
and delivered by the owner/manager after the interview or
during it. These data include (i) construction plans of the
chambers and plans of the area, (ii) manuals and technical

characteristic specifications of the equipment, (iii) existing
energy consumption measurements, (iv) energy consumption
invoices, (v) production data in breeding and annual base for the
last 3 years (initial number of birds, final number of birds, final
weight of birds), and (vi) local climatic data. Energy consumption
invoices can have covered the financial data. As far as electricity
consumption is concerned, the following info should be gathered
on a monthly basis: (i) periods that cover the invoice, (ii) energy
consumption, (iii) agreed electrical power, (iv) electrical power
demand, and (v) power factor. For the fossil fuel consumption,
the auditor records the date of purchase (or the period between
two invoices), the purchase quantities in kg (and/or liters), and
the specific volume of the fuel. The local climatic data can be
collected either by existing measurements from local weather
stations or by national databases.

Measurement and Recording
The data acquisition phase is completed with measurements.
The measurements can be instantaneous or specific in duration.
Measurements may give information about the equipment’s
efficient operation, the materials’ properties, and the consumed
energy and check whether the equipment used and the
applied breeding strategy ensure the required microclimate.
Instantaneous measurements for the assessment of equipment
efficient operation may concern (i) the burners’ efficiency with
exhaust gas analysis, (ii) the exhaust fans’ operation concerning
the airflow rate and the pressure drop with differential
manometer and/or pitot tube and/or hotwire anemometer, (iii)
evaporative pad operation with differential manometer, and (iv)
heat losses from tubes with infrared laser thermometers. Long
time measurements may concern (i) the thermal transmittance
of a construction element with a combination of heat flux
meters and differential thermometers, (ii) the electrical energy
consumption of the farm or a specific device and electrical power
quality with an electricity analyzer, (iii) the fuel consumption
with a flow meter, etc. Measurements concerning the quality of
achieved microclimate may include (i) lighting level at the bird
height with a lux meter, (ii) air quality (temperature, relative
humidity, and CO2 concentration) with an air quality meter,
(iii) airspeed at the birds’ level and at the fans’ level with a
hotwire anemometer, (iv) surfaces’ temperatures with an infrared
camera or with infrared laser thermometer or with contact
thermometers, and (v) noise levels. Finally, external area climatic
conditions during the measurements should be recorded.

Data Analysis
The data analysis phase is constituted by four steps: (a)
processing of the collected data, (b) calculation of energy
indices, (c) identifying energy-intensive processes and
low-performing equipment, and (d) suggestions for energy
performance improvement.

Collected Data Processing
The processing of the collected data includes (i) collection of
installed power data, (ii) distribution of installed power by
type of consumption and chambers, (iii) elaboration of time
series of energy consumption and production, (iii) calculation of
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operating hours of the individual devices, and (iv) distribution of
energy consumption per type of consumption and chamber.

The installed power data are organized in tables according to
the chamber of the farm where they belong and according to the
type of consumption. The installed power is distinguished among
thermal and electrical power. The thermal power is distinguished
among thermal power for heating and thermal power for motion
(vehicles’ operation). The electrical power is distinguished to
(i) feeding and water supply, (ii) lighting, (iii) heating, (iv)
ventilation, (v) cooling, and (vi) other equipment.

The production data are used for the creation of time series
of production. The energy consumption data are also used for
the creation of time series on a monthly basis. After elaboration
of 3 years of data, the basic yearly pattern is determined, as
shown in Figure 2 where the monthly energy consumption is
presented. This pattern along with analytical calculations about
the theoretical energy consumption is used for the determination
of operation hours of each device.

For the calculation of operating hours, an asset-rating
approach with several assumptions is used. The basic assumption
is that the equipment operates in its nominal capacity and
succeeds to achieve the desired internal microclimate conditions.
In the pattern shown in Figure 2, a base load and two peaks
(winter and summer) are recognized.

Ebl,m = Ef+w,m+El,m (1)

where Ebl,m (kWh/m) is the average monthly lower energy
consumption. Two difficulties exist in the calculation of the
base load. The first is that the breeding is not continuous and
the second is that in a broiler farm the breedings among the
different chambers are not synchronized. El,m (kWh/m) is the
average monthly energy consumption for lighting, and Ef+w,m

is the average monthly energy consumption for feeding and
water supply.

The total yearly energy consumption for lighting, El (kWh),
can be calculated directly from the installed power and the
standard daily lighting schedule. According to the schedule, the
energy consumption is calculated from Equation (2).

El = nyb





∑

i

tiPl+
∑

i,aux

ti,auxPl,aux



 (2)

where nyb (27) is the number of breedings during the year,
i is the number of breeding days, ti [h] is the time of
lighting operation during the i day, Pl is the installed lighting
power inside the broiler chamber, ti,aux is the daily time of
operation of auxiliary lighting (lobby and exterior lighting), and
Pl,aux is the installed power of auxiliary lighting. The average
monthly energy consumption for lighting is calculated from the
following equation.

El,m =
El

(

(nybnb)
30

) (3)

where nb [days] is the duration of each breeding in days. The
monthly average energy for feeding and water is calculated from
the following equation.

Ef+w,m = Ef,m+Ew,m (4)

where Ef,m is the monthly energy consumption for the operation
of feeding equipment and Ew,m is the monthly average energy
consumption for water supply. It is assumed that the feeding
equipment operates automatically securing food and water
at demand. It is assumed that it operates for 6 h per day
(31). Thus, the monthly energy consumption for feeding is
calculated as

Ef,d = tfPf (5)

where tf [h] is the monthly hours of operation of feeding
equipment and Pf (25) is the installed power of feeding
equipment. From the combination of Equations 1–5, the average
daily energy consumption for water, Ewd (kWh/d), supply can be
derived. Finally, the daily and yearly hours of operation of water
supply equipment can be calculated as follows:

tw,d =
Ew,d

Pw
(6)

where tw,d (h) is the monthly average hours of operation of water
supply equipment and Pw (25) is the installed power of water
supply equipment.

The difference between the base load and the winter peak
corresponds to the energy consumed for heating and ventilation.

Ew,p,m−Ebl,m = Ev,m+Eh,m (7)

where Ew,p,m (kWh/m) is the monthly average energy
consumption peak during the winter, Ev,m (kWh/m) is the
monthly energy consumption for ventilation, and Eh,m is the
monthly average energy consumption for heating.

The yearly thermal energy consumption Eh,th,y (kWh) for
heating can be calculated analytically with an hourly step
according to ISO 13790 (32) with the following assumptions:
(a) the effect of dynamic phenomena related to heat storage
is ignored since the ratio area/volume is small and the heat
capacity of the constructionmaterials is low, (b) thermal gains are
considered fully exploitable by setting their utilization heat gain
coefficient unity, (c) direct solar gains are not taken into account
since during the operation of the broiler house the openings are
closed while the existence of insulation prevents the indirect solar
thermal gains, and (d) thermal gains due to equipment operation
are not taken into account. This requires the calculation of (i)
thermophysical properties of construction elements (33), (ii) the
average heat transfer coefficient, Um, (iii) the hourly variation of
external temperature during a typical day of breeding (one for
each of the five breedings per year), (iv) chickens’ thermophysical
properties and emission for each day of the breeding (34, 35),
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FIGURE 2 | Yearly pattern of electrical energy consumption in broiler farms.

and (v) ventilation needs (10, 30). Finally, the yearly hours of
operation of the heating equipment, th,y (h), is calculated.

th,y =
Eh,th,y

Ph,th
(8)

where Ph,th (25) is the thermal installed power for heating.
The corresponding yearly electrical energy consumption can be
calculated from the following relationship:

Eh,y = th,yPh,e (9)

For the calculation of the monthly average energy consumption
for heating, the heating period, th,p [months], should be
calculated according to ISO 13790:

Eh,m =
Eh,y

th,p
(10)

Then the monthly average energy consumption for ventilation
can be calculated from Equation (7). Then, the monthly
operation hours of ventilation equipment, tv,m (h), can be
calculated by

tv,m =
Ev,m

Pv,m
(11)

This can be compared with the info taken from the interview
about the ventilation operation strategy. If important

discrepancies are observed, then it should be calculated
whether the installed equipment is adequate for the supply
of necessary fresh air. According to the conclusions of the
results, the auditor will calibrate the operational hours either of
ventilation or of heating.

The difference between the base load and the summer peak
corresponds to the energy consumed for cooling and ventilation.

Es,p,m−Ebl,m = Ev,m+Ec,m (12)

where Es,p,m (kWh/m) is the monthly average energy
consumption peak during the summer, Ev,m (kWh/m) is
the monthly energy consumption for ventilation, and Ec,m is
the monthly average energy consumption for cooling. From
Equation (12), the monthly average energy consumption for
cooling can be calculated. Then, the cooling period tc,p (months)
will be calculated according to ISO 13790. Finally, the yearly
energy consumption for cooling will be calculated according to

Ec,y = tc,pEc,m (13)

This can be compared with the theoretical energy consumption
for cooling. Differences may be due to the inability to meet the
requirements of the indoor microclimate. Care should be taken
when final energy consumption is calculated through energy
demand, and the relevant efficiency coefficients should be taken
into account.

When the distribution of electricity consumption is done
between cooling, feeding and water supply, heating, lighting, and
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ventilation, there is always a difficulty in classifying the operation
of the fans. We know that fans supply fresh air but at the same
time for important periods they are also used for cooling. Based
on the cooling base temperature and the climatic data of the
areas, it can be considered that the fans operate by 35% for
cooling and by 65% for ventilation. Alternatively, the auditormay
distribute electricity consumption according to the appliances
being consumed and not according to the use being served.

Energy Audit Results’ Presentation
Since the energy consumption in the level of individual chambers
and application has been calculated, the results are presented in
terms of (i) energy distribution pies and (ii) energy indices.

The total energy consumption may be distributed among
the farms’ different chambers. Chambers may also be grouped
according to their technology level, their average heat transfer
coefficient, Um, and age. Then thermal and electrical energy
consumption may be distributed separately among chambers
and/or among groups of them and/or among different uses.
These distributions usually are presented in the form of pies.

An additional expression of the results is the calculation
of energy indices (e.g., energy consumption per selected unit).
Energy indices may concern the total energy consumption in
the whole farm and/or on grouped chambers, separately the
thermal and electrical energy in the whole farm and/or in
grouped chambers and/or in specific uses, and finally primary
energy consumption. The unit for which the energy indices are
calculated may be the chambers area square meter, the number of
the birds, and the weight of the birds.

Identification of Energy-Inefficient Processes and

Equipment
From the above analysis, the high energy-consuming processes
are revealed. These processes will attract our interest in the
planning of proposed interventions. Furthermore, information
about the individual equipment operation may be drawn from
the measurements. Finally, the calculated energy indices may
be assessed by comparison to each other or according to
international literature values. This will reveal the inefficient
processes and inefficient equipment.

Suggestions to Improve Energy Performance
The energy audit is completed with the preparation of proposals
for the improvement of the energy performance of the broiler
unit. Improvement proposals should be categorized into three
levels: (i) low cost, (ii) medium cost, and (iii) high cost. They
should be accompanied by calculations—assessment of energy
improvement—so that their effectiveness can be costed.

For poultries, optimization suggestions may have three
general directions:

• In the case of high thermal energy consumption, chamber
insulation is recommended mainly if the roof is not insulated
or it is poorly insulated.

• In the case of well-insulated chambers, the following
interventions should be considered: (a) correct dimensioning
of electromechanical Equipment, (b) system efficiency
coefficients, and (c) application of automation systems.

• The operation strategy should be considered in collaboration
with a specialized zoo technician in terms of breeding seasons
and internal microclimate design conditions.

STUDY CASE

The above-described energy audit protocol was applied for the
energy performance assessment of eight broiler farms (with 25
chambers) of various sizes, ages, and technology levels located in
lowland and mountainous areas in West Greece. The examined
farms belong to two of the biggest broiler cooperatives in Greece.
An attempt was made to select units that cover all types of units
based on size and technology used in lowland and mountainous
areas. Specifically, the following were examined: (a) two (2) large
(of equal capacity) farms, one lowland and one mountainous,
with seven (7) chambers each (three chambers of new technology
and four chambers of old technology for the lowland, four
chambers of new and three chambers of old technology for the
mountain), (b) two small farms, one lowland with one chamber
and one mountainous with three chambers, (c) one mountainous
farm with only one chamber old technology, (d) two farms with
chambers of only new technology, one mountainous and one
lowland with one chamber each, and (e) one mountainous farm
with three chambers of mixed technology. Table 1 describes the
basic characteristics of examined farms.

The lowland area is at sea level with an average latitude of
39◦, where the heating degree days are 1,313 (HDD with a base
temperature 18.3◦C) and the cooling degree hours are 3,399
(CDH with base temperature of 26◦C). The mountainous area
is considered with an average elevation of more than 500m at
almost the same latitude, with HDD = 2,037 and CDH = 1,694
(36). This means that mountainous areas have almost twice the
need for heating and half the need for cooling compared to the
lowland areas. Available total solar radiation at the horizontal
plane varies from 56.2 to 219.1 kWh/m2 for the lowland areas
with a clearness index of 0.54 and from 45.1 to 212 kWh/m2 for
mountainous areas with a clearness index of 0.49 (36). Climatic
data are summarized in Table 2. In all the examined units,
food and water are supplied automatically “at demand.” Units
characterized as “new technology” have chambers with sufficient
insulation (with average heat transfer coefficient, Um, smaller
than 0.71 W/m2K for the lowland chambers and 0.58 W/m2K
for the mountainous chambers) and operation for heating and
cooling automated according to the desired internal climate
conditions. Old technology is characterized as units with no or
insufficient insulation (with average values of Um in the order of
1 W/m2K) and operation of heating and cooling without taking
into account the internal climatic conditions.

In Table 3, the installed power is given in terms of total
power per square area of chambers and per bird capacity for
lowland and mountainous farms and separately for thermal and
electrical power.

From the above, it is clear that the major contribution in
installed power comes from thermal power since it represents 91
and 94% for the lowland and mountainous farms, respectively.
The thermal power is analyzed to heating and vehicles, as shown
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TABLE 1 | Description of the audited broiler facilities.

Farm type Location Capacity

(number of birds)

Chamber’s

area (m2)

Number of

chambers (-)

Yearly production

(birds/year)

Yearly production

(kg/year)

Big farm Lowland* 115,170 7,723 7 532,733 1,472,816

Small farm Lowland 61,000 3,740 3 324,100 776,544

Only new technology** Lowland 25,000 1,404 1 119,218 273,009

Big farm Mountainous* 88,000 6,345 7 347,666 828,140

Mixing old and new technology Mountainous 24,000 1,641 3 128,253 326,071

Only old technology*** Mountainous 30,000 1,933 2 157,331 384,486

Small farm Mountainous 20,000 1,253 1 102,994 251,277

Only new technology Mountainous 20,000 1,264 1 101,509 249,619

*Lowland and mountainous locations are explained in Table 2 and in the study case description.

**New technology refers to well-insulated chambers with automatic control of internal microclimate.

***Old technology refers to purely insulated chambers without automatic control of internal microclimate.

TABLE 2 | Climatic data summary for lowland and mountainous farms.

Climatic parameter Lowland farms Mountainous farms

Elevation (m) 0 (sea level) >500

Heating degree days with base

temperature 18◦C

1,313 2,037

Cooling degree hours with base

temperature 26◦C

3,399 1,694

Total solar radiation at horizontal

plane per month [kWh/m2mo]

56–219.1 45.1–212

Clearness index (-) 0.54 0.49

in Figure 3. In both lowland and mountainous farms, heating
represents the highest ration of installed thermal power.

The distribution of installed electrical power is presented in
Figure 4. In both lowland andmountainous farms, fans represent
almost half of the installed electrical power. It should be noted
that fans are used not only for ventilation but also for cooling. The
rest of the cooling equipment represents 11% in lowland and 23%
in mountainous electrical installed power. Feeding requirements
cover 20%, and the rest of the installed power concerns lighting
and othermachines (e.g., compressor). Nevertheless, the installed
electrical power is bigger in lowland farms than in mountainous
farms due to the increased needs for cooling.

Indicative time series of propane and electrical energy
consumption for the lowland and mountainous big farms have
been presented in (10).

Installed Equipment for Food and Water
Supply
In all the examined units, the feeding of the birds is done
automatically, depending on the level of food in the feeders,
through screws that lead the food to the feeders following a path
along with the chamber. Depending on the width of the chamber,
there are three or four screws driven by motors mounted on one
end of the chamber—terminal motors with a power of 0.23–1.12
kW. For the transfer of food from the storage silos (outside the

chambers) into the chambers, other screws are used that also
work with motors—silo motors, usually one in each chamber
with a power of 0.55–2 kW.

Installed Equipment for Lighting
The energy consumption for lighting mainly concerns the
necessary level of lighting inside the chambers to ensure the
growth of the birds. For this reason, 11–24-W energy-saving
lamps, with >60 lm/W efficiency, or 11–72-W fluorescent
lamps are mainly used. Secondarily, lighting is used in the
antechambers, when they exist, for auxiliary work. There, a
variety of luminaires are used from energy-saving lamps 11–
14W, incandescent lamps 60–160W, and halogen lamps 125W.
The chamber lighting operates either manually or with a timer,
while the auxiliary lighting operates always manually on demand.

Installed Equipment for Heating
Three types of heating devices were found: (a) fan heaters with
thermal power from 50 to 120 kW, (b) brooders with thermal
power from 10 to 14 kW, and (c) at one case a gas air boiler of
217 kW. In all cases, the main energy source is propane while in
the case of fan heaters and gas boiler there are small electrical
consumptions of 0.15–1 kW.

Installed Equipment for Ventilation
All the fans found to be used for ventilation were axial and can
be divided into three categories: (a) exhaust fans mounted on
the small side of the chamber, opposite of the evaporative pads
(when they exist), (b) exhaust fans mounted in the large side
of the chamber, and (c) recirculation fans inside the chamber.
Exhaust fans are of 0.55–1.12 kW with diameter varying from 0.5
to 1.25m and flow rate from 3,000 to 36,000 m3/h. Recirculating
fans are 0.1–0.37 kW. In addition to the fans, in high-technology
units, for the operation of ventilation, there are also small motors
that open and close the ventilation openings with electrical power
from 0.12 to 0.8 kW.

Installed Equipment for Cooling
The basic technology used for air conditioning, in the
examined broiler farms, is that of evaporative cooling
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TABLE 3 | Installed power in the broiler facilities examined.

Power Installed power/area (kW/m2) Installed power/birds capacity (kW/bird)

Min Max Average Min Max Average

Lowland*

Total power 0.18 0.38 0.27 0.011 0.022 0.016

Thermal power 0.15 0.37 0.24 0.009 0.021 0.015

Electrical power 0.01 0.03 0.03 0.001 0.002 0.001

Mountainous*

Total power 0.17 0.32 0.25 0.011 0.020 0.017

Thermal power 0.16 0.30 0.24 0.01 0.019 0.016

Electrical power 0.01 0.03 0.01 0.001 0.002 0.001

*Lowland and mountainous locations are explained in Table 2 and in the study case description.

FIGURE 3 | Installed thermal power distribution for lowland and mountainous farms.

FIGURE 4 | Installed electrical power distribution in lowland and mountainous farms.
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FIGURE 5 | Distribution of total final energy consumption in lowland and mountainous farms.

FIGURE 6 | Distribution of electrical energy consumption in lowland and mountainous farms.

and is carried out either with evaporative pads or with
evaporator air coolers. For the operation of evaporative pads,
pumps of electrical power from 0.4 to 1.5 kW are used to
circulate water, which is the basic energy consumption. In
addition, lower consumptions concern the movement of the
evaporative pads’ flaps made with motors of 0.12–0.55 kW.
Evaporator coolers as compact devices were of 2.2–2.5 kW
electrical power.

RESULTS

After the elaboration of energy audit data according to the
described methodology, the energy consumption is calculated at
the chamber and process levels.

Energy Consumption Distribution
In Figure 5, the distribution among thermal and electrical energy
is given for lowland and mountainous farms. Although in both
lowland and mountainous farms the percentage of electrical
power was small, the final energy consumption pattern reveals
two different responses. In lowland farms, the electrical energy is
46% of the final energy consumption while in the mountainous
farms the percentage of electrical energy is only 16%. It is
obvious that in mountainous farms the high energy demand is
related to heating needs while in lowland farms cooling needs are
equally important.

In Figure 6, the distribution of electrical energy among the
served processes is given for lowland and mountainous farms.
The pattern of distribution is similar with small differences in
the percentages of cooling and feeding energy consumption.
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FIGURE 7 | Distribution of total final energy consumption (A) in lowland farms and (B) in mountainous farms, for new and old technology chambers.

For cooling, about 30% of the electrical energy is consumed.
Ventilation represents the biggest consumer since it operates
during the whole year. Feeding is the third consumer followed
by lighting.

In Figure 7A, the distribution among thermal and electrical
energy in lowland farms is given for new and old technology
chambers. In the lowland farms, where the cooling loads are
important, inefficient cooling technologies lead to increased
electrical energy consumption.

In Figure 7B, the distribution of thermal and electrical
energy in mountainous farms is given for new and old
technology chambers. In mountainous farms, the big consumer
is heating. Small differences are observed in the distribution
among old and new technology chambers attributed to poorer
electromechanical equipment.

In Figure 8A, the distribution of electrical energy among
the served processes in lowland farms is given for new
and old technology chambers. In new technology chambers,

cooling is comparable with ventilation. In old technology level,
ventilation share is much more important than cooling share
since ventilation is widely used for temperature control. In new
technology chambers, the use of energy-efficient lights leads to
important energy saving.

In Figure 8B, the distribution of electrical energy among
the served processes in mountainous farms is given for new
and old technology chambers. The electrical energy distribution
profile for new technology chambers in mountainous farms
is almost the same as the distribution in lowland farms
except the appearance of a small share of electrical energy
consumption for heating. As far as the old technology chambers
are concerned, the increased share of cooling is attributed to low
efficient equipment.

Energy Indices
In Table 4, the energy indices concerning final energy
consumption are presented for lowland and mountainous
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FIGURE 8 | Distribution of electrical energy consumption (A) in lowland farms and (B) in mountainous farms, for new and old technology chambers.

farms, for old and new technology chambers. The presented
energy indices are (i) final total energy consumption per chamber
area, (ii) final total energy consumption per bird, and (iii) final
total energy consumption per produced meat weight. For each
index, three values are given: the average, the minimum, and the
maximum. The lower energy consumption is achieved to lowland
farms using new technology while the worst performance is
met in the mountainous farms with old technology. This is
expected since the higher energy consumer is the heating and
mountainous farms with insufficient insulation have a big energy
demand. Nevertheless, lowland farms with old technology have
comparable energy indices with mountainous farms with new
technology. This means that there is energy-saving potential in
electrical consumption as well.

Before proceeding to the discussion of energy audit findings,
another issue should be considered. This is related to the
quality of consumed energy. Electrical energy is expensive energy

in terms of “primary energy” consumption. In (10), authors
had presented energy indices, concerning energy consumption
per produced meat weight and per broiler house area, split
into thermal and electrical energy and finally energy indices
according to primary energy consumption. The energy indices
concerning the consumed energy per bird for lowland and
mountainous units with old and new technology are presented
in Table 5. Nevertheless, when this index is given, it should
be accompanied by information about birds’ final weight.
In the examined cases, final weight varies between 2.4 and
2.8 kg per bird, depending on the time period and the broiler
house location.

Finally, in Table 6, energy indices are presented in terms of
final use for the examined cases for final energy consumption
and primary energy consumption. There are four uses of energy
consumption: (a) feeding, (b) lighting, (c) heating, and (d)
cooling and ventilation. It should be noted that energy for heating
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TABLE 4 | Energy indices according to the final energy consumption of the examined broiler facilities.

Energy index Old technology***–

lowland*

Old technology–

mountainous*

New technology***–

lowland

New technology–

mountainous

Max Min Av Max Min Av Max Min Av Max Min Av

Final energy

consumption/area

(kWh/m2 )

89.4 52.48 67.54 131.56 74.63 96.59 61 30.15 46.38 106.26 54.64 70.72

Final energy

consumption/bird

(kWh/bird)

1.30 0.79 0.99 1.27 0.68 1.05 0.89 0.36 0.73 1.29 0.83 0.99

Final energy

consumption/weight

(kWh/kg)

0.47 0.29 0.37 0.52 0.27 0.43 0.32 0.15 0.25 0.53 0.35 0.41

*Lowland and mountainous locations are explained in Table 2 and in the study case description.

**New technology refers to well-insulated chambers with automatic control of internal microclimate.

***Old technology refers to purely insulated chambers without automatic control of internal microclimate.

TABLE 5 | Energy indices according to the primary energy consumption of the examined broiler facilities.

Chamber location/technology level Energy index Final energy per bird (kWh/bird) Primary energy per bird (kWh/bird)

Lowland*-new technology** Thermal energy 0.36

Electrical energy 0.37

Total energy 0.73 1.45

Lowland–old technology*** Thermal energy 0.60

Electrical energy 0.39

Total energy 0.99 1.76

Mountainous*-new technology Thermal energy 0.80

Electrical energy 0.19

Total energy 0.99 1.39

Mountainous–old technology Thermal energy 0.90

Electrical energy 0.15

Total energy 1.05 1.38

*Lowland and mountainous locations are explained in Table 2 and in the study case description.

**New technology refers to well-insulated chambers with automatic control of internal microclimate.

***Old technology refers to purely insulated chambers without automatic control of internal microclimate.

is different than thermal energy presented earlier since it contains
both thermal and electrical energy consumed for heating.

As expected, feeding energy indices are the same for all
examined cases since they are not dependent on position and
technology level (even old technology level units have automated
feeding systems). The same remark holds for lighting, which
represents a very small percentage of energy consumption.
Energy for heating decreases from mountainous old technology
level units to mountainous new technology units due to thermal
insulation and higher efficiency equipment. A lower energy index
for cooling and ventilation is observed in mountainous old
technology chambers, due to reduced needs for cooling and to
the absence of relative equipment. The highest values appear
in lowland old technology chambers due to increased needs
for cooling and low efficiency used equipment. Cooling and
ventilation represent the second bigger energy consumption in
terms of final energy and the higher energy consumption in terms
of primary energy in lowland units.

In conclusion, according to the above-described tables, the
best behavior is achieved in the lowland new technology
chambers, while the worst behavior is met in the lowland old
technology chambers since they consume too much electrical
energy in a non-efficient way. Mountainous chambers with old
technology have a primary energy index per housing area very
close to mountainous chambers with new technology. This is
attributed to the fact that old technology chambers have lower
electrical-powered equipment at the expense of the final product.
The last is proved by the energy index per produced weight.

DISCUSSION

Energy Audit Results
In order to evaluate our results, the results of other relevant works
were investigated. According to a review paper (3) in 1989, 71%
of the total energy consumption was used for heating, 18% was
used for feed and water distribution and for manure removal, 7%
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TABLE 6 | Energy indices according to the energy usage of the examined broiler facilities.

Chamber location/technology level Energy index Final energy per

kg (kWh/kg)

Final energy per

area (kWh/m2)

Primary energy

per kg (kWh/kg)

Primary energy

per area (m2)

Lowland–new technology Feeding 0.02 3.48 0.06 10.09

Lighting 0.01 1.65 0.03 4.88

Heating 0.14 26.25 0.18 32.84

Cooling and ventilation 0.08 15 0.23 43.5

Lowland–old technology Feeding 0.02 3.61 0.06 10.47

Lighting 0.02 4.4 0.07 12.76

Heating 0.23 42.84 0.27 54.06

Cooling and ventilation 0.1 16.69 0.29 48.4

Mountainous–new technology Feeding 0.02 3.62 0.06 10.5

Lighting 0.01 1.43 0.03 4.15

Heating 0.28 63.14 0.27 57.27

Cooling and ventilation 0.07 14.62 0.21 42.4

Mountainous–old technology Feeding 0.02 0.04 2.81 8.15

Lighting 0.01 0.02 1.02 2.97

Heating 0.39 0.41 75.32 76.31

Cooling and ventilation 0.06 0.15 10.22 29.64

was used for lighting, and only 4% was used for ventilation. In
this review, an increase in energy needs in two broiler farms of
10,000 birds in Saskatchewan of Canada is reported. The annual
LPG consumption for a well-insulated broiler house was 188,000
kWh and became 214,000 kWh for a poorer-insulated chamber,
with the electrical annual energy consumption being 24,000 and
20,000 kWh respectively.

Later, in the 21st century, in 2007, the feasibility of
an expensive renovation was examined, concluding that this
depends on farm location, energy costs, and management
strategy (4). According to measurements in Sweden in 2008
(5), the electricity consumption per bird was 0.13 kWh/bird.
Another 0.78 kWh/bird must be added for heating and manure
handling. In 2009, Liang et al. (6) measured the electrical
energy consumption in a renovated chamber to 0.102 kWh/kg in
Northwest Arkansas. In 2012 (7), the total energy consumption
in an insulated broiler house in Finland was measured to 1.83
kWh/kg. This measurement corresponds to electrical energy
consumption for lighting (0.009 kWh/kg), for ventilation (0.021
kWh/kg), and for heating (1.8 kWh/kg). It is obvious that the
mechanization of broiler houses increased the percentage of
electrical energy consumed for ventilation compared to the ‘80s.
In 2016, in surveying concerning 29 broiler farms in Turkey, the
machinery energy consumption was 0.078 kWh/bird (8).

The calculated electrical energy consumption, from our work,
is of the order of 0.12–0.16 kWh/kg for lowland farms with
increased cooling loads and of 0.07 kWh/kg for mountainous
farms. This is in agreement with other researchers’ findings’ who
refer consumption of 0.102 kWh/kg in Arkansas in 2009 (6)
and 0.078 kWh/kg in Turkey in 2016 (8), while being at odds
with predictions of 0.03 kWh/kg in Finland in 2012 (7) with
characteristically low cooling demand (0.021 kWh/kg in Finland
for ventilation and 0.06 to 0.1 kWh/kg for cooling and ventilation
in Greece). Nevertheless, the energy consumption for lighting

in the examined cases was 0.01 kWh/kg which agrees with the
Finland predictions (7) of 0.009 kWh/kg. The total final energy
consumption per bird varies from 0.66 kWh/bird (lowland–
new technology farms) to 1.05 kWh/bird (mountainous–old
technology farms), which coincides with measurements of 0.91
kWh/bird consumption in Sweden (5) at 2008, although this
depends on the final birds’ weight.

From the results, it is obvious that the bigger energy consumer
is the heating, especially for mountainous farms. This is in
line with other researchers’ findings in [Michigan 1989 71%
(3), Sweden 2008 85% (5), Finland 2012 98% (7)], especially
in the case of mountain chambers where heating represents
84% of energy consumption. Heating is usually provided with
thermal energy. However, electrical energy consumption is also
important, especially in lowland farms. The biggest percentage
of electrical consumption is due to ventilation and cooling (73%
for the new technology farms and 67% for the old technology
farms); this is also in line with the findings of (7) where
they found that 70% of the electrical energy is consumed for
ventilation. In electrical energy consumption, the bigger share
belongs to ventilation and cooling. Feeding represents a standard
consumption. Lighting energy consumption can be significantly
reduced with the use of energy-efficient lights as is proved in the
new technology chambers.

As far as final energy consumption in the lowland farm is
concerned, new technology offers a 31% energy save compared
with old technology chambers. For mountainous farms, this
save is restricted to 27% which is yet important. The final
energy consumption in lowland farms is 30–34% lower than
in mountainous farms. The energy saving for heating due to
insulation of the energy consumption is of the order of 30%
higher than the 10% predicted for Canada in 1988 (3).

In terms of primary energy, new technology offers a 27%
energy save in lowland farms. Inmountainous farms, the primary
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energy reduction achieved with new technology is 24%. Since in
lowland farms the share of electrical energy is big, the achieved
reduction of primary energy consumption in lowland farms in
comparison with the mountainous varies from 2 to 7%.

Finally, the CO2 emissions can be calculated from the split
energy consumption presented in Table 4. Thus, lowland new
technology chambers present a 26% reduction in CO2 emission
compared to old technology. Mountainous new technology
chambers reduce CO2 emissions by 22%. However, the emitted
CO2 by the lowland farms is 7–11% higher than the mountainous
farms’ emissions.

Proposals to Improve the Energy
Performance of Broiler Facilities
Energy-Saving Measures
The energy consumed in broiler units for heating varies from 55%
in lowland farms to 85% in mountainous farms. Heat losses in a
broiler house have two basic sources. The first is the heat losses
through the chamber shell due to conduction–convection. These
losses are directly affected by the building insulation. The second
source of loss is ventilation since the necessary fresh air that is
supplied to the building must be air conditioned (e.g., heated or
cooled). The reduction of these energy losses can be achieved
either with precise control of the supplied fresh air either with
heat recovery from the exhaust air.

According to the analysis presented in (32), an insulation
thickness of 4–5 cm is appropriate for small and big chambers
since thicker insulation cannot offer further significant benefits.
For the mountainous chamber, a little bit thicker insulation of 6–
7 cm to achieve proper insulation levels is proposed. The smaller
the size of the chamber, the greater the role of insulation. A
chamber without any insulation can have up to three times the
thermal needs of an elementally insulated one, especially when
the insulation concerns the roof. In mountainous farms, the
losses through the walls are comparable to the losses due to
ventilation and therefore the cost of insulation as a function of
energy costs determines the optimal thickness.

When an adequate Um value has been achieved, the
ventilation losses become the big source of heat losses. In an
insulated lowland chamber, the ventilation heat losses are three
times the shell heat losses, while in an insulated mountainous
chamber the ventilation heat losses are twice the shell heat losses.
In practice, this is much bigger since farmers used to supplymuch
more than the necessary fresh air in the chambers.

Thus, the next proposed measure for energy saving is the
precise control of the supplied fresh air according to the real
needs of birds. For this, the existence of a net for themeasurement
of internal microclimate inside the chamber is necessary. These
measurements contain temperature, humidity, airspeed, and
NH3 concentration. Since the existence of such a net is expensive,
the measurements can concern only a few sensors provided that
software will be used to assess the real microclimate in the whole
chamber and that these few sensors are located in the appropriate
positions inside the chamber. A system for the precise control of
ventilation also includes inverter-equipped fans controlled by a
central unit.

The use of automation in heating and cooling also can offer
significant energy saving as shown by the comparison of new
and old technology chambers. Automation in feeding and water
supply equipment is already commonplace in all types of broiler
farms. Further energy consumption reduction can be achieved
with the use of motors equipped with inverters.

The use of energy-efficient lights can offer energy save of the
order of 5% as proved by the energy audit results. Two other
general measures are the correct sizing of the energy-consuming
electromechanical equipment, as there is usually a tendency to
oversize and the use of electromechanical equipment with high
efficiency. Finally, a general measure for energy saving is the
proper maintenance of the equipment that will allow it to work at
the optimum degree of efficiency.

Local Energy Production
Broiler units can also be energy producers. The local energy
production can improve the units’ energy balance, reducing the
energy intensity of the breeding. In order to size RES systems, the
time profile of consumption must be known.

The use of photovoltaics for local energy production is a very
attractive choice for a broiler house since large roof areas are
available. In fact, in a broiler house, the entire roof is available
regardless of orientation due to the small angle of the pitched
roof. The cost of produced kWh from PV depends on the
installed power and available solar potential. Thus, in Greece,
this cost ranges from 0.13 e/kWh for a small installation of
the order of 3 kW to 0.073 e/kWh for an installation of 20
kW and up to 0.063 e/kWh for an installation of 100 kW. An
auditor can examine three scenarios: (i) power production for
sale to the grid, (ii) power production for net-metering (which
is a billing mechanism that credits solar energy system owners
for the electricity they add to the grid), and (iii) stand-alone PV
installation with batteries for energy autonomy.

The first scenario can be examined for the cases in which
the price of sale of kWh to the grid is higher than the cost of
produced energy.

The second scenario, in the countries where the net-metering
holds, usually is the preferred scenario since the cost of
energy production by PV should be compared with the cost
of purchasing the energy from the grid. In the case of net-
metering, the annual energy production from PV is calculated
and compared with the annual demand. The PV configuration
that gives the minimum possible negative annual balance value
is chosen as optimal. For the solar potential of Greece, this may
lead to an installed power of (i) 8 kW for a small mountainous
chamber (600 m2), (ii) 13 kW for a small lowland chamber (600
m2), (iii) 16 kW for a big mountainous chamber (1,200 m2), and
(iv) 25 kW for a big lowland chamber (1,200 m2).

Finally, the cost of kWh for a stand-alone system is usually
higher from 0.28 to 0.35 e/kWh according to (37). Thus, the
stand-alone PV system may be attractive only for isolated units.

For a low wind potential, with a yearly average wind velocity
of the order of 3.5 m/s at a height of 10m and according to
the yearly time profile of electrical power consumption, a wind
turbine of (i) 10 kW for a small mountainous chamber (600
m2), (ii) 15 kW for a small lowland chamber (600 m2), (iii) 20
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kW for a big mountainous chamber (1,200 m2), and (iv) 25 kW
for a big lowland chamber (1,200 m2) will be needed. For such
low wind potential, the chosen wind turbine is required to have
a rated wind velocity of the order of 7 m/s and a cut-in wind
velocity of the order of 2 m/s. However, it is not very easy to find
wind turbines to cover these requirements. The cost of energy
production varies from 0.18 to 0.28 e/kWh. Thus, the use of
wind turbines in a low wind potential could be attractive only
if the cost of purchase of electricity from the grid is higher or is
in isolated areas. However, if the wind potential is important the
cost of energy production may decrease to 0.05 e/kWh.

Solar thermal energy can be used to cover the self-
consumption for biogas production. Since initial heating of the
biogas reactor requires high temperatures that must be achieved
in a short time, it will be considered that these will be covered
by burning biogas and only the heat losses of the reactors will
be covered by thermal solar systems. Underfloor heating may be
considered only for new chambers. Nevertheless, this requires
important modification to the chamber basic construction since
it requires replacement of the bedding with flooring with special
specifications that allow the birds to live safely, have special
consideration for manure management, and do not impede
heat transfer. Another way to utilize thermal solar energy is in
combination with heat pumps provided that the appropriate air
duct heating system has been selected. Since there is no need for
a high water temperature in the above applications, the proposed
type is the flat selective collector. The use of concentrating solar
collectors in these applications would not offer an advantage.

Shallow geothermal systems combined with (38) both heat
pumps and soil heating applications to agricultural activities
(e.g., asparagus) proved advantageous, resulting in a discounted
thermal energy unit cost of <45 e/MWhth contributing an
internal rate of return on investment up to 24%. Nevertheless, in
existing poultry facilities, the use of shallow geothermal energy
would require the use of an underfloor heating system or the
collaboration with a heat pump. The cost of replacement of
existing heating/cooling systems only for improving the energy
efficiency is considered prohibitive.

The basic method that is suggested for the utilization of the
produced biomass of broiler farms is anaerobic fermentation
(39–41). The raw material used as biomass is bird manure mixed
with the litter since in this type of unit no separation can be
done. According to the literature, anaerobic fermentation leads
to biogas production (with 50–60% CH4). This method is well
established in some livestock facilities (e.g., pigsties, cowsheds);
however, in the case of broiler farms, some particular problems
are faced in the application of this method: (i) discontinuous
feeding of the reactor with biomass, (ii) requirement to purchase
necessary additives (to set required C:N ratio), (iii) water
management, (iv) self-consumption for the reactor operation,
and (v) energy utilization of discontinuously produced biogas
(the biogas will be produced when the breading is over and so
it should be stored).

Unlike in other livestock facilities where manure is collected
on a daily basis or at a fixed time step and has a constant supply
over time, in broiler farms manure can only be collected at the
end of the breading (five times a year).

If the bedding is straw before feeding it to in the reactor,
pretreatment should be done to reduce the size of the straw
pieces. Regardless of the type of litter (straw or rice husks)
before the introduction of the mixture into the reactor, additional
material from agricultural residues should be added for the
mixture to obtain the necessary organic load (set to required C:N
ratio 20–40). Of course, the amount and characteristics of the
additives depend on the type of litter since a different litter means
a different chemical composition of the collected biomass.

In any case, water should be added if the humidity of the
specific livestock waste is very low (required dry matter for the
case of horizontal reactor 15–20%, while for the case of vertical
reactor 10–15%). The management of the water used becomes a
major problem since it must be cleaned of nitrogen before being
reused or disposed of in the environment.

The produced biogas must be purified from H2S before its
use. The biogas can be used either to generate electricity by
supplying an internal combustion engine that drives an electric
generator, or to generate heat by combustion in a gas boiler, or to
simultaneously generate electricity and heat in a combined heat
and power (CHP) unit.

Here are some general guidelines for the technology used. The
use of a vertical reactor (300–1,500 m3) with a batch operation
is suggested. Initial heating for 1 h at 70◦C and fermentation in
the mesophilic area (35◦C), with residence time in the reactor, is
35–40 days.

No further general guidelines can be given, and each case
should be studied individually according to the size of the
chambers, the type of used litter, the type of used heating, and
cooling systems and mainly the timing of breeding between
the different chambers of a unit. In a multichamber broiler
farm, proper synchronization of breeding between chambers can
reduce the problem of discontinuous biomass production. In
addition, in the case where several units use a common biogas
unit, the same can be achieved by synchronizing the breeding
between the different farms, provided, of course, that the timing
of the breeding does not affect other more important parameters
of the breeding.

CONCLUSIONS

The consumed energy at poultry facilities varies from 46 to
89 kWh/m2 of chamber area or from 0.25 to 0.48 kWh/kg
of produced meat depending on the chamber technology level
(insulation, automation, etc.) and the location where the unit
is installed. However, in terms of primary energy, the above
energy indices become 91–126 kWh/m2 and 0.5–0.69 kWh/kg.
The bigger energy consumer is heating followed by energy
consumption for ventilation and cooling. Advanced technology
levels can improve energy performance up to 27–31%.

Proper insulation (4–7 cm depending on the location) can
offer a reduction of thermal energy consumption between 10 and
35%. In adequately insulated chambers, the basic heat losses are
due to ventilation. Thus, further energy saving can be achieved
with precise control of ventilation according to the real needs
of birds. The use of automation can offer an additional save
of electrical energy consumption for cooling and ventilation
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(15–20%). The use of energy-efficient lights can offer energy
savings up to 5%.

Energy intensity in broiler facilities can be reduced through
local energy production. The use of PV is suggested mainly in
areas where net-metering holds. The use of wind turbines is
feasible only when adequate wind potential is available to reduce
the cost of producing energy lower than the cost of purchasing
energy from the grid or for isolated areas. A thermal solar system
is suggested in combination with a heat pump if adequate systems
for heating and cooling are used.

Finally, the local production of biogas with anaerobic
fermentation for producing thermal or electrical energy, or
cogenerating both, is a choice that should be studied individually
for each farm depending on the type of the litter, the
synchronization among the breading of different farms, and the
availability of additives. In any case, special attention must be
paid to the management of the water that will be used to add to
the biomass for the necessary moisture.

The presented energy audit protocol can be a useful tool to
reduce the energy and environmental footprint of broiler farms.
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Little is still known about the environmental impacts of exogenous enzyme

supplementation in pig and poultry feeding programs. Thus, this study aimed to

assess the potential environmental impacts of producing feeds for pigs and broilers

by simulating the effects of β-mannanase HemicellTM HT supplementation through

energy savings during diet formulation. Life-cycle assessment standards were applied

to simulate a cradle-to-feed mill gate scope. The functional units used were the

production of 1 kg of the enzyme and 1 kg of feed at a feed mill gate located in

Concórdia, Santa Catarina, Brazil. Climate change, eutrophication, and acidification were

the chosen environmental impact categories. Energy savings through β-mannanase

supplementation were assessed by different metabolizable energy (ME) matrices (45 or

90 kcal of ME/kg of feed) during diet formulation in different grain production scenarios

(Southern and/or Central-West origin). A total of 28 feeds were formulated based on

the nutritional requirements and feeding programs described in the Brazilian Tables

for Poultry and Swine. The least-cost formulation method was used based on real

price averages practiced in a local industry over 12 months. The production of 1 kg

of β-mannanase was associated with the emission of 1,800 g of CO2-eq, 4.53 g of

PO4-eq, and 7.89 g of SO2-eq. For pig feeds, β-mannanase supplementation mitigated

both climate change and eutrophication impacts up to 8.5 and 1.4% (45 kcal of

ME/kg of feed) or up to 16.2 and 2.7% (90 kcal of ME/kg of feed) compared to

control diets formulated without the enzyme. For broiler feeds, these impacts were

mitigated up to 5.6 and 1.1% (45 kcal of ME/kg of feed), respectively. On the other

hand, the effect of using β-mannanase on the acidification impact was not consistent

among feeds/species. Overall, β-mannanase supplementation reduced the amount of

soybean oil in feed formulas, which is associated with high environmental impacts.
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Consequently, the potential impacts of climate change and eutrophication associated

with producing feeds for pigs and broilers were substantially mitigated. These results

suggest that β-mannanase supplementation is an eco-friendly feed strategy to reduce

the environmental impacts of pig and poultry feeding programs.

Keywords: swine, broiler, environment, feed, enzyme, climate change, sustainability, life-cycle assessment

INTRODUCTION

Pig and poultry feeding programs require a huge amount of
feed resources, with several studies indicating feeding as a major
source of environmental impact (1–3). A systematic review
recently developed by Andretta et al. (4) on the use of life cycle
analysis confirmed the importance of feeding processes as the
largest source of environmental impact associated with pig and
poultry production. In their review, the relative participation of
feed production in the overall greenhouse gas emissions varied
from 31 to 76% or 28 to 82% for the pig and poultry databases,
respectively (4). Regardless of the exact amount of impact
attributed to feeding, practically all studies indicated feeding as
the most important environmental impact source. These results
support the hypothesis that novel feeding strategies could be used
as eco-friendly strategies to mitigate the environmental impacts
of pig and poultry production.

The use of exogenous enzymes has been highlighted as a
promising alternative to mitigate the environmental impacts
of livestock (5, 6). Nonetheless, pigs and poultry lack some
enzymes, such as β-mannanase, to completely digest β-mannans
commonly present in a great variety of feedstuffs, including
soybean, corn DDG, sunflower, copra, and palm kernel
meal-based diets. This may reduce growth performance once
β-mannans are associated with increased intestinal viscosity
and decreased nutrient digestibility, following an inflammatory
process initiated in response to the β-mannans presence (7–
9). HemicellTM HT is a source of β-mannanase, an energy-
sparing enzyme that hydrolyzes β-mannans, avoiding the
inflammatory reaction (10). β-mannanase supplementation can
then potentially improve the nutrient digestibility and growth
performance of pigs and broilers. In addition, when an energy
matrix is attributed to the enzyme during feed formulation,
some resources are saved, leading to an increase in energy-
use efficiency.

Despite the importance of both pig and poultry sectors
in developing countries, most studies that assessed the
environmental impacts of exogenous enzyme supplementation
had been developed based on European and North American
conditions, with limited applicability to other major pig and
poultry production regions. In addition, little is still known

Abbreviations: CO2-eq, carbon dioxide equivalent; CW, Central-West region;

CW-CW, the scenario in which only grains from the Central-West region were

used to produce the feed; CW-SO, the scenario in which soybeans from the

Central-West region and corn from the Southern region were used to produce the

feed; DE: digestible energy; LCA, life-cycle assessment; ME, metabolizable energy;

SO2-eq, sulfur dioxide equivalent; SO, Southern region; SO-SO, the scenario in

which only grains from the Southern region were used to produce the feed; PO4-eq,

phosphate equivalent.

about the environmental impacts of using β-mannanase
in feeding programs. Therefore, this study aimed to assess
the potential environmental impacts of producing feeds for
pigs and broilers by simulating the effects of β-mannanase
HemicellTM HT supplementation through energy savings during
diet formulation.

MATERIALS AND METHODS

Environmental impacts were assessed according to life-cycle
assessment (LCA) standards based on four interrelated steps,
described by Guinée (11) as (i) goal and scope definition,
(ii) life cycle inventory, (iii) life cycle impact assessment, and
(iv) interpretation of results. Brazil was chosen because it is
a large producer and exporter of pork and chicken meat.
For this study, in a cradle-to-feed mill gate scope, the major
stages considered in the model were the production of β-
mannanase HemicellTM HT, the production of feed ingredients
from plant sources (corn and soybean meal), and the production
of the other feed ingredients (including amino acids, limestone,
dicalcium phosphate, salt, and vitamin-mineral premix). Drying
and processing in the feed industry as well as transportation
were also considered, as illustrated in Figure 1. The functional
unit used to study the environmental cost of feedstuff (especially
for enzyme or grain production) was 1 kg of each ingredient
at the feed factory. The functional unit used to study potential
environmental impacts associated with feeds was 1 kg of feed
manufactured and ready to be delivered to the farm (at the
feed mill gate). The animal phase was not included in the scope
due to limitations in data availability, mainly on the impact
of β-mannanase supplementation (e.g., enteric fermentation).
In addition, previous evidence showed no differences in
performance (i.e., feed efficiency and nutrient metabolism) when
supplementing β-mannanase with an energy matrix attributed
during diet formulation (12).

Description of the Pig and Poultry

Production Systems Evaluated
An inventory for β-mannanase HemicellTM HT production
was developed using detailed information provided by the
manufacturer company (Elanco Animal Health, Greenfield, IN,
US). Energy requirements (electricity, heating, and cooling) and
emissions of CO2 during enzyme production were adapted from
Gilpin et al. (13). Simulations considered enzyme production
in the industrial plant at Greenfield (Delphos, US), followed
by road transportation using trucks and marine transportation
using cargo ships until arriving at the feed factory in Brazil.
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FIGURE 1 | Flowchart of the pig and poultry feeding programs being assessed through life-cycle assessment standards. Crop inputs, crop production, β-mannanase

production, production of the other feed ingredients, drying, processing, storage, transportation, and feed production were the main processes considered, with

system boundaries including all sub-processes.

TABLE 1 | Composition of nursery pig feedsa.

Pre-starter Starter

Complex Simple

Control β-mannanaseb Control β-mannanase Control β-mannanase

Ingredient (as-fed basis), %

Corn 57.08 58.25 54.30 55.47 55.08 56.25

Soybean meal 12.00 11.88 25.00 24.88 37.87 37.75

Soybean oil 1.61 0.52 2.52 1.44 3.35 2.27

Meat and bone meal 5.00 5.00 5.00 5.00 - -

Soybean isolate protein 8.13 8.13 4.30 4.30 - -

Spray-dried plasma 5.00 5.00 2.50 2.50 - -

Whey 10.00 10.00 5.00 5.00 - -

L-lysine HCL 0.11 0.11 0.17 0.17 0.29 0.29

DL-methionine 0.10 0.10 0.11 0.11 0.13 0.13

L-threonine 0.05 0.05 0.09 0.09 0.12 0.12

L-valine 0.02 0.02 0.02 0.02 0.05 0.05

Salt 0.22 0.22 0.21 0.21 0.19 0.19

Limestone 0.41 0.41 0.42 0.42 1.05 1.05

Dicalcium phosphate - - - - 1.13 1.13

Vitamin-mineral premix 0.50 0.50 0.50 0.50 0.50 0.50

β-mannanase - 0.03 - 0.03 - 0.03

Calculated chemical compositionc

Crude protein, % 23.81 23.81 24.08 24.08 21.88 21.88

SIDd lysine, % 1.35 1.35 1.35 1.35 1.28 1.28

Metabolizable energy, kcal/kg 3,375 3,375 3,375 3,375 3,350 3,350

Digestible phosphorus, % 0.53 0.53 0.51 0.51 0.45 0.45

a Pre-starter and starter feeds were formulated based on animals with 33–42 and 49–63 days of age, respectively, with 10.8 and 22.5 kg of body weight on average, respectively.
b 90 kcal of metabolizable energy/kg of feed was the energy matrix attributed to the enzyme during diet formulation of nursery piglet feeds.
c Values were estimated considering the Brazilian Tables for Poultry and Swine (22).
d Standardized ileal digestible.

All other simulations were developed considering a feed mill
located in Concórdia (Santa Catarina, Brazil) since it represents
a traditional pig and poultry producing region in Southern

Brazil. Grain production was independently characterized in
both Central-West (CW) and Southern (SO) regions in Brazil,
as described by Andretta et al. (14). Crop farm locations were
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TABLE 2 | Composition of growing pig feedsa.

Growing I Growing II

Control β-mannanaseb Control β-mannanase

45 kcal 90 kcal 45 kcal 90 kcal

Ingredient (as-fed basis), %

Corn 68.60 69.59 70.63 73.69 74.67 75.72

Soybean meal 23.43 23.31 23.19 19.73 19.61 19.49

Soybean oil 2.22 1.32 0.41 1.89 1.00 0.08

Meat and bone meal 3.35 3.34 3.33 2.39 2.38 2.37

L-lysine HCL 0.49 0.49 0.49 0.46 0.46 0.46

DL-methionine 0.19 0.19 0.19 0.15 0.15 0.15

L-threonine 0.19 0.19 0.19 0.17 0.17 0.16

L-tryptophane 0.06 0.06 0.06 0.05 0.05 0.05

L-valine 0.07 0.07 0.07 0.06 0.05 0.05

Salt 0.39 0.39 0.39 0.38 0.38 0.38

Limestone 0.51 0.52 0.52 0.54 0.54 0.55

Vitamin-mineral premix 0.50 0.50 0.50 0.50 0.50 0.50

Phytase 0.01 0.01 0.01 0.01 0.01 0.01

β-mannanase - 0.03 0.03 - 0.03 0.03

Calculated chemical compositionc

Crude protein, % 18.31 18.33 18.35 16.51 16.53 16.56

SIDd lysine, % 1.16 1.16 1.16 1.03 1.03 1.03

Metabolizable energy, kcal/kg 3,350 3,350 3,350 3,350 3,350 3,350

Digestible phosphorus, % 0.38 0.38 0.38 0.33 0.33 0.33

a Growing I and growing II feeds were formulated based on animals 70–84 and 91–105 days of age, respectively, with 40 and 60 kg of body weight on average, respectively.
b 45 and 90 kcal of metabolizable energy/kg of feed were the energy matrices attributed to the enzyme during diet formulation of growing pig feeds.
c Values were estimated considering the Brazilian Tables for Poultry and Swine (22).
d Standardized ileal digestible.

chosen based on rankings of the largest corn- and soybean-
producing municipalities within each region (15). Agricultural
practices for grain production and the models used to calculate
their emissions were adapted from Alvarenga (16), Alvarenga
et al. (17), and Prudêncio da Silva et al. (18). The land
transformation was estimated based on the data provided
by Alvarenga (16), following the methodology described by
Prudêncio da Silva et al. (18). Grain yield data were obtained
from the Brazilian Institute of Geography and Statistics (15) for
each municipality.

As pointed out by Prudêncio da Silva et al. (18), the
environmental footprint of grain production depends on the
Brazilian region being considered for crop cultivation. Thus,
three geographic scenarios were simulated based on different
crop cultivation locations: CW-CW, in which only grains from
CW were used to produce feeds; CW-SO, in which soybean
from CW and corn from SO were used to produce feeds; and
SO-SO, in which only grains from SO were used to produce
feeds. These scenarios differed in terms of road transportation
distances, agricultural practices, and deforestation impact on
recently opened agricultural frontiers (deforestation was assumed
for the CW region but not included for the characterization of
production in the SO region). Information from the Ecoinvent
database (v. 3.0, Swiss Center for Life Cycle Inventories,

Dübendorf, Switzerland) was used to characterize soybean oil
production. A process with solvent was applied for obtaining
the product, with no geographical scenarios considered for
oil production.

The impact of phytase supplementation was simulated
considering the information provided by Nielsen et al. (5).
The scope of synthetic amino acid production was adapted
from Mosnier et al. (19), distinguishing amino acids produced
by chemical synthesis (DL-methionine) from those produced
by fermentation (L-lysine, L-threonine, L-tryptophane, and L-
valine). All other feed ingredients were based on available
databases. The Ecoinvent database (v. 3.0, Swiss Center for
Life Cycle Inventories, Dübendorf, Switzerland) was used to
characterize the production of meat and bone meal, sodium
chloride, and limestone. The environmental impacts of vitamin-
mineral trace elements were assumed to be equal to those
of limestone. On the other hand, the environmental impacts
of soybean protein isolate and whey were based on the
AgriFootPrint database (v. 5.0, Blonk Consultants, Gouda,
The Netherlands).

Grain processing and storage conditions were adapted from
previous reports (20, 21). Transportation of grains (from the
farm to the feed factory), other ingredients (from the industry
to the feed factory), and feeds (from the feed factory to the
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TABLE 3 | Composition of finishing pig feedsa.

Finishing I Finishing II

Control β-mannanaseb Control β-mannanase

45 kcal 90 kcal 45 kcal 90 kcal

Ingredient (as-fed basis), %

Corn 78.98 79.97 78.66 84.68 85.67 84.61

Soybean meal 15.56 15.45 17.51 10.76 10.64 11.58

Soybean oil 1.60 0.71 - 1.33 0.43 -

Meat and bone meal 1.65 1.64 1.58 1.17 1.16 1.14

L-lysine HCL 0.43 0.43 0.37 0.39 0.39 0.36

DL-methionine 0.12 0.12 0.10 0.07 0.07 0.06

L-threonine 0.14 0.14 0.11 0.10 0.10 0.09

L-tryptophane 0.05 0.05 0.04 0.04 0.04 0.04

L-valine 0.04 0.04 0.00 0.02 0.02 0.00

Salt 0.36 0.36 0.36 0.35 0.35 0.35

Limestone 0.57 0.57 0.74 0.59 0.59 1.23

Vitamin-mineral premix 0.50 0.50 0.50 0.50 0.50 0.50

Phytase 0.01 0.01 0.01 0.01 0.01 0.01

β-mannanase - 0.03 0.03 - 0.03 0.03

Calculated chemical compositionc

Crude protein, % 14.62 14.65 15.34 12.58 12.60 12.88

SIDd lysine, % 0.90 0.90 0.90 0.75 0.75 0.75

Metabolizable energy, kcal/kg 3,350 3,350 3,350 3,350 3,350 3,350

Digestible phosphorus, % 0.28 0.28 0.28 0.25 0.25 0.25

a Finishing I and finishing II feeds were formulated based on animals with 112–133 and 140–161 days of age, respectively, with 85 and 112.5 kg of body weight on average, respectively.
b 45 and 90 kcal of metabolizable energy/kg of feed were the energy matrices attributed to the enzyme during diet formulation of finishing pig feeds.
c Values were estimated considering the Brazilian Tables for Poultry and Swine (22).
d Standardized ileal digestible.

pig farm) were assumed to have been done by truck, with the
exception of enzymes that also included marine transportation.
The Google Earth software (Google Inc., Mountain View, CA)
was used to estimate transportation distances. Information from
the Agri-footprint database (v. 5, Blonk Consultants, Gouda, The
Netherlands) was used to simulate the impact of transportation.

Feeding Practices
Ingredients commonly used in Brazil were used to formulate
feeds. Soybean meal was the major protein source, combined
with corn and refined soybean oil as the major energy suppliers.
A total of 28 feeds (Tables 1–4) were formulated based on the
nutritional requirements and feeding programs described in the
Brazilian Tables for Poultry and Swine (22). For pigs, pre-starter,
starter, growing I, growing II, finishing I, and finishing II feeds
were formulated based on animals with 33–42, 49–63, 70–84, 91–
105, 112–133, and 140–161 days of age, respectively, and 10.8,
22.5, 40, 60, 85, and 112.5 kg of body weight, respectively. For
broilers, starter I, starter II, growing I, growing II, and finishing
feeds were formulated based on animals with 1–7, 8–21, 22–33,
34–42, and 43–46 days of age, respectively, and 0.14, 0.59, 1.65,
2.78, and 3.48 kg of body weight, respectively. These feeds were
formulated considering animals for slaughter only (excluding
breeding animals) once they represent most of the feed produced

in pig and poultry feeding programs, with complex and simple
formulas being simulated for nursery pigs.

During diet formulation, the replacement of soybean oil was
performed automatically by the formulation software (Formula
2000, Optimal Informatica, Campinas, Brazil). The least-cost
formulation method was used considering real price averages
practiced in a local industry over 12 months. The nutritional
composition of the ingredients was obtained from the Brazilian
Tables for Poultry and Swine (22). The metabolizable energy
(ME) matrix of β-mannanase was chosen based on the most
common values applied to the Brazilian industry (45 or 90 kcal
of ME/kg of feed, depending on the species and rearing phase).
Both matrices were simulated for growing-finishing pigs. While
45 kcal of ME/kg of feed was the energy matrix simulated for
broilers, 90 kcal ofME/kg of feed was the energymatrix simulated
for nursery pigs.

Modeling Environmental Impacts
Inputs and outputs were defined for each step of the life cycle
and organized in a model using the SimaPro software (v. 9.1.1.1,
PRE-Consultants, Amersfoort, TheNetherlands). Environmental
impacts related to capital assets (machinery, equipment, and
buildings) were not considered in the model. The allocation of
environmental burdens to by-products was based on economic
criteria. The functional units considered were 1 kg of the enzyme
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TABLE 4 | Composition of broiler feedsa.

Starter Growing Finishing

I II I II

Control βMb Control βM Control βM Control βM Control βM

Ingredient (as-fed basis), %

Corn 43.59 44.54 45.38 46.32 50.52 51.44 59.20 60.12 63.80 64.73

Soybean meal 46.11 45.96 43.60 43.46 38.02 37.90 30.87 30.76 26.69 26.57

Soybean oil 5.50 4.66 6.60 5.76 7.13 6.30 6.24 5.40 6.13 5.30

L-lysine HCL 0.22 0.22 0.22 0.23 0.35 0.35 0.34 0.34 0.34 0.34

DL-methionine 0.41 0.41 0.39 0.39 0.38 0.38 0.31 0.30 0.26 0.26

L-threonine 0.07 0.07 0.06 0.06 0.09 0.09 0.06 0.06 0.05 0.04

L-valine 0.02 0.02 0.02 0.02 0.05 0.05 0.04 0.04 0.03 0.03

Salt 0.22 0.22 0.21 0.21 0.19 0.19 0.17 0.17 0.16 0.16

Limestone 1.07 1.07 0.96 0.97 0.91 0.92 0.76 0.76 0.69 0.69

Dicalcium phosphate 1.84 1.84 1.61 1.61 1.41 1.41 1.07 1.07 0.92 0.91

Sodium bicarbonate 0.45 0.45 0.45 0.45 0.44 0.44 0.44 0.44 0.44 0.44

Vitamin-mineral premix 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

β-mannanase - 0.03 - 0.03 - 0.03 - 0.03 - 0.03

Calculated chemical compositionc

Crude protein, % 24.56 24.57 23.56 23.57 21.55 21.57 18.95 18.97 17.39 17.41

SIDd lysine, % 1.36 1.36 1.31 1.31 1.24 1.24 1.07 1.07 0.97 0.97

Metabolizable energy, kcal/kg 3,000 3,000 3,100 3,100 3,200 3,200 3,250 3,250 3,300 3,300

Digestible phosphorus, % 0.48 0.48 0.43 0.43 0.38 0.38 0.31 0.31 0.27 0.27

a Starter I, starter II, growing I, growing II, and finishing feeds were formulated based on animals with 1–7, 8–21, 22–33, 34–42, and 43–46 days of age, respectively, and 0.14, 0.59,

1.65, 2.78, and 3.48 kg of body weight, respectively.
b β-mannanase supplementation, 45 kcal of metabolizable energy/kg of feed was the energy matrix attributed to the enzyme during diet formulation of broiler feeds.
c Values were estimated considering the Brazilian Tables for Poultry and Swine (22).
d Standardized ileal digestible.

at the feed mill gate to account for the environmental impacts
associated with β-mannanase supplementation and 1 kg of feed
at the feed mill gate to evaluate the impact of feed production
and the grain production scenarios.

Climate change, eutrophication, and acidification were the
chosen environmental impact categories, the most common
impact categories used to assess the environmental impacts of
pig and poultry production (4). Results were obtained for each
environmental impact category, stating the resources used in
each production system and the aggregate emissions of each
substance with the respective characterization factor. The CML-
IA baseline method was used through the SimaPro software
to calculate the environmental impacts (CO2-eq, PO4-eq, and
SO2-eq). Changes in potential environmental impacts associated
with β-mannanase supplementation were estimated considering
the total amount of feed used to raise a pig or a broiler (from
hatch/weaning until slaughter, excluding feeds for breeders). For
this simulation, feed intake was estimated using the Brazilian
Tables for Poultry and Swine (22).

Simulating Another Formulation Strategy
Data obtained from a previous study (12) was also simulated
to consider a different energy matrix released through β-
mannanase supplementation. Even though formulas had the
same ingredient base (corn and soybean meal), the formulation

procedure differs from the one described in this study. Lv et al.
(12) did not use the least-cost formulation method to formulate
diets, with 150 kcal of digestible energy (DE)/kg of feed being
released in β-mannanase supplemented diets.

Simulating the Environmental Impacts

Associated With Energy Reduction
Under Brazilian pig and poultry production conditions, the main
change in ingredients after the inclusion of β-mannanase during
diet formulation is the reduction of soybean oil content. The
association between the reduction of soybean oil content in feed
formulas and the estimated mitigation of environmental impacts
was evaluated using regression analysis. The significance (P <

0.05) of each equation term was evaluated before interpretation.
Since species was not significant, one regression was created
for both pigs and broilers. Analyses were performed using the
Minitab 20.2.0 software (23).

Another simulation was performed to estimate the minimum
amount of energymatrix necessary tomitigate the environmental
cost of producing and transporting the enzyme. In this
case, due to changes in diet formulation with β-mannanase
supplementation, the soybean oil impact was fully replaced by
the impact of corn in the simulation. ME values for soybean
oil and corn were those proposed in the Brazilian Tables
for Poultry and Swine (22). Information from the Ecoinvent
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TABLE 5 | Potential environmental impacts of control feedsa (1 kg at feed mill

gate, formulated without β-mannanase) for nursery piglets in different grain

production scenarios.

Pre-Starter Starter

Complex Simple

SO-SO scenariob

Climate change, g CO2-eq 1,266 994 695

Eutrophication, g PO4-eq 4.08 4.38 4.66

Acidification, g SO2-eq 7.79 7.14 6.78

CW-SO scenarioc

Climate change, g CO2-eq 1,336 1,138 914

Eutrophication, g PO4-eq 4.06 4.34 4.59

Acidification, g SO2-eq 8.13 7.84 7.85

CW-CW scenariod

Climate change, g CO2-eq 1,398 1,198 974

Eutrophication, g PO4-eq 4.12 4.39 4.65

Acidification, g SO2-eq 7.53 7.27 7.26

aPre-starter and starter feeds were formulated based on animals with 33–42 and 49–63

days of age, respectively, with 10.8 and 22.5 kg of body weight on average, respectively.
bSO-SO scenario: Soybean and corn produced in Southern Brazil.
cCW-SO scenario: Soybean produced in Central-West Brazil and corn produced in

Southern Brazil.
dCW-CW scenario: Soybean and corn produced in Central-West Brazil.

database (v. 3.0, Swiss Center for Life Cycle Inventories,
Dübendorf, Switzerland) was used to characterize the soybean
oil production. The environmental impact of oil reduction was
estimated considering other references to include variability in
the simulations (AgriFootPrint v. 5.0, Blonk Consultants, Gouda,
The Netherlands), all based on Brazilian production scenarios.

RESULTS

The production of corn (functional unit: 1 kg at the feed mill
gate) in the Southern region led to the emission of 491 g of CO2-
eq, 3.78 g of PO4-eq, and 9.98 g of SO2-eq. For the Central-West
region, corn showed a higher impact concerning climate change
(601 g of CO2-eq; +22%) and eutrophication (3.88 g of PO4-eq;
+3%) but a lower impact concerning acidification (8.92 g of PO4-
eq;−11%) compared to the Southern region. The production of
soybean meal (1 kg at the feed mill gate) in the Southern region
was associated with the emission of 533 g of CO2-eq, 5.82 g of
PO4-eq, and 2.62 g of SO2-eq. In comparison with the Southern
region, soybean meal from the Central-West region showed
a higher impact concerning climate change (1,110 g of CO2-
eq; +108%) and acidification (5.43 g of SO2-eq; +107%) but a
lower impact concerning eutrophication (5.64 g of PO4-eq;−3%).
These differences among ingredient origins are highlighted in
the impacts of producing complete feed formulas (functional
unit: 1 kg at the feed mill gate) for pigs and broilers, which are
presented in Tables 5–7.

The production of β-mannanase (1 kg at the feed mill gate)
was associated with the emission of 1,800 g of CO2-eq, 4.53 g of
PO4-eq, and 7.89 g of SO2-eq. When feeds were reformulated

TABLE 6 | Potential environmental impacts of control feedsa (1 kg at feed mill

gate, formulated without β-mannanase) for growing-finishing pigs in different grain

production scenarios.

Growing Finishing

I II I II

SO-SO scenariob

Climate change, g CO2-eq 633 614 596 577

Eutrophication, g PO4-eq 4.33 4.25 4.15 4.03

Acidification, g SO2-eq 7.81 8.18 8.55 8.95

CW-SO scenarioc

Climate change, g CO2-eq 768 728 686 639

Eutrophication, g PO4-eq 4.29 4.21 4.12 4.01

Acidification, g SO2-eq 8.47 8.73 8.99 9.25

CW-CW scenariod

Climate change, g CO2-eq 844 809 773 732

Eutrophication, g PO4-eq 4.36 4.28 4.20 4.10

Acidification, g SO2-eq 7.74 7.95 8.15 8.36

aGrowing I, growing II, finishing I, and finishing II feeds were formulated based on animals

70–84, 91–105, 112–133, and 140–161 days of age, respectively, with 40, 60, 85, and

112.5 kg of body weight on average, respectively.
bSO-SO scenario: Soybean and corn produced in Southern Brazil.
cCW-SO scenario: Soybean produced in Central-West Brazil and corn produced in

Southern Brazil.
dCW-CW scenario: Soybean and corn produced in Central-West Brazil.

TABLE 7 | Potential environmental impacts of control feedsa (1 kg at feed mill

gate, formulated without β-mannanase) for broilers in different grain production

scenarios.

Starter Growing Finishing

I II I II

SO-SO scenariob

Climate change, g CO2-eq 816 877 910 857 848

Eutrophication, g PO4-eq 4.94 4.97 4.90 4.71 4.62

Acidification, g SO2-eq 5.96 6.13 6.56 7.17 7.50

CW-SO scenarioc

Climate change, g CO2-eq 1,082 1,128 1,130 1,035 1,002

Eutrophication, g PO4-eq 4.86 4.89 4.83 4.66 4.58

Acidification, g SO2-eq 7.26 7.35 7.63 8.04 8.25

CW-CW scenariod

Climate change, g CO2-eq 1,130 1,178 1,185 1,100 1,072

Eutrophication, g PO4-eq 4.90 4.94 4.88 4.72 4.64

Acidification, g SO2-eq 6.80 6.87 7.09 7.41 7.58

aStarter I, starter II, growing I, growing II, and finishing feeds were formulated based on

animals with 1–7, 8–21, 22–33, 34–42, and 43–46 days of age, respectively, and 0.14,

0.59, 1.65, 2.78, and 3.48 kg of body weight, respectively.
bSO-SO scenario: Soybean and corn produced in Southern Brazil.
cCW-SO scenario: Soybean produced in Central-West Brazil and corn produced in

Southern Brazil.
dCW-CW scenario: Soybean and corn produced in Central-West Brazil.

considering the inclusion of the enzyme and its energy matrix,
there were some modifications in the ingredient use, which lead
to changes in the potential environmental impact associated with
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FIGURE 2 | Potential environmental impact mitigation associated with the production of piglet feeds, considering energy savings from an energy matrix of 90 kcal of

ME/kg of feed released by β-mannanase supplementation in different grain production scenarios; SO-SO, Soybean and corn produced in Southern Brazil; CW-SO,

Soybean produced in Central-West Brazil and corn produced in Southern Brazil; CW-CW, Soybean and corn produced in Central-West Brazil.

FIGURE 3 | Potential environmental impact mitigation associated with the production of growing-finishing pig feeds, considering energy savings from two energy

matrices (45 kcal of ME/kg of feed, light circles; 90 kcal of ME/kg of feed, dark circles) released by β-mannanase supplementation in different grain production

scenarios; SO-SO, Soybean and corn produced in Southern Brazil; CW-SO, Soybean produced in Central-West Brazil and corn produced in Southern Brazil;

CW-CW, Soybean and corn produced in Central-West Brazil.

the same functional unit of feed production (Figures 2–4). The
use of β-mannanase associated with an energy matrix of 90
kcal of ME/kg for pre-starter diets leads to the mitigation of
59 g of CO2-eq per kg of produced feed, representing a greater
percentage reduction in simple than complex diets. Using β-
mannanase in growing-finishing pig feeds reduced the potential
impact of climate change up to 16.2% when using an energy
matrix of 90 kcal of ME/kg and up to 8.5% when considering
45 kcal of ME/kg. The eutrophication impact of producing the
same feeds was reduced up to 2.7% when using an energy matrix
of 90 kcal of ME/kg, while the reduction reached up to 1.4%

when using an energy matrix of 45 kcal of ME/kg. The climate
change impact of producing feeds for broilers was reduced up
to 5.6%, while the eutrophication impact was reduced by up
to 1.1%.

The effect of using β-mannanase on the acidification
impact was not consistent among feeds. Although mitigation
on the potential acidification impact was observed in
feeds for finishing pigs, the use of β-mannanase (and the
consequent modifications in other ingredients inclusion)
increased the acidification impact associated with most
other pig feeds (even when formulating considering an
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FIGURE 4 | Potential environmental impact mitigation associated with the production of broiler feeds, considering energy savings from an energy matrix of 45 kcal of

ME/kg of feed released by β-mannanase supplementation in different grain production scenarios; SO-SO, Soybean and corn produced in Southern Brazil; CW-SO,

Soybean produced in Central-West Brazil and corn produced in Southern Brazil; CW-CW, Soybean and corn produced in Central-West Brazil.

FIGURE 5 | Potential environmental impact mitigation associated with the production of pig and broiler feeds due to soybean oil reduction through energy savings

released by β-mannanase supplementation. For this regression analysis, species was not significant (P > 0.05) in the model. In addition, for the acidification impact,

all terms were not significant in the regression equation.

energy matrix of 90 kcal of ME/kg) and with all broiler
feeds evaluated.

The use of β-mannanase allowed a reduction in the amount
of soybean oil in the feed formulas, which is associated
with a high environmental impact. Consequently, the potential
impacts of climate change and eutrophication were mitigated. A
quadratic regression explained the association between soybean
oil reduction in feed formulas (as a consequence of β-mannanase
supplementation) and the mitigation of both climate change and
eutrophication impacts (Figure 5).

The mitigation effect of β-mannanase supplementation is
comparable between species when the total amount of feed
used to raise a pig or a broiler is considered in the simulation
(i.e., the feeding program, considering the feed used from

hatch/weaning until slaughter, excluding breeding phases;
Table 8). β-mannanase supplementation produced greater
changes on the potential impact of climate change (reduction
of up to 4.7% in feeding programs for pigs and 5.2% in feeding
programs for broilers) compared to the eutrophication (−1.6%
in pigs and−1.1% in broiler). Changes in the acidification impact
associated with β-mannanase supplementation are positive (i.e.,
increased environmental impact), however, lower than 1% in all
studied scenarios. When simulating the impacts using another
formulation strategy (Table 9), mitigation was higher: the
potential impact of climate change was reduced up to 18%, while
eutrophication and acidification were mitigated by 6 and 4%,
respectively. However, it is hard to compare results since they
originally used different ingredients and formulation methods.
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TABLE 8 | Changes in the environmental impacts associated with β-mannanase

supplementation when the total amount of feed used to raise a pig or a broiler

(from hatch/weaning until slaughter, excluding breeding phases) is considered in

the simulationa.

Pig Broiler

SO-SO scenariob

Climate change, kg CO2-eq −11.14 (−4.7%) −0.271 (−5.2%)

Eutrophication, g PO4-eq −12.56 (−1.6%) −0.308 (−1.1%)

Acidification, g SO2-eq +11.95 (+0.8%) +0.297 (+0.7%)

CW-SO scenarioc

Climate change, kg CO2-eq −11.29 (−4.5%) −0.276 (−4.3%)

Eutrophication, g PO4-eq −12.51 (−1.6%) −0.307 (−1.1%)

Acidification, g SO2-eq +11.23 (+0.7%) +0.277 (+0.6%)

CW-CW scenariod

Climate change, kg CO2-eq −11.04 (−4.2%) −0.270 (−4.0%)

Eutrophication, g PO4-eq −12.29 (−1.6%) −0.301 (−1.1%)

Acidification, g SO2-eq +8.86 (+0.6%) +0.219 (+0.5%)

aFeed intake for each animal phase was estimated using the Brazilian Tables for Poultry

and Swine (22). Values indicate the total amount mitigated/increased when β-mannanase

is used in the formulations, followed by the percentage change compared to scenarios

without β-mannanase supplementation.
bSO-SO scenario: Soybean and corn produced in Southern Brazil.
cCW-SO scenario: Soybean produced in Central-West Brazil and corn produced in

Southern Brazil.
dCW-CW scenario: Soybean and corn produced in Central-West Brazil.

TABLE 9 | Potential environmental impacts of feeds (1 kg at feed mill gate)

formulated for growing pigs based on the 150 kcal digestible energy reduction per

kg of feed, with β-mannanase supplemented diets compared to control diets.

Treatmentsa Mitigation, %

Control β-mannanase

SO-SO scenariob

Climate change, g CO2-eq 587.19 479.41 −18

Eutrophication, g PO4-eq 4.27 3.99 −6

Acidification, g SO2-eq 7.88 7.56 −4

CW-SO scenarioc

Climate change, g CO2-eq 717.01 596.31 −17

Eutrophication, g PO4-eq 4.23 3.96 −6

Acidification, g SO2-eq 8.42 8.13 −4

CW-CW scenariod

Climate change, g CO2-eq 790.11 666.82 −16

Eutrophication, g PO4-eq 4.29 4.02 −6

Acidification, g SO2-eq 7.72 7.45 −4

aControl formula contains 3,400 kcal of digestible energy and formula supplemented with

β-mannanase, considering an energy matrix of 150 kcal of digestible energy/kg of feed.

Treatments proved to have similar performance and digestibility (12).
bSO-SO scenario: Soybean and corn produced in Southern Brazil.
cCW-SO scenario: Soybean produced in Central-West Brazil and corn produced in

Southern Brazil.
dCW-CW scenario: Soybean and corn produced in Central-West Brazil.

The simulation to estimate the minimum amount of energy
matrix necessary to mitigate the environmental cost of producing
and transporting the enzyme considered that soybean oil was

replaced entirely by corn in the formulas to estimate the
environmental cost of using β-mannanase in feeds for pigs
and poultry, as the changes in soybean meal depend on the
energy matrix used in the formulation (Figure 6). Considering
that the inclusion of β-mannanase is 300 g per ton of feed and
the functional unit of 1 kg of manufactured feed, the impact
associated with the enzyme is 6 g of CO2-eq, 0.0151 g of PO4-eq,
and 0.0262 g of SO2-eq (indicated by an A within each panel).
When the soybean oil impact is estimated considering Ecoinvent
references, the production of soybean oil (1 kg at the feed mill
gate) was associated with the emission of 6,008 g of CO2-eq,
9.71 g of PO4-eq, and 5.00 g of SO2-eq. The mitigation of climate
change occurred at an energy matrix of 5.4 kcal for pigs and
5.9 kcal for broilers (indicated by a B within each panel), while
eutrophication was mitigated at 17 kcal for pigs and 18 kcal for
broilers. However, the mitigation may occur even with a lower
energy matrix (indicated by C and D within each panel) if other
references were used to characterize the environmental impacts
of soybean oil. It is worth mentioning that, in real-life conditions,
it is recommended to use a percentage of soybean oil to stimulate
the feed’s palatability and improve mixing conditions.

DISCUSSION

With regards to the environmental impacts of using
β-mannanase in feeds, our results are similar to those obtained
by Nielsen et al. (5) when describing the phytase production
(1,900 g of CO2-eq, 2.20 g of PO4-eq, and 4.80 g of SO2-eq, 1 kg at
the enzyme producer). On the other hand, for the environmental
impacts of grain production, crop management practices and
expansion rates varied among the Brazilian regions simulated
in this study, and so did results. Alvarenga et al. (17) reported
equivalent environmental impacts for broiler chicken diets
produced in Brazil, but with a slighter lower climate change
impact, especially for the CW-CW scenario. Cherubini et al. (25)
also reported equivalent impacts in terms of carbon footprint
when assessing diets for finishing pigs in Brazil. Both climate
change and eutrophication impacts estimated in the current
study were also comparable to those obtained by van der Werf
et al. (26) and Mosnier et al. (19), who assessed finishing pig diets
produced in France using Brazilian soybean. On the other hand,
results concerning the use of β-mannanase on acidification were
not consistent among feeds once the acidification impact was
heavily associated with the feed formula being considered in the
simulation. In other words, for some feeds, there was a slight
increase in the acidification impact following β-mannanase
supplementation; for other feeds, it was quite the opposite. For
growing pig diets, the acidification impact was greater when
considering the 90 kcal of ME/kg of feed matrix. However,
for finishing pig diets, soybean oil was removed from the feed
formula for this matrix, lowering its impact on acidification. The
acidification impact varied with the corn/soybean proportion.
Both climate change and eutrophication impacts are greater for
soybean than corn. On the other hand, the acidification impact
is greater for corn, especially the one from the Southern region.
As this corn/soybean ratio varies from region to region, the same
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FIGURE 6 | Minimum energy matrix necessary to mitigate the environmental cost associated with β-mannanase supplementation in pig (A) and broiler (B) feeds.

Within each panel, the letter A indicates the environmental cost of β-mannanase supplementation for 1 kg of feed, while letters B (Ecoinvent database v. 3.0, Swiss

Center for Life Cycle Inventories, Dübendorf, Switzerland), C (AgriFootPrint v. 5.0, Blonk Consultants, Gouda, The Netherlands), and D [Kebreab et al. (24)] indicate the

energy matrix able to mitigate this impact on climate change (i), eutrophication (ii), and acidification (iii) depending on the reference considered to account soybean oil

production.

change (%) in the formula ends up increasing or mitigating the
overall acidification impact.

For growing-finishing pig feeds, the energy matrix of β-
mannanase was chosen based on the most common values
applied to the Brazilian industry (45 or 90 kcal of ME/kg of
feed). For feeds that do not use exogenous enzymes other than
β-mannanase, the saving of 90 kcal of ME/kg of feed provided by
β-mannanase is commonly considered. On the other hand, for
feeds that include a mix of enzymes, a 45 kcal of ME/kg of feed
matrix is more appropriate. Broiler feeds under Brazilian feeding
programs commonly include multiple exogenous enzymes
when formulated. Therefore, we only considered a 45 kcal of
ME/kg of feed matrix in our simulations for broilers. Despite
the differences among the several enzyme supplementation
strategies available for nutritionists, all simulated values aremuch
higher than the minimum matrix necessary to mitigate the
environmental impact associated with the enzyme incorporation
in the formula (i.e., 5.4 kcal of ME for pigs and 5.9 kcal of ME
for broilers to mitigate the climate change impact, or 17 kcal
of ME for pigs and 18 kcal of ME for broilers considering the
eutrophication impact). The use of an energy matrix of 45 kcal of
ME/kg of feed associated with β-mannanase reduced by 0.90 and
0.84 percent points the inclusion of soybean oil in feed formulas
for pigs and broilers, respectively. Considering the recent price

conditions in Brazil, the space created in the formula by the
reduction of oil use is occupied by corn. However, the average
inclusion of corn in the feeds with β-mannanase increased by
0.99 and 0.95 percent points for pigs and broilers, respectively,
compared to control diets. Corn variation was higher than the
reduction in oil use because soybean meal inclusion was also
reduced (on average, a reduction of 0.12 percent points). From
an environmental standpoint, these variations are favorable as
soybean meal and soybean oil are associated with a higher
environmental impact than corn. Formulating feeds for pigs and
poultry through liquid energy is a reality in some countries.
However, this is not the case in Brazil and therefore it was not
included in our analyses.

Overall, the greater environmental impact observed for
soybean oil compared to corn is mainly because of the greater
amount of resources needed to obtain this ingredient, such as
land and fertilizers. The impact of soybean oil considered in this
study was based on the Ecoinvent database (v. 3.0, Swiss Center
for Life Cycle Inventories, Dübendorf, Switzerland), which is
lower than other references for the same product. Simulating the
production of 1 kg of feed, the changes in feed formula (average
reduction of soybean oil and meal, and increasing corn use)
caused by β-mannanase can prevent the emission of 55 g of CO2-
eq and 0.11 g of PO4-eq. If values from AgriFootPrint (v. 5.0,
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Blonk Consultants, Gouda, The Netherlands) were considered,
themitigation is raised to 112 g of CO2-eq and 0.13 g of PO4-eq. If
the impact estimated by Kebreab et al. (24) for Brazilian soybean
oil would be considered, the mitigation associated with β-
mannanase could reach 140 g of CO2-eq per kg of feed produced.
These differences are mostly due to the grain production scenario
considered in the database (Southern or Central-West origin).

Differences in the environmental impact of β-mannanase
supplementation between pig and poultry feeding programs are
mostly due to the ingredients included in diet formulations as
each ingredient has it is own environmental impact. However,
the pig and poultry sectors share some similarities not only from
an organizational point of view but also from an environmental
one. Pig and poultry production systems have been pointed out
as large contributors to environmental impacts, such as climate
change, eutrophication, and acidification (3, 27). Feeding both
pigs and poultry requires tremendous amounts of feed resources,
especially rich in protein and/or energy, with several studies
indicating it as the most important source of environmental
impact (2, 4). Novel feeding strategies are thus needed to tackle
the challenges of these sectors. Our study has shown that
β-mannanase supplementation can be considered as an eco-
friendly feed strategy to reduce the environmental impacts of
pig and poultry feeding programs. This was mostly because β-
mannanase is a nutrient-sparing enzyme that breaks down β-
mannans, leading to an increase in energy-use efficiency for
both sectors.

CONCLUSION

β-mannanase supplementation reduced the amount of soybean
oil in feed formulas, which is associated with high environmental
impacts. Consequently, the potential impacts of climate change
and eutrophication associated with producing feeds for pigs and
broilers were substantially mitigated. These results suggest that
β-mannanase supplementation is an eco-friendly feed strategy
to reduce the environmental impacts of pig and poultry feeding
programs. As feeding accounts for most of the environmental
impacts associated with pig and poultry production, strategies

such as β-mannanase supplementation that mitigate these
impacts are desired. This feeding strategy improves the overall
sustainability of pig and poultry production systems by
increasing energy-use efficiency. It is worth mentioning that
the β-mannanase supplementation described in this study is
only one way to address the environmental impacts of feeding
pigs and broilers. Several other approaches and techniques must
be considered in an integrated way toward more sustainable
animal systems.
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Pig and poultry production systems have reached high-performance levels over the

last few decades. However, there is still room for improvement when it comes to their

environmental sustainability. This issue is even more relevant due to the growing demand

for food demand since this surplus food production needs to be met at an affordable

cost with minimum impact on the environment. This study presents a systematic review

of peer-reviewed manuscripts that investigated the environmental impacts associated

with pig and poultry production. For this purpose, independent reviews were performed

and two databases were constructed, one for each production system. Previous studies

published in peer-reviewed journals were considered for the databases if the method

of life cycle assessment (LCA) was applied to pig (pork meat) or poultry (broiler meat

or table eggs) production to estimate at least the potential effects of climate change,

measured as CO2-eq. Studies considering the cradle-to-farm gate were considered,

as well as those evaluating processes up to the slaughterhouse or processor gate.

The pig database comprised 55 studies, while 30 publications were selected for the

poultry database. These studies confirmed feeding (which includes the crop cultivation

phase, manufacturing processes, and transportation) as the main contributor to the

environmental impact associated with pig and poultry production systems. Several

studies evaluated feeding strategies, which were indicated as viable alternatives to

mitigate the environmental footprint associated with both production chains. In this

study, precision feeding techniques are highlighted given their applicability to modern

pig and poultry farming. These novel feeding strategies are good examples of innovative

strategies needed to break paradigms, improve resource-use efficiency, and effectively

move the current productive scenario toward more sustainable livestock systems.

Keywords: sustainability, swine, broilers, environment, livestock, climate change, laying hens, precision feeding
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INTRODUCTION

The increasing demand for food is an important challenge
that society will face in the coming decades. The growing
population will need more resources, leading to a relevant
increase in food demand. The productive sector (including
agriculture and livestock) needs to support the growing demands
for food, however, without compromising the ability of the future
generations to also meet their requirements. In other words,
environmentally sustainable agri-food systems are mandatory
requirements for a world with increasing urbanization and
growing food demands.

In this context, the benefits of agri-food sectors for society
need to be maximized (1), which can be achieved by improving
the efficiency in which the resources are applied in the production
chains. The current production methods will need to adapt to
these new challenges (limited resources, increased production),
with most surplus food production being supplied by innovative
agri-food systems (2).

Pig and poultry production systems have reached high-
performance levels over the last few decades. Together, these
sectors provide a large amount of affordable and nutritious food,
especially high-quality protein, contributing to food security
worldwide. However, there is still room for improvement when
it comes to their environmental sustainability. Feeding pigs
and poultry requires tremendous amounts of feed resources,
with several studies indicating it as an important source of
environmental impact (3). In addition, pigs and broilers excrete
annually large amounts of nitrogen and phosphorus to the
environment, which conditions the production sustainability of
these chains (4).

Conventionally, the impacts of pig and poultry production
have been assessed by methodologies that used an “animal basis”
approach (e.g., studies focusing on reducing nutrient excretion).
These are very important studies; however, few mitigation
strategies have focused on the efficiency of resource use, which
is critical in a global context. Considering the relevance of the
topic, it is important to investigate feeding practices that mitigate
the environmental impacts associated with the entire production
system. Thus, we carried out a systematic review to summarize,
analyze, and compare studies that used life cycle assessment
(LCA) to evaluate the environmental impacts associated with pig
and poultry production systems.

MATERIALS AND METHODS

This systematic review was based on structured and elaborated
research performed using online search methods. The search
strategy was planned and carried out to identify as many studies
as possible on the subject. Papers were rigorously selected and
those focusing on feeding practices were further evaluated.

Independent searches were performed for pig and poultry
production systems. The strategy “PICo” was applied to build
the research question by identifying “Population” (database 1:
“pig”; database 2: “poultry”), “Interest” (“life cycle assessment”),
and “Context” (“climate change”) for both searches. Alternative
terms for population and interest were listed using synonymous

words in English to compose the final search strategy. Context
was applied later (through full-text reads) to avoid missing any
study in which the response was not mentioned among the main
terms (title, abstract, and keywords). The final search terms were:

Database 1:
(pig OR pigs OR swine) AND (“life cycle assessment” OR

“life cycle” OR “carbon emission” OR “carbon footprint” OR
“greenhouse gas∗” OR “global warming” OR LCA)

Database 2:
(poultry OR broiler∗ OR chicken∗ OR hen) AND (“life cycle

assessment” OR “life cycle” OR “carbon emission” OR “carbon
footprint” OR “greenhouse gas∗” OR “global warming” OR LCA).

The search was conducted in March 2020, considering only
original peer-reviewed studies published in scientific journals
available in PubMed, Scopus, and Web of Science. A snowball
approach using forward (e.g., databases) and backward research
methods (e.g., direct journal search, reference lists, studies listed
in previously published reviews) was performed to increase the
chance of including as many relevant studies as possible. No
limitations on the geographic origin or year of publication were
applied in both searches.

Each database was exported to the reference software
(EndNote X9, Philadelphia, PA) used to organize references
and manage part of the study selection. Duplicate references
were identified and excluded. Studies were critically evaluated
regarding their relevance and quality by examining titles and
abstracts, followed by a complete review of the LCA study. Two
reviewers performed a critical evaluation of the study eligibility.
A study was not considered in the final database (removed) after
mutual agreement, with a third reviewer reassessing studies that
differed in terms of eligibility.

The selection criteria were stated as (i) original papers
published in peer-reviewed journals, (ii) environmental impact
evaluated using the LCA methodology; (iii) evaluation of
pig (pork meat) or poultry (broiler meat or table eggs)
production systems; (iv) scopes including cradle-to-farm, to the
slaughterhouse, or to processor gate; (v) estimation of at least the
potential impact of climate change, in CO2-eq. The quality of
selected studies was further evaluated and information relevant
to describe the proposed theoretical model was transferred to the
pig and poultry spreadsheets. Finally, cross-study comparisons
were performed considering the subject, scope, and main
results observed.

RESULTS

Studies Focusing on Pig Production
The research process until obtaining the final pig database is
described in Figure 1A. Articles obtained by online searches
(4,237 references) were critically evaluated and successive
exclusions were performed. The main exclusions (more related
tomethodological aspects of the original studies) were performed
when assessing the full-text, when 36 references were eliminated
(criterium i and ii: 15 publications; criterium iii: 2 publications;
criterium iv: 13 publications; and criterium v: 6 publications).
The final list of 55 selected studies is described in Table 1.
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FIGURE 1 | Study selection diagram for pig (A) or poultry (B) databases.

The first LCA study identified in the pig database was
published in 2005. Considering the entire database, 26 journals
reported publications, with 16 papers being published in Journal
of Cleaner Production and 5 papers in Animal. Production
scenarios located in Brazil (which was considered in eight
studies), Spain (considered in six studies), France (considered
in five studies), and China (considered in four studies) were
assessed in the selected papers, as illustrated in Figure 2A.
The frequency of studied countries is highly related to the
location of the main research groups. However, it is important
to highlight that the order of most studied countries is not
in complete agreement with the pork production ranking
(led by China). Another important aspect related to the
geographical characteristics of the papers is that five studies
were developed by researchers from countries different than
the one (or at least one of the regions) considered in the
simulations, with Brazil or South America being studied in three
of them.

A scope described as cradle-to-farm gate was used in the
majority of the studies, which means that all phases comprised
from the crop cultivation (and its inputs/outputs) up to
the animal rearing phase were considered in these projects.
The impacts associated with slaughtering and processing were
considered in nine publications only.

Climate change was the focus of our study. However, the
LCA studies also reported other impact categories (Figure 3A).
From those variables, themost prevalent were eutrophication and
acidification, followed by the use of energy and land.

The main subjects under evaluation in the studies focusing on
pig production are presented in Table 2. The characterization of
pig production in the region or country was the main objective
in 18 studies. Another important objective in the studies was
the comparison of production systems (including organic or
alternative housing systems), which was the main subject in
nine papers.

Changes in feeding practices (diet composition or feeding
programs) were studied in 25% of the papers. The relative
participation of feed production (which includes each
ingredient’s life cycle, fabrication, and transport) varied from
31 to 76% of the overall greenhouse gas (GHG) emissions in
the pig database (Figure 4A). Despite the importance of feeding
to the total pig production impact, the diet composition used
in the inventory was described by the minority of the papers.
Only 38% of the papers described the ingredient formulas, while
only 29% of the studies showed any description for dietary
nutritional composition, limited sometimes to crude protein. In
addition, the environmental impacts related to the production
of individual ingredients were presented in only 9% of the
papers. The proportion of total impact associated with feed
was highlighted in most of the studies. However, the impact of
feed production (considering as a functional unit; e.g., 1 ton of
feed) was presented in only 15% of the publications. These data
would be of great value for further investigations on feeding
practices that may mitigate the potential environmental impact
of pig production. In addition, more information on feeding
practices would allow a better comparison among studies,
as great variability exists between the final results (impact of
pig production) presented by the studies even for the same
functional unit.

As previously stated, crop production is amajor contributor to
the overall impacts of the pig production chain. The globalization
of feed ingredient markets is relevant to LCA studies because it
disconnects commodity production from its use/consumption.
In a context in which most of the ingredients used for feed
production are internationally traded, it is important to highlight
that the impacts associated with a certain product are virtually
shared with several countries involved in the international trade.
The most frequent example of this intercontinental sharing was
the use of soybean imported from South America, mainly from
Brazil, in European countries. Considering the pig database, 49%
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TABLE 1 | Summary of the LCA studies on pig production in terms of location, functional unit, and climate change potential.

Code Study Country Functional unit Climate change potentiala, CO2-eq

1 Basset-Mens and van der Werf (5) France 1 kg of live weight 2.30–3.97 kg

2 Eriksson et al. (6) Sweden 1 kg of live weight gain 1.36–1.51 kg

3 Basset-Mens et al. (7) France 1 kg of live weight 2.30 kg

4 Basset-Mens et al. (8) France 1 t of pig 0.88–1.39 t

5 Liang et al. (9) Japan 1 kg of carcass weight 5.02 kg

6 Halberg et al. (10) Denmark 1 kg of live weight 2.80–3.30 kg

7 Halberg et al. (10) United States 1 t live weight pig 2.47–3.33 kg

8 Aramyan et al. (11) Europe, several countries 1 kg of slaughter weight 2.55–2.97 kg

9 Bonesmo et al. (12) Norway 1 kg of carcass weight 2.65 kg

10 Devers et al. (13) United Kingdom 1kg of cut pork 2.55–4.5 kg

11 Dolman et al. (14) Netherlands 100 kg of live weight 473–637 kg

12 Stone et al. (15) United States 1 pig (118kg) 398.20 kg

13 De Moraes et al. (16) World, several countries 1 kg of live weight pig 5.36–5.57 kg

14 Luo et al. (17) China 1 farm (1,956 units of 500 kg each) 5,611–5,714 t

15 Ogino et al. (18) Japan 1 kg of meat after dressing 7.12–7.12 kg

16 Reckmann et al. (19) Germany 1 market pig 346–370 kg

17 Dourmad et al. (20) Europe, several countries 1 kg of slaughter weight 3.20–3.25 kg

18 Jacobsen et al. (21) Belgium 1 kg of live weight pig 2.25–3.47 kg

19 Sasu-Boakye et al. (22) Sweden 1 kg of deboned pork 5.70 kg

20 Cherubini et al. (23) Brazil 1 kg carcass weight 2.10–2.20 kg

21 Cherubini et al. (24) Brazil 1 t of swine carcass 3.11–3.55 t

22 González-García et al. (25) Portugal 30 kg of weight gain (finishing phase) 67.15–76.02 kg

23 Mackenzie et al. (26) Canada 1 kg of meat (carcass weight) 3.34 kg

24 Reckmann and Krieter (27) Germany 1 kg of carcass weight 2.81 kg

25 van Zanten et al. (28) Netherlands 1 kg of slaughter weight 3.09–3.36 kg

26 Wang et al. (29) China 1 kg of live weight pig 2.50 kg

27 Groen et al. (30) Netherlands 1,000 pigs 9.08E+04 kg

28 Kebreab et al. (31) Europe, North, and South

America

1 kg of live weight 2.61 kg

29 Lamnatou et al. (32) Spain 1 t of live weight pig 1.98–2.46 t

30 Mackenzie et al. (33) Canada 1 kg of meat (live or carcass weight) 3.2–5.5 kg

31 Monteiro et al. (34) Brazil and France 1 market pig (105 kg) 336–460 kg

32 Noya et al. (35) Spain 1 kg of carcass weight 1.95–2.55 kg

33 Pirlo et al. (36) Italy 1 kg of weight gain (fattening phase) 2.27–3.00 kg

34 Sagastume Gutiérrez et al. (37) Cuba 1 kg of live-weight pig 6.70 kg

35 Wang et al. (38) China 1 kg of carcass pork 8.70 kg

36 Ali et al. (39) Brazil 1 kg of cut pork 10.3 kg

37 Bava et al. (40) Italy 1 kg of live weight gain 3.3 kg

38 Li et al. (41) China 1 pig (120kg) 1,019 kg

39 Monteiro et al. (42) Brazil 1 market pig 2.29–3.19 kg

40 Noya et al. (43) Spain 1 kg of live weight pig 1.13–1.96 kg

41 Noya et al. (44) Spain 1 kg of live weight pig 2.69–5.81kg

42 Six et al. (45) Belgium 1 market pig 248.53 kg

43 Andretta et al. (46) Brazil 1 kg of weight gain (fattening phase) 2.57–2.67 kg

44 Rudolph et al. (47) Europe, several countries 1 kg of cut pork 4.96 kg

45 Arrieta and González (48) Argentina 100 kg live weight pig 342 kg

46 Monteiro et al. (49) Brazil 100 g of pork 0.46 kg

47 Monteiro et al. (50) Europe, several countries 1 t live weight pig 1.78–2.36 t

48 Ottosen et al. (51) Denmark 1 t live weight pig 1.47–2.71 t

49 Reyes et al. (52) Cuba 1 t of live weight pig 0.89–0.94 t

50 Anestis et al. (53) Greece 1 kg of weight gain (nursery phase) 1.76–2.45 kg

(Continued)
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TABLE 1 | Continued

Code Study Country Functional unit Climate change potentiala, CO2-eq

51 Cadero et al. (54) France 1 kg of live weight pig 5.07–9.35 kg

52 Garcia-Gudino et al. (55) Spain 1 kg of live weight pig 4.18 kg

53 Horrillo and Gaspar (56) Spain 1 kg of live weight pig 6.87–9.65 kg

54 Monteiro et al. (57) Brazil 1 kg of live weight pig 3.85–4.15 kg

55 Pexas et al. (58) Denmark 1 kg of live weight gain 2.16–2.48 kg

aOriginal results were preserved, however, some conversions were needed for the purpose of having the same weight unit as the functional unit.

FIGURE 2 | Location of the LCA studies focusing on pig (A) or poultry (B)

production. Studies that simulated two or more countries, or even an entire

continent, are not displayed in the figure.

of the studies mentioned the use of Brazilian soybean. For that
reason, several papers also mentioned the inclusion of overseas
transport during the inventory characterization.

Studies Focusing on Poultry Production
The research process until obtaining the final poultry database
is described in Figure 1B. Articles obtained by online searches
(6,502 references) were critically evaluated, which resulted in
several exclusions. Seventeen references were excluded when
assessing the full-text (criterium i and ii: 2 publications; criterium
iii: 1 publication; criterium iv: 7 publications; and criterium v: 7
publications). The final list of 30 selected studies is described in
Table 3.

The first study identified in the poultry database was published
in 2006. Considering the entire database, 13 journals reported
publications, with 10 papers being published in Journal of
Cleaner Production and 5 papers in Poultry Science. Broiler
production was evaluated in 18 studies, eggs were the main
product evaluated in 10 studies, and both products were
assessed in two papers. Production scenarios located in the
United Kingdom and Iran (which were considered in 6 studies
each); followed by Argentina, Brazil, France, Netherlands, and
the USA, which were considered in two studies each; as illustrated
in Figure 2B.

Likewise to the pig database, the scope described as cradle-
to-farm gate was used in most studies focusing on poultry
production. Impacts associated with slaughtering and processing
were considered in 10 publications. Besides climate change,
studies presented other impact categories (Figure 3B), such as
acidification, eutrophication, and the use of energy and land. The
characterization of the meat or egg production in the region or
country was the main objective in 15 studies (Table 4).

Three papers described the environmental impacts of
replacing ingredients in feed formulas, while one paper described
the impacts of dietary supplementation with protease. Feeding
was highlighted as the major source of environmental impact
in most studies, accounting for 28–82% of the overall impact of
climate change (Figure 4B). Despite the importance of feeding
to the total impact, the diet composition used in the inventory
was not described in most studies. Only 13% of the papers
described the ingredient formulas, while only 10% of the studies
showed any description for dietary nutritional composition. In
addition, the environmental impacts related to the production
of individual ingredients were presented in only 13% of the
papers, with the impact of feed production (considering as a
functional unit; e.g., 1 ton of feed) being presented in only
20% of the publications. The use of Brazilian soybean was
reported by 30% of the studies, highlighting the importance
of international trade also for the environmental impact of
poultry production.

DISCUSSION

The availability of peer-reviewed publications using LCA to
assess the environmental impacts of pig and poultry production
systems has increased over the years (Figure 5). The first studies
of each database were published in close years for both pig
(2005) and poultry (2006) production chains. However, the
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FIGURE 3 | Environmental impact categories evaluated in the LCA studies focusing on pig (A) or poultry (B) production systems, with dashed lines indicating the total

number of publications included in each database.

availability of studies focusing on pig production evolved greatly
in the following years, mainly after 2014. In most research
areas, the number of studies on poultry production is great
than the number of publications available in a comparable topic
in pigs. However, the opposite was found in this systematic
review, probably due to the higher risk and concern with
the environmental impacts of pig production compared to
poultry systems.

The interest in using LCA to investigate the sustainability
of a given production originates from its capability to quantify
and evaluate the resources consumed and the emissions released
at each phase needed for its production (8). Concerns about
food safety and climate change have greatly increased in recent
years. In response, the livestock industry must then reduce the
utilization of resources by increasing its efficiency while reducing
its environmental impact.

The impacts estimated for both production systems varied
greatly across studies, mainly due to the heterogeneity of
functional units and the amplitude of the considered life-cycle
scopes. However, other attributes may also be listed as sources
of variability when comparing publications. In particular, this
heterogeneity may be related to the production systems under
analysis (10, 62, 63), as well as to regional characteristics (31, 69).
The conditions considered for housing (58), farm size (38, 79),
level of intensification (20), and manure management (23) are
also reported as important factors determining the final impact
associated to the product. When focusing on animal aspects,
somewelfare (68) and genetic traits (50, 51, 73), as well as sanitary
aspects (54) were reported.

Feed production was highlighted in several papers due to
its relevant contribution to the total environmental impact.
This phase was simulated including each ingredient’s life cycle,
fabrication, and transportation to the feed mill or to the
farm in most studies. The reported contribution of the feed
production phase relative to the overall GHG emissions varied

from 31 to 76% in the pig database. In the poultry database,
it accounted for 28–82% of the total climate change impact.
Regardless of the exact environmental impact attributed to
the feeding phase, almost all studies identified feeding as the
production factor having the greatest environmental impact.
These findings support the hypothesis that eco-friendly feeding
practices can mitigate the environmental impacts of pig and
poultry production.

Importance of Rearing System Scenarios
Even though a comparison between organic and conventional
systems will not be deeply reviewed, it is important to highlight
that several studies indicated the production system as one
of the important aspects determining the relative contribution
of feeding to the overall environmental impact (due to the
feed ingredient composition, number of feeding phases, among
others). Conventional production systems were considered in
most simulations (i.e., conventional feed ingredients). However,
some studies evaluated the environmental impacts of adopting
alternative production systems (e.g., organic, free-range, certified
labels). According to Leinonen et al. (62, 63), the global warming
impact necessary to obtain a given functional unit of feed (e.g., 1
ton) can be low in organic farms in comparison to conventional
farms. However, a higher feed amount is generally necessary for
organic farms than in conventional production systems to obtain
the same functional unit. Several reasons are indicated in the
papers, as the impairment in feed conversion ratio, an increase in
feed consumption, or even waste of feed or products. Thus, when
the total cycle is analyzed, a greater global warming potential
impact may be associated with feeding animals in organic than
in conventional systems (10, 62, 63).

The environmental impacts of a given rearing system
are highly correlated with animal performance, especially
feed efficiency (27, 87). Thus, technologies that improve
animal performance usually have great potential to mitigate
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TABLE 2 | Summary of the LCA studies on pig production in terms of main

subject under analysis and scope boundary.

Code Main study subject Scope final boundary

1 Production systems At farm gate

2 Feed choice At farm gate

3 Implications of uncertainty and variability At farm gate

4 Production systems At farm gate

5 Production in Japan At farm gate

6 Production systems (organic) At farm gate

7 Production systems At farm gate

8 Production system in Europe At farm gate

9 Production in Norway At farm gate

10 Production in Western Cape and

Flanders

Delivered to the distribution

center

11 Production systems At farm gate

12 Production in the United States At farm gate

13 Immunological castration At farm gate

14 Manure management At farm gate

15 Low-protein diet supplemented with

amino acids

At slaughterhouse gate

16 Production in Germany At farm gate

17 Production systems At slaughterhouse gate

18 Production in Flanders At farm gate

19 Protein sources for feed production At pork cutting gate

20 Manure management At farm gate

21 Feed composition for finishing pigs At slaughterhouse gate

22 Production in Portugal At farm gate

23 Production in Canada At the slaughterhouse gate

24 Farm performance At farm gate

25 Replacing soybean meal with rapeseed

meal

At slaughterhouse gate

26 Production in North China At farm gate

27 Sensitivity analysis At farm gate

28 Specialty feed ingredients At farm gate

29 Production in Spain At farm gate

30 Utilizing co-products as feed At farm gate

31 Protein source, feeding programs

(including precision feeding), amino

acids inclusion

At farm gate

32 Production in Catalonia At farm gate

33 Production in Italy (heavy pig) At farm gate

34 Manure management At farm gate

35 Husbandry on different scale At slaughterhouse gate

36 Using co-products in the diets of

finishing pigs

At slaughterhouse gate

37 Production system in Italy (heavy pig) At farm gate

38 Crop-swine integrated system At farm gate

39 Reduced dietary protein levels At farm gate

40 Production in Catalonia At farm gate

41 Production in Galicia At farm gate

42 Supply chain management At farm gate

43 Precision feeding At farm gate

44 Production systems (organic) At pork cutting gate

45 Production in Argentina At farm gate

(Continued)

TABLE 2 | Continued

Code Main study subject Scope final boundary

46 Individual data of performance and

excretion

At retail gate

47 European local breeds At farm gate

48 Altering genetic components of

individual traits

At farm gate

49 Production system in Cuba At farm gate

50 Dietary modification for fattening pigs At farm gate

51 Feeding practices, animal health, and

farm infrastructure

At farm gate

52 Production in Spain At farm gate

53 Agroecosystems At farm gate

54 Source of performance and excretion

data

At farm gate

55 Housing conditions and manure

management

At farm gate

life cycle environmental impacts. In this particular aspect,
some technologies were assessed in the reviewed studies.
Immunological castration and feed additives are some of these
factors (16, 31, 53, 75), but probably many more aspects still need
to be evaluated in future research.

Another important factor evaluated in some studies was
the impact of innovative practices during the cultivation or
processing of feed ingredients. The use of maize genetically
modified (59), different processing methods for soybean (48), or
crop-animal integrated systems (41) were evaluated, and impacts
in the final product (i.e., functional unit) were reported.

Importance of Feeding Scenarios
The use of alternative feed ingredients is an important strategy
in livestock systems. Some studies presented environmental
advantages when using co-products in the assessed feeds (28,
33, 39). Other papers indicated that these advantages may be
related to the calculation method, with favorable results being
reported only when the impacts were not co-allocated between
the main and the co-products (35, 88). The environmental cost
to obtain co-products cannot be ignored in the LCA analysis,
and this should be probably further evaluated in future research.
Another limitation to be considered when comparing studies
are the different ingredient choices given the difficulties in data
acquisition, especially for local or limited ingredients as well as
the great variability among processes used to obtain co-products
(64, 88).

The distance between feedstuff production location and their
place of use is an important argument in favor of using ingredient
choice (or replacement) as a strategy to mitigate environmental
impacts. Feed ingredients are products with cross-border flows,
which are a consequence of globalization. Reducing the distance
from producers to consumers means fewer transportation
needs, and consequently fewer costs and emissions. Using this
argument, several studies were developed proposing the use
of locally grown ingredients instead of products cultivated in
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FIGURE 4 | Feed contribution to the potential impact of climate change in LCA studies focusing on pig (A) or poultry (B) production. Study codes are the same as

those presented in Tables 1, 2 for pigs and poultry, respectively. Blank lines were used for studies where the exact information was not presented in the original

publication (text or tables, as the exact value could not be obtained when information was presented in figures).

different countries or even continents (22, 43, 64). This is
particularly important for local protein-ingredients that replace
imported soybean and soybean meal (64). However, the use
of local ingredients must not impair feed conversion (24, 66).
Otherwise, the advantages may be lost caused by increased
demand for feed to reach the same final weight.

Feed composition in terms of ingredients is also a way to

reduce the excretion of nutrients and, consequently, manure

composition. For that reason, the choice of ingredients needs to

be made always with caution, focusing on the origin, but also

on the nutritional quality of the product. Nitrogen excretion
in manure is highly correlated with diet formulation. If an

increase in nitrogen losses in the manure is related to a
given ingredient choice, it is expected that this modification
will lead to higher GHG emissions and probably other
major consequences too (65). In this context, strategies that

mitigate nutrient excretion, such as enzyme supplementation

(75), synthetic amino acid partially replacing protein crops,
or the use of low-protein diets (6, 42, 57), can potentially
mitigate the environmental impacts of both pig and poultry
production. The modification of the feed formulation method

(89) and the adoption of precision feeding techniques (46,

90) are also very important and innovative tools. Due to its
relevance for future animal production, precision feeding will

be further discussed in the next section, with a focus on
pig production.

Precision Feeding as an Eco-Friendly
Strategy to Mitigate the Environmental
Impacts of Pig Production
Feeding is a major source of environmental impacts, as
previously discussed. When correctly applied, precision feeding
is an efficient tool to decrease production and environmental
costs (91). Pigs and poultry are usually fed according to
group requirements, disregarding individual particularities. This
means that all animals receive the same feed for an extended
period, with part of the population receiving nutrients above
their requirements (92). The animals that receive nutrients
above their needs excrete this excess. An increased protein
intake decreases protein efficiency utilization, resulting in larger
nitrogen excretions (93). In many pig commercial systems, the
nitrogen retention in conventional phase-feeding programs will
rarely exceed 35%, being that the efficiency of nitrogen utilization
used in many LCA studies (94). However, nitrogen efficiency
varies depending on age, sanitary status, and crude protein levels
(95, 96).

Precision feeding consists in providing the right amount
of feed with the right balance composition to each animal at
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TABLE 3 | Summary of the LCA studies on poultry production in terms of location, focus, functional unit and climate change potential.

Code Study Country Focus Functional unit Climate change potentiala, CO2-eq

1 Bennett et al. (59) Argentina Meat 1 kg (body weight) of broiler NA

2 Mollenhorst et al. (60) Netherlands Egg 1 kg of eggs 3.9–4.6 kg

3 Pelletier (61) United States Meat 1 t (live weight) of broiler 1.40 t

4 Leinonen et al. (62) United Kingdom Meat 1 t of expected carcass 4.41–5.66 t

5 Leinonen et al. (63) United Kingdom Egg 1 t of marketable eggs 2.92–3.45 t

6 Leinonen et al. (64) United Kingdom Meat/Egg 1 t of expected carcass weight 3.54–4.39 t

7 Pelletier et al. (65) United States Egg 1 t of marketable eggs 2.95–3.46 t

8 Thévenot et al. (66) Reunion Island (France) Meat 1 t of produced eggs 4.20–6.10 t

9 González-García et al. (67) Portugal Meat 1 t of produced eggs 4.32–6.45 t

10 Leinonen et al. (68) United Kingdom Meat/Egg 1 t of liquid eggs 4.95–7.48 t

11 Prudêncio da Silva et al. (69) Brazil, France Meat 1 t of whole chickens packed 2.49 t

12 Taylor et al. (70) United Kingdom Egg 1 kg (live weight) of broiler 1.62 kg

13 Ghasempour and Ahmadi (71) Iran Egg 1 kg of chicken meat packed 2.46 kg

14 Kalhor et al. (72) Iran Meat 1 t of expected carcass weight 4.22–4.42 t

15 Kebreab et al. (31) Europe, North, and South America Meat 1 t of marketable eggs 2.83–2.92 t

16 Leinonen et al. (73) United Kingdom Meat 1 t (live weight) of broiler 1.45–2.70 t

17 Cesari et al. (74) Italy Meat 1 t of packaged chicken 1.95–4.02 t

18 Giannenas et al. (75) Greece Meat 1 dozen eggs 1.9–2.5 kg

19 Mainali et al. (76) Bangladesh Egg 1 kg of expected carcass 4.07 kg

20 Payandeh et al. (77) Iran Meat 1 t (live weight) of broiler 1.39–3.25 t

21 Pelletier (78) Canada Egg 1 t of packed meat 2.93–5.36 t

22 Pishgar-Komleh et al. (79) Iran Meat 1 t (live weight) of broiler 1.12–1.34 t

23 Wiedemann et al. (80) Australia Meat 1 kg (live weight) of broiler 3.03–3.84 kg

24 Abín et al. (81) Spain Egg 1 kg of carcass 5.52 kg

25 Skunca et al. (82) Serbia Meat 1 t of expected carcass weight 2.76 t

26 Arrieta and González (48) Argentina Meat 1 kg (live weight) of broiler 1.63–4.21 kg

27 Duarte da Silva Lima et al. (83) Brazil Meat 10,000 eggs 1.74 t

28 Ramedani et al. (84) Iran Meat 1 t (live weight) of broiler 5.00–5.78 t

29 van Hal et al. (85) Netherlands Egg 1 t of produced eggs 1.37–2.44 t

30 Estrada-González et al. (86) Mexico Egg 1,000 broilers 17.36–20.25 t

aOriginal results were preserved, however, some conversions were needed for the purpose of having the same weight unit as the functional unit.

the right time. Thus, precision feeding can be defined as the
technology that provides each animal the nutrients tailored
to meet in real-time the animal requirements (91). Nitrogen
and phosphorus excretions can be decreased by 40% and
consequently reduce production costs by 10% when using an
individual precision feeding program (93, 97).

In this context, precision feeding can improve the
sustainability of pig production systems. Automatic feeding
stations allow pigs to be fed individually with a diet whose
composition is appropriate to their growth potential (91). This
strategy is an important pattern shift in animal nutrition because
at this point nutritional requirements are no longer consider
static, but as dynamic processes that develop differently for
each individual.

The use of precision feeding instead of conventional group
feeding systems already demonstrated several benefits. The
increased nutrient-use efficiency and the consequent reduction
in the excretion of polluting substances to the environment,
improving the overall sustainability of the production system,

are the main advantages presented by this feeding system
(91). In addition, studies have shown that it is possible to
considerably reduce soybean meal and dicalcium phosphate
in diet formulations compared to conventional programs. In
validation studies (93, 97), individual feeding allowed a reduction
in lysine intake by up to 26%, and nitrogen and phosphorus
excretion by 30 and 14%, respectively, without affecting the
productive pig performance.

Environmental Impacts of Applying
Precision Feeding Techniques
Before applying precision feeding techniques, it is necessary
to study the environmental impacts of adopting these
techniques. An LCA study performed by Andretta et al.
(46) intends to estimate the environmental impact of precision
feeding techniques applied to pig production. Once again,
in Brazilian scenarios, feeding was the largest source of
environmental impact. In addition, the study showed that
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TABLE 4 | Summary of the LCA studies on poultry production in terms of main

subject under analysis and scope boundary.

Code Main study subject Focus Scope final boundary

1 Conventional and genetically

modified maize

Meat At processing plant door

2 Production systems Egg At farm gate

3 Production system in the

United States

Meat At farm gate

4 Production system in the

United Kingdom

Meat At farm gate

5 Production system in the

United Kingdom

Egg At farm gate

6 Alternative protein crops Meat/Egg At farm gate

7 Production system in the

United States

Egg At farm gate

8 Accounting for farm diversity Meat At farm gate

9 Production system in Portugal Meat At shell egg processor

facilities

10 Welfare-enhancing system

changes

Meat/Egg At breaker facilities

11 Large and small-scale

production in Brazil and France

Meat At processor door

12 Production systems (free-range) Egg At farm gate

13 Production system in Iran Egg At processor door

14 Production system in Iran Meat At farm gate

15 Specialty feed ingredients Meat At farm gate

16 Genetic changes Meat At farm gate

17 Production system in Italy Meat At processor gate

18 Protease and replacement of

soybean meal

Meat At farm gate

19 Litter management Egg At farm gate

20 Mitigating environmental impacts

by data envelopment analysis

Meat At farm gate

21 Production system in Canada

and housing systems

Egg At processor door

22 Production system in Iran Meat At farm gate

23 Production system in Australia Meat At farm gate

24 Production system in Spain Egg At slaughterhouse gate

25 Chicken meat chain Meat At farm gate

26 Production system in Argentina Meat At farm gate

27 Production system in Brazil Meat At farm gate

28 Comparing ostrich and chicken

production

Meat At farm gate

29 Feed-food competition Egg At processor door

30 Production system in Mexico Egg At farm gate

replacing conventional group feeding with daily group feeding
(nutrient supply adjusted daily to meet the group requirements)
could decrease the potential impact of eutrophication by 4%
and acidification by 3%. The mitigation was even greater (up
to 6% for the potential impact of climate change and 5% for
eutrophication and acidification) when the program was applied
to each animal individually (pigs received diets daily tailored to
their requirements).

The study also highlighted a reduction over time in the
potential impact of climate change associated with pig feed

production related to reducing the expected dietary nutrient
levels. In the simulated population, reducing the dietary
standardized ileal digestible lysine level by one percentage
point led to a reduction of up to 194.7 kg of CO2-eq per ton
of feed, depending on the simulated scenario. Certainly, the
main advantage of this method was the improved nutrient use
efficiency. In other words, the same amount of product was
produced using fewer resources. Monteiro et al. (34) performed
a similar study considering Brazilian and French scenarios with
simulated data (the previous study used data collected in vivo). In
their study, a precision feeding system that fed pigs individually
was able to reduce the impact of climate change by 7%.

Future Challenges
Animals are exposed to several conditions during their lives and
these factors may impact directly their nutrient requirements
(98). For example, sanitary challenges affect the way amino
acids are used by the animal because the nutrients that
would be used for protein deposition are directed to cope
with the immune system (98). Sanitary challenges also impact
the growth performance of pigs and broilers (99), reducing
feed efficiency and consequently increasing the environmental
impact associated with this production (27). Cadero et al.
(54) reported a significant effect of impaired health status on
the carbon footprint of pig production. This is only one of
several topics that need to be more evaluated in the future,
especially in a scenario with reduced use of antibiotics in
animal production.

Several studies on the environmental impact of animal
production have been published, but only a few have worked
using precision feeding programs or considering sanitary
challenges. More studies must be carried out to better
understand their environmental impact on modern pig and
poultry production. Despite all the variability found in livestock,
precision systems can foster some eco-friendly solutions by the
possibility of managing animals as an individual, having their
diets tailored based on real-time data.

Important Aspects to Be Considered When
Applying LCA to Animal Science
LCA is a well-known and established method to
evaluate environmental impacts, particularly for complex
production chains as those in the livestock sector.
However, LCA has its limitation like any other scientific
method. Some of these limitations have been described
by Finkbeiner et al. (100). Some of these gaps may
apply in the studies described in this systematic
review.

One important limitation observed in the studies was the
assessment of water use. Many studies did not include this impact
category or they did not consider water consumption (water not
returned to the system), which is very relevant for agriculture
(100, 101).

The great variability in functional units is certainly another
important limitation to be highlighted. The unit choice is a
challenging task because it impacts directly on the results and
is also related to the objective and scope (100). However, the
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FIGURE 5 | Cumulative number of LCA studies focusing on pig or poultry production.

variability among studies is a great limitation when comparing
results since transformations are sometimes not possible or
precise (e.g., results expressed for 1 ton of live pig are difficult
to compare to those expressed for 1 ton of carcass because there
are more processes included and sometimes the carcass yield is
not fully known).

In addition, impacts on human health are probably
insufficiently covered in LCA studies dealing with pig and
poultry production. Soil contamination, noise, and odors are
some of these impacts that are not commonly addressed in LCA
studies. Additionally, the LCA method fails to consider other
aspects, such as biodiversity, welfare, and social aspects (100).
The positive impact of specific activities may be also disregarded.

Finally, the choice of a single scenario to represent the reality
of an entire production chain is another important limitation of
some reviewed LCA studies. The issue related to data gathering
was previously highlighted (102). A single model (e.g., data
collected in a single scenario) are not able to describe the pig
and poultry production systems worldwide, and neither probably
across regions. Even in integrated systems that are characterized
by a higher level of uniformity, it is possible to observe a different
performance in each producer (for the same genetic type, with the
same feed, and similar management practices). Thus, variability
is something that needs to be considered in future LCA studies.

CONCLUSION

This systematic review confirmed feeding as the largest source
of environmental impact associated with pig and poultry

production systems. This supports the hypothesis that novel
feeding techniques may mitigate the environmental footprint
associated with both production chains. Precision feeding is
highlighted as a way to optimize nutrient-use efficiency and,
for that reason, as a promising tool toward more sustainable
animal production systems. It is still a challenging task to
properly consider and compare the variability among LCA
studies. Despite these issues, LCA is a comprehensive way to
assess sustainability from a global perspective and its application
on pig and poultry production systems is very encouraged in
future research.
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The efficiency of pig production using nutrients has increased over the years. Still, better

efficiency of nutrient utilization can be achieved by feeding pigs with diets adjusted to

their estimated requirements. An increase in nutrient efficiency of utilization represents

economic gains while maximizing environmental performance. The objective of this paper

is to review the impact of different methods of diet formulation that provide farm animals

with the amount of nutrients to satisfy their needs while minimizing nutrient excretion and

greenhouse gas emissions. Diet formulation is one tool that can help tomaximize nitrogen

and energy utilization by decreasing crude protein content in diets. The use of local

feedstuff and non-human-edible products (e.g., canola meal) associated with synthetic

amino acid inclusion in the diet are valuable techniques to reduce carbon footprint.

Precision feeding and nutrition is another powerful tool that allows not only daily tailoring

of diets for maximal nutrient efficiency of utilization but also to reduce costs and improve

nitrogen efficiency of utilization. In this review, we simulated throughmathematical models

the nitrogen and energy efficiency of utilization resulting from crude protein reduction in

the diet. An 8% crude protein reduction in the diet can increase nitrogen efficiency of

utilization by 54% while costing 11% less than a control diet without synthetic amino

acids. The same reduction in crude protein represented a major improvement in available

energy due to the decrease of energetic losses linked to protein deamination. Urinary

and hindgut fermentation energy losses were 24% lower for pigs fed with low-protein

diets when compared to control diets. In terms of modern feeding techniques and

strategies, precision feeding and nutrition can decrease nitrogen excretion by 30% when

compared to group phase feeding. The benefits of feeding pigs with low-protein diets and

precision feeding techniques are additive and might result in a 61% nitrogen efficiency of

utilization. There is room for improvement in the way nutrient requirements are estimated

in pigs. Improving the understanding of the variation of nutrient utilization among pigs

can contribute to further environmental gains.

Keywords: low protein diets, sustainable pig production, precision feeding, precision nutrition, nutrient utilization,

nutrient efficiency of utilization
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INTRODUCTION

Farm animals are raised to produce commodities such as meat,
dairy products, and fiber. Energy, amino acids (AA), minerals,
vitamins, and water are used by animals for body maintenance,
growth, reproduction, and lactation. Body maintenance and the
synthesis of body tissues (i.e., lean, fat, etc.) are dependent upon
an adequate supply of dietary nutrients (1). The energy and
nutrient losses associated with the conversion of dietary energy
and nutrients into animal products increase production costs and
may also contribute to an environmental load of animal farms by
the excessive application of nitrogen (N), phosphorus, or trace
minerals from manure or by the carbon and methane losses.
The conversion rate of dietary nutrients into animal products
is generally low. Dietary crude protein (i.e., nitrogen), which is
one of the most limiting and expensive nutrients in monogastric
feeds, is converted to body protein by pigs with efficiencies that
vary between 15 (2) and 33% (3). Similar figures are found for
beef cattle and broilers, in which the efficiency ranges from 10
to 20% and from 30 to 40%, respectively (2). Nonetheless, given
the global human population growth and the increasing demand
for vegetable protein for human and livestock production, the
method we are using to evaluate production efficiency needs to
be redefined (4–6). For the efficiencies of conversion of human-
edible livestock feeds into human-edible animal products, it
may be more appropriate to evaluate these efficiencies in the
actual context of limited global land resources and food security
rather than just the efficiency of conversion of livestock feeds
into units of animal products (4, 7, 8). For instance the use of
digestible indispensable amino acids score to quantify differences
in protein quality together with the concept of human-edible
protein conversion efficiency allows to quantify the net protein
contribution of a system (9, 10). Pig and chicken net protein
contribution are around 0.64 and 0.76, respectively, while dairy
cows will reach a 3.6 score (11). A score >1 indicates that
the animal chain has a positive impact on providing human
nutrients. Although these calculations are highly impacted by the
feedstuff used in pig and poultry diet, the numbers are pointing
for a competition for food between humans and non-ruminants.
The challenge to animal scientists and the livestock sector is
to improve the efficiency of use of feed resources by matching
available nutrients to the animal requirements while reducing the
livestock dependence on human-edible feeds (6, 7, 12, 13).

The efficiency by which farm animals convert the dietary
nutrient provisions into animal products depends on many
factors. These factors can be associated with the animal (i.e.,
its metabolism, age, and species), the feeding method (i.e., feed
composition, feeding phases), and the environment (i.e., housing
system). Within the animal, there are various causes of nutrient
inefficiency. Thus, part of the ingested nutrients are used for
basal metabolic processes involving degradation (catabolism)
and synthesis (anabolism) or are lost in the digestive tract
through desquamation and endogenous secretions (14). These
nutrient losses are generally referred to as maintenance losses.
Nutrients are also lost during the synthesis of animal products
(e.g., body lean). In growing animals, the losses associated
with the utilization of the first-limiting AA for body protein

deposition can largely be attributed to its inevitable catabolism
(14, 15). These inevitable AA losses should be differentiated
from other metabolic losses related to the preferential AA
catabolism, which results from the catabolism of AA given in
excess, from the excretion of chemically unavailable absorbed
AA (e.g., heat-damaged proteins) (16, 17), and to a minor extent
from integumental AA losses and from the use of AA for the
synthesis of non-protein body compounds (14). In growing pigs
fed with cereal-based diets, the sum of the undigested N and
the losses associated with digestion, maintenance functions, and
body protein deposition may represent 33% of the total ingested
N, and similar values are obtained for dietary P (3). These sources
of nutrient inefficiency are difficult to reduce because they are
inherent to the animal metabolism and occur during digestion
and metabolic processes (18).

Other sources of nutrient losses are related to the composition
of the feeds and the methods we use to provide these feeds
to the animals. Because these losses are related to the way we
are feeding and raising the animals, there is great potential for
improvement. Indeed, the feeds are responsible for the largest
part (70%) of the environmental impact caused by pig production
(19, 20). This is because in practical conditions most of the
pigs within the herd receive more nutrients than they need
(21–23), and all excess nutrients are excreted and contribute to
the overall nutrient inefficiency. To reduce the supply of excess
nutrients and thus reduce their excretion, it is essential to: (a)
precisely estimate the amount of dietary nutrients that will be
available for the animals’ metabolism; (b) estimate the amount
of nutrients required by each animal throughout the growing
period; (c) formulate balanced diets that limit excess nutrients;
and (d) concomitantly adjust the dietary supply of nutrients to
match the animals’ estimated requirements (24). The estimation
of available nutrients in the available feed ingredients and the
determination of nutrient requirements have been previously
addressed (25, 26). Additionally, the environmental impact of
livestock production must also include the direct and indirect
contribution of farm animals and manure disposal to greenhouse
gas (GHG) emissions, which in some cases, like in pig and poultry
production,may contribute to around 9.5% of the global livestock
GHG emissions (27, 28). The objective of this paper is to review
the impact of the differentmethods of diet formulation to provide
growing pigs with the amount of nutrients that satisfy their needs
and concomitantlyminimize their excretion andGHG emissions.

FORMULATING BALANCED DIETS TO
REDUCE NUTRIENT LOSSES AND
EXCRETION

Formulating a compound feed for farm animals refers to the
determination of a blend of feed ingredients and additives that
will have the concentration of nutrients that will allow the
achievement of the production goals at an optimized feed cost
(29). A compound feed is said to be complete when it provides
all the nutrients required by animals. Many farm animals are fed
today with complete diets.
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One of the essential requisites for diet formulation is to
precisely know the nutrients in feed ingredients that will be
available to the animals after digestion and the amount of
nutrients that are required by the animal to live and produce.
Linear programming is the most widely used method for diet
formulation and involves determining the level of incorporation
of the available feed ingredients that, by respecting a series of
linear constraints, will minimize (or maximize) an objective
function, typically the cost of the blend. Other methods, such
as goal programming, are proposed as an extension of linear
programming to include several optimization criteria (30).
Nonetheless, the main characteristics of these methods are
the result of the linear nature of the objective function and
constraints (31), which requires the verification of important
assumptions such as the additivity (the value of the objective
function is the sum of the contributions of each ingredient, and,
similarly, the nutritional contribution of a blend of ingredients
is the sum of the nutrient contribution of each ingredient),
proportionality (the change in the contribution of an ingredient
in a blend changes the nutritional value and cost of the blend in
proportion to the change) and divisibility (the incorporation of
an ingredient in a mixture is divisible indefinitely, and there are
no ingredient or nutrient interactions).

For any nutrient, feed ingredient provisions and animal
requirements can be expressed in different units or within
different nutritional systems. The system and units used to
appraise the potential nutrient contribution of feed ingredients
and those required by animals have to verify these assumptions
of the formulation method. For example, the apparent ileal
digestibility of AA does not satisfy the additivity assumption,
because animal responses to increasing levels of an AA are not
necessarily linear (32). The use of net energy and standardized
ileal digestible AA systems circumvent these limitations (32–34).

Furthermore, AA requirements are often expressed based on
the concept of the ideal protein. The ideal protein concept was
proposed more than 50 years ago and refers to a protein in
which all dietary essential AA and the pool of dietary non-
essential AA are co-limiting so that AA supply exactly matches
the AA requirement (35, 36). Lysine has traditionally been used
as the reference AA because it is the first limiting AA when pigs
and poultry are fed with corn-soybean meal based feeds. The
utilization of the ideal protein concept greatly simplifies practical
animal nutrition and feed formulation, because the nutritionist
only has to evaluate the requirement of lysine and extend the
requirements of the other AA using the ideal protein profile.

Nonetheless, the scope of the conventional diet formulation
methods is to satisfy the nutritional constraints while minimizing
the cost of the blended feed and the supply of excess
nutrients when adding environmental constraints. Other than
the limitations inherent to the linearity of the objective function
and constraints, and the assumptions identified above, linear
programming is limited by the objective function, which is
normally proposed to minimize the cost of the feed (i.e., the
blend). In other words, what counts is to provide the necessary
nutrients independently of their origin. Thus, two diets are
assumed to be equivalent if they satisfy all the nutritional
constraints of the formulation method independently of the

nutrient excesses they provide. Unfortunately, reducing the
environmental footprint by adding environmental objectives in
the diet formulation method is often considered a complex and
costly task that adversely affects production competitiveness.
Introducing environmental objectives in the diet formulation
algorithms can be accomplished by modifying the traditional
least-cost formulation algorithm (37–39), using goal and other
programming techniques (30, 40–42) and others. However,
whatever formulation method is chosen, the environmental
criteria to be minimized must be those that will have the greatest
impact on the environmental footprint of production. The use
of life cycle assessment to globally quantify this environmental
footprint is a promising avenue (43) but has the downside that
it attributes to the livestock feed the environmental footprint
associated with the production of ingredients, fertilizers, etc. The
resulting solution may be optimal for society in general, but it
will not necessarily be optimal for the production sector or the
producer himself. The practical use of this approach will require
the adoption of national and international policies allowing the
sharing of the environmental costs between consumers and the
various stakeholders in the sector (4). Only the environmental
footprint associated with animal feeding is considered in
this study.

Mitigate the Carbon Footprint by Feed
Formulation
With the increasing demand from society to reduce the global
environmental carbon footprint of animal production systems
with a focus on improving the sustainability of the production of
feed ingredients, the utilization of these ingredients by livestock
and the disposal of manure is warranted. Thus, other than
formulating the feeds to reduce nutrient losses and excretion,
more strategies are required to mitigate global production carbon
footprint. Thus, (1) formulating feeds using local ingredients, (2)
using by-products from the food and bio-energy industry, (3)
formulating low-protein diets by increasing the use of crystalline
AA, and (4) using more efficient crops with reduced fertilizer
(e.g., precision farming) have been proposed (44). Between
all these strategies, the use of more efficient crops can help
to decrease the carbon footprint. However, when considering
changes in land use, low-protein diets with crystalline AA seems
to be the most efficient strategy to mitigate the carbon footprint
(44). Crystalline AA are synthetically made but present with
the same configuration as naturally occurring AA. The use of
feed-grade AA allows replacing bound protein by synthetic and
crystalline AA (45, 46). Amino acids can be produced by the
different methods such as: extraction from protein hydrolysates,
chemical synthesis, and microbial processes; each method
presenting different economic and environmental advantages
(45, 47). Crystalline AA are the product of bacterial fermentation
which is purified by crystallization (45). In production contexts
like in Europe, where feed ingredients are frequently imported
from distant countries like Brazil and Argentina, reducing the
utilization of soybean meal by using feed-grade AA significantly
decreases land use, carbon footprint, and GHG emissions (43,
48, 49). Reducing soybean meal utilization can be attained by
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formulating low-protein diets by incorporating crystalline AA,
by using precision feeding, or both. Nonetheless, these feeding
alternatives are environmentally viable only if they do not
compromise growth performance (50, 51).

Simulated Impact of Low-Protein Diets in
Nutrient Efficiency, Nutrient Excretion, and
Carbon Footprint
Energy, AA, minerals, vitamins, and water are essential nutrients
needed by animals to live (maintenance), grow, and produce
(reproduction, lactation, etc.). When formulating a diet, it is
necessary to consider that animals must be provided with all
these essential nutrients in adequate amounts and in forms that
are palatable, digestible, and metabolically available in order to
optimize growth, reproduction and production (1). It is also
assumed that for many nutrients, and particularly for AA, their
excess will not compromise performance. In fact, the excreted
N originates from the undigested, unbalanced, and chemically
unavailable dietary protein fractions, from the protein given in
excess to the animals, and from the inevitable protein catabolism
(14). With the increasing availability of crystalline AA such
as L-lysine, DL-methionine (or its analogs), L-threonine, L-
tryptophane, and L-valine, it is now possible to formulate low-
protein diets with a well-balanced AA content. When providing
pigs and other monogastric animals with the required amount
of essential AA, including the pool of non-essential AA does not
affect animals’ growth (1, 52–54).

The impact of low-protein diets in nutrient efficiency, nutrient
excretion, and carbon footprint was evaluated by simulation
feeding growing pigs with five feeds formulated to lower dietary
crude protein (CP) content with the inclusion of different
crystalline AA based on studies addressing the use of low-
protein diets (44, 55). The feeds were formulated to meet the
requirements of 25–50-kg body weight growing pigs (23, 56, 57)
using the nutritional matrix of the NRC (1) for feed ingredients,
the standardized ileal digestibility values of EvaPig R© software (v.
1.4.0.1; INRA, Saint-Gilles, France), and recognized ideal protein
AA profile (54, 58). The feed ingredients used to formulate the
basal diet (Diet 1) contained corn, wheat, soybean meal, canola
meal, vegetable oil, mineral sources (micro-mineral premix,
calcium carbonate, dicalcium phosphate hydrated), and phytase.
These feed ingredients were chosen from local sources when
possible, while costs were those of January 2021 expressed in US
dollars using the conversion rate of January 15, 2021.

Pig performance was simulated (59) based on previous study
results (18, 58, 60), assuming that during a 28-d feeding phase
starting at 25 kg BW, pigs will have an average daily feed intake
(ADFI) of 2 kg, average daily weight gain (ADG) of 0.95 kg,
and an average protein deposition (PD) of 152 g/d. Daily lysine
requirements (g/d) were calculated by adding maintenance and
growth requirements as generally suggested in the literature
(53, 56, 57). Fecal energy losses were estimated by the difference
between the gross and digestible dietary energy in diets. Urinary
energy losses were calculated as suggested by van Milgen et al.
(53), assuming that they originated from the deamination of two
nitrogenous component fractions, one obligatory and another

variable. The obligatory energy loss fraction is associated with
maintenance, while the variable urinary energy excretion fraction
is proportional to the excess protein supply. The difference
between digestible and metabolizable energy represents the
methane loss from fiber fermentation. Heat losses were obtained
by determining the difference between the metabolizable and net
dietary energy. These values were multiplied by ADFI to estimate
average energy losses (MJ/day). Nitrogen and other nutrient
excretion values were obtained by subtracting the estimated
retention from the respective nutrient intake values.

In relation to growing pig AA requirements, corn is poor
in lysine (1), which is generally the first limiting AA in the
diets of many growing animals, including pigs. Because of this
limited lysine content in corn, a higher amount of soybean meal
has to be included in conventional corn-soybean meal diets to
meet the lysine requirement of pigs, which results in high CP
levels (55). The basal diet (Diet 1) formulated to satisfy the
AA requirements of pigs without the addition of crystalline
AA was mainly composed of soybean and canola meal, whose
inclusion accounted for 38% of the diet and resulted in 22.3%
CP diet (Figure 1A, Table 1). Supplementing this basal diet with
L-lysine until the second essential AA becomes limiting (i.e.,
threonine; Diet 2) reduced dietary CP by 7% (Figure 1B). This
decrease in dietary CP resulted from a decrease in soybean and
canola meals and an increase in corn and wheat. In relation
to the basal diet, a reduction of 10% in dietary CP can be
obtained by supplementing the basal diet with L-lysine and L-
threonine until the third AA becomes limiting (Diet 3). At
this point, tryptophane and methionine became limiting, and
by supplementing with these four feed-grade AA, a 17% CP
reduction (19% CP content) can be obtained (Diet 4). Valine
becomes the next limiting AA. Supplementing the basal diet with
L-lysine, L-tryptophan, L-threonine, MHA-methionine, and L-
valine resulted in a 26% reduction in the CP in Diet 5 (16%
CP content). It is important to stress that the order of the
limiting AA and the potential CP reduction in the diet depends
on the nutritional matrix used, the ideal AA profile chosen,
the economical scenario, and the estimated AA requirements of
the animal.

The use of five feed-grade crystalline AA allowed a decrease
in soybean and canola meals by 50% in relation to the basal
diet (Diet 1). These feed ingredients accounted for 38% of
this reference diet. Such reductions in protein-providing feed
ingredients in livestock diets not only significantly reduces N
excretion, but also contributes to reductions in land use and
carbon footprint (48, 49). Nitrogen excretion was reduced in
the present study by 8% per percent unit reduction in dietary
CP, which is in agreement with Wang et al. (55), who reported
reductions of N excretion of 8–10% for each percent unit
reduction in dietary CP. In the present simulation study, the
efficiency of N retention increased from 40 to 54% when pigs
were fed with diets 1–5, respectively. Concomitantly, reducing
dietary CP also reduced feed cost (Figure 2). Although feed cost
continuously changes over time and across production contexts,
Diet 5 was 11% cheaper than the control diet, resulting from
the reduction of soybean and canola meal inclusion in the AA-
supplemented diets.
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FIGURE 1 | Feed ingredient composition of diets formulated for grower pigs (25–50 kg BW) in standard Canadian pig diets when soybean and canola meals are

gradually replaced by corn and feed-grade amino acids (A). Crude protein content and limiting AA of diets formulated for grower pigs (25–50 kg BW) in standard

Canadian conditions when soybean and canola meals are gradually replaced by corn and feed-grade amino acids (B).

Dietary gross energy is not totally available for meeting the
requirements of animals, since some energy is lost in feces, in
urine, as fermentation gases (methane, hydrogen) and as heat
(i.e., heat increment). The energy losses that are found in the
feces come from the organic matter of the diet that has not been
digested by the animal (61). Fecal energy losses may represent
14% of the gross energy intake, while urinary and fermentation
losses may represent 8% in non-supplemented diets. Feeding
pigs with low-protein diets will reduce fecal losses by 11%
given the higher energy digestibility of energy in cereals than in
soybean and canola meals. Furthermore, low-protein diets will
significantly decrease protein deamination, which was therefore
the energy loss component that presented the greatest difference
in energetic cost. Urinary and hindgut fermentation energy losses
were 24% greater for pigs fed with the basal diet (22% CP) than
with low-CP diet (16% CP), likely because 31.1 kJ of energy is
needed to deaminate and excrete each g of excess N in the urine
(1). Heat increment decreased by 13% between diets 5 and 1. Such
a change in heat increment is mainly due to the change in the
proportion of starch and protein content in the diet. Given that
glucose is used more efficiently than protein as an ATP source
(62), reducing excess protein also decreases heat increment.
Furthermore, high dietary CP content stimulates body protein
turnover, a process which increases energy expenditure (63).

PRECISION FEEDING AS A TOOL TO
IMPROVE NUTRIENT EFFICIENCY OF
UTILIZATION

Reducing the excretion of excess nutrients and restricting the
use of non-renewable resources are essential components in
the development of sustainable livestock production systems.
The amount of nutrients that are excreted depends mainly on
how much nutrients are ingested, how metabolically available

they are, and how their supply by the diet is balanced with
the animals’ requirements. In growing animals, the optimal

concentration of nutrients in the diet progressively decreases over

time (1). Therefore, an efficient way to reduce the excretion of
excess nutrients is to concomitantly adjust their supply to the

animals’ requirements (64, 65). The economic and environmental

benefits of this concomitant nutrient adjustment increase with

the number of feeding phases (64, 66, 67). However, increasing

the number of feeding phases complicates feed management
and sometimes increases facility costs. The development of

feeding systems that allow blend feeding and the automatic

distribution of two feeds that, when combined in variable ratios,

can meet the requirements of pigs throughout their growing

period (64, 68) makes the phase-feeding technique promising
again because nutrient excretion can be significantly reduced
without increasing feeding costs (69). Nonetheless, there are two
important sources of variation to be controlled in farm animals,
which are the between-animal variation and the overtime
variation on nutrient requirements (70, 71). Conventional farm
animals are fed with the same feed during long periods (1, 72).
Therefore, only the overtime variation can be controlled by
increasing the number of feeding phases. Furthermore, given
that for most nutrients underfed animals will exhibit reduced
performance, whereas the overfed ones exhibit near-optimal
performance, nutrients are provided to satisfy the requirements
of the most demanding animals in the herd to ensure optimal
production performance (i.e., growth) (21, 22, 73). In this
situation, almost all animals receive more nutrients than they
need. Furthermore, to account for the lack of information to
precisely estimate the optimal level of nutrients to be provided
to the group, the composition of feed ingredients, and other
uncontrolled and unknown factors (e.g., environment, health),
nutritionists include safety margins when formulating diets for
maximum population responses.
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TABLE 1 | Estimated nutrient composition and simulated results of the diets formulated for grower pigs (25–50 kg body weight) in standard Canadian diets when soybean

and canola meals are gradually replaced by corn and feed-grade amino acids.

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5

Estimated energy and nutrient composition

Dry matter 87.74 87.63 87.46 87.45 87.26

Ash 4.96 4.82 4.64 4.66 4.39

Crude protein 22.34 20.88 20.11 18.64 16.48

Crude fat 6.63 5.96 5.07 5.07 4.29

NDF 9.8 9.81 9.42 9.78 9.58

ADF 4.7 4.52 4.1 4.27 3.9

Starch 35.8 38.96 41.43 43.4 47.77

Gross Energy, MJ/kg diet 17.23 16.99 16.74 16.65 16.36

Digestible Energy, MJ/kg diet 14.87 14.69 14.57 14.44 14.25

Metabolizable Energy, MJ/kg diet 14.15 14.01 13.91 13.82 13.7

Net Energy, MJ/kg diet 10.39 10.38 10.35 10.38 10.43

Total Lys, %/kg diet 1.19 1.17 1.16 1.15 1.13

SID* Lys, %/kg diet 1.02 1.02 1.02 1.02 1.02

Simulated animal responsesa

Fecal energy losses, MJ/d 4.72 4.6 4.34 4.42 4.22

Urinary energy losses, MJ/d 1.44 1.36 1.32 1.24 1.10

Heat incrementc, MJ/d 7.52 7.26 7.12 6.88 6.54

Nitrogen intake, g/d 69.70 65.15 62.74 58.16 51.29

Nitrogen retained as proteinb, g/d 24 24 24 24 24

Nitrogen for maintenanceb, c, g/d 3.4 3.4 3.4 3.4 3.4

Nitrogen excreted, g/d 42.26 37.71 35.30 30.72 23.85

Nitrogen retention, % 39.37 42.12 43.73 47.18 53.50

*Standardized ileal digestible Lysine (Lys).
aAssuming an ADFI of 1.95 kg/d, an ADG of 0.95 kg/d, and that 16% of ADG is deposited as protein.
bHauschild et al. (56).
cVan Milgen et al. (53).

FIGURE 2 | Changes in estimated feeding costs as result of changes in crude

protein content in the diet.

Precision feeding or precision animal nutrition is the practice
of feeding animals with diets tailored daily (71). Precision
feeding and nutrition is part of the precision livestock farming
approach and involves the use of feeding techniques that allow
the proper amount of feed with the suitable composition to be
supplied in a timely manner to individual animals or groups of
animals (24, 74). The automatic collection of data by the use of

interconnected smart sensors and devices and the use of big data
analysis techniques combined with conventional mathematical
and data-driven models using deep learning algorithms and
control devices (i.e., automatic feeders) are required for precision
feeding applications (71). The application of precision feeding at
the individual level is only possible where measurements, data
processing, and control actions are taken at the individual animal
level (71).

The use of real-time feed-intake and body-weight information

allows estimating the required amount of nutrients that a group
of pigs (22) or each pig in the herd (56) needs to grow at its

potential. For example, a real-time modeling-control approach
was used by Pomar et al. (64) to control the time-dependent
variation of group-housed pigs offered feed ad libitum. In this
system only two feeds are used throughout the grow-finishing
period: feed A, which has high nutritional density, and feed B,
which has a low nutritional density (24, 74). The daily tailored
diet is obtained by mixing the right proportion of these two feeds
to each individual (individual precision feeding) or for a group
of animals [daily-phase group-feeding system; (75)]. Comparing
a conventional three-phase feeding system to a daily-phase
group-feeding system, these authors concluded that CP intake
could be reduced by 7% while N excretion is reduced by 12%.
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Controlling the time-dependent and between-animal variation
can further help to reduce nutrient intake and excretion. The
modeling approach proposed by Hauschild et al. (56) was used
to estimate real-time nutrient requirements of individual pigs.
The performance of growing pigs fed according to a conventional
three-phase feeding system, similar to the one used by Pomar et
al. (64), or using precision feeding were compared by Andretta
et al. (75, 76) and Remus et al. (77), who observed that feeding
pigs with diets in which the concentration of standardized
ileal digestibility (SID) lysine is adjusted daily to the estimated
requirements of each animal resulted in a 27% reduction in
total lysine supply without detrimental effects on growth. This
additional 20% reduction in SID lysine intake in relation to
group-fed pigs was obtained by feeding the animals individually
and thus simultaneously controlling the time-dependent and
between-animal variation. Although feed cost reduction depends
to a great extent on feed prices, it is expected that feed cost can
be reduced by 1–3% when only controlling the time-dependent
variation, while an 8–10% reduction can be obtained when
controlling both sources of variation. Nitrogen excretion was
reduced by nearly 30% when pigs were fed with daily tailored
diets. The efficiency with which dietary protein was used for body
protein retention was improved by 12.5% (75) and 13.4 % (76).
Moreover, crude and SID lysine were improved in these trials
by 30 and 23%, respectively. These differences between the CP
and lysine efficiencies resulted from the fact that the experimental
diets were not formulated to minimize CP content and the lysine
to CP contents were different between feeds A and B.

Formulating Low-Protein Diets for
Precision Feeding
The benefits of feeding pigs with low-protein diets and precision
feeding techniques are additive. Therefore, formulating diets
for precision-fed pigs with crystalline feed-grade AA can
dramatically reduce the carbon footprint of growing-finishing
pig production. Thus, if the diets in the trial of Andretta et
al. (76) would have been formulated as proposed for Diet
5 in the previous simulation exercise, we could theoretically
expect reductions in N excretion up to 43% instead of the
observed 26%, with an N efficiency moving from 54 to 61%.
It is important to see from these trials that young animals
are much more efficient than older ones and that feeding pigs
under requirements dramatically improves N and other nutrients
efficiencies. Indeed, feeding pigs at 90% of the estimated SID
Lys requirements would decrease protein retention by about 5%,
while N excretion can be reduced by nearly 20% in relation to pigs
fed to requirements. This reduction is, however, very sensitive
to the formulation method. In fact, the feeds formulated for
young animals are more concentrated in all nutrients, including
AA. Therefore, the use of feed-grade crystalline AA will have
a greater effect on the reduction of total protein than feeds
formulated for heavier animals. When the diets are formulated
for precision feeding, again, the more concentrated feed responds
more to the incorporation of AA than the less concentrated feed.
On the other hand, the less concentrated feed (i.e., feed B) is
normally formulated for the least demanding animals when they
are the least demanding. Therefore, at the end of the growing
period, the required levels of AA and other nutrients are low

and they are less affected by the incorporation of crystalline AA.
These less concentrated feeds do not require the incorporation
of any protein-providing ingredient, given that even the AA
concentration of cereals exceeds the required level for this feed.

The Limitations of Actual Methods to
Formulate Low-Protein Diets in the
Context of Conventional and Precision
Feeding Systems
The formulation of low-protein diets can have a great impact
on livestock sustainability, but it is in using low-protein diets
in precision feeding settings where the impact can be greater,
given the additivity of both feeding techniques. Feeds and feeding
remain the most important production factors to reduce the
carbon footprint given that they account for around 70% of
the environmental impact of pig and poultry production (20).
Nonetheless, despite the tangible benefits of using low-protein
diets and feeding pigs with efficient precision feeding systems,
there are limitations to the actual principles we are using to
formulate low-protein diets (23, 55) and for precision feeding
systems (71).

Precisely adjusting the supply of nutrients to the needs of
animals is the key issue to optimize the efficiency of use of feed
nutrients and minimize their excretion and the environmental
footprint of animal production systems. In the practice, the
digestible AA content in the complete diet is obtained, assuming
that the digestibility values of the feed ingredients are additive
and independent of the animal, feed intake, and ingredient
composition (32, 78, 79). However, these principles are weak,
as low levels of feed intake may increase the estimated values
of apparent ideal digestibility and SID of CP and AA in diets
(78) and the inclusion of dietary insoluble fiber decreases the
digestibility of most dietary components, including AA (80, 81).
These phenomena may lead to the lack of additivity and the
under- or overestimation of the available AA in the complete
diet (78). Our ability to precisely estimate the available nutrients
in feed ingredients and the final diet remains an important
limitation to formulating low-protein diets or providing pigs with
the amount of nutrients animals need for production.

On the other hand, the determination of the amount of
nutrients that the animals need to produce may also be
challenging. For specific nutrients (e.g., essential AA), and when
all other nutrients are provided at adequate levels, nutrient
requirements can be defined as the amount of nutrients needed
for specified production purposes, which in farm animals are
production outputs such as growth rate, protein deposition, and
milk yield (82, 83). Depending on the production purpose and
the nutrient, this required nutrient amount can be considered as
the minimum amount that will prevent signs of deficiency and
allow the animal to perform its necessary functions in a normal
manner. Nutrient requirements are modulated by factors that are
related to the animal (e.g., genetic potential, age, weight, and sex),
the feed (e.g., anti-nutritional factors), and the environment (e.g.,
temperature and space allowance) (84) and they are estimated
for a given animal at a given point in time as the sum of
the requirements for maintenance and production (26). When
applied to pig populations, however, the requirements for a
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nutrient should rather be defined as the amount needed for
specified production purposes such as optimal growth rate,
protein deposition and feed efficiency (22). That is, the concept
of nutrient requirements when applied to populations should be
considered in the context of nutrients provided to heterogeneous
populations over long periods (73, 85, 86). Individual animals’
response to dietary nutrient supply may differ in magnitude and
pattern from the response of a population (73), and population
nutrient requirements should be seen as the optimal balance
between the proportion of pigs that are going to be overfed and
underfed, acknowledging that this proportion will change over
time (25).

The empirical and factorial methods are two methods used
in practice to estimate the nutrient requirements of growing
animals (29). In the empirical method, nutrient requirements
are estimated by feeding groups of pigs with increasing levels of
the nutrient under evaluation and measuring one or several sets
of performance parameters (e.g., growth rate). In this empirical
method, the nutrient level at which the optimal population
response is observed is identified as the population requirement
for this nutrient and this growing interval. In the factorial
method, however, daily requirements are estimated as the sum
of the requirements for maintenance and production (82). These
requirements are estimated for each nutrient or its precursor
and take into account the efficiency with which each nutrient is
used for each metabolic function (53, 87). Because pigs within
a population differ in terms of BW and growth potential, each
pig has its requirement, and this requirement evolves over
time according to each pig’s own pattern of feed intake and
growth. When the factorial method is used to estimate the
nutrient requirements of a population of animals, it is common
practice to use the average pig to represent the population.
However, care has to be taken with this assumption, since
using the average pig to feed the population implies that half
of the population will be overfed while the other half will be
underfed (21, 22, 26), thus leading to undesired population
performance. Nonetheless, some factorial methods may have
been calibrated to estimate the requirements of the population
using average population values (23). Furthermore, unlike the
empirical method, the factorial method estimates nutritional
requirements using information from one individual at one
specific point in time. Thus, changes that occur during the
growing interval under study are not evaluated. Ultimately,
both methods of estimating nutrient requirements are based
on experimental results from trials studying the relationship
between nutrient intakes and animal responses. In the empirical
method, this relationship is used to estimate the optimal
response to varying nutrient levels of a population of animals
showing some degree of heterogeneity. In contrast, the factorial
method estimates the required amount of nutrients for one
animal at a given point in time. Thus, when the factorial
method is used to estimate population nutrient requirements,
the chosen individual should be the right representative of
the population and not necessarily the average animal (22, 23,
73).

Mechanistic mathematical models that implement the
factorial approach are used to represent the complexity of
animal responses and the numerous factors modulating them.

These models have been developed to simulate the growth of
a single animal (1, 53) or a population (86, 88). These models
must, however, be calibrated a priori using data collected from
bygone reference populations. Furthermore, these models are
challenged by the difficulty of identifying the right reference
population for its calibration, the inadequacy of most of these
models to represent population heterogeneity, and the fact that
animals from actual populations may follow different feed intake
and growth patterns than the ones observed in the reference
population. Therefore, model users have to be very careful to
identify any differences that may exist between the reference and
the target populations as well as any changes in the evolution of
this target population during growth (26).

From a nutritional perspective, animal variation is much
larger than the variation in feed intake and protein deposition
potential as represented in actual factorial methods and models
(1, 53). The actual principles used in the factorial methods
to estimate nutrient requirements or to formulate low-protein
diets are based on the assumptions that for many nutrients, in
particular for AA, (1) digestibility is constant and is only a feed
attribute [e.g., 74% for lysine in corn; NRC (1)], (2) observed
(i.e., SID) AA utilization efficiency is constant for production
[e.g., 72% for lysine deposition in body protein; (15)] across
animals and ages (some variation is considered in the NRC 2012
model), (3) body protein amino acid composition is constant
across animals and ages [e.g., 7% for lysine; (89)] and AA are
needed and retained according to an ideal protein profile (1,
53, 54). However, these assumptions do not always hold true.
Indeed, as indicated earlier in this document, feed ingredient
AA digestibility is affected by the composition of the diet [e.g.,
fiber content (80, 90)], feed processing (91) and animal factors
such as feed intake (78), and body weight (91). Factors affecting
nutrient digestibility should be taken into account to formulate
low-protein diets. In addition to this, the efficiency with which
animals use the available nutrients may not be constant. For
instance, the efficiency of use of the absorbed AA for protein
deposition is affected by many factors in pigs, and production
conditions may be one of the most important ones. Thus, in
growing pigs fed below lysine requirements, the estimated SID
lysine efficiency ranged from 73 to 94% (58) and from 83 to
100% (92). Similar figures were observed for threonine, where
the estimated efficiency ranged from 54 to 84% (58). Amino acid
supply also affects the AA composition of body proteins, and
different body proteins are affected differently by the AA supply.
Indeed, the splanchnic tissues are less affected than carcass
muscles by AA supply, and different muscles respond differently
to dietary AA supply (58, 77, 93–95). Some proteins (collagen,
albumin, C-reactive protein) are also more affected than others
(58). The use of constant digestibility values, AA efficiency and
AA composition of body protein and animal products in the
estimation of AA provisions and requirements can lead to biased
estimations that can limit animal performance when trying to
minimize excess nutrients supply.

The concept of the ideal protein refers to a protein with an AA
profile that exactly meets the animal’s requirement, and in this
context all the AA acids are equally limiting (54, 77, 96). There are
important implications to this concept. First, the animal response
is driven by the first limiting AA, independently of the others.
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Second, the animal response is proportional to the available
limiting AA until another AA becomes limiting or the maximal
response is reached. Third, excess AA does not limit maximal
response. And finally, there is no interaction between AAs. In an
optimal setting, all the animals will respond similarly to a given
supply of AA. However, the ideal protein concept explains a small
portion of the observed variation in the animals’ responses. That
is, for any given level of AA supply, there is a large variation
in animal responses, often larger than the variation across AA
supply levels (58, 97–99). Remus et al. (77) also noted that, for
growing pigs, optimal performances were obtained at different
threonine/lysine ratios when pigs were fed in conventional or
precision feeding systems. In both feeding systems, however,
the between-animal variation was high, thus confirming that
the ideal protein profile explains a relatively small proportion
of the observed animal response variation. It is possible that
the between-animal variation in terms of AA digestibility, the
efficiency of use of available dietary AA, and AA body protein
composition may be responsible for part of the unexplained
animals’ response variation in AA supply.

Furthermore, the utilization of the ideal protein concept
is limited when a quadratic response is observed (100) or
when deficiencies or excess AA affect other AA responses (AA
interactions). For example, valine supplementation decreased
ADG when using a diet marginal in tryptophan, whereas it
increased ADG when using a tryptophan-sufficient diet (101).
Valine deficiency or branched-chain AA imbalance in the diet
reduced feed intake and growth performance in another trial
(102). Amino acids are much more than building blocks for
production. They are also essential substrates for the synthesis
of many molecules (e.g., glutathione, carnitine, carnosine, etc.)
crucial to the animal metabolism and they have a crucial role
in neurological regulations, gene expression, and small intestine
growth (103, 104). Some AA are essential to the immune system
(i.e., sulfur AA) to maintain the integrity of the gut barrier
(i.e., threonine), and their supply should be reviewed in pigs
under poor sanitary conditions (55, 105). Functional AA are
those involved in the regulation of key pathways associated
with the improvement of health, growth, reproduction lactation
and reproduction (106). These AA have been linked to possible
metabolic disease prevention and treatment, and might have
great influence on intestinal health (106, 107). Pigs in poor
sanitary conditions have different AA and energy requirements
than those in better conditions (108, 109). Health challenges
result in shifts of AA that could be used for protein deposition
being used for maintenance functions related to the immune
system (108, 110, 111). As consequence non-ruminants decrease
growth performance (110, 111), and this loss in efficiency
using feed for growth results in increased environmental impact
(112). Cadéro et al. (113) simulated 96 scenarios using a LCA
model that takes into account the variability among pigs aiming
to simulate the impact o health status and feeding practices
on economic and environmental traits. They concluded that
impaired health has a major impact on the carbon foot print,
and improving practices that increase the health status also
help to improve economic results. The authors point out that
feeding pigs with diets that closely meet their requirements
(e.g., individual precision feeding) help to improve the economic

results of health impaired populations. Additionally, daily
feeding groups or individually feeding pigs improved the
economic and environmental performance independent of the
health conditions of the herd. It is possible that the changes
in functional AA concentration might help pigs overcome the
sanitary challenge, especially in precision feeding systems.

FUTURE PERSPECTIVES

Formulating feeds with low-protein diets and feeding pigs
individually or in groups with daily tailored diets can have a
major impact on N excretion and overall livestock sustainability.
Indeed, the ingested nutrients that are not retained by the
animal or in animal products are excreted and contribute to
increasing the production cost and to reducing the sustainability
of the farm. Reducing the supply of AA as happens in low- and
very-low-protein diets for conventional and precision feeding
production systems requires integration in the estimation of AA
requirements not only of their role in production (i.e., meat, milk,
etc.) but also other essential metabolic functions. It also requires
ensuring that other functional nutrients (e.g., fermentable
carbohydrates, probiotics, etc.) are supplied to maximize the
integrity of the intestinal morphology and microbiota, immune
system, etc. We need to better understand AA digestion and
metabolic use to quantify the animal needs and their response
to AA supply in interaction with the animal microbiota and
production environments.

The formulation of very-low-protein diets and the
implementation of precision feeding techniques rely on the
utilization of sound nutritional concepts and comprehensive
biological models developed to precisely estimate individual real-
time nutrient requirements and animal responses. Combining
knowledge- and data-driven models will further enhance our
ability to use real-time farm data, opening up new opportunities
that will enhance farm profitability, nutrient efficiency, and the
sustainability of the overall animal production system. With
the development of advanced computer and communication
technologies and high-speed data-collection sensors, it is
possible today to obtain numerous measurements at the animal,
feed, building, and other farm levels. Besides the availability
of these new technologies and data gathering, knowledge
remains the most limiting factor to precisely providing each
animal or a group of animals with the amount of nutrients
it needs to produce at the desired level. Understanding the
metabolic processes responsible for the observed variation
between individual animals in their ability to use dietary
nutrients is challenging for nutritionists and modelers, but
is required to further improve the efficiency of livestock
production systems.
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The sustainability of animal production relies on the judicious use of phosphorus

(P). Phosphate, the mined source of agricultural phosphorus supplements, is a

non-renewable resource, but phosphorus is essential for animal growth, health, and

well-being. P must be provided by efficient and sustainable means that minimize the

phosphorus footprint of livestock production by developing precise assessment of the

bioavailability of dietary P using robust models. About 60% of the phosphorus in an

animal’s body occurs in bone at a fixed ratio with calcium (Ca) and the rest is found

in muscle. The P and Ca requirements must be estimated together; they cannot be

dissociated. While precise assessment of P and Ca requirements is important for

animal well-being, it can also help to mitigate the environmental effects of pig farming.

These strategies refer to multicriteria approaches of modeling, efficient use of the new

generations of phytase, depletion and repletion strategies to prime the animal to be

more efficient, and finally combining these strategies into a precision feeding model that

provides daily tailored diets for individuals. The industry will need to use strategies such

as these to ensure a sustainable plant–animal–soil system and an efficient P cycle.

Keywords: phosphorus, calcium, mitigation, requirements, environment, swine

1. INTRODUCTION

Phosphorus (P) is an essential element for all living beings, as it is a key component of nucleic
acids and energy transfer molecules (adenosine triphosphate, creatine phosphate) and a major
mineral component of bone (1). The element P is found in animals as orthophosphates. This
is the circulating form of P. Adequate amounts must be provided in livestock diets to ensure
animal growth and health. To date, producers have used inorganic phosphate, a limited and
non-renewable resource that will be depleted within 100–200 years at current rates of extraction
(2). As a commodity mineral, its price is volatile (3). Of greater concern is that P is not absorbed
completely from any diet, and in the case of monogastric livestock farming, phosphorus-laden
run-off can pollute and cause eutrophication of waterways, which can lead to growth of toxic
nitrogen-fixing algae or cyanobacteria (4). This compromises the sustainability of pig farming,
which has become highly concentrated in certain regions of several pork-producing countries. In
swine production, to avoid an excess of P, the cost of transporting P-rich manure for use as crop
field fertilizer can be high and the cost of treating it can be prohibitive; rational and efficient use of
P is therefore essential.
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Calcium (Ca) is the most abundant mineral in the body (1, 5)
and is indispensable for bonemineralization, muscle contraction,
and nerve impulse propagation. It is not an expensive element in
livestock feed, it is abundant, and it does not represent a threat to
the environment. However, as absorption and utilization of P in
growing pigs is related to that of Ca, P and Ca requirements must
be studied together. Insoluble and indigestible Ca–P complexes
can form in the intestines (6, 7). Ca and P deposits in bone are
co-dependent. If discharges of phosphorus are to be minimal
and its efficiency of utilization must be maximized, its supply
must be matched as closely as possible to the requirements of the
animals. To achieve this, the actual usable P content of feedstuffs
and the animal physiological requirement bothmust be estimated
accurately and precisely. Both global and factorial methods have
been used to estimate the Ca and P requirement.

P and Ca requirements can be estimated to maximize
growth performance, keep P rejection minimal and/or maximize
bone mineralization. Novel approaches in development aim to
improve the digestive and/or metabolic utilization of P, thereby
decreasing P excretion. The best-known example is the use of
phytases, which facilitate the digestion of plant P as phytic acid,
the phosphoric ester of inositol, a compound found in many
plants and poorly absorbable by pigs. The new generation of
phytases makes this strategy evenmore attractive. The depletion–
repletion, a strategy less well known, consists of reducing P and
Ca input below the animal’s requirements over some period
of growth and then increasing the supply as needed (8). This
strategy can increase the animal’s P digestive efficiency and
metabolic utilization in growing pigs; thus it overall decreases
in P intake and excretion while maintaining growth and bone
mineralization (9, 10). Finally, a mechanistic model approach
predicts bone ash and then P and Ca requirement (11, 12) and
does not estimate the P and Ca requirement for bone directly
from protein. This is an interesting multicriteria approach to
mitigate P impact that will be essential for P precision feeding
(13). The objective of this paper is to review the latest P and
Ca assessment of bioavailability methods for evaluating the
nutritional values of feed ingredients for pigs and estimating
precisely P requirements, as well as, describing innovations and
promising strategies to decrease the P excretions by growing pigs.

2. PRECISELY ASSESS BIOAVAILABILITY
AND EVALUATING THE NUTRITIONAL
VALUES OF FEED INGREDIENTS

2.1. Dietary Forms of Phosphorus and
Calcium
2.1.1. Plant Phosphorus and Calcium
Phytic acid is synthesized in plants by phosphorylating inositol
in any or all possible positions. It can thus bear 6 phosphate
groups (IP6) as shown in Figure 1, or a smaller number (IP5-
IP1). The main form found in feed ingredients of plant origin is
IP6 (15, 16). Phytic acid plays a key role in plant metabolism by
constituting a reserve of P and chelating other minerals, whereas
inositol is used in cell wall formation (17). Phytic acid is present

in all plant-based ingredients (18), in which it accounts for 50–
80% of the P content (19, 20) and is found almost entirely in the
form of salts called phytates, primarily with Ca, Fe, Zn, Mg, K,
andMn. Phytates are solubilized at gastric pH, whereas the higher
pH of the small intestine is conducive to their re-formation or
de novo complexation thus decreasing the absorption of minerals
and trace elements (21, 22). In vitro, phytic acid forms its
most stable salts with Cu, Zn, Ni, Co, Mn, Fe, and then Ca
(23, 24). Ca rarely makes up more than 1% of plant dry matter
(20) and its absorption is decreased by phytate formation, but
this can be countered somewhat by using phytases (see section
4.2), which break down phytates that are in solution (25–27).
The cation-binding ability of phytic acid declines as phosphate
groups are removed (21). Phytates form insoluble complexes
also with proteins, amino acids, and starch and thereby decrease
the digestibility in the small intestine and utilization of these
nutrients (18).

2.1.2. Mineral Phosphorus and Calcium
P is usually added to pig diets as dicalcium phosphate, which
represents 60% of the feed phosphates used in the European
Union; monocalcium and monodicalcium phosphates are also
used (28). Magnesium, calcium-magnesium, ammonium, and
sodium phosphates are also available for use in livestock feed (28–
30). To minimize excreted phosphate, which becomes pollution,
the most digestible phosphates are preferred, although price
also is considered. The first and foremost criterion is to meet
narrow technical specifications in terms of composition and
physicochemical stability. Phosphates can be classified according
to their solubility in 2% citric acid solution. This test does not
indicate real digestibility but makes it possible to rank different
products (29). A feed-grade phosphate must be at least 95%
soluble in 2% citric acid and in alkaline ammonium citrate (28,
31). For monocalcium phosphates, the solubility in water must
be greater than 80%, and for monodicalcium phosphate, greater
than 50% (28). Monocalcium phosphate is more digestible
than monodicalcium phosphate, which is more digestible than
dicalcium phosphate (28, 29). Dicalcium phosphate dihydrate
is more digestible than the anhydrous form. The final criterion
for judging the quality of a feed-grade phosphate is its level of
undesirable substances such as arsenic, cadmium, lead, fluorine,
or mercury, and dioxins (28, 29).

The inorganic Ca supplements most used in pig farming are
calcium phosphates (32) and carbonates supplied in the form
of limestone, a mineral that contains calcium carbonate and
dolomite and which varies in Ca content (35–38% Ca; (19)).
The bioavailability of the Ca in these sources is in the 90–
100% range of calcium carbonate (CaCO3) used as reference
(19, 20, 30). Unlike in poultry, carbonate particle size appears
to have no significant effect on apparent or standardized Ca
digestibility in growing pigs, based on tests with animals in the
10–20 kg live weight range (33, 34). Calcified red algae has
been studied due to its solubility at gastric pH. It is 32% more
soluble than calcareous Ca at pH 6.7 and 34% more soluble at
pH 3.0 (35). Limestone is 100% calcite, whereas CeltiCal (Celtic
Sea Minerals) is 65% calcite, 23% aragonite, and 12% valterite
(polymorphs of calcite). The greater solubility does not make
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FIGURE 1 | (A) Structure of phytic acid at neutral pH (14); (B) phytate chelate with different cations. (14).

the Celtic Sea product more digestible than calcium carbonate.
Its digestibility in pigs is at best equivalent to that of calcium
carbonate [apparent total tract digestibility [ATTD] Ca of 46.7%
and 51.2% for calcium carbonate and CeltiCal, respectively (36),
64% for both sources (37), and may be lower: 46.9% of ATTD
Ca and 30.5% for calcium carbonate and CeltiCal (38)]. Marine
Ca is absorbed poorly in the upper parts of the gut (38); the
higher concentration of dissolved cations moreover makes it
precipitate more with phosphate or phytic acids, decreasing
P digestibility, bone mineralization, and animal growth (35,
36). A highly soluble Ca to P ratio makes precipitation more
likely. Nevertheless, adding marine Ca in smaller amounts and
using phytase allows proper balancing of the soluble Ca:P ratio
and growth performance equivalent to the control group, and
quantitatively superior bone mineralization, at least in broiler
chicken studies (35). These results show, above all, that Ca and
P interact strongly in the digestive system, and howmuch further
study, especially of the soluble Ca:P ratio, is needed to optimize
their utilization.

2.1.3. Phosphorus and Calcium of Animal Origin
In addition to inorganic phosphates, meat and bone meal from
the rendering industry is also used as a source of P and Ca. Except
in Europe, where it is prohibited in livestock feed other than for
fish, these by-products are commonly included in poultry diets.
Meat and bone meal can be made up of bones and soft tissues but
not blood, hair, hoof, horn, skin/leather, stomach and ruminal
contents, or excrement. Most meat and bone meal in North
America is a mixture of cattle, pig, and poultry by-products (39).
It must contain at least 4.0% of P, and the Ca:P ratio must not
exceed 2.2 [AAFCO 2011, cited in Sulabo and Stein (40)]. Meat

and bone meal is a source of highly available Ca and P (41, 42)
but has unpredictable quality and Ca:P ratios, due to differences
in raw materials and processes (39). Depending on the source,
the P and Ca contents may vary 2–4 times as much as the protein
content, the coefficients of variance being, respectively, 20, 22,
and 6.2% (40). A negative correlation exists between protein
concentration and P and Ca concentration, due to variations in
the proportions of soft tissue and bone (40). The most important
sources of variation in the composition of meat and bone meal
are therefore the origin of the by-products used and the ratio of
soft tissue to bone.

When meat and bone meal is fed to pigs, it provides much
of the Ca and P in the diet. It is therefore necessary to have a
supplier that uses controlled processes and can guarantee Ca and
P content. The standardized digestibility of P in meat and bone
meal ranges from 55 to 84% and averages 70% (20, 40), falling
between the values for inorganic P and materials of plant origin.
Standardized Ca digestibility in meat and bone meal is estimated
at 77% but can be 82% for poultry meal (43). The apparent Ca
digestibility ranges from 55 to 84% (40). The digestibility of P
and Ca in meat and bone meal does vary somewhat, due mostly
to the P concentration: the higher the P concentration, the lower
the Ca and P digestibility. Since the P concentration depends
mainly on the proportion of bone in themeal, it may be presumed
that the higher the bone-to-meat ratio, the lower the Ca and P
digestibility. The apparent digestibility of P in bone meal is in
fact about 68 vs. 80% in meat-and-bone meal and 85% in meat
meal (44). Hydroxyapatite, therefore, seems to be a less digestible
form of P and Ca. This has been validated for P by comparing
diets containing different forms of bone meal. The pre-cecal
digestibility of P in chickens is lower when it is still in the form
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of hydroxyapatite than when it has been previously dissolved
(45). Although its composition may vary widely, meat and bone
meal offers the possibility of recycling, providing sufficient P to
livestock without inorganic P from non-renewable sources. At
least one study suggests that heat and pressure treatment of bone
meal and removal of gelatin may improve P digestibility (45).

2.2. Precisely Estimates of Dietary
Phosphorus and Calcium Values of
Feedstuffs
2.2.1. Total Analyzable Value
Total dietary Ca and P content in feed ingredients are routinely
measured by chemical analysis. However, these numbers do not
indicate what portion the animals digest or retain or how much
will be excreted. Although this method has its drawbacks, it is
still the preferred method for Ca, mainly because of the lack
of knowledge on Ca bioavailability. Recent work underway is
expected to provide amore accurate Ca bioavailability assessment
method with standardized digestibility measurements (46). The
P system is more precise with different expression modes, which
will be described in the following sections.

2.2.2. Relative Bioavailability
Bioavailability, also called availability, was added in the ninth
edition of NRC (47). Availability is an indicator of the use
of a nutrient based on a predefined criterion, for example, in
the case of P and Ca, bone mineralization measured in terms
of mineral (ash) content or a biomechanical property such as
breaking strength (48, 49). The value is obtained by comparison
with a reference that is considered 100% bioavailable, usually
monocalcium phosphate. The relative bioavailability of a nutrient
in an ingredient is generally expressed as the slope ratio, which
is obtained from linear regressions of the criterion vs. nutrient
ingested (48). The main disadvantage of this method is that it
is not standardized and thus the bone and parameter measured
(e.g., ash content and break strength) may differ between studies,
so studies are not comparable (46).

2.2.3. Digestibility
The digestibility concept was first used to assess P content of
feedstuffs as ATTD in the Netherlands (50) and then in France
(19). In 2012, the National Research Council (NRC) proposed
another method, like the one used for amino acid and that should
be more precise, the standardized total tract digestibility (STTD).
Digestibility refers to the quantity of nutrient that is not found
in the feces and therefore must have been digested, or, at least,
has disappeared from the digestive tract, a definition that must be
nuanced according to whether endogenous losses are considered.
Unlike other nutrients, the digestibility of P (and of Ca to a
lesser extent) is estimated over the entire digestive tract as fecal
digestibility. Two reasonable assumptions justify this: (1) P and
Ca are absorbed in the cecum and the colon, respectively (51).
These play a homeostatic role in maintaining serum P and Ca
under conditions of low intake, and (2) for P and Ca in most
dietary supplies, there are no difference between fecal and ileal
digestibility for true and apparent P digestibility (52, 53), or
apparent and standardized Ca digestibility (38) and therefore

no interest in estimating ileal digestibility, which is much more
difficult and expensive than measuring fecal digestibility (20).

Apparent total tract digestibility (ATTD) of a nutrient in a
feed is the difference between the total intake of the nutrient in
question and the amount found in the feces (54, 55):

ATTDCa or P(%) = [(Ca or Pintake − Ca or Pfeces)/Ca or Pintake]

× 100 (1)

The methods most used to determine apparent digestibility are
total feces collection or partial collection in conjunction with an
indigestible marker. Apparent P digestibility is still used widely
but has the disadvantage of not being additive in feeds composed
of several ingredients (55, 56).

STTD considers basal endogenous losses, which represent the
minimal loss of a nutrient, independent of feed composition
but influenced by dry matter intake (49, 54). These losses
were first estimated by regression with extrapolation to zero
ingestion of the studied mineral (57). They are now measured
by analyzing feces of animals fed a diet free of P or Ca (34, 37,
58–60). Critics of this method point out that Ca metabolism
is well known to be regulated through absorption and thus
reabsorption of endogenous losses, leading to underestimation of
basal endogenous losses (61). Likewise, a P imbalance due to a P-
free but Ca-containing feed would probably affect endogenous
P losses (62). Further trials are needed to determine whether
endogenous P losses should be measured with a P-free and
Ca-free diet, or if it is better to measure P losses with some Ca
to minimize interference by regulation. Basal endogenous losses
of P and Ca fall, respectively, into the ranges of 139–252 mg and
123–670 mg/kg of dry matter intake (DMI) (37, 38, 63, 64). Basal
endogenous P losses in pigs have been estimated at 190 mg/kg of
DMI by (20) and 6 mg/kg of live bodyweight (BW) by Bikker and
Blok (65). Standardized digestibility can then be calculated using
the following equation (55):

STTDCa or P(%) = [(Ca or Pintake − (Ca or Pfeces

− Basal endogenous losses))/Ca or Pintake]

× 100 (2)

Standardized digestibility values are considered additive in feeds
composed of several raw materials (20, 46). According to this
equation and the use of a constant basal P loss of 190 mg/kg of
DMI, it is simple to convert values of ATTD digestibility values
into STTD values.

True digestibility accounts for total endogenous losses,
which include basal and specific endogenous losses. The latter
represents the losses above basal endogenous ones, due to specific
characteristics of the feed, such as the level of anti-nutritional
factors and fiber content (54). No method of direct measurement
of true digestibility exists, except the use of radioisotopes that
are now banned in many countries. It is therefore determined by
regression, using apparent digestibility and ingested quantity of
the nutrient (46, 49):

Ca or Pabsorbed = (TTTD×Ca or Pintake)−Total endogenous losses
(3)
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The negative intercept corresponds to total endogenous loss,
while the slope of the regression represents true digestibility.
Critics of this method point out that for P and Ca, estimates
are highly variable, dependent on individuals, often intercept is
not different from 0 (53, 66, 67) and influenced by the amount
ingested, in violation of the basic assumption of the regression
method (66, 67).

Although several studies about Ca digestibility have been
completed (34, 37, 40, 52, 59, 66, 68), the Ca requirement
continues to be generally expressed as a total requirement
(20, 46) due to the lack of data on digestibility in specific
feed ingredients. To overcome the non-additivity of apparent
digestibility in a mixed feed, most recent studies have focused
on standardized digestibility (59). However, basal endogenous
Ca losses measured so far are highly variable and appear to
depend on feed composition (59). In addition, components such
as fiber may have a direct and proportionate positive effect on
standardized Ca digestibility (59), as shown in rat studies (69).
These last considerations show the interest in evaluating the Ca
digestibility of raw materials under the specific conditions in
which they will be used, as recommended in chicken for P (70).

2.2.4. Mechanistic Modeling and Meta-Analysis

Approach
All the methods described earlier give a unique P and Ca
value for each feedstuff regardless of the interactions with
other components of the diet. With the objective of precisely
estimate the digestibility of dietary P in a complete diet, two
approaches have been used by Létourneau-Montminy et al. (71,
72) based on available literature. First, a mechanistic research
mathematical model that simulates the fate of dietary P forms,
phytate P (PP) and non-phytate P (NPP) from plant, mineral
and animal origin, in the gastro-intestinal-tract was developed
and evaluated by Létourneau-Montminy et al. (71). The proposed
model integrates and predicts the impact of the most relevant
physiological processes involved in P digestion and absorption,
including P dietary forms, the presence of exogenous phytase,
and the dietary concentration of Ca. It also predicts the impact
of transit time and pH of the different dietary sections. The
output is the standardized P and Ca absorbed. It can be used as
a prospective tool to study P digestibility for different feedstuffs
and feeding strategies, as well as the effect of specific digestive
processes on P digestive utilization. Second, given the large
number of publications on P digestibility in pigs, meta-analysis,
a statistical method relevant for summarizing and quantifying
knowledge acquired through previously published research (73,
74), was chosen to predict P digestibility considering dietary
P forms, Ca, and exogenous phytases. Dietary forms are PP
and NPP from plant, mineral, and animal (72). This study
provided a generic response of ATTD P (g/kg) to variation
of PP, NPP, and phytase. Results showed a linear relationship
between NPP and digestible P. Both NPP from mineral and
animal feedstuffs and NPP from plant are highly digestible (78
and 73%, respectively). A digestibility coefficient of 21% was
also found for PP showed that part of the PP is available for
absorption without any exogenous phytase supply (75–77). Then
microbial phytase improved digestible P given hydrolysis was

simulated with a classic enzyme equation, theMichaelis–Menten.
Its response depends on PP quantity, its substrate. The addition
of 500 FTU of microbial phytase per kg of feed to a diet with 2
g of PP/kg, increased the amount of digestible P by 0.60 g/kg.
With 3 g of PP/kg, the amount of digestible P increased by
0.67 g/kg. It is worthy to note that the amount of PP varies
little in swine ingredients. Finally, dietary Ca linearly decreases
digestible P independently of phytase supply as previously shown
when testing different concentrations of dietary Ca crossed with
different levels of phytase (78, 79). This simple method allows a
prediction of true P digestibility based on chemical analysis of
the diet in total P, PP, Ca, and microbial phytase, while NPP is the
difference between total P and PP as used in broilers (80).

3. PRECISELY ASSESS PHOSPHORUS
AND CALCIUM REQUIREMENTS

According to the FAO and WHO (81), a nutrient requirement
is defined as the intake level that will meet specified criteria of
adequacy without risking deficit or excess. These criteria include
an array of biological effects associated with the nutrient. In
livestock production, a requirement is defined as the quantity
necessary to maximize a production factor such as body growth
or bone mineralization. In practice, growth alone is often a
poor indicator of mineral status. Tissue analyses should always
accompany growth and feed intake data when evaluating mineral
adequacy (82). Bone mineralization has long been the standard,
but environmental issues have led several countries to review this,
giving rise to the notion of growth performance (20). Ca and
P requirements may be defined as facilitating growth according
to genetic potential while ensuring optimal bone mineralization
and keeping environmental risks minimal. In other words, a
multicriteria approach to setting nutrient requirements is needed.
To respond to these different objectives, global and factorial
approaches, and increasingly mechanistic models simultaneously
consider the most important variables, including genetics, live
weight, and sex.

3.1. Global Approach
This method consists of measuring different performance criteria
(growth rate, feed conversion ratio, etc.) in herds that have
been fed with increasing levels of the tested nutrient. If all the
criteria are not satisfied simultaneously, the proper intake is then
considered to be the one that optimizes the most important
criterion (83). At this time, the digestibility of nutrients was
not considered. This approach presents two main disadvantages.
The first one is that it is difficult to compare the estimation of
nutrient requirements by this approach with the availability or
digestibility of the raw material. The second is that, like nutrient
availability, the approach does not consider the portions of P and
Ca effectively used and does not allow differentiation between
the portions released in feces and urine. Global approaches were
replaced by factorial approaches in the 1990s.

3.2. Factorial Approaches
A more advanced method is the factorial approach, which
consists of quantification and the addition of the requirements
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TABLE 1 | Estimates of P and Ca requirements for growing pigs according to different models.

Bodyweight 30 kg 50 kg 70 kg 100 kg

ADG 0.96 kg 1.11 kg 1.17 kg 1.12 kg

Feed intake 1.36 kg 2.14 kg 2.71 kg 3.22 kg

Body protein 4.68 kg 7.08 kg 11.09 kg 15.03 kg

CVBa NRCb INRAec Lautroud CVBa NRCb INRAec Lautroud CVBa NRCb INRAec Lautroud CVBa NRCb INRAec Lautroud

STTD P (g/kg) 3.77 4.2 - 4.07 2.83 3.07 - 2.85 2.39 2.45 - 2.38 2.01 1.83 - 2.12

ATTD P (g/kg) - - 4.0 3.9 - - 2.98 2.68 - - 2.5 2.21 - - 2.1 1.95

Total Ca (g/kg) 9.96 9.03 11.61 8.16 7.53 6.6 8.65 5.9 6.38 5.27 7.26 5.2 5.4 3.93 6.09 5.06

Total Ca:STTD P 2.64 2.15 - 2.00 2.66 2.15 - 2.07 2.67 2.15 - 2.18 2.69 2.15 - 2.39

Total Ca:ATTD P - - 2.90 2.09 - - 2.90 2.20 - - 2.90 2.35 - - 2.90 2.59

aEstimated according to Bikker and Blok (65).
bEstimated according to NRC (20).
cEstimated according to Jondreville and Dourmad (84).
destimated according to Lautrou et al. (12).

for each physiological function (e.g., for maintenance and
growth). With the emergence of this method came the
consideration of the intestinal absorption of minerals. Several
factorial methods estimating P and Ca requirements had been
proposed such as Jondreville and Dourmad (84), NRC (20),
and Bikker and Blok (65). The first of these methods is based
partly on studies conducted years ago in France (83, 85) and the
Netherlands (86) and is applied widely in France and Europe.
The second one is popular in North America. The third one is
in fact an update of the Jongbloed et al. (86) method based on
data published since then. The P requirements estimated by these
methods are presented in Table 1.

In Jondreville and Dourmad (84)’s model, estimation of P
and Ca requirements aims for a bone mineralization of 100%.
The maintenance requirement corresponds to obligatory urinary
losses, because the P requirements are expressed on an ATTD
basis, and endogenous fecal losses are already considered. The
maintenance P requirements are estimated at 10 mg/kg of BW
(85). The requirement for growth is assessed based on the
average daily gain. Finally, the total Ca requirement is estimated
according to a fix ratio of 2.9 with the ATTD P requirement.

The NRC (20) considers that P and N retention are highly
correlated, and that this correlation is affected little by animal
genetics or sex. According to their model, maximal P retention
in growing pigs is dependent on body protein. Endogenous basal
losses in the gastrointestinal tract are estimated at 190 mg/kg
of DMI, to express the P requirements in STTD, and minimal
urinary loss at 7 mg/kg of BW. Finally, growth performance
is maximized by considering the standardized digestible P
requirement to be 85% of the level that maximizes body P
retention. The total Ca requirement is set at 2.15 times the
standardized P requirement.

In Bikker and Blok (65), Ca and P requirements are estimated
independently and aim for a bone mineralization of 100%.
The requirement is the sum of the Ca or P retention and the
maintenance requirement. An allometric relationship links body
Ca and P retention to animal empty body weight gain. The
maintenance requirement includes the obligatory urinary loss

FIGURE 2 | Evolution of protein and bone mineral content deposit as a

function of average weight (89).

and the minimal endogenous loss. Basal fecal endogenous losses
of P and Ca are set at 6 mg and 8 mg/kg of BW, respectively, and
obligatory urinary losses are estimated to be 1 mg and 2 mg/kg
of BW. These unavoidable losses are low under conditions of
low P or Ca supply, and become greater as the supply increases.
The utilization efficiency of the absorbed P and Ca is therefore
set at 98%. The Ca and P requirements are first estimated as
standardized before applying a digestibility coefficient of 58% to
the Ca requirement for expression as total Ca. In this model, as
in Sauveur and Perez (83) Ca requirement is estimated according
to a factorial approach based on digestible Ca and expressed
on a total basis assuming 45–50% Ca digestibility. This permits
adaptation of the Ca:digestible P requirement according to
animal weight and performance. The same approach was recently
used for sows by Gauthier et al. (87) and Gaillard et al. (88).

In all these models, ash deposition strongly correlates with soft
tissue gain. However, recent feed trials have shown that this is
not the case in growing pigs (Figure 2; 89). Protein deposition
increases linearly up to a body weight of about 60 kg, then
decreases while bone mineral content deposition increases until
the pigs reach slaughter weight (120 kg). These two variables
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are, therefore, measurements of different physiological processes.
In the Jondreville and Dourmad (84) and NRC (20) models,
the Ca requirement and the digestible P requirement form a
fixed ratio throughout the life of the pig. However, as seen
previously, bone growth and soft tissue growth are dissociated,
which logically results in a Ca:P requirement ratio that is not the
same throughout the life of the animal.

4. STRATEGIES TO REDUCE
PHOSPHORUS EXCRETION

4.1. Improved Mechanistic Models to
Assess Phosphorus and Calcium
Requirements
The factorial approach can be integrated in a mechanistic model.
The mechanistic models aim to represent the mechanisms of a
system. In fact, they connect the underlying mechanisms that
control operation of a system. It is, therefore, a matter to meet
the conventional notion of requirements (homeorhesis, long-
term response) with the response of the animals to inputs
[homeostasis, short time scales, (90)]. In a more recent model
(11), because of a lack of data, the potential Ca and P
depositions were driven by potential protein deposition. But
as seen previously, the protein and ash bone depositions are
not correlated (89). Consequently, the assessment of Ca and
P requirements must consider the fact that changes in skeletal
tissue are not directly proportional to lean growth. This is clear
when looking at the capacity of P- and Ca-depleted pigs to rapidly
replace bone mass through compensatory bone mineralization
(see section 4.3). This model has been revised (12) to rectify
the no dependency of bone mineral deposition on protein gain
by establishing a potential for Ca deposition independent of
soft tissue gain, thus allowing P and Ca requirements for soft
tissue growth and bone growth to be predicted independently
(Figure 3).

This new model estimates apparent digestible Ca and P
requirements, which can be converted to STTD or total
requirements. The only input required is the initial body weight,
from which body protein, lipid, water, and ash (soft tissue and
bone) are estimated. Soft tissue growth is currently estimated
by applying the principles of van Milgen et al. (91), although
other models such as NRC (20) or even user-specific equations
tailored to animal growth in a specific setting may be adequate.
Estimated protein and lipid gains can be used to assess P and
Ca retention in soft tissues (92). In parallel, the Ca requirement
for bone is estimated with the bone Ca potential deposition
curve presented by the same authors (12). The deposition of P
in bone is estimated at a fixed ratio of 2.16 to Ca deposition. The
maintenance requirements, equivalent to the obligatory urinary
losses, are set at 0.5 mg for P and 2 mg for Ca, per kg of body
weight. The sum of the maintenance and growth requirements
(of soft tissue and bone) thus provides apparent digestible P and
Ca requirements. In fact, the ratio increased with body weight
because protein deposition that represents about 30–40% of the
body P decreases while bones continue to grow after 70 kg of BW.
These can be converted to standardized or total requirements.

FIGURE 3 | General layout of the proposed mechanistic model predicting total

calcium (Ca) and apparent and standardized digestible phosphorus (ATTD and

STTD P) requirements of growing pigs (12).

Results confirm the need for a non-fixed Ca:P requirement
ratio (Table 1). This model has the additional advantage of being
adaptable to different production objectives such as 100% or 85%
mineralization, without decreasing the share of Ca or P destined
for soft tissues. Although a single deposition potential has been
established, it will become necessary to consider animal genetics
(93, 94) and/or sex in further validations of the model. The
sensitivity analysis of the model showed that protein deposition
influenced ATTD-P variance by 15% for pigs at 30 kg, 6% at
60 kg, and 1% at 120 kg based on protein deposition variation
in previous trials (12). The decrease in the influence of protein
deposition on P with BW increase coincides with the linear
increase in bone deposition. Moreover, the ATTD-P variance
associated with protein deposition at 30 kg shows that animal
growth will have a major impact on P recommendations.

4.2. Toward More Efficient Degradation of
Phytate Phosphorus
4.2.1. Description of Phytases
Phytases, or myo-inositol hexaphosphate phosphohydrolases, are
enzymes that hydrolyze phytic acids and release the phosphate
groups (55). In growing pigs, there are 4 sources of phytase:
(1) the mucosa of the small intestine, (2) microorganisms in
the large intestine, (3) ingested plant matter, and (4) exogenous
phytase added to the feed. A unit of phytase activity is defined
as the release of 1 µmol of inorganic P per minute in a solution
containing 5.1 mmol of sodium phytate per liter at pH 5.5 and
37◦C (95). Low endogenous phytase activity is observed in the
proximal part of the pig intestine, but about 20% of the phytic P
would nevertheless be potentially absorbable (72, 76, 77). Some
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TABLE 2 | Characteristics of some commercial microbial phytases.

Product Origin Expression Typea pH optima IP6 degradationb Yearc

Natuphos® A. Niger A. Niger 3 2; 5–5.5 503 1990

Allzyme® SSF A. Niger A. Niger, 3 6

Finase® P/L A. Niger Trichoderma reesei 3 2.5

Ronozyme® P Peniophora lycii Aspergillus oryzae 6 4–4.5 480 2002

Phyzyme® XP Escherichia coli Schizosaccharomyces pombe (ATCC 5233) 6 4.5 140 2003

OptiPhos® Escherichia coli Pichia pastoris 6 3.4; 5.0 2006

QuantumTM Escherichia coli Pichia pastoris 6 4.5 148 2007

Ronozyme® Hiphos Citrobacter braakii Aspergillus oryzae 6 4–5 269 2010

Quantum® Blue Escherichia coli Trichoderma reesei 6 4–5 211 2012

Axtra® PHY Buttiauxella sp. Trichoderma reesei 6 3.5–4.5 129 2013

Natuphos® E Hybrid phytase (Hafnia sp., Yersinia sp. et

Buttiauxella sp)

A. Niger 6 4–5 2016

Table 2 is not an exhaustive list and represents only a few of the currently available commercial phytases, adapted from Dersjant-Li et al. (95, 97), and Lei et al. (98).
a3 or 6 phytase.
bPhytase activity needed to achieve 50% reduction in IP6, with high buffer volume.
cYear of the commercial launch.

plant raw materials have their own phytasic activity. This one
is more or less important according to the ingredient and the
part used (14, 84). Phytasic activity is higher in some cereals
such as rye, triticale, wheat, or barley than in cereals richer
in proteins (19). Plant phytase is sensitive to heat (more than
microbial phytases), since its activity is partially or completely
inactivated after high temperature treatment (>70◦C) such as
those for pelleting (18, 84, 96). It is why in INRA-AFZ feed
tables (19) two values are given for P digestibility, one which
takes account of the effect of endogenous phytase to be used
when feed is given as meal, and a second without considering
the effect of endogenous phytase to be used when the feed is
pelleted. Therefore, the most promising phytase sources remains
the exogenous phytase.

4.2.2. New Generations of Exogenous Phytases
The first exogenous phytase was marketed in 1991 in the
Netherlands, the first country to introduce strict regulations
intended to limit P discharges from pig and poultry farming.
The use of phytases then accelerated following the introduction
of similar legislation in other countries and the ban on the
use of animal byproducts in Europe (18). These enzymes
were isolated first from fungi (Table 2), then new techniques
allowed the production of phytases by bacteria and yeast,
leading to the second generation of phytases. The common
commercial phytases are obtained from cultures of Aspergillus
niger, Peniophora lycii (fungi, 3-phytase), and Escherichia coli
(bacteria, 6-phytase). In pigs, bacterial phytase has been found to
be more effective than fungal phytase (78, 99). This explains why
fungial phytases were supplanted in the early 2000s by 6-phytases
produced by Escherichia coli. Other second-generation phytases
obtained from cultures of Citrobacter braakii, Buttiauxella spp.
and even hybrid forms soon followed (Table 2). Third generation
phytases with up to 8 amino acid substitutions in the E. coli
enzyme have better thermostability (100). The presence of plant
phytase reduces the response to added exogenous phytase (18).

New generation phytases developed through genetic engineering
release more P (101). Exogenous phytases also increase Ca
availability (32) but the underlying mechanism remains to be
determined. P and Ca digestion in pigs has been modeled,
integrating interactions, the different chemical forms, and the
effect of phytase (71). Dissociation of Ca phytates at gastric pH is
presumed in this model has showed in vitro (102). By increasing
the proportion of phytate degraded by phytase in the upper
digestive tract, less Ca should form insoluble complexes with
phytate in the small intestine where pH is favorable and therefore
more should remain available for absorption. However, we have
not seen validation of this hypothesis in vivo and the exact mode
of action of phytase on Ca remains unclear, but undoubtedly have
an impact in vivo. Phytases preferentially release the position 5
and 6 phosphates, which have the highest affinity for cations such
as Ca, rather than dephosphorylating phytate completely (103).
As a result, the phytase doses that are now commonly used would
increase Ca availabilitymore than P availability, at a ratio of about
2, whereas high doses would sustain P release while Ca release
reached an asymptote (103).

4.2.3. Factors Influencing the Efficiency of

Exogenous Phytases
For optimal action, phytic acid must be hydrolyzed upstream
from the sites of absorption of P and other minerals such as Ca,
Zn, and Fe. P is absorbed mostly in the upper small intestine
(5, 51). Hydrolysis in the stomach is therefore ideal, meaning
that the enzyme must be sufficiently active at gastric pH (3.5 in
young pigs and lower in older animals (104)). Phytase from A.
niger works well at pH 2 or 5–5.5, but poorly at porcine gastric
pH. The optimal pH range of new generation phytases has been
lowered and in some cases broadened [Figure 4; (105–107)].

To limit the loss of activity, phytases must be made resistant
to digestive proteases. Second-generation phytases were better in
this sense (P. Lycii vs. E. coli, Figure 5, 106). After 2 h in contact
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FIGURE 4 | Effect of pH on phytase activity of the phytase products used in the in vitro degradation model with EC1: Quantum (AB Vista), EC2: Quantum Blue (AB

Vista), EC3: Phyzyme XP (Danisco), CB: Ronozyme Hiphos (DSM), PL: Ronozyme NP (DSM), AN: Natuphos (BASF), BSP: AxtraPHY (Danisco). Reprinted with

permission from (105). Copyright 2015 American Chemical Society.

with pepsin, E. coli phytases retained 77% of their initial activity
compared to 31% for an A. niger phytase (95).

The ideal temperature of activation of the phytase is between
50 and 60◦C. On the other hand, high temperature treatments
(> 70◦C) decrease the phytase activity of the feed (108–110). The
second-generation E. coli phytases lost thermostability compared
to the fungal phytases (98), except for a third-generation phytase
from E. coli (Phy9X), which is resistant to higher temperatures,
up to 75◦C (108, 111). On the other hand, increasing the
resistance temperature of phytases can lead to a higher optimal
temperature and thus potentially decrease their efficacy at normal
pig body temperature (around 39◦C) (112).

To be the most useful, phytases must preferentially degrade
IP6 and IP5 phytates as quickly as possible. They must, therefore,
have a high affinity for the preferred substrate. Second-generation
phytases were improved in this sense (112), at least in terms
of initial reaction velocity (Vmax) in vitro with IP6 and IP5
substrates (105).

Despite the improvement in phytases, it is important to
understand that they act on soluble phytates. Therefore, the
factors that influenced phytate solubility must be control. Certain
minerals interfere with phytates. Cations have an inhibitory
power related to their affinities for phytic acid but also the
insolubility of the complexes they formed. This is measurable
as the amount of mineral that causes phytates hydrolysis to
drop by 50% at a given pH (102). The smaller the amount,
the more inhibitory. On this basis, the following ranking has
been established (102): at pH 6: Fe2+ > Zn2+= Fe3+ >Mn2+

>> Ca2+>Mg2+ At pH 5: Fe3+ > Fe2+> Zn2+ >> Mn2+ >
Ca2+ >> Mg2+, representatives of the gut pH in pigs. This
inhibitory power represents the affinities of the minerals for
phytic acid but also the insolubility of the complexes formed.
Reducing the pH to 4, which corresponds to gastric pH, strongly
reduces the power of all minerals tested. Iron has the greatest
potential for inhibition, but to our knowledge, no study of its
effect on phytase effectiveness in animal feed has been published.
Regarding Zn and Cu, their supply can be high in piglets with
so-called pharmacological levels (2,500 ppm) when used as a

FIGURE 5 | Residual phytase activity of E. coli and P. lycii phytase after pepsin

or gastric crude extract from trout stomach hydrolysis throughout incubation

time (0, 60, 120, 180, and 240 min). The incubation was performed by adding

1 FTU phytase to a protease solution with 5000 U from porcine pepsin or

gastric crude extract from fish, performed at pH 2.0 (HCl), 16 ◦C. The results

are plotted as the mean ± SE (triplicates). Different letters, for each time,

indicate significant differences (P<0.05) between phytases (106).

growth factor to reduce diarrhea. Zn has a high complexing
power, a single Zn cation being capable of binding to two phytic
acid molecules (113). The effect of Zn on phytase efficiency has
been studied in weaned pigs (6–20 kg). With 1,000 and 3,000
FTU in the diet, zinc oxide at 3,000 mg/kg decreased the Ca
ATTD by 6 and 9%, respectively, and the P ATTD by 10 and
16% in pigs weighing 15–20 kg (114). In young pigs weighing
7–13 kg, P release by phytase was reduced by 30% when the
dietary Zn content was 1,500 mg/kg (115). The effect of Cu
on phytase is less clear. Cu phytates appear to be soluble at
neutral pH (113), suggesting no effect. An in vitro study of Cu
at 62.5 mg/kg and pH 5.5 suggests that P release from phytase
may decrease by 2–30% depending on the source of the Cu
(116). At 500 mg/kg, the decreases ranged from 5 to 75%. At
pH 6.5, the decreases were even more marked but were almost
non-existent at pH 2.5. The most likely explanation for these
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FIGURE 6 | Theoretical relationship between P release from phytate and

associated Ca value showing disproportionate extra phosphoric effect with

initial destruction of the higher esters (103).

observations would be formation of insoluble phytic acid–Cu
complexes at higher pH, which is of some concern given the
pH of the porcine gut (116–118). In pigs weighing 6–22 kg, P
digestibility was greater with methionine-chelated Cu than with
Cu sulfate (118). Chelated Cu would be more stable in the upper
gastrointestinal tract and less available to form complexes with
phytic acid; thus there would be a better release of absorbable
phosphate (116, 119). Tests of the effect of Zn and Cu form and
concentration on Ca and P digestibility in pigs weighing 6–22 kg
showed that the form of Cu had no effect, while the form of Zn
did (117).

Ca is ranked as less inhibitory but is incorporated into feed at
much higher concentrations than Zn, Cu, or Fe. As a result, Ca
forms a significant proportion of insoluble phytates, frequently
with Zn (120). Because the recent phytases have a higher affinity
for IP6 and IP5, which have higher affinities for Ca, the ratio
of Ca:P released using second and third generation phytases is
around 2 at 500 FTU/kg (Figure 6) and decreases as phytase
activity increases (103, 121, 122). The phytase levels practiced
in the field may therefore lead to an increase in the digestible
Ca:P ratio. Trials have shown phytase effectiveness to decrease
as the Ca:P ratio increases in the feed (123–125) albeit without
comparison to phytase-free diets, making it impossible to know
whether the effect of Ca was on phytase or on P absorption
(126). When the ratio of Ca to total P was increased from
1.2 to 1.8, pigs grew more slowly regardless of the presence
of phytase, suggesting a specific effect due to Ca rather than
an influence on phytase efficacy in releasing P (78). In trials
conducted with P at requirement levels, P digestibility decreased
slightly as the Ca:P ratio increased from 1.2 to 1.9 but was
indifferent to phytase (79). Furthermore, urinary excretion of P
was 5-fold higher at a Ca:P ratio of 1.2, due to the lack of Ca
for deposition of P in bone. Nor was any effect of Ca on phytase
efficacy found when animals were fed above the P requirement
(127). A high Ca:P ratio therefore does not seem to have a
direct effect on phytase efficacy in releasing P but rather on
P absorption and retention, possibly going so far as to cause
a P deficiency and ultimately poorer growth regardless of the
presence of phytase (18, 79).

4.3. Depletion–Repletion Strategy
Animals have a survival strategy to overcome some mineral
deficiencies by enhancing digestion and increasing the efficiency
of utilization of the deficient nutrient (128). In several species,
dietary restriction of Ca and P results in increased intestinal
absorption, renal reabsorption, and deposition and mobilization
in bone tissue (1). The effects of dietary Ca restriction and
recovery processes on bonemetabolism were studied decades ago
in rats (129–131) and humans (132). The findings suggest that
bone has ways of replenishing losses due to the use of mineral
reserves and that parathyroid hormone and vitamin D play a role
in the mechanisms. Bone accretion, intestinal absorption, and
renal reabsorption of minerals are under hormonal regulations
described in Figure 7.

The Ca depletion–repletion strategy is already used to prime
dairy cows for high Ca demand during early lactation (133) and
to prevent milk fever. By feeding a Ca-deficient ration for a
few weeks before the start of lactation, regulatory mechanisms
that maintain blood Ca levels (increased intestinal absorption
and renal reabsorption) are activated (133, 134). A few days
before calving, when the demand for Ca becomes very high,
the cows then receive more Ca (134), and the shortfall between
the requirement and Ca absorbed is smaller because of the
effect of priming on parathyroid hormone. The animal is
also better prepared to draw upon bone Ca as needed to
maintain blood Ca levels and thus prevent milk fever. Similar
regulatory mechanisms allow maintenance of P levels, and these
can be exploited to increase dietary P utilization in growing
animals and hence the sustainability of livestock farms from the
environmental perspective. The idea underlying the depletion–
repletion strategy is therefore to trigger regulatory mechanisms
during the depletion phase to induce an increase in P utilization
efficiency without affecting growth performance (1). In the case
of P and Ca, the mineral content of the body or of a specific bone
is monitored using X-ray absorptiometry [DXA, (135)]. During
depletion in growing pigs, body bone mineral content continues
to increase, but bone accretion is decreased compared to control
pigs, leading to reduced bone mineral content.

When P supply is intentionally below the estimated
requirement of the animals, the level of Ca is generally decreased
at the same time to avoid the deleterious effects of a high
digestible Ca:P ratio on P absorption. When animals thus
primed are fed the repletion diet, which provides P at least
at the requirement level, the deficit overcome. This allows an
overall reduction in dietary P intake during the rearing phase.
Depletion–repletion studies of growing animals such as pigs
(8, 10, 136) and chickens (137–141) led to effectively increasing P
utilization and limiting excretion without compromising animal
well-being and performance. Some authors (9, 142) have focused
on improvements to bone health; these studies have led to better
understanding of the deleterious effects of short-term dietary Ca
deficits during growth on long-term bone mineralization. The
main trials performed with pigs are summarized in Table 3.

When Ca is deficient, the Ca regulation calls for
parathyroid hormone, which is a hypercalcemic hormone
that increases dietary Ca utilization, but with a concomitant
hypophosphoremic effect due to renal excretion of P (144).
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FIGURE 7 | Hormonal regulation of phosphocalcic metabolism.

Ca deficiency must therefore be avoided. In growing pigs,
it has been found to reduce the expression of genes related
to P reabsorption in the kidney, favoring P excretion in
urine (145). P depletion in the range of 30–40% and slightly
lower for Ca induces demineralization of the same order
in the whole body and vertebrae as measured by DXA
(Table 3). The trial conducted by Aiyangar et al. (9) shows
greater demineralization with a higher Ca deficiency. The
metacarpus appears to demineralize less (5–10%) than the whole
body or vertebrae (10), whereas the femur responds like the
whole body. Bone reserve depletion measured thus depends
primarily on the degree of dietary depletion and on the bone
region studied.

Several studies have shown that this strategy works and
increases bone mineral content (BMC) gains and digestible P
utilization when animals are fed a repletion diet (at requirement
or above). The gain of BMC in L2 to L4 vertebrae in depleted
animals exceeded those in non-depleted control pigs by 56%
during a first 28-day repletion phase and 15% during a second
repletion of the same length (8) and by 29% after a 28-day
repletion and 11% after a 56-day repletion in another study
(Figure 8; 136). The corresponding increases in digestible P
utilization estimated as deposition vs. intake were 20–50% with
bone deficit recovery in 28–56 days for the whole body and in 28
days for vertebrae. The shorter time for vertebrae could be due to
their high percentage of trabecular tissue, which is more sensitive
than cortical tissue to mineral deficiencies (146). Furthermore, in
pigs, bone mineralization is faster in the trunk from 3 to 30 kg
of BW than in other parts of the skeleton (147). In a study using
the common dosage of 750 FTU/kg without phosphate, thus 40%
below the requirement, the deficit was recovered in 27 days on
the repletion diet with a 47% increase in whole body BMC gain
(143). Overall, the depletion–repletion strategy reduced dietary
phosphate use and P release by about 40%. In contrast, the

repletion diet has failed to restore bone mineralization in at least
two porcine studies (9, 142).

Phosphocalcic regulations occur in the gut, kidney, and
bone (32, 148). Ca absorption may increase by 27% upon
repletion compared to control animals receiving the same feed
(8). Osteocalcin, derived from newly synthesized bone and
thus an indicator of osteoblastic activity and hence increased
bone accretion (149), has been found to increase during the
repletion phase (10). The physiological mechanisms underlying
animal responses to the depletion–repletion strategy remain
poorly understood. It, nevertheless, appears that adequate bone
mineralization and growth performance can be achieved at
decreased P intake and excretion through improved P utilization.

5. MITIGATION STRATEGIES:
COMPARISON AND PERSPECTIVES

The mitigation of the environmental footprint of P in pig
production both refers to the optimization of the use of
phosphates, which are a non-renewable resource that must
be extracted and transported, and to the minimization of its
excretion especially in regions with high production density.
Some strategies of mitigation have been proposed in the
previous sections.

The potential for decreasing P excretion with phytase is well
known (18). Its potential depends mainly on a precise nutritional
matrix. First, a precise estimation and utilization of the P matrix
is crucial. The Ca matrix has recently been shown to be of great
importance because, on the one hand, an excess of soluble Ca
can decrease the P digestibility (78) and, on the other hand, in
case of Ca deficiency, the P is not retained and is excreted in
the urine (79). In recent trial with microbial phytases (500 FTU),
Lagos et al. (150) showed a drop of 37% in the total P excretion,
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TABLE 3 | Effect of depletion–repletion strategy on bone mineralization of growing pigs.

Depletion period Repletion period

Articlea Measurement Phase Sequenceb BW, kg p-valuec Daysd Pe, % Cae , % Bonef , % p-valuec Bone accretiong , % p-valuec Sequenceb Daysd BW, kg p-valuec Bonef , % p-valuec Bone

accretiong ,

%

p-valuec

1 BMC total body (DXA)

1 L 34 ns 28 -31 -39 -34 <0.001 -62 <0.001

2
CL 67 28 -42 -22 -25 -48 LC 28 64 0.03 -17 <0.001 +2 ns

LL 66 ns 56 -42 -22 -25 <0.001 -45 <0.001

3
CCL 102 ns 28 -34 -13 -14 0.002 -31 <0.001 CLC 28 100 ns -13 0.006 +8 ns

LLL 100 84 -34 -13 -33 -23

4
CLCC 56 129 -3 +11

CCLC 28 134 ns +1 ns +29 <0.001

2
BMC of the L2 to L4

vertebrae

1 Low 46 ns 28 -40 -30 -29 <0.001

2
Con-Low 72 28 -40 -46 -24 -53 Low-Con 28 70 <0.01 -9 0.007 +17 0.005

Low-Low 77 ns 56 -40 -46 -30 <0.001 -36 <0.001

3

Con-Con-Low 104 28 -40 -33 -2 -18

Con-Low-Low 101 56 -40 -33 -16 +1 Low-Con-Con 56 99 -1 +15

Low-Low-Low 106 ns 84 -40 -33 -18 <0.001 0 ns Low-Low-Con 28 103 ns -7 ns +56 <0.001

3
Ash of the 3rd and 4th

metacarpus

1 L 48 <0.001 59 -47 -29 -9 <0.05

2
LL 91 <0.05 131 -45 -30 -7 <0.05 LH 72 99 ns -1 ns

HL 100 ns 72 -45 -30 -1 ns

4 BMC total body (DXA)

1 L 28 -54 -66 <0.01

2
LL 71 -54 -62 <0.01 -60 <0.01 LH 43 +3

HL 43 -54 -59 <0.01

5 Femur ash

1 DD- 12 ns 10 -60 -53 -19 <0.01

2

DD+ HCaPhyt- 21 25 -32 0 -10 DD- HCaPhyt+ 25 21 1

DD+ LCaPhyt- 21 25 -32 -37 -7

DD- LCaPhyt+ 21 35 0 -34 -1

DD- HCaPhyt- 21 35 -32 0 -17

DD- LCaPhyt- 21 35 -32 -37 -19

6 BMC total body (DXA)

1 Phyt 71 <0.05 39 -40 -40 -17 <0.001 -23 <0.01

2 Phyt-Phyt 27 108 ns +3 ns +47 <0.05

3 Phyt-Phyt-Phyt 55 130 ns +7 ns +4 ns

aArticle 1 : Gonzalo et al. (136), article 2 : Létourneau-Montminy et al. (8), article 3 : Varley et al. (10), article 4 : Aiyangar et al. (9), article 5 : Létourneau-Montminy et al. (79), article 6 : Lautrou et al. (143).
bSequences of depletion and repletion as named in the original articles.
cp-value of the statistical analysis of the control vs. the studied group, for the variable of the previous column.
dDuration of the depletion or repletion.
eP or Ca depletion against the control.
fDifference of the state of the bone at the end of the phase between the control vs. the studied group, according to the measurement.
gDifference of the bone accretion measurement between the control and the studied group.

F
ro
n
tie
rs

in
V
e
te
rin

a
ry

S
c
ie
n
c
e
|w

w
w
.fro

n
tie
rsin

.o
rg

N
o
ve
m
b
e
r
2
0
2
1
|
V
o
lu
m
e
8
|A

rtic
le
7
3
4
3
6
5

140

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Lautrou et al. Minerals Requirements in Growing Pigs

FIGURE 8 | Body bone mineral content of growing pigs feeding

depletion–repletion diets (145).

and a reduction of 6.1 g/kg monocalcium phosphate supply, for
60 kg BW pigs. Besides, Almeida and Stein (55) showed that
the total P excretion decreases up to 51% with 685 FTU at 15
kg of BW, and monocalcium phosphate supply is reduced up
to 8 g/kg.

The depletion–repletion strategy also led to a decrease of
the phosphate input and the P excretion. In Gonzalo et al.
(136)’s trial, a depletion period of 28 days (L) resulted in a
decrease of P supply from 8 to 12%, and 2 separate depletion
periods of 28 days (LCLC, C being a 28 days phase of
feeding control diet) resulted in a reduction of 12% of P
input. The excretion of P in the CLCC, CCLC, and LCLC
groups decreased of 15, 13, and 16%, respectively, compared
to the control. The decrease of P excretion was greater than
the decrease of P input thanks to animals utilizing P more
efficiently during the depletion and the repletion periods. With
P total collection of feces and urine, Létourneau-Montminy
et al. (8) showed that a depletion of 56 days can lead to a
P excretion decrease of 19% with a diminution of P intake
of 23%. As seen previously, few authors tested depletion–
repletion strategies on growing pigs and the results differ in
terms of bone mineralization compensation (145). There is a
lack of data to precisely defined an ideal strategy of depletion
repletion (depletion duration, age, intensity). The study of
underlying mechanisms, such as hormonal regulations, will
certainly help to reach this objective to reduce phosphate input
without compromising bone mineralization and to apply this
strategy on farm. Nevertheless, a reduction of 15–20% of both
phosphate use and P excretion may be achieved with depletion–
repletion strategy.

The strategy of depletion–repletion can also be combined with
phytase. Lautrou et al. (143) tried to evaluate the effect of a zero
phosphate diet on the growth of pigs and the environment. The
use of phytase did not meet the full extent of the P requirements
for pigs during the first growing phase of 39 days, but phytase

provided enough P during the 2 next phases. This strategy led to
a drop of 66% in P excretion during the 2 first phases (the data are
not available for the last one), and a reduction in monocalcium
phosphate supply of 18.71, 9.52, and 7.17 g/kg in Phases 1, 2, and
3, respectively. This trial showed that there is an opportunity to
feed growing pigs from 30 to 130 kg without adding any mineral
phosphates. This success has to be confirmed and always requires
a well-defined phytase matrix, particularly to mitigate the risks
associated with the depletion phase.

In a simulation, Pomar et al. (151) showed that precision
feeding, a strategy in development that allow to feed pigs with
diets tailored daily to each individual’s nutrient requirements,
could reduce P excretion by 38%. A recent study compared
the P excretion of pigs under conventional or precision feeding
(152). The individual and daily feeding system (based on
estimated lysine requirement) led to a decrease of 27% in P
excretion compared to the group phase feeding system. In
this trial, phytase was used but not compared with a control
without phytase. The combination of precision feeding with
phytase and a depletion–repletion strategy has not been tested
yet, but after the synergy observed with the phytase and
depletion–repletion strategy, combining these 3 methods seems
a promising strategy that could lead to an even greater reduction
of P excretion.

6. CONCLUSIONS

This review has shown that it is still possible to improve
P utilization in swine and to improve the sustainability
of the industry by mitigating phosphorus’ impact on the
environment. The first step is to precisely estimate the P
and Ca content of feedstuffs and each animal’s total diet.
The second step is to use a robust multicriteria modeling
approach to establish animal requirements. The new generation
of phytases may provide a strategy to increase P utilization by
pigs by providing a precise estimation of the equivalences and
interfering factors and maximizing the solubility of phytates.
A depletion–repletion strategy to prime animals to make them
more efficient is also promising, but still requires testing to
refine it and better understand the underlying mechanisms.
Finally, precision feeding, a strategy in development that
permits feeding pigs with diets that are tailored daily to
each individual’s nutrient requirements, shows possibilities to
reduce more P excretion, and will undoubtedly be employed
once the P requirements will be well defined by a robust
modeling approach.
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Science and Veterinary Medicine, Shandong Agricultural University, Tai’an, China

The experiment was conducted to compare the differences of gut microbiota and

metabolic status of sows with different litter sizes on days 30 and 110 of gestation,

and uncover the relationship between the composition of maternal gut microbiota during

gestation and sow reproductive performance. Twenty-six Large White × Landrace

crossbred multiparous sows (2nd parity) with similar back fat thickness and body weight

were assigned to two groups [high-reproductive performance group (HP group) and

low-reproductive performance group (LP group)] according to their litter sizes and fed

a common gestation diet. Results showed that compared with LP sows, HP sows had

significantly lower plasma levels of triglyceride (TG) on gestation d 30 (P < 0.05), but

had significantly higher plasma levels of TG, non-esterified fatty acid, tumor necrosis

factor-α, and immunoglobulin M on gestation d 110 (P < 0.05). Consistently, HP

sows revealed increased alpha diversity and butyrate-producing genera, as well as

fecal butyrate concentration, on gestation d 30; HP sows showed significantly different

microbiota community structure with LP sows (P < 0.05) and had markedly higher

abundance of Firmicutes (genera Christensenellaceae_R-7_group and Terrisporobacter)

which were positively related with litter size on gestation d 110 than LP sows (P< 0.05). In

addition, plasma biochemical parameters, plasma cytokines, and fecal microbiota shifted

dramatically from gestation d 30 to d 110. Therefore, our findings demonstrated that

microbial abundances and community structures differed significantly between sows

with different litter sizes and gestation stages, which was associated with changes in

plasma biochemical parameters, inflammatory factors, and immunoglobulin. Moreover,

these findings revealed that there was a significant correlation between litter size and gut

microbiota of sows, and provided a microbial perspective to improve sow reproductive

performance in pig production.
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146

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2021.793174
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2021.793174&domain=pdf&date_stamp=2021-12-23
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:liyang_cc@yeah.net
https://doi.org/10.3389/fvets.2021.793174
https://www.frontiersin.org/articles/10.3389/fvets.2021.793174/full


Chen et al. Gut Microbiota Varies Among Sows

INTRODUCTION

Diverse microbial communities reside at various sites within
a mammalian body (1, 2). Gut microbiota makes up the vast
majority of body’s microbes and with an estimated number of
several trillion most probably outnumber human body cells (3).
The gut microbiota is shaped by many environmental factors,
such as host genetics (4), diet (5), and the immune system (6), and
has been reported to play a vital role in inflammation, metabolic
syndrome (7), energy metabolism (8), and immunity (9).

Previous study in humans showed that the body experiences
extensive hormonal, metabolic, and immunological changes over
the course of normal and healthy pregnancy (10), accompanied
by dramatic changes in maternal gut microbiota (11). Koren et al.
(10) showed normal pregnancy to be accompanied by a profound
change of gut microbiota from the first to the third trimester with
an increase in the Proteobacteria and Actinobacteria abundances
which might be connected with the maternal metabolic profile.
Uryu et al. (12) demonstrated that sow productivity on different
farms was likely related to changes in fecal microbe composition.
Besides, research showed that dietary probiotic supplementation
in gestating sow diet could increase the number of piglets total
born (13, 14). Further, Al-Asmakh et al. (15) found that maternal
microbiota could regulate placental development and then might
affect the development of the growing offspring in mice. This
research suggests that maternal gut microbiota during gestation
is affecting sow reproductive performance. However, there is
little literature available about whether the composition of gut
microbiota during gestation is associated with improved sow
reproductive performance.

The early and late pregnancy are two critical stages for
embryonic survival and development (16, 17). In the present
study, we aimed to explore the relationship between reproductive
performance and maternal gut microbiota during gestation
through comparing the fecal microbiota characteristics and
metabolic status of sows with high (>12 piglets per litter) and
low litter size (≤12 piglets per litter) on day 30 of gestation (G30)
and on day 110 of gestation (G110).

MATERIALS AND METHODS

Ethical Approval
This study was conducted at the pig breeding farm in Shandong
Province. The animal use protocol for this research was
approved by the Animal Care and Use Committee of Shandong
Agricultural University (Approval Number: SDAUA-2019-019).

Animals and Experimental Design
Twenty-six LargeWhite× Landrace crossbred multiparous sows
(2nd parity) with similar back fat thickness (BF, 15.28± 0.45mm)
and body weight (174.34 ± 2.72 kg) were used in this study.
The BF at the last rib was measured using a HG 9300 digital
diagnostic ultrasound device (Caresono Technology Co. Ltd.,
Nanjing, China). After artificial insemination, the individual sow
was housed individually in a gestation stall (2.37 × 0.65 ×

1.13m) kept at 21 ± 1◦C. All the sows were mated within 3
days and fed a common fortified corn–soybean meal gestation

TABLE 1 | Litter size and litter weight in low- and high-reproductive performance

groups.

Items Groupa P-value

LP HP

No. of sows 13 13 -

Backfat thickness, mm

Breeding 15.33 ± 0.74 14.84 ± 0.53 0.599

Farrowing 19.16 ± 0.72 17.82 ± 0.77 0.218

Body weight, kg

Breeding 179.32 ± 4.34 175.31 ± 4.18 0.631

Farrowing 238.77 ± 3.50 231.84 ± 3.91 0.199

Litter size

Total born 9.77 ± 0.53 15.54 ± 0.66 <0.001

Born alive 9.46 ± 0.57 14.31 ± 0.61 <0.001

Dead 0.31 ± 0.13 1.23 ± 0.30 0.013

Litter weight, kg

Total born 16.55 ± 0.64 22.16 ± 0.84 <0.001

Born alive 16.03 ± 0.66 21.21 ± 0.83 <0.001

aLP, Sows in low-Reproductive Performance Group; HP, Sows in High-Reproductive

Performance Group.

Values are mean ± standard error (n = 13).

diet (Supplementary Table 1) which was formulated to meet or
exceed National Research Council (18) nutrient requirements.
All sows received a daily meal at 0900 h and were fed the same
amount of feed (days 1 to 89 of gestation 2.46 kg/d; days 90 of
gestation to farrowing, 2.89 kg/d) during the entire gestation.
On day 110 of gestation, sows were moved from gestation
to farrowing rooms and kept in individual farrowing crates
measuring 2.40× 1.80× 0.90m thereafter. Backfat thickness and
body weight of individual sow were measured at breeding and
within 24 h of farrowing. At farrowing, the numbers of total born
piglets, live born piglets, and dead born piglets per litter, as well
as litter weight, were recorded, and the averages were calculated.
Thus, two groups were generated (Table 1): 13 sows with litter
size lower than the average in this trial (12.7 piglets) were
classified as the low-reproductive performance group (LP group),
while 13 sows with litter size higher than the average in this
trial (12.7 piglets) labeled as the high-reproductive performance
group (HP group). Sows had free access to water throughout
the experiment and did not receive vaccine, antibiotics, or
other medication in the feed or for any therapeutic purposes
after insemination.

Sample Collection
Fasting blood samples (12 h overnight) and fresh fecal samples
from all healthy sows were collected on day 30 and day 110
of gestation before feeding in the morning. Samples were
grouped as follows: LP30 and LP110: sows with low-reproductive
performance on day 30 and day 110 of gestation, respectively;
HP30 and HP110: sows with high-reproductive performance on
day 30 and day 110 of gestation, respectively. Blood samples
(5mL) from the ear veins were collected into a tube containing
heparin sodium and centrifuged at 3,000 × g for 15min. Plasma
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samples was transferred to 200 µL centrifuge tubes and stored
at −20◦C until analysis. Fecal samples (about 5 g) were collected
from the rectum by a sterilized fecal collection tube and then
stored at −80◦C immediately for the detection of short-chain
fatty acids (SCFAs) and analysis of microbiota.

Plasma Biochemical Parameters Analysis
Plasma biochemical parameters, including glucose (GLU),
cholesterol (CHOL), triglyceride (TG), high density lipoprotein
cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-
C), and non-esterified fatty acid (NEFA), were determined with
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) using standard spectrophotometric methods on
an Autolab-PM4000 Automatic Analyzer (AMSCo., Rome, Italy)
as previously described (19).

Analysis of Inflammatory Factors,
Immunoglobulins, and Reproductive
Hormones
Concentrations of interleukin-2 (IL-2), interleukin-6 (IL-6),
interleukin-10 (IL-10), tumor necrosis factor-α (TNF-
α), immunoglobulin A (IgA), immunoglobulin G (IgG),
immunoglobulin M (IgM), progesterone, estrogen, lutropin,
and prolactin in the plasma of sows were determined with
commercial ELISA kits (Feiya Biotechnology Co. Ltd., Yancheng,
China) as described in Supplementary Methods.

Determination of Fecal SCFAs
The fecal SCFAs of sows were measured by a Varian CP-
3800 gas chromatograph (Palo Alto, CA, USA) equipped
with a micro-injector, a flame ionization detector, and
a capillary chromatographic column as described in
Supplementary Methods.

Microbial Analysis
Microbial composition and diversity were analyzed as previously
described in Li et al. (20). Briefly, bacterial genomic DNA was
extracted from frozen fecal samples with an E.Z.N.A.TM Stool
DNA kit (Omega Bio-Tek, Norcross, GA, USA) according to the
manufacturer’s protocol. After DNA concentration and purity
monitoring, DNA was diluted to 1 ng/µL using sterile water,
and the V4 hypervariable region of 16S rDNA was amplified
with 515F and 806R primer (5′-GTGCCAGCMGCCGCGGTAA-
3′ and 5′-GGACTACHVGGGTWTCTAAT-3′, respectively), on
the Illumina HiSeq PE2500 platform by Novogene (Beijing,
China). Filtered, non-chimeric high-quality sequences (tags)
sharing over 97% sequence similarity were clustered into the
same operational taxonomic units (OTUs) by Uparse software
(21), and then classified to different taxonomic levels with
SILVA database (22) based on Mothur algorithm to annotate
taxonomic information. Operational taxonomic units abundance
information were normalized using a standard of sequence
number corresponding to the sample with the least sequences
for subsequent analysis of alpha diversity and beta diversity.
Shannon, Simpson, Chao 1, and ACE indexes were chosen
to ascertain differences in alpha diversity based on different
groups (23, 24), and Bray-Curtis distances were calculated

and visualized using Principal Coordinate Analysis (PCoA)
(25). The statistical differences in alpha and beta diversity of
bacterial communities between the two groups were examined
using the Wilcoxon rank-sum test. Significant difference among
the microbial communities was accessed with the analysis of
similarity (ANOSIM) test.

Statistical Analysis
The individual sow was regarded as the experimental unit
for all variables. Differences in the data including plasma
biochemical parameters, inflammatory factors, and fecal SCFAs
were evaluated using the independent t-test (LP vs. HP) or
paired t-test (G30 vs. G110) procedure of SAS 9.0 (Institute
Inc., Cary, NC, USA) following normal distribution assessment
using a Shapiro-Wilk’s statistic (W > 0.05). Multiple testing
was corrected by using the Benjamini-Hochberg false discovery
rate. Spearman’s correlations were used to assess the associations
between bacterial abundance and litter size, as well as plasma
biochemical indices. Treatment differences were considered
statistically significant at P < 0.05, and 0.05 ≤ P < 0.10 was
considered a statistical trend. Values are expressed as mean ±

standard error in tables and figures.

RESULTS

Changes of Fecal Microbial Diversity
A total of 4,392,562 total tags, 4,118,486 taxon tags, and 274,447
unique tags were obtained from 52 sow fecal samples, with an
average of 84,472 ± 730, 79,202 ± 720 and 5,278 ± 179 per
sample, respectively (Figures 1A–C). Based on 97% sequence
similarity, a total of 21,114 OTUs were found in the HP group on
day 30 of gestation, with an significantly higher average of 1,624
± 10OUT per sample compared to an average of 1,589± 12OUT
per sample in the LP group, where 20,657 OTUs were found in
total (Figure 1D); the HP group tended had lower unique tags
than the LP group on day 110 of gestation (5,500± 248 vs. 6,397
± 389; P = 0.064; Figure 1C). In addition, from gestation d 30
to d 110, the unique tags number was significantly increased on
average (P < 0.05), but OTUs number was decreased (P= 0.047).

To determine whether the sample size was sufficient for OUT
testing, the species accumulation curves (SAC) was used in the
present study. The SAC (Supplementary Figure 1) tended to
flatten as the sample number of analyzed sequences increased
up to 52, suggesting that the sample size was enough for OTUs
testing and could estimate the species richness of the habitat.

The results of fecal microbial community structures
assessment are shown in Figure 2. On d 30 of gestation, the HP
group had significantly higher Shannon index (P < 0.05) and
tended to have a higher Chao 1 index compared with LP group
(P= 0.069); on d 110 of gestation, no significant differences were
observed in alpha diversity between the two groups (P > 0.05).

In addition, to measure the evolutionary distance between
microbiotas (beta diversity), the PCoA profile for sow fecal
samples based on the Bray-Curtis distance was used in the
present study, and ANOSIM test was used to assess significant
differences among the microbial communities (Figures 3A,B).
The results suggested that LP and HP groups had close distance
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FIGURE 1 | Operational taxonomic unit (OUT) clustering and annotation of sow fecal samples on d 30 and d 110 of gestation. (A) Total tags number; (B) taxon tags

number; (C) unique tags number; (D) OTUs number. LP30 and LP110: sows with low-reproductive performance on d 30 and d 110 of gestation, respectively; HP30

and HP110: sows with high-reproductive performance on d 30 and d 110 of gestation, respectively. Gestation stage: difference in the variations between gestation d

30 and d 110. Values are mean ± standard error (n = 13).

on gestation d 30 which showed that the two groups had no
significant difference in the microbial community (P = 0.189,
Figure 3C); an obvious separation was observed in PCoA
between samples from HP group and LP group on d 110 of
gestation. The ANOSIM test also indicated that the two groups
had notably different microbiota structures on gestation d 110
(P = 0.006, Figure 3D), and sows in HP group had greater beta
diversity compared to sows in LP group at 110 days of gestation
(P < 0.05). Besides, the Bray-Curtis distance analysis showed a
global shift in microbial community composition from gestation
d 30 to d 110 (P = 0.001, Figures 3B,E).

Changes in Relative Abundance of Phyla
and Genera
As shown in Figure 4, Firmicutes and Bacteroidetes were the
most predominant phyla which accounted for more than 75%,
followed by Spirochaetes and Tenericutes, in both groups during
gestation (Figure 4A). No significant differences were observed
in the top 10 phyla which accounted for more than 99.5% of
the total bacteria population between the LP and HP groups on
d 30 of gestation (P > 0.05, Figure 5A). However, the relative
abundance of Firmicutes in the HP groups was significantly
higher (P < 0.05) than that in the LP group, while the relative

abundances of Bacteroidetes, Spirochaetes, and Fibrobacteres
were significantly lower (P < 0.05) than that in the LP group
on d 110 of gestation. In addition, the relative abundances
of Firmicutes and Actinobacteria were significantly decreased
(P < 0.05), while Bacteroidetes and Verrucomicrobia were
significantly increased from gestation d 30 to d 110 (P < 0.05).

The species phylogenetic tree evolution was constructed
by multiple sequences alignments to obtain the representative
sequence of the top 35 genera. As shown in Figure 4B,
the relative abundance of Firmicutes was contributed by
Clostridium_sensu_stricto_1, Streptococcus, Lactobacillus,
Christensenellaceae_R-7_group, Ruminococcaceae_UCG-002,
Ruminococcaceae_NK4A214_group, Ruminococcaceae_UCG-
005, Ruminococcaceae_UCG-014, Ruminococcus_1,
and Lachnospiraceae_XPB1014_group; Bacteroidetes
mainly distributed with Rikenellaceae_RC9_gut_group,
Prevotellaceae_UCG-001, and Prevotellaceae_NK3B31_group;
Spirochaetes was dominated by Treponema_2. In the LP and
HP groups, Treponema_2 and Clostridium_sensu_stricto_1 were
the top two genera on d 30 of gestation, and Treponema_2 and
Streptococcus were the most dominant on d 110 of gestation.
Of the top 35 genera, compared with sows in the LP group,
sows in the HP group had significantly higher (P < 0.05)
relative abundances of Eubacterium_coprostanoligenes_group,
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FIGURE 2 | Difference on bacteria community diversity and richness among different groups on d 30 and 110 of gestation. (A) Shannon index; (B) Simpson index; (C)

Chao 1 index; (D) ACE index. LP30 and LP110: sows with low-reproductive performance on d 30 and 110 of gestation, respectively; HP30 and HP110: sows with

high-reproductive performance on d 30 and 110 of gestation, respectively. Gestation stage: difference in the variations between gestation d 30 and 110. Values are

mean ± standard error (n = 13).

Lachnospiraceae_XPB1014_group, Sphaerochaeta,
Ruminococcaceae_UCG-010, Roseburia, Ruminococcaceae_UCG-
002, and Family_XIII_AD3011_group, and significantly lower
(P < 0.05) Succinvibrio on d 30 of gestation; sows in the
HP group had significantly lower (P < 0.05) Treponema_2,
Prevotellaceae_UCG-001, Prevotella_1 and dgA-11_gut_group,
as well as significantly higher (P < 0.05) Lactobacillus,
Christensenellaceae_R-7_group, Terrisporobacter, and
Escherichia-Shigella on d 110 of gestation (Figure 5B). Besides,
sow fecal samples from gestation d 110 had significantly higher
abundances of Streptococcus, Prevotellaceae_NNK3B31_group,
Oscillospira, Eubacterium_coprostanoligenes_group, and
Ruminococcaceae_UCG-010, but significantly lower
Prevotellaceae_UCG-001, Terrisporobacter, Escherichia-Shigella,
Ruminococcaceae_NK4A214_group, Christensenellaceae_R-
7_group, and Romboutsia than those of sow fecal samples from
gestation d 30 (P < 0.05).

Correlation Analysis Between Sow
Reproductive Performance and Fecal
Microbiota
On day 30 of gestation, at the phylum level, the relative
abundances of Firmicutes and Actinobacteria tended to be

positively correlated with litter size (P < 0.10), while the
relative abundance of Proteobacteria tended to be negatively
correlated with litter size (P < 0.10); at the genus level, the
relative abundances of Turicibacter and Ruminococcaceae_UCG-
014 had significant positive correlations with litter size (P< 0.05),
and the relative abundances of Clostridium_sensu_stricto_1 and
Romboutsia tended to be positively correlated with litter size
(P < 0.10, Table 2).

On d 110 of gestation, at the phylum level, significant positive

correlation between the relative abundance of Firmicutes
and litter size was observed (P < 0.05), and the relative

abundances of Bacteroidetes, Spirochaetes, and Actinobacteria

were all significantly negatively correlated with litter size

(P < 0.05); at the genus level, Clostridium_sensu_stricto_1,

Turicibacter, Terrisporobacter, Christensenellaceae_R-
7_group, and Escherchia-Shigella exhibited the significantly

positive correlations with litter size (P < 0.05), while

Rikenellaceae_RC9_gut_group, Treponema_2, and Sphaerochaeta
had significant negative correlations with litter size (P < 0.05).
In addition, the phylum Proteobacteria and genus Lactobacillus
displayed a tendency to be positively correlated with litter size
(P < 0.10), and the genus Sphaerochaeta tended to be negatively
correlated with litter size (P < 0.10).
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FIGURE 3 | The beta diversity of microbial communities in the groups on d 30 and d 110 of gestation. (A) The Bray-Curtis distance within each group. (B) The

principal coordinate analysis (PCoA) profile of the two groups displayed with the Bray-Curtis distance. Each dot represents one sample from each group. The percent

variation explained by each principal coordinate is indicated on the X and Y axis. (C–E) Analysis of similarity (ANOSIM). R value is scaled to lie between −1 and +l.

Generally, 0 < R < 1 and P < 0.05 represents that there were significant differences between the groups. LP30 and LP110: sows with low-reproductive performance

on d 30 and d 110 of gestation, respectively; HP30 and HP110: sows with high-reproductive performance on d 30 and d 110 of gestation, respectively. n = 13 for

each group.

Changes of Fecal SCFAs Concentrations
During Gestation
The concentrations of fecal short-chain fatty acids on d 30 and
d 110 of gestation in the two groups are listed in Figure 6. On
d 30 of gestation, there were no significant differences in fecal
acetate, propionate, and total SCFAs concentrations between the
LP group and HP group (P > 0.05), but sows from HP group
showed significantly higher butyrate concentration than those
of sows from LP group (P < 0.05). On d 110 of gestation,
sows in the HP group had significantly lower acetate and total
SCFAs concentrations than sows in the LP group (P < 0.05),
and the propionate concentration in the HP group tended to be
lower than that in the LP group (P = 0.053). The fecal SCFAs
concentrations of sows on d 110 of gestation did not differ with
that of sows on d 30 of gestation (P > 0.05).

Changes in Plasma Metabolites During
Gestation
As shown in Figure 7, on day 30 of gestation, significantly
lower plasma TG levels were observed in the HP group
compared with those in the LP group (P < 0.05); sows
in the HP group tended to have a lower plasma GLU
concentration than sows in the LP group (P = 0.070). On
d 110 of gestation, sows in the HP group had significantly
higher plasma TG and NEFA levels (P < 0.05) and tended
to have lower plasma HDL-C concentration compared with
those of sows in the LP group (P = 0.055). Besides, the
concentrations of CHOL (P = 0.018), HDL-C (P = 0.085),
and LDL-C (P = 0.061) were decreased, and the levels
of TG (P = 0.020) were increased from gestation d 30
to d 110.
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FIGURE 4 | Changes of the relative abundance at phylum and genus levels. (A) Unweighted pair-group method with arithmetic mean (UPGMA) clustering analysis

with the Bray-Curtis distance. The left panel shows the phylogenic tree, and the right panel displays the relative abundance of each group at the phylum level. (B) The

phylogenetic tree constructed based on the sequence of the top 35 genera. The branches with different colors in the inner circle represent their corresponding

phylum, and the stacked column chart in the outer circle indicates the relative abundance of each genus in different treatments. LP30 and LP110: sows with

low-reproductive performance on d 30 and 110 of gestation, respectively; HP30 and HP110: sows with high-reproductive performance on d 30 and 110 of gestation,

respectively. n = 13 for each group.

Changes of Plasma Inflammatory Factors
and Immunoglobulins During Gestation
The levels of plasma inflammatory factors and immunoglobulins
are shown in Figure 8. There were no significant differences
in the plasma concentrations of inflammatory factors and
immunoglobulins on d 30 of gestation between the LP and

HP groups (P > 0.05). However, significantly higher TNF-

α and IgM concentrations were observed in the HP group

compared with those in the LP group on d 110 of gestation

(P < 0.05). In addition, the plasma IL-6 and IL-10 levels

were significantly increased (P < 0.05) from gestation d 30

to d 110.
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FIGURE 5 | Heatmap distribution of OTUs in sow feces for all groups. (A) Comparison of the relative abundances of sow fecal microbiota in the top 10 at the phylum

level. (B) Comparison of the relative abundances of sow fecal microbiota in the top 35 at the genus level. Different colors show the relative abundance of taxa. Fecal

bacterial abundances were standardized with Z-score prior to the analyses. Positive z-scores reflect abundances above the average, whereas a negative z-score

indicates abundance below the average. LP30 and LP110: sows with low-reproductive performance on d 30 and d 110 of gestation, respectively; HP30 and HP110:

sows with high-reproductive performance on d 30 and d 110 of gestation, respectively. n = 13 for each group.

Changes of Plasma Hormone Contents
During Gestation
The plasma hormone contents are shown in Figure 9. There were
no significant differences in the plasma hormone concentrations
on d 30 and d 110 of gestation between the LP and HP groups
(P > 0.05). The plasma hormone contents of sows on gestation d
110 did not differ from those of sows on gestation d 30 (P> 0.05).

Correlation Analysis Between Fecal
Microbial Abundance and Plasma
Biochemical Indices
At the phylum level (Figure 10A), the plasma levels of CHOL,
HDL-C, and LDL-C showed positive correlations with the

abundances of Firmicutes and Actinobacteria (P < 0.05) and
negative correlations with the abundances of Bacteroidetes and
Fibrobacteres (P < 0.05); the plasma TG level had significant
positive correlation with Euryarchaeota abundance (P < 0.05);
the plasma IL-2 concentration was significantly positively
correlated with Proteobacteria abundance (P < 0.05); the
plasma IL-6 concentration was significantly positively correlated
with the abundance of Bacteroidetes (P < 0.05); the plasma
IgA concentration had significant negative correlation with
Verrucomicrobia (P< 0.05). In addition, the IL-10 concentration
tended to be negatively correlated with the abundance of
Tenericutes (P < 0.10), and the IgM concentration tended to
be negatively correlated with the abundance of Euryarchaeota
(P < 0.10).
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TABLE 2 | The Spearman’s correlation test between the sow fecal microbiota and

litter size.

Phase of gestation Phylum Genus

D 30 of gestation Firmicutes (0.351+) Clostridium_sensu_stricto_1

(0.376+)

Turicibacter (0.479*)

Ruminococcaceae_UCG-

014

(0.533**)

Romboutsia (0.346+)

Proteobacteria (−0.331+) -

Actinobacteria (0.369+) -

D110 of gestation Firmicutes (0.492*) Lactobacillus (0.365+)

Clostridium_sensu_stricto_1

(0.434*)

Turicibacter (0.445*)

Terrisporobacter (0.466*)

Christensenellaceae_R-

7_group

(0.406*)

Bacteroidetes (−0.402*) Rikenellaceae_RC9_gut_group

(−0.495*)

Spirochaetes (−0.526**) Treponema_2 (−0.490*)

Sphaerochaeta (−0.347+)

Proteobacteria (0.365+) Escherichia-Shigella

(0.578**)

Actinobacteria (−0.627**) -

+The correlation tends to be significant at a level of 0.10; *the correlation is significant at

a level of 0.05; **the correlation is significant at a level of 0.01.

At the genus level (Figure 10B), the plasma level of
CHOL showed positive correlations with the abundances of
Clostridium_sensu_stricto_1, Christensenellaceae_R-7_group,
and Terrisporobacter (P < 0.05) and negative correlations with
the abundances of Eubacterium_coprostanoligenes_group,
dgA-11_gut_group, Ruminococcaceae_UCG-010, and
Sphaerochaeta (P < 0.05). The plasma HDL-C concentration
was significantly positively correlated with the abundance
of Christensenellaceae_R-7_group (P < 0.05) and was
significantly negatively correlated with the abundances of
Eubacterium_coprostanoligenes_group, dgA-11_gut_group,
and Sphaerochaeta (P < 0.05). The plasma LDL-C level
had significant positive correlations with the abundances of
Clostridium_sensu_stricto_1 and Christensenellaceae_R-7_group
(P < 0.05) and had significant negative correlations with the
abundances of dgA-11_gut_group, Ruminococcaceae_UCG-
010, and Sphaerochaeta (P < 0.05). The plasma NEFA
concentration displayed positive correlation with the
abundance of Eubacterium_coprostanoligenes_group and
negative correlations with the abundances of Turicibacter,
Terrisporobacter, and Romboutsia (P < 0.05). The plasma
IL-2 concentration was significantly positively correlated
with the abundances of Clostridium_sensu_stricto_1 and
Succinivibrio, and significantly negatively correlated with
the abundance of Ruminococcaceae_UCG-010 (P < 0.05).
The plasma IL-6 level showed positive correlation with the

Prevotellaceae_NNK3B31_group abundance (P < 0.05). The
plasma IL-10 concentration had significant positive correlations
with the abundances of Prevotellaceae_NNK3B31_group
and Sphaerochaeta (P < 0.05). The plasma TNF-α
concentration was significantly positively correlated
with the abundances of Anaerotruncus (P < 0.05). The
plasma level of IgA showed positive correlation with the
Lachnospiraceae_XPB1014_group abundance (P < 0.05).
The plasma level of IgG indicated negative correlation with
the Christensenellaceae_R-7_group abundance (P < 0.05).
The plasma IgM concentration was significantly positively
correlated with the abundances of Ruminococcaceae_UCG-014
and Lachnospiraceae_AC2044_group (P < 0.05), and was
significantly negatively correlated with the abundances of
Methanobrevibacter and dgA-11_gut_group (P < 0.05).

DISCUSSION

Maternal metabolism changes dramatically during the gestation
period. Especially, maternal glucose and lipid metabolism plays
a vital role in the initiation and development of gestation (26).
The early stage of gestation can be regarded as an anabolic
state to meet the fetal-placental and maternal demands of late
gestation and lactation, with an increase in maternal fat stores
and small increases in insulin sensitivity (27). The present
study showed that the sows in the HP group had lower
plasma levels of GLU and TG than those in LP group on d
30 of gestation. Plasma levels of GLU and TG are important
indicators of glycolipid metabolism. Plasma lipid profiles at
early pregnancy may predict the incidence and severity of
pre-eclampsia in humans (28). The previous study in humans
showed that higher plasma GLU concentration in the first
trimester of pregnancy was a risk factor for adverse perinatal
and neonatal outcomes, such as diabetes-related complications,
gestational hypertension, and obesity (29). Similarly, a study
in dairy cows demonstrated that high glucose levels at early
gestation had an adverse impact on early embryonic development
(30). The reason might be related to high nutritional level
that increased the metabolic clearance rate of progesterone
(31). The results might suggest that higher glucose level was
not conducive to the development of embryos. Besides, higher
plasma TG concentration is usually associated with abnormal
lipid metabolism and causally related to an increased risk
of cardiovascular disease in the clinic (32). Previous research
indicated that higher plasma TG concentration demonstrated a
poor health status of a gestating sow (33). Therefore, the sows in
HP group is in a better physical state than those in LP group on d
30 of gestation.

In contrast, the sows in HP group showed higher plasma
levels of NEFA and TG on d 110 of gestation. Late pregnancy is
characterized as a catabolic state with increased insulin resistance
which leads to increases in concentrations of maternal glucose
and NEFA in plasma, allowing for greater substrate availability
for rapid fetal development (27, 34). Serum NEFA, one of
the most important biomarkers of energy balance status, is
the product of lipolysis of storage fat, such as TG. Elevated
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FIGURE 6 | Fecal short-chain fatty acids (SCFAs) concentrations in low- and high-reproductive performance groups on d 30 and 110 of gestation. (A) Acetate. (B)

Propionate. (C) Butyrate. (D) Total SCFAs. Total SCFAs, the sum of acetate, propionate, and butyrate. LP30 and LP110: sows with low-reproductive performance on

d 30 and 110 of gestation, respectively; HP30 and HP110: sows with high-reproductive performance on d 30 and 110 of gestation, respectively. Gestation stage:

difference in the variations between gestation d 30 and d 110. Values are mean ± standard error (n = 13).

plasma NEFA level mediates many adverse metabolic effects,
including obesity, insulin resistance, hypertension, and chronic
inflammation (35–38). Consistently, increased plasma TNF-α
concentration was found in the sows of HP group on d 110
of gestation. Tumor necrosis factor-alpha is a highly pleiotropic
cytokine and is thought of as a vital mediator of inflammatory
responses, metabolic activation, and cell death (39). The results
of the present study demonstrated that HP sows might be in a
more dramatic catabolic status to ensure the normal growth and
development of the fetus during late gestation, leading to greater
inflammation than LP sows, which was in accord with previous
results in Shao et al. (40).

It is well-known that the dramatic changes of the microbial
community can usually affect the health status of the host. In
the present study, higher observed species, Shannon index,
and Chao 1 index, as well as OTUs number, which was used
to assess fecal microbial community richness and diversity,
were observed in the HP group compared with the LP group
on d 30 of gestation. Gut microbial diversity has been regarded
as a new biomarker of health and metabolic capacity and
low microbial diversity was often associated with poor health
status such as inflammatory response, oxidative stress, and
obesity (41, 42). In addition, sows in the HP group had the

higher abundances of Eubacterium_coprostanoligenes_group,
Lachnospiraceae_XPB1014_group, Ruminococcaceae_UCG-010,
Roseburia, and Ruminococcaceae_UCG-002 on d 30 of gestation.
Eubacterium coprostanoligenes is a cholesterol-reducing
bacterium and inversely correlated with the inflammatory
response (43, 44). Li et al. (45) found that feeding Eubacterium
coprostanoligenes to germ-free mice decreased blood CHOL
concentration. Consistently, the correlation analysis in the
present study also demonstrated that the relative abundance of
Eubacterium_coprostanoligenes_group was negatively correlated
with plasma CHOL concentration. Lachnospiraceae family are
abundant in healthy humans (46) and can impact their hosts
by producing SCFAs, converting primary to secondary bile
acids, and competitively inhibiting colonization of intestinal
pathogens (47, 48). Ruminococcaceae, which has carbohydrate-
active enzymes, sugar transport mechanisms, and metabolic
pathways for the degradation of complex plant materials (49),
is a common digestive tract microbe. Fomenky et al. (50)
showed that Ruminococcaceaemight enhance mucus production
and benefit to improve inflammatory responses in calves. In
the present study, Ruminococcaceae_UCG-010 was shown
to be negatively associated with the plasma concentration
of proinflammatory factor IL-2. Roseburia is a prominent
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FIGURE 7 | The levels of plasma metabolites in low- and high-reproductive performance groups on d 30 and 110 of gestation. (A) Glucose (GLU); (B) Cholesterol

(CHOL); (C) Triglyceride (TG); (D) High density lipoprotein cholesterol (HDL-C); (E) Low density lipoprotein cholesterol (LDL-C); (F) Non-esterified fatty acid (NEFA).

LP30 and LP110: sows with low-reproductive performance on d 30 and 110 of gestation, respectively; HP30 and HP110: sows with high-reproductive performance

on d 30 and 110 of gestation, respectively. Gestation stage: difference in the variations between gestation d 30 and d 110. Values are mean ± standard error (n = 13).

FIGURE 8 | The levels of inflammatory factors and immunoglobulins in low- and high-reproductive performance groups on d 30 and 110 of gestation. (A) Interleukin-2

(IL-2); (B) Interleukin-6 (IL-6); (C) Interleukin-10 (IL-10); (D) Tumor necrosis factor-α (TNF-α); (E) Immunoglobulin A (IgA); (F) Immunoglobulin G (IgG); (G)

Immunoglobulin M (IgM). LP30 and LP110: sows with low-reproductive performance on d 30 and 110 of gestation, respectively; HP30 and HP110: sows with

high-reproductive performance on d 30 and 110 of gestation, respectively. Gestation stage: difference in the variations between gestation d 30 and d 110. Values are

mean ± standard error (n = 13).

gut-associated butyrate-producing genus (51) and inversely
correlated with many diseases, such as inflammatory bowel
disease (52) and atherosclerotic lesion (53). Consistently,
increased fecal butyrate concentration was found in sows in
the HP group. Microbial-driven butyrate has been shown

to exhibit protective effects toward inflammatory diseases
(54). Previous study has shown that butyrate oxidation can
make up around 70 and 60% of the oxygen consumption in
human descending colon and ascending colon, and inhibit
the proliferation of aerobic pathogens (55). These findings
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FIGURE 9 | The plasma concentrations of reproductive hormones in low- and high-reproductive performance groups on d 30 and 110 of gestation. (A) Progesterone;

(B) Estrogen; (C) Lutropin; (D) Prolactin. LP30 and LP110: sows with low-reproductive performance on d 30 and 110 of gestation, respectively; HP30 and HP110:

sows with high-reproductive performance on d 30 and 110 of gestation, respectively. Gestation stage: difference in the variations between gestation d 30 and d 110.

Values are mean ± standard error (n = 13).

might partly explain the better health status of HP sows at
early gestation.

Interestingly, the significant difference in alpha diversity
disappeared, but significant difference was observed in beta
diversity between HP and LP groups on d 110 of gestation.
This was in keeping with the results in Uryu et al. (12) who
explored the relationship between sow productive capacities and
the fecal microbiota in different farms. However, Shao et al. (40)
reported that alpha diversity and beta diversity both differed
between sows with high- and low-reproductive performance
during late gestation. It might suggest that the beta diversity, not
alpha diversity, was a critical factor to evaluate the effect of gut
microbiota on sow reproductive performance (12).

In addition, compared with sows in the LP group, sows
in the HP group had the lower abundances of Bacteroidetes
(including Prevotellaceae_UCG-001, Prevotella_1, and dgA-
11_gut_group) and Spirochaetes (Treponema_2) which were
negatively correlated with litter size, but the higher abundance
of Firmicutes (containing Lactobacillus, Christensenellaceae_R-
7_group, and Terrisporobacter) and genus Escherichia-Shigella
exhibited positive correlations with litter size on day 110 of

gestation. In the present study, Firmicutes and Bacteroidetes
were the most predominant phyla, regardless of the stage of
gestation, which were in accordance with previous studies
on sows (40, 56, 57). A previous study in obese children
showed that the abundance of Firmicutes had the positive
association with plasma TNF-α level (58). Bacteroidetes, as
well as Treponema_2, includes a large number of cellulases,
glycoside hydrolases, glycosyl transferases, and have the capacity
to degrade polymers such as cellulose, hemicellulose, and lignin
(59, 60), which might be the reason for the decreases in fecal
concentrations of acetate, propionate, and total SCFAs. Previous
studies indicated that a changed gut microbiota characterized
by increased levels of Firmicutes and depleted Bacteroidetes
was associated with chronic or low-grade inflammation (11).
Escherichia-Shigella, belonging to phylum Proteobacteria, is
generally taken as non-pathogenic bacteria and can become
pathogenic bacteria when stimulated by stress (61). Shao et al.
(40) also reported that predicted metabolic functions related to
lipopolysaccharide biosynthesis significantly higher in HP sows
than in LP sows during late gestation. The greater production
of total SCFAs and propionate on d 110 of gestation in the
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FIGURE 10 | Correlation analysis between the plasma biochemical indices and sow fecal microbiota. (A) At phylum level; (B) At genus level. GLU, Glucose; CHOL,

cholesterol; TG, triglyceride; HDL-C, high density lipoprotein cholesterol, LDL-C, low density lipoprotein cholesterol; NEFA, non-esterified fatty acid; IL-2, interleukin-2;

IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M. +The correlation

tends to be significant at a level of 0.10; *the correlation is significant at a level of 0.05; ** the correlation is significant at a level of 0.01.
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LP group may be a compensatory mechanism in order to
ensure the survival of fetuses and try to reduce pathogenic
microorganisms, which need to be further studied. Moreover,
Koren et al. (10) showed that dramatical alterations of species
and abundance of gut microbiota contributed to the metabolic
changes during gestation which was characterized by greater
adiposity and insulin resistance to meet the needs of the rapid
growth of fetuses during late gestation in human. Therefore,
it might suggest that the alteration in gut microbiota during
late gestation, associated with the increases in plasma TG and
NEFA, in sows with high-reproductive performance might be
more conducive to the growth and development of the fetus.

Interestingly, we also found increased abundance of
Terrisporobacter that had significant negative correlations
with the plasma NEFA concentration, which might be helpful
to decrease the plasma NEFA from the HP sow and resist
inflammatory response during late gestation. We also found
increased plasma IgM concentration in HP sows on d 110 of
gestation, which might be related to the increased abundance of
Lactobacillus and the decreased abundance of dgA-11_gut_group.
Wang et al. (62) reported that Lactobacillus supplementation
in weanling piglets could increase plasma level of IgM.
Immunoglobulin M, serving as the first line of host defense
against infections, is the first antibody isotype to appear during
immune responses and plays a vital role in immune regulation
and immunological tolerance (63). The abundance of dgA-
11_gut_group was negatively correlated with the plasma IgM
concentration in the present study. This might be an important
reason that the microecological balance of the intestinal tract of
HP sows could restore during lactation (40).

In addition, we explored the shifts in plasma parameters, fecal
metabolites, and microbiota from gestation d 30 to d 110 in the
present study. The results indicated that plasma level of TG was
increased, but levels of CHOL, HDL-C, and LDL-C were reduced
on d 110 of gestation. Ji et al. (56) also showed that plasma
concentrations of total CHOL and HDL-C were reduced from
gestation d 60 to d 110. It suggested that lipid metabolism in the
hepatic and adipose tissues of sows were activated tomaintain the
nutritional needs of the fetus in late gestation. Dramatic switches
in lipid catabolism were often associated with inflammatory
responses (64). Consistently, plasma concentrations of IL-6 and
IL-10 were both elevated on d 110 of pregnancy. Interleukin-6 is
a pleiotropic pro-inflammatory cytokine and involved in chronic
inflammation and immune regulatory cascades (65). Interleukin-
10, a prototypical anti-inflammatory cytokine produced by CD4
(+) cells, plays an important role in inhibiting inflammatory
reaction by suppressing the upstream activities of antigen
presenting cells and T cell functions (66). Increased serum
concentration of IL-6 frequently accompanied an increased level
of IL-10 in serum under inflammatory conditions (67). The
alteration of abundances of phyla Firmicutes, Bacteroidetes,
and Verrucomicrobia was in keeping with the results in Zhou
et al. (11) that Firmicutes was significantly decreased while
Bacteroidetes and Verrucomicrobia increased from d 30 to d
110 of gestation. However, Zhou et al. (11) observed an increase
in Actinobacteria at late gestation, which was in line with
Liu et al. (68). It suggested that the changes of abundance of

Actinobacteria might be not associated with the progress of
gestation. In terms of the genus level, the relative abundances
of fecal Streptococcus, Oscillospira, and Ruminococcaceae_UCG-
010 were increased, and that of fecal Terrisporobacter was
decreased with progression of pregnancy. Zhou et al. (11) also
showed increased Oscillospira and decreased Terrisporobacter
in sow feces from gestation d 30 to d 110. The changes of
abundances of Terrisporobacter and Ruminococcaceae_UCG-010
were in accord with alteration of plasma CHOL concentration.
Streptococcus, including Gram-positive organisms shaped in
cocci and organized in chains, are commensals, pathogens, and
opportunistic pathogens for humans and animals (69). Previous
study in humans also reported that Streptococcus was enriched
in late gestation compared to in early gestation (10). However,
Zhou et al. (11) found a reduction in fecal Streptococcus from
gestation d 30 to d 110. Therefore, further study is required
to indentify which microbiome is involved in the progress of
pregnancy. Interestingly, the SCFAs were not significantly altered
during gestation although significant microbiota compositions
occurred, which was consistent with Liu et al. (68) and Zhou et al.
(11). Above all, the sows underwent dramatic metabolic changes
over the course of a normal pregnancy, which was associated with
the profound alteration of the gut microbiota.

CONCLUSION

In summary, our findings demonstrated that microbial
abundances and community structures differed significantly
between sows with different litter sizes during gestation,
which was associated with changes in plasma biochemical
parameters, inflammatory factors, and immunoglobulin, as well
as fecal metabolites. Besides, plasma biochemical parameters
and cytokines shifted dramatically from gestation d 30 to d
110, which were associated with the alterations in microbial
composition and diversity. These findings revealed that sow
reproductive performance might be associated with the changes
of maternal gut microbiota during gestation and provided a
microbial perspective to improve sow reproductive performance
in pig production.
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