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Feed production is themain contributor to several environmental impacts of livestock. To decrease environmen-
tal impacts of feed, those of feedstuffs should be considered during formulation. In particular, multiobjective feed
formulation (MOF) can help reduce several environmental impacts simultaneouslywhile keeping any increase in
feed pricemoderate. The objective of this study was to assess environmental benefits ofMOF at the farm gate for
fattening pigs and broilers. For pigs, three feeding strategies were tested: classic 2-phase (2P), 2-phase with
lower net energy content (2P−), and multiphase (MP). For broilers, two strategies were tested: classic
3-phase (3P) and 3-phase with higher digestible amino acid contents and lower metabolisable energy content
(3P+). Diets were formulated using both least-cost formulation (LCF) and MOF, yielding six pig scenarios and
four broiler scenarios. Environmental impacts at the farm gate were estimated using a modelling approach
based on life cycle assessment. Indicators for six impact categorieswere then calculated: climate change (CC), cu-
mulative non-renewable energy demand (CEDNR), acidification (AC), eutrophication (EU), land occupation
(LO), and phosphorus demand (PD). As expected, MOF had lower farm-gate impacts than LCF (as much as
−13%), but the degree of decrease varied by feeding strategy and impact. For pigs, MOF was equally effective
in all strategies at reducing PD (−6 to −9%) and AC (−2%). In contrast, MOF was more effective in 2P and
2P− at decreasing CC (−5% to −7%), LO (−9% to −13%) and EU (−6% to −8%) than in MP (CC: −2%; LO:
−4%; EU: −3%). The benefit of MOF was found greater in 2P (−7%) than in other pig strategies for CEDNR
(−3 to +0%). For broilers, MOF was equally effective in both strategies tested at decreasing PD (−12%), AC
(−2%), and EU (−4%). For CC and CEDNR, MOF was more effective in 3P (CC: −9%; CEDNR:−11%) than 3P+
(−6% for both impacts), but not for LO (+3% in 3P vs−1% in 3P+). These differences were due mainly to dif-
ferences in animal performance (especially feed conversion ratio) among the strategies tested. Finally, in all sce-
narios, gross margin at the farm gate decreased with MOF comparatively to LCF (pigs:−3% to −11%); broilers:
−7% to −11%). These results demonstrate the importance of comprehensive economic and environmental op-
timisation of feeding strategies by simultaneously considering feed impacts, animal performance, and manure
management. To do so, further research is therefore required to develop new modelling tools.
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Animal Consortium. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Multiobjective feed formulation is a relevantmethod to decrease en-
vironmental impacts of feed production. This study investigated conse-
quences at the farm gate of applying this method to different feeding
strategies for pig and broiler production systems using a life cycle ap-
proach. Results confirmed that multiobjective feed formulation is
vier Inc. on behalf of The Anim
relevant for decreasing environmental impacts at the farm gate; how-
ever, its mitigation potential may vary according to feeding strategy.
Therefore, a comprehensive optimisation of feeding strategy and feed
composition that considers feed impacts, animal response, and manure
emissions is recommended.

Introduction

In the European Union, since the beginning of the 1990s and the Ni-
trates Directive (91/676/CEE), monogastric livestock producers have
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made large efforts to decrease their environmental impacts by focusing
mostly on nitrogen excretion and/or ammonia emissions. They have de-
creased impacts by i) improving animal performance (Zuidhof et al.,
2014; Millet et al., 2017), ii) increasing the number of phases to better
meet animal requirements and/or decreasing dietary crude-protein
content using feed-grade amino acids (Pomar et al., 2014; Belloir
et al., 2017), and iii) improving manure management (Loyon et al.,
2016).

However, these approaches focused generally on a specific part of
the production system and/or one or two impacts, which can make
identification of pollution swapping difficult. This phenomenon occurs
when a mitigation option introduced to reduce one impact results in
the increase of another impact (e.g. increasing eutrophication (EU)
while decreasing climate change [CC]). To overcome these limits, Life
Cycle Assessment (LCA) has been used to assess environmental impacts
of pig and poultry production systems since the beginning of the 2000s
(de Vries and de Boer, 2010). Life Cycle Assessment is a multicriterion
method that estimates multiple potential environmental impacts of
products or services throughout their life cycles, from raw material
acquisition to production, use, and disposal/recycling, at global and re-
gional scales (van der Werf and Petit, 2002). Using this comprehensive
method, feed production has been estimated to contribute the majority
of environmental impacts of monogastric livestock production: 50–85%
of CC impact, 64–97% of EU potential, 70–96% of energy use, and nearly
100% of land occupation (LO) (Garcia-Launay et al., 2018). Nevertheless,
environmental impacts of feedstuffs used in animal diets can vary
greatly (e.g. 0.24 and 1.34 kg CO2-eq/kg for CC impact of French sun-
flower meal and average Brazilian soya bean meal, respectively)
(Wilfart et al., 2016).

To decrease impacts of feed production and consequently of live-
stock production, it is thus important to address this variability when
formulating animal diets. Several researchers have developed methods
that consider environmental impacts during feed formulation, but
with possible large increase in feed cost (Nguyen et al., 2012;
Mackenzie et al., 2016). In contrast, multiobjective feed formulation
(MOF), developed by Garcia-Launay et al. (2018), can simultaneously
decrease four environmental impacts (CC, energy use, land use, phos-
phorus demand [PD]) while limiting the increase in feed cost. Using
MOF, it is expected that decreasing feed impacts will result in substan-
tial decreases in impacts of livestock production.

In both pig and broiler production, acidification (AC) and EU impacts
are driven mainly by the degree to which nitrogen and/or phosphorus
supply exceeds animal requirements (Cadéro et al., 2018a; Méda et al.,
2019). But impacts on CC, LO, and cumulative energy demand at the
farm gate are driven mainly by the impacts related to feed production
(i.e. production/transport of feedstuffs, transformation processes in the
feed mill, feed transport to the farm) (Garcia-Launay et al., 2014;
Méda et al., 2019). Consequently, MOF has great potential to mitigate
these last three impacts at farm gates. However, the benefits of MOF
could potentially be limited if the feeding strategy impairs animal per-
formance (e.g. increased conversion ratio).

Therefore, the objective of this study was to investigate the environ-
mental benefits (at the farm gate) of MOF with a modelling approach
based on life cycle assessment. This approach was applied to French
conventional pig and broiler production systems for various feeding
strategies, either i) ‘classic’ or ii) ‘alternative’ ones (number of phases,
changes in nutritional levels).

Material and methods

Goal and scope definition

Life Cycle Assessments of pig and broiler production systems were
conducted from cradle to farm gate for a 1-year period. System bound-
aries included production and transport of i) inputs used to produce
feedstuffs, ii) off-farm concentrated feeds, and iii) either day-old chicks
2

or piglets at the entry of the fattening unit. On-farm emissions related to
animals and manure production and storage were included, but not
those associated with the fate of manure during/after spreading (e.g.
phosphorus runoff) as recommended by Koch and Salou (2015). Direct
consumption of water and energy, and impacts associated with build-
ings for animal production, were also included (Fig. 1).

For both broiler and pig production, the functional unit was one
tonne of live weight (LW) at the farm gate. The impact categories con-
sidered were those selected in the ECOALIM project (Wilfart et al.,
2016; Garcia-Launay et al., 2018): CC, EU, AC, LO, cumulative non-
renewable energy demand (CEDNR), and PD. Phosphorus demand
was included to account for the non-renewable phosphorus resource
incorporated in fertilisers and feeds.
Description of reference pig and broiler production systems

For pig production, fattened pigs were assumed to be produced on a
typical farrow-to-finish farm with 260 sows in Brittany (western
France). Gilts are produced on farm. All animals on the farm are reared
in confined housing on a fully slattedfloor and produce slurry. In all sce-
narios, pigs are fattened until they reach 117 kg LW. The slurry is stored
in the housing, while animals are present and then evacuated to an un-
covered outdoor storage pit (Table 1).

For broiler production, conventional production of fast-growing
broilers in the Pays-de-la-Loire region (western France) was assumed.
In all scenarios, birds are reared on straw bedding at an initial density
of 23.4 birds/m2 until they reach 1.83 kg LW (Table 1).

For both production systems, the feedmill producing and delivering
the feed to the farm was assumed to be located 50 km away, and the
hatchery producing day-old chicks was considered to be 200 km away
(Table 1).
Feeding strategies

For pig production, feeds for sows and post-weaning piglets were
identical in all scenarios (Supplementary Table S1). Only differences in
feeding strategies for fattening pigs (group feeding) were considered
here, as this period representsmore than 70% of total feed consumption
on the farm (recalculated from Dourmad et al., 2014). Three feeding
strategies were tested:

- Classic 2-phase strategy (2P) with amaximum feed allowance of 2.6
kg/pig/day (Cadéro et al., 2018c). Pigs are fed with the first phase
diet (‘grower’) until they reach 65 kg where they are fed with the
second phase diet (‘finisher’) until slaughter.

- 2-phase strategywith lower net energy (NE) content and no feed re-
striction (ad libitum) (2P−). The hypothesis investigated was that
lower NE content (93% of 2P level i.e. −0.7 MJ/kg) decreased envi-
ronmental impacts of pig feeds enough to compensate for lower an-
imal performance.

- Multiphase strategy (MP) with a maximum feed allowance of 2.6
kg/pig/day. It consists of 10 successive diets composed of four con-
centrated diets blended in different proportions to capture the evo-
lution of nutritional requirements. Each blend is provided to pigs
according to their LW with a range of 10 kg of LW (i.e. Phase 1
from 30 to 40 kg, Phase 2 from 40 to 50 kg…; Supplementary
Table S2). This strategy is designed so that nutrient supply meets
pig requirementsmore closely than that in 2P, to reduce on-farm ni-
trogen gas emissions.

For broiler production, the feeding strategies tested were applied to
the entire rearing period with three successive diets (‘starter’: 1–9 days
of age; ‘grower’: 10–19 days of age; ‘finisher’: from 20 days of age until
slaughter) distributed ad libitum. Two strategies were tested:



Fig. 1.Diagramof processes andflows for the production of 1 t of liveweight at the pig or broiler farmgatewithin the life cycle assessment boundaries.White boxes: processes common to
pig and broiler production; Grey boxes: processes related to pig production; Black boxes: processes related to broiler production; Bold arrows: flow with transport.

Table 1
Characteristics of pig and broiler production systems considered in the study.

Production
system

Pig Broiler

Animals
Number of
sows

260 –

Animal density
(birds/m2)

– 23.4

Breed (LW × LR) × (LW × PP)1 Ross PM3
Slaughter
weight (kg)

117 1.83

Housing
Housing area
(m2)

5200 2 × 1300

Floor type Fully slatted floor Straw bedding
(4.5 kg/m2/batch)

Manure
management

Slurry pit under pigs +
external uncovered storage

Solid manure under broiler +
external uncovered storage

Distance from
farm (km)
Feed mill 50 50
Hatchery – 200

1 LW: large White; LR: landrace; PP: pietrain.
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- Classic 3-phase strategy (3P) with average nutritional levels cur-
rently used by French poultry feed producers.

- 3-phase strategy diet with higher digestible amino acid contents
(+1.5 g/kg of digestible lysine and other amino acids adjusted to
the same profile as in 3P) and lowermetabolisable energy (ME) con-
tent, comparatively to 3P (−0.2 MJ/kg). This strategy (3P+), com-
monly used in Northern Europe (Dusart, pers. comm.), is designed
to improve feed conversion ratio (FCR) and growth rate.

Feed formulation

For a given feeding strategy, each diet was formulated using linear
programing with either classic least-cost formulation (LCF) or MOF as
described by Garcia-Launay et al. (2018), resulting in six pig scenarios
and four broiler scenarios. Briefly, MOF considers both the cost and en-
vironmental impacts (estimated by LCA) of feedstuffs (Eq. (1)). First,
LCF provides a baseline for feed cost and potential impacts per kg of
feed. Next, the minimised multiobjective function (min MO) includes
normalised values of feed cost (Cost) and the four global LCA impacts
(PD, CC, CEDNR, and LO) using LCF values as references (ref). Moreover,
to prevent pollution swapping among impacts, maximal constraints on
the six impact categories (including the local ones, EU and AC) were
added, so that feed impacts using MOF could not exceed 105% of their
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reference values (i.e. using LCF). Two additional factors are considered
in the multiobjective function: i) the relative influence of economic
and environmental objectives (α) and ii) the weight of each environ-
mental impact considered (β). Factor α ranges from 0 (equivalent to
LCF) to 1 (price not considered in the objective function). In this
study, a specific α = αlim was considered, defined as the point at
which the marginal decrease in LCA impacts becomes lower than the
marginal increase in feed cost. This αlim value is considered as the best
compromise between the decrease of feed impacts and the increase of
feed cost as demonstrated by Garcia-Launay et al. (2018). The sum of
the β factors of the four LCA impacts considered in MOF must equal 1.
βPD, βCEDNR, and βLO were set to 0.2, while βCC was set to 0.4 because
CC was considered as a top-priority issue (Gerber et al., 2013; Paris
Agreement, 2015).

minMO ¼ 1−αð Þ � Cost

Costref

� �
þ α

� βPD
LCAPD

LCAref
PD

þ βCC
LCACC

LCAref
CC

þ βNRE
LCACEDNR

LCAref
CEDNR

þ βLO
LCALO

LCAref
LO

 !

ð1Þ

Nutritional characteristics of feedstuffs were those of Sauvant et al.
(2004). Life Cycle Assessment impacts of feedstuffs used in the diets
are described in Supplementary Table S3. They included impacts of pro-
duction of feedstuffs (ECOALIM database: Wilfart et al., 2016) and road
transport to the feed mill in western France (oilseed meals: 100 km;
protein crops and oilseeds: 300 km; other feedstuffs: 500 km; Garcia-
Launay et al., 2018). Each diet (i.e. one phase among a given feeding
strategy) was formulated in the same four price contexts considered
by Garcia-Launay et al. (2018) (September 2011, June 2012, August
2013, and February 2014; Supplementary Table S4). The price series
were selected by experts of the French feed sector for their representa-
tiveness of various economic contexts on the Frenchmarket, taking into
account the possible large price variations among feedstuffs (e.g. soy-
bean meal to maize ratio varying between 1.5 and 3.The feedstuff com-
positions of the four formulated diets were then averaged to provide an
average diet for the 2011–2014 period. The nutritional characteristics of
this average diet were then recalculated.

Constraints on feedstuff incorporation rates were those of Garcia-
Launay et al. (2018). For 2P and 3P strategies, nutritional constraints
were those of Garcia-Launay et al. (2018), except for minimum content
of available P thatwas updated for pig feeds (IFIP, 2019). For 2P−, min-
imumNE content equalled 93% of that of 2Pwith the same digestible ly-
sine (dLys):NE ratio. In contrast,MP had the sameminimumNE content
as 2P (9.5MJ/kg) but a different dLys:NE ratio. For 3P+,ME contentwas
reduced by 0.2 MJ/kg, whereas dLys was increased by 1.5 g/kg. For all
feeding strategies, specific ideal amino acid profiles for pigs and broilers
were considered so that all amino acid contents were adjusted directly
when dLys content was changed. All constraints for nutritional charac-
teristics and feedstuff incorporation rates are given in Supplementary
Tables S5 for pigs and S6 for broilers.

Life cycle inventory

Animal performance
For pig production, performances of gestating-lactating sows and

post-weaning piglets were taken from French technical references and
considered identical in all scenarios (Supplementary Table S7). Nitrogen
and phosphorus excretions of sows and post-weaning piglets were cal-
culated using the mass-balance approach of BRSPorc (CORPEN, 2003),
which considers nitrogen and phosphorus intakes and body retentions.
Animal performance (growth, feed intake) and nitrogen and phospho-
rus excretions of finishing pigswere simulated using nutritional charac-
teristics of the formulated diets and the model of Cadéro et al. (2018b).
This individual-basedmodel simulates variability in responses of pigs in
4

a batch in a pig-fattening unit. With this model, nitrogen and phospho-
rus excretions were calculated as intake minus body retention. Mortal-
ity rate during the fattening period was assumed to remain constant
(3.7%) in all scenarios.

For broiler production, mortality rate and average slaughter weight
were assumed to remain constant (4.2% and 1.83 kg, respectively) in
all scenarios. As nutritional values of diets formulated with LCF or
MOF were very similar or identical, the same slaughtering age was as-
sumed for a given feeding strategy (3P or 3P+). However, based on ex-
pert knowledge (nutritionists in the poultry sector), we considered that
slaughtering age and FCR were decreased in the 3P+ comparatively to
3P (34 vs 36d and 1.65 vs 1.73, respectively). Nitrogen and phosphorus
excretionwas estimated as intakeminus body retention, using constant
values of 29 g N/kg LW (ITAVI, 2013) and 4.6 g P/kg LW (CORPEN,
2006).

Emissions from enteric fermentation and manure
Greenhouse gas emissions (methane (CH4), nitrous oxide (N2O)) as-

sociated with manure production (housing + storage) from both types
of production were estimated using IPCC Tier 2 equations (2006), as
was CH4 emission from enteric fermentation in pigs. For ammonia
(NH3) and nitrogen oxides (NOx), emissions were estimated using cal-
culated nitrogen excretion and emission factors from EMEP (2013). In
pig, it was possible to calculate urinary N and fecal N using N digestibil-
ity, CP and amino acid contents of the feed and growth performance, ac-
cording to the principles of the InraPorc® model (van Milgen et al.,
2008). Urinary Nwas then used as a proxy of total ammoniacal nitrogen
(TAN) to apply the EMEP (2013) emission factors. In broiler solid ma-
nure, TAN was considered to represent 70% of total N excretion as rec-
ommended by EMEP (2013).

Background data
Data for energy and water consumption of the feed mill were taken

from Gac et al. (2010) (Supplementary Table S8). Values of on-farm
consumption of water and energy are given in Supplementary
Table S9. Inventories for energy and tapwater production and transport
came from attributional life cycle inventories in the ecoinvent database
(v. 3.1) (Wernet et al., 2016). Inventories for the production of day-old
chicks and for construction of animal houses were taken from the
Agribalyse® database (Koch and Salou, 2015).
Environmental impact assessment

For the six impact categories chosen (CC, EU, AC, LO, CEDNR, and
PD), impacts were estimated according to the International Reference
Life Cycle Data System (ILCDmethod) for CC and AC (JRC, 2012), Centre
for Environmental Studies (CML) for EU and LO (implemented in
SimaPro® v. 8.0.5.13), CED 1.08 method (implemented in SimaPro® v.
8.0.5.13) for CEDNR and Wilfart et al. (2016) for PD. Impacts per
tonne of LW were expressed in kg CO2-eq for CC, mol H+-eq for AC,
kg PO4

3− for EU, m2.year for LO, MJ for CEDNR, and kg P for PD. Impacts
were calculated using SimaPro® software v. 8.0.5.13 (PRé Consultants,
2020, Amersfoort, The Netherlands) for broiler production, and using
the model from Cadéro et al. (2018b) for pig production.
Economic assessment

For each scenario, an average feed price (€/t) based on the consump-
tion and price of each diet was calculated. Using this average feed price,
animal performance, (growth, feed intake), and other economic refer-
ences, an economic indicator at the farm gate was calculated for each
scenario (gross margin, €/t LW; Supplementary Table S10). For pigs,
only the gross margin of the fattening unit was considered.
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Results

Formulated diets

The feedstuff composition of the ‘2011–2014’ average diets for each
feeding strategy and formulation method is given in Table 2 for broilers
and in Table 3 for pigs. Full nutritional characteristics of these diets are
given in Supplementary Tables S11 for broiler and S12 for pigs. In gen-
eral, compared to using LCF, using MOF did not change the number of
feedstuffs in the diets, except for pigs in 2P− strategy (−4 feedstuffs).
Non-wheat cereal grainswere replaced bywheat grain and co-products,
especially middlings in pigs and feed flour in broilers. Incorporation of
rapeseed meal increased by 4–8 percentage points for broilers, with a
slight decrease in soya bean meal and extruded soya bean. Incorpora-
tion of rapeseedmeal also increased for pigs (+1–9 percentage points),
associated with a decrease in dehulled sunflower meal and an increase
in protein crops, especially pea (+1–8 percentage points).

When using LCF, environmental impacts and price per tonne of feed
were always higher for broilers than for pigs (Table 4). For pigs, the 7%
decrease in NE content in 2P− diets compared to that in 2P diets de-
creased price by 3–4% and impacts by 1–18%, except for LO (+4%).
Compared to the 2P strategy, the MP strategy drastically changed LO
(−7%), PD (+31%) and modified price and the other impacts by
3–4%. For broilers, compared to the 3P strategy, the 3P+ strategy in-
creased feed price (+6%), CC (+4%), LO (+5%), PD (+10%), and AC
(+1%), while a decrease in CEDNR (−2%) was observed (Table 4).

Compared to LCF, MOF decreased impacts by 0–18% for pigs and
broilers, except for LO in the 3P strategy (+4%), while feed price in-
creased by 1–3% for all strategies (Table 4; Fig. 2a). For broilers, MOF de-
creased AC, EU, and PD in both feeding strategies to a similar degree (ca.
4%, 7%, and 11%, respectively). In contrast, MOF decreased CEDNR and CC
more in the 3P strategy (CEDNR: −18%; CC: −12%) than in the 3P+
strategy (CEDNR:−10%; CC:−8%). MOF increased LO in the 3P strategy
(+4%) but decreased it (−1%) in the 3P+ strategy (Table 4; Fig. 2a).
Table 2
Feedstuff composition (%) of diets formulated with least-cost (LCF) or multiobjective (MOF) fo

Feeding strategy 3P

Phase Starter Grower Finisher

Formulation method LCF MOF LCF MOF LCF

Wheat 19.76 18.81 22.59 26.39 15.00
Maize 33.95 26.18 35.32 23.09 47.90
Triticale 0.97
Wheat DDGS 0.91 0.87
Wheat feed flour 9.10 9.47 0.47
Wheat middlings
Maize DDGS 4.00 6.00 7.96
Maize gluten meal 1.00 0.90 0.50 0.53
Rapeseed 2.63 2.05 3.99 2.30 0.15
Soya bean (extruded) 2.50 2.50 2.50 2.50 3.50
Rapeseed meal 1.00 7.95 0.50 7.70
Soya bean meal 22.88 20.11 15.62 13.97 10.44
Sunflower meal 5.56 6.00 7.13 7.08 9.00
Rapeseed oil 2.99 4.00
Palm oil 1.50
Soya bean oil 1.25 1.80 1.32
Sodium bicarbonate 0.25 0.23 0.22 0.19 0.19
Calcium carbonate 1.15 1.04 0.98 0.88 0.82
Monocalcium phosphate 0.92 0.89 0.60 0.56 0.33
Sodium chloride 0.18 0.20 0.21 0.23 0.23
DL-Methionine 0.21 0.18 0.20 0.18 0.18
L-Lysine HCl 0.33 0.31 0.39 0.36 0.41

L-Threonine 0.06 0.05 0.08 0.07 0.08
L-Valine
Premix and vitamins 0.50 0.50 0.50 0.50 0.50

3P: ‘classic 3-phase strategy. 3P+: 3-phase strategy with higher digestible lysine content (+1
DDGS: dried distillers grains with solubles.
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For pigs, MOF decreased all impacts less in the MP strategy than in the
2P and 2P− strategies (Table 4; Fig. 2a). For both 2P and 2P− strategies,
MOF decreased to a similar degree AC (−9%), PD (−8%), CC (−13%),
and EU (−14%). Finally, MOF decreased CEDNR more in the 2P strategy
(−14%) than in the 2P− one (−6%), as it did for LO (−17% in 2P− vs
−13% in 2P; Table 4; Fig. 2a).

Animal performance, nutrient excretion, and gaseous emissions

For pigs, the lower dietary NE content in 2P− resulted in lower an-
imal performance than that in 2P (Table 5). In particular, the largewors-
ening of FCR (+0.25 points) was responsible for greater excretion of
nitrogen (+11%) and phosphorus (+10%) and gas emissions fromma-
nure and enteric fermentation (NH3: +9%; N2O: +10%; CH4: +23%;
Table 5). The MP strategy increased FCR for LCF and MOF (+0.02 pts).
However, the MP strategy decreased nitrogen excretion and emissions
for both LCF and MOF by 5–8% (Table 5) and P excretion to a lower ex-
tent (−2 to −3%). More generally, using MOF instead of LCF had little
effect on animal performance, excretion, or gas emissions (Table 5).

Because 3P+ diets had higher digestible amino acid contents than
3P diets, dietary crude protein in the 3P+ strategy increased by 1–2
percentage points (Supplementary Table S11). This increase in turn in-
creased nitrogen excretion by ca. 14% (Table 5) and consequently NH3

(14%) and N2O emissions (18%). Compared to the 3P strategy, the
3P+ strategy decreased phosphorus excretion (−18%) and manure
CH4 emissions (−6%), in relation to the improved animal performance
(lower slaughtering age and FCR; Table 5). Finally, compared to LCF,
MOF had little effect on nutrient excretion or gas emissions in the 3P
and 3P+ strategies.

Environmental and economic indicators at the farm gate

For pigs, regardless of the formulation method used, compared to
the 2P strategy, the MP strategy had little effect on all impacts except
rmulation for two feeding strategies in broilers.

3P+

Starter Grower Finisher

MOF LCF MOF LCF MOF LCF MOF

25.19 15.00 15.00 15.00 19.85 15.00 16.00
26.86 37.54 27.85 37.88 25.03 43.98 33.90

0.31

10.00 10.00 10.00 0.12 7.50
1.71 1.50
0.09 1.93 4.47 1.95 0.42
0.20 0.49 0.84 0.39
1.86 3.14 3.00 2.93 2.88 3.37 2.12
2.08 2.50 2.50 3.75
8.14 2.59 7.00 3.55 7.12 1.78 6.21
7.62 26.79 25.92 20.19 20.62 15.69 16.22
8.74 5.14 5.13 7.27 7.50 9.00 9.00
3.50 2.36 3.83 2.63
1.50 1.50 1.50

0.75 2.13 0.72 0.35
0.19 0.27 0.28 0.21 0.22 0.19 0.19
0.70 1.07 1.03 0.89 0.84 0.69 0.66
0.25 0.96 0.91 0.62 0.58 0.37 0.31
0.24 0.16 0.16 0.21 0.21 0.24 0.24
0.15 0.30 0.30 0.26 0.27 0.24 0.24
0.38 0.41 0.41 0.42 0.41 0.40 0.40

0.08 0.12 0.12 0.10 0.12 0.10 0.11
0.02 0.03 0.00 0.03 0.01 0.01

0.50 0.50 0.50 0.50 0.50 0.50 0.50

.5 g/kg) and lower metabolisable energy content (−0.2 MJ/kg).



Table 3
Feedstuff composition (%) of diets formulated with least-cost (LCF) or multiobjective (MOF) formulation for three feeding strategies in growing-finishing pigs.

Feeding strategy 2P 2P− MP

Phase Grower Finisher Grower Finisher MP1 MP2 MP3 MP4

Formulation method LCF MOF LCF MOF LCF MOF LCF MOF LCF MOF LCF MOF LCF MOF LCF MOF

Barley 1.33 9.67 37.02 20.62 37.50 21.37 15.34 0.99 17.84 5.95 7.67 1.33 20.99 5.96
Maize 29.13 23.19 22.86 12.63 0.47 0.38 43.35 52.08 28.35 49.32 26.15 31.49 47.45 60.71
Maize DDGS 2.06 0.07
Oat 2.50 2.50 3.43 2.50 1.99 1.25 0.90 2.50 2.04
Sorghum 5.00 5.00 1.76 2.01 2.50 1.25 2.50 1.25 5.00 1.74
Triticale 4.10 2.84 3.88 4.78 7.50 0.00
Wheat 27.65 33.21 32.12 49.11 17.43 30.22 18.36 31.54 0.00 0.00 21.78 3.51 32.50 30.95 0.04 1.26
Wheat bran 3.44 3.11 7.28 5.93 9.78 4.78 8.18 5.80 0.00 0.00 0.00 2.14 8.96 9.50 10.00 10.00
Wheat DDGS 0.14 0.09
Wheat feed flour 2.00 2.00 1.50 2.00 0.89 2.00 2.00 1.00 2.00 1.26 2.00 0.87
Wheat middlings 4.42 10.00 2.60 10.00 2.50 9.85 0.70 10.00 0.00 5.50 6.89 2.50 6.85
Rapeseed meal 5.11 10.63 0.52 1.40 0.22 9.26 0.00
Soya bean meal 0.80 0.52 0.06 17.43 16.20 10.06 9.29 0.04
Sunflower meal (dehulled) 10.00 7.82 9.03 3.61 1.10 2.08
Sunflower meal (unhulled) 0.00 1.37 1.41 2.79 0.33 4.16 5.22 0.47 2.19 5.64 7.79 3.87 4.69 0.15 0.11
Faba bean 0.75 3.00 1.46 3.00 1.96 3.00 1.66 3.00 0.75 0.96 1.14 1.83 0.75 0.75
Pea 2.50 10.00 2.50 10.00 9.91 10.00 8.30 10.00 6.58 9.00 5.10 9.25 2.50 6.52 0.12
Rapeseed 0.00
Dehydrated sugar beet pulp 0.62 0.71 2.00 7.05 4.02 8.44 7.88 9.76 0.78 2.51 0.50 6.68 10.00
Animal fat 0.55 0.02
Calcium carbonate 1.00 0.94 0.98 1.03 1.28 1.00 1.11 0.97 0.76 0.69 1.10 1.05 1.04 1.27 1.12 1.02
Monocalcium phosphate 0.04 0.65 0.66 0.45 0.43 0.04
Sodium chloride 0.33 0.35 0.36 0.37 0.40 0.40 0.40 0.40 0.40 0.40 0.38 0.40 0.36 0.39 0.40 0.40
DL-Methionine 0.04 0.01 0.04 0.02 0.03 0.01 0.03 0.17 0.17 0.10 0.11 0.02 0.03

L-Lysine HCl 0.50 0.38 0.44 0.35 0.33 0.27 0.30 0.27 0.44 0.44 0.49 0.45 0.43 0.39 0.16 0.16

L-Threonine 0.11 0.10 0.10 0.10 0.08 0.08 0.07 0.08 0.17 0.16 0.15 0.14 0.10 0.10
L-Tryptophan 0.02 0.02 0.01 0.01 0.05 0.06 0.03 0.05 0.01 0.02
L-Valine 0.03 0.04 0.01 0.01
Enzymes, premix, and vitamins 0.51 0.51 0.51 0.51 0.51 0.51 0.50 0.50 0.52 0.52 0.52 0.52 0.51 0.51 0.51 0.51

2P: ‘classic’ 2-phase strategy. 2P−: 2− phase strategy with lower net energy (NE) (−0.7 MJ/kg) and the same digestible lysine:NE ratio as in 2P. MP: multiphase strategy based on four
diets blended in different proportions over time (10 successive blends; see Supplementary Table S2 for composition of the blends).
DDGS: dried distillers grains with solubles.
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CEDNR (+11% with MOF) and PD (+19%). In contrast, the 2P strategy
hadhigher impacts (from+2 to+10%) for CC, AC, EU, LO, and PD. Com-
pared to the 2P strategy, gross margin decreased in both 2P− and MP
strategies, but to different degrees (−24% and −8%, respectively;
Table 4 and Fig. 2b). Like for the MP strategy for pigs, the 3P+ strategy
Table 4
Environmental and economic indicators at feed-mill and farm gates for different feeding strate

Production Pig

Feeding strategy 2P 2P−

Formulation method LCF MOF LCF

Feed-mill gate (/t feed)
Climate change (kg CO2 eq) 493 422 437
Acidification (mol H+) 9.7 8.7 8.0
Eutrophication (kg PO4

3−) 3.6 3.2 3.5
Cumulative nonrenewable energy demand (MJ) 5052 4357 4293
Land occupation (m2.yr) 1419 1238 1478
Phosphorus demand (kg P) 3.4 3.2 3.4
Feed price (€) 215 219 205

Farm gate (/t live weight)
Climate change (kg CO2 eq) 2363 2206 2497
Acidification (mol H+) 56.9 55.5 58.4
Eutrophication (kg PO4

3−) 13.7 12.9 14.5
Cumulative nonrenewable energy demand (MJ) 19647 18251 19114
Land occupation (m2.yr) 3999 3624 4407
Phosphorus demand (kg P) 11.0 10.0 11.2
Gross margin (€) 188 182 150

2P: ‘classic’ 2-phase strategy. 2P−: 2− phase strategywith lowerNE (−0.7MJ/kg) and the sam
different proportions over time (10 successive blends).
3P: ‘classic’ 3-phase strategy. 3P+: 3-phase strategy with higher digestible lysine content (+1
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for broilers had little effect on impacts except for PD (+5% compared to
3P) and on gross margin (−3%with LCF vs +1%withMOF; Table 4 and
Fig. 2b).

In pigs, MOFdecreased CCby 2–7%, CEDNR by 0–7%, PD by 0–9%, and
EU by 3–8%. Multiobjective feed formulation also decreased these
gies using least-cost (LCF) or multiobjective (MOF) formulation for pigs and broilers.

Broiler

MP 3P 3P+

MOF LCF MOF LCF MOF LCF MOF

387 514 488 827 727 858 788
7.4 9.9 9.8 11.9 11.5 12.0 11.5
3.0 3.5 3.3 4.4 4.1 4.4 4.1
4033 5224 5230 7574 6179 7434 6690
1230 1321 1245 1479 1538 1548 1538
3.0 4.5 4.1 7.0 6.2 7.7 6.9
212 221 224 294 304 311 317

2378 2409 2354 1947 1777 1932 1819
57.4 55.7 54.9 52.7 51.9 54.7 53.4
13.4 13.2 12.8 12.5 12.0 12.4 11.9
18547 20221 20233 20595 18240 19728 18530
3849 3819 3658 2860 2959 2855 2839
10.5 13.0 12.0 12.3 10.8 12.9 11.5
132 173 168 152 136 147 137

e digestible lysine:NE ratio as in 2P.MP:multiphase strategy based on four diets blended in

.5 g/kg) and lower metabolisable energy content (−0.2 MJ/kg).



Fig. 2. Differences in environmental and economic indicators for feeding strategies in pigs and broilers formulated using multiobjective formulation compared to least-cost formulation
a) per tonne of average feed at the feed-mill gate and b) per tonne of live weight. CC: climate change; AC: acidification; EU: eutrophication; CEDNR: cumulative non-renewable energy
demand; LO: land occupation; PD: phosphorus demand; GM: gross margin. Pigs (grey): 2P: ‘classic’ 2-phase; 2P−: 2− phase with lower net energy content; MP: multiphase. Broilers
(black): 3P: ‘classic’ 3-phase; 3P+: 3-phase with higher digestible amino acid and lower metabolisable energy contents.
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impacts in broilers by 6–9% (CC), 6–11% (CEDNR), 11–12% (PD), and 4%
(EU). For pigs, MOF decreased LO by 4–13%, while for broilers, MOF in-
creased LO by 3% in the 3P strategy and decreased it by 1% in the 3P+
strategy. Finally, compared to LCF, MOF decreased AC little (less than
2%) (Table3; Fig. 2b). Furthermore, MOF decreased more impacts in 2P
and 2P-strategies than in MP for pigs and more in 3P than in 3P+ for
broilers. Consistent with the increase in feed price (Table 4; Fig. 2a),
gross margin and decreased for both pigs (−3 to −11%) and broilers
(−7 to−11%) (Table 4; Fig. 2b).

Discussion

Effect of feeding strategy on impacts at the farm gate (least-cost
formulation)

The LCA-based impacts at feed-mill and farm gates for LCF scenarios
are consistent with those reported in the literature for pigs (Dourmad
et al., 2014; Monteiro et al., 2016; Andretta et al., 2018) and broilers
(Leinonen et al., 2012; Prudêncio da Silva et al., 2014; Kebreab et al.,
Table 5
Animal performance, nutrient excretion and gas emissions frommanure and enteric fermentati
mulation) and feeding strategy for pigs and broilers.

Production Pig

Feeding strategy 2P 2P−

Formulation method LCF MOF LCF

Animal performance
Slaughter weight (kg) 117
Slaughter age (d) 171 171 170
Feed conversion ratio 2.76 2.76 3.01
Proportion of each diet in total feed intake (%) Gp: 34%

Fp: 66%

Mortality rate (%) 3.7
Excretion and gas emissions (kg/t live weight)
Nitrogen excretion 39.2 39.1 43.5
Phosphorus excretion 8.6 8.6 9.4
Ammonia (NH3) emission 11.9 12.1 13.1
Nitrous oxide (N2O) emission 0.278 0.280 0.306
Methane (CH4) emission 27.4 27.0 33.3

2P: ‘classic’ 2-phase strategy. 2P−: 2− phase strategy with lower NE (−0.7 MJ/kg) and the sa
MP4) blended in different proportions over time (ten successive blends).
3P: ‘classic’ 3-phase strategy. 3P+: 3-phase strategy with higher digestible lysine content (+1
Gp and Fp: grower and finisher diets (pigs); MP1 to MP4: multiphase diets to be blended (pigs
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2016). In general, broiler feed had higher impacts at the feed-mill gate
than pig feed because broiler feed had higher energy and nutrient con-
centrations. At the farm gate, however, broilers had lower impacts than
pigs because broilers had better FCR than pigs.

For pigs, compared to the 2P strategy, the decrease in NE content in
the 2P− strategy had positive effects at the feed-mill gate, with lower
impacts (ranging from −18% for AC to −3% for PD) and lower feed
price (−4%). However, these benefits were lost at the farm gate,
where, compared to the 2P strategy, impacts of the 2P− strategy in-
creased by 2–10%, while gross margin decreased by 24%. This result
can be explained by the large worsening in FCR in the 2P− strategy
(+0.25 points), due to the ability of pigs to increase feed intake when
the energy density of the diet decreases (Li and Patience, 2017). Surpris-
ingly, the MP strategy, designed to match nutrient supply and pig re-
quirements better, had little effect on nitrogen (−5%) and phosphorus
excretion (−2%), mostly due to lower animal performance. This can
be explained by increased risk of underfeeding the animals with the
highest requirements when using a larger number of diets (Monteiro
et al., 2016). However, MP strategy strongly increased PD (+19%).
on according to formulationmethod (LCF: least-cost formulation;MOF:multiobjective for-

Broiler

MP 3P 3P+

MOF LCF MOF LCF MOF LCF MOF

1.83
170 171 171 36 34
3.02 2.78 2.78 1.73 1.65

MP1: 7%
MP2: 29%
MP3: 58%
MP4: 6%

Sb: 6%
Gb: 20%
Fb: 74%

Sb: 6%
Gb: 23%
Fb: 71%

4.2

43.7 37.3 37.3 19.9 19.9 22.8 22.5
9.5 8.5 8.4 4.4 4.4 3.7 3.7
13.2 11.3 11.1 6.3 6.3 7.2 7.1
0.308 0.263 0.261 0.030 0.030 0.036 0.035
33.2 27.4 27.4 0.570 0.570 0.534 0.534

me digestible lysine:NE ratio as in 2P. MP: multiphase strategy based on four diets (MP1 to

.5 g/kg) and lower metabolisable energy content (−0.2 MJ/kg).
); Sb, Gb, and Fp: starter, grower and finisher diets (broilers).
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This was due to the increase in PD at feed-mill gate. Indeed,MP strategy
was designed to follow the evolution of P requirements along the fatten-
ing period as performed in literature (Pomar et al., 2014;Monteiro et al.,
2016), whereas the 2P strategy is based on usual on-farm practice that
allows uncovering requirements at the starting of a feeding phase and
further compensation. Therefore, MP strategy increased the incorpora-
tion of monocalcium phosphate and the associated PD.

Consequently, this strategy had little effect on environmental im-
pacts at the farm gate. From an economic viewpoint, although the MP
strategy decreased feed price by 4%, the lower animal performance de-
creasedfinal grossmargin by 8%. In the future, individual precision feed-
ing could be a promising tool to reduce environmental impacts of pig
production (Monteiro et al., 2016; Andretta et al., 2018).

For broilers, compared to the 3P strategy, the improvement in ani-
mal performance in the 3P+ strategy compensated the increase in
price (+6%), resulting in a final gross margin similar to that in the 3P
strategy (−3%). The same phenomenon was observed for LO and CC,
which had similar values at the farm gate between strategies, despite
higher impacts at the feed-mill gate for the 3P+ strategy. PD was also
partially compensated, increasing by 10% at the feed-mill gate but by
only 5% at the farm gate. For CEDNR, the improved FCR in 3P+ ampli-
fied at farm-gate (−4%) the decrease already observed at feed-mill
gate (−2%). Finally, the higher amino acid contents (and thus CP con-
tent) in the 3P+ strategy led to higher nitrogen excretion and ammonia
emissions (+12% to +15%), explaining the increase in AC at the farm
gate (+4%). To decrease environmental impacts of broiler production
further, other nutritional strategies could be used, such as decreasing
CP content or beginning precision feeding, although further research is
required (Belloir et al., 2017; Méda et al., 2019).

Effectiveness of multiobjective formulation and interaction with feeding
strategy

The LCA-based impacts at feed-milI and farm gates for MOF scenarios
(Table 4) are also consistent with those in the literature for pigs
(Dourmad et al., 2014; Monteiro et al., 2016; Andretta et al., 2018) and
broilers (Leinonen et al., 2012; Prudêncio da Silva et al., 2014; Kebreab
et al., 2016). In agreement with Garcia-Launay et al. (2018), MOF de-
creased feed impacts while keeping the increase in feed price moderate.
In agreement with our hypothesis, compared to LCF, MOF also decreased
impacts of pig and broiler production at the farm gate (−1% to −13%),
except for LO in the 3P strategy (+3%). In particular, MOF decreased CC
effectively, asMOF is sensitive to theweighting factor (β) for each impact
considered in the objective function (Garcia-Launay et al., 2018), and β
was twice as large for CC as for the other impacts considered (i.e.
CEDNR, PD and LO), as the mitigation of this impact was considered to
be a priority (Gerber et al., 2013; Paris Agreement, 2015).

However, benefits ofMOF at the farmgate varied by feeding strategy
and impact category. For instance, for broilers, MOF was less effective
than LCF at decreasing feed and farm impacts in the 3P+ strategy
than in the 3P strategy. This can be explained by the use of more
‘high-impact’ feedstuffs in 3P+ diets such as soya bean meal (+6–9
percentage points) and feed-grade amino acids (+0.15–0.32 percent-
age points) to reach the higher digestible amino acid contents targeted
(Supplementary Table S12). Furthermore, MOF did not decrease all im-
pacts by the same magnitude. In particular, compared to LCF, MOF de-
creased AC at the farm gate little for either species. This is logical, as
i) the objective function ofMOF did not include AC and ii)manure emis-
sions contributemost to AC at the farm gate (Supplementary Table S13;
Prudêncio da Silva et al., 2014; Dourmad et al., 2014; Kebreab et al.,
2016). Therefore, to decrease AC at the farm gate, one should focus on
nitrogen excretion and NH3 emissions by considering dietary crude-
protein content and FCR.

Therefore, the use of LCF should be reconsidered. In the future, feed
formulation should consider not only feed cost but also environmental
8

and economic consequences at the farm gate. Mackenzie et al. (2016) in-
vestigated feed formulation while minimising either one environmental
or economic indicator at the farm gate for pig production. Focusing on a
single LCA impact when formulating diets, however, can lead to pollution
swapping among the impacts considered. For instance, compared to LCF,
minimising CC per tonne of carcass (−18%) increased AC, EU, and feed
cost by ca. 25%, (Mackenzie et al., 2016). To this extent, MOF is an initial
step in formulating feedswhile considering economic and environmental
objectives at the farm gate. However, further work is required to develop
new formulation tools simultaneously taking into account the character-
istics of i) feedstuffs (i.e. price, impacts, nutritional value, etc), ii) animals
(i.e. age, sex, genetic potential, etc), and iii) farming system (i.e. manure
management, farm size, etc). The development of such tools will require
from nutritionists and animal scientists more data on how animals re-
spond to feed. Close collaborations with mathematicians and computer
scientists will also be essential, as those tools will rely on more complex
optimisation methods, no longer based on linear programing.

Finally, for each diet formulated in our study, there was no com-
petition with other diets or species for feedstuffs, whereas in com-
mercial feed mills, inter- and/or intra-species competition for
feedstuffs can occur. This competition could reduce benefits of MOF
when volumes of ‘low-impact’ feedstuffs (e.g. cereal co-products)
are low in a given region. Indeed, Espagnol et al. (2017) showed
that applying MOF simultaneously to broilers, pigs, and cattle at a re-
gional scale decreased impacts less than formulating each of their
diets independently (e.g. for CC: −13% vs −5% in broilers and
−14% vs −8% in pigs). Consequently, even greater efforts to de-
crease feed impacts and increase cooperation among operators in
the livestock sector will be required to decrease environmental im-
pacts of multiple livestock supply chains simultaneously.

Conclusion

Using life cycle assessment modelling, this paper shows that MOF
can decrease several farm-gate environmental impacts of pig and
broiler production simultaneouslywith limited reductions in grossmar-
gin. Nevertheless, choosing a feeding strategymaladapted to animal re-
quirements could partially or completely negate environmental
benefits of MOF when expanding from the feed-mill gate to the farm
gate. Therefore, it is crucial to optimize feeding strategies in a compre-
hensive manner by considering feed impacts, animal performance,
and manure management simultaneously in future modelling tools.
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