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Abstract

If current food consumption patterns continue, the agriculture sector must provide signifi-
cantly more food in the coming years from the available land area. Some livestock systems
engage in feed–food competition as arable land is used for livestock feed rather than as
crops for food; reducing the global supply of food. There is a growing argument that to
meet future-food demands sustainably, feed–food competition must be minimized. To this
end, we evaluated the effectiveness of two refined metrics to quantify feed–food competition
in three livestock systems; dairy and its beef, suckler beef and pig production in Ireland. The
metrics are edible protein conversion ratio (EPCR) and the land-use ratio (LUR). The EPCR
compares the amount of human digestible protein (HDP) in livestock feed against the amount
of HDP the livestock produced, calculating how efficiently it produces HDP. However, the
LUR compares the potential HDP from a crop system on the land used to produce the
livestock’s feed against the HDP the livestock system produced. In both metrics, a value
<1 demonstrates an efficient system. The EPCR values for dairy beef (0.22) and suckler
beef (0.29) systems consider them efficient producers, whereas pig production (1.51) is inef-
ficient. The LUR values designate that only the dairy beef (0.58) is a net positive producer of
HDP from the land used for its feed, with crop production producing more HDP than suckler
beef (1.34) and pig production (1.73). Consequently, the LUR can be deemed to be more suit-
able to represent feed–food competition in livestock production.

Introduction

Today’s global food system has a major impact on the environment. It covers over 40% of the
global ice and desert-free land, contributes to approximately 25% of anthropogenic greenhouse
gas (GHG) emissions, causes one-third of terrestrial acidification and is responsible a signifi-
cant share of global eutrophication (Poore and Nemecek, 2018; Ramankutty et al., 2018). The
livestock sector contributes significantly to these environmental impacts. The sector is respon-
sible for about two-thirds of the food systems’ GHG emissions; occupies the majority of all
global farmland either as feed or fodder and consumes over 30% of all cereals produced as
animal feed (Gerber et al., 2013; Mottet et al., 2017; Poore and Nemecek, 2018). Livestock-
related production contributes significantly to the crossing of some planetary boundaries
and to the pressure on other planetary boundaries (Campbell et al., 2017; Bowles et al.,
2019). Despite this substantial share of agriculture’s environmental externalities, livestock
only supply 25% of global human digestible protein (HDP) (Mottet et al., 2017). It is clear
that the livestock sector has a significant role in agriculture’s impact on the environment
and we could question if this is in proportion to its share of the food products provided.

If the current food consumption trends continues, the demand for food will increase by 70%
over the next 30 years; to secure nutrition demands and bring food production within the
planetary boundaries we need to change how we use our livestock systems (Alexandratos and
Bruinsma, 2012; Schader et al., 2015). Traditionally, livestock systems were used to create
nutrient-rich food from low-opportunity cost biomass (LCB). Ruminants were traditionally
used to create food from inedible fodder, whereas monogastrics were fed undesired by-products,
such as the residues of potatoes or other types of food-waste (Naylor et al., 2005; Wilkinson,
2011). Current livestock systems do not operate in the same way; instead livestock systems are
increasingly reliant on feed crops grown on arable land (Mottet et al., 2017). This engenders
feed–food competition as arable land is diverted from crops to produce a lower amount of
food from livestock production; reducing the global supply of food (Schader et al., 2015).

Circular agriculture is increasingly observed as a promising way of ensuring a sustainable
future-food system (De Boer and van Ittersen, 2018). A core tenet of circular agriculture is
to limit feed–food competition. This implies that arable land is used for the production of
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plant biomass for human consumption. Ruminants create nutri-
tional value from grasslands, especially those that are only suitable
for the production of forages of one form or another. Farm ani-
mals again up-cycle by-products from the production and con-
sumption of plant-source foods into high-quality food (van
Zanten et al., 2016). To assess whether a livestock system is
engaged in feed–food competition and contributes to a circular
food system, there is need to identify or develop accurate metrics
to measure feed–food competition.

Several metrics have been developed to measure the net contri-
bution of livestock to the supply of edible protein, such as the edible
protein conversion ratio (EPCR) and the land-use ratio (LUR)
(Wilkinson, 2011; van Zanten et al., 2016; Laisse et al., 2019).
The EPCR compares the amount of HDP in animal feed over the
amount of HDP in the animal product (Wilkinson, 2011; Laisse
et al., 2019; Mosnier et al., 2021). The LUR compares the potential
HDP from a crop grown on the land used to produce the livestock
feed against the HDP in that livestock produce (van Zanten et al.,
2016). Ertl et al. (2016) clearly showed the necessity of including
protein quality in the assessment of above-described metrics. Only
a single study has used both metrics to assess the net contribution
livestock to the human edible protein supply (van Zanten et al.,
2016). This study did not consider the fact that the quality of
animal-source protein for humans (i.e. amino acid profile) is gener-
ally higher than that of plant-based protein. To our knowledge, a
consistent analysis of the net contribution of the main livestock sys-
tems to the HDP supply using both metrics, adapted for protein
quality, is lacking. The aim of this study, therefore, was to assess
the net contribution of the main livestock systems to the HDP sup-
ply. To this aim, we used Ireland as a case study.

Ireland serves as an interesting case study for three main rea-
sons. First, Ireland’s agriculture sector’s emissions are dominated
by livestock production; specifically, pasture-based ruminant sys-
tems (EPA, 2018). Second, over 75% of current arable crops yields
are used as animal feed, although this only meets 35% of national
feed requirements with feed imported for use in its livestock sys-
tems (DAFM, 2018a). Third, the quality of the farmland varies;
from land wholly suitable for arable crops to marginal grassland
on organic peat soils (Gardiner et al., 1980), with the vast majority
of the land being not suitable for arable crops.

The three largest livestock sectors by value in Ireland are the
ruminants of dairy and beef cattle systems and the monogastric
pig system (Bía, 2019). Here, we, therefore, assess the net contri-
bution of these three Irish livestock systems to the net supply of
HDP using refined EPCR and LUR in order to include protein
quality. Results of this study demonstrate the net contribution
of each livestock system to the net HDP supply, and hence their
feed–food competition, and as such provides valuable information
for future land-use strategies for policy makers.

Materials and methods

In the following sections, we describe or explain the three Irish
livestock systems, the computations needed to determine the
EPCR, and the computations needed to calculate the LUR.
Finally, a sensitivity analysis performed to determine the effects
of changing key parameters with high uncertainty is described.

Livestock systems

Dairy production in Ireland is pasture-based, and characterized
by spring calving in order to balance pasture yields with feed

demand. Replicating the boundaries used in van Zanten et al.
(2016), the dairy beef system includes the dairy cow, producing
milk and the associated meat from slaughtered surplus calves
and culled cow. It also includes the maintenance of the cow as
a non-productive heifer. Table 1 shows the average, annual tech-
nical production and feed data required to determine EPCR and
LUR for dairy beef livestock systems. These data were sourced
from the National Farm Survey, an annual survey with represen-
tative samples of Ireland’s agriculture sectors. The dominantly
dairy breeds are Frisian and Jersey (DAFM, 2018b; O’Brien
et al., 2018; Donnellan et al., 2020). Data about the rearing and
fattening of dairy beef originated from Ashfield et al. (2014).
Data about the mortality and live export of calves were sourced
from the Department of Agriculture’s animal identification and
movement database (DAFM, 2018b). The replacement rate of
the dairy herd was based on O’Brien et al. (2018). The dairy
beef system produces 436 kg of milk solids from approximately
5500 litres/year; and after replacement and premature calf mortal-
ity produces 0.6 of a dairy beef calf annually.

Suckler beef production is similar to dairy, being a pasture-
based system with spring calving. In contrast to dairy production,
where milk is the main product, the primary production of suckler
beef production is the beef animal, that is reared and fattened over
the 26 month period from birth to slaughter (Foley et al., 2011).
The required production data were sourced from a National
Farm Survey of the suckler beef sector, and therefore reflects the
average suckler beef system. Dominant breeds were Aberdeen
Angus; Limousine, Hereford and Charolaise (DAFM, 2018b;
Donnellan et al., 2020). This study includes the calf fattened to
slaughter, the maintenance of its dam while she is suckling the
calf and a share of the dam as a non-productive heifer divided
across the calves of her lifetime. Table 1 outlines the average, annual
diet consumed by the suckler beef system, based on life cycle inven-
tory data from Foley et al. (2011). The suckler beef cow system has
a herd cull rate of 18% and annually produces 0.85 beef calf per
suckler cow before replacement and mortality (Maher et al., 2008).

Unlike the two ruminant systems examined, pig production in
Ireland is non-seasonal and predominantly reliant on imported
human-edible feed (McAuliffe et al., 2016). Similar to the suckler
beef system, the pig system’s primary product is the meat from the
fattened pig. The extent of the pig system is the single pig, the main-
tenance of its sow across her litters that year, and includes the sow’s
carcase and the period as non-performing gilt divided across the pig-
lets she produces in her lifetime (Manzanilla et al., 2018). Table 1 out-
lines the average, annual diet consumed by the pig system (Edgar
Garcia Manzanilla, personal communications, 2019). Pig meat and
reproduction data were sourced from the 2018 National Herd
Performance Report (Manzanilla et al., 2018). The sow is culled
after 2 years of production, producing 26.25 live piglets annually.

Calculating EPCRs

For each livestock system, we determined the refined EPCR, as
given in Eqn (1) (Wilkinson, 2011; Laisse et al., 2019; Mosnier
et al., 2021):

EPCR =
∑n

i=1 HDPi used as feed
HDP of 1 kg ASF

(1)

where HDPi is the amount of human-digestible protein cor-
rected for quality in feed ingredient i used in the livestock system
(i = 1, n). The HDP value of each feed ingredient was corrected for
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protein quality by multiplying the crude protein value of each
product with a digestible indispensable amino acid score
(DIAAS; see Table 2). The DIAAS score of a feed/food ingredient
reflects the lowest score of the true illeal digestibility of 11 indis-
pensable amino acids that are present in feed or food items
(Rutherfurd et al., 2015). Hence, the nominator is the sum of
HDP in all feeds used in a livestock system, whereas the denomin-
ator is the sum of all HDP provided in the animal-sourced food
(ASF). A ratio above 1 implies that animals eat more HDP than
that they produce. A ratio below 1 does not automatically imply
a net HDP contribution, as the EPCR does not include the fact
that human-inedible biomass (e.g. grass or maize silage) can be
produced on land suitable for human crop cultivation.

Calculating the LUR

The LUR as given in Eqn (2) compares the potential HDP from
crops grown on land used to produce the livestock feed against
the HDP in the livestock produce (van Zanten et al., 2016). To
calculate the LUR, the methodology used by van Zanten et al.
(2016) was adopted to also include protein quality:

LUR =
∑n

i = 1
∑m

j = 1
(LOij ×HDPj)

HDP of 1 kg ASF
(2)

where LOij is the land area occupied for a year (in m2), to cultivate
the amount of feed ingredient i (i = 1, n) in the countries of origin
j ( j = 1, m) that are needed to produce 1 kg of HDP ASF; HDPj is
the maximum amount for human-edible protein corrected for
protein quality (using DIAAS) that could by produced per year
on area j. We enhanced the LUR of van Zanten et al. (2016) by
determining this HDP for sustainable crop rotations instead of
single crops (see later). The numerator of this ratio is the amount
of HDP that potentially could be produced from the land area
used to produce all feed for the animal, whereas the denominator
contains the amount of HDP of 1 kg ASF similar to EPCR, there-
fore, the LUR is a single value. A ratio <1.0 demonstrates that live-
stock produce more HDP than crops, and could have a positive
role in future HDP supply. We calculated the LUR for our three
livestock systems in four steps, see below.

Quantifying land area for livestock feed
To quantify the area of agricultural land used for feed crops; we
first needed to determine the country of origin of all feed ingre-
dients. Feed import data from the Central Statistics Office of
Ireland (CSO) provide the quantity and country of origin of the
animal feed imported and outlines the quantity of feed grown
(CSO, 2019). Second, we used the Global Agro-Ecological
Zones (GAEZ) tool to verify the country of origin for each feed
ingredient (FAO and IIASA, 2019). If GAEZ showed that a coun-
try is unsuitable to grow that specific feed ingredient, we redistrib-
uted the feed origin proportionally among the other countries that
also cultivate that feed. Third, we used yield data from the FAO’s
corporate statistical database (FAOSTAT) to quantify the land
area associated with the feed used in each country by a livestock
system (FAO, 2019). As a single-feed ingredient is rarely the sole

Table 1. Protein produced and feed consumed (kg dry matter) by the livestock
systems under study

Livestock protein produced Dairy beef Suckler beef Pig

Crude protein 258.84 95.65 17.87

PDCAASa edible protein 254.18 88.00 17.52

DIAASb edible protein 297.15 106.17 20.36

Feed used Dairy beef Suckler beef Pig

Total grass 7180.57 8182.46 10.45

Pasture Grass 5129.52 5557.89 7.29

Grass Silage 2051.05 2831.25 3.16

Total concentrates 1680.17 617.54 304.27

Maize silage 86.40 0 0.21

Beet pulp, 316.51 0 0.75

Maize bran 356.24 129.68 79.08

Barley 498.44 179.09 42.22

Soya oil cakes and residues 172.46 74.11 58.69

Soya hulls 54.04 0 19.25

Molasses 26.84 30.88 0.02

Whey 0.72 0 0

Minerals 26.21 0 0.06

Sunflower oils 0.81 0 0

Wheat 83.25 55.58 104.06

Oil seed rape 84.95 92.63 0.11

Oats 59.66 55.58 0.03

Total feed 8947.14 8800 314.92

aProtein digestibility-corrected amino acid score.
bDigestible indispensable amino acid score.

Table 2. Crude protein values, HEP and protein digestibility scores (DIAAS1 and
PDCAAS2) of plant and animal products

Product
Crude protein

(g/kg)
Estimated
HEP (%)

DIAAS
(%)

PDCAAS
(%)

Barley 124.80a 61d 47.20i 61.00k

Maize 32.70a 15d 42.40i 47.30i

Broad bean 261.20a 95d 57.00i 54.10n

Potato 25.70a 90e 47.20j 80.00o

Rice (dry) 71.30a 80f 79.00m 81.00k

Sweet potato 15.40a 80g 3 76.00m

Soybean 364.90a 61d 99.60i 98.00p

Wheat 126.10a 66d 40.20i 51.00q

Oats 131.50a 80f 56.70i 67.00r

Oil seed rape 220.00b 59i 70.20i 86.00s

Milk 34.80c 100d 115.90i 100.00o

Pork 139.10a 75h 113.90i 98.00t

Beef 174.80a 63h 111.00j 92.00o

1Digestible indispensable amino acid score.
2Protein digestibility-corrected amino acid score.
3Animal product includes human edible fractions of meat and carcase offal.
a(USDA, 2019), b(Balalic et al., 2017), c(FAO, 2013), d(Laisse et al., 2019), e(Camire et al., 2009),
f(Wilkinson, 2011), g(CAST, 1999) h(Ockerman and Hansen 1988) i(Ertl et al., 2016),
j(Wolfe et al., 2018) k(Nitrayová et al., 2018) l(Hodgkinson et al., 2018), m(Ertl et al., 2016),
n(Nosworthy et al., 2018), o(van Zanten et al., 2016), p(Phillips, 2016), q(Schaafsma, 2005),
r(Rutherfurd et al., 2015), s(Poisson et al., 2019) and t(FDA, 1993).
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driver of land-use, economic allocation was used to allocate the
area of the crop land (e.g. oil seed rape) used among its different
outputs (e.g. rapeseed meal used as feed and oil used as food). We
used the Wageningen tool FeedPrint for its economic allocation
function (Vellinga and Blonk, 2019).

To calculate the area of pasture used, we used information pro-
vided by Teagasc’s Pasturebase Ireland tool, which is used to
record grass growth at a paddock level (Hanrahan et al., 2017).
This tool provides pasture production data from across Ireland,
sourced from self-reported pasture productivity by farmers
(Bogue, 2019). This allowed us to calculate a weighed value of
average grass utilization rate of 8.4 tonnes of dry matter grass
per hectare of pasture, which corresponds to previous studies
(Hanrahan et al., 2018).

Determining suitability of land for human food crop cultivation
To calculate the area of pasture suitable for arable crops, we used
an assessment of the soils of Ireland conducted by An Foras
Talúntais in 1980 (Gardiner et al., 1980). This study outlined
the proportion of all agricultural land suitable for crop produc-
tion. Data from the CSO’s Census of Agriculture provided the
current area of arable crop and pasture. The land area currently
under crop was subtracted from the total agriculture land, provid-
ing the area currently under pasture that is suitable for arable
cropping (DAFM, 2016).

We assumed that all land that was used to cultivate feed crops
was also suitable for food crops. The suitability of land associated
with feed originating from Ireland was estimated for barley, oats,
wheat, broad bean and oil seed rape, as these crops are commonly
grown in Ireland (Askari and Holden, 2015). The suitability of the
land associated with imported feed was estimated for eight com-
mon global food crops i.e. barley, oats, sweet potato, sorghum,
maize, potato, wheat and rice, and three protein crops (high-
protein yield), i.e. broad bean, oil seed rape and soybean (van
Zanten et al., 2016; DAFM, 2018a). The GAEZ tool was used
to verify whether the potential crops are capable to grow in the
country studied (FAO and IIASA, 2019).

Calculating human digestible production from land suitable for
crop production
We adapted the approach of van Zanten et al. (2016) to estimate
the HDP from suitable land in Ireland, i.e. grassland and arable
land. Unlike van Zanten, who determined HPD for single
crops, we determined HDP for specific crop rotations to ensure
soil quality over time. Using a previous study of sustainable soil
management and crop rotations, we defined five feasible sustain-
able crop rotations for Ireland, see Table 3 (Askari and Holden,
2015). We then choose the crop rotation with the highest HDP.

To estimate the HDP from suitable land suitable outside
Ireland, we first determined HDP yields of all eight global crops
and three protein crops, and then averaged the HDP of the high-
est scoring global crop and the highest scoring protein crop.

To calculate HDP for each crop, we first derived the crop yield
from the area of land used using yield data from FAOSTAT and
the CSO yields (CSO, 2019; FAO, 2019). Subsequently, we multi-
plied the crop by its human edible portion (HEP) value to find the
quantity suitable as food (Camire et al., 2009; Wilkinson 2011;
Laisse et al., 2019). We then multiplied the yield by the crude pro-
tein content of each crop using values from the United States
Department of Agriculture’s (USDA) Food Data Central
Nutritional Database (USDA, 2019). Finally, we calculated the

HDP available from the crop yield by multiplying it by a
DIAAS score outlined in Table 2 (Consultation, 2011).

Calculating the human digestible production from the livestock
The amount of HDP in ASF was computed by multiplying the
amount of livestock products by its HEP, which includes the
offal from the carcase in Table 2. Then the crude protein values
of the livestock products derived from the USDA Food Data
Central Nutritional Database, by their DIAAS value in Table 2
(USDA, 2019).

Sensitivity analysis

Effect of protein quality
Besides DIAAS, the protein digestibility-corrected amino acid
score (PDCAAS) is also often used to account for protein quality
in food products. Before 2013, the FAO recommended to use the
PDCAAS system. In 2013, the FAO changed its endorsement to
the DIAAS system as it is considered more representative of
true digestibility (FAO, 2013). It assesses true ilieal amino acid
digestibility of each indispensable amino acid, compared to the
PDCAAS which only corrects for true faecal nitrogen digestibility
(Rutherfurd et al., 2015). The PDCAAS methodology has been
shown to disproportionally overestimate the digestibility of crop-
sourced protein compared to animal-sourced protein (Ertl et al.,
2016). To demonstrate the effect of the choice of protein quality
scoring system used, we also computed our results using
PDCAAS instead of DIAAS scores. The PDCAAS scores used
for both crop and livestock products are outlined in Table 2.

Effect of pasture suitability for arable cropping
In the baseline situation, we assumed that the pasture suitability
for arable crop production was 31%, using data on land-use suit-
ability and current crop area (Gardiner et al., 1980; DAFM, 2011).
This assumption affects the level of feed–food competition in
ruminant systems. To determine the impact of this assumption
on our results, we also calculated the LUR of the livestock produc-
tion from pasture 100% suitable for arable crops against land com-
pletely unsuitable for arable crops (0%), with intervals of 10%.

Effect of crop rotations
In the baseline situation, we estimated HDP from land suitable for
crop production using an average of the five different crop rota-
tions (Askari and Holden, 2015). To determine the impact of
this assumption on LUR, we also computed HDP using the indi-
vidual rotations. These rotations and their LUR values are out-
lined in Table 3 which allows for the comparison of differing
crop rotations’ LUR value.

Results

Edible protein conversion ratio

Table 4 outlines the EPCR values of the three livestock systems
examined. Both ruminant systems have by a lower than 1 EPCR
value and thus create more HDP than they consume. Dairy
beef’s EPCR of 0.22 implies that 0.22 kg of crop-sourced HDP
is consumed to produce 1 kg of animal-sourced HDP. Similarly,
the EPCR of the suckler beef system is 0.29, which demonstrates
that a suckler beef system consumes 0.29 kg of crop-sourced HDP
to produce 1 kg of animal-sourced HDP. In contrast to the two
feed-use efficient ruminant systems, the EPCR for the
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monogastric pig system is greater than 1. It’s EPCR value of 1.51
shows that 1.51 kg of crop-sourced HDP is needed to produce
1 kg of animal-sourced HDP.

Land use ratio

Table 3 demonstrates the LUR of three livestock systems; it
includes each sustainable rotation for each livestock system and
an average of the five sustainable crop rotations on the land used.

The average LUR of the dairy beef system is 0.58. This demon-
strates that the land required to produce 1 kg of HDP from dairy
beef production (milk and associated meat) could yield directly
0.58 kg of HDP from sustainable crop rotations. Unlike for
dairy beef, the LUR for the suckler beef and pig system are larger
than 1 (i.e. 1.34 for beef; 1.73 for pigs), implying that the land
required to produce 1 kg of HDP from suckler beef or pigs
could yield directly more HDP from sustainable crop rotations.

Sensitivity analysis

Effect of protein quality
As observed in Table 4, EPCR values based on DIAAS are lower
than EPCR values on PDCAAS scores, implying that they value
HDP from animal-source food relatively better. Similarly, LUR
values based on DIAAS value livestock systems as more land effi-
cient than LUR values based on PDCAAS (see Table 2). For
example, the LUR in the dairy beef system scores changes from
0.78 in the PDCAAS score to 0.58 using the DIAAS methodology.
Compared to the PDCAAS column, the DIAAS column has a
higher digestibility value for animal protein and has lower values
for the digestibility of plant protein (Table 2).

Effect of pasture suitability for arable cropping
Table 5 demonstrates that when the pasture of the ruminant system
grazes is 0% suitable for arable crop production, dairy beef and

suckler beef systems’ LUR are 0.25 and 0.28, respectively. When
both ruminant systems are confined to marginal pasture then they
are land-use efficient, the remaining feed–food competition comes
from the arable land used for feed. In contrast in Table 5 where
the ruminant systems are sourcing their grass from land that is
100% suitable for arable crop production, the LUR value of dairy
beef becomes 1.35 and of suckler beef systems 3.77. Therefore, if
the current ruminant systems are sourcing their grass from pasture
that is 100% suitable for arable crop production, both livestock sys-
tems are land-use inefficient and are net losses to the supply of HDP.

In the baseline study as observed in Table 4, we observe that
with 31% of pasture suitable for crop production, the dairy beef
system is land-use efficient. It takes an increase in pasture suitabil-
ity to 68% before the dairy beef system’s LUR rises to 1. In regards
to the suckler beef system, arable pasture needs to decrease to 21%
before an LUR below 1 is achieved. The only change in the pig
system comes from the piglet feeds which contain dairy products
(e.g. whey); the rest of its feed already originates from arable crop
production and its land is already fully engaged in feed–food
competition with humans. Being a monogastric system reliant
on human edible product for food, no change in pasture suitabil-
ity will change the pig production system to an LUR of 1.

Effect of crop rotations
When we consider an LUR based on one crop rotation instead of
the collective average (see Table 3), it is clear that the highest HDP
yielding crop rotation is the wheat and broad-bean crop rotation.
The LUR for the dairy beef, suckler beef and pig systems is 0.66,
1.56 and 1.80, respectively. The lowest HDP yielding crop rotation
is the wheat and potato crop rotation. The LUR for the dairy beef,
suckler beef and pig systems is 0.47, 1.02 and 1.64, respectively.

Discussion

This study aimed to determine the net contribution of three Irish
livestock systems to the human edible protein supply, by quanti-
fying enhanced EPCRs and LURs. We, therefore, first discuss the
potential of the enhanced metrics to determine the net contribu-
tion of livestock systems to human protein supply and subse-
quently evaluate results and their implications for the
development of future-food systems.

Potential of enhanced metrics

Our EPCR results indicate that ruminant systems reliant on pas-
ture, especially dairy systems, are more feed-use efficient and
positive HDP producers compared to the monogastric

Table 3. LUR crop rotations

Rotation
Dairy beef
(DIAASa)

Dairy beef
(PDCAAS)

Suckler beef
(DIAASa)

Suckler beef
(PDCAAS)

Pig
(DIAASa)

Pig
(PDCAAS)

Wheat, broad-bean 0.66 0.83 1.56 2.39 1.80 2.23

Wheat, potato 0.47 0.74 1.02 2.12 1.64 2.15

Wheat, broad-bean, oil seed rape 0.54 0.69 1.23 1.86 1.70 2.12

Wheat, broad-bean, barley 0.61 0.81 1.43 2.19 1.76 2.21

Wheat, broad-bean, barley, oat 0.63 0.81 1.48 2.33 1.77 2.24

Average crop rotation 0.58 0.78 1.34 2.16 1.73 2.19

aDIAAS is preferred baseline study.

Table 4. EPCR and LUR of Ireland’s three livestock systems, based on two
protein digestibility scores (DIAAS and PDCAAS)

System

EPCR
HDP

(DIAAS)
EPCR HDP
(PDCAAS)

LUR HDP
(DIAAS)

LUR HDP
(PDCAAS)

Dairy beef 0.22 0.34 0.58 0.78

Suckler beef 0.29 0.40 1.34 2.16

Pig 1.51 1.90 1.73 2.19
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concentrate fed pig system. These results confirm the finding of
others, such as Wilkinson (2011), van Zanten et al. (2016),
Laisse et al. (2018), Laisse et al. (2019) and Mosnier et al.
(2021). They also demonstrated that cattle fed with inedible fod-
der are efficient producers of ASF (Wilkinson, 2011; van Zanten
et al., 2016; Laisse et al., 2018; Mosnier et al., 2021). Wilkinson.
(2011) Laisse et al. (2019) and Mosnier et al. (2021), for example,
compared pasture-based cattle systems with concentrate-based
cattle systems and concluded that unlike pasture-based cattle,
concentrate-based cattle are inefficient protein producers. Their
results on monogastric pigs also correspond to ours whereby,
pig systems fed with HDP intense grains are demonstrated to
be inefficient HDP producers (Wilkinson, 2011). Consequently,
we can observe that the EPCR methodology endorses feeding live-
stock with human inedible products and therefore favours the
position of placing cattle on fodder as an efficient use of land.

The methodology of the EPCR, however, fails to account for
the potential of the land used to produce food crops for humans
directly. In other words, it does not account for the potential
alternative land-use in which the feed and fodder crops used,
replaces human edible crops. Consequently, the EPCR cannot
accurately reflect whether livestock production systems are poten-
tially net producers of food (van Zanten et al., 2016).

Our results from the LUR show that using the EPCR metric to
advise how to optimize food production may lead to incorrect
recommendations for land-use and land-use change. When we
compare the EPCR of the three livestock systems in Table 4
with their LUR values, we observe substantial differences in the
livestock systems efficiency values and their efficiency rankings.
According to the LUR, the dairy beef and suckler beef systems
are significantly less efficient than their EPCR values suggest.
This is especially apparent with suckler beef being considered
by the EPCR to be feed-use efficient, while considered to be land-
use inefficient when applying the LUR. Our results confirm the
findings of van Zanten et al. (2016) who demonstrated a dairy-
beef system which is feed-use efficient, i.e. EPCR <1, but land-use
inefficient, i.e. LUR >1 (van Zanten et al., 2016). Hence, we can-
not consider the EPCR alone to be a suitable metric for develop-
ing future-food systems.

The LUR appears the most inclusive metric to understand the
net contribution of livestock systems to the human protein supply.

We enhanced the LUR by including protein quality and crop rota-
tions. When considering which digestibility score should be used
to include protein quality, the ramifications of the choice can have
significant impacts. The DIAAS methodology more accurately
outlines the dietary uptake of HDP as it calculates digestibility
at the end of the small intestine which better reflects the true
amount of amino acids absorbed. The PDCAAS instead repre-
sents the uptake of protein from a faecal sample which then
includes all gut micro flora activities, which affects its accuracy
(FAO, 2013). This is why the PDCAAS methodology considers
crop-sourced protein to have a higher digestibility value than it
may truly have. Consequently, comparing crop-sourced and
animal-sourced HDP using PDCAAS would be inaccurate as it
does not compare the true amount of amino acids absorbed
(Ertl et al., 2016). As observed in Table 2 the PDCAAS value
for potatoes of 80% declines to 47% with DIAAS compared to
milk which remains fully digestible. Our results demonstrate
that the PDCAAS scores skew results to crop-sourced protein.
Further to this, the inaccuracies altered the recommended alterna-
tive crops, providing incorrect land use recommendations. Hence,
the DIAAS system is preferable as when we are meeting future
dietary demands and the ability for future-food systems to meet
demand, accurate metrics are needed to ensure demand can be
met efficiently.

We, moreover, were the first to consider crop rotations in the
LUR. Van Zanten et al. (2016) used a single crop, either wheat or
potatoes (see Table 6) which are not usually included in the
human diet for their protein content but are common crops cul-
tivated in the Netherlands (FAO and IIASA, 2019). However,
mono-cropping can lead to soil exhaustion and may reduce soil
productivity (Askari and Holden, 2015). Our results showed
that accounting for crop rotations reduced the LUR value of
about 30% in the dairy beef system compared to the single highest
HDP yielding crop as done in earlier LUR studies. Crop rotations
are not only relevant to maintain soil quality, but to also provide a
diverse set of food to fulfil nutrition requirements (Willett et al.,
2019). Hence, we argue that the use of a crop rotation that does
not exhaust the soil but includes protein intensive crops with
the aim to deliberately replace the livestock HDP is an important
innovation of the LUR.

Implications for future-food systems

It is clear in our baseline study of Ireland that as it exists currently
the dairy beef system is land-use efficient unlike its suckler beef
counterpart. The results show that when the ruminant systems
are on marginal pasture wholly unsuitable for arable crops; the
feed–food competition between crops and livestock only occurs
on the land used for cultivating livestock’s concentrate feed (see
Table 5). In that scenario, the dairy beef and suckler beef system’s
LUR values are 0.25 and 0.28, respectively. In the scenario where
pasture is wholly suitable for arable crop production it is clear that
the ruminant system’s LUR changes from being land-use efficient
to being land-use inefficient. This demonstrates that both rumin-
ant systems when sourcing its pasture from marginal land are net
producers of HDP, although the dairy beef system is a more effi-
cient use of pasture.

It could be argued that the role for livestock in Ireland’s future-
food system is confining them to marginal land which in Ireland
can be highly productive pasture due to the favourable soils and
climate (Hanrahan et al., 2017). This can minimize feed–food
competition and maximize food production from Ireland’s

Table 5. LUR pasture suitability (based on DIAASa)

Percentage suitable Dairy beef Suckler beef Pig

0 0.25 0.28 1.72

10 0.36 0.62 1.72

20 0.47 0.97 1.73

30 0.58 1.32 1.73

40 0.69 1.67 1.74

50 0.80 2.02 1.74

60 0.91 2.37 1.75

70 1.02 2.72 1.75

80 1.13 3.07 1.75

90 1.24 3.42 1.76

100 1.35 3.77 1.76

aDIAAS is preferred baseline study.
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agricultural land. Furthermore, when considering the agriculture
sector in Ireland from a feed–food competition perspective, the
trend of land-use change from arable production to pasture
increases the average LUR (CSO, 2020). One could even argue
from a feed–food perspective that pasture on arable land should
be converted to arable crops. If this arable land is instead used
in the crop rotations used in this study; then more HDP could
be produced with some potential for livestock feed from LCB.
This could significantly increase the amount of HDP produced
in Ireland. However, one should not forget that such a land-use
change results in the GHG emissions and biodiversity loss and
based on the most recent National Farm Survey Results would
result in reduced farm profitability on average (Taube et al.,
2014; Donnellan et al., 2020).

When considering Ireland’s pig system that is land-use ineffi-
cient, it could be argued that if the pig system is reliant on LCB
then the LUR values should decrease as the land area needed
for feed production would decline. This has been studied in Zu
Ermgassen et al. (2016) who has demonstrated that including
food-waste in a pig’s diet can reduce the area of arable land
needed as feed by about one-fifth (Zu Ermgassen et al., 2016).
Hence, opportunity exists to modify a monogastric system
towards land-use efficiency.

This argument applies to our ruminant system’s LUR; there is
an option to limit its feed to marginal pasture and LCB which
could increase its land-use efficiency. Van Zanten et al. (2016) cal-
culated that if we feed livestock only with leftover streams and grass
we could produce about a third of our daily dietary protein require-
ments (van Zanten et al., 2016). Considering that currently Ireland
is a net exporter of ASF, limiting livestock production to LCB
would mean a reduction of protein produced and exported.

Finally, Godfray (2015) argued that although livestock numbers
need to be reduced globally, they should be increased where they
are most efficient to maximize food production efficiency.
Future-food demands cannot be met with land extensification
but can be met from land-use optimization (Schader et al.,
2015). The LUR could allow policy makers to choose which live-
stock system to use and where it should be placed on the future
landscape. It could be used to calculate where it is most efficient
to place livestock for the global future-food systems. However, as
pointed out by Mosnier et al. (2021), land-efficient grass-based
ruminant systems not only contribute to food supply, but can

also deliver other ecosystem services, such as nutrient cycling,
carbon sequestration or biodiversity conservation. Hence, if the
LUR is utilized with other metrics that quantify nutrient flows
and GHG emissions in a multi-criteria framework; then, it could
be used as a more holistic tool for planning optimal future-food
systems within planetary boundaries at regional, national and
global levels.

Conclusion

The enhanced LUR appears the most inclusive metric as it
addresses both feed-use and land-use efficiency. It, however,
requires knowledge on the suitability of land for arable produc-
tion, crop rotation and pasture yields, and protein evaluation scor-
ing systems. The enhanced LUR appeared 0.58 for dairy beef, 1.34
for suckler beef and 1.73 for pig production in Ireland. Therefore,
the dairy beef system is the most efficient livestock system exam-
ined and the only livestock system that is a net positive contribu-
tor to the global supply of HDP as it currently exists and on
marginal land is still significantly more efficient than suckler
beef production.
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