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ARTICLE INFO ABSTRACT

Keywords: Quantifying and improving efficiency within beef systems is essential for economic and environmental sus-
Livestock tainability. The industry standard for assessing efficiency is liveweight gain per day, however, this metric is
Agric}ﬂtu‘te. limited in that it values each day of a growing animal’s life as equally costly, despite the increasing maintenance
:::Sgizlhty requirements, inputs, and emissions associated with increasing liveweight. Quantifying the area under the
Methane growth curve (AUC) considers both time and liveweight as a cost and therefore may hold potential as a better
Efficiency estimate of cost, impact, and efficiency in beef systems. Liveweight data was taken from 439 finishing beef cattle

split across three herds grazing on different pastures, known as ‘farmlets’. Analysis was conducted in three parts:
[1] Validation of AUC as a proxy for costs using data from a sub-set of 87 animals that had been part of a previous
life cycle assessment (LCA) study in which dry matter intake (DMI), methane emissions (CHy4), and nitrous oxide
emissions (N20) were calculated. [2] Calculation of AUC relative to liveweight gain (LWG AUC’l) and com-
parison of that metric against the industry standard of liveweight gain per day (LWG day ™). [3] Assessment of
how LWG AUC™! varied with breed, sex, and management. When comparing to LCA results, AUC correlated
significantly with DMI (r = 0.886), CH4 (r = 0.788) and N3O (r = 0.575) emissions. Over the full dataset, there
was a negative non-linear relationship between LWG AUC™! and slaughter age (r = —0.809). There was a sig-
nificant difference in LWG AUC ™! between breeds (p = 0.046) and farmlets (p = 0.028), but not sex (p = 0.388).
LWG AUC ! has the potential to act as a proxy for feed intake and emissions. In that regard it is superior to LWG
day ™!, whilst requiring no additional data. Results highlighted the decreasing efficiency of beef cattle over time
and the potential benefits of earlier slaughter. The use of LWG AUC™! could allow farmers to improve their
understanding of efficiency within their herds, aiding informed management decision making.

1. Introduction

There are approximately 1.5 billion cattle on the planet, along with
2.7 billion sheep and goats (FAO, 2022a). Two-thirds of agricultural
land is used for grazing, representing one quarter of global land surface
area (FAO, 2022b). Consequently, small changes in the efficiency of
cattle can have a large impact. Improving efficiency requires accurate
information to enable informed decision making. Efficiency can broadly

be defined as the ratio of positive outputs/reward relative to costly in-
puts and negative impacts. Understanding the efficiency of cattle is
essential for informed and effective management within beef systems.
Measures of efficiency are based on the relationship between two
components: (1) Reward - the tangible benefit gained (2) Cost — the
inputs and negative impacts (equation (1)):

Efficiency = reward / cost 1)

Abbreviations: AUC, area under the curve; BRBX, british blue cross (breed); CH4, methane; CHX, charolais cross (breed); DMI, dry matter intake; GHG, greenhouse
gas; GWC, grass and white clover; HEX, hereford cross (breed); LIMX, limousin cross (breed); LW, liveweight; LWG, liveweight gain; N20, nitrous oxide; MG,
monoculture grass; PP, permanent pasture; ST, stabiliser (breed); STX, stabiliser cross (breed).
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Improved efficiency can improve economic gain, whilst reducing
environmental harm (e.g. greenhouse gas [GHG] emissions) (Waghorn
and Hegarty, 2011). The industry standard for assessing beef cattle ef-
ficiency is liveweight gain (LWG) per day (LWG day~!). However, this
metric is limited by the use of time (days) as its cost component,
meaning that it equally values each day of an animal’s life in terms of
resource use and emissions. This of course is not true; as animals grow,
their maintenance requirements increase, consequently, so do their re-
quirements for feed and so do their emissions (Hristov and Melgar, 2020;
Kriss, 1930; Saubidet and Verde, 1976), though some costs (e.g. land
rent, and labour) may be fixed. The relatively linear growth of finishing
beef cattle (Martin et al., 2020) means that whilst maintenance costs are
increasing, the daily liveweight gain remains relatively consistent (Na-
tional Research Council, 2000). This increasing cost, yet consistent
reward, means that efficiency decreases over time. However, liveweight
(LW) is both a reward and an ongoing cost. By not considering the
increasing daily cost of liveweight maintenance as an animal grows,
metrics such as LWG day ! are limited as an estimate of efficiency and
risk overestimating costs for smaller animals and underestimating cost
for larger animals. More sophisticated techniques are available to assess
efficiency, such as direct quantification of dry matter intake (DMI), re-
sidual feed intake, and GHG emissions (Herd and Arthur, 2009; Hristov
and Melgar, 2020; Laredo et al., 1991), or estimation through lifecycle
assessment (LCA) (McAuliffe et al., 2018). However, the resource re-
quirements and expertise needed for such analyses make them unfea-
sible on most farms. To support informed decision making there is a
need for accessible metrics and improvement in how basic data is
utilised.

1.1. The cost of maintenance

Maintenance is the minimum requirements of an animal to sustain
itself. This requires the use of resources such as feed, water, land and
labour. There are environmental costs associated with these resources,
such as GHG emissions and nutrients run-off (Biagini and Lazzaroni,
2018; Filip and Middlebrooks, 1976; Jungbluth et al., 2001; Smith and
Monaghan, 2003; Zonderland-Thomassen et al., 2014). As animals in-
crease in mass, these costs increase (Russel and Wright, 1983). DMI and
emissions of methane (CH4) and nitrous oxide (NoO) are also costs
associated with production (Grossi et al., 2019). DMI represents the cost
of feed and therefore has a commercial value. Cattle liveweight has a
linear relationship with DMI (Huuskonen, 2009; Saubidet and Verde,
1976; Zhang et al., 2017). The availability of dry matter is a limiting
factor to production as it influences carrying capacity and stocking rates
(Burns et al., 1989). Meanwhile, GHG emissions represent environ-
mental costs and gross energy loss from the diet which otherwise could
have been diverted for maintenance and production. Ruminal enteric
fermentation of dry matter consumed is the primary source of CHy
emissions within beef systems (Thompson and Rowntree, 2020) and
DMI has repeatedly been shown to correlate with CH4 emissions (Bell
et al., 2016; Min et al., 2020; Swainson et al., 2018).

1.2. Area under the curve (AUC)

Given the relationship of liveweight with DMI and GHG emissions, it
may be possible to estimate these through using liveweight change over
time as a proxy, with every kilogram of liveweight maintained for every
day being one unit of cost. In practical terms, this can be quantified by
calculating the area under the curve (AUC) of the animal’s growth
(which is equal to the sum of liveweights of every day). This could then
be calculated relative to LWG in a certain period as LWG AUC™! as a
proxy for overall efficiency. The primary benefit of this would be
accessibility to farmers as calculating the AUC would not require addi-
tional measures or resources. The objective of this study was to assess
the use of AUC as a measure of beef cattle efficiency by:
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(1) Determining the relationship of AUC with DMI, CHy4, and NO and
comparing that relationship to those between time (days) and
DMI, CHy4, and N»O.

(2) Applying LWG AUC™! to a dataset of beef cattle to assess how
cattle efficiency changes over time and to assess differences be-
tween groups of cattle.

2. Methods
2.1. Sample population and data

Liveweight and abattoir data was taken from 439 finishing beef
cattle reared at Rothamsted Research’s North Wyke Farm Platform (Orr
et al., 2019; Takahashi et al., 2018) in Devon, UK. Data spanned five
grazing seasons, animals were born from 16/09/12 and 04/06/17 and
slaughtered from 08/08/14 and 08/01/19. All animals came from the
same suckler herd and at weaning were randomly allocated (with
balanced distribution of breeds, sex and LW) into three herds, each
grazing a different independently ran pasture-based finishing systems,
known as “farmlets” (see Orr et al. (2019, 2016)).

2.2. Farmlets were

e Grass and white clover (GWC) — perennial ryegrass (Lolium perene)
with a 20-30% abundance of white clover (Trifolium repens).

e Monoculture grass (MG) - monoculture high-sugar perennial
ryegrass (cultivar Abermagic).

e Permanent pasture (PP) —predominantly perennial ryegrass (no or
minimal white clover).

Median slaughter age was 624 days and mean slaughter liveweight
was 610 kg (s.d 52.3). The population comprised of 222 males (steers)
and 217 females (heifers). Six breeds were present: British Blue Cross
(BRBX, n = 22), Charolais Cross (CHX, n = 274), Hereford Cross (HEX, n
= 45), Limousin Cross (LIMX, n = 29), Stabiliser (ST, n = 30), and
Stabiliser Cross (STX, n = 39). Calves grazed on pasture with their dams
until weaning at around 7 months of age and were housed during witner
(October/November until March/April) during which they were fed
silage produced from their farmlet. In the spring (approx. 13 months
old) they were turned out to pasture. The majority (76.5%) went back
into housing a second time for finishing. Animals were finished at or
near a target condition of R4L (EUROP grid classification system) and
sent to abattoir, the precise timing was determined by best judgement of
farm management based on logistics (e.g. it is not practical to send a
single animal).

2.2.1. Calculations

For each animal, AUC was calculated as the sum of the daily live-
weight of each animal over the study period (weaning to slaughter), this
was the ‘cost’. Animals were weighed every two to four weeks, weights
between weigh events were estimated by linear interpolation. The sum
of daily weights generated a value of ‘kilogram days’, which was then
divided by 1000 to ‘tonne days’ (equation (2)).

AUC = X daily liveweights / 1000 2)

LWG AUC ™! was then calculated by dividing LWG between weaning
and slaughter by AUC as a proxy for efficiency (reward cost ™) (equation
(3)) and therefore larger values represented greater efficiency. LWG
day~! was calculated by dividing liveweight gained between weaning
and slaughter by time (days) elapsed between these two production
events.

LWG AUC™! = liveweight gain / (X daily liveweights / 1000) 3
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2.2.2. LCA data

McAuliffe et al. (2018) performed an LCA (ISO 14040 framework) for
the post-weaning period of one year’s cohort from the study population
(weaned November 2014, slaughtered Winter, 2015/16). High resolu-
tion farm and animal data (e.g. liveweight, forage digestibility, crude
protein) was applied within the Intergovernmental Panel on Climate
Change (IPCC) modelling framework to estimate on-farm emissions. A
total of 87 animals were included, from the three farmlets, GWC (n =
29), PP (n = 30) and MG (n = 28). The sex ratio was 45 heifers to 42
steers. Three breeds were present: Charolais Cross (CHX) (n = 71),
Hereford Cross (HEX) (n = 16) and Limousin Cross (LIMX) (n = 12).
During the study period, animals were weighed a mean of 18 times (s.
d 1.9). Mean weaning age was 215 days (s.d 26.6) and mean slaughter
age was 628 days (s.d 43.2). McAuliffe et al. (2018) reported DMI, CH4
emissions, and N,O emissions on an individual animal basis. CH4 was
estimated for two sources: enteric fermentation and manure manage-
ment. No,O was calculated for three sources: direct from manure man-
agement, indirect from manure management through volatilisation, and
indirect from manure management through leaching. For this compar-
ative analysis, CH4 sources were summed together and all N,O sources
were summed, resulting in three variables (DMI, CHy4, N2O) which were
considered as cost factor.

2.3. Data analysis
Three main stages of data analysis were conducted:

(1) Validation of AUC: For the 87 animals for which LCA data was
available, AUC was calculated and compared to cost factors (DMI,
CH4 and N20), using Pearson’s correlations, to assess the feasi-
bility of AUC as a proxy for costs.

(2) LWG AUC ! vs. LWG day_lz For the same 87 animals, Pearson’s
correlations were conducted to compare cost factors (DMI, CHy
and N»0) to time (days) (which is component of LWG day’1 used
to estimate costs). These correlations were then compared to
correlations from stage 1, using a z-test, to assess which metric
(LWG AUC ! or LW days_l) best accounted for costs. A direct
correlation (Pearson’s) between the two metrics was also
performed.
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(3) LWG AUC™! investigation: Using data from all 439 animals, a
Spearman’s correlation was used to compare an animal age
(days) with the LWG AUC™! across every living day of the study
period for every animal, to assess how LWG AUC ™! changed with
animal age. General linear models were used to assess differences
in LWG AUC™! based on breed, sex, and farmlet and Tukey tests
conducted to identify group differentiation. General linear
models were used to assess the relationship between breed, sex,
and farmlet, on slaughter weight and age.

Statistical analysis was conducted in RStudio (R Core Team, 2021; R
Studio Team, 2020), including package ‘cocor’ (Diedenhofen and
Musch, 2015; Dunn and Clark, 1969; Silver et al., 2004). Significance
was at o = 0.05. Figures were created in R package ‘ggplot2’ (Wickham,
2016).

3. Results
3.1. Validation of AUC

Strong correlations were found between AUC and DMI (Fig. 1). This
was true at all levels, with all farmlets yielding similar correlation co-
efficients. The relationship appeared to be linear.

Significant and strong correlations were observed between AUC and
CH4 output (Fig. 2). This was especially true for the GWC and PP farmlet
compared to the MG, which appeared to have slightly greater variation
in AUC.

The relationship between AUC and N2O emissions was significant at
all levels (Fig. 3). Whilst the correlation was relatively strong for the PP
farmlet, it was weak for MG. Notably, the slope appeared different from
the three farmlets with GWC and MG generating a steeper relationship
than PP.

3.2, LWG AUC™! vs. LWG day™*

Whilst AUC correlated significantly with the LCA factors, time (days)
only correlated significantly with DMI and CH4 emissions. In all cases,
(Fig. 4). AUC yielded significantly stronger correlations than time (days)
(Table 1).

All (r=0.886, p<0.001)[n=87]
GWC (r=0.870, p<0.001) [n=29]

® PP (r=0.913, p<0.001)[n=30]
MG (r=0.882, p<0.001)[n=28]

4000 4500 " 5000
DMI (kg)

Fig. 1. Scatterplot showing correlation between AUC (tonne days) and DMI (kg). Each point represents one animal. Farmlets are differentiated by point colour.
Shading represents 99% confidence interval. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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All (r=0.788, p<0.001)[n=87]
GWC (r=0.851, p<0.001)[n=29]

® PP (1=0.875, p<0.001)[n=30]
MG (r=0.621, p<0.001)[n=28]

100 120

Methane emissions (kg)

Fig. 2. Scatterplot showing correlation between AUC (tonne days) and total methane emissions (kg). Each point represents one animal. Farmlets are differentiated by
point colour. Shading represents 99% confidence interval. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

300~

N

[

o
'

AUC (tonne days)

200-

All (r=0.474, p<0.001)[n=87]
GWC (r=0.703, p<0.001)[n=29]

® PP (r=0.826, p<0.001)[n=30]
MG (r=0.486, p<0.001)[n=28]

175 2.00

Nitrous oxide emissions (kg)

Fig. 3. Scatterplot showing correlation between AUC (tonne days) and nitrous oxide emissions (kg). Each point represents one animal. Farmlets are differentiated by
point colour. Shading represents 99% confidence interval. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

3.3. LWG AUC™! investigation

A negative relationship (r = —0.809, p < 0.001), with a concave up
decreasing curve, was found between LWG AUC™! and an animal’s age
(Fig. 5).

LWG AUC ! differed significantly between breeds (F = 47.0, p <
0.001) (Fig. 6i) with ST (2.89 s d 0.25) and STX (2.82, s.d 0.21) returning
the highest values and BRBX (1.96, s.d 0.08) the lowest. This is reflected
by the fact that ST and STX made up 53.3% of the top 10% of animals by
LWG AUC™!, despite making up just 15.7% of the population. Signifi-
cant differences were present between breeds in relation to slaughter
liveweight (F = 18.78, p < 0.001) and slaughter age (F = 105.13, p <

0.001). Breeds with lower slaughter ages and liveweights had a greater
LWG AUC L. Differences in LWG AUC™! between farmlets (F =3.06,p
= 0.048) (Fig. 6ii) were small, with the MG farmlet yielding slightly
lower results (2.53, s.d 0.29) than GWC (2.60, s.d 0.32) and PP (2.57, s.
d 0.30). Slaughter LWs were not significantly different between farmlets
(F =0.12, p = 0.988), averaging 614 kg (s.d 52.3). However, the time it
took to reach those liveweights was significantly different (F = 3.93,p =
0.020) between farmlets with GWC finishing earliest (626 days, s.
d 84.1), followed by PP (627 days, s.d 83.1), and MG (638 days (s.
d 82.0). MG yielded a significantly lower LWG AUC™! than both GCW
and PP. Sex did not yield a statistically significant difference in LWG
AUC™! (F =0.736, p = 0.3914) (Fig. 6 iii). Between sexes, there was a
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Slaughter LW (kg)
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Fig. 4. Relationship between LWG day ' and LWG AUC™'. Each point represents one animal. Point colour represents slaughter liveweight (kg) and point size
represents slaughter age (days). The trendline is linear with a 99% confidence interval. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

Table 1

Correlations of time with DMI, CH4 and N,O. Coefficient comparison: z-test
results comparing correlation coefficients of time and AUC against the relevant
LCA cost factors.

Metric: LWG AUC™! LWG day ! Correlation comparison
Component: AUC time(days)
R p r p z p
DMI 0.886 <0.001 0.752 <0.001 5.581 <0.001
CH4 0.788 <0.001 0.563 <0.001 3.045 <0.001
N0 0.474 <0.001 0.142 0.189 3.232 <0.001

For the whole dataset, there was a positive relationship between LWG day ' and
LWG AUC™! (r = 0.766 p < 0.001) Higher LWG AUC ! scores were associated
with a lower slaughter liveweight and age.

30-

25+

LWG AUC'
o 5

=N
o
1

0 100 200 300 400

significant difference in slaughter liveweight (F = 213.91, p < 0.001)
with heifers having a mean of 584 kg (s.d 38.9) compared to steers at
643 kg (s.d 46.5). There was no statistically significant difference in
slaughter age (F = 2.378, p = 0.124) between sexes with a mean heifer
slaughter age of 623 days (s.d 82.6) and mean steer age of 637 days (s.
d 83.1). Animals that finished on pasture had significantly better LWG
AUC™! (mean = 2.82) compared to those finishing during a second
winter housing period (mean = 2.48) (t = 11.3, p < 0.001).

4. Discussion

AUC correlated strongly with DMI, CH4 emissions, and NoO emis-
sions. Reporting AUC relative to LW gain (LWG AUC™ 1) will therefore
give an indication of efficiency. Correlations were significantly stronger
than those for time (days) and, consequently, LWG AUC™! appears to be

500 600 700 800 900

Age (days)

Fig. 5. Relationship between LWG AUC ™! and animal age (days). The bold line is the mean value for all animals and the shading represents one standard deviation.
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Fig. 6. Combined violin and box plots showing the relationship of breed (i),
farmlet (ii), and sex (iii) on LWG AUC™ . Asterisks represent mean. Within each
sub-plot, groups sharing a letter in common are not statistically significant to
one another.

a more accurate measure of efficiency than the industry standard of LWG
day™!, without the need for additional data.

Given the simplicity of the metric and low data requirements, it has a
broad use case in circumstances where more sophisticated and data
intensive solutions are unviable. Whilst the calculations for LWG AUG™!
are relatively simple, manual calculation is impractical and integration
into existing farm management software is desirable. This approach may
be less suitable for farms that only rarely weigh animals (e.g. just at
weaning and slaughter). The metric could also provide opportunity for
engagement with farmers over economic and environmental efficiency.
However, the complexity of farming systems must not be under-
estimated, and thus LWG AUC™! application is as a strictly indicative
tool, to be used alongside other information, to enable informed decision
making and monitor progress.

Comparison between AUC and the factors determined by McAuliffe
et al. (2018) provided evidence that it has capabilities as a proxy for DMI
and GHG emissions. Correlation of AUC with DMI was especially strong,
reflecting that LW is a primary driver of DMI (Saubidet and Verde,
1976). Correlations were also strong for CHy, reflecting that CH4 emis-
sions are driven by enteric fermentation of dry matter and thus increased
DMI can lead to increased GHG emissions (Kebreab et al., 2010). The
variable correlation of AUC with N»O across farmlets suggests that the
metric is best suited for like-to-like comparisons of animals within a
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specific group, as opposed to between groups with management differ-
ences. However, we would like to highlight that preliminary work has
been conducted, repeating this comparative analysis on the next year’s
cohort of cattle, in which the correlations of AUC and N2O were stronger
(DMI and CH4 remain similar). Given that liveweight data was used
within the LCA methodology, some autocorrelation between that and
AUC may be inevitable, however, this is reflective of how significant a
driver liveweight is to DMI and GHG emissions.

The association between age and LWG AUC ™! s showed that earlier
slaughter ages are associated with lower costs (DMI and emissions)
relative to the LW produced. This is borne out in results showing greater
LWG AUC ! scores for animals that were finished on pasture (e.g. more
quickly) than those that entered housing for a second period to be
finished there. This is because earlier slaughter limits the increase in
maintenance requirements (daily LW gain). When ranking by slaughter
age, the third quartile animal in this study yielded an LWG AUC ! 15.9%
greater than the first quartile animal. Practically, these results show that
a greater number of smaller cattle produce the same LW for less cost than
a herd of larger cattle in smaller numbers. The relationship between
slaughter age and environmental impacts has been observed elsewhere
(Legesse et al., 2016; Murphy et al., 2017) and is recognised by the
National Beef Association (UK) (National Beef Association, 2020). When
considering earlier slaughter, finishing times must be balanced against
other factors such as expected kill-out and whether the animal is
‘in-spec’, to ensure monetary rewards is optimised and market demand
met. Across most of Europe, this is based on the EUROP grid classifi-
cation system on which R4L to E4L are most desirable and yield the
greatest prices (AHDB, 2022). However, target specification will differ
between systems and ethoses. Slaughter age also affects the utilisation of
resources. Finishing cattle too early could lead to grass being left un-
used, and its economic value not being actualised. Another consider-
ation is how earlier slaughter is achieved. For example, the use of
imported grains to increase growth rates would have its own economic
and environmental costs (Vellinga et al., 2015). Therefore, LWG AUC™!
should not dictate slaughter times, but act as a tool to inform them.

The high LWG AUC™! for ST and STX animals is likely driven by
genetic for smaller animals that finish quickly (Stabiliser Cattle Com-
pany, 2022), meaning that they are carrying less weight for less time.
The poor performance of BRBX animals is likely a consequence of the
breed’s ‘double muscle’ trait and the energy requirements to grow and
maintain that. Differences in LWG AUC™! between heifers and steers
were non-significant and any effect, if present, was likely a consequence
of slaughter age and LWs. Liveweight gain of heifers is relatively
consistent up until about 600 days of age when growth plateaus (Martin
etal., 2020). Sending heifers to slaughter earlier (and therefore at lighter
LWs) was a management decision, which has the effect of lowering the
overall LWG AUC™ . Steer efficiency could be improved by bringing
forward slaughter ages. The lower LWG AUC™! observed in the MG
farmlet is likely a consequence of the different forage and the impact of
that on growth (Mwangi et al., 2019; National Research Council, 2000).
This particular cultivar is relatively erect and thus land cover (dry
matter per hectare) is lower than other cultivars, which may lead to a
lower DMI and growth rates.

Within the calculation of LWG AUC™!, LWG is considered as the
reward. However, other figures could be substituted. Sale price
(balanced for price fluctuations) is a key candidate as it is the true
representation of economic reward and is driven by both the kill-out
percentage and carcase grading, however, this could only be calcu-
lated post-slaughter.

The relative simplicity of LWG AUC™! is a weakness and a strength. It
is limited in its ability to account for individual differences between
animals, herds, and farms. Factors such as feed type can influence GHG
emission intensities of cattle (Haque, 2018; Kebreab et al., 2010; Min
et al., 2020) and any large changes across such factors may mean that
AUC is less accurate - the inter-farmlet difference in correlations of AUC
and N»O emission highlight this. Care should be taken if applying LWG
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AUC™! between disparate herds or systems. Arguably the best use-case is
for benchmarking animals against each other within a defined setting.

5. Conclusion

The metric LWG AUC ! better accounts for the reward,/cost ratio in
beef systems than the industry standard of LWG day ! and may have
utility for proxy estimation of DMI, CH4 emissions, and N5O emissions.
This is achieved without the requirement for new data in excess of what
many farms already collect and use for the current LWG day-!. Conse-
quently, there is broad use potential for the metric within the beef
sector, particularly where more sophisticated methods are not feasible.
Care must be taken in how it is applied, especially if between disparate
herds and systems.

Credit author statement

AC: concept, project management, data analysis, manuscript prepa-
ration, PLG: data collection, animal management, manuscript prepara-
tion, GM: analytical/data advice, manuscript preparation, ML: funding
acquisition, project management, manuscript preparation, MR: funding
acquisition, project management, manuscript preparation.

Ethical statement

BBRSC’s Farm Platform (Rothamsted Research, North Wyke) is an
experiment granted ethical approval by Rothamsted Research’s Animal
Welfare Ethical Review Board in accordance with the Animal (Scientific
Procedures) Act (1986).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

Research was funded as part of Rothamsted Research’s Institute
Strategic Programme Soil to Nutrition (BBS/E/C/00010320 & BBS/E/C/
00010330) using the North Wyke Farm Platform (NWFP) National
Capability (BBS/E/C/000J0100) both of which are funded by BBSRC.

Research was also funded by the Environmental Futures & Big Data
Impact Lab that is part-funded by the European Regional Development
Fund. We thank Dr Khalid Mahmood for his involvement in funding
acquisition.

References

AHDB, 2022. Using the EUROP Grid in Beef Carcase Classification. accessed 5.5.22
[WWW Document]. URL. https://ahdb.org.uk/knowledge-library/using-the-europ-
grid-in-beef-carcase-classification.

Bell, M., Eckard, R., Moate, P.J., Yan, T., 2016. Modelling the effect of diet composition
on enteric methane emissions across sheep, beef cattle and dairy cows. Animals 6,
54. https://doi.org/10.3390/ani6090054.

Biagini, D., Lazzaroni, C., 2018. Eutrophication risk arising from intensive dairy cattle
rearing systems and assessment of the potential effect of mitigation strategies. Agric.
Ecosyst. Environ. 266, 76-83. https://doi.org/10.1016/j.agee.2018.07.026.

Burns, J.C., Lippke, H., Fisher, D.S., 1989. The relationship of herbage mass and
characteristics to animal responses in grazing experiments. In: Grazing Research:
Design, Methodology, and Analysis. John Wiley & Sons, Ltd, pp. 7-19. https://doi.
org/10.2135/cssaspecpubl6.c2.

Diedenhofen, B., Musch, J., 2015. Cocor: a comprehensive solution for the statistical
comparison of correlations. PLoS One 10, e0121945. https://doi.org/10.1371/
journal.pone.0121945.

Journal of Environmental Management 324 (2022) 116418

Dunn, O.J., Clark, V., 1969. Correlation coefficients measured on the same individuals.
J. Am. Stat. Assoc. 64, 366-377. https://doi.org/10.2307/2283746.

FAO, 2022a. FAOSTAT: Crops and Livestock Products [WWW Document]. URL.
https://www.fao.org/faostat/en/#data.

FAO, 2022b. FAOSTAT: Land Use [WWW Document]. URL. https://www.fao.
org/faostat/en/#data.

Filip, D.S., Middlebrooks, E.J., 1976. Eutrophication potential of dairy cattle waste
runoff. Water Res. 10, 89-93. https://doi.org/10.1016/0043-1354(76)90162-7.

Grossi, G., Goglio, P., Vitali, A., Williams, A.G., 2019. Livestock and climate change:
impact of livestock on climate and mitigation strategies. Anim. Front. 9, 69-76.
https://doi.org/10.1093/af/vfy034.

Haque, M.N., 2018. Dietary manipulation: a sustainable way to mitigate methane
emissions from ruminants. J. Anim. Sci. Technol. 60, 15. https://doi.org/10.1186/
s40781-018-0175-7.

Herd, R.M., Arthur, P.F., 2009. Physiological basis for residual feed intake 1. J. Anim.
Sci. 87, E64-E71. https://doi.org/10.2527 /jas.2008-1345.

Hristov, A.N., Melgar, A., 2020. Short communication: relationship of dry matter intake
with enteric methane emission measured with the green feed system in dairy cows
receiving a diet without or with 3-nitrooxypropanol. Anim. Int. J. Anim. Biosci. 14
https://doi.org/10.1017/81751731120001731 s484-s490.

Huuskonen, A., 2009. Concentrate Feeding Strategies for Growing and Finishing Dairy
Bulls Offered Grass Silage-Based Diets. https://doi.org/10.2134/jeq2001.302376x.

Jungbluth, T., Hartung, E., Brose, G., 2001. GHG emissions from animal houses and
manure stores. Nutrient Cycl. Agroecosyst. 60, 133-145. https://doi.org/10.1023/A:
1012621627268.

Kebreab, E., Strathe, A., Fadel, J., Moraes, L., France, J., 2010. Impact of dietary
manipulation on nutrient flows and GHG emissions in cattle. Rev. Bras. Zootec. 39,
458-464. https://doi.org/10.1590/51516-35982010001300050.

Kriss, M., 1930. Quantitative Relations of the Dry Matter of the Food Consumed, the Heat
Production, the Gaseous Outgo, and the Insensible Loss in Body Weight of Cattle,
pp. 283-295.

Laredo, M.A., Simpson, G.D., Minson, D.J., Orpin, C.G., 1991. The potential for using n-
alkanes in tropical forages as a marker for the determination of dry matter by grazing
ruminants. J. Agric. Sci. 117, 355-361. https://doi.org/10.1017/
$0021859600067101.

Legesse, G., Beauchemin, K.A., Ominski, K.H., McGeough, E.J., Kroebel, R.,
MacDonald, D., Little, S.M., McAllister, T.A., Legesse, G., Beauchemin, K.A.,
Ominski, K.H., McGeough, E.J., Kroebel, R., MacDonald, D., Little, S.M.,
McAllister, T.A., 2016. GHG emissions of Canadian beef production in 1981 as
compared with 2011. Anim. Prod. Sci. 56, 153-168. https://doi.org/10.1071/
AN15386.

Martin, N., Schreurs, N., Morris, S., Lopez-Villalobos, N., McDade, J., Hickson, R., 2020.
Sire effects on post-weaning growth of beef-cross-dairy cattle: a case study in New
Zealand. Animals 10, 2313. https://doi.org/10.3390/ani10122313.

McAuliffe, G.A., Takahashi, T., Orr, R.J., Harris, P., Lee, M.R.F., 2018. Distributions of
emissions intensity for individual beef cattle reared on pasture-based production
systems. J. Clean. Prod. 171, 1672-1680. https://doi.org/10.1016/j.
jclepro.2017.10.113.

Min, B., Solaiman, S., Waldrip, H., Parker, D., Todd, R., Brauer, D., 2020. Dietary
mitigation of enteric methane emissions from ruminants: a review of plant tannin
mitigation options. Anim. Nutr. Zhongguo Xu Mu Shou Yi Xue Hui 6, 231-246.
https://doi.org/10.1016/j.aninu.2020.05.002.

Murphy, B., Crosson, P., Kelly, A.K., Prendiville, R., 2017. An economic and GHG
emissions evaluation of pasture-based dairy calf-to-beef production systems. Agric.
Syst. 154, 124-132. https://doi.org/10.1016/j.agsy.2017.03.007.

Mwangi, F.W., Charmley, E., Gardiner, C.P., Malau-Aduli, B.S., Kinobe, R.T., Malau-
Aduli, A.E.O., 2019. Diet and genetics influence beef cattle performance and meat
quality characteristics. Foods 8, 648. https://doi.org/10.3390/foods8120648.

National Beef Association, 2020. Proposal to Increase UK Beef Production and Efficiency
in Conjunction with a Reduction in CO2 Emissions (The Scottish Farmer).

National Research Council, 2000. Nutrient requirements of beef cattle. In: Update 2000,
Seventh Revised Edition. The National Academies Press, Washington, DC.

Orr, R.J., Griffith, B.A., Rivero, M.J., Lee, M.R.F., 2019. Livestock performance for sheep
and cattle grazing lowland permanent pasture: benchmarking potential of forage-
based systems. Agronomy 9, 101. https://doi.org/10.3390/agronomy9020101.

Orr, R.J., Murray, P.J., Eyles, C.J., Blackwell, M.S.A., Cardenas, L.M., Collins, A.L.,
Dungait, J.a.J., Goulding, K.W.T., Griffith, B.A., Gurr, S.J., Harris, P., Hawkins, J.M.
B., Misselbrook, T.H., Rawlings, C., Shepherd, A., Sint, H., Takahashi, T., Tozer, K.N.,
Whitmore, A.P., Wu, L., Lee, M.R.F., 2016. The North Wyke Farm Platform: effect of
temperate grassland farming systems on soil moisture contents, runoff and
associated water quality dynamics. Eur. J. Soil Sci. 67, 374-385. https://doi.org/
10.1111/ejss.12350.

R Core Team, 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

R Studio Team, 2020. RStudio. Integrated Development for R. RStudio., Boston, MA.

Russel, A.J.F., Wright, I.A., 1983. Factors affecting maintenance requirements of beef
cows. Anim. Sci. 37, 329-334. https://doi.org/10.1017/50003356100001938.

Saubidet, C.L., Verde, L.S., 1976. Relationship between live weight, age and dry-matter
intake for beef cattle after different levels of food restriction. Anim. Sci. 22, 61-69.
https://doi.org/10.1017/5S000335610003542X.

Silver, N.C., Hittner, J.B., May, K., 2004. Testing dependent correlations with
nonoverlapping variables: a Monte Carlo simulation. J. Exp. Educ. 73, 53-69.

Smith, L.C., Monaghan, R.M., 2003. Nitrogen and phosphorus losses in overland flow
from a cattle-grazed pasture in Southland. N. Z. J. Agric. Res. 46, 225-237. https://
doi.org/10.1080/00288233.2003.9513549.


https://ahdb.org.uk/knowledge-library/using-the-europ-grid-in-beef-carcase-classification
https://ahdb.org.uk/knowledge-library/using-the-europ-grid-in-beef-carcase-classification
https://doi.org/10.3390/ani6090054
https://doi.org/10.1016/j.agee.2018.07.026
https://doi.org/10.2135/cssaspecpub16.c2
https://doi.org/10.2135/cssaspecpub16.c2
https://doi.org/10.1371/journal.pone.0121945
https://doi.org/10.1371/journal.pone.0121945
https://doi.org/10.2307/2283746
https://www.fao.org/faostat/en/#data
https://www.fao.org/faostat/en/#data
https://www.fao.org/faostat/en/#data
https://doi.org/10.1016/0043-1354(76)90162-7
https://doi.org/10.1093/af/vfy034
https://doi.org/10.1186/s40781-018-0175-7
https://doi.org/10.1186/s40781-018-0175-7
https://doi.org/10.2527/jas.2008-1345
https://doi.org/10.1017/S1751731120001731
https://doi.org/10.2134/jeq2001.302376x
https://doi.org/10.1023/A:1012621627268
https://doi.org/10.1023/A:1012621627268
https://doi.org/10.1590/S1516-35982010001300050
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref17
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref17
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref17
https://doi.org/10.1017/S0021859600067101
https://doi.org/10.1017/S0021859600067101
https://doi.org/10.1071/AN15386
https://doi.org/10.1071/AN15386
https://doi.org/10.3390/ani10122313
https://doi.org/10.1016/j.jclepro.2017.10.113
https://doi.org/10.1016/j.jclepro.2017.10.113
https://doi.org/10.1016/j.aninu.2020.05.002
https://doi.org/10.1016/j.agsy.2017.03.007
https://doi.org/10.3390/foods8120648
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref25
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref25
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref26
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref26
https://doi.org/10.3390/agronomy9020101
https://doi.org/10.1111/ejss.12350
https://doi.org/10.1111/ejss.12350
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref29
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref29
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref30
https://doi.org/10.1017/S0003356100001938
https://doi.org/10.1017/S000335610003542X
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref33
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref33
https://doi.org/10.1080/00288233.2003.9513549
https://doi.org/10.1080/00288233.2003.9513549

A.S. Cooke et al.

Stabiliser Cattle Company, 2022. accessed 1.5.22 Traits [WWW Document]. Stabiliser
Cattle Co. URL. https://stabiliser.co.uk/traits/.

Swainson, N., Muetzel, S., Clark, H., 2018. Updated predictions of enteric methane
emissions from sheep suitable for use in the New Zealand national GHG inventory.
Anim. Prod. Sci. 58, 973-979. https://doi.org/10.1071/AN15766.

Takahashi, T., Harris, P., Blackwell, M.S.A., Cardenas, L.M., Collins, A.L., Dungait, J.a.J.,
Hawkins, J.M.B., Misselbrook, T.H., McAuliffe, G.A., McFadzean, J.N., Murray, P.J.,
Orr, R.J., Rivero, M.J., Wu, L., Lee, M.R.F., 2018. Roles of instrumented farm-scale
trials in trade-off assessments of pasture-based ruminant production systems. Animal
12, 1766-1776. https://doi.org/10.1017/51751731118000502.

Thompson, L.R., Rowntree, J.E., 2020. Invited Review: methane sources, quantification,
and mitigation in grazing beef systems. Appl. Anim. Sci. 36, 556-573. https://doi.
org/10.15232/aas.2019-01951.

Vellinga, ThV., Bertrand, S., Martin, N., Luttikholt, H., Caputi, B., Werf, H., Yue, L.,
Bhatta, R., Arora, S., Lukuyu, B., Crosson, P., Meissner, H., Flysjo, A., Blonk, H.,
Mitloehner, F., 2015. Environmental performance of animal feeds supply chains.
Food Agric. Organ. U. N. 1-157.

Journal of Environmental Management 324 (2022) 116418

Waghorn, G.C., Hegarty, R.S., 2011. Lowering ruminant methane emissions through
improved feed conversion efficiency. Anim. Feed Sci. Technol. 166-167, 291-301.
https://doi.org/10.1016/j.anifeedsci.2011.04.019. Special Issue: GHGes in Animal
Agriculture - Finding a Balance between Food and Emissions.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.

Zhang, X., Wang, W., Mo, F., La, Y., Li, C., Li, F., 2017. Association of residual feed intake
with growth and slaughtering performance, blood metabolism, and body
composition in growing lambs. Sci. Rep. 7, 1-11. https://doi.org/10.1038/s41598-
017-13042-7.

Zonderland-Thomassen, M.A., Lieffering, M., Ledgard, S.F., 2014. Water footprint of beef
cattle and sheep produced in New Zealand: water scarcity and eutrophication
impacts. J. Clean. Prod. 73, 253-262. https://doi.org/10.1016/j.
jclepro.2013.12.025. Towards eco-efficient agriculture and food systems: Selected

papers from the Life Cycle Assessment (LCA) Food Conference, 2012, in Saint Malo,
France.


https://stabiliser.co.uk/traits/
https://doi.org/10.1071/AN15766
https://doi.org/10.1017/S1751731118000502
https://doi.org/10.15232/aas.2019-01951
https://doi.org/10.15232/aas.2019-01951
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref39
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref39
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref39
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref39
https://doi.org/10.1016/j.anifeedsci.2011.04.019
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref41
http://refhub.elsevier.com/S0301-4797(22)01991-0/sref41
https://doi.org/10.1038/s41598-017-13042-7
https://doi.org/10.1038/s41598-017-13042-7
https://doi.org/10.1016/j.jclepro.2013.12.025
https://doi.org/10.1016/j.jclepro.2013.12.025

