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The Feed into Beef (FiB) project was funded by AHDB to update available tools for predicting the nutritional requirements of beef cattle, or their performance on given rations, as well as ration formulation to achieve a defined level of performance. Last updated in the early 1990s and based on research carried out over the preceding 20–40 years, existing equations available to industry had become less accurate as modern breeding had changed beef genetics in most breeds and with new feeds and feeding systems taken up by industry.
The work has focused on growing and finishing beef cattle and provided updated models as described below:
A range of models were developed and evaluated to predict the intake of growing and finishing beef cattle offered grass silage as the sole diet or in combination with concentrates 
Energy requirements for maintenance and for liveweight gain have been changed to reflect the genetic improvement in cattle genotypes during the last four decades
The impact of level of feeding is better accounted for by directly relating it to dietary metabolisable energy concentration
The maintenance requirement for metabolisable protein is 70% higher than previous UK estimates, so overall protein requirements are increased, particularly for less productive cattle. In addition, British breeds such as Angus, Hereford and Shorthorn and their crosses are now much larger animals and more like continental cattle, finishing at heavier weights and depositing more lean tissue and less fat 
Microbial protein produced in the rumen is a valuable resource, reducing the need for expensive protein-rich supplements. Although still not able to predict its production with high accuracy, using the Feed into Milk (FiM) 2004 model for microbial protein synthesis explains some of the positive effects of feed fermentability and level of feeding 
The equations have been extended to predict methane production from different diets based on dry matter intake, liveweight and diet chemical composition 
Feed energy values for existing feeds have been checked and updated using more recent data, while new feeds have been added and adjusted to be comparable with existing feeds where possible 
The new equations allow farmers and nutritionists to make better use of feed resources to meet targets for growth and carcase quality, increasing efficiency and profit while lowering carbon footprint. Where equations have not been updated – mainly those for beef suckler cows – equations have been reproduced with permission to enable this booklet to be a comprehensive source of the latest nutritional equations for beef cattle.
There are two FiB documents available:
The full Feed into Beef technical advisory document (this document) which provides the background, principles, rationale and equations
The Feed into Beef equations summary which provides the complete set of equations to begin formulating diets with immediate effect
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This glossary is for use with sections 6–10. It follows the convention adopted in AFRC (1993) and FiM (2004). Terms in:
Upper case represent supply in g or MJ/d, e.g. Dry matter intake DMI (g/d)
[bookmark: _Int_ecneViFt][  ] are a concentration, e.g. [CP] – concentration of crude protein in a feed (g/kg DM)
Lower case indicates a proportion, rate or efficiency, e.g. km – efficiency of utilisation of ME for maintenanceA subscript denotes a function for a supply or requirement or a qualification of a supply or concentration, e.g. eddmlp – effective degradability of the large particle fraction of DM (proportion)
AA: activity allowance
ADF: acid-detergent fibre
AFBI: Agri-Food and Biosciences Institute
AFRC: Agricultural Food and Research Council
AHDB: Agriculture and Horticulture Development Board	
ARC: Agricultural Research Council 
BCS: body condition score
BEIS: Department for Business, Energy and Industrial Strategy
C	: kg of concentrate DM
CCC: concordance correlation coefficient
CDMI: concentrate dry matter intake
CIEL: Centre for Innovation and Excellence in Livestock
ConcP: concentrate proportion in the diet (dry matter basis)
CP: crude protein (N x 6.25)
CSIRO: Commonwealth Scientific and Industrial Research Organisation (Australia’s national science organisation)
DCP: digestible crude protein
DE: digestible energy
Defra: Department for Environment, Food and Rural Affairs
deg: protein degradability
DLWG: daily liveweight gain
DM: dry matter
DMI: dry matter intake
DMIR: dry matter intake required
DOMD: digestible organic matter in total dry matter
DUP: digestible undegradable protein
D-value: the percentage of digestible organic matter in the dry matter of forage
EBVs	: estimated breeding values
EBW: empty body weight 
eddmlp: effective degradability of the large particle fraction of DM (proportion)	
eddmssp: effective degradability of the soluble and small particle fractions of DM (proportion)
EE: ether extract
EID: electronic identification
EVg: energy content in a kg of liveweight gain
FFTDN: fat-free total digestible nutrient
FiB: Feed into Beef
FiM: Feed into Milk
FOM: fermentable organic matter 
GE: gross energy
GFLI: Global Feed Lifecycle Assessment Institute
HFIS: Hillsborough Feeding Information Service
ILVO: Flanders Research Institute for Agriculture, Fisheries and Food
in sacco: a method to study rumen degradation whereby animals are surgically fitted with rumen cannulae
in vitro: a method to study rumen degradation using rumen fluid obtained from fistulated animals 
INRA: Institut National de la Recherche Agronomique (French national research institute for agricultural research)
IPCC: Intergovernmental Panel on Climate Change
kconcentrates:  fractional outflow rates from the rumen on concentrates (proportion/hour)
kforages: fractional outflow rates from the rumen on forages (proportion/hour)
kg: efficiency of utilisation of ME for liveweight gain
kl: efficiency of utilisation of ME for lactation
kliquids: fractional outflow rates from the rumen on liquids (proportion/hour)
km: efficiency of utilisation of ME for maintenance
kng: efficiency of utilisation of MP for protein accretion in liveweight gain
knl: efficiency of utilisation of MP for lactation
knm: efficiency of utilisation of MP for maintenance
LW: liveweight
LW0.547: fixed metabolic weight raised to power of 0.547
LW0.60: fixed metabolic weight raised to power of 0.60
LW0.75: fixed metabolic weight raised to power of 0.75
LWG: liveweight gain
MDM: microbial dry matter
ME: metabolisable energy
MECmaint: ME concentration in feed as estimated or measured from values derived from sheep at the maintenance level of feeding
[bookmark: _Hlk138789884]MECprod: ME concentration of feed supplied to beef cattle when fed at production levels
MEfat: ME from fat or oil in a feed
MEferm: ME from fermentation acids in a fermented or ensiled feed
MEI: ME intake
MEm: ME requirement for maintenance
MJ: megajoule
MLW: metabolic liveweight
MPE: mean prediction error
MPg: metabolisable protein requirements for growth/liveweight gain
MPm: metabolisable protein requirements for maintenance
MPS: microbial protein synthesis 
MSPE: mean square prediction error
n: week of lactation
NASEM: National Academies of Sciences, Engineering and Medicine
NDF: neutral detergent fibre
[bookmark: _Hlk164140422]NDF diet: neutral detergent fibre concentration in total diet (g/kg DM)
NE: net energy
NEg: NE requirement for growth
NEm: NE requirement for maintenance
NH3-N: ammonia nitrogen as a proportion of total nitrogen
NIRS: near-infrared spectroscopy 
NRC: National Research Council
OM: organic matter
OMD: organic matter digestibility
P1: correction factor
PCO: proportion of concentrate in the diet DM
Rand.: random error
RE: retained energy
RMSPE: root mean squared prediction error
RPB: rumen protein balance
SD: standard deviation
SDMI: silage dry matter intake
SIP: NIRS grass silage intake potential
STA: starch
TDMI: total dry matter intake
TDN: total digestible nutrients
TMR: total mixed ration
VDMI: voluntary dry matter intake
WLR: Wageningen Livestock Research
Wn: actual weight of the cow in the lactation week, n under consideration, not the mean breed weight
Y: milk yield (l)


[bookmark: _Toc164171154][bookmark: _Toc180655950]Introduction
This project was funded by AHDB to update the tools available for predicting the nutritional requirements of beef cattle or their performance on given rations, as well as ration formulation to achieve a defined level of performance. Last updated in the early 1990s and based on research carried out over the preceding 20–40 years, the equations available have become less accurate, as modern breeding has changed beef genetics in most breeds and as new feeds and feeding systems have been taken up by industry. 
The advancement of science concerning nutrition, developmental growth and meat science provides the opportunity to update the equations for modern animal types and feeding systems. This was done for dairy cattle over 20 years ago in the Feed into Milk (FiM) 2004 project, hence the name for this project, Feed into Beef (FiB).
Updates are based on new data streams to predict animal requirements or performance, and they are also based on major changes from more sophisticated equations for variables such as feed intake. 
Scientists at Agri-Food and Biosciences Institute (AFBI) in Northern Ireland and Scotland’s Rural College (SRUC) led the research, in partnership with the Centre for Innovation Excellence in Livestock (CIEL), who helped manage the project and produce information for use in knowledge exchange with industry through AHDB and other networks.
A key role in the project has been played by an Industry Advisory Group, which was presented with preliminary findings during development and has had the final set of equations for field testing for one year before they were released to the wider industry. This provided a means to gain feedback on how the equations worked together in real rationing scenarios. In addition, an industry prediction tool – Ultramix (AGM Systems Ltd.) – was used to optimise the equations when they are used together, based on advice from experienced industry nutritionists. 
This last step was needed because no one data set could inform the development of all equations of interest. Some were better suited to energy requirement, protein requirement, growth rate and carcase or body composition or feed intake. There was also the need to update feed composition tables due to advances in the feeds available for beef rations. Equations were therefore based on different, often overlapping sets of data, necessitating the optimisation of these equations through use of a tool designed for doing this, in this case Ultramix.
The project also delivered predictions of methane production for beef animals fed different rations. It can be used to inform carbon footprinting and allow farmers to choose feeds that deliver a lower carbon footprint for the beef that is produced.
This project provides new information to the beef industry, with which it can increase the efficiency of beef production, reduce its carbon footprint and better meet market requirements through more precise feeding of beef cattle and better knowledge of feed quality. 


[bookmark: _Toc164171155][bookmark: _Toc180655951]Predicting dry matter intake of beef cattle
E. Cabezas Garcia, D.E. Lowe, T. Yan, A. Gordon and F. Lively  
6.2.1 Take-home messages
A range of models were developed and evaluated to predict the intake of growing and finishing beef cattle offered grass silage as the sole diet or in combination with concentrates
Factors including animal liveweight, concentrate proportion offered, quality of grass silage and overall quality of the diet supplied can be used to predict total DM intake
Improved accuracy of prediction is achieved when as many of the above factors are included as possible
There is insufficient evidence available to provide new intake models for diets containing alternative forages. It is recommended that for maize silage-based diets AFRC (1993) continues to be used  
There is insufficient evidence available to generate new intake models for suckler cows. It is recommended that Equation 157 from AFRC (1993) continues to be used
[bookmark: _Toc164171157][bookmark: _Toc180655953]6.2.2 Background 
The ability to accurately predict the amount of feed an animal consumes is a prerequisite to effective ration formulation (Cottrill et al., 2009). Despite the great capacity of the digestive tract, there are many situations in which ruminants do not eat enough to satisfy their requirement for nutrients, resulting in inefficient production (Dijkstra and Forbes, 2005). Variation in performance is more closely related to feed intake than digestibility, and no generally accepted model for intake has been developed (AFRC, 1993, and Huuskonen et al., 2013). The amount of feed ingested by an animal varies according to many factors; some relate to the characteristics of the animal, its management or its environment.  
Cottrill et al. (2009) explained that voluntary intake of ruminants is regulated by both physical and metabolic mechanisms. They gave the example of a low-energy and low-digestibility forage being primarily under physical control, whereby intake is limited to available space in the gastrointestinal tract. In contrast, the intake of a high-energy or high-digestibility diet, such as concentrates, is primarily under metabolic control or is limited by the nutritional requirements of the animal. Other theories of intake control have been proposed by Ketelaars and Tolkamp (1992), who proposed that ruminants strive to optimise the cost and benefits of oxygen consumption, while neuroendocrine and physiological regulation of intake have been reviewed by Roche et al. (2008).
Allen (2001), in his second edition of the book Rationing Beef Cattle, reported that liveweight, breed type, sex category, body condition, forage quality and the amount of concentrate fed interact to determine feed intake. Breed and sex effects on daily gain are related in part to differences in feed intake. Continental breed types may consume 10% more feed than British crosses at the same liveweight, and bulls 10% more than steers. The important point is to recognise the differences in daily gain potential of the various categories of cattle. Differences in breed and gender in feed intake are built into ME allowances, where the following five categories are used:
Categories of cattle
Continental breed and crossbred bulls
Continental breed and crossbred steers, British breed and crossbred bulls
Continental breed and crossbred heifers, British breed and crossbred steers, Holstein Friesian bulls
British breed and crossbred heifers, Holstein Friesian steers
Holstein Friesian heifers
Differences in daily gain potential
Cattle in plain body condition after a period of underfeeding, when fed high-quality rations, eat more to fuel compensatory growth than those that are already in good condition. The difference in intake can be 10–15%, which is sufficiently large to be taken into account when predicting feed intake
Intake of hay is higher than that of similar-quality grass conserved as silage. Conversely, straw had a lower intake potential
Allen (2001) highlighted liveweight of cattle, substitution effect of forage, silage DM, ME, CP and fermentation quality as measured by ammonia nitrogen content as key drivers of intake for grass-silage-based diets. For example, wilted silage with a DM content >25% has a higher intake potential than a wetter silage at 20% DM or less. Additionally, short, chopped silage has a higher intake than long material. Allen (2001) concluded that intake of grass silage reduced by 5% for both unchopped and wet grass silage
Suckler cows are often fed to mobilise body reserves during winter feeding, and Allen (2001) recommended that this should not exceed 0.5 kg liveweight loss per day  

In a comprehensive review of predictions of ruminant dry matter intake (DMI) using empirical and mechanistic equations, Poppi (1996) reported a wide range of predicted intakes from different equations. He did find, however, that where animals and feed were similar to those for which the equations were developed, then they were much more precise. Similarly, Pittroff and Kothmann (2001) investigated the degree of agreement between intake prediction models. They concluded that in addition to not providing robust predictions of intake, quantitative models also had problems in the concepts and mathematical approaches used. Many models for feed intake are based on the hypothesis that intake in ruminants is regulated in two phases: a physical (capacity to ingest) and a physiological (capacity to assimilate) intake limit (Pittroff and Kothmann, 2001). Furthermore, Pittroff and Kothmann (2001) concluded that there was a lack of available models to predict feed intake for ruminants under extensive management conditions.
Grass silage is the main forage component of most beef cattle diets during the winter housing period in the UK. The other important component of beef cattle diets in the UK is grazed grass. Additionally, alternative forages are becoming increasingly important, but much less research has been carried out in predicting the voluntary intake of alternative forages for beef cattle.
[bookmark: _Toc164171158][bookmark: _Toc180655954]6.2.3 International models for predicting intake of beef cattle
Feeding systems around the globe have developed empirical models for predicting feed intake in growing animals by integrating both animal- and diet-related factors that have been identified as key drivers modulating intake responses in their local geographic and climatic conditions. The latest versions of the main international nutritional models for predicting feed intake in beef cattle are detailed in Table 6.2.1. The AFRC (1993) model is still used within the UK, despite being developed from livestock genetics, diets and management systems used within the UK 30–40 years ago. Many nutritionists now question the applicability and accuracy of this model when used in current beef production systems. However, the ability to accurately measure feed intake on farm is challenging because animals are normally group fed and individual intakes are rarely calculated. Newer international models have been developed (e.g. INRA 2018 and NASEM 2016 models). However, their applicability to UK beef production systems requires investigation. Therefore, the present project aimed to review these international models for predicting the DMI of growing and finishing beef cattle reared under UK production systems using local data.
Table 6.2.1. International models of feed intake
	Nation of origin
	Organisation
	Date
	Publication name

	UK
	Agriculture and Food Research Council (AFRC), formerly Agriculture Research Council (ARC)
	1993
	Energy and Protein Requirements of Ruminants


	France
	French National Research Institute for Agricultural Research (INRA)
	2018
	INRA Feeding System for Ruminants

	USA and Canada
	National Academies of Sciences, Engineering and Medicine (NASEM). Update on National Research Council (NRC) (1996, 2000)
	2016
	Nutrient Requirements of Beef Cattle 8th revised edition 2016

	USA and Canada
	Ruminant Nutrition System Project
	2018
	The Ruminant Nutrition System 2nd edition Tedeschi and Fox

	Australia
	Commonwealth Scientific and Industrial Research Organisation (CSIRO)
	2007
	Nutrient requirements of domesticated ruminants



[bookmark: _Toc164171159][bookmark: _Toc180655955]6.2.4 Evaluation of existing models for predicting intake of beef cattle
A detailed review of the scientific literature (Cabezas Garcia et al., 2021) was conducted to identify models for predicting the grass silage and total DMI of growing and finishing beef cattle. The models identified were tested using data from AFBI. Data was initially collated from five long-term studies involving 343 individual animals (mixture of steers and bulls) during their growing and finishing phases which were group fed. Data available for daily DMI was averaged on a weekly basis according to specific dates when liveweight records were available (usually recorded every second week). Pen intakes were divided by the number of individuals in the pen to express DMI on an individual animal basis (kg DM/day).  
Only data from animals fed grass silage as the sole source of forage in the diet was considered. A total of 19 silages were evaluated. In addition to animal-related factors and DMI (forages and concentrates), detailed chemical composition of the feeds and silage fermentation quality were incorporated into the database, thus allowing testing of models including different predictor variables. The descriptive statistics used to evaluate the models are presented in Table 6.2.2.  
Table 6.2.2.a The descriptive statistics used to evaluate the existing silage intake models
	Item
	Number
	Mean
	Standard deviation
	Minimum
	Maximum

	Age (months)
	236
	11.7
	2.17
	7.5
	15.8

	TDMI (kg/day)
	236
	8.7
	1.54
	4.4
	12.6

	Forage (kg/day)
	236
	4.0
	1.03
	1.4
	6.4

	Concentrate (kg/day)
	236
	4.6
	1.32
	2.2
	8.0

	Liveweight (kg)
	236
	378
	107.5
	136
	655

	DLWG (kg/day)
	236
	1.34
	0.36
	0.53
	1.99


TDMI – total dry matter intake (kg/day); DLWG – daily liveweight gain (kg/day); SD – standard deviation

Table 6.2.2.b Centred predicted intake vs prediction residual (observed DM intake – predicted DM intake)
	Item
	Number
	Mean
	Standard deviation
	Minimum
	Maximum

	Age (months)
	606
	11.6
	1.94
	7.4
	15.9

	TDMI (kg/day)
	606
	9.4
	1.65
	4.4
	15.0

	Forage (kg/day)
	606
	2.9
	1.26
	0.6
	6.4

	Concentrate (kg/day)
	606
	6.5
	2.07
	2.2
	12.2

	Liveweight (kg)
	606
	388
	101.7
	136
	678

	DLWG (kg/day)
	606
	1.39
	0.34
	0.50
	2.00


TDMI – total dry matter intake (kg/day); DLWG – daily liveweight gain (kg/day); SD – standard deviation
Model evaluation was conducted using mixed model regression (SAS version 9.4; PROC MIXED procedure). Residual analyses were conducted by regressing residuals (observed–predicted) on estimated values. Observed values were adjusted for random study effects.  Mean biases were evaluated by the deviation of regression intercepts from zero, while the deviation of the slopes of the regression equations from unity was used to determine the presence of linear biases. Model accuracy was assessed by the calculation of the root mean square prediction error (RMSPE). The evaluation of silage intake models against actual recorded silage intakes is presented in Table 6.2.3. The AFRC (1993) model underpredicted silage intake by 0.98 kg/day. The McNamee et al. (2001) model overpredicted silage intake by 1.03 kg/day. On this basis, it was determined that new models for predicting the intake of grass silage for growing beef cattle are necessary.      
Table 6 2.3. Comparison of silage intake models for predicting silage intake against AFBI-recorded intakes
	Model
	
	
	
	
	
	
	Error distribution
	
	

	Model
	Mean bias
	P value
	Slope bias
	P value
	RMSPE
	CCC
	Mean
	Slope
	Rand.

	AFRC (1993)
	1.33
	<0.001
	0.55
	<0.001
	1.223

	0.492
	0.584
	0.084
	0.332

	McNamee et al. (2001)
	3.56
	<0.001
	0.19
	<0.001
	1.546
	0.188
	0.208
	0.544
	0.248


RMSPE – root mean squared prediction error expressed in kg/d; CCC – concordance correlation coefficient according to Lin (1989)
The evaluation of total DMI models against actual recorded total DMI is presented in Table 6.2.4. The Huuskonen-1 model (2013) and the DMIR model (NASEM, 2016) provided the closest prediction; however, both underpredicted total DMI, by 1.42 and 1.57 kg/day, respectively (Figure 6.2.1a and 6.2.1b). Consequently, it was decided to utilise available AFBI data and develop new prediction equations for both silage intake and total DMI for beef cattle, using a similar range of variables used within other models.   
Table 6.2.4. Comparison of total dry matter intake models against AFBI-recorded intakes
	Model
	
	
	
	
	
	
	
	Error distribution
	

	Model
	Mean bias
	P value
	Slope bias
	P value
	RMSPE
	CCC
	Mean
	Slope
	Rand.

	Huuskonen-1 (2013)
	1.44
	<0.001
	1.00
	<0.001
	1.753
	0.533
	0.754
	0.000
	0.246

	Huuskonen-2 (2013)
	3.02
	<0.001
	0.88
	<0.001
	2.535
	0.285
	0.849
	0.006
	0.144

	Huuskonen-3 (2013)
	2.94
	<0.001
	1.04
	<0.001
	3.403
	0.156
	0.943
	0.000
	0.056

	CSIRO (2007)
	9.67
	<0.001
	-0.08
	0.09
	4.397
	0.015
	0.768
	0.147
	0.086

	INRA (2018)
	1.17
	<0.001
	1.13
	<0.001
	2.342
	0.424
	0.872
	0.018
	0.109

	NASEM (2016)
	2.26
	<0.001
	0.82
	<0.001
	1.841
	0.899
	0.625
	0.020
	0.355


RMSPE – root mean squared prediction error expressed in kg/d; CCC – concordance correlation coefficient according to Lin (1989)
Figure 6.2.1a. Observed vs predicted total dry matter intake based on the Huuskonen-1 model (1993)
[image: Scatter plot of observed (x‑axis) versus predicted (y‑axis) total dry matter intake (kg/day) using the Huuskonen‑1 (1993) model. Points show a positive linear relationship, with a fitted regression line (y = 0.998x + 1.44).Model fit: R² = 0.624, RMSPE = 1.75 kg/day.]

Figure 6.2.1b. Observed vs predicted total dry matter intake based on the DMIR model (NASEM, 2016)

[image: Residual plot of observed minus predicted total DMI versus centred predicted intake based on the DMIR model (NASEM, 2016). A negative linear trend is evident, with a fitted regression line (y = −0.375x − 1.4225), indicating increasing under‑prediction at higher predicted intake levels.]

[bookmark: _Toc164171160][bookmark: _Toc180655956]6.2.5 Development of new equations for grass silage and total dry matter intake
Data from nine production studies undertaken at AFBI involving 1,137 cattle was used to develop new prediction equations. The animals within these studies had a mean age of 12.1 months (SD 3.11), a mean initial liveweight of 294 kg (SD 80.4), a mean final liveweight of 514 kg (SD 107.8), a mean daily DMI of 9.3 kg (SD 1.90) and a liveweight gain of 1.44 kg/day (SD 0.255) (Table 6.2.5). The feed intake data was based on group intakes (mainly based on the average of four animals per pen) which were recorded daily. Liveweight was based on fortnightly weights. Cattle were offered diets containing a mixture of forage (predominately grass silage) and concentrates. In addition to animal-related factors and DMI (forages and concentrates), detailed chemical composition of the feeds and silage fermentation quality were incorporated into the database, thus allowing testing of models including different predictor variables. The full descriptive statistics used to evaluate the models are presented in Table 6.2.5. Two statistical approaches combining animal- and diet-related factors were used to build the mixed models, including (a) non-linear (power function) and (b) linear (combination of prediction factors).




Table 6.2.5.a The descriptive statistics used to develop the new silage intake models
	Item
	Number
	Mean
	Standard deviation
	Minimum
	Maximum

	Study duration (days)
	388
	114
	53.0
	28
	286

	Animal age (months)
	388
	12.7
	4.41
	7.1
	24.2

	Forage intake (kg/day)
	388
	4.3
	1.00
	1..8
	7.4

	Concentrate intake (kg/day)
	388
	4.1
	1.36
	1.7
	7.8

	TDMI (kg/day)
	388
	8.4
	1.78
	3.6
	12.6

	Initial liveweight (kg)
	388
	315
	104.8
	119
	606

	Final liveweight (kg)
	388
	473
	106.3
	289
	664

	DLWG (kg/day)
	388
	1.33
	0.297
	  0.58
	   2.28

	HFIS
	388
	81.8
	11.01
	65.2
	105.0

	NDF diet (g/kg DM)
	388
	682
	29.6
	604
	770

	NH3-N (g/g N)
	388
	0.108
	0.028
	0.060
	0.164

	D-value (g/kg DM)
	388
	682
	29.6
	604
	770


TDMI – total dry matter intake (kg/day); DLWG – daily liveweight gain (kg/day); HFIS – Hillsborough Forage Information Service; NDF diet – neutral detergent fibre concentration in total diet (g/kg DM); NH3-N – ammonia nitrogen as a proportion of total nitrogen (g/g N); D-value – % of digestible organic matter in the dry matter of forage (g/kg DM); SD – standard deviation
Table 6.2.5.b The descriptive statistics used to develop the new dry matter intake models
	Item
	Number
	Mean
	Standard deviation
	Minimum
	Maximum

	Study duration (days)
	1137
	150
	55.3
	28
	286

	Animal age (months)
	1137
	12.1
	3.11
	7.1
	24.2

	Forage intake (kg/day)
	1137
	2.8
	1.41
	0.51
	7.4

	Concentrate intake (kg/day)
	1137
	6.5
	2.42
	1.7
	12.9

	TDMI (kg/day)
	1137
	9.3
	1.90
	3.6
	15.4

	Initial liveweight (kg)
	1137
	294
	80.4
	119
	606

	Final liveweight (kg)
	1137
	514
	107.8
	277
	724

	DLWG (kg/day)
	1137
	1.44
	0.255
	0.58
	2.28

	HFIS
	1137
	81.8
	11.01
	65.2
	105.0

	NDF diet (g/kg DM)
	1137
	382
	43.31
	311
	519

	NH3-N (g/g N)
	1137
	0.096
	0.0269
	0.050
	0.164

	D-value (g/kg DM)
	1137
	682
	29.6
	604
	770


TDMI – total dry matter intake (kg/day); DLWG – daily liveweight gain (kg/day); HFIS – Hillsborough Forage Information Service; NDF diet – neutral detergent fibre concentration in total diet (g/kg DM); NH3-N – ammonia nitrogen as a proportion of total nitrogen (g/g N); D-value – % of digestible organic matter in the dry matter of forage (g/kg DM); SD – standard deviation
[bookmark: _Toc164171161][bookmark: _Toc180655957]6.2.6 New models for grass silage and total dry matter intake
A series of new models were developed from this database for both grass silage intake and total DMI fed to growing and finishing cattle. Models with additional information on the diet provide a better estimate of feed intake than equations relying only on the animal liveweight, and it is recommended that nutritional quality (silage intake potential) is obtained prior to rationing cattle. Where only liveweight and concentrate supply is known, prediction equations will have a higher variation and will be less accurate. This is clearly illustrated in Figure 6.2.2, where the grass silage intake potential can differ by 12.3 g/kg metabolic liveweight with each one-unit change in silage ME concentration.  








Figure 6.2.2 The relationship between grass silage ME concentration and beef silage intake potential
[image: Scatter plot showing the relationship between grass silage metabolisable energy concentration (MJ/kg DM) and beef silage intake potential (g/kg LW⁰·⁷⁵). Data points show a positive linear association, with a fitted regression line (y = 12.33x − 54.38; R² = 0.54), indicating higher intake potential with increasing silage energy concentration.]
Equation 1
FiB models for predicting grass silage intake 
Silage intake equations (g/kg LW0.75)
Linear (multivariate equations)
85.1 - 71.5 × ConcP
69.8 - 75.7 × ConcP + 0.215 × SIP
49.2 - 74.9 × ConcP + 0.0556 × DOMD
57.1 - 76.5 × ConcP + 0.0507 × DOMD - 34.8 × NH3-N
SIP x (1 - 0.0084 x CDMI)
Silage intake equation (kg/day)
0.0336 x LW0.75 - 0.2519 x CDMI (kg/d) + 1.54
Equation 2
FiB models for predicting total dry matter intake
Total dry matter intake equations (kg/day)
Non-linear (allometric equations)
0.356 × LW0.547
Linear (multivariate equations)
0.762 + 0.243 × LW0.60
8.607 + 0.224 × LW0.60 - 0.019 × NDF diet
8.881 + 0.221 × LW0.60 - 0.0187 × NDF diet - 2.895 × NH3-N
0.0741 x LW0.75 + 5.598 x ConcP - 1.27
Total dry matter intake equation (g/kg LW0.75)
SIP x (1 - (0.7316 x ConcP + 0.2433 x ConcP2)) + (77.37 x ConcP + 36.24 x ConcP2)
Notes:	
CDMI – concentrate dry matter intake (g/kg LW0.75)
ConcP	– concentrate proportion in the diet (kg/kg DM)
DOMD	– digestible organic matter in total DM (g/kg DM)
LW	– liveweight (kg)
LW0.547	– fixed metabolic weight raised to power of 0.547
LW0.60 – fixed metabolic weight raised to power of 0.60
LW0.75 – fixed metabolic weight raised to power of 0.75
NDF diet	– neutral detergent fibre concentration in total diet (g/kg DM)
NH3-N	– ammonia nitrogen as a proportion of total nitrogen in silage (g/kg N)
SIP	– NIRS grass silage intake potential (g/kg LW0.75)
[bookmark: _Toc164171162][bookmark: _Toc180655958]6.2.7 Predicting intake of alternative (non-grass silage) forage
Limited information is available on which to base an accurate prediction of non-grass silage forage intake. Cottrill et al. (2009) concluded that further work is required in this area, since an increasing number of beef producers are including alternative forages in the ration for beef cattle. However, despite reviewing the various recent (post-2000) UK studies on a range of alternative forages, including maize silage, whole-crop wheat silages and legume/cereal whole crops, there is not enough consistent published material to be able to develop new equations in this area. Therefore, it is recommended to continue to use the AFRC 1993 guidelines for maize-silage-based diets, which are based on Allen (1992) and indicate a concentrate substitution rate of 0.6 kg maize silage DM for each kg concentrate DM fed. Total DMI (TDMI) figures given by AFRC (1993) for cattle fed maize silage and concentrates are presented in Table 6.2.6.

Table 6.2.6. Total dry matter intake (kg/day) of beef cattle fed maize silage and concentrates 
	Concentrate as fed (kg/day)
	Cattle liveweight (kg)
	
	
	
	

	
	100
	200
	300
	400
	500

	0
	2.7
	5.0
	6.9
	8.4
	9.7

	1
	3.1
	5.4
	7.3
	8.8
	10.1

	2
	3.5
	5.8
	7.7
	9.2
	10.5

	3
	No data
	6.2
	8.1
	9.6
	10.9

	4
	No data
	No data
	8.5
	10.0
	11.9


Source: AFRC, 1993
[bookmark: _Toc164171163][bookmark: _Toc180655959]6.2.8 Predicting intake of suckler cows
Owing to limited new information on the intake of suckler cows managed under UK conditions, it is proposed to maintain the equations from AFRC (1993). AFRC Equation 155 offers a prediction of the total dry matter intake using cow information and concentrate offered. AFRC Equation 157 also takes account of the silage quality, so it is recommended as a more accurate prediction of suckler cow intake. 
Equation 3
AFRC Equation 155
DMI (kg/d) = 0.076 + 0.404C + 0.013W - 0.129n + 4.12log10(n) + 0.14Y
Equation 4
AFRC Equation 157
SMI = -3.74 - 0.387C + 0.1055Y + 0.0066Wn + 0.0136[DOMD]
Notes:	
C –	kg of concentrate DM
n	– week of lactation
Y	– milk yield
Wn	– actual weight of the cow in the lactation week, n under consideration, not the mean breed weight
Worked example of AFRC Equation 157
Assuming that a mature suckler cow is 650 kg liveweight and managed to be body condition score 2.5 at calving, 2.5 at service and 3.25 at weaning and yielding approximately 2,000 litres of milk over a 200-day lactation, the predicted silage and total dry matter intake on medium quality (DOMD = 650) and high quality (DOMD 750) is presented in Table 6.2.7.
Assumptions
Cow mature liveweight = 650 kg
Actual liveweight varies throughout the season based on body condition score (BCS). One body condition score relates to 84 kg liveweight (13% of body weight). Body condition score is 2.5 at calving, 2.5 at service and 3.25 at weaning. Cows lose body condition after calving, gain condition from approximately day 45 until weaning and lose body condition from weaning until six weeks pre-calving. The body condition score of 2.5 is maintained for the last six weeks prior to calving.  
Cow milk yield is 2,035 litres over 200 days lactation (actual production at week 2 = 8.5 l/day, week 6 = 12.9 l/day, week 10 = 14.3 l/day, week 14 = 14.3 l/day, week 18 = 10 l/day, week 22 = 7.5 l/day and week 26 = 5.7 l/day).
Table 6.2.7.a Worked example for Equation 157, Average-quality silage (DOMD 650) (AFRC, 1993) 
	Lactation week
	Milk yield (l)
	Projected liveweight (kg)
	Silage DOMD
	Silage intake Level 0
	Silage intake Level 1
	Silage intake Level 2
	Total intake Level 0
	Total intake Level 1
	Total intake Level 2

	2
	8.5
	644
	650
	10.2
	9.9
	9.5
	10.2
	10.9
	11.5

	6
	12.9
	630
	650
	10.6
	1.2
	9.8
	10.8
	11.2
	11.8

	10
	14.3
	640
	650
	10.8
	10.4
	10.1
	10.8
	11.1
	12.1

	14
	14.3
	654
	650
	10.9
	10.5
	10.2
	10.9
	11.2
	12.2

	18
	10
	670
	650
	10.6
	10.2
	9.8
	10.6
	11.6
	11.8

	22
	7.5
	686
	650
	10.4
	10.0
	9.6
	10.4
	11.4
	11.6

	26
	5.7
	701
	650
	10.3
	9.9
	9.8
	10.3
	11.3
	11.6

	Dry cow
	0
	650
	650
	9.4
	9.0
	8.8
	9.4
	10.0
	10.6





Table 6.2.7.b Worked example for Equation 157, High-quality silage (DOMD 750) (AFRC, 1993) 
	Lactation week
	Milk yield (l)
	Projected liveweight (kg)
	Silage DOMD
	Silage intake Level 0
	Silage intake Level 1
	Silage intake Level 2
	Total intake Level 0
	Total intake Level 1
	Total intake Level 2

	2
	8.5
	644
	750
	11.6
	11.2
	10.8
	11.6
	12.2
	12.8

	6
	12.9
	630
	750
	12.0
	11.6
	11.2
	12.0
	12.6
	13.2

	10
	14.3
	640
	750
	12.2
	11.8
	11.4
	12.2
	12.8
	13.4

	14
	14.3
	654
	750
	12.3
	11.9
	11.5
	12.3
	12.9
	13.5

	18
	10
	670
	750
	11.9
	11.6
	11.2
	11.9
	12.6
	13.2

	22
	7.5
	686
	750
	11.8
	11.4
	11.0
	11.8
	12.4
	13.0

	26
	5.7
	701
	750
	11.7
	11.3
	10.9
	11.7
	12.3
	12.9

	Dry cow
	0
	650
	750
	10.8
	10.4
	10.0
	10.8
	11.4
	12.0


====
DM – dry matter; DOMD – digestible organic matter in total dry matter
[bookmark: _Toc164171164][bookmark: _Toc180655960]6.2.9 Conclusions 
For grass-silage diets supplemented with known concentrate input, for growing and finishing beef cattle, the best model for predicting the grass silage intake is:
Equation 5
FiB Equation 2.1
SDMI = SIP x (1 - 0.0084 x CDMI)                                           
Notes:
SDMI – silage DM intake (g/kg LW0.75/day)
SIP – silage intake potential estimated by NIRS (g/kg LW0.75/day)
CDMI – concentrate DM intake (g/kg LW0.75/day)

Where grass silage intake potential is not available, the following equation is recommended for calculating feed intake. However, expect a higher level of variance/lower accuracy of prediction. 
Equation 6
FiB Equation 2.2
SDMI = 0.0336 x LW0.75 - 0.2519 x CDMI + 1.54                                        
Notes:
SDMI – silage DM intake (kg/day), 
LW0.75 – fixed metabolic liveweight raised to power of 0.75 (kg LW0.75)
CDMI – concentrate DM intake (kg/day)              
For grass-silage diets supplemented with known concentrate proportion in the total diet (TMR diets) for growing and finishing beef cattle, the best model for predicting the total DM intake is:
Equation 7
FiB Equation 2.3
TDMI = SIP x (1 - (0.7316 x ConcP + 0.2433 x ConcP2)) + (77.37 x ConcP + 36.24 x ConcP2) 
Notes: 
TDMI – total DM intake (g/kg LW0.75/day)
SIP – silage intake potential estimated by NIRS (g/kg LW0.75/day)
ConcP – concentrate proportion in the total diet (kg/kg DM)

Where grass silage intake potential is not available, the following equation is recommended for calculating feed intake. However, expect a higher level of variance/lower accuracy of prediction.
Equation 8
FiB Equation 2.4
TDMI = (0.0741 x LW0.75) + (5.598 x ConcP) - 1.27        
Notes:
TDMI – total DM intake (kg/day)
LW0.75 – fixed metabolic liveweight raised to power of 0.75 (kg LW0.75)
ConcP – concentrate proportion in the diet (kg/kg DM)

There is insufficient evidence available to generate new intake models for diets containing alternative forages. For diets containing maize silage, then it is recommended that AFRC (1993) continues to be used. TDMIs for cattle with liveweights from 100 to 500 kg and concentrate offered at 0 to 4 kg DM/d are presented in Table 6.2.6 (above).  

There is insufficient evidence available to generate new intake models for suckler cows; therefore, Equation 157 from AFRC (1993) is recommended.
Equation 9
AFRC Equation 155
DMI (kg/d) = 0.076 + 0.404C + 0.013W - 0.129n + 4.12log10(n) + 0.14Y
Notes:
C – kg of concentrate DM
n – the week of lactation
Y – milk yield
Equation 10
AFRC Equation 157
SMI = -3.74 - 0.387C + 0.1055Y + 0.0066Wn + 0.0136[DOMD]
Notes:
C – kg of concentrate DM
Y – milk yield
Wn – the actual weight of the cow in the lactation week, n under consideration, not the mean breed weight 


[bookmark: _Toc164171165][bookmark: _Toc180655961]7. Energy requirements and supply
T. Yan and X. Chen
7.3.1 Take-home messages
Energy requirements have been linked to feed intake such that feed formulations should be compared to what an animal is capable of eating as part of the rationing process
Energy requirements for maintenance and for liveweight gain have been changed to reflect the genetic improvement in cattle genotypes during the last four decades
The impact of level of feeding is better accounted for by directly relating it to dietary metabolisable energy concentration
Feed energy values for existing feeds (see section 10) have been checked and updated using more recent data, while new feeds have been added and adjusted to be comparable with existing feeds where possible
No data was available in this project to determine ME requirements for pregnancy or milk production for modern suckler cows. It is thus suggested to retain the models of AFRC (1993) to calculate these requirements
[bookmark: _Toc164171167][bookmark: _Toc180655963]7.3.2 Background
During recent decades, beef production in the UK has been improved significantly, with increased growth rates and carcase quality. These improvements, together with associated changes in feeding management, merited a review and evaluation of the ME rationing system of AFRC (1993). Indeed, in a Defra-funded project (Feed into Beef and Sheep) over 15 years ago, a review of the available scientific literature indicated that rationing beef cattle using AFRC (1993) could underestimate their energy requirements (Cottrill et al., 2009). Subsequently, new evidence showed that AFRC (1993) underpredicted ME requirement for maintenance (MEm) by over 20% for Holsten heifers and steers (Jiao et al., 2015) and suckler cows (Zou et al., 2016). Therefore, the present Feed into Beef (FiB) project aimed to review the impact of the above-mentioned changes and to develop updated energy-rationing models for modern beef cattle. 
[bookmark: _Toc164171168][bookmark: _Toc180655964]7.3.3 ME requirement
Total ME requirements for growing cattle are quantified as the sum of requirements for maintenance and liveweight gain (LWG). For suckler cows, additional energy is required to meet the demands for pregnancy and milk production. 
Equation 11
General equations for growing/finishing cattle
ME requirement = MEm + MEg
Equation 12
General equations for lactating suckler cows
ME requirement = MEm + MEwc + MEc + MEl
Notes:
MEm – ME requirement for maintenance
MEg – ME requirement for liveweight gain for growing/finishing cattle
MEwc – ME requirement for liveweight gain or ME supply from live weight loss for lactating suckler cows
MEc – ME requirement for pregnancy for suckler cows
MEl – ME requirement for lactation for lactating suckler cows
[bookmark: _Toc180655965]7.3.4 ME requirement for maintenance (MEm)
MEm (MJ/d) is defined as the sum of net energy (NE) requirement for maintenance (NEm, MJ/d) and an activity allowance (AA, MJ/d) divided by the efficiency of utilisation of ME for maintenance (km), i.e., MEm = (NEm + AA) / km.
Net energy requirement for maintenance (NEm) 
Data used to develop new estimates of NEm was collated from indirect open-circuit respiration calorimeter chamber studies undertaken by AFBI (n = 249) and the University of Reading (n = 48) between 1993 and 2015. The data set includes measurements from 176 dairy and beef steers, 88 Holstein heifers and 34 dry suckler cows. Steers and heifers were from six to 30 months old when housed in chambers. Cattle were offered diets containing either forage only (n = 81) or a mixture of forage and concentrates (n = 211) at production feeding levels. The linear regression technique was used to evaluate the relationship between retained energy (RE) and ME intake (MEI), with the effect of the experiment being removed. The results are presented in FiB Equation 3.1 and Figure 7.3.1 (Chen et al., 2023b).
Equation 13
FiB Equation 3.1
RE = 0.604 MEI - 0.423 (R2 = 0.89)
Notes:
Units for RE and MEI are MJ/kg LW0.75.  
The NEm derived from FiB equation 3.1 is 0.423 x LW0.75 (MJ/kg), which is 24% higher than that recommended by AFRC (1993). 
The linear regression of RE against MEI was also used to evaluate if there were any significant differences in NEm between genders (heifer vs steer vs suckler), between LW groups (<350 vs 350–500 vs >500 kg), between forage types (grass silage vs non-grass silage) and between diets with different forage proportions (forage only vs mixed diets). There were no significant differences in constants (NEm) between any of these groups. These results were published by Chen et al. (2023b and 2025).
Figure 7.3.1. The relationship between ME intake and retained energy (Chen et al., 2023b)

[image: Scatter plot illustrating the relationship between metabolisable energy (ME) intake and retained energy based on Chen et al. (2023b). Data points show a positive linear relationship, with retained energy increasing as ME intake increases, and a fitted regression line indicating overall model fit.]
Activity allowance
The NEm of AFRC (1993) is calculated as the sum of fasting metabolism and an activity allowance. Fasting metabolism was generated through modelling fasting heat production data from cattle, and the activity allowance (0.0071 x LW) for indoor feeding beef cattle was estimated by assuming a horizontal movement of 200 metres, 12 hours standing and six position changes. 
The NEm in this project was derived from chamber studies with cattle fed at production levels, so the activity allowance is corrected only for a horizontal movement of 200 metres/day, which is a similar approach to that adopted in FiM models for dairy cows (Agnew et al., 2004). Therefore, the following FiB model (FiB Equation 3.2) is derived for calculation of the activity allowance (AA) for indoor feeding beef cattle. 
Equation 14
FiB Equation 3.2
AA (MJ/d) = 0.00052 x LW (kg)
FiB model for prediction of ME requirement for maintenance
The FiB model provides the following equation (FiB Equation 3.3) for prediction of MEm (MJ/d) for beef cattle.
Equation 15
FiB Equation 3.3
MEm = (C1 x NEm x MLW + AA x LW) / km
         = (C1 x (0.423 x MLW) + (0.00052 x LW)) / km
Notes:
Units for: 
MEm – MJ/day
NEm – MJ/kg LW0.75
MLW (metabolic LW) – kg LW0.75 
LW – kg  

C1 – 1.0 for heifers and steers and 1.15 for bulls (AFRC, 1993)
km – the efficiency of utilisation of ME for maintenance of AFRC (1993) – calculated using AFRC equation 6
Equation 16
AFRC Equation 6
km = 0.35 x (ME/GE) + 0.503
Notes:
Units for ME and gross energy (GE) – MJ/kg DM
[bookmark: _Toc180655966]7.3.5 ME requirement for growth in growing and finishing cattle
No data was available in this project to determine the energy content (EVg) in a kg of LWG for modern beef cattle. It is thus suggested to retain the models of AFRC (1993) to calculate EVg and the ME requirement for LWG (MEg).
Equation 17
AFRC Equation 61
EVg (MJ/kg LWG) = C2 x (4.1 + 0.0332 LW - 0.000009 LW2) / (1 - C3 x 0.1475 LWG)
Notes: 
Units for EVg = MJ/kg LWG, for LW = kg and for LWG = kg/day 
C2 = an adjustment factor for maturity of breed (early, medium, late maturing) and sex of cattle (bull, castrate and heifer), shown in Table 7.3.1
C3 = 1 when feeding level is greater than the maintenance level and C3 = 0 when feeding level is less than maintenance
Total NE requirement for LWG (NEg, MJ/d) is calculated as below:
Equation 18
AFRC Equation 62
NEg (MJ/d) = EVg (MJ/kg LWG) x LWG (kg/day)

Total MEg (MJ/day) is calculated as below:
Equation 19
General Equation
MEg (MJ/day) = NEg (MJ/day) / kg
Notes:
kg – the efficiency of utilisation of ME for LWG (AFRC, 1993)
Equation 20
AFRC Equation 8
kg = (0.78 x (ME/GE) + 0.006)
Notes:
Units for ME and GE = MJ/kg DM
Values of correction factor C2 for EVg content of liveweight gains in cattle by maturity group and sex
Dewhurst and Miller (2023) conducted an extensive review and evaluation of the estimated breeding values for carcase fat content of UK cattle from 2000 to 2019 and a comparative evaluation of energy content in LWG using models from the Agricultural Research Council (ARC) (1980) and Institut National de la Recherche Agronomique (INRA) (2018). Using the statistical modelling technique of extrapolating data back for 40 years, Dewhurst and Miller (2023) found that carcase fat contents for modern British breeds (Aberdeen Angus, Hereford, Beef Shorthorn) were reduced, while for large continental breeds (Charolais and British Blue), these increased, with little change for some breeds (Limousin, Simmental and Stabiliser). The FiB model therefore modified the C2 correction factors given in AFRC (1993) to correct differences in energy contents for LWG in modern cattle breeds between sex (bull vs castrate vs heifer) and maturity group (early vs medium vs late). The FiB model C2 correction factors are presented in Table 7.3.1.
Table 7.3.1. Revised correction factor C2 values from the FiB model
	Maturity group
	Cattle type
	
	

	
	Bull
	Castrate (Steer)
	Heifer

	Early-maturing breed
	0.925
	1.075
	1.225

	Medium-maturing breed
	0.85
	1.0
	1.15

	Late-maturing breed
	0.775
	0.925
	1.075



Table 7.3.2 Classification of cattle breeds into maturity groups (AFRC 1993)
	Maturity Group
	Maturity Group
	Maturity Group

	Early
	Medium
	Late

	Aberdeen Angus
	Hereford
	Charolais

	North Devon
	Lincon Red
	Limousin

	No data
	Sussex
	Simmental

	No data
	No data
	South Devon


[bookmark: _Toc180655967]7.3.6 Allowances for liveweight change and ME requirement for pregnancy and milk production in suckler cows
No data was available in this project to determine ME requirements for pregnancy or milk production for modern suckler cows. Therefore, it is suggested to retain the models of AFRC (1993) to calculate these requirements. For convenience, these are reproduced with permission below.
Allowances for liveweight change in lactating suckler cows
Equation 21
AFRC Equation 76
ME allowances for liveweight change in lactating cows:
[EVg] for liveweight change (WC, kg/d) in lactating cows = 19 MJ/kg
When body reserves are mobilised, they can be used for lactation with an efficiency of utilisation of 0.84.
ME supply from liveweight loss in lactating cows (MJ/d) = WC x 19 x 0.84 = WC x 16.0 MJ/kg 
Equation 22
FiB Equation 3.4
When lactating cows gain liveweight:
ME requirement for liveweight gain in lactating cows = WC x 19 / 0.65 = WC x 29.2 MJ/kg 
ME requirements for pregnancy (MEc)
Equation 23
AFRC Equation 70 
ME requirements for pregnancy (MEc):
Log10(Et) = 151.665 - 151.64e-0.0000576t  
Equation 24
AFRC Equation 71 
The daily energy retention (Ec) can then be calculated from:
Ec (MJ/d) = 0.025Wc x (Et x 0.0201 x e-0.0000576t) 
Equation 25
AFRC Equation 72 
Calf birth weight (Wc) can be calculated as:
Wc (kg) = (Wm0.73 - 28.89)/2.064 
Notes:
t – days from conception
Et in MJ is calculated as in equation
Wc – the calf birth weight in kg 
Wm – the mature body weight of the dam
ME requirements for lactation (MEl)
Equations 26–30
AFRC Equations
ME requirements for lactation (MEl):
A number of equations are recommended for use to predict the energy value of milk (EVl) depending on what information is available about the milk constituents:
[EVl] (MJ/kg) = 0.0384[BF] + 0.0223[P] + 0.0199[La] - 0.108 (AFRC Equation 53)
[EVl] (MJ/kg) = 0.0376[BF] + 0.0209[P] + 0.948 (AFRC Equation 54)
[EVl] (MJ/kg) = 0.0406[BF] + 1.509 (AFRC Equation 55)
ME required for lactation MEl (MJ/d) = (Y x EVl) / kl (AFRC Equation 56)
kl = 0.35 x ME/GE + 0.420 (AFRC Equation 7)
Notes:
[BF] – milk butterfat content (g/kg)
[P] – milk crude protein content (g/kg)
[La] – milk lactose content (g/kg)
Y – milk yield (kg/d)
kl – the efficiency of utilisation of ME for lactation (AFRC, 1993)
Units for ME and GE = MJ/kg DM
kg = 0.35 x ME/GE + 0.420
[bookmark: _Toc164171169][bookmark: _Toc180655968]7.3.7 ME supply from feeds
[bookmark: _Hlk134716342]The ME concentrations in feeds are normally by definition measured or estimated from values derived from sheep at the maintenance level of feeding (MECmaint, MJ/kg DM); thus, a range of corrections may need to be applied to relate actual ME supply to beef cattle when fed at production levels (MECprod, MJ/kg DM) that are above the maintenance feeding level. These include the effect of level of feeding (higher feed intake, higher rumen passage rate and thus lower overall digestibility) and the influence of species (sheep vs cattle). However, an analysis of 72 comparisons of OM digestibility taken from 17 comparative studies revealed no consistent difference between sheep and cattle, particularly with mixed diets and average- to high-quality forages (Yan et al., 2002). The relationship between MECmaint and MECprod derived from this data indicated that MECprod (MJ/kg DM) was reduced, on average, by 2% when compared with MECmaint (MJ/kg DM). This relationship was adopted in the FiM model to correct ME concentration at production levels with dairy cows for values determined at maintenance with sheep (Agnew et al., 2004). 
Little relevant information for beef cattle has been published recently; therefore, the FiB model adopts a similar approach for beef cattle to that used in FiM models (Agnew et al., 2004). Since beef cattle have lower productivity, and consequently a lower level of feeding when compared with lactating dairy cows, a lesser (1%) reduction is used to estimate dietary MECprod for beef cattle from MECmaint (FiB Equation 3.5). 
Equation 31
FiB Equation 3.5
MECprod (MJ/kg DM) = MECmaint (MJ/kg DM) x (1 - 0.01)
[bookmark: _Toc164171170][bookmark: _Toc180655969]7.3.8 Validation of the FiB energy requirement model
The final stage of this modelling exercise was to validate the FiB model for its prediction performance. The data used was collected in eight long-term studies undertaken at AFBI from 2004 to 2018, with a total of 146 cattle (31 steers and 115 bulls) of breeds of Holstein, dairy crossbred and beef crossbred (crossbred with Belgian Blue, Charolais, Blonde d’Aquitaine, Limousin and Simmental). Animals were at various ages, from 4.1 to 25.7 months, at the beginning of experiments and offered grass-silage-based diets for periods of 10 to 34 weeks. Feed intakes were recorded daily, and grass silage and concentrate samples were taken regularly for the near-infrared spectroscopy (NIRS; silage samples only) and wet-chemistry analysis. Daily MEI was calculated using feed intake and estimated ME concentrations of silages (from the NIRS scan) and concentrates (using tabulated values). Liveweights of individual cattle were recorded weekly and used to estimate LWG. 
The mean LW and LWG were 426 (from 137 to 671) kg and 1.30 (from 0.58 to 1.93) kg/day, respectively. The validation was undertaken using actual MEI against predicted MEI. The prediction performances of the FiB model and AFRC (1993) are presented in Table 7.3.3 and Figure 7.3.2b (Chen et al., 2023a). The FiB model had a marginal underprediction of MEI (2%), while AFRC (1993) underestimated MEI by 13%. Most predicted MEI data using AFRC (1993) is below the x=y line (underprediction) (Figure 7.3.2b), while FiB predictions are clustered around the x=y line (Figure 7.3.2a). AFRC (1993) had a much higher prediction error than the FiB model in terms of mean square prediction error (MSPE) and mean prediction error. The majority of MSPE for the FiB model was from the random error (72%), while this value was smaller for AFRC (1993) (28%). A comparison of the new FiB model with that of AFRC (1993) for ME requirements for heifers, steers and bulls of different breed types, weights and liveweight gains is presented in Appendix 1. In conclusion, the FiB model can predict ME requirements of beef cattle more accurately than AFRC (1993).
	Model
	ME intake (MJ/d) Actual
	ME intake (MJ/d) Predicted
	MSPE
	MPE
	Bias
	Line
	Random

	Actual
	108.0
	
	
	
	
	
	

	FiB model
	
	105.4
	110
	0.097
	0.06
	0.22
	0.72

	AFRC (1993)
	
	94.4
	278
	0.154
	0.67
	0.05
	0.28


Table 7.3.3. Prediction performance of the FiB model for ME intake and AFRC (1993) using AFBI beef experimental data (n=146)
MSPE – mean square prediction error; MPE – mean prediction error

Figure 7.3.2a. Relationships between actual ME intake and predicted ME intake using FiB model

[image: Scatter plot showing relationship between actual and predicted ME intake in MJ/d, with data points clustered around  the x = y reference line. The plot highlights a positive correlation where most predicted values closely match actual intake, ranging from 50 to 170 MJ/d on both axes.]



Figure 7.3.2b. Relationships between actual ME intake and predicted ME intake using AFRC (1993) model 

[image: Scatter plot of actual versus predicted metabolisable energy intake (MEI, MJ/day). Points show a positive correlation, but most lie below the x = y reference line, indicating systematic underprediction of ME intake by the model.]
[bookmark: _Toc164171171][bookmark: _Toc180655970]7.3.9 Conclusion
The FiB model provides a range of updates and modifications to the energy-rationing system of AFRC (1993). The validation using beef experiment data demonstrated that the FiB energy-rationing model produced a robust prediction of energy requirement for modern beef cattle. Further work is required to sustain updated models for accurate prediction of fat and protein contents in liveweight gain and energy requirements for pregnancy and milk production of modern beef cattle.
[bookmark: _Toc161653032][bookmark: _Toc164171172][bookmark: _Toc180655971]
8. Metabolisable protein requirement and supply 
R. Dewhurst and G. Miller
8.4.1 Take-home messages
The maintenance requirement for metabolisable protein is 70% higher than previous UK estimates, so overall protein requirements are increased, particularly for less productive cattle; this highlights the importance of maximising production (growth rates) to increase efficiency
British breeds (Angus, Hereford, Shorthorn) and crosses are now much larger animals and more like continental cattle – finishing at heavier weights, depositing more lean tissue and less fat
EBVs for carcase traits will be increasingly useful for describing animals, the fat and protein content of liveweight gain affecting energy and protein requirements
Microbial protein produced in the rumen is a valuable resource, reducing the need for expensive protein-rich supplements. Although still not able to predict its production with high accuracy, using the FiM model of microbial protein synthesis explains some of the positive effects of feed fermentability and level of feeding
In some rations, such as intensive cereal diets, effective rumen degradable protein may limit microbial protein synthesis
No data was available in this project to determine MP requirements for pregnancy or milk production for modern suckler cows. It is thus suggested to retain the models of AFRC (1993) to calculate these requirements
[bookmark: _Toc164171174][bookmark: _Toc180655973]8.4.2 Background
[bookmark: _Hlk134712759][bookmark: _Int_Z8bSqUsE]Since the publication of Agricultural Research Council (ARC, 1980), protein supply and requirements for ruminants have been evaluated using a metabolisable protein (MP) system. MP describes truly absorbed amino acids derived from either microbial protein synthesis in the rumen or digestible undegradable dietary protein (DUP); it is truly absorbed amino nitrogen (TAAN) multiplied by 6.25. Variants of the MP system are now adopted in many countries. The most recent UK version was described by the Agricultural and Food Research Council (AFRC, 1992 and 1993). 
[bookmark: _Toc164171175][bookmark: _Toc180655974][bookmark: _Hlk134712441]8.4.3 Metabolisable protein requirements – maintenance
MP requirements of growing beef cattle are the sum of requirements for maintenance (MPm) and weight gain (MPg). Maintenance MP requirement (MPm) includes requirements to replace protein lost during the turnover of body protein in tissues such as the liver and intestines, as well as losses of protein in enzymes and cells that are sloughed into the gastrointestinal tract, and some losses to microbial protein synthesis in the hind gut. AFRC (1993) estimates of MPm were derived from studies in which animals were maintained on intragastric infusions of nutrients and with no rumen microbial community. The amount of nitrogen excreted in urine when animals were infused with energy-yielding nutrients, but not amino acids, was termed basal endogenous N loss (BEN) by AFRC (1993), and a value of 2.2 g/kg LW0.75/day was adopted as MPm based on these studies. 
Cottrill et al. (2009) reviewed international MP systems and observed that MPm in AFRC (1993) is significantly lower than in other MP systems. A major reason for this discrepancy is that there is no solid food passing through the digestive tract of intragastric infusion animals, leading to much less cell sloughing. The effect of feeding level on endogenous losses of N is more important with the wider range of DM intake found with dairy cows, and so dairy systems, such as the National Research Council (NRC, 2001) and FiM (2004), increased MPm requirements with increasing feed intake. The FiM (2004) model requires estimates of both DM intake and rumen microbial protein synthesis to predict MPm and is unnecessarily complex for beef cattle. Cottrill et al. (2009) reviewed the relatively few more recent studies in which MPm of beef cattle had been estimated and concluded that it should be increased to 3.8 g/kg LW0.75/day, in line with NRC (2000). This would include the relatively much smaller MP requirement (0.1 g/kg LW0.75/day) to replenish losses in hair and scurf, which was considered separately in AFRC (1993). The efficiency of use of MP for maintenance (knm) is still assumed to be 1.0.
[bookmark: _Hlk134495021]Equation 32
NASEM Equation 11–17
MP requirement (g/day) for maintenance (MPm) = 3.8 x LW0.75	
Notes:
LW – liveweight in kg
[bookmark: _Toc164171176][bookmark: _Toc180655975]8.4.4 Metabolisable protein requirements – growth
Metabolisable protein requirements for liveweight gain (MPg) are the product of net protein accretion in liveweight gain and the efficiency of use of MP for protein accretion (kng). AFRC (1993) recommendations followed those of ARC (1980), which were based on studies conducted between 1920 and 1974. 
Two sources of information were used to evaluate the ARC (1980) equations for predicting the protein and energy composition of liveweight gain: 
Equations for the composition of gain derived from a comprehensive data set on the body composition of modern beef cattle in France (INRA, 2018) 
Estimated breeding values (EBVs) for carcase fat in UK cattle

The INRA (2018) system defines 14 categories of growing and finishing cattle. A comparison of the predicted protein composition in gain for these 14 categories of cattle using either the models in ARC (1980) or INRA (2018) was undertaken. Protein values predicted by INRA (2018) were on average 105.2% (SD = 14.56) (Figure 8.4.1) of ARC (1980) values, indicating an underprediction of ~5% by ARC (1980) and, by extension, a concurrent overprediction of the fat content in gain.   
This was supported by an analysis of EBVs. This data is based on carcase classification at abattoir and is thus representative of changes in the UK beef herd. 
Figure 8.4.1. Predictions of the percentage protein content of empty body weight (EBW) gain using ARC (1980) equations against INRA (2018) equations

[image: Scatter plot comparing predicted percentage protein content of EBW gain from ARC (1980) equations (x‑axis) against INRA (2018) equations (y‑axis). Data points cluster around the line of equality (x = y), indicating general agreement between the two prediction methods, with some variability across the range of values.]
Analysis was conducted separately for the most abundant beef breeds. This data is most complete between 2000 and 2019, so we looked at changes between 2000 and 2002 and 2017 and 2019. Converting fat classification to a carcase fat (g/kg) estimate using the relationship established by Conroy et al. (2010) and expressing over 40 years (i.e. extrapolating to the interval since ARC, 1980) shows reductions in carcase fat for British breeds (Aberdeen Angus (-7.1); Hereford (-6.1); Beef Shorthorn (-10.4)), little change for some breeds (Limousin (-3.6); Simmental (0.09); Stabiliser (-2.1)) and increases for large continental breeds (Charolais (+9.6); British Blue (+10.5)). From this, we infer a concurrent change in protein content (in the opposite direction).
This work has provided reassurance that the ARC (1980) equation below for predicting the net protein content of steers of medium-maturing breeds should be retained.
Equation 33
AFRC Equation 92
Net protein (g/day) = P1 x DLWG x (168.07 - 0.16869LW + 0.0001633LW2) x (1.12 - (0.1223 x DLWG))
Notes:
P1 - correction factor for the net protein gain of different breed types and sexes, Table 8.4.1
DLWG - daily liveweight gain (kg/day) 
LW - liveweight (kg)
Correction factors (P1) for breed maturity group and cattle sex
Genetic selection has led to increased mature size of British breeds so that differences between early-, medium- and late-maturing breeds have reduced, and so we recommend reducing by half the adjustment factors for protein content of liveweight gain as follows.
Factors used to adjust the protein content of weight gain in early-maturing and late-maturing breeds should be halved compared with (AFRC, 1993):
[bookmark: _Int_co3XgBLG]Early-maturing breeds – 5% reduction
Late-maturing breeds	 – 5% increase
More refined adjustments of protein (and energy) content of weight gain may be possible as EBVs become more readily available and reliable for more animals. 
Other adjustment factors remain unchanged from AFRC (1993):
Heifers – 10% reduction
Bulls – 10% increase
The correction for the net protein for gain of different breed types and sexes is provided in Table 8.4.1. 
Table 8.4.1. Correction factors for the net protein for gain of different breed types and sexes (P1)
	Maturity group
	Bull
	Steer
	Heifer

	Early maturing
	1.05
	0.95
	0.85

	Medium maturing
	1.10
	1.00
	0.90

	Late maturing
	1.15
	1.05
	0.95



The above assumes a DLWG of 0.6 kg/day. The below correction factors should be applied to the values in Table 8.4.1 (multiplying the factors) if DLWG is above or below this:
For each 0.1kg/day DLWG more than 0.6 kg/day	 – 1.3% reduction
For each 0.1 kg/day DLWG less than 0.6 kg/day	– 1.3% increase
Worked example
For example, for a late-maturing steer growing at 1.2 kg/day, the tabulated correction factor of 1.05 would be decreased by ((1.2 - 0.6)/0.1) x 1.3% (that is 7.8%), giving an overall correction factor of 0.9681 (that is 1.05 x (1 - 0.078)).
In agreement with the approach taken by FiM (2004) for the efficiency of use of MP for milk protein synthesis (knl), the FiB model retains the single value (0.59) of kng used in AFRC (1993). While the marginal efficiency of use of MP for protein accretion will decline when MP supply exceeds requirements driven by energy supplied and available to support protein accretion, it seems likely that efficiency would be similar (maximal) when MP supply is at or below requirements. As described by AFRC (1992), this value is derived from an estimated maximal efficiency of utilisation of an ideal amino acid mixture for protein synthesis (0.85) multiplied by an assumed average relative value of absorbed amino acid mixtures (0.70). This could be varied if there was more detailed information about the amino acid profile.
Efficiency of use of MP for protein accretion in liveweight gain (kng) is fixed at 0.59 (AFRC 1993).
Adjustment factor for metabolisable protein requirements
Industry experience shows that models underpredict the ability of cattle to respond to additional protein and so we recommend increasing requirements by 15%. The reason for this discrepancy is not clear and should be the subject of further research. Given the importance of minimising N losses to the environment, the 15% adjustment should be treated as a maximum.
[bookmark: _Toc164171177][bookmark: _Toc180655976]8.4.5 Metabolisable protein requirements – lactation
Equation 34
AFRC Equation 88
MPl (g/kg milk) = 13.57 x P% 
Notes:
P% - milk crude protein content
[bookmark: _Toc164171178][bookmark: _Toc180655977]8.4.6 Metabolisable protein requirements – pregnancy
Equation 35
AFRC Equation 110
MPc (g/d) = 1.01 x Wc (TPt x e-0.00262t) 
Notes:  
t - number of days from conception
TP in kg – tissue protein (net protein)
Wc – calf birth weight
[bookmark: _Toc164171179][bookmark: _Toc180655978]8.4.7 Metabolisable protein requirements – liveweight change in suckler cows
Equation 36
AFRC Equation 114
MPg (g/kg) liveweight gain in beef cows = 233
Equation 37
AFRC Equation 115
MPg (g/kg) liveweight loss in beef cows = 138
[bookmark: _Toc164171180][bookmark: _Toc180655979]8.4.8 Metabolisable protein supply – digestible undegradable protein (DUP) supply
Metabolisable protein supply is the sum of truly absorbed amino acids derived from either microbial protein synthesis in the rumen or DUP. DUP values have been derived from in sacco studies, and some degradability estimates are provided in the Feed Tables (Appendix 3). For several reasons, including cost, ethical concerns and questions about how well the technique works for some classes of feed (Dewhurst et al., 1995; Lopéz, 2005), few in sacco studies are now conducted. There is a growing issue with new feed sources and processes not having been evaluated in sacco, and in vitro approaches may provide useful additional information (e.g. Karlsson et al., 2009).
[bookmark: _Toc164171181][bookmark: _Toc180655980]8.4.9 Metabolisable protein supply – rumen microbial protein synthesis
[bookmark: _Hlk134713225]Requirements for DUP depend on estimates of rumen microbial protein synthesis. There have not been new experimental observations of rumen microbial protein synthesis with UK animals and diets since earlier models, so we reviewed developments in other national systems. Models of microbial protein synthesis (MPS) are mostly empirical relationships based on literature studies of MPS using animals with cannulae in the abomasum or duodenum. 
ARC (1980) 
MPS (g/day) = 7.81 x ME intake (MJ/day)
ARC (1984)
Well-balanced mixed diets: MPS (g/day) = 8.4 x ME intake (MJ/day)
Solely grass silage: MPS (g/day) = 1.0 x ME intake (MJ/day)
Grass silage with some concentrates: MPS = 1.4 x ME intake (MJ/day)
AFRC (1992)
MPS (g/day) = [7 + 6(1-e(-0.35L))] x FME intake (MJ/day)
L is level of intake (multiple of maintenance level of intake)
Fermentable ME (FME) = ME - MEfat - MEferm
[bookmark: _Hlk134713312]MEfat = 35 MJ/kg dietary fat
MEferm – taken as 0.1 of ME for fermented feeds
INRA (2018)
MPS (g/day) = [40.7 + (75.6 x 10-3 x FOM (g/kg DM)) + 8.07 PCO - 0.114 RPB] x DM intake (kg/day)
Simplified for practical rationing, particularly with high-soluble N diets: 
MPS (g/day) = [41.7 + (71.9 x 10-3 x FOM (g/kg DM)) + 8.40 PCO] x DM intake (kg/day)
[bookmark: _Hlk134713471]Fermentable organic matter (FOM), g/kg DM = DOM - fermentation products in feed - DOM intestinal
[bookmark: _Hlk134713515]PCO = proportion of concentrate in the diet DM (0-1)
Rumen protein balance (RPB), g/kg DM
NASEM (2016)
NASEM adopted the empirical equations obtained by Galyean and Tedeschi (2014), but NASEM recognised that these equations have large unexplained variations, in part because of the complexity of the rumen microbiome.
MPS (g/day) = 
42.73 + 0.087 x TDN intake (kg/day)	 – (for dietary ether extract (EE) < 3.9% DM)
53.33 + 0.096 x FFTDN intake (kg/day)	–	(for dietary EE > 3.9% DM)
[bookmark: _Hlk134713401]TDN – total digestible nutrient = DCP + DCF + DNFE + (2.25 x DEE)
FFTDN – fat-free total digestible nutrient
Many of the early studies used in the development of these models were conducted with sheep. Very few such studies have been conducted in recent years, so testing of models has been limited. The most recent literature review of microbial protein synthesis in beef cattle (Galyean and Tedeschi, 2014) resulted in lower estimates of MPS than other models. However, we found no evidence that microbial DM in the rumen of beef cattle contains less protein than that from dairy cows. The AFRC (1992) model recognises the fact that rumen microbial synthesis is more efficient at the higher rumen passage rates associated with higher feeding levels, and this may partly explain the lower MPS observed for beef cattle by Galyean and Tedeschi (2014).
[bookmark: _Int_oeROEHDs]The UK FiM (2004) system took a different modelling approach, predicting rumen passage rates from level of feeding and used those to estimate ATP production (energy supply to the rumen microbes) and, hence, microbial protein synthesis. This system assumes a fixed N content of 100 g/kg in microbial DM, and, as mentioned previously, we found no evidence of systematic differences in protein content between microbial samples isolated from dairy or beef cattle. Recognising the difficulties inherent in trying to validate models against imperfect estimates of MPS from studies with cannulated cattle, the FiM (2004) model was verified by reference to the range of values in the literature. The FiB model uses a similarly pragmatic approach to adoption of the FiM model for beef cattle.
These models are used for prediction of microbial protein synthesis when energy supply to the rumen microbes is limiting. When rationing for intensive beef systems, microbial protein supply may be limited by effective rumen degradable N supply, and we have left this constraint unchanged. 
[bookmark: _Toc164171182][bookmark: _Toc180655981]8.4.10 Rumen outflow rates
The FiB model adopts the FiM approach for prediction of fractional outflow rates from the rumen and microbial protein synthesis when energy supply to rumen microbes is limiting. 
Fractional outflow rates for liquids, forage particles or concentrate particles (/hour) are calculated using the equations of Sauvant and Archimede (1989) based on DM intake (DMI; kg/day), liveweight (LW; kg) and forage proportion in the diet on a DM basis (f).
Equation 38
FiM (2004) Equations 3.2–3.4 (based on Sauvant and Archimede, 1989)
Rumen outflow rates:
kliquids = 0.0245 + (0.25 DMI/(LW0.75)) + 0.04 f2
kforages = 0.0035 + (0.2 DMI/(LW0.75)) + 0.02f2
kconcentrates = 0.0025 + 1.25 kforages
Use these rumen outflow rates and feed degradation values (‘b’ and ‘c’) to calculate the effective degradability of soluble and small particles (eddmssp) and large particles (eddmlp) as follows.
The effective degradability of DM in the soluble and small particle fraction (eddmssp) is calculated as follows:
Equation 39
FiM Equation 3.5
eddmssp = (0.9s/(0.9 + kliquids)) + (βDc/(c + kliquids)) 
Where s is the soluble DM proportion and βD the degradable small particle proportion of feed DM. For silages, the ‘s’ fraction is corrected by subtracting fermentation acids because they do not yield ATP for microbial synthesis.
Equation 40
FiM Equation 3.7
The effective degradability of DM in the large particle fraction, whether from forage or concentrates, is calculated as follows:
eddmlp = (bc/(c + k)) 
Where k is the fractional outflow rate of large particles, a combination of kforages and kconcentrates according to proportions of forage and concentrates.
Equation 41
FiM Equation 3.10
The quantities of effectively degraded DM in the two fractions (soluble and small particles and large particles) are obtained by multiplying eddmssp and eddmlp by DMI.
ATP yield (per kg eddmssp and eddmlp) = 27.34 - 0.0248 CP (g/kg DM)) 
Equation 42
FiM Equation 3.11
Microbial DM (MDM) calculated for each fraction (liquids, forages or concentrates) = 9 + 50k 
Equation 43
FiM Equation 3.12
Microbial crude protein (MPS; g/day) = MDM x 0.1 x 6.25 
Worked example of calculation of rumen microbial protein synthesis (g/day)	Comment by Louise Alford: We shouldn’t use table’s for design and layout purposes, only to display data so I’ve remove the table. If you feel it needs to remain a table you will need to add heading to the information.
Animal weight, kg																													500
DMI, kg/day																																9.73
Forage DMI, kg/day																												4.97
Diet CP, g/kg DM																													150

DM degradation characteristics of the diet (g/g DM)	
Soluble DM																																0.19
aDM																																				0.44
bDM																																				0.42
cDM																																				0.089
Total fermentation acids																										0.0511

Metabolic weight (weight0.75)																							105.7
DM intake/metabolic weight																								0.092
Forage proportion in the diet																								0.511
kliquid (proportion/hour)																										0.0579
kforage (proportion/hour)																									0.0290
kconcentrates (proportion/hour)																						0.0387

kfeed (proportion/hour)																											0.0337
YATPfeed (g microbial DM / mol ATP)																			10.69

ATPy (mol/kg DM degraded)																								23.62

Soluble DM corrected for total fermentation acids (proportion)							0.1389

Small particle DM (proportion)																							0.2500
Degraded DM in small particles (proportion)																0.187
ATP from degraded liquid DM (mol/day)																		69.27
ATP from degraded solid DM (mol/day)																		69.99
Microbial DM yield (g/day)																									1572.1
Microbial CP (g/day)																												982.6
[bookmark: _Toc164171183][bookmark: _Toc180655982]8.4.11 Conclusion
The FiB model provides a range of updates and modifications to the protein-rationing system of AFRC (1993). Example tables showing MP requirements for heifers, steers and bulls of different breed types, weight and liveweight gain, according to the previous AFRC (1993) and the new FiB models, are presented in Appendix 2. Further work is required to support updated models for accurate prediction of MP requirements for pregnancy and milk production of modern beef cattle. 


[bookmark: _Toc161653033][bookmark: _Toc164171184][bookmark: _Toc180655983]9. Models to predict methane emissions from beef cattle
G. Miller
9.5.1 Take-home messages
It will become increasingly important for farmers to estimate their farm greenhouse gas (GHG) emissions as support schemes move towards payment for delivering environmental benefits and ecosystem services
To predict enteric methane emissions from nutrition data, we recommend the use of a series of published prediction equations which use combinations of dry matter intake, body weight and diet chemical composition (Van Lingen et al., 2019)
The simplest equation only requires dry matter intake, but more sophisticated equations, providing better predictions, take the impact of diet chemical composition into consideration. Farmers should select the most appropriate equation based on the information they have available
Diets low in forage result in lower enteric methane emissions, but production of cereals is associated with higher greenhouse gas emissions per tonne of DM than production of forages. Consequently, a full farm-specific life-cycle analysis is required to accurately understand the GHG emissions from a beef production system
[bookmark: _Toc164171186][bookmark: _Toc180655985]9.5.2 Background
It will become increasingly important for farmers to be able to estimate the greenhouse gas (GHG) emissions from their operations as support schemes move away from area-based payments and towards delivering environmental benefits and ecosystem services. In 2019, agriculture accounted for 10% of total UK GHG emissions, with 54% of that attributed to methane (Department for Business, Energy and Industrial Strategy (BEIS), 2021). 
As methane (CH4) is mostly a product of fermentation of feed in the rumen, enteric methane emissions are influenced by the composition of the diet (particularly the non-digestible fibre and starch contents), and by the level of feed intake. Prediction equations for enteric methane, based on dry matter intake (DMI), diet composition (e.g. forage to concentrate ratio) and diet chemical composition (e.g. protein, fibre and starch) have been developed by Van Lingen et al. (2019) based on the most comprehensive data set of methane emissions from beef cattle available globally (see page 5 Van Lingen et al., 2019).
Another factor to consider alongside methane emissions is the GHG impact of the diet, including emissions associated with crop production and processing. The publicly available Global Feed Lifecycle Assessment Institute (GFLI) database contains emission factors for a range of non-forage-feed ingredients based on life-cycle assessments specific to each respective country, where the boundary includes fertiliser and pesticide production and application, seed cultivation, fuel and energy consumption, crop transportation and processing. 
In this chapter, we describe relevant equations developed by Van Lingen et al. (2019) for the prediction of methane emissions based on dietary factors, as well as emissions associated with example diets using the GFLI database and Agrecalc forage emission factors.
[bookmark: _Toc164171187][bookmark: _Toc180655986]9.5.3 Nutritional equations for the prediction of enteric methane emissions 
The equations developed by Van Lingen et al. (2019) are given below. They vary in complexity, depending on the information available about the animals and diet composition. The influence of specific factors is common across equations.
Equations 44–50
Van Lingen et al. (2019) equations
Table 9.5.1. Methane output (g/day) prediction equations developed by Van Lingen et al. (2019)
	Model
	Equation

	DMI_C
	54.2 + 12.6 × DMI

	DMI+NDF_C
	-16.4 + 12.1 × DMI + 2.10 × NDF

	DMI+STA_C
	126 + 11.5 × DMI - 1.75 × STA

	DMI+EE_C
	83.0 + 11.9 × DMI - 7.31 × EE

	Diet_C
	-0.767 + 12.0 × DMI+1.12 × For

	Animal_C, Global_C
	-28.3 + 10.3 × DMI + 1.12 × For + 0.0885 × LW

	Animal_no_DMI_C
	6.03 + 1.25 × For - 2.29 × Ash + 0.212 × LW


Notes:	
DMI – dry matter intake (kg/day)
NDF – neutral detergent fibre (% DM)
STA – starch (% DM)
EE	– ether extract ether (% DM)
For	– proportion forage (% DM)
LW	– liveweight (kg)
Enteric CH4 output has a strong positive relationship with DMI, reflecting the fact that feed provides the substrate for fermentation. Increasing body weight is associated with increasing DMI, described by a small but positive relationship to CH4 output in the models. 
The ratio of forage to concentrate in the ration is highly influential, with a higher proportion of forage having a positive relationship with enteric CH4 output. This is further described in the Van Lingen et al. (2019) equations by a significant positive relationship with NDF (as a percentage of feed dry matter). This reflects the effects of forage/concentrate ratio (or dietary fibre/starch ratio) on the type of fermentation occurring in the rumen, particularly the ratio of acetic acid to propionic acid production, which affects the supply of excess hydrogen – the main substrate for rumen methanogenesis. This same effect can be described as a significant negative relationship with starch, reflecting a higher proportion of concentrate in the ration.
Dietary ether extract (EE) has a negative effect on rumen methanogens and this explains the negative relationship with CH4 output. Ash represents the mineral content of the ration. Minerals are not fermented and so they do not contribute to CH4 production. This is described in the Van Lingen et al. (2019) equations by a negative relationship between ash content and CH4 output.
Figure 9.5.1 shows the chemical composition of three example beef diets: a high-forage diet, a 50:50 mixed forage-to-concentrate diet and a cereal beef diet. Figure 9.5.2 shows the predicted methane emissions (g CH4/kg DMI) for each diet based on the DMI + NDF_C equation as an example.
Figure 9.5.1. Chemical composition (g/kg) of three typical beef diets (high-forage, 50:50 mixed forage-to-concentrate, and cereal beef). 
[image: Bar chart comparing the chemical composition (g/kg) of three beef diets—high forage, mixed diet, and cereal‑based beef. The chart shows differences in ash, crude protein, ether extract, NDF, and starch content, with high‑forage diets highest in NDF, cereal beef highest in starch, and mixed diets generally intermediate across components.]
NDF – non-digestible fibre

Figure 9.5.2. Predicted enteric methane emissions (gCH4/kg DMI) from beef cattle on three typical diets (high-forage, 50:50 mixed forage-to-concentrate, and cereal beef) using the DMI + NDF_C equation presented above

[image: Bar chart showing predicted enteric methane emissions (g CH₄/kg DMI) from beef cattle fed three diets: high forage, mixed forage‑to‑concentrate (50:50), and cereal‑based beef diets. Methane emissions are highest for the high‑forage diet, lower for the mixed diet, and lowest for the cereal‑based diet, as estimated using the DMI + NDF_C equation]
[bookmark: _Toc164171188][bookmark: _Toc180655987]9.5.4 Greenhouse gas emissions associated with feed production
Using emission factors from the GFLI database for concentrates and emission factors for forages from the Agrecalc tool, the emissions associated with production of the three diets from the above examples were estimated (Figure 9.5.3). Note that this analysis does not include emissions associated with minerals in diets. Although high-concentrate diets result in lower enteric methane emissions, production of cereals has substantially higher emissions (expressed in CO2 equivalents) than production of forages. Consequently, a full farm-specific life-cycle analysis is required to accurately understand the GHG emissions from a beef production system.







Figure 9.5.3. Greenhouse gas emissions (kg CO2 equivalents per tonne feed) for three typical beef diets: high-forage, 50:50 mixed forage-to-concentrate, and cereal beef 
[image: Bar chart showing greenhouse gas emissions (kg CO2 equivalents per tonne feed) for three typical beef diets: high forage, 50:50 mixed forage to concentrate, and cereal beef. GHG emissions are highest for the cereal beef diet, lower for the mixed diet, and lowest for the high-forage diet]
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[bookmark: _Toc164171190][bookmark: _Toc180655989]10.6.1 Background
Understanding the nutrient composition of the feeds in a ration or available to purchase is fundamental to rationing any type of cattle. There are a variety of sources of such information. Having the feeds analysed in a laboratory has the advantage that the results will more accurately reflect the feeds in question compared with book values. However, appropriate sampling of the feeds is crucial to obtain representative results. Book values have their limitations, especially where feeds exhibit considerable variation or where they are less common, but they can be very helpful in feed planning and decision-making. 
Feed tables in Appendix 3 provide average values for the main feed types, based on UK data assembled for the FiM project and listed in Cottrill et al. (2009); Defra project WQ 01333: A review of the energy, protein and phosphorus requirements of beef cattle and sheep.
Feed tables are also available for feeding systems adopted in Europe. Differences in definitions and methodologies used in different countries mean that care is needed in adapting these for use in the UK. For example, digestibility (and ME) may be determined at ad libitum levels of intake rather than at the maintenance level of intake. In situations where new feeds/processes are not represented in the UK tables, users may find it useful to refer to tables produced by INRA and CVB, which are available and updated online at the following sites. 
Link to INRA
INRAtion website  
These are tables provided in Chapter 25 of the INRA (2018) publication INRA Feeding System for Ruminants. R. Baumont, G. Tran, P Chapoutot, D Sauvant, V. Heuzé, S. Lemosquet and A. Lamadan, INRA feed tables used in France and temperate areas.
Link to CVB
CVB website 
These are the most recent (updated annually) tables of feed values from the CVB programme of feed evaluation based on work conducted in the Netherlands by Wageningen Livestock Research (WLR) and in Belgium by the Flanders Research Institute for Agriculture, Fisheries and Food (ILVO). 

[bookmark: _Toc161653035][bookmark: _Toc164171191][bookmark: _Toc180655990]References
Abdela, N. (2016). Sub-acute ruminal acidosis (SARA) and its consequence in dairy cattle: a review of past and recent research at global prospective. Achievements in the life sciences 20(2): 187–196.
Agnew, R. E., Yan, T., France, J., Kebreab, E., and Thomas, C. (2004). Energy requirement and supply. Pages 11–20 in Feed into Milk: A New Applied Feeding System for Dairy Cows. C. Thomas, ed. Nottingham Univ. Press, Nottingham, UK.
Agricultural and Food Research Council. (AFRC). (1990). Technical Committee on Responses to Nutrients, Report No. 5. Nutritive Requirements of Ruminant Animals: Energy. Nutrition Abstracts and Reviews, Series B, 60 (10), 729–804, CAB International, Wallingford, Oxon.
Agricultural and Food Research Council (AFRC). (1992). Nutritive Requirements of Ruminant Animals: Protein. Nutrition Abstracts and Reviews (Series B) 62: 787–835.
Agricultural and Food Research Council. (AFRC). (1993). Energy and protein requirements of ruminants. An advisory manual prepared by the AFRC Technical Committee on Responses to Nutrients. CAB International, Wallingford, UK.
Agricultural Research Council (ARC). (1980). The Nutrient Requirements of Ruminant Livestock. CAB, Slough, UK.
Agricultural Research Council (ARC). (1984). Report of the Protein Group of the ARC Working Party on the Nutrient Requirements of Ruminants. CAB, Slough, UK.
Allen, D. M. (1992). Rationing beef cattle, Chalcombe Publications, Canterbury. 
Alvarez, J. R., Arroqui, M., Mangudo, P., Toloza, J., Jatip, D., Rodriguez, J. M., Teyseyre, A., Sanz, C., Zunino, A., Machado, C., Mateos, C. (2018). Body condition estimation on cows from depth images using convolutional neural networks. Computers and Electronic in Agriculture 155: 12–22.
Ambriz-Vilchis, V., Jessop, N. S., Fawcett, R. H., Shaw, D. J., Macrae, A. I. (2015). Comparison of rumination activity measured using rumination collars against direct visual observations and analysis of video recordings of dairy cows in commercial farm environments. Journal of Dairy Science 98(3): 1750–1758.
Beauchemin, K. A. (2007). Ruminal acidosis in dairy cows: balancing physically effective fibre with starch availability; Nutrition Symposium, January 30–31, 2007, Best Western Gateway Grand, Gainesville, FL, USA. Available at http://dairy.ifas.ufl. edu/files/rns/2007/Beauchemin.pdf (Accessed July 2016)
Belaid, M. A., Rodriguez-Prado, M. Chevaux, E. Calsamiglia, S. (2019). The use of an activity monitoring system for the early detection of health disorders in young bulls. Animals 9(11): 924.
Bikker, J. P., van Laar, H., Rump, P., Doorenbos, J., van Meurs, K., Griffioen, G. M., Dijkstra, J. (2014). Technical Note: Evaluation of an ear-attached movement sensor to record cow feeding behaviour and activity. Journal of Dairy Science 97(5): 2974–2979.
Borchers, M. R., Chang, Y. M., Tsai, I. C., Wadsworth, B. A., Bewley, J. M. (2016). A validation of technologies monitoring dairy cow feeding, ruminating and lying behaviours. Journal of Dairy Science 99: 7458–7466.
Bowen, J. M., Davison, C., Michie, C., Duthie, C-A. (2020). Proceedings of British Society of Animal Science 2020. 
Brosh, A., Aharoni, Y., Degen, A. A., Wright, D., Young, B. (1998). Estimation of energy expenditure from heart rate measurements in cattle maintained under different conditions. Journal of Animal Science 76(12): 3054–3064.
Cabezas Garcia, E., Lowe, D. and Lively, F. O. (2021). Animal – Science Proceedings; The Challenge of Change the New Normal. April 2021, 12(1), pp24.
Chen, X., Lively, F and Yan, T. (2023a). Validation of updated beef energy ratioing models using AFBI experiment data. In: Proceedings of the British Society of Animal Science; p 166, Birmingham, UK.
Chen, X., Reynolds, C.K., Crompton, L. A., Gordon, A., and Yan, T. (2023b). Estimates of the maintenance energy requirement of beef cattle using respiration chamber data. In: Proceedings of the British Society of Animal Science; p167, Birmingham, UK.
Chen, X., Reynolds, C. K., Crompton, L. A., Lively, F., Gordon, A. and Yan, T. (2025). Development of updated maintenance energy requirements of cattle using calorimeter data of growing cattle and suckler cows. Livestock Science, Vol 296 (June 2025) 105714. https://doi.org/10.1016/j.livsci.2025.105714
Commonwealth Scientific and Industrial Research Organisation (CSIRO), 2007. Nutrient Requirements of Domesticated Ruminants. Collingwood, Australia: CSIRO Publishing.
Conroy, S. B., Drennan, M. J., McGee, M., Keane, M. G., Kenny, D. A. and Berry, D. P. (2010). Predicting beef carcass meat, fat and bone proportions from carcass conformation and fat scores or hindquarter dissection. Animal 4: 234–241.
Cottrill, B. R., Dawson, L. E. R., Yan, T. and Xue, B. (2009). Energy feeding systems for beef cattle and sheep. In: A Review of the Energy, Protein and Phosphorus Requirements of Beef Cattle and Sheep.  Project WQ 0133, Department for Environment Food & Rural Affairs, London, UK.
Davison, C., Bowen, J. M., Michie, C. Rooke, J. A., Jonsson, N., Andonovic, I., Tachtatzis, C., Gilroy, M., Duthie, C-A. (2021). Predicting feed intake using machine learning, feeding behaviour and liveweight in finishing beef steers. Animal 15: 100231.
De Mol, R. M., Goselink, R. M. A., Van Riel, J. W., Knijn, H. M. and Van Knegsel, A. T. M. (2016). Precision Dairy Farming 2016: The relation between eating time and feed intake of dairy cows. 387–392.
Delagarde, R., Lemonnier, J-P. (2015). Accuracy of the FeedPhone device for recording eating and rumination times in dairy cows. 18. Symposium of the European grassland federation, Jun 2015, Wageningen, Netherlands. Academic Publishers, Grassland Science in Europe, 20, 2015, Grassland Science in Europe.
Delfino, J. G., Mathison, G. W. (1991). Effects of cold environment and intake level on the energetic efficiency of feedlot steers. Journal of Animal Science 69: 4577–4587.
Dewhurst, R. J., Hepper, D. and Webster, A. J. F. (1995). Comparison of in sacco and in vitro techniques for estimating the site and extent of rumen fermentation of a range of diet ingredients. Animal Feed Science and Technology 51: 211–229.
Dewhurst, R. J. and G. Miller. (2023). Modelling the composition of liveweight gain in beef cattle. In: Proceedings of the British Society of Animal Science: 164, Birmingham, UK.
Di Marco, O. N., Aello, M. S. (2001). Energy expenditure due to forage intake and walking of grazing cattle. Arquivo Brasileiro de Medicina Veterinaria e Zootecnia 53(1).
Dijkstra, J. and Forbes, J. M. (2005). Quantitative aspects of ruminant digestion and metabolism. CABI, 2005, Wallingford.
Dijkstra, J., van Gastelen, S., Dieho, K., Nichols, K., Bannink, A. (2020). Review: Rumen sensors: data and interpretation for key rumen metabolic processes. Animal 14(51): 176–186.
Feed into Milk (FiM). (2004). A New Applied Feeding System for Dairy Cows. Nottingham University Press, Nottingham, UK.
Ferguson, J. D., Azzaro, G., Licitra, G. (2006). Body condition score using digital images. Journal of Dairy Science 89: 3833–3841.
Fitzsimons. C., Kenny, D. A., Deighton, M. H., Fahey, A. G., McGee, M. (2013). Methane emissions, body composition, and rumen fermentation traits of beef heifers differing in residual feed intake. Journal of Animal Science 91, 5789–5800.
Fox, D. G., Tedeschi, L. O., Tylutki, T. P., Russell, J. B., Van Amburgh, M. E., Chase, L. E., Pell, A. N. and Overton, T. R. (2004). The Cornell Net Carbohydrate and Protein System model for evaluating herd nutrition and nutrient excretion. Animal Feed Science and Technology 112: 29–78.
Galyean, M. L. and Tedeschi, L. O. (2014). Predicting microbial protein synthesis in beef cattle: relationship to intakes of total digestible nutrients and crude protein. Journal of Animal Science 92: 5099–5111.
Gibbons, J. M., Lawrence, A. B., Haskell, M. J. (2009). Consistency of aggressive feeding behaviour in dairy cows. Appl. Anim. Behav. Sci. 121: 1–7.
Gomes, R. A., Monteiro, G. R., Assis, G. J. F., Busato, K. C., Ladeira, M. M., Chizzotti, M. L. (2016). Technical note: Estimating body weight and body composition of beef cattle trough digital image analysis. Journal of Animal Science 94: 5414–5422.
Grinter, L. N., Campler. M. R., Costa, J. H. C. (2019). Technical note: validation of a behaviour monitoring collar’s precision and accuracy to measure rumination, feeding, and resting time of lactating dairy cows. Journal of Dairy Science 102(4): 3487–3494.
Hady, P. J., Domecq, J. J., Kaneene, J. B. (1994). Frequency and precision of body condition scoring in dairy cattle. Journal of Dairy Science 77: 1543–1547.
Haskell, M. J., Rooke, J. A., Roehe, R., Turner, S. P., Hyslop J. J., Waterhouse, A., Duthie C-A. (2019). Relationships between feeding behaviour, activity, dominance and feed efficiency in finishing beef steers. Applied Animal Behaviour Science 210: 9–15.
Hickey, M. C., Earley, B., Fisher, A. D. (2003). The effect of floor type and space allowance on welfare indicators of finishing steers. Irish Journal of Agricultural and Food Research 42:89–100.
Huuskonen, A. (2013).  Performance of growing and finishing dairy bulls offered diets based on whole-crop barley silage with or without protein supplementation relative to a grass silage-based diet. Agricultural and Food Science 22: 424–434.
Huuskonen, A., Huhtanen, P. and Joki-Tokola, E. (2013). The development of a model to predict feed intake by growing cattle. Livestock Science 158: 74–83.
Huzzey, J. M., DeVries T. J., Valois, P., von Keyserlingk, M. A. G. (2006). Stocking density and feed barrier design affect the feeding and social behaviour of dairy cattle. Journal of Dairy Science 89: 126–133.
Hyslop, J. J., Fuller, R., Taylor, U., Thirlwell, D., Wareing, S. (2014). Feed intake, animal performance and net feed efficiency (NFE) in finishing Stabiliser steers. Proceedings of the British Society of Animal Science (BSAS) 2014, Nottingham, 29th and 30th April, pp. 127.
Institut National de la Recherche Agronomique (INRA). (2018). INRA Feeding System for Ruminants. Wageningen Academic Publishers, Wageningen, The Netherlands.
Ipema, A. H., Goense, D., Hogewerf, P. H., Houwers, H. W. J., van Roest, H. (2008). Pilot study to monitor body temperature of dairy cows with a rumen bolus. Computers and Electronics in Agriculture 64(1): 49–52.
Jiao, H. P., Yan, T., Wills, D. A., Carson, A. F. and McDowell, D. A. (2015). Development of the maintenance energy requirement for young Holstein cattle from calorimeter data measured at 6, 12, 18 and 22 months of age. Livestock Science, 178: 150–157.
Kamphuis, C., Van Riel, J. W., Veerkamp, R. F., and De Mol, R. M. (2017). Traditional mixed linear modelling versus modern machine learning to estimate cow individual feed intake. Precision Livestock Farming 2017 – Papers Presented at the 8th European Conference on Precision Livestock Farming, ECPLF 2017: 366–376.
Karlsson, L., Hetta, M., Udén, P. and Martinsson, K. (2009). New methodology for estimating rumen protein degradation using the in vitro gas production technique. Animal Feed Science and Technology 153: 193–202.
Ketelaars, J. J. and Tolkamp, B. J. (1992). Toward a new theory of feed intake regulation in ruminants. 1. Causes of differences in voluntary feed intake: Critique of current views. Livestock Production Science 30: 3036–3051.
Lopéz, S. (2005). In vitro and in situ techniques for estimating digestibility. In: Quantitative Aspects of Ruminant Digestion and Metabolism (eds. J. Dijkstra, J. France and J.M. Forbes). Pages 87–121. CAB, Wallingford, UK.
Koknaroglu, H., Otles, Z., Mader, T., Hoffman, M. P. (2008). Environmental factors affecting feed intake of steers in different housing systems in the summer. International Journal of Biometeorology 52: 419–429.
Konka, J., Michie, C., Andonovic, I. (2014). Automatic classification of eating and ruminating in cattle using a collar mounted accelerometer. Paper presented at the 39th ICAR Session, 19–23 May 2014, Berlin, Germany.
Krause, K. M., Oetzel, G. R. (2006). Understanding and preventing subacute ruminal acidosis in dairy herds: A review. Animal Feed Science and Technology 126: 215–236.
Laca, E. A., WallisDeVries, M. (2001). Acoustic measurement of intake and grazing behaviour of cattle. Grass and Forage Science 55(2): 97–104.
Laredo, M. A., Simpson, G. D., Minson, D. J. and 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. The Journal of Agricultural Science 117: 355–361.
Lin, L. I. (1989) A concordance correlation coefficient to evaluate reproducibility. Biometrics 45(1): 255-68.
Marchesini, G., Mottaran, D., Contiero, B., Schiavon, E., Segato, S., Garbin, E., Tenti, S., Andrighetto, I. (2018). Use of rumination and activity data as health status and performance indicators in beef cattle during the early fattening period. The Veterinary Journal 231: 41–47. 
Marzocchi, M. Z., Sakamoto, L. S., Canesin, R. C., dos Santos, J., Cyrillo, G., Mercadante, M. E. Z. (2020). Evaluation of test duration for feed efficiency in growing beef cattle. Tropical Animal Health and Production 52: 1533–1539.
Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J. B. R., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., and Zhou, B. (2021), IPCC Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. (eds.)]. Cambridge University Press. In Press.
McNamee, B., Kilpatrick, D. J., Steen, R. W. J. and Gordon, F. J. (2001). The prediction of grass silage intake by beef cattle receiving barley-based supplements. Livestock Production Science 68, 25–30.
Miller, G. A., Hyslop, J. J., Ross, D. W., Troy, S., Barclay, D., Edwards, A. R., Thomson, W. A. M., Duthie, C-A. (2018). Beef Monitor: tracking beef cattle growth and predicting carcass characteristics of live animals. Proceedings of the British Society of Animal Science (BSAS) 2018.
Minchin, W., Buckley, F., Kenny, D. A., Keane, M. G., Shalloo, L., and O’Donovan, M. (2009). Prediction of cull cow carcass characteristics from live weight and body condition score measured pre slaughter. J. Agric. Food Res. 48: 75–86.
Montanholi, Y. R., Swanson, K. C., Palme, R., Schenkel, F. S., McBride, B. W., Lu, D. and Miller, S. P. (2010). Assessing feed efficiency in beef steers through feeding behaviour, infrared thermography and glucocorticoids. Animal 4: 692–701.
Mullins, I. L., Truman, C. M., Campler, M. R., Bewley, J. M., Costa, J. H. C. (2019). Validation of a commercial automated body condition scoring system on a commercial dairy farm. Animals 9(6): 287.
National Academies of Science, Engineering and Medicine (NASEM). (2016). Nutrient Requirements of Beef Cattle, 8th Edition. National Academy Press, Washington DC, USA.
National Research Council (NRC). (2000). Nutrient Requirements of Beef Cattle, 7th Edition. National Academy Press, Washington DC, USA.
National Research Council (NRC). (2001). Nutrient Requirements of Dairy Cattle, 7th Edition. National Academy Press, Washington DC, USA.
Nkrumah, J. D., Crews, D. H., Basarab, J. A., Price, M. A., Okine, E. K., Wang, Z., Li, C. and Moore, S. S. (2007). Genetic and phenotypic relationships of feeding behavior and temperament with performance, feed efficiency, ultrasound, and carcass merit of beef cattle. Journal of Animal Science 85: 2382–2390.
O’Leary, N., Leso, L., Buckley, F., Kenneally, J., McSweeney, D., Shalloo, L. (2020). Validation of an automated body condition scoring system using 3D imaging. Agriculture 10: 246. 
Pereira, G. M., Heins, B. J., Endres, M. I. (2018). Technical note: validation of an ear-tag accelerometer sensor to determine rumination, eating, and activity behaviors of grazing dairy cattle. Journal of Dairy Science 101(3): 2492–2495.
Pittroff, W., Kothmann, M. M. (2001). Quantitative prediction of feed intake in ruminants: III. Comparative example calculations and discussion. Livestock Production Science 71: 171–181.
Pogorzelska-Przybylek, P., Nogalski, Z., Wielgosz-Groth, Z., Winarski, R., Sobezuk-Szul, M., Łapińska, P., et al. (2014). Prediction of the carcass value of young Holstein-Friesian bulls based on live body measurements. Ann. Anim. Sci. 14: 429–439. doi: 10.2478/aoas-2014-0004
Poppi, D. P. (1996). Predictions of food intake in ruminants from analyses of food composition. Australian Journal of Agricultural Research 47: 489–504.
Reiter, S., Sattlecker, G., Lidauer, L., Kickinger, F., Ohlschuster, M., Auer, W., Schweinzer, V., Klein-Jobstl, D., Drillich, M., Iwersen, M. (2018). Evaluation of an ear-tag-based accelerometer for monitoring rumination in dairy cows. Journal of Dairy Science, 101: 3398–3411.
Richmond, A. S., Wylie, A. R. G., Laidlaw, A. S. and Lively, F. O. (2015). An evaluation of contrasting C-32 alkane dosing and faecal sampling regimes to estimate herbage dry matter intake by beef cattle. Journal of Agricultural Science 153: 353–360.
Roche, J. R., Blache, D., Kay, J. K., Millar, D. R., Sheahan, A. J. and Millar, D. W. (2008).  Neuroendocrine and physiological regulation of intake with particular reference to domesticated ruminant animals. Nutrition Research Reviews 21: 207–234.
Sanchez, W. K., McGuire, M. A., Beede, D. K. (1994). Macromineral nutrition by heat stress interactions in dairy cattle: review and original research. Journal of Dairy Science 77: 2051–2079.
Sauvant, D. and Archimède, H. (1989). The prediction of the digestion passage rate in ruminants. Document interne à la station de nutrition et alimentation, INRA-IAPG, France.
Stricklin, W. R. and Gonyou, H. W. (1981). Dominance and eating behaviour of beef cattle fed from a single stall. Applied Animal Ethology 7: 135–140.
Van der Waaij, B. D., Feldbrugge, R. L. and Veerkamp R. F. (2016). Cow feed intake prediction with machine learning. Precision Dairy Farming, 21–23.
Van Lingen, H. J., Niu, M., Kebreab, E., Filho, S. C. V., Rooke, J. A., Duthie, C-A., Schwarm, A., Kreuzer, M., Hynd, P. I., Caetano, M., Eugene, M., Martin, C., McGee, M., O’Kiely, P., Hunerberg, M., McAllister, T. A., Berchielli, T. T., Messana, J. D., Peiren, N., Chaves, A. V., Charmley, E., Cole, N. A., Hales, K. E., Lee, S., Berndt, A., Reynolds, C. K., Crompton, L., Bayat, A., Yanez-Ruiz, D. R., Yu, Z., Bannink, A., Dijkstra, J., Casper, D. P., and Hristov, A. N. (2019). Agriculture, Ecosystems and Environment 283: 106575.
Wang, Z., Nkrumah, J. D., Li, C., Basarab, J. A., Goonewardene, L. A., Okine, E. K., Crews, D. H., Moore, S. S. (2006). Test duration for growth, feed intake, and feed efficiency in beef cattle using the GrowSafe System. Journal of Animal Science 84: 2289–2298.
Weary, D., Huzzet, J., Von Keyserlingk, M. (2009). Board-Invited Review: Using behaviour to predict and identify ill health in animals. Journal of Animal Science 87: 770–777.
Werner, J., Umstatter, C., Leso, L., Kennedy, E., Geoghegan, A., Shalloo, L., Schick, M., O’Brien, B. (2018). Evaluation and application potential of an accelerometer-based collar device for measuring grazing behaviour of dairy cows. Animal 13(9): 2070–2079.
Williams, M., Prendiville, R., O’Sullivan, K., McCabe, S., Kennedy, E., Liddane, M. and Buckley, F. (2019). Developing and validating a model to predict the dry matter intake of grazing lactating beef cows. Animal, 1–11.
Yan, T., Agnew, R. E., and Gordon, F. J. (2002). The combined effects of animal species (sheep versus cattle) and levels of feeding on digestible and metabolisable energy concentrations in grass silage-based diets of cattle. Animal Science 75: 141–151.
Zehner, N., Niederhauser., J. J., Nydegger, F., Grothmann, A., Keller, M., Hoch, M., Haeussermann, A., Schick, M. (2012). Validation of a new health monitoring system (RumiWatch) for combined automatic measurement of rumination, feed intake, water intake and locomotion in dairy cows. In Proceedings of the International Conference of Agricultural Engineering CIGR‐Ageng, Valencia, Spain, 8th–12th July 2012, p.C0438.
	OFFICIAL

	
	



	
	
	




Zou, C. X., Lively, F. J., Wylie, A. R. G., and Yan, T. (2016). Estimation of the maintenance energy requirements, methane emissions and nitrogen utilisation efficiency of two suckler cow genotypes. Animal 10 (4): 616–622.

	
	
	



[bookmark: _Toc161653036][bookmark: _Toc164171192][bookmark: _Toc180655991]12. Appendices
[bookmark: _Toc164171193][bookmark: _Toc180655992]Appendix 1: Example tables comparing ME requirements (MJ/day) for heifers, steers and bulls of different breed type, weight and liveweight gain, according to the previous (AFRC 1993) and new (FiB) models
[bookmark: _Hlk128493637]Table 12.1.1. Metabolisable energy (ME) requirement (MJ/day) of heifers assuming a diet ME concentration of 11.3 MJ/kg DM (ME/GE = 0.6) and correcting FiB values (1% increase) to allow for level of feeding effect
	Breed type and liveweight
	0.0 kg/day AFRC 1997
	0.0 kg/day FiB
	0.5 kg/day AFRC 1997
	0.5 kg/day FiB
	1.0 kg/day AFRC 1997
	1.0 kg/day FiB
	1.5 kg/day AFRC 1997
	1.5 kg/day FiB
	2.0 kg/day AFRC 1997
	2.0 kg/day FiB

	Early maturing, 200 kg
	26
	32
	39
	47
	54
	64
	73
	85
	95
	109

	Early maturing, 400 kg
	42
	54
	62
	77
	86
	103
	114
	134
	148
	172

	Early maturing, 600 kg
	55
	74
	81
	103
	112
	137
	149
	178
	194
	227

	Medium maturing, 200 kg
	26
	32
	37
	46
	51
	62
	67
	81
	87
	105

	Medium maturing, 400 kg
	42
	54
	59
	75
	80
	100
	105
	130
	136
	165

	Medium maturing, 600 kg
	55
	74
	78
	101
	106
	133
	138
	172
	178
	218

	Late maturing, 200 kg
	26
	32
	36
	45
	48
	60
	62
	78
	79
	100

	Late maturing, 400 kg
	42
	54
	57
	74
	75
	97
	97
	125
	123
	158

	Late maturing, 600 kg
	55
	74
	75
	99
	99
	129
	128
	165
	162
	209





Table 12.1.2. Metabolisable energy (ME) requirement (MJ/day) of steers assuming a diet ME concentration of 11.3 MJ/kg DM (ME/GE = 0.6) and correcting FiB values (1% increase) to allow for level of feeding effect
	Breed type and liveweight
	0.0 kg/day AFRC 1997
	0.0 kg/day FiB
	0.5 kg/day AFRC 1997
	0.5 kg/day FiB
	1.0 kg/day AFRC 1997
	1.0 kg/day FiB
	1.5 kg/day AFRC 1997
	1.5 kg/day FiB
	2.0 kg/day AFRC 1997
	2.0 kg/day FiB

	Early maturing, 200 kg
	26
	32
	37
	45
	51
	60
	67
	78 
	87
	100

	Early maturing, 400 kg
	42
	54
	59
	74
	80
	97
	105
	125
	136
	158

	Early maturing, 600 kg
	55
	74
	78
	99
	106
	129
	138
	165
	178
	209

	Medium maturing, 200 kg
	26
	32
	36
	44
	48
	58
	62
	75
	79
	95

	Medium maturing, 400 kg
	42
	54
	57
	73
	75
	94
	97
	120
	123
	151

	Medium maturing, 600 kg
	55
	74
	75
	97
	99
	125
	128
	159
	162
	199

	Late maturing, 200 kg
	26
	32
	34
	44
	45
	56
	57
	72
	71
	91

	Late maturing, 400 kg
	42
	54
	55
	71
	70
	91
	89
	115
	111
	143

	Late maturing, 600 kg
	55
	74
	72
	96
	93
	122
	117
	152
	146
	190



Table 12.1.3. Metabolisable energy (ME) requirement (MJ/day) of bulls assuming a diet ME concentration of 11.3 MJ/kg DM (ME/GE = 0.6) and correcting FiB values (1% increase) to allow for level of feeding effect
	Breed type and liveweight
	0.0 kg/day AFRC 1997
	0.0 kg/day FiB
	0.5 kg/day AFRC 1997
	0.5 kg/day FiB
	1.0 kg/day AFRC 1997
	1.0 kg/day FiB
	1.5 kg/day AFRC 1997
	1.5 kg/day FiB
	2.0 kg/day AFRC 1997
	2.0 kg/day FiB

	Early maturing, 200 kg
	29
	37
	39
	48
	51
	61
	66
	77
	83
	95

	Early maturing, 400 kg
	47
	62
	63
	79
	81
	99 
	103
	123
	129
	152

	Early maturing, 600 kg
	62
	84
	83
	107
	107
	132 
	135
	163
	169
	201

	Medium maturing, 200 kg
	29
	37
	38
	47
	48
	59
	60
	73
	75
	91

	Medium maturing, 400 kg
	47
	62
	60
	78
	76
	96
	94
	118
	117
	144

	Medium maturing, 600 kg
	62
	84
	80
	105
	100
	129
	124
	157
	153
	191

	Late maturing, 200 kg
	29
	37
	36
	47
	45
	57 
	55
	70
	67
	86

	Late maturing, 400 kg
	47
	62
	58
	77 
	71
	93 
	86
	113
	104
	137

	Late maturing, 600 kg
	62
	84
	77
	103 
	93
	125 
	113
	151
	137
	182



[bookmark: _Toc164171194][bookmark: _Toc180655993]Appendix 2: Example tables showing MP requirements (g/day) for heifers, steers and bulls of different breed type, weight and liveweight gain, according to the previous (AFRC 1993) and new (FiB) models
[bookmark: _Hlk128493690]Table 12.2.1. Metabolisable protein (MP) requirement (g/day) of heifers
	Breed type and liveweight
	0.0 kg/day AFRC 1997
	0.0 kg/day FiB
	0.5 kg/day AFRC 1997
	0.5 kg/day FiB
	1.0 kg/day AFRC 1997
	1.0 kg/day FiB
	1.5 kg/day AFRC 1997
	1.5 kg/day FiB
	2.0 kg/day AFRC 1997
	2.0 kg/day FiB

	Early maturing, 200 kg
	122
	232
	223
	351
	313
	454
	391
	541
	457
	612

	Early maturing, 400 kg
	206
	391
	297
	498
	377
	590
	447
	665
	507
	726

	Early maturing, 600 kg
	279
	530
	369
	638
	449
	727
	518
	797
	577
	850

	Medium maturing, 200 kg
	122
	232
	236
	358
	337
	467
	424
	559
	499
	634

	Medium maturing, 400 kg
	206
	391
	308
	505
	399
	602
	477
	681
	544
	745

	Medium maturing, 600 kg
	279
	530
	380
	644
	470
	739
	548
	813
	614
	869

	Late maturing, 200 kg
	122
	232
	249
	365
	361
	480
	458
	577
	540
	657

	Late maturing, 400 kg
	206
	391
	319
	511
	420
	613
	508
	698
	582
	765

	Late maturing, 600 kg
	279
	530
	392
	651
	491
	750
	578
	829
	652
	888



Table 12.2.2. Metabolisable protein (MP) requirement (g/day) of steers
	Breed type and liveweight
	0.0 kg/day AFRC 1997
	0.0 kg/day FiB
	0.5 kg/day AFRC 1997
	0.5 kg/day FiB
	1.0 kg/day AFRC 1997
	1.0 kg/day FiB
	1.5 kg/day AFRC 1997
	1.5 kg/day FiB
	2.0 kg/day AFRC 1997
	2.0 kg/day FiB

	Early maturing, 200 kg
	122
	232
	236
	365
	337
	480
	424
	577
	499
	657

	Early maturing, 400 kg
	206
	391
	308
	511
	399
	613
	477
	698
	544
	765

	Early maturing, 600 kg
	279
	530
	380
	651
	470
	750
	548
	829
	614
	888

	Medium maturing, 200 kg
	122
	232
	249
	372
	361
	493
	458
	595
	540
	679

	Medium maturing, 400 kg
	206
	391
	319
	517
	420
	625
	508
	714
	582
	785

	Medium maturing, 600 kg
	279
	530
	392
	657
	491
	762
	578
	845
	652
	907

	Late maturing, 200 kg
	122
	232
	261
	379
	384
	506
	491
	613
	582
	701

	Late maturing, 400 kg
	206
	391
	331
	524
	441
	637
	538
	730
	619
	804

	Late maturing, 600 kg
	279
	530
	403
	664
	513
	773
	608
	860
	689
	926



Table 12.2.3. Metabolisable protein (MP) requirement (g/day) of bulls
	Breed type and liveweight
	0.0 kg/day AFRC 1997
	0.0 kg/day FiB
	0.5 kg/day AFRC 1997
	0.5 kg/day FiB
	1.0 kg/day AFRC 1997
	1.0 kg/day FiB
	1.5 kg/day AFRC 1997
	1.5 kg/day FiB
	2.0 kg/day AFRC 1997
	2.0 kg/day FiB

	Early maturing, 200 kg
	122
	232
	249
	379
	361
	506
	458
	613
	540
	701

	Early maturing, 400 kg
	206
	391
	319
	524
	420
	637
	508
	730
	582
	804

	Early maturing, 600 kg
	279
	530
	392
	664
	491
	773
	578
	860
	652
	926

	Medium maturing, 200 kg
	122
	232
	261
	386
	384
	519
	491
	631
	582
	724

	Medium maturing, 400 kg
	206
	391
	331
	530
	441
	648
	538
	746
	619
	824

	Medium maturing, 600 kg
	279
	530
	403
	670
	513
	785
	608
	876
	689
	945

	Late maturing, 200 kg
	122
	232
	274
	393
	408
	532
	525
	549
	624
	746

	Late maturing, 400 kg
	206
	391
	342
	537
	463
	660
	568
	762
	657
	844

	Late maturing, 600 kg
	279
	530
	414
	676
	534
	797
	638
	892
	726
	964







[bookmark: _Toc164171195][bookmark: _Toc180655994]Appendix 3: Feed tables 
[bookmark: _Hlk128491959]Table 12.3.1. Feed database 1 – Average ME content and chemical composition of the main feed classes (data from Cottrill et al., 2009; Defra project WQ 01333: A review of the energy, protein and phosphorus requirements of beef cattle and sheep)
	Feed
	DM
(g/kg)
	ME
(MJ/kg DM)
	CP
(g/kg DM)
	NDF
(g/kg DM)
	Oil
(g/kg DM)
	Ash
(g/kg DM)

	Grass hay average       
	850
	8.6
	85
	678
	16
	74

	Grass hay good
	860
	9.2
	100
	650
	16
	82

	Grass hay poor
	820
	7.5
	60
	725
	16
	78

	Grass silage average
	235
	10.8
	140
	520
	44
	89

	Grass silage good high acid
	236
	11.2
	140
	450
	48
	84

	Grass silage good low acid
	300
	11.2
	140
	450
	48
	84

	Grass silage poor
	220
	9.9
	118
	545
	40
	91

	Grass silage, big bale
	350
	10.0
	120
	600
	40
	91

	Grass, grazing
	200
	11.2
	155
	577
	22
	80

	Grass, high temperature dried
	900
	10.7
	190
	540
	48
	108

	Kale
	140
	12.0
	160
	250
	18
	120

	Lucerne silage
	250
	8.5
	190
	500
	24
	105

	Lucerne, high temperature dried
	900
	8.8
	199
	465
	32
	102

	Maize silage
	260
	11.0
	90
	480
	50
	60

	Straw, barley
	860
	6.5
	40
	811
	14
	57

	Straw, NaOH treated
	800
	9.0
	45
	676
	12
	115

	Straw, wheat
	860
	6.0
	36
	810
	12
	69

	Whole crop wheat, fermented
	380
	10.5
	95
	450
	30
	67

	Barley            
	860
	13.0
	125
	211
	28
	28

	Beans
	850
	13.3
	300
	167
	17
	36

	Biscuit blend
	900
	12.3
	130
	180
	145
	200

	Biscuit meal
	900
	12.3
	130
	180
	145
	200

	Brewers’ grains, fresh
	280
	11.5
	245
	618
	77
	38

	Citrus pulp, dried
	882
	12.6
	72
	228
	18
	65

	Cottonseed meal
	924
	11.1
	375
	385
	67
	61

	Dairy1 compound feed
	870
	13.5
	230
	200
	80
	92

	Dairy5 (high NDF) compound feed
	870
	11.8
	184
	300
	69
	126

	Distillers’ dark grains, maize
	890
	14.0
	317
	343
	108
	46

	Distillers’ dark grains, malt
	890
	12.2
	265
	420
	85
	52

	Distillers’ dark grains, wheat
	900
	13.5
	340
	335
	70
	52

	Fish meal, white   
	910
	14.2
	693
	1
	91
	213

	Fish oil
	950
	34.0
	0
	0
	0
	0

	Fodder beet
	180
	12.0
	60
	136
	4
	81

	Groundnut meal
	900
	13.2
	530
	160
	70
	70

	Linseed meal, expeller
	900
	13.2
	391
	180
	96
	51

	Linseed meal, extracted
	900
	11.9
	404
	200
	36
	73

	Linseeds (crushed)
	900
	19.0
	260
	100
	313
	50

	Maize
	860
	13.8
	100
	117
	42
	15

	Maize germ meal
	880
	14.5
	110
	224
	82
	25

	Maize gluten feed CP 200 g/kg
	880
	12.9
	220
	386
	52
	72

	Maize gluten meal CP 600 g/kg
	900
	17.5
	669
	55
	69
	11

	Malt culms
	900
	11.2
	283
	463
	26
	65

	Megalac
	950
	29.0
	0
	0
	0
	0

	Minerals
	990
	0.0
	0
	0
	995
	0

	Molasses, cane     
	750
	12.7
	40
	0
	0
	100

	Oatfeed
	860
	5.6
	51
	700
	25
	60

	Oats grains
	200
	11.0
	150
	550
	30
	80

	Palm kernel meal (extracted)
	900
	11.6
	170
	693
	76
	44

	Peas
	875
	13.5
	257
	159
	24
	31

	Pot ale syrup     
	450
	14.2
	374
	2
	2
	95

	Potato tuber, whole, fresh
	207
	13.3
	93
	76
	2
	49

	Rapeseed meal
	900
	12.0
	400
	294
	53
	76

	Rapeseeds (crushed)
	990
	21.0
	212
	100
	485
	50

	Ruminant liquid fat
	950
	38.0
	0
	0
	0
	30

	Soyabean meal, (Brazilian soya 48)
	900
	13.4
	530
	110
	31
	70

	Soyabean meal, Hipro 
	886
	13.3
	520
	125
	27
	68

	Soyabean hulls
	932
	13.2
	150
	500
	70
	50

	Sugarbeet pulp, molassed      
	890
	12.5
	121
	321
	4
	85

	Sunflower ext. EC 29% protein
	900
	9.6
	322
	362
	17
	67

	Sunflower seed meal
	900
	9.6
	336
	473
	27
	71

	Sunflower, ext. Arg 35% protein
	900
	10.0
	389
	260
	25
	77

	Supergrains
	260
	13.0
	320
	560
	106
	16

	Wheat
	860
	13.7
	126
	124
	23
	18

	Wheatfeed
	880
	11.9
	182
	105
	51
	51





Table 12.3.2. Feed database 2 – Dry matter and protein degradability coefficients (g/g) of feeding stuffs (data from Cottrill et al., 2009; Defra project WQ 01333: A review of the energy, protein and phosphorus requirements of beef cattle and sheep)		
		Feed
	DM (g/kg)
	CP
(g/kg DM)
	sDM
	aDM
	bDM
	cDM
	sN
	aN
	bN
	cN
	ADIN (g/kg DM)

	Grass hay average       
	850
	85
	0.10
	0.16
	0.54
	0.05
	0.10
	0.12
	0.72
	0.09
	1.2

	Grass hay good
	860
	100
	0.20
	0.25
	0.60
	0.06
	0.18
	0.22
	0.60
	0.08
	1.2

	Grass hay poor
	820
	60
	0.16
	0.20
	0.40
	0.02
	0.18
	0.22
	0.60
	0.08
	1.2

	Grass silage average
	235
	140
	0.29
	0.35
	0.49
	0.06
	0.50
	0.62
	0.27
	0.13
	0.5

	Grass silage good high acid
	236
	140
	0.36
	0.45
	0.50
	0.10
	0.50
	0.63
	0.26
	0.14
	0.5

	Grass silage good low acid
	300
	140
	0.32
	0.40
	0.50
	0.09
	0.50
	0.63
	0.26
	0.14
	0.5

	Grass silage poor
	220
	118
	0.24
	0.30
	0.40
	0.03
	0.36
	0.45
	0.53
	0.03
	0.5

	Grass silage, big bale
	350
	120
	0.24
	0.32
	0.50
	0.04
	0.36
	0.58
	0.28
	0.09
	0.5

	Grass, grazing
	200
	155
	0.18
	0.25
	0.61
	0.08
	0.20
	0.21
	0.71
	0.13
	1.0

	Grass, high temperature dried
	900
	190
	0.20
	0.30
	0.55
	0.08
	0.22
	0.37
	0.63
	0.04
	2.3

	Kale
	140
	160
	0.25
	0.25
	0.65
	0.15
	0.25
	0.25
	0.65
	0.27
	0.4

	Lucerne silage
	250
	190
	0.20
	0.40
	0.34
	0.13
	0.40
	0.66
	0.25
	0.17
	1.8

	Lucerne, high temperature dried
	900
	199
	0.14
	0.35
	0.40
	0.02
	0.34
	0.56
	0.38
	0.04
	2.0

	Maize silage
	260
	90
	0.31
	0.39
	0.42
	0.10
	0.53
	0.66
	0.19
	0.20
	1.0

	Straw, barley
	860
	40
	0.08
	0.05
	0.57
	0.04
	0.24
	0.30
	0.50
	0.12
	1.0

	Straw, NaOH treated
	800
	45
	0.24
	0.30
	0.55
	0.06
	0.40
	0.50
	0.35
	0.20
	1.5

	Straw, wheat
	860
	36
	0.05
	0.09
	0.54
	0.04
	0.04
	0.04
	0.40
	0.03
	0.3

	Whole crop wheat, fermented
	380
	95
	0.20
	0.25
	0.50
	0.05
	0.48
	0.60
	0.30
	0.08
	1.0

	Barley            
	860
	125
	0.03
	0.30
	0.56
	0.40
	0.10
	0.24
	0.71
	0.35
	0.4

	Beans
	850
	300
	0.06
	0.16
	0.86
	0.05
	0.14
	0.24
	0.83
	0.06
	0.5

	Biscuit blend
	900
	130
	0.08
	0.25
	0.50
	0.10
	0.05
	0.10
	0.65
	0.07
	8.0

	Biscuit meal
	900
	130
	0.08
	0.25
	0.50
	0.10
	0.05
	0.10
	0.65
	0.07
	8.0

	Brewers’ grains, fresh
	280
	245
	0.12
	0.29
	0.62
	0.05
	0.19
	0.32
	0.62
	0.03
	1.0

	Citrus pulp, dried
	882
	72
	0.10
	0.24
	0.75
	0.08
	0.31
	0.51
	0.49
	0.07
	1.4

	Cottonseed meal
	924
	375
	0.10
	0.29
	0.53
	0.05
	0.20
	0.33
	0.60
	0.06
	3.2

	Dairy1 compound feed
	870
	230
	0.14
	0.35
	0.62
	0.12
	0.20
	0.33
	0.56
	0.12
	0.9

	Dairy5 (high NDF) compound feed
	870
	184
	0.12
	0.30
	0.67
	0.11
	0.18
	0.30
	0.55
	0.07
	1.0

	Distillers’ dark grains, maize
	890
	317
	0.30
	0.43
	0.43
	0.06
	0.19
	0.32
	0.46
	0.05
	13.0

	Distillers’ dark grains, malt
	890
	265
	0.25
	0.35
	0.43
	0.06
	0.10
	0.32
	0.42
	0.05
	13.0

	Distillers’ dark grains, wheat
	900
	340
	0.27
	0.70
	0.21
	0.11
	0.40
	0.74
	0.18
	0.17
	13.0

	Fish meal, white   
	910
	693
	0.30
	0.33
	0.46
	0.01
	0.18
	0.30
	0.63
	0.02
	0.0

	Fish oil
	950
	0
	0.00
	0.00
	0.00
	1
	0.60
	1.00
	0.00
	0.90
	0.0

	Fodder beet
	180
	60
	0.20
	0.50
	0.40
	0.25
	0.15
	0.25
	0.65
	0.44
	0.2

	Groundnut meal
	900
	530
	0.22
	0.55
	0.33
	0.01
	0.27
	0.45
	0.54
	0.16
	4.0

	Linseed meal, expeller
	900
	391
	0.12
	0.30
	0.55
	0.08
	0.23
	0.38
	0.60
	0.10
	1.9

	Linseed meal, extracted
	900
	404
	0.17
	0.30
	0.55
	0.08
	0.17
	0.29
	0.68
	0.06
	1.9

	Linseeds (crushed)
	900
	260
	0.04
	0.10
	0.60
	0.04
	0.06
	0.10
	0.70
	0.06
	1.8

	Maize
	860
	100
	0.05
	0.26
	0.73
	0.06
	0.08
	0.19
	0.64
	0.05
	0.4

	Maize germ meal
	880
	110
	0.08
	0.20
	0.70
	0.10
	0.05
	0.11
	0.83
	0.10
	0.4

	Maize gluten feed CP 200 g/kg
	880
	220
	0.19
	0.45
	0.48
	0.07
	0.37
	0.61
	0.35
	0.10
	1.4

	Maize gluten meal CP 600 g/kg
	900
	669
	0.05
	0.12
	0.78
	0.05
	0.05
	0.08
	0.76
	0.03
	6.4

	Malt culms
	900
	283
	0.08
	0.20
	0.65
	0.06
	0.10
	0.19
	0.67
	0.07
	1.0

	Megalac
	950
	0
	0.00
	0.00
	0.00
	1
	0.60
	1.00
	0.00
	0.90
	0.0

	Minerals
	990
	0
	0.00
	0.00
	0.00
	1
	0.60
	1.00
	0.00
	0.90
	0.0

	Molasses, cane     
	750
	40
	0.40
	1.00
	0.00
	0.90
	0.60
	1.00
	0.00
	0.90
	0.1

	Oatfeed
	860
	51
	0.05
	0.15
	0.30
	0.04
	0.10
	0.51
	0.22
	0.07
	1.3

	Oats grains
	200
	150
	0.20
	0.30
	0.52
	0.07
	0.20
	0.30
	0.60
	0.05
	1.0

	Palm kernel meal (extracted)
	900
	170
	0.06
	0.15
	0.77
	0.04
	0.11
	0.18
	0.82
	0.03
	3.0

	Peas
	875
	257
	0.10
	0.28
	0.71
	0.13
	0.20
	0.54
	0.47
	0.13
	0.5

	Pot ale syrup     
	450
	374
	0.36
	0.90
	0.20
	0.50
	0.54
	0.90
	0.20
	0.40
	4.0

	Potato tuber, whole, fresh
	207
	93
	0.30
	0.62
	0.39
	0.06
	0.20
	0.83
	0.17
	0.12
	0.2

	Rapeseed meal
	900
	400
	0.24
	0.31
	0.54
	0.11
	0.18
	0.30
	0.64
	0.16
	3.6

	Rapeseeds (crushed)
	990
	212
	0.09
	0.10
	0.60
	0.04
	0.06
	0.10
	0.70
	0.06
	1.5

	Ruminant liquid fat
	950
	0
	0.00
	0.00
	0.05
	0.20
	0.00
	0.00
	0.00
	0
	0.0

	Soyabean meal, (Brazilian soya 48)
	900
	530
	0.30
	0.34
	0.79
	0.10
	0.25
	0.30
	0.68
	0.08
	2.2

	Soyabean meal, Hipro 
	886
	520
	0.30
	0.35
	0.79
	0.10
	0.05
	0.08
	0.92
	0.08
	2.2

	Soyabean hulls
	932
	150
	0.10
	0.07
	0.97
	0.05
	0.06
	0.17
	0.71
	0.08
	1.8

	Sugarbeet pulp, molassed      
	890
	121
	0.20
	0.50
	0.40
	0.11
	0.05
	0.09
	0.85
	0.06
	1.0

	Sunflower ext. EC 29% protein
	900
	322
	0.11
	0.25
	0.48
	0.10
	0.19
	0.31
	0.64
	0.16
	2.0

	Sunflower seed meal
	900
	336
	0.17
	0.25
	0.48
	0.10
	0.19
	0.31
	0.64
	0.16
	2.0

	Sunflower, ext. Arg 35% protein
	900
	389
	0.17
	0.25
	0.48
	0.10
	0.19
	0.31
	0.64
	0.16
	2.0

	Supergrains
	260
	320
	0.16
	0.40
	0.65
	0.06
	0.21
	0.35
	0.64
	0.05
	2.0

	Wheat
	860
	126
	0.06
	0.52
	0.41
	0.20
	0.08
	0.17
	0.82
	0.13
	0.5

	Wheatfeed
	880
	182
	0.15
	0.40
	0.55
	0.14
	0.14
	0.34
	0.57
	0.11
	0.4
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[image: ]AHDB is the independent, impartial public body that unlocks success in British agriculture. Funded by a levy from British farmers, growers and processors, we’re behind the invaluable research and reports, domestic marketing campaigns and global export opportunities that help British farming thrive. Together, we deliver the insights, the influence and the impact that farmers need. For more information, visit ahdb.org.uk
While the Agriculture and Horticulture Development Board seeks to ensure that the information contained within this document is accurate at the time of printing, no warranty is given in respect thereof and, to the maximum extent permitted by law, the Agriculture and Horticulture Development Board accepts no liability for loss, damage or injury howsoever caused (including that caused by negligence) or suffered directly or indirectly in relation to information and opinions contained in or omitted from this document.
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