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Abstract 
 
Performance of cattle in northern Australia depends on the ability to recycle nitrogen back to the 
rumen, instead of eliminating it in the urine. Nonetheless, bulls are routinely selected on high-
protein diets assuming similar rankings on low-protein diets. The results from 89 Brahman steers 
corroborate the initial hypothesis that feed efficiency on low-protein diets is not correlated with 
feed efficiency on nutrient-abundant diets and that efficiency on low-protein diets depends on the 
ability of the animal to conserve nitrogen via nitrogen recycling to the rumen. This is not the case 
with high-protein diets. It was demonstrated that feed efficiency measured as feed conversion rate, 
gain to feed ratio, residual gain, and nitrogen use efficiency, could be estimated with acceptable 
accuracy from the 15N:14N isotopic ratio in tail hair. Specific rumen bacteria populations were 
associated with better feed-efficiency, but only with the low-protein diet. Furthermore, a trial with 
24 steers demonstrated that the N-isotopic ratio in tail hair can predict the response of cattle to urea 
supplements, and a trial with 479 steers demonstrated good heritability of this trait (43%). In 
conclusion, the N-isotopic ratio in tail hair can be used for early detection of more efficient animals 
when targeting performance in harsh environments. 
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Executive summary 

Background 

Some cattle are more efficient than others when exposed to a harsh environment and low-protein 
diets. Because of long drought periods and the low-protein values (<4-6% CP) of typical native 
pastures where digestibility is below 51%, the performance of cattle in most northern Australia 
production systems will depend on salvage mechanisms maximising nutrient utilisation and 
conservation. Nonetheless, when cattle are evaluated for feed efficiency, the industry standard is to 
use nutrient-abundant diets, with the assumption that the selected animals will perform as 
efficiently in more challenging environments. If feed efficiency is to be used for selection of Bos 
indicus cattle grazing rangeland pastures, it is essential to determine the robustness of rankings 
evaluated with nutrient-poor and nutrient-rich diets, with special emphasis on nitrogen use 
efficiency. However, rumen efficiency and nitrogen recycling are not easily measured, and the 
development of more practical techniques is important for large-scale evaluation of nitrogen use 
efficiency. Classifying cattle according to the nitrogen use efficiency would be important, not only 
from a genetic improvement perspective but also as a diagnostic for overall management practices 
aiming to improve nitrogen utilization and mitigate environmental impact. 

Objectives 

1. To determine the necessity of using low-protein diets when evaluating feed efficiency of cattle 
for the northern Australian production systems. 
The objective was achieved. The results indicate that there was no agreement in efficiency 
ranking between both diets and that nitrogen recycling parameters were important in 
determining feed efficiency in the low (8.8% CP)- but not the high (13.5% CP)-protein diet. 
 

2. Provide elucidation of physiological processes responsible for better rumen efficiency in low-
protein diets. 
The objective was achieved. The results indicate that steers with more efficient rumen 
fermentation lose less N in urine and maintain lower plasma urea nitrogen, emphasising the 
importance of N-recycling in determining rumen and feed efficiency. 
 

3. Evaluate the potential for the development of a practical tool to monitor the efficiency of 
nitrogen usage in grazing cattle, via analysis of plasma and tail hair. 
The objective was achieved. When fed a low-protein diet, steers losing less nitrogen in urine and 
with better rumen and overall feed efficiency also had distinct N-isotopic profile in tail hair, 
indicating that the 15N:14N ratio in tail hair can be used to predict the nitrogen use efficiency of 
cattle. 
 

4. Identify rumen microbial populations and microbial activities associated with more efficient 
animals. 
The objective was achieved. Microbial populations associated with feed efficiency were 
identified, but only for the low-protein diet, further corroborating the hypothesis that different 
physiological mechanisms are responsible for feed efficiency in animals receiving different diets. 
 

5. Review of the project and analysis of potential value. 
The objective was achieved. Interviews with producers, extension agents, and stakeholders in the 
red meat industry indicated great demand for the ability to identify cattle with better nitrogen 
use efficiency in rangeland grazing systems. However, two conditions were identified affecting 
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the commercial value of this technology: the trait needs to be heritable and the relationship with 
efficiency needs to hold for cattle receiving urea supplements. 
 

6. Estimate the heritability of nitrogen isotope ratios in tail hair. 
The objective was achieved. The nitrogen isotope ratio was measured in 492 Brahman and 
Droughtmaster steers with complete pedigree information. Heritability was estimated at 43%. 
 

7. Determine the relationship between nitrogen isotope profile in tail hair and the response of 
cattle to urea supplements. 
The objective was achieved. Steers with lower levels of 15N in tail hair were more efficient on 
both diets, with, or without a urea supplement. 

Methodology 

 Appropriate diets for feed efficiency: To test the hypothesis that feed efficiency of cattle fed 
low-protein diets is not correlated with feed efficiency in nutrient abundant diets, 
measurements were made with two diets fed to 89 growing Bos indicus cattle. Steers were fed 
in individual pens for two periods of 70 days, including an adaptation of 10 days. Feed efficiency 
was calculated as Feed conversion ratio, Gain to Feed ratio, Residual feed intake, Residual gain, 
and Residual feed intake and gain. 

 
 Understanding feed efficiency in low-protein diets: The second hypothesis of this project 

stated that more feed efficient steers would lose less N in urine and faeces when fed the low-
protein and high-protein diets. At the end of the 70-day feeding period in individual pens, steers 
were moved into metabolism crates for a five-day collection period after two days of 
adaptation. Throughout the collection period in metabolism crates, each steer's total daily 
faecal and urine output was collected, nitrogen recycling and rumen efficiency were quantified, 
as well as nitrogen use efficiency. 

 
 Development of a practical tool to select more efficient cattle: To evaluate whether the 15N:14N 

ratio in tail hair could be used to identify more efficient animals when ingesting a low-protein 
diet, tail hair samples from the 89 steers were collected, washed, dried, cut into 10 mm sections 
and combined for mass spectrometry analysis of the C and N isotopic enrichment. The use of 
tail hair isotopes to predict cattle response to protein supplements was further validated in a 
trial with 24 steers receiving a low-protein diet for 8 weeks followed by 8 weeks of urea 
supplementation. The 15N:14N ratio in tail hair was used to predict cattle performance on both 
diets. 

 
 Estimating the heritability of nitrogen isotope ratios in tail hair: Tail hair was collected from 

492 tropically-adapted steers (Brahman and Droughtmaster) participating in the BREEDPLAN 
genetic evaluation system. Segments of the tail hair representing hair growth during the dry 
season were cut, processed and analysed for N isotope ratios. Heritability was estimated in a 
univariate animal model in the WOMBAT software using 3 generations of available pedigree. 

 
 Microbiome analysis: To characterise the rumen microbial populations and identify microbial 

species associated with more efficient steers, rumen fluid samples were collected from the 89 
steers evaluated for feed efficiency in two different diets. The genomic DNA in the rumen fluid 
was extracted, amplified and sequenced at the V3-4 region of the bacterial 16S rRNA gene. 
Taxonomy was assigned at 97% similarity to the Green Genes database. 
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Results/key findings 

There was no agreement in efficiency ranking when steers were consuming a low-protein compared 
to a high-protein diet, demonstrating the possible need to use appropriate diets when targeting 
performance in harsh environments. Because more-efficient steers lost less N in the urine and used 
the available nitrogen 41% more efficiently than the less-efficient steers, more-efficient steers had a 
distinct N-isotopic ratio in tail hair. This project demonstrated that the 15N:14N ratio in tail hair can be 
used to predict feed efficiency in low-protein diets and the performance of steers when receiving a 
urea supplement. In addition, this trait was demonstrated to have good heritability (43%) in 
tropically adapted breeds. 

Benefits to industry 

This project demonstrated the possibility of an innovative way to detect more nitrogen-efficient 
cattle, which could be further developed and commercialised. The ability to classify cattle for 
nitrogen efficiency may be able to select more efficient steers with faster growth rates in grazing 
systems, to select more efficient cows able to maintain body condition during the dry period 
translating into higher fertility and calf survival, and to predict the response of individual animals to 
dry-season supplements. 

Future research and recommendations 

The continuation of this line of research may allow for a more efficient selection of animals when 
targeting performance in harsh environments. Therefore, this technology could be commercialised. 
Breeders’ performance in northern systems, with low fertility rates and high calf wastage, is a major 
factor affecting northern beef businesses' profitability and sustainability. Extending this line of 
research to quantify the impact of nitrogen use efficiency on cow fertility and calf mortality may 
allow for easier selection of more efficient cows, able to make better use of the scarce amount of 
protein available. 
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1. Background 

The ability of cattle to grow and reproduce when ingesting low-protein diets is crucial for productive 
beef cattle systems in the seasonally dry tropics and subtropics. Because of long drought periods and 
the low energy and protein values of typical native pastures, the performance of cattle in most 
northern Australia production systems will depend on salvage mechanisms maximising nutrient 
utilisation and conservation. There are large differences between individual animals in their 
efficiency of feed use. For example, some cows require up to 50 per cent less feed per kg of calf 
weaned than other cows of similar size from the same selection line (Griffith et al. 2004). As 
expected, differences in feed efficiency will result in differences in productivity and profitability of 
the herd. Simulations performed with the Northern Australia Beef Systems Analyser demonstrated 
that an increase of only three percentage points in the digestion of poor quality forages with 
improved rumen efficiency would result in large gains in productivity and financial performance, 
leading to an increase of 57% in annual net profit (Ash et al. 2015). Thus, we currently have a 
scenario in which there is large herd variability in feed efficiency and small gains in feed efficiency 
would translate to massive gains in productivity. However, selecting cattle for better feed efficiency 
in rangeland grazing systems is not a trivial task. 
 
A major issue of the beef industry is that, generally, bulls are selected on nutrient-abundant diets 
and they and their progeny are expected to perform as efficiently in more challenging environments, 
such as the ones imposed by tropical pastures during the drier periods of the year. If feed efficiency 
is to be used for selection of Bos indicus cattle grazing rangeland pastures, it is essential to 
determine the robustness of rankings evaluated with low- and high-protein diets, with special 
emphasis on nitrogen use efficiency. The productivity of beef cattle fed low-protein diets relies on 
the ability to retain more nitrogen (Stewart and Smith 2005) by mechanisms involved in nitrogen 
recycling (Silva et al. 2019). Thus, nitrogen use efficiency should be considered when using feed 
efficiency parameters to select animals for the dry tropics. However, rumen efficiency and nitrogen 
recycling are not easily measured, as it involves infusing solutions via the jugular vein for several 
days, and frequent faecal and urine collections. Therefore, the development of more practical 
techniques is important for large-scale evaluation of nitrogen use efficiency. Classifying animals on 
the farm according to the nitrogen use efficiency would be important, not only from a genetic 
improvement perspective but also as a diagnostic for overall management practices aiming to 
improve nitrogen utilization and mitigate environmental impact. 
 
There is strong evidence that the efficiency of nitrogen utilisation can be inferred based on the 
isotopic ratio of 15N:14N in the diet and the animal. The more efficient animal will lose less 15N-
depleted urea in the urine, changing the 15N concentration in body proteins. Strong correlations 
between the efficiency of nitrogen usage and 15N values in plasma protein have been reported 
previously (Cantalapiedra-Hijar et al. 2015; Guarnido-Lopez et al. 2021). Furthermore, cattle fed with 
high protein diets have higher 15N values than cattle fed with low-protein diets, reflecting the lower 
nitrogen efficiency in high-protein diets (Sponheimer et al. 2003).  
 
Tail hair grows at about 1 cm every fortnight, and in doing so, incorporates the 15N signature of the 
available amino acids. By analysing the 15N content in tail hair segments, it is possible to determine 
periods of greater and lesser nitrogen efficiency and to classify animals accordingly to their nitrogen 
usage efficiency. Classifying cattle according to the nitrogen use efficiency would be important, not 
only from a genetic improvement perspective but also as a diagnostic for overall management 
practices aiming to improve nitrogen utilization and mitigate environmental impact. 
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2. Objectives 

The objectives for this project were: 
1. To determine the necessity of using low-protein diets when evaluating feed efficiency of 

cattle for the northern Australian production systems. 
 
The objective was achieved. The results indicate that there was no agreement in efficiency ranking 
between low and high protein diets and that nitrogen recycling parameters were important in 
determining feed efficiency in the low- but not the high-protein diet. 
 

2. Provide elucidation of physiological processes responsible for better rumen efficiency in low-
protein diets. 

 
The objective was achieved. The results indicate that steers with more efficient rumen fermentation 
lose less N in urine and maintain lower plasma urea nitrogen, emphasising the importance of N-
recycling in determining rumen and feed efficiency. 
 

3. Evaluate the potential for the development of a practical tool to monitor the efficiency of 
nitrogen usage in grazing cattle, via analysis of plasma and tail hair. 

 
The objective was achieved. When fed a low-protein diet, steers losing less nitrogen in urine and with 
better rumen and overall feed efficiency also had distinct N-isotopic profile in tail hair, indicating that 
the 15N:14N ratio in tail hair can be used to predict the nitrogen use efficiency of cattle. 
 

4. Identify rumen microbial populations and microbial activities associated with more efficient 
animals. 

 
The objective was achieved. Microbial populations associated with feed efficiency were identified, 
but only for the low-protein diet, further corroborating the hypothesis that different physiological 
mechanisms are responsible for feed efficiency in animals receiving different diets. 
 

5. Undertake an in-depth review of the project providing clear recommendations on future 
work and an in-depth analysis of perceived potential value to the industry in terms of 
productive advantage and environmental benefit. 

 
The objective was achieved. Interviews with producers, extension agents, and stakeholders in the red 
meat industry indicated great demand for the ability to identify cattle with better nitrogen use 
efficiency in grazing systems. However, two conditions were identified affecting the commercial value 
of this technology: the trait needs to be heritable and the relationship with efficiency needs to hold 
for cattle receiving urea supplements. Therefore, two new objectives were added to this project. 
 

6. Estimate the heritability of nitrogen isotope ratios in tail hair. 
 
The objective was achieved. The nitrogen isotope ratio was measured in 492 Brahman and 
Droughtmaster steers with complete pedigree information. Heritability was estimated at 43%. 
 

7. Determine the relationship between nitrogen isotope profile in tail hair and the response of 
cattle to urea supplements. 

 
The objective was achieved. Steers with lower levels of 15N in tail hair were more efficient in both 
diets, with or without a urea supplement. 
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3. Methodology 
The main purpose of this project was to provide crucial knowledge of feed efficiency that may be 
considered to accelerate the genomic improvement of the northern herd. Our overarching 
hypothesis was that the ability of the animal to recycle nitrogen back to the rumen, instead of 
eliminating it in the urine, is crucial to determine feed efficiency when fed protein-deficient diets. To 
address this hypothesis, a series of experiments were conducted which are described below. The 
experiments were conducted at the Queensland Animal Science Precinct (Gatton, QLD, Australia), all 
procedures were done following the guidelines of the Australian Code of Practice for the Care and 
Use of Animals for Scientific Purposes and were reviewed and approved by the University of 
Queensland Animal Ethics Committee (QAAFI/003/18, Appendix 1). 

3.1  Appropriate diets for feed efficiency 

This study is based on the concept that appropriate and representative diets must be used when 
selecting cattle genetics for specific scenarios. To test the hypothesis that feed efficiency of cattle 
fed low-protein diets is not correlated with feed efficiency in nutrient-abundant diets, 
measurements were made with two diets fed to growing Bos indicus cattle (Table 1). The first diet 
was a low protein (LP) ration with medium to high energy content and was formulated with 
insufficient rumen degradable protein to maximise the impact of nitrogen recycling on feed 
efficiency. The second diet (high protein, HP) contained the nutrients to meet all requirements for 
high growth rate, simulating animals fed a feedlot diet providing for high daily liveweight gains 
(ADG). 

3.1.1 Animals, experimental design and facilities 

This experiment was carried out between May and December of 2018 (steers born in 2016), 
between January and June of 2019 (steers born in 2017), and between September 2019 and March 
2020 (second lot of steers born in 2017) at the Queensland Animal Science Precinct (Gatton, QLD, 
Australia). A sub-group of 45 Brahman steers was selected based on similar birth dates and BW from 
a cohort of circa 500 Brahman steers born in 2016, managed together, and sired from 50 possible 
bulls. A similar procedure was used to select 90 Brahman steers born in 2017. These 135 steers were 
genotyped using the Illumina BovineSNP50 BeadChip (Neogen, Gatton). From these 135 steers, 90 
steers that maximized the genetic variability were selected and treated with moxidectin pour-on 
(Cydectin®) on arrival. The total number of steers was selected to confidently detect correlations 
equal to or greater than r = 0.35, with 80% of power. The experimental animals were allocated to 
one of nine blocks (10 animals each) based on their BW and housed in individual pens with concrete 
flooring, free access to water, and shading. 

3.1.2 Diets and feeding procedure 

All steers received two diets in two consecutive periods of approximately 70 days each, with the first 
10 days of each feeding period used for adaptation. The LP diet was fed during the initial 70 days 
followed by the HP diet. The diets were Rhodes grass hay (Chloris gayana cv Kunth) and pelleted 
concentrates (Table 1). The hay was chopped in a single auger vertical mixer (PFG Australia, 
Melbourne, VIC) for approximately 15 to 20 minutes resulting in particles of varying sizes (average 
5.5 cm). Steers were fed ad libitum with daily adjustment of the amount offered, at 0700h targeting 
5% of refusals. The LP diet was formulated to supply circa 70% of the calculated requirement of 
rumen degradable protein (RDP) [88 g RDP/kg digestible organic matter intake (DOMI)], according to 
NASEM (2016). McLennan (2015) calculated the RDP requirements for microbial crude protein 
production to be 130 g RDP/kg DOMI, which would indicate that the LP diet in the present study was 
supplying 68% of the estimated requirements. Therefore, the term low protein diet in this study 
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refers to the lower than required supply of rumen degradable protein, which would stimulate the 
rumen recycling mechanism. In contrast, the term high-protein diet refers to the abundant dietary 
supply of rumen degradable protein, minimizing the impact of the rumen recycling mechanism on 
animal performance. 
 
Table 1. Ingredients and chemical composition of the experimental diets. 
DM, dry matter; CP, crude protein; RDP, rumen degradable protein; NIDN, nitrogen insoluble in 
neutral detergent; NIDA, nitrogen insoluble in acid detergent; and from, neutral detergent fibre 
assayed with a heat-stable amylase and expressed exclusive of residual ash; Lignin (sa), lignin 
determined by solubilisation of cellulose with sulphuric acid; DOM, digestible organic matter; ME, 
metabolizable energy; MP, metabolizable protein. 
 

Item Diet 
Low-Protein High-Protein 

Ingredient (% DM)   
Rhodes grass hay 50 40 
Concentrate 50 60 

Concentrate composition (% DM)   
Barley ground 39 52.5 
Sorghum ground 39.5 -- 
Wheat ground 5 5 
Millrun 10 10 
Canola meal -- 13 
Soybean meal -- 13 
Vegetable oil 1 1 
Molasses 2.5 2.5 
Limestone 1.3 1.3 
Sodium bicarbonate 1 1 
Ammonium sulphate 0.5 0.5 
Vitamin/Mineral premix 0.2 0.2 

Diet chemical composition   
DM (%) 92.4 92.7 
CP (% DM) 8.8 13.5 
RDP (% CP) 65.7 77.4 
NIDN (%CP) 6.8 5.2 
NIDA (%CP) 2.3 1.5 
aNDFom (% DM) 48.1 39.9 
Lignin (sa) (% DM) 2.5 2.3 
Ether extract (% DM) 2.2 2.0 
Ash (% DM) 1.6 1.3 
DOM (% DM) 65.3 70.8 
RDP/DOM (g/kg) 88.5 147.6 
ME1 (MJ/kg DM) 10.0 10.9 
ME2 allowable gain (kg/d) 0.91 1.33 
MP2 allowable gain (kg/d) 0.60 1.40 

1Estimated as 0.81 x 19 MJ/kg of DOM (CSIRO 2017). 
2Estimated based on requirements described in NASEM (2016). 
 
Samples of hay and concentrates were collected throughout the experiment and bulked weekly for 
chemical analyses. Individual pen refusals were weighed daily for determination of dry matter intake 
(DMI). The steers were weighed unfasted, before feeding on two consecutive days at the beginning 



P.PSH.1016 – Nitrogen recycling as determinant for feed efficiency of Bos indicus cattle 
 

Page 12 of 81 
 

of the feeding period in individual yards (day 0), mid (day 30) and final days of treatment (day 60). In 
addition, intermediate weighing’s on days 15 and 45 were performed. Average daily gain (ADG) was 
estimated from the linear regression of all BW measurements over time. 

3.1.3 Feed efficiency measurements 

Feed conversion ratio (FCR) was calculated as the DMI per unit ADG, and G:F ratio was calculated as 
the reverse (i.e., ADG per unit DMI). Residual feed intake (RFI), residual gain (RG) and residual feed 
intake and gain (RIG) were calculated as follows: Feed efficiency as residual feed intake (RFI) was 
determined as the difference between the actual DMI and the expected DMI (Archer et al. 1997). 
Expected DMI was calculated from the linear regression of DMI over BW and ADG. In contrast, 
residual gain (RG) was estimated using the difference between the actual ADG and the expected 
ADG (Crowley et al. 2010). Expected ADG was derived from the linear regression of ADG over BW 
and DMI. Lastly, RIG was calculated as the difference between the real and the expected DMI and 
ADG (Berry and Crowley 2012). Expected DMI and ADG were estimated from the linear regression of 
DMI and ADG over BW. 

3.1.4 Diet laboratory analyses 

All samples of hay, concentrates and refusals were dried at 60°C for 72 h in a forced-air oven and 
ground through a 2 mm screen (Retsch ZM 200; Haan, NW, Germany). Final dry matter was 
corrected after drying samples for 24 h at 105°C. Organic matter content was calculated after 
combusting samples at 550°C for 8 h (Modutemp; Perth, WA, Australia). Ash-free NDF (aNDFom) 
was determined with an Ankom 200 fibre analyser (Ankom Technology Corporation; Fairport, NY, 
USA) with alpha-amylase using an adaptation of the procedure of Van Soest et al. (1991). Lignin (sa) 
was calculated by washing ADF samples in sulphuric acid at 72% for 3 h in a Daisy Incubator (Ankom 
Technology; Macedon, NY, USA). The N content of feed offered was determined by the Dumas 
combustion method (Sweeney 1989), using a LECO CN928 Carbon / Nitrogen combustion analyser 
(LECO Corporation; St Joseph, MI, USA). The crude protein of feed samples was calculated using the 
conversion factor of N x 6.25. Nitrogen insoluble in neutral detergent (NDIN) and nitrogen insoluble 
in acid detergent (ADIN) were determined in the residues from aNDFom and ADFom, respectively, 
using the LECO analyser. Ether extract content was determined after extraction with petroleum spirit 
with the SER148 Solvent Extraction Unit (VELP Scientifica S.R.L.; Usmate, MI, Italy). 

3.2 Understanding feed efficiency in low-protein diets 

When cattle are fed low-protein diets, in which microbial crude protein (MCP)production is limited 
by available dietary RDP, their productivity relies on their ability to retain more N within their body 
instead of excreting it in faeces and urine (Stewart and Smith 2005). In contrast, the ability of cattle 
to recycle N back to the rumen may not be important when fed protein-abundant diets, in which 
MCP is not restricted by dietary RDP. The second hypothesis of this project stated that more feed-
efficient steers would lose less N in urine and faeces when fed both the LP and HP diets. Increasing 
nitrogen use efficiency is particularly important in cattle due to their inherently lower N retention 
rates when compared with other livestock species, leading to the high environmental and economic 
costs of N use in beef production systems (Zhao 2019). 

3.2.1 Measuring digestibility and rumen efficiency 

At the end of the 70-day feeding period in individual pens, steers were moved into metabolism 
crates for a five-day collection period after two days of adaptation. While in the metabolism crates, 
feed offered was fixed at 90% of the individual average daily intake during the five last days of the 
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previous feeding period. Throughout the metabolism crate collection period, total daily faecal 
output of each steer was collected. Faeces were weighed and mixed thoroughly, and a 10% sub-
sample was retained, bulked and stored at 4oC. At the end of the collection period, the bulked faecal 
samples for each steer were mixed, weighed and duplicate sub-samples dried at 60oC to constant 
weight for N determination. These storage and drying conditions have been shown to not affect the 
total N content of cattle faeces (Juko et al. 1961). Duplicate samples were combined to provide a 
representative sample for that period. 
 
Total daily urine output of each steer was collected over the same five days. Urine was collected in 
metal trays placed under the metabolism crates equipped with automatic pumps (Bowline 500GPH 
Bilge Pump, BCF, Toowoomba, QLD, Australia) that directed urine to a plastic container with 5% 
H2SO4 added to maintain urine pH below 4. Total daily urine output was weighed, mixed thoroughly 
and pH recorded. The targeted urine pH was between 3 and 4, if the urine sample had a pH above 
4.5 it was discarded or if the pH was between 4.0 – 4.5, adjusted with more 5% H2SO4. A 10% sub-
sample of acidified urine was collected each day and bulked over the collection period for individual 
steers and stored at 4oC for measurements of total nitrogen, N-NH3 and purine derivatives for 
estimation of MCP production. 
 
Purine derivatives in the urine were analysed according to the methods of George et al. (2006) and 
Czauderna and Kowalczyk (1997) using a Prodigy 250 x 46 mm, 5 µm, ODS C18 reverse-phase column 
(Phenomenex, Torrence, CA, USA). In brief, acidified urine samples were thawed, a buffer and 
internal standard added, this was then filtered through a 0.20 µm cellulose nitrate filter followed by 
a 300 mg C18 filter and analysed for purine derivatives concentration using high-performance liquid 
chromatography with quantification at 215 nm (Shimadzu Prominence HPLC with Photo Diode Array 
Detector; Kyoto, Honshu, Japan). Microbial protein production was calculated using the equation of 
Chen and Gomes (1992), with the value for excretion of endogenous PD for Bos indicus cattle from 
Bowen et al. (2006). The efficiency of MCP synthesis (EMPS) was calculated as g of MCP/kg digestible 
OMI (DOMI).  

3.2.2 Measuring nitrogen metabolism and nitrogen use efficiency 

After 70 days on the experimental diets, blood was collected from the jugular vein into lithium 
heparin coated vacutainers (Becton Dickinson; Franklin Lakes, NJ, USA) at 0, 2, 4 and 6 h after 
feeding. The vacutainers were inverted six to eight times and held at 4oC, for 20 to 30 min before 
centrifugation at 4,000 x g for 10 min. Plasma samples were then separated and stored at -20oC for 
the subsequent analysis of the urea concentration. Plasma urea nitrogen (PUN) was determined 
using a Beckman Coulter AU480 auto-analyser (Beckman Coulter Diagnostic Systems Division; 
Melville, NYC, USA), as described in Marsh et al. (1965). The rumen NH3-N concentration was 
estimated using direct distillation (UDK 139 semi-automatic distillation unit; Rowe Scientific Pty Ltd; 
Wacol, QLD, Australia) followed by titration (Titralab 840 automatic titration unit; Hach; Dandenong, 
VIC, Australia), as described in Preston (1995). 
 
Nitrogen retention was calculated as the total N intake minus total N excretion in faeces and urine, 
using the chemical composition of bulked samples of feed offered, faeces and urine samples from 
the collection period in metabolism crates. Nitrogen use efficiency (NUE) was calculated as the 
proportion of retained N (g/d) over digested N (g/d) (Archibeque et al. 2001). 

3.3 Development of a practical tool to select more efficient cattle 

Measurements of feed efficiency usually must be conducted over extended periods to allow the 
collection of representative feed intake and liveweight gain performance data (Asher et al. 2018), 
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and measurements of nitrogen use efficiency require intensive sample collection and laboratory 
analyses. However, the 15N to 14N stable isotope enrichment ratio of ruminant plasma proteins has 
been used as an alternative method to estimate nitrogen use efficiency (Cantalapiedra-Hijar et al. 
2015). The objective of the present study was to evaluate whether the N-isotope ratio in tail hair 
measured by mass spectrometry could be used to identify more efficient animals when ingesting a 
protein-limiting diet. 

3.3.1 Tissue sample collection 

Immediately before relocating the steers to the metabolism crates, strands of tail hair were pulled 
from each steer, placed in paper bags, and stored at ambient temperature in a dry and dark place 
until further analysis. Five strands of the most recently grown 1 cm segment of tail hair, including the 
hair bulb, were combined for analysis of the N stable isotope ratios. Given that cattle tail hair grows 
circa 1 cm per fortnight (Schwertl et al. 2003), the analysed segment represents hair grown 
approximately during the last two weeks of the trial. 
 
Blood was collected from the jugular vein at four time points (-1, 2, 4, and 6 hours after feeding) into 
a 10 mL lithium heparin coated vacutainer (Becton Dickinson; Franklin Lakes, USA) on the last two 
days of the feeding period. Plasma was obtained with centrifugation at 2,000 x g for 15 min and 
stored at -20 oC. The four plasma samples from each steer were pooled and 200 µl of sulfosalicylic 
acid (10% solution) added to 2 mL of plasma for protein precipitation. After centrifugation (4,500 x g 
for 20 min) and washing, protein precipitates were freeze-dried and approximately 2 to 3 mg used 
for nitrogen isotopic determination (Cantalapiedra-Hijar et al. 2015). 

3.3.2 Tail hair processing and isotope analysis 

The hair samples were first washed to remove contaminants. Hair strands of about 20 mm were 
soaked in deionized water in a 50 mL beaker, washed by ultra-sonication, the water discarded, and 
the beakers containing samples dried at 40 oC for 48 h. To remove fats and any other remaining 
contaminants the hair samples were soaked in a 2:1 mixture of methanol/chloroform before being 
re-washed with deionized water, soaked in deionized water for another 30 min, and rinsed again. 
Finally, the samples were dried at 40 oC for 48 h. Individual hairs were selected from each sample 
and cut into 10 mm long sections using a stencil. Five strands of the most recently grown 10 mm 
segment of tail hair were combined for analysis of the C and N isotopic enrichment. 
 
Isotope ratio measurements were performed at the Stable Isotope Geochemistry Laboratory within 
the School of Earth and Environmental Sciences at the University of Queensland, using an 
IsoPrime100 isotope-ratio mass spectrometry (Isoprime Ltd, Cheadle, UK) with dual inlet and 
coupled with a vario Pyro cube (Elementar Australia Pty, Sydney). The stable isotope values are 
reported using the standard delta notation (δ per mil, ‰) calculated as follows: δX (‰) = [(Rsample – 
Rstandard)/Rstandard], where X is the element considered, and R is the ratio of the heavy to light stable 
isotope in the sample (e.g., 15N/14N) and the standard (Rstandard). The results are reported against the 
AIR international standard. The diet-animal fractionation (Δ15N) was calculated as the difference 
between the δ15N of the animal tissue (both tail hair and plasma) and the δ15N of the diet to provide 
comparative values for Δ15Ntail hair and Δ15Nplasma. 

3.4 Rumen microbiome 

The main objective of this study was to evaluate the role of rumen microbiota in modulating feed 
efficiency in tropically adapted cattle receiving two diets with different protein contents. 
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3.4.1  Rumen fluid collection 

At the end of each subperiod within experimental-block periods, rumen fluid was collected via 
oesophageal tubing at 0 h (before feeding) and 4 h after feeding on the same day. Rumen fluid was 
filtered through four layers of cheesecloth, and pH was measured immediately (Edge Benchtop 
HI2002, Hanna Instruments, Melbourne, Vic., Australia). Initial rumen fluid was discarded if saliva 
was visually observed. In addition, pH measurements were assessed to monitor whether samples 
were within optimum levels, ruling out saliva contamination. Subsamples were transferred into 
tubes for ammonia (NH3-N) estimation (6 mL of rumen fluid + 2 mL 0.5 M H2SO4) and stored at 
−20°C. Further subsamples (1 mL) were immediately flash-frozen in liquid N and stored at −80°C for 
DNA extraction. 

3.4.2  DNA extraction, sequencing and bioinformatics 

The genomic DNA in rumen fluid samples was extracted after a bead-beating procedure and on-
column purification (Popova et al. 2010). The quality and quantity of DNA were measured on a 
Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific, France). Approximately 15 µg of 
extracted DNA was submitted to Fluidigm amplification and MiSeq Illumina sequencing. The V3-4 
region of the bacterial 16S rRNA gene was amplified via 515f (5’-GTGCCAGCMGCCGCGGTAA-3’) and 
806r (5’- GACTACHVGGGTWTCTAAT-3’) primers. These sequences were processed using DADA2 
(version 1.14) and R (version 3.6.0) software. The 16S rRNA bacterial gene sequences (forward and 
reversed) were trimmed to 240 and 160 bp and merged. Chimeras representing 2.5% of total 
sequences, were removed. Taxonomy was assigned at 97% similarity to the Green Genes database 
(V13.8). 

3.5 Quantification of heritability of tail hair isotopes in cattle  

Research has shown that nitrogen recycling plays an important role in differences in feed efficiency 
between individual animals, especially with low-protein rations (Silva et al. 2019). Recent studies 
demonstrated the potential of using the natural abundance of nitrogen isotopes (δ15N) in tail hair to 
evaluate urinary N excretion and urinary nitrogen: nitrogen intake in ruminants (Khanaki et al. 2021). 
Cattle with higher nitrogen use efficiency (NUE) are expected to have lower δ15N in both plasma 
(Cantalapiedra-Hijar et al. 2015) and tail hair proteins (Silva et al. 2022), as less of the N intake is 
excreted to the urine. However, for δ15N to be used by the cattle industry as an indicator of nitrogen 
use efficiency, its heritability needs to be determined. The objective of the present study was to use 
performance and pedigree records to identify the heritability of tail hair δ15N, and the correlation 
with performance traits. 
 
Tail hair samples were collected from 492 Brahman and Droughtmaster steers participating in the 
Beef Information Nucleus (BIN) herd. All the steers were originally located at the Spyglass Research 
station and later transported to Taroom, QLD, where they were kept on Leucaena and oat stubble 
pasture. The steers experienced nutrient, especially protein, deficiencies during some stages of their 
life. For each steer, approximately 30-40 tail hairs were plucked making sure to get the hair bulbs. All 
hair samples were placed in labelled envelopes and stored in a cool, dry place. Using data from the 
Bureau of Meteorology, Australia, a time of the year representing the dry season was determined 
and the corresponding segment of hair was cut to represent the hair growth during this period. Tail 
hair samples were washed and processed as described in item 3.3.2. The history and pedigree 
information of the steers were supplied by Breedplan (Agricultural Business Research Institute, 
University of New England, Armidale, NSW). 
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3.6 Using tail hair analysis to predict response to urea supplements 

Urea and molasses are commonly supplemented to cattle in northern Australia during the dry 
season to increase pasture intake, avoid liveweight loss and reduce cattle mortality (Gulbransen 
1985). As urea is supplying readily available RDP, its use could minimize the importance of nitrogen 
recycling in determining feed efficiency. On the other hand, urea supplements are usually ingested 
just once a day, or less frequently in extensive grazing systems, and rumen urea is rapidly hydrolysed 
to ammonia in the rumen and absorbed into the blood circulation (Hall and Huntington 2008). The 
absorbed ammonia, after being converted back to urea in the liver, can be lost in the urine or 
recycled back to the rumen. Therefore, the effectivity of urea supplements to increase MCP 
production and cattle performance is likely also dependant on nitrogen recycling mechanisms. Our 
hypothesis was that cattle with better N-recycling ability, and lower Δ15Ntail hair, will have a better 
response to urea supplementation, as less N will be lost in urine and more microbial protein will be 
produced. Having the ability to screen individuals according to the potential to respond to urea 
supplementation would be of great value for the beef industry. 

3.6.1 Location, animals, and diets 

This trial was conducted between June and November of 2021 at the Queensland Animal Science 
Precinct (Gatton, QLD, Australia) and consisted of 24 Brahman steers with 238 ± 29 kg initial live 
weight (LW). Approval was granted by the University of Queensland Animal Ethics Committee 
(2021/AE000013, Appendix 1). Steers were blocked into two groups based on LW (high and low) and 
randomly assigned to individual pens (3x10m). The trial consisted of an adaptation period of 7 d 
before commencement of the trial, then two feeding periods: hay only and hay plus urea-molasses 
supplement, spaced by another 7 d adaptation period. During the hay only period, a low-protein hay 
was fed for 56 days (6.5% CP) to achieve maintenance requirements of steers. The hay was offered 
ad libitum, with daily adjustments to maintain refusals around 5%. After this period, the steers 
received the same low-protein hay and a urea-molasses supplement with 8% of urea (M8U). The 
M8U was offered at 10% of hay intake, on an as-fed basis and supplied approximately 40 g urea per 
day (Urea diet, 8.1% CP). The M8U supplement was chosen not only because of its widespread use in 
north Australia but also because molasses will supply fermentable energy, further stimulating the N-
recycling mechanism (Obara et al. 1991). 
 
Steers were weighed on two consecutive days, every fortnight, and average daily gain (ADG) 
calculated by regressing LW over time. The response to the urea supplement was calculated as ADG 
on the Urea diet – ADG on the Control diet. 

3.6.2 Sample collection and analysis 

Samples of hay and refusals were collected and pooled per week. An M8U sample was taken to 
represent the single container used in this study. Individual pen refusals were weighed daily to 
determine DMI. Hay as fed, hay residuals, and M8U were dried in a forced-air oven at 60oC and 
ground to 2 mm (Retsch ZM 200; Haan, NW, Germany). Hay as fed samples were analysed for 
moisture, total N, NDF and ash. Hay residuals and M8U were analysed for moisture, total N and ash. 
Tail hair samples were collected at the end of the hay only period to determine the N-isotopic ratio 
without urea supplements, and then again at the end of the hay + urea-molasses supplement period. 
Tail hair samples were processed and analysed as described in section 3.3.2. 
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3.7 Statistical analysis 

3.7.1  Understanding feed efficiency in low-protein diets 

To evaluate the factors influencing feed efficiency measurements and to examine the consistency of 
animal rankings in both diets, the 85 steers (from the original 90 steers) for which data was available 
for both LP and HP diets were categorized into high, medium, and low FE (RFI, RG and RIG) groups 
based on being ± 0.50 SD from mean (Asher et al. 2018). One steer was removed from the trial due 
to aggressive behaviour, two steers were removed due to apparent ill health associated with low 
voluntary intake, and two steers were removed at the start of the trial due to injury (Appendix 3). 
Pearson correlation coefficients were determined using Proc CORR of SAS. Data were analysed as a 
completely randomized block design, using the MIXED procedure of SAS (SAS Institute Inc., 2019; 
version 9.4). The normality of residuals was evaluated by the Shapiro–Wilk test. Homogeneity of 
variances was assessed by the Levene test. The model included the fixed effect of RFI, RG or RIG 
groups and block as a random effect: 
 
Yij = μ + αi + Bj+ eij 
 
where: Yij = dependent variable; μ = overall mean; αi = fixed effect of RFI, RG or RIG groups (i =low, 
medium or high); Bj = random effect of block j; eij = random residual variation. The chance-corrected 
agreement of the FE classifications between both diets was calculated with the Kappa analysis. 
Group means were compared using the LSMEANS option of the MIXED procedure and effects were 
considered significant at P ≤ 0.05 and tendencies at P ≤ 0.10. 
 
From the 89 steers evaluated for feed efficiency in the LP diet, 72 steers (81%) had robust data for 
the evaluation of nitrogen metabolism in metabolism crates. One steer was not evaluated because 
of aggressive behaviour, two steers were removed due to injury, four steers were removed because 
of failure in total urine collection, and data from 10 steers were removed from the analysis because 
of very low intake when inside the metabolism crates (less than 1.2 kg DM/100 kg BW).  

3.7.2 Rumen microbiome 

Differences in ruminal microbial abundance between high-and low-protein diets were determined 
using the DESeq2 package in R (Love et al. 2014). Alpha diversity indexes were analysed with the 
Phyloseq package (version 1.26.0) on R software, using the number of operational taxonomy units 
(OTUs) per sample (McMurdie and Holmes 2013). Bray–Curtis dissimilarities were estimated with 
vegan package 2.5-3 (Oksanen 2015) in R. Differences between low-and high-protein diets were 
calculated with permutational multivariate analysis of variance (PERMANOVA). 

Ruminal microbial populations were associated with feed-efficiency parameters by using two 
alternative analyses. The abundance of individual bacterial genera was correlated with these 
parameters by using the PROC CORR procedure on SAS software. Further, principal-component 
analysis (PROC PRINCOMP) was performed for each diet, considering bacterial genera population to 
identify patterns between steers. Steers were grouped based on the four principal components, 
using PROC CLUSTER, explaining approximately 62% and 53.5% (R-square) of total bacterial variance 
composition across steers, for LP and HP respectively. Ward’s hierarchical method was used for 
clustering analysis, and the MIXED procedure to calculate differences in feed-efficiency parameters 
among steer clusters based on ruminal bacteria populations. 

Cluster means were compared using the LSMEANS option of the MIXED procedure, considering 
experimental period as a random effect, and cluster as a fixed effect. Differences were considered 
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significant at P ≤ 0.05 and tendencies were declared when P ≤ 0.10. Shapiro–Wilk test was 
performed to estimate normality of residuals, and homogeneity of variances was calculated using 
the Levene test. 

3.8 Review of the project and analysis of potential value 

The results from this project were constantly reviewed and presented to the industry to assess its 
potential value. The results have been communicated in different formats, such as publication of a 
thesis, manuscripts in scientific journals, presentations at national and international conferences, 
organization of workshops to discuss the results and plan future actions, and media communications 
(Appendix 4). In addition, we have hosted at Gatton the visit of several beef cattle producers, 
nutritionists, and cattle breeders interested in learning more about this project. The results were 
also presented at two field days in 2020, at McKinley and Redcliffe.  

The potential for commercialization has also been discussed with different industry representatives, 
such as the Australian Brahman Breeders Association, Tropical Beef Technology Services, ST 
Genetics, and regional NABRC committees. The discuss on the applicability of a technique to rank 
cattle based on nitrogen use efficiency was focused on three basic questions:  

1- Do you see value for your business in ranking cattle for nitrogen use efficiency? 
2- How would you apply this knowledge to improve your business? 
3- Which conditions should be met for you to purchase this information? 

Based on the responses over the course of this project, we were able to adjust the objectives to 
address the main concerns from the industry representatives. 

The impact of better nitrogen use efficiency was estimated based on a stable beef enterprise with 
3,000 adult equivalents of carrying capacity. Total greenhouse gas emissions and emissions intensity 
were calculated based on the Australian’s National Greenhouse Gas Inventory using the Greenhouse 
Accounting Framework calculator for beef (V1.8) and following the MLA Carbon accounting technical 
manual (Wiedemann and Dunn 2021). 

4. Results 

The results from the current project will be presented in sessions addressing the five initial 
objectives. 

4.1  Appropriate diets for feed efficiency 

If feed efficiency is to be used for selection of Bos indicus cattle grazing rangeland pastures, it is 
essential to determine the robustness of rankings evaluated with low- and high-protein diets. It has 
been reported that feed efficiency in different growth stages of animals fed similar diets has a 
moderate to high correlation (Hansen et al. 2017), but studies evaluating feed efficiency rankings in 
different diets are scarce. The objective of this study was to determine the necessity of using low-
protein diets when evaluating feed efficiency of cattle for the northern Australian production 
systems. 

4.1.1   Data description and individual variation 

Feed intake (DMI) was highly variable within diets, averaging 2.00 ± 0.18 kg DM/100 kg BW (mean ± 
SD) when animals were fed a low-protein (LP) diet and 1.86 ± 0.21 kg DM/100 kg BW (mean ± SD) 
when animals were fed a high protein (HP) diet (Table 2). Average daily gain (ADG) was also highly 
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variable among the steers in both diets (Table 2). Under the LP diet, the mean ADG was 1.06 ± 0.26 
kg/d (mean ± SD), while when receiving the HP diet, ADG averaged 1.16 ± 0.25 kg/d (mean ± SD). 
The difference in ADG between the two diets likely reflect the difference in energy content (10 vs. 
10.9 MJ ME/kg). 
 
Feed efficiency in this trial was calculated using four different criteria. When steers were fed the 
low-protein diet, the feed conversion ratio (FCR) averaged 7.3 while ranging from 4.4 to 16.4 kg 
DMI/kg ADG (Table 2); efficiency of gain (G:F) ranged from 0.06 to 0.23 kg ADG/kg DMI, RFI ranged 
from -1.25 to 1.62 kg, RG ranged from -0.48 to 0.52 kg, and RIG ranged from -5.87 to 4.68. The large 
variation in feed efficiency, even in animals of the same age, is not unexpected, as previous studies 
have also reported substantial variation (Archer et al. 2002; Herd et al. 2011; Manafiazar et al. 
2015). 
 
Table 2. Performance of steers fed with two diets differing in protein content. 
BW, body weight; ADG, average daily gain; DMI, dry matter intake; FCR, feed conversion ratio; G:F, 
gain to feed ratio; RFI, residual feed intake; RG, residual gain; LP, low-protein diet with 90 g RDP/kg 
DOMI; HP, high-protein diet with 145 g RDP/kg DOMI; DOMI, digestible organic matter intake. 
 

Traits Diet n Mean Min Max Std Dev 
Initial BW (kg) LP 89 341 264 452 45 
  HP 85 406 302 515 53 
Final BW (kg) LP 89 403 314 510 45 
  HP 85 469 371 605 53 
ADG (kg/d) LP 89 1.06 0.55 1.79 0.26 
  HP 85 1.16 0.65 1.74 0.25 
DMI (kg/100 kg BW) LP 89 2.00 1.62 2.47 0.18 
  HP 85 1.86 1.32 2.35 0.21 
FCR LP 89 7.3 4.4 16.3 2.0 
 HP 85 7.4 4.4 12.0 1.7 
G:F LP 89 0.14 0.06 0.23 0.03 
 HP 85 0.14 0.08 0.22 0.03 
RFI LP 89 0.0 -1.25 1.62 0.54 
 HP 85 0.0 -1.55 1.45 0.64 
RG LP 89 0.0 -0.48 0.52 0.17 
 HP 85 0.0 -0.35 0.41 0.16 
RIG LP 89 0.0 -5.87 4.68 1.75 
 HP 85 0.0 -4.40 4.29 1.75 

 
When receiving a high-protein diet, animals had similar mean FCR (7.4 kg DMI/kg ADG), ranging from 
4.4 to 12.0 kg DMI/kg ADG (Table 2). Residual feed intake varied from -1.55 to 1.45 on the high-
protein diet, RG varied from -0.35 to 0.41, and RIG varied from -4.40 to 4.29. It is not possible to 
make inferences about the effect of diet on RFI or RG, as these indexes are calculated for steers 
receiving the same diet (Fig. 1 and Fig. 2).  
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Figure 1. Variation in residual feed intake (RFI) of growing steers receiving either (a) a low-protein 
diet or (b) a high-protein diet. RFI is calculated as the difference between the observed and the 
predicted DM intake (solid regression line). Positive RFI indicates a less efficient animal. 

 
Figure 2. Variation in residual gain (RG) of growing steers receiving either (a) a low-protein diet or 
(b) a high-protein diet. RG is calculated as the difference between the observed and the predicted 
average daily gain (solid regression line). Positive RG indicates a more efficient animal. 
 

 
 
Although all five measurements of feed efficiency were calculated using intake and body weight 
gain, it is relevant to note that these measurements were not all strongly correlated (Tables 3 and 4). 
RFI and RG had moderate (between 0.30 and 0.70) correlation (r = -0.465) in the LP diet and in the 
HP diet (r = -0.531). 
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Table 3. Pearson correlation coefficients comparing four different efficiency parameters in steers 
receiving a low-protein (LP) diet. 
Item FCR_LP G_F_LP RFI_LP RG_LP RIG_LP 
FCR_LP 1     
G_F_LP -0.946** 1    
RFI_LP 0.351** -0.330** 1   
RG_LP -0.701** 0.719** -0.465** 1  
RIG_LP -0.613** -0.612** -0.857** 0.854** 1 
*P-value < 0.05; **P-value<0.01. 
 
Table 4. Pearson correlation coefficients comparing four different efficiency parameters in steers 
receiving a high-protein (HP) diet. 
Item FCR_HP G_F_HP RFI_HP RG_HP RIG_HP 
FCR_HP 1     
G_F_HP -0.967** 1    
RFI_HP 0.335** -0.369** 1   
RG_HP -0.660** 0.635** -0.531** 1  
RIG_HP -0.568** 0.573** -0.875** 0.875** 1 
*P-value < 0.05; **P-value<0.01. 

4.1.2   Ranking of animals in both diets 

The initial objective of this trial was to evaluate the hypothesis that feed efficiency in a high-protein 
diet would be strongly correlated with feed efficiency in a low-protein diet. If this was the case, more 
efficient animals could be selected on normal, non-deficient diets and expected to perform with high 
efficiency when in more nutritionally challenging environments. There was a moderate correlation in 
intake between both diets (r = 0.43, P < 0.01), but low correlation for ADG (r = 0.27, P = 0.02, Table 
5). Considering the five feed efficiency parameters, there were moderate correlations between the 
two diets for G:F ratio (r = 0.35, P < 0.01), RFI (r = 0.44, P < 0.01), and RIG (r = 0.33, P < 0.01). There 
was a low correlation for FCR (r = 0.23, P = 0.04) and no correlation for RG (r = 0.19, P = 0.09). 
Although significant, the moderate correlation coefficient means that RFI measured in the HP diet 
explained only 19% of the variation of RFI in the LP diet.  
 
Table 5. Pearson correlation coefficients of efficiency parameters between steers receiving a low-
protein versus a high-protein diet. 
LP, Low-protein diet; HP, high-protein diet; ADG, average daily gain; DMI, dry matter intake; FCR, 
feed conversion ratio; G:F, gain to feed ratio; RFI, residual feed intake; RIG, residual feed intake and 
gain. 
 
Item ADG_LP DMI_LP FCR_LP G:F_LP RFI_LP RG_LP RIG_LP 
ADG_HP 0.267* 0.083 -0.206 0.300* 0.078 0.188 0.063 
DMI_HP 0.264** 0.429** -0.227* 0.251* 0.343** -0.077 -0.246* 
FCR_HP 0.060 0.281* 0.228* -0.315** 0.103 -0.177 -0.164 
G_F_HP -0.065 -0.300* -0.264* 0.354** -0.119 0.162 0.164 
RFI_HP -0.036 0.351** 0.171 -0.187 0.439** -0.198 -0.373** 
RG_HP 0.048 -0.108 -0.056 0.131 -0.150 0.188 0.197 
RIG_HP 0.048 -0.262 -0.130 0.182 -0.336** 0.221* 0.326** 
*P-value < 0.05, **P-value<0.01. 
 
For further testing of the hypothesis, the 83 steers with performance data in both diets were 
categorized into low, medium or high groups according to their RFI and RG, based on ± 0.50 SD from 
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the mean (Asher et al. 2018). As shown in Table 6, there were 23 steers classified in the Low-RFI 
group, 34 in the Medium-RFI and 26 in the High-RFI group when evaluated with the LP diet; while 
there were 25 steers in the Low-RFI group, 32 in the Medium-RFI group and 26 in the High-RFI group 
when evaluated with the HP diet. Steers classified in the Low-RFI group had similar ADG but lower 
DMI than High-RFI steers in both diets. 
 
Table 6. Performance of steers classified by residual feed intake in two diets differing in protein 
content. 
LP, Low-protein diet; HP, high-protein diet; RFI, residual feed intake; BW, body weight; DMI, dry 
matter intake; ADG, average daily gain. 
 

Traits DietA 
RFI Groups 

SEM P-value 
H vs. L Low Medium High 

n LP 23 34 26 -- -- 
  HP 25 32 26 -- -- 
RFI LP -0.66 0.01 0.59 0.06 <0.01 
  HP -0.75 0.01 0.69 0.06 <0.01 
BW (kg) LP 375 378 381 27.7 0.42 
  HP 444 445 444 31 0.99 
DMI (kg/100 kg BW) LP 1.82 1.99 2.15 0.05 <0.01 
  HP 1.67 1.88 1.99 0.07 <0.01 
ADG (kg/d) LP 1.05 1.04 1.07 0.08 0.78 
  HP 1.16 1.18 1.13 0.08 0.64 

 
The chance-corrected agreement of the RFI, RG and RIG rankings between both diets was calculated 
with the Kappa analysis. (Landis and Koch 1977) described the relative strength of agreement 
associated with kappa statistics as follows: poor agreement, <0.00; slight agreement 0.00–0.20; fair 
agreement 0.21–0.40; moderate agreement, 0.40–0.60; substantial agreement, 0.61–0.80; almost 
perfect agreement, 0.81–1.00. There was slight agreement (Kappa = 0.14, P = 0.07) in the RFI 
classification of steers when evaluated in the two different diets (Table 7). Of the 25 steers classified 
as Low-RFI in the HP diet, only 12 were classified as Low-RFI in the LP diet while 6 were classified as 
Medium-RFI and 7 as High-RFI. 
 
Table 7. Agreement in the classification of steers according to residual feed intake (RFI) in two 
diets differing in protein content. 
 

Diet RFI Groups 
High Protein  

Kappa P-value 
Low Medium High Total 

Low 
Protein  

Low 12 7 4 23 
0.14 0.07 Medium 6 15 13 34 

High 7 10 9 26 
 Total 25 32 26 83   

 
When the steers were classified according to their RG in the LP diet, there were 22 steers classified 
in the Low-RG group, 37 in the Medium-RG and 24 in the High-RG (Table 8). When evaluated with 
the HP diet, 25 steers were classified as Low-RG, 33 as Medium-RG and 25 as High-RG. Steers 
classified in the High-RG group had similar DMI but greater ADG than High-RG steers in both diets. 
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Table 8. Performance of steers classified by residual gain in two diets differing in protein content. 
LP, Low-protein diet; HP, high-protein diet; RG, residual gain; BW, body weight; DMI, dry matter 
intake; ADG, average daily gain. 
 

Traits DietA 
RG Groups 

SEM P-value 
H vs. L Low Medium High 

n LP 22 37 24 -- -- 
 HP 25 33 25 -- -- 
RG LP -0.20 -0.01 0.21 0.02 <0.01 
 HP -0.19 0.01 0.18 0.01 <0.01 
BW (kg) LP 378 379 376 27 0.75 
 HP 443 444 447 31 0.70 
DMI (kg/100 kg BW) LP 2.01 1.96 2.03 0.06 0.66 
 HP 1.84 1.86 1.84 0.08 0.87 
ADG (kg/d) LP 0.86 1.03 1.28 0.07 <0.01 
 HP 0.95 1.17 1.35 0.07 <0.01 

 
There was no agreement (Kappa = -0.08, P = 0.28) in the RG classification of steers when evaluated 
in the two different diets. Of the 25 steers classified as High-RG in the HP diet, only 8 were classified 
as High-RG in the LP diet while 13 were classified as Medium-RG and 7 as Low-RG (Table 9).  
 
Table 9. Agreement in the classification of steers according to residual gain (RG) in two diets 
differing in protein content. 
 

Diet RG Groups 
High Protein  

Kappa P-value 
Low Medium High Total 

Low 
Protein  

Low 7 11 7 22 
-0.08 0.28 Medium 15 9 13 37 

High 3 13 8 24 
 Total 25 33 25 83   

 
When the steers were classified according to their RIG in the LP diet, there were 22 steers classified 
in the Low-RIG group, 34 in the Medium-RIG and 27 in the High-RIG (Table 10). The same numbers 
were found when evaluated with the HP diet. Steers classified in the High-RIG group had lower DMI 
and greater ADG than Low-RIG steers in both diets. 
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Table 10. Performance of steers classified by residual feed intake and gain in two diets differing in 
protein content. 
LP, Low-protein diet; HP, high-protein diet; RIG, residual feed intake and gain; BW, body weight; 
DMI, dry matter intake; ADG, average daily gain. 
 

Traits DietA 
RIG Groups 

SEM P-value 
H vs. L Low Medium High 

n LP 22 34 27 -- -- 
 HP 22 34 27 -- -- 
RIG LP -2.04 -0.17 1.87 0.17 <0.01 
 HP -2.18 -0.07 1.85 0.16 <0.01 
BW (kg) LP 379 379 375 28 0.59 
 HP 443 445 443 30 0.99 
DMI (kg/100 kg BW) LP 2.07 2.05 1.87 0.06 <0.01 
 HP 1.94 1.89 1.74 0.07 <0.01 
ADG (kg/d) LP 0.91 1.11 1.11 0.08 <0.01 
 HP 1.02 1.19 1.25 0.08 <0.01 

 
There was a slight agreement (Kappa = 0.10, P = 0.20) in the RIG classification of steers when 
evaluated in the two different diets. Of the 275 steers classified as High-RIG in the HP diet, only 13 
were classified as High-RIG in the LP diet while 8 were classified as Medium-RIG and 6 as Low-RIG 
(Table 11). 
 
Table 11. Agreement in the classification of steers according to residual feed intake and gain (RIG) 
in two diets differing in protein content. 
 

Diet RIG Groups 
High Protein  

Kappa P-value 
Low Medium High Total 

Low 
Protein  

Low 7 9 6 22 
0.10 0.20 Medium 12 14 8 34 

High 3 11 13 27 
 Total 22 34 27 83   

 
In summary, this lack of agreement in steer’s ranking indicates that, most likely, different 
physiological mechanisms are responsible for efficiency in both diets. The implication would be that 
it should not be expected that more feed-efficient animals selected in normal diets (high-protein) 
would also be the most efficient when facing a protein deficient diet (low-protein). The physiological 
mechanisms regulating feed efficiency will be discussed in the next session. 

4.2  Understanding feed efficiency in low-protein diets 

4.2.1 Rumen efficiency 

In addition to feed efficiency, animals were classified according to rumen microbial efficiency. This 
measurement represents the efficiency of the rumen in converting available fermentable substrates 
into microbial protein and is called the efficiency of microbial protein synthesis (EMPS). The rumen 
efficiency of converting digestible energy (DOMI) into MCP was called EMPS1, and the rumen 
efficiency in converting digestible protein (DCPI) into MCP was called EMPS2. 
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Microbial protein production averaged 284 g/d, varying from 163 to 490 g/d. The rumen efficiency in 
using energy (EMPS1) averaged 72 g MCP/kg DOMI, varying from 43 to 120 g MCP/kg DOMI (Table 
12) and the rumen efficiency in using protein (EMPS2) averaged 855 g MCP/kg DCPI, varying from 
468 to 1620 g MCP/kg DCPI. These values illustrate the great variability in rumen efficiency even 
when cattle are receiving the same diet. 
 
Table 12. Rumen fermentation parameters of Brahman steers receiving a low-protein diet. 
MCP, microbial protein production; DOMI, digestible organic matter intake; DCPI, digestible crude 
protein intake; EMPS1, efficiency of microbial protein synthesis as MCP/DOMI; EMPS1, efficiency of 
microbial protein synthesis as MCP/DCPI. 
 

TraitsA n Mean Min Max Std Dev 
MCP (g/d) 72 284 163 490 69 
MCP (g/100 kg BW) 72 71 39 112 18 
DOMI (kg/d) 72 4.03 2.41 5.97 0.72 
DCPI (kg/d) 72 0.35 0.20 0.55 0.07 
EMPS1 (g MCP/kg DOMI) 72 71.9 42.7 120.5 18.3 
EMPS2 (g MCP/kg DCPI) 72 855 468 1620 270 

 
The total fermentation yield, as g MCP per kg BW, was moderately correlated with FCR and G:F ratio 
(r > 0.30, Table 13), as more efficient steers had greater MCP production. Rumen efficiency of using 
digestible energy (EMPS1) was not correlated with any feed efficiency measurements (P > 0.10). 
However, the rumen efficiency in using available protein was moderately correlated (r > 0.30) with 
FCR (P = 0.01) and G:F ratio (P < 0.01), and weakly (r = -0.26) correlated with RFI (P = 0.03). These 
results suggest that steers with better feed efficiency (lower FCR, higher G:F ratio and lower RFI) 
would also have better rumen efficiency (higher EMPS2). The investigation of the individual variation 
in the relative abundance of bacterial populations could help to identify factors modulating the 
variation in rumen efficiency. 
 
Table 13. Pearson correlation coefficients between feed efficiency and rumen efficiency traits. 
FCR, feed conversion ratio; G:F, gain to feed ratio; RFI, residual feed intake; RG, residual gain; RIG, 
residual feed intake and gain; MCP, microbial crude protein; EMPS1, efficiency of microbial protein 
synthesis as MCP/DOMI; EMPS1, efficiency of microbial protein synthesis as MCP/DCPI. 
 
Item FCR G:F RFI RG RIG 
MCP (g/kg BW) -0.329** 0.344** 0.007 0.038 0.020 
EMPS1 (g MCP/kg DOMI) -0.088 0.114 -0.194 -0.115 0.042 
EMPS2(g MCP/kg DCPI) -0.301* 0.320** -0.262* 0.021 0.165 
*P-value < 0.05, **P-value < 0.01. 

4.2.2 Nitrogen metabolism 

Parameters from nitrogen metabolism are presented in Table 14. Even though the animals were 
receiving the same diet, there was a large variation in measured parameters of nitrogen metabolism. 
As nitrogen can either be lost in urine or recycled back to the rumen, urinary N excretion can be 
used to assess nitrogen recycling. On average, animals were excreting 8 g of N/100 kg BW per day in 
the urine, ranging from 3.9 to 12.0 g of N/100 kg BW per day. On average, animals were retaining 
22.9 g N/100 kg BW per day (positive balance); which represents an average nitrogen use efficiency 
of 40.1%. The retention of digested nitrogen, or nitrogen use efficiency (NUE) varied from 0.2 to 70 
g/100 g of N digested. In other words, an animal with 0.2 NUE is losing almost all available N in urine 
and faeces, while an animal with 70 NUE is losing only 30% of the available N in urine and faeces. 
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Table 14. Parameters of intake and nitrogen metabolism of steers fed a low-protein diet. 
N, nitrogen; NUE, Nitrogen use efficiency (g of digested N that was retained in body tissues per 100 g 
of N intake). 
 

Traits n Mean Min Max Std Dev 
N-intake (g) 72 92.9 59.7 143.8 18.6 
Faecal-N (g) 72 37.4 16.8 59.9 9.0 
Urine-N (g) 72 32.5 16.6 58.1 9.1 
Total N excretion (g) 72 70 44 103 15 
N-intake (g/100kg BW) 72 22.9 17.4 31.4 3.3 
Faecal-N (g/100 kg BW) 72 9.20 5.30 14.11 1.69 
Urine-N (g/100 kg BW) 72 7.97 3.90 11.97 1.71 
Total-N excretion (g/100 kg BW) 72 17.2 11.3 23.7 2.5 
N-balance (g/100 kg BW) 72 22.9 0.1 48.0 11.6 
NUE (g/100 g) 72 40.1 0.2 70.0 16.0 

 
It is important to note that NUE was highly correlated with N excretion in urine (r = -0.79, P < 0.01), 
and not correlated with N excretion in faeces (r = 0.05, P = 0.66; Table 15). Therefore, nitrogen 
recycling is more important to explain individual differences in nitrogen use efficiency than 
differences in nitrogen intake or digestibility. 
 
Table 15. Pearson correlation coefficients between nitrogen use efficiency and excretion. 
N, nitrogen; NUE, nitrogen use efficiency; CP, crude protein. 
 
Item NUE N balance 
N balance 0.942** 1 
CP Digestibility  0.330** 0.429** 
N intake 0.391** 0.614** 
Faecal N excretion 0.053 0.146 
Urinary N excretion -0.793** -0.580** 
*P-value < 0.05; **P-value<0.01. 
 
There was also a large variation in the rumen ammonia and plasma urea concentrations throughout 
the day (Table 16). These differences can be explored to better characterize the process of nitrogen 
conservation and its association with feed efficiency parameters. 
 
Table 16. Rumen ammonia (NH3-N) and plasma urea in Brahman steers receiving a low-protein 
diet. 
 

TraitsA n Mean Min Max Std Dev 
Rumen NH3-N (mg/L)          
   0 h 72 41.7 3.0 161.7 23.4 
   4 h 72 32.6 1.5 115.8 21.0 
Plasma Urea Nitrogen (nmol/L)      
   0 h 72 2.9 1.0 6.2 1.1 
   2 h  72 3.4 1.2 6.2 1.0 
   4 h 72 3.0 0.8 6.0 1.2 
   6 h 72 2.5 1.0 5.3 1.1 

A0 h, 2 h, 4 h and 6 h refer to time after the first feeding. 
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The initial hypothesis was that nitrogen recycling would be an important factor in determining feed 
efficiency in animals receiving a low-protein diet, and that it would not be as important for 
determining feed efficiency when the steers were fed a high-protein diet. Data in Table 17 indicates 
that when the steers were fed a low-protein diet, urinary N excretion was significantly correlated 
with feed efficiency parameters, such as FCR (r = 0.38, P < 0.01), G:F ratio (r = -0.33, P < 0.01), RFI (r = 
0.24, P<0.05), and RIG (r = -0.26, P<0.05). Urinary N excretion was also correlated with the rumen 
efficiency parameters EMPS1 (r = -0.44, P < 0.01) and EMPS2 (r = -0.39, P < 0.01).  
 
These results suggest that more feed-efficient animals lose less N in urine than less efficient animals, 
highlighting the importance of N-recycling in determining feed efficiency. In addition, more efficient 
steers (measured by G:F ratio, RFI, EMPS1 and EMPS2) had lower plasma urea-nitrogen (PUN) 
concentration. The lower PUN in the plasma could be reflecting a better ability to recycle N into the 
rumen, reducing the loss of N in urine. 
 
Table 17. Pearson correlation coefficients between feed efficiency, rumen efficiency and nitrogen 
metabolism parameters of steers fed a low-protein diet. 
FCR, Feed conversion ratio; G:F, gain to feed ratio; RFI, residual feed intake; RG, Residual gain; RIG, 
Residual feed intake and gain; EMPS1, efficiency of microbial protein synthesis (gMCP/kg DOM); 
EMPS2, efficiency of microbial protein synthesis (gMCP/kg DCP); NUE, nitrogen use efficiency; NH3-
N, ammonia nitrogen; PUN, plasma urea-nitrogen. 
 
Item FCR G:F RFI RG RIG EMPS1 EMPS2 
Faecal N excretion 0.165 0.011 0.236* 0.107 -0.071 0.006 0.042 
Urinary N excretion 0.384** -0.331** 0.265* -0.182 -0.260* -0.436** -0.389** 
N balance -0.251 0.195 0.199 0.153 -0.023 -0.008 -0.159 
NUE -0.348** 0.277* 0.055 0.183 0.077 0.151 0.022 
Rumen NH3-N 0h -0.175 0.181 0.158 0.159 -0.002 -0.048 -0.003 
Rumen NH3-N 4h 0.003 0.084 -0.140 0.182 0.188 -0.170 -0.148 
PUN 0h 0.165 -0.286* 0.298* -0.032 -0.189 -0.248* -0.322** 
PUN 2h 0.028 -0.083 0.234 0.017 -0.124 -0.338** -0.376** 
PUN 4h 0.058 -0.180 0.326** 0.036 -0.160 -0.393** -0.439** 
PUN 6h 0.024 -0.076 0.290* 0.064 -0.124 -0.442** -0.449** 
*P-value < 0.05; **P-value<0.01. 
 
To further characterize the role of nitrogen metabolism on feed efficiency, the steers were divided 
into groups according to RFI, RG and RIG to detect differences in nitrogen metabolism (Tables 18 to 
20). Following differences in DMI, more efficient steers calculated by RFI (low-RFI) had lower (P < 
0.01) N intake in both diets than less efficient steers (high-RFI) (Table 18). When fed the LP diet, 
more efficient steers (low-RFI) had lower N excretion in faeces (P = 0.05) and a tendency for lower N 
excretion in urine (P = 0.10), resulting in 11% reduction in total N losses (P = 0.01). However, the 
reduction in N losses is caused by a reduction in total N intake, as there were no differences in N 
excretion between high-RFI and low-RFI steers in both diets when calculated as a proportion of N 
intake. In fact, because of a tendency for greater faecal N excretion, more efficient steers on the LP-
diet had lower (P = 0.02) N balance than less efficient steers. 
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Table 18. Nitrogen metabolism of steers classified by residual feed intake in two diets differing in 
protein content. 
RFI, residual feed intake; N, nitrogen; BW, body weight; NUE, Nitrogen use efficiency. LP, low-protein 
diet with 88 g RDP/kg DOMI; HP, high-protein diet with 148 g RDP/kg DOMI. 
 

Traits Diet1 
RFI groups 

SEM P-value 
H vs. L Low Medium High 

N intake (g/100 kg BW) LP 20.5 22.9 24.4 1.21 <0.01 
  HP 32.4 33.7 36.2 2.43 <0.01 
Faecal N (g/100 kg BW) LP 8.50 9.18 9.52 0.52 0.05 
  HP 9.47 9.23 10.23 0.33 0.11 
Urine N (g/100 kg BW) LP 7.37 8.19 8.31 0.68 0.10 
  HP 18.9 18.9 20.1 1.08 0.29 
Total N excretion (g/100 kg BW) LP 15.8 17.4 17.8 1.02 0.01 
  HP 28.3 27.9 30.2 1.02 0.19 
Faecal N (g/100g N intake) LP 41.5 39.9 38.9 1.09 0.09 
  HP 29.3 27.2 28.5 1.49 0.42 
Urine N (g/100g N intake) LP 36.5 36.5 34.5 2.96 0.50 
  HP 58.9 57.6 57.4 6.74 0.63 
N excretion (g/100g N intake) LP 77.9 76.5 73.4 3.35 0.18 
  HP 88.2 84.9 86.0 8.09 0.50 
N balance (g/100 kg BW) LP 4.63 5.53 6.63 0.93 0.02 
  HP 4.09 5.47 5.73 2.98 0.16 
NUEB (g retained/100 g digested) LP 37.2 39.1 42.8 5.25 0.29 
  HP 15.9 21.1 22.2 9.94 0.16 

 
There were no differences in N intake between low-RG and high-RG steers when fed the LP or HP 
diet (P > 0.30) (Table 19). When fed the LP diet, more efficient steers, high-RG, excreted less (P = 
0.03) urinary N than low-RG steers, leading to lower (P = 0.05) total N excretion. When calculated as 
a proportion of N intake, more efficient steers excreted 16% less N in urine resulting in a 39% 
increase (P < 0.01) in NUE when fed the low-protein diet. In contrast, when fed the HP diet, there 
was no difference (P = 0.85) for urinary N excretion between high-RG and low-RG steers. Similarly, 
there was no difference for N balance (P = 0.56) or NUE (P = 0.82) between high-RG and low-RG 
steers fed the HP diet. There were no differences in the proportion of intake N excreted in faeces 
(reverse of N digestibility) between RG groups. 
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Table 19. Nitrogen metabolism of steers classified by residual gain in two diets differing in protein 
content. 
RG, residual gain; N, nitrogen; BW, body weight; NUE, Nitrogen use efficiency; LP, low-protein diet 
with 88 g RDP/kg DOMI; HP, high-protein diet with 148 g RDP/kg DOMI. 
 

Traits Diet1 
RG groups 

SEM P-value 
H vs. L Low Medium High 

N intake (g/100 kg BW) LP 22.9 22.0 23.6 1.02 0.34 
  HP 33.8 34.4 33.7 2.53 0.93 
Faecal N (g/100 kg BW) LP 9.60 8.66 9.42 0.50 0.70 
  HP 9.53 9.59 9.71 0.36 0.72 
Urine N (g/100 kg BW) LP 8.85 8.04 7.67 0.57 0.03 
  HP 19.2 18.9 19.8 1.06 0.63 
Total N excretion (g/100 kg BW) LP 18.5 16.7 17.1 0.79 0.05 
  HP 28.4 28.3 29.5 1.01 0.43 
Faecal N (g/100g N intake) LP 41.5 39.4 40.1 1.27 0.40 
  HP 28.0 27.8 29.2 1.51 0.28 
Urine N (g/100g N intake) LP 38.8 37.6 32.7 2.96 0.02 
  HP 59.1 56.1 59.7 6.77 0.85 
N excretion (g/100g N intake) LP 80.3 77.0 72.8 3.49 <0.01 
  HP 87.2 83.9 88.9 8.13 0.63 
N balance (g/100 kg BW) LP 4.45 5.28 6.51 0.95 <0.01 
  HP 4.97 5.76 4.25 3.00 0.56 
NUEB (g retained/100 g digested) LP 32.3 37.8 44.8 5.46 <0.01 
  HP 18.1 22.3 17.0 10.3 0.82 

 
Driven by differences in DMI from RIG groups, high-RIG steers presented a tendency (P = 0.08) for 
lower N intake than low-RIG steers in the LP diet (P = 0.08) (Table 20). When calculated as a 
proportion of N intake, no differences were found in N losses of steers with different RIG in both 
diets. Also, no differences were found in the N balance (P > 0.40) or NUE (P > 0.30) in both diets. 
 
When cattle are fed low-protein diets, their productivity relies on their ability to retain more N 
within their body instead of excreting it in faeces and urine (Stewart and Smith 2005), which may not 
be the case in protein-abundant diets. To test that, the second hypothesis of this experiment stated 
that more feed-efficient steers would lose less N in urine and faeces when fed the LP and HP diets. 
Utilizing cattle with higher NUE is particularly important due to its inherently lower N use rates when 
compared with other livestock species, hence increasing the environmental and economic costs of N 
use (Zhao 2019). Nitrogen use efficiency is strongly affected by the N intake (Huhtanen and Hristov 
2009). Consequently, the association between feed efficiency and N metabolism should be assessed 
carefully, considering concomitant changes in intake (Cantalapiedra-Hijar et al. 2018), i.e., using RG. 
Classifying the steers based on RG resulted in groups with more similar DM and N intake than when 
classifying based on RFI.  
 
In agreement with the initial hypothesis, the results from the present study demonstrated the 
importance of N preservation in determining feed efficiency when steers were fed a low-protein 
diet, as more efficient (high-RG) steers had lower N excretion in urine, lower total N excretion, 
greater N balance and greater NUE. It would be reasonable to argue that steers with greater genetic 
potential for muscle deposition would excrete less N, and that the potential for muscle growth 
would regulate N excretion, not the other way around. However, when fed the LP diet, muscle 
deposition is most likely limited by the available metabolizable protein rather than by the genetic 
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potential of the steers. In addition, the association between RG and N preservation was not found 
when the steers were fed the HP diet and the genetic potential of the steers could be expressed. 
High-RG steers presented similar N excretion, N balance and NUE in comparison to low-RG steers. 
 
Table 20. Nitrogen metabolism of steers classified by residual feed intake and gain in two diets 
differing in protein content. 
RIG, residual feed intake and gain; N, nitrogen; BW, body weight; NUE, Nitrogen use efficiency; LP, 
low-protein diet with 88 g RDP/kg DOMI; HP, high-protein diet with 148 g RDP/kg DOMI. 
 

Traits Diet1 
RIG groups 

SEM P-value 
H vs. L Low Medium High 

N intake (g/100 kg BW) LP 23.5 22.7 22.1 0.99 0.08 
  HP 34.8 34.2 33.0 2.45 0.16 
Faecal N (g/100 kg BW) LP 9.49 8.89 9.11 0.49 0.43 
  HP 9.76 9.66 9.34 0.36 0.42 
Urine N (g/100 kg BW) LP 8.47 8.55 7.43 0.57 0.05 
  HP 19.0 19.7 18.8 1.05 0.90 
Total N excretion (g/100 kg BW) LP 18.0 17.4 16.5 0.78 0.05 
  HP 28.4 29.3 28.2 1.13 0.90 
Faecal N (g/100g N intake) LP 40.1 39.1 41.5 1.17 0.39 
  HP 27.9 28.5 28.3 1.55 0.72 
Urine N (g/100g N intake) LP 36.5 38.7 34.0 3.03 0.34 
  HP 56.8 58.9 57.8 6.68 0.76 
N excretion (g/100g N intake) LP 76.6 77.8 75.5 3.35 0.62 
  HP 84.9 87.4 86.2 8.08 0.71 
N balance (g/100 kg BW) LP 5.50 5.26 5.58 0.94 0.91 
  HP 5.85 4.75 4.82 2.96 0.40 
NUEB (g retained/100 g digested) LP 37.7 36.4 41.3 5.46 0.43 
  HP 24.0 21.7 19.1 5.66 0.32 

 
In summary, the results of the current study suggest that different physiological mechanisms are 
responsible for variation in feed efficiency between animals eating diets differing in protein content. 
In addition, the results provide preliminary evidence that bulls targeted for improved performance in 
low-protein diets in dry tropical regions should not be selected on high-protein diets. Residual gain 
appears to be the most adequate measurement to study the effect of nitrogen use efficiency on feed 
efficiency, as it provides more homogeneous DM and N intakes across different feed efficiency 
groups. More efficient steers (high-RG) in low-protein diets lose less N in urine, resulting in higher 
NUE. This is not the case in protein abundant diets. 
 
Encouragingly, there were about 10% of steers that had higher feed-efficiency in both diets and 
identifying these genetics would allow good efficiency both in grazing low-protein pastures or when 
fed a feedlot finishing diet. 

4.3  Development of a practical tool to select more efficient cattle 

Tail hair and plasma protein from the 89 steers fed the low-protein diet were processed as described 
and submitted for stable isotope analysis at the Stable Isotope Geochemistry Laboratory from The 
University of Queensland. Samples from two steers could not be analysed and were removed from 
the study. The diet-animal fractionation (Δ15N and Δ13C) was calculated as the difference between 
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the δ15N or δ13C of the animal tail hair or plasma and the δ15N or δ13C of the diet. There was a large 
variation in the Δ15N values across the 89 steers, especially when evaluated in tail hair (Table 21).  

Table 21. Plasma and tail hair isotopic ratios for Brahman steers receiving a low-protein diet. 
Δ15N, diet-animal fractionation of the 15N and 14N isotopes; Δ13C, diet-animal fractionation of the 13C 
and 12C isotopes. 
 

TraitsA n Mean Min Max Std Dev 
Δ15Ntailhair 87 4.47 2.66 7.88 1.01 
Δ15Nplasma 87 5.67 4.67 7.41 0.54 
Δ13Ctailhair 87 3.42 2.39 5.72 0.58 
Δ13Cplasma 87 2.35 -0.58 3.36 0.81 

 
There was a strong degree of correlation (r = 0.60) for the Δ13C values evaluated either in plasma or 
in tail hair, and a moderate correlation (r = 0.48) for the Δ15N values (Table 22).  
 
Table 22. Pearson correlation coefficients for carbon and nitrogen isotopes measured in tail hair 
and plasma. 
Δ13C, diet-animal fractionation of the 13C and 12C isotopes; Δ15N, diet-animal fractionation of the 15N 
and 14N isotopes. 
 
Item Δ13Ctailhair Δ15Ntailhair 
Δ13Ctailhair 1  

Δ15Ntailhair 0.283* 1 
Δ13Cplasma 0.596** 0.075 
Δ15Nplasma 0.292** 0.479** 
*P-value < 0.05; **P-value<0.01. 
 
The correlation between C and N isotopic ratio and feed efficiency parameters can be observed in 
Table 23. Feed efficiency parameters were better correlated with the N isotopes than the C isotope 
ratio. In addition, N isotopic ratio measured in tail hair was better correlated with FCR and G:R ratio 
than N isotopic ratio measured in plasma proteins.  
 
Table 23. Pearson correlation coefficients between feed efficiency, rumen efficiency and carbon 
and nitrogen isotopes measured in tail hair and plasma. 
FCR, Feed conversion ratio; G:F, gain to feed ratio; RFI, residual feed intake; RG, Residual gain; RIG, 
Residual feed intake and gain; EMPS1, efficiency of microbial protein synthesis (gMCP/kg DOMI); 
EMPS2, efficiency of microbial protein synthesis (gMCP/kg DCPI); Δ13C, diet-animal fractionation of 
the 13C and 12C isotopes; Δ15N, diet-animal fractionation of the 15N and 14N isotopes. 
 
Item FCR G:F RFI RG EMPS1 EMPS2 
Δ13Ctailhair 0.095 -0.069 -0.000 -0.091 -0.051 0.302** 
Δ15Ntailhair 0.445** -0.390** -0.027 -0.306** -0.154 0.309** 
Δ13Cplasma -0.233* 0.269* 0.090 0.107 0.006 0.258* 
Δ15Nplasma 0.342** -0.324** -0.044 -0.295** -0.141 0.156 
*P-value < 0.05; **P-value<0.01. 
 
To further evaluate the potential association between feed efficiency and isotopic ratios, the 87 
steers were classified into three groups according to the diet-animal fractionation of the 15N and 14N 
isotopes (Δ15Ntailhair, Table 24). 
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Table 24. Feed efficiency and nitrogen metabolism parameters of steers classified by the diet-
animal fractionation of the 15N and 14N isotopes (Δ15Ntailhair). 
N, nitrogen; Δ15N, diet-animal fractionation of the 15N and 14N isotopes; DMI, dry matter intake; ADG, 
average daily gain; RFI, residual feed intake; RG, Residual gain; RIG, Residual feed intake and gain; 
FCR, Feed conversion ratio; G:F, gain to feed ratio; NUE, nitrogen use efficiency. 
 

Item 
Δ15Ntailhair Groups 

SEM 
P-value 

Low Medium High L vs H 
n 30 35 22 -- -- 
Δ15Ntailhair (‰) 3.81 4.40 5.46 0.13 <0.01 
Performance      
   BW (kg) 368 368 381 8.59 0.34 
   DMI (kg/d) 7.50 7.16 7.62 0.61 0.62 
   DMI (kg/100 kg BW) 2.04 1.95 1.98 0.06 0.19 
   ADG (kg/d) 1.10 0.99 1.01 0.08 0.18 
   RFI 0.08 -0.06 -0.06 0.09 0.32 
   RG 0.04 -0.01 -0.09 0.03 <0.01 
   RIG 0.09 0.09 -0.30 0.28 0.38 
   FCR 6.98 7.49 8.08 0.95 0.01 
   G:F ratio 0.148 0.139 0.136 0.016 0.06 
Metabolism      
   Urine N (g/100g intake) 31.9 36.3 37.4 1.74 0.03 
   Faeces N (g/100g intake) 38.3 38.1 41.8 1.23 0.05 
   N balance (g/d per 100 kg BW) 7.71 5.52 4.47 0.51 <0.01 
   NUE 48.0 40.7 35.4 2.98 <0.01 

 
The classification of the steers according to the Δ15Ntailhair in three groups demonstrated the 
significant association of Δ15Ntailhair and feed efficiency parameters (Table 24). Steers with lower 
Δ15Ntailhair had better feed efficiency, illustrated by higher RG (P < 0.01), lower FCR (P = 0.01), and a 
tendency for higher G:F ratio (P = 0.06) than steers with higher Δ15Ntailhair. Similar results have been 
reported previously for growing ruminants (Cantalapiedra-Hijar et al. 2018). 
 
The association between Δ15Ntailhair and feed efficiency is likely connected with N metabolism and the 
fact that more efficient steers in this low-protein diet are losing less N in the urine. Because cattle 
lose mostly 14N in urine, more efficient steers would preserve more of the 14N coming from the diet, 
therefore the tissue protein (tail hair) would have lower Δ15N than less efficient steers (more similar 
to the isotopic profile of the diet). The results from the current study corroborate this hypothesis, as 
steers with lower Δ15Ntailhair had a 15% reduction of N loses in urine and an 8.4% reduction of N losses 
in faeces, resulting in a 36% improvement in NUE. 
 
In summary, the isotope analysis with 87 Brahman steers indicated that the classification of steers 
for feed efficiency, measured as feed conversion ratio, gain to feed ratio, residual gain, and nitrogen 
use efficiency, can be estimated from the tail hair with reasonable accuracy. These results represent 
an important step for the development of a tool for on-farm assessments of feed efficiency to guide 
cattle selection. 

4.4  Rumen microbiome 

The ruminal microbial composition and diversity differed between HP and LP diets (P < 0.01).  As 
seen in Fig. 3, the Beta diversity index indicates that the distribution of operational taxonomy units 
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(OTUs) was different between diets (P = 0.001). Similarly, the Alpha diversity index indicated that 
steers fed the LP diet had greater bacterial richness (Chao1 and ACE; P < 0.001) than when these 
steers were fed the HP diet (Fig. 4). The same trend was observed in the Shannon index, which 
demonstrates the greater bacterial diversity regarding richness (P < 0.001) in the LP diet. There were 
no significant differences for the Simpson and Inverse Simpson indexes, indicating no alteration in 
evenness of microbial diversity (Fig. 4) between diets. 
 
Figure 3. Beta diversity in rumen samples for steers fed low protein (LP - ) and high protein 
(HP - ) diets. 

 
 

Figure 4.  Between-sample diversity indexes for rumen samples from steers LP and HP diets. 
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The effect of diet on the rumen microbial population was evident. Six bacterial phyla, including the 
three most abundant phyla: Bacteroidetes, Firmicutes, Proteobacteria; and the archaeal phyla 
Euryarchaeota, were higher (P < 0.001) in the rumen of steers on the HP diet, compared to steers on 
the LP diet. Comparatively, Verrucomicrobia, SR1 and Lentisphaerae, were higher in the rumen of 
steers fed the LP diet (Fig. 5). 
 
Figure 5. Relative abundance of rumen bacteria phylum and changes between low and high 
protein diets. *indicates a significant diet effect (P < 0.01). 
 

 
 

4.4.1 Rumen microbiome populations correlated with feed efficiency traits 

Some of the most predominant genera of ruminal bacteria were correlated with feed efficiency 
parameters and these varied between the type of diet and sample collection time.  

4.4.1.1 Associations in the low protein diet 

As seen in the correlation heat map in Fig. 6a and Fig. 6b, there were about ten bacterial genera, 
such as Treponema, Succiniclasticum and Streptococcus, that had moderate and positive correlations 
with residual feed intake (RFI) in both sampling times. Nitrogen use efficiency (NUE) was correlated 
to eight bacterial genera, such as Anaeroplasma, Streptococcus and Treponema, having similar 
correlations despite the time of sampling. Interestingly, almost all the genera correlated with 
residual gain (RG) were moderate negative before feeding (Fig. 6a) and many of these correlations 
changed to positive after feeding (Fig. 6b).  
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Figure 6. Correlation between ruminal bacterial genera and rumen fermentation parameters a) 
before feeding and b) 4 hours after feeding in a low protein diet. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
The finding that feed efficiency parameters are correlated with several microbial genera is of interest; 
however, a more comprehensive analysis is required to identify rumen profiles associated with better 
efficiency. The principal components analysis and clustering were used to identify groups of steers 
with similar rumen microbial profiles. For the LP diet, the first four principal components explained 
69% (R-square) of the total variation in the population and were used for clustering. The Pseudo T 
analysis indicated the presence of four clusters of steers (Fig. 7) and grouping the steers into four 
clusters explained 62% (R-square) of the total variation.  
 
The difference in the relative abundance of main bacterial genera responsible for the clustering of 
the steers is better visualized in Fig. 8. The main bacterial genera and families describing the four 
clusters in LP (Fig. 8) were Prevotella, Ruminobacter, Bacteroidales, Ruminococcaceae, Fibrobacter, 
Succinivibrionaceae and Treponema. Their population varied according to the cluster, e.g. in cluster 
4, steers had a high relative abundance of Prevotella in both sample collection times, while the 

a) b) 
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steers in cluster 3 had a high abundance of Ruminobacter 4 h after feeding. Steers in cluster 2 had a 
high abundance of the unclassified genus belonging to the BS11 family in samples collected after 
feeding. Steers in cluster 1 had a low relative abundance of Ruminobacter in both collection times 
and a high abundance of a genus member of the Succinivibrionaceae family (Fig. 8). 
 
Figure 7. Experimental steers, in a low protein diet, clustered (C1, C2, C3, and C4) by rumen 
bacteria genera using a principal component analysis. 
 

 
 
The data presented in Fig. 7 and Fig. 8 illustrate the clear separation of the steers into four distinct 
groups according to the rumen microbial profile. In addition, it identifies the main bacterial genera 
responsible for the clustering of the steers into these four groups. So far, in this analysis, steers were 
grouped only based on the rumen microbial profile. What we are looking for is detecting if these 
four groups of steers that are different in rumen microbial profile are also different in feed efficiency 
parameters. 
 
Comparing the feed efficiency parameters for the four clusters of steers (Table 25), it is clear that 
there were differences among the cluster of steers. The overall profile of the microbial population 
was not associated with the BW, total intake or ADG of the steers (P > 0.30). However, the overall 
profile of the microbial population was associated with RFI, RG, and rumen NH3-N. Interestingly, the 
seven steers clustered together in Cluster 4 had lower rumen NH3-N values before feeding than the 
other clusters and also had better feed efficiency, as measured by RFI and RG. Steers in Cluster 4 
also had a high relative abundance of Prevotella across both collection times. In contrast, less feed 
efficient steers, i.e., Cluster 3, had a high relative abundance of Ruminobacter genus and the steers 
in Cluster 2 had a high abundance of an unclassified genus belonging to the BS11 family. Prevotella 
genus is most likely an important representative of feed efficiency for animals fed high forage 
because microbial species within this genus are responsible for a multitude of degradation activities 

C4C1 C2 C3
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being able to utilise fibre components, like hemicellulose and pectin, or crude protein from various 
plant components (Koike et al. 2003). Furthermore, that is probably why this genus is actively 
participating in the degradation of plant cell wall components which in turn contributes to the 
growth of other fibrolytic bacteria, being linked to a higher synthesis of short-chain fatty acids, 
especially butyrate (Osborne and Dehority 1989). 
 
Figure 8. Heat map of normalized relative abundance of rumen bacterial genera within four 
clusters in steers fed a low protein diet. Note: Squares in yellow means normalized abundance 
above 0.24. 
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Table 25. Differences among clusters of steers classified according to the rumen bacterial profile 
on feed efficiency parameters when receiving a low protein diet. 
BW, body weight; DMI, dry matter intake; ADG, average daily gain; FCR, feed conversion ratio; G:F, 
gain:feed ratio; RFI, residual feed intake; RG, residual gain; NH3-N, rumen ammonia nitrogen 
collected before feeding (0h) or after feeding (4h). 
 

Efficiency 
Parameters Cluster 1 Cluster 2 Cluster 3 Cluster 4 SEM P-value 

BW (kg) 399 395 406 397 27 0.80 
DMI (kg/d) 7.26 7.49 7.71 7.18 0.56 0.30 
DMI (kg/100 kg BW) 1.96 2.05 2.02 1.93 0.07 0.32 
ADG (kg/d) 1.06 1.00 1.04 1.07 0.10 0.90 
FCR 7.12 7.70 7.88 7.07 0.92 0.16 
G:F 0.147 0.135 0.137 0.152 0.017 0.28 
RFI -0.12ab 0.19b 0.15b -0.29a 0.13 0.06 
RG 0.04a -0.06ab -0.07b 0.07a 0.05 0.09 
NH3-N 0h (mg/L) 41.8a 41.6a 36.2a 20.5b 6.2 0.01 
NH3-N 4h (mg/L) 34.2 24.4 26.2 25.9 5.9 0.25 

 
The analysis conducted here indicated that there was no significant difference (P > 0.50) between 
clusters for any of the rumen efficiency parameters evaluated (Table 26). 
 
Table 26. Differences among clusters of steers classified according to the rumen bacterial 
profile on rumen efficiency parameters of animals fed a low protein diet. 
MCP, microbial protein; BW, body weight; EMPS, efficiency of microbial protein synthesis; 
DOMI, digestible organic matter intake; NUE, nitrogen use efficiency. 
 

Item Cluster 1 Cluster 2 Cluster 3 Cluster 4 SEM P-value 
MCP (g/100 kg BW) 69.9 70.0 67.1 61.6 7.03 0.65 
EMPS (g MCP/kg DOMI) 70.2 75.2 72.0 68.5 6.71 0.81 
NUE (g retained N/g intake N) 41.2 46.6 39.4 37.5 5.79 0.63 
Urine N/Intake N (g/d) 35.1 33.1 37.7 38.4 3.09 0.53 

4.4.1.2 Associations in the high protein diet 

There were noticeably fewer interactions between bacterial genera and feed efficiency traits in 
animals fed the HP diet, but similarly to the LP diet, these correlations were mainly low to moderate 
(Fig. 9 a,b). In contrast, it is possible to observe that some of these, such as Succinivibrio, 
Megasphaera, unclassified genera belonging to Victivallaceae and Lachnospiraceae families, 
respectively, had more influence on feed efficiency traits when compared to animals in the LP diet. 
Interestingly, the strongest correlations occurred in different sampling times. Although, one could 
speculate that this is only happening because feed intake has major impact on rumen bacteria 
activities and growth. 
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Figure 9. Correlation between ruminal bacterial genera and rumen fermentation parameters a) 
before feeding (0 h) and b) after feeding (4 h) in a high protein diet. 
 

 
 
Principal components analysis identified four components representing 59.8% of the total variation 
(R-square). These four principal components were used to cluster the steers in the high-protein diet, 
and similarly to the low-protein diet, four clusters were identified (Fig. 10) with the Pseudo T-
squared test and these clusters responded for 53.5% of the total variation (R-square).  
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Figure 10. Experimental steers, in a high protein diet, clustered (C1, C2, C3, and C4) by rumen 
bacteria genera using a principal component analysis. 

 
 
The main bacterial genera responsible for the classification of steers into these four clusters were 
Prevotella, Ruminococcus, Ruminobacter, Fibrobacter, Succinivibrio, Sharpea, an unidentified genus 
from the Succinivibrionacea family, and two unidentified genera from the order Bacteroidales. Steers 
in Cluster 1 had a low relative abundance of Prevotella in rumen fluid in both collection times and a 
high abundance of unclassified genera of the Bacteroidales order 4h after feeding. In contrast, 
rumen fluid samples from animals in Cluster 2 were characterized by a high abundance of Prevotella 
genus in both collection times whilst experimental steers grouped in Cluster 3 had a high abundance 
of Fibrobacter before feeding, Succinivibrio at both collection times, and an unclassified genus 
member of the Succinivibrionaceae family 4h after feeding. Steers in Cluster 4 had a high abundance 
of Ruminobacter in rumen fluid from both sample collection times and low abundance of Prevotella 
at both collection times (Fig. 11). 
 

  

CL4CL3 CL1CL2
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Figure 11. Heat map of normalized relative abundance of rumen bacterial genera within four 
clusters in steers fed a high protein diet. Note: Squares in yellow means normalized abundance 
above 0.24. 
 

 
 
Overall, there were no differences in feed efficiency traits between clusters (Table 27). Steers in 
Cluster 1 fed the HP diet had lower DMI in comparison to animals in clusters 2 and 4. Interestingly, 
these animals, i.e. Cluster 1, also had the highest NH3-N concentration in the rumen fluid in 
comparison to experimental animals in the other clusters. The difference could be related to the 
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lower Prevotella abundance that, as previously mentioned, seems to play an important role in fibre 
degradation. That would, in turn, affect DMI as an indirect result of decreased fibrolytic bacterial 
growth. The rumen fluid samples from animals with lower DMI and high N-NH3 concentration had a 
higher abundance of populations of Bacteroidales from an unknown genus. Although, Bacteroidales 
are known to participate in fibre degradation (Jin et al. 2018).  
 
Table 27. Differences among clusters of steers classified according to the rumen bacterial profile 
on feed efficiency parameters when receiving a high protein diet. 
BW, body weight; DMI, Dry matter intake; ADG, average daily gain; FCR, feed conversion ratio; G:F, 
gain:feed; RFI, residual feed intake; RG, residual gain; NH3-N, rumen ammonia nitrogen collected 
before feeding (0h) or after feeding (4h). 
 

Efficiency 
parameters Cluster 1 Cluster 2 Cluster 3 Cluster 4 SEM P-value 

BW (kg) 439 444 444 441 30 0.972 
DMI (kg/100 kg BW) 1.75b 1.88a 1.83ab 1.93a 0.08 0.098 
ADG (kg/d) 1.03 1.17 1.17 1.20 0.09 0.253 
FCR 7.51 7.48 7.17 7.59 0.87 0.705 
G:F 0.137 0.140 0.147 0.143 0.02 0.486 
RFI 0.02 0.04 -0.18 0.25 0.16 0.359 
RG -0.05 0.00 0.03 0.00 0.04 0.550 
NH3-N 0h (mg/L) 89a 67b 51c 63bc 7.3 0.002 
NH3-N 4h (mg/L) 74 75 66 60 12.3 0.581 

 
As for the low-protein diet, there were no significant differences (P > 0.50) between clusters for 
rumen efficiency parameters (Table 28). 
 
Table 28. Differences among clusters of steers classified according to the rumen bacterial 
profile on rumen efficiency parameters of animals fed a high protein diet. 
MCP, microbial protein; BW, body weight; EMPS, efficiency of microbial protein synthesis; 
DOMI, digestible organic matter intake; NUE, nitrogen use efficiency. 
 

Item Cluster 1 Cluster 2 Cluster 3 Cluster 4 SEM P-value 
MCP (g/100 kg BW) 99 103 105 106 10.7 0.948 
EMPS (g MCP/kg DOMI) 103 99 104 105 12.1 0.820 
NUE (g retained N/g intake N) 18.7 24.6 20.9 17.7 8.4 0.526 
Urine N/Intake N (g/d) 58 55 56 60 5.2 0.614 

 
In summary, it was possible to identify specific rumen microbial profiles associated with better feed-
efficiency, but only when fed the low-protein diet. It seems that bacterial populations within the 
genus Prevotella have a strong role in LP diets allowing other associated microbial communities to 
thrive. Likely, animals that are more efficient in challenging diets (low protein) can do it so because 
they can rely on specific microbial populations, which would not be relevant when there are no 
nutrients limiting feed efficiency traits 

4.5  Heritability of tail hair isotopes in cattle 

A total of 492 steers with complete pedigree information were used to estimate the heritability of 
the nitrogen-isotope ratio in tail hair. The data is described in Table 29.  
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Table 29. Descriptive data of the steers evaluated for heritability of nitrogen isotope ratio in tail 
hair. 
ADG, average daily gain 
 

Item Brahman Droughtmaster SEM P-value 
2019 Cohort     
   Number of steers 131 119   
   Date of Birth 24/11/2018 19/11/2018 1.82 0.05 
   δ15N 9.65 9.62 0.07 0.75 
   Overall ADG 0.56 0.58 0.01 <0.01 
   ADG P1 (birth to Apr 2020) 0.46 0.49 0.01 <0.01 
   ADG P2 (Apr to Sep 2020) 0.65 0.66 0.01 0.63 
   ADG P3 (Sep 2020 to May 2021) 0.71 0.72 0.01 0.31 
2020 Cohort     
   Number of steers 137 105   
   Date of Birth 26/11/2019 28/11/2019 2.41 0.52 
   δ15N 11.6 11.2 0.05 <0.01 
   Overall ADG 0.61 0.61 0.01 0.21 
   ADG P1 (birth to May 2020) 0.81 0.83 0.01 0.17 
   ADG P2 (May to Nov 2020) 0.39 0.41 0.01 0.01 
   ADG P3 (Nov 2020 to Jul 2021) 0.62 0.61 0.01 0.21 

The steers were at the Spyglass research station during Period 1 and were moved to Taroom, Qld, 
during periods 2 and 3.  

The heritability (h2) of δ15Ntail hair was estimated in a univariate animal model considering the fixed 
effect of contemporary group (year), breed, and ADG P1. The ADG P2 and ADG P3 parameters were 
not significant (P > 0.20) and were not included in the model. 

The model used was: 

y = Xb + ZAa + e 

where y is a vector of observations, X is an incidence matrix relating observations to fixed effects 
(year, breed and ADG P1), ZA is an incidence matrix relating observations to direct genetic effects, a 
is a vector of direct genetic effects and e is a vector of residuals.  

Furthermore, var(a) = Aσ2
a, var(p) =Iσ2

p and var(e) = Iσ2
e where A is the numerator relationship 

matrix, I is the identity matrix, σ2
a is the direct additive genetic variance and σ2

e is the residual error 
variance. The summary statistics for estimated genetic variance, residual variance, phenotypic 
variance, and heritability of δ15N are shown in Table 30. 

Table 30. Estimated genetic variance (σ2
A), residual variance (σ2

E), phenotypic variance (σ2
P) and 

heritability (h2) of δ15N Brahman and Droughtmaster steers (standard errors in parentheses) 

Item σ2
A σ2

E σ2
P h2 

δ15Ntail hair 0.19 (0.07) 0.25 (0.06) 0.44 (0.03) 0.43 (0.14) 
 

Direct heritability for δ15N was estimated at 43% and significantly different from zero, with a 
standard deviation of 14%. Heritability of genetic traits varies from trait to trait. Whilst growth and 
carcase traits have moderate to high heritability (i.e., 20 to 60%), maternal traits have low 
heritability (10% or lower) in beef cattle. Therefore, it can be concluded that δ15N is a moderately 
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heritable trait. This result opens an exciting possibility for the cattle industry for early detection of 
more nitrogen efficient cattle. 

The present study was not designed to evaluate the correlation between δ15N and cattle 
performance in low-protein diets. As discussed before, this correlation should exist only when 
nitrogen recycling is important in defining cattle performance. After weaning and transport to 
Taroom, the steers were raised with access to a Leucaena pasture and received protein 
supplementation during parts of the dry season, resulting in good growth during the dry season 
(ADG P2, Table 29). Therefore, the results presented below should be evaluated with caution. 

For the growth period after weaning, when the steers were in Taroom, the natural abundance of N 
isotopes (δ15N) was negatively correlated (P = 0.05, R2=0.022) with average daily gain during the 
drier period (ADG P2), but not correlated (P = 0.37, R2=0.005) with average daily gain during the 
wetter period (ADG P3), as can be seen in Fig. 12. Although significant, δ15N in tail hair explained 
only 2.2% of the variation in ADG during the dry season. 

Figure 12. Year-adjusted regression between natural abundance of nitrogen isotopes in tail hair 
(δ15N) and growth of steers during the dry (A) or during the wet season (B). 

 

In summary, this is the first study to qualify the heritability of δ15N in tail hair of cattle and the fact 
that this trait is moderately heritable further corroborate the potential use of nitrogen isotopes in 
tail hair to select cattle with better nitrogen use efficiency. 

4.6  Using tail hair analysis to predict response to urea supplements 

This trial aimed to test the use of tail hair isotopes as a predictor of nitrogen recycling efficiency and 
response to urea supplementation. Brahman steers were fed a hay only diet, followed by a second 
period of evaluation with urea and molasses supplementation. On average, the hay only diet 
supplied enough nutrients to maintain the steers (ADG = 63 g/d), with large variation in ADG among 
steers (min -125 g/d, max 181 g/d, Table 31).  

Adding the urea supplement to the diet at an average of 39.4 g of urea per day, increased ADG to 
266 g/d (min 68 g/d, max 446 g/d). The average response in ADG between the hay only and M8U 
supplement diets was 202 g ADG/d. As expected, there was a large variation in the growth response 
to the urea supplements. In one animal, urea supplementation increased ADG by only 4g/d, while in 
another animal growth was increased by 480 g/d. There was no variation among animals on the 
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intake of M8U, as all animals were fed a fixed amount relative to their BW and consumed all the 
supplement provided. 

Table 31. Growth performance of 23 Brahman steers receiving two experimental diets (with or 
without a urea supplement). 
BW, body weight; ADG, average daily gain. 
 

Traits Diet n Mean Min Max Std Dev 
Initial BW (kg) Control 23 238 172 302 30 
  Urea 23 239 179 295 26 
Final BW (kg) Control 23 240 176 301 29 
  Urea 23 254 187 306 29 
ADG (g/d) Control 23 63 -125 181 74 
  Urea 23 266 68 446 114 
DMI (kg/100 kg BW) Control 23 1.62 1.23 1.88 0.16 
  Urea 23 1.77 1.35 2.08 0.17 
Response to supplement (g ADG/d) Urea 23 202 4.18 480 120 

 

Based on the distribution of Δ15Ntail hair, the 23 steers were classified into three groups: Low (n=9), 
Medium (n=7) or High (n=7). The growth rate of steers on both diets was associated with the N-
isotopic profile in tail hair (Fig. 13). Steers with lower values of Δ15Ntail hair had greater ADG on both 
diets than steers with higher Δ15Ntail hair (P < 0.01). When receiving the urea supplement, steers with 
low Δ15Ntail hair gained 339 g/d, while steers with high Δ15Ntail hair gained only 190 g/d. The magnitude 
of response to the urea supplement (ADGUrea – ADGControl) was similar (P = 0.19) among the three 
groups (248, 178, and 179 g/d for the Low, Medium, and High Δ15Ntail hair groups, respectively). 

Figure 13. Effect of N-isotopic profile in the tail hair (Δ15Ntail hair) on the performance of steers 
fed two diets, with or without urea supplementation. 

 

These results demonstrated that the Δ15Ntail hair analysis was successful in predicting the performance 
of steers in a protein-limiting diet (hay only) and in a protein-limiting diet with urea supplements 
(hay + urea-molasses supplement), reinforcing the applicability of this analysis to evaluate the N-
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recycling ability of cattle. The 149 g/d difference in ADG between the Low and High Δ15Ntail hair steers 
when receiving urea supplements represents 13.4 kg of BW difference during a 3-month 
supplementation period. In summary, even in cattle receiving a urea-molasses supplement, steers 
with better nitrogen use efficiency, as estimated by lower Δ15Ntail hair, had higher ADG than steers 
with higher Δ15Ntail hair. 

4.7  Review of the project and analysis of potential value 

Interviews with producers, extension agents, and stakeholders in the red meat industry indicated a 
huge demand for the ability to select more efficient animals in grazing systems. However, two 
conditions were identified as crucial for the commercialization of tail hair analysis as a predictor of 
nitrogen use efficiency: 
 

1) The trait needs to be heritable, as the interest in classifying animals for efficiency is in the 
genetic improvement of the herd, not in annual management strategies. 
 

2) Because cattle are commonly supplemented during the dry season when N levels in pasture 
are below 1%, the relationship between tail hair isotopes and feed efficiency in low-protein 
diets needs to hold when cattle are being supplemented with urea. 

 
From this apparently simple but very important feedback, the project was modified to address these 
points. Both conditions proved to be true. Therefore, further interaction with the industry identified 
four distinct applications of the nitrogen isotopes technique: 
 

1) Selection of more efficient breeders able to maintain body condition score during the dry 
period translating into higher fertility and calf and herd survival. 
 

2) Selection of more efficient steers with faster growth rates during the year in grazing 
systems, especially during the dry to wet and wet to dry transition periods. 
 

3) Selection of more efficient cattle with lower methane emissions. 
 

4) Classification of weaners based on the potential growth rate when receiving a urea 
supplement during the dry season. 

 
This project demonstrated that cattle with lower 15N:14N ratio in tail hair were 1.36-fold more 
efficient in using the available dietary nitrogen, resulting in better feed efficiency, as measured by 
residual gain, feed conversion ratio and G:F ratio (Table 24). For example, for the same level of 
intake, steers with lower 15N:14N ratio in tail hair would have 1.09-fold increase in growth rate. The 
impact of better nitrogen use efficiency in breeders was not evaluated in this project. However, a 
recent study from our group (Silva et al. 2022) demonstrated that more productive cows had lower 
(P < 0.05) δ15Ntail hair during the dry season, indicating differences in N metabolism and possibly lower 
N losses.  
 
To create an illustrative scenario, it is possible to model the impact of selecting breeders capable of 
using available nitrogen 1.36-fold more efficiently. For example, on a typical low-protein and low-
energy diet, less efficient breeders would change from BCS 4 to BCS 3.5 in the last 6 months of 
gestation (34 kg of BW loss for a 480-kg cow, according to NASEM 2016). A more efficient cow would 
need to be only 1.06-fold more efficient in using the available nutrients from the pasture to be able 
to maintain BCS 4 during the same period. This relatively small change in feed efficiency of breeders 
(1.06-fold more efficient) would, nonetheless, result in significant increases in reproductive 
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performance. An increase in BCS 3.5 to BCS 4 at calving represents a potential increase from 62 to 
72% of expected pregnancy rate in the herd (Schatz et al. 2011). 
 
The impact of selecting steers with 1.09-fold better growth rate for the same intake would represent 
an additional 13 kg of annual liveweight gain in a region with an average of 145 kg of annual 
liveweight gain, such as the Mitchell grass pastures of North-Western Queensland. Taken together, 
the impact of better growth and reproductive efficiencies can be visualized in Table 32. 
 
Table 32. Predicted impact of selecting cattle for better nitrogen use efficiency (NUE) based on the 
results from this project. 

Items Low NUE High NUE % change 
Herd numbers    
   Total adult equivalents 3 000 3 000  
   Total number of breeders 2 143 2 066 -4 
   Body condition score before calving 3.5 4.0 +14 
   Pregnancy rate (%) 62 72 +16 
   Calf mortality (%) 10 10  
   Weaning rate (%) 56 65 +16 
   Annual ADG steers (kg/d) 0.53 0.58 +9 
   Annual ADG heifers (kg/d) 0.49 0.54 +10 
Livestock sales 

  
 

   Male weaners sold1 600 671 +12 
   Heifers sold2 238 322 +35 
   Culled cows sold3 340 328 -4 
   Total sales (kg LW/year) 337 850 378 915 +12 
GHG Emissions 

  
 

   Total emissions (t CO2eq/year) 6 709 6 776 +1 
   Emissions intensity (kg CO2eq/kg LW) 19.8 17.8 -10 

1Male weaners are sold at weaning. 
2Excess heifers are sold at weaning. 
3Empty cows are sold immediately after pregnancy check during the weaning muster. 
 
The combined effect of better pregnancy rates and better growth efficiency resulted in an estimated 
12% increase in saleable LW and an 10% reduction in emissions intensity. With the current cattle 
prices (450 ¢/kg LW), this would represent an increase of $184,792 in annual income for a stable 
3,000 AE property. The numbers presented in Table 32 are a simple exercise to estimate the 
potential impact of better NUE on a breeding business and were created with the Ekonomou et al 
(2020) livestock emissions calculator. It is important to highlight that the hypothesis that cattle with 
lower 15N:14N ratio in tail hair, reflecting better NUE, would have better growth and reproductive 
performance in grazing systems has yet to be tested. 

5. Conclusion  

This project has demonstrated that different physiological mechanisms are responsible for variation 
in feed efficiency between animals eating diets differing in protein content. Therefore, the cattle 
industry should consider using appropriate diets, without excess protein, when evaluating bulls 
targeted for performance in harsh environments. More efficient steers in low-protein diets lose less 
nitrogen in urine, resulting in higher efficiency. This is not the case in protein abundant diets. These 
results have important application to the red meat industry, as it identifies nitrogen recycling and 
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the ability of individual animals to lose less nitrogen in the urine as a key trait to improve feed 
efficiency for the northern cattle herd. 
 
As nitrogen efficiency is not easily measured, the application of the knowledge generated in this 
project requires the development of more practical techniques for large-scale evaluation. This 
project determined that both feed efficiency and nitrogen use efficiency in protein-deficient diets 
could be estimated from nitrogen isotopes in tail hair with reasonable accuracy.  
 
In addition, this project demonstrated that the nitrogen isotope ratio in tail hair is a moderately 
heritable trait and can be used to predict the growth rate of cattle when receiving a urea 
supplement. This forensic tool being developed could allow quick diagnostic of nitrogen use 
efficiency of grazing cattle, enabling large-scale selection of more efficient animals. 

6.   Key findings 

 There was a large variation in feed efficiency and nitrogen use efficiency in the population of 
Brahman cattle studied. The more efficient steers (29% of the studied population) had the same 
intake but 1.5-fold better growth rate (ADG) in a protein-deficient diet than the less efficient 
steers (data presented in Table 8). 

 
 There was no agreement in efficiency ranking when steers were eating a low-protein compared 

to a high-protein diet, and nitrogen recycling parameters were important in determining feed 
efficiency in the low- but not the high-protein diet. Therefore, when targeting performance in 
harsh environments, it is important to use more appropriate diets during the performance trial. 

 
 More efficient steers lose less N in urine and maintain lower plasma urea nitrogen, emphasising 

the importance of N-recycling in determining rumen and feed efficiency. More-efficient steers 
used the available nitrogen 41% more efficiently than the less-efficient steers. This trait is not 
important when the steers are fed with protein-abundant diets. These results indicate the 
possibility to select cattle for better nitrogen use efficiency, which would benefit the overall 
herd efficiency in northern systems and potentially reduce the need to overfeed nitrogen in 
feedlot diets. 

 
 Microbial populations associated with feed efficiency were identified, but only for the low-

protein diet, further corroborating the hypothesis that different physiological mechanisms are 
responsible for feed efficiency in diets differing in protein content. 

 
 When fed a protein-deficient diet, steers losing less nitrogen in urine and with better rumen 

and overall feed efficiency also had a distinct nitrogen-isotopic profile in tail hair (lower Δ15N). 
This indicates the possibility to develop a practical tool to monitor feed efficiency of Bos indicus 
cattle fed protein-deficient diets. 

 
 The response of steers to a urea and molasses supplement could also be predicted from the 

nitrogen isotopes on tail hair, reinforcing the applicability of this analysis to evaluate the N-
recycling ability of cattle. 

 
 The natural abundance of nitrogen isotopes in tail hair is moderately heritable (43%) in 

tropically adapted breeds, demonstrating the possibility of using this trait to select more 
efficient cattle. 
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7.   Benefits to industry 

This project demonstrated the possibility of an innovative way to detect more nitrogen-efficient 
cattle, which could be further developed and commercialised. The ability to classify cattle for 
nitrogen efficiency can be used to select more efficient steers with faster growth rates in grazing 
systems, to select more efficient cows able to maintain body condition during the dry period 
translating into higher fertility and calf survival, and to predict the response of individual animals to 
dry-season supplements. 

8. Future research and recommendations  

The continuation of this line of research will allow for a more efficient selection of animals when 
targeting performance in harsh environments. Therefore, this technology should be commercialised. 
Breeders’ performance in northern systems, with low fertility rates and high calf wastage, is a major 
factor affecting northern beef businesses' profitability and sustainability. Extending this line of 
research to quantify the impact of nitrogen use efficiency on cow fertility and calf mortality can 
allow for easier selection of more efficient cows, able to make better use of the scarce amount of 
protein available. 
 
A better understanding of the effects of lactation, gestation, and heat stress on cattle’s nitrogen 
metabolism and on the nitrogen isotopic profile in tail hair would be necessary before the 
commercialization of this technique. 
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10.Appendix 

10.1   Appendix 1 – Animal Ethics Approval Certificates 
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10.2   Appendix 2 – Pellets composition 
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10.3   Appendix 3 – Adverse Events Report 
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10.4   Appendix 4 – Scientific and Technical Communications 
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