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Introduction 
 

There is growing evidence concerning the importance of optimizing growth and 
body composition of dairy replacements to foster future productivity (Soberon and Van 
Amburgh, 2013). As a consequence, there is a need and opportunity to improve and 
further develop available nutritional models, like the Cornell Net Carbohydrate and Protein 
System (CNCPS, Van Amburgh et al., 2015), to improve the precision of diet formulation 
and optimize nutrient utilization in this important group of animals. 

 
Although not technically classified as a nutrient, energy is the variable first 

considered by nutritionists when determining the adequacy of a diet to support a given 
level of animal production (Blaxter, 1962).  For this reason, understanding nutritional 
energetics is imperative in the development of a system that is designed to predict energy 
balance of immature dairy heifers.  

 
 Likewise, during the first stages of development, the calf’s amino acid (AA) needs 
are high as indicated by the rapid and lean growth unique to this period of life (Van 
Amburgh et al., 2019). Furthermore, protein accretion has been proposed as the primary 
factor enhancing future production of the pre-ruminant heifer (Soberon and Van Amburgh, 
2013). Therefore, provision of the nutrients necessary to support proper growth and 
composition during this phase is critical for the dairy heifer, and the dairy industry. Current 
guidelines from NRC (2001), describe the calf’s requirements in terms of apparently 
digestible protein, a less refined measure than the grams of Lys or Met per day 
recommended for lactating cows by the same system. In addition, this approach assumes 
a constant composition of gain and a static efficiency of protein utilization over the growing 
period.  
 
 In their analysis, Van Amburgh and Drackley (2005) suggested that a more 
dynamic approach could improve the predictive capability of current models and allow for 
greater refinements based on source of energy and AA.  With this in mind, the objective 
of the present work was to generate a system of equations to quantify energy, N and AA 
requirements, supply and utilization, which, when integrated into a formulation model 
could be used to assess energy, N and AA balance in young pre-weaned dairy calves. 
This was accomplished utilizing body composition and nutrient utilization data generated 
over the last 20 years and employing updated AA analysis methods to ensure appropriate 
recovery of AA.      
  



Materials and Methods 
 
 For the development of equations, six comparative slaughter studies were used 
(Bascom et al., 2007; Diaz et al., 2001; Tikofsky et al., 2001; Blome et al., 2003; Bartlett 
et al., 2006; Mills et al., 2010), while four different body composition studies (Diaz et al, 
2001; Blome et al., 2003; Bartlett et al., 2006; Bascom et al., 2007) were used to develop 
equations for N and AA requirements since they provided different levels of N intake and 
N digestibility. The complete data set included nutrient intake, full BW, empty BW (EBW), 
EBW gain (EBWG) and body composition (DM, N, fat and ash) of 239 animals (24 Jerseys 
and 215 Holsteins) allocated in 35 nutritional treatments of different feeding levels, dietary 
nutrient composition or both. Three of these treatments consisted of feeding whole milk, 
while the rest fed milk replacers based on whey proteins. 
 
 The energy content of milk replacers was measured with a bomb calorimeter in all 
studies, while for whole milk, energy was estimated empirically using the chemical 
composition. Metabolizable energy intake (MEI) was calculated as the intake energy 
multiplied by the metabolizability coefficients.  Diaz et al. (2001) and Blome et al (2003) 
reported measured energy metabolizability values and these were applied to their 
respective treatments. For the other treatments and calculations, 0.91 was used as the 
value for conversion to MEI of the intake energy (Van Amburgh and Drackley, 2005). The 
gross energy from whole milk was estimated assigning the energy contents (Mcal/kg) of 
9.21, 5.86 and 3.95, to fat, protein and lactose, respectively (NRC, 2001). The 
carbohydrate content, presumably as lactose, was calculated by difference, subtracting 
fat, CP and ash fractions from the total DM.  Energy in tissues was determined by bomb 
calorimetry in all studies except for that of Bartlett et al. (2006) in which tissue energy was 
computed assigning energetic values to fat (9,250 kcal/kg) and crude protein (5,104 
kcal/kg) in the body.     
 
 The EBW was calculated as the sum of the body fractions, which for most studies 
consisted of carcass, blood and organs, and head, hide, feet and tail, with the exception 
of Blome et al. (2003) who partitioned the empty body into viscera and viscera-free 
carcass.  Chemical components were assigned to the respective fraction and added to 
represent the final empty body composition. Retained energy (RE) and N (RN) in the body 
were calculated by difference between their content in the final EBW and that in the initial 
EBW, as indicated by the comparative slaughter method (Lofgreen, 1964). Initial EBW 
was estimated by extrapolating the BW composition of a reference group harvested at 
the beginning of each study to the initial BW of the animals assigned to the different 
treatments. 
 
 Analyses were performed using R (v. 3.6.0; R Core Team, 2019). Simple, multiple 
linear, and nonlinear regressions were fitted using the ‘nlme’ function from the ‘nlme’ 
package (Pinheiro et al., 2020). Regressions were performed as mixed-effect models, 
where fixed effects varied by equation, while the random effect of study and that of 
treatment nested within study or that of study alone were included, when individual calf 
or treatment average data were used, respectively. When using treatment averages, data 
were weighted in the variance structure using the square root of the number of individuals 
per treatment. 
 



 Preplanned comparisons were performed for parameters related to energy 
metabolism between calf breeds. Parameter comparisons were made using the ‘pairs’ 
function from the ‘emmeans’ package (Lenth et al., 2019). Significance was declared at 
P ≤ 0.05. Predictive models were assessed using the root mean squared error (RMSE) 
as percentage of the observed mean, mean and slope bias as a percentage of the mean 
squared error (MSE; Bibby and Toutenburg, 1978), and concordance correlation 
coefficients (CCC; Lin, 1989). 
 

Energy Requirements 
 
Maintenance 
 
 Adopting 0.75 as the allometric exponent to determine metabolic EBW (MEBW, 
kg0.75), net energy requirement for maintenance (NEm) was estimated by extrapolation 
from the relationship between heat production (HP = MEI - RE) and MEI. Using this 
relationship, the point at which MEI and HP were equal was considered the ME 
requirement for maintenance (MEm). The partial efficiency of use of ME for maintenance 
(km) was calculated as the ratio between NEm and MEm. 
 
 The mean MEm for Jerseys (137.66 kcal/kg of MEBW) was 35% higher than for 
Holstein calves (102.17 kcal/kg of MEBW), which agrees with the differences found in 
MEm between dry, non-pregnant mature cows of these breeds (Solis et al., 1988). The 
higher MEm of Jerseys appears to be related to both their higher NEm (85.5 ± 9.85 vs 73.1 
± 2.20 kcal/kg of MEBW) and lower km (0.62 vs 0.72).  Brody (1945) also reported a 
greater resting heat production (NEm) per unit of surface area in Jerseys compared to 
Holsteins, suggesting a difference in the metabolic rate between these breeds. The lower 
km of Jerseys might be due to the greater heat loss because of a larger surface area 
relative to BW and differences in body proportions compared to Holsteins. Using Brody’s 
(1945) equation to estimate surface area (m2 = 0.15 × kg0.56 of BW), Jersey calves had 
37% more surface area per kg of BW than Holsteins in the current data set. Thus, 
although not different in this analysis, the numerical differences in MEm between breeds 
might have biological and practical significance for the feeding and management of calves 
of these breeds, as undersupplying energy could affect the health and growth of the young 
Jersey. Further, a teleological argument can be made that the composition of milk from 
Jersey cows suggests higher energy intake from fat is required by the calf to account for 
greater heat loss. 
 
 In addition, because energy is expressed in MEBW basis as opposed of the 
commonly used metabolic full or live BW, which includes the gut fill mass, the current 
estimates needed to be scaled for proper comparison with the literature. In the present 
data, the ratio of EBW to full BW was 0.93 ± 0.002.   The NEm and km estimated here for 
Holstein calves (69 kcal/kg0.75 of BW and 0.72) are lower than the values adopted by the 
Dairy NRC for preruminant calves (87 kcal/kg0.75 of BW and 0.85, respectively).  However, 
the resulting MEm were in close agreement (97 and 100 kcal/kg0.75 of BW, respectively) 
and well within the range of 90 to 110 kcal/kg0.75 of BW described by Davis and Drackley 
(1998). 
 



 Data on the energy metabolism of Jersey calves are scarce. However, one study 
reported that both NEm (104 kcal/kg0.75 BW) and MEm (95 kcal/kg0.75 BW) were similar 
between Jersey and Holstein calves (Holmes and Davey, 1976). Although these 
estimates are close to the MEm coefficient calculated in this study for Holsteins, the values 
for NEm, km, and the estimates for Jersey calves are not similar. 
 
 The estimated MEm coefficients inevitably contain some energy cost related to 
physical activity and thermoregulation given that animals were managed under variable 
environmental conditions similar to normal production settings. Thus, coefficients 
estimated herein could be used to calculate MEm at thermoneutrality and adjusted by 
adding the energy requirement for thermoregulation when animals are outside of their 
thermoneutral zone. The additional energy expenditure for thermoregulation could be 
made with currently available methods and estimates (Schrama et al., 1993) 
 
Efficiency of ME utilization for growth 
 
 The ME available for growth (MEg) was calculated by difference between MEI and 
MEm, while the fixed partial efficiency of ME utilization for growth (kg) was considered to 
correspond to the slope of the linear regression between RE and MEg with no intercept. 
Estimates of fixed kg indicate that Holstein calves (0.55 ± 0.013) are more efficient utilizing 
ME above maintenance for growth than their Jersey counterparts (0.39 ± 0.058; P < 0.01). 
The difference in kg between breeds in the preruminant state is puzzling since the 
dissimilarities identified in their MEm requirements were already accounted for in the MEg 
estimation. Moreover, the digestion and metabolizability of milk and milk replacers does 
not appear to be affected by the breed of the calf (Blaxter and Wood, 1952; Diaz et al., 
2001; Bascom et al., 2007). An additional analysis suggested the difference in kg between 
breeds is due to a lower energetic efficiency of fat deposition in Jersey calves (Molano, 
2020). The kg determined for milk-fed Holsteins is close to the 0.60 previously derived by 
Van Amburgh and Drackley (2005), reinforcing their conclusion that the coefficient of 0.69 
currently used by the NRC calf sub-model (2001) is not appropriate. 
 
 The efficiency of ME utilization has been challenging to describe and predict in 
growing animals, as it is affected by many factors (Nozière et al., 2018) and cannot be 
considered as fixed, as showed in Figure 1A where the treatment average kg were plotted 
against the treatments identification number (1 to 35). This has been observed by others 
and in the growing ruminant kg has been dynamically estimated based on the quality of 
the diet (Alderman and Cottrill, 1993) or, more recently, as a function of composition of 
gain (Williams and Jenkins, 2003; Nozière et al., 2018). Given the multifactorial nature of 
the variability around kg and the limitation of the current approaches to describe it, 
alternative methods were explored. From these evaluations, the approach that accounted 
for the most variation was relating kg to the kcal of ME available for growth on MEBW 
basis, as shown in Figure 1B. Two distinct patterns were identified corresponding to each 
breed and they were best described by a loglogistic function with two parameters.  This 
indicates that the efficiency at which animals use energy for growth declines as more 
energy is available once maintenance requirements are met, in agreement with the law 
of diminishing returns. 
 



 This observation challenges the classical approach which estimates kg by linear 
regression assuming that both MEm and kg are constant regardless the level of nutrient 
intake. In fact, because the supply of MEg relative to MEBW could be considered a 
measure of feeding level, the apparent “decrease” in efficiency of use for growth could be 
masking the increasing energy maintenance costs associated with a higher level of 
feeding.  The variation in the apparent requirements of maintenance has been recognized 
since the early stages of nutritional energetics (Baldwin and Bywater, 1984) and different 
approaches have been proposed to account for the effect of feeding level in a variable 
representation of the requirements for maintenance in cattle (Ferrell and Oltjen, 2008) 
and veal calves (Labussière et al., 2011). However, the present approach followed the 
conventional scheme of energy fractionation proposed by the factorial method, 
considering the increase in apparent maintenance with level of nutrient intake as a cost 
of production and allocating the additional energy to a variable estimate of the efficiency 
of ME use for growth (varkg), while setting requirements of maintenance constant. 
 
 

 
Figure 1. The partial efficiency of ME utilization for growth (kg) as a function of treatment 

identification number (A) and feeding level (B) for milk-fed Jersey (open circle, 
dashed line) and Holstein calves (closed circle, dotted line). In panel A lines 
indicate the estimated fixed kg for Jersey (0.39) and Holstein calves (0.55). In 
panel B lines indicate the loglogistic function describing the relationship between 
kg and feeding level expressed as daily ME available for gain (MEg) on MEBW 
basis. Dotted line [varkg = 1/(1 + exp(0.46 × (log(MEg) – 5.64))]; dashed line [varkg 
= 1/(1 + exp(0.74 × (log(MEg) – 4.18))]. Circles represent treatment means. 

 
Prediction of Retained Energy 
 
 The effect of using a fixed or variable approach to determine kg on the ability to 
predict energy balance was evaluated by predicting RE from MEg [i.e. RE = MEg × kg (as 
fixed or variable)]. Measures of model adequacy are in Table 1. There were significant 
slope and mean biases identified when the fixed kg was employed, under-predicting RE 
at low energy retentions and over-predicting it at higher levels of energy retention. 



Alternatively, the variable kg computed as a function of feeding level (varkg) improved the 
precision and accuracy of the RE prediction for which no mean or slope bias were 
observed.  Therefore, the later approach was adopted. Since the variation in kg is being 
accounted for with energy intake, it makes sense to use the resulting varkg to convert MEg 
to predicted RE. 
 
Table 1. Model adequacy statistics for the prediction of retained energy (kcal/d) using ME 

above maintenance (MEg) and a fixed or variable efficiency of ME utilization for 
gain (kg) and by different predictive equations.   

 

Item1 

 MEg × kg   Equation 

 Fixed kg Variable2 kg  Toullec3 
Van Amburgh 
and Drackley4 

Proposed5 

Observed mean  1,386.87 1,386.87  1,386.87 1,386.87 1,386.87 
Predicted mean  1,328.67 1,398.76  1,537.95 1,242.45 1,389.03 
RMSE, % mean  19.38 17.60  26.12 21.05 16.53 
Mean bias, % MSE  4.69 0.24  17.40 24.48 0.01 
Slope bias, % MSE  8.58 0.22  32.74 9.63 0.22 
CCC  0.93 0.94  0.89 0.92 0.94 

1Model evaluation criteria included root mean squared error as a percent of observed mean (RMSPE), 
mean and slope bias as a percent of mean squared prediction error (MSPE), and concordance 
correlation coefficient (CCC). 

2Variable efficiencie of ME utilization as function of feeding level 
3Toulec (1989), RE = (0.84 × LW0.355 × LWG1.2) × 1000. Liveweight (LW) and daily LW gain (LWG) in kg. 
3Van Amburgh and Drackley (2005), RE = (0.11 × EBWG1.1684 × EBW0.75) × 1000. 
4Proposed, RE = (EBWG1.0285 × EBW0.21) × 1000.  
Empty body weight (EBW) and daily EBW gain are in kg. 

 
 An equation to predict RE, considered equivalent to the net energy required to 
support the observed growth (reqNEg), was also developed using EBW and EBWG as the 
input and utilizing a non-linear model (Adj. R2 = 0.89, RMSE = 0.23):  
                                  

𝑅𝐸 = 𝐸𝐵𝑊0.212 ± 0.005  × 𝐸𝐵𝑊𝐺1.029 ± 0.04                                                    [1] 
 
where RE is in Mcal per day, EBW is in kg and EBWG in kg per day. 
    
 This equation was compared with that from Toullec (1989), adopted by NRC 
(2001), and that proposed by Van Amburgh and Drackley (2005). Measurements of model 
adequacy are in Table 1. As previously observed by Van Amburgh and Drackley (2005), 
the equation from Toullec (1989) over-predicted RE because it was developed for heavy 
veal calves fed high fat diets. The accuracy of RE prediction was improved by the use of 
the equation from Van Amburgh and Drackley (2005), however mean and slope biases 
were still observed (P < 0.001). Equation [1] provided the best performance with no bias 
and high CCC.  The proposed model allows for the evaluation of energy balance on a net 
basis by comparing the RE allowable by the diet (MEg × varkg) with the predicted reqNEg 
with equation [1]. 
 
  



Nitrogen and Amino Acid Supply and Requirements 
 
Net N Requirements 
 
 Non-productive N losses were considered to be endogenous N (EN) that is lost in 
feces, urine and scurf. Daily scurf and urinary N losses were estimated as 0.035 g N/kg0.60 
full BW and 0.44 g N/d per kg0.50 of full BW, respectively (Swanson, 1977).   By regressing 
the apparently digested N against the ingested N, both expressed as a fraction of DMI, 
endogenous fecal N losses (EFN = 3.53 ± 0.81 g/kg DMI) and true digestibility of dietary 
N from milk proteins (0.99 ± 0.02) were estimated.  
 
 A predictive equation for RN, as an estimate of the net N requirements for growth 
(reqNNg) was derived by simple linear regression using individual daily EBWG as 
explanatory variable (RSME = 2.28): 
 

𝑅𝑁 (𝑔 𝑑⁄ ) =  1.31 ± 0.62 +  28.29 ± 0.94 ×  𝐸𝐵𝑊𝐺 (𝑘𝑔 𝑔⁄ )                [2]  
 
 In this equation, both intercept and slope were significant (P < 0.04), and the 
prediction accounted for 92% of the variation in actual RN, with no mean (P = 1.00) or 
slope bias (P = 0.69). Davis and Drackley (1998) proposed to calculate RN from ADG 
using a fixed coefficient of 30 g N/kg ADG, and NRC (2001) adopted it. Such an approach 
agrees with the coefficient obtained here (29.96 ± 0.52) when RN was regressed as a 
function of EBWG with no intercept. However, predictions using the approach showed 
mean (P = 0.02) and slope bias (P = 0.03). In their review Davis and Drackley (1998) 
reported that N in the gain was not constant, which is in agreement with the present data 
set, where it ranges from 23.67 to 54.83 g N/kg EBWG. Although a subtle change, the 
inclusion of the intercept in the relationship is powerful as it helps to better predict this 
variation in N content of gain and allows for the representation of decreasing N 
concentration in the gain as EBWG increases. 
 
 Thus, after computing the EN lost in scurf, feces and urine, in g/d, they were 
aggregated to calculate the net non-productive (i.e. maintenance) N requirements 
(reqNNm). These were added to the RN to represent the total daily net N requirement of 
the calf (reqNN, g/d) 
 
Metabolizable N supply 
 
 Extrapolating the assumption made for swine, that the contribution of EN from the 
large intestine is 10% of the EFN (NRC, 2012), the estimated EFN was related to basal 
ileal EN losses (EFN × 0.9). Also, based on the data from Montagne et al. (2000), the 
amount of EN at the terminal ileum was 30% of that flowing at the jejunum, and assuming 
this latter pool closely represented the EN generated at the foregut and midgut, the 
reabsorbed EN was calculated as EFN × 2.1. Ingested N was multiplied by the true 
digestibility to estimate the absorbed N from the diet, and that together with the 
reabsorbed N from endogenous origin constituted the metabolic N supply (MNS) for the 
calf. 
 



Efficiency of Metabolizable N and AA Utilization 
 
 In order to model N and AA balance, the different N pools were associated to an 
AA profile (Molano, 2020). Calculations were made considering AA in their hydrated state, 
accounting for the molecule of water added to each AA after protein hydrolysis. The AA 
profile of EN used in the digestive process was assumed to be equivalent to that of the 
EN flowing at the terminal ileum, which for the most part was adopted from Montagne et 
al. (2000), while that of Phe, Trp and Tyr were obtained from Gerrits et al. (1997).  The 
AA lost in scurf corresponded to the AA profile of the hide (Gerrits et al, 1997).  Milk 
replacers were analysed for AA at Cornell University following the procedure described 
by Van Amburgh et al. (2015). These profiles were applied to the truly digested feed N to 
calculate the absorbed AA.  And because these profiles were determined using 24-h acid 
hydrolysis and this procedure has been shown to not ensure complete AA recovery 
(Fessenden et al., 2017; Lapierre et al., 2019), correction factors generated by Ortega et 
al. (unpublished) for animal tissues and milk protein were applied to the reported AA 
profiles of endogenous and milk replacer, respectively. Body fractions and whole milk AA 
profile were determined by Ortega et al. (unpublished) using multiple time hydrolysis and 
estimating the concentration of AA bonded as protein before hydrolysis for each matrix 
using nonlinear regression. Hydroxyproline content of the body fractions were adopted 
from Williams (1978). 
 
 A combined efficiency of use of absorbed N (kN) and AA (kAA) was defined as the 
ratio between the described requirements, both productive and non-productive, and the 
metabolizable supply (reqNN/MNS and reqNAA/MAAS, respectively). Considering that the 
in the calf the chemical properties of nutrients consumed in the liquid feed are conserved 
during digestion and closely mirror those ultimately available for metabolism, kN and kAA 
were regressed against the metabolizable supplies relative to total ME, or to the ME 
associated to the dietary fat, CP or carbohydrate alone. Nitrogen and AA efficiency of use 
has been related to their respective supplies relative to energy in swine (Kyriazakis and 
Emmans, 1992) and lactating dairy cows (Van Straalen et al., 1994; Higgs and Van 
Amburgh, 2016). This relationship allowed the use of a variable efficiency of use that is 
considered to be biologically sound and improves model predictions, when compared with 
the use of constant coefficients (Van Straaleen et al., 1994; Nozière et al., 2018; Lapierre 
et al., 2020).  
 

The N or AA supply relative to ME were inversely related to their combined 
efficiency of use, in agreement with the diminishing return law, supporting the idea that 
energy is the primary driver of protein synthesis and efficiency of AA use is energy 
dependent (Miller, 2004). However, in the pre-ruminant calf, the relationship between the 
efficiency of use and the supply relative to total ME, was not conserved when ME was 
partitioned into the nutrients generating the energy.  This indicated that at a given AA 
supply the efficiency of AA utilization was more closely related to the intake of 
carbohydrates, than to that of fat or protein calories per se.  Although AA supply 
(particularly Leu) stimulate protein synthesis (Suryawan and Davis, 2011), the association 
between kAA and protein intake, or its AA profile, was weak in agreement with previous 
analysis in both ruminants and non-ruminants (Miller, 2004; Higgs and Van Amburgh, 
2016). Further, in veal calves Roy et al. (1970) concluded that fat was not a suitable 
energy source to increase N retention. In agreement with this observation, van den Borne 



et al. (2007) noted that urea production, an indicator of protein breakdown, increased 
when more fat in the milk replacer was fed to veal calves.  Further, using stable isotopes, 
van den Borne et al., (2007) were unable to find any carbohydrate carbon in adipose 
tissue, suggesting the carbohydrate was being preferentially used for functions like 
protein synthesis, which is consistent with the behavior in urea N levels.  

 
 The stronger relationship between carbohydrate energy and AA efficiency of use 
observed in this analysis is supported by findings in growing pigs where N retention was 
improved by increasing dietary starch at various levels of protein intake (Fuller and Crofts, 
1977).  In a similar manner, milk protein yield has been increased by the post-ruminal 
infusion of glucose in dairy cows (Rulquin et al., 2004). The major mechanism involved in 
the better utilization of N and AA through increased carbohydrate intake has been 
attributed to changes in insulin and its downstream signaling pathway related to protein 
synthesis (Fuller et al, 1977). In the short term, insulin rapidly activates protein synthesis 
by activating components of the translational machinery, while in the long-term, insulin 
also increases the cellular content of ribosomes to augment the capacity for protein 
synthesis (Proud, 2006). Insulin could also stimulate muscle protein synthesis by 
increasing the efficiency of translation (Davis et al., 2001). The relationship between the 
treatment mean combined efficiency of utilization and the supply for N and AA relative to 
carbohydrate ME was best described using a loglogistic model with three parameters.  
Parameters estimates and fit summary from this regression are presented in Table 2. 
 
 Similar to the approach proposed for energy, N balance could be assessed in net 
terms comparing reqNNg (equation [2]) versus allowable RN [RN (g/d) = (MNS (g/d) × kN) 
– reqNNm (g/d)] using the combined efficiency estimated based on the grams of N per Mcal 
of carbohydrate ME provided from the diet. This same approach could be applied to the 
calculation of AA requirements.  
 

An example of the relationship between efficiency of use of total AA and their 
supply relative to total ME and carbohydrate ME with the fit of the loglogistic function is 
illustrated in Figure 2. 
  



Table 2. Model parameters and fit summary of the loglogistic regression between the 
combined efficiency of use and supply of N and AA relative to carbohydrate ME. 

Item 
Log logistic Model Parameters1 

RMSE Adj. R2 

𝜭1 𝜭2  𝜭3 

N 1.04 1.92 42.97 0.04 0.88 
         

Arg 2.06 2.02 8.50 0.10 0.85 

His 1.25 1.66 5.16 0.05 0.88 

Ile 0.76 0.95 8.58 0.02 0.91 

Leu 3.39 0.60 0.82 0.03 0.88 

Lys 0.87 1.30 16.36 0.03 0.90 

Met 1.15 1.79 4.38 0.06 0.78 

Met+Cys 0.69 3.01 11.67 0.06 0.67 

Phe 1.30 1.56 8.08 0.04 0.93 

Phe+Tyr 1.20 1.92 15.73 0.05 0.91 

Thr 0.80 1.68 14.21 0.03 0.90 

Trp 2.92 0.75 0.41 0.03 0.95 

Val 0.83 1.48 14.68 0.03 0.87 

Total AA2 1.26 1.24 186.35 0.04 0.87 
1k(N or AA) = 𝜭1/(1+exp(𝜭2 × RM(N or AA)S+ log(𝜭3))), where RM(N or AA)S is the metabolizable 
supply of N or AA relative to carbohydrate ME (g/Mcal). 
2Total AA = EAA and NEAA. All AA expressed as hydrated residues 

  
 

 
Figure 2. Relationship between combined efficiency of use and metabolizable supply of 

total AA (EAA and NEAA) relative that of total ME (A) or ME from carbohydrates 
fitted by a linear and loglogistic model (dotted line, B). Circles represent 
treatment means. 

 



Application 
 
 In order to integrate the concepts and results disused in the present analysis, 
estimation of energy and total AA requirements per the proposed equations were 
calculated for Holstein calves of three different live BW (50, 65, and 80 kg) growing at 
different rates of daily weight gain. 
 
 Energy requirements for growth were calculated for the EBW and EBWG and are 
presented in Table 3. Metabolizable energy requirements for maintenance, assuming 
thermo-neutrality, increased with BW indicating that as calves grow, more calories are 
needed to maintain life only, and therefore feeding programs should adjust to provide 
enough calories above maintenance to achieve targeted gains.   As BW increases from 
50 to 80 kg, the increment on ME maintenance requirements would correspond to 
approximately 150 g of DM of milk or milk replacer per day. Required NEg increased with 
rate of gain at a given BW, and with BW for a given gain since energy content of the gain 
increases as the animal matures. Because energy requirements relative to BW also 
increase with rate of gain, the efficiency of use of ME for growth (kg) decreases. In 
contrast, kg increased with calf size at a given rate of gain, because the energy required 
relative to BW decreases. Using the predicted kg, growth requirements were converted 
on a metabolizable basis, which follow a similar pattern as that described for NEg.   
 
Table 3. Effect of varying live BW and rate of gain of milk-fed Holstein calves under 

thermo-neutral conditions on the estimation of energy requirements and 
utilization for growth according to the proposed model. 

Live BW, 
kg 

Live BW gain, 
kg/d 

  MEm
1, 

Mcal/d 
NEg

2, 
Mcal/d 

kg
3 

MEg
4, 

Mcal/d   

50 

0.2   

1.8 

0.4 0.74 0.5 

0.4   0.8 0.66 1.2 

0.6   1.2 0.60 2.0 

0.8   1.6 0.56 2.9 
              

65 

0.4   

2.2 

0.9 0.67 1.3 

0.6   1.3 0.62 2.1 

0.8   1.7 0.58 3.0 

1.0   2.2 0.55 4.0 
              

80 

0.6   

2.5 

1.4 0.64 2.1 

0.8   1.8 0.60 3.0 

1.0   2.3 0.56 4.1 

1.2   2.8 0.54 5.1 
10.1 × EBW0.75 
2EBW0.212 × EBWG1.029 
where: EBW (kg) = live BW × 0.93; EBWG (kg/d) = live BW gain × 0.92 
3Calculated iteratively as kg = 1/(1 + exp(0.46 × (log(MEg) – 5.64))) 
Where MEg = ME available for gain (kcal/kg0.75 of EBW) 
4NEg / kg 

1 0.1 × EBW0.75

2 EBW0.212 × EBWG1.029

where: EBW (kg) = live BW × 0.93; EBWG (kg/d) = live BW gain × 0.92 

3 Calculated iteratively as kg = 1/(1 + exp(0.46 × (log(MEg) – 5.64)))

Where MEg = ME available for gain (kcal/kg0.75 of EBW) 

4 NEg / kg



 Using the estimated EBW, EBWG, total ME requirements and DMI as inputs, net 
N requirements for maintenance and growth requirements were calculated using the 
proposed equations and transformed to total AA (Table 4) using the total AA N in each 
pool and the N content of the total hydrated AA (Molano, 2020). Net requirements for 
maintenance increased slightly with BW at a given rate of gain, while net requirements 
for both maintenance and growth increased in a greater magnitude with rate of gain, due 
to the greater metabolic endogenous AA secreted with increased DMI and to the greater 
need for AA to support tissue deposition. This indicates that AA requirements of the calf 
are mainly a function of rate of growth and not BW, which agrees with the observations 
made by Davis and Drackley (1998) for apparently digestible protein requirements. Thus, 
as proportion of the total net requirements of total AA, maintenance requirements are 
diluted as rate of gain increases, accounting for nearly half of the total requirements for a 
50 kg calf growing at 0.20 kg/d while just about a fifth of the total requirements when 
growing at 0.80 kg/d.  
 
 In order to convert the net requirements of total AA to metabolizable basis the 
efficiency of use was estimated iteratively assuming the milk replacer being consumed 
was 43% carbohydrates and 6% ash. Overall, the combined efficiency of use decreased 
as rate of gain increased but, increased with BW at a given rate of gain, following the 
relative contribution of maintenance requirements to the total net requirements described 
earlier. Further, this indicates that total AA are used with a higher efficiency for 
maintenance than for growth functions. Subsequently, total AA supplied from metabolic 
endogenous reabsorption were estimated and subtracted from the total metabolizable 
requirement to calculate the total metabolizable AA needed to be supplied by the diet. In 
addition, because in the proposed model AA requirements and supplies are expressed 
as hydrated residues resulting from protein hydrolysis (free AA), the estimated total 
dietary metabolizable AA supply was multiplied by 0.86 to correct their molecular weight 
to anhydrous basis (Lapierre et al., 2016), which is the from AA are bonded in protein, 
and be able to represent the metabolizable protein required in the diet. Considering the 
estimated true digestibility of milk proteins (0.99), the dietary metabolizable protein supply 
was converted to true protein intake and then expressed as a percentage of the DM based 
on the estimated DMI. The calculated concentration of true protein in the milk replacer 
increased with the rate of gain and decreased as BW increased to achieve a given rate 
of gain. Estimated true protein content of the diet for the lighter calves growing at the 
fastest rate was identical to that of whole milk (25% of DM), and corresponded closely to 
the crude protein requirement previously reported by Van Amburgh and Drackley (2005; 
26 to 28% of DM).  Also, these calculations suggest that the true protein content of the 
diet required to support a given rate of gain is not static and decreases as calves matures, 
which is in agreement with the analysis made by Davis and Drackley (1998).  This 
observation of decreasing TP is primarily due to the increase in ME requirements, which 
include maintenance, and the increase in DMI which are both greater than the increase 
metabolizable protein requirements, resulting in a dilution of the required true protein in 
the DM.  As described here for total AA, the calf’s requirements and supplies of particular 
AA could be estimated following this methodology. 
 
  



Table 4. Effect of varying live BW and rate of gain of milk-fed Holstein calves under thermo-neutral conditions on the 
estimated net and metabolizable total AA and dietary true protein requirements according to the proposed model. 

 

Live 
BW, kg 

 

Live BW 
gain, kg/d 

Total ME 
required, 
Mcal/d 

DMI1, 
kg/d 

 Total AA Requirements  Dietary true protein 

  Net   
requirements, g/d   kTAA

4   
Metabolizable 

requirements, g/d 
 

Metabolizable 
supply6, g/d 

Percent in 
DM7   Maintenance2 Total3     Total Diet5  

50 

 0.2 2.3 0.4  28 69   0.74   94 80  68 16 
 0.4 3.0 0.6  31 105   0.63   165 147  125 21 
 0.6 3.8 0.7  33 140   0.59   237 213  182 24 
 0.8 4.7 0.9  36 176   0.58   304 274  233 25 

65 

 0.4 3.4 0.7  35 109   0.70   156 135  115 18 
 0.6 4.2 0.8  37 144   0.65   222 196  167 20 
 0.8 5.2 1.0  40 180   0.63   286 254  216 22 
 1.0 6.2 1.2  43 216   0.62   345 307  262 22 

80 

 0.6 4.7 0.9  41 148   0.70   213 184  157 18 

 0.8 5.6 1.1  44 184   0.67   274 239  204 19 

 1.0 6.6 1.3  47 219   0.66   332 291  248 20 

 1.2 7.7 1.5  50 255   0.66   386 339  289 20 
 

1Based on milk replacer with 43% carbohydrate, 6 % ash and ME content between 5.1 and 5.4 Mcal/kg of DM. 
2Calculated from the net N maintenance requirements (EFN, scurf N and EUN) × Total AA N in N of each pool / AA N content of each pool. 
where: EFN (g/d) = DMI (kg/d) × 3.53; Scurf N (g/d) = 0.035 × BW0.6; EUN (g/d) = 0.44 × BW0.5. BW (kg) = live BW. 
3Total AA net requirements = maintenance (3) + growth (Retained N × Total AA N in EBW N  / Total AA N content) 
where: Retained N (g/d) = 1.31 + EBWG × 29.28; EBWG (kg/d) = live BW gain × 0.92. 
4kTAA = Combined efficiency of total AA use, calculated iteratively as 1.26/(1+exp(1.24 × RMTAAS+ log(186.35))), setting 0.58 as starting point and 
assuming a milk replacer with 43% carbohydrate and 6% ash (DM basis). 
where RMTTAS = metabolizable total AA supply relative to ME intake from carbohydrate (g/Mcal ME). 
5Metabolizable total AA required from the diet = total metabolizable requirement (total net requirements / kTAA) - metabolizable total AA supply from  
endogenous origin [(Reabsorbed EN, g/d = DMI (kg/d) × 3.53 × 2.1) × Total AA N in endogenous N / Total AA N content]. 
6Dietary metabolizable protein = dietary metabolizable total AA × 0.86, to convert hydrated AA to anhydrous basis. 
7Considering milk-protein true digestibility of 99%, true protein content (% DM) = (Metabolizable protein / 0.99)/DMI (g/d) × 100. 

1 Based on milk replacer with 43% carbohydrate, 6 % ash and ME content between 5.1 and 5.4 Mcal/kg of DM.

2 Calculated from the net N maintenance requirements (EFN, scurf N and EUN) × Total AA N in N of each pool / AA N content of each pool.

3 Total AA net requirements = maintenance (3) + growth (Retained N × Total AA N in EBW N / Total AA N content)

4 KTAA = Combined efficiency of total AA use, calculated iteratively as 1.26/(1+exp(1.24 × RMTAAS+ log(186.35))), setting 0.58 as starting point and assuming a milk replacer with 43% carbohydrate and 6% ash (DM basis).

5 Metabolizable total AA required from the diet = total metabolizable requirement (total net requirements / ktaa) - metabolizable total AA supply from endoaenous oriain [(Reabsorbed EN. a/d = DMI (ka/d) 
x 3.53 x 2.1) x Total AA N in endoaenous N / Total AA N contentl.
6 Dietary metabolizable protein = dietary metabolizable total AA × 0.86, to convert hydrated AA to anhydrous basis.

7 Considering milk-protein true digestibility of 99%, true protein content (% DM) = (Metabolizable protein / 0.99)/DMI (g/d) × 100.



Summary 
 
 Using the body composition data available, a set of equations were developed to 
estimate energy and AA requirements for the pre-ruminant calf. Likewise, this analysis 
allowed us to describe nutrient utilization using a variable partial efficiency of ME use for 
growth, calculated as a function of feeding level, and a variable combined efficiency of N 
and AA use determined based on their relative supply to carbohydrate ME. As a whole, 
the proposed model offers a mechanistic approach to estimate energy and AA 
requirements on a net basis and allows the user to evaluate their balance.  
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