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CHAPTER 1 

Synopsis 

1.1 General introduction  

“The nitrogenous components of the diet support the protein metabolism of the rumen 

organisms and their host, but the interactions of diet, microbes, and animal host that 

determine the net supply of protein to the host are complex.”        Van Soest (1994) 

Protein intake is essential for the synthesis of milk and muscle protein, both in ruminants and 

in monogastric animals. Protein is absorbed intestinally in the form of absorbable amino acids 

in both ruminants and monogastric animals; the only difference lies in the source of these amino 

acids (AA). In ruminants, AA come from dietary protein that has not been degraded in the 

rumen, from microbial protein and protein from endogenous sources. Nitrogen (N) is essential 

for synthesising non-essential AA. Crude protein (CP) is calculated from N · 6.25 and utilisable 

crude protein at the duodenum (uCP) from the sum of ruminally undegraded crude protein 

(RUP) and microbial crude protein (MCP). 

Any considerations regarding recommendations on the adequate supply of N, uCP and 

ultimately AA in ruminants must balance a number of aspects; not only the primary objective 

of optimally meeting relevant performance requirements for milk volumes, fattening 

performance and/or milk protein, but also economic and environmental aspects in relation to 

the supply of N and protein. Consequently, the aspects of adequacy for performance 

requirements, animal health, economic considerations and the environmental effects of N 

excretion in urea must be given equal consideration (Kehraus et al. 2006). Despite best efforts 

to reduce N, negative ruminal N balances should be avoided. Ruminal N deficiencies result in 

inadequate microbial protein synthesis, as N in the form of ammonia limits both energy supply 

and protein synthesis (Clark et al. 1992, van Soest 1994). 

Approaches to N reduction or the reduction of CP/kg dry matter (DM) concentrations 

respectively have been widely taken into account in numerous feeding trials (e.g. van de Sand 

et al. 2008, Ettle et al. 2010, Engelhard et al. 2013) and recommendations. However, the current 

recommendations given by the Society of Nutrition Physiology (GfE) for the supply of lactating 

dairy cows with uCP (GfE 2001) are based on a derivation of net N requirements (in g/day) that 

warrants further examination in view of more recent insights. 
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This thesis examines two core approaches in more detail from the background outlined above:  

It first discusses the aspect of the targeted calculation and manipulation of the absorbable AA 

profile in the intestines of dairy cows when concurrently reducing the CP concentration/kg DM 

and investigates the effects of supplementing rumen protected AA (RPAA). In this context, this 

thesis may be able to add greater precision to existing models of calculation and estimation 

respectively in order to optimally determine AA requirements, above all for methionine (Met) 

and lysine (Lys).  

The minimum possible N contents in feeds required for maintenance of an adequate level of 

microbial protein synthesis are then deduced. Relevant assumed correlations between 

obligatory N excretions via urine and faeces and those that can be influenced via N intake (NI) 

are next verified by means of meta-analysis. In the following step, derived minimal N 

concentrations in feeds for ensuring the adequate supply of ruminal microbes with N/obtaining 

a positive ruminal N balance (RNB) and corresponding concentrations of CP/kg DM are 

correlated with results from current trials with practical relevance. This step also includes 

verification of the extent to which these derived values for stable/adequate N concentrations/kg 

DM correspond to practical dairy cow feeding recommendations or the extent to which a 

reduction in CP concentrations/kg DM has practical relevance respectively. 

Both approaches are aimed at the overall objective of improving the efficiency of N utilisation 

and thus enabling a further reduction in N losses in dairy cow feeding. 

As the topic of protein and AA metabolism has been comprehensively reviewed in Chapter 3, 

the following sections only discuss selected additional negative aspects and consequences of a 

ruminal oversupply of N. 
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1.2 Nitrogen in dairy cows 

An unpolluted environment forms the basis for healthy, sustainable livestock nutrition and 

rearing. However, intensifying livestock production with the associated nutritional feeding 

practices results in increasing N excretions, which in turn can cause environmental pressure. 

Utilising available resources as efficiently as possible and improving nutrient and therefore N 

efficiency in the process constitute the main controls that will enable sufficient quantities of 

protein for human nutrition to be produced worldwide in the long term (Flachowsky 2004). 

Nitrogen and environment 

The release of nitrate (NO3) into and its accumulation in groundwater, as well as the release of 

ammonia (NH3) into the atmosphere, are causally linked to the hydrolisation of urea-N by 

urease enzymes (Burgos et al. 2007). A total of 75 – 80 % of NH3 emissions are derived from 

livestock farming, with 50 % from cattle farming alone. Arriola Apelo et al. (2014a) reported 

of faecal and urinary N excretions of up to 75 % in dairy cows receiving an adequate CP supply 

for their needs. Oversupply with protein results in higher volumes of urine (Leonardi 2003, 

Kehraus et al. 2006), higher excretions of urea and N and consequently higher NH3 emissions 

and higher accumulations of NO3. These correlations are receiving more and more attention, 

and they form the basis for national and international legislation. The requirements of the so-

called Nitrates Directive (Council Directive 91/676/EEC concerning the protection of waters 

against pollution caused by nitrates from agricultural sources) (EU Parliament 1991) and the 

NEC Directive (National Emission Ceilings - Directive on National Emission Ceilings for 

certain pollutants) (EU Parliament 2001), for example, form the legal and factual basis for the 

proposed amendment to the Fertiliser Ordinance (Federal Ministry of Food and 

Agriculture/Bundesministerium für Ernährung und Landwirtschaft – BMEL 2016). 

Economic aspects of nitrogen intake in dairy cows 

Apart from this core environmental aspect, CP additionally represents a major cost factor in 

feeding any farmed livestock. Depending on the market situation for feed protein, the 

proportional feed costs for sources of protein in dairy cow rations may account for up to 42 % 

of total feed costs (Arriola Apelo et al. 2014b). The detoxification of NH3 to urea in the liver is 

additionally a process that requires very large amounts of energy. The Cornell Net Carbohydrate 
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and Protein System (CNCPS) (Fox et al. 2004), a mathematical model for calculating feed 

rations and nutrient excretion, for example, takes this additional amount of energy into account 

by determining “urea costs” (megacalories/d) by way of an estimation equation: 

 (RNB (g/d) – recycled N (g/d) + Excess N from metabolisable protein (g/d)) · 0.0073 

However, dairy cow feeding practices worldwide result in enormous variation in terms of N 

and protein efficiency. When looking at the N determination from milk protein alone, there are, 

for example, clear variations depending on the feeding regime, the CP concentration/kg DM 

and the possible supplementation of essential amino acids (EAA). This allows early conclusions 

to be drawn regarding N efficiency (Arriola Apelo et al. 2014b). 

Nitrogen supply and fertility 

Economic considerations take animal health and aspects of fertility, length of productive life 

and restocking rates into account. In practical dairy cow feeding regimes, the milk urea nitrogen 

(MUN) level is an important tool for monitoring the efficiency of microbial protein synthesis 

(Guliński et al. 2016). MUN correlates positively not only with faecal and, above all, urinary N 

excretions (UN) (Kauffmann and St-Pierre 2001, Kohn et al. 2002) (e.g. Kauffmann and St-

Pierre (2001): UN (g/d) = 12.54 MUN (mg/dl)), but also with urea N levels in blood (BUN), as 

urea N is able to diffuse directly from blood into milk (Kauffmann and St-Pierre 2001). Butler 

et al. (1995) similarly describe a correlation between MUN and plasma urea nitrogen (PUN): 

MUN (mg/dl) = 0.76 · PUN (mg/dl) + 6.3   (r2 = 0.69, p < 0.001) 

This correlation between MUN and PUN is also found by Burgos et al. (2007) across the entire 

lactation period: 

MUN (mg/dl) = 2.29 (±0.55) + 0.61 (±0.07) · PUN (mg/dl) + 0.01 (±0.002) · PUN (mg/dl)2  

(r2 = 0.99, p < 0.001)

Consequently, MUN can be used for deriving potential effects on PUN in practical ration 

control. The CP level in feed rations correlates with UN, urine urea nitrogen (UUN) as well as 

MUN and PUN (Burgos et al. 2007). Negative effects on animal health and specifically animal 

fertility can be found with increasing MUN and PUN concentrations: 

Butler et al. (1995) found evidence of fertility rates being reduced by 18 % with PUN rates of 

>19 mg/dl compared to PUN <19 mg/dl (p < 0.02). They concluded that urea N concentrations 

of >19 mg/dl PUN and MUN correlate negatively with conception rates in dairy cows (Table 1). 
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Table 1: Pregnancy rate (PR) likelihood ratios for cows categorized by milk urea nitrogen 

concentration (MUN) and plasma urea nitrogen concentration (PUN) on the day of 

insemination (according to Butler et al. 1995) 

Percentage 

MUNa/PUNb

category, mg/dl 

MUN 

cows, 

nc 

PUN 

cows, 

n

MUN 

PRd, %

PUN 

PR, 

% 

MUN 

Not 

pregn-

ant 

PUN 

Not 

pregn-

ant 

MUN 

pregn-

ant 

PUN 

pregn-

ant 

MUN 

Likeli-

hood 

ratioe 

PUN 

Likeli-

hood 

ratio

<16.0 16 51 75 49 5.5 29.5 14.6 34.7 2.65 1.18 

16.1 - 18.9 28 44 64 57 13.7 21.6 22.0 34.7 1.61 1.61 

19.0 - 21.9 46 40 48 32 32.9 30.7 26.8 18.1 0.81 0.59 

22.0 - 24.9 36 17 47 29 20.7 13.6 26.0 6.9 0.80 0.51 

≥25.0 29 8 45 50 16.9 4.5 21.9 5.6 0.73 1.24 

Notes: aMUN, Milk urea nitrogen; bPUN, Bloodplasma urea nitrogen; cn, Sample size; dPR, Pregnancy 

rate; eLikelihood ratio, Percentage of cows pregnant divided by the percentage of the cows not 

pregnant. 

Larson et al. (1996) also found that MUN and the number of lactations affect conception rates, 

which is also consistent with the results obtained by de Kruif et al. (2007). Larson et al. (1996) 

additionally concluded that MUN affects the reproductive cycle in dairy cows. With MUN >21 

mg/dl, a single cycle extends over 21 days, whereas with MUN <21 mg/dl, the cycle was 

extended. This latter correlation cannot be fully explained yet at this stage. Melendez et al. 

(1999) were unable to confirm a correlation between MUN and fertility rates (MUN >16 mg/dl 

vs. MUN <16 mg/dl). However, they demonstrated that MUN and the time of service have a 

strong impact on fertility rates. In dairy cows with MUN >16 mg/dl that were served in summer, 

the risk of non-gestation was 18 times higher than in dairy cows with MUN <16 mg/dl that 

were served in winter. However, no clear conclusions can be drawn, since the two variables of 

time of service (see also de Kruif et al. 2007) and MUN concentration were coupled. Rhoads et 

al. (2006) concluded that PUN >19 mg/dl has a negative effect on fertility rates, citing the 

reduced viability of embryos as the reason, which in turn is due to the uterine environment 

being negatively affected by elevated PUN concentrations. This results in a toxic effect of urea 

on oocysts and early embryonic development stages (see also Butler 1998). However, the 

precise times and mechanisms involved have not yet been identified. Santos et al. (2009) have 

shown that increasing PUN levels (<13 mg/dl vs. 13 - 16 mg/dl vs. >16 mg/dl) result in the 

formation of significantly fewer blastocysts (p < 0.05).
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As a consequence, PUN levels >16 mg/dl result in substantially reduced blastocyst 

development and impaired viability of future blastocysts. 

1.3 Calculation of requirements  

This section first sets out details on the derivation of uCP requirements according to GfE (2001) 

in order to support the understanding of the approach taken in this thesis regarding the 

derivation of minimally required N concentrations in feeds (Chapter 4). 

The net N requirements of dairy cows are expressed in terms of the sum of endogenous losses 

(via faeces and urine), surface losses (skin and hair), the protein deposition for growth (in 

heifers) and the protein deposition for milk protein. If one focuses on endogenous N losses via 

faeces (FNe) (see also Fig. 1) and urine (UNe), these are described as follows (both expressed 

in g/day (g/d)): 

UNe = 5.90206 log live weight – 6.76 

FNe = 2.19 · kg dry matter intake (DMI) 

In terms of endogenous N losses via urine, UNe is the sole reference value; UN is not separated 

into urine non-urea nitrogen (UNUN) and UUN. The approach taken to deriving requirements 

based on FNe additionally warrants further examination in view of more recent insights, as the 

factorial derivation of needs from FNe is based on assumptions and partially available measured 

parameters only as shown below: 

-  the assumption of a median N flow in the proximal duodenum of 20.8 g N/kg DMI 

-  estimated digestibilities and absorbabilities of amino acid N (AAN) in the small intestine 

of 70 - 85 % respectively  

-  the resulting difference between absorbed and seemingly digested AAN of 2.19 g AAN/kg 

DMI (= FNe) 

No degradation of body protein is taken into account at all. Based on the net N requirements 

shown, uCP requirement data are then calculated and shown (Table 2). The calculation of uCP 

requirements (g/d) takes into account the utilisation of absorbed utilisable AAN (75 % = 1.33), 

the absorbability of utilisable AAN (85 % = 1.18) and the portion of AAN in non-NH3 N (73 

% = 1.37) in the duodenum. 

uCP requirements = net requirement · 1.33 · 1.18 · 1.37 (= net requirement · 2.1) 
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Figure 1: Differentiation of faecal nitrogen (FN) 

Table 2: Requirements of utilisable crude protein according to their milk yield (adapted from 

GfE 2001, modified) 

Milk yield Intake Requirements of utilisable crude protein 

g/d DMIa kg/d MEb (MJ/d) g/d g/kg DMc 

10 12.5 120 1230 98 

15 14.5 145 1650 114 

20 16.0 170 2050 128 

25 18.0 195 2460 137 

30 20.0 220 2880 144 

35 21.5 240 3280 153 

40 23.0 265 3680 160 

45 24.5 290 4080 167 

50 26.0 315 4480 172 

Notes: aDMI, Dry matter intake (kg/d); bME, Metabolisable energy (MJ/d); cDM, Dry matter. 
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CHAPTER 2 

Scope of the thesis 

This thesis comprising three separate publications examines approaches to improving the 

efficiency of N utilisation in dairy cows.  

An overview presentation (Chapter 3) provides an introduction to the overall topic of N, protein 

and AA metabolism in dairy cows and contextualises approaches to CP reduction in practical 

ration design with a review of relevant literature.  

This is aimed at identifying the extent to which CP reduction is practically feasible and the 

significance of RPAA supplementation, above all Met and Lys, in this context. This part also 

critically examines the predictive accuracy of existing regression equations for calculating Met 

and Lys requirements with particular reference to existing imprecisions in the quantification or 

estimation respectively of the relevant intermediary utilisation of individual AA. 

Based on protein reduction considerations, the thesis then proceeds to deriving minimally 

possible N concentrations without provoking ruminal N deficiencies (Chapter 4), initially from 

a purely deductive basis from data in relevant literature and its evaluation and reappraisal. The 

specific differentiation of N losses into obligatory losses and those than can be influenced via 

NI provides the basis for the subsequent derivation of N and CP feeding recommendations in 

dairy cow rations.  

From this basis, it is hypothesised that FN and UNUN can be assumed to be obligatory for these 

derivations, while UN and UUN can be assumed to be regulatory. 

Statistical verification through meta-analysis is performed to demonstrate that the assumptions 

derived in the earlier parts of this thesis and the resulting derivations of minimal N 

concentrations in feeds for delivering stable N balances stand up to statistical analysis 

(Chapter 5).  

Accordingly, the hypothesis of obligatory and regulatory faecal and urinary N excretions needs 

to be statistically verified. 

The main parts of this thesis, namely Chapter 3 to 5 are presented according to the layout of the 

publishing journal. 
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CHAPTER 3  

Pansengeschützte Aminosäuren in der Milchkuhfütterung unter besonderer 

Berücksichtigung von Methionin und Lysin 

Rumen-protected amino acids for dairy cows – emphasis on methionine and lysine 

J. Schubaa* and K.-H. Südekumb*

aInstitute of Agricultural and Nutritional Science, University of Halle-Wittenberg 

bInstitute of Animal Science, University of Bonn 

*e-mail: Jan.Schuba@deutsche-tiernahrung.de, ksue@itw.uni-bonn.de 

Published in Übersichten zur Tierernährung (2012) 40: 113 – 149. 

Reprinted with permission. 
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CHAPTER 6 

General discussion 

This paper initially focuses on shedding light on two issues in livestock nutrition for increasing 

the efficiency of N utilisation, namely the targeted calculation of small intestinal absorbable 

AA and the reduction of CP concentrations/kg DM. Analogous to the issues addressed in the 

three publications, this paper will also initially examine the question of AA calculation and 

RPAA supplementation. 

Reduced nitrogen and crude protein supply and amino acid supplementation 

A minimal yet adequate supply of N allows CP concentration (g CP/kg DM) to be reduced in 

practical ration design. This may result in individual AA being underrepresented in the 

intestinally absorbed AA profile, which may require the targeted, calculated supplementation 

of rumen protected Met (RPMet) and/or Lys (RPLys). The following section will therefore 

provide a final discussion of ongoing challenges in calculating AA requirements and supplies 

(supplementary to the discussions in Chapter 3: 4 and 5).  

Schröder (2010) uses two CP-reduced rations balanced for Met and Lys respectively as 

examples for showing that this approach seems to be practically suitable for calculating Met 

and Lys supply based on an extended uCP system (Schröder et al. 2008) (numerical effects of 

controls vs. CP reduction for milk yields in kg/d: 33.2 vs. 34.1 and 33.5 vs. 34.8 respectively, 

and milk protein in %: 3.45 vs. 3.51 and 3.42 vs. 3.43 respectively). According to the extended 

uCP system, RPMet was supplemented in keeping with needs (adequacy of Lys control vs. CP 

reduction in %: 96.5 vs. 96.9 and 96.2 vs. 96.2 respectively; adequacy of Met control vs. CP 

reduction in %: 87.0 vs. 100.0 and 84.4 vs. 98.8 respectively). CP was additionally reduced (CP 

%/kg DM: 17.7 vs. 16.5 and 17.3 vs. 16.3 respectively). Contrary to recognised scientific citing 

practice, Schröder’s cited paper (2010) was not published in a recognised peer-reviewed 

journal. However, this was unavoidable in the present case, as this working group is one of the 

few to drive and publish research on issues around the extended uCP system. There is no other 

current research on this topic except for the papers cited in Chapter 3. In contrast to Schröder 

et al. (2010), Socha et al. (2005) could describe significant effects on energy and fat corrected 

milk (both in kg/d), milk fat and milk protein (both %) for cows receiving a CP-reduced ration 
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with supplemented RPAA (16.0 % CP/kg DM plus Met and Lys vs. 18.5 % CP/kg DM without 

RPAA). Results presented by Awawdeh (2016) describe the existing challenges in the current 

evaluation systems. Effects for milk protein (%; p < 0.05) were described for supplemental 

RPMet and RPLys in contrast to Met as single RPAA. Also cows receiving diets with 

supplemented RPAA Met (30.5 kg/d) and Met plus Lys (31.4 kg/d) produced more milk than 

cows receiving no RPAA (29.1 kg/d; p < 0.05). Control diets were formulated to meet CP-

requirements. If there are effects for Met- and Lys-Supplementation, the supply of 

metabolisable protein might have been overestimated. 

As early as 1993, Iburg derived a model for Met and leucine requirements in lactating dairy 

cows using N balance measurements (based on Rohr and Lebzien (1991)). They concluded that 

the absorption level of Met was 90 % and of leucine was 87 %, but also pointed out the difficulty 

of utilising individual AA for different metabolic processes (“... the portion of AA quantities to 

be absorbed on a daily basis that appears in milk, meat, foetuses or wool, ...”). The distinction 

of different areas of AA utilisation in maintenance, lactation, gravidity and changes in live 

weight allows first insights to be gained in the problematic nature of relevant calculations, as 

each of these functional areas has its specific needs in terms of AA profiles. The importance of 

these different functional areas varies throughout the course of lactation and production (dry 

period/lactation, gravidity/days open), which impacts on the constellation of the AA profile that 

is ultimately required. An example of this is Met (see also Chapter 3: 3.2, 3.3, Table 4). The 

conversion of Met into milk protein in the mammary gland also depends on the availability of 

glucogenic substances and their respective portions in propionate, lactate, AA and other 

glucogenic substrates (Matthé et al. 2000). A “metabolic prioritisation” of the use of glucogenic 

AA such as Met, for example, is not taken into adequate account in any of the AA calculation 

models. The alternative use of Met as a methyl group donor for choline synthesis makes the 

calculation even more difficult (Zanton et al. 2014), as it can account for up to 28 % of Met 

available for metabolic processes (Lobley et al. 1996). Another example is Lys as a ketogenic 

AA for the synthesis of acetyl-CoA. It additionally appears that the AA supply required for the 

production of milk protein is actively influenced and controlled by processes around the 

mammary gland (Maas et al. 1998) by means of regulated blood inflow rates and the selective 

proportional extraction of individual AA. 

Current AA evaluation systems focus on the intestinal absorbability of individual AA (and 

RPAA) (Chapter 3: 4). A comparison of AA absorption rates as measured in the portal vein and 

the apparent small intestinal digestibility of AA reveals differences (Met 67 %, Lys 55 %) 
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(Lapierre et al. 2006). Accordingly, the intestinal digestibility of AA is not equivalent to either 

the intestinal absorption or the hepatic availability of AA. Yet the currently used AA evaluation 

systems do not take these variables into adequate account. Research on the implementation of 

the above-mentioned metabolic control mechanisms is essential if the predictive accuracy of 

current AA calculation models is to be improved (Arriola Apelo et al. 2014b). 

Regulatory and obligatory nitrogen excretion 

The potential for improving the efficiency of N utilisation is examined not only from the 

perspective of AA calculation and RPAA supplementation, but also via a critical analysis of the 

derivation of minimally required N concentrations per unit of feed intake. An alternative 

approach is presented in this context, which is compared to the current approach to determining 

net N requirements (and resulting uCP feeding recommendations respectively, referred to as 

RGuCP (Requirements for utilisable crude Protein according to GfE (2001) in the following) 

(GfE 2001) below. Based on the calculations performed (Chapter 4), the following conclusions 

can be drawn with reference to the derivations regarding the supply of dairy cows with uCP 

according to GfE (2001) (Chapter 1: 1.3). 

Reduced NI results in lower UN and UUN (both expressed in g/d). This is confirmed by earlier 

derivations (e.g. Burgos et al. 2007, Dong et al. 2014, Mutsvangwa et al. 2016). For the time 

being, the additional conclusion can be drawn that FN must be assumed to be independent of 

NI and thus obligatory, as is UNUN. This is initially consistent with the results obtained by 

Mutsvangwa et al. (2016), but the correlation only applies if effects of tannins (see also Chapter 

5 and Al-Kindi et al. 2016), protein fixation in fraction C according to CNCPS (Chapter 3: 2.3) 

can be excluded. Based on these results, UN can be differentiated in UUN and UNUN, and the 

proportional obligatory excretions in FN and UNUN (Figure 1). 

Based on the derivations regarding the net N requirements according to GfE (2001), the 

following obligatory N concentration/kg DM can be established, which can be used for 

calculating a possible recommendation for the supply of dairy cows with CP: 

11 g FN + 4 g UNUN + 1 g UUN = 16 g N/kg DM  

The full dataset for the derivation of FN with all individual values is provided, not least because 

the 11 g portion of FN in the minimal total N requirement of 16 g N/kg DM is 

disproportionately high (Appendix: Table 1). This provides an overview of the individual trials 
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including the respective N levels. The dataset may also be useful as a basis for further research 

and derivations regarding this issue (references cited in Appendix: Table 1 are presented in 

Chapter 5: Appendix). 

Figure 1: Comparison between low and high nitrogen intake, assuming equal dietary energy 

(according to van Soest (1994), modified) 

The relevant concentrations of CP/kg DM can be calculated by multiplying the established 

value of 16 g N/kg DM by 6.25 (Chapter 4: Table 5). These CP concentrations (g/kg DM) 

required for a stable N balance are in the following referred to as RPCP (Requirements for 

crude protein according to Pfeffer et al. (2016)). 

Comparison of the derived requirements 

It is essential to discuss a fundamental approach to deriving RPCP to start with. Chapter 4: 

Table 5 sets out ”requirements of crude protein (g/kg DM) for a stable N balance in dairy 

cattle”. This identification of CP feeding recommendations while assuming a “concurrent 

adequate supply with uCP” in fact generates difficulties in interpreting and comparing RPCP 

and RGuCP. CP and uCP are fundamentally different approaches to evaluating the protein 

FN 

FN 
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supply of dairy cows. Yet a comparison of RGuCP and RPCP (Table 1) is worthwhile if one 

takes into account that uCP and CP values approximate each other in practical dairy cow 

feeding with increasing performance levels. RNB tends more and more towards 0 g/kg DM 

with increasing milk yields. Table 4 shows that there is a certain “overestimation” of CP 

requirements in RPCP, especially in the lower performance segments up to about 30 kg/d milk 

yields.  

Table 1: Comparison of the requirements for utilisable crude protein according to GfE (2001) 

(RGuCP) and requirements for crude protein according to Pfeffer et al. (2016) (RPCP) 

Milk yield Intake RGuCPc RPCPd 

kg/d DMIa kg/d MEb (MJ/d) g/d g/kg DM 

NELe 

(MJ/kg DMI) 

CPf 

(g/kg DMI) 

10 12.5 120 1230 98 5.2 - 6.4 125 - 131 

15 14.5 145 1650 114 5.6 - 6.8 133 - 140 

20 16.0 170 2050 128 5.6 - 7.2 137 - 148 

25 18.0 195 2460 137 6.0 - 7.6 143 - 154 

30 20.0 220 2880 144 6.0 - 7.6 145 - 157 

35 21.5 240 3280 153 6.4 - 7.6 150 - 160 

40 23.0 265 3680 160 6.4 - 7.6 152 - 162 

45 24.5 290 4080 167 6.8 - 7.6 156 - 163 

50 26.0 315 4480 172 6.8 - 7.6 158 - 164 

Notes: aDMI, Dry matter intake; bME, Metabolisable energy (MJ/d); cRGuCP, Requirements 

for utilisable crude Protein according to GfE (2001); dRPCP, Requirements for crude protein 

according to Pfeffer et al. (2016); eNEL, Net energy for lactation (MJ/kg DM); fCP, Crude 

protein. 

Table 2: Requirements for crude protein (CP) and utilisable crude protein (uCP) (according to 

Ulbrich et al. 2006) 

Milk yield Intake practical requirement uCPc practical requirement CPd

kg/d DMIa kg/d NELb (MJ/d) g/d g/kg DMe g/d g/kg DM 

10 13.0 71 1300 100 1350 104 

20 16.5 104 2150 130 2200 133 

30 20.0 137 3000 150 3050 153 

40 23.5 170 3850 164 3900 166 

50 26.5 203 n.n.f  n.n. 4750 179 

Notes: aDMI, Dry matter intake; bNEL, Net energy for lactation (MJ/kg DM); cuCP, Utilisable 

protein; dCP, Crude protein; eDM, Dry matter; fn.n., Not named. 
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The RPCP appears to be at least slightly increased in view of a practical trial conducted by Ettle 

et al. (2010), in which 148 g CP/kg DM was provided for late lactation (20 - 25 kg milk yield) 

in the “RNB high group” (+6 g RNB/DM) and 134 g CP/kg DM was provided in the “RNB 

low group” (-19 g RNB/kg DM).  

The following can therefore be initially established based on a first integration of RPCP with 

current recommendations on the CP and uCP supply of lactating dairy cows: 

The calculated CP concentrations/kg DM according to RPCP evidently only suggest any 

potential for reducing CP concentrations/kg DM in the first third of the lactation period with 

milk yields >40 kg/d. As a consequence, it would only be possible to reduce N and therefore 

UN, UUN (and MUN) in this same performance segment. RPCP and RGuCP approximate each 

other with increasing milk yield levels (Table 1), and RPCP values are only lower than RGuCP 

values from 40 kg/d milk yield. The massive overestimation of CP concentrations in milk yields 

between 10 - 25 kg/d – up to 25 % for a milk yield of 10 kg/d – can therefore not be conclusively 

explained at this stage and requires additional research. This issue will be examined in greater 

detail in the following section. The assumptions shown are merely based on the calculations 

and data presented and require further research.  

There are different derivations of the various protein evaluation systems for “utilisable” crude 

protein (Südekum 2002), which would hamper comparability. The RGuCP and RPCP feeding 

recommendations are therefore primarily integrated with results from trials conducted 

according to the German protein evaluation system (Table 3). Also, trials in the milk yield 

segment >30 kg/d are primarily shown, as it appears that RPCP are applicable in this 

performance segment, as set out above. However, in this context it is again indispensable, while 

contrary to common scientific citation practice, to include the citation of papers that have not 

been published in peer-reviewed journals. Yet this approach is unavoidable if the applicability 

of RPCP in trials calculated according to the German protein evaluation system is to be verified. 

(An initial, supplementary, general international review of CP reduction trials (g/kg DM) is 

given in Chapter 3: 5 and 6) 



Level of Milk 

yield 

(rounded) 

Stadium of 

Lactation 
Group 

Concentration 

of NELd 

Concentration 

of CPe 

Concentration 

of uCPf RGuCPg Δh RGuCP RPCPi Δ RPCP
Milkyield 

trialk Reference 

kg/d ELa/MLb/ENLc MJ/kg  g/kg g/kg 
g 

uCP/kg 
g uCP/kg g CP/kg g CP/kg kg/d   

20 ENL 0l n.n.n 148 146 128 18 142 6 22.6 
Ettle et al. 

(2010) 

20 ENL reducm n.n. 134 143 128 15 142 -8 20.7 
Ettle et al. 

(2010) 

30 EL 0 n.n. 162 153 144 9 151 11 28.2 
Ettle et al. 

(2010) 

30 EL reduc n.n. 145 148 144 4 151 -6 27.6 
Ettle et al. 

(2010) 

30 EL, ML, ENL 0 6.9 n.n. n.n. n.n. n.n. n.n. n.n. 31.2 
van de Sand et 

al. (2006) 

30 EL, ML, ENL reduc 6.9 n.n. n.n. n.n. n.n. n.n. n.n. 32.4 
van de Sand et 

al. (2006) 

30 n.n. 0 6.9 160 158 144 14 151 9 31.7 Jilg (2014) 

30 n.n. reduc 6.9 136 149 144 5 151 -15 29.1* Jilg (2014) 

30 n.n. 0 7.0 162 160 144 16 151 11 31.7 Jilg (2014) 

30 n.n. reduc 7.0 142 152 144 8 151 -9 29.1* Jilg (2014) 

35 EL 0 7.1 166 163 153 10 156 10 38.3 
van de Sand et 

al. (2008) 

35 EL reduc 7.1 144 163 153 10 156 -12 35.2* 
van de Sand et 

al. (2008) 

35 ML 0 7.0 160 160 153 7 156 4 36.3 
Engelhard et 

al. (2013) 

35 ML reduc 7.0 145 156 153 3 156 -11 35.2 
Engelhard et 

al. (2013) 

35 ML 0 7.0 160 159 153 6 156 4 35.5 
Engelhard et 

al. (2013) 

35 ML reduc 7.0 145 154 153 1 156 -11 35.2 
Engelhard et 

al. (2013) 



Table 1: (Continued).         

Level of Milk 

yield 

(rounded) 

Stadium of 

Lactation Group 
Concentration 

of NELd

Concentration 

of CPe

Concentration 

of uCPf RGuCPg Δh RGuCP 
RPCPi Δ RPCP 

Milkyield 

trialk Reference 

kg/d ELa/MLb/ENLc  MJ/kg  g/kg g/kg 
g 

uCP/kg 
g uCP/kg g CP/kg g CP/kg kg/d   

35 n.n. 0 6.9 168 161 153 8 153 15 33.4 
Jilg et al. 

(2015) 

35 n.n. reduc 6.9 147 165 153 12 153 -6 32.3* 
Jilg et al. 

(2015) 

35 n.n. 0 6.8 166 160 153 7 153 13 33.4 
Jilg et al. 
(2015) 

35 n.n. reduc 6.8 144 160 153 7 153 -9 32.3* 
Jilg et al. 

(2015) 

35 n.n. 0 6.8 164 159 153 6 153 11 33.4 
Jilg et al. 

(2015) 

35 n.n. reduc 6.8 142 159 153 6 153 -11 32.3* 
Jilg et al. 
(2015) 

35 n.n. 0 7.0 164 163 153 10 153 11 33.4 
Jilg et al. 

(2015) 

35 n.n. reduc 7.0 147 164 153 11 153 -6 32.3* 
Jilg et al. 

(2015) 

40 EL 0 7.1 163 160 160 0 158 5 44.1 
Engelhard et 

al. (2014) 

40 EL reduc 7.1 144 153 160 -7 158 -14 41.1* 
Engelhard et 

al. (2014) 

45 EL 0 7.0 164 158 166 -8 160 4 44.4 
Engelhard et 

al. (2016) 

45 EL reduc 7.0 151 161 166 -5 160 -9 45.0 
Engelhard et 

al. (2016) 

Notes: aEL, Early lactation 0 - 100 days in milk; bML, Mid  lactation 100 - 200 days in milk; cENL, End of lactation 200 - 300 days in milk; dNEL, Net 

energy for lactation; eCP, Crude protein; fuCP, Utilisable crude protein; gRGuCP, Requirements for utilisable crude protein according to GfE (2001); hΔ, 

Difference;  iRPCP, Requirements for crude protein according to Pfeffer et al. (2016); kMilkyield trial, Milkyield in kg/day; l0, Controllgroup; mreduc, Group 

with reduced protein supply; *, Significant difference for milkyield (kg/day); nn.n., Not named. 
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Table 3 lists 14 trials from eight publications. For eight of these 14 individual trials, milk yields 

were significantly reduced when CP was reduced (reduc). The results of the selected trials 

additionally show that all control (0) and reduc groups, except those in Engelhard et al. (2014, 

2016), were above RGuCP and thus above customary feeding recommendations (GfE 2001). 

This confirms initially that up to 15 g uCP/kg DM above RGuCP were fed in these trials, even 

in the reduc groups. CP calculations show the reduc groups (-6 to -14 g CP/kg) to be 

consistently below and the control groups (4 to 11 g CP/kg) to be consistently above RPCP. 

The integration of the trials listed in Table 3 with RPCP suggests good applicability of RPCP 

tendencies for milk yield levels >30 kg/d. Considering the change between concentration of CP 

and RPCP (Δ RPCP) in the reduc groups additionally allows potential for reducing CP 

concentrations/kg DM and thus for reducing N excretions to be identified. However, this would 

need to be specified in targeted trials. 

It should generally be noted that the original approach (Chapter 4) of deriving “stable nitrogen 

balances” is initially factually justifiable in view of the availability of comprehensive datasets 

and their statistical verification by means of meta-analysis (Chapter 5). Feeding 

recommendations for CP (and uCP) with practical relevance can be derived from this basis 

without necessarily having to be consistent with it. Yet the massive overestimation in the RPCP 

recommendations for CP in the lower performance segment of up to 30 kg/d milk yield warrant 

the following more detailed examination. 

Overestimation of faecal nitrogen excretion 

The datasets used to derive FN and UNUN have been deliberately created from heterogeneous 

sources (such as different species, different DMI, lactating vs. non-lactating). With increasing 

NI, significant effects could be calculated for FN, UN and UUN, but not for UNUN (all in g/d). 

It would be useful to expand the dataset to the segment <30 kg/d milk yield and to repeat the 

calculations in the context of the correlations outlined above. Consequently, it would need to 

be verified first whether the effects of increasing NI on FN, UN, UUN (and possibly also 

UNUN) and thus the effects in terms of RPCP are in fact independent of milk yields (and thus 

independent of DMI and ration digestibility). Chapter 5 indicates that FN (g/d) correlates with 

increasing NI (g/d) in goats, dairy cattle and fattening cattle (see also Dong et al. 2014). The 

conclusion that FN should be considered to be obligatory anyway is initially based on the 

individual data of the meta-analysis alone, where individual values >11 g FN/kg DM are almost 
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always based on high CP concentrations of >170 g/kg DM. Also, all of these results relate to 

dairy cows and are based on high energy concentrations/kg DM (see Groff and Wu 2005, for 

example) (all values in g/kg DM: non-fibre carbohydrates (NFC) 447 - 482, neutral detergent 

fibre (NDF): 279, acid detergent fibre (ADF): 209 - 215). NFC and NDF concentrations 

therefore indicate feeding regimes that require high portions of carbohydrates that are easily 

fermented in the rumen. This increases the portion of microbially available energy, which in 

turn can result in increased faecal MCP excretion (Rodehutscord et al. 2000). Higher faecal 

excretions of MCP and microbial N respectively (see also Chapter 1: Figure 1) therefore 

frequently correlate with increasing ration digestibility and thus increasing NI, which may be a 

potential cause for the effect observed. Accordingly, the extent to which FN data from trials 

>170 g CP/ kg DM should be taken into account would need to be discussed in the context of 

further derivations. Ration digestibility should additionally be taken into account to allow the 

energy sources that can be digested in the rumen to be quantified. 
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CHAPTER 7 

Conclusions 

This thesis has shown that RPAA supplements can have a positive effect on milk yields and 

milk protein contents. For the supplementation of RPMet this is particularly true for dairy cow 

rations with higher contents of maize silage. Additionally, the thesis finds that existing concepts 

for calculating AA needs are currently unable to reflect fundamental factors, including the 

precise quantification of the intermediary utilisation of individual AA. Several studies have 

confirmed that Met, for example, acts as “first limiting AA” in milk protein synthesis, 

depending on the ration. However, Met can also be used as a glucogenic amino acid or acts as 

methyl group donor in choline synthesis respectively. Additional research is required in this 

context to enable the various possible uses of Met to be established and calculated as precisely 

as possible and necessary.  

The derivations for minimally required N concentrations/kg DM identified in this paper are 

practically applicable in view of the dataset used. The analysed approach regarding the 

derivation is fundamentally different from the approach to calculating net N excretions 

according to GfE (2001). The hypothesis that FN and UNUN are independent of NI and 

therefore obligatory has initially been confirmed. UN and UUN, however, are regulatory. The 

concluded obligatory N concentration is 16 g/kg DM. An adequate supply of uCP must be taken 

into account in terms of the CP feeding recommendations corresponding to these N 

concentrations. A meta-analysis was unable to provide unambiguous statistical verification of 

the hypothesised obligatory nature of FN and UNUN, and further relevant research is therefore 

needed. The precise quantification of microbial contribution to FN appears to constitute a core 

challenge in calculating “minimally required” N concentrations for dairy cows.  
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CHAPTER 8  

Summary 

The continuous improvement of the efficiency of nitrogen (N) utilisation constitutes a primary 

objective of livestock feeding. There is clear potential for reducing N and therefore protein, 

even in feeding regimes for ruminants, specifically dairy cattle, and there are clear reasons for 

doing so, both from an environmental and an economic perspective. However, positive ruminal 

N balances are not strictly necessary in any attempts to use feed protein as efficiently as 

possible. This thesis therefore presents approaches for enabling excess N excretions from dairy 

cows to be reduced without provoking negative ruminal N balances. 

Practical feeding regimes for dairy cows already increasingly take into account aspects of 

reducing crude protein (CP) and supplementing rumen protected amino acids (RPAA). The 

currently used regression equations for deriving requirements of individual amino acids (AA), 

above all methionine and lysine, need to be refined further if the predictive accuracy of potential 

impacts on milk yields and milk protein synthesis following RPAA supplementation is to be 

improved. The accurate prediction of the intermediary utilisation of individual AA presents a 

core challenge for practical implementation. 

The official recommendations regarding the supply of dairy cows with utilisable crude protein 

are based on derivations that warrant further examination in view of more recent insights. 

Minimally possible N concentrations/kg DM have therefore been derived based on currently 

available experimental data on the N metabolism in sheep, goats, cattle for fattening and dairy 

cattle. It is useful to differentiate between urinary non urea nitrogen (UNUN) and urinary urea 

nitrogen (UUN) in this context, as UNUN – in contrast to UUN – is virtually independent of N 

intake. Based on the available data, faecal N excretion (FN) can also be considered to be 

obligatory. It is concluded that 16 g N/kg DM (11 g FN + 4 g UNUN + 1 g UUN) constitutes 

the required minimal N concentration/kg DM. Feeding recommendations for supplying dairy 

cows with CP based on this formula are conditionally relevant for practice and have potential 

for reducing CP concentrations/kg DM, particularly during the first phase of lactation. Good 

practical applicability of these feeding recommendations is given from a milk yield level of >30 

kg/d. 

Additionally, the deductively derived hypothesis regarding obligatory FN and UNUN 

concentrations with increasing N intakes is verified by means of statistical meta-analysis. Dairy 
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cattle, fattening cattle, sheep and goats have been analysed separately for this purpose. Contrary 

to the hypothesis, FN correlates with increasing N intakes in goats, dairy cows (p < 0.001 each) 

and fattening cattle (p < 0.005). The fact that higher faecal excretions of microbial protein and 

microbial N respectively frequently correlate with increasing N intakes may be a potential cause 

for the effect observed. For UNUN, a positive correlation with increasing N intakes could only 

be confirmed for cattle reared for fattening (p < 0.05). There is a positive correlation between 

increasing N intakes and UUN and urine nitrogen (UN) in all ruminants (p < 0.05).  

Based on the available dataset it was concluded that FN and UNUN must generally be assumed 

to be independent of N intake and therefore obligatory for the time being. UN and UUN, 

however, are regulatory. As the assumptions regarding UNUN and FN could not be 

unambiguously verified by means of statistical meta-analysis, any recalculation should 

specifically investigate CP concentrations in relation to the digestibility of the respective feed. 

Recommendations regarding the supply of dairy cows with CP that are based on conclusions 

should reduce the UUN and UN potential from a milk yield level of >40 kg/d. The precise 

quantification of the portion of microbial N on FN therefore constitutes a challenge for deriving 

“minimally required” N concentrations for dairy cows. Another challenge for future prediction 

and calculation models for calculating the requirements of individual AA such as methionine 

and lysine in dairy cows lies in the precise quantification of the various options for the metabolic 

utilisation of ketogenic and glucogenic AA. 
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CHAPTER 9  

Zusammenfassung 

Die stetige Verbesserung der Nutzungseffizienz von Stickstoff- (N) ist ein primäres Ziel der 

Tierernährung. Auch in der Fütterung von Wiederkäuern, speziell Rindern, sind deutliche 

Potentiale zur N- und somit Proteinreduktion gegeben. Es liegen sowohl ökologische als auch 

ökonomischer Beweggründe vor. Bei allen Bemühungen Futterprotein möglichst effizient 

einzusetzen sind jedoch negative ruminale-N-Bilanzen zu vermeiden. Demnach werden mit der 

vorliegenden Arbeit verschiedene Ansätze vorgestellt, um eine Reduktion überschüssiger N-

Exkretionen bei der Milchkuh zu ermöglichen, ohne negative ruminale N-Bilanzen zu 

provozieren.  

In der praktischen Fütterung von Milchkühen werden bereits zunehmend Aspekte der 

Reduktion von Rohprotein (CP) sowie die Supplementation pansengeschützter Aminosäuren 

(RPAA) berücksichtigt. Die aktuell genutzten Regressionsgleichungen zur Bedarfsableitung 

für einzelne Aminosäuren (AA), vorrangig Methionin und Lysin, müssen weiter präzisiert 

werden, um die Vorhersagegenauigkeit möglicher Effekte auf Milchleistung und 

Milchproteinsynthese nach RPAA-Zulage zu erhöhen. Eine bestmögliche Vorhersage über die 

intermediäre Verwertung einzelner AA stellt eine zentrale Herausforderung für die praktische 

Umsetzung dar. 

Aktuell vorliegende Empfehlungen zur Versorgung der Milchkühe mit CP bzw. nutzbarem CP 

am Duodenum basieren auf Ableitungen, die nach heutigem Kenntnisstand diskussionswürdig 

sind. Somit werden auf Basis aktuell verfügbarer, experimentell ermittelter Daten zum N-

Umsatz bei Schafen, Ziegen, Mastrindern und Milchkühen minimal erforderliche N-

Konzentrationen/kg DM abgeleitet. Eine Differenzierung zwischen Nicht-Harnstoff-N im Harn 

(UNUN) und Harnstoff-N im Harn (UUN) ist zielführend, da UNUN im Gegensatz zu UUN 

nahezu unabhängig von der N-Aufnahme ist. Zudem kann auf Basis der vorliegenden Daten 

die Kot-N-Ausscheidung (FN) ebenso als obligat angesehen werden. 16 g N/kg DM (11 g FN 

+ 4 g UNUN + 1 g UUN) werden als notwendige minimale N-Konzentration/kg DM 

geschlussfolgert. Darauf basierende Versorgungsempfehlungen zur CP-Versorgung der 

Milchkühe zeigen eine bedingte Praxisrelevanz bzw. ein Potential zur Reduktion der CP-

Konzentrationen/kg DM besonders im ersten Laktationsabschnitt. Eine gute praktische 
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Anwendbarkeit dieser Versorgungsempfehlungen ist ab einem Milchleistungsniveau von >30 

kg/d gegeben. 

Zudem wurde die deduktiv abgeleitete Hypothese obligater FN- und UNUN-Konzentrationen 

bei steigenden N-Aufnahmen einer statistischen Überprüfung mittels Metaanalyse unterzogen. 

Milchkühe, Mastrinder, Schafe und Ziegen wurden hierbei separat betrachtet. Abweichend zur 

Hypothese korreliert FN mit steigenden N-Aufnahme bei Ziegen, Milchkühen (jeweils p < 

0,001) und Mastrindern (p < 0,005). Dass höhere Ausscheidungen von mikrobiellem Protein 

bzw. mikrobiellem N über den Kot oftmals mit steigender N-Aufnahme korrelieren, kann eine 

mögliche Ursache für diesen Effekt sein. Für UNUN konnte lediglich eine positive Korrelation 

zu steigenden N-Aufnahmen bei Mastrindern abgesichert werden (p < 0,05). UUN und 

Harnstickstoff (UN) korrelieren über alle Wiederkäuer positiv bei steigender N-Aufnahme (p < 

0,05).  

Anhand des vorliegenden Datensatzes sind FN und UNUN zunächst prinzipiell von der N-

Aufnahme als unabhängig und somit obligat anzunehmen. UN und UUN sind hingegen 

regulativ. Aufgrund der nicht eindeutigen statistischen Absicherung der Annahmen zu UNUN 

und FN mittels Metaanalyse sollte bei erneuter Kalkulation eine gezielte Betrachtung von CP-

Konzentration in Abhängigkeit von den Verdaulichkeiten der jeweiligen Futtermittel erfolgen. 

Abgeleitete Empfehlungen zur Versorgung der Milchkuh mit CP haben ab einem 

Milchleistungsniveau >40 kg/d das Potential UUN und UN zu vermindern. Die genaue 

Quantifizierung des Anteils an N mikrobiellen Ursprungs am FN ist somit eine 

Herausforderung zur Herleitung „minimal notwendiger“ N-Konzentrationen für Milchkühe. 

Zudem ist eine möglichst genaue Quantifizierung der verschiedenen stoffwechselseitigen 

Nutzungsoptionen für ketogene und glucogne AA die Herausforderung für zukünftige 

Vorhersage- und Berechnungsmodelle zur Kalkulation des �edarfs der Milchkuh an einzelnen 

AA wie z.B. Methionin und Lysin. 
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APPENDIX 

Table 1: N-excretion in ruminants related to dry matter intake (References cited in Chapter 4 

and Chapter 5: “Appendix”) 

Species Reference DMIa CPb-
Level

Feed-N Faecal-N 

kg/d % DM g/d g/kg 
DM 

g/d g/kg 
DM 

goats de la Torre et al. 2008 1.8 13.6 31.0 17.2 8.9 4.9 
1.8 17.7 34.3 19.1 9.5 5.3 
1.8 17.7 42.3 23.5 11.7 6.5 
1.8 13.6 43.9 24.4 12.0 6.6 

Molina-Alcaide et al. 2010 1.4 15.9 36.1 25.7 10.3 7.4 
1.3 16.4 34.3 26.5 9.9 7.7 
1.4 17.1 37.9 27.6 11.9 8.7 

Cox 2013 0.6 8.3 8.0 13.3 2.6 4.2 
0.6 7.7 7.2 12.3 3.5 5.9
0.6 7.5 7.5 12.1 3.7 6.0 
0.6 12.4 11.6 19.8 3.8 6.5 
0.7 12.5 14.1 20.0 4.6 6.6
0.6 17.8 18.4 28.4 4.4 6.8 
0.6 17.8 18.0 28.5 4.4 7.0 
0.6 18.2 18.3 29.1 5.3 8.5

sheep Nolan and Leng 1972 0.7 20.7 22.5 33.1 4.7 8.5 
0.7 20.7 22.5 33.1 4.7 8.5 
0.7 21.1 23.0 33.8 4.7 8.5 
0.7 21.1 23.0 33.8 4.7 8.5 
0.7 23.1 25.1 36.9 4.7 8.5 
0.7 23.1 25.1 36.9 4.7 8.5 

Prior 1976 1.1 13.0 23.1 21.4 6.0 5.6
1.2 13.4 25.6 21.3 6.9 5.8 
1.1 13.0 25.0 22.3 7.1 6.3 
1.0 13.4 23.2 22.3 6.8 6.5 
1.1 13.4 24.8 22.3 7.3 6.6 
1.2 13.0 25.8 22.2 8.9 7.7 
1.1 13.4 23.0 21.3 8.7 8.1 

  0.8 13.0 14.4 19.2 6.9 9.2 
Nolan et al. 1976 0.5 18.7 13.7 29.9 4.1 8.9 

0.6 20.8 19.6 33.3 6.5 11.1
0.5 18.6 15.6 29.8 5.9 11.3 

Bunting et al. 1987 0.9 15.4 21.2 18.2 5.3 6.2 
0.9 8.7 12.0 10.3 6.1 7.1

van der Veen et al. 1989 0.9 11.9 16.9 19.0 6.1 6.9 
0.9 11.9 16.8 19.0 6.6 7.5 

Lobley et al. 2000 0.9 5.6 17.1 19.7 5.6 6.5
0.8 13.4 14.3 17.2 6.8 8.2 

Kiran and Mutsvangwa 2009 2.2 10.3 36.6 16.3 8.9 4.0 
1.8 15.6 45.3 25.0 9.1 5.0 
1.7 10.3 27.4 16.6 8.7 5.3 
1.7 15.6 41.8 24.9 10.9 6.5 
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Table 1: (Continued).
Species Reference DMIa CPb-

Level
Feed-N Faecal-N 

  kg/d % DM g/d g/kg 
DM 

g/d g/kg 
DM 

heifers Marini and van Amburgh 2003 10.8 5.1 87.6 14.6 46.3 4.3 
10.8 8.5 147.5 25.0 49.2 4.6 
10.8 6.4 110.4 19.0 49.6 4.6 
10.8 11.8 203.5 33.9 50.3 4.7 
10.8 10.3 178.7 29.8 52.0 4.8 
6.0 5.1 87.6 14.7 46.3 7.8 
5.9 8.5 147.5 24.8 49.2 8.3
5.9 6.4 110.4 18.5 49.6 8.3 
5.9 11.8 203.5 34.2 50.3 8.4 
6.0 10.3 178.7 30.0 52.0 8.7

Lascano et al. 2012 4.0 14.0 91.8 23.0 21.1 5.3 
3.9 13.9 92.7 23.8 23.0 5.9 

beef Eisemann et al. 1989 6.8 12.7 147.2 21.6 55.9 8.2 
6.8 12.7 144.5 21.3 56.9 8.4 

Wessels and Titgemeyer 1997 4.7 13.5 104.8 22.3 27.3 5.8 
4.8 15.3 112.9 23.7 28.9 6.1 
4.7 17.1 118.0 24.9 29.3 6.2 
4.8 15.4 113.6 23.7 30.3 6.3 
4.7 17.2 118.2 25.0 30.1 6.4
4.7 13.5 105.0 22.3 30.6 6.5 

Yan et al. 2007 6.8 15.5 167.0 24.6 53.0 7.8 
Pfeffer et al. 2010 4.7 7.6 57.3 12.2 25.6 5.4

4.0 7.6 48.0 12.2 23.8 6.0 
4.7 11.2 84.4 17.9 29.0 6.2 
4.7 9.4 70.8 15.0 29.8 6.3
4.0 9.4 59.4 15.0 25.1 6.4 
4.0 11.2 70.8 17.9 25.4 6.4 
4.0 13.0 82.2 20.8 26.9 6.8 
4.7 13.0 98.0 20.8 32.7 6.9 

dairy Mugerwa and Conrad 1971 12.2 10.8 173.0 14.2 78.0 6.4 
10.7 16.1 257.0 24.1 70.0 6.6 
8.3 11.6 186.0 22.4 55.0 6.6 
12.0 14.6 233.0 19.4 80.0 6.7 
12.3 20.5 328.0 26.7 85.0 6.9
13.2 16.9 270.0 20.4 93.0 7.0 
7.2 14.5 232.0 32.0 51.0 7.0 
11.4 19.3 309.0 27.0 82.0 7.2
10.1 19.2 307.0 30.4 82.0 8.1 

Röhrmoser and Kirchgeßner 1982 13.9 15.7 350.0 25.1 145.0 10.4 
11.8 17.4 330.0 27.9 126.0 10.7 
13.9 15.7 350.0 25.1 149.0 10.7 
11.8 17.4 330.0 27.9 146.0 12.3 

Röhrmoser et al. 1984 13.0 14.4 299.0 23.0 131.0 10.1 
13.2 14.5 307.0 23.3 134.0 10.2
13.3 14.5 308.0 23.2 136.0 10.2 
13.2 12.0 254.0 19.2 136.0 10.3 
13.0 14.4 299.0 23.0 134.0 10.3
13.3 14.5 308.0 23.2 138.0 10.4 

Kreuzer und Kirchgeßner 1985 13.9 14.4 320.0 23.1 131.3 9.5 
13.7 14.4 317.3 23.1 131.4 9.6 
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Table 1: (Continued).
Species Reference DMIa CPb-

Level
Feed-N Faecal-N 

  kg/d % DM g/d g/kg 
DM 

g/d g/kg 
DM 

14.5 14.6 337.3 23.3 141.5 9.8 
13.7 14.5 318.7 23.2 136.1 9.9 
14.3 14.5 333.4 23.3 142.4 9.9 
14.0 11.6 259.7 18.5 139.5 10.0 
15.0 14.7 252.8 16.8 151.1 10.1 
14.9 17.1 406.2 27.3 150.0 10.1 
14.9 17.2 410.1 27.5 154.8 10.4

Kaufmann und Kirchgeßner 1987 15.9 12.4 315.4 19.9 138.0 8.7 
14.1 14.0 318.3 22.5 123.6 8.7 
14.2 14.1 324.0 22.8 124.9 8.8
13.9 13.9 309.7 22.3 123.6 8.9 
16.5 12.9 338.9 20.6 148.2 9.0 
15.1 14.6 352.6 23.4 136.2 9.0 
15.0 14.2 342.5 22.9 135.5 9.1 
15.2 14.4 350.9 23.1 138.7 9.1 

Susmel et al. 1995 14.5 12.7 295.4 20.3 109.0 7.5 
14.2 9.4 213.9 15.1 107.0 7.5 

Lebzien et al. 1995 19.9 16.8 486.0 24.4 152.0 7.6 
19.9 14.5 419.0 21.1 157.0 7.9
19.5 15.2 438.0 22.5 159.0 8.2 

Putnam and Varga 1998 10.5 12.7 212.9 20.3 81.3 7.7 
11.0 10.6 187.5 17.1 85.2 7.8
11.1 14.5 258.9 23.3 91.8 8.3 

Kebreab et al. 2000 16.5 18.3 483.0 29.3 132.0 8.0 
17.3 17.6 488.0 28.2 142.0 8.2
16.9 18.2 492.0 29.2 140.0 8.3 
17.2 18.2 501.0 29.1 147.0 8.5 
15.4 14.0 345.0 22.4 133.0 8.6 
17.7 16.5 467.0 26.4 157.0 8.9 
15.6 15.5 387.0 24.8 140.0 9.0 
17.4 17.2 476.0 27.4 161.0 9.3 
15.4 16.1 395.0 25.7 143.0 9.3 
17.1 19.1 520.0 30.5 160.0 9.4 
17.3 16.6 459.0 26.6 163.0 9.4
15.8 15.0 378.0 24.0 149.0 9.5 
17.3 16.7 462.0 26.7 164.0 9.5 
16.3 15.7 409.0 25.1 157.0 9.6
17.8 28.5 528.0 29.6 173.0 9.7 
17.8 18.5 528.0 29.6 173.0 9.7 
17.1 17.7 482.0 28.3 167.0 9.8 

Castillo et al. 2001a 16.1 15.4 354.0 22.0 112.2 7.0 
16.2 16.3 369.0 22.8 125.5 7.7 
16.0 13.9 341.0 21.3 136.4 8.5 

Knowlton et al. 2001 20.9 16.1 558.2 38.9 178.4 8.5
23.5 16.3 626.5 28.3 208.3 8.9 
20.6 15.9 542.1 35.9 192.8 9.4 
22.5 16.0 571.4 34.9 214.9 9.6

Haig et al. 2002 20.0 17.8 571.2 28.4 186.9 9.4 
22.2 17.7 629.4 28.4 233.7 10.5 
20.8 17.6 587.8 28.4 221.3 10.6 
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Table 1: (Continued).
Species Reference DMIa CPb-

Level
Feed-N Faecal-N 

  kg/d % DM g/d g/kg 
DM 

g/d g/kg 
DM 

Galo et al. 2003 23.1 16.4 614.8 26.6 197.3 8.5 
23.6 18.1 687.9 29.2 209.9 8.9 
23.6 17.9 683.4 29.0 231.2 9.8 

Noftsger and St-Pierre 2003 24.6 16.9 682.0 27.7 257.0 10.5 
25.6 18.6 770.0 30.1 279.0 10.9 
24.1 16.9 679.0 28.2 263.0 10.9 
24.4 18.5 735.0 30.1 271.0 11.1

Ruppert et al. 2003 22.6 17.6 646.0 28.6 180.0 8.0 
23.6 18.0 684.0 28.9 192.0 8.1 
21.4 17.6 608.0 28.4 175.0 8.2
21.4 17.5 604.0 28.2 176.0 8.2 
24.8 17.6 699.0 28.2 212.0 8.6 
22.9 18.1 666.0 29.1 205.0 9.0 

Wright et al. 2003 14.3 25.1 506.0 35.4 97.0 6.8 
15.5 11.3 272.0 17.6 115.0 7.4 
16.0 11.1 301.0 18.8 123.0 7.7 
14.5 16.1 363.0 25.0 112.0 7.7 
14.2 15.2 391.0 27.5 123.0 8.7 
13.8 23.1 564.0 40.9 143.0 10.4

Mulligan et al. 2004 16.2 19.3 499.0 30.8 132.0 8.1 
18.9 20.4 618.0 32.7 154.0 8.1 
18.4 16.4 482.0 26.2 154.0 8.4
19.2 20.2 620.0 32.3 181.0 9.4 
19.8 19.9 632.0 31.9 193.0 9.7 

Wattiaux and Karg 2004 22.2 17.3 616.0 27.8 150.0 6.8
23.7 16.4 620.0 26.2 177.0 7.5 
24.8 16.5 656.0 26.5 205.0 8.3 
25.3 18.0 729.0 28.8 220.0 8.7 

Flis and Wattiaux 2005 23.6 18.7 712.0 30.2 208.0 8.8 
21.1 17.6 596.0 28.3 190.0 9.0 
22.7 17.0 618.0 27.2 209.0 9.2 
24.4 18.0 707.0 28.9 232.0 9.5 

Gressley and Armentano 2005 22.2 17.3 615.0 27.7 209.0 9.4 
23.1 16.7 616.0 26.7 231.0 10.0
25.0 16.6 665.0 26.6 279.0 11.2 
25.0 16.2 647.0 25.9 287.0 11.5 
24.8 16.2 643.0 25.9 301.0 12.1
24.2 16.1 623.0 25.7 325.0 13.4 

Groff and Wu 2005 25.7 18.8 809.0 31.5 224.0 8.7 
26.4 16.3 723.0 27.4 238.0 9.0 
25.9 17.5 763.0 29.5 240.0 9.3 
24.2 15.0 614.0 25.4 229.0 9.5 
24.7 16.3 671.0 27.2 259.0 10.5 
24.9 18.8 751.0 30.2 264.0 10.6
25.8 15.0 676.0 26.2 283.0 11.0 
23.9 17.5 684.0 28.6 273.0 11.4 
23.3 16.3 658.0 28.2 270.0 11.6
22.9 15.0 610.0 26.6 269.0 11.7 
22.6 17.5 684.0 30.3 285.0 12.6 
30.2 17.5 800.0 26.5 386.0 12.8 
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Table 1: (Continued).
Species Reference DMIa CPb-

Level
Feed-N Faecal-N 

  kg/d % DM g/d g/kg 
DM 

g/d g/kg 
DM 

28.7 15.0 669.0 23.3 369.0 12.9 
29.3 18.8 827.0 28.2 382.0 13.0 
27.9 16.3 712.0 25.5 370.0 13.3 
23.2 18.8 738.0 31.8 323.0 13.9 

Olmos Colmenero and Broderick 
2005 

22.2 15.0 531.0 23.9 176.0 7.9 

23.0 16.5 605.0 26.3 196.0 8.5
22.3 13.5 483.0 21.7 196.0 8.8 
22.3 19.9 641.0 28.7 197.0 8.8 
22.9 19.4 711.0 31.0 210.0 9.2

Petit et al. 2005 20.8 18.4 661.0 31.8 181.0 8.7 
19.3 15.7 498.0 25.8 198.0 10.3 
19.5 18.3 596.0 30.6 212.0 10.9 
17.5 16.2 434.0 24.8 209.0 11.9 

Reynal and Broderick 2005 22.4 17.2 619.0 28.5 197.0 8.8 
24.4 17.7 690.0 27.2 219.0 9.0 
23.7 18.3 701.0 26.8 220.0 9.3 
23.6 18.8 715.0 24.4 222.0 9.4 

Brito and Broderick 2006 23.7 16.2 617.0 27.8 211.0 8.9
25.4 16.6 675.0 27.1 230.0 9.1 
26.5 16.9 719.0 26.6 263.0 9.9 
26.8 17.2 744.0 26.0 275.0 10.3

Foley et al. 2006 21.0 17.3 580.0 27.6 208.0 9.9 
20.4 16.4 535.0 26.2 204.0 10.0 
20.4 17.8 581.0 28.5 219.0 10.7

Gozho and Mutsvangwa  
2008 

25.2 17.3 686.0 27.2 207.0 8.2 

26.2 17.6 727.0 27.8 246.0 9.4 
26.0 17.5 723.0 27.8 266.0 10.2 
24.0 17.4 669.0 27.9 251.0 10.5 

Gozho et al. 2008 20.5 17.0 539.5 26.3 116.2 5.7 
21.1 17.3 583.1 27.6 132.4 6.3 
22.3 17.4 622.9 27.9 159.8 7.2 
23.8 17.2 653.2 27.5 196.9 8.3

Pfeffer et al. 2009a 18.7 15.6 468.0 25.0 144.0 7.7 
18.8 12.7 383.0 20.4 149.0 7.9 

Knowlton et al. 2010 15.8 17.7 447.0 28.3 162.0 10.3
22.4 17.7 631.0 28.2 243.0 10.9 

Cheng et al. 2011 19.0 15.9 473.0 24.9 148.0 7.8 
17.1 13.4 359.0 21.0 139.0 8.1 
17.2 13.0 379.0 22.0 141.0 8.2 
17.8 16.0 464.0 26.1 149.0 8.4 
19.1 16.9 512.0 26.8 166.0 8.7 
17.4 19.8 547.0 31.4 163.0 9.4
14.9 20.7 494.0 33.2 151.0 10.1 
18.2 21.4 626.0 34.4 193.0 10.6 
16.3 23.1 605.0 37.1 175.0 10.7

Fanchone et al.  
2012 

20.0 11.0 352.0 18.0 149.0 7.5 

20.3 11.1 360.0 17.3 157.0 7.7 
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Table 1: (Continued).
Species Reference DMIa CPb-

Level
Feed-N Faecal-N 

  kg/d % DM g/d g/kg 
DM 

g/d g/kg 
DM 

19.9 14.2 453.0 18.1 155.0 7.8 
20.4 14.4 471.0 22.2 168.0 8.2 

Notes: aDMI, Dry matter intake (kg/day); bCP, Crude protein. 
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