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Abstract. A meta-analysis was performed to assess whether digestibility and rumen 

fermentation parameters, i.e. nitrogen balance, volatile fatty acids (VFA), microbial 

efficiency (ME), rumen pH and NNH3, are affected by the source and the level of daily 
nitrogen intake of cows, buffaloes, sheep and goats. A dataset was pooled from 

previously published studies related to this topic. After selection, a total of 55 papers 

were retained for required criteria. Data was analyzed using global correlation, simple, 

multiple and polynomial regressions, as well as variance analysis. Discrete (nitrogen 
source) and continuous predictor variables (daily crude protein intake) were considered 

as fixed effects, whereas domestic ruminant species, physiological state, concentrate 

class, forage type and feeding state (ad libidum or restreint) were treated as random 

effects. Significant correlations were observed between dietary protein intake, 
digestibility of crude organic material (CUD OM) and crude protein (CUD CP), and 

rumen fermentation parameters (p < 0.000). The level of crude protein intake affects 

linearly CUD OM (p < 0.000), CUD CP (p < 0.000), Nitrogen retention (p < 0.000) and 

urinary excretion (p < 0.000), total VFA production (p < 0.000), rumen pH (p < 0.000) 
and NNH3 concentration (p < 0.000). The residues of these simple regressions were 

correlated to daily milk production, and feed characteristics, mainly NDF, ADL and 

starch content. If NDF intake increases by 1%MS, nitrogen retention decreases by 

0.49g/d and nitrogen excretion increases by 1.33g/d. Similarly, a 1% increase of ADL in 
the ration results in a decrease of the microbial efficiency by 5.99 g/K FOM and a 

decline of total VFA by 1.75 mM, but enhances rumen pH by 0.15 and NNH3 production 

by 15.6 mg/100ml.  

Moreover, ANOVA analysis revealed that the dietary nitrogen source affects 

significantly the CUD (OM) (p = 0,011), urinary N (p < 0.000), rumen pH (p < 0.000), 

total VFA (p < 0.000) and NNH3 production (p = 0.005). The lowest residues of the 

regression of CUD (CP) by daily CP intake were calculated for soyabean meal, low 

degradable proteins, amino acids and flour of feathers, whereas the highest ones were 
calculated for amino acids supplemented with urea. Indeed, rumen fermentation 

parameters are also affected by the domestic ruminant species (p < 0.000), the 

physiological state of the animal (p < 0.000), the concentrate proportion (p < 0.05) and 

the type of the distributed forage (p < 0.000). 
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1  Introduction  
 

Intensive uminant production is more effective than few decades rather in terms 

of resources used per unit of milk and meat produced (Capper et al. [1]). These 

improvements rely essentially on intensive feeding practices and high producing 

genotypes, which led not only to enhanced production levels of all livestock 

species, but also animals with higher feed requirements, higher heat production, 

higher gas emissions, higher manure production (Luiting et al. [2]), and 

therefore many metabolic and production disorders (Simões et al. [3], Ametaj et 

al. [4], Bertoni et al. [5], Ingvartsen et al. [6]). In that way, it was reported that 

increasing the crude protein (CP) content of ruminants diets, or change of the 

protein quality to meet milk or meat production requirements may cause 

disturbances in microbial protein synthesis and nitrogen metabolism  

(Armentano et al. [7], Castillo et al. [8], Hristov et al.[9]). 

Many studies investigated the effect of the source and the level of crude proteins 

on digestibility and ruminal fermentation (Hristov et al.[9], Chobtang et al. 

[10]). Other papers studied the response to different levels of fibers and 

concentrate (Hatfield et al. [11], Moore and Hatfield [12], Aqle et al. [13]). 

Some authors compared voluntary feed intake and digestibility between 

ruminant species (Riaz et al. [14]). But all these variables were addressed 

separately. Therefore, the aim of this study was to quantify the effect of these 

two parameters on digestibility, ruminal fermentation and nitrogen balance 

based on a meta-analysis of published studies. 

 

2  Materials and methods 

Data collection and dataset construction 
We looked for relevant studies published till January 2015. The primary 

keywords used in our research were nitrogen, digestibility and fermentation. 

Narrative reviews, systematic reviews with meta-analysis and network meta-

analysis were excluded. 93 papers were found. 

To generate the dataset, we selected papers according to the following criteria: 

Criterion 1: The source of nitrogen used in animal feeding must be indicated 

Criterion 2: Daily protein intake must be reported 

Based on these criteria, a total of 56 papers were retained. Among studies, not 

all the variables of interest were reported. Therefore, the number of observations 

across variables was not uniform (Table 1). 

Diet were described by its proportion and source of nitrogen, the proportion and 

the class of concentrate, NDF, ADF, ADL and starch levels as well as the 

proportion of soluble and degradable nitrogen. Animalsô characteristics include 

the specie (bovine, ovine and goats), the physiological state, the body weight, 

the feeding situation (ad libidum or restricted) and daily milk production. 

Digestibility parameters include both the CUD of organic matter (CUD(OM)) 

and the CUD of crude proteins (CUD(CP)). Rumen fermentation pattern was 

described by the rumen pH, volatile fatty acids (VFA) production (total VFA, 



acetate, propionate, butyrate and minor VFA) in addition to retained and urinary 

excreted nitrogen. 

 

 n Mean SD Min Max 

Diet composition 

Nitrogen source 

         Soyabean meal (SBM) 

         Sunflower meal 

         Fish meal (FM) 

        Amino acids 

        Feathers meal (Feath F) 

        Urea 

        Corn Gluten Meal (CGM) 

        SBM + Urea 

        Corn Gluten + Fish meal 

        Urea + CG + FM 

        Feathers meal + blood meal 

        SBM + TSBM 

        Blood meal (BM) 

        Low degradable proteins 

        SBM + Urea 

        Total 

 

92 

6 

12 

13 

5 

25 

13 

13 

74 

3 

3 

17 

5 

4 

4 

288 

 

- 

- 

- 

- 

- 
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- 

- 

- 

 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Concentrate level (%) 262 36.78 26.26 0 94 

NDF (% DM) 233 51.13 16.4 17.6 81.9 

ADF (% DM) 174 29.14 12.35 10.6 55.2 

ADL (% DM) 38 5.03 1.63 2.2 8 

Starch (% DM) 51 32.32 15.9 0 57.8 

Soluble nitrogen (%) 52 36.15 16.91 6.2 64.1 

Degradable nitrogen (%) 40 44.78 12.25 25.63 92 

Animal performances      

Specie 

       Bovine 

       Ovine 

       Goats 

       Total 

 

240 

46 

4 

290 

 

- 

- 

- 

- 

 

- 

- 

- 

- 

 

- 

- 

- 

- 

 

- 

- 

- 

- 

Body weight 290 379.71 211.47 22.14 691 

Milk production 85 24.15 10.36 0 46.6 

Physiological state 

         rest 

         production 

         growth/Fattening 

        Total 

 

82 

83 

119 

284 

 

- 

- 

- 

- 

 

- 

- 

- 

- 

 

- 

- 

- 

- 

 

- 

- 

- 

- 

Feeding situation 

         ad libidum 

         restricted 

Total 

 

60 

208 

268 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 



Digestibility       

CPI(%/d) 290 12.82 4.96 0.75 34 

DMI  (g/BW
0.75

) 290 93.15 45.99 8.55 203.9 

CUD (OM) 260 63.82 9.36 40.1 83.5 

CUD (CP) 200 61.94 13.76 -39.8 82.7 

Nitrogen balance      

Retained nitrogen (g/d) 57 18.46 19.03 -27 66.9 

Urinary nitrogen (g/d) 70 65.46 66.96 1.6 268 

Rumen fermentation      

Rumen pH 189 6.38 0.36 5.51 7.24 

Total VFA (tVFA) (mM/L) 165 95.65 19.63 43.3 156.1 

Acetate (%) 177 64.39 9.73 43.5 92.4 

Propionate (%) 173 21.05 7.24 13.1 49.3 

Butyrate (%) 169 10.44 3.52 0.18 20.6 

Minor VFA (%) 141 3.61 2.06 0.3 13.56 

NNH3 (mg/100ml) 196 67.09 56.96 0.24 266 

Microbial efficiency (gN/KgFOM) 129 28.59 13.73 7.87 66.4 

Table 1. Statistical description of the dietary and response variables in the 

dataset 

 

Calculations and statistical analysis  
All statistical analyses were carried out using Minitab software (version 12) and 

XLStat (version 7.5.2). The mixed model regression analysis were applied to 

predict the apparent digestibility of organic matter and crude proteins, the 

variability of nitrogen balance (retained and urinary nitrogen) as well as rumen 

fermentation parameters (rumen pH, total VFA, microbial efficiency and NNH3 

production) with crude protein intake as input, mixed model regression 

techniques (St-Pierre [15]) were applied. 

The general model for single and multiple regressions are represented as: 

Yij= B0+B1Xij1+é, +BKXijk+si+eij 

Where:  

Yij=the expected outcome for the dependent variable Y observed at level j of 

the continuous variable X in the study i; 

B0=the overall intercept across all studies (fixed effect); 

Bk = the overall linear and quadratic regressing coefficient of Y on X, 

respectively, across all studies (fixed effect); 

X ijk=the value of the kth explanatory variable (k = 1, 2, é, p) 

and eij=the unexplained residual error. 

The residuals were tested for correlation and one way ANOVA analysis, and 

used to calculate adjusted dependent variable values. 

Parameter estimates for fixed effects were declared significant at P Ò 0.05. 

 

3 Results and discussion 
 

Global correlations 



Global correlations between intake, digestibility and ruminal fermentation 

indices (tVFA and microbial efficiency) showed that the digestibility of OM and 

CP are related to the dry matter intake (p=0.000 and p<0.05 respectively) and 

nitrogen intake (p=0.000), which affect in parallel VFA production and 

microbial efficiency (p < 0.001). However, this latter seems to be not related to 

the digestibility of DM and CP. VFAs, a product of rumen fermentation, are 

also correlated to organic matter and protein digestibility (p < 0.01) and to 

microbial efficiency as well (p < 0.001). The correlation matrix presented in 

Table 2 shows clearly that the digestibility and the rumen function depends on 

the intake of DM and CP. 

 

 CPI DMI  CUD (OM) CUD (CP) Mic Eff  

DMI  
0.369 

0.000 
    

CUD (OM) 
0.483 

0.000 

0.253 

0.000 
   

CUD (CP) 
0.385 

0.000 

0.143 

0.031 

0.670 

0.000 
  

Mic Eff 
0.296 

0.000 

0.258 

0.002 

0.035 

0.684 

0.074 

0.444 
 

tVFA 
0.473 

0.000 

0.537 

0.000 

0.263 

0.001 

0.260 

0.006 

0.419 

0.000 

Cell content: correlation, p-value 

 

Table 2. Correlation matrix of intake, digestibility and some rumen 

fermentation parameters 

Effects of the level and the source of nitrogen on the digestibility 

of dry matter and crude protein 
 

As represented in Figures 1 and 2, the digestibility of organic matter and protein 

increase linearly in response to nitrogen intake. A 1% increase of CPI enhances 

the CUD (OM) by 0.937 and CUD (CP) by 1.216. 

 

 

y = 0,937x + 51,84 
R² = 0,213 
p < 0.001 
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Figure 1. Relationship between the nitrogen intake and dry matter 

digestibility  

 

 
 

Figure 2. Relationship between the nitrogen intake and crude protein 

digestibility  

The observed relationship show that at lower yields of nitrogen in the diet, 

important variations of digestibility was observed.  The residues of the simple 

regressions (Equations in Figures 1 and 2) were analyzed for correlation with 

diet chemical composition parameters, metabolic body weight and milk 

production (Table 3). Negative correlations were recorded between the fibers 

content of the diet and the digestibility of organic material and proteins (p< 

0.001). Surprisingly, there is no correlation between digestibility and milk 

production (p>0.05). ANOVA analysis showed that increased NDF, ADF and 

concentrate levels in the diet reduce dry matter and protein digestibility (Figures 

3 and 4). 

 

 BW0.75 Milk  

Production 
C (%) NDF ADF ADL  Starch 

Soluble 

N 

Degradable 

N 

CUD 

(OM) 

0.242 

0.000 

0.012 

0.922 

0.415 

0.000 

-0.443 

0.000 

-0.455 

0.000 

-0.292 

0.067 

0.300 

0.045 

0.208 

0.191 

-0.085 

0.645 

 CUD 

(CP) 

-0.015 

0.822 

0.105 

0.439 

0.382 

0.000 

-0.266 

0.000 

-0.267 

0.002 

-0.190 

0.281 

0.230 

0.159 

0.039 

0.825 

0.092 

0.684 

Table 3. Analysis of simple regression residues correlation 

 

 

 

 

 

 

 

 

 

 

 

y = 1,216x + 44,95 
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Figure 3. Variation of the simple regression residues of CUD (CP) in response 

to the ADF and NDF level in the diet 

 

 
Figure 4. Variation of the simple regression residues of CUD (CP) in response 

to increased concentrate levels 

 

Indeed, one way ANOVA analysis of the simple regression residues showed 

that many factors affect the CUD (OM), but only the feeding situation of the 

animals interfere with the CUD (CP) (Table 4). A model explaining the 

variation of the digestibility of proteins from soyabean meal in response to 

nitrogen intake was proposed in figure 5. 

 

 CUD (OM) CUD (CP) 

Nitrogen source 0.011 0.942 

Specie 0.001 1.000 

Physiological state 0.002 0.467 

Feeding situation 0.000 0.007 

Table 4. p-values of ANOVA analysis of the simple regression residues 
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Figure 5. Variation of crude protein digestibility from soyabean meal in 

response to crude protein intake 

 

Urea supplemented with amino acids recorded the highest CUD (CP) whereas 

feathers flour supplemented with blood meal recorded the lowest CP 

digestibility (Figure 6). 

 

 
Figure 6. Variation of the simple regression residues of CUD(CP) in response 

to the nitrogen source  

Based on the significance of the correlations calculated in Table 3, the 

prediction equations of the digestibility of OM and CP as response to the 

nitrogen intake were adjusted as follow: 

 

CUD (OM) = 94.7- 0.0582 CPI (%)-0.556 ADF (%DM)-0.393 Starch (%DM)  

R
2
 = 88,2%, p = 0,000 (1) 

 

CUD (CP) = 35.3+2.52CPI-0.140 NDF (%DM)-0.0116 concentrate rate (%) 

y = 0.8683x + 52.689 
R² = 0.2309 
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 R
2
 = 45,4%, p = 0,000 (2) 

 

The level of nitrogen intake affects clearly organic material and crude protein 

digestibility. Milis et al. [16] reported that rations having high CP/ME ratio had 

higher digestibility of CP in comparison with those having low CP/ME ratio. 

However, McAllan [17] and Huntington and Archibeque [18] concluded that 

protein digestion in animals supplemented with true protein was greater than 

those supplemented with urea or non protein nitrogen, leading to suggest that 

feeds containing high rumen undegradable proteins content result in higher 

crude protein digestibility (Milis et al. [16]). Moreover, positive effects of low 

N degradability on DM, OM and CP digestibility were previously described 

(Mabjeesh et al. [19]). 

Despite the source of nitrogen supply, it was proved that greater fiber content 

decrease DM, OM and CP digestibility. Lignin is considered an anti-quality 
component in forages because of its negative impact on the nutritional availability of 

plant fiber (Moore and Jung [20]). Lignin interferes with the digestion of cell wall 

components and interact with digestive enzymes to reduce their activity and 

within the small intestine the presence of non-digested material may dilute 

enzyme activity in the content (Schneeman [21]). 

Likewise, the positive correlation between OM/CP apparent digestibility and the 

level of concentrate could be attributed to the availability of carbohydrates that 

determine the rate of microbial growth in the rumen (Strobel and Russel [22]). 

However, Nousiainen et al. [23] reported that increasing the amount of 

concentrate had no effect on CP digestibility, and intake of digestible OM 

tended to diminish at high levels of supplementation. 

 

Effects of the level and the source of nitrogen on rumen 

fermentation parameters 
 

Rumen pH, VFAs and ammonia nitrogen production, microbial efficiency and 

nitrogen balance are highly correlated to CPI (p = 000) (Table 5). 

 

 
Rumen 

pH 
tVFA Acetate Propionate Butyrate 

Minor 
VFA 

NNH3 
Microbial 
Efficiency 

N 
retenu 

N 
urinaire 

CPI 

(%) 

-0.478 

0.000 

0.473 

0.000 

-0.394 

0.000 

0.251 

0.000 

0.438 

0.000 

0.466 

0.000 

0.288 

0.000 

0.296 

0.000 

0.436 

0.000 

0.412 

0.000 

Cell content: correlation, p-value 

Table 5. Correlations between CPI and rumen fermentation pattern 

 

Simple linear regressions allowed modeling the relationship between these 

parameters and the dietary nitrogen intake as follow: 

 

Nretaned = 1.96 + 1.17 * CPI (%)  R
2
=19%, p=0.000 (3) 

Nurinary = 7.3 + 4.06 * CPI (%)  R
2
=17%, p=0.000 (4) 

Rumen pH = 6.91 ï 0.0404 * CPI (%) R
2
=22.9%, p=0.000 (5) 

tVFA = 65.1 + 2.24 * CPI (%)  R
2
=22.3%, p=0.000 (6) 

NNH3 = 19.6 + 3.83 * CPI (%)  R
2
=8.3%, p=0.000 (7) 



Microbial efficiency = 15.3 + 0.963* CPI (%)     R
2
=8.8%, p=0.000 (8) 

 

The low determination coefficients of these equations let suggesting that other 

factors than CPI influence nitrogen balance and rumen fermentation. Therefore, 

the residues of each equation were analyzed for correlation and revealed that the 

fibers content of the distributed diet and the quantity of the produced milk affect 

significantly (p<0.05) rumen fermentation and nitrogen utilization (Table 6). 

 

 BW0.75 Milk 
production 

 C 
(%) 

NDF ADF ADL  Starch Soluble N 
Degradable 

N 

Residues 

Eq 3 

0.272 

0.032 

0.085 

0.841 

0.141 

0.037 

-0.432 

0.002 

-0.148 

0.368 

-0.196 

0.642 

-0.508 

0.092 

-0.442 

0.076 

-0.045 

0.896 
Residues 

Eq 4 

0.723 

0.000 

0.832 

0.000 

0.238 

0.080 

-0.269 

0.029 

-0.251 

0.096 

0.583 

0.023 

-0.759 

0.003 

0.645 

0.001 

-0.071 

0.818 
Residues 

Eq 5 

-0.274 

0.000 

-0.310 

0.013 

-0.194 

0.008 

0.349 

0.000 

0.350 

0.000 

0.349 

0.047 

-0.224 

0.126 

-0.328 

0.030 

0.158 

0.379 
Residues 

Eq 6 

0.150 

0.045 

0.611 

0.000 

0.079 

0.311 

-0.294 

0.000 

-0.354 

0.000 

-0.564 

0.000 

-0.230 

0.148 

0.071 

0.736 

0.010 

0.964 
Residues 

Eq 7 

0.126 

0.064 

0.380 

0.002 

-0.038 

0.591 

0.125 

0.093 

0.245 

0.004 

0.389 

0.023 

0.334 

0.033 

-0.392 

0.018 

0.142 

0.453 
Residues 

Eq 8 

0.269 

0.001 

0.686 

0.000 

0.198 

0.022 

-0.431 

0.000 

-0.432 

0.000 

-0.793 

0.000 

-0.044 

0.797 

-0.743 

0.014 

0.322 

0.364 

Table 6. Correlation of the residues of rumen fermentation and nitrogen balance 

models 

 

Equations 3 to 8 were adjusted again based on the correlation results detailed in 

Table 6: 

 

Nretaned = 20.2 + 1.64*CPI - 0.491*NDF + 0.0373*concentrate level 

R
2
=81.1%, p=0.000 (9) 

Nurinary = -96.8 + 3.06*CPI + 5.24 *  Milk Production+1.33 NDF 

R
2
=78.6%, p=0.000 (10) 

Rumen pH= 5.89 - 0.0245*CPI + 0.0119*Milk Production + 0.157*ADL 

R
2
=91%, p=0.000 (11) 

tVFA = 58.6 + 2.59*CPI - 1.75*ADL + 0.689*Milk Production 

R
2
=74.9%, p=0.001 (12) 

NNH3 = -129 + 6.30*CPI + 2.87* Milk Production + 15.6*ADL 

R
2
=80.6%, p=0.001 (13) 

Microbial efficiency = 47.1+ 0.723*CPI - 5.99*ADL - 0.755* Milk Production 

R
2
=89%, p=0.000 (14) 

 

One way ANOVA analysis of the residues of equations 3 to 8 showed that 

nitrogen metabolism and rumen fermentation depend also on the nitrogen 

source, the animal specie and physiological state, and the type of the distributed 

forage in based diet (Table 7). 

  



 
Nitrogen 

Source 
Specie 

Physiological 

state 

Feeding 

situation 

Retained N 0.082 0.000 0.766 0.959 

Urinary N  0.037 0.000 0.000 0.726 

Microbial 

Efficiency 
0.405 0.005 0.000 0.044 

Rumen pH 0.000 0.080 0.000 0.658 

tVFA  0.000 0.200 0.000 0.009 

NNH3 0.005 0.047 0.059 0.735 

Table 7. p-values of ANOVA analysis of the residues of nitrogen balance and 

rumen fermentation parameters 

 

Figures 7, 8 and 9 represent the variation of the nitrogen balance, the microbial 

efficiency and rumen pH in response to crude protein intake, using soyabean 

meal as nitrogen source. Retained nitrogen increases linearly in regards to 

elevated levels of CP intake. Urinary N excretion is stable for nitrogen rates in 

the diet lower than about 14%, beyond the rate, urinary excretion increases 

reflecting a surpluses and / or a nitrogen imbalance in the diet (Figure 7). 

 

 

  
Figure 7. Retained and urinary nitrogen variation (Example of soybean meal) 

  

Figure 8. Variation of microbial efficiency in response to CPI (the example of 

soybean meal) 
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Figure 9. Variation of rumen pH in response to CPI (the example of soybean 

meal) 
 

 

 

 

Increasing the CP content of ruminant diets results not only in enhanced 

retained N concentrations, but also in greater N urinary losses. In this study, a 

5% increase in dietary CP augments nitrogen retention by 8.2g/d and nitrogen 

losses by 15.3g/d. The concentration of ammonia in the rumen is a function of 

both rate of ruminal N degradation and concentration of rumen degradable 

proteins above microbial needs and the amount of dietary energy available to 

the ruminal microorganisms. In most feeding systems, microbial protein 

synthesis is assumed to be energy-dependent (NKJ Protein Group [24], NRC 

[25]). The addition of ruminally available N resulted in a 31.5 mg/100ml  

increase in ruminal ammonia concentration in this meta-analysis. 

Likewise, microbial efficiency and tVFA production increase by 3.61gN/Kg 

FOM and 65.66 mM/L respectively, whereas rumen pH decreases by -0.122. 

Castillo et al. [8] and Christensen et al. [26] reported that greater levels of CP 

uptake increase ruminal ammonia and blood urea N concentrations, and lead to 

greater urinary N losses. Moreover, Tamminga [27] reported that ruminal N loss 

is the greatest single contributor to urinary N losses, metabolic losses, 

indigestible microbial N, losses in maintenance, and inefficient conversion of 

absorbed AA into milk protein. However, increased VFA production may 

explain increased milk production in response to increased CP uptake. 

In our study, (acetate, propionate and butyrate) were not significantly affected 

by increased CP level. Some in vivo studies (Chen et al. [28]; Chanthakhoun et 

al. [29], Norrapoke et al. [30]) reported that increasing CP had no significant 

effected on the VFA. It seems that difference of roughage to concentrate ratios 

significantly affected total VFA production which increased linearly with the 

proportion of concentrateôs increase, which is in accordance with Suharti et al. 

[31] and Kumar et al. [32] who reported that total VFA production was 

significantly affected by forage to concentrate ratio in the diet. 

y = 0,006x2 - 0,209x + 7,964 
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Conclusion 

 

The results of this study showed that increased N content of the diet positively 

affect OM and CP digestibility, Nitrogen balance, VFA production and 

microbial efficiency. Increasing concentrate and decreasing fiber content of the 

diet improves VFA production and consequently milk yield. 
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