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ABSTRACT

The objectives of this study were 1) to determine
whether a relationship exists between molar propor-
tions of volatile fatty acids in the rumen and milk odd-
and branched-chain fatty acid concentrations (i.e., iso
C13:0, anteiso C13:0, iso C14:0, C15:0, iso C15:0, anteiso
C15:0, iso C16:0, C17:0, iso C17:0, anteiso C17:0, and
cis-9 C17:1); and 2) to evaluate the accuracy of predic-
tion of the latter equations using an independent data
set. For development of the regression equations, indi-
vidual cow data from 10 feeding experiments with ru-
men-fistulated dairy cows were used, resulting in a data
set of 148 observations. Milk odd- and branched-chain
fatty acids were closely related to the molar proportions
of acetate (SE = 15.3 mmol/mol), propionate (SE = 14.7
mmol/mol), and butyrate (SE = 9.2 mmol/mol). These
regression equations were further validated using data
from the literature (n = 14). Evaluation of these predic-
tion equations using the independent data set resulted
in a root mean square prediction error of 3.0, 9.0, and
8.9% of the observed mean for acetate, propionate, and
butyrate, respectively. In addition, less then 5% of the
mean square prediction error was due to line bias. This
suggests that the currently developed prediction equa-
tions based on milk odd- and branched-chain fatty acids
show potential to predict molar proportions of individ-
ual volatile fatty acids in the rumen.
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INTRODUCTION

The ruminal microbiota form the key link between
the ruminant and its diet because VFA and microbial
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protein from the degradation of feed constituents ac-
count for the majority of nutrients utilized by the host
animal (Sutton, 1985). Moreover, the relative concen-
trations of the individual VFA, mainly acetate, propio-
nate, and butyrate, are important determinants of en-
ergy utilization by ruminants because acetate and buty-
rate are lipogenic nutrients whereas propionate is
primarily used as a precursor for glucose. Conse-
quently, both the total amounts as well as the propor-
tions of fermentation end products are important in
determining the amount as well as the composition of
the milk produced (Sutton, 1985; Thomas and Martin,
1988). Much work has therefore been done on predicting
the rumen fermentation pattern. Mechanistic models
have been popular for this purpose (Baldwin et al.,
1987; Dijkstra et al., 1992), but accuracy of prediction
of molar proportions of rumen VFA is low (Bannink et
al., 1997). In another approach, Friggens et al. (1998)
derived empirical relations between the rumen fermen-
tation pattern and dietary chemical composition in
sheep. These equations have not yet been challenged
by an independent data set and their accuracy to predict
rumen VFA proportions in dairy cattle is uncertain.
Alternatively, the gas production test was used to pre-
dict molar proportions of VFA in vivo (Brown et al.,
2002; Rymer and Givens, 2002) but large differences
were observed between the in vivo and in vitro rumen
fermentation patterns. Consequently, there is a need
for further development of methodology to predict the
rumen fermentation pattern. In view of the growing
aversion to the use of surgically prepared animals, the
development of noninvasive methods providing insight
in the rumen fermentation pattern would be of great
value, permitting their use in practical dairy cattle feed-
ing and improving research animal welfare. The easy
collection of milk explains the increased interest in the
analysis of its components as a diagnostic tool for cow
health and nutrition (Mottram, 1997; Vlaeminck et al.,
2005). In this respect, milk odd- and branched-chain
fatty acids could be interesting parameters because
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they mainly originate from bacteria leaving the rumen
and recent in vitro work showed the possibility of pre-
dicting rumen VFA proportions based on rumen concen-
trations of these fatty acids (Vlaeminck et al., 2004).

The objective of this work was to evaluate the poten-
tial of odd- and branched-chain fatty acids in milk to
predict rumen proportions of VFA. First, we investi-
gated the relationship between concentrations of odd-
and branched-chain fatty acids in milk and rumen pro-
portions of VFA, using data from 10 feeding experi-
ments with rumen-cannulated dairy cows. Second, we
validated the developed equations using independent
data of experiments reported in literature.

MATERIALS AND METHODS

Data Set Description

The current study combined data from 10 experi-
ments, resulting in a data set of 148 individual obser-
vations.

Experiment 1 (n = 24). Experimental design and
diets are as described by Dewhurst et al. (2003). Briefly,
the experiment was according to a 4-period incomplete
changeover design, in which 6 cows in the beginning of
the lactation were used to test 6 dietary treatments.
Each experimental period lasted for 3 wk, of which the
first 2 wk were for adaptation. Each cow was offered 4
different diets. Cows received 8 kg/d of a dairy concen-
trate (Dewhurst et al., 2003), in 3 portions: 3 kg at each
milking (0730 and 1600 h) and 2 kg at 1200 h. Cows
had ad libitum access to 1 of 6 silages: grass, red clover,
white clover, alfalfa, and 50/50 (DM basis) mixtures of
grass and red clover and grass and white clover. Each
forage treatment comprised a proportional mixture of
all cuts taken in the year. Fresh forage was distributed
daily at 0900 h. Samples of rumen fluid were taken
using automated equipment at 2-h intervals during 1
d (12 samples/cow), acidified, and analyzed for VFA
(Dewhurst et al., 2003). Milk samples were taken from
4 consecutive milkings and stored frozen.

Experiment 2 (n = 16). This experiment was a 4 ×
4 Latin square. Four dairy cows (90 ± 34 DIM at the
beginning of the experiment) were offered diets varying
in forage-to-concentrate ratio. Dietary treatments were
based on ad libitum access to ryegrass silage and a
dairy concentrate (Moorby et al., 2006; Vlaeminck et al.,
2006b) with forage:concentrate ratios of 80:20, 65:35,
50:50, 35:65 on a DM basis (Moorby et al., 2006; Vlae-
minck et al., 2006b). Each experimental period lasted
for 4 wk of which the first 2 wk were for adaptation.
Fresh forage was distributed daily at 0900 h whereas
concentrates were distributed twice daily in equal por-
tions at milking (0800 and 1600 h; Moorby et al., 2006;
Vlaeminck et al., 2006b). Samples of rumen fluid were
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taken using automated equipment at 2-h intervals dur-
ing 1 d (12 samples/cow), acidified, and analyzed for
VFA (Dewhurst et al., 2003). Milk samples were taken
from 4 consecutive milkings and stored frozen.

Experiment 3 (n = 16). Experimental procedures
were described previously (Hindle et al., 2005). Each
experimental period lasted for 4 wk of which the first
2 wk were for adaptation. Four multicannulated dairy
cows (80 ± 18 DIM at the beginning of the experiment)
received either a control diet, consisting of grass silage
(43% of DM), ensiled sugar beet pulp (11% of DM), and
a concentrate mixture with 70% dried sugar beet pulp.
Dried sugar beet pulp of the concentrate was replaced
either by native potato starch, cornmeal, or wheat meal
in each of the 3 experimental diets. Diets were distrib-
uted twice daily in equal portions as a TMR at 0600
and 1700 h. Rumen fluid was sampled at 4-h intervals
during one 24-h period. After each sampling, samples
were acidified and stored at −20°C until analysis of VFA
(Hindle et al., 2005). Milk samples were taken from 8
consecutive milkings and stored frozen.

Experiment 4 (n = 16). Experimental procedures
were described in detail previously (Bruinenberg et al.,
2004). Briefly, 4 rumen-cannulated multiparous Hol-
stein cows (249 ± 76 DIM at the beginning of the experi-
ment) were assigned to a 4 × 4 Latin square experiment.
Each experimental period lasted for 3 wk, of which the
first 2 wk were for adaptation. Forages differed between
the 4 dietary treatments and consisted of different com-
binations of 3 grassland silages (Bruinenberg et al.,
2004). At 0600 and 1600 h, cows received 40 and 60%
of the daily DM offered, respectively. Over one 24-h
period, samples from rumen fluid were taken at 1600,
1800, 2000, 2200, 2400, 0300, 0600, 0800, 1000, and
1300 h, and analyzed for VFA (Bruinenberg et al.,
2004). Milk samples were taken from 4 consecutive
milkings and stored frozen.

Experiments 5 and 6 (n = 50). These two experi-
ments were both 5 × 5 Latin squares. Five dairy cows
in early lactation (45 ± 14 DIM at the beginning of the
experiment; experiment 5) and late lactation (236 ± 14
DIM at the beginning of the experiment; experiment
6) were offered diets varying in source of forage and
concentrate (55/45, DM basis). Dietary treatments were
based on ad libitum access to 1 of the 5 TMR: 1) a
mixture (50/50, DM basis) of ryegrass silage (CP: 16.6%
of DM, sugar: 3.6% of DM, NDF: 50.9% of DM) and corn
silage (CP: 7.5% of DM, sugar: 0.6% of DM, starch:
31.4% of DM, NDF: 40.0% of DM) as forage and a mix-
ture (50/50, DM basis) of 2 concentrates either rich in
structural (CP: 19.4% of DM, sugar: 10.8% of DM,
starch: 1.4% of DM, NDF: 32.0% of DM) or in nonstruc-
tural carbohydrates (CP: 19.6% of DM, sugar: 10.5% of
DM, starch: 30.3% of DM, NDF: 14.6% of DM); 2) rye-
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grass silage as forage and the concentrate mixture (50/
50, DM basis) as in diet 1; 3) corn silage as forage and
the concentrate mixture (50/50, DM basis) as in diet 1;
4) a mixture (50/50, DM basis) of ryegrass silage and
corn silage as forage and a concentrate rich in structural
carbohydrates; 5) a mixture (50/50, DM basis) of rye-
grass silage and corn silage as forage and a concentrate
rich in nonstructural carbohydrates. Each experimen-
tal period lasted for 3 wk, of which the first 2 wk were
for adaptation. Samples of rumen fluid were taken fre-
quently during one 12-h interval (at least 15 samples/
cow) based on the cow’s ingestion pattern, acidified,
and analyzed for VFA (Chilibroste et al., 1998). Milk
samples were taken from 4 consecutive milkings and
stored frozen.

Experiments 7 and 8 (n = 18). These 2 experiments
were both 3 × 3 Latin squares. Three dairy cows (294
± 148 DIM at the beginning of the experiment) were
offered diets with corn and grass silage as forage with
a standard dairy concentrate. Corn silage was taken
from 2 different varieties varying in starch content.
Dietary treatments were based on ad libitum access of
forage and 5.1 kg/d of the standard dairy concentrate.
Each experimental period lasted for 13 d, of which the
first 10 d were for adaptation. Samples of rumen fluid
were taken before the morning feeding and 1, 2, 3, 5,
and 8 h after the morning feeding during the last 3
consecutive days. Before VFA analysis (De Boever et
al., 2005), rumen samples from the 3 d were pooled
according to their sampling time (6 samples per animal
and per treatment). Milk samples were taken from 4
consecutive milkings, pooled and stored frozen.

Experiments 9 and 10 (n = 8). These 2 experiments
were both 2 × 2 Latin squares. Two dairy cows (278 ±
108 DIM at the beginning of the experiment) were of-
fered diets with corn and grass silage as forage with a
standard dairy concentrate. Corn silage was from 2
different varieties, inducing variation in rumen bypass
starch content. Dietary treatments were based on ad
libitum access of the forage and 5.1 kg/d of a standard
dairy concentrate. Each experimental period lasted for
13 d of which the first 10 d were for adaptation. Samples
of rumen fluid were taken before the morning feeding
and 1, 2, 3, 5, and 8 h after the morning feeding during
3 consecutive days. Before VFA analysis (De Boever et
al., 2005), rumen samples of the 3 d were pooled ac-
cording to their sampling time (6 samples per animal
and per treatment). Milk samples were taken from 4
consecutive milkings, pooled, and stored frozen.

Milk Fatty Acid Analysis

In all the experiments, milk samples were extracted,
methylated, and analyzed by GLC as described by Vlae-
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minck et al. (2005). Briefly, in the first step, samples
were extracted with ammonium hydroxide solution,
ethanol, diethyl ether, and petroleum ether. In the sec-
ond extraction step, ethanol, diethyl ether, and petro-
leum ether were used, and in the final extraction step,
the solvents used were diethyl ether and petroleum
ether. Extracts from the 3 consecutive steps were com-
bined, evaporated, methylated, and analyzed sepa-
rately for short-chain fatty acids (C4:0 to C10:0) and
medium- and long-chain fatty acids (C12:0 to C24:0).
Standard curves were used to determine the response
factors for milk short-chain fatty acids, taking into ac-
count tridecanoic acid (Sigma, Bornem, Belgium) as the
internal standard, whereas the other fatty acids were
quantified with nonadecanoic acid as the internal stan-
dard (Sigma). Methylation and analysis by GLC were
described previously (Vlaeminck et al., 2005).

Calculations

Mean 24-h molar proportions of VFA were calculated
from the results of the individually analyzed samples,
taken in relation to the cow’s feeding pattern as de-
scribed before for the different experiments. Because
time intervals between samplings were not the same
in each experiment, hourly values were calculated by
linear interpolation of values for the next and previous
sampling. From these 24 values, mean molar propor-
tions of acetate, propionate, and butyrate [mmol/mol
(acetate + propionate + butyrate)] for each sampling
day were calculated.

Milk odd- and branched-chain fatty acids were ex-
pressed as g/100 g of fatty acids and individual odd-
and branched-chain fatty acids were used to construct
the model. However, because cis-9 C17:1 is a desatura-
tion product of C17:0 in the mammary gland (Fievez et
al., 2003a), the sum of C17:0 and cis-9 C17:1 was used.

Independent Data Set to Evaluate Accuracy
of Prediction

Qualitative Evaluation. Because of the limited
data available in literature reporting both rumen fer-
mentation pattern and milk odd- and branched-chain
fatty acids, we first performed a qualitative evaluation
of the regression equations: using milk odd- and
branched-chain fatty acids, reported by Kraft et al.
(2003), Loor et al. (2005a,c), and Van Nespen et al.
(2005), we calculated the associated VFA proportions
from the regression equations based on milk odd- and
branched-chain fatty acids developed in the current
study. Because the VFA proportions were not measured
in these studies (Kraft et al., 2003; Loor et al., 2005a,c;
Van Nespen et al., 2005), the qualitative evaluation



MILK ODD- AND BRANCHED-CHAIN FATTY ACIDS 3957

assessed the ability of the equations to predict well-
known shifts in the fermentation pattern induced by
varying roughage proportions (Kraft et al., 2003) or
supplementation of fish (Loor et al., 2005a,c) or vegeta-
ble oils (Loor et al., 2005a) and rumen-degradable
starch (Van Nespen et al., 2005).

Quantitative Evaluation. Data from the experi-
ments described by Shingfield et al. (2003, 2005) and
Loor et al. (2005b) were used to evaluate the accuracy
of equations developed to predict rumen proportions of
VFA based on milk odd- and branched-chain fatty acids.
To our knowledge, these are the only published articles
with information on both rumen fermentation pattern
and milk odd- and branched-chain fatty acids in the
same experiments, albeit in separate papers. The re-
sulting test data set consisted of 14 observations.

Statistics

All statistical analyses were performed using SPSS
12.0 (SPSS software for Windows, release 12.0, SPSS,
Inc., Chicago, IL).

Linear Regression Analyses. Regression analyses
were performed using the linear mixed models proce-
dure with the discrete effect of study included as a
random variable (St-Pierre, 2001). All individual odd-
and branched-chain fatty acids were introduced in the
model and equations were developed by running multi-
ple iterations and removing the least significant effect
at each iteration. Variables were kept in the model
when P-values were below 0.10. Regression equations
were evaluated based on the standard error and coeffi-
cients of variation and by regressing residuals on the
predicted values. Predicted values were centered by
subtracting the mean of all predicted values from each
prediction (St-Pierre, 2003). Mean biases were assessed
using the intercepts of the regression equations, and
the slopes of the regression equations were used to de-
termine the presence of linear biases.

Independent Data Sets to Evaluate Accuracy of
Prediction. The regression equations developed in this
study were validated with independent data sets using
the mean square prediction error (MSPE; Bibby and
Toutenberg, 1977):

MSPE =
1
n × ∑

n

i=1

(yi − ŷi)2

where n is the number of observations, and yi and ŷi

are the observed and predicted values, respectively. The
square root of MSPE is expressed in the same units as
the observed values and a comparison of the root MSPE
as a percentage of the observed mean provides an indi-
cation of the overall error of prediction. The MSPE was
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further decomposed into 3 components; mean bias, line
bias (deviation from the regression slope from one), and
the disturbance proportion indicating random devia-
tion, which cannot be accounted for by bias or regression
deviation. Further, residuals were regressed on the pre-
dicted values as described before.

RESULTS

Data File Description

Data were gathered from a wide range of experimen-
tal conditions, which is reflected in the wide range of
rumen proportions of acetate, propionate, and butyrate
(Table 1). Large differences were also observed in the
proportions of odd- and branched-chain fatty acids in
milk fat (Table 1). Anteiso C15:0 and linear odd-chain
fatty acids showed the lowest variation coefficient. Di-
etary effects on milk odd- and branched-chain fatty
acids falls out of the scope of the current paper but are
the subject of detailed discussion in a review paper
(Vlaeminck et al., 2006a).

Model Development

The relations between milk odd- and branched-chain
fatty acids and rumen fermentation pattern are pre-
sented in Table 2. Milk iso C14:0 and iso C15:0 were
positively related with rumen proportions of acetate,
whereas a negative relation was observed with the lin-
ear odd-chain fatty acids (Equation [1] in Table 2). Due
to the strong negative relation between rumen propor-
tions of acetate and propionate, independent variables
in the predictive model for acetate were also retained
in the model to predict rumen proportions of propionate.
Iso C14:0 and iso C15:0 were negatively related with
molar proportions of propionate, whereas linear odd-
chain fatty acids and iso C16:0 showed a positive rela-
tion (Equation [2] in Table 2). In the predictive model
of butyrate, only anteiso C15:0 and C15:0 were retained
in the equation. These fatty acids were negatively re-
lated with rumen proportions of butyrate (Equation [3]
in Table 2). All models showed a good predictive capac-
ity as indicated by a reasonably low SE and variation
coefficient (Table 1). In addition, residuals were tested
for significant mean and linear biases and, as expected,
the biases were not significant. Residual plots for the
models are shown in Figure 1.

Model Validation

Descriptive statistics for the data used to qualita-
tively and quantitatively validate the regression equa-
tions are presented in Table 3. Some studies did not
report all variables; therefore, the number of observa-
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Table 1. Summary statistics of experimental data used for model development (n = 148)

Mean SD Minimum Maximum

Rumen fermentation pattern
Total VFA (mmol/L) 107 22.5 50 143
Acetate (mmol/mol) 659 34.6 548 724
Propionate (mmol/mol) 209 29.4 158 322
Butyrate (mmol/mol) 132 16.9 98 184

Milk odd- and branched-chain fatty acids (g/100 g of fatty acids)
iso C13:0 0.024 0.006 0.007 0.045
iso C14:0 0.085 0.021 0.031 0.154
iso C15:0 0.217 0.042 0.116 0.325
iso C16:0 0.190 0.043 0.119 0.402
iso C17:0 0.188 0.041 0.111 0.360
anteiso C13:0 0.085 0.028 0.020 0.184
anteiso C15:0 0.470 0.067 0.309 0.701
anteiso C17:0 0.535 0.102 0.353 0.833
C15:0 1.088 0.164 0.700 1.564
C17:0 + cis-9 C17:1 0.701 0.106 0.507 1.133

tions across dependent variables was not constant. In
general, values of most variables in the data set for
model validation (Table 3) were within the range of the
values used for model development (Table 1). Neverthe-
less, iso C13:0 was considerably higher in the validation
data set. In addition, maximum values of iso C14:0 and
iso C17:0 were slightly higher compared with the data
set used for model development.

Qualitative Evaluation. Acetate, propionate, and
butyrate proportions, predicted from average odd- and
branched-chain fatty acid concentrations in milk from
dairy cows fed diets known to induce variation in the
rumen fermentation pattern (Kraft et al., 2003; Loor
et al., 2005a,c; Van Nespen et al., 2005) are presented

Table 2. Equations to predict rumen proportions of VFA (mmol/mol) from milk odd and branched-chain fatty acids (g/100 g fat) (n = 148)

Intercept Independent variable
Residual SE of

Estimate SE2 P3 Variable Estimate SE P SE CV1 study

Equation [1] to predict ruminal
proportions of acetate (mmol/mol)

666 19.4 <0.001 iso C14:0 352 101.2 0.001 15.3 2.33 24.9
iso C15:0 133 53.4 0.014
C15:0 −26.5 11.4 0.022
C17:0 + cis-9 C17:1 −48.0 18.2 0.009

Equation [2] to predict ruminal
proportions of propionate (mmol/mol)

148 18.1 <0.001 iso C14:0 −332 112.2 0.004 14.7 7.05 18.7
iso C15:0 −116 51.4 0.026
C15:0 57.6 10.96 <0.001
iso C16:0 78.6 47.15 0.098
C17:0 + cis-9 C17:1 51.0 17.48 0.004

Equation [3] to predict ruminal
proportions of butyrate (mmol/mol)

173 9.2 <0.001 anteiso C15:0 −33.8 16.73 0.045 9.2 6.96 12.3
C15:0 −25.9 6.71 <0.001

1CV = Coefficient of variation (%).
2SE = Standard error of the regression coefficient.
3P = P-value of the regression coefficient.
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in Table 4. Fish oil increased the predicted rumen pro-
portions of propionate in the experiments of Loor et al.
(2005a,c). Diets high in rumen-degradable starch (Van
Nespen et al., 2005) decreased predicted acetate and
increased propionate proportions. Dairy cows of organic
farms compared with conventional farms were higher
in predicted acetate and lower in propionate (Kraft et
al., 2003).

Quantitative Evaluation. Results of the present
validation of the predictive models with an independent
data set are presented in Table 5. The root MSPE values
obtained with the independent data set ranged from
10.9 to 20.5 mmol/mol (Table 5). The mean predicted
values for propionate were close to the mean actual
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Figure 1. Plot of observed minus predicted molar proportions of acetate (�), propionate (�) and butyrate (+) vs. predicted molar proportions
of acetate, propionate, and butyrate. Predictive models were based on milk odd- and branched-chain fatty acids (g/100 g fat) (Equations [1],
[2], and [3] in Table 2) (n = 148).

data. In contrast, the model for predicting rumen pro-
portions of acetate underpredicted actual values,
whereas the opposite was observed for butyrate. Accord-
ingly, a relatively large error derived from the mean
bias as a proportion of total MSPE was derived in equa-
tions for predicting acetate and butyrate. The predic-
tion of the rumen fermentation pattern produced a rela-
tively small error of line (slope) as a proportion of total
MSPE (<5%). The root MSPE expressed as a percentage

Table 3. Summary statistics of experimental data used for qualitative1 and quantitative2 model validation

n Mean SD Minimum Maximum

Rumen fermentation pattern2

Total VFA (mmol/l) 14 87 13.1 72 115
Acetate (mmol/mol) 14 684 21.2 637 709
Propionate (mmol/mol) 14 196 26.0 173 263
Butyrate (mmol/mol) 14 120 11.1 100 139

Milk odd and branched-chain fatty acids
(g/100 g of fatty acids)
iso C13:0 16 0.083 0.052 0.011 0.144
iso C14:0 27 0.107 0.040 0.038 0.179
iso C15:0 27 0.245 0.062 0.137 0.356
iso C16:0 19 0.231 0.067 0.115 0.330
iso C17:0 18 0.278 0.184 0.143 0.840
anteiso C13:0 16 0.087 0.033 0.025 0.127
anteiso C15:0 27 0.524 0.128 0.299 0.760
anteiso C17:0 16 0.466 0.098 0.354 0.637
C15:0 27 1.138 0.174 0.830 1.461
C17:0 + cis-9 C17:1 27 0.844 0.172 0.598 1.231

1Kraft et al. (2003); Loor et al. (2005a,c); Van Nespen et al. (2005). Of these experiments, no information
on the rumen fermentation pattern is available.

2Shingfield et al., 2003, 2005; Loor et al., 2005b. Rumen fermentation pattern of experiments described
by Loor et al. (2005b) and Shingfield et al. (2005) are reported by Ueda et al. (2003) and Shingfield et al.
(2001), respectively.
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of the observed mean was less than 3% for predictions
of rumen acetate proportions and increased to 9% for
predictions of propionate and butyrate (Table 5). Resid-
ual plots are shown in Figure 2. The equation predicting
the acetate proportion underpredicted actual acetate
proportions by, on average, 14.2 mmol/mol. In none of
the equations was line bias significantly different from
zero (P > 0.5). The highest deviation from the actual
values was observed for the linseed oil supplemented
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Table 4. Predicted rumen proportions of VFA (mmol/mol) using Equations [1], [2], and [3] developed in the
present study (Table 2) and observed milk odd and branched-chain fatty acid concentrations in published
studies

Reference Diet Acetate [1] Propionate [2] Butyrate [3]

Kraft et al. (2003) German indoor 666 217 130
German organic 686 199 126

Loor et al. (2005a) Fish oil 661 226 114
Linseed oil 656 203 136
Sunflower oil 664 202 133

Loor et al. (2005c) Control 678 206 124
Ruminal infusion of fish oil 654 223 119

Van Nespen et al. (2005) Control 649 205 139
High rumen-degradable starch 628 232 133

diets reported by Loor et al. (2005b). With these diets,
propionate was underpredicted by 36 mmol/mol,
whereas butyrate was overpredicted by 23 mmol/mol.

DISCUSSION

Because in vivo quantification of VFA production is
difficult and expensive, only VFA concentrations in ru-
men fluid are measured routinely in rumen digestion
trials. This implies the assumption that VFA propor-
tions in rumen fluid represent proportions in which
they are produced. However, molar proportions of VFA
in rumen fluid may be an unreliable estimate of the
relative proportion of production rates where the frac-
tional absorption rates of individual VFA differ (Dijks-
tra, 1994). Nevertheless, in a recent study, Sutton et
al. (2003) found a close relation of the molar proportions
of net production to molar proportions of concentra-
tions, particularly for acetate and propionate. This im-
plies that the readily measured and widely published
values for VFA proportions in the rumen provide a close
estimate of the molar proportions of acetic and propionic
acid available for absorption (Sutton et al., 2003). Ac-
cordingly, molar proportions of rumen VFA provides
information that is of nutritive value to the animal.

Table 5. Validation of prediction equations [1], [2], and [3] developed in the present study (Table 2) using
the mean square prediction error (MSPE) and the rumen fermentation pattern1 and milk odd and branched-
chain fatty acids published in Shingfield et al. (2003, 2005) and Loor et al. (2005b) (n = 14)

Acetate [1] Propionate [2] Butyrate [3]

Observed (mmol/mol) 684 ± 21.2 196 ± 26.0 120 ± 11.1
Predicted (mmol/mol) 670 ± 16.5 199 ± 22.0 124 ± 5.5
Root MSPE (mmol/mol) 20.5 17.7 10.7
Root MSPE (%)2 3.00 9.01 8.93
Proportion (%) of MSPE due to:
Mean bias 48.0 3.0 17.5
Line 0.7 2.7 0.6
Random 51.3 94.3 81.9

1Rumen fermentation pattern of experiments described by Loor et al. (2005b) and Shingfield et al. (2005)
are reported by Ueda et al. (2003) and Shingfield et al. (2001), respectively.

2Root MSPE expressed as a percentage of the observed mean.
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Hence, efforts to accurately estimate these proportions,
based on noninvasive methodology, seem justified.

Model Development

The regression equation showed that milk iso C14:0
and iso C15:0 are positively related to rumen propor-
tions of acetate. In a literature review, Vlaeminck et
al. (2006a) described a positive relation between dietary
NDF content and milk iso C14:0 and iso C15:0. In addi-
tion, studies reporting odd- and branched-chain fatty
acids of mixed rumen bacteria show an increase in these
fatty acids when forage:concentrate ratio increases (Bas
et al., 2003; Vlaeminck et al., 2006b). Higher dietary
NDF and an increase in forage:concentrate ratio gener-
ally increases the importance of cellulolytic bacteria
(Dehority and Orpin, 1988; Weimer et al., 1999). Fatty
acid analysis of pure strains of rumen bacteria have
shown that some major cellulolytic bacteria are en-
riched in iso C14:0 and iso C15:0 (see, for example,
Ifkovitz and Ragheb 1968; Minato et al., 1988). Because
the latter bacteria are mainly acetate producers, it is
not surprising that the coefficient of iso C14:0 and iso
C15:0 is positive in the acetate-predicting equation.
Linear odd-chain fatty acids were positively related
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Figure 2. Plot of observed minus predicted molar proportions (mmol/mol) of acetate (A), propionate (B), and butyrate (C) vs. predicted
molar proportions of acetate, propionate, and butyrate for validation of Equations [1], [2], and [3] (Table 2). Data used for validation were
from Shingfield et al. (2003; triangles), Loor et al. (2005b; diamonds) and Shingfield et al. (2005; circles). Full symbols represent dietary
treatments not supplemented with fat; open symbols represent diets supplemented with linseed oil (Loor et al., 2005b) or fish oil (Shingfield
et al., 2003).
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with rumen proportions of propionate. During in vitro
incubations, Vlaeminck et al. (2004) also found a posi-
tive relation between C15:0 and rumen proportions of
propionate. This suggests that rumen conditions induc-
ing high propionate production are favorable for bacte-
ria synthesizing linear odd-chain fatty acids. Indeed,
amylolytic bacteria (e.g., Ruminobacter amylophilus,
Succinivibrio dextrinosolvens) show low levels of
branched-chain fatty acids and are relatively enriched
in linear odd-chain fatty acids (see, for example, Ifkovitz
and Ragheb 1968; Minato et al., 1988). In addition, high
rumen proportions of propionate might have stimulated
1) incorporation of propionyl-CoA in bacterial fatty
acids (Fulco, 1983), and 2) de novo synthesis of linear
odd-chain fatty acids from propionyl-CoA in the mam-
mary gland (Vlaeminck et al., 2006a). These finding
might also partially explain the positive relation be-
tween linear odd-chain fatty acids and rumen propor-
tions of propionate.

Friggens et al. (1998) derived empirical equations
based on observations in sheep to quantify the effect of
dietary chemical components on rumen fermentation
pattern. In their model development, a residual stan-
dard deviation of 11.4, 9.9, and 6.6 mmol/mol was re-
ported for acetate, propionate, and butyrate, respec-
tively. Recently, Bannink et al. (2006) estimated stoi-
chiometric coefficients for VFA production from
fermented substrates using literature data from experi-
ments with dairy cows. The root mean square error
values in their study were 32.6, 29.4, and 14.3 mmol/
mol for acetate, propionate, and butyrate, respectively.
Results from the present study show intermediate SE
values (15.3, 14.7, and 9.2 mmol/mol for acetate, propio-
nate, and butyrate, respectively). This suggests that
prediction of rumen fermentation pattern based on milk
odd- and branched-chain fatty acids might be a promis-
ing alternative to equations based on dietary character-
istics.

Model Validation

Although the relatively low SE supports the validity
of the fitted regression model (Neter et al., 1996), com-
parison of MSPE values obtained with an independent
data set is the best way to evaluate the accuracy of
different equations. Due to the limited data available
in the literature reporting both rumen fermentation
pattern and milk odd- and branched-chain fatty acids,
we first did a qualitative evaluation of the regression
equations using milk odd- and branched-chain fatty
acids reported by Kraft et al. (2003), Loor et al.
(2005a,c), and Van Nespen et al. (2005). During this
evaluation, prediction equations were solely evaluated
on well-documented and expected changes in the rumen
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fermentation pattern because the latter was not mea-
sured in these studies.

Qualitative Evaluation. Ruminal infusion of fish
oil (Loor et al., 2005c) resulted in a predicted decrease
of acetate whereas propionate increased. This shift in
the rumen fermentation pattern toward an increased
propionate production when supplementing fish oil is
well documented (see Doreau and Chilliard, 1997; Fie-
vez et al., 2003b). Similarly, diets high in rumen-de-
gradable starch (Van Nespen et al., 2005) are known
to decrease acetate and increase propionate propor-
tions, as confirmed by the current predictions. Kraft et
al. (2003) reported an increase in iso C14:0 and iso
C15:0 in milk from cows of organic farms compared
with conventional farms, resulting in a higher predicted
acetate proportion and lower propionate. This was prob-
ably a reflection of the higher roughage proportion of
the diets fed on organic farms (Kraft et al., 2003). In
conclusion, results from this first qualitative evaluation
show that predictions of rumen proportions of VFA
based on milk odd- and branched-chain fatty acids were
in line with the expected changes.

Quantitative Evaluation. Validation of the predic-
tion equations with the independent data set suggests
that milk odd- and branched-chain fatty acids show
potential to predict the rumen fermentation pattern.
Indeed, the root MSPE as a percentage of the observed
mean was less than 10%. In an evaluation of existing
mechanistic models, Bannink et al. (1997) found that
current models predict the molar proportions of individ-
ual VFA in the rumen of cattle inaccurately with a root
MSPE ranging from 8.9 to 50.0 for molar proportions
of acetate, 45.5 to 97.0 for propionate, and 15.0 to 53.2
for butyrate. Only the mechanistic model of Baldwin et
al. (1987) showed better root MSPE values for molar
proportions of acetate compared with the proposed pre-
dictions based on milk odd- and branched-chain fatty
acids. Using newly estimated values of stoichiometric
coefficients, Bannink et al. (2000) found a root MSPE
of 24.1, 21.0, and 12.0 for molar proportions of acetate,
propionate, and butyrate, respectively. Similar values
were found by Nagorcka et al. (2000) using different
stoichiometric coefficients for the 3 microbial groups
currently represented in mechanistic models (root
MSPE of 18.2, 31.3, and 21.0 for molar proportions of
acetate, propionate, and butyrate, respectively). These
values were slightly higher than the values observed
using milk odd- and branched-chain fatty acids. How-
ever, an integrated comparison between the different
models (mechanistic models vs. models based on milk
odd- and branched-chain fatty acids) is hindered be-
cause of the different sets of data used. In addition,
validations based on data from a few trials only may
result in particularly favorable or unfavorable valida-
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tions if trials near or far from the average trial used
to define the model are used, respectively (Oldick et
al., 1999).

The partition of MSPE into 3 components (mean bias,
line bias, and random variation) suggests that random
variation is the major cause of inaccuracy in the predic-
tion of rumen VFA. A relatively high proportion of
MSPE (>10%) was due to mean bias in the prediction
of acetate and butyrate. The large amount of carbon
exchange between acetate and butyrate (Sutton et al.,
2003) might explain the underprediction of acetate and
concomitant overprediction of butyrate. The biological
consequence of this inaccurate prediction of the mean
molar proportions of acetate and butyrate seems lim-
ited, because both are lipogenic VFA. Indeed, when mo-
lar proportions of lipogenic VFA (i.e., sum of acetate
and butyrate) or the lipogenic:glucogenic ratio was cal-
culated from the predictions of individual VFA, the root
MSPE expressed as a percentage of the observed mean
was 2.8 and 11.2% without significant mean and linear
bias, despite the significant mean bias for predictions
of acetate and butyrate.

The large deviation from the actual values observed
for the linseed oil supplemented diets (Loor et al.,
2005b) might indicate that the developed equations are
not adequate when dairy cows are fed lipid supple-
ments. Indeed, in none of the dietary treatments used
for model development were lipids supplemented. The
average fatty acid content of the diets used for model
development was 22.4 ± 5.4 g/kg of DM (11.8 to 34.8 g/
kg of DM), a value far below the fatty acid content of
the linseed supplemented diets (49 g/kg of DM; Loor et
al., 2005b). The higher dietary fatty acid content might
have reduced de novo synthesis of bacterial fatty acids
or have resulted in a dilution with greater concentra-
tions of even-chain fatty acids in milk. Hence, to im-
prove prediction accuracy, dietary fatty acid content
might have to be included in the regression equations.
Furthermore, additional studies are needed to identify
the effects of other factors, such as lactation stage, par-
ity, and contribution of odd- and branched-chain fatty
acids from body fat to milk odd- and branched-chain
fatty acids, particularly during periods of negative en-
ergy balance.

CONCLUSIONS

Milk odd- and branched-chain fatty acids showed a
strong relation with the molar proportions of individual
VFA in the rumen. Hence, measurement of milk odd-
and branched-chain fatty acids could give insight in the
rumen fermentation pattern in noncannulated dairy
cows. This noninvasive method would be advantageous
in practical dairy cattle feeding as well as for research
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purposes. However, to fully exploit the potential of
these milk parameters, more experiments are needed
to evaluate the effect of other factors such as dietary
lipid supplementation.
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