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d13C as a marker to study digesta passage kinetics in ruminants:
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The aim of the current study was to explore the use of the tracer 13C as an internal marker to assess feed fraction-specific digesta
passage kinetics through the digestive tract of dairy cows. Knowledge on feed-specific fractional passage rates is essential to
improve estimations on the extent of rumen degradation and microbial protein efficiency; however, this information is largely
lacking. An in vivo and in vitro experiment was conducted with grass silages ( Lolium perenne L.) that were enriched with
13
C by growing the grass under elevated 13CO2 conditions. In a crossover design, two dairy cows received pulse doses of two
13
C-enriched grass silages and chromium-mordanted neutral detergent fibre (Cr-NDF) into the rumen. The two 13C-enriched grass
silages used differed in digestibility and were grown under identical field conditions as the bulk silages fed to the animals. Faecal
excretion patterns of 13C-enriched dry matter (13C-DM), neutral detergent fibre (13C-NDF) and Cr-NDF were established, and a
nonlinear multicompartmental model was used to determine their rumen passage kinetics. In addition, the 13C-enriched silages
were incubated in rumen liquid in an in vitro batch culture system at different time intervals to determine the effect of
fermentation on 13C-enrichment in the residue. The in vitro study showed that the 13C : 12C ratios in DM and NDF residues
remained stable from 24 h of incubation onwards. In addition, in vitro fractional degradation rates for 12C in the DM and NDF did
not differ from those of 13C, indicating that fermentative degradation does not affect the 13C : 12C ratio in the DM nor in the NDF
fraction of the residue. Model fits to the faecal excretion curves showed a significant difference in fractional rumen passage rates
between Cr-NDF, 13C-DM and 13C-NDF ( P < 0.025). Silage type had no clear effect on rumen passage kinetics ( P > 0.081).
Moreover, it showed that peak enrichments for 13C-DM and 13C-NDF in faeces were reached at 30.7 and 41.7 h post dosing,
respectively. This is well after the time (24 h) when the 13C : 12C ratios of the in vitro unfermented residues have reached stable
enrichment level. Fractional rate constants for particle passage from the rumen are estimated from the descending slope of faecal
excretion curves. The present study shows that the decline in 13C : 12C ratio after peak enrichment is not affected by fermentative
degradation and therefore can be used to assess feed component-specific fractional passage rates.
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Implications

Introduction

International developments in ruminant feed evaluation
increasingly use dynamic, nutrient-based feed evaluation
systems. Feed component-specific fractional passage rates
in such systems form one of the most important factors, as
they determine the site of degradation and the efficiency
of microbial protein synthesis. This study showed that the
stable isotope 13C can be used to assess feed componentspecific passage behaviour through the gastrointestinal tract
of dairy cows. Moreover, results confirm that conventionally
used external markers overestimate in vivo situation fractional
passage rates.

Knowledge on feed-specific fractional passage rates is
essential to estimate the extent of rumen degradation and
is a prerequisite for many feed evaluation systems (e.g.
Agricultural and Food Research Council, Agricultural and
Food Research Council (AFRC), 1993; Van Duinkerken et al.,
2011). Moreover, the fractional rate of passage is a major
determinant of microbial protein efficiency (Dijkstra et al.,
2007). Conventional studies on digesta passage dynamics
often make use of external markers, for example, rare earth
elements, heavy metal mordants/chelates, metal oxides and
polyethylene glycol (Faichney, 1975; MacRae, 1975; Udén
et al., 1980; Colucci et al., 1990; Bosch et al., 1992; Stefanon
et al., 1992) or internal markers, for example, indigestible
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fibre fractions such as rumen indigestible NDF and cellulase
indigestible ADF (Tamminga et al., 1989a and 1989b). The
general consensus about the criteria for an ideal marker are
that a marker should be (1) non-absorbable, (2) neither
affect nor be affected by the gastrointestinal tract (GIT) nor
by its residing microbial population, (3) physically similar or
intimately associated with the fraction it represents and
(4) easy to analyse without interfering with other analyses
(Faichney, 1975; Owens and Hanson, 1992). When external
markers are used, the assumption is made that they behave
identical in terms of passage through the digestive tract as
the dietary compound or the nutrient under investigation.
Failure results in inaccurate estimates of fractional passage
rate (Robinson et al., 1987; Tamminga et al., 1989b). Internal
markers circumvent the latter problems as they are an
intrinsic component of the feed or fraction under investigation.
Fractional passage rates in ruminants have been shown to
be feed specific and to vary according to diet composition
and quality (Bosch et al., 1992; Rinne et al., 1997), forage :
concentrate ratio (Colucci et al., 1990), forage type (Lund
et al., 2006) and level of feed intake, the latter among others
being governed by stage of lactation (Robinson et al., 1987;
Tamminga et al., 1989b; Colucci et al., 1990). Other important factors affecting passage from the rumen are particle
density (Ehle and Stern, 1986; Siciliano-Jones and Murphy,
1986) and particle size reduction (Balch, 1971; Welch, 1986;
Bayat et al., 2011) through the process of comminution,
as well as the anatomical and physiological differences
between animals, which seem to have a larger influence on
the slower moving solid fraction than the faster moving
liquid fraction (Udén et al., 1982). Stable isotopes (13C, 15N)
are markers that behave identically to the dietary fraction
under investigation, that is, condition (3) above, and are
preferable to external markers where the above-mentioned
assumption may not be always true. The potential advantages of using a single, stable isotope as digesta markers
have been acknowledged (Boutton, 1991; Svejcar et al.,
1993; Südekum et al., 1995; Huhtanen and Hristov, 2001;
Sponheimer et al., 2003). Few validation studies, however,
have been conducted with isotopes as digesta passage
dynamics markers, with only Huhtanen and Hristov (2001)
validating specific aspects of the use of stable isotopes for
this purpose. Udén et al. (1980) indicated that 14C-labelled
cell walls can be used as a single-dose marker, but that
corrections for marker loss due to digestion have to be made
in order to estimate rate of passage, because digestion
occurs at different rates in the GIT. In addition, Smith (1989),
Huhtanen and Hristov (2001) and Huhtanen et al. (2006)
noted that accurate assessment of particle kinetics using a
single 14C-isotope is dependent on the removal of the isotope in the potentially digestible fraction. However, the use
of an isotope ratio, such as 13C : 12C, to measure kinetics of
digesta passage could circumvent problems associated with
the use of a single isotope as a marker, if it could be shown
that digestibility affects both isotopes of the ratio to the
same degree. When 13C is homogeneously distributed in the
fraction under investigation and under the theory that both

isotopes are removed from the GIT at a similar rate, indigestible material (marker fraction) can be collected over
time to allow determination of the isotope ratio at various
time points. The excretion pattern of the 13C : 12C ratio could
then be used to determine the passage kinetics of the fraction under investigation. The major benefit of using a stable
isotope ratio as an internal marker is that it allows the
determination of the fractional passage rate of individual
feed components such as cell wall components and/or
starch, and also theoretical entities such as dry matter (DM),
which cannot be done with external markers.
The main aim of the current study was to evaluate the use
of the 13C : 12C ratio as a marker to assess digesta passage
kinetics in dairy cattle. A nonlinear multicompartmental
model (Dhanoa et al., 1985) was used to determine fractional outflow rates from the two compartments in the GIT
having the longest (viz. rumen) and second longest (viz.
large intestine) retention time. An in vivo study was conducted to quantify passage characteristics of DM and NDF
in high and low digestible 13C-enriched grass silages through
the GIT of dairy cows. In addition, an in vitro study was
conducted to investigate the changes in the ratio of 13C : 12C
in the DM, NDF and ADL of the high and low digestible
13
C-enriched grass silages when incubated with rumen fluid
using an in vitro batch culture system.
Material and methods

Preparation of 13C-labelled grass silage
A uniform pasture was selected at the experimental farm of
Wageningen University ‘De Ossekampen’ (518580 N, 58380 E),
which had been established 2 years previously. The pasture
was divided into two different sections of about 1.9 ha each.
After harvest, one section received 100 kg and the other one
50 kg of N/ha (N applied as calcium ammonium nitrate
(CAN)). Thereafter, the respective sections were allowed to
regrow for a period of 39 or 81 days until the time of harvest.
Accordingly, two contrasting bulk grass silages were made,
one with a high digestibility (GSH; 100 kg N/ha, 39 days) and
one with a low digestibility (GSL; 50 kg N/ha, 81 days).
Experimental plots of ryegrass (Lolium perenne L) were
labelled with 13C under field conditions. The two 13C-labelled
grasses were obtained during the regrowth period at preselected experimental plots (area 2.15 m2; 155 3 139 cm) at
the above-mentioned pasture sections. The labelling procedure started at 0900 h and lasted for ,2 h. At the start of a
labelling procedure, portable transparent assimilation cages
(155 3 139 3 30 cm) were placed on the plots to ensure
airtight conditions. 13CO2 was released into the cage by
adding 80 ml (2 M) lactic acid to 10 g of [13C]bicarbonate
(99 atom%, Mass Trace, Woburn, MA, USA) in steps of 10 ml
per 10-min interval. The [13C]bicarbonate was weighed into
a 250-ml glass bottle, dissolved in ,100 ml demineralized
water and the bottle was sealed with a rubber stopper provided with an outlet that was connected to the interior of the
cage by means of a short plastic tube. To ensure that all
13
CO2 was released from the [13C]bicarbonate, an additional
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40 ml of lactic acid was added to the bottle. To ascertain that
all 13CO2 was expelled from the bottle into the assimilation
cage, and thus could possibly be assimilated by the grass,
10 ml of bicarbonate (5 g/100 ml; Merck 6323, Merck KGaA,
Darmstadt, Germany) was added every 10 min during a
40-min period. Thereafter, the cages were removed from the
plots to allow the grass to assimilate under the normal
ambient conditions until the next labelling. Labelling occurred six times during a 39-day regrowth period on the plot
with high level of N fertilization and eight times during an
81-day regrowth period on the plot with low N fertilization.
Plots were labelled on days with clear skies and sufficient
solar radiation for proper assimilation by measuring the level
of photosynthetically active radiation, which was empirically set
as 500 mmol m22 s21. At the end of a regrowth period, either
at day 39 or at day 81, the (non-labelled) pasture sections and
the 13C grass from the experimental plots were harvested at the
same time. The pasture sections (unlabelled grass) were cut
using a rotary disk mower (500 series, John Deere, Nijmegen,
The Netherlands), whereas the experimental plots with labelled
grass were cut by hand at 2 to 3 cm above the ground level. The
labelled grass was stored in permeable nylon bags and ensiled
for a 6-week period similar to the grass from the unlabelled
pasture sections, thus creating one 13C-enriched grass silage
of high digestibility and one of low digestibility. Directly
after recovering the labelled ensiled products from the bulk
silages, they were cut to a length of ,3 cm, placed in airtight
plastic bags and stored at 2208C pending further treatment.
Subsamples from the labelled grass silages were taken and
analysed for 13C-enrichment, in order to determine the required
amount of material to pulse dose in the rumen. The mean
(6s.d.) degree of 13C-enrichment (d13C v. Vienna Pee Dee
Belemnite, PDB) in the DM of low and high digestible silages
were 496.7 (60.92)% and 786.6 (61.18)%, as compared
with 230.0 (60.13)% and 229.4 (60.19)% for the natural
level of enrichment of the unlabelled grass silages, respectively.

In vivo study of 13C-passage kinetics
Animals, housing and diets. Two Holstein–Friesian dairy
cows, in their third lactation, were fitted with a rumen fistula
(Type 1C, Bar Diamond Inc., Parma, ID, USA) and used in a
cross-over design where cows (1, 2) were randomly assigned
to one of the silages (GSH, GSL) with marker (13C-DM,
13
C-NDF, Cr-NDF) considered as a nested factor within
diet. At the start of the experiment, the animals were
145 6 6 days in milk (mean 6 s.d.), with a BW of
553 6 23 kg and a production of 21.0 6 5.0 kg of fat and
protein corrected milk per day. The animals received either
the GSH or GSL and concentrates in a fixed proportion
relative to the total DM (54% and 46%, respectively). DM
intake at the start of the experiment was 16.1 6 0.2 kg/day
(mean 6 s.d.). The concentrate composition and silage
quality is presented in Table 1. The animals were housed in a
tie stall and had free access to water and to a mineral lick.
Experimental treatments, sampling and analyses. The animals were randomly assigned to one of the two unlabelled

Table 1 Ingredients and chemical composition of the compound feed
and the GSL and GSH
Item
Ingredients (g/kg)
Wheat
Palm kernel expeller
Sunflower seed
Soy hulls
Coconut expeller
Beet pulp
Vinasse
Phosphoric acid limestone
Salt
Vitamin mineral mix1
Chemical composition2
DM (g/kg)
OM
CP
DVE3
OEB3
OMd (%)3
NDF4
ADF4
ADL4
Starch
Sugars
NEL (MJ/kg DM)5

Concentrate

GSL

GSH

450
880
124
56
1
71.7
511.6
300.9
30.2
–
91
5.5

341
890
182
74
54
79.8
408.9
258.4
20.6
–
79
6.4

204.1
150.0
26.2
1.5
150.0
400.0
50.0
7.6
3.0
7.5
900
917
148
109
217
–
197
101
28
139
79
7.2

GSL 5 grass silage of low digestibility; GSH 5 grass silage of high
digestibility; DM 5 dry matter; OM 5 organic matter; NIRS 5 near infrared
reflection spectroscopy; NEL 5 net energy for lactation.
1
Mineral premix on the basis of limestone, PRE-MERVO, Utrecht, The Netherlands.
2
Units in g/kg of DM unless specified otherwise. Items determined by NIRS unless
mentioned otherwise.
3
DVE 5 intestinal digestible protein, OEB 5 degraded protein balance,
OMd 5 organic matter digestibility coefficient (Tamminga et al., 1994).
4
NDF analysed according to a modified method of Van Soest et al. (1991) as
described by Goelema et al. (1998), ADF and ADL analysed as described by Van
Soest (1973).
5
Calculated as described by Van Es (1975).

silages, GSH or GSL and allowed to adapt for 3 weeks before
measurement. The measurements lasted for 1 week and
after that, animals were immediately re-allocated to the
other diet to start the subsequent adaptation period. At the
first day of the measurement period, the animals received
a pulse dose of the corresponding 13C-labelled silage (hand
cut to a length of ,3 cm) directly into the rumen. The
quantity of the 13C pulse dosed above the natural occurring
level of 13C in the silages into the rumen was 677 mg 13C for
the GSL (862 g fresh weight; 252 g dry weight) and 705 mg
13
C for the GSH (617 g fresh weight; 170 g dry weight), and
agrees with amounts reported by Huhtanen and Hristov
(2001). In addition, the animals received a 100-g pulse dose
of chromium-mordanted wheat straw (Cr-NDF) into the
rumen. The Cr-NDF was prepared as described by Udén et al.
(1980) and after drying, ground to pass a 0.5-mm screen.
Cr-NDF (0.5 mm) was specifically chosen as it was empirically established to give fractional passage rates concurring
to the rate constants used in feed evaluation systems as
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described by Vérité et al. (1979), Tamminga et al. (1994) and
Tuori et al. (1998). Hence, this allowed us to evaluate the
kinetics of the novel internal marker (13C : 12C ratio) using
the passage kinetics of Cr-NDF as a point of reference,
realizing the fact that the difference in marker preparation
(i.e. the large contrast in particle size and type of material
between the external and internal markers) will show a very
different passage behaviour. To achieve complete mixing
of the 13C-labelled materials and Cr-NDF at time zero, the
total rumen content was evacuated, mixed thoroughly
with the markers and quantitatively placed back into the
rumen cavity.
Individual faecal samples were quantitatively collected
upon defecation from time points 2 1 to 98 h after administration of the pulse dosing. Time of defecation and weight
of excreted faeces were recorded and a representative
sample (300 g) was taken and stored at 2208C pending
analysis. Faecal samples for analysis were taken based on
defecation time such that samples were equally distributed
over time. Samples were freeze dried (FTS, Dura-Dry programmable tray freeze drier, Stone Ridge, NY, USA), ground
to pass a 1-mm screen (Wiley mill, T. Peppink & Zn.,
Machinefabriek, Amsterdam, The Netherlands) and analysed
for DM (ISO 6496), Cr and NDF residue. The NDF residue was
determined using a modified method of Van Soest et al.
(1991) as described by Goelema et al. (1998), but omitting
the incineration step. Subsamples of faecal material and
residual NDF material were pulverized in a bullet mill (5 min
at 80 Hz; MM 2000; Retsch, Haan, Germany) and analysed
for 13C by combustion isotope ratio mass spectrometry
(C-IRMS; Finnigan_MAT CN, Bremen, Germany). The external marker was oxidized by wet-destruction at 3508C for 1 h
in an HNO3 (65%, Fluka Chemie GmbH, Buchs, Switzerland)
and HClO4 (70% to 72%, Merck KgaA) solution and absorbance of Cr61 was measured at 357.8 nm in a nitrous oxide
acetylene flow using an atomic absorption spectrophotometer
(SpectrAA 300, Varian BV, Middelburg, The Netherlands).

Calculations and statistical analyses. Faecal excretion
patterns of excess 13C in the DM and NDF fractions were
established after correcting the atom percentage 13C (At%13C)
for natural enrichment. Excretion patterns were fitted to the
nonlinear multicompartmental model as described by Dhanoa
et al. (1985):


ð1Þ
Y t ¼ AeðK 1  tÞ exp ðN  2Þ eðK2 K1 Þ  t
where Yt represents the faecal marker concentration at
time 5 t, t is the time since introduction of pulse dose,
N denotes the number of compartments, K1 and K2 resemble
the fractional rate constants for the two compartments in the
digestive tract with the longest retention times, most likely
representing the rumen and the caecum/large intestine compartments. A forms a scalable parameter dependent on the N,
K1 and K2. From the parameter estimations on the basis of the
multicompartmental model, the transit time (TT, equation (2)),
the total mean retention time (TMRT, equation (3)) and

the moment of peak concentration (PCT, equation (4)) were
calculated:
N1
X
TT ðhÞ ¼
1=½K 2 þ ði  2Þ  ðK 2  K 1 Þ
ð2Þ
i¼3

TMRT ðhÞ ¼ 1=K 1 þ 1=K 2 þ TT

ð3Þ

PCT ðhÞ ¼ fln½ðN  2Þ  ðK 2  K 1 Þ = K 1 g = ðK 2  K 1 Þ ð4Þ
The TMRT was calculated from the reciprocal of the K1
and K2 values and the retention time was associated with
the remaining combined compartments. The latter is
assumed to be equal to the TT. The TT represents the moment
of first appearance of the marker in the faeces and PCT is the
time when the excretion curve reaches PCT (in case of Cr) or
enrichment (in case of 13C : 12C ratio). After reaching PCT, the
level of the 13C : 12C ratio in faeces diminishes and from the
descending slope fractional passage from the rumen compartment (K1) is estimated. Excretion patterns of the 13C : 12C
ratio in the NDF fraction did not reach baseline at 96 h
post marker administration. This effect is similar to the
observations of Alexander et al. (1969) and Huhtanen and
Hristov (2001) who used 14C and 15N as internal marker
for NDF fraction, respectively. These results indicate that
fractional rate constants could be somewhat underestimated
in this case.
Curve fitting to passage traits was done using the
nonlinear least squares regression procedure PROC NLIN
(Statistical Analysis Systems Statistical software package
version 9.1.3; SAS Institute, Cary, NC, USA). Initial values for
the iterative procedure were obtained through a grid search
and curve fits were normally solved after 12 to 18 iterations.
Predicted marker concentrations were compared with the
observed values using the root mean square prediction error
scaled to the observed mean (mean prediction error (MPE)). The
MPE was decomposed into errors due to overall bias, errors due
to deviation of the regression slope from unity and errors due to
random variation (Bibby and Toutenburg, 1977).
Passage kinetics estimates obtained from equations (1) to
(4) were tested by GLM procedure of SAS using the following
model:
Y ij ¼ m þ P i þ C j þ Sk þ MðSÞlk þ eijkl

ð5Þ

where Yij represents the dependent variable, m the overall
mean, Pi the effect of period (i 5 1, 2), Cj the effect of cow
(j 5 1, 2), Sk the effect of silage (k 5 1, 2), M(S)kl the effect
of marker nested within silage (l 5 1, 2, 3) and eijkl the error
term. Differences were considered significant at a probability
of P , 0.05. Post hoc analyses were carried out using the
Tukey test-to-test pairwise comparisons.

In vitro fermentation of 13C-labelled grass silage
Experimental procedure. GSH and GSL samples were freeze
dried (FTS, Dura-Dry programmable tray freeze drier), ground
to pass a 1-mm screen (Centrifugal Mill, Retsch ZM 100) and
used as a substrate in an in vitro batch culture system to
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determine fermentative degradation at 0, 8, 24, 48 and 72 h.
For silage time-point combinations 8, 24, 48 and 72 h, five
replicate bottles were incubated; two of these were used to
isolate the residual NDF fraction, two were used to isolate
the residual lignin fraction and the remaining bottle was
used to collect the residual DM fraction. For time point 0 h
DM, NDF and ADL fractions were directly determined in the
silage material.
Approximately 0.5 g of substrate were weighed into
100-ml serum bottles to which 78 ml of a pre-warmed
semi-defined medium were added together with 1 ml of a
vitamin-phosphate buffer solution, 4 ml of a bicarbonate
buffer solution and 1 ml of a reducing agent. All handlings
were done under an oxygen-free CO2 flow to ensure anaerobic conditions. Handling of substrate and preparation of
media and buffers were done as described by Williams et al.
(2005). Bottles were sealed with butyl rubber stoppers and
then inoculated with 5 ml of a rumen liquid mixture.

dried to stable weight, and residual NDF and ADL matter
were determined from the weight loss. These residues were
analysed for their total carbon content (TC) and for their
isotopic enrichment using a combustion isotope ratio mass
spectrometer (C-IRMS; Finnigan_MAT CN). In case of the
residual NDF matter, the amounts of 13C and 12C were
quantified by placing the residual NDF matter and sea sand
of individual crucibles quantitatively into a bullet mill (Retsch
MM 2000), grinding it for 5 min at 80 Hz and analysing this
by C-IRMS. After determining the residual ADL matter, the
ligniferous residue, which was precipitated as a fine layer on
the sea sand, was isolated from the crucible content and
placed into a bullet mill with as little sand as possible and
was ground for 5 min at 80 Hz before the determination
of the relative level of 13C-enrichment (13C : 12C ratio) in the
residual ADL by C-IRMS. The remaining replicate crucibles
were used to determine the level of 13C-enrichment in the
DM at different time points of in vitro incubation.

Inoculation. Rumen liquid was obtained from three Holstein–
Friesian dairy cows fitted with rumen fistulae (Type 1C, Bar
Diamond Inc.). The animals received low quality hay
ad libitum intake supplemented with 1 kg of a standard
concentrate per day, containing 7.2 MJ/kg DM of net energy
for lactation and 100 g/kg DM of intestinally digestible protein
(DVE; Rijnvallei Diervoeder BV, Barneveld, The Netherlands),
and had free access to water. After collection, the rumen
liquid was directly placed into pre-warmed thermos flasks,
which were pre-filled with CO2. In the laboratory, the
rumen liquid of animals was pooled, homogenized with a
blender for 60 s and strained through two layers of cheesecloth. Again all handlings were done under CO2 to ensure
anaerobic conditions.

Calculations and statistical analyses. The residue remaining
after fermentation at successive time points was scaled to
the initial substrate weight (,0.5 g) added to the serum
bottles. The absolute amounts of 13C and 12C in the initial
substrate and residual materials were quantified from TC
and the At%13C. The latter refers to the absolute number of
13
C atoms relative to the total number of C atoms:

Sampling and chemical analyses. Directly following inoculation of the in vitro bottles, needles (BD MicrolanceTM 3,
No. 20, BD, Drogheda, Ireland) were placed in the rubber
stoppers to enable the escape of fermentation gas. Bottles
were placed in a pre-warmed incubator at 398C, and replicate bottles (5 per time point) were retrieved at 8, 24, 48 or
72 h after the start of incubation. The residual substrate
at each time point was directly collected by leading the
fermentation liquids over pre-weighed, sintered glass filter
crucibles (Schott Duran, porosity no. 2, Mainz, Germany).
The glass filter crucibles contained ,5 g of pre-incinerated
sea sand (pro analysi, Merck) to improve the filtration process. After filtration, crucibles were directly frozen at 2208C
and the DM residue weight was determined after freeze
drying to constant weight. Thereafter, the residual NDF
matter in two of the replicate crucibles was determined by
boiling the residue in neutral detergent following a modified
method of Van Soest et al. (1991) as described by Goelema
et al. (1998), but omitting the incineration step. The residual
lignin matter was determined in another two replicate
crucibles following the procedure of Van Soest (1973), and
again omitting incineration. Following the neutral detergent
or acid detergent treatments, crucibles were then freeze

At%13 C ¼

No: of atoms 13 C
 100%
Total no: of atoms C ð12 C þ 13 C þ 14 CÞ
ð6Þ

The isotope enrichment is presented in d13C, where d13C
denotes the 13C : 12C ratio in a sample relative to the
13
C : 12C ratio of the international PDB standard and
expressed per ml (% v. Vienna PDB):
13 12

C : C of sample  13 C : 12 C of standard  1000
13
d C¼
13 C : 12 C of standard
ð7Þ
The At%13C within the fermentative degraded fractions
(i.e. the disappeared substrate at time 5 t) was derived from
the differences between the absolute amount of 13C and total C
in the initial substrate (DM) and that of the residual DM or NDF.
This results in the At%13C present in the disappeared fraction.
Corrections were made for changes in molecular weight
inherent to the changes in the level of 13C-enrichment.
The decrease in residual DM and NDF over time was fitted
using an exponential equation adopted from Robinson et al.
(1986):
Rt ¼ F r þ ð100  A  F r Þ  eðK d  t Þ

ð8Þ

where Rt denotes the residue taken at time 5 t, Fr represents
the residual fraction estimated at time t 5 N, A represents
the estimated instantaneously disappeared fraction at
time 5 0 h and Kd denotes the fractional rate constant of
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degradation (/h) of the potentially degradable fraction
(100 2 A 2 Fr). The same equation was used to describe the
disappearance of both 13C and 12C from the batch culture
system. Therefore, the quantitative amounts of residual isotope at different time points were determined and expressed
relative to the initial amount of isotope weighed in at
the start of incubation. Curve fitting was done using the
nonlinear least square regression procedure PROC NLIN
(SAS Institute Inc., Cary, NC, USA). Initial values for the
iterative procedure were obtained through a grid search
using Marquardt as the iterative method. Degradation
kinetics estimates obtained from equation (8) were tested by
GLM procedure of SAS using the following model:
Y ij ¼ m þ Si þ F j þ T k þ ðF  T Þjk þ ðS  F  T Þijk þ eijk
ð9Þ
where Yij represents the dependent variable, m represents
the mean, Si represents the silage effect (i 5 2), Fi refers to
the fraction effect (j 5 3), Tk represents the time effect
(k 5 5), (F 3 T)jk and (S 3 F 3 T)ijk refer to the interaction
and eijk denotes the error term. The Tukey multiple range
test was used for pairwise comparisons with differences
considered significant at a probability of P , 0.05.

Results

Passage characteristics of 13C-enriched fractions
The relative analytical error for At%13C in the present study
for the DM and NDF fractions was 0.54 6 0.22% (mean 6
s.e.) and 0.33 6 0.08%, respectively. Both cows remained
healthy throughout the study. The passage characteristics
fitted from the in vivo determined faecal excretion patterns
of Cr-NDF and the d13C-enriched in the DM and NDF fractions of GSH and GSL diets are presented in Table 2.
MPE (6s.d.) of all curve fits was 12.4 6 6.1% of which
95.5 6 7.0% was related to errors due to random disturbance, 1.6 6 2.3% to errors of central tendency and
3.0 6 4.7% to errors due to regression. The MPE did not
differ between markers (Cr-NDF, 13C-DM and 13C-NDF)
nested within silage type (Table 2, P 5 0.617). The mean
fractional passage rates (Table 2) did not differ between GSL
and GSH for both K1 (3.37% v. 3.40%/h; P 5 0.951) and K2
(15.1% v. 22.2%/h; P 5 0.165). Animals receiving GSL had a
2.6 h delay (P 5 0.084) in TT compared with GSH (Table 2).
Differences between marker type (Cr-NDF, 13C-DM and
13
C-NDF) were clear with a mean value for K1 decreasing
from 4.89%/h (Cr-NDF) to 3.68%/h (13C-DM) and 1.58%/h
(13C-NDF; mean values not presented in Table). The faecal

Table 2 Rumen passage kinetics of the external marker Cr-NDF and the internal markers 13C-DM and
higher (GSH) and lower digestibility (GSL)1

13

C-NDF in cows receiving grass silages of
P-values

Marker (M)
Item

K1 (%/h)
K2 (%/h)
n
PCT (h)
TT (h)
CMRT1 (h)
CMRT2 (h)
TMRT (h)
Tc (h)
MPE
RP (%)

Silage (S)

Cr-NDF

GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH
GSL
GSH

4.76
5.03a
25.9
37.5
25.4a
21.1
22.1a
20.5
12.5
12.7
21.0a
20.0a
3.9
3.0
37.4a
35.8a
112.3a
107.3a
8.8
9.4
98.0a
99.5a

13

C-DM

3.85
3.52ab
10.6
18.1
7.9b
14.8
34.1ab
27.3
17.8
14.0
28.1a
28.6ab
9.4
5.5
55.3a
48.1ab
166.0a
144.4ab
17.0
12.0
18.5b
18.2b

13

C-NDF

s.e.m.

Period

Cow

Silage

Marker (Silage)

1.51
1.65b
8.6
11.1
8.1b
8.7
48.9a
38.5
19.2
15.1
66.6b
62.7b
14.0
9.1
99.8ab
86.9b
299.3b
260.8b
11.8
15.5
11.8b
11.3b

0.496

0.4364

0.3322

0.9507

0.0181

5.19

0.4794

0.1894

0.1653

0.0709

1.72

0.9824

0.4251

0.5605

0.0155

3.52

0.3616

0.0993

0.0943

0.0209

1.37

0.3930

0.5644

0.0836

0.1163

5.48

0.9366

0.1363

0.7591

0.0076

2.42

0.6191

0.258

0.1809

0.1579

6.26

0.6487

0.085

0.2298

0.0054

18.77

0.6487

0.085

0.2298

0.0054

4.28

0.7440

0.1042

0.9519

0.6171

3.76

0.2589

0.6295

0.9430

0.0001

Cr-NDF 5 chromium-mordanted neutral detergent fibre; 13C-DM 5 13C-enriched dry matter; GSL 5 grass silage of low digestibility; GSH 5 grass silage of high
digestibility.
1
Data presented as least square means; K1, K2 5 fractional passage rate from the compartments with the longest and second longest retention time (%/h);
n 5 number of compartments (Equation 4); CMRT1, CMRT2 5 1/K1, 1/K2, retention time for the compartment with the longest and second longest retention time
(h); PCT 5 moment when peak concentration is reached; TT 5 time of first marker appearance or transit time (h); TMRT 5 CMRT1 1 CMRT21TT; Tc 5 marker total
clearance time (h); s.e.m. 5 standard error of the mean; MPE 5 mean prediction error; RP 5 marker recovery percentage (%).
Different superscripts indicate significant differences between markers within silage type (P , 0.05).
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Figure 1 Faecal excretion patterns of Cr-NDF (Cr peak at 640 6 46 mg/kg DM; n 5 4), 13C in the DM (peak at 3.21 6 0.365 d13C above natural enrichment;
n 5 4) and 13C in the NDF (peak at 1.89 6 0.086 d13C above natural enrichment; n 5 4) for individual cows receiving a silage of higher digestibility (GSH;
observed value (J), model fit (- - - - - -)) v. a silage of lower digestibility (GSL; observed values (K), model fit (———)). Cr-NDF 5 chromium-mordanted
neutral detergent fibre; DM 5 dry matter.

excretion patterns of Cr-NDF, 13C-DM and 13C-NDF fractions
of the individual cows for the GSH and GSL diets differed
considerably (Figure 1). On average, Cr-NDF reached PCT at
an earlier point in time (PCT 5 21.3 h) than 13C-DM (30.7 h)
and 13C-NDF (43.7; mean values not presented in Table 2).
Cr-NDF concentration showed a steep increase during
the first 20 h after pulse dosing (Figure 1), whereas PCT time
showed no difference between GSL and GSH. In contrast, the
PCT for 13C-DM in GSL was numerically delayed compared
with that of GSH (Table 2), and the increase in 13C-DM
before PCT occurred at a higher rate for GSH compared with
GSL (Figure 1, Table 2). The retention time in rumen compartment (CMRT1) and total TMRT for 13C-NDF tended to be
increased (P < 0.065) compared with 13C-DM and Cr-NDF.
The retention times for the caecum/large intestine compartment
(CMRT2) were similar for 13C-DM and 13C-NDF, whereas Cr-NDF

gave numerical shorter CMRT2 values compared with the
13
C-marked fractions. The recovery of Cr-NDF was close to
complete (Table 2), whereas that of the amount of 13C pulse
dosed as DM or NDF was considerably lower (P , 0.001).

In vitro substrate degradation and changes in 13C-enrichment
Table 3 summarizes the residues of the DM, NDF and ADL
fractions after different time intervals of incubation (visualized in Figure 2a–c), and the level of 13C-enrichment in the
different fractions (visualized in Figure 2d–f). The residual
DM and NDF fractions showed exponential decreases
with time. The model (equation (8)) fitted well to these
data points (R2 > 0.996; data not presented). The amounts
of residue of ADL fractions were low (Table 3, ,21 g/kg DM)
and were not affected (P > 0.999) during prolonged
incubation times.
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Table 3 Residues of DM, NDF and ADL fractions and their isotopic ratios at different time points after in vitro incubation with rumen liquid1
13

Residues
Silage

Time

DM (%)

NDF (%)

ADL (%)

GSL
GSL
GSL
GSL
GSL

0
8
24
48
72

99.5a,x
52.3b,x
28.7c,x
21.4d,x
20.0d,x

50.0a,y
36.6b,y
18.7c,y
13.5cd,y
11.9d,y

2.09z
0.21z
0.61z
1.56z
0.68z

0.01687a,x
0.01504b,x
0.01407c
0.01382c
0.01396 c

0.01598a,y
0.01509b,x
0.01375c
0.01372c
0.01351c

0.01386z
0.01358y
0.01356
0.01368
0.01368

GSH
GSH
GSH
GSH
GSH

0
8
24
48
72

96.9a,x
35.4b,x
17.4c,x
12.8cd,x
11.4d,x

40.8a,y
23.1b,y
10.9c,y
6.9c,y
6.3c,x

0.72z
20.76z
0.23z
20.74z
20.71y

0.02014a,x
0.01794b,x
0.01654c,x
0.01594c,x
0.01655c,x

0.01826a,y
0.01722b,y
0.01598c,x
0.01586c,x
0.01610c,x

0.01557a,z
0.01505ab,z
0.01519ab,y
0.01524ab,y
0.01501b,y

Overall Mean
RMSE
Model main effects (P-values)
Silage (S)
Fraction (F)
Time (T)
F3T
S3F3T

DM

C : 12C ratio2
NDF

20.1
1.31

ADL

0.01520
0.000122

,0.0001
,0.0001
,0.0001
,0.0001
,0.0001

,0.0001
,0.0001
,0.0001
,0.0001
,0.0001

DM 5 dry matter; GSL 5 grass silage of low digestibility; GSH 5 grass silage of high digestibility; RMSE 5 root mean square error.
1
LSMean values for the residues (%) calculated as the residual fractions scaled to initial sample weighed in on DM basis.
2
LSMean values for enrichment presented as isotopic ratio 13C : 12C in the residual fractions.
abc
Different superscripts indicate significant difference between time points within silage (P , 0.05).
xyz
Different superscripts indicate significant difference between fractions within time point (P , 0.05).

The levels of enrichment (13C : 12C ratio, Table 3; d13C in
Figure 2d–f) in the DM, NDF and ADL showed changes with
time, similar to the residues of the corresponding fractions.
The overall level of 13C : 12C ratio in the ADL fraction of
GSL (0.01367 6 0.00005; mean 6 s.e.m.; n 5 10) and GSH
(0.01521 6 0.00010; n 5 10) remained unchanged from 8 h
of incubation onwards (P > 0.966; Table 3). Figure 2 shows
that the d13C-enrichment of the DM and NDF fractions
reaches a constant (plateau) level of enrichment from ,24 h
after start of the incubation. This is confirmed by data in
Table 3, showing no effect of incubation time on the 13C : 12C
ratio for DM (P > 0.215) and NDF (P > 0.954) from 24 h
onwards. Superimposing Figure 2f on Figure 2d and e
showed that the plateau of d13C-enrichment in the DM and
NDF of GSL did not differ from that in ADL (see also Table 3).
In case of GSH, the plateau of enrichment did not differ
between the DM and NDF (P > 0.145), but the fractions
were consistently higher enriched compared with the ADL
(P < 0.027).
The in vitro degradation characteristics for the DM and NDF
fractions of GSH and GSL, and for 13C and 12C in the DM and
NDF are summarized in Table 4. The fractional degradation
rate (Kd) of the DM fraction did not differ between GSH and
GSL (8.0 6 0.30%/h v. 8.3 6 0.19%/h), but gave a numerical
difference between silages for NDF (GSH 5 8.8 6 0.26%/h
v. GSL 5 6.2 6 0.81%/h). The fractional degradation and
approximate standard errors presented in Table 4 indicate that

Kd-values between 13C and 12C within fractions showed no
difference (visualized in Figure 3). The model (equation (8))
fitted well to the data points as shown by the high coefficients
of determination (Table 4, R2). Only for the 13C and 12C within
the NDF fraction of GSL the R2 were lower as compared with
the other fractions.
Discussion
The main objective of this study was to evaluate the use of
the 13C : 12C ratio as a marker for assessing total tract
digesta passage kinetics in dairy cattle. The in vivo study was
conducted to quantify passage characteristics of DM and
NDF in a high and low digestible 13C-enriched grass silage
through the GIT of dairy cows. The differences in digestibility
were obtained by different levels of N fertilization and regrowth
period of grass plots. The objective of the in vitro study
was to determine the changes in the ratio of 13C : 12C in the
undegraded DM, NDF and ADL fractions of the high and low
digestible 13C-enriched grass silages when incubated with
rumen fluid using an in vitro batch culture system.
Many studies (Faichney, 1975; MacRae, 1975; Udén et al.,
1980; Colucci et al., 1990; Bosch et al., 1992; Stefanon et al.,
1992) have stated that for a marker to accurately determine
nutrient digestibility or digesta passage kinetics, it has to be
non-absorbable. In theory, this is not necessary because if
a marker is absorbed at a known level and endogenous
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Figure 2 Residual DM (a), NDF (b) and ADL (c) fractions and the change in isotopic enrichment within the respective fractions (d, e, f) for silage of higher
digestibility (GSH; observed (K), model fit (—)) and silage of lower digestibility (GSL; observed (E), model fit (—)), after incubation with rumen liquid at
different time points (t 5 0, 8, 24, 48, 72 h). DM 5 dry matter.

secretions are assumed to occur at a constant rate given the
dietary conditions, digestibility or passage rate can still be
accurately determined. By this same principle, Jones et al.
(1979) and Coates et al. (1991) used the ratio of natural d12C
and d13C-isotopes in the faeces to determine the proportions
of C3 and C4 plant material in ruminant diets. On the basis of
this principle, in the present study, we used the 13C : 12C ratio
in the faecal DM and NDF fraction as a marker to assess the
passage kinetics after pulse dosing 13C-enriched material
into the rumen. Although most of the dietary 13C and 12C in
the DM and NDF fraction would have been digested, in
theory, the ratio of 13C : 12C in faecal (undigested) samples is
unaffected by the digestive processes, and solely reflects the
process of passage as argued below. Although TC of a feed
fraction will be affected by the digestive tract and its
microbial population, in theory, the ratio between 13C and
12
C in the fraction will be unaffected by the processes of
fermentation and digestion (enzymatically degradative,

absorptive and secretive processes) because they have
become intrinsic to the ratio in that specific fraction. After
animals are adapted to their diets and no fluctuations occur
in diet composition at any moment of intake (e.g. selection
between C3 and C4 plant components), the 13C : 12C ratio at
any point in the digestive tract will reach a ‘steady-state’
situation. This is nicely illustrated by Coates et al. (1991),
who observed only mild fluctuations in d13C (<0.5% v. PDB)
when animals received C3 and C4 plants alternately every
12 h. Therefore, regular feeding and no allowance of diet
selection will result in a stable level of d13C in the chyme or
faeces. In addition to the endogenous secretions, another
important aspect of the internal marker used in the
present study is the incorporation of 13C in bacterial biomass
and subsequent adherence to the faecal fractions. With
respect to the incorporation of 13C into bacterial biomass,
the undigested fractions may be differentially loaded with
13
C and part of the bacteria will flow at different rates of
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passage from the rumen depending on the digesta fraction
they are associated with. The 13C recycling by bacteria and
successive hypothetical contamination of the NDF fraction
will be of minor influence. The marker is introduced into the
rumen pool at a very high dilution (1.0% to 1.7% (w/w) 13C
excess in the 13C rumen pool), thus making the contamination of the 13C : 12C ratio in the NDF by 13C-enriched bacteria
negligible. Sørensen et al. (2003) observed faecal NDF to
vary between 315 and 560 g/kg undigested DM with NDF-N
ranging from 136 to 214 g/kg of total undigested N and total
N varying between 18 and 38 g/kg faecal DM. Therefore, in
case contamination of the NDF fraction that would occur
with 13C incorporation by bacteria (as an artefact of the
analytical procedure), its effect on the 13C : 12C ratio in the
NDF will be negligible. However, with regard to the faecal
DM fraction, bacterial 13C recycling may have an influence
on its fractional passage. Van Vliet et al. (2007) quantified
microbial biomass in faeces between 1 and 8 g of bacterial C
Table 4 In vitro degradation characteristics of the DM and NDF
fractions and the isotopes (13C, 12C) in the DM and NDF fraction of two
grass silages (GSL, GSH)1
Item
GSL
DM
13
C in DM
12
C in DM
NDF
13
C in NDF
12
C in NDF
GSH
DM
13
C in DM
12
C in DM
NDF
13
C in NDF
12
C in NDF

Residue (%)

Fr (%)

Kd (%/h)

R2

20.6
22.9
27.5
11.9
13.6
16.9

20.5 (0.16)
20.7 (2.44)
24.3 (3.78)
11.1 (1.40)
8.3 (14.41)
10.3 (18.63)

8.3 (0.19)
5.0 (1.18)
4.3 (1.32)
6.2 (0.81)
4.4 (3.58)
4.0 (3.82)

0.9999
0.9946
0.9920
0.9959
0.8905
0.8666

11.4
10.1
12.2
6.3
7.1
8.9

11.4 (0.21)
10.2 (0.36)
12.5 (0.70)
6.4 (0.24)
5.1 (4.09)
6.4 (5.39)

8.0 (0.30)
8.7 (0.35)
8.1 (0.55)
8.8 (0.26)
6.0 (2.35)
5.6 (2.51)

0.9998
0.9998
0.9995
0.9998
0.9654
0.9561

GSL 5 grass silage of low digestibility; GSH 5 grass silage of high
digestibility.
1
Residue 5 observed residue at t 5 72 h; Fr 5 residual fraction estimated at
time t 5 N; Kd 5 fractional rate constant of degradation; R2 5 coefficient of
determination. Approximate standard errors given in parenthesis.

per kg undigested organic matter for a range of dairy cow
diets. This suggests that the presence of bacterial matter in
the faecal DM is affected by factors such as diet composition
and daily feed intake. The differential flow of bacteria compared with that of the DM fraction, in combination with 13C
recycling by bacteria can potentially influence the 13C : 12C
ratio, and hence explain in part the difference observed
between DM and NDF fractional passage.
In order to accurately determine digesta passage kinetics,
it needs to be assumed that the digestion of the dietary DM
and NDF fractions across the digestive tract remained constant over time, as is true for the secretions from endogenous and microbial origin. This follows from the original
axiom of Blaxter et al. (1956), who argued that whole tract
digestibility or the extent of rumen degradation is a constant
estimated from the kinetics parameters for passage and
degradation, which forms the basis for models describing the
extent of rumen degradation (Dijkstra et al., 1996; AFRC,
1998; France et al., 2000). Both enriched silages (GSH and
GSL) showed a decrease in d13C in the DM and NDF fractions
in the residue after in vitro fermentation up to 24 h, after
which time the level of enrichment showed no further
decline (Figure 2). Twenty-four hours is well before the
moment of peak enrichment in the faeces is reached in vivo
(between 27 and 34 h; Table 2, Figure 1), and start of the
descending part of the marker excretion curve. The fractional
passage rate from the rumen compartment is estimated from
the descending part of the marker excretion curve. Because the
13
C : 12C ratio in the undegraded DM and NDF residues reaches
stability at 24 h, this provides evidence that the tracer can be
used as a marker to estimate ruminal passage rates.
Several authors have reported on the use of isotopes to
study passage kinetics through the digestive tract of South
American camelids (Sponheimer et al., 2003) and ruminants
using 14C (Alexander et al., 1969), 13C (Svejcar et al., 1990;
Südekum et al., 1995), or 15N (Huhtanen and Hristov, 2001).
In dairy cows, the latter authors have made an attempt to
quantify passage kinetics of the 15N-NDF and 15N-ADF
fraction from internally labelled 15N alfalfa. They observed
that 15N-NDF fractional passage rates were higher than those
of 15N-ADF, which agrees with the differences in rumen
outflow rates of indigestible neutral and acid detergent

Figure 3 In vitro degradation characteristics of the relative amounts of residual isotope within the DM and NDF fraction; 13C in silage of higher digestibility
(GSH; observed (K), model fit (——)), 13C in silage of lower digestibility (GSL; observed (E), model fit (——)), 12C in GSH (observed (J), model fit (- - - -))
and 12C in GSL (observed (B), model fit (- - - -)), where the residual isotope is expressed as % of the initial amount of isotope weighed in. DM 5 dry matter.

763
Downloaded from https:/www.cambridge.org/core. IP address: 54.191.40.80, on 19 Apr 2017 at 06:34:57, subject to the Cambridge Core terms of use, available at
https:/www.cambridge.org/core/terms. https://doi.org/10.1017/S1751731112002303

Pellikaan, Verstegen, Tamminga, Dijkstra and Hendriks
fractions as observed by Tamminga et al. (1989b) and
Huhtanen et al. (1994). Huhtanen and Hristov (2001) associated this difference between NDF and ADF fractional
passage with the partial digestion of 15N-NDF in the rumen,
whereas digestibility of 15N-ADF was considered negligible.
As hypothesized earlier, to our view, this explanation
neglects the point that the 14N is digested at a similar rate as
the 15N, leaving the 15N : 14N ratio intact. Hence, the difference in fractional passage observed by Huhtanen and Hristov
(2001) would not be an artefact caused by digestion but
actually reflect the difference in passage behaviour of both
feed fractions. Sheep receiving a pulse dose with 13C-enriched
alfalfa (Svejcar et al., 1990) showed a similar faecal excretion pattern in d13C compared with the curves obtained in
the current study, reaching peak enrichment at 32 h after
dosing. Alexander et al. (1969) pulse dosed one dairy cow
with 14C-labelled hay at different stages of maturity and
measured faecal excretion patterns in the DM, NDF, ADF,
neutral detergent solubles (NDS) and cellulose. Fractional
removal rates of NDS were significantly higher compared
with those of the DM, NDF, ADF and cellulose, and DM was
only numerically higher than the NDF, ADF and cellulose.
Similar to our observations, peak 14C activity in faecal
excretions of DM (32 to 36 h) and NDF, ADF and cellulose
(36 to 54 h) were more delayed for the later maturity stages
(bloom and seed) compared with early maturity stage.
In their study, Alexander et al. (1969) also measured 14C
activity in the ruminal bacterial protein fractions. They
showed that peak activity in bacterial protein occurred at 3 h
post dosing. Theoretically, this could have caused a signal
in the faecal fractions as discussed earlier and explain in
part the higher fractional rates obtained for the NDS and the
DM fraction.
In the current study, the fractional passage rates of
13
C-DM from the rumen compartment (K1, Table 2) were
similar for both silages (GSL 5 3.85%/h v. GSH, 3.52%/h).
Excretion patterns between the two silages seem to differ
more for 13C-DM and 13C-NDF than for Cr-NDF (Figure 1),
although data in Table 2 only suggest minor effects of silage
type. Huhtanen and Hristov (2001) observed similar fractional passage rates from the rumen using internally labelled
15
N lucerne. In the current trial, the mean fractional passage
rate of Cr-NDF (GSL 5 4.76%/h v. GSH, 5.03%/h) was only
numerically higher than 13C-DM (P > 0.406) but distinctly
higher than 13C-NDF (P < 0.048). External markers, such as
the Cr-NDF used here, are not part of the fraction under
investigation (e.g. DM, NDF or starch), and therefore may
behave differently with regard to passage, and are maybe
only representative for the fraction of feed particles with a
size and density similar to that of the marker (Bruining and
Bosch, 1992). Compared with work conducted with external
markers (Colucci et al., 1990; Bosch and Bruining, 1995;
Rinne et al., 1997), the 13C-DM and especially the 13C-NDF
appear to yield lower fractional passage rates. This indicates
that the external marker as used in the current trial (Cr-NDF,
ground at 0.5 mm) may overestimate the fractional passage
rate of the internal marker (cut at 3 cm), in particular that of

the NDF fraction. One factor affecting the rumen outflow of
the internal marker would be the time required to reduce
particle size and increase particle density in order to allow
escape via the reticulo-omasal orifice (Balch, 1971; Welch,
1986; Zebeli et al., 2007). An additional factor of influence is
the difference in digestibility between markers. Rinne et al.
(1997) observed different passage rates for the indigestible
and digestible NDF fractions, indicating that the latter was
retained selectively in the rumen. As Cr-NDF is inert and does
not undergo fermentative processes, its passage rate could
give an overestimation.
In addition, the 13C : 12C ratio associated with the NDF
fraction had a considerable but only numerical lower fractional rate of passage from the rumen than for the DM
fraction (Table 2; P < 0.263), and PCT for NDF was numerically delayed (P 5 0.371) compared with DM. Thus, when
one determines the 13C : 12C ratio in components, it is possible
to determine the fractional passage rate for each component
that is enriched, provided that the components do not change
into another component. This shows that using 13C as an
internal marker allows discrimination between the passage
behaviour of the DM and NDF fractions, which agrees with the
observations of Alexander et al. (1969).
Huhtanen and Hristov (2001) also observed that 15N-NDF
fractional passage rates were higher than those of 15N-ADF.
Studies by Tamminga et al. (1989b), Stefanon et al. (1992)
and Huhtanen et al. (1994) using external markers in conjunction to internal markers have also shown that different
feed fractions and markers differ in fractional passage rates
from the rumen of cows. Using different cell wall components
as internal markers, Tamminga et al. (1989b) and Huhtanen
et al. (1994) observed considerable differences in rumen fractional outflow rates between indigestible neutral and acid
detergent fractions. In contrast, Stefanon et al. (1992) found no
differences between cutins and lignin. The aforementioned
studies showed that external markers yield higher rates of
ruminal passage and are likely to overestimate the fractional
passage rate of the feed component under investigation.
As a result of the lower K1-values of the 13C-NDF compared with 13C-DM, a compartmental retention time
(CMRT1) of 62 h was obtained, which was twofold to
threefold longer than values reported by Huhtanen and
Hristov (2001), using 15N-NDF and 15N-ADF. The value for K2,
that is, describing fractional passage from the compartment
with the second longest retention time (i.e. the caecum/large
intestine), was comparable with observations made by the
latter authors, but TT was 1.5 to 2 times longer and PCT was
reached at a later time (especially in case of 13C-NDF). Our
observations of the CMRT1 for NDF agree with those of the
rumen digestible NDF fraction and cellulose digestible ADF
fractions reported by Tamminga et al. (1989b), and with the
retention times of the digestible and indigestible NDF fractions observed by Rinne et al. (1997), in studies where dairy
cows were receiving grass hay or silage with added concentrates. In both aforementioned studies, the fractional
passage rates for the different feed fractions were determined by scaling daily faecal output to the rumen pool size.
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When quantifying the amounts of 13C and 12C present in
the residues at given time points (derived from Table 3), and
determination of the corresponding fractional degradation
rates or 13C and 12C (Figure 3 and Table 4) provide further
support that discrimination between the C-isotopes at different time points of incubation is negligible. The Kd -values
and corresponding approximate standard errors (Table 4)
suggest that the fractional degradation rates for 12C and 13C
do not differ between isotopes within the DM or NDF fraction. Thus, degradation shows no differences between disappearance of 13C and 12C in the DM or NDF fractions. This
implies that degradation has no effect on the integrity of the
13
C : 12C ratio of the undegraded residues, and as such
adheres to the earlier mentioned criteria for an ideal marker;
‘neither affect nor be affected by the GIT nor by its residing
microbial population’. The origin of the decline in d13C
observed in the current in vitro study can be explained by
the relative increase of the ADL fraction remaining in the
residues of NDF and DM at increasing incubation times. In
contrast to cellulose and hemi-cellulose, ADL is resistant to
microbial degradation, which results in an increased proportion of ADL in the residue at prolonged incubation times.
Although the ADL residue fractions presented in Table 3
show numerical variations (P > 0.999), this can be attributed
to the sequence of handlings during analyses (in vitro incubation, filtration, boiling in reagent, filtration), and hence
ADL can be considered resistant to microbial degradation.
The ADL content for GSL and GSH was 30 and 21 g/kg DM,
respectively (Table 1). Combining this data with the
decreasing NDF fraction during in vitro incubation shows
that the proportion of ADL in the NDF residue increased from
about 5% to 6% (t 5 0 h) to 24% to 30% (t 5 72 h). As ADL
has a lower d13C-enrichment compared with NDF and DM
(Table 3), this explained the decline in d13C during the first
24 h of incubation.
The current study was specifically designed to evaluate
passage kinetics of the undigested 13C-enriched fractions of
two silages differing in digestibility. By first principle, the
undigested 13C-enriched fractions used in the present study
to evaluate passage kinetics meet the four previously mentioned criteria for the use of a marker. The enrichment as
measured in fractions of faecal material (undigested DM and
NDF), and using the internal marker (13C : 12C ratio) in the
faecal fractions prevents absorbability to become a confounding factor. Although the feed DM and NDF fractions
can be affected by digestive processes, the undigested faecal
NDF fractions measured in the present study are by definition not affected by the GIT or its microorganisms. Moreover,
the marker forms an integral component of the fraction
under investigation (DM and NDF) and can be analysed
without interfering in other analyses. Important additional
criteria specific to the internal marker used in the present
study are: (1) the distribution of the label in the fraction
under investigation, (2) incorporation of 13C in bacterial
biomass and subsequent adherence to the faecal fractions
and (3) the degradability of the labelled DM and NDF
fraction in the feed; the latter two being discussed earlier.

To ensure a uniform distribution of the isotope over the
different plant fractions, it is of importance to label the
plants frequently during the growing period. Svejcar et al.
(1993) enriched alfalfa with 13C for 1 day and harvested
the material after 30 days of regrowth. Subsequent rumen
incubations showed an increase in d13C-enrichment
between time t 5 0 (d13C 15.2 %) and t 5 11 h (d13C 18.0
%), followed by a gradual decrease in enrichment at t 5 48
and 72 h. Svejcar et al. (1993) explained this pattern in isotopic enrichment by the differential labelling of the alfalfa
relative to the time of harvest. Smith and Erdman (1986)
reported that a labelling regime of four times during the
regrowth period was adequate to uniformly distribute the
radio isotope 14C over the different plant morphological
parts and between the structural and non-structural plant
components of alfalfa. In order to reach uniformity of marker
distribution, we labelled the grass frequently; six times for
GSH and eight times for GSL. The labelling was also more
evenly divided throughout the regrowth period, thus trying
to circumvent the effects of differential labelling of carbohydrates with regard to different fractions such as NDF
and ADL. As discussed earlier, we observed no differences
between the degradation kinetic estimations (Table 4,
Figure 3) of 12C and 13C in the DM and NDF fraction. This
indicates that both 13C and 12C are evenly incorporated into the
structural carbohydrate fractions. Hence, our strategy to label
grass frequently and evenly divided across the regrowth period
under field conditions resulted in an even distribution of 13C
throughout the structural carbohydrate fractions.
Conclusions
The in vitro study showed that the 13C : 12C ratio in residual
DM and NDF fractions of both silages remained stable from
24 h of incubation onwards. In addition, quantification of the
amounts of 13C and 12C present in the residues at successive
incubation time points and determination of the corresponding fractional degradation rates, gives further support
that discrimination between C isotopes is very small and as
such negligible. The fractional degradation rates for 12C are
within the same confidence limits as 13C. From this, it is
concluded that fermentative degradation has no influence
on 13C : 12C ratio of the residue. In the in vivo trial, faecal
marker excretion reached its PCT time after about 30 h.
Fractional rate constants describing the particle passage
from the rumen are estimated from the descending slope
of faecal excretion curves. Therefore, this means that the
13
C : 12C ratio in DM and NDF of these silages can be used
as a marker to estimate passage kinetics from the rumen.
13
C-NDF had a considerable longer rumen and total tract
retention time than 13C-DM. Our results suggest that the use
of 13C as an internal marker appears to be a promising tool in
studying feed and feed component-specific passage kinetics
in ruminants. As long as the signal of the 13C : 12C ratio in the
undigested fractions is strong enough and remains constant
throughout digestion time, this approach can be used to
determine passage and digestion from dietary DM, NDF
765
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and/or other cell wall and non-cell wall components.
Depending on the site of sampling in the GIT, it may be
required to correct for microbial contamination as some of
the 13C marker will be incorporated by the microbes. The
incomplete recovery of the 13C in the faecal DM and NDF
shows that the fractions under investigation undergo fermentative and digestive processes. This suggests that 13C
can be a tool for investigating and quantifying the in vivo
relationship between fractional passage and degradation.
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