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  ABSTRACT 

  Fractional passage rates are required to predict nu-
trient absorption in ruminants but data on nutrient-
specific passage kinetics are largely lacking. With 
the use of the stable isotope ratio (δ) as an internal 
marker, we assessed passage kinetics of fiber and fiber-
bound nitrogen (N) of intrinsically labeled grass silage 
from fecal and omasal excretion patterns of δ13C and 
δ15N. In a 6 × 6 Latin square, lactating dairy cows 
received grass silages [455 g/kg of total diet dry matter 
(DM) ] in a 2 × 3 factorial arrangement from ryegrass 
swards fertilized at low (45 kg of N/ha) or high (90 
kg of N/ha) levels of N and harvested at 3 maturity 
stages. Feed intake (16.7 ± 0.48 kg of DM/d; mean 
± standard error of the mean) and milk yield (26.7 ± 
0.92 kg/d) increased at the high level of N fertiliza-
tion and at decreasing maturity. Nutrient digestibility 
decreased with increasing plant maturity, particularly 
at the high level of N fertilization, essentially reflecting 
dietary treatment effects on the nutritional composi-
tion of the grass silage. Fractional rumen passage rates 
(K1) were highest and total mean retention time in the 
gastrointestinal tract (TMRT) was lowest when based 
on the external marker chromium mordanted fiber (Cr-
NDF; 0.047/h and 38.0 h, respectively). Fecal δ13C in 
the acid detergent fiber fraction (13CADF) provided 
the lowest K1 (0.023/h) and the highest TMRT (61.1 
h) and highest peak concentration time (PCT; 24.3 h) 
among markers. In comparison, fecal fiber-bound N 
(15NADF) had a considerably higher K1 (0.032/h) and 
lower TMRT (46.4 h) than 13CADF. Total N (measured 
with 15NDM) had a comparable K1 (0.034/h) to that 
of 15NADF but provided the highest fractional passage 
rates from the proximal colon-cecum (K2; 0.37/h) and 
lowest PCT (17.4 h) among markers. A literature re-
view indicated unclear effects of grass silage maturity 
on K1 and unknown effects of N fertilization on K1. Our 
study indicated no effect of advancing maturity on fecal 

K1 and a trend for K1 to increase with the high level of 
N fertilization. Parameter K2 increased, whereas PCT 
and TMRT generally decreased with the high level of 
N fertilization. Omasal digesta sampling largely con-
firmed results based on fecal sampling. Results indicate 
that the use of δ13C and δ15N can describe fiber-specific 
passage kinetics of forage. 
  Key words:    passage marker ,  13C ,  15N ,  perennial rye-
grass 

  INTRODUCTION 

  Quantitative knowledge on fractional rumen passage 
rates (K1) is required to determine ruminal VFA and 
microbial protein yields and to determine site and ex-
tent of degradation of ingested feed (Dijkstra et al., 
2007). Therefore, K1 is an essential parameter in several 
feed evaluation systems and mechanistic rumen mod-
els that predict absorption of nutrients in the small 
intestine as well as excretion of nutrients with respect 
to environmental and metabolic load (Kebreab et al., 
2009). Fractional rumen passage rates are convention-
ally determined by marker techniques involving exter-
nal or inert internal markers. External markers are not 
inherent to the feed and have, therefore, been criticized 
for not fully representing the passage behavior of the 
diet (Smith, 1989; Tamminga et al., 1989). In particu-
lar, external markers do not provide passage rates spe-
cific to feed chemical components. In principle, internal 
markers are preferred because they are inherent to the 
feed ingested by the animal; however, inert markers 
require time- and labor-intensive rumen evacuations 
to determine the rumen pool size. By labeling specific 
feed fractions with stable isotopes, fractional passage 
rates can be determined from stable isotopes as internal 
markers determined in feces (Svejcar et al., 1993; Süde-
kum et al., 1995). Based on this principle, Huhtanen 
and Hristov (2001) determined fractional passage rates 
of fiber-bound nitrogen (N) from 15N-labeled alfalfa 
(Huhtanen and Hristov, 2001). A subsequent study has 
shown that the carbon isotope ratio (13C:12C); that is, 
δ13C, can be used to assess fiber passage kinetics of 
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a δ13C-labeled grass silage and that the δ13C did not 
change with microbial rumen fermentation under in vi-
tro conditions (Pellikaan et al., 2013). Disappearance of 
the labeled fiber fractions in the gastrointestinal tract 
did not, therefore, affect respective passage kinetics es-
timated from the δ13C in the apparent undigested fecal 
fraction. This has been validated in vivo by quantify-
ing the carbon isotopes from feed and fecal output [L. 
M. M. Ferreira, University of Trás-os-Montes and Alto 
Douro (UTAD), Vila Real, Portugal, unpublished data] 
resulting in an equal δ13C between the isotope pool 
flowing into the rumen and that in feces.

In the study of Pellikaan et al. (2013), changing the 
diet from a low to high digestible grass silage had no 
effect on passage kinetics, based on 2 cows. Previous 
studies based on external or inert markers suggest that 
grass silage quality affects passage kinetics, although 
effects were not clear and results from literature range 
from slightly negative or no effects (Mambrini and Pey-
raud, 1994; Lamb et al., 2002; Lund et al., 2006; Kuop-
pala et al., 2009; Bayat et al., 2010, 2011) to clearly 
positive effects (Gasa et al., 1991; Bosch et al., 1992a; 
Rinne et al., 1997a, 2002) of advancing plant maturity 
on K1. Effects of N fertilization were not specifically 
investigated with regard to passage kinetics, but results 
from in situ degradation studies indicate clear effects of 
N fertilization level on fractional degradation rates and 
the potentially rumen digestible fraction (van Vuuren 
et al., 1991; Valk et al., 1996; Peyraud et al., 1997). As 
rumen degradation of feed particles might reduce the 
probability of their rumen escape by increasing particle 
buoyancy (Sutherland, 1988), fractional rumen degra-
dation might be indirectly related to fractional rumen 
passage.

Previously, we used intrinsic isotope labeling of 
corn silages varying in nutritional quality to assess 
component-specific fractional passage rates (Warner et 
al., 2013a). The aim of the present study was to assess 
feed component-specific passage kinetics of grass silage 
from early through late maturity from ryegrass swards 
fertilized at 2 different N levels. Ryegrass plants were 
uniformly labeled with δ13C and δ15N under greenhouse 
conditions, and passage kinetics of fiber and fiber-
bound N were determined based on the respective δ 
values, determined in fecal and omasal digesta samples, 
and compared with the external marker Cr-NDF.

MATERIALS AND METHODS

Animals and Diet

All experimental procedures were approved by the 
Institutional Animal Care and Use Committee of Wa-
geningen University (Wageningen, the Netherlands) 

and carried out under the Dutch Law on Animal Ex-
perimentation. Six multiparous Holstein-Friesian dairy 
cows in their second to fourth lactation, fitted with 
permanent rumen cannulas (10 cm i.d., Type 1C, Bar 
Diamond Inc., Parma, ID), were individually housed in 
tiestalls. At the start of the experiment, cows were 63 
± 13 DIM (mean ± SD), averaged 549 ± 64 kg of BW, 
had an average daily feed intake of 17.2 ± 2.60 kg of 
DM, and produced 33.1 ± 5.76 kg of milk/d. Animals 
were fed a TMR consisting of 455 g/kg DM grass silage, 
195 g/kg DM corn silage, and 350 g/kg DM compound 
feed (Table 1). The compound feed ingredients mainly 
originated from cool-season C3 plants to keep the 
background level of 13C low and similar to that of the 
natural enrichment level of the grass silage mixed in 
the experimental diet. Grass silage was prepared from 
a perennial ryegrass (Lolium perenne) sward sown as a 
70:30 mixture (Havera; Limagrain Nederland, Rilland, 
the Netherlands) of late-heading tetraploid cultivars 
(‘Pomposo’ and ‘Alcander’) and diploid cultivars (‘Fri-
sian 1 and ‘Jalinas’) on clay soil. Grass was fertilized 
at 2 N fertilization levels and harvested at 3 maturity 
stages (Table 1). Levels of N fertilization were either 
45 kg of N/ha (N45) or 90 kg of N/ha (N90) per cut, 
applied as an N-P-K complex. Maturity stages were set 
to obtain a target DM yield in the range of 1,800 to 
2,000 kg/ha (early), 3,200 to 3,400 kg/ha (mid), and 
4,600 to 4,800 kg/ha (late). The phenological devel-
opment stages for the respective maturity stages were 
stem elongation (early maturity), begin heading (mid 
maturity), and full heading (late maturity). The field 
received 50 kg of N/ha before the first regrowth. Fresh 
grass from the second (mid to late maturity) and third 
regrowth (early maturity) was harvested from August 
to September 2010, wilted for 12 h, cut to a theoretical 
chop length of 40 mm, and ensiled in bales without 
addition of inoculants.

Grass silage treatments were randomly distributed 
over 6 animals and 6 experimental periods according 
to a Latin square design with 2 × 3 factorial arrange-
ment of treatments. Each experimental period lasted 
21 d starting with a 14-d adaptation period to the diet. 
From d 12 on, animals were fed 95% of the individual 
DMI measured during the adaptation period to mini-
mize feed refusals during the measuring days. Animals 
received their daily rations in 2 equal meals at 0600 
and 1700 h. The diet was prepared twice weekly and 
stored in a cooling unit at 8°C from April onwards. 
Feed samples were collected each time the diet was 
prepared. Feed residues were collected daily before 
the afternoon feeding. Feed samples and residues were 
pooled per animal over each experimental period. Ani-
mals were milked twice daily during feeding times and 
milk samples were collected from d 15 through 21. Feed 
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intake and milk yield determined from d 15 through 
21 of each experimental period were averaged per pe-
riod for statistical analysis. One animal was removed 
from the experiment in periods 5 and 6 due to general 
health issues not related to the dietary treatments or 
experimental conditions, reducing the treatment com-
binations to n = 34.

Markers

Chromium-mordanted fiber (Cr-NDF) and the sta-
ble isotope ratios of carbon (δ13C) and nitrogen (δ15N) 
were used as external and internal passage markers, 
respectively. The Cr-NDF (45.9 g of Cr/kg of Cr-NDF) 
was prepared as described by Udén et al. (1980) from 
wheat straw, dried and ground to pass a 0.5-mm screen. 
The isotope-enriched internal markers were prepared 
as δ13C- and δ15N-labeled grass silage originating from 
the field that also provided the bulk grass silage. In 
brief, representative ryegrass shoots from the second 
regrowth were randomly collected from the field and 
grown on hydroponics (8.6 shoots/m2) under climate-
controlled greenhouse conditions in hermetically sealed 
isotope assimilation chambers (IsoLife, Wageningen, 
the Netherlands), specifically designed for homogeneous 

atmospheric isotope-labeling (Gorissen et al., 1996). 
From plant emergence onwards, grass was continuously 
enriched under high levels of 13CO2 and by injecting 
plant pots with a K15NO3 solution. The labeled grass 
plants were exposed to similar conditions to the field 
plants; for example, by adjusting the light schedule in 
the greenhouse to the field conditions, and inducing 
wind stress to the labeled plants. Grass plants received 
the identical fertilization regimen and were harvested 
at a similar physiological stage (172, 322, and 498 g of 
DM/m2 from early through late maturity) as the field 
plants. Plants were subsequently wilted, cut to size 
(2 cm), placed into several bags of larger mashed grit 
gauze (pore size 212 μm; PA-74, Sefar Nytal, Heiden, 
Switzerland), and distributed over silage bales to be 
ensiled together with the field plants over an 8-wk pe-
riod. The mean degree of atom percent (atom%) as a 
proportion of total C or N in the DM of the labeled 
grass silage ranged between 6.74 and 8.20 atom% 13C 
excess and between 16.93 and 18.11 atom% 15N excess 
for the different treatments (n = 6).

On d 15, animals received a ruminal pulse dose of 
corresponding isotope-labeled grass silage (15 g of DM) 
and Cr-NDF (100 g of DM). Pulse dosing started at 
0900 h with cow 1 and continued after an interval of 

Table 1. Chemical composition of the diet consisting of grass silage at 2 nitrogen fertilization levels (45 and 90 kg of N/ha; N45 and N90, 
respectively) and harvested at early through late maturity, and of corn silage and compound feed 

Item

N45 N90
Corn 
silage

Compound 
feed1Early Mid Late Early Mid Late

Harvest         
 Date (month/day 2010) 9/23 8/19 9/4 9/6 8/12 9/2 — —
 Growing days 35 54 70 25 47 68 — —
 DM yield (kg/ha) 1,840 3,107 4,734 2,020 3,366 4,860 — —
 DM content (g/kg) 366 670 723 567 354 520 390 889
Chemical composition2 
 OM 879 906 914 907 904 903 961 933
 CP 197 175 137 249 206 168 77 262
 Starch — — — — — — 403 218
 NDF 432 543 545 429 438 556 356 293
 ADF 294 317 296 257 266 326 201 151
 DVE3 63 75 72 92 64 60 61 176
 OEB3 77 29 −3 86 76 36 −45 33
 OMD3 (g/g) 0.686 0.642 0.651 0.733 0.714 0.645 0.788 0.768
 NEL

3 (MJ/kg of DM) 6.3 5.7 5.7 6.7 6.6 5.7 7.0 7.9
Silage characteristics3         
 pH 4.6 5.9 6.0 5.6 4.4 5.3 3.9 —
 Ammonia-N (% of total N) 11 5 3 5 11 10 — —
 Acetic acid (g/kg of DM) 21 <1 4 <1 28 11 — —
 Lactic acid (g/kg of DM) 57 <2 4 <2 61 23 — —
 Butyric acid (g/kg of DM) 3.3 0.5 0.5 0.5 2.3 2.2 — —
1Ingredients (g/kg of DM): wheat (80.0), sunflower seeds (140.0), soybean hulls (26.5), palm kernel expeller (90.0), soybeans (185.0), sugar beet 
pulp (75.0), potato starch (200.0), MervoBest rumen-protected soybean meal (185.0; Pre-Mervo, Utrecht, the Netherlands), phosphoric acid 
limestone (7.5), salt (3.0), mineral premix (8.0).
2NDF = ash-free amylase-treated NDF; ADF = ash-free ADF; DVE = intestinal digestible protein; OEB = rumen degraded protein balance; 
OMD = OM digestibility. Values expressed as means (g/kg of DM, unless specified otherwise) of 6 experimental periods (starch not determined 
for grass silage).
3Determined by near-infrared spectroscopy (Blgg AgroXpertus, Wageningen, the Netherlands).
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30 min for each consecutive animal. Before pulse dos-
ing, the frozen and cut marker material was further 
cut to pieces of approximately 0.5 cm to resemble in-
gested bulk grass silage particles. From d 11 through 
19, cobalt-EDTA (Udén et al., 1980) was continuously 
infused (0.5 L/h; 1.14 g of Co/d dissolved in 12 L of wa-
ter) in the rumen following Faichney (1975) to measure 
total-tract feed digestibility (from d 15 through 19), 
preceded by a primer dose of 1.5 times the daily dose.

Sampling and Measurements

Feces. Directly after administration of markers into 
the rumen, 20 spot samples of feces were collected after 
defecation. Fecal samples were collected in sampling 
blocks of 3 h each at times t = 0, 3, 6, 9, 12, 15, 18, 
24, 30, 36, 48, 54, 60, 72, 78, 84, 96, 102, 108, and 
120 h following pulse dose administration. Feces were 
weighed and thoroughly homogenized by hand, and a 
representative sample of approximately 400 g of fresh 
matter was stored at −20°C. An aliquot of 1% fresh 
feces was taken from each collection time and pooled 
over 1 experimental period to determine total-tract 
feed digestibility.

Omasal Digesta. Fifteen spot samples (~750 mL) 
of omasal digesta were collected during fecal collection 
times by means of the omasal sampling technique after 
Huhtanen et al. (1997), with modifications as described 
in detail by Warner et al. (2013a), at average times t 
= 0, 3, 5, 9, 12, 14, 17, 24, 30, 36, 47, 59, 71, 96, and 
120 h after pulse dose administration. Omasal pH was 
measured immediately using an electronic pH meter 
(pH electrode HI1230, Hanna Instruments, IJsselstein, 
the Netherlands).

Rumen Liquid. On d 21, approximately 350 mL of 
rumen liquid was collected proportionally from a cra-
nial, middle, and caudal direction. Per treatment and 
animal, a total of 4 rumen fluid samples were collected 
prior to bag removal for rumen degradability at times t 
= 2, 6, 8, and 10 h after morning feeding. Subsamples of 
0.75 mL each were taken for VFA and ammonia (NH3) 
analyses, and rumen pH was measured immediately. 
The VFA and NH3 samples were stored at −20°C in 
85% phosphoric acid (1:1, vol/vol) and 10% TCA (1:1, 
vol/vol), respectively.

Rumen Degradability. On d 18 through 21, rumen 
degradation of fresh grass silage was determined in situ 
per individual animal and per silage type treatment 
in situ as described by Warner et al. (2013a). Incuba-
tions (0, 2, 4, 8, 24, 48, and 72 h) started with the 
72-h incubation bags according to the all-out procedure 
at 80 h after marker administration to ensure similar 
conditions of degradation and passage rates. Previous 
studies showed that fecal marker concentrations were 

close to baseline concentrations after 4 d (Warner et 
al., 2013b). Fractional rumen degradation rates were 
related to fractional rumen passage rates to test a po-
tential relationship.

Chemical Analyses

Samples were freeze-dried and ground over a hammer 
mill to pass a 1-mm screen (Peppink 100 AN, Pep-
pink, Olst, the Netherlands). Contents of DM, ash, CP, 
starch, NDF, and ADF were analyzed as described by 
Abrahamse et al. (2008a,b). Concentrations of VFA 
and NH3 were determined as described by Warner et 
al. (2013a). Milk composition was analyzed by mid-
infrared reflection spectroscopy (Milk Control Station 
VVB, Nunspeet, the Netherlands).

Fecal and omasal Co and Cr concentrations were de-
termined using an atomic absorption spectrophotometer 
(AA240FS, Varian, Palo Alto, CA) after oxidation with 
wet destruction as described by Pellikaan et al. (2013). 
Isotopic excretion patterns in feces and omasal digesta 
were determined for δ13C and δ15N in the total DM 
(13CDM; 15NDM), and for fiber-bound δ13C and δ15N 
in the ADF fraction (13CADF; 15NADF). The ADF 
fraction was obtained by boiling dried and ground test 
samples with acid detergent in filter bags (Type F57, 
porosity 25 μm, Ankom Technology, Macedon, NY) but 
omitting the final combustion. The DM and ADF frac-
tions were pulverized in a bullet mill (MM2000, Retsch, 
Haan, Germany) for 3 min at 85 Hz and analyzed for 
δ13C and δ15N by elemental analysis using an isotope 
ratio mass spectrometer (Delta V Advantage, Thermo 
Scientific, Bremen Germany). The relative isotopic 
enrichment was expressed as δ13C and δ15N (i.e., the re-
spective 13C:12C and 15N:14N ratios) in the samples rela-
tive to the isotopic ratio of the respective international 
standards Vienna Pee Dee Belemnite (δ13C-labeled glu-
cose as working standard) and air (δ15N-labeled urea as 
working standard). Working standards were purchased 
from IVA Analysentechnik (Meerbusch, Germany). Af-
ter correction for natural isotopic abundance, fecal and 
omasal excretion patterns of atom% 13C and 15N excess 
were established, and scaled to marker peak concentra-
tion to improve model fit.

Curve Fitting and Statistical Analyses

Curve-fitting procedures and statistical analyses are 
outlined in Warner et al. (2013a). In brief, fractional 
passage rates were derived from fecal and omasal excre-
tion patterns of δ13C, δ15N, and Cr, fitted iteratively 
with a nonlinear multicompartmental model (Dhanoa et 
al., 1985). The multicompartmental model provided the 
most satisfactory curve fits for corn silage in feces and 
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omasal digesta (Warner et al., 2013a), compared with 
2-compartmental models with age dependency with 
increasing order of gamma distribution (GnG1 models; 
n = 2 to 5). The multicompartmental model assigns a 
slow fractional passage rate (K1) to the compartment 
with the highest retention time (i.e., the reticulorumen) 
and a fast fractional passage rate (K2) to the compart-
ment with the lowest retention time (i.e., the proximal 
colon-cecum). With regard to omasal marker excretion, 
K2 most likely represents rumen-related processes, such 
as mixing time and gas entrapment of marker particles, 
rather than a particle-retaining compartment per se 
(Warner et al., 2013a). Predicted marker concentrations 
were compared with the observed values using the root 
mean square prediction error, which was decomposed 
into errors due to overall bias of prediction, errors due 
to deviation of the regression slope from unity, and er-
rors due to random variation (Bibby and Toutenburg, 
1977), and scaled to the observed mean (mean predic-
tion error, MPE). Log-transformed model parameters 
were tested by ANOVA in a Latin square split-plot de-
sign, with a 2 × 3 factorial arrangement of treatments 
(2 N fertilization levels × 3 maturity stages) within 
main plots and type of marker assigned to subplots 
by mixed model procedures of SAS (version 9.2, SAS 
Institute, Cary, NC), as described in detail by Warner 
et al. (2013a). Differences between marker types were 
assessed using orthogonal contrasts. In situ degradation 
residues were fitted as described by Tas et al. (2006) 
using a first-order model with lag time (Robinson et al., 
1986). Rumen pH, VFA, and NH3 concentrations were 
considered repeated measurements and were analyzed 
as a Latin square split-plot design with repeated mea-
surements as the subplots effects. Animal performance 
data were tested by ANOVA as a Latin square with a 2 
× 3 factorial arrangement of treatments.

RESULTS

Characteristics of the Grass Silage

Diet. Six nutritionally contrasting grass silages 
differing particularly in their CP and NDF contents 
(Table 1) were fed to dairy cows. Nitrogen fertilization 
increased CP content by, on average, 38 g/kg of DM 
with N90 compared with N45. Advancing grass silage 
maturity decreased CP content at an average rate of 
1.8 g/kg of DM per d from early through late maturity. 
The lowest absolute CP value was observed for N45 
of late maturity (137 g/kg of DM). The NDF content 
increased with increasing maturity stage although dif-
ferences were less clear than for CP. The NDF content 
of N45 was comparable between the last 2 maturity 
stages (mid to late), whereas that of N90 was compa-

rable between the first 2 maturity stages (early to mid). 
Treatment N90 showed a particularly quick regrowth 
performance during early and mid maturity, producing 
respective average daily amounts of 28 kg and 14 kg of 
DM/ha more than N45; at late maturity, the regrowth 
performance was comparable between N fertilization 
levels. The concurrent increase of P and K with N fer-
tilization rates as part of the N-P-K complex did not 
appear to change the respective concentrations among 
fertilization levels. Concentrations were always within 
recommended allowance and were (mean ± SEM) 4.0 
± 0.17 g of P/kg of DM and 26.2 ± 0.79 g of K/kg of 
DM, respectively.

Animals. Animals had daily average feed intake of 
16.7 ± 0.48 kg of DM (Table 2) and produced 26.7 ± 
0.92 kg of milk/d (Table 3). Advancing maturity stage 
generally decreased feed intake and milk yield, with the 
absolute lowest values observed for N90 of late maturity 
(−4.1 kg of DM/d and −6.6 kg of milk/d, respectively, 
relative to preceding maturity stages). Except for the 
late maturity grass silage, N fertilization increased feed 
intake (2.2 kg of DM/d) and milk yield (3.4 kg/d), 
and a significant interaction between fertilization level 
and maturity occurred. A similar trend was observed 
for total-tract CP digestibility (on average, 0.688 ± 
0.0127; Table 2). Total-tract digestibility of OM (0.744 
± 0.0097), NDF (0.702 ± 0.0142), and ADF (0.620 ± 
0.0164) decreased with advancing maturity stage but 
a significant interaction between maturity and fertil-
ization level indicated that this decline was more pro-
nounced for N90 than for N45. Milk protein content 
(30.5 ± 0.26 g/kg) decreased for N90 but not N45 with 
advancing maturity stage, whereas effects were not 
significant for milk fat content (42.5 ± 1.21 g/kg). The 
urea content (37.6 ± 1.39 mg/dL of milk) was higher 
for N90 (Table 3).

Rumen Fermentation End-Products. The acetic 
acid content in rumen liquid generally increased with 
advancing maturity of the grass silage but effects of 
N fertilization levels on acetic acid were less clear. A 
similar but opposite trend was observed for valeric acid 
and the branched-chain VFA, whereas all other VFA, 
rumen pH, and ammonia content were not affected by 
basal diet treatments, although significant interaction 
between fertilization and maturity was present for the 
molar proportion of butyric acid (Table 4).

Rumen Degradation. Rumen in situ degradabil-
ity of the 6 grass silage treatments (Table 5) showed 
generally higher fractional degradation rates (KD) for 
N90 for the different feed fractions, whereas grass silage 
maturity had less clear effects on KD. Dietary treat-
ments had unclear effects on the potentially degradable 
fraction D, the washable fraction W, and the undegrad-
able fraction U. The lag time appeared to increase with 
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advancing maturity. With advancing maturity, fraction 
D of NDF decreased and fraction U of NDF clearly 
increased.

Passage Kinetics

Fecal Sampling. Passage kinetics estimated by 
marker techniques from fecal samples were affected by 
the type of marker. Fractional passage rates for the 
compartment with the highest retention time (K1; retic-
ulorumen) were highest for Cr-NDF (0.047 ± 0.0030/h; 
Table 6). Among stable isotope markers, K1 differed 
with lower values for 13CADF (0.023 ± 0.0017/h) com-
pared with 13CDM (0.034 ± 0.0023/h). No differences 
between fractions were observed for 15N. Similarly, frac-
tional passage rates for the compartment with the sec-
ond highest retention time (K2; proximal colon-cecum) 
differed among markers, with higher K2 values for 15N 

than 13C markers (Table 6). Marker peak concentration 
time (PCT) was higher for the ADF (21.2 and 24.3 
h for 15N and 13C markers, respectively) than for the 
DM fractions (17.4 and 21.1 h for 15N and 13C mark-
ers, respectively; Table 7). Marker PCT was lowest for 
15NDM among markers (17.4 ± 0.38 h). Marker transit 
time was, on average, 10.8 ± 0.97 h across markers and 
similarly affected by marker type (P < 0.001; data not 
shown). Total mean retention time (TMRT) was lowest 
for Cr-NDF (38.0 ± 1.53 h) and considerably longer for 
13CADF (61.1 ± 2.80 h) compared with 13CDM (45.6 
± 1.91 h; Table 7). No difference was observed between 
the DM and ADF fractions for 15N (42.0 and 46.4 h, 
respectively). Fecal samples were almost fully depleted 
of Cr-NDF by the time sampling was terminated 120 h 
after pulse dose administration, as shown by the esti-
mated mean marker clearance time (114 ± 4.6 h) from 
the gastrointestinal tract. Concentration of δ15N and 

Table 2. Feed intake and digestibility of rations containing grass silages at 2 nitrogen fertilization levels (45 and 90 kg of N/ha; N45 and N90, 
respectively) and harvested at early through late maturity 

Item Subset
BW 
(kg)

DMI 
(kg/d)

Total-tract digestibility coefficients (g/g)

DM OM CP NDF ADF

Fertilization Maturity        
 N45  Early 590 16.7 0.721 0.748 0.684 0.711 0.620
  Mid 571 16.0 0.722 0.742 0.682 0.709 0.627
  Late 597 15.6 0.713 0.732 0.653 0.675 0.595
 N90  Early 578 18.6 0.765 0.779 0.734 0.766 0.693
  Mid 567 18.6 0.741 0.760 0.719 0.705 0.629
  Late 571 14.5 0.680 0.701 0.653 0.645 0.556
SEM  12.8 0.48 0.0106 0.0097 0.0127 0.0142 0.0164
P-value Animal <0.001 <0.001 0.548 0.412 0.493 0.263 0.531
 Period 0.230 0.075 0.303 0.288 0.172 0.431 0.515
 Fertilization (F) 0.159 0.006 0.238 0.407 0.007 0.510 0.345
 Maturity (M) 0.329 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
 F × M 0.671 0.001 0.004 0.007 0.112 0.013 0.005

Table 3. Milk yield and composition for 6 dairy cows fed rations containing grass silages at 2 nitrogen fertilization levels (45 and 90 kg of N/
ha; N45 and N90, respectively) and harvested at early through late maturity 

Item Subset

Milk yield (kg/d) Composition (g/kg of milk)1

Total Fat Protein Fat Protein Lactose Urea

Fertilization Maturity         
 N45  Early 28.1 1.16 0.85  40.9 30.4 45.6 35.2
  Mid 24.9 1.08 0.76  43.2 30.8 45.7 35.9
  Late 24.5 1.06 0.74  43.0 30.4 45.3 37.0
 N90  Early 29.8 1.32 0.96  44.0 32.0 45.8 38.1
  Mid 29.9 1.32 0.91  43.5 30.5 45.3 37.7
  Late 23.3 0.95 0.68  40.3 28.8 44.7 41.7
SEM  0.92 0.057 0.026  0.12 0.03 0.03 1.39
P-value Animal <0.001 <0.001 <0.001  <0.001 <0.001 0.017 0.004
 Period 0.001 <0.001 0.012  <0.001 <0.001 0.005 <0.001
 Fertilization (F) 0.015 0.035 0.006  0.776 0.648 0.418 0.008
 Maturity (M) <0.001 0.001 <0.001  0.339 <0.001 0.085 0.080
 F × M 0.005 0.007 0.001  0.056 <0.001 0.387 0.524
1Milk composition analyzed by mid-infrared reflection spectroscopy (Milk Control Station VVB, Nunspeet, the Netherlands); milk urea ex-
pressed as mg/100 mL of milk.
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δ13C at 120 h was still above the natural abundance 
level, as indicated by the total marker clearance time 
of 126 to 137 h for the DM fraction and 139 to 183 h 
for the ADF fraction. Medians for model parameters A 

(a scalable parameter) and N (model-derived number 
of compartments), as estimated by the multicompart-
mental model, were 2.3 (P < 0.001) and 24 (P > 0.10) 
across markers, respectively (data not shown). The 

Table 4. Rumen liquid characteristics of dairy cows fed 2 grass silages (45 and 90 kg of N/ha; N45 and N90, respectively) harvested at early 
through late maturity 

Item Subset pH

Rumen liquid composition1

HAc HPr HBu HVa HBc tVFA NGR NH3

Fertilization Maturity          
 N45  Early 6.30 65.0 19.0 11.8 1.49 2.68 106.0 4.29 3.4
  Mid 6.08 67.5 18.2 11.0 1.19 2.17 108.4 4.58 3.9
  Late 6.08 67.3 17.9 11.6 1.14 1.97 106.9 4.65 4.2
 N90  Early 6.14 65.4 18.7 11.8 1.36 2.73 115.4 4.38 5.3
  Mid 6.23 64.2 18.5 12.9 1.53 2.92 108.8 4.42 3.6
  Late 6.18 67.3 17.7 11.1 1.30 2.51 103.8 4.60 4.3
SEM  0.044 0.58 0.55 0.358 0.064 0.127 3.07 0.154 0.53
P-value2 Animal 0.010 0.066 0.026 0.566 0.107 0.018 <0.001 0.030 0.591
 Period <0.001 0.016 0.233 0.061 0.233 0.037 0.008 0.224 0.530
 Fertilization (F) 0.350 0.037 0.949 0.117 0.019 <0.001 0.339 0.714 0.191
 Maturity (M) 0.119 0.002 0.156 0.203 0.008 0.003 0.184 0.151 0.417
 F × M 0.003 0.004 0.792 0.004 0.002 0.020 0.097 0.692 0.070
 Time (T) <0.001 <0.001 <0.001 0.972 <0.001 <0.001 <0.001 <0.001 <0.001
 F × M × T 0.793 0.524 0.382 0.966 0.529 0.546 0.536 0.354 0.286
1HAc = acetic acid; HPr = propionic acid; HBu = butyric acid; HVa = valeric acid; HBc = branched-chain VFA (isobutyric + isovaleric acid); 
tVFA = total VFA (in mmol/L; HAc + HPr + HBu +HVa + HBc); NGR = nonglucogenic to glucogenic VFA ratio [ = (HAc + 2 × HBu + 2 
× isobutyric + HVa + isovaleric) / (HPr + HVa + isovaleric)]; NH3 = ammonia (mmol/L). All values expressed in mol/100 mol unless speci-
fied otherwise.
2Analyses of variance based on log-transformed means with subplot T (time; 2, 6, 8, and 10 h after morning feeding) within factorial main plots 
in a Latin square.

Table 5. Rumen degradation kinetics of rations containing grass silages at 2 nitrogen fertilization levels (45 
and 90 kg of N/ha; N45 and N90, respectively) and harvested at early through late maturity fed to 6 lactating 
dairy cows 

Degradation  
parameter1

N45 N90

SEMEarly Mid Late Early Mid Late

OM         
 KD 0.035 0.032 0.032  0.048 0.049 0.052 0.0055
 D 59.0 69.9 63.1  57.9 56.6 51.3 3.64
 W 15.3 19.1 24.5  14.8 17.7 34.3 3.28
 U 25.8 11.0 12.4  27.3 25.7 14.4 1.47
 Lag 0.4 0.0 2.1  2.4 5.4 6.6 1.94
CP         
 KD 0.060 0.042 0.052  0.072 0.059 0.063 0.0069
 D 34.5 54.0 50.6  45.4 33.3 32.4 1.88
 W 17.0 19.3 30.4  12.7 14.6 30.5 0.95
 U 48.5 26.7 19.0  41.9 52.2 37.0 1.53
 Lag 0.0 0.0 0.0  2.7 0.0 2.5 1.36
NDF         
 KD 0.028 0.034 0.024  0.040 0.048 0.050 0.0070
 D 87.5 77.1 79.7  81.9 75.5 59.5 5.24
 U 12.5 22.9 20.3  18.2 24.5 40.5 5.24
 Lag 2.6 3.2 4.4  6.1 9.2 9.4 1.97
ADF         
 KD 0.030 0.036 0.022  0.030 0.042 0.041 0.0050
 D 80.0 75.5 79.4  85.2 77.8 60.3 5.19
 U 20.0 24.5 20.6  14.8 22.2 39.7 5.19
 Lag 1.6 5.7 4.7  5.3 8.2 7.6 2.26
1Degradation parameters: KD = fractional degradation rate constant (/h) of D fraction; D = potentially de-
gradable and insoluble fraction (%; D = 100 – W – U); W = washable fraction (%; assumed zero for the NDF 
and ADF fraction); U = undegradable fraction at t = ∞ (%); lag = lag time.
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MPE as an indicator of curve fit accuracy was lowest 
for Cr-NDF (9.7 ± 0.72%; P < 0.001) among markers. 
Interestingly, MPE was lower with 15N (11.0–13.7%) 
than with 13C markers (22.1–24.0%; P < 0.001). The 
largest proportion of the MPE across markers was due 
to random variation (96.5%) and only a minor part 
was explained by mean bias (1.5%) or regression bias 
(1.9%; data not shown). Basal diet treatment generally 
affected passage kinetics. Treatment effects on K1 were 
less clear; K1 tended to be higher for N90 (0.035 ± 
0.0019/h) compared with N45 (0.031 ± 0.0020/h) but 
did not change with maturity. Similarly, K1 increased 
from 0.32 to 0.24/h and TMRT decreased from 49.1 to 
43.1 h with N90 compared with N45. Maturity stage 
had unclear effects on passage kinetics.

Omasal Sampling. Passage kinetics (K1, TMRT) 
based on omasal grab sampling showed a trend similar 
to that based on fecal grab sampling (Table 8). Passage 
kinetics were not affected by maturity stage but K1 was 
higher for N90 (0.037 ± 0.0017/h) than for N45 (0.030 
± 0.0016/h). Nitrogen fertilization decreased TMRT 
from 34.7 h (N45) to 28.3 h (N90). The marker ef-
fect was significant for K1 and TRMT. Estimates of K2 
averaged 1.96 ± 2.441/h (P > 0.10 for marker effect). 
Medians for model parameters A and N were 1.1 (P < 
0.001) and 4.0 (P > 0.10) across markers, respectively 
(data not shown). The MPE for Cr-NDF curve fit was 
24.7 ± 1.56% and in range with that for 13C and 15N 

curve fits (16.6–27.8%; data not shown). Mean pH of 
omasal digesta was 6.51 ± 0.012.

DISCUSSION

Feed Characteristics

Because availability of established ryegrass swards 
was restricted, the early maturity N45 and N90 treat-
ments were prepared from the third regrowth following 
the respective mid maturity treatment. With this har-
vest schedule, a possible mid-summer growing period 
for the early maturity treatments could be avoided, 
and with it the risk of obtaining potentially stemmy 
plant material (Khan et al., 2011) for our early-cut 
grass typically low in structural fiber and high in CP 
content. However, a potential accumulation of N with 
the third regrowth material (early maturity) relative to 
the second regrowth material (mid and late maturity) 
need to be taken into account. Nonetheless, nutritional 
contrasts among treatments were substantial and al-
lowed us to test the sensitivity of the different pas-
sage markers to changes in the diet composition. The 
treatments imposed had a clear effect on CP content. 
In contrast, NDF content was little affected by N fer-
tilization but more by maturity stage and is essentially 
in agreement with previous findings (Valk et al., 1996; 
Peyraud and Astigarraga, 1998). The observed clus-

Table 6. Fractional passage rates of different markers as determined by fecal sampling for lactating dairy cows fed rations containing grass 
silages at 2 nitrogen fertilization levels (45 and 90 kg of N/ha; N45 and N90, respectively) and harvested at early through late maturity1 

Item Subset

K1 K2

Cr-NDF 13CDM 13CADF 15NDM 15NADF Cr-NDF 13CDM 13CADF 15NDM 15NADF

Fertilization Maturity            
 N45  Early 0.045 0.044 0.020 0.035 0.033  0.29 0.18 0.17 0.25 0.23
  Mid 0.043 0.034 0.025 0.034 0.030  0.34 0.22 0.21 0.67 0.16
  Late 0.046 0.025 0.018 0.024 0.029  0.28 0.18 0.23 0.24 0.17
 N90  Early 0.043 0.035 0.029 0.025 0.023  0.34 0.22 0.25 0.30 0.27
  Mid 0.056 0.033 0.020 0.046 0.048  0.30 0.31 0.28 0.48 0.44
  Late 0.050 0.034 0.030 0.043 0.035  0.27 0.47 0.19 0.46 0.31
SEM    0.0075      0.062   
P-value2 Animal   0.069      0.570   
 Period   0.205      0.773   
 Fertilization (F)   0.079      <0.001   
 Maturity (M)   0.394      0.011   
 F × M   0.034      0.452   
 Marker type (T)   <0.001      <0.001   
 F × M × T   0.298      <0.001   
 Cr vs. (13C, 15N)   <0.001      0.084   
 13C vs. 15N   0.024      <0.001   
 13CDM vs. 13CADF   <0.001      0.195   
 15NDM vs. 15NADF   0.615      <0.001   
1Fractional passage parameters: K1 = fractional passage rate constant (/h) for the compartment with the highest retention time in the gastro-
intestinal tract (i.e., the reticulorumen); K2 = fractional passage rate constant (/h) for the compartment with the second highest retention time 
in the gastrointestinal tract (i.e., the proximal colon-cecum). Markers: chromium mordanted fiber (Cr-NDF); 13C in the DM (13CDM) and the 
ADF (13CADF); 15N in the DM (15NDM) and the ADF (15NADF).
2Analyses of variance with orthogonal contrasts between markers based on log-transformed means in a split-plot arrangement with factorial 
main plots in a Latin square.
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Table 7. Marker residence time in the gastrointestinal tract as determined by fecal sampling for lactating dairy cows fed rations containing 
grass silages at 2 nitrogen fertilization levels (45 and 90 kg of N/ha; N45 and N90, respectively) and harvested at early through late maturity1 

Item Subset

PCT TMRT

Cr-NDF 13CDM 13CADF 15NDM 15NADF Cr-NDF 13CDM 13CADF 15NDM 15NADF

Fertilization Maturity            
 N45  Early 21.8 23.2 26.1 19.9 24.1  39.4 40.5 64.9 41.9 48.1
  Mid 21.0 22.0 23.9 14.7 22.2  39.4 46.4 56.1 39.4 47.4
  Late 21.6 26.6 31.8 21.0 28.8  38.4 59.3 82.7 55.8 54.8
 N90  Early 19.8 22.8 22.6 20.4 22.7  38.5 45.9 52.8 53.5 59.8
  Mid 20.6 17.6 20.6 14.5 14.6  34.7 43.0 66.7 32.4 32.2
  Late 22.7 16.1 22.5 15.0 17.8  37.5 40.9 49.2 34.4 41.3
SEM2    1.48      6.46   
P-value2 Animal   0.303      0.174   
 Period   0.966      0.217   
 Fertilization (F)   <0.001      0.006   
 Maturity (M)   <0.001      0.055   
 F × M   0.006      0.003   
 Marker type (T)   <0.001      <0.001   
 F × M × T   <0.001      0.061   
 Cr vs. (13C, 15N)   0.396      <0.001   
 13C vs. 15N   <0.001      <0.001   
 13CDM vs. 13CADF   <0.001      <0.001   
 15NDM vs. 15NADF   <0.001      0.100   
1Residence time parameters: PCT = marker peak concentration time in feces (h); TMRT = total mean retention time in the gastrointestinal 
tract (h). Markers: chromium mordanted fiber (Cr-NDF); 13C in the DM (13CDM) and the ADF (13CADF); 15N in the DM (15NDM) and the 
ADF (15NADF).
2Analyses of variance with orthogonal contrasts between markers based on log-transformed means in a split-plot arrangement with factorial 
main plots in a Latin square.

Table 8. Rumen passage kinetics of different markers as determined by omasal sampling for lactating dairy 
cows fed rations containing grass silages at 2 nitrogen fertilization levels (45 and 90 kg of N/ha; N45 and N90, 
respectively) and harvested at early through late maturity 

Item

Passage kinetic parameter1

K1 K2 TMRT

Marker2    
 Cr-NDF 0.042 1.35 25.7
 13CDM 0.034 2.18 29.7
 13CADF 0.024 1.38 42.8
 15NDM 0.036 2.01 29.3
 15NADF 0.034 1.12 31.6
SEM 0.0059 2.441 9.84
P-value3    
 Animal 0.034 0.746 0.007
 Period 0.239 0.437 0.335
 Fertilization (F) 0.012 0.162 0.009
 Maturity (M) 0.257 0.506 0.272
 F × M 0.057 0.739 0.060
 Marker type (T) <0.001 0.386 <0.001
 F × M × T 0.028 0.153 <0.001
 Cr vs. (13C, 15N) <0.001 0.466 <0.001
 13C vs. 15N <0.001 0.593 0.016
 13CDM vs. 13CADF <0.001 0.222 <0.001
 15NDM vs. 15NADF 0.534 0.133 0.419
1Parameter: K1 = fractional passage rate constant (/h) for the compartment with the highest retention time 
in the reticulorumen; K2 = fractional passage rate constant (/h) for the compartment with the second highest 
retention time in the reticulorumen; TMRT = total mean retention time in the reticulorumen (h).
2Marker: Cr-NDF = chromium mordanted fiber; 13CDM = 13C in the DM; 13CADF = 13C in the ADF; 15NDM 
= 15N in the DM; 15NADF = 15N in the ADF.
3Analyses of variance with orthogonal contrasts between markers based on log-transformed means in a split-
plot arrangement with factorial main plots in a Latin square.
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ters of grass silage NDF between maturity stages (i.e., 
comparable NDF levels for N45 between mid and late 
maturity in contrast to comparable NDF levels for N90 
between early and mid maturity) might be explained 
by the later growing cycle of the early maturity grass 
silage and the varying dates on and conditions under 
which grass was harvested.

Animal Characteristics

The nutritional composition of the grass silage fed 
had a substantial effect on feed intake. The observed 
higher feed intake with higher N fertilization is in line 
with observations on fresh grass (Mackle et al., 1996). 
Negative effects of advancing grass silage maturity on 
feed intake levels were also observed by Bosch et al. 
(1992b) and Tahir et al. (2013). The distinctive de-
crease in feed intake of late-cut N90 relative to preced-
ing maturity stages matched with a low OM digest-
ibility and highest absolute NDF and ADF contents 
for that particular treatment combination. Moreover, 
apparent total diet CP and OM digestibility was low. 
However, no deficiency in ruminal degradable protein 
(as indicated by the positive OEB value) for optimal 
microbial fermentation was observed, which could 
impair ruminal digestion and consequently feed intake 
(Romney and Gill, 2000). The distinctive changes in 
milk and milk component yields with late-cut N90 are 
in line with the overall reduced NEL and feed intake 
observed with that particular treatment combination. 
Grass silage maturity increased the molar proportion 
of acetic acid in the rumen but did not change that of 
propionic acid or the nonglucogenic to glucogenic VFA 
ratio, which agrees with literature findings as reviewed 
by Rinne et al. (1997b).

Passage Kinetics of Grass Silage

Effect of Maturity Stage and Fertilization 
Level on Passage Kinetics. Effects of N fertiliza-
tion on passage kinetics of grass silages have not been 
investigated by researchers. In contrast, effects of ad-
vancing grass silage maturity on passage kinetics have 
been rather extensively studied but are ambiguous and 
seem to depend on the plant material and resulting 
specific particle size. Although some studies reported 
reduced or unchanged K1 values for late compared with 
early maturing grass (Mambrini and Peyraud, 1994; 
Lamb et al., 2002; Lund et al., 2006; Kuoppala et al., 
2009; Bayat et al., 2010, 2011), other studies showed in-
creased K1 values with advancing maturity of grass si-
lage (Gasa et al., 1991; Bosch et al., 1992a; Rinne et al., 
1997a, 2002). In our study, K1 was generally higher and 
passage kinetics faster (higher K2; lower PCT, transit 

time, and TMRT) for the high fertilized N90 treatment. 
In contrast, grass silage maturity did not have a clear 
effect on passage kinetics, and we observed a strong 
interaction between plant maturity and N fertilization 
on K1. Differences in the DM content of our grass si-
lages might have partly masked treatment effects, most 
likely via an altered fermentation profile and reduced 
overall fermentation of grass silage with increasing DM 
content, as observed by van Vuuren et al. (1989). The 
interaction between plant maturity and N fertilization 
observed in our study could explain the inconclusive 
findings observed in an earlier study (Pellikaan et al., 
2013). In that study, high digestible grass silage (100 kg 
of N/ha; 39-d regrowth) did not result in a measurable 
change in passage kinetics compared with a low digest-
ible grass silage (50 kg of N/ha; 81-d regrowth), as 
could have been expected based on the large nutritional 
contrasts of the grass silages. Furthermore, Owens et al. 
(2008a,b) reported increased K1 values of fresh ryegrass 
harvested at a later stage for the high CP (165–192 g/
kg of DM) autumn regrowth but not so for the low CP 
(99–116 g/kg of DM) spring regrowth.

Potential Effects of Particle Size on Passage 
Kinetics. Digesta particle size was not measured in 
this study but effects of particle size on K1 have been 
reported in the literature. For grass silage in particu-
lar, advancing plant maturity was observed to increase 
K1 in line with a reduced digesta particle size and 
increased particle breakdown rate for the small par-
ticle pool in the rumen for a late-cut compared with 
an early-cut grass silage (Rinne et al., 2002; Krämer 
et al., 2013). Similarly, advancing maturity stage of 
grass silage considerably decreased the proportion of 
large particles (>1.0 mm) and increased that of small 
particles (0.2–0.5 mm) in feces (Jalali et al., 2012). Fur-
thermore, Rinne et al. (2002) observed a higher fragility 
or brittleness of the more lignified particles from late-
cut grass silage. We can therefore hypothesize that the 
increased brittleness of leaves often observed with the 
more mature plant material (Ulyatt, 1983) in combina-
tion with an increased leaf blade size upon increased 
N fertilization (Wilman and Pearse, 1984) resulted in 
a considerable particle size reduction of 15NDM and 
15NADF from leaves and, consequently, in increased 
passage kinetics for the late-cut N90. These changes in 
passage kinetics of δ15N with advancing plant maturity 
were not observed for the δ13C fractions. This is likely 
due to overall lower particle size reduction of stems 
than leaves of grass (Poppi et al., 1981; Cherney et al., 
1991). Furthermore, changes in the cell wall structure 
are probably of minor importance to K1 because cell 
wall composition (Wilman et al., 1977) and stem mor-
phology (Harris et al., 1996) seem to be unaffected by 
the level of N fertilization.
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Relationship Between Fractional Rates of 
Degradation and Passage. Degradation kinetics 
were investigated to test a potential relationship with 
passage kinetics. It is generally assumed that a quicker 
rumen degradation increases buoyancy of feed particles 
through entrapment of fermentation gases, and that 
buoyant particles are in turn less likely to escape from 
the reticulorumen (Sutherland, 1988). Higher fertiliza-
tion appeared to increase KD of the grass silages tested, 
essentially in agreement with previous literature (van 
Vuuren et al., 1991; Valk et al., 1996; Peyraud et al., 
1997) and in line with the trends observed for K1 in 
our study. Effects of advancing grass silage maturity 
on degradation kinetics were, however, inconclusive. In 
general, KD was not well correlated with K1 based on 
our data set (r ≤ 0.40; n = 34). The highest correla-
tion coefficients were obtained among fiber KD and K1 
based on 13CADF and 15NADF (r = 0.25 to 0.40) but 
with regard to other nutrients, stable isotopes did not 
particularly result in higher r-values than Cr-NDF. In a 
previous experiment with corn silage and using 13CDM 
and 13CADF as internal markers, no direct link could 
be established between silage degradation and passage 
rates (Warner et al., 2013a).

Choice of Marker and Sampling Site  
to Estimate Passage Kinetics

Passage kinetics of δ13C and δ15N in apparent undi-
gested feed components in feces were compared with 
those of Cr-NDF, an external particulate marker fre-
quently reported in the literature. The use of indigest-
ible feed nutrients as inert internal passage markers 
(e.g., indigestible NDF) were not investigated because 
estimating K1 on intact animals requires a different ap-
proach than the marker technique outlined here (i.e., 
frequent rumen emptying is required to determine the 
pool size). Furthermore, the feed component tested is 
required to be strictly indigestible. In contrast, isotope-
labeled feed components can be digested. However, 
digestion does not affect the isotopic ratio (Pellikaan 
et al., 2013) based on which fractional passage rate can 
be estimated from fecal isotope excretion patterns. In 
our study, passage kinetics were derived from both fecal 
and omasal digesta samples, and passage kinetics of 
the grass silage were highly dependent on the type of 
marker (P < 0.001).

Carbon Stable Isotopes as Internal Passage 
Markers. The external marker Cr-NDF provided K1 
values approximately 0.016/h units higher and, in turn, 
a TMRT 10.8-h lower than the internal 13C and 15N 
markers. Similar findings were reported for Cr-NDF 
and δ13C from labeled grass silage (Pellikaan et al., 
2013) and corn silage (Warner et al., 2013a). The ADF 

fraction had considerably slower passage kinetics than 
the DM fraction when δ13C was used (K1 reduced by 
0.011/h; TMRT increased by 15.5 h; PCT increased 
by 3.3 h). In contrast, differences in K1 between the 
2 fractions were almost absent with corn silage (K1 of 
0.023/h and 0.021/h for 13CDM and 13CADF respec-
tively; Warner et al., 2013a). With grass silage, differ-
ences were higher in the study of Pellikaan et al. (2013) 
to some extent, although differences were dependent on 
the silage quality (difference of −0.019 and −0.023/h 
for high and low digestible grass silage, respectively). 
We found a similar silage quality effect on the relation 
between 13CDM and 13CADF with differences in K1 be-
ing amplified for the low fertilized grass (difference of 
−0.008 and −0.014/h for N90 and N45, respectively). 
These results may reflect the different physical struc-
ture of fiber between the 2 forage types (De Boever et 
al., 1993a,b) and between forage quality.

Nitrogen Stable Isotopes as Internal Passage 
Markers. When δ15N was used, the ADF fraction had 
similar passage kinetics to the DM fraction, except for 
a somewhat reduced K2 (by 0.125/h) and a consider-
ably increased PCT (3.9 h). The use of δ15N provided a 
more detailed insight into the passage kinetics of the cell 
walls. The 15NADF (essentially representing cell wall–
bound N) appear to pass out at a somewhat higher rate 
from the reticulorumen (K1 increased by 0.009/h) and 
from the gastrointestinal tract (TMRT reduced by 14.1 
h) than the total cell walls (13CADF). Similarly, total 
proteins based on 15NDM appeared to have somewhat 
increased passage kinetics relative to the nonprotein 
fraction based on 13CDM. Overall, the experimentally 
determined K1 of 15NDM (0.034 ± 0.0021/h) was lower 
than what is assumed by the Dutch feed evaluation 
system (fixed to 0.045/h; van Duinkerken et al., 2011), 
which is based on passage studies using external mark-
ers. Based on the same feed intake levels, K1 of 

15NDM 
from our study was lower than when calculated based 
on the equations used in the UK Feed-into-Milk system 
(0.043/h; Thomas, 2004) but in line with results based 
on the equations used in the National Research Coun-
cil system (0.031/h; NRC, 2001) and the Nordic feed 
evaluation system (0.035/h; Volden, 2011). The K1 of 
Cr-NDF in the present study (0.047 ± 0.0030/h) was 
well in line with the assumption in the Dutch and UK 
system (0.045 and 0.043, respectively).

Fecal Versus Omasal Sampling. Sampling diges-
ta more proximate to the dosing site might give more 
accurate fractional passage rate estimations than fecal 
sampling because any effects related to the small and 
large intestine are circumvented. In our study, sampling 
site had little effect on passage kinetics, suggesting that 
fecal sampling provide reliable ruminal passage kinet-
ics. In addition, the same marker contrasts as well as 
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the maturity × N fertilization interaction observed in 
fecal samples were detected in omasal digesta (data not 
shown). Fecal marker K1 and TMRT were moderately 
correlated with those based on omasal digesta sampling 
(on average, r = 0.47 and r = 0.56, respectively) with 
little difference between Cr-NDF and stable isotope 
markers, except 13CADF for which no correlation was 
observed.

Accuracy of 13C/15N-Labeled Feed Components 
as Passage Markers. Curve fit accuracy based on the 
MPE was in the range of previous studies using δ13C-
labeled forage (Pellikaan et al., 2013; Warner et al., 
2013a) but MPE values were almost double compared 
with those reported for δ13C-labeled concentrates pulse 
dosed at high amounts (9 kg; Warner et al., 2013b). 
Interestingly, curve fit accuracy for Cr-NDF based on 
fecal sampling was considerably better than that for 
stable isotopes, but accuracy considerably declined for 
Cr-NDF with omasal digesta sampling and was even 
slightly worse than that of δ15N. These findings suggest 
that the small ruminal pulse dose size of stable isotopes 
probably affected its curve fit accuracy, and that oma-
sal sampling provided somewhat less reliable results 
than fecal sampling. Interestingly, curve fit accuracy 
of stable isotopes was not particularly worse based on 
omasal digesta compared with fecal sampling, as might 
have been expected based on the results for Cr-NDF. 
This suggests that satisfactory marker distribution 
in the rumen was probably attained well before the 
first omasal samples were taken. It should be noted, 
furthermore, that a smaller number of omasal than fe-
cal samples were collected and submitted to analyses. 
Visual inspection of curve fits confirmed that the pres-
ence of a few possible outlying values weakened the 
fit of omasal excretion curves to a greater extent than 
that of fecal excretion curves, which relied on a higher 
number of available data points. The increased costs as-
sociated with collecting and submitting a greater num-
ber of samples to isotope analyses might be avoided by 
using a larger but less-enriched pulse dose size. Most 
likely, marker distribution within the rumen content 
will be accelerated, as is probably the case for the 
finely ground Cr-NDF particles, and lower the effect 
of possible outlying values on curve fit accuracy and 
consequently passage kinetics.

Shortcomings and advantages of using isotope-labeled 
feed components as digesta passage markers have been 
described elsewhere (Warner et al., 2013a). Although 
external particulate markers most likely represent feed 
particles of defined characteristics (as shown for Cr-
NDF; Bosch and Bruining, 1995), stable isotopes can 
provide component-specific passage kinetics because 
isotopes are inherent to the feed and its chemical frac-
tions. In contrast to the general requirement of strict 

nondigestibility for external markers and inert internal 
markers (e.g., indigestible NDF in combination with 
rumen evacuations), stable isotopes allows researchers 
to determine passage of indigestible and digestible feed 
components. However, the latter might result in a bias 
in K1 due to marker migration, a problem often observed 
with rare earth elements (Owens and Hanson, 1992) if 
stable isotopes are incorporated into microbial biomass 
(Firkins et al., 1998; Pellikaan et al., 2013). The acid 
detergent treatment circumvents this problem because 
none or only negligible amounts of digestible fractions 
are analytically recovered in this fraction. However, 
digestible fractions are more prone to bias, and it has 
been shown that up to 8 g of C/kg of fecal DM was of 
microbial origin (van Vliet et al., 2007) and that the 
fecal microbial biomass increased with decreasing grass 
silage maturity. Hence, marker migration via microbial 
biomass might, in theory, introduce some bias with DM 
or intracellular matter but overall effects on the K1 of 
digestible fractions will be probably minor.

Based on our results, further applications of stable 
isotopes on a wider range of feeds and feed components 
in combination with alternative marker techniques are 
necessary to confirm the validity of isotope-labeled feed 
components as digesta passage markers.

CONCLUSIONS

The use of δ13C and δ15N stable isotopes from intrin-
sically labeled ryegrass silage allowed the assessment of 
passage kinetics of fiber and fiber-bound N. Fractional 
passage rates decreased with advancing plant maturity 
for the low-N-fertilized grass silage but increased for the 
high-N-fertilized grass silage. Fractional rumen passage 
rates were higher for the high compared with the low 
level of N fertilization. Passage kinetics of δ13C-labeled 
fiber differed from those of the external marker Cr-
NDF and fiber-bound δ15N. Both sampling sites (i.e., 
feces vs. omasum) provided similar estimates of rumen 
fractional passage rate.
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