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Abstract

Dairy cows possess a unique digestive system testifibre-rich diets. Ingested feed is
retained and degraded in the rumen by the entedmbial population and is passed from the
rumen to the following segments of the digestiaettrPassage of feed determines energy and
protein supply to the animal and is a key paramigteseveral feed evaluation models for
ruminants. Yet, quantitative data on passage ofl faad particularly of single feed
components are limited. Common techniques usecetermine fractional passage rates of
feed typically include indigestible markers thaé arot able to describe passage of distinct
feed components. This thesis describes the ugaldedsotope labelled feed components as a
novel marker to determine feed type and feed compiospecific fractional passage rates. In
a series ofn vivo experiments, fractional passage rates of a tymlealy ration, including
grass silage, maize silage and concentrates, weeentined. The use of carbol@) and
nitrogen {°N) stable isotopes as an internal marker inherettie diet allowed to specifically
determine fractional passage rates of plant cellswsuch as structural fibre, fibre-bound
nitrogen,n-alkanes, and intracellular components such aststand total nitrogen. For grass
silage and maize silage, stable isotopes gave slivacional rumen passage rates compared
to the commonly used external marker chromium muesth fibre; for concentrates, stable
isotopes gave faster rates than the external mafkaong isotopic labelled fraction$’C-
labelled fibre and™N-labelled fibre-bound nitrogen gave the slowedesaThe isotopic
signature of single feed components and furthefiadjpon of stable isotopes on a wider
range of feeds and feed components offers scopbdduture for a more detailed insight into
nutrient-specific passage kinetics. This will uléitely allow to quantify nutrient supply in
response to changes in diet composition and qualitst model animal response in relation to

optimal animal performance, environmental and ahimealth issues.
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Chapter 1

General introduction




Chapter 1

The gastrointestinal tract of ruminants forms agugi digestive system, which is particularly
adapted to digest low degradable feed rich in §ibfiehe time feed is retained in the various
segments of the gastrointestinal tract (GIT) isse8al for the digestion as it determines the
time feed is exposed to fermentative degradatiothbyrumen microbial population. This is
particularly important for herbivores which inhabitassland areas but lack the enzymes to
degrade plant fibres. The retention time in the enonor any segment in the GIT can be
expressed as a relative rate constant (the reepodeetention time) defining the proportion
of a specific digesta pool passed out per unitiroét(conventionally denoted as fractional
passage rate).

Knowledge on fractional rates of rumen passagessrdial to quantify the rumen escape
part of nutrients as well as to quantify microbgabwth efficiency. Fractional passage is,
therefore, an important concept in feed evaluaggstems for ruminants. Assessment of
passage kinetics in ruminants has received muentaih and the first attempts to measure
fractional rumen passage were made with use of enddchniques as early as in the 1920s.
Since then, considerable efforts have been madewelop markers to best estimate digesta
passage. It is widely accepted that markers shbeldon-absorbable substances intimately
associated with the digesta material of interdsiukl not disturb digestive actions in the GIT
tract or be affected by them, and their analytigahntification should be sensitive and
specific (after Faichney, 1975).

Modern feed evaluation systems often account fferdinces in rumen passage among
feed components but still mainly rely on fixed tianal passage rates (e.g. the Dutch
DVE/OEBy10 System) or incorporate some of the factors remggbassage to some extent
(e.g. the British FiM system and the ScandinavianRdr system). A more dynamic nutrient-
specific representation of passage kinetics is ipdiampered by the current methodology
used. Conventional marker techniques do not allowguantify nutrient-specific passage
kinetics.

Stable isotope labelled feed components may cireminthe limitations of conventional
marker techniques. Stable isotopes are non-togit;radioactive isotopes pertaining to various
chemical elements and are thus inherent to the &eH distributed in the various feed
components in small concentrations. Stable isotbpes been extensively used in nutritional

studies (reviewed by Matthews and Bier, 1983), Wete only recently applied in ruminant
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General introduction

digestion studies (Svejcar et al., 1993; Sudekural.et1995; Huhtanen and Hristov, 2001,
Pellikaan et al., 2013). Because stable isotopelléabfeed components are subjected to the
same digestive mechanisms as the ingested bulktfemdappear to be a promising novel tool

to measure digesta passage.

Aim and Outline of this Thesis

The main objective of the research described ia thésis is to assess passage kinetics of
particle or solid phase associated feed fractioos ffeed types conventionally fed to dairy
cows in intensive dairy systems. In order to asgEsssage kinetics of the major feed
components, stable isotope labelled feed compomestts applied.

Chapter 2 is a review in which stable isotopes are compavigtd conventional marker
techniques, and potential limitations and oppottemiof each technique are discussed.

Chapter 3 describes passage kinetics of concentrates withiapemphasis on fibres in
concentrates by using the difference in the natlvahdance of carbon stable isotopes between
cool-season and warm-season concentrate ingredients

Chapter 4 and 5describe the results of two feeding experimentasgess passage kinetics
of forages artificially enriched above natural atbamce Chapter 4 describes the use of carbon
stable isotope labelled maize silage to measursagasof fibres and starciChapter 5
describes the use of carbon and nitrogen stabtepiealual labelled grass silage to measure
passage of fibres and fibre-bound proteins.

Chapter 6 describes a study, which extends the use of stablepe to minor plant
compounds such asalkanes that typically do not undergo ruminal delgtion in contrast to
the dietary feed components tested in Chapteraigfr 5.

Chapter 7 discusses the major research findings from ttasishas well as implications of
using stable isotopes for feed evaluation, offesommendations for future research, and

provides the main conclusions.
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Chapter 2

Abstract

Knowledge of digesta passage kinetics in ruminanessential to predict nutrient supply to
the animal in relation to optimal animal performenenvironmental pollution and animal
health. Fractional passage rates (FPR) of feedvately used in modern feed evaluation
models and mechanistic rumen systems but data tiemuspecific FPR are scarce. Such
models generally rely on conventional external raartechniques, which do not always
describe digesta passage kinetics in a satisfactanner. Here, we discuss the use of stable
isotope labelled dietary nutrients as a promisiogehtool to assess nutrient-specific passage
kinetics. Some major limitations of this technignelude a potential marker migration, a poor
isotope distribution in the labelled feed, and féedential disappearance rate of isotopes upon
microbial fermentation in non-steady state condgio Such limitations can be often
circumvented by using intrinsically labelled stalsdletope plant material. Data are limited but
indicate that external particulate markers ovemeste rumen FPR of plant fibre compared to
the internal stable isotope markers. Stable isatopelergo the identical digestive mechanism
as the labelled feed components and are thus dtylar interest to specifically measure

passage kinetics of digestible dietary nutrients.
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Stable isotope labelled feed nutrients

Introduction

The digestive system of ruminants is the resulamfevolutionary strategy of herbivores to
digest low digestible fibre-rich diets. The ability digest fibres is governed by the microbial
degradation of feed particles in the rumen and tinactional passage rate (FPR; fraction per
hour) from the rumen. The latter defines the tieedfparticles are retained in the rumen or any
compartment in the gastrointestinal tract (GIT)hds been widely accepted that FPR is a key
parameter in describing the extent of ruminal digas (Waldo, 1972) and digestive
mechanisms (Dijkstra et al., 2007) and, ultimatelypredicting nutrient supply to the animal.
Accounting for FPR s, therefore, a prerequisite foany feed evaluation systems and
mechanistic rumen models to quantify nutrient gitsom and excretion with respect to
environmental concerns and diet-related disordéebrgab et al., 2009).

Ruminal degradation has been studied for a widayaof feeds; yet, FPR is difficult to
quantify and experimental data are relatively seéfijkstra et al., 2007; Kebreab et al., 2009).
Various techniques to measure FPR have been sadgest are often limited to a specific
rumen pool of defined characteristics, such asguheen liquid phase or solid phase of defined
particle size. Extrapolation and a direct comparisomong studies employing different
techniques is, therefore, problematic. In pringiphe most ideal technique to estimate passage
kinetics of ingested dietary components is the afssuch dietary components as internal
markers. However, data based on such markers aneesc

Isotopic labelled feed has been applied in eamyimant metabolic studies (Alexander et al.,
1969a) but was only recently applied in ruminargedtion studies (Svejcar et al., 1993;
Sudekum et al., 1995) or specifically to quantispage kinetics (Huhtanen and Hristov, 2001;
Sponheimer et al., 2003; Pellikaan et al., 201&yelHwe provide an overview of recent digesta
passage research and discuss opportunities ardtioms of using the isotopic signatuég ¢f

dietary components as a potential novel markea#mtify FPR in ruminants.

Digesta Passage Kinetics to Assess Digestive Mecisars

Passage Kinetics for Feed Evaluation, EnvironmentdPollution and Animal Health

An accurate description of digesta passage kinaicessential to describe extent and

mechanisms governing rumen fermentation and, nyeeifically, predict volatile fatty acid

15



Chapter 2

production and efficiency of microbial protein dyesis (Dijkstra et al., 2007), as well as
rumen fill and dry matter (DM) intake regulatiorufiyy and Allen, 1995). Several modern
feed evaluation systems incorporate the concetRiR to predict the amount of nutrients
bypassing the reticulorumen and the amount of rhiatoprotein produced in the rumen.
Because of a lack of experimental data on FPRy éaeld evaluation systems relied on fixed
ruminal FPR (e.g. Madsen, 1985; Vérité et al., 198/RC, 1992; Tamminga et al., 1994),
ranging from values of 0.02 to 0.08/h. While it &ex increasingly apparent that FPR is
influenced by a wide range of animal- and diettsglafactors, some of these factors were
included in several recently updated feed evalnatisystems. Such adjustments to FPR
include effects of feed intake, body weight and riliéghage or concentrate proportion in the
diet (NRC, 2001; Thomas, 2004; Volden, 2011), adl a® feed component specific FPR
(e.g., different FPR for starch and NDF; van Duikk@ et al., 2011; Volden, 2011).
Attempts have been made to include some known gasseterminants in empirical models
to predict ruminal FPR in small and large rumingetg. Owens and Goetsch, 1986; Sauvant
et al., 1995; Chilibroste et al., 1997; Cannas ¥ad Soest, 2000; Seo et al., 2006a; Krizsan
et al., 2010a), with some of these models formiregliasis of current feed evaluation systems.
Knowledge on FPR has also been applied in meclhanisidels describing nutrient supply
and nutritional requirements of ruminants (Baldwtral., 1987; Dijkstra et al., 1992; Lescoat
and Sauvant, 1995; Fox et al., 2004; Danfaer e2@06). More specifically, FPRs were used
to describe microbial population dynamics (Dijksetaal., 2002) and their contribution to
methane emissions from ruminants (Mills et al., 2ZORebreab et al., 2004), as well as to
predict nitrogen and phosphorus excretion to thérenment and rumen health issues (e.g.
sub-acute rumen acidosis; reviewed by Kebreah ,e2@09). Passage kinetics of forages were
further used in comparative rumen physiology stside identify evolutionary mechanisms
between browsing and grazing ruminants (Clauss.actner-Doll, 2001; Clauss et al., 2003)

and in non-ruminant herbivores (Sponheimer e2a03).
Factors Involved in Digesta Passage Kinetics

Several factors determining passage behaviour ed fa ruminants have been identified,
which can be animal and diet related, or relatethéophysical appearance and properties of
the ingested feed patrticles.

Physical Feed Characteristics. It has been widely accepted that the probabildy feed
particles to pass the reticulorumen via the retiearhasal orifice depends on their physical

characteristics, that is, on the time requiredettuce particle size (Welch, 1982) and increase
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Stable isotope labelled feed nutrients

particle density (Ehle et al., 1984). This lates thed to the notion for rumen passage being
based on a specific particle size (Poppi et aB0),9gravity (Hooper and Welch, 1985), and
effective particle density (buoyancy; Sutherlan€i3d). Fermentation gases upon microbial
feed degradation can influence the specific graoftyeed particles, e.g. by increasing their
buoyancy due to gas entrapment in feed particleth€gland, 1988) and, thereby, reduce their
probability of rumen escape. In contrast, densftgroall particles is higher due to poor gas
entrapment, which increases their probability ahem escape. This correlation observed
between feed particle size and density (SutherlaB88) suggests that neither particle size
nor particle density alone can fully explain FPRrtRermore, particle shape (Troelsen and
Campbell, 1968) and the physical location of feadiples within the rumen (Welsh, 1982;

Poppi et al., 2001) might be relevant as the pritibabf rumen escape was observed to be
lower for less compact particles or particles gl in the rumen fibrous matt, although
these mechanisms might be confounded with effetated to particle density.

Physical feed characteristics are not easily obtdé and include various separation
techniques based on wet- and dry-sieving (for gartsize determination) and particle
immersion in a solution with known specific graviffor particle density determination).
These techniques are laborious and often not stdiséd and difficult to operate (Kennedy,
2005). Measurable parameters which are consideesdsier to obtain are potential animal-
and diet-related factors, although this approachssociated to a loss of degree of detail in
studying the mechanisms involved in digesta passage
Animal and Diet-Related Factors. A central issue to differential passage behavaiueeds
is the feed intake level by the animal. Fractiopassage rates were observed to be higher
with increased feed intake, which itself dependstage of lactation (Robinson et al., 1987;
Tamminga et al., 1989a; Colucci et al., 1990),ctaéir contractions (Kennedy, 1985),
climatic factors (Kennedy et al., 1986) or charasties of the diet. Potential diet-related
factors can be attributed to the diet compositind quality, including forage type (Mulligan
et al., 2002; Lund et al., 2006; Bayat et al., d0Megetative forage part (e.g. stem-leaf
proportion; Poppi et al., 1981; Lamb et al., 20@@rcentrate proportion in the diet (Colucci
et al, 1990), and various forage and pasture mamagepractices, such as stage of maturity
(Bosch et al., 1992a; Rinne et al., 1997a), stdgegvowth (Bosch and Bruining, 1995; Bayat
et al., 2011), harvesting and forage conservatiantizes (Beauchemin and Buchanan-Smith;
1989; Kokkonen et al., 2000), and grazing time {@rai et al., 2008). Common feed
processing techniques (e.g. pelleting; Bernardl.etl898; de Vega et al., 1998) generally
increased FPR. Various feed additives and by-priofeeds (Owens and Goetsch, 1986;
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Chapter 2

Firkins, 1997) have been reported to be associaittdincreased FPR through improved diet

digestibility or through increased feed intake.

Stable Isotopes as Digesta Passage Markers

Stable Isotopes in Relation to Conventional Passad#arkers

Passage kinetics have been routinely derived frarken studies, in which a digesta marker
is administered at known concentrations and FR#&tisnated based on the marker dilution in
faeces or digesta collected at various segmentseirGIT. Frequently, these markers were
externally applied substances like various tramsitnetals, mainly chromium and rare earth
elements (e.g. ytterbium, lanthanum). These substaare not intrinsic to the feed and are,
therefore, either administered separately or bortdéded particles (e.g. mordants). Hence, it
can be hypothesised that such markers do not tetthec passage behaviour of the feed
particles or digesta phase they are associated. Wwittparticular, they may reduce the
digestibility of the feed particles they are asateil with by increasing their density (Udén et
al., 1980) and specific gravity. In addition, a fprential binding association of external
markers was observed, resulting in marker migratioparticles or rumen fluid not originally
labelled (Mader et al., 1984; Bernard and Dore@00%, or, if sprayed on feed, resulting in an
uneven marker distribution with a closer affinityrnaterial of smaller particle size (Siddons
et al., 1985).

Other techniques such as rumen evacuations or megasnts on digesta contents after
slaughter offer a direct measurement of FPR. Seachrniques involve the use of a marker
substance naturally present in the feed and tregrdatation of the rumen pool size to be able
to distinguish the marker from the bulk materiatadtional passage rates can then be
calculated from the flow of the respective marked &s rumen pool size (Robinson et al.,
1987) assumed to be constant. A constant rumenymome may be difficult to achieve,
particularly when animals are not continuously fédternatively, FPR may be estimated
using consecutive rumen evacuations, separateceligds of feed deprivation, assuming a
first order kinetics of particular markers (Taweelal., 2005). Such markers, conventionally
referred to as inert internal markers, are prefeweer external markers because they are
intrinsic to the feed and, hence, circumvent thieefent limitations of external markers.
Various indigestible inert components present gdfen low (e.g. lignin, acid-insoluble ash)

or in more abundant amounts (e.g. indigestibleejibvere commonly used. However, these
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techniques cannot distinguish between feed typss, laborious, invasive and frequent
sampling is difficult, prohibiting the assessmehparticle dynamics through the GIT.

The techniques described above provide informatiorthe specific particles of defined
characteristics (external markers) or of the erdtieg (inert markers upon rumen evacuation)
but do not describe passage of specific feed migiieAn alternative to such markers is the
use of distinctive internal markers, e.g. by labglifeed with dyes or specific isotopes. Dyed
feed did not gain much acceptance due to diffieslth quantitatively measuring the marker
substance in faeces (Udén et al., 1980). In cantiees analytical quantification of isotopes is
specific and sensitive, and was applied in earlyinant metabolic studies, e.g. to measure
the transfer of radioactive carbon isotopes fronisatopic labelled diet to volatile fatty acids
and microbial protein in the rumen (Alexander et H969b).

Restrictions on the use of radioactive isotopes lwaravoided by using stable isotopes,
which were applied to metabolic studies quantifythg transfer of stable carbon isotopes
from isotopic labelled feed to milk (Boutton et,&l988) and animal tissue (Richter et al.,
2012) of ruminants. Because these isotopes arerraslow quantities in feed, the isotopic
ratio needs to be increased in favour of the stéB@) or radioactive carbon isotop&()
relative to the main carbon isotop€Q) to distinguish the marker from the bulk material
Various procedures were described for ruminantitirtrstudies and include either switching
from a naturally low™C enriched diet based on; @lant species (e.g. ryegrass, lucerne,
wheat) to a naturally highéfC enriched diet based on, flant species like maize and some
tropical grass species (Sudekum et al., 1995; Spomer et al., 2003); or labelling the plant
material with isotopes above their respective ratalbundance. The latter procedure has been
described for harvested plants soaked in a radi@arstotope solution (Mayes et al., 1997) as
well as for growing plants labelled with radioaeti{&mith et al., 1963; Keith et al., 1963) and
stable isotopes (Svejcar et al., 1990). Applicaitm ruminant studies followed by labelling
growing plants in a closed system under field coodls (Svejcar et al., 1993; Pellikaan et al.,
2013) and under controlled conditions in a greesbdélexander et al., 1969a; Huhtanen and
Hristov, 2001). Only a few studies have so far reggb FPR based on stable isotopes and
reported values ranging from as low as 0.019/Hdarquality grass hay in small ruminants
(6°C; Sponheimer et al., 2003), 0.015-0.017/h and3-0235/h for grass silage in large
ruminants §-°C in the NDF and DM fraction, respectively; Pelbkaet al., 2013), up to
0.036/h and 0.044/h for lucerne hay and silageiigd ruminants3(°N in the NDF and ADF
fraction, respectively; Huhtanen and Hristov, 2001)

19



Chapter 2

Limitations and Opportunities of Stable Isotope Lalelled Nutrients as Digesta Passage

Markers

The extensive microbial fermentation of labellecedecomponents in the rumen was
considered a major constraint for the use of st#méopes as passage markers in earlier
studies (Udén et al., 1980; Siudekum et al., 199Ht&hen and Hristov, 2001) and it was
suggested to isolate an isotopic labelled but estiple feed fraction to abide to the ideal
marker condition of non-absorbability (Faichney739 However, the isotopic ratio (e.g. the
13¢c:12C ratio) may be constant between the moment of ena#iministration and moment of
collection time in the undigested faecal mattercdt¢ studies have shown that microbial
fermentation did not affect tHéC:*°C ratio in apparent undigested mateitavitro (Pellikaan

et al., 2013) anéh vivo (L.M.M. Ferreira et al., unpublished data), andttthe'*C:**C ratio
remained constant over time. Hence, digestion ef lbelled nutrient did not alter the
isotopic ratio and its FPR in those studies. Cautioust, however, be exercised if the
labelling procedure consists of pulse dosing oemel application of the isotopes (e.g. by
spraying techniques) as the isotope distributioh likiely not be uniform and“C might
disappear at a different rate th#& upon microbial fermentation. In contrast, intidasly
labelled material (e.g. by photosynthetic carboatope incorporation) circumvents the
problem of inhomogeneous isotope distribution (6@n et al., 1996; Ippel et al., 2004).

A further potential limitation of stable isotopeb#&dled nutrients is their potential
incorporation into and passage with the microbiahtass (Firkins et al., 1998; Pellikaan et
al., 2013). Microbial biomass in the faeces calmdafrom the number of intact faecal
bacteria can account up to 8 g carbon per kg fdelh(van Vliet et al., 2007) suggesting that
a potential marker migration may bias the estinmtb FPR to some extent although effects
appear to be minor. However, when damaged microbéérial (mainly originating from the
rumen) is included, simulations indicate that 1242df faecal C is microbially derived (van
Vliet et al., 2007) and this higher value is ofréfigance in FPR estimation. Determination of
8'3C in an indigestible fraction will circumvent thisoblem as none or negligible amounts of

microbial matter are analytically recovered.
Towards a Nutrient-Based Representation of Passagf@netics with Stable Isotopes

Isotopic labelled nutrients as passage markers tiféeopportunity to assess nutrient—specific
passage, in contrast to external markers correspgrid a specific rumen pool of similar

characteristics, or rumen evacuation studies litibethe use of strictly indigestible fractions.
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In Figure 1, typical small particle external maséchromium mordanted fibre; rare earth
elements) yielded a FPR (mean + SD) of 0.039 +2ZDf1and 0.053 + 0.0200/h for roughage
(n = 553) and concentrates £ 195), respectively (Seo et al., 2006a). IndigésNDF based
on rumen evacuation studies yielded a mean FPRO26Gt 0.0067/hr(= 172; Krizsan et al.,
2010a). Fractional passage rates for isotopic ledbeiutrients as internal markers in large
ruminants were 0.034 + 0.0080/h for DM £ 7) and 0.017 %= 0.0052/h for NDR € 7) in
roughage based on a limited dataset (Pellikaah,e2G13; Pellikaan, 2004; B. M. Tas et al.,
unpublished data).

external internal

0.12 1 1 . Vo . 1

0.10
2 008 - stable 1jotopes
= f \
&
= 0.06

_—

0.04 -— +

0.02 - _‘_

0.00

R C iNDF DM NDF

Figure 1. Mean ruminal fractional passage rates (FPR) estichfrom faecal marker excretion patterns foleatt
as reported in the literature. FPR and treatmemtn®é) are shown for external markers (Seo et al., 2p06a
roughage (Rn = 553) and concentrates (8;= 195); for indigestible fibre (iNDF) from rumervacuation
studies § = 172; Krizsan et al., 2010a); and for isotopethandry matter (DMn = 7) and fibre fraction (NDF

= 7) of roughage (Pellikaan, 2004; Pellikaan et2013; B. M. Tas et al., unpublished). Bars repnésneans of

FPR; whiskers represent respective minima and ne&xim

Up to now, FPR predictions largely rely on empiriequations based on body weight and
feed intake. Recently, fibre intake has been ifiedtias the main explanatory parameter for
rumen passage in two literature studies based terret markers (Cannas and Van Soest,
2000) or on internal marker following rumen evatua (Krizsan et al., 2010a). A more
mechanistic approach needs to account for bioltgicaportant variables determining FPR,
i.e. the physical attributes of feed particles (8eal., 2006b) and their dynamic changes in
the digestive tract (Dijkstra et al., 2007). Isatofabelled nutrients have the advantage of
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sharing the physical properties of the feed ingeste the animal, making them a valuable
tool to describe dynamic changes of the physicad feroperties.

The production of intrinsic labelled plant materiai passage studies can be constrained
by its costs and difficulties in producing unifosmlabelled material of a comparable
nutritional composition to that of the bulk dieto€Es of production of material are negligible
when the natural difference fiC abundance between diets is used but can be evasid
for plant material isotopically enriched above matabundance, depending on the desired
enrichment level and pulse dose size. Growing plain be labelledh vivo in flexible
isotope assimilation chambers on field but typicadloes not allow frequent labelling.
Continuousin vivo labelling in a greenhouse is possible and paditulinteresting for
producing highly and uniformly enriched plant matk(Gorissen et al., 1996; Ippel et al.,
2004). The nutrient composition of an isotopic lezediet might differ to some extent from
the bulk material although modern climate-contsaitope assimilation chambers allow real-
time simulation of the climatic conditions on field

Isotope analysis by mass spectrometry is sensitinee compound specific, allowing for
guantitative isotope determination in minor dietamymponents such as fatty acids and
alkanes (Bezabih et al., 2011a,b) by gas chromapbgr combustion isotope ratio mass
spectrometry (GC-C-IRMS). Alternatives to mass #jpecetry are available and often less
expensive, although sometimes less accurate forclaweentrations and specific for single
compounds, such as emission spectrometry 5f6N analyses and infrared absorption

spectroscopy fo3*°C analyses in gases.

Conclusions

Passage kinetics can be estimated by the use efatedigesta markers. In contrast to
conventionally used marker techniques, intrinsiablst isotope labelling offers the

opportunity to quantify nutrient-specific passageekics. Such information accommodates a
more mechanistic approach to quantify nutrient uppd model animal response in relation
to optimal animal performance, environmental padlutand animal health. Stable isotope
labelled nutrients are subjected to the same digestechanisms as the nutrients from the
ingested bulk feed, and can be regarded as pranisiological markers to investigate

nutrient passage in ruminants.
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Chapter 3

Abstract

Fractional passage rates form a fundamental elewithibh modern feed evaluation systems for
ruminants, but knowledge on feed-specific fractiomassage is largely lacking. Commonly
applied marker techniques based on externally eghphiarkers, such as chromium-mordanted
fibre (Cr-NDF), have been criticised for behavindfedently to feed particles. This study
describes the use of the carbon stable isotope fa6:**C) as an internal digesta marker to
quantify the fractional passage rate of concergrdteough the digestive tract of dairy cows.
In a crossover study, five dairy cows were fed I(®4.6%) and high (52.6%) levels of
concentrates (DM basis) and received a pulse dod¢DE and**C isotopes. The latter was
administered orally by exchanging part of the dietancentrates of lo&’C natural abundance
with a pulse dose of maize bran based concentoétieigh **C natural abundance. Fractional
passage rates from the rumi&n)(and from the large intestink4) were determined from faecal
marker concentrations of Cr-NDF ande€ in the dry matter{C-DM), NDF (*C-NDF) and
neutral detergent solublé®C-NDS). No differences i, estimates were found for the two
concentrate levels fed but significant differenbesveen markerd?(< 0.001) were observed.
Faecal Cr-NDF excretions gave lowi estimates (0.03D.039/h) than**C-DM (0.054-
0.056/h) and*C-NDF (0.0610.063/h). Thé*C-NDS was calculated by the difference- in

the DM and NDF, and; values (0.039.043/h) were comparable to Cr-NDF. Total mean
retention time (TMRT) was considerably higher farNDF (40.942.0 h) as compared tC-

DM and**C-NDF (32.033.5 h;P < 0.001). The accuracy of the curve fits for Cr-ND¥el &C-

DM and **C-NDF was overall good (mean prediction error ¢-83.9%). Fractional passage
rate of Cr-NDF was comparable to studies where riasker was assumed to represent the
fractional passage of roughages. Howevr,estimates based on tH&C:*°C ratio varied
considerably from studies based on external markaus results suggest that the use-cf
isotopes as digesta passage markers can providectemponent specifik; estimates for
concentrates and provides new insight into pas&agsics of NDF from technologically

treated compound feed.
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Passage of°C labelled concentrates

Introduction

Fractional passage of feed determines the time ifeedtained in the digestive tract. More
importantly, fractional passage specifies the aité extent of degradation of feed particles and
the efficiency of microbial protein synthesis (Rifla et al., 2007). Knowledge on fractional
passage rates is therefore essential to predicanimunt of volatile fatty acids (VFA) and
microbial protein synthesised in the rumen, whioh the major sources of absorbed energy
and protein, respectively. Protein supply and VHAdoction predictions were found to be
very sensitive to changes in fractional passagesr@annink et al., 1997; Seo et al., 2006b),
emphasising the need of an accurate estimatioractidnal passage of concentrates.

Accuracy of passage rate estimation can vary cerdidy with marker choice.
Predominantly, studies on passage dynamics havelogeatp external digesta markers
although their use has been criticised for thguresentativeness (Tamminga et al., 1989b;
Owens and Hanson, 1992; Pellikaan et al., 2013)oaimrast, internal markers would be
preferred as they undergo the same biological gsmseto which the feed fractions under
investigation are exposed to. Stable isotopes r@gept in low amounts in feedstuffs and can
be used as an internal marker. Differences in ahtiundance of the stable isotoff€
relative to the major carbon isotop®€, as occurs between carbon-fixating@d G plant
species (Boutton et al., 1988), can be used tardete fractional passage rates (Sudekum et
al., 1995; Sponheimer et al., 2003). Recent stufligher emphasised the advantages of
stable isotopes in estimating feed-specific frawlopassage rates (Huhtanen and Hristov,
2001; Pellikaan et al., 2013). In the latter stutff; labelled grass silage yielded lower
fractional rumen passage rates compared to thenaxtmarker chromium-mordanted fibre
(Cr-NDF), likely because the latter marker typigalksociates to the small indigestible rumen
particle pool (Bosch and Bruining, 1995). Such rearkliscrepancies were also reported
between Cr-NDF and the internal marker NDF follogvimmen evacuations (Robinson et al.,
1987). However, it is not known whether differenessong small-particle external markers
and internal markers persist for concentrates, hie typically provided as relatively fine
material.

Passage of feed particles has been found to beafesednimal specific (e.g. Colucci et al.,
1990; Lund et al., 2006, Ahvenjarvi et al., 2010j bffects of concentrate level in the diet on
passage of feed are less clear. For instance,dinattpassage of protein and starch in

roughage and concentrates are fixed in the Dutokejor evaluation system for ruminants,
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whereas that for NDF is estimated from the fraclddDF degradation rate (van Duinkerken
et al.,, 2011). However, fractional passage ratdoodges was found to increase with an
increasing concentrate proportion in the diet @gevf Offer and Dixon, 2000). Similarly,
fractional passage of concentrates was reportddctease from 0.050/h to 0.069/h when
concentrate levels increased from less than 20%o0up0% in the diet, whilst a further
increase in concentrate level up to 80% gave aedserin the fractional rate of passage to
0.034/h (Owens and Goetsch, 1986). Colucci et #9@) observed decreased fractional
rumen passage rates of a Cr-mordanted concentra@ mith increasing levels of
concentrates in the diet with this relationshipeateting strongly on feed intake. Ahvenjarvi et
al. (2010) further reported a significant effecttloé type of diet on fractional rumen passage
of forage but not on that of a concentrate meag¢thas the external marker lanthanum.

The aim of this study was to determine feed compbspecific fractional passage rates for
concentrates provided to dairy cows at low and Heglels. In this study, the principle of
higher'*C abundance in fplants as compared tg @lants was used. A shift iiC enrichment
was created by exchanging part of theéb@sal concentrates by a pulse dose,oh@ize bran in
the diet. Passage kinetics of concentrates wereghantified from changes in th&:**C-ratio

in different feed components in faeces.

Material and Methods

Animals, Diet and Experimental Design

The experiment was approved by the Institutionaimfeh Care and Use Committee of
Wageningen University and executed in accordande thie Dutch legislation on the use of
experimental animals. Six Holstein-Friesian daipws in their second to third lactation,
fitted with a permanent rumen cannula (10 cm gpe 1C, Bar Diamond, Parma, ID), were
individually housed in tie stalls. After an initiatlaptation period to the experimental diet, one
animal was excluded from the experiment due to iggériealth issues. At the onset of the
experiment, cows were 267 + 8 days in milk (meaB8EM), averaged 574 + 9 kg in body
weight and produced 14.6 + 0.96 kg milk/d. Animaézeived a basal diet (Table 1)
containing whole-plant silage and concentrates. M/ptant silage was prepared from ensiled
barley and grass silage as a 1:1 (w/w) mixture ralyct basis. Concentrates were prepared
from C; and G plant ingredients (60:40; w/w), selected to achiéaw natural level of*C
abundance (Table 1), and fed at two levels to nltancentrate levels of 230 g/kg DM (low

26



Passage of°C labelled concentrates

concentrate level; LC) and 520 g/kg DM (high coricate level; HC) in the diet.
Concentrates were provided on top of the roughagmsure that all concentrates were eaten.
Animals were paired based on parity and milk préidacand among pairs animals were
randomly assigned to receive either a LC or a H& dver two experimental periods in a
crossover design. Both experimental periods catsist an adaptation period of 15 days and
a measuring period of 5 days. Animals were fedethirees per day at 0615, 1415 and 2115 h.
Feed intake for all animals was restricted basetheranimal with the lowest individual feed
intake, thereby minimising feed residues and engueiqual concentrate and nutrient uptake.
Animals had constant access to water and mingfg& ( AkzoNobel). Animals were milked
twice daily at 0615 and 1645 h.

Markers

Fractional passage rates of carbon stable isotgf@$ and chromium-mordanted fibre (Cr-
NDF) were determined from their faecal excretiottgras following a pulse dose on day 16.
The™*C pulse dose consisted of 9.0 kg pelleted maize based concentrates (ground to 2.75
mm:; Table 1) fed to animals in two equal portiofise first**C portion (4.5 kg maize bran)
was administered orally at 0600 h and after 30 min-ingested pelleted maize bran was
quantitatively administered intra-ruminally via teannula. At the same moment, 90 g Cr-
NDF (45.9 g Cr/kg Cr-NDF; <0.5 mm) was pulse-dosetia-ruminally. Thereafter, the
second™C portion (4.5 kg maize bran) was administeredsidime way as described above.
Feeding time was postponed to 0700 h on the dgyulse dose administration. To ensure
equal concentrate uptake after adding additional fiivh the maize bran bulk to the rumen
DM pool through the maize bran pulse dose, the td@ig did not receive concentrates during
the morning and afternoon feeding, and the HC gdidmot receive concentrates during the
morning feeding. Rumen pH measurements were rdguéken over a 72-h cycle after pulse
dosing at faecal sampling times (18 measurementamenal) to have some indication of
rumen fermentation during passage kinetics measmem

Feed digestibility was determined by applying tbetmuous infusion method (Faichney,
1975), employing a continuous infusion of cobalytnediamine tetraacetic acid (Co-
EDTA) in the rumen. Starting at day 7, Co-EDTA @ d Co/d) was dissolved in 12 L water
and infused into the rumen at a constant rate I(thh The Cr-NDF and Co-EDTA were
prepared as described by Udén et al. (1980); Cr-N25 prepared from wheat straw,

thoroughly washed, dried and ground to pass a Orbsoreen.
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Table 1 Ingredients and chemical composition of the expental diet fed to dairy cows

ltert WpS Concentrates, Maize bran,
pelleted pelleted

Ingredients
Wheat — 54.1 —
Palm kernel expeller — 150.0 —
Sunflower seed — 126.2 —
Soybean hulls — 26.5 —
Coconut expeller — 175.0 —
Sugarbeet pulp — 200.0 —
Potato starch — 150.0 —
Phosphoric acid limestone — 7.6 —
Salt — 3.0 —
Mineralg — 7.5 —
Molasses — 100.0 100.0
Maize bran — — 900.0

Chemical composition
Dry matter (g/kg) 468 900 873
Organic matter 912 909 950
Crude protein 122 167 141
DVE® 50 100 78
OEP’ 20 9 -29
Neutral detergent fibre 463 287 373
Starch 124 172 255
Sugar 54 74 19
omMd (g/kgy 752 805 780
NE, (MJ/kg DM)® 6.0 7.0 7.3

Tg/kg dry matter, unless mentioned otherwise.

WPS = whole plant silage (1:1 mixture, w/w, of legrland grass silage); determined by near-infrared
spectroscopy (Blgg AgroXpertus, Wageningen, Thehbidands).

SIngredients and chemical composition determinedubh linear programming based on table values fEMB
(2000).

“Mineral premix on basis of limestone, Mervit Runeh&l, Pre-Mervo, Utrecht, The Netherlands.

°DVE = intestinal digestible protein; OEB = rumengdaded protein balance; OMd = organic matter
digestibility; all units in the Dutch protein evation system (van Duinkerken et al., 2011).

’NE, = net energy lactation (calculated as describedanyEs, 1975).

Measurements and Chemical Analyses

Milk samples were taken twice daily during the meament period and pooled per day. Milk
composition was analysed by mid-infrared spectmogcand pooled per animal over each
sampling period (Milk Control Station, Zutphen, TiHetherlands).

Feed residues were collected daily before the mgriféeding, oven-dried at 70°C and
ground over a hammer mill to pass a 1-mm screeppiRk 100 AN, Olst, The Netherlands).

Feed samples and residues were pooled per anirealeach sampling period. Contents of
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DM and ash were determined gravimetrically aftdr drying in a forced air stove at 103°C
(ISO 6496) and after incineration for 3 h in an v 550°C (ISO 5984), respectively.
Nitrogen was determined using the Kjeldahl methaith wopper(ll) sulfate as catalyst (ISO
5983) and CP was calculated as 6.25 x N. Starclecbrvas determined enzymatically
according to the method of Brunt et al. (1998). A neutral detergent fibore (NDF) was
determined by a modified method of Van Soest ef{(£091) with the use of heat stable
amylase but without sodium sulphite (ISO 16472).

Directly after administration of markers into thenren, 20 spot samples of faeces were
collected after defecation in sampling blocks afeéh hours each to determine fractional
passage rates. Faecal samples were collectedragavimes t 0, 4, 5, 7, 9, 11, 13, 16, 17,
20, 23, 31, 35, 41, 48, 53, 60, 72, 83, 99 h gitdse dose administration. For an optimal
curve fit, the interval between collection timesridg the first 24 h after pulse dose
administration were shortened such to ensure tiffitient data points were obtained before
the anticipated marker peak concentrations timecé&s were weighed, homogenised and a
representative sample (300 g) taken. Samples weredsat —20°C, freeze-dried, ground (<1
mm; Peppink 100 AN, Olst, The Netherlands) andestoat 4°C pending analyses. Feed
digestibility was determined by collecting faecesampling blocks of three hours each over
three sampling days, thereby covering a 24-h pesdidch was representative for an entire
feeding cycle. Samples were processed as desaiimab.

Faecal marker excretion patterns were establisbedCf-NDF and for**C in the DM
fraction (*C-DM), NDF fraction t*C-NDF) and neutral detergent soluble fractibiC¢(NDS).

All fractions, including Cr and Co concentrationgere analysed as described in detail by
Pellikaan et al. (2013). The NDS fraction was aiedi by calculating the difference between
the DM and NDF. The relativ€C-enrichment is expressed as 1f@:**C ratio in the samples
relative to the*3C:*?C ratio of the international Vienna Pee Dee Belgenstandard. After

correction for natura®C abundance, faecal excretion patterns of eXc€swere established.
Curve Fitting and Statistical Analyses

Fractional passage rates were derived from faeaakton patterns of*C-DM, **C-NDF,

13C-NDS and Cr-NDF, fitted iteratively with non-lineeompartmental models. These models
were two-compartmental models with progressiveghkr orders of age dependency (GnG1;
Matis, 1972) and a multicompartmental age-indepenhd®del (Dhanoa et al., 1985). Model
accuracy was assessed by comparing observed ttprbdnarker concentrations using the

root mean square prediction error, which was deas®g into errors due to overall bias of
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prediction, errors due to deviation of the regm@ssslope from unity, and errors due to
random variation (Bibby and Toutenberg, 1977), andled to the observed mean (mean
prediction error, MPE).

The multicompartmental model gave overall the liiédietween observed and predicted
faecal marker concentrations as shown by its IovEMP3.3 + 0.85% across markers) and
high coefficient of determinatiorR{ = 0.977 across markers), and all 40 curves conderge
The higher-order GnG1 (n = 3-5) models had ovéiigher MPE values (ranging from 26.7
+ 1.50% for the G3G1 model to 19.9 + 1.09% for B&G1 model), a loweR (ranging from
0.915 for the G3G1l model to 0.953 for the G5G1 mjodad curves had a poorer
convergence ranging from a total of eight non-coged curves (G3G1) to one non-
converged curve (G5G1). The multicompartmental rheges therefore selected as the most

suitable model to derive passage kinetics in thidysand was defined as (Eq. 1):
Co= Axe¥Xtx exp[—(N —2) x e K= Ki)xt] 1]

whereC; denotes the faecal marker concentration at tihéh); t is the average time span of
collection after marker administratiod; andK, (/h) refer to the fractional rate constants for
the compartment with the longest (reticulorumenrg e second longest retention time (large
intestine) in the digestive tract, respectivélyrefers to the model-derived number of mixing
compartments; and forms a scalable parameter dependenKgrK, andN. Before curve
fitting, faecal marker concentrations were scatethe marker peak concentration, following
the procedure of Sponheimer et al. (2003). Cuttiedi was performed using non-linear least
squares regression procedures of SAS (version®agy, NC) based on the least square
Levenberg-Marquardt algorithm. Initial values fdret iterative procedure were obtained
through a grid search and curve fits were normedlyed after 6 to 10 iterations.

Transit time (TT) and moment of peak concentrati®CT) were derived from the
estimated parameters based on Eq. 1 as describddhégoa et al. (1985). Total mean
retention time (TMRT) in the gastro-intestinal tragas calculated as the sum of the
reciprocals 0oK; andK ; including retention times associated to the reimgicompartments
(assumed to be TT).

All model parameters were log transformed by takithg natural logarithm due to
asymmetrical distribution patterns of residuals.gitansformed values were tested by
analyses of variance as a split plot with a crossavrangement of treatments for main plots
with mixed model procedures of SAS (version 9.2yCBIC), according to the model (Eq. 2):
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Yijkm:p+Ai+H+Dk+(AXPxD)k+Mm+(DXM)km+€ijkm [2]

where Yjm is the dependent variable; is the overall mean; /Aanimal effect;i = 5), R
(period effectj = 2), and IR (effect for concentrate level in the di&tz 2) represent effects
related to the main plots; M(marker effectym = 4), and the interaction term (D x M)
represent effects related to the subplots. Maity@dables were tested against the interaction
term (A x P x D) and subplot variables were tested against theepa@isidual error€{m).
Covariance parameters were estimated using theéuadsimaximum likelihood (REML)
method and denominator degrees of freedom (DDFMgwstimated using the Satterthwaite
approximation. Differences between marker typesevassessed using orthogonal contrasts.
Tables show back-transformed values (geometric g)edihe standard error of the mean
(SEM) was calculated by multiplying the log-tramsfied SEM by its geometric mean.
Animal performance data were statistically analyasdcrossover arrangement of treatments

as outlined in Eq. 2 but omitting subplots for nmarkffects.

Results

Feed Intake and Animal Performance

Feed intake, digestibility and milk production data given in Table 2. Passage kinetics were
studied for diets fed to dairy cows at low levdl€) and high levels (HC) of concentrates.
The final concentrate intake levels on DM basisenef kg/d (24.6% of total DM intake) for
LC diets and 9.2 kg/d (52.6%) for HC diets. Animaseiving an HC diet realised a slightly
higher daily DM intake (17.5 kg DM/d) compared tetLC fed group (16.4 kg DM/® =
0.057). The difference in DM intake was mainly doetwo animals in the LC treatment
group that had somewhat higher feed residues (20323 kg product per day) after pulse
dosing maize bran than during other days. Howe¥eed residues did not include
concentrates as these were provided on top obtighage. Intake of crude protein and starch
were higher with HC dietsP( = 0.003), and intake of NDF tended to diffé € 0.089)
between diets. Dry matter digestibility was 3%-arhitgher P = 0.021) for HC than LC diets
whereas NDF digestibility remained similar acrassitments.

Fat and protein corrected milk (FPCM) productionded to be higher (2.0 kg/®, =
0.068) for animals fed a HC diet. Milk fat and ot concentrations were highdt € 0.011
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andP = 0.033, respectively) in the HC group, resultingg@mewhat higher absolute fat and

protein yields for the HC grouf(= 0.043 and® = 0.057, respectively).

Table 2. Animal performance of dairy cows fed a mixturewdfole plant barley and grass silage at low levels

(LC) and high levels of concentrates (HC) in thet di

P-value
Item LC HC SEM
Cow Period Diet
Intake
Concentrates (kg/d) 4.0 9.2 0.03 0.395 0.634 <0.001
Concentrate allowance (%6) 24.6 52.6 0.49 0.839 0.724 <0.001
Dry matter (kg/d) 16.4 175 0.25 0.360 0.557 0.057
Organic matter (kg/d) 15.0 15.9 0.23 0.370 0.498 060.
Crude protein (g/d) 2180 2537 30 0.362 0.504 0.003
Neutral detergent fibre (g/d) 6901 6472 121 0.401 .530 0.089
Starch (g/d) 2226 2602 30 0.363 0.504 0.003
Digestibility
Dry matter (g/kg) 626 657 4.7 0.395 0.037 0.021
Neutral detergent fibre (g/kg) 572 585 7.4 0.149 108. 0.304
Milk yield and composition
Milk (kg/d) 13.1 14.3 0.41 0.044 0.282 0.142
FPCM (kg/d} 14.7 16.7 0.50 0.037 0.524 0.068
Fat (g/kg) 48.3 52.4 0.50 0.003 0.035 0.011
Protein (g/kg) 374 385 0.21 0.003 0.016 0.033
Lactose (g/kg) 41.7 42.8 0.32 0.004 0.038 0.087
Fat (g/d) 637 745 22.3 0.022 0.732 0.043
Protein (g/d) 489 546 131 0.029 0.529 0.057

19 of total dry matter intake.

2FPCM: fat and protein corrected milk.

Passage Kinetics

Fractional passage rates were estimated’®DM, **C-NDF, **C-NDS and Cr-NDF based

on faecal marker excretion curves following a pulese of maize bran and Cr-NDF into the

rumen. Among markers, the mean prediction error EM®as highest fof*C-NDS (17.8
21.3%;P < 0.001) but comparable between Cr-NDF &@DM and**C-NDF (9.9-13.9%;

results not shown). The largest proportion of theBvivas due to random variation (94.6%)
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and only a minor part was explained by an erraheoverall mean (2.7%) or regression bias
(2.8%) (results not shown).

Concentrate level in the diet did not affect anydeldfit parameter. On the other hand,
marker choice affected fractional passage rates fiee reticulorumenK; P < 0.001) and
from the large intestineKg; P = 0.003) (Table 3). Thé“C-DM and “*C-NDF gave
considerably higheK; estimates tha®C-NDS and Cr-NDF R < 0.001). In contrastks
estimates were lower when measured Wi@*DM and'*C-NDF than'*C-NDS and Cr-NDF
(P = 0.001). Model parametefsandN as estimated by the multicompartmental model were
on average 3.3 (SEM 0.5& < 0.001) and 70 (SEM 16.®® < 0.001) across markers,
respectively (results not shown).

Marker peak concentration time (PCT) and markersitaime (TT) were not significantly
different among markers and among diets (TableTBg total mean retention time in the
gastro-intestinal tract (TMRT) was therefore higlriable among marker® (< 0.001) and
was on average 8.2 h longer for Cr-NDF than'f@-DM and**C-NDF. Among**C marked
feed components tHEC-NDS had the highest TMRT (on average, 3.5 h Ionge

Mean rumen pH values of 180 measurements taken7@/bours after pulse dosing maize
bran were 6.66 (SD 0.37) for the LC diet and 6.8D (.38) for the HC diet. No effect of
concentrate level in the diet on pH was observealrsi below pH 6.2, the critical level for
depression of fibrolytic bacteria activity (Mould &., 1983), were on average 2.6 (SD 1.61)
for the LC diet and 3.3 (SD 1.84) for the HC diet @2 h. It can be therefore assumed that

the maize bran pulse dose did not adversely aftesen fermentation kinetics.

Discussion

Accuracy of Curve Fits

The present study quantifies fractional passagss fadised on the faecal excretion patterns of
Cr-NDF and®C isotopes in the DM, NDF and NDS fractions. The@rapch used in this
study is a relatively inexpensive marker technitpeletermine digesta passage kinetics in
dairy cows. By switching from £concentrates to Jzoncentrates with a different natutic
enrichment level, the often laborious and expengveparation of external markers or

isotopic labelled plant material above natural @mrmient can be evaded.
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Costs of the latter techniques can be high, paatigufor large ruminants requiring an
accordingly large marker dosage. However, the ambraised in this study is only suitable
for testing comparable diets with a sufficientlyge difference in their natural carbon isotope
enrichment.

Passage kinetics of Cr-NDF from wheat straw wasehas a point of reference as it has
been widely used in passage studies. Differencenadrker type material and preparation,
especially with regard to particle size and denaitgl possible migration of particulate marker
to particles not originally labelled, may influenge constants (Owens and Hanson, 1992).
These limitations need to be considered in passagkes using different types of markers as
well as when rate constants among studies are gethpRassage kinetics biC isotopes
were determined from the specific carbon isotopie (3°C:'°C ratio) at several time intervals
after marker dosage. Pellikaan et al. (2013) shalatithe™C:'°C ratio did not change with
fermentative degradation in the rumen and, theeefcan be used to assess feed specific and
feed component specific passage kinetics.

A pulse dose of naturally enrich&tC feed source maize bran was offered orally and non
ingested portions were injected into the rumen. ift@-ruminally administered dose was on
average 1.98 kg product (SEM 0.57) or 22% of thel toulse-dosed maize bran. Although
this relatively minor part of the maize bran wag sobject to the normal chewing during
eating, this is not expected to significantly affpassage behaviour of maize bran since the
bran was pelleted. The total pulse dose time was®@rage 94 min (SEM 9). Marker
excretion curves for individual animals and mark@fgure 1) were characterised by a
sharply ascending curve phase, a distinct peakOah after marker dosage and a slowly
descending curve phase. Marker excretion patteers somparable to studies in dairy cattle
in which a **C pulse dose was mixed with previously fully evaedarumen content
(Pellikaan et al., 2013). The different routes afrker administration need to be considered
when comparing markers. Compared to intra-ruminaarker administration, oral
administration might slow down the marker accumaiain the rumen and markers might
require more mixing time before reaching the respe@eak concentration, thereby affecting
the shape of the curve peak. Figure 1 suggest#tisaivas not the case in the present study as
pelleted maize bran of fine particle size was used.

The mean prediction error (MPE) provides the goedra fit of the model describing the
observed faecal marker excretion patterns. Accurdcgurve fits was similar among the
markers Cr-NDF,*C-DM and *C-NDF with rather low MPE values of 818.9%.
Somewhat higher MPE values were obtained fi@-NDS (17.821.3%). The latter was
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calculated as the difference betwé&d concentration in the DM and NDF, which may have
contributed to the larger MPE values bfC-NDS since any measurement errors may
accumulate in th&C-NDS fraction.

100
80
60 |
40

20

Marker concentration (%)

time (h) time (h)

Figure 1. Faecal mean marker concentrations relative torthekker peak concentration with model fits in dairy
cows fed a diet with low (LC) and high levels (H&)concentrates for chromium-mordanted NDF (Cr-NIaF;
and*C labelled NDF ’C-NDF; A).

Passage Kinetics of Concentrates

Fractional passage rates were derived from faecatken excretion patterns for the
compartment with the longesK{ reticulorumen) and second longest retention t{ikg
large intestine). Estimates f&; based on Cr-NDF are in the range of rate constapirted
by Colucci et al. (1990) for dairy cows fed a lumbased diet at maintenance level and
receiving comparable levels of concentrates. Tleepnted fractional passage rates of 0.046/h
and 0.031/h for inclusion levels of 20% and 45%cemtrates in the diet, respectively. For
animals fed ad libitum at a comparable feed intakeén our study, rumen fractional passage
was more than doubled (on average, 0.083/h) ansidEnably higher than our observid
estimates. Colucci et al. (1990) used Cr-mordargegbean meal as compared to Cr-
mordanted wheat straw in our study. Possible diffee in particle size, shape and density,
especially when compared to the ingest&@maize bran, might explain some of the observed
discrepancies in fractional passage rates.

In the present study, tH&C markers were introduced by replacing part ofdbecentrates
with maize bran originating from arbon fixating plants, which have a higher ndtti@

enrichment than the concentrates originating frognpfants. The cell wall fractions=C-
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NDF) of the maize bran passed out quicker fromr#teulo-rumen than Cr-NDF and non-
cell wall fractions ¥C-NDS) and slightly quicker thaffC-DM, which is in contrast to
passage studies on grass silages (Pellikaan €20413). In contrast t&;, estimates for K
were higher for Cr-NDF thaffC-DM and**C-NDF. This is in disagreement to findings on
roughages using similar markers (Pellikaan e&ll13) as well as to findings on concentrates
using external markers (Collucci et al., 1990). Sehelifferences may partly result from a
differential passage behaviour of fibres origingtiftom different feed source, although
possible differences in particle size and densétiwien Cr-NDF and®C-NDF originating
from ingested maize bran pellets might be confougdctors in the present study.

As to the lowerK; estimates for'*C-DM as compared td*C-NDF in the present
concentrate diets, a contribution '8€ loaded microbial biomass in the rumen to faeddl D
cannot be excluded. Rumen bacteria might incorposame of thé*C added to the rumen
DM and NDS pool and eventually exit the reticuloren at different flow rates depending on
the digesta phase they are associated with. Fortirer Brito et al. (2006) observed different
isotopic enrichment levels for liquid- and solidsasiated bacteria, with the latter being lower
enriched in*N isotopes. If the same can be assumed®@risotopes, thi¢>C recycling by
rumen bacteria in combination with a differentidspage of the rumen bacteria and a
potentially substantial contribution of microbialbinass in faeces (van Vliet et al., 2007),
might influence théC:*°C ratio in the faecal DM to some degree. In contressage ofC-
NDF will not be affected by microbidfC recycling as shown by Pellikaan et al. (2013) as
NDF is not part of microbial matter. Future restastiould address the potential effect of
bacterial incorporation of isotopes on their passkigetics; for instance, by quantifying the
faecal bacterial biomass in dairy cows fed simdancentrate levels, or by assessing the
passage behaviour of labelled plant componentsh sag cuticular alkanes which are
components typically not degraded in the rumen lamavn to associate well to the rumen
particulate DM pool (Mayes et al., 1997).

Estimates of TMRT of Cr-NDF for our concentrate tahe (40.9 and 42.0 h for LC and
HC, respectively) were comparable to Cr-mordantsdbean meal for dairy cows of a similar
DM intake and fed concentrate levels similar to b@ and HC treatment (Colucci et al.,
1990; 35.0-35.9 h). Ahvenjarvi et al. (2010) thougported a considerably lower TMRT of
24.7 h for lanthanum labelled rapeseed meal faydaws of a similar DM intake fed 40%
concentrates in silage-based diets. The internakens*C-DM and**C-NDF had a lower
TMRT than the external marker Cr-NDF. In generhb TMRT of the'*C markers were

considerably lower for maize bran in the preseadstcompared to roughage from previous
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13C passage studies: on average, TMRT for maize Wwean31 h faster than grass silage and
40 h faster than fresh grass (Pellikaan, 2004). él®ny TMRT of Cr-NDF was comparable
throughout all passage studies cited despite qtigbt contrasts of the diets used. These
results suggest that Cr-NDF is less sensitive étady changes thaliC This is in line with
Bosch and Bruining (1995) who concluded that Cr-Ngp&und to 0.21.0 mm associates to
the small indigestible rumen particle pool and banconsidered to be only representative of
that specific pool. In contrast:C isotopes, incorporated as natural components! iplant
components, represent the entire fraction in whitgly are analytically recovered and better
suitable to measure differences between diets.

Levels of concentrates in the diet (24.6%% 52.5% concentrate proportion) did not
influence fractional passage rates and kinetiaoatentrates. Our findings agree with studies
on ruminants based on external markers. Coluccalef1990) found no differences of
fractional passage rates and total mean reterittendf Cr-mordanted soybean meal particles
between 20 and 45% concentrates in the diet, cabfgato our LC and HC treatments, for
animals fed comparable amounts of DM. Poore ef18190) confirmed these findings with
rare earth element labelled sorghum grain in stemeiving concentrate levels comparable to
our LC and HC treatments. They reported fractionalen passage rates of 0.053 and 0.051/h
for 30 and 60% concentrate diets, respectively.cdntrast to the absence of effect of
concentrate level on fractional passage rate, ragghcharacteristics may well affect
fractional passage rate. Ahvenjarvi et al. (201tHeoved no differences in fractional passage
rates of lanthanum labelled rapeseed meal for deinys receiving a 40% concentrate
allowance. They reported rumen fractional passagesrfor rapeseed meal ranging from
0.057 to 0.061/nh for different silages that werepared either from early or late cut grass, or
red clover, or whole barley. These results sugtdtpassage of concentrates is considerably
less sensitive to changes in diet than forage dowydows with high feed intake. Furthermore,
passage kinetics based B8-NDF across studies suggest that fibres showferelift passage
behaviour depending on the feed source. Hence, $eatte and feed component specific
fractional passage rate constants determined watlesisotopes might considerably enhance
the accuracy of effective fibre degradability.

Isotope determined passage of fibres across stadgggest that is possible to discriminate
between fibres from roughage and fibres from tetdgically treated compound feed. Further
research based on isotope labelled cell wallsgeiletermined as fibre fractions of common
gravimetric fibre analysis methods or preferably &®lated individual structural

polysaccharides will provide a better understandifighe differential passage behaviour of
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fibres from different feed sources. The use of Istafotopes as a digesta passage marker
should be further developed to analytically deteenihe fractional passage of the non-cell

wall components, in particular starch and proteactions.

Conclusions

Fractional rumen passage rates of concentratesminegsl with the external marker Cr-NDF
were lower as compared with the internal mafk€rmeasured both in the DM or in the NDF.
An increase in the concentrate proportion from 24.62.6% did not influence fractional
passage rates in the digestive tract of dairy c@us.results suggest that stable isotopes can
estimate feed component specific fractional passafes of concentrates providing new

insight into fractional passage of concentratesoaspared to when external markers are used.
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Chapter 4

Abstract

Fractional passage rates form a fundamental elemigmin modern feed evaluation systems
for ruminants but knowledge on feed type and feechgonent specific passage rates are
largely lacking. This study describes the use abea stable isotopes™C) to assess
component specific passage kinetics of six intcaiyy °C labelled maize silages varying in
quality (two cultivars x three maturity stageski® x 6 Latin square design using six rumen-
fistulated lactating dairy cows. An increase in uny increased starch and decreased neutral
detergent fibre and acid detergent fibre contentmafize silages. Passage kinetics were
assessed for an external (chromium mordanted fibréyDF) and an internal markel*C
isotopes) collected in faeces and omasal digestee Best fit was obtained with a
deterministic multicompartmental model comparedtmchastic @ and GiG1 models with
increasing order of age dependenny=(1-5) for both sampling sites. The Cr-NDF marker
yielded higher rumen fractional passage rate3 than*C in the dry matter{C-DM) in
faeces (0.042/ks 0.023/h). Omasal marker excretion patterns sugperconclusions based
on conventional faecal marker excretions. Compospetific passage was assessed for the
acid detergent fibre’{C-ADF) in faeces and for starch®C-ST) in omasal digesta. The
fractional passage rate based on faé@DM and**C-ADF did not differ. Omasal’C-ST
provided higherK; values (0.042/h) than omasHC-DM (0.034/h) but lower values than
omasal Cr-NDF (0.051/h). Fractional passage rates fthe proximal colon-caecuni)
based on faecal marker concentrations showed timdar toK;, with Cr-NDF providing a
value (0.425/h) more than twice as high than that*6-DM (0.179/h) and“*C-ADF
(0.128/h). Total mean retention time in the gastastinal tract was approximately double for
3C-DM (64.1 h) and*C-ADF (77.6 h) than for Cr-NDF (36.4 h). Maize si¢taquality did not
affect any of the estimated passage kinetic paensiefractionain situ degradation rates did
not differ among maize silages, except for a degedractional degradation rate of starch
with advancing maturity. Results suggest that igettabelling allows to assess component

specific passage kinetics of carbohydrate fractiomeaize silage.
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Introduction

The competition between the processes of degradatid passage in the rumen has a major
impact on digestibility of nutrients (Faichney, D9&llen and Mertens, 1988) and, therefore,
on the formation of volatile fatty acids (VFA) andcrobial protein, the cow’s major sources of
absorbed energy and protein, respectively. Here ptotein supply to the animal largely
depends on the balance between fractional degoadaitid fractional passage rates and is feed
specific (Robinson et al., 1986). The fractionagzaye rate determines the time feed is retained
in the gastrointestinal tract and is a major deiigimg factor of the site and extent of
degradation as well as efficiency of microbial piotsynthesis (Dijkstra et al., 2007).

Rumen degradation has been assessed for a wide santaize silage qualities (De Boever
et al., 2002) and rumen escape starch was noedelatchemical composition or maturity. In
contrast, Philippeau and Michalet-Doreau (1997prepl starch degradation rates to decrease
with increasing maize maturity due to a concomiiaotease in grain vitreousness, although
this decrease with increased vitreousness may deperparticle size of maize kernels (van
Zwieten et al., 2008). Maize silage is commonly fedlairy cows in intensive dairy systems,
but quantitative information on fractional passagie of maize silage is limited. In the Dutch
protein evaluation system for ruminants a fixedtfmnal passage rate of protein and starch for
forage is assumed independent of type of foragefaradje quality, whereas the fractional
passage rate constant for neutral detergent fibestimated from its fractional degradation rate
(van Duinkerken et al., 2011). Rumen passage afjfs has been reported to depend on forage
type (Lund et al., 2006) and to increase with iasiieg maturity of the grass silage (Rinne et al.,
1997a).

Fractional passage rates have been traditiondilpa®d using external markers collected
in faeces or in digesta from intestinally cannudagmimals. External markers can describe
passage kinetics of a specific rumen particle pa®khown by Bosch and Bruining (1995) for
chromium mordanted fibre (Cr-NDF), but do not pd®/icomponent specific fractional
passage rates. Stable isotopes have been promos#draal markers to study rumen passage
rates in ruminants (Sudekum et al. 1995; Huhtameh Hristov, 2001; Sponheimer et al.,
2003), and recently carbon isotopéiC(°C ratio) were shown to be suitable to determine
component specific fractional passage rates f@esgsdages (Pellikaan et al., 2013).

The aim of this study was to estimate feed compbogpecific fractional passage kinetics

of two cultivars of maize silage, harvested at ¢hrmaturity stages, through the
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gastrointestinal tract of dairy cows. Maize silagesre intrinsically labelled witH*C by
growing the maize plants under continuous elevate&, conditions. In addition to the
external marker Cr-NDFC isotopes were used as internal markers to spaltjfiassess
component specific passage kinetics for starchamid detergent fibre based on thHe:**C

ratio in glucose in omasal digesta and acid deteifij@e in faeces, respectively.

Materials and Methods

Animals and Diet

All experimental procedures were approved by thstititional Animal Care and Use
Committee of Wageningen University (Wageningen, Netherlands) and carried out under
the Dutch Law on Animal Experimentation. Six mutipus Holstein-Friesian dairy cows in
their second to fourth lactation, fitted with a @nent rumen cannula (10 cm i.d., Type 1C,
Bar Diamond Inc., Parma, ID), were individually lsed in tie stalls. At the start of the
experiment, cows were 53 + 11 DIM (mean + SD), aged 571 + 66 kg in bodyweight and
produced 39.1 + 4.9 kg milk/d. Animals were fedbtal mixed ration consisting of 625 g/kg
DM roughage (a 1:1 mixture of maize silage and gsilage on DM basis) and 375 g/kg DM
compound feed (Table 1). The compound feed ingnéslieriginated from cool season C
plants to keep background level B€ enrichment low and similar to that of the natural
enrichment level of the grass silage mixed in tkpeeémental diet. Maize silages were
prepared from two maize cultivars, each harvestatirae maturity stages (Table 1). Maize
cultivars were Aastar (Limagrain Advanta BV, RilthnThe Netherlands) and Baleric
(Syngenta Seed, Merelbeke, Belgium). Maturity stagere set to obtain a target DM content
between 26@80 g/kg (early), 32B40 g/kg (mid) and 38@00 g/kg (late). Maize plants
were sown on the®1of May 2009 on sandy soil at Unifarm, Wageningene Netherlands,
and were harvested with a precision chop harvekteng early September to early October
2009, and ensiled in sealed 30 kg bales.

Maize silage treatments were randomly distributeer six animals and six experimental
periods according to a Latin square design with 2 factorial arrangement of treatments.
Each experimental period lasted 21 d starting &itt? d adaptation period to the diet. From
day 9 onwards, animals were fed 95% of the indiaidDM intake measured during the
preceding adaptation period to minimize feed rdfuslaring the measuring days. Animals

received their daily rations in two equal meal€@00 and 1700 h. The diet was prepared
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twice weekly and stored in a cooling unit at 8°Gnfr April onwards. Feed samples were
collected each time the diet was prepared. Feadues were collected daily before the
morning feeding. Feed samples and residues weregper animal over each experimental
period. Animals were milked twice daily during fémgl times and milk samples were
collected from day 13 through 21. Feed intake aiill yireld determined from day 13 through

21 of each experimental period were averaged p@rgtor statistical analysis.

Table 1. Chemical composition of two maize silage culté/aarvested at three maturity stages, grass silage

compound feed

Aastar Baleric Grass Compound
Item - - .
early mid late early mid late  silag€ feed

Growing day$ 124 139 152 125 140 154 — —
DM content, g/kg 285 330 375 270 345 402 617 873
Chemical compositidn

Organic matter 956 963 964 950 954 960 907 952

Crude protein 87 81 78 83 78 76 207 253

Starch 286 375 426 295 368 400 — 216

NDF 410 357 341 407 376 361 485 248

ADF 229 197 188 234 208 198 254 158

DVE? 59 62 65 57 63 64 86 163

OEB? -34 -45 -49 -36 -47 -50 56 8

omD? 0.77 0.79 0.79 0.75 0.77 0.78 0.80 0.71

NE,, MJ/kg DM 6.8 7.1 7.1 6.6 6.8 6.9 6.7 7.0

Tinterval in days from sowing to harvest date ofzeaiilage.
2Chemical composition: NDF = ash free amylase-taeateutral detergent fibre; ADF = ash free acid dget

fibre; DVE = intestinal digestible protein; OEB mmen degraded protein balance; OMD = organic matter
digestibility coefficient; NE = net energy lactatioialues expressed as means in g/kg DM, unless ggxcif
otherwise, of six experimental periods (starchdeiermined for grass silage).

Svalues determined by near-infrared spectroscopygBigroXpertus, Wageningen, The Netherlands).

“Based on table values from CVB (2007); ingrediefifkg DM): wheat (54.1), sunflower seeds (126.2),
soybean hulls (26.5), palm kernel expeller (150d@ybeans (100.0), sugar beet pulp (100.0), patatach
(200.0), MervoBest rumen-protected soybean med.(M2phosphoric acid limestone (7.6), salt (3biperal

premix (7.5).

Marker Preparation

Chromium mordanted fibre (Cr-NDF) and the stabledpe of carbon{C) were used as
external and internal passage markers, respectiVély Cr-NDF was prepared as described
by Udén et al. (1980) from wheat straw, dried araligd to pass a 0.5-mm screen. H@
markers were prepared as intrinsically labelledzeailage as described above for the field

maize silage (two maize cultivars x three matusitgges) under greenhouse conditions as
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applied by Huhtanen and Hristov (2001). Maize seeele sown in hermetically sealed and
climate-controlled assimilation chambers, spedificalesigned to enable homogeneous
atmospheric isotope labelling of herbage resultmgniformly labelled plants (Gorissen et
al., 1996). Maize plants were continuously enricheder high levels 0fCO, (released from
3C-bicarbonate) from plant emergence onwards by ifeolBV, Wageningen, The
Netherlands. Growing maize plants were exposedotdirtuous moderate ventilation by a
rotating fan to resemble wind-induced mechaniaakst of field plants (Biddington, 1986). At
harvest, the DM contents of the labelled maize tglamere within the targeted range as
described above for the field maize plants. Kermadse gently broken using a mortar pestle
to simulate kernel bruising of harvested field neaptants, and stems and leaves cut with a
paper cutter into pieces of 1 cm. The collectedzemalant portions were placed inside several
bags of larger mashed grit gauze (pore size 212RAx4, Sefar Nytal, Heiden, Switzerland)
and distributed over silage bales to be ensile@ttay with field maize plants. After an 8-
week ensiling period, thEC labelled marker material was removed and stote€2@°C in

sealed plastic bags.
Marker Administration, Sampling and Measurements

Marker Administration. On day 13, animals received a ruminal pulse désmmwesponding
3¢ labelled maize silage (30 g DM) and Cr-NDF (10@%9 g Cr/kg Cr-NDF). Pulse dosing
started at 0600 h with cow 1 and continued afteméarval of 30 min for each consecutive
animal. The mean degree of atom percentd@gAt%"C) as a proportion of total carbon in
the DM of the labelled maize silage ranged betw&éB and 12.36 At95C for the different
treatmentsr{ = 6) whereas the natural level of enrichment efudhlabelled maize silage was
1.10 At9%3C (SD = 0.002). Prior to pulse dosing, the frozed aut'®C labelled marker
material was further cut to pieces of approximately cm to resemble ingested bulk maize
silage particles. From day 9 through 17, cobalyletiediamine tetraacetic acid (Co-EDTA,
Udén et al., 1980) was continuously infused (015 /14 g Co/d dissolved in 12 L water) in
the rumen after Faichney (1975) to measure feedstlhlity (from day 13 through 17),
preceded by a primer dose of 1.5 times the daisedo

Faecal Sampling. From day 13 onwards, directly after administratmfnmarkers into the
rumen, 22 spot samples of faeces were collectest diéfecation. Faecal samples were
collected in sampling blocks of three hours eachvatage times t = 0, 3, 7, 11, 15, 19, 23,
29, 35, 41, 48, 54, 60, 66, 73, 79, 85, 91, 98, 100, 116 h after pulse dose administration.

Faeces were weighed, thoroughly homogenised by aadd representative sample of 300—
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400 g fresh matter was stored at —20°C. An aliguidi% fresh faeces was taken during each
collection time and pooled over one experimentaliogeto determine total tract feed
digestibility.

Omasal Digesta Sampling. At the same collection time as indicated abovederes, omasal
digesta leaving the reticulorumen was collectedri®ans of the omasal sampling technique
as described by Huhtanen et al. (1997). The samplavice, introduced 24 h prior to pulse
dosing, was designed based on modifications of Afwei et al. (2000) and Sterk et al.
(2012) to prevent blockage of the sampling devigeebarse digesta. Blocking of the holes
was prevented by injecting small volumes of prassdrcarbon dioxide prior to sampling.
The location of the sampling device in the omasalat was confirmed each day before the
morning feeding as described by Brito et al. (20@thasal digesta samples (~750 mL) were
collected and pH was measured. Collected omasastigvas weighed, quantitatively poured
into containers and stored at —20°C immediatelgrafollection.

Rumen Liquid Sampling. During the first 24 h after administration of mark into the
rumen, approximately 350 mL rumen liquid was cdbecproportionally from a cranial,
middle and caudal direction after omasal sampliPgr treatment and cow, a total of six
rumen fluid samples were collected after averagesit = 0, 3, 7, 11, 15, 19, 23 h relative to
moment of marker introduction. Subsamples of 0.T5each were taken for VFA, ammonia
(NH3) analyses, and rumen pH was measured immediasélg @an electronic pH meter (pH
electrode HI1230, Hanna Instruments BV, IJsselstEire Netherlands). The VFA and BIH
samples were stored at —20°C in 85% phosphoric(@cid v/v) and 10% trichloroacetic acid

(2:1, viv), respectively. Excess fluid was immeeélateturned to the rumen.
Rumen Degradability of Maize Silage

Rumen degradation of fresh maize silage was asbesseindividual animal and per silage
type treatmenin situas described by Tas et al. (2006) over two corisecseries. The short-
term incubations (0, 2, 4, 8, 12, 24, 48, 72 hpall procedure) of the first incubation series
started at 60 hours after administration of thespge rate markers to ensure similar
conditions of degradation and passage rates. Aiqug\vsotope marker study (D. Warner et
al., unpublished dathyhowed that faecal baseline concentratioh’®fafter a pulse dose was
reached at approximately four days after pulsendpdilence, thén situ incubations did not

interfere with fractional passage rates. The prgéghincubation of 336 h was conducted on

! Chapter 3 in this thesis

47



Chapter 4

different rumen-cannulated animals fed a simil&t t the experimental diet after Tas et al.
(2006). Effective rumen degradability (ED) was cédted as described by van Duinkerken et
al. (2011).

Chemical Analyses

Samples were freeze-dried and ground over a hamilleto pass a 1-mm screen (Peppink
100 AN, Olst, The Netherlands). Dry matter, ashiderprotein, starch, NDF and ADF were
analysed as described by Abrahamse et al. (2008&obhcentrations of VFA were
determined by gas chromatography with isocaprait as an internal standard using an EM-
1000 column (30 m x 0.53 mm; Alltech, Deerfield,) land hydrogen as mobile phase.
Concentrations of Niwere determined calorimetrically using a spectoapmeter (Cary 50,
Varian, Palo Alto, CA) based on the Berthelot ractas described by Searle (1984) after
deproteinising the supernatant by addition of 1@#hloroacetic acid. Milk composition was
analysed by mid-infrared reflection spectroscopylKNMControl Station VVB, Nunspeet, The
Netherlands).

Faecal and omasal Co and Cr concentrations weeendieied using an atomic absorption
spectrophotometer (AA240FS, Varian, Palo Alto, Gffer oxidation with wet-destruction.
Faecal and omasal excretion patterns*6fwere determined in the DM fractiofG-DM),
ADF fraction ¢*C-ADF; faeces only) and starch fractidd@-ST; omasal digesta only). The
ADF fraction was obtained by washing the dried gmalind material with acid detergent in
filter bags (Type F57, porosity 25 um, Ankom Tedogg, Macedon, NY) but omitting the
final combustion. The DM and ADF fractions were \milsed in a bullet mill (MM2000,
Retsch, Haan, Germany) for 3 min at 85 Hz. Thecktémaction was chemically isolated and
13C enrichment determined in the purified fraction élgmental analyses as suggested by
Wanek et al. (2001). Briefly, after extraction afluble sugars with ethanol (40%, v/v),
solubilisation by autoclaving and enzymatic hydsely with amyloglucosidase, the glucose
extract was acidified by adding 3 N HCI to pH 2 atelonised by ion exchange (Amberlite
MB-6113, Merck, Darmstadt, Germany) to separatenanacids, minerals and acetic acid
from glucose. Glucose was collected, washed thineestwith Millipore water to dispose of
remaining acids, brought into tin cups and evapgokafAmino acid analyses on random
samples confirmed that collected residues did otain amino acids. All fractions were
analysed for®C enrichment by elemental analyses using an isatai® mass spectrometer
(Finnigan MAT CN, Fisons Instruments, Milan, ltalyThe relative®*C enrichment is

expressed as tHéC:*?C ratio in the samples relative to tH€:*?C ratio of the international
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Vienna Pee Dee Belemnite standard. After correditmmatural**C abundance, faecal and

omasal excretion patterns of A8 excess were established.
Curve Fitting and Statistical Analyses

Fractional passage rates for the compartment WwiHdngest retention timé{; assumed to
be the reticulorumen) and for the compartment \lign second longest retention tint&;(
assumed to be the proximal colon-caecum for fasaaiples) were derived from excretion
patterns of At%%°C and Cr, fitted iteratively with nonlinear compaental models (Table 2).
Because of the inherently different profiles of daleand omasal excretion curves, the
following models were selected: one-compartmentadels without (G1 model) and with age
dependency (G2 model); two-compartmental modelsiouit (G1G1 model) and with age
dependency with increasing order of gamma distidbu(GnG1 models;n = 2 to 5; Matis,
1972; Pond et al., 1988); and a multicompartmemizdel (MC model; Dhanoa et al., 1985).
Predicted marker concentrations were comparede@mbiserved values using the root mean
square prediction error, which was decomposedéntors due to overall bias of prediction,
errors due to deviation of the regression slopmftmity, and errors due to random variation
(Bibby and Toutenberg, 1977), and scaled to theewlesl mean (mean prediction error,
MPE).

Table 2 Nonlinear compartmental models for fractionalgaae rate estimation

Model typé Equatiori

G1 Co = Ax e axT

G2 Co=AxK xXTxeKxT

G1G1 Co=Ax K, x[e7¥ixT — e=K2xT] /(K, — K,)

GnG1 Co=Ax{8"x e T —[e-42xT x {F7 § x (A, x )"/ (n — DY]}
MC Co= A x e KXt x exp[—(N — 2) x e K~ KD xt]

IModel type: G1 = one-compartmental age-independwntel; G2 = one-compartmental age-dependent model;
G1G1 = two-compartmental age-independent modeG G= two-compartmental models with increasing order
of age dependency € 2 to 5); MC = multicompartmental age-independantlel.

®Model parametersC, = marker concentration at time = t (#);= scalable parameteK; = fractional rate
constant for the compartment with the longest tesantime (/h); K,, 1, = fractional rate constant for the
compartment with the second longest retention {itmg N = model-derived number of mixing compartments; T
= (t—TD), whereTD = time delay (h)p =1,/(1,—Ky).

Before curve fitting, marker concentrations wereled to the marker peak concentration

following the procedure of Sponheimer et al. (20@3jcretion curves were superimposed
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and values were considered outliers if they debgtenore than twice the SD from the mean
per sampling time poinin(= 36). Curve fitting was performed using nonlinésast squares
regression procedures of SAS (version 9.2, Cary) bi3ed on the least square Levenberg-
Marquardt algorithm. Initial values for the iteratiprocedure were obtained through a grid
search and curve fits were solved after, on avera8eto 24 iterations for faecal marker
concentrations and 13 to 30 iterations for omasalker concentrations. Based on model fit
parameters estimated with the MC model, transie f{iiil; i.e. moment of first appearance of
the marker in the faeces) and moment of peak cdrateEm (PCT) were calculated for faecal
marker excretion patterns as described by Dhan@d. €1985). Total mean retention time
(TMRT) in the reticulorumen (i.e. for omasal diggstwas calculated as the sum of the
estimated retention times; TMRT in the entire gastestinal tract (i.e. for faeces) was
calculated as above including retention times aatet to the remaining compartments
(assumed to be TT). Total marker clearance timecaézulated as three times the TMRT as
suggested by France et al. (1998)situ degradation residues were fitted as describedeabov
using a first order model with lag time as desatibg Robinson et al. (1986).

Passage kinetic parameters were log transformedodagymmetrical distribution patterns
of residuals and tested by analyses of varianeeliatin square split-plot design, with a 2 x 3
factorial arrangement of treatments within maingknd type of marker assigned to subplots,

with mixed model procedures of SAS (version 9.2yCHC) according to the model:

Yim =pu+ A+ B+ G+ M+ (Cx M)+ (AXPXCxM)g+ Tyt (CxMXThkn+ Ejum

whereYium is the dependent variablejis the overall mean; Aanimal;i = 6), R (period;j =

6), G (cultivar; k = 2), M| (maturity;| = 3) and its interaction term (C x MJepresent effects
assigned to the main plots in a Latin squarg(type of markerm = 3 per sampling site) and
(C x M x Tm represent effects related to the subplots. Mair péoiables were tested
against the interaction term (A x P x C x;Mpand subplot variables were tested against the
pooled residual error&fqm). Covariance parameters were estimated using ésaual
maximum likelihood (REML) method and denominatogiees of freedom were estimated
using the Satterthwaite approximation. Differenisesveen marker types were assessed using
orthogonal contrasts. Tables report back-transfdrmalues (geometric means). Standard
errors of the mean (SEM) were calculated by muliiig) the log-transformed SEM by its
geometric mean. Rumen pH, VFA and Nidoncentrations were considered repeated

measurements and were analysed after Yandell (1#293) Latin square split-plot design as
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described above, withgl(time after marker administratiom = 7) as the subplots effects. All
other data were tested by analysis of variance asta square with a 2 x 3 factorial

arrangement of treatmentgy =p + Ai + B + Gc+ M, + (C x M)y + Ejj).

Results

Diet and Animal Characteristics

Maize Silage Quality and Rumen Fermentation End-Products. The chemical composition of
the six maize silages tested is presented as nma@nssix experimental periods in Table 1.
Within treatments, the starch and fibre contenfeddd on average by 11 g/kg DM (SD)
throughout the six experimental periods. On aver#tye Aastar cultivar had a higher crude
protein and starch content but a lower NDF and ADRtent than Baleric. This pattern is
reflected as well in the fermentation end-produptssent in the rumen liquid with a
significantly lower rumen pHR = 0.023) and tendency for lower acetic adtd=(0.062) and
higher propionic acid molar proportior® £ 0.079) for cultivar Aastar compared with Baleric
(Table 3). Starch content increased markedly withlgmged maturation, which was more
pronounced for Aastar. The contents of crude pmotdiDF and ADF in the maize silage
decreased with maturity; the decrease in fibreag@iore pronounced for Aastar. Despite
these changes in the nutrient composition towandseased starch with maturing maize
cultivars, no effects on rumen fermentation enddpots were observed, except for a decrease
in butyric acid with increasing maturit{? & 0.036).

Animals. Animal performance was not different between maizévars. However, DMI and
milk fat proportion were affected by the maturiti tbe maize plants (Table 4). The DMI
increased by 0.6 and 0.8 kg DM/d from early to lagrvest for Aastar and Baleric,
respectively P = 0.006). Although not significant, the highest Diitake was observed for
mid maturity maize. Both DMI and milk yield decredsfrom the third experimental period
onwards with advancing lactation stage< 0.034 for factor period). Milk fat proportion
decreased with advancing maturity of the maizegsil&-1.7 g/kg milk from early to late
maturity; P = 0.007), whereas milk protein was not affectedkMield tended to be higher
for dairy cows fed the most mature maize silageltykg milk/d @ = 0.087). As a result,
milk fat and protein yields did not change with meisilage maturity. Total tract feed

digestibility after a continuous Co-EDTA infusioragrhigher highest for cultivar Baleric for
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all nutrients P < 0.001) except starch (Table 4). Digestibility ficgents were not affected

by maturity stage.

Table 3 Rumen liquid characteristics of dairy cows fefledient maize silage qualities

Cultivar Maturity pH HAc HPr HBu HVa HBc tVFA NGR N

Aastar early 6.13 65.4 18.7 11.8 1.48 2.54 124.0 294. 3.87
mid 6.10 64.2 20.7 11.1 1.46 2.57 122.4 3.88 3.51
late 6.12 64.9 20.1 11.0 1.50 2.53 123.6 3.96 3.76
Baleric early 6.17 65.0 19.1 12.0 1.50 2.47 120.1 .244 3.98
mid 6.19 66.0 18.9 11.0 1.42 2.62 116.7 4.28 4.02
late 6.23 66.2 18.7 111 1.44 2.62 116.9 4.31 4.23
SEM? 0.040 0.56 0.64 0.36 0.037  0.109 0.15 0.147  0.292
P-values
Animal <0.001 0.030 0.003 0.047 0.027 0.014 0.004€.004 0.000
Period 0.002 0.333 0540 0.646 0.903 0.308 0.012.4170 <0.001
Cultivar (C) 0.023 0.062 0.079 0.833 0.398 0.761 038. 0.068 0.123
Maturity (M) 0.760 0.713 0.374 0.036 0.383 0.693 683 0.437 0.707
CxM 0.719 0.124 0.201 0.981 0.551 0.751 0.896 7%.2 0.753
Time (T) <0.001 <0.001 <0.001 <0.001 <0.001 <0.0040.001 <0.001 <0.001
CxMxT 0.981 0599 0523 0981 0.967 0.643 0.920.671  0.990

'Rumen liquid parameters: HAc = acetic acid; HPrrepipnic acid; HBu = butyric acid; HVa = valericidr
HBc = branched-chain volatile fatty acidsctbutyric +iso-valeric acid); tVFA = total volatile fatty acidsn(
mmol/L; HAc + HPr + HBu +HVa + HBc); NGR = non-glagenic to glucogenic VFA ratio [= (HAc + 2 x HBu
+ 2 xiso-butyric + HVa +iso-valeric) / (HPr + HVa Hso-valeric)]; NH; = ammonia (mmol/L). All values
expressed in mol/100 mol unless specified otherwise

2SEM = standard error of the mean.

Analyses of variance based on log-transformed meathssubplot T (= time; 0, 3, 7, 11, 15, 19, 2&fter
marker administration) within factorial main platsa Latin square.

Passage Kinetics

Model Assessment and Accuracy of Curve Fits. Faecal marker peak concentration (PCT)
occurred on average at 17.1 h, 29.5 h and 36.3eh mfarker dosage for Cr-NDEXC-DM
and'®C-ADF, respectively (Table 5). In general, fae@ahgles were almost fully depleted of
Cr-NDF by the time sampling was terminated 116thrgfulse dose administration as shown
by the estimated total marker clearance time (109frbm the gastrointestinal tract.
Concentration of°C at 116 h was still above natural abundance leeslso indicated by the
total marker clearance time of 192 h f8€-DM and 233 h for®*C-ADF. Omasal marker
excretion patterns differed from faecal excretionves by a markedly shorter PCT occurring
at 4.4 h, 10.0 h and 9.5 h after marker dosag€feXDF, **C-DM and**C-ST, respectively

(data not shown).
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Chapter 4

Due to the different marker excretion patterns leetwfaeces and omasal digesta, several
compartmental models were evaluated and their acguestimated by calculating the mean
prediction error (MPE) and the coefficient of detération &) (Figure 1). Accuracy of fit
was highest when the observed marker concentratvens fitted with a multicompartmental
model (MC). One-compartmental models without (GIPBof 61.789.5%) and with age
dependency (G2; MPE of 38%841.0%) did not adequately fit the observed omasalker
concentrations and did not converge when faecakenaroncentrations were used. Two-
compartmental models with increasing order of agpeddency (8G1 models) performed
somewhat better for omasal marker concentratiohe. G2G1 model appeared to fit best
among GG1 models. A further increase in age dependency=® generally reduced model
accuracy. The G1G1 model frequently did not coneestpen faecal marker concentrations
were used. The MC model had generally the lowesE Mddues for omasal and faecal marker
concentrations. Furthermore, the MC model convefgeall 36 curves for Cr-NDF andC-
DM, respectively, showing a high model robustnessaecal marker excretion patterns.
Therefore, passage kinetics will be further diseds®r fractional passage rates estimated by
the MC model.

Among markers, MPE for faecal marker excretion ifgsfwas lowest for Cr-NDF (7.1%;

P < 0.001) compared to thEC-DM (32.5%) and"*C-ADF (29.4%). For omasal marker
excretion profiles, MPE was similar among markeithwalues ranging from 24.9% for Cr-
NDF, 26.0% for*C-DM and 34.6% for*C-ST @ = 0.266). The largest proportion of the
MPE for faecal and omasal marker concentrationsduasto random variation (96%7.2%)
and only a minor part was explained by an erradh@overall mean (1-2.3%) or regression
bias (1.61.8%) (data not shown).

Fractional Passage Rates through the Gastrointestinal Tract. Marker choice affected
faecally determined fractional passage kinetits (0.001; Table 5). Fractional passage rates
from the reticulorumenk) were on average 1.9 times higher for Cr-NDF tfanthe *C
markers P < 0.001) but were not different among tH€ markers. Fractional passage rates
from the proximal colon-caecunk4) were highest for Cr-NDFX(< 0.001) and, amontfC
markers, lowest foF'C-ADF (P = 0.008). Model parametefsandN, as estimated by the MC
model, averaged 2.5 (SEM 0.7®;= 0.042) and 40 (SEM 36.%, < 0.001) across markers,
respectively (data not shown). Marker PCT and ttdimse (TT) were lowest for Cr-NDFY

< 0.001). Total mean retention time (TMRT) in thesgointestinal tract was higher for the
13C markers compared to Cr-NDP & 0.001), and, among individual markers, TMRT was
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highest for**C-ADF being 41.2 h longer than Cr-NDF and 13.5 igler than>C-DM (P =
0.001). Maize silage quality did not affect passkigetic parameters.
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Figure 1. Model accuracy for different markers in omasaedta (O) and faeces (F) based on one-pool age-
independent (G1) and age-dependent models (G2)pbwbage-independent (G1G1) and age-dependentlsiode
with increasing order of gamma distributionn@&l, n = 1-5) and an age-independent multicompartmental
model (MC). Bars: mean prediction error (MPE); $ineoefficient of determinatiorRf). Markers: chromium
mordanted fibre (Cr-NDF; solid bars and linésg; in dry matter C-DM; dashed bars and line$jC in omasal
starch FC-ST) or faecal acid detergent fibréq-ADF) (dotted bars and lines). G1, G2 and G1G1 efodot
shown for faeces due to poor model convergence.

Rumen Fractional Passage Rates. Rumen fractional passage rates for starch fronzenai
silages were determined H€-ST from marker excretion in the omasal diges&b(@ 6). No
effects of maize silage cultivar or maturity weoeifid. HoweverK; estimates were affected
by choice of markerR < 0.001) with omasal Cr-NDF having the highestsa@masal*C-
ST had higheK; estimates thaffC-DM (P = 0.017) but lower rates than omasal Cr-NIPF (
= 0.001). Estimates df, (data not shown) were 2.91/h, 1.07/h and 1.33/ICfeNDF, *C-
DM and °C-ST, respectively (SEM 1.480/t® = 0.006). TMRT was highly affected by
marker choice® < 0.001) and TMRT of®C-ST in the reticulorumen was on average 7.9 h
shorter thart*C-DM and on average 6.6 h longer than Cr-NDF. Mqughmeter# andN
were 1.5 (SEM 0.29P = 0.031) and 6 (SEM 3.2 = 0.283) across markers, respectively
(data not shown). Mean pH of omasal digesta waa (&M 0.035).
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Table 5. Passage kinetics and residence times of differemkers in the gastrointestinal tract of dairy sded

rations containing two maize silage cultivars hated at three maturity stages determined by faraplind

Cultivar Maturity Ky Ko PCT TT TMRT
Chromium mordanted fibre (Cr-NDF)
Aastar Early 0.042 0.383 16.8 9.1 35.8
Mid 0.039 0.507 15.8 9.4 37.5
Late 0.037 0.465 16.2 9.4 39.0
Baleric Early 0.047 0.391 17.8 10.5 34.7
Mid 0.043 0.422 17.1 10.1 35.8
Late 0.044 0.382 175 9.9 35.5
*C isotopes in dry mattet*C-DM)
Aastar Early 0.022 0.196 29.1 14.6 66.2
Mid 0.022 0.153 29.3 12.1 66.6
Late 0.025 0.168 28.5 13.3 60.8
Baleric Early 0.023 0.175 314 16.0 67.2
Mid 0.025 0.162 30.4 14.6 61.6
Late 0.022 0.219 24.8 111 62.0
*C isotopes in acid detergent fibréq-ADF)
Aastar Early 0.020 0.140 29.1 11.5 70.8
Mid 0.016 0.202 26.0 10.6 79.5
Late 0.022 0.088 41.9 17.1 75.8
Baleric Early 0.024 0.143 37.1 19.8 68.9
Mid 0.023 0.122 39.0 18.9 77.4
Late 0.020 0.069 52.5 25.0 93.3
SEM? 0.0061 0.0831 4.26 245 8.36
P-values
Animal 0.112 0.941 0.435 0.276 0.060
Period 0.757 0.911 0.983 0.727 0.941
Cultivar (C) 0.162 0.383 0.029 0.003 0.904
Maturity (M) 0.730 0.325 0.280 0.396 0.620
CxM 0.433 0.744 0.669 0.434 0.636
Marker type (T) <0.001 <0.001 <0.001 <0.001 <0.001
CxMxT 0.887 0.397 0.058 0.025 0.673
Cr-NDFvs (*C-DM, **C-ADF) <0.001 <0.001 <0.001 <0.001 <0.001
*C-DM vs *C-ADF 0.180 0.008 <0.001 0.010 0.001

TFractional passage kinetic parametd¢s:= fractional passage rate constant (/h) for the ukticmen;K, =
fractional passage rate constant (/h) for the pnakicolon-caecum; PCT = marker peak concentratma th);
TT = transit time (h); TMRT = total mean retentibme (1K; + 1K, + TT; h).
2SEM = standard error of the mean.
3Analyses of variance with orthogonal contrasts Baselog-transformed means in a split-plot arrangyetmvith
factorial main plots in a Latin square.
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Table 6. Rumen passage of chromium mordanted fibre (Cr)\@#e **C isotopes in the dry matte’C-DM)

and starch*fC-ST) for dairy cows fed rations containing two meakilage cultivars harvested at three maturity

stages determined by omasal sampling

) ] Ky TMRT
Cultivar Maturity Cr-NDF  ¥c.DM  c-ST Cr-NDF c-DM  ®C-ST
Aastar Early 0.055 0.028 0.039 18.6 37.0 27.2

Mid 0.057 0.053 0.044 18.3 24.4 26.1
Late 0.044 0.027 0.042 22.8 39.0 24.4
Baleric Early 0.053 0.031 0.042 19.3 35.6 26.6
Mid 0.045 0.024 0.048 22.9 435 21.7
Late 0.053 0.039 0.039 20.0 28.7 30.0
SEM? 0.0096 7.11
P-valueg
Cow 0.509 0.819
Period 0.842 0.523
Cultivar (C) 0.709 0.506
Maturity (M) 0.626 0.990
CxM 0.069 0.283
CxMxT 0.569 0.770
Marker type (T) <0.001 <0.001
Cr-NDFvs (**C-DM, *C-ST) 0.001 <0.001
¥c.pDMvs ¥C-ST 0.017 0.021

TFractional passage kinetic paramet&s=: fractional passage rate constant (/h) for the witiomen; TMRT =
total mean retention time (¢{ + 1K, + transit time; h), where transit time = 0.

?SEM = standard error of the mean.
3Analyses of variance with orthogonal contrasts Baselog-transformed means in a split-plot arrangemvith

factorial main plots in a Latin square.

Rumen Degradability

In situ rumen degradation characteristics of maize sileayespresented in Table 7. The
potentially degradable fractioD) increased, whereas the undegradablg gnd washable
(W) fractions decreased with advancing maturity fonatrients P < 0.001) except fot) of
NDF, which showed the opposite effe€& £ 0.007). Fractional degradation rate of e
fraction (Kp) decreased with maturity for the starch fractiBn<(0.001) but did not change

for all other nutrients. Maize silage cultivar didt affectKp. No direct relationship was
observed between fractional degradation and maskssage rates (data not shown). The
highest observeB? values were 0.14 fdfp of starch and NDF witK; of faecal Cr-NDF.

Based on the experimentally determin&slvalues, effective rumen degradability (Figure

2) was calculated either fronm vivo measurements (i.e. experimentally determitkad
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estimates based on Cr-NDF al@ isotopes) or froni; estimates as assumed by the Dutch
protein evaluation system for ruminants (DVE/OEBtem; van Duinkerken et al., 2011).
The DVE/OEBK; values are fixed to 0.045/h for crude protein atatch, whereak; for
NDF is estimated from it&p. Effective nutrient degradability calculated frdbVE/OEB K;
values was similar to the effective degradabilitgasuredin vivo with faecal Cr-NDF.
Effective rumen crude protein degradability wasédowith the DVE/OEBK; values (49.4%)
than with faecal*C-DM (55.8%). Similarly, effective rumen NDF degeduility was lower
using the DVE/OEB equation (20.6%) than when meabim vivo with faecal*C-ADF
(28.4%). In contrast, effective starch degradabitiailculatedin vivo with omasal**C-ST
(58.9%) was in close agreement with effective degipdity based on the DVE/OEK;
values (57.7%).

Table 7. Rumen degradation kinetics of different maizaggl qualities

Degradation Aastar Baleric

parameter early mid late early mid late SEM
Organic matter
Kp 0.024 0.023 0.021 0.022 0.026 0.025 0.0015
D 62.0 66.1 66.8 56.1 58.9 66.7 0.61
w 17.1 17.7 15.4 19.0 19.0 12.9 0.57
U 21.0 16.2 17.8 24.9 22.1 20.4 0.26
lag 1.8 0.7 1.0 0.9 4.3 5.3 1.03
Crude protein
Kp 0.028 0.021 0.022 0.025 0.024 0.022 0.0025
D 41.3 42.9 46.1 317 37.9 42.2 0.79
W 36.2 40.6 334 42.2 38.5 36.4 0.72
U 22.6 16.5 20.5 26.1 23.6 21.5 0.19
lag 3.0 1.0 6.8 5.3 10.8 11.2 2.79
Starch
Kp 0.042 0.045 0.033 0.052 0.042 0.034 0.0019
D 68.5 71.1 75.4 51.8 70.3 85.7 1.87
w 31.6 29.0 24.6 48.2 29.7 14.4 1.87
lag 0.3 0.6 0.8 1.1 3.2 3.1 0.82
Neutral detergent fibre (NDF)
Kp 0.018 0.016 0.017 0.021 0.020 0.020 0.0035
D 66.6 68.7 60.9 59.5 58.0 55.5 1.69
U 33.4 31.3 39.1 40.5 42.0 44.5 1.69
lag 6.3 11.6 20.6 12.9 10.1 15.7 7.24

TFractional degradation kinetic parametefs; = fractional degradation rate constant (/h)ffraction; D =
potentially degradable and insoluble fraction @6= 100 —W — U); U = undegradable fraction at to= (%;
assumed zero for starciW)/ = washable fraction (%; assumed zero for NDé&g;= lag time (h).

?SEM = standard error of the mean.
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Figure 2. Relations between different calculations of effex rumen degradability (ED) of different maize
silage qualities. The X-axis shows a reference BEel on fixed fractional rumen passage rdgsds assumed
by the Dutch protein evaluation system (DVE/OEBteys van Duinkerken et al., 2011); the Y-axis sh&izs
based onK; estimates experimentally determined from faecal ¢F)omasal (O) excretion of chromium
mordanted fibre (Cr-NDF; #C in the dry matter{C-DM; A), and*C in the respective feed componen (
either as omasal starch@-ST) or faecal acid detergent fibféq-ADF).

Discussion

Animal Performance

Fractional passage rates were reported to deperteotevel of feed intake (Huhtanen and
Kukkonen, 1995). In this study, daily mean DMI k#a(21.7 = 0.26 kg DM) increased, and
milk fat (42.7 £ 0.46 g/kg milk) decreased, withvadcing maturity (Table 4). The observed
deviations in DMI and milk fat content can be expdal by the higher inclusion of starch in
the diet due to the maturing maize plants. Ourifigsl are in line with observations of Phipps
et al. (2000) and Khan et al. (2012). The increaseilk yield with advancing maturity

agrees with observations reported by Sutton g2800). An inconsistent response of molar

proportions of VFA and ratio of non-glucogenic tagpgenic VFA was observed, despite the
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marked increase in starch with maturing maize silaghich is, however, coherent to findings
of Sutton et al. (2000). Maize maturity had no cleffect on feed digestibility, which is

however in line with data on maize silage at corapler maturity stages (Sutton et al., 2000).
Total tract apparent digestibility was slightly héay for starch and crude protein in their study
compared to our observations, but no maturity ¢ffezs observed, except for a significant

although small decrease for starch.
Passage Dynamics of Maize Silages

Excretion patterns of an external (Cr-NDF) and aternal marker }fC isotopes) were
established from faecal and omasal digesta gralplsarmpon a pulse dose into the rumen. A
previous marker study showed the suitability*f as an internal marker to assess component
specific passage kinetics of grass silage (Pelikegal., 2013). In our study, externally
applied Cr-NDF from wheat straw (<0.5 mm) was uae@ reference passage rate marker for
maize silage as it has been widely used in passtagiées. The particle size of Cr-NDF was
chosen to be similar to the mean particle sizehan rumen observed for maize silages of
different maturity (approximately 0.5 mm; Fernandez Michalet-Doreau, 2002). However,
differences in marker type preparation and mateesgpecially with regard to particle size,
particle density, particle entrapment in the ruraad possible migration of particulate marker
to particles not originally labelled (Owens and biam, 1992), need to be considered when
comparing markers within the present study and éetwstudies.

Rumen Passage Kinetics of Maize Silage. Passage kinetics were assessed from marker
concentrations in faeces and omasal digesta basateomulticompartmental model. The
model assigns a slow fractional passage rate t@ahgartment with the highest retention
time (K1) and a fast fractional passage rate to the commeattwith the lowest retention time
(K2). With regard to faecal marker excretidd; and K, are generally associated to the
reticulorumen and proximal colon-caecum, respelstii@hanoa et al., 1985). With regard to
omasal marker excretio{, most probably represents rumen-related processes) as
mixing time and gas entrapment of marker partictagher than a major second particle-
retaining compartment per se.

Passage kinetics did not change with maize silagtity. However, marker type had a
large effect on faecal and omagal estimates, with the highest meldn estimates observed
for the external marker Cr-NDF for both samplintgsi Similar observations were reported
for grass silages using Cr-NDEC-DM and **C labelled NDF in faeces (Pellikaan et al.,
2013). Our observed me#h values based on faecal Cr-NDF (0.042/h) were #jigower
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than for grass silage (0.048050/h; Pellikaan et al., 2013). With regard tect **C-DM,
meanK; values for maize silage (0.023/h) reported hereewdéstinctly lower than for grass
silage (0.0350.039/h). This in agreement with Mambrini and Pagr&1994) who reported
lower K; values for maize silage (0.041/h) than for freshsgr(0.053/h) using rare earth
elements as passage rate markers. However, tipeirted rate constants should be treated
with caution as stage of lactation and concenttatels differed among their dietary
treatments. Mulligan et al. (2002) reportéd values of 0.020/h for maize silage based on
faecal Cr-NDF excretion but DMI was considerabhyéo (13.5 kg/d).

Interestingly, the meal{; of fibres based on faecHC-ADF (0.021/h) was similar to that
of **C-DM (0.023/h;P = 0.180), ancK; of starch based on omasaC-ST was comparable
(0.042/h) to that of faecal Cr-NDF although lowban K; of omasal Cr-NDF (0.051/h).
Pellikaan et al. (2013) observed higher differermetsveen thé*C markers for grass silages
with K values for fibres (0.018.017/h as>C labelled NDF) being half the value 6E-DM.
The different amplitude in variation between maskir the two studies might be due to the
specific physical structure of the two forages. Adasilage fibre was reported to cause a
higher rumen fill than grass silage fibre (Mulligat al., 2002). Furthermore, physical
structure, derived by the ruminating index, waoregd to be lower for maize silage than for
grass silage (De Boever et al., 1993a). This miigthtice a shorter retention time of maize
silage fibres in the reticulorumen as comparedr&sg silage fibres, which is shown by the
higherK; value of maize silage fibre (this study) compamdtass silage fibre (Pellikaan et
al., 2013). Data on individual structural polysaatties intrinsically labelled witf°C might
provide a better understanding of the differer@dsage of fibres between those two forages.
Total Tract Passage Kinetics. Passage behaviour of markers in the two main mixin
compartments was comparable, withshowing a similar trend tk;, which was reflected in
their TMRT through the gastrointestinal tract. Bhsen faecal Cr-NDF, no differences
between TMRT of our maize silage (36.4 h) and tfigrass silage (35-87.4 h; Pellikaan et
al., 2013) could be detected, whereas TMRT basefdenal**C was on average 26 h longer
(**c-DM) and 29 h shorte{C-ADF) than that of grass silage. These resultgesigthat the
external Cr-NDF marker is less sensitive to theitiohal quality of the forages and confirms
early reservations on the use of Cr-NDF as noly ftdlpresenting the rumen particle pool
(Bosch and Bruining, 1995).

Evaluation of Sampling Sites. Sampling site had a considerable effect on fraelipassage
rates of maize silages. Estimateskafwere 15% (Cr-NDF) and 2196°C-DM) higher in

omasal digesta than in faeces. The higher ampliindeariation for **C-DM between
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sampling sites is in line with the higher retentiime of **C-DM in the proximal colon-
caecum (equivalent to a lowtp) as compared to Cr-NDF. Therefore, differencesvben
sampling sites might be due to particle retentionthie proximal colon-caecum. Similar
discrepancies among sampling sites were observivdebe faecal and duodenal sampling
(Wylie et al., 2000; Huhtanen and Hristov, 2001)d detween faecal and ruminal sampling
(Beauchemin and Buchanan-Smith, 1989). Estimiteehalues of Cr-NDF were moderately
related between faeces and omasal dig&ta 0.51;P < 0.001) but not th&; values of**C-

DM (R? = 0.10;P = 0.07). Possible factors that contributed to tve R value between faecal
and omasal®C-DM might be the small pulse dose size 3¢ labelled maize silage as
compared to Cr-NDF resulting in a differential nmigi behaviour of the two markers in the
rumen.

Model Comparison. Marker concentrations in faeces and omasal diggsia a ruminal pulse
dose were fitted using several nonlinear compartahemodels. As profiles of excretion
curves differed between sampling sites, severalchsigtic and one deterministic
compartmental model were chosen to best descridntidnal passage rates. The first type of
models assumes a time (or age) dependency of ay@strticles required for their escape
from the reticulorumen (Matis, 1972) in line withservations made on required fermentative
particle size reduction (Poppi et al., 1980) andyaucy characteristics of particles
(Sutherland, 1988). Age-dependent turnover of glagiwas described by an increasing order
of discrete gamma distribution lifetimes (G > 1) for one-compartmental ¢ and two-
compartmental systems iG1). Because of the quickly occurring peak time &asd initial
increase in marker concentrations in the omasumnupominal pulse dosage, one-
compartmental models without (G1) or with age deleercy (G2) would suggest an adequate
curve fit allowing an estimation of the rumen fianal passage rates from the descending
curve phase. However, the mean prediction errorEM#3 an indicator of the goodness of fit
of the model suggests a poor accuracy for bothGhg74.7% across markers) and the G2
model (47.3%) with omasal marker excretion. Simdbaservations were reported for faecal
excretion of Cr mordanted hay particles (Moorelgtl®92), although G1 and G2 models did
not converge based on our faecal marker concemgtilncreasing the age dependency
generally improved the model accuracy for faecalrkerato a certain extent. Similar
observations have been reported for ruminally amshesally dosed rare earth elements in
duodenal chyme and faeces (Wylie et al., 2000)tl@nother hand, the multicompartmental
(MC) model is based on a deterministic model apghiaand fitted the marker concentrations

best among chosen models. The overall MPE for faswhomasal marker excretion with the
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MC model was 23.0 and 28.5%, respectively. SinyilaBernard et al. (1998) concluded that
the K; estimates of external markers in the duodenumfasacks of sheep were, in general,
more accurately determined with the MC model then®2G1 model when compared to the
algebraic sum method which served as their referemethod.

Model Accuracy. Model accuracy for parameter estimates from therivt@el was in general
better for faecal than omasal marker excretiontdube larger variability of marker excretion
profiles in the omasal digesta, a circumstance é¢seribed for duodenal chyme by Wylie et
al. (2000). Model accuracy seemed to be affectethésker choice and was generally better
for the external than internal markers. Model aacyrwas somewhat less accurate for faecal
13C isotopes (29-82.5%) than for*C labelled grass silage (1118.0%; Pellikaan et al.,
2013) and concentrates (918.9%; D. Warner et al., unpublished dat@he conditions for
the different studies varied, particularly with aegd to the pulse dose size, i€ enrichment,
and the route of marker administration. The presady used the smallest (30 g DM) but a
continuously and high enriched pulse dose (8886 At%4°C). In contrast, Pellikaan et al.
(2013) used a larger (17862 g DM grass silage) but lower enriched pulseedds651.97
At%'*C), and D. Warner et al. (unpublished datajed the largest (9 kg of DM maize bran)
but low enriched pulse dose (i.e. the differencenatral>C abundance of £maize bran
relative to that of a £concentrate mixture) which was administered orallpdel accuracy
for faecal Cr-NDF was comparable among the thrediess, which all applied a similar large
ruminal dose (94L00 g) of 0.5-mm-ground Cr-NDF. Based on theseltg#us suggested to
increase the pulse dose size# labelled material to obtain a better mixing of tmarker
with the rumen digesta.

An uneven distribution of isotopes in growing pkmtot labelled continuously might
restrict the use of isotopes as passage rate msaf@evens and Hanson, 1992). Previous
studies applied®C labelled forage enriched under field conditiogither as alfalfa labelled
on one single occasion (Svejcar et al., 1993), ogr@ass silage labelled on six to eight
occasions (Pellikaan et al., 2013). Although theetastudy did not find any effects of their
labelling procedure on rumen passage rates basdaeoal grab samples, early time points
before PCT in their faecal excretion curves werfecdéd. This might restrict the use of
isotopes if they were to be collected more proxématthe reticulorumen (e.g. in the omasal
digesta) as omasal marker excretion curves wenershm rather follow an exponential decay

curve or having a quickly ascending phase in oudyst The procedure used in our study
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based on continuous isotope dosing of growing pleggulting in a homogeneous distribution
of isotopes (Gorissen et al., 1996) will, therefooircumvent any potential effects of
differential *C enrichment in plant tissue on the passage kmé@evens and Hanson, 1992)
from omasal digesta. Conversely, a closer reseroblahlabelled plant material to unlabelled
field plants might be more easily achieved undeldfconditions as the growing and climate
conditions are more alike. Nonetheless, HuhtanenHaistov (2001) proved the suitability of
intrinsically labelled alfalfa under greenhouse ditions to assess passage kinetics of alfalfa.
In our study, conditions between labelled and uellad maize plants were kept similar by
inducing mechanical stress on plant cell walls ¢ésemble wind stress of field plants
(Biddington, 1986), and by ensiling labelled plantth the unlabelled field plants.

Effective Rumen Degradability

Rumen degradability of the maize silages ibysitu nylon bag incubation revealed a
considerable effect(< 0.007) of maize silage maturity @ U andW fractions but less on
Kp. Estimates foKp decreased for the starch fraction with advancirgunity (P < 0.001)
but did not change for all other nutrients. Anvitro incubation experiment, in which the
same maize silages were used (J. Oerlemans, D.eWakhF. Pellikaan, unpublished data),
confirmed our findings from then situ experiment and revealed no effect of maize silage
maturity onin vitro OM disappearance after 12 h (0681) or 72 h (0.80.88) of
incubation in rumen fluid, or on gas production as indicator ofin vitro fermentation
measured at 12 h (2€230 ml/g OM) and 72 h (29328 ml/g OM). It can be assumed that
degradation is linked to passage kinetics as arfagtnen degradation was associated with a
higher rumen escape of feed particles (Welch, 1986tov et al., 2003) by altering the
buoyancy properties of feed particles (Sutherldr#88). However, no direct link could be
established foin vivo maize silage degradation and passage in our spudigably due to the
low number of experimental units required for toenparison.

Effective rumen degradability measured vivo with Cr-NDF was comparable to that
calculated from the DVE/OEB equations. This is imelwith our expectations as feed
evaluation systems typically rely on passage stud@gng external markers. THE isotopes
gave higher effective rumen degradability values doude protein and NDF although
comparable values for starch relative to the DVEBGHEuations. Results on effective crude
protein degradability should be considered with ticau as **C isotopes might not best
describe component specific fractional passageed fproteins and the use '8N isotopes

should be rather considered. Nonetheless, thestgasiggest that although the use of stable
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isotopes should be considered to estimate compapatific fractional passage rates, the
rumen escape of nutrients might not be affectedendding on the component of interest and

type of feed.

Conclusions

In conclusion, intrinsic isotope labelling of maiasdages allowed to assess component
specific fractional passage rates. Maize silagéveul and stage of maturity did not affect
passage dynamics although the chemical composinolin situ rumen degradability were
affected to a large extent. Fractional passagefrate the rumen estimated with an external
marker (Cr-NDF) was higher than that estimated Wieh feed components used as internal
passage rate markers. Amoli§ markers, fractional passage rate from the runsémated
with labelled maize silage DMC-DM) did not differ from that with labelled fibre@*C-
ADF) but was lower than that of labelled startiC(ST).
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Abstract

Fractional passage rates are required to predicienuabsorption in ruminants but data on
nutrient-specific passage kinetics are largely itegk With the use of stable isotopes we
assessed passage kinetics of fibres and fibre-boitimdjen (N) of intrinsically labelled grass
silage from faecal and omasal excretion pattern"i ands'®N. In a 6 x 6 Latin square,
lactating dairy cows received grass silages (4%g dotal diet DM) in a 2 x 3 factorial
arrangement from low (45 kg N/ha) or high (90 k&d/fertilised ryegrass swards harvested at
three maturity stages. Feed intake and milk yietdenincreased at high N fertilisation and at
decreasing maturity. Nutrient digestibility decregsvith increasing plant maturity, in particular
at the high N fertilisation level, essentially eafling dietary treatment effects on the nutritional
composition of the grass silage. Fractional rumasspge rateK() were highest and total
mean retention time in the gastrointestinal tradlRT) was lowest when based on the external
marker Cr-NDF (0.047/h and 38.0 h, respectivelgedal™*C-ADF provided the lowesk;
(0.023/h) and the highest TMRT (61.1 h) and higlpestk concentration time (PCT; 24.3 h)
among markers. In comparison, faet™-ADF had a considerably highes (0.034/h) and
lower TMRT (46.4 h) thad®C-ADF. Fractional passage rates from the proxirkirecaecum
(Kz; 0.37/ h) were highest and PCT (17.4 h) was lofeeshe total N, measured witfiN-DM,
among markers. Fractional passage rates tendedrease with the high N fertilisation level
and generally decreased with advancing plant ntptati low N fertilisation. In contrast,
passage kinetics generally increased with advanplagt maturity at high N fertilisation.
Omasal digesta sampling largely confirmed resudised on faecal sampling. Results suggest

that the use dfC and™N stable isotopes can describe fibre-specific Eskimetics of forage.
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Introduction

Quantitative knowledge on fractional rumen passates K;) is required to determine ruminal
volatile fatty acid and microbial protein yieldsichato determine site and extent of degradation
(Dijkstra et al., 2007). Therefork; is an essential parameter in several feed evatuayistems
and mechanistic rumen models that predict absergtioutrients in the small intestine as well
as excretion of nutrients with respect to environtaeand metabolic load (Kebreab et al.,
2009). Fractional rumen passage rates are conmefijiodetermined by marker techniques,
involving external or inert internal markers. Extermarkers are not inherent to the feed and
have therefore been criticized for not fully repmting the passage behaviour of the diet
(Smith, 1989; Tamminga et al., 1989b). In particukxternal markers do not provide feed
chemical component specific passage rates. Iniplidnternal markers are preferred as they
are inherent to the feed ingested by the animaVeher, inert markers require time- and labour-
intensive rumen evacuations to determine the rupwul size. By labelling specific feed
fractions with stable isotopes, fractional pasgagges can be determined from stable isotopes as
internal markers determined in faeces (Sudekunh,et@95). In particular, fractional passage
rates of fibre-bound nitrogen (N) were determingminf*°N labelled lucerne (Huhtanen and
Hristov, 2001). A subsequent study has shown tietarbon isotope ratid*C:*%C), i.e.5'C,

can be used to assess fibre passage kinetic$’6flabelled grass silage and that #& did

not change with microbial rumen fermentation urideritro conditions (Pellikaan et al., 2013).
Disappearance of the labelled fibre fractions i glastrointestinal tract did therefore not affect
respective passage kinetics estimated frontf@ in the apparent undigested faecal fraction.
This has been validated vivo by quantifying the carbon isotopes from feed aetél output
(L.M.M. Ferreira et al., unpublished data) resigtin an equab™*C between the isotope pool
flowing into the rumen and that in faeces.

In the study of Pellikaan et al. (2013), changing diet from a low to high digestible grass
silage had no effect on the passage kinetics basetivo cows. Previous studies based on
external or inert markers suggest that grass sipgdity affects passage kinetics, although
effects were not clear and results from literattailege from slightly negative or no effects
(Mambrini and Peyraud, 1994; Lamb et al., 2002;d.eh al., 2006; Kuoppala et al., 2009;
Bayat et al., 2010; Bayat et al., 2011) to clepdyitive effects (Gasa et al., 1991; Bosch et al.,
1992a; Rinne et al., 1997a; Rinne et al., 2002dvaancing plant maturity df;. Effects of N

fertilisation were not specifically investigatedtiviegard to passage kinetics but results fimm

69



Chapter 5

situ degradation studies indicate clear effects of illiiation level on fractional degradation
rates and the potentially rumen digestible frac{eemn Vuuren et al., 1991; Valk et al., 1996;
Peyraud et al., 1997).

Previously, we used intrinsic isotope labelling mmhize silages varying in nutritional
quality to assess component specific fractionabags rates (Warner et al., in pfésThe
aim of the present study was to assess feed compapecific passage kinetics of grass
silage from early through late maturity from ryeggaswards fertilised at two different N
levels. Ryegrass plants were uniformly labelledhwifC and **N under greenhouse
conditions, and passage kinetics of fibre and filmand N were determined based on the
respectived value, determined in faecal and omasal digestakemmand compared with the
external marker Cr-NDF.

Materials and Methods

Animals and Diet

All experimental procedures were approved by thstititional Animal Care and Use
Committee of Wageningen University (Wageningen, Negherlands) and carried out under
the Dutch Law on Animal Experimentation. Six mutipus Holstein-Friesian dairy cows in
their second to fourth lactation, fitted with a p@nent rumen cannula (10 cm i.d., Type 1C,
Bar Diamond Inc., Parma, ID), were individually lsed in tie stalls. At the start of the
experiment, cows were 63 + 13 DIM (mean + SD), aged 549 + 64 kg in bodyweight, had
an average daily feed intake of 17.2 + 2.60 kgrdagter (DM), and produced 33.1 + 5.76 kg
milk/d. Animals were fed a total mixed ration caisig of 455 g/kg DM grass silage, 195
g/kg DM maize silage and 350 g/kg DM compound fé&dble 1). The compound feed
ingredients mainly originated from cool seasarpl@nts to keep the background level'ig
enrichment low and similar to that of the naturaieghment level of the grass silage mixed in
the experimental diet. Grass silage was preparauh fryegrass (a 70:30 mixture of late-
heading tretraploid and diploid ryegrasslium perenng fertilised at two N fertilisation
levels and harvested at three maturity stages €THblLevels of N fertilisation were either 45
kg N/ha (N45), or 90 kg N/ha (N90) per cut, andleggbas a NPK complex. Maturity stages
were set to obtain a target DM vyield in the ran@el®0-2000 kg/ha (early), 3208400
kg/ha (mid) and 460@800 kg/ha (late). The field received 50 kg N/h&ompto the first

3 Chapter 4 in this thesis
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regrowth. Fresh grass from the second (mid to fasgurity) and third regrowth (early

maturity) was harvested from August to Septembé&02®ilted and ensiled.

Table 2.Chemical composition of the diet consisting of gragage at two nitrogen (N) fertilisation level4®:
45 kg N/ha; N90: 90 kg N/ha) and harvested at earlyugh late maturity, maize silage and compouweadi f

ltent N45 N90 Maize Compound
early mid late early mid late Silage feed

Growing days 35 54 70 25 47 68 — —

DM yield (kg/ha) 1840 3107 4734 2020 3366 4860 — —

DM content 366 670 723 567 354 520 390 889

Chemical compositidn
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
DVE?® 63 75 72 92 64 60 61 176
OEEB? 77 29 -3 86 76 36 -45 33
OMD (g/kg)y’ 686 642 651 733 714 645 788 768
NE, (MJ/kg DM)® 6.3 5.7 5.7 6.7 6.6 5.7 7.0 7.9

DM = dry matter; OM = organic matter; CP = crudetpin; NDF = ash free amylase treated neutral deter
fibre; ADF = ash free acid detergent fibre; DVEmrteistinal digestible protein; OEB = rumen degragestein
balance; OMD = organic matter digestibility; NE net energy lactation.

2g/kg DM, unless specified otherwise, of six expeninal periods (starch not determined for grasgsjla

3Units determined by near-infrared spectroscopydBigroXpertus, Wageningen, The Netherlands).
“Ingredients (g/kg DM): wheat (80.0), sunflower seé1#40.0), soybean hulls (26.5), palm kernel expgdo.0),
soybeans (185.0), sugar beet pulp (75.0), potatretst(200.0), MervoBest rumen-protected soybeanl mea
(185.0), phosphoric acid limestone (7.5), salt)3xineral premix (8.0).

Grass silage treatments were randomly distributes six animals and six experimental
periods according to a Latin square design with 2 factorial arrangement of treatments.
Each experimental period lasted 21 d starting witt¥-d adaptation period to the diet. From
day 12 onwards, animals were fed 95% of the indi@idDM intake measured during the
adaptation period to minimize feed refusals dutihmgmeasuring days. Animals received their
daily rations in two equal meals at 0600 and 1700He diet was prepared twice weekly and
stored in a cooling unit at 8°C from April onwar@i®ed samples were collected each time the
diet was prepared. Feed residues were collectdg dafore the afternoon feeding. Feed
samples and residues were pooled per animal owér @gerimental period. Animals were

milked twice daily during feeding times and milkngales were collected from day 15 through
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21. Feed intake and milk yield determined from d&ythrough 21 of each experimental
period were averaged per period for statisticalysea One animal was removed from the
experiment in Period 5 and 6 due to general hésdties not related to the dietary treatments

nor experimental conditions, reducing the treatnoentbinations ta = 34.
Markers

Chromium-mordanted fibre (Cr-NDF) and stable isetdabelled grass silage components
were used as external and internal passage markspgctively. The Cr-NDF (45.9 g Cr/kg
DM) was prepared as described by Udén et al. (1886) wheat straw, dried and ground to
pass a 0.5-mm screen. The isotope enriched intemagters were prepared 8€ and™N
labelled grass silage originating from the fiel@ttlalso provided the bulk grass silage. In
brief, representative ryegrass shoots from thermbecegrowth were randomly collected from
the field and grown on hydroponics (8.6 shootsmp@&runder climate-controlled greenhouse
conditions in hermetically sealed isotope assifoitachambers (IsoLife BV, Wageningen,
The Netherlands), specifically designed for homegers atmospheric isotope-labelling
(Gorissen et al., 1996). From plant emergence afsyagrass was continuously enriched
under high levels o’CO; and by injecting plant pots a*#O; solution. The labelled grass
plants were exposed to similar conditions to thedfiplants; e.g., by adjusting the light
schedule in the greenhouse to the field conditiansl inducing wind stress to the labelled
plants. Grass plants received the identical fedtilon regimen and were harvested at a similar
physiological stage (172 g, 322 g and 498 g DM/m#nfearly through late maturity) as the
field plants. Plants were subsequently wilted, tousize (2 cm), placed into several bags of
larger mashed grit gauze (pore size 212 um; PASedar Nytal, Heiden, Switzerland) and
distributed over silage bales to be ensiled togetlith the field plants over an 8-week period.
The mean degree of atom% as a proportion of totat § in the DM of the labelled grass
silage ranged between 6.74 and 8.20 atéi@%excess and between 16.93 and 18.11
atom%°N excess for the different treatments<(6).

On day 15, animals received a ruminal pulse dosmwEsponding isotopic labelled grass
silage (15 g DM) and Cr-NDF (100 g DM). Pulse dgsstarted at 0900 h with cow 1 and
continued after an interval of 30 min for each eamsive animal. Prior to pulse dosing, the
frozen and cut labelled marker material was furthdrto pieces of approximately 0.5 cm to
resemble ingested bulk grass silage particles. Efayrill through 19, cobalt ethylenediamine
tetraacetic acid (Co-EDTA; Udén et al., 1980) wasstimuously infused (0.5 L/h; 1.14 g Co/d
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dissolved in 12 L water) in the rumen after Faighi(&€975) to measure feed digestibility
(from day 15 through 19), preceded by a primer adse5 times the daily dose.

Sampling and Measurements

Faeces. Directly after administration of markers into themen, 20 spot samples of faeces
were collected after defecation. Faecal sampleg wellected in sampling blocks of three
hours each at timest =0, 3, 6, 9, 12, 15, 1830436, 48, 54, 60, 72, 78, 84, 96, 102, 108,
120 h upon pulse dose administration. Faeces weighed, thoroughly homogenized by
hand and a representative sample of approxima@ygfresh matter was stored at —20°C.
An aliquot of 1% fresh faeces was taken from eaaltection time and pooled over one
experimental period to determine total tract fergstibility.

Omasal Digesta. Fifteen spot samples (~750 mL) of omasal digestaewcollected as
described in Warner et al. (in presis) sampling blocks of three hours each at avetiages t
=0, 3,5,9, 12, 14, 17, 24, 30, 36, 47, 59, &L,120 h upon pulse dose administration and
pH was measured immediately using an electroniavger (pH electrode HI1230, Hanna
Instruments BV, IJsselstein, The Netherlands).

Rumen Liquid. On day 21, approximately 350 mL rumen liquid walected proportionally
from a cranial, middle and caudal direction. Peatment and animal, a total of four rumen
fluid samples were collected at times t = 2, 61®h after morning feeding. Subsamples of
0.75 mL each were taken for volatile fatty acid AJFand ammonia (Nk) analyses, and
rumen pH was measured immediately. The VFA and Biinples were stored at —20°C in
85% phosphoric acid (1:1, v/v) and 10% trichlordicacid (1:1, v/v), respectively.

Rumen Degradability. On day 18 through 21, rumen degradation of frestsgsilage was
determinedn situ per individual animal and per silage type treatmersitu as described by
Warner et al. (in press)incubations (0, 2, 4, 8, 24, 48, 72 h) startethwie 72-h incubation
bags according to the all-out procedure at 80 muparker administration to ensure similar
conditions of degradation and passage rates. Riewtudies showed that faecal marker
concentrations were close to baseline concentatifier 4 d (D. Warner et al., unpublished
data)®

“ Chapter 4 in this thesis
5 Chapter 3 in this thesis
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Chemical Analyses

Samples were freeze-dried and ground over a hammilleto pass a 1-mm screen (Peppink
100 AN, Olst, The Netherlands). Dry matter, aslkiderprotein (CP), starch, NDF and ADF
were analysed as described by Abrahamse et al8#200 Concentrations of VFA and NH
were determined as described by Warner et al.réss). Milk composition was analysed by
mid-infrared reflection spectroscopy (Milk ControBtation VVB, Nunspeet, The
Netherlands).

Faecal and omasal Co and Cr concentrations weeendieied using an atomic absorption
spectrophotometer (AA240FS, Varian, Palo Alto, G#ter oxidation with wet-destruction as
described by Pellikaan et al. (2013). Isotopic etion patterns in faeces and omasal digesta
were determined for fibre-bourtdC and**N in the ADF fraction, and fot*C and™N in the
total DM. The ADF fraction was obtained by washdrgd and ground test samples with acid
detergent in filter bags (Type F57, porosity 25 pankom Technology, Macedon, NY) but
omitting the final combustion. The DM and ADF friacts were pulverized in a bullet mill
(MM2000, Retsch, Haan, Germany) for 3 min at 85anz analysed fo8°C and5™N by
elemental analyses using an isotope ratio masdrepegter (Delta V Advantage, Thermo
Scientific, Bremen Germany). The relative isotopizichment is expressed &$C ands™N
(the respectivé*C:*C and™N:*N ratio) in the samples relative to the isotopitor®f the
respective international standards Vienna Pee Daenfhite and air. After correction for
natural isotopic abundance, faecal and omasal gowrpatterns of atomC and'®N excess

were established, and scaled to marker peak camatientto improve model fit.
Curve Fitting and Statistical Analyses

Curve fitting procedures and statistical analysesaatlined in Warner et al. (in preSshn
brief, fractional passage rates were derived fragtél and omasal excretion patternd’ef
>N and Cr, fitted iteratively with a nonlinear malimpartmental model (Dhanoa et al.,
1985). The multicompartmental model provided thestrgatisfactory curve fits for maize
silage in faeces and omasal digesta (Warner éharessf, compared to two compartmental
models with age dependency with increasing ordgyaaima distribution (851 modelsn =
2 to 5). The multicompartmental model assigns awsfeactional passage rate to the
compartment with the highest retention timig;(viz. reticulorumen) and a fast fractional

passage rate to the compartment with the lowesntien time Ky; viz. proximal colon-

© Chapter 4 in this thesis
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caecum). With regard to omasal marker excretiennost probably represents rumen-related
processes, such as mixing time and gas entraprhemarier particles, rather than a particle-
retaining compartment per se (Warner et al., isgfePredicted marker concentrations were
compared to the observed values using the root reqaare prediction error, which was
decomposed into errors due to overall bias of ptidi, errors due to deviation of the
regression slope from unity, and errors due to aand/ariation (Bibby and Toutenberg,
1977), and scaled to the observed mean (mean poedierror, MPE). Log-transformed
model parameters were tested by analyses of variang Latin square split-plot design, with
a 2 x 3 factorial arrangement of treatments (twiezitllisation levels x three maturity stages)
within main plots and type of marker assigned topsots by mixed model procedures of SAS
(version 9.2, SAS Institute, Cary, NC), as desdtibe detail by Warner et al. (in press).
Differences between marker types were assesseg oithiogonal contrasts. Rumen pH, VFA
and NH; concentrations were considered repeated measutearahwere analyzed as a Latin
square split-plot design with repeated measuremaststhe subplots effectdn situ
degradation residues were fitted as described lsyetal. (2006) using a first order model
with lag time (Robinson et al., 1986 situ degradation parameters and animal performance
datawere tested by analysis of variance as a Latinreqwith a 2 x 3 factorial arrangement

of treatments.

Results

Characteristics of the Grass Silage

Diet. Six nutritionally contrasting grass silages diffigr particularly in their CP and NDF
content (Table 1), were fed to dairy cows. The GRtent was on average 38 g/kg DM units
higher for N90 and decreased considerably witheasing maturity stage. The lowest
absolute value was observed for N45 of late mat(dB87 g/kg DM). The NDF content
increased with increasing maturity stage althouifflerénces were less clear than for CP. The
NDF content of N45 was comparable between the tlast maturity stages (mid to late),
whereas that of N90 was comparable between thetfus maturity stages (early to mid).
From early to mid maturity, N90 showed a particujaick regrowth performance producing
a respective average daily amount of 28 kg andglBM/ha more than N45, whereas at late

maturity the regrowth performance was comparabtedsen N fertilisation levels.

” Chapter 4 in this thesis
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Animals. Animals had daily average feed intake of 16.7 480kg DM (mean + SEM) and
produced 26.7 £ 0.92 kg milk/d (Table 2). Advancingturity stage generally decreased feed
intake and milk yield with the absolute lowest \euobserved for N90 of late maturity.
Nitrogen fertilisation increased feed intake andkngield, except for the late maturity grass
silage, and a significant interaction between liediion level and maturity occurred. A
similar trend was observed for total tract CP dipédiy (on average, 0.69 + 0.013). Total
tract digestibility of OM (0.75 + 0.010), NDF (0.7¢ 0.014) and ADF (0.62 + 0.016)
decreased with advancing maturity stage but a fignt interaction between maturity and
fertilisation level indicated that this decline wamre pronounced at N90 than N45. Milk
protein content (30.5 + 0.26 g/kg) decreased foO M@t not with N45 with advancing
maturity stage, whereas effects were not signifiéan milk fat content (42.5 £ 1.21 g/kg).
The urea content (37.6 = 1.39 mg/dL milk) was higloe N9O.

Rumen Fermentation End-Products. The acetic acid content in rumen liquid generally
increased with advancing maturity of the grassgsilaut effects of N fertilisation levels on
acetic acid were less clear. A similar but opposgad was observed for valeric acid and the
branched-chain VFA, whereas all other VFA, rumen g@htl ammonia content were not
affected by basal diet treatments, although sicguifi interaction between fertilisation and
maturity was present for butyric acid molar proort(Table 3).

Rumen Degradation. Rumenin situ degradability of the six grass silage treatmemn&ble 4)
showed generally higher fractional degradationsrakg) for N9O for the different feed
fractions, whereas grass silage maturity had ldsear ceffects onKp. The potentially
degradable fractionsD] and washable fractionsMj generally decreased, whereas the
undegradable fraction®&J and the lag time generally increased with advanenaturity for

all nutrients.
Passage Kinetics

Faeces. Passage kinetics estimated by marker techniqoes faecal samples were affected
by the type of marker. Fractional passage ratethfocompartment with the highest retention
time (Ki; viz reticulorumen) were highest for Cr-NDF (0.047 +0B0/h; Table 5). Among
stable isotope markers; differed with lower values for*C-ADF (0.023 + 0.0017/h)
compared td*C-DM (0.034 + 0.0023/h). No difference between fi@ts were observed for
15N. Similarly, fractional passage rates for the cartipent with the second highest retention
time (K; viz. proximal colon-caecum) differed among markers wiigherK, values for>N
than'C (Table 5).

76



‘ueaw ay} Jo 10113 plepuels = N3S,
‘auppialep pioe = 4Qy ‘aiqly wabialep [ennau \H@a10id apnio = 49 ‘1aiew oduebio = NO ‘Jenelup = NG ‘axeiul Janew Aip = |ING ‘ybBiam Apoq = Mg,

1000 000 ¥25°0 /860 TO00> 9500 S000 SO000 €T00  2IT0 2000  ¥000  TOOO  T.90 N x o
1000>  TOOO 080°0 G800 TO00> 6E€0  TOO0> TOO'0> T000> T000> T000> TO00> T0O0O> 6250 (W) Aunre
9000  SE0'0 800°0 8I¥'0  8vy90 9.0 STOO GSvE0 OIS0 00O  ZOPO  8€20 9000  6GTO (4) uonesiniag
2100 TO00>  TO00> S000 TO00> TO00> T000 SISO  TEY0  2.T0 8820  €0S0  SZ00  OSTO pouad
100'0> T000> ¥00°0 /T0°0  TO00> TO0O0> TOO0> TES0 €920 €670  2IP0 8¢SO  T000> TOO0O> [ewiuy
sanjen-d
9z LS 6T €00 €00 210 260 9700  ¥I00  €T00  0T00  TTOO 81'0 8¢T IERS
8.9 916 LTy Ly 8'82 cov T 950 590 G590 0,0 890  GYI T.S ae
116 €zeT L'1€ esy g0E S'ey 6'62 £9°0 TL0 zL0 9.0 v.'0 98T 19G PIA
GG6 0ZeT 18 8'sy 0'ze (847 8'62 69°0 110 €L0 8.0 1.0 98T 8.6 Aue3 06N
L 290T 0°L€ £Gh ¥'0E oey g¥Z 090 89°0 590 €L°0 1.0 9'ST 165 aje
¥9. G/0T 6'SE LSy 8'0¢ ey 672 €90 1.0 89°0 v.0 2.0 09T T.S PIA
258 9GTT z'5e 9'Gh ¥'0€ 60V 182 290 1.0 89°0 5.0 ZL0 19T 065 Aue3 SYN
(p/B) (p/B) (p/Bw) (B /B) (B /6)  (BxB)  (p/B¥) Jav JaN o O na
uLold  Ted ealn  9soe uwLlold  led JEIIN (p/B¥) (6)
Anyey uonesijnia-
ING Mg
AN Sius10}200 ANjIgnsabip 10en [e10 ]

Aunrew aye| ybnoayy

Alrea 1e paisantey pueyfrl 6% 06 :06N ‘BU/N B G :G¥N) S|oAs] uones!() uaboniu om) e sabejis sselb Huiureluod seopa) smod Alrep Xis 1o} elep aosuewlopad [ewliuy g ajgel



Chapter 5

Table 3. Rumen liquid characteristics of dairy cows fed tgrass silage types (N45: 45 kg N/ha; N90: 90 kg
N/ha) harvested at early through late matdrity

Fertilisation ~ Maturity pH HAc HPr HBuU HVa HBc tVFA NGR NH;

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 2.73 115.4 438 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-value$
Animal 0.010 0.066 0.026 0.566 0.107 0.018 <0.001 0.030 5910.
Period <0.001 0.016 0.233 0.061 0.233 0.037 0.008 0.224 5300.
Fertilisation (F) 0.350 0.037 0.949 0.117 0.019 <0.001 0.339 0.714 1910.
Maturity (M) 0.119 0.002 0.156 0.203 0.008 0.003 0.184 0.151 170.4
FxM 0.003 0.004 0.792 0.004 0.002 0.020 0.097 0.692 700.0
Time (T) <0.001 <0.001 <0.001 0.972 <0.001 <0.001 <0.001 OGD. <0.001
FxMxT 0.793 0.524 0.382 0.966 0.529 0.546 0.536 0.354 860.2

'Rumen liquid parameters: HAc = acetic acid; HPrrepfpnic acid; HBu = butyric acid; HVa = valericidr
HBc = branched-chain volatile fatty acidsctbutyric + iso-valeric acid); tVFA = total volatile fatty acidsn(
mmol/L; HAc + HPr + HBu +HVa + HBc); NGR = non-glagenic to glucogenic VFA ratio [= (HAc + 2 x HBu
+ 2 xiso-butyric + HVa +iso-valeric) / (HPr + HVa +so-valeric)]; NH; = ammonia (mmol/L). All values
expressed in mol/100 mol unless specified otherwise

?SEM = standard error of the mean.

®Analyses of variance based on log-transformed mestis subplot T (= time; 2, 6, 8, 10 h after momin
feeding) within factorial main plots in a Latin se.

Marker peak concentration time (PCT) was highertfier ADF (21.2 and 24.3 h fdrN
and**C, respectively) than the DM fractions (17.4 andl for**N and**C, respectively;
Table 6). PCT was lowest f6fN-DM among markers (17.4 + 0.38 h). Marker tratisite
(TT) was similarly affected by marker choicE € 0.001; data not shown). Total mean
retention time (TMRT) was lowest for Cr-NDF (38.01453 h) and considerably longer for
13C-ADF (61.1 + 2.80 h) compared t8C-DM (45.6 + 1.91 h; Table 6). No difference was
observed between the DM and ADF fractionsfdt (42.0 and 46.4 h, respectively). Faecal
samples were almost fully depleted of Cr-NDF by tinge sampling was terminated 120 h
after pulse dose administration, as shown by tlimated mean marker clearance time (114 +
4.6 h) from the gastrointestinal tract. Concentratf °N and**C at 120 h was still above
natural abundance level, as indicated by the totaker clearance time of 1287 h for the
DM fraction and 139183 h for the ADF fraction.
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Table 4. Rumen degradation kinetics of dairy cows fed ratiaontaining grass silages at two nitrogen (N)
fertilisation levels (N45: 45 kg N/ha; N90: 90 kdhd) and harvested at early through late maturity

Degradation N45 N90

_ : SEM
parameter early mid late early mid late

Organic matter
Kp 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 21 2.4 5.4 6.6 1.94
Crude protein
Kb 0.060 0.042 0.052 0.072 0.059 0.063 0.0069
D 345 54.0 50.6 454 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 25 1.36
Neutral detergent fibre (NDF)
Kp 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 125 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
Acid detergent fibre (ADF)

Kb 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 20.0 245 20.6 14.8 22.2 39.7 5.19
lag 1.6 5.7 4.7 53 8.2 7.6 2.26

'Kp =fractional degradation rate constant (/h)Dofraction; D = potentially degradable and insoluble fraction
(%; D = 100 -W —U); U = undegradable fraction at to=(%); W = washable fraction (%; assumed zero for the
NDF and ADF fraction)lag = lag time.

2SEM = standard error of the mean.

Medians for model parametefsandN, as estimated by the multicompartmental model,
were 2.3 P < 0.001) and 24R > 0.10) across markers, respectively (data not showhe
mean prediction error (MPE) as an indicator of euiivaccuracy was lowest for Cr-NDF (9.7
+ 0.72%;P < 0.001) among markers. Interestingly, MPE was fowigh *°N (11.0-13.7%)
than with®>C (22.1:24.0%;P < 0.001). The largest proportion of the MPE acrosskers was
due to random variation (96.5%) and only a minat pas explained by mean bias (1.5%) or
regression bias (1.9%) (data not shown). Basal wégttment generally affected passage
kinetics except foK; which tended to be higher for N90 (0.035 + 0.06)@bmpared to N45
(0.031 + 0.0020/h). A significant fertilisation xaturity interaction folK; was observed, and
generallyK; decreased with maturity with N45 but increasedhwitaturity with N45. A
similar interaction effect was observed K, PCT and TMRT.
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Chapter 5

Omasum. In general, passage kineti¢s, ( TMRT) based on omasal grab sampling showed a
similar trend to that based on faecal grab samp(ifeple 7). Passage kinetics were not
affected by maturity stage bkt was higher for N90 (0.037 + 0.0017/h) than for N@®30

+ 0.0016/h). Nitrogen fertilisation decreased TMR®m 34.7 h (N45) to 28.3 h (N90).
Marker effect was significant fd€; and TRMT. Estimates df, averaged 1.96 + 2.441/R ¢

0.10 for marker effect). Medians for model paramsfeandN were 1.1 P < 0.001) and 4R

> 0.10) across markers, respectively (data not ahowhe MPE for Cr-NDF curve fits was
24.7 + 1.56% and in range with that f3€ and™N curve fits (16.627.8%; data not shown).
Mean pH of omasal digesta was 6.51 + 0.012.

Table 7. Rumen passage kinetics of different markers asrm@ted by omasal sampling of dairy cows fed
rations containing grass silages at two nitrogenféxilisation levels (N45: 45 kg N/ha; N90: 90 kgha) and
harvested at early through late maturity

Marke? Ky K, TMRT
Cr-NDF 0.042 1.35 25.7
¥c-D™m 0.034 2.18 29.7
¥c-ADF 0.024 1.38 428
*N-DM 0.036 2.01 29.3
*N-ADF 0.034 1.12 31.6
SEM? 0.0059 2.441 9.84
P-value$
Animal 0.034 0.746 0.007
Period 0.239 0.437 0.335
Fertilisation (F) 0.012 0.162 0.009
Maturity (M) 0.257 0.506 0.272
FxM 0.057 0.739 0.060
Marker type (T) <0.001 0.386 <0.001
FxMxT 0.028 0.153 <0.001
Crvs (*C,™N) <0.001 0.466 <0.001
Bcvs N <0.001 0.593 0.016
C: DM vs ADF <0.001 0.222 <0.001
*N: DM vs ADF 0.534 0.133 0.419

TPassage kinetic parameteks; = fractional passage rate constant (/h) for the cotmEmt with the highest
retention time in the reticulorumei, = fractional passage rate constant (/h) for the cotmmnt with the
second highest retention time in the reticulorunT@MRT = total mean retention time in the reticuloren (h).
2Cr-NDF = chromium mordanted fibré*C-DM = *C in the dry matter**C-ADF =**C in the acid detergent
fraction; *®N-DM = N in the dry matter*>N-ADF =N in the acid detergent fibre fraction.

’SEM = standard error of the mean.

“Analyses of variance with orthogonal contrasts keetwmarkers based on log-transformed means iritgkyil
arrangement with factorial main plots in a Latiuarg.
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Discussion

Effect of Grass Silages with Increasing Plant Ageral Nitrogen Fertilisation Levels on
Feed and Animal Characteristics

As expected, the grass silage treatments imposeédahaear effect on CP content. Grass
silage maturity decreased CP content at an avewigeof 1.8 g/kg DM per d from early
through late maturity. Nitrogen fertilisation inased CP content by, on average, 38 g/kg DM
with N9O relative to N45. The NDF content was dittffected by N fertilisation but more by
maturity stage, and is essentially in agreemenh \pitevious findings (Valk et al., 1996;
Peyraud and Astigarraga, 1998). Effects on thesfidwntent were less clear. With N45, the
NDF content increased from early to mid but did imarease from mid to late maturity; for
N90, the NDF content did not increase from earlyntiol but increased from mid to late
maturity.

The nutritional composition of the grass silage ffiedl a substantial effect on feed intake.
Nitrogen fertilisation increased feed intake by R2DM/d for early and mid maturity grass
silage, which is in line with observations on fregtass (Mackle et al., 1996). Advancing
maturity decreased feed intake and was lowest 0 bF late maturity (reduced by 4.1 kg
DM/d relative to preceding maturity stages). A $aneffect on feed intake was observed by
Bosch et al. (1992b) and Tahir et al. (2013) fasgrsilages with similar nutritional contrasts.
Based on the chemical composition of the grasgesilé is not clear what induced this
particular drop in feed intake for N90. No defigignin ruminal degradable protein (as
indicated by the positive OEB value) for optimalkrnobial fermentation was observed, which
could impair ruminal digestion and consequentlydfegake (Romney and Gill, 2000). The
drop in feed intake for N90 matches with a partdyl low total tract CP and OM
digestibility observed for that particular treatrhenmbination. A similar trend was observed
for milk, milk fat and milk protein yields. The déee of milk and milk protein yield with
advancing plant maturity might be caused by theiced CP digestibility and supply as
reviewed by Huhtanen and Hristov (2009). Grasgsilmaturity increased acetic acid molar
proportion in the rumen but did not change promoatid molar proportion and the non-
glucogenic to glucogenic VFA ratio, which agreeshwliterature findings as reviewed by
Rinne et al. (1997b).
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Passage and Degradation Kinetics of Grass Silage

Passage through the gastrointestinal tract wasragndaster for the high fertilised N9O
treatment. In contrast, grass silage maturity hadanclear effect on passage kinetics and
there was a strong interaction between plant ntgtand N fertilisation orK;. For the low
fertilised N45, passage generally slowed down wailvancing maturity, in particular when
measured with°N markers. For the high fertilised N90, the oppmsitfect was observed and
passage kinetics appeared to be faster for grisge df late maturity than grass silage of
early maturity. Results from literature are ambigsicand seem to depend on the plant
material and resulting specific particle size. Whi#ome studies reported reduced or
unchanged; values for lates. early maturing grass (Mambrini and Peyraud, 19224mb et
al.,, 2002; Lund et al., 2006; Kuoppala et al., 20Bayat et al., 2010; Bayat et al., 2011),
other studies showed increasédvalues with advancing maturity of grass silages@et al.,
1991; Bosch et al., 1992a; Rinne et al., 1997an&#&t al., 2002).

The interaction between plant maturity and N fisdifion observed in our study could
explain the inconclusive findings observed in arieastudy (Pellikaan et al., 2013). In that
study, high digestible grass silage (100 kg N/fead 3egrowth) did not result in a measurable
change in passage kinetics compared to a low diesjrass silage (50 kg N/ha; 81 d
regrowth), as could have been expected based olarde nutritional contrasts of the grass
silages. Furthermore, Owens et al. (2008a,b) reddricreased; values of fresh ryegrass
harvested at a later stage for the high CP{185 g/kg DM) autumn regrowth but not so for
the low CP (99116 g/kg DM) spring regrowth. Rumen conditions cbekplain some of the
variation in passage kinetics. Tafaj et al. (200b¥erved reducel; values along with a
reduced rumination activity and fibre digestibilfiyr low-fibre ytterbium labelled hay when
concentrate levels were increased. In our studyeruconditions did not appear to deteriorate
by increasing N fertilisation but fibre digestilyliwas clearly impaired, which might explain
the increase ifK; (Owens and Goetsch, 1986) observed With for N90 of latevs early
maturity. Furthermorek; is not expected to be associated to a potentahgdh in the cell
wall structure as the composition of the cell viittion, in particular fibre-bound N, seem to
be unaffected by the level of N fertilisation (Wamet al., 1977).

Digesta particle size was not measured in thisysud a smaller digesta particle size with
grass silage of advancing plant maturity was assediwith an increaseld; (Rinne et al.,
2002; Kramer et al., 2013a). These studies repatéabter particle breakdown rate and an

increase; for the small particle pool in the rumen for aekaut compared with an early-cut
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grass silage. In particular, Rinne et al. (20023eoed higher fragility or brittleness of the
more lignified particles from late-cut grass silagarthermore, maturity stage of grass silage
considerably decreased the proportion of largeigest (>1 mm) but increased that of small
particles (0.20.5 mm) in faeces (Jalali et al., 2012). It carhippothesized that the larger leaf
blade size upon increased N fertilisation (Wilmamd &#earse, 1984) in combination with a
higher brittleness of leaves often observed withrttore mature plant material (Ulyatt, 1983),
resulted in a considerable particle size reductibthe *>N-DM and *°N-ADF from leaves.
This might have resulted in increased passagei&inef the®N fractions with advancing
plant maturity. In addition, stem morphology wag atiered upon increased N fertilisation
(Harris et al., 1996), and earlier studies suggestat leaves are more prone to particle size
reduction than stems of grass (Poppi et al., 1@3rney et al., 1991). This might explain
why passage kinetics of tH&C fractions did not change with advancing planturigt like
the®N fractions.

Degradation kinetics of the six grass silages fedeaimilar trends to passage kinetics.
The U fraction generally increased and téfraction decreased with advancing maturity,
essentially in line with degradation characterstf grass silage reported by Tamminga et al.
(1991) and Bosch et al. (1992b); and Wdéraction was higher with elevated N fertilisatias
observed by Peyraud et al. (1997). In contrastDtHeaction of OM and CP increased with
maturity for N45 but decreased for N90. The frawtiicdegradation ratd() of theD fraction
of CP decreased with maturity at both N fertilisatilevels, essentially in line with van
Vuuren et al. (1991), but for other nutrieiis increased with advancing maturity for the high
fertilised N90 only. TheD fraction of the ryegrass CP fraction decreaseth wiaturity of
N90, which is in line with observations on freskegyass (Peyraud et al., 1997). Keof the
ryegrass CP fraction increased with the high feed N90 treatment, which was also
observed by van Vuuren et al. (1991) and Valk e{1896) who reported somewhat higher
values (0.078.084/h and 0.06D.133/h, respectively) for fresh ryegrass fertdisat
comparable N levels relative to our ryegrass sildggeneralKp was not well correlated to
K1 based on our dataset<10.40;n = 34). The highest correlation coefficients web¢éained
among fibreKp andK; based or*C-ADF and™®N-ADF (r = 0.25 to 0.40) but with regard to
other nutrients, stable isotopes did not partidyleesult in higher r-values than Cr-NDF. In a

previous experiment with maize silage and usfi@DM and**C-ADF as internal markers,
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no direct link could be established between sildggradation and passage rates (Warner et

al., in press}.
Passage Kinetics of Stable Isotopes in Faeces anth&sal Digesta

Passage kinetics from faecal and omasal digestpleamwere estimated from a deterministic
multicompartmental model (Dhanoa et al., 1985).sRBgs kinetics of the grass silage was
highly dependent on the type of marker used froth feecal and omasal digesta sampkes (
< 0.001). In particular, the external marker Cr-Npfovided approximately 0.016/h units
higherK; values and, in turn, a 10.8-h lower TMRT than ititernal *C and**N markers.
Comparable findings were reported for Cr-NDF &7@ from labelled grass silage (Pellikaan
et al., 2013) and maize silage (Warner et al.,res$)° The ADF fraction had considerable
slower passage kinetics than the DM fraction whi&h was usedK; reduced by 0.011/h;
TMRT increased by 15.5 h; PCT increased by 3.3rhontrast, differences ik, between
the two fractions were almost absent with maizagsilK; of 0.023/h and 0.021/h fofC-DM
and**C-ADF respectively; Warner et al., in pre&s)ith grass silage, differences were higher
in the study of Pellikaan et al. (2013) to somepktalthough dependent on the silage quality
(difference of —0.019 and —0.023/h for high and ldigestible grass silage, respectively). We
found a similar silage quality effect on the redatibetween*C-DM and *C-ADF with
differences inK; being amplified for the low fertilised grass (@ifénce of —0.008 and
—0.014/h for N90 and N45, respectively). These Itesmay reflect the different physical
structure of fibres between the two forage types @dever et al., 1993a,b) and between
forage quality.

When N was used, the ADF fraction had similar passagetids to the DM fraction,
except for a somewhat redudégl (by 0.125/h) and a considerably increased PCTHB.9he
use of>N provided a more detailed insight into the pasddgetics of the cell walls. Cell
wall bound®®N appear to pass out at a somewhat higher rate fhenreticulorumeni;
increased by 0.009/h) and from the gastrointestiaat (TMRT reduced by 14.1 h) than the
cell walls. Similarly, total proteins based &iN-DM appeared to have increased passage
kinetics to some extent relative to the non-protieirction based of°C-DM. Overall, the
experimentally determineld; of *>N-DM (0.034 + 0.0021/h) is lower than what is asedm
by the Dutch feed evaluation system (0.045/h; vaimkerken et al., 2011), which is based on

passage studies using external markers. Simila¢ly,of 1°N-DM is lower than when
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calculated based on the equations used in the Wd-Feo-Milk system (0.043/h; Thomas,
2004) but in line with results based on the equatiosed in the NRC feed evaluation system
(0.031/h; NRC, 2001) and the Nordic feed evaluasigstem (0.035/h; Volden, 2011). TKg

of Cr-NDF in the present study (0.047 + 0.0030/swvell in line with the assumption in the
Dutch and UK system (0.045 and 0.043, respectively)

A bias inK; due to marker migration often observed with raagteelements (Owens and
Hanson, 1992) might also occur with stable isotapéisey are incorporated into microbial
biomass (Firkins et al., 1998; Pellikaan et al1320 The acid detergent treatment circumvents
this problem as none or only negligible amountsdifestible fractions are analytically
recovered in this fraction. Digestible fractiong anore prone to bias, and it has been shown
that up to 8 g C/kg of faecal OM were of microloaigin (van Vliet et al., 2007) and that the
faecal microbial biomass increased with decreagirags silage maturity. Hence, marker
migration via microbial biomass might in theoryroaduce some bias in DM or intracellular
matter but overall effects on tig of digestible fractions will be probably minor.

Sampling site had little effect on passage kinetioggesting that faecal sampling provide
reliable ruminal passage kinetics. In addition, #zene marker contrasts as well as plant
maturity x N fertilisation level interaction (datet shown) observed in faecal samples were
detected in omasal digesta. Faecal makeand TMRT were moderately correlated with
those based on omasal digesta sampling (on avarage47 and r = 0.56, respectively) with
little difference between Cr-NDF and stable isotoparkers, except for’C-ADF for which
no correlation was observed.

Curve fit accuracy based on the MPE was in the eanfgprevious studies usingC
labelled forage (Pellikaan et al., 2013; D. Wareeal., unpublished dafaput MPE values
were almost double compared to those reported®@iabelled concentrates pulse dosed at
high amounts (9 kg; D. Warner et al., unpublishath)f Interestingly, curve fit accuracy for
Cr-NDF based on faecal sampling was considerakltgibthan that for stable isotopes, but
accuracy considerably declined for Cr-NDF with oaladigesta sampling and was even
slightly worse than that dfN isotopes. These findings suggest that the smaiimal pulse
dose size of stable isotopes probably affectedutse fit accuracy, and that omasal sampling
provided somewhat less reliable results than fasa@lpling. Interestingly, curve fit accuracy
of stable isotopes was not particularly worse bamedmasal digesta compared to faecal

sampling as it could have been expected basedeoresiults for Cr-NDF. This suggests that a
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satisfactory marker distribution in the rumen wasyvprobably attained well before the first
omasal samples were taken. It should be furthermoted that a lower number of omasal
than faecal samples were collected and submitteshadyses. Visual inspection of curve fits
confirmed that the presence of a few possible mglyalues weakened the fit of omasal
excretion curves to a higher extent than that efcdh excretion curves, where a higher
number of available data points per curve imprat&ét. The increased costs associated with
collecting and submitting a higher number of sampbeisotope analyses might be avoided by
using a larger but lower enriched pulse dose $ilst likely, the marker distribution within
the rumen content will be accelerated, as it i9ably the case for the finely ground Cr-NDF
particles, and lower the effect of possible outlyimalues on curve fit accuracy and

consequently passage kinetics.

Conclusions

The use of*C and™N stable isotopes from intrinsically labelled ryasg silage allowed the
assessment of passage kinetics of fibres and liibved N. Fractional passage rates decreased
with advancing plant maturity for the low N fersiéid grass silage but increased for the high N
fertilised grass silage. Fractional rumen passagswere higher for the high compared with
the low N fertilisation level. Passage kinetics' fibres differed from those of the external
marker Cr-NDF and fibre-bourtdN. Sampling siteyiz. faeces/s omasum, did hardly affect

rumen fractional passage rate estimates.
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Abstract

We describe the use of carbon stable isotdf@) (abelledn-alkanes as a potential internal
marker to assess digesta passage kinetics in rotsinglant cuticulan-alkanes originating
from intrinsically*3C labelled ryegrass plants were pulse dosed imtiaally in four rumen-
cannulated lactating dairy cows receiving four casting ryegrass silage treatments that
differed in nitrogen (N) fertilisation level (45 &0 kg N h&) and maturity (early or late).
Passage kinetics through the gastrointestinal wacé derived from th&**C (ratio™*C:*°C) in
apparently undigested faecal material. Isotopiécenmrent was observed in a wide range of
long-chainn-alkanes (G-Css) and passage kinetics were determined for the mimstdant
Coo, Cs1 and G3 n-alkanes, for which a sufficiently high responsgnsil was detected by
combustion isotope ratio mass spectrometry. Baséltieeatment and carbon chain length of
n-alkanes did not affect fractional passage ratems fthe rumenk;) among individualn-
alkanes (3.743.95 %/h). Peak concentration time and transit tdhewed a quantitatively
small, significant P < 0.002) increase with carbon chain lengtt, estimates were
comparable to those of tH&C labelled ryegrass dry matter fraction (3.38 %/k; 0.61 to
0.71;P <0.012). Literature has shown thmalkanes are not fermented by microorganisms in
the rumen and affirms no preferential depletion®6fversus™C. Our results suggest tHa€
labelledn-alkanes can be used as digesta passage markessigmatt the reliability of the
8"°C signature of digestible feed nutrients as a tooleasure nutrient-specific passage
kinetics.
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Introduction

Production animals need to be fed according ta thetritional requirements in order to reach
their maximum performance, reduce the loss of wastelucts into the environment from
undigested feed nutrients, and prevent nutrieatedl disorders due to an unbalanced or
insufficient supply of nutrients. Knowledge on thehaviour of ingested feed nutrients in the
different compartments of the gastrointestinalttimessential to understand the fate of nutrients
and related digestive mechanisms (Dijkstra et28lQ7). In ruminants, which are particularly
adapted to yield energy from poor-quality foragé® reticulorumen is the main site of
fermentative degradation of nutrients through tlBoa of microorganisms, mixing of the
ingesta and patrticle size reduction. Once ingefgted particles reach a specific particle size
(Poppi et al., 1980) and specific density (Sicitiatones and Murphy, 1986), they pass in aboral
direction into the following digestive compartmetitspecific fractional rates (i.e., as a fraction
per hour; %/h) depending on a number of feed aidarcharacteristics (Owens and Goetsch,
1986; Pellikaan et al., 2013). If quantified acteig knowledge on the fractional passage rate
from the reticulorumen may be used to predict tkierg of degradation and excretion of
nutrients (Dijkstra et al., 2007). Fractional pagsaates are, therefore, an essential part of
modern feed evaluation systems as well as of métiamodels describing the dynamics of
microbial population in the rumen and their conitibn to methane emissions from ruminants
(Kebreab et al., 2004). Yet, quantitative knowledge feed- and nutrient-specific passage
kinetics are limited.

Passage kinetics are commonly estimated by maddhinigues and, recently, the carbon
isotope signature of feed nutriens$C; i.e. the ratio of the stable isotogé® to'°C) has been
proposed as an internal passage marker (Pellikaah, €013). In particulas™*C in faecally
excreted undigested fibres allowed researchersuémtify nutrient-specific passage in dairy
cows. It was further proposed to use stable isstapeombination witm-alkanes as an internal
passage marker (Dove and Mayes, 200@)lkanes are saturated aliphatic hydrocarbon chains
naturally present in plant cuticular wax. They hawehigh faecal recovery in ruminants
depending on the carbon chain length (Doves anded|a$991; Ferreira et al., 2009), are
neither degraded nor synthesised in the rumenlégeaat al., 1971; Keli et al., 2008), and their
analytical determination is specific and well dés=d (Dove and Mayes, 2006); hence, they

possess close-to-ideal marker characteristics.
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The objective of this study was to evaluate whetheb™°C signature ofi-alkanes can be
used to estimate passage kinetics in ruminant@uf&nowledge no literature is available on
the application of stable isotope labelledlkanes as fractional passage rate markers, glhou
8"C of individual n-alkanes were successfully employed to assess dégebtibility of
ruminants (Bezabih et al., 2011b). The presentystiescribes for the first timim vivo =°C

labelledn-alkanes and their relevance to passage kinetidsestin dairy cattle.

Material and Methods

Animals and Housing

The present study was part of a larger experimemiassage kinetics of nutrients through the
gastrointestinal tract of dairy cows (D. Warnerakt unpublished datdf, approved by the
Institutional Animal Care and Use Committee of Waggen University. Four multiparous
Holstein-Friesian dairy cows in their second torfbdactation, fitted with a permanent rumen
cannula (10 cm i.d., Type 1C, Bar Diamond, Parriy, Wwere individually housed in tie
stalls. Animals averaged (mean + SEM) 561 + 13rkgadyweight, and, during measurement
weeks 1 = 4), had a dry matter (DM) intake of 17.0 + 0.3dkand produced 26.2 + 0.87 kg
milk/d. Animals were milked twice daily during faed times.

Diet and Treatments

Animals were fed a total mixed ration consistingdéb g/kg DM ryegrass silage, 195 g/kg
DM maize silage and 350 g/kg DM of a specificalgsijned compound feed (Table 1). The
compound feed ingredients originated from cool-sea&; plants to keep the background
level of °C low and similar to that of the natural levelsthé grass silage mixed in the
experimental diet. Grass silage was prepared freranmial ryegrasd-6lium perenngfrom

the second regrowth, fertilised at two nitrogen @%;potassium phosphorus nitrate) levels,
and harvested at two maturity stages. Levels ailiation were either 45 kg N/ha (N45), or
90 kg N/ha (N90). Maturity stages were set to abtatarget DM yield in the range of 1800
2000 kg/ha (early) and 4604800 kg/ha (late). The grass plants were harvest8eptember
2010, wilted and ensiled. Animals were offered yedltions of the diet as two equal meals at

0600 and 1700 h, and had free access to waterdiehevas prepared twice weekly; feed

10 Chapter 5 in this thesis
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ingredient samples were collected each time thieveis prepared and pooled per animal over

each experimental period.

Table 1 Chemical composition of the diet consisting cdsy silage of early or late maturity at two nitnogh)
fertilisation levels (N45: 45 kg N/ha; N90: 90 kdhd), maize silage and compound feed

Chemical composition N45 N90 Maize Compound
(g9/kg dry matter) early late early late silage feed
Dry matter (g/kg fresh) 366 723 567 520 — —
Dry matter (kg/ha) 1840 4734 2020 4860 — -—
Organic matter 879 912 907 903 961 933
Crude protein 197 137 249 168 e 262
Starch — — — — 403 218
Neutral detergent fibre 432 545 429 556 356 293
Acid detergent fibre 294 296 257 326 201 151

Hingredients (g/kg DM): wheat (80.0), sunflower se€t40.0), soybean hulls (26.5), palm kernel exp&d0.0),
soybeans (185.0), sugar beet pulp (75.0), potatrectst(200.0), MervoBest rumen-protected soybeanl mea
(185.0), phosphoric acid limestone (7.5), salt)3ineral premix (8.0).

Marker Preparation

The external marker Cr-NDF was prepared as destiiyeUdén et al. (1980) from wheat
straw, dried and ground to pass a 0.5-mm screee.**h marker was prepared froMiC
labelled and ensiled ryegrass originating from fied that also provided the basal
experimental diet. In brief, representative ryegraloots from the second regrowth were
randomly collected from the field and grown on togmiynics (8.6 shoots per m2) under
climate-controlled greenhouse conditions in heroadllf sealed isotope assimilation
chambers, specifically designed for homogeneoussheric isotope-labelling (Gorissen et
al., 1996). Grass was continuously enriched unitgr levels of**carbon dioxide (released
from 99.98 atom9%°>C bicarbonate) from plant emergence onwards inrancercial facility
(IsoLife BV, Wageningen, The Netherlands). The Ik grass plants were exposed to
similar conditions to the field plants to accoumt potential known sources of variation for an
altered cell wall structure andalkanes content in temperate forages (Dove e€1996); e.g.,

by adjusting the light schedule in the greenhowsthé¢ field conditions, and inducing wind
stress to the labelled plants. Grass plants redetlie identical fertilisation regime and
harvested at a similar physiological stage (172Myr? and 498 g DM/m2 for early and late
maturity stage, respectively) as the field plaRlants were subsequently wilted, cut to size (2
cm), placed into several bags of larger mashedgguize (pore size 212 um; PA-74, Sefar
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Nytal, Heiden, Switzerland) and distributed ovdage bales to be ensiled together with the
field plants over an 8-week period. The stableogetlabelling was successfully terminated
by collecting ensiled ryegrass plants enriched aiy.#59.21 atom%=C for the different
treatments relative to a background level of 1.@im&o **C (SD 0.001) for the unlabelled
field plants.

Sampling and Measurements

Four experimental periods of three weeks each wsed, which included an adaptation after
diet changeover from day 1 through 14, followeddmcal sampling from day 15 through 19.
From day 12 onwards, animals were fed 95% of tkévidual DM intake measured during
the preceding adaptation days to minimise feeddueds. Feed and water uptake were
monitored daily and animals were milked twice daily

Animals received a ruminal pulse dose of 100 g DMNDF (45.9 g Cr/kg DM Cr
mordant) and 15 g DM®C labelled grass silage. Prior to pulse-dosing,labelled marker
material was cut to pieces of about 0.5 cm to rébemgested bulk grass silage particles.

From day 15 onwards, directly after administratddmarkers into the rumen (0900 h), 20
spot samples of faeces were collected after deéecat sampling blocks of three hours each.
Ten faecal samples collected at times t = 0, 1224830, 36, 48, 72, 96 and 120 h after pulse
dose administration were analysed for their mada@icentrations. Faeces were weighed,
thoroughly homogenised by hand and a representsdivgple of about 400 g fresh matter was
stored at —20°C pending analyses.

Chemical Analyses

All samples were freeze-dried and ground over arhammill to pass a 1-mm screen
(Peppink 100 AN, Olst, The Netherlands). Dry mateesh, crude protein, starch, NDF and
ADF were analysed as described by Abrahamse €R2@08a,b). Faecal Cr concentrations
were determined using an atomic absorption speottometer (AA240FS, Varian, Palo
Alto, CA) after oxidation by wet-destruction as deéised by Pellikaan et al. (2013)-Alkane
extraction was carried out after Mayes et al. (3988lowing modifications after Olivan and
Osoro (1999) and Bezabih et al. (2011a) and usitiattiacontane (§) as an internal
standard. In brief, test samples were pulveriseM2000, Retsch, Haan, Germany; 3 min at
85 Hz) prior ton-alkane extraction. Full base line separatiom-@lkanes (G; to Gss) was

achieved using a gas chromatograph (GC; FinniganeT&C Ultra, Milan, Italy) fitted with a
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capillary column (40 m x 0.32 mm i.d. fused silicapillary SPB-1 and 0.10 pm film
thickness) and using helium as a carrier gas abrstant flow of 2.5 ml/minn-Alkane
extracts, previously diluted with 125 uL of heptanere injected using a split/splitless-type
injector operating on split mode (split ratio ob)l: The temperature for the injector was
270°C. The oven temperature program started at@{®aintained for 1 min), increased at a
rate of 7.2°C/min to a temperature of 300°C (maiea for 6 min). To determine téC of
individual n-alkanes, the column outlet was fitted to a conibunghterface (Thermo Finnigan
GC Combustion IlIl, Bremen, Germany) that was cotetedo an isotope ratio mass
spectrometer (IRMS; Delta V Advantage, Thermo Sifien Bremen Germany). Fos*C
analyses of the DM fractiof®C-DM), a test sample was pulverised, &HtC was determined
by elemental analysis using an IRMS as describeveab®he relative atom%°C in the
substrate is expressed as tf@:*°C ratio in the samples relative to tH€:**C ratio of the
international Vienna Pee Dee Belemnite standard peesented a&=C. After correction for

natural**C abundance, faecal excretion patterns of atdi®excess were established.
Curve Fitting and Statistical Analyses

Fractional passage rates were derived from mapkaeton patterns, fitted iteratively with a

nonlinear multicompartmental model (Dhanoa etl#85):
Co= Axe FXtx exp[—(N —2) x em(Ke= K1) xt]

whereC; denotes the faecal marker concentration at tintet3s the average time span of
collection after marker administratiol; andK; refer to the fractional rate constants for the
compartment with the longest (reticulorumen) aredsgbcond longest retention time (proximal
colon-caecum) in the gastrointestinal tract, respely; N refers to the model-derived number
of mixing compartments; arndforms a scalable parameter depender{ o, andN.

Before curve fitting, faecal marker concentratiomsre scaled to the marker peak
concentration as described by Sponheimer et ab32CCurve fitting was performed using
nonlinear least squares regression procedures 8f (8&rsion 9.2, Cary, NC) based on the
least square Levenberg-Marquardt algorithm. Inii@lues for the iterative procedure were
obtained through a grid search and curve fits vgeteed after, on average, 6 to 9 iterations.
Transit time (TT; i.e. moment of first appearanéehe marker in the faeces) and moment of

peak concentration (PCT) were derived for faecakkeraexcretion patterns from the
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estimated parameters as described by Dhanoa €i385). Total mean retention time
(TMRT) in the reticulorumen was calculated as thm ©f the reciprocals df; andK; plus
TT; total marker clearance time was calculatedesxiibed by France et al. (1993). Accuracy
of curve fits were evaluated by comparing prediatearker concentrations with observed
values using the root mean squared prediction eefative to the observed mean, thus
obtaining the mean prediction error (MPE). The MiR&s decomposed into errors due to
random variation, errors of central tendency antbrerdue to regression (Bibby and
Toutenber, 1977).

Model parameters were log transformed due to asyrwak distribution patterns of
residuals and tested by analysis of variance ipliagot, with factorial main plots in a Latin
square and subplots representing the type-aikane, using the mixed model procedure of

SAS (version 9.2, Cary, NC), according to the model
Yim =+ Ai+ B+ S+ M+ (S x M)+ (A X P xS x My + Alkp + (S X M x Akim+ Eijjkim

whereYijum is the dependent variablg;is the overall mean;Aanimal;i = 4), R (period;j =

4), & (silage;k = 2), M (maturity;| = 2) and its interaction term (S x M)epresent effects
assigned to the main plots in a Latin square;Allgpe ofn-alkane;m = 3) and (S x M x
AlK) um represent effects related to the subplots. Main ydoiables were tested against the
interaction term (A x P x S x Mj and subplot variables were tested against theedool
residual error jum). Covariance parameters were estimated using ébielual maximum
likelihood (REML) method and denominator degreedreédom were estimated using the
Satterthwaite approximation. Tables report backsfermed values. Passage kinetic$*6f-
n-alkanes were compared to the commonly used exXtémzer Cr-NDF and the internal
tracer *C-DM originating from the same substrate by meahshe Pearson correlation

coefficientr.

Results

Concentrations of°C isotopes were detected in a wide range-afkanes (Table 2). A high
signal amplitude voltage by combustion isotopitoratass spectrometry was obtained for the
odd-chainn-alkanes Gy, Cz1 and Gs, which were also used to assess fractional pagsage
total, 48 curve fits). The signal amplitude voltag®ained for the even-chaimalkanes (Gs-

Csg, amplitude always below 0.3 V) and for the oddichaalkanes @7 and Gs (amplitude
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always below 0.5 V, with up to 72% of values belds V) were below or close to the limit
of quantitation (defined here as 0.3 V) and consideéoo low to obtain a reliabiC based
on the analytical procedure and equipment useddstsls in Figure 1). Background levels
of 5*°C (i.e. natural enrichment) decreased with carbmirclength of odd-chain-alkanes
(Table 2). Differences betweéf’C background and peak levels were generally hifgitehe

odd-chaim-alkanes and highest fong; Cs;, Cs3 and Gs.

Table 2. Mean background and peak concentrations of g&ItsC for individualn-alkanes in faeces as a mean

of four grass silage treatmehts

n-Alkane Background §°C) Peak §°C)
Even-chain
Cos -33.07 (0.592) -29.84 (0.279)
Cao -35.10 (0.526) -30.29 (0.751)
Ca -33.81 (0.753) -30.03 (0.579)
Cas -29.51 (0.302) -27.86 (0.271)
Odd-chain
Cor -32.90 (0.577) -29.23 (0.611)
Coo -35.58 (0.241) -29.25 (0.714)
Ca -36.08 (0.195) -27.57 (0.888)
Cas -36.69 (0.223) -29.95 (0.800)
Cas -37.27 (0.518) -30.37 (0.840)

IStandard error of the mean given in parenthesis;ifternal standards™C refers to the relative atom%cC in
the sample relative to the atomd& of the international Vienna Pee Dee Belemnitadsiad.

Faecal excretion patterns dfC-n-alkanes were characterised by an initial quickly
ascending phase until moment of marker peak coratésri (PCT) followed by a slowly
descending phase (Figure 2). THi€ concentrations in-alkanes were close to their natural
abundance when faecal sampling was terminatedoagnshy the mean total marker clearance
time of 134 + 4.9 h (mean = SEM). The 48 curve éissablished fot’C-n-alkanes showed a
mean prediction error (MPE) of 9.9 + 4.68% (Tabjed? which 92.7 + 1.14% were related to
errors due to random variation, 2.7 + 0.45% torsraf central tendency and 4.6 + 0.70% to
errors due to regressiomAlkane carbon chain length did not affect MPE oifve fits.

Fractional passage rates representing the outffomasker from the reticulorumerky)
and from the proximal colon-caecurk,, marker PCT and transit time (TT) were not
affected by the basal diet treatment (Tablen3)lkane carbon chain length did not affect the

respectiveK; estimates (3.7B.95 %/h). Quantitatively small, significant chaage some
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passage kinetic parameters occurred with increasangon chain length, such as a decrease
of K, (P = 0.002) and an increase in PCF € 0.001) and TTR = 0.047). Total mean
retention time (TMRT) was not different amongalkanes (43.915.3 h;P = 0.088). The
model parameter (model-derived number of mixing compartments) Angcalable model
parameter) as obtained after fitting excretion deth a multicompartmental model were 13
+ 2.5 and 3.8 + 0.42, respectively (data not show@termination ofC in the faecal DM
fraction revealed a medfy value of 3.38 + 0.315 %/h, & value of 24.1 + 1.84 %/h, and a
TMRT of 47.1 £ 2.52 h. Determination of faecal CBN revealed a meak; value of 5.25 %
0.490 %l/h, &, value of 31.2 + 2.39 %/h, and a TMRT of 35.7 +11fB(data not shown).

Table 3. Passage kinetics &1C labelled odd-chain-alkanes (Gs, Cs1, Css) in dairy cows fed grass silages of
early and late maturity at two nitrogen (N) fegtition levels (N45: 45 kg N/ha; N90: 90 kg N/ha)

Marker Ky Ks PCT TT TMRT MPE
n-Alkanes
Cyg 3.95(0.158) 21.3(2.81) 22.6(2.93) 13.4(0.37) 3.940.74) 9.7 (2.08)
Cs1 3.71(0.148) 20.8(2.74) 22.7(2.94) 13.0(0.36) 4.940.75) 7.8 (1.66)
Cs3 3.93(0.157) 18.8(2.47) 23.9(3.10) 14.0(0.39)5.340.76) 9.8 (2.10)
Nitrogen fertilisation
N45 4.05(0.204) 17.0(3.13) 26.7(4.89) 13.8 (D.4045.0 (1.24) 8.4 (2.40)
N90 3.67(1.849) 24.2(4.46) 19.9(3.64) 13.1(p.4444.3(1.22) 9.8 (2.81)
Maturity stage
Early 3.76 (0.232) 20.6 (4.65) 22.6(5.07) 13.88) 45.1(1.15) 12.9(4.53)
Late 3.96 (0.244) 20.0(4.51) 235(5.27) 13.3@0 44.3(1.13) 6.4 (2.23)
Model evaluation fon-alkanes P-values¥
Main plots
Animal 0.370 0.673 0.614 0.265 0.472 0.746
Period 0.010 0.908 0.771 0.147 0.010 0.424
Fertilisation (F) 0.216 0.225 0.299 0.332 0.612 00.7
Maturity (M) 0.618 0.936 0.920 0.535 0.680 0.264
FxM 0.940 0.523 0.379 0.651 0.178 0.667
Subplots
n-Alkane (Alk) 0.120 0.002 <0.001 0.047 0.088 0.100
Alk x F x M 0.050 0.173 0.022 0.167 0.018 0.167

TPassage kinetic,: fractional passage rate constant (%/h) from thieulerumen;K,: fractional passage rate
constant (%/h) from the proximal colon-caecum; P@ikrker peak concentration time (h); TT: markensia
time (h); TMRT: total mean retention time (h); MPEean prediction error (% of observed mean); values
represent means € 16 pem-alkane type) and respective standard error ofrtéan in parenthesis.

2Analyses of variance on log-transformed means.
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Discussion

The Labelling and Analytical Determination of Carbon Isotopen-Alkanes

The present study is the first describing stabi¢ojse ¢°C) labelledn-alkanes fromin vivo
isotopic labelled plant material and its applicatio digesta passage studies in ruminants. A
first attempt to estimate fractional rumen passages in small ruminants from radioactive
isotope t'CPH) labelledn-alkanes (originating from fresh perennial ryegrdsss been made
by Mayes et al. (1997) and was published as a pamde proceedings abstract. Details on the
labelling procedure were not provided but appeantmlve immersion of fresh grass in a
solution of*C labelled acetate followed by a short exposura tigh-intensity light source
(Dove and Mayes, 1991) for temporaf§ assimilation.

We quantified passage kinetics for the most abuntf@hn-alkanes Gs, Cs; and Ggs in
apparent undigested faeces. The use of a combustitope ratio mass spectrometer allowed
detection ofs**C for the long-chain &.3s n-alkanes. The even-chain and the odd-chain C
and Gs n-alkanes offered particular we@k’C signals, most probably because of their low
natural concentrations generally observed in giéorhass and faeces (Mayes et al., 1986). In
ryegrass species, concentrations of the most abtumeldkanes G, Cs;; and Gs typically
ranged from 77 to 338 mg/kg DM (Ali et al., 200%rfeira et al., 2012). The GC-IRMS was
set up to present a high amount of sample for aralysee details in Figure 1) and thus allow
for high analytical sensitivity. A higher sensitiviof the low enrichech-alkanes was not
feasible due to the relatively high enrichment Is\and corresponding strong signal response
of some of the adjacentalkanes approaching the upper analytical deteditiainfor 5'*C.

Continuous intrinsic isotope labelling applied ur gtudy was shown to provide uniformly
labelled plant material (Gorissen et al., 1996;elppt al., 2004). Differences i**C
background levels betweeanalkanes (Table 2) appeared to depend on the ragpehain
length and suggest that carbon isotope discrintinaticcurs during the enzymatiealkane
biosynthesis by decarbonylase in the plant cuticsilmilar observations were reported for the
biosynthesis of lignin (Benner et al., 1987) anarcdt (Scott et al., 1999) in plant tissue.
Differential carbon allocation as observed in thanptissue does not occur in the animal
organism due to the absence of ruminal synthesislagradation ofi-alkanes (Bartley et al.,
1971; Keli et al., 2008).
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Figure 1. Mass spectra fol’C labelledn-alkanes (G, to G collected in faeces upon an intraruminal pulse
dose. Plots a—b show mass chromatograms with signglitude voltage (V; lower plot segments) of indual
n-alkanes for the carbon isotop¥€ and™*C (from lowest to highest concentration, respetjveand their
respective®C:*C ratio (upper plot segments)s,Gs the internal standard. Mass spectra illustitagedistinctive
peaks of the most abundamalkanes G, C;; and G originating from a highly enriched faecal sampidected
at peak concentration time (me&HC —28.84; SEM 1.736). Although signals were detected and distinctive
peaks were identified for lesser abundaatikanes (plot 1a), thEC:**C ratio indicates that the respects/éC
levels were below or close to quantitation limit®/; plot 1b). Lower enriched faecal samples ofteovided
no response signal for lesser abundaatkanes. Test samples were pre-concentrated luiregithe amount of
solvent to 125 plL, and were injected at a splitorat5 using a split/splitless-type injector op@rgton split
mode to obtain a high peak resolution.
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Microbial fermentation in the hindgut of ruminaigsminor (lllius and Gordon, 1992) and
a hypotheticalh-alkane degradation and preferential carbon isothpappearance from the
hindgut is therefore unlikely to affect passageekits estimations afi-alkanes from faecal
samples. Disappearance of some ingest@tkanes in the gastrointestinal tract has been
reported and generally decreased with carbon deagth (Doves and Mayes, 1991; Ferreira
et al., 2009). However, literature suggests thabgition from the small intestine rather than

ruminal degradation accounts for the main loss-alkanes (Dove and Mayes, 1991).
Passage Kinetics Assessment of Isotope Labelled ftk&nes

Basal diet treatments had no effect on passageidsnie our study despite a considerable
change in the dietary nutritional composition. Taebon chain length af-alkanes affected
various passage kinetic parameters but did nottffe estimates. Overall, TMRT and total
marker clearance time from the gastrointestinaittreere similar among-alkanes. When
compared to a commonly used external digesta passagker, passage kinetics 6€-n-
alkanes differed considerably from those of Cr-NQ#h average 3.86 and 5.25 %l/h,
respectively). No significant correlations betweba two markers were observed % and
TMRT (P> 0.10; Figure 3).

The discrepancy in TMRT between the two markeis ifne with observations oH'C/H
labelledn-alkanes and Cr-NDF in small ruminants (Mayes et1#897). The discrepancy in
K1 between the two markers might be explained by riatledifferences in particle size
(Bruining and Bosch, 1992) and the increased festige density (Ehle et al., 1984) with a
resulting reduced buoyancy (Sutherland, 1988) contynobserved for Cr-NDF particles.
The degree of marker association with the partteutaatter might be a confounding factor
throughout passage studies (Owens and Hanson,,188®%)ugh Mayes et al. (1997) found a
nearly full affinity (0.98) of those markers.

When compared to an alternative internal digestsage marker, passage kinetic$6f
n-alkanes was comparable to that#-DM originating from the same labelled plant miter
(Figure 3).n-Alkanes were shown to associate well to the palete DM pool (Mayes et al.,
1997), which sustains the overall satisfactory m@gdance in passage kinetics observed for
13C-n-alkanes and®C-DM. Pearson correlation coefficienranged from 0.61 to 0.7P (<
0.012;n = 16) forK; (on average 3.38 %/h), and from 0.75 to 0.83<(0.001;n = 16) for
TMRT (47.1 h). OuiK; estimates are in line with recent data'd@ labelled ryegrass silage
of high and low digestibility (Pellikaan et al., 2X). They reported meald; estimates of
3.52.3.85 %/h and 4.76.03 %/h for**C-DM and Cr-NDF, respectively. For even-chain
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alkanes sprayed onto ryegrass leaves or stémsalues were considerably higher (R%
%/h; Giréldez et al., 2006), wherdésvalues for Cr-NDF (4.0 %/h) were in line with siesl
using Cr-NDF in dairy cows (Bosch and Bruining, 39%ellikaan et al., 2013). These
exceptionally high rates for forages were partlplaied by the binding association of the
sprayedn-alkanes onto the plant cell wall matrix, which da@ low for a synthetic matrix
(Dove and Mayes, 1991), resulting in migration pfayedn-alkanes to the liquid phase
(Bulang et al., 2008).
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Figure 2. Mean faecal marker concentrations with standarat dars of theés**C labelled G, n-alkane ¢) and
chromium mordanted fibre (x) upon an intraruminallsp dose in dairy cows fed grass silages of eatylate
maturity at two nitrogen (N) fertilisation levelsl45: 45 kg N/ha; N90: 90 kg N/ha).

Observations by Mayes et al. (1997) further suggestonsiderably lower binding
association of dosed even-chairalkanes (0.92) compared to natural*€/”H labelledn-
alkanes from ryegrass plants (0.98). In contrasthio findings of Giraldez et al. (2006),
Mayes et al. (1997) reported considerably loWewralues of 2.852.98 %/h (based on even-

chain n-alkanes sprayed onto ryegrass leaves and stemd)2&42.56 %/h (based on
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%CPH-n-alkanes from ryegrass) for small ruminants. Assgnthat animal species have a
minor effect onK; (Colucci et al., 1990; Cannas and Van Soest, 20fifigrences in feed
intake level between the various studies mightarphe somewhat high&; values for Cr-
NDF in our study. Reservations on the spraying ri&pgke, which implies an external
application of the even-chain-alkanes, have been expressed with regard to ramh e
elements as it was observed that plant tissue alidimformly absorb the sprayed-on marker
(Ellis et al., 1982). Passage kinetics are theeefighly dependent on the absorption capacity
of the plant cell wall matrix. In contrast, intrioally isotope labelled plants will circumvent
this problem, as thé*C isotopes are homogeneously distributed in thetpiasue when

continuously labelled in a greenhouse (Gorisset. £1996; Ippel et al., 2004).
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Figure 3. Relation of fractional rumen passage rdtg @0/h) and total mean retention time (TMRT, h) besgw
chromium mordanted fibre *C labelled dry matter an&t*C labelledn-alkanes i Cyg; © Cs1; A Csg). Pearson
correlation coefficients shown in plots. Menis (mean + SEM) 3.38 + 0.315 %/h f&f'C labeled dry matter
and 5.25 + 0.490 %/h for chromium mordanted fibeean TMRT is 47.1 + 2.52 h f&°C labeled dry matter

and 35.7 + 1.91 h for chromium mordanted fiber.
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The Use of Carbon Isotope Labelled-Alkanes for Digesta Passage Kinetic Studies

Various studies have shown that isotopes fromnisically labelled plants can be detected in
various undigested fractions of faeces and digeteuminants, such as in various fibre
fractions (Huhtanen and Hristov, 2001; Pellikaaralet 2013) and starch (D. Warner et al.,
unpublished data): In addition to the plant cuticular-alkanes, isotopes can be potentially
detected in further plant wax components, sucim dsrig-chain alcohols and very long-chain
fatty acids, which are typically present in consady higher concentrations tharalkanes in
perennial ryegrass (Ali et al., 2005; Ferreiralgt2012). This could be of particular interest
for quantifying passage kinetics of a diet composddplant species containing low
concentrations afi-alkanes such as some of the common temperategpasies (e.g?hleum
pratenseandDactylis glomerataDove and Mayes, 1991) and some tropical foraBegdbih

et al.,, 2011a,b).

The use of isotopia-alkanes could be of particular interest for corafige passage rate
studies to study the rumen physiology and its éiatary mechanisms (Clauss and Lechner-
Doll, 2001; Clauss et al., 2003) of domestic anttlwiminants (Hatt et al., 1989; Lechner-
Doll and Engelhardt, 1989). TH&C-n-alkane dose can be adjusted to the original tuted
preferably consumed on pasture by wild herbivoigszébih et al., 2011a,b) or by using
confined herbivores or captive zoo animals undetrotled housing and dietary conditions.

n-Alkanes share the linear aliphatic hydrocarbonirchath fatty acids. As the latter pass
through the reticulorumen with the particle pha3gkétra et al., 2000), it has been suggested
that also the flow characteristics efilkanes through the gastrointestinal tract mightlike
(Ohajuruka and Palmquist, 1991). Passage kinefiasadkanes through the reticulorumen
might be therefore similar to that of the commongikehain Go-Cyg fatty acids present in
dietary lipids. These specific dietary fatty actds be taken up by the rumen microorganisms
for their own growth and the unsaturated long-chaitty acids can undergo substantial
transformation through hydrogenation by microbiatyames (Dijkstra et al., 2000). A direct
measurement of their fractional rumen passage isatifficult because of the substantial
transfer of carbon isotopes from the labelled djefatty acid into newly formed fatty acid
compounds or microbial lipids. Knowledge on pass&getics of n-alkanes might be
therefore a useful indicator of rumen passage kimedf dietary long-chain fatty acids
bypassing the reticulorumen.

™ Chapter 4 in this thesis
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Incorporation of carbon isotopes intealkanes in the rumen was considered negligible
(Mayes et al., 1988), providing further evidencaashe potential use of isotope labelled
alkanes to measure rumen digesta passage. Anieailyo study with dairy cows (Bartley et
al., 1971) suggested that rumen bacteria may iocatp some of the intra-ruminally dosed
YC-n-alkane Gg, although no further metabolic process was obseffiee that specific
labelled n-alkane by McCarthy (1964) and Bartley et al. (971et, no evidence for
microbial incorporation is available with regard ttee more common natural long-chain
foragen-alkanes G;to Cgs used in our study. A receirt vitro study, in which*‘C labelled
perennial ryegrass was incubated in buffered rufhed (Keli et al., 2008), suggested the
complete absence of ruminal degradation and syistleédong-chainn-alkanes by ruminal
bacterian-Alkanes feature hence ideal attributes of a dagpsssage marker. Furthermore, an
analytical procedure has been described (Dove armye$) 2006) based on gas
chromatography allowing for a sensitive and speciéitermination ofi-alkanes.

In contrast, dietary nutrients are often subjetbeeitensive fermentative degradation in the
rumen. Isotopes originating from an isotopic ladldiet may be incorporated into rumen
microbial protein and volatile fatty acids (Alexamcket al., 1969b). A bias in the prediction of
K1 can occur if marker migration occurs; for instagri€stable isotopes from dietary nutrients
are incorporated into microbial biomass (Firkins adt, 1998; Pellikaan et al., 2013).
Furthermore, imperfect experimential vivo conditions, such as an inhomogeneous isotope
distribution in the diet, non-steady state condgion the rumen or irregular nutrient uptake,
might result in a differerg**C of the indigested nutrients relative to thathef briginal nutrients
ingested by the animal, thereby affecting respecfiactional passage rates. The overall
satisfactory resemblance in passage kineti¢cd@h-alkanes and dietarf\C-DM observed in
this study supports earlier studies on the useatfles isotopes to measure rumen passage of
dietary feed nutrients (Pellikaan et al., 2013\arner et al., unpublished data).

Conclusions

Passage kinetics JfC labelledn-alkanes are rather comparable to that of the rjietay
matter originating from stable isotope labelledgngss plants but differs considerably from
that of the external marker Cr-NDF. In combinatigith evidence from literature as to the

absence of microbial involvement in the passage-akanes, our results suggest that stable

12 Chapter 3-5 in this thesis
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isotopes are an appropriate tool to assess pakssgiEs ofn-alkanes and dietary nutrients

through the gastrointestinal tract of ruminants.

Acknowledgments

This work was co-financed by the Product Board Aaliffeed (Den Haag, The Netherlands),
which is gratefully acknowledged. The authors kindtknowledge the contributions of Mr
J.-B. Daniel and Mr J.J.B.W. Leenaars as part eir tandergraduate course at Wageningen

University, Wageningen, The Netherlands.

106



Chapter 7

General discussion




Chapter 7

Introduction

Rumen fractional passage ratés)(are key parameters in the empirical equationsl lise
current feed evaluation systems for ruminants, alsd are key parameters in mechanistic
models of rumen fermentation processes. While uarfeed evaluation systems seek a more
dynamic mechanistic approach to model animal resp@@umas et al., 2008), data on nutrient-
specificK; are scarce and are often hampered by the madterideies currently in use.

Investigations on suitable markers to estimatentiete times in ruminants started as early as
in the 1920s with simple marker techniques, suctlyas to stain feed particles (Balch, 1950).
Thereafter, investigations focused primarily oreexal markers as they are not inherent to the
ingested feed and can be easily distinguished fr@rbulk material. However, this may also
imply that external marker do not always reflee ffassage behaviour of the feed particles they
are associated with. In particular, external marleee likely to affect feed particle degradability
and they may dissociate from feed particles (Sniifl89; Owens and Hanson, 1992). The use
of internal markers is thus preferred but requiiee- and labour-intensive rumen evacuations
or slaughter trials, which do not provide information the kinetics of passage. Both techniques
described above may be strictly relevant for thetigda pool they are associated with and are
not suitable to describe nutrient-specific passhlpmetheless, external markers are commonly
used to estimat&; in some common feed evaluation systems, such #iseiNRC system
(NRC, 2001), the CNCPS system (Fox et al., 200¥®,RiM system (Thomas, 2004) and the
DVE system (van Duinkerken et al., 2011). The ruraeacuation technique is the reference
method for estimating, of the NDF fraction in the NorFor system (Vold2a;11).

In contrast to external markers, stable isotopegpegsent in the feed in small amounts and it
was suggested to use faeti@ concentrations in faeces to determine digestsagas(Svejcar
et al., 1993; Studekum et al., 1995). This technigus further applied td°N isotopes
(Huhtanen and Hristov, 2001). These studies limiteel use of stable isotopes to strictly
indigestible material and were not based on thativel abundance of the respective stable
isotope in relation to the main isotope (i.e. tagor™*C:*C or **N:**N, commonly denoted as
8). It has been shown that no preferential disagmear of °C in the gastrointestinal tract (GIT)
occurred upon microbial degradatiam vitro (Pellikaan et al., 2013) and vivo (L.M.M.
Ferreira et al., unpublished). TEREC was hence recommended as a tool to determinstalige

passage kinetics.
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In this general discussion, major research findmgshe use of stable isotope labelled feed
components in relation to conventional marker tepines (Chapter 2) and as a tool to assess
feed component specific passage kinetics of coratest (Chapter 3), maize silage (Chapter
4), grass silage (Chapter 5) and compound spgmfisage of plamtalkanes (Chapter 6) will
be discussed. Implications of stable isotopesdedfevaluation and compartmentalisation of
the digestive tract will be discussed and recomragons for future research will be

provided.

Use of Stable Isotopes as Passage Markers

Stable Isotopes in Relation to Conventional MarkeiTechniques

In the preceding chapte®;’C ands™N were used to assess passage kinetics of diffezedt
types and feed components. In Figure 1, passagtikiparameters are summarised for fibre
and total DM originating from grass silage, maiitage and concentrates basedddiC, and
compared with a conventionally used external matgbromium mordanted fibre; Cr-NDF).
Results across experiments suggest that Cr-NDF lgigverK; values thars™*C for forages
(Figure 1). The same trend was observed when Cr-WB§ compared with an indigestible
internal marker following rumen evacuations in dnaaid large ruminants as reviewed by
Aitchison et al. (1986) and Krizsan et al. (2010a3pectively.

Overall, Cr-NDF appears to be less sensitive toges in feed type thast°C and rather
reflects the passage behaviour of the indigesshiall-particle rumen pool as suggested by
Bosch and Bruining (1995). Passage kinetics §6€ further provided useful information
specific to the individual marker behaviour in {G&T. Although differences ik, between
forage types were small when measured with Cr-N#F-3C labelled fibre fractions (Figure 1)
and in line with previous studies (Mulligan et &Q02; Kramer et al., 2013b), differences in
passage kinetics were more clear thanfractional passage from the proximal colon-caecum
(K2) were higher with grass silage marker comparel miaize silage, peak concentration time
(PCT) total mean retention time (TMRT) were highéth maize silage; the latter was in line
findings of Kramer et al. (2013b). These resultggast that the fibre structure considerably
differs among the two forages. This is in line withservations by De Boever et al. (1993a,b)
and Mulligan et al. (2002), who observed a highenination index and rumen fill for grass
silage than for maize silage, and with observation®8ruining et al. (1998), who observed a

lower particle size reduction rate for grass silagspared to maize silage. It should be noted
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that feed intake levels between the two experimeiffisred (16.7vs 21.7 kg DM/d for grass
silage and maize silage, respectively), and preloa higher feed intake level was reported to
increaseK; (Robinson et al., 1987; Tamminga et al., 1989ducet al., 1990). However, in a
completely randomised block design, Kramer et2018b) did not observe significant effects
of forage type orK; at equal feed intake levels. Potential differericeforage particle length
might explain some of the variation ka between forage types, although literature sugbest
maize particle size has only marginal effect&eiiTurnbull and Thomas, 1987).
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Figure 1. Fractional passage rates from the reticulorumt€y) &nd from the proximal colon-caecury),

marker peak concentration time (PCT) and total nreséention times (TMRT) with standard error bars o

external marker (chromium mordanted fibre, Cr-NRRY for the internal markéfC in the dry matter (DM)
and fibre fractions from faecal marker excretio8slid black bars, grass silage (Chapter 5); sot&y dars,
maize silage (Chapter 4); striped bars, concemsti@eapter 3).

Interestingly, in comparing passage behaviour afsgrsilage versus maize silage, the
opposite effect was observed with Cr-NDF compacedtable isotopes (Figure 1). Using Cr-
NDF as a marker, TMRT appeared to be slightly hidbemaize silage than for grass silage,

which is in line with results (numerical only) uginare earth elements (Kramer et al., 2013b).
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Furthermore, Cr-NDF provided low values thas'*C for concentrates. Separation into the
total DM and fibre fraction based 6A°C revealed that fibre passage of concentrates ighs h
and similar to that of the more digestible DM frant

The particle size differed among markers, which hhigxplain part of the observed
differences between markers. Bruining and BoscBZ)@eported large differences in ruminal
passage rates being faster with decreasing Cr-Niicle size. They further recommended a
marker particle size distribution comparable ta thfathe rumen particle pool associated with
the marker. The internal markeérSC ands™°N were thus introduced into the rumen as enriched
forage plants chopped to pieces of approximatéycth to resemble ingested feed particles in
the rumen, whereas the small-particle marker Cr-N@8 ground to 0.5 mm to resemble the
particle size distribution of the small-particle gbdeaving the reticulorumen. The smaller
particle size of Cr-NDF compared to tH€ marker might therefore explain to a big part the
higherK; values observed for Cr-NDF with forages. Howetleg, opposite was observed with
concentrates, which were administered orally ifepedl form (ground to 2.75 mm). As the
difference between Cr-NDF particle size and theétiyetical):*C particle size was even lower
for concentrates than forages, it can be assunadother factors were more important. For
instance, particle density was observed to be fuglconcentrates and to depend on feedstuff
(Ramanzin et al., 1994), which might explain thghhiK; values observed for concentrates.
Potential differences in particle density betweencentratéC and Cr-NDF might explain part
of the observed variation Ky among markers.

The external marker Cr-NDF was considered a refergrassage marker for particulate
matter, as some common feed evaluation systemsTleagnas, 2004; van Duinkerken et al.,
2011; Volden, 2011) entirely or partly predict based on studies using Cr-NDF. Other particle
or solid phase associated external markers iniaddidb Cr-NDF were not evaluated in this
thesis. Liquid phase associated external markers wet evaluated either but might be of
interest to assess the passage of soluble nurpsytdes or rumen fermentation end-products
(reviewed by Seo et al., 2006a). Chromium mordahBé (ground to 0.5 mm in this thesis)
most probably reflects passage of small partictebai defined pool size (Bosch and Bruining,
1995). In contrast, Cannas and Van Soest (200@)lpted that Cr-NDF should be considered
as a passage marker of the NDF fraction as chronmuigpically mordanted to the fibre
fraction (Udén et al., 1980). However, data onlst&ntope labelled forage fibre rather support
the theory based on particle size proposed by BasdiBruining (1995).

Difference in particle density may additionally é&ip some of the observed differences

between markers. The use of markers may affectitglens particles that the marker is
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associated with. For instance, the chromium compiay increase the density of the mordanted
feed particle (Udén et al., 1980; Bruining and Bpd®92; Owens and Hanson, 1992), resulting
in a higher probability of escape (Sutherland, 988

Opportunities and Limitations of Using Stable Isotpes as Passage Markers

Dietary nutrients can be quite extensively ferménte the rumen by microorganisms, and
isotopes originating from an isotopic labelled diety be transferred to rumen microbial
protein and volatile fatty acids (Alexander et 4069b). If this extensive microbial activity
causes a shift in the isotopic ratio (€3 to *°C), fractional passage rates®fC cannot be
accurately quantified. Residues upianvitro fermentation of &°C labelled grass silage were
shown not to be depleted C relative to*“C (Pellikaan et al., 2013). However, conclusions
based orin vitro data could be questioned inianvivo situation with more extensive dynamics
in the microbial population or for a less contrdllenvironment (such as for non-steady state
conditions in the rumen or in case of irregularriemt uptake due to diet selection or a low
feeding frequency). For instance, ruminal microoigms might incorporaté®C loaded
nutrients for their own maintenance and growth, pask from the reticulorumen at a different
fractional passage rate than the undigested ntgriesulting in marker migration from cellular
to microbial protein. It was suggested that witjhhenergy diets less than 2% of the total
carbon excreted in faeces was of microbial origitrbay increase to 124% when damaged
microbial material (mainly originating from the rem) is included (van Vliet et al., 2007).
However, passage data of stable isotope labellatkanes from grass silage (Chapter 5)
suggest that marker migration may have a rathetl smafounding effect with forages. The
latter components are not degraded in the rumesoitrast to thé*C labelled grass silage
DM fraction, although disappearance from the snrakstine was reported far-alkanes
(Dove and Mayes, 1991), but both components had pacsble passage kinetics.
Furthermore, L.M.M. Ferreira et al. (unpublishedpqtified carbon isotopes malkanes by
total faecal collection in goats receiving forageih *C labelled n-alkanes and results
indicate that thé'*C did not change in the GIT. However, these resutisnot validated for the
specific diets used in this thesis and microbidlvidg has been found to depend on diet
quality (van Vliet et al., 2007). The latter migexplain why fractional passage rates of
concentrates were not lower for the slower degraddB-NDF compared with the quicker
degradablé®*C-DM as was observed for the forages.

Two different marker application procedures werecdied in this thesis. With regard to

concentrates (Chapter 3C was introduced by exchanging a concentrate digtnating
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from cool-season {plant ingredients (Ilow’C abundance) with a concentrate diet originating
from warm-season Cplant ingredients (high°C abundance). This procedure allowed the
administration of a large pulse dose (9 kg DM adstémed orally) with low enrichment. With
regard to forages, stable isotopes originated feitimer maize silage (Chapter 4) or grass
silage (Chapter 5) enriched above natural abundamcker greenhouse conditions. This
procedure allowed the administration of a highetoked but small pulse doss 80 g DM
administered intraruminally). Figure 2 summarisles mean prediction error (MPE; Bibby
and Toutenburg, 1977) as a measure of curve fiiracy for various markers used in the
experiments outlined in this thesis. While Cr-NOfowed the highest curve fit accuracy, its
MPE was comparable across studies indicating recetif how markers were administered
(oral vs intraruminal). In contrast*C had considerably higher MPE values when forages
were fed, indicating a poorer curve fit. This wast the case for concentrates, however
(Figure 2). These results suggest that curve fiucy is related to the pulse dose size,
probably due to a differential mixing behavioutfie rumen.

If a larger pulse dose is not available, an altévaacould be to manually mix the marker
with (partially) emptied rumen content. Howeverjstlcould affect the rumen content
stratification during the first few hours of passagstimation. If an insufficient marker
distribution is expected (e.g. with inhomogeneowseamal such as maize silage; De Boever et
al., 1993a), manual mixing in pre-evacuated rumamtent may be considered nonetheless.
Figure 2 indicates a higher MPE for faet¥ from maize silage compared with that from
grass silage, which might be due to a more difficumen mixing behaviour of the maize
silage dosed intraruminally in low amounts. The aé& highly enriched small pulse dose
may be however of advantage if pulse dosing a largeunt of labelled feed is expected to
affect the microbial degradation in the rumen. Remnore, it adds some flexibility to the
labelling procedure under greenhouse conditiongrimciple, the feed marker should be of
similar quality of the basal diet. Feeding low amisuof a highly enriched marker will less
likely affect the rumen environment and potentidfedences between the labelled and
unlabelled diet may become less important.

The isotope signature of labelled feed is curretité/sole available procedure to label and
measure passage of digestible feed components. ifthiasic stable isotope labelling
procedure described in this thesis is particuladgpted to produce uniformly enriched plant
material (Gorissen et al., 1996; Ippel et al., J0®bwever, the labour input and costs of a
continuous labelling procedure can be consideralite, particular with respect to

photosynthetic-*C assimilation procedures, and prohibit its appiézain large-scale animal
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experiments. Labelling costs can be reduced byeplaliselling plants on several occasions
during the growing period. Pellikaan et al. (2088)d Smith and Erdman (1986) reported
uniform isotopic distribution with a labelling regen of six to eight}fC labelled grass

silage) and four timesC labelled lucerne), respectively.
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Figure 2. Curve fit accuracy as measured by the mean predieiror (MPE) with standard error bars for an
external marker (chromium mordanted fibre, Cr-NRRY for the internal markéfC in the dry matter (DM)
and fibre from faecal and omasal marker excretiass show"C labelled forages and concentrates pertaining
to various experiments: grass silage (solid bleaispbChapter 5), maize silage (solid grey bars;p@hvad), and
concentrates fed to dairy cows (striped bars; Gitap}. Forages were labelled above natural enrichrard
administered intraruminally at small doses 80 g DM); concentrates were at natural enrichmemd

administered orally at high doses (9 kg DM).

Compartmentalising the Digestive Tract

The GIT of a ruminant can be mechanistically désttias a series of mixing compartments,
each with distinctive mixing and passage processes,flow segments. The reticulorumen
plays a central role within the GIT and essentialgts as a continuous-flow mixing
compartment (Penry and Jumars, 1987) controlliegpfissage of ingested feed by selective
retention (Allen and Mertens, 1988). Ruminal passafgfeed particles is counterbalanced by
the microbial ruminal degradation competing for $laene substrate. This competitive passage
is less an issue in post-ruminal compartments &afigribeing pure flow segments, except for
the proximal colon-caecum in which digesta is migad some microbial fermentation occurs
(Dixon et al., 1982). Conventionalli; is estimated from the decay in faecal concentration
of a digesta marker following an initial pulse doBésappearance of the marker upon oral or
intraruminal administration typically follows a rlorear dilution curveKj in the different

GIT segments can be either estimated by linearessgsn following linearization through
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logarithmic transformation, or, more accurately,rfmnlinear regression using mathematical

compartmental models.
Choice of Compartmental Model

Various models were developed to represent thengixbmpartments and flow segments
within the GIT and estimate passage kinetics thnotigg main mixing compartments. The
first model following a sequential approach wasposed by Blaxter et al. (1956) describing
digesta mixing in two compartments (representinglaav and fast pool) and digesta flow
between the fast pool and faeces. The two compatimeere later identified as the
reticulorumen and the proximal colon-caecum, repaly (Grovum and Williams, 1973).
Based on this concept, several deterministic modelse proposed and modified such to
accommodate 3 or 4 mixing compartments (Francd. efl@85) orn compartments with a
multicompartmental model (MC model; Dhanoa et B985), and some specific aspects such
as viscosity and diffusion (France et al. 1993;fitkey et al. 1995).

A derivative of the Blaxter model was proposeadh (@odel; Ellis et al., 1979) based on the
notion of increasing gamma time dependency in fh& tompartment to describe age-
discriminating processes involved in particle awflfrom the reticulorumen (Matis, 1972).
Later the G model was modified to accommodate a two-pool sygtenG1 models; Pond et
al., 1988) as well as more specific aspects sucthesprobability of backflow of small
particles into the rumen raft pool (Poppi et aD02). In contrast to the original Blaxter
model, the @ type models have a stochastic approach based aveaBing gamma age
dependencyn(> 1). The most suitable rGtype model is typically chosen based on the best
fitting accuracy and on the purpose and conditiohghe experiment, regardless if the
biological system reflects a one-pool, two-poolhaghern pool system. Model choice can
then become challenging and less of a straightf@yweocedure because increasing the order
of gamma age dependency increases retention tithe iage-dependent pool.

In Figure 3, gradually increasing age dependenayn(gan) in Gn type models improved
the curve fit accuracy in faecal marker dilutionn@as (decreased MPE), eventually
approaching a MC model in curve shape and fittiogueacy, but the MC model remained
superior. However, the opposite was observed foasainmarker dilution curves, although
they were again best fitted with the MC model. Skmgpsite affected thus the fitting
accuracy of @ type models and higher orden®/pe models did not by default improve the

curve fit when sampling more proximate to the rddcumen, which is line with observations
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of Wylie et al. (2000). Furthermore, fitting accoyaof Gn type models depended on the

marker used (Figure 3).
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Figure 3. Model accuracy (mean prediction error with standardr bars based on 34 curve fits per marker) for
different markers in omasal digesta (O) and fa€Eg@drom dairy cows fed grass silage (data from Zéa5).
Models tested were one-pool age-independent (Gd Jage-dependent models (G2), two-pool age-independe
(G1G1) and age-dependent models with increasingrasflgamma distribution (&1, n = 1-5; Pond et al.,
1988), and an age-independent multicompartmentalem@IC; Dhanoa et al., 1988). Markers: chromium
mordanted fibre (Cr-NDF; dotted bar$JC in dry matter C-DM:; black bars)*C in acid detergent fibréC-
ADF; grey bars)™®N in dry matter *N-DM; striped bars)**N in acid detergent fibré N-ADF; diamonds). G1,

G2 and G1G1 models not shown for faeces due to podel convergence.
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Hence, increasing age dependency is not basedotwgizial mechanisms but simply on
each particular model’s fitting accuracy. This implthat marker dilution curves established
under different experimental conditions could beimciple each fitted with a differentric
type model, depending on the marker, sampling site animal. Furthermore, these
observations indicate a certain bias in estimatiggretention time of the age-dependent pool
with Gn type models (essentiall; with a MC model), as higher ordemG1 models by
default improve the fit of faecal dilution curveBhe underlying concept of such models
differs thus from that of a deterministic compantta® model such as the MC model, which

gives a point estimate for fractional passage énsticceeding compartments.

< 100 S 100
= Faeces NN e, . N Omasum
S 80 d 80 [N
s s N e i .
S 60 601 F N
o | Vs N N e,
s s N Y BN e,
8 40 - 20 | o~ ~ e
— ~ ttee.,
[] =~
= 20 20 | ==
=
0 — T T T . . . 0

0 6 12 18 24 30 36 42 48 o 6§ 12 18 24 30 36 42 48
Time after pulse dose (

Figure 4. Marker excretion curves based on mean faecal arasandigesta marker concentrations=(34 per
marker) in dairy cows fed diets containing vari@rass silage treatments (data from Chapter 5). &tark
chromium mordanted fibre (Cr-NDF; solid linéJC in dry matter ¢C-DM; dashed lined)*C in acid detergent
fibre (°C-ADF; dotted line). Marker concentrations werelsdato the peak concentration and fitted with a
multicompartmental model (Dhanoa et al., 1985).

Effects of model type oiK; are not shown but can be considerable (Pond el 288;
Moore et al., 1992). If such values are reportésytmust be treated with caution as
biological models should be chosen based on thgficability and underlying biological
meaning rather than on the their estimated outpwameters. Results across experiments
suggest that the deterministic MC model was the tmosversally applicable model
describingK; of different feed types both from faecal and omadigksta samples (see
Chapter 3, Chapter 4, and Figure 3). The MPE was lowest with the MC model
compared with the @& type models. These results were confirmed for amaampling
(Chapter 4; Figure 3). Despite the unique shapentdsal dilution curves with a particularly
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short ascending curve phase (0.66—1.34 h acrodeersa(Figure 4), they could be best fitted
with the MC model. Similar observations were maateféiecal and ileal excretion patterns by
Pellikaan (2004), who further reported a better ehodbustness for the MC model. Overall,
from a purely model performance point of view, findings indicate a better fitting accuracy

and applicability of the MC model.

Effect of Sampling Site on Fractional Passage Ratesid Implications for Digestive Tract

Compartmentalisation

Rumen passage kinetics are conventionally estimited marker excretions patterns in
faecal grab samples in intact animals. It is gdheessumed that the compartment with the
highest retention time is associated to the ratituhen, but effects related to particle
retention in succeeding segments might interferenviumenK; is estimated from faecal
excretion patterns. This can be circumvented by psiagn more proximate to the
reticulorumen; e.g. by sampling intestinal chymebgrsampling omasal or reticular digesta.
Intestinal sampling requires surgical intestinahruslation and is therefore an invasive
technique that may further lead to post-surgicahglications. Advantages and limitations of
different intestinal cannulation techniques havesrbeeviewed elsewhere (Harmon and
Richards, 1997; Titgemeyer, 1997). In contrastntestinal sampling, omasal and reticular
sampling can be performed through the rumen fishala intact animals with intestines not
translocated from their normal position and areeresirable with respect to animal welfare
issues. Reticular sampling has been shown to peosxmparable flow estimates to omasal
sampling (Krizsan et al., 2010b) but frequent samgplequired for passage rate estimations is
hampered by the difficulty of fixing a sampling dsv permanently into the reticulum. In
contrast, omasal sampling is done via a samplingcddixated into the omasal canal and,
hence, allows frequent sampling without the netgs$siopen the rumen fistula (Huhtanen et
al., 1997). A limitation of this technique is a setimes frequently blocked sampling device,
particularly with coarse diets as confirmed by ®rét al. (2007). This could explain the
somewhat lower curve fit accuracy obtained with sahacompared with faecal sampling
(overall, MPE increased by 4.4% for omasal markereation curves). Interestingly, while
curve fit accuracy of faecal markers excretion gga was lowest for Cr-NDF, curve fit
accuracy of omasal excretion patterns did not seemlepend on marker type (Figure 2).
These results indicate thidi estimations derived from omasal sampling wereotoes extent

more variable than those derived from faecal sargpli
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As discussed above, the MC model ascribes fradtjpmssage rates to two distinct pools,
most likely representing the reticulorumesy;(“slow” compartment) and the proximal colon-
caecum Ky; “fast” compartment) with faecal sampling (Dhanetaal., 1985). In contrast,
stochastic two-compartmentahG1 models ascribes a fifstvalue to a “slow” turnover pool
(essentiallyK; in the MC model) representing particle escape ftbenreticulorumen, and a
secondK value (conventionally denoted but essentiall\K, in the MC model) to a “fast”
rumination pool representing age-dependent lag datation processes in the reticulorumen
(Wylie et al., 2000). Hence, particle retentiontire large intestine is disregarded. Post-
ruminal mixing is defined as transit time and acteuor approximately 10 h (Wylie et al.,
2000). If faecally derived, were to reflect age-dependent rumination processesnpling
more proximal to the reticulorumen should in prpieiyield comparabl&, values. However,
the numerical similarities observed between fagcatid omasally derivel{; in this thesis
(although relationships were moderate for differgrass silage qualities: on average, r =
0.47; Chapter 5), rather support the deterministiccept of the MC model assignikg to a
postruminal mixing compartment and assigning ttaisie to tubular digesta flow (i.e. flow
between the reticulorumen and the proximal colageaan).

These findings are supported by data of Pelliké2i04), who compartmentalised the
digestive tract based on various sampling (ilewaacés) and dosing sites (rumen, abomasum,
ileum). With faecal sampling, TT increased fromalléo abomasal and to ruminal dosing,
hence likely reflecting tubular digesta flow. Reten time in the “slow” compartment upon
ileal and abomasal dosing was similar and matcheldwith the retention time in the “fast”
compartment upon ruminal dosing. Similar findingsrevreported based on faecal excretion
of external markers (Wylie et al., 2000), whichyded a comparable retention time in the
“slow” compartment upon abomasal dosing and in “flast” compartment upon ruminal
dosing. In the present thesis; upon omasal digesta sampling was associated tonrume
related processes comparableddi.e. the “fast” compartment) inr&1 models upon faecal
sampling. This assumption is in part supported igyfe 4 showing that omasal marker PCT
is in line with the starting point of the ascendfagcal marker excretion phase. Extrapolation
of these results should be avoided however, asai{agstimates were based on an average
of only 2 to 4 data points depending on marker (typigh obvious implications for omasal
PCT estimation. Overall, these results suggestrétantion time in the “fast” compartment

reflects post-ruminal mixing and varies with markgye as confirmed in this thesis.

119



Chapter 7

Implications for Feed Evaluation

The Relationship between Ruminal Degradation and Psage Kinetics

Ruminal degradation of feed particles occurs withimtimeframe particles are retained in the
rumen. Passage of feed particles depends on tffectiee particle density or buoyancy
characteristics (Sutherland, 1988). The probabitify escape is considerably lower for
buoyant particles and is determined by the amodirferonentation gases entrapped within
particles. This implies that the release of gasedding carbon dioxide and methane, upon
microbial fermentation can decrease the specifavity of feed particles and delay passage.
A higher fermentative degradation rate of feediplag may thus reduce their probability of
escape from the reticulorumen. Table 1 summarigesfisant (P < 0.10) linear relationships
betweenK; of various tested passage markers and rumendnattdegradation rate&) of
feed fractions from maize silages £ 6) and grass silages € 6), estimated fronin situ
nylon bag incubations. Generally, coefficients etedmination R?) for linear regressions
were low. No relationship between the stakghandK; were observed. Stable isotope based
K: values appeared to be somewhat better relatég than Cr-NDF basel;, particularly
with respect to the cell wall fraction:°N was the major determinant of ADF in particular.
K; estimated from omasal digesta samples was noicplarly better related tdp than
faecally determined;. The weak linear relationships observed here nitightdue to the low
number of treatments tested. It has been furthggested that particle density alone might not
fully describe rumen escape and that particle deisicorrelated to particle size (Sutherland,
1988). This might explain the week relationshipeskied betweeikp andK; of Cr-NDF for

which the particle size is defined (<0.5 mm).
Prediction of Effective Rumen Degradability and Praein Supply

Common feed evaluation systems integrate knowleagfactional degradation and passage
to evaluate the protein status and to predict pratepply to the small intestine. Prediction of
the amount of protein available for digestion defseon the effective rumen degradability
(ED) and may hence vary considerably wikh The Dutch feed evaluation system (DVE
system; van Duinkerken et al., 2011) assumes a fixefor the protein and starch fraction
(0.045/h for forages), where&s of the NDF fraction is empirically determined frotine
respectiveKp. Other feed evaluation systems are more dynansoitte extent as reviewed in

Chapter 2. In Figure 5, ED coefficients for CP &HdF are illustrated based on varialile

120



General discussion

values. Coefficients were calculated based on peréamentally derived; of maize silage
and grass silage, and regressed with ED coeffibated orK; values as assumed by the
DVE system. Overall, ED of our test forages wasdstwhen based on fixed passage rates
(DVE). Based on the latter, ED coefficients (g/g Pidr CP and NDF were 0.49 and 0.21 for
maize silage, respectively, and 0.58 and 0.35 fasgsilage, respectively. Coefficients based
on the external marker Cr-NDF were always lowed aloser to those based on fixkd
values (DVE), compared with stable isotopes. Sipatticle markers like Cr-NDF were
typically used as reference markers in feed evi@niagystems, which explains the closer
association observed for Cr-NDF in Figure 5. Itidtddbe noted that for grass silage NDF,

low correlations among ED coefficients were obsérve

Table 1.Linear relationship between the fractional degratatate Kp) of various feed fractions and fractional

passage raté¢) of various markers

Linear regression model Marker Site R
Dry matter

0.016 (0.0081) + 0.366 (0.1675)K% Cr-NDF Faeces 0.1

0.020 (0.0057) + 0.444 (0.1717)x¢ ¥c-DM Faeces 0.15

0.020 (0.0052) + 0.369 (0.1345)K ¥c-DM Omasum 0.16
Organic matter

0.023 (0.0071) + 0.371 (0.2157)% ¥c-pDM Faeces 0.07

0.020 (0.0064) + 0.411 (0.1642)x “c-D™m Omasum 0.14
Crude protein

0.016 (0.0110) + 0.592 (0.2275)Kx Cr-NDF Faeces 0.15

0.024 (0.0079) + 0.628 (0.2376)x% “c-p™m Faeces 0.15

0.026 (0.0073) + 0.504 (0.1874)x¢ ¥c-pm Omasum 0.16
Neutral detergent fibre (NDF)

0.018 (0.0073) + 0.386 (0.1874) ¥c-DM Omasum 0.10
Acid detergent fibre (ADF)

0.015 (0.0097) + 0.584 (0.2952)x *N-ADF Faeces 0.14

0.018 (0.0080) + 0.431 (0.2087)x¢ *N-DM Omasum 0.15

0.023 (0.0061) + 0.296 (0.1610)K% N-ADF Omasum 0.12

Model: Kp = intercept + slope K;. Standard errors of the mean given in parenthesis.

Markers: Cr-NDF = chromium mordanted fibréC-DM = °C in the dry matter’>N-DM = **N in the dry
matter;*®N-ADF = N in the acid detergent fibre.

TP <0.10;" P< 0.05;" P < 0.01; only relationships witR < 0.10 are shown.

Overall, the calculated ED values are low when cameg to the observed total tract
apparent digestibility of starch and fibre. In thgohindgut fermentation should be
particularly high for total digestive tract degrida (ED + contribution from hindgut
fermentation) to approximate total tract digesiipilof starch and NDF. However,
contributions from hindgut fermentation (estimafeain digestibility studies) were observed
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to account up to 13% of total tract fermentation gtarch from maize silage (Sutton et al.,
2000) and to be minor for NDF from fresh perennyagrass (Owens et al., 2008a; Peyraud
et al., 1997).
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Figure 5. Relationship between different calculations of etifee rumen degradability (ED; g/g DM) of maize
silage (A-B) and grass silage (C-D) of varying gyalThe X-axis shows a reference ED coefficiensdzhon
fractional rumen passage rat&s)(as assumed by the Dutch protein evaluation sy§ahE; 0.045/h for forage
CP; established from the respective fractional aéation rate for forage NDF); A = 0.49, B = 0.2150.58, D

= 0.35. The Y-axis shows estimated ED coefficiehésed on experimentally determin&d from faecal
excretion of chromium mordanted fibre (Cr-ND#;*°C in the dry matter{C-DM; o), *C in the acid detergent
fibre (*C-ADF; A), N in the dry matter’®]N-DM; o), or N in the acid detergent fibré°-ADF; A). ED
coefficients were calculated according to and DKjEvalues were derived from van Duinkerken et al1@0
Data from Chapter 4 (maize silage) and Chapterdségsilage).

Based on the varying ED coefficients observed apibwan be assumed th&t has a large
impact on the actual protein supply. Amounts of egrdded feed protein escaping

degradation in the rumen (RUP) and intestinal digles RUP were calculated after van
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General discussion

Duinkerken et al. (2011) for low digestible (a conation of late maturity and low N
fertilisation) and high digestible grass silagec(ambination of early maturity and high N
fertilisation) (Figure 6). Both RUP and intestirdigestible RUP are highly sensitive ka.
Both parameters were generally highest with thedi®oVE derived; (0.045/h) and lowest
with the variable stable isotope deriédvalues. Overall, these results imply that the amhou
of protein available for digestion might be higherenkK; is estimated with a small-particle
marker. Stable isotopes appear to be a promisiolgtdoimprove the predictions of protein
supply in the equations used in current feed etialiasystems. These findings should be

validated over a wider range of dietary and expenital conditions.
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Figure 6. Amounts of rumen undegraded protein (RUP) and tim@sdigestible RUP with respective standard
error bars estimated with variable fractional rurpassage rate&{). Effects of low digestible (black barg$
high digestible grass silage (grey bars) are sh@ata from Chapter 5K; values were derived from the Dutch
feed evaluation system (DVE; 0.045/h) or experiraliytderived from various markers: chromium moreaht
fibre (Cr-NDF); **C and*N isotopes in the dry matter (DM) and acid detetdée fraction (ADF). RUP
values were calculated according to and DR4Evalues were derived from van Duinkerken et al1@9)0

General Conclusions

Assessing fractional digesta passage has receiusth mttention due to its importance for
nutrient supply prediction. Modern feed evaluatisystems seek for a more dynamic
mechanistic approach to model animal response étanyi nutrient changes. However,
quantitative information on nutrient-specific fractal passage is lacking. Conventional
passage marker techniques do not provide informationutrient-specific passage kinetics.
An alternative technique is hence required andliresothe use of intrinsic stable isotopes

labelled feed components as internal passage nsa&&ble isotopes are inherent to the feed
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Chapter 7

and can be essentially determined in all dietammamunds. Furthermore, stable isotopes do
not affect degradation and passage behaviour efléabfeed components. They qualify thus

as a tool to specifically measure passage kinefickgestible feed components. In contrast to
externally applied markers, stable isotopes undérgsame digestive mechanism as the feed
particles they are associated with and offer a cehmmsive representation of feed passage.

Based on this concept, passage kinetics of vadelisvall fractions (fibres, fibre-bound
protein) and non-cell wall fractions (starch, tgpabtein) were assessed for a common dairy
ration consisting of grass silage, maize silage @nttentrates. Stable isotopes were able to
quantify feed and nutrient specific fractional @ags rates. In contrast, a simultaneously used
external marker (chromium mordanted fibre) wasatwé to discriminate among the various
feed types. By intrinsically labelling plants abavatural enrichment, a homogeneous isotope
distribution and high enrichment levels can be eafil. This allows reducing the marker
dosage which can be of advantage if a particuled fearker fed in large amounts is expected
to affect the rumen environment.

Stable isotopes can be determined in dietary comg®ipresent in particular small
concentrations, such as plant waxalkanes, due to their highly sensitive and specifi
analytical determination. This gives the opportyiit assess passage kinetics of a wide range
of dietary compounds of interest as long as mea&incentrations are recovered in faecal
or digesta samples. The isotopic signature of jearifibre and protein fractions such as
cellulose, hemicellulose, and soluble proteinsersffscope for the future for a more detailed
insight into the passage kinetics of feed nutrients

Detailed quantitative information on nutrient sfiecbassage rates accommodates a more
mechanistic approach to quantify nutrient supplyg amdel animal response in relation to
optimal animal performance, environmental and ahimealth issues. The use of variable
nutrient specific fractional rumen passage ratds wilimately improve the predictions of

protein supply to ruminants in response to chaingédget composition and quality.
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English

Summary

Ruminants possess a unique digestive system tetdilgee-rich diets. The time feed is retained
in the rumen determines the time feed is exposedetmentative degradation by the
microorganisms in the rumen. Rumen fractional ggessate (the reciprocal of retention time)
determines thus the volatile fatty acid and micibprotein yield, which are the main energy
and protein source to the ruminant, respectivelyar@tative knowledge on rumen fractional
passage rates is required to predict nutrient guppthe small intestine. Fractional passage is
therefore a key parameter in feed evaluation systamd in mechanistic rumen models
describing the fate of nutrients with respect tamah performance, nutrient waste into the
environment and animal-health issues. Such modelsine information on feed type and feed
component specific fractional passage kinetics. nfiaéive data on feed type and feed
component specific passage kinetics are, howesars. Measurements of passage kinetics are
conventionally conducted by marker techniques wimgl mainly externally applied markers.
Such markers are not inherent to the feed and heagfore not best reflect passage of feed and
nutrients. Inert internal markers are preferredrbguire rumen evacuations and do not provide
feed type specific passage kinetics. The main dithi® thesis was to acquire quantitative data
on passage kinetics of common feed types usedimemsive dairy system (grass silage, maize
silage, concentrates), with emphasis on their enti$pecific passage, using stable isotopes as
an internal passage marker.

In Chapter 2, conventional passage marker techgiguexe compared with a promising
novel technique involving stable isotope labelleed as an internal passage marker. Some
major limitations on the use of stable isotopes ewdiscussed, including a potentially
differential disappearance of isotopes upon miaotegradation in the rumen, a potential
marker migration, and inhomogeneous isotope digidh. The first limitation may not apply to
steady-state conditions as literature indicate$ the isotopic ratio &) is not affected by
microbial degradation under stalifevitro andin vivo conditions. The latter limitation can be
circumvented by intrinsically labelling feed wittable isotopes. Marker migration from cellular
to microbial matter may overestimate to some exteatfractional passage of digestible feed
fractions based on current knowledge but effecfeeapto be minor. Because stable isotopes
are inherent to the feed and present in digestibieell as indigestible feed fractions, they offer

scope for the future to assess passage kinetaigastible feed fractions.

140



Summary

In Chapter 3, passage kinetics of concentrates asgessed based on faeiaC of maize
bran. In a crossover study, five dairy cows reatilmv (24.6%) and high (52.6%) levels of
concentrates (DM basis). The natural differenc&ie between gconcentrate ingredients and
C, maize bran was used to administer orafly isotopes. Fractional passage kinetics were
determined from faecal marker concentrations ofirsernal marker (chromium mordanted
fibre; Cr-NDF) and of the internal mark&iC in the dry matter:{C-DM), neutral detergent
fibre (*C-NDF) and neutral detergent solubl%CtNDS). Passage kinetics were not affected by
concentrate proportion in the diet but differendestween markers were considerable.
Fractional passage rates from the reticuloruniah ¢f “*C-NDF (0.0610.063/h) and*C-DM
(0.0540.056/h) was high and considerably higher than ¢fia€r-NDF (0.0370.039/h) and
13C-NDS (0.0390.043/h). In contrast, fractional passage rates fitee proximal colon-caecum
(K2) were lowest with*C-NDF and®*C-DM. Total mean time (TMRT) was considerably
higher for Cr-NDF (40.942.0 h) as compared t6C-DM and *C-NDF (32.033.5 h). The
results suggest thdfC isotopes can provide feed component specificaggs&inetics for
concentrates and provide new insights into padsagécs of fibre from technologically treated
compound feed.

A different procedure was used to measure passag#ics of forages. Maize and grass
plants were intrinsically labelled with, respectiye®*C and**C/*°N above natural enrichment
under greenhouse conditions, ensiled and admiedsténtraruminally. In Chapter 4,
intrinsically labelled maize silage was used teaspassage kinetics of the acid detergent fibre
fraction ¢°C-ADF) in faeces and starch’C-ST) in omasal digesta. In a 6 x 6 Latin square
design, six rumen-fistulated dairy cows receivedzmailages in a 2 x 3 factorial arrangement
of treatments (two cultivars x three maturity s&gé\n increase in maturity increased starch
content and decreased NDF and ADF content butdtidffect fractional passage and fractional
degradation rates, except for a decreased frattit@gaadation rate of starch with advancing
maturity. The Cr-NDF marker provided highé; estimates thai°C-DM in faeces (0.042/h
vs 0.023/h). Omasal marker excretion patterns confirese observed differences. Fadcal
estimates did not differ betweéfC-DM and **C-ADF. Omasat**C-ST provided higheK,
values (0.042/h) than omas&C-DM (0.034/h) but lower values than omasal Cr-NDF
(0.051/h). Faecd, estimates showed trends similarkg with Cr-NDF providing a value
(0.425/h) more than twice as high than that’*6tDM (0.179/h) and®*C-ADF (0.128/h). The
TMRT in the gastrointestinal tract was approximatduble for*C-DM (64.1 h) andC-
ADF (77.6 h) than for Cr-NDF (36.4 h). The resuligicate that passage of starch from maize
silage is similar to that assumed by the Dutch feealuation system (0.045/h; DVE/OEB
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system), but passage of fibre from maize silagemsller, giving rise to higher effective
degradability values. Overall, it was shown thatiimsic **C labelling of maize plants allows
to measure passage kinetics of the maize fibrestardh fraction.

In Chapter 5, intrinsically labelled grass silagaswised to assess passage kinetics of fibre
(**C-ADF) and fibre-bound nitrogert®N-ADF) in faeces and omasal digesta. In a 6 x énLat
square design, six rumen-fistulated dairy cows ivecegrass silages in a 2 x 3 factorial
arrangement of treatments (two N fertilisation Isve three maturity stages). Faed&l
estimates were considerably higher for Cr-NDF (@/6}% compared td°C isotopes. Faecal
13C-ADF provided the lowest; (0.023/h) and the highest TMRT (61.1 h) among narkie
comparison, faecafN-ADF appeared to have a highér(0.034/h) and a lower TMRT (46.4 h)
than *C-ADF. Fractional passage rates tended to incredmn N fertilisation level was
increased from 45 to 90 kg N/ha, and generallyefesed with advancing plant maturity at low
N fertilisation. In contrast, passage kinetics galie increased with advancing plant maturity
at high N fertilisation. Omasal digesta samplingfcened results based on faecal sampling.
The results suggest that passage kinetics fibrefilarebound N can be assessed With and
5N stable isotopes.

In Chapter 6, the use of stable isotopes was egtet@wminor dietary components, such as
cuticular plann-alkanes. In contrast to the dietary componentedeéa Chapter 3 through 6,
alkanes are not degraded by microorganisms inuttmem. The carbon isotopic signature ¢§,C
Cs; and Gs n-alkanes from grass silage were used to estimapectveK; values from faecal
samples. Othat-alkanes were not tested due to the 3@ content in feed and faeces. Carbon
chain length ofh-alkanes did not affedf; among individuah-alkanes (0.0370.040/h). This
experiment confirmed that stable isotopes can berm@ed in a wide range of minor dietary
compounds quantifiable in residues. Passage kinefié"°*C n-alkanes were comparable to
8*3C of the grass silage DM, which in contrastntalkanes is degraded in the rumen. These
findings suggest that stable isotope migration foaftular to microbial matter is minor.

The isotope signature of labelled feed allows tess feed type and feed component specific
fractional passage kinetics, in particular thoseigéstible feed components. The use of stable
isotopes as a digesta passage marker is currbatgote available method to label and measure
passage of digestible feed components and shouldurtieer developed to analytically
determine the fractional passage of purified filared protein fractions such as cellulose,
hemicellulose, and soluble proteins. The use ofaleée nutrient specific fractional rumen
passage rates will ultimately provide a more com@nsive prediction of energy and protein
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supply and microbial protein efficiency to rumingnin response to changes in diet

composition and quality.
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Samenvatting

Herkauwers bezitten een uniek verteringsapparaihevain staat stelt om vezelrijke voeders te
verteren. De tijdsduur dat het voer in de penslifris bepalend voor de tijd dat het voer
blootgesteld staat aan fermentatieve afbraak dndieed van de aanwezige micro-organismen.
De fractionele passagesnelheid (de inverse vaneddijftijd) is daarmee bepalend voor de
vluchtige vetzuur productie en microbiéle eiwitdygge, die respectievelijk de belangrijkste
energie- en eiwitbronnen voor de herkauwer zijn. @graanvoer van nutriénten in de dunne
darm te kunnen voorspellen is het van belang kiedigtve kennis te hebben van de fractionele
passagesnelheden. De fractionele passagesneltdzd 3ok een van de essentiéle parameters
binnen voederwaarderingssystemen en zo ook in mestiseshe modellen waarmee de
metabolische omzettingen van nutriénten wordt lreseim in relatie tot de gerealiseerde
productie, de uitscheiding van nutriénten naar fnédieu en diergezondheid gerelateerde
aspecten. Zulke modellen vereisen informatie owdrtipe voer en de daaraan verbonden
voercomponent-specifieke passagekinetiek, maar titateve informatie hierover is echter in
beperkte mate beschikbaar.

Het belangrijkste doel van dit promotieonderzoeks veem kwantitatieve informatie te
verkrijgen van de passagekinetiek van een aantafleroniddelen (gras- en maissilage, en
krachtvoer) welke algemeen aangewend worden innsigee melkveehouderijsystemen.
Hierbij lag de nadruk op het verkrijgen van infotreaover de nutriént-specifieke
passagesnelheid van deze voedermiddelen. Voorchattan van de passagekinetiek wordt de
markeerstofmethode gebruikt waarbij traditionedeme markeerstoffen worden ingezet. Dit
type markeerstof vormt echter geen inherent bedteidvan het voedermiddel en geven
daardoor niet de beste afspiegeling van de wekketijitriéntenpassage. Daarnaast zijn er ook
inerte interne markeerstoffen die bovengenoemd etadiet hebben. Interne markeerstoffen
hebben dan ook de voorkeur, maar vereisen datrEnp@ud volledig geévacueerd wordt; ze
geven geen inzicht in de voersoort-specifieke mpesaetiek.

Hoofdstuk 2 beschrijft een literatuurstudie waarbge traditioneel gebruikte
markeerstoftechniek vergeleken wordt met een vémlbrde nieuwe techniek waar gebruik
gemaakt wordt van stabiele isotopen als een int@ar&eerstof om passage te schatten. Hierbij
worden een aantal beperkingen van de nieuwe tdcheitiscussieerd, waaronder de mogelijke
verdwijning van stabiele isotopen onder invloed waorobiéle afbraak, de mogelijke migratie

van de stabiele isotopen en de mogelijke effectaneen niet-uniforme verdeling van stabiele
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isotopen over de voercomponenten. Het eerste fkintiket van invioed te zijn onder ‘steady-
state’ condities op basis vam vitro enin vivo onderzoek waarin beschreven wordt dat de
microbiéle afbraak de isotoop ratid) (niet beinvioedt. Het laatstgenoemde punt, de- niet
uniforme verdeling van isotopen, kan worden ondegea door het voer te verrijken onder
condities waarbij de isotoopconcentratie contingghwogd is. De migratie van stabiele
isotopen van de celwandfracties naar de microbiieties zou kunnen leiden tot een
overschatting van de fractionele passage van deerbare fractie, maar deze effecten lijken
verwaarloosbaar. Omdat stabiele isotopen een inhéestanddeel vormen van het voer en
zowel aanwezig zijn in de verteerbare als onvdrterfracties, bieden ze perspectief voor het
schatten van de passagekinetiek van de verteerbareomponenten.

In hoofdstuk 3 is de passagekinetiek van krachtwodwart gebracht op basis van fecale
excretie5'*C in maiszemelgrint. In een kruisproef met tweerbekandelingen werden vijf
melkkoeien aan een rantsoen toegekend met eer(dd#) %) of hoog (52,6 %) niveau van
krachtvoergift. Door gebruik te maken van het ndie verschil in §°C tussen €
plantcomponenten (basis krachtvoer) en pglantcomponenten (maiszemelgrint krachtvoer)
werd een contrast #1°C gecreéerd door het®rachtvoer eenmalig uit te wisselen met hgt C
krachtvoer. De fractionele passagesnelheden weldspaald op basis van de fecale
markeerstofconcentraties van de externe markee(stufoom-NDF) en van de interne
markeerstofC in de droge stof fractié’C-DS), de celwandfractie verkregen na hydrolyse in
een neutraal detergen$’G-NDF) en de niet-celwandfractie*C-NDS). Schattingen van
fractionele passagesnelheden vanuit de pipnswerden niet beinvioed door het niveau van
krachtvoergift, maar de markeerstoffen verschildenderling aanzienlijk. Fractionele
passagesnelheden vanuit de pens@MNDF (0,061-0,063/uur) €RC-DS (0,054—0,056/uur)
lagen aanzienlijk hoger dan die van Cr-NDF (0,0303%uur) ent*C-NDS (0,039-0,043/uur).

In tegenstelling hiermee waren de fractionele pgss#elheden vanuit het proximale colon-
caecum K5) juist het laagst voot’'C-NDF en**C-DS. De totale gemiddelde verblijftijd van
markeerstoffen in het maagdarmkanaal (TMRT) was @eNDF (40,9-42,0 uur) aanzienlijk
hoger in vergelijk met die valiC-DS en*C-NDF (32,0-33,5 uur). Deze resultaten suggereren
dat **C isotopen de mogelijkheid geven om specifieke rinfiie te verkrijgen over de
passagekinetiek van de celwandfractie afkomstigdeakrachtvoercomponent in het rantsoen.

Voor het meten van de passagesnelheden van contponenruwvoeders werd een andere
procedure dan in hoofdstuk 3 gebruikt. Als ruwvoigr mais- en grasplanten intrinsiek verrijkt
met **C en °C/™N respectievelijk in een klimaat-gecontroleerde. ke verrijkte planten
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werden na oogsten geénsileerd om vervolgens teckuworden toegediend in de pens van de
koe.

In hoofdstuk 4 zijn *C-verrijkte maissilages gebruikt voor het bepalean vde
passagekinetiek van de celwandfractie verkregemydelyse in een zuur deterge¥0CADF)
en van de zetmeelfracti&C-ST). De passagekinetiek van ‘de-ADF werd geschat op basis
van fecale excretiepatronen, die VA8-ST op basis van markeerstof excretiepatronerein d
chymus van de boekmaag. In een 6 x 6 Latijns vigrketvingen zes pens-gefistuleerde
melkkoeien rantsoenbehandelingen met verschillemdéssilages in een 2 x 3 factoriéle
proefopzet van behandelingen (twee cultivars x dffgpingsstadia). Maissilages lieten een
verhoging in zetmeelgehalte en een afname in NDFAB# zien bij een toenemend
afrijpingsstadium. Oogststadium liet geen effecteen op de fractionele passage- en
afbraakconstanten, met uitzondering van een afnande fractionele afbraaksnelheid van
zetmeel bij een oplopend afrijpingsstadium. De reemarkeerstof Cr-NDF gaf een hogere
schatting vooK; dan**C-DS (0,042/uur versus 0,023/uur) op basis varldesecretiepatronen.
Excretie patronen in chymus van de boekmaag begdestideze waargenomen verschillen.
Schattingen val, bepaald vanuit de fecale excreties lieten geerchitlen zien tussen déc-

DS en'*C-ADF. In boekmaagchymus liélC-ST (0,042/uur) een hogere waarde vidprien
dan™C-DM (0,034/uur), maar beide fracties gaven ladfarevaarden dan Cr-NDF (0,051/uur).
Schattingen vooK; op basis van fecale uitscheidingspatronen gavewergelijkbare tendens,
waarbij deK, van Cr-NDF (0,425/uur) meer dan tweemaal zo hoog e die vari’C-DS
(0,179/uur) ert*C-ADF (0,128/uur). De TMRT in het maagdarmkanaas waor*C-DS (64,1
uur) en**C-ADF (77,6 uur) ongeveer tweemaal zo lang dan V@eNDF (36,4 uur). De
resultaten geven aan dat de fractionele passabesieel van zetmeel uit maissilage
vergelijkbaar is met de waarden die in het Nededanvoederwaarderingssysteem worden
aangenomen (0,045/uur; DVE/OEB systeem). De rdenliéeten zien dat het gebruik van met
isotoop verrijkte maissilage het mogelijk maakt d@ passagekinetiek van verschillende
koolhydraatfracties (celwandfractie versus zetmaetiie) vast te stellen.

In hoofdstuk 5 zijn **C-verrijkte grassilages gebruikt om de passage tikievan
celwandfracties '{C-ADF) en celwand-gebonden stikstdPN-ADF) vast te stellen vanuit
excretiepatronen in de feces en boekmaagchymueeriré x 6 Latijns vierkant ontvingen zes
pens-gefistuleerde melkkoeien verschillende gregsd in een 2 x 3 factoriéle proefopzet met
twee N-bemestingsniveaus en drie oogststadia. {Baext voor deK; op basis van fecale
excreties waren aanzienlijk hoger voor Cr-NDF (@/04r) dan de mef’C verrijkte fracties.
Van de markeerstoffen g&iC-ADF de laagst&; (0,023/uur) en de hoogste TMRT (61,1 uur).
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Een vergelijking tussen fecale excretiepatronen Vanen >N liet zien dat™N-ADF een
aanzienlijk hoger&; (0.034/uur) had en een lagere TMRT (46,4 uur)'d@rADF. Fractionele
passagesnelheden neigden naar hogere waardennbgpéspend N bemestingsniveau (45
versus 90 kg N/ha), en lieten een dalende tendens l@j een toenemende ouderdom
(oogststadium) bij gras met een laag N bemestingani Gras met een hoog bemestingsniveau
liet een tegenovergesteld beeld zien waarbij otaglitsn en passage positief gecorreleerd
bleken. Excretiepatronen in boekmaagchymus bewestige bevindingen gedaan op basis van
fecale excreties. De resultaten lieten zien dapaesagekinetiek van de celwandfractie en
celwand-gebonden N kan worden vastgesteld met pefanl zowel*C als™N.

In hoofdstuk 6 is het gebruik van stabiele isotoperder uitgewerkt voon-alkanen, een
natuurlijk voorkomende (secundair) plantcomponeait de waslaag (cuticula) op de plant
vormt en geen nutritionele waarde heeft. In tegdlirgg tot de voedercomponenten en fracties
zoals beschreven in de voorgaande hoofdstukkemenaten-alkanen niet afgebroken door de
micro-organismen in de pens. B isotoop-verrijking van &, Cs; en Gs n-alkanen van
verschillende grassilages is gebruikt om hun rdpestijk K;-waarden te schatten. De overige
n-alkanen zijn niet in de analyse meegenomen vanlwegee lage concentratie in de voeders
en feces. Dit experiment bevestigde dat stabie®pen kan worden bepaald in een brede
range van (secundaire) plantcomponenten mits dexantkatief te isoleren zijn. De
passagekinetiek vasiC in n-alkanen waren vergelijkbaar met 8€C in de droge stof van
grassilage, die in tegenstelling totmalkanen wordt afgebroken in de pens. Onze bewvjaain
bevestigden dat de migratie van stabiele isotomen de celwandfractie naar de microbiéle
fractie gering is.

De isotoop samenstelling van verrijkte voederbektalen maakt het mogelijk om
onderscheid te maken tussen het type voer en omncoroponent-specifieke fractionele
passagesnelheden vast te leggen, en met namerdidevaerteerbare voercomponenten. Het
gebruik van stabiele isotopen als markeerstof i@bmeten van digesta passage is momenteel
de enige beschikbare methode om verteerbare vopmanten te verrijken en de passage van
te schatten. Deze methode kan in de toekomst vermterikkeld worden om de fractionele
passage van geisoleerde celwandcomponenten @iose en hemicellulose) en eiwitfracties
(bijv. oplosbare eiwitten) te onderzoeken. Het gibvan variabele voercomponent-specifieke
fractionele passagesnelheden zal uiteindelijk zageh voor een gedetailleerdere voorspelling
van de eiwitvoorziening van herkauwers bij veramdmn in rantsoensamenstelling en -
kwaliteit.

147



German

Zusammenfassung

Wiederk&uer sind in der Lage, faserreiches Groéfutiit Hilfe von mikrobiellen Enzymen
im Pansen abzubauen. Dabei spielt die Verweilzait Futterpartikeln im Verdauungstrakt
eine zentrale Rolle, da diese die Dauer, der Fatgkel der mikrobiellen Fermentation im
Pansen ausgesetzt sind, bestimmt. Die fraktionellainale Passagerate (Kehrwert der
Verweilzeit) ist somit fur die Bildung von flicheég Fettsauren und fir die Bildung von
Eiweil? mikrobieller Herkunft, der jeweiligen Haupthugsquelle von Energie und Eiweil3 fir
den Wiederkauer, ausschlaggebend. Die quantit&ifessung der fraktionellen ruminalen
Passagerate bestimmt des Weiteren den Nahrstsfffusm Dunndarm. Fraktionelle
Passageraten sind die Grundlage fur die Bestimmang\Nahrstoffzufuhr und -ausscheidung
in Futtermittelbewertungssystemen und mechanistiscRansenmodellen fir Wiederkauer
besonders mit Hinblick auf eine optimale Nahrsteffvertung fur Tier und Umwelt. Um den
Futterwert der Rationen und deren Nahrstoffzufudmagier zu erfassen, sind Informationen
zum Passageverhalten einzelner Futtermittel unéirstéffen notig. Entsprechende Daten
sind jedoch mit Hilfe der vorhandenen Prozedurehwsec zu erfassen. Herkémmliche
Prozeduren umfassen meist externe Marker, die nicdtirlicher in Futterrationen
vorkommen und dementsprechend deren Passageverhiglé optimal wiedergeben. Interne
Marker sind zwar natirlicher Bestandteil von Fu#tgonen, bedurfen jedoch aufwendiger
Pansenentleerungen und geben keinen Aufschlussiitzmine Futtermittel und -n&hrstoffen,
sondern nur Uber die aufgenomme Gesamtration. Daberes Ziel meiner Studie, stabile
Isotopen als alternative Passagemarker anzuwendgendas Passageverhalten gangiger
Grobfuttermittel (Grass- und Maissilage) und Kratfttr mit besonderem Hinblick auf
einzelne enthaltene Nahrstoffe fur Wiederkauerriassen.

In der ersten Studie (Kapitel 2) wurden konventilenexterne Passagemarker mit stabilen
Isotopen als alternative Passagemarker verglichetztere umfassen isotopisch markierte
Futterndhrstoffe  und haben den Vorteil, dass der rkdta denselben
Fermentationsbedingungen wie die der natirlich endghmen N&ahrstoffen obliegt. Stabile
Isotopen sind nicht-radioaktive und in nur sehrirgggn Mengen naturlich vorkommende
Elemente und bereits kleine Ver&nderungen im riaki#h Isotopenverhdltnis lassen sich
analytisch genau erfassen. Zu den Nachteilen etalislotopen gehdren eine mdgliche
Veranderung im naturlichen Isotopenverhaltd)saufgrund mikrobieller Pansenfermentation,

eine potenzielle Markermigration und eine inhomagensotopenverteilung im
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Ausgangssubstrat. Ersterer spielt eine geringe BBadg solange sich das Verdauungssystem
im Fliegleichgewicht befindet, da die mikrobieflermentation das Isotopenverhéltnis nicht
beeinflusst. Eine potenzielle Isotopenmigration wetiularen zu mikrobiellen Bestandteilen
kann sich negativ auf eine korrekte Erfassung éss&eraten auswirken, scheint jedoch von
geringem Einfluss zu sein. Letzterer kann durch diewendung von kontinuierlich
isotopenmarkierten Futtermittelkomponenten umgangerden. Da stabile Isotopen in allen
Futtermitteln und in sowohl pansenbestandingen asch pansenunbestandigen
Futterfraktionen vorkommen, kdnnen diese erstmaléséhluss Uber beide Futterfraktionen
geben.

In der zweiten Studie (Kapitel 3) wurde das Passapalten von Kraftfutter berechnet. In
einem Crossover-Versuch erhielten funf pansenfestel Milchkihe eine Futterration mit
niedrigem (24,6 %) bzw. hohem Kraftfutteranteil 26 auf TS-Basis). Dabei wurde
Kraftfutter mit natiirlichem niedrigen*C-Anteil (C; Pflanzen) durch Kraftfutter mit
natiirlichem hohen Anteil aliC (Maiskleie; G Ursprung) getauscht, um eine or&i€-Dosis
zu verabreichen. Fraktionelle Passageraten wurdeanal von Markerausscheidungsprofilen
eines externen Markers (chromgebeizte Faser bzwNDGE) und *C-Isotopen als interne
Marker in der TrockensubstanZG-DM), in Neutral-Detergenz-FaseéfC-NDF) und in der
neutralen Detergenzien-léslichen FraktidfC¢NDS) berechnet. Der Kraftfutteranteil in der
Futterration hatte keinen Einfluss auf die Passiagék. Letztere war jedoch stark von der
Markerwahl gepragt. Die fraktionelle Passageratem \ReticulorumenK;) von **C-NDF
(0,061-0,063/h) un&*C-DM (0,054-0,056/h) waren betrachtlich hoher afsejvon Cr-NDF
(0,061-0,063/h) und®C-NDS (0,039-0,043/h). Im Gegensatz dazu warerfrelgionellen
Passageraten vom Dickdarm (eigentlich, proximalelo@CaecumiK;) von Cr-NDF und
13C-NDS am niedrigsten. Die Gesamtverweilzeit (TMR®) Cr-NDF war betréchtlich héher
(40,9-42,0 h) im Vergleich zu jener voRC-DM and *C-NDF (32,0-33,5 h). Den
Ergebnissen zufolge lassen sich mit Hilfe Vd@-Isotopen nahrstoffspezifische Passageraten
fur Kraftfutter berechnen.

Die Passageraten fur Grobfutter wurden mit Hilfe i&otopisch angereicherter Maissilage
(**c) und Grassilage {C/*°N) berechnet. Das in einem Gewachshaus angeraichert
Pflanzenmaterial wurde als Silage intraruminal begacht und die fraktionellen Passageraten
anhand von Markerausscheidungsprofilen in Kuhkdtgnound ruminal verdauter Nahrung
im Omasum berechnet. In der dritten Studie (Kap#gellieferte isotopisch angereicherte
Maissilage Passageraten zur Séure-Detergenz-Fas@tproben ¥C-ADF) und Starke im

Omasum C-ST). Sechs pansenfistulierte Milchkiihe erhielfeveils eine von sechs

149



German

verschiedenen Maissilagen (zwei verschiedene Maetésen mit jeweils drei verschiedenen
Reifegraden) in einem Lateinischen Quadrat. Miigstedem Reifegrad erhohte sich der
relative Stéarkeanteil und verminderte sich dertretaNDF- und ADF-Anteil. Die fraktionelle
Passage- und Abbaubarkeitsrate waren nicht betroffauer einer verminderten
Abbaubarkeitsrate von Stérke bei steigendem Reifeddie hochstei;-Werte ergaben sich
mit dem Marker Cr-NDF (0,042/h), gefolgt vdfiC-DM (0,023/h). Dieser Markerkontrast
wurde mit den omasalen Proben bestatigt. Es kdreitesignifikanter Unterschied zwischen
13C-DM und **C-ADF festgestellt werden. Déf;-Wert von **C-ST im Omasum war mit
0,042/h hoher als jener voliC-DM (0,034/h), jedoch niedriger als jener von QP
(0,051/h) im Omasum. GleichermaRen warenkdig@Verte hoher fur Cr-NDF (0,425 /h) als
fiir *C-DM (0,179/h) und*C-ADF (0,128/h) in den Kotproben. TMRT vdfC-DM (64,1 h)
und **C-ADF (77,6 h) waren wesentlich hoher als jene VORNDF (36,4 h). Den
Ergebnissen zufolge war die Passagerate von Mdisggnem Wert &hnlich, der gegenwartig
im niederlandischen Futtermittelbewertungssystemeaommen wird (0,045/h; DVE/OEB
System). Die Passagerate von Maisfas¥-ADF) war jedoch geringer, und dies hatte zur
Folge, dass deren effektive Abbaubarkeit wesentiigher war als jene die vom DVE/OEB-
System abgeleitet wurde. Die Ergebnisse lassenufdachlieRen, dass isotopenmarkierte
Maispflanzen Rickschluss auf die nahrstoffspediiseassagerate von Maisstarke und —faser
geben kbénnen.

In der vierten Studie (Kapitel 5) wurden Passageraton Fasern*{C-ADF) und faser-
gebundenem Stickstoff'®N-ADF) von isotopenmarkierter Grassilage berechrchs
pansenfistulierte Milchkiihe erhielten jeweils eumm sechs verschiedenen Grassilagen (zwei
verschiedene Stickstoffdiingungsraten mit jeweits gerschiedenen Reifegraden) in einem
Lateinischen Quadrat. DiEC-Isotopen hatten wesentlich geringé¢eWerte als Cr-NDF
(0,047/h). Der absolut niedrigste-Wert mit 0,023/h und gleichzeitig hochste TMRT von
61,1 h ergab sich mi’C-ADF. Im Vergleich dazu ergaben sich fiiN-ADF ein etwas
hohererK;-Wert von 0,034/h und ein niedrigerer TMRT von 464 Bei Erhéhung der
Dingungsrate von 45 zu 90 kg N/ha tendierten diktisnelle Passageraten zuzunehmen. Bei
einer Duingungsrate von 45 kg N/ha nahmen die fraktlen Passageraten bei steigendem
Reifegrad im Allgemeinen zu. Bei einer Dingungsrate 90 kg N/ha traf jedoch das
Gegenteil zu. Die omasalen Proben bestétigten migseauf. Die Ergebnisse lassen darauf
schlieRen, dass die stabilen Isotogd@ und N Riickschluss auf die Passagekinetik von
Fasern und faserngebundenem N geben kdnnen.
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In der funften und letzten Studie (Kapitel 6) wurd@assageraten von isotopenmarkierten
Pflanzenn-Alkanen berechnetn-Alkane sind sekundare Pflanzeninhaltsstoffe unstefe
Bestandteil der Pflanzencuticula, jedoch nur irirggan Mengen vorhanden. Im Gegensatz zu
denen in Kapitel 3 bis 5 untersuchten Futterkomptere sindn-Alkane nicht mikrobiell im
Pansen abbaubar. Stabile Isotopen konnten in évedéne vonn-Alkanen nachgewiesen
werden, jedoch war die fakaldC-Konzentration lediglich fir die-Alkane G, Cs1 und Gs
ausreichend, um fraktionelle Passageraten abzulddie Anzahl der Kohlenstoffatome hatte
keinen Einfluss auf deK;-Wert (0,037-0,040/h). Mit diesem Versuch konntstéigt werden,
dass stabile Isotopen in einer Reihe von Komponeute in geringer Konzentration im Futter
enthalten sind und sich in Kuhkotproben quantifeaie lassen, nachweisbar sind. Die
Passagekinetik vomrAlkanen war vergleichbar mit jener voiC-DM, die, im Gegensatz 2u
Alkanen, im Pansen von Mikroben abgebaut werden.Kares lasst darauf schliel3en, dass eine
potenzielle Markermigration von zellularer zu misieller Substanz in pansenverdauten
Nahrstoffen von geringem Ausmal ist.

Den Ergebnissen dieser Dissertationsschrift zufoljgnen sich isotopenmarkierte
Futterkomponenten fir die Erfassung von nahrstofti futtermittelspezifischen Passageraten.
Die Anwendung von stabilen Isotopen als Passagem@kzur Zeit die einzige Moglichkeit,
die Passageraten fiir potenziell verdauliche Néffestalie im Organismus den Ublichen
Verdauungsmechanismen ausgesetzt sind, zu berecliienProzedur zur analytischen
Erfassung von stabilen Isotopen in Hauptfutterkomtgo soll demnach auf jene Inhaltsstoffe,
die in geringerer Konzentration im Futter enthaksemd, ausgeweitet werden; so zum Beispiel
fur chemisch isolierte Kohlenhydrate und Eiweil¥stof wie Zellulose, Hemizellulose und
I6sliche Proteine. Die Anwendung von flexiblen rgibifspezifischen Passageraten in
Futtermittelbewertungsssystemen ermdglicht eineassgnde Bewertung von Energie- und
Proteinzufuhr sowie der mikrobiellen Eiweil3synthé8e unterschiedliche Futterrationen in

Wiederkauern.
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