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Introduction

1. Introduction

In horses and other farm animals, feed intake, feed, energy and nutrient digesti-
bility, the selection of feeds, the composition of the ingested diet and digesta pas-
sage kinetics in the digestive tract are key indicators for the assessment of the nu-
tritive value of feedstuffs and their utilization. The thorough determination of feed
intake and digestibility provides information of energy and nutrient supply and
utilization by the animal. Such information is necessary to assess the fulfilment of
maintenance and performance requirements and to improve management deci-
sions particularly in pasture-based husbandry systems. It furthermore enables the
monitoring and prevention of supply gaps, resulting performance depression and
resulting health risks, which is particularly important in growing animals. The de-
termination of feed selection and composition of the ingested diet refines the as-
sessment of supply, particularly in free-ranging animals, and allows for investiga-
tion of animals’ intrinsic ambition to a continuous supply balance (Thomas et al.,
2007; Edouard et al., 2010). The determination of digesta passage kinetics adds
information of the quantity of feed components in the gut or segments of the gut
and the efficiency of their utilization (Marais, 2000), which supports the assess-
ment of digestibility, water balance, or digestive disorders in the animals under
test (Rosenfeld et al., 2006).

The direct determination of such indicators is laborious or impractical in spe-
cific situations like the investigation of free-ranging farm animals. Among a wide
range of estimation methods, it is a logical result to apply dietary markers, which
preferentially are immanent to the feed plants. Long-chain alkanes are abundant
in the waxes of most of the common feed plants (Dove et al., 1996), also in other
natural waxes (Tulloch, 1970), and are available as synthetics. They have the po-
tential to be applied as markers to estimate feed or nutrient intake, feed selection,
feed or nutrient digestibility and passage kinetics simultaneously using a set of
calculation methods with the same steps of preparation and analysis in the labor-
atory. However, the successful application of alkanes as dietary markers is mainly
limited through their inconsistent recovery in faeces, which is equal in all other
feed-internal and external markers that are known so far, although it has been
shown that horses have the highest alkane faecal recovery (AFR) rates among the
livestock species (Wilson et al., 1999; Ferreira et al., 2009b; Jurjanz et al., 2014). In-

complete AFR probably arise from endogenous alkane absorption and metabo-
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Introduction

lism (McCarthy, 1964); an overestimation is, however, probably the result of cyclic
diurnal fluctuations of faecal alkane concentrations (Giraldez et al., 2004) and a
deficient representativeness of faeces, feeds or boluses samples depending on the

sample type (i.e. bulk or spot samples).
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Background

2. Background

The current work mainly deals with the use of plant and synthetic alkanes as
markers to estimate feed intake and apparent digestibility in horses. However, this
method enables the simultaneous estimation of feed selection and digesta pas-

sage kinetics, which is why these issues were briefly reviewed as well.

2.1. Methods for the determination of feed intake and digestibility in vivo

Voluntary intake of one or a few feed components can at the simplest be meas-
ured through its weighing and the weighing of orts. This is obviously very limited
to a small quantity of feed components in the diet and a small quantity of animals
in controlled housing conditions. It is therefore not feasible under more complex
experimental conditions and in animals grazing on pasture. A variety of alterna-
tive methods of feed intake determination have been discussed in depth by
Forbes (1995). A brief overview of available methods is given in the following.

The relationship between voluntary feed intake and feed intake activity traits
(e.g. time spent eating; jaw movement oscillation) has been shown e.g. by Brokner
et al. (2008) and Bochnia et al. (2016) in ponies and horses. However, the estima-
tion of feed intake on basis of the ingestive behaviour of animals may be error-
prone due to a large dependency on diet properties, allometric effects and animal
individuality. Moreover, it is less validated and can require special measuring
equipment (Brokner et al., 2006; Bochnia et al., 2016; Werner et al., 2016). Related
techniques of assessing feed intake behavioural traits in relation to intake estima-
tion are summarized by Mayes and Dove (2000) and Ellis (2010).

In grazing animals, feed intake and intake rate can be derived from measuring
the herbage mass reduction rate on an experimental pasture plot after a certain
time of grazing (Duren ef al., 1989; Dowler et al., 2012). Herbage mass is harvested
and weighed before and after the grazing period on randomly selected subplots
(Dowler et al., 2012). The initial and residual herbage mass can alternatively be
measured using the falling plate meter method (Rayburn and Rayburn, 1998;
Glunk et al., 2013). Such methods require the consideration of the re-increase in
plant mass occurring over longer grazing periods, e.g. using pasture cages (Cayley
and Bird, 1996). Moreover, short-term estimates of dry matter (DM) intake (DMI)

are not suitable to extrapolate to longer periods and vice versa, because grazing
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Background

restriction may lead to a compensatory grazing behaviour, which has been shown
by Ince et al. (2011) and Glunk et al. (2013) in ponies and horses, respectively. In
grazing horses, Siciliano (2012) reported a positive linear relationship between
intake rate and time of pasture access (R° = 0.7; P< 0.001). However, it is without
consideration of herbage mass availability, plant and environmental characteris-
tics, and the physiological status of the animals (Siciliano, 2012; Wood et al.,
2012).

Feed intake and intake rate can also be estimated from short-term or fairly
long-term bodyweight changes (Romney et al., 1996; Ince et al., 2011; Longland et
al., 2011). However, this requires a thorough consideration of faecal and urinary
excretory outputs and insensible weight losses, which continuously occur through
respiratory evaporative cooling (Romney et al., 1996; Ince et al., 2011).

Feed intake can further be estimated from water turnover (Mayes and Dove,
2000) by sequential blood sampling following a single injection of “H,O (Rogers et
al., 1985), *H,0, °H, **Na or related tracers (Silanikove et al., 1987), which are dif-
fusible into body fluids (Schoerb et al., 1950). The underlying assumption is a con-
stant ratio between free water intake and DMI (Silanikove et al., 1987), which was
initially found in sheep (Benjamin et al., 1977). Temporal changes in blood tracer
concentration can be determined by infrared spectrophotometry (Rogers et al.,
1985) and related methods. Total body water is then calculated from the tracer
concentration time curve and the water turnover rate as the reciprocal of the
slope of the time curve times total body water (Rogers et al., 1985). However, since
such tracers are partly radioactive, their use is restricted due to legal and safety
reasons (Mayes and Dove, 2000).

Besides such methods, the estimation of total feed, diet component or nutrient
intake from knowledge of the faecal output and inverse digestibility has widely
been applied in livestock nutrition studies. The equation is provided in the formu-
lary (Equation 1, Appendix). However, a thorough determination of faecal output
and apparent digestibility is essentially required. Faecal output can be quantified
via total collection by default, or estimated using external markers (Dove and
Mayes, 2006). Determination of apparent digestibility is specified below.

The concomitant use of feed-internal digestibility markers and external output
markers replacing total collection of faeces is in the focus of scientific interest for
decades. For intake estimation purposes in horses and cattle, respectively,

Fleurance et al. (2001) and Schmidt et al. (2004) used faecal nitrogen as the esti-
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mator of apparent digestibility (see Schmidt et al., 1999), coupled with faecal out-
put quantification either by total collection or external alkanes. Krull (1984) esti-
mated forage intake in grazing horses using chromium (Cr) sesquioxide (Cr,O3) as
output marker and lignin to estimate digestibility. A significant simplification of
the method was the algebraic combination of these separate estimates and the
simultaneous use of synthetic and plant alkanes, which require for one and the
same analytical process (Mayes et al., 1986) The equation is provided in the for-
mulary (Equation 2, Appendix).

Natural markers such as titanium (Ti) and hydrochloric acid-insoluble ash
(AIA) may furthermore be helpful to estimate soil intake, which can be an issue of
interest in grazing animals that ingest soil by choice as a source of trace- and mac-
ro-elements or inadvertently (Mayes and Dove, 2000; Jurjanz et al., 2014). Since
silica is also an immanent compound of feed plants (Mayland et al., 1975), AIA is
an estimator with restriction. To determine soil contamination in vegetation, Ti
that is naturally absent in plants might be a useful marker, but representative soil
sampling can be limited (Mayes and Dove, 2000).

Feeding mixed diets basally containing forage, supplemented with concen-
trate, is common practice in horse husbandry. Substitution effects alter intake and
digestion rate of the basal forage (Mayes and Dove, 2000). Edouard et al. (2008)
found a positive relationship between dietary fibre content and feed intake in in-
dividual horses. Usually, supplement intake is known. Is the supplement is con-
sidered as part of a mixed diet, its intake is estimable from diet component pro-
portions obtained from discrimination by specific marker patterns (see Section
2.2.; Mayes and Dove, 2000; Dove et al., 2002). The equation is provided in the
formulary (Equation 3, Appendix). Considering that, the use of plant-internal al-
kane patterns is advantageous regarding analytical effort (Dove and Mayes, 2006),
but in case of common supplements (e.g. grains) marker patterns cannot be dis-
tinguished anyway from that of basal forage. An additional labelling (e.g. with
beeswax alkanes) then ensures a very unique marker profile of the supplement
(Mayes and Dove, 2000; Dove and Charmley, 2008).

A variety of algebraic and model-based estimations of digesta marker passage
kinetics (see Section 2.3.) and marker excretion curve characteristics have been
developed, from which faecal output of the animal can be calculated (France et
al., 1988; Galyean, 1993; Giraldez et al., 2004). Feed intake then can easily be esti-
mated according to Mayes et al. (1986) (Duncan et al., 1999; Girédldez et al., 2004,
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2006), which however requires almost constant faecal background concentrations
of plant alkanes. An exemplary set of equations is provided in the formulary
(Equations 4 - 6, Appendix). Variation in feed intake rate, feed intake behaviour,
diet digestibility, and diurnal variation of marker excretion may alter faecal alkane
concentrations over time, which may bias feed intake estimation (Duncan et al.,

1999; Giraldez et al., 2004; Molina et al., 2004).

Apparent feed or nutrient digestibility is defined as the rate of digestion without
consideration of endogenous excretion. The standard procedure for digestibility
determination based on total faeces collection as part of a balance between intake
and output of the feedstuffs or the nutrients in question. The equation is provided
in the formulary (Equation 7, Appendix). The methodology of in vivo digestion
trials was explained in brief by Zeyner (2005).

Basing on a wide range of in vivo studies, predictive models to estimate digest-
ible parts of nutrients can be developed using the linear relationship to their die-
tary contents, at least when the nutrients in question are nutritive uniform (Lucas
et al.,, 1961). This has been performed by Zeyner and Kienzle (2002) basing on a
data set from a meta-analysis of digestibility trials with horses. As a result, a pre-
dictive model to estimate digestible nutrients and digestible energy (DE) has been
developed which is recommended by GfE (2003) and NRC (2007) and further ex-
panded to be used for the estimation of metabolizable energy (ME; Kienzle and
Zeyner, 2010; GfE, 2014), and pre-caecal digestible crude protein and amino acids
in the feed of horses (Zeyner et al., 2010; GfE, 2014; Zeyner et al., 2015). However,
such predictions face the problem of absent nutritive uniformity of individual nu-
trients (ruminants: Van Soest, 1967; horses: Zeyner and Kienzle, 2002). Moreover,
nutrient supply that overwhelms physiological digestion needs to be considered
by nutrient-specific restrictions. In this way, horse diets with more than 35 %
crude fibre (CF) or 8 % crude fat defy the estimation of DE and ME, respectively.
According to Clauss et al. (2014), only a feed intake rate of more than 30 g/kg
BW""/d enables proper digestive function in horses.

Marker-based estimation of apparent digestibility uses the proportion of die-
tary and faecal marker concentrations under assumption of steady-state condi-
tions (Dove and Mayes, 2006), which can be expanded by the reverse proportion
of dietary and faecal nutrient concentrations estimating digestibility of nutrients

as well (Maynard and Loosli, 1962). Equations are provided in the formulary
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(Equations 8 and 9, Appendix). This feature is particularly important regarding
specific interrelationships between nutrients in one diet affecting each other in
digestibility (Zeyner and Kienzle, 2002). For example, dietary CF tends to have a
negative effect on digestibility of other proximate nutrients (Maynard and Loosli,
1962; Zeyner and Kienzle, 2002).

It is assumed that in a diet consisting of the components g, ..., n the intakes of
these components together would theoretically result in 1 kg of faeces (Dove and
Moore, 1995). Resulting from the estimation of diet composition (see Section 2.2.),

digestibility can be calculated using Equation 10 (Formulary, Appendix).

2.2. Methods for the determination of feed selection and composition of the

ingested diet

Observational studies on feed selection by animals are viable indoors (see
LaCasha et al., 1999; Hadjigeorgiou et al., 2003), but are less feasible when animals
graze on complex plant communities. Such observations have been performed in
goats and cattle (see Barroso et al., 1995; Berry et al., 2002; Mayer et al., 2003;
Leiber et al., 2006) and in horses (see Fleurance et al., 2001; Menard et al., 2002),
but they are laborious and likely to be inaccurate (Mayer et al., 2003), and there is
often just a very rough estimation of feed selection obtainable (see Fleurance et
al., 2001). A range of selectivity indices has been developed in trying to predict the
degree of selection of feed plants by assessing their relative availability and utiliza-
tion through the animal (Norbury and Sanson, 1992). A summary of such indices
was provided by Lechowicz (1982). According to Norbury and Sanson (1992), a
major disadvantage of selectivity indices is the failing response to a changing
availability of a feed plant while its utilization remains constant, which generally
leads to an overestimation of positive selection. A general overview of such and
additional plant-based estimation methods was given by Barnes (1976).
Macroscopic and microscopic examination of ingested feeds in mouth, oe-
sophagus and stomach contents, and in faeces, was commonly applied, which
may enable accurate estimates but may also require slaughtering or fistulation of
test animals and the examined feeds ingested belong only to a very short period of
time (Dove and Mayes, 1996). Furthermore, a rough differentiation between the

proportions of grasses and legumes in herbivore diets might be possible through
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the analysis of their specific calcium contents or their natural carbon isotopic ra-
tios (*2C:13C; see Dove and Mayes, 1996).

A more sophisticated approach for the estimation of diet composition is based
on the utilization of alkanes and other markers that are abundant in the feed
plants. This approach enables to apportion the voluntary intake into its compo-
nent plant groups, plant species or, theoretically, even plant parts (Dove and
Mayes, 2006), or the differentiation between plant and soil intake (Jurjanz et al.,
2014). The method uses the principle that plants or plant parts can be discerned
from a unique profile of markers evident in faeces (Dove and Mayes, 2006). The
more complex the diet is, the more markers are required to avoid an increasing
amount of similar and overlapping marker profiles among the species in a con-
sumed plant community. This is why, apart from the long-chain alkanes, also
long-chain alcohols (LCOH) and fatty acids (LCFA), as well as their natural °C en-
richments have been applied as additional markers (Ali et al., 2004; Bugalho et al.,
2004; Ali et al., 2005; Dove and Charmley, 2008; Ferreira et al., 2009a; Lin et al.,
2009; Ferreira et al., 2010; Bezabih et al., 2011a, b; Lin et al., 2012; Ferreira et al.,
2014, 2015; Cottle, 2016). Otherwise, plants with similar marker patterns have to
be grouped, which hinders a fine estimation. In pigeons, Hatt et al. (2001) used
synthetic alkanes to estimate the selection of specifically labelled feed pellets. The
application and specific challenges of the method in farm animals with emphasis
on horses is described in Section 2.5.6. The non-negative least-squares optimiza-
tion (Dove and Moore, 1995) is the most commonly applied method to obtain diet
composition estimates using marker profiles in feed and faeces. The sum of
squared discrepancies between the measured faecal proportion and the estimated
dietary proportion of a marker is minimized to obtain the proportion of hypothet-
ical intakes of the dietary components assuming that those intakes contribute and
would in sum lead to 1 kg of faeces (Dove and Moore, 1995; Dove and Mayes,
2006). The general equation is provided in the formulary (Equation 11, Appendix).
Further mathematical approaches and developments were described by Newman
et al. (1995, 1998), Martins et al. (2002) and Barcia et al. (2007). The validation or
complementation of the method with qualitative observation techniques (macro-
scopic or microscopic examination of extrusa or faeces) might be helpful (Dove
and Mayes, 2006). An important advancement is the specific weighting of markers
emphasizing those that differ more between plant groups, species or parts than

others with a higher weight (Mayes and Dove, 2001; Cottle and Romero, 2014).
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2.3. Methods for the determination of the kinetics of digesta passage

Gut passage kinetics are most commonly described by (1) the transit time (TT) of
an internal or as usual an external marker, which is per definition the time delay
between marker administration (either oral, intraruminal, gastral or intraluminal)
and the first appearance of the marker in faeces or in chymus of any desired gut
segment, and (2) its total mean retention time (TMRT), which is the mean time
that the marker is restrained in the digestive tract and the associated feed compo-
nent is available for digestion (Holleman and White, 1989). The phases of digesta
can specifically be labelled using adequate markers, which are summarized and
reviewed in the following (Sections 2.4.2. and 2.4.4). A specific summary of mark-
ers used to predict TMRT in horses was provided by Van Weyenberg et al. (2006).

Principally, two experimental approaches are known for the estimation of di-
gesta passage kinetics as summarized by Van Weyenberg et al. (2006): Firstly, ac-
cording to Castle (1956) and Todd et al. (1995), the external marker is adminis-
tered frequently over a suitable time for adaption (e.g. 14 days; Castle, 1956) to
reach steady-state conditions for the faecal marker concentrations, and is subse-
quently removed abruptly followed by a faeces sampling period; or secondly, the
marker is administered onetime followed by frequent sampling of faeces, where
the sampling interval can increase with time, which is nowadays the standard ap-
proach (exemplary faeces sampling schedules are given by Galyean, 1993; Duncan
etal., 1999; Girdldez et al., 2004; or Bulang et al., 2008).

To overcome erratic and diverging flow estimates for liquid and particulate di-
gesta markers being obtained from spot sampling of digesta or faeces, Faichney
(1975) proposed to apply a double-marker system labelling the liquid and the par-
ticulate phase of digesta simultaneously. However, continuous marker infusions,
or oral applications, and steady-state conditions are required (Faichney, 1975).
Then, it is possible to reconstitute true digesta and flow estimates for true digesta
by combining liquid and particulate phases mathematically by means of liquid
and particulate marker concentrations (Faichney, 1975). Water, electrolyte or nu-
trient flow can likewise be estimated (Faichney, 1975). However, marker migration
and incomplete recovery may limit this approach (see Section 2.4.4.).

Different approaches for the algebraic calculation of TT and TMRT have been
developed (Blaxter et al., 1956; Faichney, 1975; Thielemans et al., 1978; Todd et al.,
1995), of which those proposed by Faichney (1975) and Thielemans et al. (1978)
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are among the most commonly used ones, especially in horse studies (e.g. in
Rosenfeld et al., 2006; Goachet et al., 2009), but their application depends on the
method of faeces sampling (see Goachet et al., 2009). For a periodic spot sampling
of faeces, the approach of Thielemans et al. (1978) to determine TMRT is provided
in the formulary (Equation 12, Appendix). According to McGreevy et al. (2001),
basing on Cummings and Wiggins (1976), mean TT can algebraically be calculated
using Equation 13 (Formulary, Appendix).

Throughout the gut, the digesta passes multiple consecutive compartments
where mixing, reflux and retaining may occur. Tubular segments where no reflux
and mixing occur are located interjacently (Bulang, 2005). For mathematical
modelling, it has been considered that digesta particles and associated markers
are restrained in one, two or an uncertain quantity (multiple) of mixing compart-
ments for a certain time, and that fractional marker outflow is exponential (Blax-
ter et al., 1956; Grovum and Williams, 1973). Fractional residence in the mixing
compartments serves for digestion and microbial fermentation and depends on
time (Bulang, 2005). Theoretically, the outflow rate of digesta particles increases
with an increasing time of residence in a mixing compartment (Pond et al., 1988).
On that basis, models that consider time-dependency for fractional passage rates
have been developed (Pond et al., 1988). Time-dependency of gut passage is ideal-
ly described by y-distribution (Matis, 1972). Passage rate models can have a single-
compartmental structure with y-time-dependency, a two-compartmental struc-
ture with y-time-dependency in the first but time-independency in the second
mixing compartment (Matis, 1972; Pond et al., 1988), or a time-independent mul-
ti-compartmental structure (Dhanoa et al., 1985). It is assumed that fractional
passage (or fractional residence) rate (K) is, in a one-compartmental model, ini-
tially zero and then increases with time approaching a constant asymptote repre-
senting the maximal time-dependent fractional passage (or residence) rate (Pond
et al., 1988). In two-compartmental models, K1 and K2 are the fractional passage
rates in the time-dependent and the time-independent compartment, respective-
ly (Rosenfeld et al., 2006). In the time-independent multi-compartmental model
of Dhanoa et al. (1985), K1 and K2 represent outflow from the compartments with
the longest retention times. Using these fractional passage/retention times, TT
and TMRT can be calculated in turn. In horses, the single-compartmental (Hol-
land et al., 1998) or two-compartmental form (Moore-Colyer et al., 2003; Rosen-

feld et al., 2006), and in ruminants, the multi-compartmental form have most of-
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ten been applied (Giraldez et al., 2004, 2006; Bulang et al., 2008). Time-dependent
models considering a fourth-class y-distribution of fractional passage rates (Pond
et al., 1988) are recommended in horses (Moore-Colyer et al., 2003; Rosenfeld et
al., 2006). A more complex approach for mathematical modelling of passage ki-
netics is provided by Aharoni ef al. (1999). The models that are presented there
consider the gut flow of solutes and fine particles and the flow of larger and coarse
particles on separate parallel routes, passing an individual number of passage
time-delaying mixing compartments, and they consider bypass fluxes within and
between these routes (Aharoni et al., 1999).

It is assumed that TT represents the residence of the marker in tubular seg-
ments outside the mixing compartments (in horses: stomach, small intestine, and
rectum; Hyslop, 2003; Rosenfeld et al., 2006). As shown by Van Weyenberg et al.
(2006), and based on information provided by Drogoul et al. (2000), main sites of
digesta separation in the digestive tract of horses are: (1) the caecum and the ven-
tral colon, where coarse particles are selectively retained, probably by gravity-
assisted segregation in the former (Rosenfeld et al., 2006); (2) the Flexura pelvina,
where coarse particles are retained; and (3) the right dorsal colon, where liquids
and fine particles are selectively retained. Current mathematical modelling, how-
ever, still fails to provide a clear biological interpretation and attribution (Moore-

Colyer et al., 2003).

2.4. Marker methods in nutrition studies, their advantages and limitations

2.4.1. Reasons for the need of marker methods

Although the quantification of faecal output by total collection is still one of the
most exact methods (Takagi et al., 2002a; Bergero et al., 2009), it is likewise the
most limiting factor for the determination of feed intake and apparent digestibil-
ity. Total faeces collection provides most stressful conditions for the animal under
test, especially when metabolism stalls are used (Huhtanen et al., 1994; Bergero et
al., 2009). It may impair animal welfare (Parkins et al., 1982) and normal feed in-
take behaviour of the animals (Dove and Mayes, 1996; Mayes and Dove, 2000;
Glindemann et al.,, 2009; Sales, 2012). Indirect intake determination using meas-
ured faecal output and indigestibility variables (Dove and Mayes, 1991) may fur-
thermore be biased by inaccurate faeces collection (e.g. by the use of harness

aprons). Hence, investigations on grazing animals are of particular complicacy,
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and direct measurement of herbage intake is impractical (Glindemann et al.,
2009). Observations or measurements of behavioural traits are possible tools for
quantifying feed intake (Romney et al., 1996; Mayes and Dove, 2000), but are often
impractical, and likewise stressful for the animals.

In digestion trials, it is necessary to quantify faecal output by total collection of
faeces, because in vitro trails are unable to reflect in vivo digestibility sufficiently
(Cochran et al., 1986). Determination of digestibility in vitro does not consider
variations in intake, animal individuality or interactions between dietary compo-
nents, which all may lead to a high variability of feed and nutrient digestion in vi-
vo (Dove and Mayes, 1996). Besides aforementioned limitations, a total collection
trial restricts the natural or accustomed exercise, which is critical particularly in
horses that are fed high-energetic test diets (Frape et al., 1982) and which can alter
animal physiology, behaviour (Bowers et al., 1993) and the estimation of digesti-
bility coefficients (Pagan et al., 1998; Takagi et al., 2002a). Moreover, a total collec-
tion of faeces is very hard to implement in livestock kept in groups or on a pasture,
and it is, not to be underestimated, a laborious and time-consuming procedure
(Maynard and Loosli, 1962). In large animals, large quantities of faeces have to be
handled during processing and storage (Takagi et al., 2002b; Sales, 2012), which
can be reduced through aliquot sampling, although large quantities remain.

To determine traits of feed intake behaviour, direct observations have been
performed, assisted by video monitoring, acceleration technics, pressure sensing
changes for counting jaw movements, and a variety of other tools (Mayes and
Dove, 2000). Measured chewing times and chewing activity have been used to
quantify the intake of various roughages, variously processed types of grains, or
pasture in horses (Brokner et al.,, 2008; Bochnia et al., 2016). Potentially, feed
components may roughly be discerned by that way (Dove and Mayes, 1996),
which is, however, less sensitive for estimation of feed selection and diet composi-
tion in complex consisting diets. As reviewed by Norbury and Sanson (1992) and
Dove and Mayes (1996), the macroscopic and microscopic visual examination of
ingested feeds in mouth, oesophagus or stomach contents, or in faeces, have
widely been performed, but such techniques require slaughtering or fistulation, or
at least very well trained observers. Apart from this, individually ingested feeds
belong only to a very short period of time, and are modified through a specific rate
of digestion (Dove and Mayes, 1996). Furthermore, discrimination by calcium

content or natural carbon isotopic ratio in oesophageal extrusa or faeces has been
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evaluated for the estimation of proportions of grasses and legumes in herbivore
diets (Playne et al., 1978; Jones et al., 1979; Dove and Mayes, 1996). In faeces, this
method tends to underestimate intake of high-digestible plants, because less of
their carbon remains in faeces, whereas it underestimates the intake of lower-
digestible plants in animal tissues such as wool and hair (Mayes and Dove, 2000).
The analysis of specific plant marker profiles may allow for an adequate differen-
tiation of ingested feed plants also in complex diets (see Fraser et al., 2006).

For prediction of digesta passage kinetics, feed-internal or external digesta
markers are essentially required, because so far an alternative method does not

exist.

2.4.2. Available markers and their classification

The marker substances that can be used to estimate feed intake, digestibility and
related variables in herbivore and omnivore farm animals, pets, zoo animals or
wildlife animals can generally be divided in plant-internal and external markers. A
selection of the most commonly used markers is provided in Table 1. Additional
information can be found in the reviews of Kotb and Luckey (1972), Owens and

Hanson (1992), Marais (2000), Dove and Mayes (2006) and Sales (2012).
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2.4.3. General requirements for markers in nutrition studies

Valuable reviews provided by Maynard and Loosli (1962), Faichney (1975) and
Sales (2012) summarized the criteria that a marker has to fulfil is, ideally as fol-
lows: (1) The marker substance has to be non-toxic to the target animal (Sales,
2012); (2) it must not influence the physiological processes in the digestive tract
(Sales, 2012), nor influence gut health through laxative, obstipant or related effects
(reviewed by Glindemann et al, 2009); (3) it must not alter nutrient digestibility;
(4) itself has to be unaltered during the passage throughout the digestive tract
(Sales, 2012), either by plant or endogenous enzymes, acid hydrolysis, or through
microbial fermentation, and (5) it must not be absorbable (Faichney, 1975) by the
intestinal epithelium (see McCarthy, 1964), which perhaps may be possible by
phagocytosis and transcytosis through microfold cells (see Biising et al., 2011); (6)
it has to be closely associated with the phase of digesta that is target to label
(Faichney, 1975), or with the undigested nutrient in question, or even flow at an
identical rate (Sales, 2012); (7) it has to be completely recovered in faeces, consist-
ently over time (Glindemann et al., 2009; Sales, 2012); and (8) the method for de-
tection has to be specific, sensitive and must not interfere with other analyses
(Faichney, 1975). The marker is preferably a natural constituent of the feed
(Maynard and Loosli, 1962). However, there is so far no substance known, which

can completely fulfil all these criteria.

2.4.4. Marker association to the liquid and particulate digesta phase, resulting

and further limitations

The marker type, the way of labelling or bolus preparation, and the specific form
of administration affect the association of the marker to the phases of digesta. In
herbivore animals, only markers of plant origin can label the particulate phase of
digesta effectively. Chemically bound mordants and other artificially bound
markers are mainly particulate-associated but it is not known sufficiently whether
such bonds can be undone during the passage throughout the digestive tract,
perhaps due to an exposure to acidic conditions (Crooker et al., 1982). There are
some soluble markers and isotopic tracers known, which are useful to label the
liquid phase of digesta (see Table 1). Markers, which are administered via boluses,

are due to this form of application neither fully associated with the particulate
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phase nor with the liquid phase of digesta, and can migrate between these two
phases (Bulang, 2005). As reported by Mayes et al. (1988), 30 to 40 % of the admin-
istered quantity of the synthetic n-octacosane (C28), n-dotriacontane (C32) and
n-hexatriacontane (C36) alkanes were found in the supernatant fluid of digesta
samples after centrifugation. A lower rate of migrated Cr (up to 6 %) and synthetic
alkanes (up to 4 %) was found in the liquid phase of sheep’ ruminal fluid in vitro
(Bulang, 2005). Also Owens and Hanson (1992) described the potential risk of mi-
grating markers, especially in rare earth elements. Evidence of an incorporation of
Cr, that had been sprayed onto lucerne fibres, by intestinal microbes up to 1 %
and of the synthetic alkanes C28 and C36, sprayed onto the fibre as well, up to 5 %
was found by Bulang (2005) and was previously suggested by Owens and Hanson
(1992) for isotopic feed labels and for chelates of the rare earth elements, too. In-
corporation of feed plant and external alkanes by liquid-adherent ruminal bacte-
ria was also reported by Keli et al. (2013) investigating sheep. It was further sup-
posed that mordanted lanthanides most notably may migrate from labelled parti-
cles onto smaller particles or into solutes in the digesta, which were previously
unlabelled, and can thus alter the estimation of passage kinetics (Crooker et al.,
1982; Ellis et al., 1982; Mader et al., 1984; Bulang, 2005). Thereby, the technique of
forage labelling essentially affects the migrating behaviour of such markers
(Mader et al., 1984).

Most of the available markers show widely similar limitations of their suitability
for the estimation of feed intake, feed selection, digesta passage kinetics and di-
gestibility. One major limitation is the inconsistent and predominantly incom-
plete recovery in faeces, which affects the estimation of digestibility and diet
composition, and less so also the estimation of feed intake when the recovery
rates of two paired markers differ (Dove and Mayes, 2006). Incomplete faecal re-
covery has been reported, in sheep, for Cr from Cr-labelled lucerne fibre (95 %
mean recovery) by Bulang et al. (2008), in cattle, for Ti dioxide (TiO,; 95 % mean
recovery) by Titgemeyer et al. (2001), in horses, for Cr mixed with concentrate pri-
or to pelleting or top-dressed onto the concentrated feed (60 to 81 % mean recov-
ery) by Patterson et al. (2002), and in pigs, for Cr,03 (75 to 80 % mean recovery)
and TiO; (97 to 98 % mean recovery), mixed into the diet, by Jagger et al. (1992). In
contrast, faecal recovery was almost complete in the studies of Garcia et al. (2001)
in vitro and Glindemann et al. (2009) in sheep using lanthanides and TiO,, respec-

tively. Incomplete faecal recovery was shown in plant and synthetic alkanes many
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a time, which is explained in more detail below. Incomplete faecal recovery has
especially been reported for potentially indigestible plant fibre fractions (Cochran
et al., 1986). Lignin, a major plant marker, can thereupon be digested to a notable
extent with recovery rates from 81 to 92 % being obtained in horses (Palmgren
Karlsson et al., 2000; Goachet et al., 2009), probably through the fermentative ac-
tivity of cellulolytic microbiota. Lignin, measured as acid detergent lignin, may
chemically be altered due to the formation of soluble lignin-carbohydrate com-
plexes or otherwise (e.g. by acid hydrolysis) during gut passage, which is why lig-
nin is not fully detected in the fibrous residues of faeces (reviewed by Fahey and
Jung, 1983). A destruction of faecal lignin by analytical reagents has also been re-
ported (see Fahey and Jung, 1983). However, also overestimated recovery rates
were obtained (Cochran et al, 1986), possibly as a result of bonded phenolic
monomers that contributed to the lignin fraction isolated in animal faeces (Fahey
and Jung, 1983). Dietary silicon (Si), which has been used as a marker in form of Si
dioxide (SiO,), was, in sheep, reported to be intestinally absorbed in part and re-
excreted via the urine (Nottle and Armstrong, 1966; McManus et al., 1967). Addi-
tionally, Si may be accumulated in body tissues or resides as phytolith and urolith
particles in the intestine and the urinary tract, respectively (Baker et al., 1961a, b;
McManus et al., 1967). Such a temporal intestinal accumulation of biogenic and
environmental silicates may perhaps also lead to an incomplete recovery of AIA in
faeces. Feed pollutions with soil, occurring particularly in roughages and silages,
might have led to overestimated recovery rates in previous animal studies (see
Sunvold and Cochran, 1991; Goachet et al., 2009). The use of mordanted transi-
tion metals are limited in the amount that can be added to a feed because they
can easily increase the density of the marked material, which then results in an
altered flow (Ehle, 1984; Kaske and von Engelhardt, 1990). Moreover, mordants
may alter the labelled feed chemically, which can affect its solubility and digesti-
bility (Bulang et al., 2008). Adding either Cr,0s, ferric oxide (Fe;Os) or TiO, to pig
diets revealed little but measurable alterations of microbial ecology, i.e. decreas-
ing faecal Archaea counts (Fe,0s), and digestibility of macro- and trace elements
(Kerr et al., 2015). During a previous study, we observed the adsorption of orally
administered Cr,0O3 at the gastric mucosa of euthanized horses, which is exempla-
ry shown in Fig. 1. It is currently not known whether such an adsorption is tem-
poral or permanent, but — similar to marker sedimentation - it is assumed to alter

marker passage and may lead to a reduced recovery of the marker in faeces. As
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indicated by Titgemeyer et al. (2001) and Myers et al. (2006), health risks owing to
carcinogenic properties of Cr,O3 have to be kept in mind. Further detailed infor-

mation about the advantages and limitations of markers are provided by Sales

(2012) and other aforementioned review articles.

Fig. 1. (a, b) Photographs of the stomach of an euthanized horse that has previously been
dosed with chromium sesquioxide via bolus frequently (2 times a day) over a period of 2
weeks; (a) the majority of the marker was visible in the chymus; however, (b) also consid-
erable colouring of large areas of the mucosa were observed (as shown by arrows), which
remained present even after thorough washing (source: Martin Luther University, Insti-
tute of Agricultural and Nutritional Sciences, Group Animal Nutrition).

2.5. n-Alkanes as dietary markers with particular emphasis on horse studies

2.5.1. Physicochemical characteristics of the n-alkanes

n-Alkanes represent the plainest form of saturated hydrocarbon molecules with
unbranched and non-cyclic chains of single carbon-carbon and carbon-hydrogen
bonds. Details regarding the molecular geometry and possible conformation of
alkanes can be found in Mortimer and Miiller (2007) or in similar textbooks. In
alkanes, intermolecular interaction only takes place through van der Waals forces,
which increase with an increasing chain length (CL) of the molecules. Alkanes are
nonpolar, thus do not form hydrogen bridge bonds, are immiscible in water, and
are chemically very inert (Labinger and Bercaw, 2002). However, they are i.a. able
to react with oxygen, so can combust either completely or incompletely depend-
ing on the availability of oxygen (Mortimer and Miiller, 2007), and may react also
with nitrate, ferric iron and sulphate, which is used by anaerobic alkane-

degrading bacterial strains or some Archaea (Zengler et al., 1999).
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2.5.2. Biosynthesis, occurrence and variability of alkanes in natural waxes

The pronounced hydrophobicity of alkanes and other aliphatic compounds is, in
nature, used by all lower and higher land plants as an adaptive tool to prevent the
leave surface, and secondary the surfaces of stems, fruits or petals, from becoming
saturated with water (Holloway, 1969; Koch and Ensikat, 2008), which would hin-
der cuticular transpiration (Linskens et al., 1965). However, also uncontrolled wa-
ter loss through transpiration is prevented in that way (reviewed by Koch and En-
sikat, 2008). Thus, epicuticular and intracuticular waxes essentially help to pre-
serve the water balance of the plant (Eglinton and Hamilton, 1967). As reviewed
by Holloway (1969), epicuticular wax compounds are responsible for water repel-
lency, and those embedded in the cuticle are responsible for water resistance, also
serving as a water transpiration barrier (Koch and Ensikat, 2008). Holloway (1969)
described the wettability of different leave waxes, including Euphorbia antisyphi-
litica and Stipa tenacissima leave waxes, and individual wax constituents after
studying the specific contact angle of distilled water on smooth model films made
of each material. The contact angles ranged from 70° in a-w-diols to a maximum
of 109° in the alkane fraction and did not differ by CL within each fraction (Hol-
loway, 1969). Despite that each of the isolated fractions were not very water repel-
lent (Holloway, 1969), the specific composition of a plant wax and its ultrastruc-
ture define the surface’s water repellent properties. Aliphatic molecules are ori-
ented to expose the terminal methyl groups on the surface and wettability of this
surface is at a minimum when the methyl groups are packed as closely as possible
(Holloway, 1969), which is the case in alkanes. Thus, a high amount of alkane
molecules in epicuticular waxes probably improve their water repellency and wa-
ter repellency is greatest when the waxes have a crystalline or semi-crystalline ul-
trastructure (Holloway, 1969). Although alkanes are found to be widely distributed
in plant epicuticular waxes, they occur usually in low concentrations (Koch and
Ensikat, 2008). Additional functions of epicuticular and intracuticular waxes may
include minimizing mechanical damage to subjacent cells, inhibiting fungal and
insect attacks (e.g. by the self-cleaning property of superhydrophobic plant sur-
faces) and protecting the plant from excessive ultraviolet radiation (reviewed by
Eglinton and Hamilton, 1967; Koch and Ensikat, 2008). Informative schematic
representations of the cuticular layers are provided in Eglinton and Hamilton

(1967) and in Kunst and Samuels (2003). Chemically, plant waxes are in the main
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composed of predominantly odd-chain n-alkanes, mono- and di-ketones and
secondary alcohols, and predominantly even-chain carboxylic acids, primary al-
cohols, aldehydes, a-o-diols, hydroxy acids and dicarboxylic acids, each present in
a homologous series with homologs usually ranging from 20 to 40 carbon atoms
(Eglinton and Hamilton, 1967; Kunst and Samuels, 2003; Koch and Ensikat, 2008).
The waxes’ chemical composition and their distribution onto and within the plant
surfaces is variable amongst species, plant organs and during ontogeny (Winstel
and Rentschler, 1975; Jetter and Schéffer, 2001), but the adaptive response to envi-
ronmental factors (e.g. drought or excessive light intensities) is predominantly
quantitative and lesser qualitative (reviewed by Koch and Ensikat, 2008). Morpho-
logically, the most commonly found epicuticular plant wax variants range from
thin wax films to several three-dimensional structures such as crusts, granules,
plates, platelets as e.g. in Trifolium pratense and Medicago sativa (Friedemann et
al., 2015), filaments, rods and tubules, usually occurring within 0.2 to 100 pm in
size (reviewed by Koch and Ensikat, 2008). The n-alkane layers usually have a
plain morphology, whilst more complex structures can be formed by molecules
with terminal polar groups (e.g. fatty acids, aldehydes and primary alcohols), and
especially by the secondary alcohols and the ketones (Koch and Ensikat, 2008).
Thereby, these crystalline structures mostly appear onto an underlying wax film,
which can be limited to a few molecule layers only (reviewed by Koch and Ensikat,
2008). Plant wax crystals can appear randomly distributed onto the surface or can
show a specifically organized orientation (where an orthorhombic symmetry is
the most common one), but ageing and erosion may lead to a wide range of in-
termediate forms (Koch and Ensikat, 2008). This largely affects the cuticle’s per-
meability (Vogg et al, 2004) and its transpiration barrier function. Impressive
electron-microscopic images of some usual feed grasses and legumes such as
Dactylis glomerata, Medicago sativa, Vicia faba, Pisum sativum and various spe-
cies of clover were provided by Winstel and Rentschler (1975) and Friedemann et
al. (2015), also showing specific alterations of the epicuticular waxes throughout
the vegetation period in the former reference.

The proposed pathways of cuticular wax biosynthesis, which are localized in
the epidermal cells, are schematically summarized in Fig. 2, and are reviewed and

explained in much more detail by Kunst and Samuels (2003).
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Fig. 2. Schematic and simplified description of cuticular wax biosynthetic pathways in ep-
idermal cells as proposed and reviewed by Kunst and Samuels (2003): (1) de novo fatty ac-
id synthesis in the stroma of specialized plastids by the enzymatic fatty acid synthase
(FAS) complex that involves the acyl carrier proteins (ACP) as protein cofactors attaching
the growing acyl chains, following the reaction series for the extension of two carbon at-
oms: the condensation of a C2 moiety of malonyl-ACP to acetyl-CoA, the reduction of -
ketoacyl-ACP, the dehydration of B-hydroxyacyl-ACP, and the reduction of trans-A2-
enoyl-ACP - the types of FAS that are required for the de novo synthesis up to C18 fatty
acids are: KASIII for C2 to C4 synthesis, KASI for C4 to C16 synthesis, and KASII for C16 to
C18 synthesis — the subsequent liberation from the ACP by thioesterases, thiol-
esterification to CoA, and export to the endoplasmatic reticulum (ER); (2) extension of the
ubiquitous C16 and C18 fatty acids to fatty acid wax precursors by extra-plastidial mem-
brane-associated fatty acid elongases (FAE) similar to the aforementioned reaction series;
(3) wax biosynthesis through (a) the enzymatic reduction of the fatty acid precursors to
aldehydes followed by the reduction to primary alcohols, or a single step of the reduction
to primary alcohols, and wax ester (E) synthesis by a fatty acyl CoA:fatty alcohol acyltrans-
ferase; or (b) the enzymatic decarbonylation of aldehydes to odd-chain alkanes, their hy-
droxylation to secondary alcohols with the further oxidation to ketones; and finally the
passing of wax components throughout the plasma membrane and the hydrophilic cell
wall, firstly, as surmised, via sites of close apposition of ER domains with the plasma
membrane, or via vesicular traffic from the ER to the Golgi apparatus and the plasma
membrane, and secondly, through the mediation of lipid transfer proteins, or through hy-
drophobic subdomains within the cell wall.
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When using the plant wax alkanes as dietary markers in nutrition studies, it is im-
portant to know that the concentration levels and the individual patterns of al-
kanes vary (1) intensively among plant species, as summarized in the review arti-
cles of Dove and Mayes (1991, 1996) for a selection of the most common plant
species of temperate and tropical pastures and rangelands. In spite of the large
interspecies variation, it is obvious that, in general, mainly the alkanes with 25 to
35 carbon atoms can be detected emphasizing n-nonacosane (C29), n-
hentriacontane (C31) and n-tritriacontane (C33), while alkanes with a lower num-
ber of carbon atoms are usually represented in much smaller concentrations, and
the odd-numbered alkanes are, as aforementioned, usually dominant in the flow-
ering plants (Dove and Mayes, 1991). Usually, grains do not contain considerable
quantities of alkanes when prepared for feeding, and even very small quantities
were found e.g. in the leaves of Hordeum vulgare, which were richer in LCOH, par-
ticularly in 1-hexacosanol (1-C26-OH; Reynhardt and Riederer, 1994). Wheat
straw, by contrast, contains considerable quantities of C29 (165 mg/kg OM) and
C31 (198 mg/kg OM) alkanes, and again large amounts of alcohols, particularly 1-
C26-OH (236 mg/kg OM) and 1-octacosanol (1-C28-OH; 707 mg/kg OM) as re-
ported by Dove and Charmley (2008). Additionally, the concentrations of alkanes
(2) vary among different parts of the same plant, which has been shown by Dove
et al. (1996), Smith et al. (2001) and Gamarra and Kahmen (2015) for some com-
mon pasture species, (3) vary during ontogeny as shown e.g. by Dove et al. (1996)
for the stems of Medicago sativa decreasing distinctly in the concentrations of C29
and C31 alkanes as the distance from the growing point increases, and (4) vary
among harvest dates, seasons (Dove et al, 1996; Smith et al, 2001) and vegetative
cycles (Malossini et al., 1990; see Fig. 3), which in part may reflect the adaptive
dynamics of the plant facing continuously changing environmental influences
(see above). Information about the composition of and the variations among sev-
eral rangeland species and of trees and bush plants of subtropical and tropical re-
gions are provided by Ali et al. (2005) and Guo et al. (2014), which may be of inter-
est studying the intake, the composition of the ingested diet or the digestibility in
indigenous livestock species or in exotic herbivore and omnivore animals. In ad-
dition to alkanes, considerable quantities of LCOH and LCFA can be detected and
used as diet composition markers. As mentioned above, the primary alcohols and
fatty acids of plant waxes are mainly the even-chain ones (the ratio of even- to

odd-chain fatty acids was found to be 1:10 in Lolium perenne and 1:4 in Trifolium
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repens; Ferreira et al., 2009a). The variation of these wax compounds among some
common pasture grass and herb species is provided in Fig. 4 as examples. Alkenes
were found to be present particularly in the inflorescences of Lolium perenne (66
to 495 mg/kg OM on average; 25 to 29 carbon atoms) and Phalaris aquatica (34 to
91 mg/kg OM on average; 25 to 29 carbon atoms) grasses, or in the petioles and
stolons of Trifolium repens (1 to 13 mg/kg OM on average; 25 to 29 carbon atoms)
and Medicago sativa (1 to 20 mg/kg OM on average; 25 to 29 carbon atoms; Dove
et al., 1996). Moreover, it is possible and useful regarding the estimation of feed
selection and the composition of complex consisting diets, to expand the availa-
ble set of markers given by alkanes, alcohols and fatty acids by the natural carbon
(3"°C) and hydrogen isotopic ratios of these compounds. Methods for their analy-
sis, evaluation and data for their distribution and variability in a broad range of
grassland and other plant species were provided by Meier-Augenstein (2002), Bi et
al. (2005), Bezabih et al. (2011a, b) and Ferreira et al. (2014). To give an example:
§'°C was found in a range from — 36.7 %o for n-heptacosane (C27) to — 38.4 %o for
n-triacontane (C30) in Lolium perenne (Ferreira et al., 2014), or from — 18.8 %o on
average for n-heneicosane (C21) to — 25.0 %o on average for n-hexacosane (C26) in

Zea mays (Bi et al., 2005).
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Fig. 3. Intraspecies distribution and interspecies variation of the internal alkane (C27 to
C35) concentrations of some typical forage plants basing on data provided by Malossini et
al. (1990): (a) after the first vegetative cycle; and (b) after the second vegetative cycle on
the same area; abbreviations of alkanes are specified in the list of abbreviations.
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Fig. 4. Intraspecies distribution and interspecies variation of internal even-numbered
long-chain fatty alcohol (1-C24-OH to 1-C30-OH) and long-chain fatty acid (C22-acid to
C32-acid) concentrations [mg/kg dry matter] of some typical forage plants basing on data
provided by Bugalho et al. (2004), Ali et al. (2005), Ferreira et al. (2009a) and Lin et al.
(2012); abbreviations of compounds are specified in the list of abbreviations.

Furthermore, alkanes are major constituents of the waxes of honey bees, bumble
bees and of various Coccoidea, usually occurring in a range of 20 to 35 carbon at-
oms while again pronouncing the odd-chain homologs (Tulloch, 1970;
Briischweiler et al., 1989). In these insects, such natural waxes are used to build
cells for the rearing of larvae and the storage of honey and pollen (honey bees), to
coat larvae cocoons with a protective wax layer (bumble bees), to protect eggs or
to protect the insect itself by a waxy body covering from predators and environ-
mental influences (scale insects; Tulloch, 1970), or using wax coverings as part of
the parasitic strategy (e.g. in lac insects; Mohanta et al., 2014). Chikaraishi et al.
(2013) found long-chain alkanes and alkenes, reflecting the desaturated products
of analogous alkanes, in the cuticular wax of a variety of insect species, ranging
from 21 to 33 carbon atoms. Particularly beeswax is predestined to be used as a
cheap and easily available plant marker complex for estimation purposes in ani-
mal nutrition studies (Elwert and Rodehutscord, 2004; Elwert and Dove, 2005),

and also the specific internal alkane profiles in insects may have the potential to
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be used as markers in insectivorous animals (Dove and Mayes, 2006). Other
known resources of wax alkanes and other wax compounds (e.g. lanolin, see Mo-
tiuk, 1980; and spermaceti, see Hamilton et al, 1972), alkanes as compounds in
insect contact pheromones (e.g. in Xylotrechus colonus; see Ginzel et al., 2003; or
in Glossina morsitans; see Carlson et al., 1978) or alkanes used in chemical mimic-
ry as a strategy of pollination (e.g. in Ophrys sphegodes; see Schiestl et al., 1999) are

not target for application in the current context.

2.5.3. Synthetic forms of alkanes

Besides the natural resources of long-chain alkanes, they are available as synthet-
ics and are used in science, due to their simplicity, e.g. as model molecules to
study much more complex organic structures. Commercial available synthetic
long-chain alkanes may have their origin in petroleum or are otherwise chemical-
ly synthetized. There is, unfortunately, no information in more depth available,
because it belongs to proprietary data of the manufacturers (H. Nowack, Merck
KGaA, Darmstadt, Germany, Technical Service; personal communication). Fur-
ther investigation has been performed for producing gaseous and liquid alkanes
up to 15 carbon atoms in length from biomass in a biorefinery (Huber and
Dumesic, 2006), or for synthetizing alkanes up to 17 carbon atoms by yeast (e.g. in
Saccharomyces cerevisiae, Buijs et al., 2015) or bacteria (e.g. Escherichia coli and
Bacillus subtilis; Harger et al., 2013), but whether biorefinery or biosynthetic
pathways can be used to produce long-chain alkanes artificially, particularly for

commercial purposes, is currently not known.

2.5.4. Labelling of feedstuffs, preparation and administration of synthetic al-

kanes, and major challenges in horses

Feed labelling and bolus preparation techniques that had been applied in rumi-
nants so far are summarized by Dove and Mayes (2006). They comprise the label-
ling of a variety of matrices (see below) using dissolved synthetic alkanes, but also
alkane suspensions and oil-in-water emulsion that need to be offered compulsori-
ly in liquid form (Marais et al., 1996; Dove and Mayes, 2006). The main objective
of such preparation techniques is the complete homogenisation of the marker al-

kane and its carrying matrix, which then allows for a widely consistent dosing.
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These approaches might enable further development of boluses, in which syn-
thetic alkanes dissolved into a suitable oil matrix are spray-dried and encapsulat-
ed as a powder (see Turchiuli et al., 2014) or directly encapsulated as an oil-in-
water emulsion (see Sagalowicz and Leser, 2010). Bezabih et al. (2012) developed
molasses-based boluses for the application in cattle that were, however, adminis-
tered compulsorily as well. Charmley and Dove (2007) and other authors used dis-
solved beeswax, and sometimes a synthetic alkane additionally, that was sprayed
onto a carrier substance (e.g. cottonseed meal) and then allowed to evaporate the
solvent. Another invasive way of administering synthetic alkanes is to place an in-
tra-ruminal controlled-release device that releases the marker dosage continuous-
ly at a predictable rate over up to 20 days (Dove and Mayes, 2006), but requires
approximately 5 days reaching equilibrium of marker concentrations in faeces.
This is so far exclusively applied in ruminants. It was described in more detail by
Dove et al. (2002). In pigs, alkane-labelled cakes were used as boluses (Mowat et
al., 2001). In poultry, synthetic alkanes were mixed into a ground seed mixture
that has subsequently been pelleted (Hatt et al., 2001). Techniques for the label-
ling of feedstuffs and the preparation of boluses that have been applied to admin-
ister synthetic alkanes in horses are summarized in Article 3 — Table 1.

Those preparation techniques that use the dissolution of synthetic alkanes (ac-
cording to the original method proposed by Mayes et al., 1986), followed by the
application onto various matrices such as feeds or feed concentrates (Dove and
Olivan, 1998; Wilson et al., 1999; Elwert and Dove, 2005; Chavez et al.,, 2014),
roughage fibre (Smith et al.,, 2007), cellulose (Vulich et al., 1991; Friend et al,
2004), shredded paper (Mayes et al, 1986; Stefanon et al., 1999; Ferreira et al.,
2007a), filters (Girdldez et al., 2004), or several kinds of biscuits (Mowat et al.,
2001; Kuntz et al., 2006; Smith et al., 2007), as well as the evaporation of the sol-
vent and the optional packing into a further matrix (e.g. gelatine capsules; Vulich
et al., 1991), have been used most prevalently. However, the labelling of a matrix
with an alkane solution increases the risk of precipitation and losses of the alkanes
in part. Additionally, some of the aforementioned labelling techniques used high
processing temperatures with the aim to fix the alkanes onto the bolus matrix or
the substrate (Kuntz et al., 2006; Smith et al., 2007), but there is a considerable
sensitivity of synthetic alkanes towards temperature depending on time and CL of
the alkanes. This has been shown as a result of the current investigations (see Ar-

ticle 3). Thermolability has previously been shown in plant and other natural wax
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alkanes, which led to losses during oven-drying of faeces samples (Elwert et al.,
2006).

It needs to be stressed that the selection of a sufficient preparation method
does not depend on the animal species target to investigate but the chosen matrix
does awfully well. The matrix type can have a significant effect on the site and rate
of alkane release in the gut and consequently affect the diurnal variation of alkane
concentration in faeces, as referred by Dove and Mayes (2006). In horses, the ad-
ministration of labelled feeds or marker boluses is supposed to be much more
challenging than in other livestock species, because of their high sensitivity re-
garding feed intake and their selection skills. Marker alkanes that are adminis-
tered via bread pieces (Kuntz et al., 2006), biscuits (Castelan-Ortega et al., 2007;
Smith et al., 2007), pellets (Stevens et al., 2002) or capsules are supposed to be re-
gurgitated easily, separated, or ingested incompletely, which is likewise reported
for markers mixed into concentrated feed (Smith et al., 2007). Invasive methods,
such as controlled release devices (Dove et al., 1991) and compulsory marker ad-
ministration (Marais et al., 1996; Friend et al., 2004) are not useable in horses and
undesirable regarding animal welfare. Compulsory administration is particularly

unfeasible with free-ranging animals.

2.5.5. Application of alkanes and previous challenges for the estimation of feed

intake and apparent digestibility

Alkanes have, in the meantime, been applied in a wide range of studies estimating
feed intake and digestibility in ruminants and in monogastric farm animals. Accu-
racy of alkane-based estimates depends on a variety of factors, of which the type
of feed, the composition of the diet and the natural abundance of marker alkanes
in the feed, the feeding frequency, the technique of preparing and administering
external alkanes, the feed intake behaviour and animal individuality, the natural
diurnal variability of faecal excretion and thus faecal alkane concentrations, the
faeces sampling technique and sample preparation, and the AFR may be some
examples. This results in a large variation of estimates, regardless of which animal
species is focussed on. This is why the search for an optimal estimation procedure
that is adopted to the animals and feeding conditions under test still goes on.
Nevertheless, the general suitability of alkanes to serve as respective markers es-

pecially in pasture-based husbandry systems was confirmed, in stall-fed or graz-
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ing sheep, e.g. by Vulich et al. (1991), Piasentier et al. (1995) and Elwert et al.
(2004), dairy cows and beef cattle, e.g. by Ohajuruka and Palmquist (1991), Olivan
et al. (2007a), Morais et al. (2011) and Bezabih et al. (2012), pigs, e.g. by Mowat et
al. (2001), and poultry, e.g. by Hatt et al. (2001), mainly applying synthetic and
plant wax alkanes as markers for feed intake and digestibility estimation and the
double-marker method (Mayes et al., 1986) for the former one. Modified methods
of intake estimation basing on the labelled-supplement technique or diet compo-
sition estimates have been used by Dove and Olivan (1998), Dove et al. (2002) and
others in sheep, Cottle and Romero (2014), Cottle (2016) and others in cattle, and
Jurjanz et al. (2014) in poultry. A more detailed summary of the available literature
is provided by the review of Dove and Mayes (2006) although not quite up to date.

Associated research performed in equids is comparatively less available. To
provide some exemplary data from horse studies: Stevens et al. (2002) obtained
estimates of DMI using either the C31:C32 or the C33:C32 alkane pair that differed
between 0.0 and 1.8 kg/d from the measured reference on average, and obtained
estimates of DMD using either C31, C33 or n-pentatriacontane (C35) plant al-
kanes corrected for incomplete AFR that differed between 0.3 and 9.7 % from the
reference obtained through total faeces collection on average, each depending on
the type of feed offered and alkanes used. Ordakowski et al. (2001) obtained simi-
larly reliable DMD estimates that differed between 0.0 and maximal 1.7 % from
the reference (total faeces collection) on average, again depending on what alkane
has been used (recovery-corrected C25 to C33 odd-chain alkanes). By contrast, a
much wider range of deviation between measured and estimated DMI was re-
ported by Ferreira et al. (2007a) using various pairs of plant and synthetic alkanes
(4 to maximal 46 % relative deviation) and largely dependent from the type of
pairs. However, DMD estimated by C27 to C33 alkanes was not significantly dif-
ferent from measured DMD (P > 0.05) and the effect of alkane type was insignifi-
cant as well (P > 0.05; Ferreira et al., 2007a). Interestingly, this was in huge con-
trast to the ruminant group studied in the same way, where DMD estimates wide-
ly differed from the measured ones (P < 0.05) with a large effect of the type of al-
kane being obtained (P < 0.001; Ferreira et al., 2007a). The probable underlying
relationship is explained below. Further data on equids can be found in Gud-
mundsson and Thorhallsdottir (1998), Stefanon et al. (1999), Friend et al. (2004),
Peiretti et al. (2006), Kuntz et al. (2006), Casteldn-Ortega et al. (2007), Smith et al.
(2007) and Chavez et al. (2014).
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The main limitation for the successful use that has been reported in agreement is
the inconsistent and often incomplete AFR, which bias resulting estimates (pre-
dominantly of apparent digestibility). The experimental effort is high to compen-
sate such bias performing total collection trials for reference and determination of
AFR, respectively. An overview of mean AFR ranges in different groups of farm an-
imals is provided in Table 2 and in Sales (2012) specific for horse studies, and the
distribution of mean AFR within those ranges is shown in Fig. 5. Obviously, rumi-
nant studies provide the major body of available data of AFR, followed by the
equids group. There is a considerable lack of information in pigs and poultry. Pre-
dominantly C32 has been applied artificially, and C27, C29, C31 and C33 alkanes
have been used as plant internal markers, independently from the investigated
animal species. The given ranges show an intense variability of mean AFR in all
livestock groups. In ruminants and poultry, it seems that the ranges of mean AFR
become closer as the CL increases. Equids consistently have the lowest variation

of mean AFR, independent from the CL of alkanes.

Table 2. Ranges of mean recovery (min — max) of plant, beeswax and synthetic alkanes in
faeces (AFR) in different livestock groups basing on literature data

Range

Origin Alkane Ruminants Equids Poultry

Plant C23 0.36-1.12 (5) 1.18-1.24 (1)

Plant, beeswax C25 0.26-1.01 (19) 0.68-1.15 (6) 0.23-0.44 (2)
Plant, beeswax C26 0.36-1.08 (10) 1.06-1.12 (3)

Plant, beeswax c27 0.34-1.14 (22) 0.72-1.40 (7) 0.30-0.55 (2)
Plant, beeswax C29 0.54 - 1.06 (23) 0.69-1.40 (7) 0.30-0.79 (3)
Plant, beeswax C30 0.60-1.07 (17) 0.83-1.03 (4)

Plant, beeswax C31 0.60-1.91 (28) 0.67-1.41(8) 0.37-0.97 (3)
Plant, beeswax C33 0.63-1.16 (28) 0.72-1.10 (7) 0.73-0.88 (2)
Plant C35 0.67-1.27 (12) 0.44-1.77 (4)

Plant, synthetic C28 0.34-1.13 (20) 0.70-1.03 (4) 0.17-0.70 (1)
Plant, synthetic C32 0.47-1.09 (24) 0.81-1.12 (6) 0.50-0.81 (1)
Plant, synthetic C36 0.70-1.16 (18) 0.81-0.99 (4) 0.79-0.80 (1)

References: Mayes et al. (1986, 1988); Ohajuruka and Palmquist (1991); Vulich et al. (1991); Dove and
Olivan (1998); Gudmundsson and Thorhallsdottir (1998); O’Keefe and McMeniman (1998); Unal and
Garnsworthy (1999); Berry et al. (2000); Hatt et al. (2001); Ordakowski et al. (2001); Dove et al. (2002);
Moshtaghi Nia and Wittenberg (2002); Stevens et al. (2002); Valiente et al. (2003); Elwert et al. (2004);
Molina et al. (2004); Ferreira et al. (2005); Elwert et al. (2006); Fraser et al. (2006); Peiretti et al. (2006);
Ferreira et al. (20073, c); Lin et al. (2007); Olivan et al. (2007a); Smith et al. (2007); Bulang et al. (2008);
Elwert et al. (2008); Keli et al. (2008a); Sun et al. (2008); Ferreira et al. (2009a, b); Morais et al. (2011);
Bezabih et al. (2012); Lin et al. (2012); Jurjanz et al. (2014); Kozloski et al. (2014); Schifers et al.
(2015). Pig data is exclusively provided by Wilson et al. (1999); ranges are therefore not available. The
respective number of studies that has been considered is given in brackets. Abbreviations of alkanes
are specified in the list of abbreviations.

42



Background

2.00
1.90 - *

1.80 A .
1.70 4
1.60 -
1.50 A
1.40 . . .
1.30 -
1.20 T .
1.10
1.00 -
0.90 -
0.80 -
0.70 -
0.60 -
0.50 -
0.40 -
0.30 -
0.20 - .
0.10 -
0.00 T T T T T T T T T T T T T T T

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Alkane chain length (no. of carbon atoms)

* . Cat. |
‘ Cat. Il
| Cat. lll

Alkane faecal recovery

© 00 @s cuenmmEe JmeEDID © @ 00
® ¢ coEnNEENENND GIEDED

* Ruminants « Equids <« Pigs < Poultry

Fig. 5. Representation of the distribution of mean alkane faecal recovery (AFR) among
three categories (Cat. I: AFR is unacceptably overestimated, AFR > 1.05; Cat. II: AFR is
within an acceptable range, 1.05 > AFR > 0.95; and Cat. III: AFR is unacceptably underes-
timated, AFR < 0.95) in four livestock groups basing on a literature analysis (1113 means
were considered in sum). References: Mayes et al. (1986, 1988); Ohajuruka and Palmquist
(1991); Vulich et al. (1991); Dove and Olivan (1998); Gudmundsson and Thorhallsdottir
(1998); O’Keefe and McMeniman (1998); Unal and Garnsworthy (1999); Wilson et al.
(1999); Berry et al. (2000); Hatt et al. (2001); Ordakowski et al. (2001); Dove et al. (2002);
Moshtaghi Nia and Wittenberg (2002); Stevens et al. (2002); Valiente et al. (2003); Elwert et
al. (2004); Molina et al. (2004); Ferreira et al. (2005); Elwert et al. (2006); Fraser et al. (2006);
Peiretti et al. (2006); Ferreira et al. (2007a, c¢); Lin et al. (2007); Olivan et al. (2007a); Smith et
al. (2007); Bulang et al. (2008); Elwert et al. (2008); Keli et al. (2008a); Sun et al. (2008); Fer-
reira et al. (2009a, b); Morais et al. (2011); Bezabih et al. (2012); Lin et al. (2012); Jurjanz et
al. (2014); Kozloski et al. (2014); Schifers et al. (2015).

On the basis of this literature analysis, it can be inferred that: (1) in ruminants,
mean AFR was in most cases (79.7 % of means) lower than a hypothetical thresh-
old of 0.95, especially in lower molecular alkanes (C23 to C28), but did almost
never exceed a hypothetical threshold of 1.05 (3.1 % of means), which both might
be acceptable considering some analytical inaccuracy; (2) in equids, mean AFR
were highest among all livestock species (see also Ferreira et al., 2009b) with 61.3
% of means lower deviation but also 17.7 % of means overstepping the proposed
hypothetical thresholds; (3) in pigs and poultry, mean AFR was consistently inac-
ceptable low (90.9 and 98.4 % of means, respectively), however, available data are

scarce; and (4) especially in the ruminants group the variation of mean AFR seem-
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ingly decreased with an increasing CL of alkanes, which is in plant alkanes proba-
bly explained by an often higher abundance of the higher molecular alkanes
(Dove et al., 1996; Brosh et al., 2003) and might in synthetic alkanes be indicative
of a higher sensitivity towards preparation processes (e.g. the temperature treat-
ment) or intestinal absorption in lower molecular alkanes (e.g. C24 and C28); in
plant alkanes, there was a relatively constant variation of mean AFR not until 29
carbon atoms; mean AFR of synthetic alkanes mostly did not exceed but did fre-

quently decline 1.05 and 0.95, respectively.

As major factors influencing AFR, the following have been identified: (1) the CL of
alkanes, for which a curvilinear positive relationship has been postulated in rumi-
nant species (Elwert et al., 2006; Lin et al., 2007; Olivan et al., 2007a; Elwert et al.,
2008), i.e. that AFR increases as the CL increases approximating a constant at 100
% (Brosh et al., 2003), but was not found in equids (Ordakowski et al., 2001; Ste-
vens et al., 2002; Smith et al., 2007); (2) the animal species, which might be linked
to species-dependent differences in diet digestibility (Ferreira et al., 2009b); (3)
diet digestibility, for which a negative relationship to AFR has been identified (Fer-
reira et al., 2005, 2009b); (4) alkane origin, where synthetic alkanes, at least in ru-
minants, seemed to have higher AFR than plant alkanes, which might be linked to
the differences in the marker-digesta phase association and the resulting differ-
ences in marker passage rates (Olivan et al., 2007a; see also Section 2.4.4. for fur-
ther information); (5) the type of preparation for administration and the admin-
istration form of synthetic and other externally applied alkanes due to differences
in marker bonding properties and marker exposition rates, and the preparation
process of feed and faeces samples for analysis both in plant and synthetic alkanes
(Molina et al., 2004; Elwert and Dove, 2005; Elwert et al., 2006, 2008); (6) the abun-
dance of marker alkanes in feed plants, where low concentrations may provoke
analytical errors (Brosh et al., 2003; Valiente et al., 2003; Elwert et al., 2008); and
(7) the cyclic diurnal fluctuation of feed DMI, defecation and faecal alkane con-
centrations, which affect the representativeness of the token faeces samples (Mo-
lina et al., 2004).

Other potential effects were reported without conformity: (1) a diet composi-
tion effect (Elwert et al., 2004, 2006; Lin et al., 2007; Elwert et al., 2008), where in
the gut, the releasable and potentially absorbable amount of plant alkanes may

vary between plant species, plant parts and dependent from the ontogeny (plant
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age) because of a varying plant wax morphology (Lin ef al., 2007); (2) an effect of
the feeding and the feed intake level (Molina et al., 2004; Olivan et al., 2007a),
which might be linked to the fluctuation of DMI from day to day (Molina et al.,
2004) and marker passage throughout the gut (Olivan et al., 2007a); a lower feed
intake might cause a lower passage rate, and hence a higher rate of alkane absorp-
tion and lower AFR (Olivén et al., 2007a); and (3) an effect of animal individuality
(Valiente et al., 2003; Olivéan et al., 2007a; Ferreira et al., 2009b).

In dairy cows, Ohajuruka and Palmquist (1991) hypothesized that a partial loss of
the ingested alkanes may occur in the rumen, because ruminally infused C32 had
a notably lower AFR than C32 which was infused into the small intestine at an
equal dosage (89 vs. 104 % AFR). Thus, a microbial fermentation of alkanes (be it
through bacteria or protozoa), utilizing alkanes as sources of energy and carbon
(Wentzel et al., 2007), might be obvious also in the gut. This seems to be con-
firmed by Bulang (2005), who found small but considerable quantities of the syn-
thetic alkanes C28 and C36 being incorporated by rumen microbes in vitro (up to
5 %), and by Keli et al. (2013), who found a considerable incorporation of alkanes
by liquid-adherent ruminal bacteria in sheep. Oxidative degradation of long-chain
alkanes (40 carbon atoms in length and above) to the corresponding alcohols and
corresponding fatty acids, followed by chain-shortening incorporating these fatty
acids into own cell lipids (see Davis, 1964) was reported in soil bacteria and other
bacterial strains (Hankin and Kolattukudy, 1968; Hallas and Vestal, 1978; Wentzel
et al., 2007; more information on degradation pathways of alkanes in aerobes can
be found in Ratledge, 1984; Berthe-Corti and Fetzner, 2002; and Wentzel et al.,
2007). Also bacterial degradation of alkanes under anaerobic conditions has been
shown (Morikawa et al., 1996), which supports the hypothesis of anaerobic alkane
metabolism by the gut microbiota being conceivable. An incorporation of "C-
labelled n-octadecane (C18) into intracellular lipids was seen in rumen bacteria,
but a further metabolism has not been attested (McCarthy, 1964; Bartley et al.,
1971). More information on degradation pathways of alkanes in anaerobes can be
found in Berthe-Corti and Fetzner (2002) and Wentzel et al. (2007). To be men-
tioned in brief, anaerobic microbes require alternative reactants (others than oxy-
gen) serving as terminal electron acceptors and enabling the conversion of non-
polar alkanes to utilizable substrates (Wentzel et al., 2007). As such reactants, ni-

trate, sulphate and ferric iron have been identified (Zengler et al., 1999; Wentzel et
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al., 2007). However, the degradation of long-chain alkanes, the so-called microbial
alkane cracking, has also been shown in methanogenic bacterial communities
that are present in aquatic habitats or aged sediments where nitrate, sulphate and
ferric iron (the preferred electron acceptors) are depleted (Zengler et al., 1999; re-
viewed by Wentzel et al., 2007). In addition, a link may exist to the fat content of
the diet. Under laboratory conditions, Miller and Bartha (1989) showed liposome
formation through encapsulation of C18 and C36 alkanes, and the rapid incorpo-
ration by pseudomonads thereafter. Consequently, encapsulation of hydrophobic
compounds such as alkanes into phospholipid bilayers might facilitate their de-
livery to bacterial enzymes (Miller and Bartha, 1989). It may thus also be expected
that fat-rich diets or supplemented fat sources in the diet additionally alter the
AFR due to emulsification of alkanes in part and micelle formation in the small
intestine (Ohajuruka and Palmquist, 1991). However, this has not been confirmed
in sheep (Mayes et al., 1986), dairy cows (Ohajuruka and Palmquist, 1991) nor in
broiler chickens (Schéfers et al., 2015), and has not yet been examined in horses.
To my knowledge, microbial strains that are able to utilize long-chain alkanes as a
source of energy or carbon have so far not been isolated from or detected in the
digestive tract (neither in men nor in animals) and in vitro experiments failed to
show any degradation of alkanes incubated with ruminal fluid (Keli et al., 2008b).
Although some microbes in the gut may adsorb or engulf long-chain alkanes
above 18 carbon atoms (see Bartley et al., 1971; Bulang, 2005; Keli et al., 2013),
they seem to fail in further alkane degradation and conversion (Bartley et al.,
1971). It is unlikely that an alkane-utilizing microbial community has established
itself in evolution of the digestive tract because, compared to aerobic alkane oxi-
dation, anaerobic alkane degradation seems to be a very slow process resulting in
low growth rates (Wentzel et al., 2007).

Apart from microbial metabolism of alkanes in the digestive tract, it is much
more likely that alkanes can be absorbed endogenously, which is probably medi-
ated by microfold cells (see Mabbott et al., 2013; Biising et al., 2014) in the small
intestine (Mayes et al., 1988), and are metabolized to fatty acids, in part, immedi-
ately during absorption (McCarthy, 1964). The absorbed alkanes are, if not me-
tabolized immediately, taken up by the liver and metabolized mainly to phospho-
lipids (McCarthy, 1964). However, rapid metabolism seems to be incomplete as
Kolattukudy and Hankin (1966) found approximately 10 % of the administered

radioactive label remained present in form of alkanes in the liver of rats. Conse-
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quently, in cattle, some amount of the '*C-label administered via C18 was found
to be stored in body fat reserves (Bartley et al, 1971). In rats, Kolattukudy and
Hankin (1966) reported that 4 % of the '*C-label administered via n-nonadecane
(C19) was exhaled as carbon dioxide, which proves an extensive metabolic break-
down of the alkane. The remaining radioactive label was found as lipids in faeces,
in chymus, in urine, in the liver tissue, in abdominal fat, in the intestinal wall, in
subcutaneous fat, in the lung, in the blood, and in other excretory organs in de-
scending order (Kolattukudy and Hankin, 1966).

In external markers, underestimation may also occur when animals do not in-
gest the labelled feed or bolus or at least the marker itself completely (e.g. after
segregation of marker and matrix), or when the marker is regurgitated in part (e.g.
in rumination, Unal and Garnsworthy, 1999, or due to a very sensible feed selec-
tion).

A considerable overestimation of AFR is a fairly uncommon but nevertheless
repeatedly reported situation (see Fig. 5). It occurred more frequent in equid stud-
ies (17.7 %) than in studies with ruminants (3.1 %). It has been reported that hors-
es have the highest AFR compared to sheep, goats and cattle (Ferreira et al.,
2009b). Alkane faecal recovery might physiologically be altered by microbial al-
kane synthesis within the digestive tract or by endogenous alkane secretion (Dove
and Mayes, 1991), which both would lead to an overestimation of AFR. Biosynthe-
sis of long-chain alkanes has been shown, besides in plants or insects (see Section
2.5.2.), also in bacteria (see Ladygina et al., 2006; Lennen et al., 2010; Schirmer et
al., 2010), yeasts (Buijs et al., 2015) and in fungi (see Ladygina et al., 2006), but
there is little evidence that either microbial synthesis or endogenous secretion of
long-chain alkanes is acting in the gut of farm animals (Mayes et al., 1988; Dove
and Mayes, 1991). It may further be conceivable that alkenes or other unsaturated
hydrocarbons from feed plants contribute to the detectable alkane fraction in fae-
ces resulting from their saturation under reducing conditions in the digestive tract
(Dove and Mayes, 1991; again perhaps through microbial conversion). However,
there is so far no evidence that this occurs (Dove and Mayes, 1991). It might be
conceivable that microbial biosynthesis of long-chain alkanes, if existing in the
gut, would become visible soonest in animals with a pronounced hindgut fermen-
tation such as equids. If this were so, effects of diet composition (Lin et al., 2007)

and animal individuality would be expected.
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As described and discussed in Article 1, alkane concentrations in faeces follow
specific dynamics resulting in a cyclic diurnal fluctuation (see also Giraldez et al.,
2004; Molina et al., 2004; Olivan et al., 2007a). Depending on the method of faeces
sampling (bulk or spot samples), AFR can easily be under- or overestimated when
the spot sample, and more unlikely the bulk sample, does not represent the mean
faecal concentration, around which punctual concentrations fluctuate. Large
non-physiological sources of bias are unrepresentative samples of the ingested
feeds or boluses. Thus, the determined ingested and defecated concentrations of
alkanes are incompatible. The calculation of AFR from extrapolation of the deter-
mined AFR of adjacent alkanes can lead to overestimation resulting from an in-
correct assumption of linearity (Brosh et al., 2003). Moreover, very low dietary and
faecal concentrations may facilitate a biased determination of AFR, which affects
predominantly alkanes with less than 28 carbon atoms (Brosh et al., 2003).

For feed intake estimation purposes, the correction of the faecal concentra-
tions of marker alkanes for an unbalanced AFR is not mandatory when AFR of
both alkanes within the used pair is equal (Mayes et al., 1986). However, then the
AFR of these alkanes has to be assessed correctly, on the basis of pre-trail data
(Brosh et al., 2003) or literature data, which is difficult regarding the huge varia-
tion of AFR (see Table 2) and its dependency from a variety of influencing factors
that have so far not been examined sufficiently. Here, the development of an ade-
quate estimation function would probably be helpful. The correction of faecal al-
kane concentrations is, however, necessary for the estimation of digestibility
(Dove and Mayes, 1996). Brosh et al. (2003) and Lin et al. (2007) recommended an
animal and diet-specific correction to cancel out individuality and probable diet
composition effects, respectively. Regarding the feasibility especially under graz-
ing conditions, it is recommended to use at least animal-mean AFR (Brosh et al.,
2003) or diet-mean AFR (Olivén et al., 2007b) for correction. Especially in rumi-
nants, a correction is particularly necessary for the estimation of the selection and
the composition of the ingested diet because of the relationship between AFR and
CL of the alkanes (Dove and Mayes, 1996). It is, however, not necessary in equids
where this relationship does not exist (Lopez et al., 2016). Another approach,
which would possibly be helpful in investigations on free-ranging animals, is the
specific selection of timeframes for faeces spot sampling basing on knowledge of
faecal alkane concentration dynamics. This may overcome the need for an AFR

correction.
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2.5.6. Application of alkanes and previous challenges for the estimation of feed

selection and composition of the ingested diet

The estimation of diet composition, which provides information on feed selection
of the animal under test, is mainly basing on the application of plant alkanes,
LCOH, LCFA and their natural °C enrichments (see Sections 2.2. and 2.5.2.). The
majority of studies that were performed to develop and validate this estimation
method has focussed on ruminant livestock (Duncan et al., 1999; Brosh et al.,
2003; Valiente et al., 2003; Bugalho et al., 2004; Ferreira et al., 2005, 2007b, c, d; Lin
et al., 2007; Olivan et al., 2007b; Elwert et al., 2008; Keli et al., 2008a; Sun et al.,
2008). There was just very few work spent on studying feed selection and diet
composition in horses on the basis of alkane markers (Ferreira et al, 2007b,
2009b, 2010; Celaya et al., 2011; Ferreira et al., 2013; Lopez et al., 2016). Detailed
data of diet composition estimates can be found in the mentioned studies.

The general results of the estimation procedures fit well with those obtained by
observational studies. In consequence, it was both estimated by the use of dietary
alkanes (Celaya et al.,, 2011; Ferreira et al., 2013) and observed (Fleurance et al.,
2001; Menard et al., 2002; Edouard et al., 2010) that horses preferably select grass-
land and herbaceous plant species, which is mainly driven by plant structure
(growth stage) and less so by plant species (Fleurance et al., 2001). Such a selective
behaviour is likely aiming to maximize the intake of high digestible nutrients
(Menard et al., 2002) and to balance the protein and energy supplies in particular
(Edouard et al., 2010). The habitat use of horses depends on the availability of less
lignified plant tissues, which changes throughout the vegetation period (Menard
et al., 2002; Celaya et al, 2011). Approximately 5 % herbage availability was sur-
mised to be the narrow threshold below which horses are not able to select such
plant species efficiently (Celaya et al., 2011). A decreasing availability thus forces
the animals to switch their preference to more woody plants, in which horses re-
spond quite flexible (Ferreira et al., 2013).

Under experimental conditions where the quantity of diet components is lim-
ited and these components are well defined, the estimation of diet composition
through plant wax alkanes, alcohols and fatty acids has been validated using the
Kulczynski similarity index, i.e. the overlap of known and estimated proportions

of diet components (Ferreira et al., 2007b, 2009b, 2010; Lopez et al., 2016), and in
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general, a high accuracy of the estimation was addressed with up to 98 % con-
formity (Ferreira et al., 2009b; Lopez et al., 2016). Although lesser important than
in ruminants, the main influence on the estimation accuracy in horses comes
from the faecal recovery of markers (see Section 2.5.5.). The highest accuracy may
be obtained when a diet-specific recovery correction of the faecal marker concen-
trations is considered (Ferreira et al., 2007b, 2009b, 2010) but in horses also the
renouncement of correction still lead to acceptable estimates when the relative
proportions of marker concentration in faeces is not altered through different fae-
cal recoveries (Ferreira et al., 2007b). The less complex the diet is composed, the
more accurate diet composition estimates can be (Ferreira et al., 2010). Hence,
adding additional plant markers such as fatty alcohols, fatty acids and 5'"°C ratios
might provide a more specific fingerprint to each plant species, which enhance
the discriminatory power between them (Ferreira et al., 2010; Lopez et al., 2016).
However, this is not mandatorily the case. Rather than just to increase the number
of markers, it is recommended to identify and select the most sufficient markers
differing diet components through multivariate statistical analyses (e.g. discrimi-

nant analysis; Bugalho et al., 2004).

2.5.7. Prospects and limitations of the application of alkanes to estimate diges-

ta passage kinetics

In just a very few studies so far, long-chain synthetic alkanes were used to obtain
information about passage kinetics of the particulate phase of digesta (Duncan et
al., 1999, and Bulang et al., 2008, investigating sheep, Girdldez et al., 2004, 2006,
investigating goats, Warner et al., 2013, investigating dairy cows, and Hatt et al.,
2002, investigating tortoises). Thereupon, estimations of faecal output and feed
intake were deduced in turn (Duncan et al., 1999; Girdldez et al., 2004, 2006) as
described in Section 2.2. The only study using a synthetic alkane (C32) to predict
its TMRT in horses was, to my knowledge, performed by Stevens et al. (2002), who
detected 27.9 + 0.59 h in juvenile Thoroughbreds fed a hay-based diet with addi-
tional temporal access to pasture. This was similar to results obtained in horses by
Rosenfeld and Austbe (2009) using various differently processed grains and using
ytterbium as the passage rate marker (TMRT ranging from 26.4 to 27.3 h), and it
was also similar to the results of Todd et al. (1995) using lucerne hay cubes and

dysprosium as the marker (TMRT of 24.6 or 25.8 h at maintenance and 15.3 or 15.9
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h at 1.4 x maintenance) indicating a significant effect of the feeding level in addi-
tion. This may be indicative for a hastened flow of synthetic alkanes, such as it is
in finer feed particles or in the liquid phase of digesta (Udén et al., 1982), but there
are obviously many more factors influencing the passage rate of markers and the
associated digesta phases. However, the results obtained by Stevens et al. (2002)
were notably lower than TMRT estimated in adult Thoroughbreds and juvenile
Shetland ponies that were fed different proportions of lucerne hay and oat straw
using Cr-mordanted fibre and even using the liquid phase marker cobalt-
ethylenediaminetetraacetic acid (EDTA; TMRT ranging from 38.4 to 51.9 h; Cud-
deford et al, 1995), and it was also lower in Thoroughbreds that were fed lucerne
hay and hay cubes only or grain-supplemented diets using ytterbium as the mark-
er, regardless of the experimental inhibition of exercise (TMRT ranging from 30.8
to 43.4 h; Pagan et al., 1998). Another study investigating the effects of different
hay-to-grain ratios in ponies found likewise higher TMRT both of lanthanides and
of the liquid phase marker Cr-EDTA (Drogoul et al., 2001).

The first main limitation of using alkanes as passage rate markers is the incom-
plete and impermanent binding of synthetic alkanes to the target feed component
and their migration from the particulate phase to the liquid phase of digesta by
tendency (Mayes et al., 1997; Bulang et al., 2008; see Section 2.4.4.). Therefore, es-
timations of passage kinetics are related to the alkanes used as markers and not
necessarily related to the target feed component (Bulang et al., 2008), as it is like-
wise in almost all other markers applied in this field. However, as surmised by
Owens and Hanson (1992) and Giraldez et al. (2006), dissociation of synthetic al-
kanes may be a result of particle size reduction during feed labelling and the pres-
ence of small particles in the liquid digesta phase rather than a real migration into
the liquid digesta phase. Indeed, in goats, Giradldez et al. (2006) found significantly
higher slow (K1) and fast (K2) fractional passage rates, deriving from the multi-
compartmental model that has been used (Dhanoa et al., 1985), and significantly
lower TMRT in synthetic C36, n-octatriacontane (C38) and n-tetracontane (C40),
sprayed onto plant fibre, than in the standard marker Cr, mordanted to the plant
fibre. This has also been confirmed by Bulang et al. (2008) in sheep for C36
sprayed onto lucerne fibre. Mordanted Cr was supposed to label the plant fibre
and the particulate phase of digesta with minor dissociation (Udén et al., 1980;
Girdldez et al., 2006). In contrast, in the tortoise study of Hatt et al. (2002), the
TMRT of C36 differed not compared to that of mordanted Cr. The passage rate of
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alkane-labelled feed particles may additionally be slowed through a reduced hy-
dration rate due to the alkanes’ hydrophobic properties (Girdldez et al., 2006). It
is, conclusively, impossible to predict the migrating behaviour and the specific
flow rates of synthetic alkanes sufficiently, which are influenced by properties of
the labelled material, the labelling technique, the feed intake rate, the animal spe-
cies, conditions of animal husbandry and restriction of exercise, and animal indi-
viduality. To overcome the disadvantages of artificial labelling techniques (parti-
cle size reduction, altered flow rates, inhomogeneous distribution within the la-
belled material, migration), it has been tested whether plant alkanes enriched in
the carbon stable isotope (**C) in a greenhouse are suitable passage rate markers
(Warner et al., 2013), which is, however, dependent on abundance of the target
alkanes in feed plants, and marker dilution due to plant biomass production dur-
ing ontogeny needs to be considered (Bulang et al,, 2010). Unlike using the natural
isotopic ratios of alkanes or other plant wax compounds (see Sections 2.5.2. and
2.5.6.), the '°C enrichment provides the advantage that an abrupt change to the
experimental diet can be omitted and animals can sufficiently be adapted (Svejcar
et al., 1993; Bulang et al, 2010). Additionally, the method is independent from
natural differences between alkanes in 5'°C background levels due to carbon iso-
tope discrimination during alkane biosynthesis in the epidermal cell (Warner et
al., 2013). However, a risk of biased passage rate estimates remains if stable iso-
topes are incorporated by intestinal microbes as supposed by Bartley et al. (1971),
Bulang (2005) and Warner et al. (2013).

The second main limitation of using alkanes as passage rate markers is the in-
complete AFR. However, it is so far unknown if the difference in residence time of
plant alkanes or artificially bound synthetic alkanes, which results from the usual
experimental procedure providing only a single dosage of the marker and de-
pends on the particle size distribution in the feed, affect their faecal recovery (Bu-
lang et al., 2008). Bulang et al. (2008) proved the impact of an assumed steadily
decreasing recovery of C36 on passage kinetics in sheep and found increased K1

and K2, and rumen mean retention time was slowed.
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3. Scope of the thesis

The successful application of long-chain alkanes as dietary markers can be affect-
ed by their inconsistent, unbalanced and often incomplete recovery in faeces. To
obtain suitable AFR rates for the correction of faecal alkane concentrations, it is so
far not recommended to use published data because of their inconsistency and
the high variation of influencing factors. Hence, the determination of AFR for each
trial, i.e. each diet type, or at least through a pre-trail, is still required and requires
the total collection of faeces. If a correction for AFR is indispensable, then there is,
however, currently no proper method available that helps to avoid such a labori-
ous and by itself error-inducing procedure.

An approach that would possibly enable the researcher to quit the correction
for AFR is the specific selection of timeframes for spot sampling of faeces basing
on the knowledge of faecal alkane concentration dynamics. It is known that con-
centrations of the target marker alkanes in faeces fluctuate periodically within and
across days, which mainly depends on the interval of feed intake or administra-

tion of external alkanes. It was consequently hypothesized:

(1) Periodic cycling of faecal alkane concentrations implies that during specific
timeframes within the day, these concentrations would accurately reflect
their average, which is the AFR that would be determined through a total fae-
cal collection.

(2) This might enable to compensate incomplete or overestimated AFR by the
selection of adjacent timeframes.

(3) This might then enable the estimation of DMI and DMD from a spot-

sampling of faeces and without the correction for an unbalanced AFR.

These hypotheses have been tested indoors in horses with typical mealtime feed-
ing of a hay-based diet. The results and discussion are provided Article 1.

This first study revealed that the administration of synthetic alkanes via bolus-
es is a special challenge in horses, because horses are particularly sensitive to the
presented feed and are able to select to a nicety. Because compulsory administra-
tion is undesirable and available feed-labelling techniques have some general dis-

advantages as well (see Section 2.5.4.), we hypothesized:
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(1) For application in horses, a suitable bolus matrix would ensure a broadly con-
sistent and high acceptance for ingestion.
(2) Such a matrix would resist microbial spoilage to be stable for storage over a

sufficient period of time.

The preparation of such boluses, the results of the performed tests and their dis-
cussion are presented in Article 2.

The first study did also highlight that the accuracy and uniformity of adminis-
tered alkane dosages are mandatory for a successful application and are mandato-
ry to avoid that marker administration increase the variation among test animals
as well as among and within consecutive test days. Additionally, it can easily be
supposed that the easier the preparation of markers is, the easier the required ac-
curacy and uniformity of the dosages can be achieved. Because of that we hypoth-

esized:

(1) Melting synthetic alkanes to wax might enhance the accuracy and uniformity

of subsequent bolus labelling and might further simplify it.

This study, however, showed that there is a considerable sensitivity of alkanes to-
wards exposure to high temperatures, which has not yet been described for syn-
thetic alkanes. The temperature sensitivity of synthetic alkanes has thus been
tested in addition. The preparation of single- and multi-component synthetic al-
kane waxes and the results of the performed tests are presented and discussed in

Article 3.
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SUMMARY

In horses, the quantity of faeces and the faecal concentrations of plant and synthetic alkanes are inconsistent
throughout the day. The estimation of feed intake and digestibility can additionally be limited by irregular and
incomplete faecal recovery of alkanes that are used as dietary markers. The correction of alkane concentrations
minimizes the bias of estimates, but requires the determination of faeces quantity by total collection. However, in
consideration of the dynamics of alkane concentrations in faeces, sampling at selected timeframes throughout a
day may be useful in avoiding such correction. Five adult horses were fed a hay-based diet offered three times a
day in equal amounts. Horses received a bolus with similar quantities of n-octacosane (C28), n-dotriacontane
(C32) and n-hexatriacontane (C36) synthetic alkanes twice a day. Total faeces were quantified over 3 consecutive
days. Dry matter intake (DMI), output (DMO) and digestibility (DMD) were determined from the total collection
trial and additionally estimated for each of 12 equal timeframes throughout the day. The diurnal patterns of the
single faeces quantity (SFQ) and faecal alkane concentrations were similar between horses and were repeated
from day to day. The intra-day dynamic of SFQ was pronounced. The dynamic of the faecal concentration
was much more pronounced when the alkane was administered twice instead of three times a day. The faecal
recovery of alkanes that has been calculated from the total collection trial ranged from 82 +4-1% for C36 to
108 +11-1% for C28. Measured DMI was 12-0 kg/day, measured DMO was 5-9 kg/day and measured
DMD was 0-51. Reliable estimates were obtained for DMI with 12:3 +0-79 kg/day for the combination of
n-nonacosane (C29) and C28 and 12-1 = 1-01 kg/day for the combination of n-tritriacontane (C33) and C28 at
2 h after administration, and 12-1 + 0-96 kg/day for the combination of n-hentriacontane (C31) and C32 at 2 h
prior to the morning meal, which included the first bolus administration. When calculated from DMO and
DMD, DMI was 12-2 +0-89 kg/day for C29 and 12 +1-0 kg/day for C33 between 5 and 6 h after the
morning meal. Estimates of DMD were unbiased between the 3rd and 4th hour after the morning meal with
0-52 £ 0-014 for C29 and 0-51 £ 0-021 for C33, respectively. The DMO was 5-7 +0-34 kg/day and 6-1 + 0-43
kg/day when estimated 3—4 h after the 2nd meal, or prior to the 2nd bolus administration, using the product
of SFQ and the daily defecation frequency or the synthetic alkanes, respectively. Knowledge of defecation dy-
namics might be helpful for simplifying experimental trials. They specifically followed intake dynamics, which
can prospectively be used to select sampling timeframes. Based upon current results, a selection of two to
three spot samples of faeces that are evenly distributed between 2 h before and 6 h after the morning meal,
which was the time of bolus administration, allows for the greatest reliability. Defecation dynamics are probably
less influenced by ration/bolus type, rate of exercise, or gut peristalsis, which nevertheless can result in individual
shifts of optimal timeframes.
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bachmann@landw.uni-halle.de
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INTRODUCTION

The cuticles of most herbage species that are used as
feedstuffs for horses contain remarkable quantities of
predominantly odd-chain aliphatic alkanes as com-
pounds in integrated and superimposed waxes
(Dove et al. 1996; Koch & Ensikat 2008). Plant and
even-chain synthetic alkanes can be used to estimate
feed intake and apparent digestibility (Mayes et al.
1986; Ordakowski et al. 2001; Smith et al. 2007),
but seem to be unsuitable when faeces quantity is
unknown. Particularly in digestion trials, it is neces-
sary to correct faecal alkane concentrations because
faecal recovery is irregular and often incomplete, al-
though horses have the highest rates among livestock
species (Ferreira et al. 2009). Faecal output quantifica-
tion by total collection can impair animal welfare, re-
strict exercise, and can affect the estimation of
digestibility (Pagan et al. 1998). Moreover, it is hard
to implement in horses kept in groups or on a pasture.

A link may exist between the interval of mealtimes
or bolus administration, gut passage dynamics, and
resulting faecal concentration patterns, regardless of
marker type and animal species (Haenlein et al.
1966; Cuddeford & Hughes 1990; Dove & Mayes
1991; Girdldez et al. 2004; Molina et al. 2004;
Smith et al. 2007). Figure 1 provides a hypothetical ex-
planation of the development of diurnal alkane con-
centration patterns in faeces after repeated
administration by feed or bolus. Every single meal or
bolus results in a specific excretion curve, as shown
by Hyslop (2003) and Rosenfeld et al. (2006) in
horses, that spans approximately 72 h after first ap-
pearance of the marker in faeces (Pagan et al. 1998).
Single curves continuously follow and partly overlay
one another. A specific diurnal pattern is the result
of overlapped decreasing curves starting from every
meal or dose of the 3 days before, and increasing
curves starting from meals or doses of the actual
day, considering the specific transit time of the
marker. Numerous additional factors, such as diet
composition (Van Weyenberg et al. 2006), variable
profiles of alkanes in feedstuffs (Dove et al. 1996), ex-
ercise (Pagan et al. 1998), short-term stress and indi-
vidual gut peristalsis may also alter marker passage
and contribute to individual characteristics of alkane
concentration patterns in faeces.

It was hypothesized that (i) during specific time-
frames within the day, dry matter (DM) and alkane
concentrations of spot samples of faeces accurately
reflect their average; (ii) this context can be used to

compensate incomplete alkane faecal recovery
(AFR); and (iii) this context can be used to estimate
DM intake (DMI) and apparent digestibility (DMD)
without correction for unbalanced AFR.

The aim of the current study was to test the above-
mentioned hypotheses in horses with typical mealtime
feeding of a hay-based diet.

MATERIALS AND METHODS
Animals and diets

Five Saxonian Warmblood horses (three mares and
two geldings), with an average body weight of 555 +
60-8 kg, were used in the current study. The horses’
ages ranged from 13 to 17 years.

The horses received meadow hay (12-0 kg/day) and
crushed oats-barley mix (1:1) dependent upon indi-
vidual rates of exercise (0-9 + 0-38 kg/day). The chem-
ical composition of offered feedstuffs is provided in
Table 1. The nutritive value of the diets was assessed
on the basis of metabolizable energy (ME) according
to Kienzle & Zeyner (2010), as well as of pre-caecal di-
gestible crude protein (pcdCP) and pre-caecal digest-
ible amino acids (pcdAA) lysine (pcdLYS),
methionine + cysteine (pcdMET + CYS) and threonine
(pcdTHR) according to Zeyner et al. (2015). Feeding
levels, expressed as a manifold of maintenance,
were 1-32 + 0-045 (ME), 1-:30 £ 0-079 (pcdCP), 1-07
0-063 (pcdLYS), 1-29+0-073 (pcdMET + CYS) and
0-86 + 0-052 (pcdTHR) following official recommenda-
tions of GfE (2014). The horses had free access to tap
water. Meals were offered three times a day (at 07.00,
15.00 and 21.30 h) in equal amounts and were con-
sumed entirely.

The concentration of plant alkanes in diet compo-
nents and quantities of synthetic alkanes in boluses
are shown in Table 2.

Bolus preparation

Throughout the experimental period, horses were offered
a bolus containing similar amounts of n-octacosane
(C28), n-dotriacontane (C32) and n-hexatriacontane
(C36) by hand twice a day (07.00 and 21.30 h).
Dosages were as described in Smith et al. (2007).
For the preparation of boluses, crystalline alkanes
(Sigma Aldrich Chemie GmbH, Steinheim, Germany)
were weighed into gelatine capsules separately,
then embedded into a pastry made of oat flakes,
wheat flour, sugar beet syrup (mixed by weight:
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Fig. 1. Hypothetical explanation of marker concentration
dynamics in faeces after repeated administration by feed
(3 times a day) or bolus (2 times a day). Each curve follows
a mealtime or bolus administration in consideration of the
marker’s transit time; however, dashed curves do not
appear for bolus administration. The baselines A and B
indicate the basic concentration of feed markers (A) or
bolus markers (B). The horizontal lines for average (Avg.) A
and B indicate the average concentration of A or B after
repeated administration.

1:0-6:1) and water, and were subsequently baked
for 20 min at 180 °C. All horses consumed the
boluses completely.

Animal management and experimental design

Horses from the Reitgestiit Knauthain GmbH, Leipzig
(Saxony, Germany) were used in the current experi-
ment and were kept and cared for in accordance
with the Federation of Animal Science Societies’
Animal Care Guidelines (FASS 2010). During the ex-
periment in October and November 2012, horses
were housed in single boxes fitted with rubber mats.
To ensure a hygienic setting, excreted urine was
removed immediately. The horses had free exercise
in a ‘paddock’ with a concrete floor, or by being
ridden, for approximately 1 h/day.

The animals were adapted to test conditions 5 days
prior to quantitative collection of faeces. Samples of
feedstuffs were obtained once a day and combined
to bulk samples specific for diet components. Over 3
days, every defecation was collected, a sample
taken and stored at —20 °C. Additionally, aliquot
sub-samples (0-05) were combined to bulk samples
for individual horses.

Alkane analysis

Lyophilized samples of feedstuffs and faeces were
ground to pass through a 0-5 mm sieve in a standard

Faecal alkane concentration dynamics 1293

Table 1. Analysed chemical composition of feedstuffs
offered during the experiment

Hay  Concentrate

Dry matter 932 908
Organic matter* 925 976
Crude protein (CP) 73 111
Pre-caecal digestible CP*+ 36 60

Lysine (LYS) 2-4 4.4
Pre-caecal digestible LYS*+ 1-2 2:4

Methionine + cysteine (MET + CYS) 19 5-2
Pre-caecal digestible MET + CYS*t  0-9 2-8

Threonine (THR) 2:5 4-0
Pre-caecal digestible THR*+ 1-2 21
Acid ether extract 10 31
Nitrogen-free extract* 482 733
Crude fibre 360 100
Neutral detergent fibre 664 397
Acid detergent fibre 419 135
Acid detergent lignin 69 30
Cellulose* 350 105
Hemicellulose* 245 263
Gross energy 175 183
Metabolizable energy*+ 61 12-6

Nutrient values are given in g/kg dry matter (DM), energy
contents in Mj/kg DM.

* Calculated on the basis of analysed nutrient or energy
contents.

t Calculations refer to: Zeyner et al. (2015).

¥ Calculations refer to: Kienzle & Zeyner (2010).

laboratory sample mill. To reduce alkane loss during
sample preparation, sub-samples of boluses (n=10)
had been pre-milled with water-cooling, then parted
and milled with the aid of liquid nitrogen at a
constant — 196 °C using a Retsch® CryoMill (Retsch®
GmbH, Haan, Germany; settings: 25 ml cup, one
14 mm steel ball, 2 min for each iteration). All
samples were dried to constant weight to determine
total DM content. Alkane extraction and gas-
chromatographic analysis (GCA) were conducted as
described in Elwert et al. (2004). Briefly, samples of
feedstuffs, boluses and faeces underwent saponifica-
tion in ethanolic potassium hydroxide (4 h at 90 °C),
hot extraction of lipophilic compounds (at 75 °C),
and purification through silica-gel columns. The
GCA was performed using a Shimadzu GC-2010
FID unit (Shimadzu Corp., Kyoto, Japan) with on-
column injection onto an Rtx®-1 w/Integra-Guard™
column (Restek Corp., Bellefonte, PA, USA). Alkane
concentrations were calculated from peak area
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Table 2. Analysed concentration of plant alkanes in
diet components, and quantities of synthetic alkanes
in boluses

Hay Concentrate Bolus
n-heptacosane 13 4 n.d.
n-nonacosane 54 7 n.d.
n-hentriacontane 92 12 n.d.
n-tritriacontane 21 n.d. n.d.
n-octacosane n.d. n.d. 134
n-dotriacontane n.d. n.d. 143
n-hexatriacontane n.d. n.d. 155

n.d., not detectable.
Alkane concentrations are given in mg/kg dry matter (DM),
alkane quantities in boluses in mg (in DM).

ratios of target alkanes and internal standards n-
docosane and n-tetratriacontane, which had been
added to each sample tube before chemical preparation.
The retention times of alkane peaks, as well as any
device-specific discrimination, were determined
using a standard solution of homologous alkanes
between n-docosane and n-octatriacontane. The
peak areas had additionally been corrected for any dis-
crimination of higher-molecular alkanes that might
have occurred during solvent extraction (Olivan &
Osoro 1999).

Additional chemical analyses

The gross energy content of feedstuffs and faeces bulk
samples was obtained by bomb calorimetry (C7000
Oxygen Bomb Calorimeter, IKA® Werke, Staufen,
Germany). Dry matter, ash, crude protein (CP), acid
ether extract, crude fibre, neutral detergent fibre,
acid detergent fibre and acid detergent lignin were
determined according to official methods (VDLUFA
2012, methods no. 3-1, 4-1-1, 5-1-1 B, 6-1-1, 6:5-1,
6-5-2, 6:5-3 and 8-1). Amino acids were analysed
using ion exchange chromatography (Biochrom 30,
Biochrom Ltd., Cambridge, UK) according to the
protocol of VDLUFA (2012, method no. 4-11-1).
Contents of organic matter (OM), cellulose, hemicel-
lulose and nitrogen-free extract were calculated
upon that basis. Neutral detergent insoluble CP was
determined according to Licitra et al. (1996), the
Cornell Net Carbohydrate Protein Model, and used
to calculate quantities of pcdCP and pcdAA according
to Zeyner et al. (2015).

Calculations

Each day of the collection period was divided into 12
equal timeframes beginning with the first meal, or
bolus administration, at 07.00 h. Feeding periods, or
administration periods, were defined as the period
between a meal or marker dose and the following
meal or dose, respectively.

Alkane faecal recovery was calculated according to
Eqn (1) and balanced over 3 days of sampling:

Z SFQ X F,“j

AFR;; =
" HxH;+CxC+D;

(1)

where SFQ is single faeces quantity, H and C are total
received quantities of hay and concentrate (kg DM),
Fi, H; and C; are concentrations of plant alkane i in
faeces, hay and concentrate (mg/kg DM), F; is the con-
centration of synthetic alkane j in faeces (mg/kg DM)
and D is the total quantity of j offered by boluses (kg).

Dry matter intake and faecal DM output (DMO)
were recorded during adaption and quantitative
collection, respectively. This was used to calculate
DMD and was again balanced over 3 days of
sampling.

Dry matter intake of diet (Eqn (2)) and hay (Eqn (3))
was estimated using the alkane-pair technique pro-
posed by Mayes et al. (1986). Twelve possible combi-
nations between plant alkanes n-heptacosane (C27),
n-nonacosane (C29), n-hentriacontane (C31) and n-
tritriacontane (C33), and synthetic alkanes (C28, C32
and C36) were tested. For estimation of hay DMI, con-
centrate DMI was assumed to be known.

D.
DMItke/d) = T 7R = hitoxcy 2

Hi

where F;, H;and C; are concentrations of plant alkane i
in faeces, hay and concentrate (mg/kg DM), h and ¢
are relative proportions of hay and concentrate in
the diet, /. is the known concentrate intake (kg DM/
day), F; is the concentration of synthetic alkane j in
faeces (mg/kg DM), and D; is the quantity of j offered
by boluses (mg/day).

Dry matter intake of the diet was also calculated
(Egn (4)) from separate estimates of DMD and DMO,
using the product of SFQ and the daily defecation fre-
quency (DDF) for the latter:

SFQ x DDF

DMI(kg/d) = T_DMD_ (4)



Additionally, DMO was estimated using the quotient
of dose rate (mg/day) and faecal concentration (mg/
kg DM) of synthetic alkanes.

Apparent digestibility of dietary DM, energy, OM
(OMD) and proximate nutrients was estimated
using individual plant alkanes as given in Eqns (5)
and (6), respectively. For the latter calculation, only
samples of timeframe one (07.00 to 08.59 h) were
used.

hxH;+cxC;

DMD = 1 — N (5)
hx H;+cxGC; F,
MD =1 —
© F, “hxH.+oxc, ©

where F;, H;and C; are concentrations of plant alkane i
in faeces, hay and concentrate (mg/kg DM), h and ¢
are relative proportions of hay and concentrate in
the diet, and F,, H, and C, are concentrations of
energy, OM or nutrients in faeces, hay and concen-
trate (mg/kg DM).

Statistical analyses

Statistical analyses were performed with SAS 9-4 ana-
lytical software (SAS Institute Inc., Cary, NC, USA)
using the MIXED procedure. Least squares means
(LSM) of SFQ, daily faeces quantity (DFQ) and DDF
were established regarding differences between
animals, days and feeding periods within the days
(Model 1). Subsequently, LSM of SFQ and zootechni-
cal variables DMI, DMO and DMD were estimated for
defined timeframes (Model 2), and the latter were
compared with corresponding measured counterparts.
In Model 2, the effect of timeframe was substituted
by a fixed marker effect in the case of estimates of
OMD, energy and nutrient digestibility because it
was estimated only for one selected timeframe.
Differences with P<0:05 were considered to be
significant.

For statistical analysis, the following models were
used:

Yik = p+ai + B, + y + ax covariablej + €
(Model 1)

where yj; are measurements of SFQ, DFQ and DDF as
a function of factors i, j and k; u is the general mean; ¢;
is the fixed effect of animal i (i=1,..., 5); §; is the fixed
effect of day j (j=1, 2, 3); ¥« is the fixed effect of
feeding period k (k=A, B, C for plant alkanes: A:
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07.00-14.59 h, B: 15.00-20.59h and C: 21.00-
06.59 h, and k=A, B for synthetic alkanes: A:
07.00-20.59 h and B: 21.00-06.59 h); covariable;;
is the linear effect of either DDF (for SFQ and DFQ
analysis) or SFQ (for DDF analysis) with regression co-
efficient a; ej is the random residual effect.

Yijk :M+‘Xi+/3j+lxﬁ,‘/+§k+gijk (MOde/ 2)

where y;; are measurements of SFQ or estimates of
zootechnical variables as a function of factors i, j
and k; p is the general mean; ¢; is the fixed effect of
day i (i=1, 2, 3); B is the fixed effect of timeframe or
marker j (j=1,..., 13: 1: 07.00-08.59 h, 2: 09.00-
10.59 h, 3: 11.00-12.59h, 4: 13.00-14.59 h, 5:
15.00-16.59 h, 6: 17.00-18.59 h, 7: 19.00-20.59 h,
8: 21.00-22.59h, 9: 23.00-00.59 h, 10: 01.00-
02.59 h, 11: 03.00-04.59 h, 12: 05.00-06.59 h, 13
denotes the measured values for DMI, DMO and
DMD, respectively, or j=1,..., 5: 1-4: plant alkanes,
5 denotes the measured values for OMD, energy
and nutrient digestibility, respectively); af; is the inter-
action between o; and f;; a is the random effect of
animal k (k=1,..., 5) with consideration of repeated
records; ej is the random residual effect.

RESULTS

Patterns of faecal quantity and faecal alkane
concentrations

In the current study, 5-9+0-44 kg DM faeces was
defecated daily, ranging from 5-0 to 6:6 kg DM. The
SFQ was 0-39 £ 0-120 kg DM, and ranged from 0-08
to 0-80 kg DM. The SFQ and DFQ did not differ sig-
nificantly between days or horses. The former was
similar in feeding periods A and B, but differed in com-
parison with period C (P<0-01), as mealtimes were
distributed unevenly throughout the days. The DDF
was 16 +3-3 times on average, in a range between
11 and 22 times. It differed between days (P=0-016)
and horses (P=0-058) by tendency, and significantly
between feeding periods (P<0-001). The SFQ and
the DDF were negatively correlated, as shown in
Fig. 2, and had therefore been used to calculate DMO.
Alkane faecal recovery was 82 +4-1 (C36), 91+
10-5 (C27), 98 £10-1 (C33), 99+6-3 (C32), 101 +
9-8 (C29), 105+ 8-8 (C31) and 108 £ 11-1% (C28).
Throughout the day, specific patterns of SFQ (Fig. 3
(a)) and faecal concentrations of plant (Fig. 4(a)) and
synthetic alkanes (Fig. 5(a)) were observed. These
patterns repeated from day to day, which is shown



1296 M. Bachmann et al.

0-60
055 4 o SFQ=-00267 x DDF + 0-8101

o r=-—095
0-50 ~ P <0-0001
0-45 -
0-40 -

0-35 A

Daily mean SFQ [kg DM]

0-30 -
0-25 4

0'20 T T T T T T
10 12 14 16 18 20 22 24

Daily defecation frequency

Fig. 2. Relationship between daily mean single faeces

quantity (SFQ) and the individual daily defecation
frequency.
(a)
0:65.:1 Days:
060 1 91 02 03
055 - 5
050 4 °
S 045 A i e o e o
=
0049 . o O : . °© ° 8 3
5 035 s 8 o =
% 030 4 ©
0:25 JL Y | T ]\ r ]
o0 {x A v B ¥ c
015 e g ——
1 2 3 4 5 6 7 8 9 10 11 12
Timeframe
(17’)30
: Quotient of days:
251 e1:201:302:3
$ 20 -
L]
§ 15
[e]
= 10 A o}
1099 9:89000955
3 05 4
£
o 00 A
ﬁ 1 y J L T J T J
05 1 A v B ¥ c
10 .

1 2 3 4 5 6 7 8 9 10 11 12
Timeframe

Fig. 3. (a) Intra-day and (b) inter-day variation of least
squares means of single faeces quantity (SFQ): A, B and C
denote feeding periods following meals. Arrows indicate
the time of meal presentation.

in Figs 3(b), 4(b) and 5(b) by inter-day quotients that in
most timeframes did not differ markedly from one (one
indicates no difference). For illustration purposes,
patterns of C29 and C32 concentrations in faeces
are shown as examples. Least squares means of SFQ
showed pronounced dynamics within and lesser
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decreasing quantities up to approximately 3—4 h after
mealtime, and subsequently increasing quantities
until the next mealtime. This pattern was similar
between feeding periods A and B, but much less pro-
nounced during evening and night hours (period C).

Average rates of C27, C29, C31 and C33 concentra-
tions in faeces were 25+3-9, 115+ 14-7, 204 + 385
and 45 + 8-5 mg/kg DM, respectively. The faecal con-
centration of plant alkanes consistently showed little
diurnal variability. However, differences were distinct
between days, with the lowest concentrations general-
ly on day one (Fig. 4(b)).

In contrast, clear intra-day dynamics of the faecal
concentration of synthetic alkanes were detected.
The average faecal concentration was 49 +13-2
(C28), 48+12-9 (C32) and 43+12-7 mg/kg DM
(C36). It was reached approximately at the beginning
of day three of treatment after the 5th repeated dose.
Within a day, concentrations in faeces initially
decreased after the 1st dose in the morning, with
minimal concentration in timeframe three, and then
increased gradually beginning in timeframe four. In
the evening hours, between timeframes six to eight,
concentrations remained unaltered. After the 2nd
dose, concentrations increased again, and reached a
maxima in the night always approximately 7-8 h
later (timeframe 11). Generally, faecal concentrations
of synthetic alkanes differed notably between con-
secutive days only during timeframes one to three,
whereby highest concentrations were found on day
one (Fig. 5(b)).

Dry matter intake

To estimate daily DMI, all possible combinations
between plant C27, C29, C31 and C33, and synthetic
C28, C32 and C36 alkanes were tested. It became
clear that most estimates obtained using pairings to
C36 (except C27:C36) differed significantly in com-
parison with the measured DMI (P <0-05). Only in
timeframes 10 and 11, approximately 5-8 h after the
second dose of C36, did estimates not differ signifi-
cantly. Least squares means of estimates from selected
alkane pairs are shown in Table 3. Estimates were
mostly unbiased in timeframes one, five to nine, 10
and 12, regardless of what alkane combination was
used. During 3-8h after the morning meal
(timeframes 2—4), measured DMI was over-estimated
(P<0-001), but under-estimated numerically
between 5 and 6 h (timeframe 10), and significantly
between 7 and 8 h after the 3rd meal (P<0-05,
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timeframe 11). The most accurate estimates of DMI
were obtained using C29:C28 and C33:C28 pairs in
timeframe one, and C31:C32 in timeframe 12.

Selected LSM of alternatively calculated DMI (Egn
(4)) are given in Table 3. Measured DMI was underes-
timated when faeces samples were taken between 3
and 4 h after the morning meal (timeframe 2), and
over-estimated during any other time of the day. The
most accurate estimates were made with C29 and
C33 as digestibility markers between 5 and 6 h after
the morning meal (timeframe 3).

It was evident that the estimation of daily DMI was
similar between day two and three of quantitative col-
lection, but differed markedly from day one
(Supplementary Fig. S1, available from http:/jour-
nals.cambridge.org/AGS).

Faecal dry matter output

Using synthetic alkanes, measured and estimated
DMO differed particularly during timeframes one to
four, and 10-12, respectively, while reliable estimates
were obtained from faeces samples taken between
timeframes five and nine, approximately 6 h before
to 4h after the 2nd dose of synthetic alkanes
(Table 4). Estimates based upon C36 mostly exceeded
their measured counterpart, particularly between the
timeframes one and five (P <0-01).

Calculation of DMO upon the basis of SFQ x DDF
was unbiased during timeframes six to seven, nine
and 11 (Table 4). Despite deviations up to 1-1 kg/
day (P < 0-05), these estimates were generally more re-
liable and consistent in comparison with those
obtained using synthetic alkanes.

Estimates of DMO were inconsistent across
the days, which was less obvious in the 2nd approach
and was limited to individual timeframes (timeframes
1, 4,5, 11 and 12, Supplementary Fig. S2, available
from  http:/journals.cambridge.org/AGS).  Again,
marker-based estimates of DMO differed distinctly
between day one and the other 2 days of quantitative
collection.

Apparent digestibility of dry matter, organic matter,
energy and nutrients

Least squares means of estimates of DMD are shown
in Table 5. Estimates made using C27 were the
lowest. Thus, measured DMD was under-estimated
in timeframes one and two, while estimates were
largely unbiased throughout the remainder of the
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Table 3. Least squares means (LSM) of estimates of daily dry matter (DM) intake (DM, kg/day) of diet and hay in
a sequence of equal timeframes throughout the day (1,..., 12) using selected pairs of plant and synthetic alkanes
or separate estimates of DM output and digestibility, compared with LSM of measured DMI of the diet (12-0 kg/
day) and hay (11-2 kg/day)

Alkane pair technique Alternative method
Timeframe C29:C28 C31:C32 C33:C28 C33:C32 C29 C33
1 (07.00-08.59 h) 12-3/11-4 14-7/13-6 12-1/11-3 13-8/12-8 131 13-2
2 (09.00-10.59 h) 16-2/15-1 19-:3/18-0 16-4/15-2 18:5/17-2 109 109
3 (11.00-12.59 h) 19-1/17-8 22-2/20-8 19-4/18-0 21-6/20-1 12:2 12-4
4 (13.00-14.59 h) 16:7/15-6 19-3/18:0 16:9/15-7 18:4/17-1 145 14-7
5 (15.00-16.59 h) 14-1/13-2 15-8/14-7 14-3/13-3 15-1/14-0 15-6 159
6 (17.00-18.59 h) 12-5/11-6 14-2/13-3 12:5/11-7 13-5/12-6 129 12-8
7 (19.00-20.59 h) 12-2/11-4 14-2/13-2 12-4/11-5 13-5/12:6 13-2 13-2
8 (21.00-22.59 h) 12-6/11-7 14-4/13-5 12:9/12-0 13-9/12-9 15-3 15-4
9 (23.00-00.59 h) 12-0/11-1 13-7/12-7 12:3/11-4 13:2/12-2 14-1 14-3
10 (01.00-02.59 h) 10-6/9-8 11-5/10-7 10-7/10-0 11-0/10-3 153 155
11 (03.00-04.59 h) 9-4/8-7 10-9/10-2 9-4/8-8 10-4/9-7 145 14-4
12 (05.00-06.59 h) 10-8/10-1 12-1/11-2 11-2/10-4 11-8/11-0 13-6 14-1
Range of s.E. 0-74-0-79 0-94-0-99 0-96-1-01 0-94-0-97 0-85-0-91 0-97-1-03
Range of D.F. 37-:3-46-5 36-4-43-7 19-0-22-4 30-2-34-3 44-6-55-1 38-2-47-2

C27, n-heptacosane; C28, n-octacosane; C29, n-nonacosane; C31, n-hentriacontane; C32, n-dotriacontane; C33, n-tritriacontane;
D.F., degree of freedom; s.t., standard error.

Significant differences of LSM between estimated and measured DMI are highlighted, where light grey means P < 0-05, grey
means P<0-01 and dark grey means P <0-001. Estimates for diet DMI are given before the solidus, estimates for hay DMI
thereafter.

Table 4. Least squares means (LSM) of estimates of daily faecal dry matter output (DMO, kg/day) in a sequence
of equal timeframes throughout a day (1,..., 12) using synthetic alkanes or the product of single faeces quantity
(SFQ) and daily defecation frequency (DDF), compared with LSM of measured DMO (5-9 kg/day)

Timeframe C28 C32 C36 SFQ x DDF
1 (07.00-08.59 h) 61 6-8 7-8 6-4

2 (09.00-10.59 h) 7-6 8:6 10-2 5:2

3 (11.00-12.59 h) 8-4 9-4 11-6 5-5

4 (13.00-14.59 h) 74 81 10-0 6-5

5 (15.00-16.59 h) 6-3 6-6 8-4 7-0

6 (17.00-18.59 h) 56 61 7-1 57

7 (19.00-20.59 h) 5-2 57 6-8 5:6

8 (21.00-22.59 h) 53 5-8 7-0 6-5

9 (23.00-00.59 h) 5-3 56 7-0 61

10 (01.00-02.59 h) 4-7 4-8 5.7 6-7

11 (03.00-04.59 h) 39 4-4 541 6-2

12 (05.00-06.59 h) 5-1 5-4 6-8 6-3

Range of s.E. 0-41-0-43 0-43-0-44 0-60-0-62 0-34-0-37
Range of D.F. 15-9-19-1 33-1-37-2 32-8-38-0 44-2-56-0

C28, n-octacosane; C32, n-dotriacontane; C36, n-hexatriacontane; p.F., degree of freedom; s.t., standard error.
Significant differences of LSM between estimated and measured DMO are highlighted, where light grey means P < 0-05, grey
means P<0-01 and dark grey means P < 0-001.
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Table 5. Least squares means (LSM) of estimates of apparent dry matter (DM) digestibility coefficients (DMD) of
the diet in a sequence of equal timeframes throughout a day (1,..., 12) obtained by means of plant alkanes,
compared with LSM of DMD (0-51) calculated from measured DM intake and output

Timeframe c27 C29 C31 C33

1 (07.00-08.59 h) 0-43 0-49 0-50 0-47

2 (09.00-10.59 h) 0-48 0-52 0-52 0-51

3 (11.00-12.59 h) 0-51 0-54 0-54 0-54

4 (13.00-14.59 h) 0-50 0-55 0-55 0-54

5 (15.00-16.59 h) 0-50 0-55 0-56 0-54

6 (17.00-18.59 h) 0-49 0-55 0-56 0-54

7 (19.00-20.59 h) 0-53 0-58 0-59 0-57

8 (21.00-22.59 h) 0-53 0-58 0-60 0-58

9 (23.00-00.59 h) 0-52 0-56 0-58 0-57

10 (01.00-02.59 h) 0-51 0-56 0-58 0-55

11 (03.00-04.59 h) 0-54 0-58 0-59 0-57

12 (05.00-06.59 h) 0-49 0-53 0-55 0-54
Range of s.E. 0-026-0-027 0-014-0-015 0-012-0-013 0-021-0-022
Range of D.F. 7-9-8-6 14-9-17-4 22-3-28-3 13-:0-14-1

C27, n-heptacosane; C29, n-nonacosane; C31, n-hentriacontane; C33, n-tritriacontane; p.r., degree of freedom; s.t., standard
error.
Significant differences of LSM between estimated and measured DMD are highlighted, where light grey means P < 0-05, grey

means P <0-01 and dark grey means P <0-001.

day. Estimates based upon C29, C31 and C33 were
unbiased in timeframe two, approximately 3-4h
after the morning meal, and then consistently over-
estimated measured DMD.

At each timeframe, DMD estimates were widely
similar between days two and three of quantitative
collection, but again differed in comparison with
day one (Supplementary Fig. S3, available from
http:/journals.cambridge.org/AGS).

During timeframe one, OMD and digestibility of
dietary energy and proximate nutrients was generally
under-estimated. Particularly estimates of C27 and
C33 differed significantly from the measured counter-
parts (P<0-05). Most accurate estimates were
obtained using C31 despite numerical differences of
up to 6:5% (Table 6).

DISCUSSION

The present study was conducted under practical hus-
bandry and feeding conditions. Plant and synthetic
alkanes were used to estimate DMI, DMO and appar-
ent DMD simultaneously with one set of markers.
Even-chain alkanes are mostly unavailable in feed
plants (Dove et al. 1996). As synthetics, they are
easy to combine with plant alkanes, which is

advantageous because analytical efforts can be signifi-
cantly reduced (Dove & Mayes 2006).

The type of bolus used to administer synthetic
alkanes is accepted well by horses (Bachmann et al.
2016b). Dose rate and frequency were based upon a
validation study by Smith et al. (2007). On average,
C28 and C32 were 16 (11%) and 8 mg (5%) beneath,
and C36 5 mg (3%) above the target dose. The vari-
ation between bolus samples was high, with a coeffi-
cient of variation of 9-7 (C28), 9-8 (C32) and 9-9%
(C36), and it was probably high between boluses admi-
nistered to the horses as well. Variation of alkane doses
may have occurred during the filling of gelatine cap-
sules and subsequent baking because exposure to per-
sistently high temperature resulted in losses of up to 5-2
(C28), 22 (C32) and 0:7% (C36) of initial sample
weight (Bachmann et al. 2016a). The capsules offered
no protection because bovine gelatine itself melts at
58 °C (Zhang et al. 2006). The variation of alkane
quantities offered via boluses might have influenced
the calculation of AFR and estimation of DMO. Thus,
accidental over-dosing of a synthetic alkane have led
to an incorrectly depressed AFR (e.g. in C36), while
under-dosing may have led to an incorrectly increased
AFR (e.g. in C28). Even if estimation of DMI has been
affected similarly, this could be compensated by the se-
lection of suitable alkane pairs as discussed below.
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Table 6. Least squares means (LSM) of estimates of apparent digestibility coefficients of dietary energy and
proximate nutrients obtained by means of plant alkanes, compared with LSM of digestibility calculated from

measured energy and nutrient intake and output

Measured Cc27 C29 C31 C33
Organic matter 0-54 0-45 0-51 0-52 0-48
Crude protein 0-62 0-54 0-59 0-59 0-57
Acid ether extract 0-32 0-14 0-24 0-26 0-21
Crude fibre 0-43 0-30 0-38 0-39 0-34
Neutral detergent fibre 0-47 0-36 0-43 0-43 0-39
Acid detergent fibre 0-44 0-34 0-41 0-42 0-38
Cellulose 0-48 0-36 0-43 0-44 0-40
Hemicellulose 0-52 0-39 0-45 0-45 0-41
Nitrogen-free extract 0-62 0-55 0-60 0-60 0-57
Gross energy 0-50 0-41 0-48 0-48 0-45
Range of s.. 0-013-0-070 0-013-0-070 0-013-0-070 0-013-0-070 0-013-0-070
Range of D.F. 7:2-16-7 7:2-16-7 7:2-16-7 7:2-16-7 7:2-16-7

C27, n-heptacosane; C29, n-nonacosane; C31, n-hentriacontane; C33, n-tritriacontane; p.r., degree of freedom; s.t., standard

error.

Significant differences of LSM between estimated and measured digestibility coefficients are highlighted, where light grey
means P <0-05, grey means P<0-01 and dark grey means P <0-001.

Estimation of digestibility was unaffected because syn-
thetic alkanes had not been used.

The quantitative collection of faeces is necessary to
quantify faecal output and directly calculate digest-
ibility or recovery rates required for correction of
faecal alkane concentrations. During treatment, ap-
parently increasing stress was observed in at least
one examined horse through increased unrest result-
ing in more frequent defecation (up to 22 times a
day). The horses’ accustomed rate of exercise was
restricted. This might also have lowered water
intake, decelerated digesta passage, and biased calcu-
lation of digestibility (Pagan et al. 1998).

The adaption period was set to 5 days, allowing syn-
thetic alkanes to reach equilibrium in faeces following
Ferreira et al. (2007). Duration of quantitative collec-
tion was set to 3 consecutive days according to
Goachet et al. (2009), who did not note an altered di-
gestibility of DM, OM and fibres compared with a col-
lection period prolonged up to 5 days. In contrast,
Smith et al. (2007) found that the accuracy of intake
estimation increased progressively as the number of
sampling days was increased. Three days of faeces
collection were sufficient to show specific intra-day
and inter-day dynamics of SFQ and faecal alkane con-
centrations. However, the impact of prolonged collec-
tion on DMI, DMO and DMD estimation has not been
studied in the current trial.

Alkane faecal recovery decisively influences intake
and digestibility estimates. The present AFR were in
the range given by Sales (2012) for plant alkanes.
According to Sales (2012), AFR of alkanes was gener-
ally high but not consistently complete. Incomplete
AFR may be explained by the partial absorption of
alkane molecules in the small intestine (Kolattukudy
& Hankin 1966; Mayes et al. 1988) and probably
not by microbial fermentation (Keli et al. 2008), as di-
gestion does not occur over the time of passage. In
horses, AFR is highly variable, probably due to
animal individuality and diet composition effects
(Ferreira et al. 2009). Faecal recovery of plant
alkanes was not influenced by molecular chain
length, which confirms some previous studies
(Ordakowski et al. 2001; Peiretti et al. 2006) but con-
tradicts others (Gudmundsson & Thorhallsdottir 1998;
Ferreira et al. 2009). Faecal recovery of synthetic
alkanes seemed to decrease with increasing chain
length, congruent with results of Gudmundsson &
Thorhallsdottir (1998), who offered synthetic alkanes
mixed into feed pellets. However, this might be erro-
neous, and was probably a result of accidental over-
dosing (C36) and chain-length dependent losses of
parts of alkanes incurred during the production of
boluses (C28) or pellets under high processing tem-
perature. Because reliable literature data are rare or
do not exist, AFR is recommended to be determined



individually for each trial conducted (Ferreira et al.
2009) and specific for respective diets (Lin et al.
2007). Therefore, the current study tested whether un-
corrected faecal alkane concentrations also enable re-
liable estimates.

Specific intra-day and inter-day dynamics of SFQ
and faecal concentrations of plant and synthetic
alkanes in horses were shown, which to the authors’
knowledge has not thus far been given elsewhere.
Diurnal patterns were shown in horses for faecal con-
centrations of hydrochloric acid-insoluble ash (AIA)
and chromium (Cr) from Cr-mordanted hay by
Cuddeford & Hughes (1990), and for dosed chromic
oxide by Haenlein et al. (1966) and Takagi et al.
(2002), in ruminants for synthetic alkanes by
Girdldez et al. (2004) and Molina et al. (2004), and
for ratios between plant and synthetic alkanes by
Molina et al. (2004) and Olivan et al. (2007). Intra-
day dynamics of SFQ were more pronounced than
those of faecal concentrations of plant alkanes.
Patterns of DM concentration in faeces were quite
similar to those of plant alkane concentrations and,
in turn, those of absolute alkane and faeces quantity
were similar too. Thus, intra-day dynamics for SFQ
and plant alkane faecal concentrations following
three mealtimes daily are similar. In contrast, intra-
day dynamics were much more pronounced for con-
centrations of synthetic alkanes in faeces following
twice daily administration. This suggests that fre-
quency of mealtimes or bolus administration has a
primary influence on characteristics of intra-day pat-
terns, which confirms previous reports (Haenlein
et al. 1966; Smith et al. 2007). Diurnal patterns of
SFQ and faecal alkane concentrations were similar
between individual horses, and repeated from day to
day. Nevertheless, individual shifts that were either
quantitative or temporal have also been noticed.
Haenlein et al. (1966) mentioned that diet compos-
ition affects digesta passage, altering measurable pat-
terns. In ponies, Drogoul et al. (2001) reported
increasing mean retention time as the proportion of
concentrate in the diet increased. Because alkane
concentrations differed distinctly between hay and
concentrate in the current study, and individual pro-
portions of concentrate were fed, this might have con-
tributed to individual characteristics of those patterns.
However, this probably had little effect. It is expected
that the time taken by individual horses to consume a
single meal and bound plant alkanes both increase
with increasing proportions of roughage in the diet.
Mealtimes were generally much longer than the
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ingestion of boluses, which might have contributed
to less pronounced diurnal patterns of plant alkanes
in faeces. The method of application affects duration
of alkane exposition in the gut (Girdldez et al. 2004).
This, and particularly the association with the solid
or liquid phase of digesta, may influence gut passage
of synthetic alkanes and the resulting diurnal patterns.
Mayes et al. (1988) reported amounts of 30-40% of
synthetic alkanes found in the liquid phase. Gut
passage of liquid-phase markers is hastened compared
with that of markers fully bound to coarse plant parti-
cles (Udén et al. 1982). As mentioned above, restric-
tion of exercise might also have affected measured
intra-day and inter-day dynamics of SFQ and alkanes.

Estimation of DMI using the alkane-pair technique
(Mayes et al. 1986) was particularly affected by pro-
nounced intra-day dynamics of synthetic alkanes.
Faecal concentrations decreasing below the average
resulted in over-estimated DMO, and thus DMI.
Where faecal concentrations increased above the
average, DMO and DMI were generally under-esti-
mated. Despite being non-significant, specific differ-
ences between estimated and measured DMI could
differ by >2 kg/day, which would be unacceptable
in practical implementation. The most accurate esti-
mates of DMI were made using the C31:C32 alkane
pair within 2 h prior (timeframe 12), as well as using
C29:C28 and (C33:C28 pairs within 2 h after the
morning meal (timeframe 1), where the measured
counterpart was over-estimated by 0-8 (C31:C32),
2-5 (C29:C28) and 0-8% (C33:C28), respectively
(0-1-0-3 kg/day). The C31:C32 pair has also been
used in previous studies that estimated DMI within a
similar magnitude (Stevens et al. 2002; Ferreira et al.
2007; Smith et al. 2007). Estimates obtained using
C36 as output marker did not display measured DMI
accurately, which was probably linked to bolus prep-
aration as discussed above.

The accuracy of DMI calculated from previously
estimated DMO and DMD was affected by dynamics
of both SFQ and faecal concentrations of plant
alkanes, which led to an increasing bias. Even
though non-significant, measured DMI was partly
under- or over-estimated by >2 kg/day. Estimation of
DMI was suitable in timeframe three using C29
(+1-6% deviation) or C33 (+3:3% deviation) as a di-
gestibility marker. The C29 marker was also recom-
mended by Peiretti et al. (2006), who calculated
DMI from estimations of DMD and DMO measured
via total collection with a lowest bias of —3:5%
deviation.
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Measured DFQ was higher than that recorded pre-
viously in thoroughbreds or in quarter horse yearlings
(Ordakowski et al. 2001; Patterson et al. 2002; Takagi
etal. 2002). Presumably, this was due to comparative-
ly large proportions of roughage in the current diets
and perhaps also an effect of body weight, but less
so an effect of breed. The high range of defecation fre-
quency, up to 22 times daily, might be a result of
higher stress during treatment. However, this was
only obvious in one horse. Golonka (2009) reported
a mean frequency of six defecations throughout a
day in grazing Konik ponies. As far as the authors
know, directly comparable data are not available.

As mentioned above, declining faecal concentra-
tions of synthetic alkanes led to over-estimation of
measured DMO, while increasing concentrations
under-estimated it. In timeframes five to nine, a
period between 6 h before and 4 h after the 2nd
dose of synthetic alkanes, faecal concentrations
remained constant near the average. Differences
between measured and estimated DMO were admit-
tedly not significant but numerically within the
-13-5 and +10-6% deviation (x0-7 kg/day). The ac-
curacy of estimation was lower than some given in
the literature (Castelan-Ortega et al. 2007). Again, esti-
mates obtained using the C36 marker were more
biased and were only reliable with faeces sampled
during the night hours (timeframes 10 and 11) with
-3-5 t0 —=15-7% deviation (0-2-0-8 kg/day).

When DMO has been estimated by the product of
SFQ and DDF, these estimates were minimally vari-
able, as diurnal fluctuation of SFQ was also minimal.
Nevertheless, if SFQ decreases beneath its average,
this results in under-estimation, while an SFQ which
exceeds this average results in over-estimation of mea-
sured DMO. Reliability of DMO estimates was highest
when faecal samples were taken in timeframes six and
seven, between 3 and 6 h after the 2nd meal, as well as
nine and 11, between 3—4 and 7-8 h after the 3rd meal,
with =5-4 to +5-1% (+0-3 kg/day) deviation. This calcu-
lation requires known DDF. For this, video monitoring
may be a helpful tool. To the authors’ knowledge, this
approach has so far not been reported elsewhere.

Apparent digestibility of DM, OM, dietary energy
and proximate nutrients, based upon measured data,
were within the wide range of comparable data
given in the literature (Pagan et al. 1998; Takagi
et al. 2002; Zeyner & Kienzle 2002; Goachet et al.
2009; Jensen et al. 2010).

Although intra-day variation of plant alkanes’
faecal concentration was less pronounced, it was

evident that decreasing concentrations resulted in
the under-estimation of measured DMD, such as
during timeframe one using C29, C31 and C33; analo-
gously increasing concentrations resulted in over-esti-
mation (timeframes 2-12 using C29, C31 and C33).
Sampling of faeces in timeframe two, between 3 and
4 h after the morning meal, led to most accurate esti-
mates when C29 or C33 markers were used (+0-8 or
+0-2% deviation from measured DMD, respectively).
These alkanes can therefore be recommended as di-
gestibility markers, as noted previously by Peiretti
et al. (2006). The application of C29 and C33 for the
estimation of DMD led to estimates in a similar
range (Ordakowski et al. 2001) or a wider range of de-
viation (Peiretti et al. 2006; Ferreira et al. 2007) com-
pared with the current results. The C27 marker was
mostly suitable, but DMD estimation may be biased
by analytical errors that might occur due to low
dietary and faecal concentrations (Brosh et al. 2003).

The selection of morning spot sampling of faeces for
estimating OMD, energy and nutrient digestibility
using plant alkanes was based upon recommenda-
tions by Fuchs et al. (1987), who used 4 N AlA. In
the current study, the digestibility of dietary energy
and nutrients was under-estimated. After further ana-
lysis of alkane faecal concentration dynamics, it
seemed likely that accuracy of estimation would have
been increased with later sampling (timeframe 2).
This shows that selection of spot samples, or even a
small temporal shift in diurnal patterns of alkane
faecal concentrations, may noticeably affect the
resulting estimates.

CONCLUSIONS

Intra-day and inter-day dynamics of SFQ and of the
faecal concentrations of plant alkanes and synthetic
bolus alkanes were mainly influenced by the meal-
time or the administration interval. Knowledge of
these defecation dynamics allows the selection of
faecal spot samples where estimates of DMI, DMO
and DMD are mostly unbiased. Additionally, incom-
plete faecal recovery of the marker alkanes can be
compensated by sampling. In the current study, the
most accurate estimates of DMI were obtained from
2 h before (C31:C32) until 2 h after the morning
meal (C29:C28 and C33:C28), as well as between 5
and 6 h after the morning meal using SFQ x DDF
and C29 and C33 as digestibility markers. The estima-
tion of DMO using synthetic alkanes had a larger bias
than the estimation using SFQ x DDF, which was most



reliable based upon samples taken between 3 and 6 h
after the midday meal. For DMI estimation, the latter
approach provides the opportunity to omit the admin-
istration of synthetic alkanes in addition, but DDF has
to be known. Using C29 or C33, DMD was largely un-
biased during 3-4 h after the morning meal. In this
respect, taking two to three spot samples of faeces
evenly distributed between 2 h before and 6 h after
the 1st meal or bolus administration per day for at
least 3 consecutive days is recommended. Repeated
administration of synthetic alkanes twice a day did
not prevent fluctuation of faecal concentrations. It
may therefore be useful to increase or substitute the
administration of synthetic alkanes. It is suggested
that the diurnal fluctuation of SFQ and of faecal
alkane concentrations becomes lower when the
feeding interval decreases and may be absent with
ad libitum feeding. In this way, any sampling time
would be applicable, provided that the used
markers have high or complete faecal recovery.
Consequently, this approach needs to be validated
with a larger quantity of horses and different feeding
regimes.
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Article history: External markers are useful or required to estimate forage intake, digestibility, faecal output and passage
Received 4 September 2015 rate in horses. Oral administration is challenging because of horses’ high sensitivity and selection skills. A
Received in revised form suitable bolus matrix should ensure high and consistent acceptance. Boluses were investigated with and
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without labelling. Synthetic alkane wax, embedded in filter paper or contained in hypromellose capsules,
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was used as a test marker. Boluses were baked (100 °C, 30 min) or freeze-dried. The freeze-dried boluses
varied in size (1.5, 2, or 3 cm @) and drying time (6, 12, 24, or 48 h). In two tests (AT1 and AT2), ac-

Keywords: ceptance by the horses was assessed with scores between 1 (complete intake) and 4 (refusal). In AT1,
gxfemal rt“?‘rkers marginal rejection of the marker was recorded, whereas the following tests were performed with pla-
0lus matrix

cebos only. In two bending tests (BT1 and BT2), the force required to break the boluses (FL, flexural load)
Acceptance was determined because this may affect acceptance. Pre-selected variants were stored for 4 weeks in
Mastication closed boxes under controlled conditions (20 °C and light for 16 h/d, 16 °C and night for 8 h/d, and 65%
Storage stability relative humidity) and were subsequently analysed for residual moisture (RM) and spoilage-indicating
microbes. In baked boluses, the alkanes were partly found outside of the inner matrices. This was not
evident in the freeze-dried variants. Acceptance of the labelled boluses (scores < 1.7 4+ 0.18, AT1), baked
placebos (scores <2.2 +0.35, AT1) and the freeze-dried placebos (scores < 1.1 4+0.31, AT2) was con-
sistently high. This was explained by the BT, with a mean FL of 202 + 16.5 N for the baked (BT1) and up to
257 +22.5N for the freeze-dried placebos (BT2) being obtained, which was close to the masticatory
forces in horses. However, when the boluses distinctly exceeded a size of 3 cm @, this size probably led to
increased FL (BT1), thereby depressing the acceptance of the dried placebos (AT1). The results indicated
that the adaption to suitable boluses can lead to increased acceptance. Limiting the drying time to at
most 24 h seemed justified, especially for the smaller boluses. After 6 and 12 h, the RM was 7.5 4+ 0.52%
(1.5 cm @) and 5.7 + 0.52% (2 cm @), which make the risk of microbial spoilage appear low. Tested boluses
were unspoiled for up to 1 month after preparation. It was suggested that the variable sizes of the
boluses may enable the use of various marker dosages and, incidentally, also use in different target
animals. A freeze-dried matrix is likewise open to use with other thermolabile markers or substances.
We recommend the pre-administration of placebos prior to marker administration to ensure high ac-
ceptance of the labelled boluses.

Preparation

© 2016 Elsevier B.V. All rights reserved.

1. Introduction important information for the estimation of feed intake when
coupled with plant-inert markers (Mayes et al., 1986), feed and

External markers such as chromium oxide (Takagi et al,, 2002),  putrient digestibility (Takagi et al., 2002), faecal output (Girildez
lanthanides (Miyaji et al, 2014) or wax and synthetic alkanes et al., 2004) and digesta kinetics (Bulang et al., 2008). Markers that
(Elwert and Dove, 2006; Ferreira et al., 2007) can be used as in-  are incompletely bound to plant material have the disadvantage
dicators in nutrition studies with ruminant and monogastric li- that they do not completely label the solid phase of digesta (Bu-
vestock. If direct measurement is impossible, markers provide lang et al.,, 2008). This can predominantly affect estimates of pas-

sage parameters. This problem can be overcome by a single ad-
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simultaneously (Giraldez et al.,, 2004). However, plant marker
concentrations are commonly too low for a single administration.
So far, the application of boluses with unbound or mordanted
markers is therefore still the best method of choice.

Marker administration in horses is challenging because of
horses’ particularly high sensitivity and selection skills. Markers
offered via bread pieces (Kuntz et al., 2006), biscuits (Castelan-
Ortega et al., 2007; Smith et al., 2007), pellets (Stevens et al., 2002)
and capsules may easily be regurgitated, separated, or ingested
incompletely, which is likewise reported for markers mixed into
concentrated feed (Smith et al., 2007). Invasive methods, such as
controlled release devices (Dove et al., 1991) and compulsory
marker administration (Marais et al., 1996; Friend et al., 2004), are
either not useable in horses, undesirable, or unfeasible with free-
ranging animals.

We hypothesized that, for application in horses, a suitable bo-
lus matrix ensures broadly consistent and high acceptance for
ingestion and resists microbial spoilage over a sufficient period of
time.

The size of the boluses, preparation and dry matter (DM)
content may influence the required strain for mastication. This is
surmised to be one main factor affecting acceptance in horses. This
study was carried out stepwise to test acceptance of the different
types of boluses, which varied in size (1.5, 2 and 3 cm diameter, @)
and preparation (baking or freeze-drying). Both unlabelled boluses
(placebo, P) and those labelled with wax of mixed synthetic al-
kanes as the test markers (verum, V) were investigated in horses
in at least one of two acceptance tests (AT). In addition, unlabelled
bolus types were subjected to bending tests (BT) to obtain an in-
dication of the horses’ required masticatory strain. The most sui-
table variants were subsequently stored under standardized con-
ditions and tested with regard to resistance to microbial spoilage.

2. Materials and methods
2.1. Bolus preparation

The outer matrix shell of all types of boluses was made of oat
flakes (fine grade), sugar beet syrup and wheat flour of food
quality, mixed by weight at 1:0.8:0.6, and a small quantity of
water. The analysed chemical composition is given in Table 1. Test
markers were made of synthetic n-octacosane (C28), n-do-
triacontane (C32) and n-hexatriacontane (C36) alkanes (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany). The tertiary mix-
tures were melted at 80 °C, re-crystallized to wax at ambient
temperature and subsequently chopped by hand. Alkane wax
fragments were weighed either into smooth laboratory filter paper
(LFP, 1 piece per bolus, grade 388, 7 cm @, Munktell & Filtrak
GmbH, Bdrenstein, Germany) or hypromellose (HPMC) capsules (1
piece per bolus, size 000, Silvaco A/S, Dah Feng, Taiwan) as the
inner matrix shell using a dosage that was recommended for ad-
ministration in horses 2 times a day (in total: 450 mg per bolus;
150 mg of each alkane per bolus; Smith et al., 2007). The parts and
ingredients of the matrix did not contain measurable quantities of
target alkanes. The boluses were prepared by baking (30 min at
100 °C) or freeze-drying for a defined duration (specified below).
The following bolus types were formed: V1: V with filter paper,
3 cm @, baked; V2: V with filter paper, 3 cm @, freeze-dried (48 h);
V3: V with HPMC capsule, 3 cm @, baked; V4: V with HPMC cap-
sule, 3 cm 0@, freeze-dried (48 h); P1: P, 3 cm @, baked; and P2: P,
3 cm @, freeze-dried (48 h). In addition, the freeze-dried P boluses
were graded by size (1.5, 2 and 3 cm @) and drying time (6, 12, 24
and 48 h), which led to 12 possible combinations. After pre-se-
lection (explained below), the P boluses were graded as follows:
P3: 1.5 cm &, freeze-dried (24 h); P4: 2 cm @, freeze-dried (24 h);

Table 1
Analysed chemical composition of the outer matrix shell of boluses.

P1 P2
Dry matter (DM) [g/kg] 882 937
Crude ash [g/kg DM] 13 12
Crude protein [g/kg DM] 100 98
Acid ether extract [g/kg DM] 30 37
Acid detergent fibre [g/kg DM] 35 39
Starch [g/kg DM] 433 427
Sugar [g/kg DM] 248 233
Gross energy [M]/kg DM] 18.5 18.1

P1-bulk sample: 5 x 20%-aliquots, P2-bulk sample: 5 x 20%-aliquots.
P1, placebo, baked (30 min, 100 °C), 3 cm @; P2, placebo, freeze-dried (48 h), 3 cm @.

and P5: 3 cm @, freeze-dried (24 h).

2.2. Chemical analyses

The freeze-dried boluses were pre-chopped by hand. Before
analysis, the baked boluses were freeze-dried (48 h) to achieve a
pulverisable condition. The inner shell of the matrix in the V-type
boluses, which included an alkane dosage, was separated manu-
ally from the outer one. The outer shell of the matrix was pre-
milled with water-cooling, separated into parts and milled under
liquid nitrogen at a constant —196 °C using a Retsch® CryoMill
(Retsch® GmbH, Haan, Germany; settings: 25 ml cup, 14 mm steel
ball, and 5 min per iteration). This allowed sufficient homo-
genization of the remaining alkanes and the matrix but avoided
the high processing temperature, which is known to affect alkane
recovery in sample material. Dried P samples and matrix pastry
ingredients were ground to pass through a 0.5 mm sieve in a
standard laboratory sample mill.

Dry matter determination and crude nutrient analyses of the
outer matrix shell were performed according to official methods
(VDLUFA, 2012, method no. 3.1: DM, 4.1.1: crude protein, 5.1.1 B:
acid ether extract, 6.5.2: acid detergent fibre, 7.1.2: sugar and 8.1:
crude ash) using a FOSS 2300 Kjeltec™ Analyser Unit for nitrogen
determination and a FOSS Tecator™ Soxtec™ 1047 Hydrolysing
Unit and a Soxtec™ HT 1043 Extraction Unit for acid ether extract
analysis (FOSS GmbH, Rellingen, Germany). The gross energy was
ascertained by bomb calorimetry using a C7000 Oxygen Bomb
Calorimeter (IKA® Werke, Staufen, Germany). Starch was de-
termined enzymatically referring to the amyloglucosidase method
(VDLUFA, 2012, method no. 7.2.5).

Alkane extraction from the matrices of the V samples and gas
chromatographic analysis were performed according to Elwert
et al. (2004). A Shimadzu GC-2010 FID unit (Shimadzu Corpora-
tion, Kyoto, Japan) with an on-column injection and an Rtx™-1 w/
Integra-Guard™-column (Restek Corporation, Bellefonte, PA, USA)
were used.

2.3. Testing procedures

The tests were carried out in the order AT1, BT1, BT2, AT2 and
storage test (ST). In the AT1, the P (P1 and P2) and V-type boluses
(V1, V2 and V4) were tested simultaneously. The V3-type boluses
had already been excluded during the preparation process because
baking led to visible losses of the marker alkanes at the bolus
surface. Rejection of the marker dosage itself has rarely been re-
corded in AT1. Therefore, acceptance was assumed to be mainly
influenced by properties of the bolus matrix. Consequently, only P
variants were subjected to the following tests. Bending test 1 was
performed to obtain an explanation for the poor acceptance of P2
compared with P1 in AT1. Upon the basis of the results of AT1 and
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BT1, the P1 was assessed to be suitable for application but limited
to thermostable markers only. Thus, for further examination, the
freeze-dried P type was graded by the size and drying time (spe-
cified above). Using these variants, BT2 was performed to estimate
the horses’ masticatory force need to crush the bolus in question.
In addition, the residual moisture (RM) content of the various
freeze-dried P types was determined. After analysis of alterations
of the flexural load (FL, explained below) and the RM content in
relation to the size gradation and drying time of the boluses, the
variants P3, P4 and P5 were pre-selected and then investigated for
acceptance (AT2) and storage stability (ST).

2.3.1. Acceptance tests

All horses that were used in this study were kept and cared for
in accordance with the Federation of Animal Science Societies’
Animal Care Guidelines (FASS, 2010).

Acceptance test 1 was carried out in July and August 2014 using
26 Warmblood horses, one Rhenish German Coldblood and one
Haflinger (12 stallions and 16 geldings), between 4 and 18 years of
age, with a mean bodyweight (BW) of 588 + 69.6 kg. The horses
were kept by the Brandenburg State Stud, Neustadt (Dosse), Ger-
many. The horses were housed in single boxes with daily access to
a sand paddock and/or controlled exercise. They received in-
dividually composed hay-based and mineral-supplemented diets
according to their performance levels and had free access to tap
water. Six mares (4 Trotter, 1 Trakehner and 1 Mecklenburger)
with a mean BW of 532 +40.1 kg and mean body condition score
(BCS) of 5.3 + 0.36 (in a range from 1 to 9 according to Kienzle and
Schramme, 2004) were involved in AT2, which was performed in
June 2015. The mares’ ages ranged from 7 to 14 years. The mares
were kept by the Research Centre for Agricultural and Nutritional
Sciences, Martin Luther University Halle-Wittenberg, in Merbitz,
Wettin/Lobejiin (Saxony-Anhalt, Germany). During the investiga-
tion period, they were maintained exclusively on pasture with free
access to tap water and did not receive any additional feed. All
horses were under regular veterinary supervision. Abnormalities
with respect to dental health have not been detected.

Acceptance test 1 was divided into (a) and (b) sub-tests to
eliminate a possible effect of pre-administration of the V boluses.
Using a cross-over design, the horses were randomly allocated to
six groups, with three individuals each in AT1 (a) and two groups
with five individuals each in AT1 (b). In AT2, the mares were al-
located randomly to the six different sequences of administration
periods. The experimental designs of these tests are given in Ta-
ble 2. Each administration period consisted of 5 days. In AT2, the
administration of P1 was used as the reference and shortened to
3 days each before and after the trial. To determine acceptance
after repeated administration, the type of bolus offered did not
change within but changed between the periods (Table 2). No
breaks occurred between the individual administration periods.
Every day, one bolus was offered to each horse by hand, and the
acceptance was assessed by the examiner using the scores (AS):
(1) for the complete intake of the bolus without visible crumb
losses of the outer and/or inner matrix shell or marker wax, (2) for
the occurrence of visible crumb losses of the outer matrix shell,
(3) for the occurrence of visible losses of the inner matrix shell or
marker wax and (4) for the refusal of the bolus in AT1, and ana-
logously, (1) for the complete intake of the bolus, (2) for the oc-
currence of crumb losses and (3) for the refusal of bolus in AT2.
The time of bolus administration varied from day to day. The bo-
luses were fed individually, independent from mealtimes and the
administration of other feedstuffs.

2.3.2. Bending tests
The various bolus matrices were subjected to BT to determine
the force specifically required for breaking (FL). Placebo variants

Table 2
Schedule of bolus acceptance tests.

Test Horses Sequence of bolus administration

AT1 (a) Group 1 (3 horses) V1-V2-V4-P1-P2
Group 2 (3 horses) V1-V4-V2-P1-P2
Group 3 (3 horses) V2 -V1-V4-P2-P1
Group 4 (3 horses) V2 -V4-V1-P2-P1
Group 5 (3 horses) V4 -V1-V2-P2-P1
Group 6 (3 horses) V4 -V2-V1-P1-P2

AT1 (b) Group 1 (5 horses) P1 - P2
Group 2 (5 horses) P2 - P1

AT2 Horse 1 P1-P3-P4-P5-P1
Horse 2 P1-P3-P5-P4-P1
Horse 3 P1-P4-P3-P5-P1
Horse 4 P1-P4-P5-P3-P1
Horse 5 P1-P5-P3-P4-P1
Horse 6 P1-P5-P4-P3-P1

Boluses were offered once a day to individual horses with repetition for 5 con-
secutive days in AT1 (a), AT1 (b), and for P3, P4 and P5 in AT2, and for 3 consecutive
days for P1 in AT2 (administration periods).

AT, acceptance test; P1, placebo, baked (30 min, 100 °C), 3 cm @; P2, placebo, freeze-
dried (48 h), 3 cm @; P3, placebo, freeze-dried (24 h), 1.5 cm @; P4, placebo, freeze-
dried (24 h), 2 cm @; P5, placebo, freeze-dried (24 h), 3 cm @; V1, verum with filter
paper, baked (30 min, 100 °C), 3 cm @; V2, verum with filter paper, freeze-dried
(48 h), 3 cm @; V4, verum with HPMC capsule, freeze-dried (48 h), 3 cm @.

P1 (n=20) and P2 (n=9) were tested in BT1, and all freeze-dried
variants (12 combinations) were tested in BT2 (n=5 per variant),
respectively. The samples were loaded up to breakage in a three-
point bending configuration (short-beam test) using a ZWICKI
(2.5 kN) material testing machine (Zwick GmbH & Co. KG, Ulm,
Germany). Settings were equal for both tests: 1N preload,
500 mm/min testing velocity, and 10 mm supporting width. Load
and deflection were recorded simultaneously so that stiffness and
strength could be evaluated.

2.3.3. Storage test

Samples (n=10) of each of the pre-selected freeze-dried bo-
luses (P3, P4 and P5) were stored for 4 weeks in a Percival climatic
chamber with an Intellus control system (type: AR-95HIL.X, CLF
Plant Climatics GmbH, Wertingen, Germany). Afterwards, sub-
samples (n=3) of each variant were taken randomly, and their
storage stabilities were assessed microbiologically via culture
methods according to VDLUFA (2012, method no. 28.1.1 to 28.1.4).
The climatic settings were as follows: alternation of day and night
with 16 and 8 h, respectively; temperatures of 20 °C (day) and
16 °C (night); light intensity of~630 pmol/m?/s; and relative hu-
midity of 65%. The climatic settings aimed to simulate an ap-
proximate regional yearly average. During storage, each sample
was placed in a closed transparent plastic box.

2.4. Statistical analysis

Statistical analysis was performed with the SAS 9.4 software
package (SAS Institute Inc., Cary, NC, USA).

The deviations of FL measured during BT1 were assessed with
an unpaired t-test using the Satterthwaite algorithm for inequality
of the sample variances.

The RM content of the variously prepared matrices and the FL
obtained from BT2 were analysed using the following model:

Yijk = 0+ ai+ fi + afyj + eijk

in which, yj; is the RM of the tested variants or the FL required for
breaking these; u is the general mean; «; is the fixed effect of the
bolus size i (i=1, 2, 3, where 1=1.5cm @, 2=2 cm @, 3=3 cm @);
P; is the fixed effect of the drying time j (j=1, ..., 4, where 1=6 h,
2=12h, 3=24h, 4=48 h); af; is the interaction between ¢; and
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B and ey is the random residual effect.
Records of acceptance were analysed according to Jones and
Kenward (2003) using the following model:

Vi = 1+ ai + f + v + avy + Brig + @+ eijis

in which, yjj is the AS (1, ..., 4 in AT1 and 1, ..., 3 in AT2, where
1=the bolus ingested completely, 2=the bolus ingested with
crumb losses, 3=the bolus ingested with marker losses and 4=the
bolus denied in AT1, and 1=the bolus ingested completely, 2=the
bolus ingested with crumb losses and 3=the bolus denied in AT2,
defined in more detail in Section 2.3.1.); u is the general mean; q;
is the fixed effect of administration period i (i=1, ..., 5 in AT1
(a) and AT2, and i=1, 2 in AT1 (b)); f; is the fixed effect of bolus
variant j (j=1, ..., 5 in AT1, where 1=P1, 2=P2, 3=V1, 4=V2 and
5=V4, and j=1, ..., 4 in AT2, where 1=P1, 2=P3, 3=P4 and
4=P5); yi is the fixed effect of day k (k=1, ..., 5 per administration
period, except P1 in AT2, where k=1, 2, 3); ayy is the interaction
between a; and y; Pyj« is the interaction between f; and yy; a, is
the random effect of animal I (I=1, ..., 18 in AT1 (a), 1, ..., 10 in AT1
(b)and 1, ..., 6 in AT2), with consideration to repeated records per
animal within an administration period; and e is the random
residual effect.

Using the two linear models explained above and the MIXED
procedure, the least squares means (LSM) were estimated for each
of the respective bolus types and compared with regard to the
parameters FL, RM and AS. The level of significance was P < 0.05.
The values given for alkane quantities, BW, BCS and FL (BT1) are
means + standard deviation; those for FL (BT2), RM and AS are
LSM + standard error.

3. Results and discussion
3.1. Bolus preparation

The LFP used as the inner shell of the bolus matrix is usually
not intended for consumption. Although it has been used in very
small quantities, an application of HPMC capsules is thought to be
safer (Burdock, 2007), which probably extends to its application in
horses. Hypromellose capsules are commonly used for carrying
drugs or additives for human consumption in the food industry
(Al-Tabakha, 2010).

The outer shell of the matrix was expected to be rapidly dis-
persed in the stomach, whereas the inner filter paper may partly
prolong marker exposure. However, this was neither investigated
in the current, or to our knowledge, previous experiments. The
HPMC capsules are known to be readily soluble when in contact
with human gastrointestinal fluid (Chiwele et al., 2000). We sur-
mised that this is similar in the equine gastrointestinal tract,
which would lead to rapid marker release. In vitro shell dissolution
of the empty HPMC capsules (size 0) with exposure to human
artificial gastric juice under a temperature similar to that mea-
sured in the gastrointestinal tract of horses (38 °C, Green et al,,
2005) was reported to be ~250 s (Chiwele et al., 2000).

Mean quantities of 23.9 + 11.9 mg €28, 19.9 + 10.9 mg C32 and
21.0+134mg C36 were found in the outer shell of VI;
0.4 + 0.4 mg C28, 0.4 + 0.5 mg C32 and 0.5 + 0.5 mg C36 in that of
V2; and 0.1 + 0.09 mg €28, 0.2 + 0.2 mg €32 and 0.3 + 0.1 mg C36
in that of V4-type boluses. These results suggest that the alkanes
had melted during baking, whereupon some alkanes soaked into
the outer matrix shell. Neither the LFP nor HPMC capsules were
able to delay molten alkanes completely. In practical application,
crumb losses are not always avoidable, so marker losses would
occur in V1-type boluses. The crossing of markers was very low in
freeze-dried variants V2 and V4, which suggests that these types

Table 3
Acceptance of boluses in horses.

AT1 (a) AT1 (b) AT2
Acceptance score
V1 154018
V2 1.7 £ 0.18
V4 1.6+0.18
P1 124015 22+0.35 1.0+ 0.00
P2 2.0+0.15 3.6+0.35
P3 11+0.31
P4 11+0.26
P5 1.0+ 0.00
Effects (P, F-test) \% P P P
Variant 0.153 <0.0001 <0.01 0.131
Period <0.05 0.503 0.885 0.246
Day <0.05 <0.001 0.337 0.642
Variant x day 0.769 <0.0001 0.121 0.428
Period x day <0.05 <0.0001 0.087 0.612

Acceptance scores: AT1: 1, bolus ingested completely; 2, bolus ingested with crumb
losses; 3, bolus ingested with marker losses; 4, bolus denied. AT2: 1, bolus ingested
completely; 2, bolus ingested with crumb losses; 3, bolus denied (AT2).

AT, acceptance test; P, placebo; P1, P, baked (30 min, 100 °C), 3 cm @; P2, P, freeze-
dried (48 h), 3 cm @; P3, P, freeze-dried (24 h), 1.5 cm @; P4, P, freeze-dried (24 h),
2 cm @; P5, P, freeze-dried (24 h), 3 cm @; V, verum; V1, V with filter paper, baked
(30 min, 100 °C), 3 cm @; V2, V with filter paper, freeze-dried (48 h), 3 cm @; V4, V
with HPMC capsule, freeze-dried (48 h), 3 cm @.

are more suitable for the administration of thermolabile markers
such as alkanes.

3.2. Acceptance tests

During the AT, all horses were healthy, and none showed be-
havioural syndromes. The AS are summarized in Table 3.

Acceptance test 1: In both parts of AT1, the acceptance of P1
was significantly better than that of P2 (P < 0.01). In AT1 (a), the
acceptance of P1 and P2 was similar in periods 4 and 5. This ac-
ceptance remained unaltered or became slightly better with pro-
gression through the periods. The acceptance was unaltered (P1)
or increased across the days (P2). In AT1 (b), the acceptance of P1
and P2 was unaffected by previous administration periods and was
worse than in (a). This acceptance remained unaltered or slightly
decreased within the administration periods. The acceptance was
unaltered across the days for P1 but tended to decrease for P2 due
to negative experience. The results probably indicated an adaption
effect in horses depending on previous experience. Similar results
had been reported by LaCasha et al. (1999) in Quarter Horse
yearlings, where a preference for or aversion to a previously fed
hay type affected subsequent selection. In AT1 (a), no significant
differences were noticed between the AS of V1, V2 and V4. The
marker dosage was rejected 3 times in V1- and 4 times in V4-type
boluses, which was in 1.3% of all total applications. The acceptance
of those boluses clearly increased in period 1 and towards period 2
(P<0.01) and slightly declined towards period 3, which again
indicated an adaption effect. In periods 2 and 3, the acceptance
remained unaltered. Across consecutive days, acceptance tended
to increase. Before marker administration, horses should be
adapted with P boluses for at least 3 days to avoid bolus rejection.
This may be especially important in passage rate studies using a
single application of marker.

Acceptance test 2: In general, the acceptance was high during
AT2 and did not differ between the tested P variants. Only one of
the horses ingested the boluses incompletely, regardless of the
type; none of the horses completely rejected the boluses.

Conclusively, the mastication of V types was expected to be
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Fig. 1. Bending test 1: Means of the flexural load that is required to break the baked
(P1, 3 cm @, n=20) and freeze-dried placebo type (P2, 3 cm @, 48 h drying, n=9):
different superscripts indicate a significant difference, ** P < 0.0001.

easier than of P types because the shell thickness was lower.
However, this has not been verified by BT.

3.3. Bending tests

Bending test 1: This test revealed that the mean FL required for
breaking P1 was 8 times less than for P2 (P < 0.0001, Fig. 1). The
measured FL was similar to the masticatory forces measured
(Staszyk et al., 2006) or calculated (Huthmann et al., 2009) in
horses. According to this, P1 must be chewed during the closing
stroke with 248 to 554 N on average (Huthmann et al., 2009). In
contrast, the P2 boluses caused a considerable drag when closing
the jaw and were at most chewed during the power stroke with
875 to 1956 N on average (Huthmann et al., 2009). The P2 boluses
partly exceeded the target size (3 cm @). Additionally, the P2 bo-
luses were approximately 9% higher in the DM than the P1 boluses
(P1: 854+ 10.9 g/kg, P2: 943 + 8.42 g/kg). This probably led to
increased masticatory strain and might be a reason for the lower
acceptance of P2 in AT1.

Bending test 2: Fig. 2 shows the alterations of the FL that were
required for breaking bolus matrices depending on their size and
their drying time. No significant differences were found between

350 ~ ok

Il

the drying times in either the boluses with 1.5 cm @ or those with
2 cm @. For boluses with a size of 3 cm @, the required FL increased
from 6 to 24 h (P <0.05) but was similar between 12 and 48 h
drying time. No significant differences were observed within 6 h of
drying, but some differences were observed in the subsequent
drying steps (P < 0.05). Generally, a gradation appeared depending
on the size of boluses. The required FL of all types tested in BT2 fell
within or beneath the magnitude of masticatory force given for
the closing stroke by Huthmann et al. (2009). Conclusively, BT2
gave no additional indication of an optimal choice of the drying
time specifically required for the freeze-dried boluses.

The alteration of RM as a function of drying time and the
specific sizes of the boluses are shown in Fig. 3. Boluses with
1.5 cm @ reached a consistent weight after 6 h of drying, so there
were no significant differences between the drying steps. The RM
of the boluses with 2 cm @ decreased significantly (P < 0.0001)
from 6 to 12 h of drying and then remained constant. The RM of
boluses with 3cm @ was not constant until 24 h of drying.
Therefore, significant differences existed between 6, 12 and 24 h
drying time (P < 0.0001). In most cases, the content of the RM of
the variously sized boluses differed significantly within the drying
steps (P < 0.05, Fig. 3) with the exception of those with 1.5 and
2 cm @ after 24 h of drying. The boluses with 3 cm @ lost most of
their moisture content between 12 and 24 h of drying. To reduce
time and energy costs, the drying time may be limited to a max-
imum of 24 h. With this drying time, the selected samples had a
mean RM content of 7.0+ 0.52% (P3), 6.2+0.52% (P4) and
3.2 4+ 0.52% (P5), which was generally less than that required to
promote spoilage (WeilBbach, 1993). The drying time of boluses
with 2 (P4) and 1.5 cm @ (P3) may even be reduced up to 12 and
6 h, respectively. At these drying durations, the RM was
5.7 + 0.52% (P4) and 7.5 + 0.52% (P3), which is also suggested to be
safe.

3.4. Storage test

After the selected P variants P3, P4 and P5 had been stored
under defined conditions (see Section 2.3.3.), the aerobic meso-
philic bacteria, mould and sooty-mould fungi, and yeast contents
were determined. Indicator organisms are defined in detail by
VDLUFA (2012, method no. 28.1.3). Yeasts, mould and sooty-mould
fungi and spoilage-indicating bacteria were not detectable. So
called Yellow germs of the genera Pantoea, Enterobacter, Steno-
trophomonas and others were ascertained with 0.01 x 10° colony
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Fig. 2. Bending test 2: Least squares means of the flexural load that is required to break the freeze-dried placebo type depending on the size and drying time (n=5 per
combination): different superscripts indicate significant difference within size classes, asterisks within the steps of drying time, ** P<0.05, * P < 0.0001, > P<0.001,

* P<0.05, ** P<0.01, ** P<0.001.
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Fig. 3. Least squares means of the residual moisture of the freeze-dried placebo type after preparation depending on the size and drying time (n=5 per combination):
different superscripts indicate significant difference within size classes, asterisks within the steps of drying time, > ¢ P < 0.0001, * P < 0.05, ** P < 0.01, ** P < 0.001.

forming units per g, a level below the accepted value that is given
for mixed feedstuffs in horses (0.5 x 10° colony forming units per
g, VDLUFA, 2012, method no. 28.1.4). Yellow germs are typically
found in feedstuffs and do not indicate spoilage. Conclusively, the
tested matrices were microbially unspoiled and could be used
safely for at least up to 1 month after preparation, provided the
boluses were stored in a closed box to prevent absorption of hu-
midity. The microbiological quality with regard to the freshness of
the boluses is probably influenced by the hygienic quality and the
DM content of the raw materials, which should therefore be used
only in guaranteed unspoiled and hygienically perfect condition.

4. Conclusions

In this study, a bolus matrix that is suitable for the adminis-
tration of dietary markers in horses has been introduced and was
tested in multiple variants. Synthetic alkane waxes were used as
test markers. Tests were performed in the order AT1, BT1, BT2, AT2
and ST.

Baking of the boluses (30 min at 100 °C) led to consistently
high acceptance by horses with LSM of AS less than 2.2 + 0.35 (in a
range from 1 to 4, AT1). However, baking seemed to be unsuitable
for the use of thermolabile marker types, such as alkanes, because
distinct quantities of alkanes entered the outer matrix shell during
baking. The acceptance of freeze-dried matrices was high with
labelling (AT1), and after taking into consideration the size (1.5,
2 and 3 cm @) and the drying time (6, 12, 24 and 48 h), also the
acceptance of the unlabelled boluses was high (AT2). At this, the
LSM of AS were less than 1.7 + 0.18. However, acceptance seemed
to be depressed in the freeze-dried boluses exceeding 3 cm @ in
size, which became evident in AT1 and BT1, where the LSM of AS
were up to 3.6 + 0.36 and FL was 8 times higher than that of baked
boluses. The markers showed almost no rejection by horses in AT1,
which is the reason further tests were performed with P only.
With defined sizes and drying time, the FL of the boluses was si-
milar to the usual masticatory force reported in horses (67 to
257 N, BT2). Boluses with 1.5, 2 and 3 cm @ may enable the use of
various marker dosages and thus also to be used in different target
animals. However, this has not been investigated in this study. To
reduce the preparation time and energy costs, the drying time may
be limited to 24 h or less, depending on the size of the boluses.
Boluses that had been freeze-dried for 24 h were tested for storage
stability, and nonspoilage from microbes for up to 1 month after
preparation was confirmed, provided that they were stored in
closed boxes (ST). For further application, freeze-drying of the

bolus matrix is preferable to baking and will offer the possibility to
use every type of marker or other substances, including thermo-
labile ones or ones with thermolabile coatings. An adaption effect
was observed, which led to increased or depressed acceptance
depending on the horses’ experience. We therefore recommend
the pre-administration of P boluses for at least 3 days prior to
marker administration to ensure a high acceptance of the labelled
boluses.
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ABSTRACT

Synthetic alkanes can be applied as external markers to estimate faecal output, digestibility and passage
kinetics and are furthermore easy to combine with plant alkanes for the estimation of feed intake.
Successful application requires an accurate and uniform labelling of boluses or feedstuffs, which is in turn
supported through simplified handling of the markers during preparation. In this study, it was tested
whether melting of synthetic alkanes to wax is able to enhance the accuracy and uniformity of sub-
sequent bolus labelling and further simplifies it. The preparation of alkane waxes was performed on
model scale using a portion in a ratio of approximately 1:300 to a dosage, which is recommended for
administration in large livestock 2 times a day. Additionally, the temperature sensitivity of a range of
synthetic alkanes was studied to clarify so far non-explained losses of alkanes, which were observed
frequently during the labelling of boluses and feedstuffs or the processing of samples for analysis. Using
n-octacosane (C28), n-dotriacontane (C32) and n-hexatriacontane (C36) synthetic alkanes, three single-
component waxes (of C28, C32 and C36, respectively), three binary waxes (C28:C32, €28:C36 and C32:
C36) and one tertiary mixed wax (C28:C32:C36) were produced with 30 repetitions each. To assess the
impact of melting and re-crystallization, the quantity of individual alkanes was determined by gas
chromatographic analysis (GCA) in untreated crystals, crystalline mixtures (GCA1) and the finished
model waxes (GCA2). Additionally, sub-samples of the waxes were heated for 30 min at 100 °C or freeze-
dried for 48 h, respectively, to simulate baking of boluses or freeze-drying as an alternative method for
preparation (GCA3). The temperature sensitivity of n-tetracosane (C24) to n-octatriacontane (C38) even-
chain alkanes was studied by thermogravimetric analysis (TGA) with consistently increasing temperature
(20 to maximal 600 °C at 10 K/min, TGA1) and under isothermal conditions (180 °C for 20 min, TGA2),
respectively. Depending on chain length and thus molecular weight of alkanes, weight reduction by
emergence of soot during heating-up started between 176 °C (C24) and 227 °C (C38) and further in-
creased rapidly. Throughout isothermal treatment, weight loss from alkanes was lowest with highest
chain length (0.0% for C38) and vice versa (23.8% for C24). The originally weighed and via GCA measured
quantities of crystalline alkanes did not differ (P> 0.05), except for single C36, where the measured
quantities were always higher than the weighed ones (P=0.019). The weighed and measured quantities
of individual alkanes in single-component and of total alkanes in multi-component waxes were similar
with a maximal relative difference of 6.6 + 5.5%, given as the mean + standard deviation among the
repetitions of a sample variant. The relative difference between weighed and measured quantities of
individual alkanes in multi-component waxes was maximal 47.4 + 25.7% and was highly variable. Un-
expectedly, the relative difference between weighed and measured quantities was low for C28
(5.9+5.8%) and C32 (5.7 +4.3%) in their combined binary waxes. The additional treatment (baking or
freeze-drying) did not alter the recovery of alkanes from the model waxes. Synthetic alkanes are ther-
molabile why exposure to high temperature during preparation of boluses or labelling of feedstuffs needs
to be assessed critically. Reasons for that might be complex disorders of the conformation of alkane
molecules particularly during the melting of alkane mixtures and the apparently incomplete separation
following re-crystallization from the melt. This may lead to displacements within waxes, which cannot
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be foreseen or quantified, and thus to the loss of their suitability as dietary markers. Alkane recovery
from binary waxes of C28 and C32 was unbiased on model scale and whether this can be confirmed on
original scale needs to be validated further. For practical use, alkane waxes might nevertheless be ben-
eficial because the handling is easier than that of alkane crystals.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Saturated aliphatic hydrocarbons (n-alkanes) can be found in
the cuticular and epicuticular wax of conventional feed plants and
also in other natural waxes. Additionally, they are available as
synthetics. In livestock nutrition studies, synthetic alkanes can be
applied to estimate the faecal output (Dove and Mayes, 2006),
digestibility (Hatt et al., 2001) and passage kinetics (Giraldez et al.,
2004; Bulang et al., 2008). Furthermore, they are easy to combine
with plant alkanes for a more sophisticated investigation of the
intake of feedstuffs of distinct biological origin (Mayes et al., 1986).
The suitability of synthetic alkanes to estimate the passage rate of
digesta is limited, because they can pass the digestive tract in the
solid phase of digesta and likewise in the liquid one (Bulang et al.,
2008). The use of markers that are chemically (e.g. plant alkanes
and hydrochloric acid-insoluble ash) or at least physically bound
to the feed plants (mordants) could overcome this problem but
they are usually in very low concentration for a single adminis-
tration. However, the single administration of a synthetic alkane
via bolus followed by repeated sampling of faeces can be applied
to determine the faecal excretion curve of this marker, the faecal
output and the forage intake of the animal simultaneously (Gir-
aldez et al., 2004). It might be that this approach can have ad-
vantage towards bolus administration once or at multiple times
per day, which is known to induce diurnal variation of the marker
concentration in faeces (Giraldez et al., 2004; Molina et al., 2004).
Further work is needed to clarify that issue.

The accurate and uniform labelling of boluses is a basic re-
quirement, regardless of the chosen methodical approach. Using
repeated administration of boluses throughout consecutive days, a
high uniformity of consecutive dosages may reduce the risk of an
additional variation of faecal alkane concentrations. Using the
single administration of a bolus, a high uniformity of labelling is
required among boluses intended to be applied in a number of
animals, because the marker dose rate can be determined from a
representative sample of the boluses but not for each animal
individually.

Administration methods that can be used to supply external
alkanes in ruminant and monogastric livestock involve labelled
paper pellets, filters or capsules, labelled feedstuffs (roughages or
concentrates) or feed pellets, alkane suspensions or oil-in-water

Table 1

emulsion that need to be offered compulsorily in liquid form and
controlled-release devices that are specifically used in ruminants
(summarized by Dove and Mayes (2006)). In pigs, alkane-labelled
cakes were used as boluses (Mowat et al., 2001). In poultry, syn-
thetic alkanes were mixed into a ground seed mixture and sub-
sequently pelleted (Hatt et al., 2001). For administration in equids
specifically, also bread-pieces and other types of biscuits have
been used as boluses (Table 1). In most cases, the techniques for
preparation of boluses or the labelling of feedstuffs used alkanes
that are dissolved to be spread onto the bolus matrix or substrate.
According to our experience, this may be accompanied by a higher
risk of precipitation and losses of the alkanes in part. Some of the
techniques for the labelling of boluses and feedstuffs also involved
the exposure to high processing temperatures with the aim to fix
the alkanes onto the bolus matrix or substrate (Kuntz et al., 2006;
Smith et al., 2007). It is known that plant and other natural alkanes
are thermolabile. For example, temperature-dependent losses oc-
curred during oven-drying of faeces samples from sheep that were
previously fed with unlabelled or beeswax-labelled diets at 105 °C
and 24 h drying time (Elwert et al., 2006). Data of the temperature
sensitivity of synthetic alkanes are not available but it is likely that
there exists a link to so far non-explained losses of such alkanes
during the preparation of boluses and labelled feedstuffs and the
further processing of samples for analysis.

We hypothesized that melting synthetic alkanes to wax might
enhance the accuracy and the uniformity of subsequent bolus la-
belling and further simplify it. This is particularly required when
multiple alkanes are combined or large quantities of boluses are
needed. The aim of the study was to test a procedure of preparing
alkane waxes on model scale at a ratio of approximately 1:300
basing upon a dosage of synthetic alkanes, which is, in large li-
vestock, recommended for a daily twice administration (Smith
et al., 2007). Additionally, the study was conducted to assess the
temperature sensitivity of synthetic alkanes and to clarify how
they act when exposed to a processing temperature of 180 °C for a
timeframe of 20 min.

Methods for the preparation of synthetic alkanes to be applied in equids - literature review.

Preparation method Alkane Dosage [mg/d] Reference

Absorbed into shredded paper and mixed with concentrate (B) C32, C36 627, 492 (repeated) Stefanon et al. (1999)
Mixed into concentrate (LF) C32 n.g. (onetime) Stevens et al. (2002)
Coated on roughage fibre and compressed into pellets (B) C32 600 (repeated) Stevens et al. (2002)
Coated on cellulose, dissolved and mixed with xanthan gum (S) C32 500 (repeated) Friend et al. (2004)
Spread onto bread-pieces and microwaved (B) C32 4000 (two times) Kuntz et al. (2006)
Dissolved and spread onto biscuits (B) C32 150 (repeated) Castelan-Ortega et al. (2007)
Dissolved and sprayed onto shredded paper (B) C24, €32, C36 914.3-1033.7 (repeated) Ferreira et al. (2007)
Dissolved, sprayed onto roughage fibre, mixed with gelatine and compressed (B) C36 308.3 (repeated) Smith et al. (2007)
Dissolved, pipetted onto Weetabix"-pieces, dried and baked (B) C32 221.4-454.2 (repeated) Smith et al. (2007)
Dissolved and sprayed onto concentrate (LF) C36 337.5 (repeated) Chavez et al. (2014)

Administration form: B, bolus; LF, labelled feed; S, suspension.
C24, n-tetracosane; C32, n-dotriacontane; C36, n-hexatriacontane; n.g., not given.
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2. Materials and methods
2.1. Preparation of single- and multi-component waxes

Using the n-octacosane (C28), n-dotriacontane (C32) and n-
hexatriacontane (C36) synthetic alkanes (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany), three single-component waxes (W1:
C28; W2: C32; and W3: C36), three binary waxes (W4: C28:C32;
W5: C28:C36; and W6: C32:C36) and one tertiary wax (W7: C28:
C32:C36) were produced with 30 repetitions each. According to
the manufacturer, the specific purity of C28, C32 and C36 was 99%,
97% and 98%, respectively, which was considered for the compo-
sition of the mixtures. The preparation of waxes involved the
following steps: (A) the weighing of the crystalline alkanes into a
suitable vessel; (B) the complete melting of the crystalline alkanes
or their mixtures in a water bath using a temperature that was
suitable to induce melting of the individual alkane or melting of
the highest-molecular alkane in the mixture; the onset and max-
imal temperatures of the melting areas of the tested synthetic
alkanes are provided in Table 2; (C) the cooling of the molten al-
kanes at room temperature until wax formation; additional re-
frigeration may improve the fracture strength, which is required to
crush the wax into fragments; and (D) the crushing of the wax into
small fragments. The Supplementary Figs. S1-S4 provide further
illustration of the preparation process.

2.2. Alkane analyses

In trial 1 of gas chromatographic analysis (GCA1), individual
crystalline alkanes (C28, C32 and C36) and their binary (C28:C32,
(C28:C36 and (€32:C36) and tertiary (C28:C32:C36) mixtures were
directly weighed into sample vials (n=5 per variant,
1.02 + 0.475 mg per vial) and subjected to GCA to assess the
measuring accuracy that could maximally be achieved using these
sample types and dosage.

In trial 2 of GCA (GCA2), waxes of individual alkanes, binary
waxes and tertiary waxes (specified above) were weighed into
sample vials (n=30 per variant, 0.52 + 0.146 mg per vial) and
measured by gas chromatography to study the impact of melting
and re-crystallization on the recovery of synthetic alkanes after
wax preparation.

In trial 3 of GCA (GCA3), sub-samples of the same waxes were
exposed to 100 °C for 30 min (n=5 per variant) or were freeze-
dried for 48 h (n=5 per variant) to simulate the baking of boluses
or freeze-drying as an alternative method of bolus preparation,
respectively. The treated samples were subsequently analysed by
GCA to determine alterations of alkane recovery from the waxes
after additional treatment. All samples were weighed using a
Sartorius CP2P microbalance (Sartorius AG, Gottingen, Germany).

The GCA was carried out according to Elwert et al. (2004). After
individual portions of crystalline alkanes or alkane waxes had
been weighed into the sample vials, the internal standards n-
docosane (C22) and n-tetratriacontane (C34) with a specific purity
higher than 98% were added to each vial. The GCA was performed

Table 2
Measured onset and maximum temperatures of the melting temperature area of
long-chain synthetic alkanes.

Onset [°C] Maximum [°C]
n-tetracosane (C24) 47.2 55.1
n-hexacosane (C26) 521 62.9
n-octacosane (C28) 57.1 65.0
n-dotriacontane (C32) 64.6 72.0
n-hexatriacontane (C36) 723 77.4
n-octatriacontane (C38) 77.5 80.9

on a Shimadzu GC-2010 FID unit (Shimadzu Corporation, Kyoto,
Japan) that was fitted with an Rtx®-1 w/Integra-Guard™-column
(Restek Corporation, Bellefonte, PA, USA) using on-column injec-
tion. A standard solution, which contained a homologous sequence
of long-chain alkanes between C22 and n-octatriacontane (C38),
was measured regularly to calibrate the evaluation method for
alkane retention times and to determine a device-internal dis-
crimination of alkanes with higher molecular weight. Alkane
concentrations were quantified on peak area basis relative to the
sample-internal standards C22 and C34.

The impact of temperature on alterations of the mass (weight
reduction) of synthetic alkanes and thus on the retrievable amount
of alkanes in different target samples, were studied using n-tet-
racosane (C24), n-hexacosane (C26), C28, C32, C36 and C38 as test
alkanes. Previously, the onset and maximum temperatures of the
respective melting areas were verified via differential scanning
calorimetry (DSC) using a Netzsch DSC 200 unit (Netzsch Ger-
dtebau GmbH, Selb, Germany; temperature program: 25-400 °C at
10 K/min) and are presented in Table 2. Two trials of a thermo-
gravimetric analysis (TGA) were performed using a Netzsch TG 209
unit (Netzsch Gerdtebau GmbH, Selb, Germany). Firstly (TGA1), the
crystalline alkanes were heated separately using a temperature
that was increased from 20 to maximal 600 °C at a constant rate of
10 K/min. The weight reduction of each test alkane was recorded
20 times per min. Secondly (TGA2), after the temperature was
increased from 20 to 180 °C at a constant rate of 20 K/min, the
crystalline alkanes were heated separately for 20 min with a
constant 180 °C to simulate exposure to high treating temperature
over a timeframe, which is a sufficient baking time for bolus ma-
trices and also surmised to be sufficient for fixing synthetic al-
kanes onto substrates of distinct origin. The weight reduction of
each test alkane was recorded 50 times per min.

2.3. Statistical analysis

Statistical analysis was performed with the SAS 9.4 software
package (SAS Institute Inc., Cary, NC, USA). Using the REG proce-
dure, a linear regression analysis was performed to study the re-
lationship between alkane quantities in crystalline or wax samples
that were originally weighed with those measured by GCA and to
determine the specific difference of the slopes of respective re-
gression lines from one (GCA1 and GCA2). Subsequently, the GLM
procedure was used to test whether an additional treatment
(baking or freeze-drying) affects the recovery of synthetic alkanes
from the single- (3 types) or multi-component waxes (4 types).
Fourteen variants were tested. The specific deviation of the slopes
of general and variant-specific regression lines from zero was
determined. Deviations were considered significant when
P < 0.05. The relative difference between the weighed and mea-
sured alkane quantities is given as the mean + standard deviation
among the repetitions of each sample variant.

3. Results and discussion
3.1. Gas-chromatographic analyses

The even-chain alkanes C28, C32 and C36 are commonly little
available or absent in feed plants (Dove and Mayes, 1991). They can
be applied as external markers to estimate the faecal output (Dove
and Mayes, 2006), digestibility (Hatt et al., 2001) and passage ki-
netics (Giraldez et al., 2004; Bulang et al., 2008) and are further-
more predestined to be used in combination with primarily odd-
chain plant alkanes to estimate the intake of feedstuffs (Mayes
et al,, 1986). In this study, waxes were made of these alkanes on
model scale by use of an individual portion of approximately
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Table 3

Deviations between the originally weighed and via GC measured quantities of individual crystalline alkanes, individual crystalline alkanes in multi-component mixtures and

total alkanes in multi-component mixtures.

Sample Total C28 C32 C36

RD p R? RD P R? RD P R? RD P R?
C28 21+0.29 0.943 0.993
C32 34+19 0.466 0.972
C36 9.7+5.3 0.019 0.994
C28:C32 56+43 0.374 0.520 36+12 0.291 0.987 82+98 0.772 0.851
C28:C36 56+ 15 0.191 0.993 22+21 0.091 0.997 10.1 +£1.82 0.512 0.979
C32:C36 59+28 0.153 0.994 57+33 0.124 0.994 9.0+9.2 0.672 0.954
C28:C32:C36 39+29 0.375 0.963 36+16 0.188 0.998 44 +3.5 0.313 0.977 45+39 0.356 0.984

(€28, n-octacosane; C32, n-dotriacontane; C36, n-hexatriacontane; GC, gas chromatography; RD, relative difference, given in % as mean + standard deviation among the

repetitions of each variant.

1:300 basing upon 150 mg per bolus, which is a dosage re-
commended to be applied in large livestock (horses) for an ad-
ministration 2 times a day (Smith et al., 2007). According to our
experience, the measurement of alkane dosages on original scale is
not possible without the use of several steps of dilution (see e.g.
Giraldez et al., 2004), because this would overload the GC-column
and bias the determination of alkane peak areas and alkane con-
centrations. The model scale was chosen to examine the recovery
of crystalline alkanes after GCA separately or in mixture and the
recovery of individual alkanes in single- or multi-component
waxes without the influence of bolus preparation and the sub-
sequent processing of samples.

In GCA1, the alkane crystals and their various mixtures were
analysed untreated. The results of the linear regression analysis of
the originally weighed and subsequently measured quantities of
crystalline alkanes are shown in Table 3. In general, the slopes of
the regression lines for the individual alkanes separately, for total
alkanes in a mixture and for individual alkanes in a mixture did
not differ from one, so no differences (P> 0.05) were detected
between the weighed quantities of alkanes and the measured
ones. However, in those samples that contained C36 exclusively,
the measured quantities were consistently higher (P=0.019) than
those weighed out. In binary mixed samples, higher deviations
were found infrequently for C32 and particularly for C36. A con-
sistently high variance was detected between the repetitions of
each test variant. This particularly became obvious for the C32 and
(36 alkanes. Nevertheless, the R? value was consistently high in-
dicating a close linear relationship between the weighed and
measured alkane quantities.

Throughout the preparation of waxes, some observations were
made that might be relevant for an easy handling of such synthetic
waxes in practice. Those waxes that were made of individual al-
kanes (W1 to W3) were very stiff and brittle, which seemed to
increase with an increasing number of carbon atoms in the

Table 4

molecules (chain length). These waxes were therefore much
harder to crush. The strength of binary mixed waxes differed de-
pending on what alkanes had been merged together. The binary
mixed waxes with a chain length difference of four carbon atoms
between the alkanes (W4 and WG6) were less stiff and thus easier
to crush but started to paste already at room temperature. The
binary mixed waxes became stiffer and more brittle in the order
W4, W6 and W5. The tertiary mixed waxes (W7) were stiffer than
the binary ones but were easier to crush than those consisting of
only one alkane.

The results of the linear regression analysis of the originally
weighed and subsequently measured quantities of alkanes in single-
and multi-component waxes (GCA2) are shown in Table 4 and the
Fig. 1a—d, respectively. For total alkanes in the binary (W4 to W6) and
tertiary mixed waxes (W7), the mean relative difference between the
weighed and measured quantities was below 4%. The slopes of the
respective regression lines did not differ from one (P > 0.05), except
in the W5 waxes, where the differences were significant (P < 0.05).
Also individual alkanes were almost well recovered from the single-
component waxes (W1 to W3). The alkanes C28 and C32 were found
to be recovered from their combined binary waxes (W4) with a low
bias. The slopes of their regression lines did not differ from one
(P> 0.05). By contrast, the measured quantities of individual alkanes
in the other binary (W5 and W6) and tertiary mixed waxes (W7)
differed from the respective weighed portions up to 47.4 4+ 25.7%
(C36 in W7). The deviation between the weighed and measured
quantities of total alkanes in binary mixed waxes did not follow any
clear direction. Although this was similar in the tertiary mixed waxes,
there was a slight trend of the measured quantities to be lower than
the respective weighed portions. Also individual alkanes in the sin-
gle- and multi-component waxes did not show consistency in the
deviation of measured quantities to be lower or higher than the re-
spective weighed portions. However, the quantities of C28 tended to
be increased after preparation of the tertiary mixed waxes (W7) and

Deviations between the originally weighed and via GC measured quantities of individual alkanes after wax preparation, individual alkanes in multi-component waxes and

total alkanes in multi-component waxes.

Sample Total 28 c32 C36

RD P R? RD P R? RD P R? RD P R?
W1 (C28) 47 +4.7 0.424 0.935
W2 (C32) 6.6 +5.5 0.054 0.931
W3 (C36) 59+5.1 0.687 0.949
W4 (€28:C32) 39+23 0.659 0.981 594538 0.412 0.932 57+43 0.707 0.920
W5 (C28:C36) 34+22 0.026 0.984 19.2 £ 115 0.206 0.594 211+ 144 0.060 0.733
W6 (C32:C36) 38+19 0.346 0.985 43.7+273 0.658 0.296 46.4 +29.5 0.764 0.194
W7 (€28:C32:C36) 35+22 0.471 0.994 279+ 16.7 0.344 0.603 439+322 0.229 0.093 474 4+ 25.7 0.448 0.305

(€28, n-octacosane; C32, n-dotriacontane; C36, n-hexatriacontane; GC, gas chromatography; RD, relative difference, given in % as mean + standard deviation among the

repetitions of each variant.
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Fig. 1. Relationship between the originally weighed and via gas chromatography measured quantities of (a) total alkanes in multi-component waxes, (b) C28 in single- and
multi-component waxes, (c) C32 in single- and multi-component waxes and (d) C36 in single- and multi-component waxes: the dashed diagonal line indicates the reference
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(C36; W6, waxes of C32:C36; and W7, waxes of C28:C32:C36.

the quantities of C32 tended to be decreased after preparation of the
W4 binary mixed waxes. Again, a consistently high variance was
detected between the repetitions of each test variant. This may ex-
plain the lack of statistical significance even when the weighed and
measured alkane quantities differed a lot and might also be the
reason for the very low R? values, which were found particularly for
individual alkanes in W5 to W7 waxes (Table 4).

The additional treatment of the waxes by heating (simulating the
baking of boluses) or freeze-drying did not influence the recovery of
alkanes in waxes in the model test (GCA3, data not shown). The slope
of the general regression line and the slopes of the regression lines
specific for the variants with no exposure to an additional treatment
and with exposure to either heating or freeze-drying did not differ
from zero (P > 0.05). However, previous work has shown that notable
quantities of molten alkanes entered the matrix of boluses from in-
side, although a moderate temperature (100 °C) and baking time
(30 min) had been used for bolus preparation (Bachmann et al., 2016).
In practical application, crumb losses of the bolus matrix are not
avoidable in every animal. Marker losses would be the result. Mar-
ginal to none residuals of alkanes were found in the matrix when the
boluses were freeze-dried for 48 h (Bachmann et al, 2016). Thus,
freeze-drying of boluses may be more suitable to prevent marker
losses when applied in farm animals.

Melting leads to the homogenization of alkanes in a mixture
(Chazhengina et al., 2003). During this process, alkane crystals
experience some reversible structural transformations while they
undergo transitions across various rotator phases (Chazhengina
et al., 2003). When the molten mixtures of crystalline alkanes are
cooled down, alkane molecules re-crystallize, where their chain-
packing can be disordered for a time. This is particularly evident in
the interlayer regions of the crystals due to a chain length mis-
match (Snyder et al.,, 2007). At this, infrequent vacancies in the
crystals’ interlayer regions may facilitate chain migration via re-
ptation (Snyder et al., 1992) in trying to compensate the con-
formational disorder (Clavell-Grunbaum et al., 1997). As reported
by Snyder et al. (2007), the rate of demixing during cooling down a
melt of various alkanes is largely affected by the chain length
difference of the mixed compounds, where complete separation is
expected not until a chain length difference above 10 carbon
atoms (Snyder et al., 2007). It remains unclear, whether and how
far individual alkanes distribute homogeneously when waxes have
cooled down from the melt. The magnitude of displacements of
alkanes within the waxes in part and the time, which is required to
achieve the complete separation, cannot be foreseen or quantified
(Snyder et al., 2007) and this significantly limits the suitability of
synthetic alkane waxes to be applied as dietary markers.
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Fig. 2. Weight reduction of crystalline synthetic alkanes during thermogravimetric
analysis using a continuously increasing temperature from 20 to maximal 600 °C at
10 K/min; C24, n-tetracosane; C26, n-hexacosane; C28, n-octacosane; C32, n-do-
triacontane; C36, n-hexatriacontane; C38, n-octatriacontane.

Alkane:

3.2. Thermogravimetric analyses

During the preparation of boluses for administration of syn-
thetic alkanes or labelling of feedstuffs, high temperature (around
100 °C) was commonly used to fix the alkanes onto the substrate,
where the time of exposure to that temperature ranged from
several minutes (Kuntz et al., 2006) to hours (Smith et al., 2007).
Using TGA, we investigated whether mass losses of crystalline
even-chain alkanes (C24, C26, C28, C32, C36 and 38) occur after
they were treated with either consistently increasing (TGA1), or
constant temperature (180 °C) over 20 min after heating-up to that
temperature (TGA2). Depending on the chain length and thus
molecular weight of alkanes, weight reduction by emergence of
soot started at a temperature of 175.5 (C24), 183.1 (C26), 219.6
(C28), 220.8 (C32), 218.7 (€36) and 226.6 °C (C38) and further
increased rapidly (TGA1, Fig. 2). As shown in Fig. 2, it seemed that
weight reduction under consistently increasing temperature pro-
ceeds in a similar way in C24 and C26, in C28 and C32, and in C36
and C38 alkanes, respectively. However, the thermogravimetric
measurement of C38 was broken off at a temperature of 293.8 °C
because of an intense soot deposition in the measuring unit.
Throughout isothermal treatment (TGA2), weight loss from al-
kanes was lowest with highest chain length (0.0% for C38) and vice
versa (23.8% for C24; Fig. 3). As a consequence, the resistance of
synthetic alkanes to a high temperature depends on the tem-
perature itself, the alkanes’ chain length and the time of exposure
to that temperature (see Figs. 2 and 4). Fig. 4 shows a curvilinear
association between these variables. The mass of alkanes re-
maining after isothermal treatment seemed to approximate a
plateau, which means no mass loss, with increasing chain length.
In the alkanes with higher molecular weight (starting from C36),
almost no loss of mass was found after isothermal heating at
180 °C. Previous work has shown that plant and natural wax
(beeswax) alkanes are thermolabile (Elwert et al., 2006). The re-
sults of this study now confirm this for the synthetic alkanes. The
thermolability of alkanes needs to be assessed critically when they
are applied as dietary markers, particularly during the preparation
of boluses or the labelling of feedstuffs and also during the pro-
cessing of boluses, feedstuffs and faeces samples for a subsequent
analysis, e.g. in drying (Elwert et al., 2006) and milling of the
samples.
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Fig. 3. Weight reduction of crystalline synthetic alkanes during thermogravimetric
analysis using isothermality (180 °C for 20 min) after heating-up from 20 to 180 °C
at 20 K/min; C24, n-tetracosane; C26, n-hexacosane; C28, n-octacosane; C32, n-
dotriacontane; €36, n-hexatriacontane; C38, n-octatriacontane.
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Fig. 4. Relationship between the weight reduction of crystalline synthetic alkanes,
the number of carbon atoms (chain length) of the molecules and the duration of
isothermal treatment (180 °C for 20 min) after heating-up from 20 to 180 °C at
20 K/min using thermogravimetric analysis. For a better clarity, the records were
reduced and are plotted at intervals of 0.5 min: C24, n-tetracosane; C26, n-hex-
acosane; C28, n-octacosane; €32, n-dotriacontane; C36, n-hexatriacontane; C38, n-
octatriacontane.

4. Conclusions

The current study has shown that synthetic alkanes are thermo-
labile, which may explain losses of alkanes that were observed fre-
quently in the past, especially during the preparation of boluses or the
labelling of feedstuffs. The thermolability of synthetic alkanes may
limit the suitability of alkane waxes as markers for the estimation of
faecal output, digestibility, passage kinetics and the feed intake in
farm animals. Reasons might be that complex disorders of the con-
formation of alkane molecules occur particularly during the melting
of alkane mixtures and that individual alkanes separate incompletely
during re-crystallization from the melt and the formation of wax. This
may lead to displacements of individual alkanes within waxes in part,
which cannot be foreseen or quantified. In this study, the recovery of
C28 and (32 alkanes from their combined binary waxes was un-
biased on model scale and whether this can be confirmed on original
scale needs to be validated further. Nevertheless, for practical use, the
preparation of waxes might be beneficial because the handling is
easier than that of alkane crystals.
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General discussion and conclusions

5. General discussion and conclusions
5.1. Effects on the suitability of alkanes as dietary markers

5.1.1. Major factors and their interdependency

Major and additional factors affecting the suitability of alkane markers for the es-
timation of feed intake, feed selection, digestibility and passage kinetics, and their
interdependency that can be identified from literature review, are summarized in
Fig. 6. Detailed explanations can be found in the Sections 2.5.5. to 2.5.7. Main in-

fluencing factors are discussed in the following in relation to the current methodi-

cal investigations.
e N\ Species > AFR
Diet composition > AFR AN"V'A.L Species - intake behaviour
Diet composition - feeding level - Spe.m.es ' Individuality - AFR
Feeding level - AFR - Indw@luahty ) Individuality = intake behaviour
MFS - marker cycling \ Feed intake t:ehawour ) Intake behaviour - marker cycling
FEED (Suitability of alkane markers METHODOLOGY

Feed type to estimate: Marker preparation
Diet composition - Feed intake Marker administration
Feeding level - Feed selection Administration frequency
Mealtime frequency and - Digestibility Sampling characteristics
sequence (MFS) K Digesta passage kinetics / Sample preparation
*
- TR | -
Digestibility > AFR GARKER \ Marker preparation - AFR
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Marker administration - AFR
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(e.g. chain length)

Marker origin - AFR - Natural abundance sample preparation - AFR
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Natural abundance - AFR association (DPA)
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Fig. 6. Interdependency among key factors affecting the suitability of long-chain alkanes
as markers for the estimation of feed intake, feed selection, digestibility and digesta pas-
sage kinetics in farm animals directly or indirectly: arrows indicate direct influence; de-
pendencies among individual factors that have been documented in literature are speci-
fied in grey-highlighted fields.
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5.1.2. Effects of alkane preparation

The main objectives of the preparation of boluses or the labelling of substrates for
administration of external alkanes (either as synthetics or in form of natural wax-
es) are to reduce the variation among a batch of boluses or labelled substrates and
to ensure a homogenous distribution within them. This allows for a widely con-
sistent dosing of the animals under test and throughout several days (Owens and
Hanson, 1992; Molina et al., 2004). It has been described in the literature review
(Section 2.5.4.) that the majority of studies used techniques involving the dissolu-
tion of synthetic alkanes prior to the application onto a carrying matrix. Own at-
tempts had shown that the labelling of a matrix with an alkane solution can lead
to a rapid precipitation of the alkane depending on its dosage and hence this re-
sults in losses of the alkane in part. This is why it might be better to use the al-
kanes undissolved but the pure crystalline form is hard to handle under prepara-
tion due to distinct adhesive properties and an accurate weighting into a matrix is
difficult. When large quantities of boluses are required, this method is extremely
laborious. This has been observed during preparation of boluses for the first
study, where synthetic alkanes were weighted into gelatine capsules (see Article
1). As a consequence, we hypothesized that the properties of alkanes can be modi-
fied by melting them to waxes, which are much easier to handle and to apply to
bolus matrices. Furthermore, this method was hypothesized to enable producing
homogenous mixtures of synthetic alkanes in form of multi-component waxes,
which significantly increase the achievable accuracy and uniformity of labelling.
Waxes that were made of individual alkanes were very stiff and brittle, which
seemed to increase with an increasing CL. These waxes were therefore much
harder to crush. The strength of binary mixed waxes differed depending on what
alkanes had been merged together. The binary mixed waxes became stiffer and
more brittle in the order W4, W6 and W5. The tertiary mixed waxes (W7) were
stiffer than the binary ones but were easier to crush than those consisting of only
one alkane (see Article 3 for wax specifications). Apart from such specific proper-
ties of single wax types, a significant simplification has been achieved all in all
when compared to the handling of pure crystals under preparation. Linear regres-
sion analysis of model waxes before and after GCA showed a mostly reliable re-
covery of total alkanes in the binary (W4 to W6) and tertiary mixed waxes (W7),

which was similar for the individual alkanes in the single-component waxes (W1
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to W3). Also the C28 and C32 alkanes were recovered from their combined binary
waxes (W4) with a low bias, which was unexpected since the measured quantities
of individual alkanes in the other binary (W5 and W6) and tertiary mixed waxes
(W7) differed from the respective weighed portions up to 47.4 + 25.7 % (C36 in
W?7). These deviations did not follow any clear direction but showed a distinct var-
iation. As intended, melting leads to the homogenization of alkanes in a mixture
(Chazhengina et al., 2003). During this process, the van der Waals forces between
molecules become increasingly weakened (Reynhardt and Riederer, 1994) and
alkane crystals experience some reversible structural transformations while they
undergo transitions across various rotator phases (Chazhengina et al., 2003).
Melting is completed when the entire mixture is present in the mobile amorphous
zone (Reynhardt and Riederer, 1994). However, what we failed to regard is that
when molten mixtures of alkanes are cooled down, the alkane molecules in mix-
ture re-crystallize, where their chain-packing can be disordered for a time. This is
particularly evident in the interlayer regions of the crystals due to a chain length
mismatch, where infrequent vacancies may facilitate chain migration via repta-
tion (Snyder et al., 1992) in trying to compensate the conformational disorder
(Clavell-Grunbaum et al., 1997). It consequently remains unclear, whether and
how far individual alkanes distribute homogeneously when the waxes have cooled
down from the melt. The magnitude of displacements of alkanes within the waxes
and the time, which is required to achieve the complete separation, cannot be
foreseen or quantified (Snyder et al., 2007). Therefore, it has to be stressed that the
suitability of such mixed waxes as dietary markers is significantly limited.
Labelling techniques that omit the dissolution of alkanes usually used high
processing temperatures with the aim to fix the alkanes onto the bolus matrix or
the substrate (Kuntz et al., 2006; Smith et al., 2007). In study 3, we had investigated
whether mass losses of the crystalline synthetic alkanes C24, C26, C28, C32, C36
and 38 occur after they were treated with either consistently increasing, or con-
stant temperature (180 °C) over 20 min after heating-up to that temperature
through TGA (see Article 3 for specifications). At a certain temperature above
175.5 °C, at which weight reduction started in C24, weight reduction decreased
with an increasing CL of the alkanes. As a result, the isothermal treatment re-
vealed that resistance of synthetic alkanes to a high temperature depends on the
temperature itself, alkane CL, and the time of temperature exposure, for which a

curvilinear association has been found (Article 3 — Fig. 4). With an increasing CL,

87



General discussion and conclusions

the mass of alkanes remaining after isothermal treatment seemed to approximate
a plateau, which means no mass loss. However, in order to confirm that observa-
tion, a wider range of alkanes would be required in an equal analysis. Conse-
quently, the thermolability of synthetic alkanes and of plant or other natural al-
kanes as well (see Elwert et al., 2006) thus needs to be assessed critically when
they are applied as dietary markers. This is particularly important during the
preparation of boluses or the labelling of feedstuffs, and during the processing of
boluses, feeds and faeces samples for a subsequent analysis.

In this context, an issue of concern is the AFR of the C36 alkane. There is a
number of studies that reported unexpectedly low AFR of C36, which did not fit
with the AFR of adjacent alkanes, neither in a linear nor a curvilinear relation, and
for which actually no clear explanation exists (see Vulich et al., 1991; Unal and
Garnsworthy, 1999; Molina et al., 2004; Lin et al., 2007; Elwert et al., 2008). We ob-
served the same in the first of the current studies, where with 82 + 4.1 % C36 had
the lowest AFR (Article 1). Concurrently, C36 had the highest concentrations in
boluses, which has consistently been observed across all our investigations, and
has finally been confirmed through the initial GCA in the third study. Therein, the
crystalline alkanes and their various mixtures were analysed completely untreated
(see Article 3 for specifications). An overestimated dosage of C36 that does not
match its faecal concentration thus leads to an underestimated AFR. However, it
still remains unclear what exactly occurs with C36 during GCA leading to an over-
estimation, and whether this is contemplable to be one reason for the underesti-
mation of C36 AFR.

In large livestock such as horses, there is a considerable diluting effect by diges-
ta resulting in large quantities of synthetic alkanes (ranging from 150 to 4000
mg/d in horses; see Article 3 — Table 1) that need to be applied to achieve measur-
able marker concentrations in faeces. Hence, the dosage given per individual bo-
lus or mealtime is high, which makes the assessment of dosing accuracy and uni-
formity by means of a representative sample difficult. High sample representa-
tiveness is doubtful since it requires a very uniform distribution of the marker
substance within the matrix. In case of boluses, analysis of the total dosage per
bolus would be beneficial. However, the GCA of such dosages is, to my experi-
ence, not possible without several steps of dilution avoiding biased determination
of alkane peak areas and concentrations due to a GC column overload. An appro-

priate sample preparation method was proposed by Girdldez et al. (2004). The
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milling of alkane-labelled samples during sample preparation is surmised to pro-
voke losses of alkanes through heat development, which is why we used cryo-

milling with success (see Articles 1 and 2).

5.1.3. Effects of bolus matrix and alkane administration

Irrespective of the animal species, the matrix type is supposed to affect the site
and the rate of alkane release in the gut. Then, it consequently should affect the
diurnal variation of alkane concentration in faeces (see Girdldez et al., 2004; Dove
and Mayes, 2006). In goats, Girdldez et al. (2004) reported different TMRT of syn-
thetic alkanes administered via varying bolus matrices in accordance to their
breakdown rate, i.e. particle size reduction rate, in the gut. Large particles as e.g.
shredded paper, filters and paper bungs need longer time to be broken down be-
fore having the condition to leave the rumen, which might explain shorter TMRT
of cellulose powder (Giréldez et al., 2004). Matrix differences in water absorbency
may additionally hasten or retard the particle breakdown (Girédldez et al., 2004).
Also in monogastric animals, differences in the matrix breakdown rate should in-
fluence the site of marker exposition. To me, there is no study known, which re-
ported respective test results. In study 2 of the current thesis, we compared labor-
atory filter papers and hypromellose capsules regarding their matrix properties.
Although this was not specifically investigated, it seems to be likely that the filter
papers move marker exposition to a more caudal site of the gut and prolong it,
whereas the capsules should rapidly be dispersed within in the stomach. It has
been reported that hypromellose capsules are readily soluble in contact with arti-
ficial human gastrointestinal fluid (~ 250 s; Chiwele et al., 2000). A retarded matrix
breakdown probably causes an incomplete mixing of the marker and gut con-
tents, and increase diurnal variation of faecal marker concentrations (Giraldez et
al., 2004).

Especially in horses, it is likely that matrix properties affect the acceptance of
boluses because of the distinct sensitivity and selection skills typical for that ani-
mal species. It was reported that alkanes administered via labelled feed are prone
to easily be regurgitated, separated, or ingested incompletely (Smith et al., 2007).
Therefore, one objective of the current investigations was to test and develop a
bolus matrix for the administration of external markers, which is consistently ac-

cepted and stable towards microbial spoilage over a sufficient period of time (see
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Article 2). Baked boluses (30 min at 100 °C) had a consistently high acceptance by
horses, but baking is unsuitable for the use of thermolabile markers such as al-
kanes. Distinct quantities of alkanes were observed to enter the outer matrix shell
during baking and thus getting lost. The acceptance of freeze-dried boluses with a
defined size (1.5, 2 and 3 cm @) and duration of drying (6, 12, 24 and 48 h) was
high and consistent as well. Such boluses are therefore suitable for oral admin-
istration of thermolabile markers or other thermolabile substances. The horses
mostly did not separate and reject the markers specifically. The variable sizing of
boluses is supposed to enable the use of various marker dosages and thus also the
use in different target animals, which needs, however, to be confirmed through
future studies. To reduce the preparation time and energy costs, the drying time
of such boluses can be limited to 24 h or less, depending on their size. The tested
freeze-dried boluses were stable towards spoilage from microbes for at least 1
month after preparation, provided that they were stored in closed boxes.

Besides the type of the bolus matrix itself, the application interval of boluses or
feedstuffs became obvious to be the major factor affecting the cycling variation of
faecal marker concentrations within and across test days when markers are ap-
plied in repetition. This relationship seems to be independent from the marker
type and the animal species (see Haenlein et al., 1966; Cuddeford and Hughes,
1990; Dove and Mayes, 1991; Girdldez et al., 2004; Molina et al., 2004; Smith et al.,
2007). It was found that, in plant alkanes offered 3 times a day via feed and syn-
thetic alkanes administered 2 times a day via bolus, the diurnal fluctuations were
the more pronounced the less often alkanes were administered (see Article 1 for
specific results). This relationship might hypothetically be explained by the suc-
cession and overlap of individual excretion curves that result from individual
meals or bolus administrations. This results in the specific diurnal patterns of al-
kane concentrations that can be observed in faeces. The study confirmed similar
diurnal patterns of faecal alkane concentrations between individual horses, which
repeated from day to day. Nevertheless, individual shifts that were either quanti-
tative or temporal have been noticed contributing to the individuality of the faecal
patterns. Here, all factors that directly or indirectly affect digesta or marker pas-
sage kinetics are potential contributors. They might involve: (1) diet composition
effects (Haenlein et al., 1966; Drogoul et al., 2001); (2) effects of the matrix type
affecting the site and duration of alkane exposition in the gut (Girdldez et al.,

2004); (3) effects of the labelling technique leading to a more pronounced associa-
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tion of artificially bonded alkanes to the liquid digesta phase because of an in-
creased rate of particle size reduction during feed labelling and the favoured pres-
ence of small particles in gut liquids (Owens and Hanson, 1992; Giraldez et al.,
2006); and (4) the effects of marker — digesta phase association, or marker migra-
tion effects, respectively (Mayes et al., 1988, 1997; Bulang et al., 2008). Gut passage
of liquid-phase markers is hastened compared to that of markers fully bound to
coarse plant particles (Udén et al., 1982). In horses, the restriction of exercise pos-
sibly contributes to shifts in faecal marker concentration patterns as well, because
restricted exercise is associated with reduced water intake and reduced voluntary
feed intake, which might reduce flow speed of coarse particulate digesta (Orton et
al., 1985; Pagan et al., 1998). On the contrary, the retention of liquid digesta and
fine particles was increased in exercised horses, which might have increased the
digestibility of such higher digestible components (Orton et al., 1985). Because of
a considerable time delay of the ingestion of plant alkanes during mealtime com-
pared to the ingestion of synthetic alkanes via bolus, plant alkanes are less prone
to diurnal fluctuation in faeces. Increasing the number of mealtimes per day is
nevertheless recommended as it better matches horses’ ingestive behaviour
(Mayes and Duncan, 1986). Apparent digestibility is not altered through mealtime
frequency (van Weyenberg et al., 2007).

5.1.4. Effects of faeces sampling

Taking faeces samples, which provide representative data of the mean concentra-
tion of alkanes, is important since it helps to reduce the concentration variability
within and across days. It decisively influences the estimation reliability of feed
intake, feed selection, digestibility and passage kinetics. Major variables regarding
the faeces sampling procedure are: (1) the consideration of individual animals or
the sampling on group scale; (2) the number of consecutive sampling days; (3) the
quantity of samples per day and animal; (4) the use of spot or bulk samples; and
(5) the selection of sampling timeframes. In previous studies, individual animals
were consistently considered for estimation purposes or the validation of the al-
kane technique. It was found that, using the same dosing schedule, faecal concen-
trations of synthetic alkanes had lower variation among individuals than those of
the plant alkanes, being less affected by individual feeding patterns or digestion

efficiency (Olivan et al., 2007a). However, regarding pronounced individuality ef-
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fects, the alkane method is thought to be more valid on group scale (C. Scharch,
personal communication). Regarding the duration of quantitative collection of
faeces in horses, Goachet et al. (2009) did not note any time effect on digestibility
determination and alteration between 3, 4 or 5 sampling days, which was equal
for the estimation of digestibility using dietary lignin as the marker. However, di-
gestibility estimation was significantly affected using AIA as the marker, pro-
nouncing an overestimation over time (Goachet et al., 2009). Sutton et al. (1977)
found no differences between 1 day and up to 5 days of faeces sampling in horses,
determining digestibility of nitrogen and energy via total faecal collection or esti-
mating it through AIA dietary and faecal concentrations. No difference in the es-
timated TMRT of Cr-EDTA and lanthanides was detected between 1.5 and up to 5
days of sampling, regardless of the sampling method, i.e. total faeces collection vs.
spot sampling, but it differed significantly compared to only 1 day of sampling
(Goachet et al., 2009). Using alkanes in horses, Smith et al. (2007) found that the
accuracy of intake estimation increased progressively as the number of sampling
days was increased. This confirmed the study of Malossini et al. (1994), who stated
that it is preferable to increase the number of sampling days rather than the quan-
tity of samples per day. In cows, the authors did not find a significant difference in
faecal concentrations of continuously ingested C31 and C33 plant alkanes and
C32 offered once a day between 1 sample and the means of up to 4 samples per
day (Malossini et al., 1994). However, this cannot be confirmed since a relevant
diurnal variation of alkane faecal concentrations was found to influence the esti-
mates (see Girédldez et al., 2004; Molina et al., 2004; and own results shown in Arti-
cle 1). Bulk samples of faeces have widely been used rather than spot samples to
reduce procedural and analytical effort. Moreover, bulk samples may compensate
missing individual samples to some extent (Vulich and Hanrahan, 1995), provided
that they occur unsystematically. Even if marker defecation is not uniform but
predictable, then this can be used to eliminate total faeces collection by periodical
spot sampling (Kotb and Luckey, 1972) and the bias of estimates can be reduced
through an appropriate timing (Vulich and Hanrahan, 1995). We used the
knowledge of type and dependency of defecation dynamics of plant and synthetic
alkanes to select faeces spot samples allowing for uncorrected and unbiased esti-
mation of DMI, DMO and DMD in horses (see Article 1 for specific results). Accu-
rate estimates of DMI were obtained from 2 h before (C31:C32) until 2 h after the
morning meal (C29:C28 and C33:C28), as well as between 5 and 6 h after the
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morning meal using SFQ x DDF and C29 and C33 as digestibility markers. As this
in part confirms the results of Olivan et al. (2007a) obtained from studying beef
cattle, it might be indicative for the surmised general independency of faecal al-
kane dynamics from animal species. The estimation of DMO using synthetic al-
kanes had a larger bias than the estimation using SFQ x DDF, which was most re-
liable based on samples taken between 3 and 6 h after the midday meal. Using
C29 or C33, DMD was largely unbiased during 3 to 4 h after the morning meal.
Conclusively, taking two to three spot samples of faeces evenly distributed be-
tween 2 h before and 6 h after the first meal or bolus administration per day is

recommended for at least 3 consecutive days.

5.2. Conclusions

The application of alkanes and congeneric markers is a beneficial advancement in
estimating feed intake, selection, digestibility and digesta passage kinetics alt-
hough necessity for further basic research and validation remains. The results of
the current investigations may contribute to the development of a method that is
easily applicable for scientists and practitioners alike, as a helpful tool for feed
evaluation and the assessment of animal welfare in livestock rearing, feeding and

husbandry systems. Replies to the hypotheses, the main conclusions are:

(1) The use of synthetic waxes instead of crystalline alkanes as markers simplifies
the handling under preparation and thus may contribute to a more accurate
and uniform labelling of boluses or feedstuffs, but the suitability of mixed
waxes can significantly be limited through unpredictable displacements of
individual alkanes occurring after the waxes have cooled down from the melt.

(2) Synthetic alkanes are thermolabile substances as it is similarly known for
plant and other natural alkanes, which is why any high temperature exposure
of alkane markers during preparation of boluses or the labelling of feedstuffs,
and during the processing of boluses, feedstuffs and faeces samples for sub-
sequent analyses, needs to be assessed critically. The critical temperature and
duration of exposure, at which or from which losses of alkanes must be await-
ed, respectively, essentially depends on the alkanes’ CL.

(3) The bolus matrix that has been proposed was consistently well accepted in

horses. The freeze-dried variants additionally enable the application of ther-
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molabile markers such as alkanes or other thermolabile substances, and are
stable towards microbial spoilage for at least 1 month when stored in closed
boxes. A flexible variation of the bolus size is supposed to enable the use of
various marker dosages and thus also the use in different target animals.

Synthetic alkanes and other external markers are recommended to be admin-
istered onetime prior to faeces collection enabling the estimation of marker
passage kinetics, curve characteristics, faecal output, and, in combined use of
plant markers, the estimation of feed intake and digestibility simultaneously.
Excessive diurnal variation of synthetic alkane concentrations in faeces can
alternatively be reduced through a more frequent administration with short-
ened application interval. Plant alkanes are less prone to diurnal fluctuation
in defecation but we nevertheless recommend also increasing the number of

mealtimes per day.

(5) A total faeces collection can be eliminated by periodical spot sampling, and

the bias of estimates can be reduced through an appropriate timing, which is,
basing on the current results and depending on the target parameter for esti-
mation, a timeframe of 2 h before to 6 h after the first meal or bolus admin-
istration. Within this timeframe two to three spot samples of faeces should be
taken evenly distributed. The collection period should last for at least 3 con-
secutive days to compensate interday differences of faecal marker concentra-

tions.
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6. Summary, Zusammenfassung

6.1. Summary

In livestock nutrition studies, the combined application of long-chain plant and
synthetic n-alkanes enables the simultaneous estimation of feed intake, feed se-
lection, faecal output, digestibility and passage kinetics. However, the main limi-
tations for a successful practical application are inconsistent faecal recovery of
alkanes and a cyclic fluctuation of alkane concentrations in faeces. The prepara-
tion of synthetic alkanes and administration might become sources of bias, when
unpredicted losses of alkanes are provoked and alkanes are ingested incomplete-
ly. The presented studies investigated the suitability of alkane markers for the es-
timation of feed intake and digestibility in horses, focussed on synthetic alkane
preparation, administration and the representative sampling of faeces in particu-
lar. The thesis comprises the following three consecutive studies:

Study 1: “Impact of dynamics of faecal concentrations of plant and synthetic n-
alkanes on their suitability for the estimation of dry matter intake and apparent
digestibility in horses.” In a quantitative faeces collection trial using 5 horses, fae-
cal concentration dynamics of plant n-heptacosane, n-nonacosane (C29), n-
hentriacontane (C31) and n-tritriacontane (C33), offered 3 times a day via feed,
and of n-octacosane (C28), n-dotriacontane (C32) and n-hexatriacontane (C36)
synthetic alkanes, offered 2 times a day via bolus, were compared. Dry matter in-
take (DMI), output (DMO) and digestibility (DMD) were determined from the to-
tal collection trial and additionally estimated for each of 12 equal timeframes
throughout the day. The diurnal patterns of the single faeces quantity (SFQ) and
faecal alkane concentrations were similar between horses and were repeated from
day to day. The intraday dynamic of SFQ was pronounced. The dynamic of the
faecal concentration was much more pronounced when the alkane was adminis-
tered twice instead of three times a day. Measured DMI was 12.0 kg/d, measured
DMO was 5.9 kg/d and measured DMD was 0.51. Reliable estimates were ob-
tained for DMI with 12.3 + 0.79 kg/d for the combination of C29 and C28 and 12.1
+ 1.01 kg/d for the combination of C33 and C28 at 2 h after administration, and
12.1 + 0.96 kg/d for the combination of C31 and C32 at 2 h prior to the morning
meal, which included the first bolus administration. When calculated from DMO
and DMD, DMI was 12.2 + 0.89 kg/d for C29 and 12 + 1.0 kg/d for C33 between 5

and 6 h after the morning meal. Estimates of DMD were unbiased between the
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third and fourth hour after the morning meal with 0.52 + 0.014 for C29 and 0.51 +
0.021 for C33, respectively. The DMO was 5.7 + 0.34 kg/d and 6.1 + 0.43 kg/d when
estimated 3 to 4 h after the second meal, or prior to the second bolus administra-
tion, using the product of SFQ and the daily defecation frequency or synthetic al-
kanes, respectively. Knowledge of defecation dynamics might be helpful for sim-
plifying experimental trials. They followed intake dynamics, which can prospec-
tively be used to select sampling timeframes. The selection of two to three spot
samples of faeces, evenly distributed between 2 h before and 6 h after the morning
meal, which was the time of bolus administration, allows for greatest reliability.
Study 2: “Bolus matrix for administration of dietary markers in horses.” Oral
administration of external markers is challenging because of horses’ high sensitiv-
ity and selection skills. It was tested whether a suitable bolus matrix ensures high
and consistent acceptance. Boluses were investigated with and without labelling.
Synthetic alkane wax was used as the test marker. Boluses were baked (100 °C, 30
min) or freeze-dried. The freeze-dried boluses varied in size (1.5, 2, or 3 cm () and
drying time (6, 12, 24, or 48 h). In two tests (AT1 and AT2), acceptance by the hors-
es was assessed with scores between 1 (complete intake) and 4 (refusal). In AT1,
marginal rejection of the marker was recorded, whereas the following tests were
performed with placebos only. In two bending tests (BT1 and BT2), the force re-
quired to break the boluses (FL, flexural load) was determined because this may
affect acceptance. Preselected variants were stored for 4 weeks in a climatic
chamber under controlled conditions and were subsequently analysed for residu-
al moisture (RM) and spoilage-indicating microbes. In baked boluses, the alkanes
were partly found outside of the inner matrices. This was not evident in the
freeze-dried variants. Acceptance of labelled boluses (scores < 1.7 + 0.18, AT1),
baked placebos (scores < 2.2 + 0.35, AT1) and freeze-dried placebos (scores <1.1 +
0.31, AT2) was consistently high. This was explained by the BT, with a mean FL of
202 + 16.5 N for the baked (BT1) and up to 257 + 22.5 N for the freeze-dried place-
bos (BT2) being obtained, which was close to the masticatory forces in horses. The
results indicated that the adaption to suitable boluses (placebos) can lead to in-
creased acceptance. Limiting the drying time to at most 24 h seemed justified, es-
pecially for the smaller boluses. After 6 and 12 h, the RM was 7.5 + 0.52 % (1.5 cm
) and 5.7 £ 0.52 % (2 cm @), which make the risk of microbial spoilage appear
low. Tested boluses were unspoiled for 1 month after preparation. It was suggest-

ed that variable sizes of the boluses may enable the use of various marker dosages
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and, incidentally, also for different target animals. A freeze-dried matrix is likewise
open to use with other thermolabile markers or substances.

Study 3: “Preparation of synthetic alkane waxes and investigations on their
suitability for application as dietary markers in farm animals.” Successful applica-
tion of synthetic alkanes requires an accurate and uniform labelling of boluses or
feeds, which is in turn supported through simplified handling of the markers dur-
ing preparation. In this study, it was tested whether melting of synthetic alkanes
to wax is able to enhance the accuracy and uniformity of subsequent bolus label-
ling and further simplifies it. Additionally, the temperature sensitivity of a range of
synthetic alkanes was studied by thermogravimetry (either with constant heating-
up or isothermality) to clarify so far non-explained losses of alkanes, which were
observed frequently during the labelling of boluses and feedstuffs or the pro-
cessing of samples for analysis. Depending on chain length, weight reduction in
alkanes by emergence of soot during heating-up started between 176 °C (n-
tetracosane, C24) and 227 °C (n-octatriacontane, C38). Throughout isothermal
treatment, weight loss from alkanes was lowest with highest chain length (0.0 %
for C38) and vice versa (23.8 % for C24). The weighed and via gas chromatography
measured quantities of individual alkanes in single-component and of total al-
kanes in multi-component waxes were similar with a maximal relative difference
of 6.6 + 5.5 %. The relative difference between weighed and measured quantities
of individual alkanes in multi-component waxes was maximal 47.4 + 25.7 %, but
was unexpectedly low for C28 (5.9 + 5.8 %) and C32 (5.7 £ 4.3 %) in their combined
binary waxes. Synthetic alkanes are thermolabile. This is why exposure to high
temperature during preparation of boluses or labelling of feedstuffs needs to be
assessed critically. Complex conformational disorders can occur in alkane mole-
cules particularly during the melting of alkane mixtures. This, and apparent in-
complete separation of individual alkanes after re-crystallization from the melt,
may lead to displacements within waxes, which cannot be foreseen or quantified,
and thus to the loss of their suitability as dietary markers. For practical use, alkane
waxes might nevertheless be beneficial because the handling is easier than that of

alkane crystals.
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6.2. Zusammenfassung

Die kombinierte Anwendung pflanzlicher und synthetischer n-Alkane in ernédh-
rungswissenschaftlichen Studien mit landwirtschaftlichen Nutztieren ermdoglicht
die simultane Schitzung von Futteraufnahme, Futterselektion, Kotausscheidung,
Verdaulichkeit und Kinetik der Darmpassage. Wesentliche Hindernisse fiir eine
erfolgreiche Anwendung der Methode in der Praxis sind die unbestédndige fakale
Wiederfindung der Alkane und deren zyklische Fluktuation bei fikaler Ausschei-
dung. Die Aufbereitung synthetischer Alkane und deren Verabreichung kénnen zu
Fehlerquellen werden, wenn nicht bestimmbare Verluste der Marker hervorgeru-
fen, bzw. diese nicht vollstindig vom Tier aufgenommen werden. Die vorgestell-
ten Studien untersuchten die Eignung von Alkanen zur Schitzung von Futterauf-
nahme und Verdaulichkeit (VK) bei Pferden, speziell Aufbereitung und Verabrei-
chung synthetischer Alkane und die Entnahme repréasentativer Kotproben.

Studie 1: ,Auswirkung der Dynamik fidkaler Konzentrationen pflanzlicher und
synthetischer n-Alkane auf deren Eignung zur Schitzung von Trockenmasseauf-
nahme und scheinbarer Verdaulichkeit bei Pferden.“ Nach quantitativer Kot-
sammlung bei 5 adulten Pferden, wurde die Dynamik der fikalen Konzentratio-
nen der pflanzlichen Alkane n-Heptacosan, n-Nonacosan (C29), n-Hentriacontan
(C31) und n-Tritriacontan (C33), die dreimal tdglich iiber dem Futter verabreicht
wurden, mit denen von synthetischem n-Octacosan (C28), n-Dotriacontan (C32)
und n-Hexatriacontan (C36), zweimal tdglich iiber einen Bolus verabreicht, vergli-
chen. Die Aufnahme von Trockenmasse (TM), deren Ausscheidung und VK wur-
den mittels Gesamtkotsammlung bestimmt und zusétzlich tiber den Tag hinweg
fiir 12 gleiche Zeitrdume geschitzt. Die diurnalen Muster von Einzelkotmenge
und fikaler Alkankonzentrationen waren zwischen den Tieren dhnlich und wie-
derholten sich von Tag zu Tag. Die diurnale Dynamik von Einzelkotmenge und
fakaler Konzentrationen synthetischer Alkane waren ausgeprigt, wohingegen die
der frequenter verabreichten pflanzlichen Alkane weniger deutlich war. Trocken-
masseaufnahme wurde mit 12,0 kg/d, TM-Ausscheidung mit 5,9 kg/d und VK mit
0,51 bestimmt. Zuverldssige Schitzungen der TM-Aufnahme wurden mit 12,3 +
0,79 kg/d durch die Kombination von C29 und C28 und mit 12,1 + 1,01 kg/d durch
die Kombination von C33 und C28 innerhalb von 2 h nach Markergabe und mit
12,1 + 0,96 kg/d durch die Kombination von C31 und C32 innerhalb von 2 h vor

morgendlicher Fiitterung, bzw. Markergabe, erzielt. Die Berechnung der TM-
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Aufnahme aus geschitzter TM-Ausscheidung und VK ergab 12,2 + 0,89 kg/d fiir
C29 und 12,0 + 1,0 kg/d fiir C33 zwischen 5 und 6 h nach der morgendlichen Fiit-
terung. Schitzungen von VK waren mit 0,52 + 0,014 durch C29 bzw. 0,51 + 0,021
durch C33 innerhalb von 3 bis 4 h nach der morgendlichen Fiitterung unver-
falscht. Die TM-Ausscheidung wurde mit 5,7 + 0,34 kg/d bzw. 6,1 + 0,43 kg/d in-
nerhalb von 3 bis 4 h nach der zweiten Mahlzeit bzw. vor der zweiten Markergabe
durch Einzelkotmenge x Tagesausscheidungsfrequenz oder synthetische Alkane
zuverldssig geschitzt. Da die Dynamik von Ausscheidung und Aufnahme eines
Markers eng miteinander verbunden sind, konnen gezielt Probenentnahmezeit-
rdume ausgewdhlt werden. Zwei bis drei Kotproben, je Entnahmetag gleichverteilt
zwischen 2 h vor und 6 h nach der ersten Markergabe, konnen zuverldssige Schit-
zungen ermoglichen.

Studie 2: ,Bolusmatrix zur Verabreichung von Futtermarkern bei Pferden.“ Die
orale Gabe externer Marker ist aufgrund der ausgepriagten Empfindlichkeit und
des Selektionsvermogens besonders bei Pferden herausfordernd. Es wurde unter-
sucht, inwieweit eine geeignete Bolusmatrix hohe und durchgingige Akzeptanz
ermoglicht. Boli sind sowohl markiert, als auch unmarkiert gepriift worden. Als
Testmarker dienten synthetische Alkanwachse. Boli wurden entweder gebacken
(100 °C, 30 Min.) oder gefriergetrocknet (gft.). Letztere wurden in GréRe (1,5, 2 o-
der 3 cm ) und Trocknungsdauer (TD; 6, 12, 24 oder 48 h) variiert. In 2 Tests (AT1
und AT2) wurde die Akzeptanz bei Pferden gepriift und mit Noten zwischen 1
(vollstindige Aufnahme) und 4 (Ablehnung) bewertet. In AT1 wurden allenfalls
marginale Markerverluste verzeichnet, weshalb alle weiteren Tests mit Placebos
(P) durchgefiihrt worden sind. In 2 Biegetests (BT1 und BT2) wurde die Biegekraft
(BK) gemessen, die benotigt wird um die Boli zu zerbrechen, da diese die Akzep-
tanz beim Tier maBgeblich beeinflusst. Auf diese Weise vorselektierte Varianten
wurden fiir 4 Wochen unter konstanten Bedingungen in einer Klimakammer gela-
gert und anschlieffend hinsichtlich Restfeuchtegehalt (RFG) und verderbsanzei-
genden Keimen untersucht. In gebackenen Boli wurden Alkane teilweise auf und
innerhalb der dufleren Schicht der Matrix gefunden, was bei gft. Varianten nicht
auftrat. Die Akzeptanz der markierten Boli (Noten <1,7 + 0,18, AT1), gebackenen P
(Noten < 2,2 + 0,35, AT1) und gft. P (Noten < 1,1 + 0,31, AT2) war durchgehend
hoch, was durch mittlere BK von 202 + 16,5 N fiir gebackene (BT1) und bis zu 257
+ 22,5 N fiir gft. P (BT2), dhnlich der Kaukrifte beim Pferd, erkldart werden kann.

Eine Adaptation an P kann die Bolusakzeptanz verbessern. Die Beschrankung der
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TD bei gft. Boli auf maximal 24 h scheint vor allem fiir kleinere Varianten gerecht-
fertigt. Nach 6 bzw. 12 h Trocknung betrug der RFG 7,5 + 0,52 % (1,5 cm @) bzw.
5,7+ 0,52 % (2 cm ), wobei das Risiko mikrobiellen Verderbs gering ist. Gepriifte
P waren nach 1 Monat Lagerung unverdorben. Variable Bolusgréf3en konnten ver-
schiedene Markerdosierungen bei unterschiedlichen Zieltierarten ermdoglichen,
eine gft. Matrix zudem die Verwendung thermolabiler Marker und Substanzen.

Studie 3: ,Herstellung synthetischer Alkanwachse und Untersuchungen zu deren
Eignung fiir die Anwendung als Futtermarker bei Nutztieren.“ Die erfolgreiche
Anwendung synthetischer Alkane erfordert die genaue und einheitliche Markie-
rung von Boli oder Futtermitteln, was wiederum durch eine vereinfachte Hand-
habung der Marker wihrend der Aufbereitung unterstiitzt wird. In dieser Studie
wurde gepriift, inwieweit das Schmelzen synthetischer Alkane zu Wachs die Ge-
nauigkeit und Einheitlichkeit der Bolusmarkierung verbessert und diese verein-
facht. Zusitzlich wurde die Temperaturempfindlichkeit synthetischer Alkane mit-
tels Thermogravimetrie (durch konstante Erhitzung bzw. Isothermie) untersucht,
um bislang unerkldrte Verluste an Alkanen zu kldren, die wiahrend der Markierung
von Boli und Futter oder Probenaufbereitung wiederholt beobachtet worden sind.
Abhingig von der Kettenldnge wurde ein Masseverlust unter Rulfreisetzung wih-
rend des Erhitzens ab 176 °C (n-Tetracosan, C24) bzw. 227 °C (n-Octatriacontan,
C38) festgestellt. Im Verlauf isothermer Behandlung war der Masseverlust am Ge-
ringsten bei héchster Kettenldnge (0,0 % bei C38) und vice versa (23,8 % bei C24).
Die eingewogenen und mittels Gaschromatografie gemessenen Gehalte einzelner
Alkane in Einzel- und der Gesamtheit der Alkane in Mischwachsen unterschieden
sich mit einer maximalen relativen Abweichung von 6,6 + 5,5 % kaum voneinan-
der. Diese lag im Vergleich eingewogener und gemessener Gehalte einzelner Al-
kane in Mischwachsen hingegen bei maximal 47,4 + 25,7 %. Sie war unerwartet
gering bei C28 (5,9 + 5,8 %) und C32 (5,7 + 4,3 %) in gemeinsamen bindren Misch-
wachs. Da synthetische Alkane thermolabil sind, muss jede Einwirkung hoherer
Temperaturen wiahrend der Markierung von Boli und Futter kritisch bewertet
werden. Unvorhersehbare, nicht quantifizierbare Verschiebungen der molekula-
ren Konformation kénnen beim Schmelzen vor allem von Alkanmischungen auf-
treten, die nach Abkiihlen nicht vollstdndig reversibel sind. Solche Wachse sind
als Marker nicht geeignet. Bei der praktischen Handhabung zeigten Wachse den-

noch deutliche Vorteile gegeniiber kristallinen Alkanen.
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9. Appendix
9.1. Formulary

This formulary contains a brief selection of equations that are commonly used in
relation to feed intake, digestibility, diet composition and passage rate estimation

procedures.

__fo_ 6))

T 1-AD

where, Iis intake; FOis faecal output; and AD is apparent digestibility of DM, OM,
energy or proximate nutrients (Dove and Mayes, 2006)

%(Dj+IC><Cj)—IC><Ci

Ir= 2)

F;
Hi_FjXIJj

where, Iris forage intake [kg DM/d] assuming that concentrate intake is known;
H;, C;and F; are concentrations of the plant marker (alkane) 7 in herbage, concen-
trate and faeces, respectively [mg/kg DM]; H;, C; and F; are concentrations of the
external marker (synthetic alkane) j in herbage, concentrate and faeces, respec-
tively [mg/kg DM]; I. is the known concentrate intake [kg DM/d]; and D; is the
dosage of j that is externally administered [mg/d] (Mayes et al., 1986).

by
Ip= I x F 3

where, Iris forage intake [kg DM/d]; I; is the known supplement intake (kg DM/d];
and Prand P; are the respective proportions of forage and supplement in the diet
that are estimated using specific marker profiles of the diet components and non-
negative least-squares optimization (Equation 11) of marker concentrations in
feed and faeces (Dove and Charmley, 2008)

According to Girdldez et al. (2004), intake can be estimated using multi-
compartmental model (Dhanoa et al., 1985) parameters obtained from fitting to
marker faecal excretion curves (or parameters obtained from fits of alternative
models; see Moore-Colyer et al., 2003; Rosenfeld et al., 2006):

24 x Kx D;
a A

FO 4)

where, FO is faecal output [kg DM/d]; D; is the single dose of an external marker
[mg]; A is a scale parameter (obtained from the multi-compartmental model of
Dhanoa et al., 1985); and Kis calculated as follows (Giraldez et al., 2004)
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(M5 +K2)/(( - 2) x (K2 — K1)
(N—2) x (K2 — K1)

K=K1 xK2 x 5)

where, K1 and K2 are estimates of slow and fast fractional outflow rates of digesta;
and N is the quantity of compartments (parameters are obtained from the multi-
compartmental model of Dhanoa er al., 1985, or alternative models) (Giraldez et
al., 2004)

L

I=
H;/ F;

(6)

where, Iis intake (kg DM/d]; Fjis faecal output [kg DM/d] estimated from a single
dose of external marker j; and H; and F; are internal marker concentrations [mg/kg
DM] in forage and faeces, respectively (Girdldez et al., 2004)

AD=—"— ()

where, AD is apparent digestibility; I is intake; and FO is the faecal output of DM,
OM, energy or proximate nutrients (Dove and Mayes, 2006)

AD=1_2 (8)
F‘

14

where, AD is apparent digestibility; and D; and F; are concentrations of internal
marker 7in the diet and faeces, respectively (Bergero et al., 2009)

D;
AD:I—E X 9)

Ste

where, AD is apparent digestibility; D;and F; are concentrations of internal marker
iin the diet and faeces, respectively; and D, and F,, are concentrations of OM, en-
ergy or a nutrient n in the diet and faeces, respectively (Bergero et al., 2009)

AD_((Z+...+I’I)—1 (10)

a+...+n

where, q, ..., n are the components of a diet; the proportion of these components
can be estimated by least-squares optimization as described in Equation 11 (Dove
and Mayes, 2006)
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axCli+bxC2;+c ><C3i) 2 .
min

(11)
axCl+bxC2;+cxC3;

F;
17'1:1 (M—E)zz Z?:J (F_
t

where, M is the measured faecal proportion of marker i; E is the estimated dietary
proportion of i (E=1i/ #); F;is the faecal concentration of i; F;is the concentration
of total markers tin faeces; CI;to C3;, and CI;to C3tare concentrations of marker
i, respectively total marker concentration ¢ in diet components CI to C3; and a, b
and care hypothetical intakes of diet components CI to C3 (Ferreira et al., 2007c)

Y tixcix At;

TMRT [h] = =20 (12)

where, TMRT is total mean retention time [h] of marker/digesta within the diges-
tive tract; t; is the time delay [h] between administration of the marker and the
midpoint of the ith collection interval; ¢; is the marker concentration in the ith
faeces sample; and Az is the time interval [h] between two consecutive sampling
times (Thielemans et al., 1978)

TT [h]= % (13)

where, TT is the transit time of a marker [h] throughout the digestive tract; t;is the
time delay [h] between administration of the marker and the time of fae-
ces/chymus collection; and x; is the marker quantity in each faeces sample
(McGreevy et al., 2001; based on Cummings and Wiggins, 1976)
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9.2. Supplementary material

Supplementary material of Article 1
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Fig. S1. Interday variation of least squares means of dry matter intake (DMI) estimates
based upon the n-nonacosane : n-octacosane alkane pair: A, B and C denote periods fol-
lowing meals or bolus administration. Arrows indicate the time of meal presentation or
bolus administration.
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Fig. S2. Interday variation of least squares means of dry matter output (DMO) estimates

based upon the product of single faeces quantity and daily defecation frequency: A, B and
C denote feeding periods following meals. Arrows indicate the time of meal presentation.
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Fig. S3. Interday variation of least squares means of dry matter digestibility (DMD) esti-

mates based upon n-nonacosane (C29): A, B and C denote feeding periods following
meals. Arrows indicate the time of meal presentation.
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Supplementary material of Article 3

Fig. S1. Step A of wax preparation: The weighing of one or multiple crystalline alkanes into
a vessel. For a better visualization of the wax, the lipophilic pigment Sudan III (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) was added.
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Fig. S2. Step B of wax preparation: The melting of the alkane or the mixture of multiple
alkanes in a water bath.
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Fig. S3. Step C of wax preparation: The cooling of the molten alkanes at room temperature
until formation and hardening of the wax.

Fig. S4. Step D of wax preparation: The crushing of the hardened wax to small fragments.
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