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Summary

The livestock sector, particularly the ruminant sector, contributes significantly to the total
global warming effect. Greenhouse gases such as carbon dioxide (COz), methane (CH4) and
nitrous oxide (N20) play a central role in climate change. Especially CH4 which is released
during ruminal fermentation, has a global warming potential 23-times that of COz. Plant
secondary metabolites play an important role in developing efficient feeding strategies to
mitigate CH4 and nitrogen emissions in ruminants, and they are prevalent in a number of woody
and herbaceous temperate climate plant species.

The goal of the present doctoral thesis was to test and identify candidate plants to be fed as
additives to a high quality diet to mitigate enteric CH4 and nitrogen emissions in ruminant
farming. The focus was put on forages from woody and herbaceous plants growing naturally in
temperate climates. The selection of plants was determined by their availability in bulk,
inexpensive procurement and lack of direct competition to human food production.

The first experiment of the doctoral project served to compare 18 plant parts deriving from 16
plant species in vitro for their potential to reduce CH4 and ammonia (NH3) emissions without
negatively affecting the forage feeding value. The following plants were tested: leaves of
bearberry (Arctostaphylus uva-ursi), silver birch (Betula pendula), sweet chestnut (Castanea
sativa), hazel (Corylus avellana), aspen (Populus tremula), blackcurrant (Ribes nigrum), goat
willow (Salix caprea) and grape vine (Vitis vinifera and Vitis vinifera rubra), aerial part of
rosebay willow (Epilobium angustifolium), wood avens (Geum urbanum), birdsfoot trefoil
(Lotus corniculatus) and comfrey (Symphytum officinale), fruit of horse chestnut (desculus
hippocastanum) and blackthorn (Prunus spinosa; entire fruit, kernel, pulp). The plant material
was added at 170 mg/g of total dry matter (DM) to a common total mixed ration and incubated
with the in vitro Hohenheim gas test method. With any of the test materials the NH3
concentration in the incubation liquid decreased by up to 35% compared to the unsupplemented
mixed ration. Methane formation per unit of DM and per unit of digestible organic matter
(dOM) was lowered by 13 of the 18 test materials by 12 to 28% and 5 to 20%, respectively. Net
energy of lactation was only reduced with five plant additives, and utilizable crude protein at
the duodenum was not affected by most of the plant materials, except blackcurrant, hazel and
rosebay willow which increased it by up to 7%. The supplementation of the mixed ration with
birch, blackcurrant, hazel, rosebay willow, vine and wood avens materials was particularly
promising in terms of CH4 and NH3 mitigation without depressing in vitro digestibility and

feeding value.
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The second Hohenheim gas test experiment aimed to determine dose-response effects of the six
most promising plants selected from the previous in vitro experiment. The plants were tested in
dosages of 100, 200, 300, 400, 500 and 1000 mg/g DM, replacing increasing amounts of a
mixed ration. All plants mitigated CH4 and NH3 formation, and this often linearly with the
dosage. The level of effect differed between plants, and proportions of 100 (hazel, rosebay
willow) to 400 mg/g DM of plant were necessary to achieve significant effects.

Subsequently, the same six plants with the highest CH4 and NH3 mitigation potential identified
in vitro were tested for their short-term palatability in Experiment 3 in dairy cows. The plants
were pelleted with lucerne at proportions to obtain the same total phenol content over all pellet
types, but realised contents differed from expected contents. Pellets were provided separately
from a mixed basal ration (0.4:0.6) in a randomized order for each cow for 3 days per plant.
Four of the six plants were found to be as palatable as lucerne-only control pellets. Blackcurrant
and birch pellets were eaten significantly less well. There was no substantial short-term effect
on milk yield and composition, but all plants reduced milk urea content indicating their NH3
mitigating potential in the rumen. The correlation analysis of the palatability results showed
that the total phenol content was not most decisive for the acceptance of the plant pellets as the
plant pellets with the highest total phenol content (rosebay willow) was among the most
palatable plant pellets. The lignin content turned out to be more decisive in this respect, highest
in blackcurrant and birch. Over all plants, hazel leaves were the most palatable test forage when
provided pelleted with lucerne.

In Experiments 4 and 5 carried out with adult sheep and lactating cows, different hazel leave
amounts (0 to 50%) were pelleted with lucerne in different ratios. Pellets were fed in addition
to hay or a mixed basal diet in sheep and cows in ratios of 0.8:0.2 and 0.6:0.4, respectively. The
high palatability of the hazel leaves was given even when fed during several weeks to cows and
sheep. Diet digestibility and milk yield (only in dairy cows) declined with increasing hazel
proportion. The feed supplementation with hazel leaves turned out to be very efficient in
reducing CH4/dOM emissions from sheep and cows, i.e. by up to 25% with the use of 500 g
hazel leaves per kg DM intake. The level of the mitigating effect was very similar in the two
experiments although the basal diets had been different. The relationship of hazel proportion in
the diet with CH4 yield and emission intensity (CH4/dOM or CHa4/milk) had a non-linear
component which demonstrated the presence of associative effects. However, these associative
effects indicated that, different from expectations, high proportions of hazel leaves in the diet

are needed to suppress CHa yield and emission. In both animal species, there was a clear shift
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in nitrogen excretion from urine to faeces, which is to be considered highly favourable from an
environmental perspective.

In conclusion, the experimental approach applied in the present thesis revealed that especially
hazel leaves are a promising feed additive with a high palatability and a high potential to
mitigate CH4 and nitrogen emissions not only in vitro, but also in vivo in ruminants. Due to
their palatability, the hazel leaves showed a great potential for their application in practical
animal feeding. Further research should focus on the composition and biological activity of the
phenolic compounds in the efficient woody plant leaves, which might be responsible for the
changes found in rumen fermentation. Overall, the integration of woody plants such as the hazel
shrub as diet component could have a great potential for a more sustainable and environmental

friendly food production.
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Zusammenfassung

Die landwirtschaftliche Nutztierhaltung, insbesondere die Wiederkduerhaltung, triagt erheblich
zur globalen Klimaerwédrmung bei. Treibhausgase, wie Kohlendioxid (COz), Methan (CH4) und
Lachgas (N20) spielen eine zentrale Rolle beim Klimawandel. Insbesondere CHa, das bei der
Pansenfermentation freigesetzt wird, hat ein 23-fache hoheres Treibhauspotential als COo.
Sekundére Pflanzeninhaltsstoffe, welche in einer Reihe von holzigen und krautigen Pflanzen
des gemissigten Klimas zu finden sind, spielen eine wichtige Rolle bei der Entwicklung von
wirksamen Fiitterungsstrategien zur Minderung der CHas- und Stickstoffemissionen aus der
Wiederkduerhaltung.

Das Ziel der vorliegenden Dissertation war es, potentiell in Frage kommende Pflanzen als
Zusatz zu einem qualitativ hochwertigen Futter auf ihre ruminale CHa4 und Stickstoff
reduzierende Wirkung bei Wiederkduern zu testen und zu identifizieren. Speziell holzige und
krautige Pflanzen, die in der geméssigten Klimazone natiirlich vorkommen, standen im Fokus.
Die Kriterien, welche die Auswahl bestimmten, waren die Verfiligbarkeit in grossen Mengen,
eine kostenglinstige Beschaffung und sie durften nicht in Konkurrenz zur Produktion von
menschlichen Nahrungsmitteln stehen.

Das erste Experiment hatte zum Ziel, von 18 verschiedenen Pflanzenteilen, von 16
verschiedenen Pflanzenspezies stammend, hinsichtlich ihres Potenzials zur Reduktion von
CHa- und Ammoniak(NH3)-Emissionen ohne den Futterwert negativ zu beeinflussen in vitro
zu testen. Die folgenden Pflanzen wurden getestet: Blétter der Bérentraube (Arctostaphylus
uva-ursi), Hangebirke (Betula pendula), Edelkastanie (Castanea sativa), Gemeine Hasel
(Corylus avellana), Zitterpappel (Populus tremula), Schwarze Johannisbeere (Ribes nigrum),
Salweide (Salix caprea) und Weinrebe (Vitis vinifera und Vitis vinifera rubra), das Kraut des
Schmalblattrigen Weidenroschens (Epilobium angustifolium), des Echten Nelkenwurz (Geum
urbanum), des Gemeinen Hornklees (Lotus corniculatus) und des Gemeinen Beinwells
(Symphytum officinale), die Frucht der Gemeinen Rosskastanie (4esculus hippocastanum) und
des Schlehdorns (Prunus spinosa; ganze Frucht, Kern, Fruchtfleisch). Das Pflanzenmaterial
wurde in einer Dosierung von 170 mg/g Trockensubstanz (TS) einer gewdhnlichen Mischration
fiir Kiihe zugefiigt und mit dem Hohenheimer Futterwerttest in vitro inkubiert. Jedes getestete
Pflanzenmaterial reduzierte die NH3-Konzentration im inkubierten Pansensaft um bis zu 35%,
verglichen mit der Mischration ohne Pflanzenzusatz. Die CHs-Produktion per Einheit TS und
verdaulicher organischer Subastanz (vOS) wurde von 13 der 18 Pflanzenmaterialien zwischen

12 bis 28% bzw. 5 bis 20% reduziert. Die Netto-Energie-Laktation (NEL) wurde nur durch fiinf
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Pflanzenzusitze reduziert und das nutzbare Rohprotein (nXP) wurde durch die meisten
Pflanzen nicht beeinflusst, nur die Schwarze Johannisbeere, Hasel und das Schmalblittrige
Weidenrdschen erhdhten das nXP um bis zu 7%. Die Supplementierung der Mischration mit
Pflanzenmaterial der Birke, der Schwarzen Johannisbeere, der Hasel, des Schmalbléttrigen
Weidenrdschens, der Weinrebe und des Echten Nelkenwurz war besonders effektiv in Bezug
auf die CH4 und NH3-Reduktion, ohne die Verdaulichkeit und den Futterwert in vitro zu
beeintrichtigen.

Im zweiten Hohenheim Futterwerttest-Experiment wurde die Dosis-Wirkungs-Beziehung der
sechs vielversprechendsten Pflanzen des vorherigen Versuchs untersucht. Die Pflanzen wurden
in den Dosierungen von 100, 200, 300, 400, 500 und 1000 mg/g TS getestet indem die
respektive Menge an Mischration reduziert wurde. Alle Pflanzen reduzierten die CH4und NH3-
Emissionen meist in einem linearen Zusammenhang zu der Dosierung. Das Wirkungsniveau
war unter den Pflanzen unterschiedlich und es waren Anteile von 100 (Hasel, Schmalbléttriges
Weidenrdschen) bis zu 400 mg/g TS der Pflanzen notig, um signifikante Effekte zu erzielen.
Im folgenden dritten Versuch, wurden die gleichen sechs Pflanzen, welche in vitro als die, mit
dem hochsten CH4- und NH3-Reduktionspotenzial identifiziert wurden, auf ihre Kurzzeit-
Schmackhaftigkeit bei Milchkiihen getestet. Die Pflanzen wurden in verschiedenen Mengen
mit Luzerne zu Pellets verarbeitet so, dass in allen Pflanzen-Pellets die gleiche Menge an totalen
Phenolen sein sollte. Diese Phenolgehalte unterscheiden sich jedoch letztendlich von den
erwarteten Werten. Die Pellets wurden separat von einer Mischration gefiittert (0.4:0.6). Die
Kiihe erhielten alle sechs Pflanzenpellets in randomisierter Reihenfolge fiir eine Dauer von je
drei Tagen. Vier der sechs Pflanzen erwiesen sich als genauso schmackhaft wie die reinen
Luzernepellets (Kontrollpellets). Die Pellets mit Blittern der Schwarzer Johannisbeere und
Birke wurden deutlich schlechter gefressen, als die Kontrollpellets. Es gab keine erkennbare
Auswirkung auf die Milchleistung und -zusammensetzung, aber alle Pflanzen reduzierten den
Milchharnstoffgehalt, was auf ihr NHs-Minderungspotenzial im Pansen hinweist. Die
Ergebnisse der Korrelationsanalyse zeigten, dass der totale Phenolgehalt fiir die
Schmackhaftigkeit der Pflanzenpellets nicht entscheidend war, da die Pflanzenpellets mit dem
hochsten Phenolgehalt (Schmalblittriges Weidenroschen) zu den am besten gefressenen Pellets
gehorten. Der Ligningehalt erwies sich als ausschlaggebend fiir den Verzehr, welcher am
hochsten bei den Pflanzenpellets der Schwarzer Johannisbeere und der Birke waren. Von allen
angebotenen Pflanzen pelletiert in Kombination mit Luzerne, zeigten die Haselblitter die beste

Schmackhaftigkeit.
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Die anschliessenden Versuche 4 und 5 wurden mit ausgewachsenen Schafen und Milchkiihen
durchgefiihrt, denen verschiedene Mengen an Haselblittern (0 bis 50% der Ration), pelletiert
in verschiedenen Verhéltnissen mit Luzerne, gefiittert wurden. Die Pellets wurden zusétzlich
zu Heu (Schafe) oder einer Mischration (Milchkiihe) im Verhéltnis 0.8:0.2 bzw. 0.6:0.4
gefiittert. Die hohe Schmackhaftigkeit der Haselblétter konnte auch bei mehrwochiger
Fiitterung an Kiihe und Schafe bestétigt werden. Die Verdaulichkeit und Milchleistung (nur
Kiihe) nahmen mit steigenden Anteilen an Haselbléttern in der Ration ab. Die Blitter erwiesen
sich als sehr effizient bei der Reduktion des CH4. Mit 500 g Haselblattern in der Futteraufnahme
konnte das CH4/vOS um bis zu 25% reduziert werden und das Niveau der CHs-Reduktion war
bei beiden Tierarten dhnlich, obwohl sie verschiedenes Grundfutter zu den Pellets bekamen.
Das Verhiltnis des Haselanteils im Futter zu der CHs4-Emission (CH4/vOS oder CH4/Milch)
hatte eine nicht-lineare Komponente, welche das Vorhandensein von assoziativen Effekten
zeigte. Diese assoziativen Effekte zeigten jedoch, dass, anders als erwartet, hohe Anteile an
Haselbldttern im Futter notig waren, um die CHs-Menge und Intensitdt zu reduzieren. Bei
beiden Tierarten kam es zu einer deutlichen Verschiebung der Stickstoff-Ausscheidung vom
Urin zum Kot, was aus Umweltaspekten vorteilhaft ist.

Zusammenfassend ldsst sich sagen, dass insbesondere die Haselblitter ein vielversprechender
Futterzusatz fiir Wiederkéuer sind, aufgrund ihrer guten Schmackhaftigkeit und dem hohen
Potenzial zur Reduktion der CH4- und NHs-Emissionen sowohl in vivo als auch in vitro.
Demzufolge zeigen sie ein grosses Anwendungspotenzial in der praktischen Tiererndhrung.
Weitere Forschung sollte sich mit der Zusammensetzung und der biologischen Aktivitdt der
Phenolverbindungen in den Bléttern der vielversprechenden Pflanze, die fiir die Verdnderung
der Pansenfermentation verantwortlich sein konnten, befassen. Insgesamt konnte die
Integration von Gehdlzen, wie dem Haselnussstrauch als Futterkomponente, ein groBes

Potenzial fiir eine nachhaltigere und umweltfreundlichere Lebensmittelproduktion haben.
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General introduction
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1. General Introduction
1.1 Emissions of noxious gases from the livestock sector

One of the greatest challenges facing mankind today is the continuous and progressing climate
change. This change is dominated by human influence, and mediated through changes in
atmospheric composition (Karl and Trenberth 2003). Many gases play a role in the composition
of the atmosphere and these gases are responsible for the natural greenhouse effect that
determines global temperature balance. Human activities over the last 50 years, particularly
energy consumption and land-use changes, have caused increased anthropogenic emissions of
greenhouse gases (GHG) such as carbon dioxide (CO2), methane (CHa4) and nitrous oxide (N20)
and this put the natural atmospheric system off balance (Karl and Trenberth 2003). CH4 is
particularly detrimental with a global warming effect 23-times that of CO2 (Steinfeld et al.
2006). The livestock sector, particularly the ruminant sector, contributes up to 18% of the total
global warming effect (Steinfeld et al. 2006) and is estimated to emit 7.1 Giga tons of COz-
equivalents (Gerber et al. 2013). About 44% of livestock emissions are in the form of CHa,
29% in the form of N20 and 27% in the form of CO2 (Gerber et al. 2013) In addition, this
sector contributes about 9% of total CO2, 37% of total CH4 and 65% of total N2O anthropogenic
emissions worldwide (Steinfeld et al. 2006). These emissions are continually increasing due to
the rising demand of animal products (Rojas-Downing et al. 2017). Especially ruminants play
a central role in GHG emission as CH4 is formed from the degradation of feed by microbes
present in the rumen. Cattle are the main emitters in the livestock sector, emitting 65% of the
total emissions, corresponding to an amount of 4.6 Giga tons of CO2-equivalents (Gerber et al.
2013). To maintain the anthropogenic global warming level below 2°C for this century
(compared to the pre-industrial level) the United Nations ratified the Paris Agreement in 2015
(UN 2015) to help prevent climate change. This agreement requires all parties to reduce
greenhouse gas (GHG) emissions as soon as possible. In the case of Switzerland, GHG
emissions should be reduced by 50% until the year 2030 compared to the year 1990. In the
livestock sector, there is a high potential to reduce GHG emissions. Gerber et al. (2013)
estimated that the livestock sector has the potential to reduce GHG emissions by 30% within
existing production systems. The largest mitigation potential of CO2-equivalents is estimated

in cattle production with a potential decrease of 65% (Figure 1).
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Figure 1.1 Mitigation potential (%) of COz-equivalents of individual livestock species
proportional to current emissions (modified from FAO 2006 with data from Gerber et al. 2013).

Ammonia (NH3) is not a GHG but an air pollutant that was included in the Gothenburg Protocol
in 1999. This protocol, aims to reduce acidification, eutrophication and ground-level ozone
(UNECE 1999). In 2010, the total agricultural NH3 emissions in Switzerland were 48 290 t N,
representing 92% of total Swiss ammonia emissions. The main contributor of NH3 emissions
in agriculture is livestock and manure management with 43 489 t N (90% of total agricultural
NH3s emissions). Of this, the dairy sector produces 49% of all N emissions (Kupper et al. 2013).
From 1990 to 2010 the NH3 emissions have declined but the mitigation potential is still high.
The formation and volatilization of NH3 in animal manure is a process that begins immediately
after excretion, primarily from urinary urea (Hristov et al. 2011). Many factors influence this
volatilization including manure management, environmental temperature, manure composition
and pH levels (Hristov et al. 2011).

Correspondingly, the development of strategies to mitigate methane and ammonia emissions
from livestock production, particularly in ruminants, is one of today’s major challenges for

animal nutritionists.
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1.2 Origin of emissions from ruminant production and mitigation strategies

During microbial fermentation in the rumen, dietary components are degraded under anaerobic
conditions. The end products of this fermentation are acetate, propionate and butyrate. These
substances then become readily available energy sources for both the microbes and the
ruminant, and are absorbed directly in the rumen. During the microbial degradation process
ruminal CHa is formed as a by-product. Hydrogen, released during microbial feed degradation,
is used by methanogenic archaea to produce CH4 from CO2 (Moss et al 2000). This CH4 cannot
be used by the ruminant and its formation represents a loss of 2-12% of the feed energy for the
animal (Goel and Makkar 2012) and has a detrimental environmental impact.
There are different strategies for CH4 mitigation which can be divided into three main areas:
rumen manipulation, breeding and management strategies (Cottle et al. 2011). Rumen
manipulation includes, among others, the use of feed additives. Feeding strategies aim to reduce
CHa4 and NH3 emissions by manipulating ruminal fermentation. The application of specific feed
additives and feeding strategies are two of the most promising ways to mitigate CH4 formation
during its synthesis in the rumen. Various feeding strategies, to reduce enteric methane
production, have been described in reviews by Moss et al. (2000), Beauchemin et al. (2008),
Martin et al. (2009) and Hristov et al. (2013). These include the use of plant secondary
metabolites (PSM) naturally present in plants, or plant extracts, as well as lipids as feed
additives. The advantages of using PSM is their mitigating effect on CH4 and NH3 emissions
and they do not compete with human nutrition. One of the main goal in using feed additives
and their PSM in animal feeding is the reduction of CH4 emissions without affecting feed intake,
digestibility and animal performance, or, if unavoidable, to a small extent. Mitigation of
absolute CH4 and NH3 is only sustainable if the emission intensity (per unit of food produced)
or at least yield (per intake of DM or digestible nutrients) is reduced.
For the NH3 emissions, the main source is urea in the urine of ruminants (Hristov et al 2011).
High amounts of rumen degradable protein in the diet lead to high amounts of NH3 in the rumen
causing increasing levels of urea in urine. The transformation of NH3 to N2 after excretion
makes urinary N an important source of N2O (Dijkstra et al. 2013). About 60 to 90% of urinary
N from cattle originate from urea (Hristov et al 2011). Up to 40% of urinary N can be
volatilized, this is in contrast to faccal N, where N volatilization is only between 1 and 13%
(Hristov et al 2011). Therefore, a shift from urinary N to faecal N is desirable from an
environmental point of view. Among others, feeding management to avoid protein contents
exceeding animal requirements would help to reduce urinary N losses as well as including
plants rich in PSM in the diet (Min and Solaiman 2018).
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There have been numerous extensive in vitro screenings of plant supplements which tested their
CHa4 and NH3 mitigation potentials. The in vitro batch culture (e.g. Hohenheim Gas Test) is a
well-suited instrument for screening large number of potential feed additives such as plants or
plant extracts. For example, Banik et al. (2013) tested different plants from natural Australian
grasslands for their CH4 and NH3 mitigating properties. The Rumen Up Project (Wallace
2008;https://www.abdn.ac.uk/research/rumen-up/report), screened a variety of 500 plants and
plant extracts for their mitigating potential whereof 34 plant parts or extracts decreased the CHa
by 15% to 91% when tested as a feed additive. The PSM play a central role in the development
of the presented feeding strategies aiming to reduce CH4 and NH3 from ruminants (Jayanegara
et al. 2012; Hristov et al. 2013) using plant additives. They have a high potential for application
in livestock production (Acamovic and Brooker 2005) as they are natural plant extracts which

are considered safer with regard to human health compared to chemical feed additives.

1.3 Plant secondary metabolites and their nutritional characteristics in ruminant feeding

The PSM are chemical compounds that are specific to different plant species or families. The
PSM are not involved in primary metabolism or biochemical processes in plant growth
(production of nutrients) or reproduction (Patra and Saxena 2010). The functions of PSM in
plants are manifold as they contribute to specific odours, tastes and colours of plants.
Additionally, they may have a defensive function against pathogens and be a deterrent for
insects and herbivores (Bennett and Wallsgrove 1994). Therefore, secondary metabolites can
have anti-nutritive or even toxic effects on herbivores, depending on their chemical structure
and concentration in the plant. The concentration in plants is affected by genetic and
environmental factors. The PSM composition and concentration may vary between seasons and
habitats (Palo et al. 1985; Sauter and Wellencamp 1998), when grown in different soils, in
varying climates and under different fertilization treatments (Tiemann et al. 2009 and 2010) or
even when originating from different cultivars of the same species (Bekele et al. 2009). There
are over 200 000 defined structures of PSM (Patra and Saxena 2010) and their differentiation
into groups is based on their chemical structure and physiological properties. Groups that are
of special interest in ruminant feeding comprise the phenols, saponins and essential oils.
According to Makkar (2003) the phenolic compounds can be divided in total phenols (TP), non-
tannin phenols (NTP) and total tannins (TT). The total tannins can be subdivided further into
condensed tannins (CT) and hydrolysable tannins (HT) (Makkar 2003). The polyphenolic
substances that are the most widely distributed are the tannins on which the present doctoral
thesis focused on.
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1.3.1 Feed intake and animal performance with tannins in ruminant feeding

It is well known that, depending on the dosage, PSM-rich plants can have a beneficial or adverse
effect on animals (Makkar 2003). High levels of PSM can reduce the palatability of the feed
and, concomitantly, feed intake and productivity of the animal. This may be the reason that
promising plant additives, tested in vitro, are often less successful when tested in vivo (Goel
and Makkar 2012). Low palatability, due to astringent tannins, can lead to reduced voluntary
feed intake of PSM-rich plants or plant additives (Kumar and Singh 1984). Concentrations of
60-120 g/kg DM of CT were responsible for a depressed feed intake and reduced animal
productivity (Aerts et al. 1999). Though, the same review study showed that a moderate dosage
of CT (20-40 g/kg DM) can improve animal production efficiency. Studies have shown that
feeding plants rich in CT, e.g. L. corniculatus, can increase milk yield, milk protein content and
milk production efficiency (Wang et al. 1996, Woodward et al 2000). Tannins can also have
health-promoting effects on animals. They are able to help control gastrointestinal parasites
(Min and Hart 2003), promote wool growth and increase ovulation rates in ewes (Aerts et al.
1999) and can prevent bloat (Waghorn and McNabb 2003). Care should be taken when feeding
high amounts of HT because of possible toxic effects. However, with a sufficient adaptation for
the rumen microbes, this is also feasible (Waghorn 2008). Overall, animals preferences for

certain feeds seem to be related to digestive consequences (Baumont 1996).

1.3.2 Effect of tannins on ruminal fermentation

Tannins can affect the feed quality and digestibility. The CT form complexes, primarily with
proteins, in the rumen (pH 6.0 to 7.0). By this complexing, the proteins are protected from
degradation by microbes in the rumen and can be transported to the duodenum. There, with a
pH below 3.5, the complexes can be dissolved again (Kumar and Singh 1984). An increase of
the utilisable crude protein (uCP) could be the direct consequence. Additionally a shift from
urinary N to faecal N excretion can be observed when feeding diets supplemented with tannins
(CT) to ruminants (Waghorn 2008, Gerlach et al. 2018), this is positive from an environmental
point of view. This shift might be explained by the reduced protein degradation in the rumen
and accordingly a reduced ruminal NH3 production. Moreover, antimicrobial properties and a
negative effect on ruminal fibre digestion because of decreased cellulolytic bacteria numbers
or reduced enzyme activity were reported for tannins (Wallace 2004, Goel and Makkar 2012).
Furthermore, tannins can differ in their influence on CH4 formation in the rumen. The meta-
analysis by Jayanegara et al. (2012) showed that at least 20 g of tannins per kg DM are needed

in vivo and in vitro to obtain a clear methane mitigating effect. Effects of PSM such as phenols
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(including tannins) on CH4 formation are not always unambiguous as not only concentration
but also type and biological activity can have an influence (Waghorn and McNabb 2003). The
combination of different tannin groups (HT and CT) showed a different mitigation potential
than the use of only single groups (Bhatta et al. 2009). A decrease of protozoal numbers, a shift
in the short chain fatty acid proportions or the aforementioned change in digestibility might be

possible reasons for the modification in CH4 emissions.

1.4 Woody and herbaceous plants as alternative and novel resources in ruminant feeding

In Europe the number of shrubs and trees in the agricultural landscape has decreased in the last
decades due to the intensification and mechanisation of agriculture (Nerlich et al. 2013).
Nowadays, the aforementioned study showed that agroforestry systems, including trees and
shrubs in agricultural production systems, are regaining importance. In Switzerland for
example, policies (Oko-Qualititsverordnung, Bundesrat 2000) and agricultural programmes
(IP-Suisse) promote the planting of shrubs as hedges. In southern Europe, woody plants play
an important role in livestock feeding as a protein supplement, especially in dry or semi-dry
Mediterranean areas to tide over feed shortage during inauspicious weather conditions (Makkar
2003; Papanastasis et al. 2008).

An important aspect to point out is that trees and shrubs do not compete with human food
production. The increasing global demand for animal products evolving in the next decades will
escalate the food-feed competition and novel feed resources will become more important
(Makkar 2018). Additionally, trees, shrubs and herbaceous plants can positively affect the
environment, as demonstrated in the review by Nair (2011). Benefits include natural habitats
for numerous plants and animals and improved water and soil quality.

Trees, shrubs and herbaceous plants can be very rich in PSM contents (Frutos et al. 2004). Ben
Salem (1994) remarked that shrubs and trees can be valuable feed resources in livestock feeding
systems, but a good knowledge of their palatability and nutritive value is required. However
the list of effective, indigenous plants in the temperate climate zone that have a high, or at least
moderately high, feeding value is rather limited. Plants which are available in bulk are of
particular interest because this allows an implementation in animal feeding practices. Several
plants which can be found in natural grasslands are known to be rich in PSM and to have the
potential of mitigating CH4 and NH3 formation in ruminants. Forages from woody plants could
also be rich in PSM such as phenols and tannins (Makkar 2003; Frutos et al. 2004). Different
studies have demonstrated that including woody plants as feed or additives into the rations of
ruminants can be successful without having negative effects on the feed intake and performance
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of the animal. In New Zealand temperate species like Salix spp. or Populus spp. are fed to sheep
and cattle and in Belgium Coryllus avellana is given as a supplementary forage in ruminant
production (Vandermeulen et al. 2018). Meier et al. 2014 showed that woody plants could be
highly palatable for sheep, especially birch tree leaves (Betula pendula). Overall, the branches,
leaves or the whole plant of shrubs can be used as fresh fodder, dried or even ensiled

(Vandermeulen et al. 2018).

1.5 Experimental approach and scope of the doctoral thesis

The overall aim of this doctoral project was to test and identify plant candidates to be fed as
additives to a good quality ration common in ruminant farming. The focus was on forages from
woody and herbaceous plants growing naturally in temperate climates. The selection of plants
was determined by their availability in bulk, inexpensive procurement and no direct competition
to human food production. To evaluate potential candidates, the plants were screened in vitro
with the Hohenheim Gas test for their CH4 and NH3 mitigation potential. Furthermore, it was
evaluated how the plants affect the digestibility and rumen fermentation when added to a
common mixed basal diet in different dosages. The plants with the highest CH4 and NH3
mitigation potential, without negatively affecting digestibility, were chosen for a following
palatability test in dairy cows. Finally, the most palatable plant with the highest CH4 and NH3
mitigation potential was applied as feed additive in sheep and dairy cows and evaluated for their

in vivo effects.
In brief, the project was subdivided into the following five objectives:

1) Identification of plants with the highest CH4 and NH3 mitigation potential with
negligible effects on the digestibility in vitro with the Hohenheim Gas test (Chapter 2)

2) Test the dose-response effect of the six most promising plants (from objective 1) in vitro
(Chapter 3)

3) Test the palatability of the six most promising plants (from objective 1) as feed additive
in dairy cows (Chapter 3)

4) Study the most palatable plant in low and high amounts with regard to the degree of
CHa4 and NH3 mitigation in sheep (Chapter 4)

5) Determine potential associative effects between woody plants as feed additive and high
quality forage by combining increasing amounts of the most promising plant with high-
quality lucerne to dairy cows and analysing the effects on animal performance and gas

emissions (Chapter 5)

24



Chapter 2

In vitro screening of temperate climate forages from a variety of woody plants

for their potential to mitigate ruminal methane and ammonia formation

This chapter is based on Terranova, M., Kreuzer, M., Braun, U. and Schwarm, A. 2018: Journal

of Agricultural Science, 156, 929-941.
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2.1 Summary

Feeding phenol-containing plants to ruminants has the potential to mitigate both, methane and
ammonia formation. In the present study, mostly woody plants, such as the leaves of trees and
shrubs, were tested for their influence on in vitro fermentation. Plants selected grow naturally
under temperate climatic conditions, are usually available in bulk and do not directly compete
with human food production. The detailed screening included whole plants or parts of different
plant species reporting their effects on methane and/or ammonia formation. The plant materials
were added at 167 mg/g of total dry matter to a common total mixed ration and incubated for
24 h with the Hohenheim gas test method. The results from the in vitro fermentation were also
used to determine the net energy of lactation and the utilisable crude protein in the complete
diets. Thirteen out of 18 test materials did not impair the organic matter digestibility of the diet.
Ammonia concentrations decreased up to 35% (P < 0-05) when adding any of the test materials.
Methane formation per unit of feed dry matter and per unit of digestible organic matter was
lowered (P <0-001) by 13 of the 18 test materials from 12 to 28% and 5 to 20%, respectively.
In conclusion, a number of plant materials tested have the potential to mitigate ruminal
ammonia and methane formation without adversely affecting digestibility. The leaves of Betula
pendula, Corylus avellana, Ribes nigrum, Vitis vinifera and the aerial part of Geum urbanum

were particularly promising in this respect.

2.2 Introduction

Methane (CHa4) is a greenhouse gas that substantially contributes to climate change. The
livestock sector is estimated to contribute up to 18% of total global anthropogenic greenhouse
gas emissions (Steinfeld et al. 2006). The application of specific feeds and feeding strategies
are among the most promising ways to mitigate CH4 formation during its synthesis in the rumen
of ruminants. Depending on the dosage or the composition, plants can have positive or negative
effects on digestive processes in herbivores. Plant secondary compounds (PSC), like saponins,
phenols and essential oils play a central role in this respect (Waghorn 2008; Bodas et al. 2012).
Apart from CHa, there are other harmful emissions from animal excretions, particularly urinary
N, as it is easily emitted as ammonia or nitrates. Urinary N excretion is closely related to ruminal
ammonia concentration which, therefore, is indicative of the N emission potential in diets
(Dijkstra et al. 2013).

There are some extensive in vitro screenings of plant supplements testing their CH4 and

ammonia mitigating properties, for example with plants from natural grasslands (Banik et al.
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2013; Macheboeuf et al. 2014; Niderkorn et al. 2014). In the ‘Rumen Up’ project (Wallace
2008; https://www.abdn.ac.uk/research/rumen-up/report), 34 plants or plant extracts out of 500
were identified as being able to diminish CH4 production by more than 15% in vitro when given
as additives without negatively affecting ruminal fermentation. Individual results regarding
digestibility, methane, ammonia, total gas or SCFA production were made available in peer-
reviewed publications for only 14 of these 34 promising plants (Selje et al. 2007; Bodas et al.
2008).

In general, the list of effective and indigenous plants in the temperate climate zone, which
at the same time, have a high or at least moderately high feeding value, is still rather limited.
Of particular interest are those plants that are affordable and mostly available in bulk so that an
implementation in animal feeding practice is feasible. Several plants growing naturally in
grasslands, especially those in the legume family, are known to be rich in PSC and have the
potential to mitigate CH4 and ammonia (Tavendale et al. 2005; Williams et al. 2011). However,
in terms of PSC contents, forages from woody plants like shrubs and trees might be more
promising than herbaceous forages. In addition, these woody plant species typically do not
directly compete with resources used for growing human food and have a particular ecological
value as habitats for numerous animal and plant species. Nevertheless, forages from shrubs and
trees can have higher lignification than herbaceous plants and thus offer a lower feeding value
(Hummel et al. 2006). Besides, a potential drawback is that PSC content and composition as
well as nutrient contents may vary between seasons and habitats (Palo et al. 1985; Sauter &
Wellenkamp 1998).

Therefore, the aim of the present study was to screen a variety of woody plants for their
magnitude of mitigation of ruminal CH4 and ammonia if they are added to a good quality total
mixed ration to a considerable extent. Besides describing the fermentation, the microbial count
and indicators of the feeding value of the diets supplemented with the test plant additives
(contents of net energy of lactation (NEL) and the utilisable crude protein at the duodenum
(uCP)), were evaluated. Two lots from each test plant material were tested separately to account

for the variability of natural plant material in phenol and nutrient content and composition.
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2.3 Materials and Methods
2.3.1 Test plant material

In the present study, 18 test plant materials derived from 16 plant species were chosen for in
vitro incubation with the Hohenheim gas test (HGT) method (Table 2.1). Thirteen of the plants
were selected from a list of 34 plant materials in the Rumen Up report (Result section 3.5, page
3.46). An over 15% decrease in CH4 production in vitro was observed when these plant

materials were given as additives and no negative effect on ruminal fermentation (digestibility,

total gas and SCFA production) was reported. Our selection criteria were: (1) plants growing
naturally under temperate climate conditions, (2) respective plant parts are inexpensive and
available in bulk, and (3) plants do not directly compete with the production of human food.

The following plant materials were tested: leaves of Arctostaphylus uva-ursi (bearberry), Betula
pendula (silver birch), Castanea sativa (sweet chestnut), Corylus avellana (hazel), Populus
tremula (aspen), Ribes nigrum (blackcurrant), Salix caprea (goat willow), Vitis vinifera and
Vitis vinifera rubra (grape vine), aerial part of Epilobium angustifolium (rosebay willow), Geum
urbanum (wood avens), Lotus corniculatus (birdsfoot trefoil) and Symphytum officinale
(comfrey), fruit of Aesculus hippocastanum (horse-chestnut) and Prunus spinosa (blackthorn;
entire fruit, kernel and pulp) and root of Paeonia alba (peony). Leaves of Castanea sativa
(sweet chestnut) were used as a positive control due to their demonstrated mitigating effect on
methane and ammonia formation (Jayanegara et al. 2011). The aerial part of the L. corniculatus
was tested because of contradicting reports in regard to CH4 and ammonia mitigation potential
(no effect: Macheboef et al. 2014 Niderkorn et al. 2014; effect: Tavendale et al. 2005; Williams
etal. 2011). As summarized in Table 2.2, for nine test plant materials, no publications regarding
effects on ruminal fermentation were available and for the remaining seven materials,
investigations were incomplete in terms of the variables aimed at in the present study. The large
variety of incubation methods used among the plant materials in the literature cited above and
the missing results regarding variables of interest for the present study were reasons to still
include these plants. Particularly the uCP and NEL contents of the plant materials were never
reported in other studies, with the exception of uCP for L. corniculatus (Scharenberg et al.
2007). Thus, the results of the present study contribute considerably to the description of their

feeding value. A total mixed ration without plant additive served as the negative control.
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Table 2.1 Details of the experimental plant materials.

7

Plant species or variety Plant family Lot/ Collection Harvest time
plant part supplier* site (where specified)

A. hippocastanum Sapindaceae 1/A Poland September
tree fruit 2/B Poland September

A. uva-ursi Ericaceae 1/A Russia October,November
shrub leaves 2/B Russia

B. pendula Betulaceae 1/A Albania August
tree leaves 2/A Romania June

C. sativa Fagaceae 1/A Albania July
tree leaves 2/B Albania

C. avellana Betulaceae 1/A Albania October
shrub leaves 2/A Albania May

E. angustifolium Onagraceae 1/7A Poland August
aerial part of herb 2/A Poland June

G. urbanum Rosaceae 1/A Poland September
aerial part of herb 2/B Croatia June

L. corniculatus Fabaceae 1/B Switzerland
aerial part of herb 2/B Switzerland

P. alba Paeoniaceae 1/B China
shrub root 2/B China

P. tremula Salicaceae 1/A Serbia June
tree leaves 2/B Serbia June

P. spinosa Rosaceae 1/A Poland October
shrub fruit: entire; kernel; pulp 2/A Poland October

R. nigrum Grossulariaceae 1/A Poland July
shrub leaves 2/A Poland May - August

S. caprea Salicaceae 1/C Germany Autumn
tree leaves

S. officinale Boraginaceae 1/B Croatia
aerial part of herb 2/D Croatia

V. vinifera Vitaceae 1/A Bulgaria August,September
shrub leaves green 2/A Bulgaria September

V. vinifera rubra Vitaceae 1/A Serbia November
shrub leaves red 2/A Spain November

A, =Alfred Galke GmbH, Bad Grund, Germany; B, Berg pharmacy, Zurich, Switzerland; C, own

collection; D, St. Peter pharmacy, Zurich, Switzerland.

The test plant material could be purchased from Alfred Galke GmbH (Bad Grund, Germany),

Berg pharmacy (Zurich, Switzerland) and St. Peter pharmacy (Zurich, Switzerland), except for

S. caprea which was not purchasable (Table 2.1). As stated by the suppliers, the two lots of each

plant material were collected in the countries and during the seasons indicated in Table 2.2,

dried conventionally at 35°C in the drying oven and cut to a size of 4 to 6 mm. Two lots per

plant material were purchased from different suppliers, with the exception of L. corniculatus,

P. alba and P. spinosa. The two lots each of B. pendula, G. urbanum and V. vinifera rubra were
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grown in different countries. The two lots each of C. avellana, E. angustifolium and R. nigrum
were grown in the same countries but harvested in different months of the year. The two lots of
the other plant materials were grown in the same countries at unspecified harvest time or
harvested in the same month of the year. Leaves of S. caprea were collected in the form of
autumn foliage in the area of Baden-Baden, Germany, and dried at 50°C. For this plant only

one lot was available.

2.3.2 Incubation mode

The HGT method was performed as outlined by Menke & Steingass (1988). For incubation,
modified 100 ml glass syringes with two outlets, one for fluid and one for gas sampling, were
used as described in Soliva & Hess (2007). All test materials were ground with a centrifugal
mill (Model ZM1, Retsch GmbH, Haan, Germany) to pass through a 1 mm sieve. The material
from the test plants was used in an amount of 40 mg dry matter (DM) and was added to 200 mg
DM of a total mixed ration (167 mg test plant/g total substrate). This proportion was chosen as
it was considered realistic for inclusion as supplement to a complete ruminant diet and because
a comparable level has been tested in similar studies (e.g. Selje et al. 2007; Bodas et al. 2008),
as well.

The total mixed ration (basal diet) was composed of maize silage, grass silage (mixed
sward, ryegrass dominated), grass hay (mixed sward, balanced) and concentrate
(0-50:0-25:0-10:0-15). The concentrate DM (g/kg) consisted of rapeseed cake, 500; soybean
meal, 170; maize gluten, 150; wheat, 130; calcium phosphate, 30; limestone, 20. Rumen fluid
was taken from a fistulated lactating Brown Swiss cow (Cantonal Veterinary Office approval
number ZH 38/14) that was fed on second-cut grass hay and, additionally, a mineral
supplement (Mineralsalz UFA 195; UFA AG, Herzogenbuchsee, Switzerland). On six
occasions distributed across six weeks, rumen fluid was collected before morning feeding. It
was transported in a preheated thermos flask to the laboratory. Within one hour after collection,
rumen fluid was strained through four layers of gauze and added to a buffer solution in a 1:2
ratio according to the protocol of Menke & Steingass (1988).

In the next step, 30 ml of rumen fluid-buffer mixture were filled into syringes, which already
contained the feed. Each of the two lots from the 17 plant materials was incubated in six HGT

runs adding up to 12 observations (2 lots x 6 runs). For S. caprea, only 6 observations (1 lot x
6 runs) were available. Two syringes each per run were comprised of HGT standard hay,

standard concentrate as well as HGT standard uCP (all material obtained from the Institute of
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Animal Nutrition, University of Hohenheim, Stuttgart, Germany). Additionally, each run
included a duplicate of blanks (syringes without feed) and two syringes with just the basal diet

as the negative control adding up to 270 incubations in total.

2.3.3 Measurements, sampling and laboratory analysis

The incubation lasted for 24 h at 39°C in an incubator with integrated rotor. After 24 h, the
fermentation gas volume was recorded from the calibrated scale printed onto the syringes, and
the fermentation was terminated by removing the incubation fluid from the syringes while the
gas phase remained inside. Measurements of pH and ammonia in the incubation fluid were
performed with a potentiometer directly after collection (pH: model 632; ammonia: model 713;
Metrohm, Herisau, Switzerland), which was equipped with appropriate glass electrodes (pH:
6.0204.100; ammonia: 6.0506.100; Metrohm, Herisau, Switzerland). Fermentation gas samples
of 150 pl were taken from the incubation syringes and injected using a gas-tight Hamilton
syringe (Hamilton AG, Bonaduz, Switzerland) into a gas chromatograph (6890N, Agilent
Technologies, Wilmington, DE, USA) equipped with a thermal conductivity detector.
Concentrations of CH4 and carbon dioxide were analysed with this detector. Four millilitres of
incubation fluid were centrifuged, and 2 ml of supernatant were conserved at -20°C for later
short chain fatty acids (SCFA) analyses. This analysis was performed on a HPLC (La Chrom,
L-7000 series, Hitachi Ltd., Tokyo, Japan) equipped with an UV detector. For protozoal
counting, the incubation fluid was preserved with a 60 ml formaldehyde/l solution (Sigma-
Aldrich, Buchs, Switzerland) in a ratio of 1:1. Samples for bacteria counting were diluted 1:100
in a 40 ml of formaldehyde/l solution. A Biirker counting chamber (Blau Brand, Wertheim,
Germany) with depth of 0-1 mm was used to count protozoa, and a Neubauer improved
counting chamber (Blau Brand) with a depth of 0-02 mm was used for bacterial counting.

The chemical composition of test plant materials and the basal diet were determined
according to AOAC (1997). Dry matter (DM) and total ash (TA) were analysed by a TGA-701
furnace (Leco Corporation, St. Joseph, Michigan, USA; AOAC index no. 942.05), and organic
matter (OM) was calculated as DM minus TA. The neutral detergent fibre (NDF) was assessed
in a Fibertec System M 1020 Hot Extractor and a 1021 Cold Extractor (Tecator, Hogamas,
Sweden) with the use of a heat-stable a-amylase, but without sodium sulphite (Van Soest et al.
1991). The acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined using
the aforementioned Fibertec apparatus according to the protocol of Van Soest et al. (1991). The

NDF and ADF values were expressed without residual ash.

31



7

For determining ether extract (EE), a Soxhlet extractor was used (Extraction System B-811,
Biichi, Flawil, Switzerland; AOAC index no. 963.15). With a C/N analyser (TruMac CN, Leco
Corporation, St. Josephs, Michigan, U.S.A) nitrogen (N) contents were measured (AOAC index
no. 968.06). Crude protein (CP) was calculated as 6-:25 x N. All samples were analysed in
duplicate, except for ADF and ADL, which were analysed in triplicate. Analyses of phenolic
fractions were performed according to Makkar (2003). The extraction for the subsequent
measurements was done twice using a 700 ml acetone/l solution. Total phenols (TP) and non-
tannin phenols (NTP) were analysed with the Folin-Ciocalteu method, but, in contrast to
Makkar (2003), the results were expressed as gallic acid equivalents. This was because the
calibration of the UV-spectrophotometer (Shimadzu UV-160A; Shimadzu Corporation, Kyoto,
Japan) was done with a gallic acid solution. To calculate the total tannin (TT) contents of the
samples, the NTP were subtracted from the TP. The determination of the condensed tannins
(CT) was performed with the butanol-HCl-iron method (Makkar, 2003) and the contents were
given as leucocyanidin equivalents. The hydrolysable tannins (HT) were calculated as the

difference between TT and CT.

2.3.4 Calculations and statistical analysis

Total gas amounts produced by the treatment diets were calculated by the difference between
the gas production from the blanks and the gas amount in the incubated samples. Afterwards,
the average value of the gas amounts expected and produced by the standard hay (expected:
49-61 ml gas/200 mg DM; 24 h incubation) and concentrate (expected: 65-18 ml gas/200 mg
DM; 24 h incubation) was used to adjust the gas formation data from each run separately before
calculating the NEL values. We accounted for the lower amount of fermentable OM provided
by the basal diet alone (200 mg) when compared to the test diets (200 + 40 mg) by adjusting
the basal diet values of all quantitative variables to an amount of 240 mg. We specified the
values actually measured as 200 mg DM of basal diet in brackets in the tables. For the
relationship of CHs to SCFA, the molar amount of CH4 was calculated by assuming a 20 °C
temperature and an atmospheric pressure of 960 Pa.

In vitro OM digestibility (IVOMD) and net energy of lactation (NEL) were calculated
according to the protocol of Menke & Steingass (1988) by:

IVOMD (mg/g) = 148-8 + 8-893 x GP (ml/200 mg DM) + 0-448 x CP (mg/g) + 0-651 x
TA (mg/g);
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NEL (kJ/g DM) = 1-64 + 0-0269 GP (ml/200 mg DM) + 0-00078 GP? (ml/200 mg DM) +
0-0051 CP (mg/g) + 0-01325 EE (mg/g)
where GP = adjusted gas production after 24 h of incubation. The content of uCP was estimated
according to Steingass & Siidekum (2013) by:

uCP (mg/g DM) = (NH3-Nblank (mg) + Nsample (mg) — NH3-Nsample (mg)) / weight of sample
(mg DM) x 6-25 x 1000
where Nsample = N originating from the incubated diet and NH3-Nblank and NH3-Nsample =
ammonia-N measured in the blank and the incubated sample, respectively. The uCP values were
corrected by the respective standard (183 mg uCP/g DM; 24 h incubation).

The data were analysed with the MIXED procedure of SAS version 9-4 (SAS Institute,
Carry, NC, USA) with the Tukey-Kramer adjustment. The plant material (including the basal
diet alone) was defined as fixed effect (n = 19), and incubation run (n = 6) was defined as
random effect. The basal diet was replicated twice per run. Single incubations of each of the
two different lots from the same plant material were repeated six times (runs). These six values
per plant material were obtained over a period of 6 weeks where the presence of clear
differences in the donor animal’s rumen fluid were likely. Thus, the number of observations
was n = 12 (2 lots x 6 runs) per test plant material, except for S. caprea, where only 6
observations (1 lot X runs) were available. For B. pendula and the basal diet, only 10 and 11
total observations were available, respectively. Calculations for uCP were only possible in four
runs due to the lack of the uCP standard in the first run and values out of the standard range
(183 + 18 mg uCP/g DM) in the last run. Differences among the Tukey-Kramer adjusted means
were considered to be significant at P < 0-05 and as trends at 0-05 < P < 0-10. In a separate
statistical evaluation, an indication of the presence or absence of lot differences in the data from
the HGT experiment was tested as far as it was possible in the frame of the current set-up. This
was accomplished by performing a simple Student’s #-test for every fermentation variable and

each individual lot of test plant material (except S. caprea, where only one lot was available).
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Table 2.2 Overview of in vitro studies describing methane, ammonia, short-chain fatty acids (SCFA) or digestibility results with the plant

species tested in the present study

Plant species or variety CHs  Ammonia, SCFA Digestibility uCP, Plant inclusion level in Incubation Rumen fluid origin
and plant part proteolysis NEL g/kg DM (study number) duration in h (study number)
(study number)

A. hippocastanum fruit

A. uva-ursi leaves 9 180 (9) 12 (9) Cow (9)

B. pendula leaves

C. sativa leaves 3 3 3 3 1000 (3) 24 (3) Cow (3)

C. avellana leaves

E. angustifolium aerial part 5,6 5,6 5,6 5,6 1000 (5,6) 24 (5,6) Sheep (5,6)

G. urbanum aerial part

L. corniculatus aerial part 1,5,6, 1,5,6,11, 1,5,6,10, 1,5,6,11,12 8 400 (11); 24 (1,5,6,8,10); Cow (8,11);

10,11 12 11,12 1000 (1,5,6,8,10,12) 48 (12); 216 (11)  Sheep (1,5,6,10,12)

P. alba root

P. tremula leaves 2 2 2 91 (2) 24 (2) Sheep (2)

P. spinosa fruit

P. spinosa kernel

P. spinosa pulp

R. nigrum leaves

S. caprea leaves 2 2 2 91 (2) 24 (2) Sheep (2)

S. officinale aerial part

V. vinifera leaves 4,7 1000 (4,7) 48 (4,7) Cattle (7);
Sheep (4)

V. vinifera rubra leaves

Based on a search in Web of Science using ‘plant name’, ‘ammonia’, ‘methane’ and ‘fermentation’ as key words for the period from 1990 to 2018.
DM, dry matter; NE;, net energy for lactation; uCP; utilizable crude protein.
1 = Banik et a/., 2013; 2 = Bodas et al., 2008; 3 = Jayanegara et al., 2011; 4 = Kamalak 2005; 5 = Macheboeuf et al., 2014; 6 = Niderkorn and Macheboeuf
2014; 7 = Peiretti et al., 2017; 8 = Scharenberg et al., 2007; 9 = Selje et al., 2007; 10 = Tavendale et al., 2005; 11 = Williams et al., 2011; 12 = Chen et al.,

2011.
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2.4 Results

The content of OM (g/kg DM) for the test plant material lots ranged from 816 for the aerial part
from S. officinale to 981 for the kernel from P. spinosa (Table 2.3). The variation was smaller
in CP, with a difference of 145 g/kg DM between the highest (R. nigrum leaves) and the lowest
(P. spinosa fruit pulp) values. Extremely small amounts of EE were found in both lots of P.
alba roots, L. corniculatus aerial part and the fruit pulp of P. spinosa. In contrast, lots of P.
spinosa kernels showed nearly ten times more EE (about 100 g/kg DM). The kernel of P.
spinosa contained the most NDF (673 and 693 g/kg DM), and the root of P. alba contained the
least NDF (183 and 164 g/kg DM). The aerial part of E. angustifolium showed the largest
difference (71 g NDF/kg DM) between both lots. The contents of ADF (g/kg DM) were highest
in the S. caprea leaves (627) and lowest in the P. alba root lots (99 and 106). The same plants
were contrasting in ADL with on average 419 versus 1 to 5 g/lkg DM, respectively. Among all
plant materials, the leaves of A. uva-ursi clearly showed the highest contents of TP, NTP, TT
and HT. All of them were > 80 g/kg DM. The kernel of P. spinosa had the lowest TP, TT and
HT contents; all < 10 g/lkg DM. The plant materials from A4. hippocastanum (fruit), P. alba
(root), P. spinosa (entire fruit, kernel, pulp) and S. caprea (leaves) were the only with <10 g
NTP/kg DM. In the leaves of C. avellana, the highest content (g/kg DM) of CT (65-4) was
found. It was 500 and 260 times higher than the contents found in the basal diet (0-13) and in
the aerial part of S. officinale (0-25), respectively.
The pH of the incubation fluid always ranged between 6-7 and 6-9. The addition of different
test plant materials to the basal diet caused a large variation in the magnitude of effects
compared to the incubation of the basal diet alone (Tables 2.4 and 2.5). All plant materials
decreased the ammonia concentrations (P < 0-05) by up to 36% compared to the basal diet as
sole substrate. The bacteria count was affected (P < 0-05) by some test plant materials. The
count was high with the leaves of V. vinifera rubra and low with the leaves of P. tremula.
Protozoa counts remained unaffected by the supplements compared to the basal diet (value
adjusted to 240 mg DM incubated). All plant supplementations resulted in a decrease (P < 0-05)
in total SCFA concentration. The molar proportion of acetate in total SCFA was influenced by
the plant additives (P < 0-05), but only with the addition of the leaves of B. pendula and C.
sativa the molar proportion was lower compared to the basal diet as sole substrate.

Propionate proportions of total SCFA in the incubation fluid were increased (P < 0-05) by
nine of the plant supplements compared to the control. The acetate-to-propionate ratio was
highest at 3-74:1 for the A. uva-ursi leaves and lowest for the C. sativa leaves at 3-27:1. It was

reduced (P < 0-05) by nine of the plant supplements compared with the basal diet alone.
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Butyrate proportion was slightly reduced (P < 0-05) with the aerial part of S. officinale, and the
iso-butyrate proportion was not influenced by any of the plant supplements. Molar proportions
of valerate were decreased (P < 0-05) by only the B. pendula leaves, and only the leaves of B.
pendula and P. tremula increased the iso-valerate (P < 0-05).

Compared to the basal diet alone, the total gas production of the incubated diets was
increased (P < 0-05) only by supplementing with the root of P. alba (Table 2.5). In contrast,
with leaves of P. tremula, the aerial part of E. angustifolium, leaves of C. sativa and the kernel
of P. spinosa the total gas amount was reduced (P < 0-05) between 4 and 8 ml/24 h. The
remaining 14 plant additives did not affect the total gas produced compared to the basal diet
alone. Accordingly, IVOMD and the amount of OM digested in 24 h declined (P < 0-05) with
additions of P. tremula, E. angustifolium, C. sativa and kernels of P. spinosa. The amount of
CHa4 produced per unit of dOM was reduced (P < 0-05) by 13 of the plant additives compared
to the control. This was to an extent of 005 to 020 of the basal diet alone.

The methane yield per unit of dietary DM and absolute CH4 production in m1/24 h (adjusted
to 240 mg of diet DM) showed similar results. C. sativa leaves exhibited the greatest CHa
mitigating effect, and the kernels of P. spinosa exhibited the smallest effect. The carbon dioxide
per unit of feed DM was 183 ml/g in the basal diet, and it was lowered (P < 0-05) up to 25 ml/g
DM by the aerial part of E. angustifolium, the leaves of C. sativa, and the kernels of P. spinosa.
It was increased (P < 0-05) by the root of P. alba (+20 ml/g DM).

The same plant supplements were similarly effective (P < 0-05) in changing the amount of
carbon dioxide per 24 h. The CHa-to-carbon dioxide ratio was reduced (P < 0-05) by ten of the
plant supplements, with the highest decrease of 30 ml CH4/1 of carbon dioxide in the case of C.
sativa leaves. Only a few test plant materials affected the CHa-to-SCFA ratio. The ratio
increased with the root of P. alba and the whole fruit of P. spinosa and decreased with the
leaves of C. sativa. Adding five of the test plant materials reduced (P < 0-05) the NEL content
of the diet to a degree ranging from 0-41 (P. tremula leaves) to 0-77 (C. sativa leaves) kl/g of
feed DM. Only one, the root of P. alba, increased (P < 0-05) the NEL content by 0-55 kJ/g of
feed DM. The uCP content (g/kg DM) was reduced (P < 0-05) by only one plant supplement,
the kernel of P. spinosa. Adding the leaves of R. nigrum, C. avellana and the aerial part of E.
angustifolium even increased the uCP content by about 12 g/kg DM.

The lot effect was only significant (P < 0-05) with the kernel of P. spinosa for protozoal
numbers and iso-valerate, with the pulp of P. spinosa for iso-valerate, with the leaves of R.

nigrum for iso-butyrate, and with the leaves of V. vinifera rubra for total gas.
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Table 2.4 Fermentation characteristics as measured in the incubation fluid after incubation with the basal diet as sole substrate or supplemented with
the experimental plants at a ratio of 5:1 (basal diet:plant)

Plant species* Ammonia Total Total Short chain fatty acids (mmol/l) and their molar proportions (mmol/mol))
(mmol/T) bacteria protozoa Total C Cs Cs isoCs Cs isoCs  Co/Cs

(10°/ml) (10%/ml) (x:1)

Basal diet’ 12:6 619 4-01 97-4 676 185 108 8-0 9-9 12-3 3-66
(10-5) (5-13) (3-32) 81-1)

A. hippocastanum 8:60 6-04 3-03 88-9 671 196 107 6-1 89 11-1 3-45
P. spinosa fruit pulp 8-96 5-60 3-65 89-7 666 199 108 5-7 10-3 11-0 3-36
P. alba 8-07 5-22 4-47 92-9 669 203 103 53 9-3 11-1 3-31
P. spinosa whole fruit 9-36 4-72 4-51 88-1 667 195 109 69 10-3 12-1 3-44
L. corniculatus 10-1 5-18 4-57 88-5 672 191 105 7-1 11-2 12-8 3-52
P. spinosa fruit kernel 10-7 4-66 3-66 834 669 192 109 7-0 10-3 13-1 3-50
V. vinifera rubra 9-45 6-22 3-55 873 681 187 106 59 9-3 11-0 3-67
S. caprea 9-94 5-26 3-14 82:0 676 186 109 66 9-7 12-5 3-64
B. pendula 9-37 5-06 3-64 88-7 660 193 114 75 82 17-2 345
V. vinifera 8-90 5-76 3-44 87-8 680 185 108 6-4 9-3 11-7 3-69
P. tremula 9-22 4-49 4-08 87-8 666 189 113 6-6 9-2 16-1 3-55
R. nigrum 9-12 5-40 3-60 88-0 676 188 107 7-2 9-3 12-1 3-60
G. urbanum 8-78 5-65 3-83 867 675 190 108 6-2 9-7 11-2 3-56
A. uva ursi 8:29 5-10 3-56 89-7 687 184 104 6-4 8-6 10-7 3-74
S. officinale 9-38 5-62 3-33 866 672 198 102 63 9-8 11-8 3-40
C. avellana 8-45 5-39 3-44 85-4 680 187 105 6-0 86 12-4 3-64
E. angustifolium 8-61 5-83 3-11 84-8 675 190 109 63 9-6 11-1 3-56
C. sativa 8-54 4-85 3-23 84-5 660 203 110 6-1 9-3 10-7 3-27
S.E.M. 0-741 1-062 0-814 4-39 3-6 4-6 4-1 0-76 0-31 0-90 0-084
D.F. 195 195 195 195 195 195 195 195 195 195 195
P value plant species effect <0-001 0-002 0-199 <0-001 <0-001 <0-001 <0-001 0-292 <0-00 <0-001 <0-001

C,, acetate; C;, propionate; Cy4, butyrate; Cs, valerate; C,/Cs, acetate/propionate ratio.

Least-square means of six incubation runs X 2 plant material lots

Values in bold differ (P < 0.05) from basal diet as sole substrate.

* Plants ordered according to declining amount of CH,4 relative to dOM (cf. Table 2.5).

¥ Variables where two values are given: values outside of brackets are least-square means from data adjusted to 240 mg dry matter equivalent to the other
treatments. Values in brackets give least-square means from data actually measured with 200 mg dry matter of the basal diet.
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2.5 Discussion
2.5.1 Lot effects

The accuracy and repeatability of the results of plant screenings for feeding value and mitigation
properties also depend on the recovery of the effects in other lots of the same plant material.
Various factors may change the composition of woody plants and influence their digestibility.
Palo et al. (1985) showed that the content of phenolic acids in fine twigs of B. pendula varies
between April and July. At the same time, there were changes in the contents of CP (8-16%)
and NDF (46-54%). Palo et al. (1985) and Sauter & Wellenkamp (1998) showed how the
harvest period could have an effect on the composition of the plant material. Nour et al. (2014)
noted clear differences in leaves of R. nigrum in phenolic and mineral content among different
cultivars in a sampling period between June and August. In mid-June, they found the highest
phenolic contents, followed by a decrease until August. Variability in woody plants seems to
be particularly large in species that are very rich in PSC. Accordingly, tropical shrubs differed
substantially in contents of nutrients and condensed tannins, as well as in their efficiency to
affect ruminal fermentation and methanogenesis when grown on different soils, in varying
climates and under different fertilisation treatments (Tiemann et al. 2009 and 2010) or when
originating from different cultivars (Bekele et al. 2009). In vitro studies often used only one lot
per plant material screened. In the present study, the two lots of every plant material differed in
harvest time, country of harvest or supplier (with the exception of L. corniculatus, P. alba and
P. spinosa), as well as in nutrient and PSC contents. Significant lot effects were only found in
five out of a total of 391 combinations investigated (17 test plant materials with two lots x 23
variables), the lot effects were considered negligible in the present set-up and plant material.
The use of two lots per plant material cannot represent the entire natural variation of the plant

material, but is nevertheless an approach to take it into account.

2.5.2 In vitro fermentation, feed nutritive value and potential side-effects

The use of materials from trees and shrubs as forage for ruminants is often limited by a high
prevalence of PSC (Papanastasis et al. 2008). At the same time, woody plants are frequently
underestimated for their nutritive value. The present in vitro screening provided several traits
indicative of the feeding value of the test plant materials and the total diet. The high feeding
value of the supplemented diets was indicated by variables demonstrating the presence of an
intensive ruminal nutrient degradation like total gas production, high IVOMD and NEL

contents.
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All plant materials, except the kernels of P. spinosa and the leaves of S. caprea, increased
total SCFA when compared to the value measured with 200 mg DM of the basal diet, resulting
from the fermentation of the additional organic material (200 + 40 mg). When comparing the
amount of total SCFA found with the basal diet (adjusted to 240 mg DM) and those with the
added test plant material, findings indicated that the plant materials indeed were less
fermentable than the basal diet. Nevertheless, [IVOMD was similarly high for many of the plant
additives compared to the basal diet as sole substrate. The plant materials causing the lowest
total SCFA concentration also exhibited the lowest IVOMD and total gas production.

In the present study, the plant materials with the highest ADL content had the comparably
lowest feeding value; these were the kernels of P. spinosa and the leaves of S. caprea. With
these materials, the effect of the tannins on digestibility could have been superimposed by the
effect of ADL. The leaves of C. sativa and P. tremula (the former rich in tannins) likewise
showed a low feeding value. Corresponding with the latter, Jayanegara et al. (2012) described
a decrease of total SCFA with an increasing dietary tannin level, and Tavendale et al. (2005)
found inverse relationships of CT concentrations with SCFA. Adding these four plant materials
to the basal diet also eventually resulted in low NEL contents. The comparably low feeding
value of C. sativa leaves was determined earlier (Jayanegara et al. 2011). The content of uCP
was reduced only with the addition of the kernels of P. spinosa. This finding could have derived
from the decrease in IVOMD and thus in fermentable OM needed for synthesis of microbial
protein. Adding the plant materials which increased the uCP (leaves of R. nigrum and C.
avellana, aerial part of E. angustifolium) compared to the basal diet was accompanied by a
decrease in protein degradation to ammonia thus resulting in more rumen-bypass protein. The
digestibility of L. corniculatus found in earlier studies ranged from 62% to 79% for DM (Yang
et al. 2011; Banik 2013, incubated as plant alone), and it was 54% for OM (Williams et al.
2011) when including the plant at 400 g/kg DM. The leaves of V. vinifera were described by
Kamalak (2005) and Peiretti et al. (2017) as plants with a high nutritive value for ruminant
feeding. When the leaves of V. vinifera (green and red) were added to the basal diet in the
present study, the IVOMD and uCP values were not affected. This supported the findings of
the aforementioned studies.

The current results show that the majority of the plant materials chosen for the present
screening study are quite well-suited as feed supplements from a net energy point of view. With
the root of P. alba, the total gas amount and dOM were even increased. It seems that the root
of P. alba even exceeded the feeding value of the basal diet. Bodas et al. (2008) tested six

promising plants (i.e., C. pycnocephalus, P. tremula, P. avium, Q. robur, R. nobile and S.
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caprea) from the original 500 samples in the Rumen Up project in more detail for their effect
on digestibility, total gas, methane and SCFA production in vitro and concluded that leaves
(and the little stem) of P. tremula were more promising than leaves (and the little stem) of S.
caprea. This can be only partially confirmed by the present results of the leaves of P. tremula
and S. caprea. In addition, woody plants may have favourable and unfavourable effects not
obvious from in vitro rumen fermentation studies. Accordingly, incorporating woody plants or
plants rich in PSC, including some of the plant materials tested in the present study, in animal
diets might be advantageous to health and performance (Waghorn 2008). For example, extracts
from woody plants (Rubus fructicosus, Quercus robur and C. avellana) had an inhibitory effect
on worms of gastrointestinal nematodes in vitro (Paolini et al. 2004). The study by Marley et
al. (2003) showed that faecal egg counts of helminth parasites were reduced in lambs grazing
on L. corniculatus. In regard to performance, feeding L. corniculatus increased the milk yield
in dairy cows (Woodward et al. 2000; 2004). Besides, feed with a high HT content can be toxic
to the animal (Waghorn 2008). Therefore, the leaves of 4. uva-ursi and C. sativa have to be
used carefully in animal nutrition, although they may still be applicable after sufficient
adaptation (Waghorn 2008). Pyrrolizidine alkaloids, present in S. officinale (Stickel and Seitz,
2000), and amygdalin, occurring in the kernel of P. spinosa (Kumarasamy et al. 2003), may
also be toxic after ingestion. Great care is required when these materials are used in animal

nutrition.

2.5.3 Ammonia mitigation potential of the test plant materials

Compared to the ammonia value from the basal diet alone, the reduction in ruminal ammonia
by more than 3 mmol/l that was caused by 15 of the 18 plant supplements (value calculated for
240 mg DM incubated weight) is consistent with the numerical decrease in bacterial numbers.
A. hippocastanum fruit, A. uva-ursi leaves, C. avellana leaves, C. sativa leaves, E.
angustifolium aerial part and P. alba root were particularly effective, as they caused a decrease
of at least 4 mmol ammonia/l. Bacteria are major producers of ammonia from dietary protein,
and tannins can inhibit the growth of rumen bacteria by binding to bacterial cells (Molan et al.
2001). The tannins may reduce the export or activity of microbial enzymes or inhibit the
separation of cells after division. Other studies found a significant decrease in bacterial growth
with extracts from C. avellana leaves (Oliveira et al. 2007) and E. angustifolium herb (Rauha
et al. 2000), which might be explained by the usage of extracts. Selje et al. (2007) tested eight
promising plants of the original 500 samples from the Rumen Up project in more detail for their

ruminal protein degradation effect in vitro. Among these, A. uva-ursi also inhibited proteolysis.
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Macheboef et al. (2014) and Niderkorn et al. (2014) found ammonia-reducing effects with E.
angustifolium as well. Besides their antimicrobial effects, tannins, especially CT, form non-
soluble tannin-protein complexes, thereby preventing ruminal degradation of feed proteins by
the microbes (Kumar & Singh 1984). The three plant materials (the aerial part of L.
corniculatus, the kernel of P. spinosa and the leaves of S. caprea) with the lowest effect on
ammonia formation (i.e., reduction of <3 mmol/l) had CT and TT contents of <2 and <7 g/kg

DM, respectively.

2.5.4 Methane mitigation potential of the test plant materials

Supplementing feed with plants rich in PSC is a promising strategy to reduce CH4 emissions
from ruminants (Jayanegara et al. 2012; Hristov et al. 2013). The mode of action of tannin and
non-tannin phenols is their toxicity to some rumen microorganisms e.g. by inhibiting their
growth as outlined in the preceding section. In the present study, 13 of the 18 plant materials
decreased CH4 per unit of digestible OM compared to the basal diet without supplements.
Relating CH4 to DM supply and CO: produced also pointed towards a similar result. All these
measures consider that CH4 mitigation is only useful in relation to nutrients and energy supplied
to the animal. The CH4 mitigating effect of the plant materials used in the present study was
occasionally less pronounced than that indicated by Bodas et al. (2008) as part of the Rumen
Up report, although these authors used a lower dosage (91 g/kg DM, Table 2.1). One reason
might be the difference in the basal diet, because mainly forage (alfalfa hay) with a high CH4
formation potential was used by Bodas et al. (2008) as part of the Rumen Up project. The
present study used a mixed diet containing concentrate and maize silage. In the Rumen Up
report, S. caprea, P. tremula and C. avellana were described to reduce CH4 by more than 0-25
of total, and the root of P. alba even reduced it by 0-54 of total.

In the present study, such a reduction was not found for the root of P. alba; it even slightly
increased the CH4 formation per unit of DM or digestible OM when added to the basal diet.
Variation in results of plant material between studies might be attributed to different collection
periods, drying methods or storage durations. Also, the leaves of S. caprea only moderately
reduced CH4 when compared to the basal diet. In the present case, this material constituted
fallen autumn leaves collected during winter. The biological degradation until collection
obviously resulted in the highest contents of lignified fibre (ADF and ADL) of all plant
materials investigated, whereas very few phenols were recovered. Among test plant materials,
C. sativa leaves (positive control) were the most efficient in CH4 mitigation, consistent with

findings from Jayanegara et al. (2011) and Bhatta et al. (2009). However, C. sativa leaves also
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suppressed total gas and CO2 production, showing that a part of the mitigation effect originated
in a general inhibition of ruminal fermentation and, consequently, the feeding value was low.
The C. sativa leaves had the highest HT content of all plant materials. The addition of C.
avellana leaves and E. angustifolium aerial part to the basal diet reduced CH4 per digestible
OM by > 5 ml/g. In the case of C. avellana, total gas and CO2 formation was not affected. In
the case of E. angustifolium, these indicators of fermentation intensity were depressed, like with
C. sativa.

In a feeding experiment with sheep, Wang et al. (2018) demonstrated that C. avellana leaves
also have a clear methane-mitigating effect in vivo. As a sole substrate, L. corniculatus has been
reported to reduce CH4 emissions in vivo (Pinares-Patifio et al. 2003; Woodward et al. 2004)
and in vitro (Williams et al. 2011). However, in the present study, the addition of L. corniculatus
aerial part at levels of 167 mg/g had no CHs mitigating effect in vitro. In the screenings of
Macheboef et al. (2014) and Niderkorn et al. (2014), L. corniculatus was not effective in
reducing CHa.

Protozoa are involved in ruminal CH4 formation. Because none of the plant materials
decreased protozoal counts, the CH4 mitigating effects most likely resulted from other
influences on fermentation. In line with our findings, the meta-analysis of Jayanegara et al.
(2012) revealed no relationship of dietary tannins and protozoal counts in vitro. In the Rumen
Up report, B. pendula, G. urbanum, P. tremula and S. officinale were described to reduce the
bacteriolytic activity of protozoa. Therefore, it can be speculated that the plant materials in the
present study might have affected the activity of protozoa at unchanged total numbers.

In the present study, there was a shift towards a higher proportion of propionate with nine
of the additives, while the acetate and butyrate proportions were not influenced by almost all of
the plant additives. Consequently, the acetate-to-propionate ratio was decreased by these nine
plant materials. In this variable, C. sativa leaves and P. alba root caused the highest decrease.
However, among the materials decreasing the acetate-to-propionate ratio, unexpectedly only B.
pendula (leaves), C. sativa (leaves), P. spinosa (kernel) and S. officinale (aerial part) also
mitigated the CH4 formation. Consequently, in the present study, the change in the SCFA
profile was not the only reason for the observed decrease in CH4 formation.

A higher potential to reduce methanogenesis in plant extracts containing both HT and CT
than in those containing only HT was reported by Bhatta et al. (2009). However, this was not
the case in the present study, as plant materials with high or low HT proportions were effective
in mitigating CHa formation (highest ratios of HT to CT contents: 31:1 in C. sativa leaves and

1:15in C. avellana leaves). There seems to be a clear general linear relationship between tannin
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(CT, HT or CT+HT) content in feed and methanogenesis, as quantified by Jayanegara et al.
(2012) in a meta-analysis. Accordingly, the plant materials in the present study, which had a
notable total tannin content (> 40 g/kg), showed substantial CH4 mitigation (i.e., the leaves of
C. avellana, C. sativa and R. nigrum or the aerial part of G. urbanum). In the present study,
even dietary tannin contents below the threshold (> 20 g tannins/kg, in vitro and in vivo)
described in the meta-analysis by Jayanegara et al. (2012) were effective in CH4 mitigation.
The suggestion by Tavendale et al. (2005) that CT concentrations below about 80 g/kg DM can
reduce CH4 without inhibiting fermentation rate were also confirmed through the examples
from the leaves of B. pendula, C. avellana, R. nigrum and V. vinifera and the aerial part of G.

urbanum which caused no decrease in total gas production.

2.6 Conclusion

Methane formation per unit of digestible OM was reduced by 13 out of the 18 plant materials
compared to the basal diet, and all materials decreased ammonia formation. The majority of the
mostly woody plant supplements tested had no adverse effect on in vitro digestibility. Further
in vitro studies should include the most promising and feasible plant materials as the leaves of
B. pendula, C. avellana, R. nigrum and V. vinifera and the aerial part of G. urbanum at varying
dosages and as sole substrates. Finally, experiments with live animals need to evaluate the
palatability of the plant materials, confirm their mitigating effects and evaluate effects on

production.
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Chapter 3

Dose-response effect of forages from woody and herbaceous plants to in vitro
ruminal methane and ammonia formation, and their short-term palatability

in lactating cows

This chapter is based on Terranova, M., Wang, S., Eggerschwiler, L., Braun, U., Kreuzer, M.

and Schwarm, A. Submitted to Animal, under review.
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3.1 Abstract

Plant secondary compounds (PSC) are prevalent in a number of woody temperate climate
species and play a central role in dietary attempts for methane mitigation in ruminants.
However, their application requires sufficient palatability and feeding value. In the present
study, leaves from silver birch (Betula pendula), hazel (Corylus avellana), blackcurrant (Ribes
nigrum), green grape vine (Vitis vinifera) and the herbs rosebay willow (Epilobium
angustifolium) and wood avens (Geum urbanum), were tested in various dosages with the
Hohenheim gas test method in vitro and for their short-term palatability in dairy cows. For the
latter, the plants were pelletd with lucerne at proportions to obtain the same phenol content, but
realised contents differed from expected contents. The pellets were provided separately from a
mixed basal ration (0.4:0.6) in randomized order to each cow for 3 days per plant. All plants
mitigated in vitro methane and ammonia formation, and this often linearly with dosage. The
level of effect differed between plants. Proportions of 100 (hazel, rosebay willow) to 400 g/kg
of plant were necessary to reach significance in these variables. The test plants had a lower
feeding value than the high-quality basal diet as indicated by in vitro organic matter
digestibility, short-chain fatty acid formation and calculated contents of net energy of lactation.
At the same time, the depression in ammonia formation showed that the plants may linearly
enhance utilisable crude protein in the diet with increasing dosage. Four of the six plants were
as palatable as lucerne alone, but blackcurrant and birch were eaten significantly less well. This
aversion decreased on day 3 of offer. Rosebay willow pellets with the highest phenol content
were not least palatable. This suggests that PSC are not the main factor of influence on
palatability, and correlation analysis revealed that lignin content may be more decisive in this
respect. There was no substantial difference between the plants in their short-term effect on
milk yield and composition, and all plants substantially reduced milk urea content. Overall, the
results suggest that hazel and vine leaves as well as rosebay willow and wood avens herbs are
worthwhile to be tested for their in vivo mitigation potential concerning methane and N

emission.

3.2 Implications

Plants rich in phenols as feed supplements in ruminant diets ideally help mitigating methane
and nitrogen emissions at unchanged feed intake. Four of six plants tested in the present study,
the leaves of hazel and green grape vine as well as the herb of rosebay willow and wood avens,

dose-dependently reduced methane and ammonia formation in vitro. These plants were also
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highly palatable in the short-term when fed as supplements to lactating dairy cows. Thus, their
use might assist in mitigating environmentally harmful emissions from ruminant production

and increase plant biodiversity at the same time.

3.3 Introduction

Plant secondary compounds (PSC), such as phenols, play an important role in the development
of feeding strategies for ruminants aiming at abating methane and nitrogen emissions.
Especially forage from trees, shrubs and herbaceous legumes may be rich in PSC (Frutos et al.,
2004). Compared to tropical regions, however, temperate climate plants rich in effective PSC
with a moderately high feeding value are rather rare. An extensive in vitro screening still
revealed a number of woody plants which, in a common total mixed ration, mitigated ruminal
methane and ammonia formation without affecting diet digestibility (Terranova et al., 2018).
In addition, the PSC dosage has a high relevance in this context. Jayanegara et al. (2012)
described in a meta-analysis, that >20 g tannins/kg diet DM are needed to effectively mitigate
methane. According to Aerts et al. (1999), between 20 and 40 g condensed tannins (CT)/kg DM
are required to improve protein utilization. However, elevated dietary PSC contents may
impede intake and digestibility (Kumar and Singh, 1984; Beauchemin et al., 2008; Waghorn,
2008). Even 20 g tannins’kg DM were found to let grazing animals reject the feed (Donnelly
and Anthony, 1969), and >50 g tannins/kg DM were frequently found to depress voluntary feed
intake (Aerts et al., 1999; Barry and McNabb 1999). This illustrates that the range of the
optimum tannin supply is small.

The aim of the present study was to quantify dose-response relationships in vitro and
palatability in dairy cows for forages from six temperate climate woody plants which had turned
out to be promising in an extensive screening (Terranova et al., 2018). These were leaves of
birch (Betula pendula), hazel (Corylus avellana), blackcurrant (Ribes nigrum) and vine (Vitis
vinifera), and the rosebay willow (Epilobium angustifolium) and wood avens (Geum urbanum)
herb. To the knowledge of the authors, the palatability so far has only been tested in sheep and
only for birch leaves (voluntary intake; Meier et al., 2014) and hazel leaves (level of refusals of
pellets with different proportions; Wang et al., 2018). The highly tanniferous but low palatable
(Meier et al., 2014) leaves of sweet chestnut (Castanea sativa) were included as an in vitro
control as they are known to efficiently suppress ruminal methane formation (Jayanegara et al.,
2011). The hypotheses tested were (1) plant dosages and ruminal fermentation variables are

(linearly) related and (2) plant composition and their palatability are related.
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3.4 Animals, materials and methods
3.4.1 Test plant material

For both experiments material from the seven test plants consisting of two production lots was
obtained from Alfred Galke GmbH (Bad Grund, Germany), Dixa AG (St. Gallen, Switzerland),
Ried pharmacy (Konstanz, Germany) and Herbathek Naturheilmittel (Berlin, Germany). All
materials were available dried (at maximum 40°C) and cut (size of 4 to 6 mm). Test plant
material was supplemented to mixed rations with (in vivo) or without (in vitro) lucerne as

specified in the sections below.

3.4.2 Dose-response experiment (in vitro)

The in vitro model used was the Hohenheim Gas Test (HGT) operated according to Menke and
Steingass (1988) and Soliva and Hess (2007). Rumen fluid was obtained after morning feeding
from a cannulated Brown Swiss cow in mid lactation fed first and second cut grass hay and a
mineral supplement. After being strained through four layers of cheese cloth (1 mm pore size),
rumen fluid was added to the Menke buffer solution (ratio 1:2). The buffered rumen fluid (30
ml) and the substrate (200 mg DM, 1 mm size) were incubated in syringes with two outlets. All
test plants (1:1 mixtures of the two lots each) were incubated in dosages of 100, 200, 300, 400,
500 and 1000 g/kg replacing increasing amounts of a mixed ration. The latter was composed of
maize silage, grass silage (mixed sward, ryegrass dominated), grass hay (mixed sward,
balanced) and concentrate (50:25:10:15). The concentrate consisted (g’kg DM) of rapeseed
cake, 500; soybean meal 170; maize gluten, 150; wheat, 130; calcium phosphate, 30; calcium
carbonate, 20. Each of the 42 treatments (seven plants X six dosages) was repeated in six
independent HGT runs with fresh rumen fluid each across a period of 7 weeks. Additionally,
each run included duplicates of no substrate (blank), basal diet only, standard hay, standard
concentrate and utilizable crude protein (uCP) standard (obtained from the Institute of Animal
Nutrition, University of Hohenheim, Stuttgart, Germany).

After 24 h of incubation at 39°C, fermentation gas volume was recorded. The incubation
fluid was analysed for pH and ammonia with a potentiometer (pH: model 632; ammonia: model
713; Metrohm, Herisau, Switzerland). In fermentation gas, methane and CO:2 concentrations
were measured on a gas chromatograph (6890N, Agilent Technologies, Wilmington, USA)
equipped with a thermal conductivity detector. Microbial counts were obtained after fixation in
formaldehyde using counting chambers (Blau Brand, Wertheim, Germany) with 0.1 and 0.02
mm depth for protozoa and bacteria, respectively. Short chain fatty acids (SCFA) were analysed
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with HPLC (La Chrom, L-7000 series, Hitachi Ltd, Tokyo, Japan) equipped with an UV

detector.

3.4.3 Palatability experiment (dairy cows)

Six late-lactating Brown Swiss cows, selected from the herd of the ETH Research Station
Chamau (Hiinenberg, Switzerland), were in first to fifth lactation and weighed 609 + 37 kg.
They were kept in single boxes to allow measuring individual feed intake and had permanent
access to water.

Test plant pellets (TPP) were produced from the chopped (specified above) woody plants,
lucerne (Medicago sativa; chopped to 3 mm particle size with a Sigma 5.2 hammer mill, Kuhn
AG, Bottighofen, Switzerland) and 20 g molasses/kg DM. The ratios of test plants to lucerne
(low in total phenols (TP), Table 3.1), were chosen in a way that all pellet types should contain
about 60 g TP/kg DM based on the analyses of batches A and B (used in vitro). The lots C and
D per plant were used to produce different batches of pellets. Control pellets consisted (g/kg
DM) of lucerne 980 and molasses 20. Lucerne, plant materials and molasses were mixed with
a Speedmix DFML-1000 (Biihler AG, Uzwil, Switzerland). Pellets (diameter of 4.5 mm) were
produced with a Kahl 40P pellet press (Amandus Kahl GmbH, Reinbek, Germany) while
adding steam (about 60°C, Installation Biihler AG, Uzwil, Switzerland).

The diets were composed of TPP (7.2 kg DM) and a mixed basal ration (MBR) in a
proportion of 40:60. They were provided separately three times daily. The MBR consisted (g/kg
DM) of grass silage (mixed sward, ryegrass dominated), 495; maize silage, 267; hay (mixed
sward, ryegrass dominated), 91; soybean meal, 87; sugar beet pulp, 48; mineral supplement, 9;
feed-grade urea, 3. Additionally, daily 100 g mineral-vitamin mix (KRONI; Kroni Locher,
Altstitten, Switzerland) and 50 g salt (390 g NaCl/kg, Agrisal, Matile GmbH, Rubigen,
Switzerland) were provided. Cows were adapted to lucerne pellet additions to their regular
MBR for 5 days followed by 3 days of quantifying individual lucerne pellet intake as a reference
value (control). Thereafter, all six types of TPP were fed in randomised order to each cow for
3 days each (see Appendices Table A3.1; each plant lot was fed to three cows). Intakes of TPP
and MBR were measured daily. Separately, TPP intake during the first 5 h of feeding was
recorded. Milk yield was recorded at each milking. Milk was sampled on day 3, conserved with
Bronopol® and later analysed for fat, protein, lactose and urea content with a MilkoScan

FT6000 (Foss, Hillered, Denmark).
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3.4.4 Laboratory analyses

Diet components were analysed for contents of DM, ash, nitrogen, ether extract, neutral and
acid detergent fibre, and acid detergent lignin according to standard procedures (AOAC, 1995).
Concentrations of TP, non-tannin phenols (NTP) and CT were determined according to Makkar
(2003) and total tannins (TT) and hydrolysable tannins (HT) were calculated from these results.
Details on procedures and equipment used are described by Wang et al. (2018).

3.4.5 Calculations and statistical analysis

In HGT, total gas amounts produced, in vitro organic matter digestibility (IVOMD) and net
energy of lactation (NEL) contents were calculated after adjustment of gas production by the
blanks and the hay and concentrate standards, respectively, applying the equations by Menke
and Steingass (1988). The uCP content was calculated as outlined by Edmunds et al. (2012)
The uCP values were adjusted by the 183 mg uCP/g DM Hohenheim standard. Palatability in
vivo was determined according to Ben Salem et al. (1994), with MBR or lucerne pellet intake
as reference for TPP intake by the palatability index (PAL). Accordingly, PAL721 (%) = (test
plant pellet intake (kg)/test plant pellet offered (kg))/(MBR or lucerne pellet intake (kg)/(MBR
or lucerne pellet offered (kg)) x 100. In addition, PAL was calculated individually for each day
in relation to lucerne-only pellets.

Data were analysed with the MIXED procedure of SAS (version 9.4, SAS Institute, Carry
NC, USA) with Tukey-Kramer adjustment. Model 1, which included 42 treatments (seven
plants x six dosages), considered plant, dosage and interaction as fixed and run as random
factor. Model 2 compared the plant effect within dosage considering run as random factor.
Treatments and non-supplemented control were compared with treatment as fixed and run as
random effect. Linear and non-linear effects of dosage within plants were evaluated by
orthogonal polynomial contrasts. Model 3 (in vivo data) considered TPP and lactation stage as
fixed and lactation number and animal as random factor. Individual animal data recorded during
control feeding were used as covariate for the analysis of milk yield and composition.
Significance level was set to P < 0.05. Pearson correlation coefficients between variables and

their significance were calculated using the CORR procedure.
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Table 3.3 Calculated contents of net energy for lactation (NEL) and utilisable crude protein (uCP) per unit of DM as well as measured ammonia
concentration in incubation fluid as affected by experimental plants.

Variable Dosage Basal Birch Sweet Hazel Rose- Wood Black- Vine SEM P-value P-value

(g/kg) diet chest- bay avens currant Plant Dosage  Plant x

nut willow dosage

NEL 0 5.23 0.115 <0.001 <0.001 <0.001
(kJ/g DM) 100 5.14 5.05 5.01 4.90 4.81 4.83 4.97 0.677

200 4.66* 4.59% 4.72 4.61* 4.80 4.99 4.89 0.059

300 4.53%®  406%°  4.19%°  434%P 4 62%° 4.48%%® 4 40%® 0.022

400 4.42%8 3.35%0  4.01%c  3.87% 4.49%2 438%1  429%b <0.001

500 4.00%%  3.05%  3.66%°  3.79% 433 4.14%® 4 4% <0.001

1000 2.77%4  203%¢  p47¥de D og5Ee 3 g7 3.28%0  3.49%P <0.001

Contrast' L L L L L L L
uCP 0 162 7.5 <0.001 0.002  <0.001
(mg/ 100 171° 182%*2 180 183.5% 177%™ 180® 178% 0.024
g DM) 200 177% 183%%®  184%a 175% 172% 181% 168° 0.025

300 180° 182%® 181% 177° 179° 195%2 185%a® 0.010

400 182%° 174° 183*° 179° 185%P 200%2 186*P <0.001

500 189*a® 177° 180% 168° 179 194%? 175¢ <0.001

1000 197*° 172¢ 175¢ 169¢ 175¢ 216 190*> <0.001

Contrast L Q LQ Q L LQ LQ
NH; 0 12.8 0.57 <0.001 <0.001  0.226
(mmol/L) 100 11.9 10.8*° 11.1%° 10.9%° 11.5% 11.4% 11.4% <0.001

200 11.7% 10.7%° 10.7%° 11.5% 11.9 11.92 12.1% <0.001

300 11.8 10.7* 11.0% 11.2% 11.1% 10.8* 10.8%* 0.076

400 11.0% 10.4%* 10.0%* 10.9%* 10.4%* 10.5% 10.5% 0.087

500 10.4%3¢  10.1%b 9.8%¢ 11.1% 10.4%%¢  10.7%¥®  10.9*® <0.001

1000 9 4%be 9.1%¢ 9.1%¢ 10.4%? 10.0%2 10.0%2 9.4%be <0.001

Contrast L LQ L LQ L LQ L

a-

4L east-square means within a row with no common superscript differ (P < 0.05).
*Values differ (P <0.05) from those of basal diet alone.
'Significant (P <0.05) linear (L) or quadratic (Q) contrasts of the response to incremental doses (from 0 to 500 g/kg) of each plant.
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Table 3.5 Intake, palatability, milk yield and performance in cows fed mixed basal ration and lucerne (control) or test plant pellets.

Variable Lucerne' Birch Hazel Rosebay willow Wood avens  Blackcurrant  Vine SEM P-value
Intake (kg DM)

Total (per day) 17.3 14.3° 18.0° 17.5° 17.8° 15.2° 17.5° 0.31 <0.001
Mixed basal ration (per day) 10.8 10.7 10.8 10.8 10.8 10.8 10.8 0.06 0.459
Pellets (per day) 6.58" 3.58° 7.19° 6.68° 6.95° 4.34° 6.64° 0.31 <0.001
Pellets (first 5 h) - 1.67 2.88 2.55 2.53 1.72 2.60 0.47 0.366
Palatability index (%)

Mixed basal ration 92.6° 50.8°  100.0° 92.7° 96.5° 60.3° 92.5° 4.30 <0.001
Pellets? - 544>  110.5° 102.5° 106.9* 66.6° 102.0° 4.92 <0.001
Day 13 — 62.3°  110.8° 102.3° 110.4° 72.6° 106.0° 4.77 <0.001
Day 2° - 30.6°  110.1° 106.4° 110.6° 54.6° 102.7* 8.10 <0.001
Day 3° - 70.4 110.5 98.9 99.8 72.6 97.2 11.50 0.115
Milk yield

kg/day 19.2° 16.1¢ 17.1¢ 17.7% 18.5% 17.1¢¢ 17.7% 0.28 <0.001
kg/kg DM intake 1.11% 1.16° 0.95° 1.01% 1.04%¢ 1.15° 1.02°  0.028 <0.001
Milk fat (%) 471 4.76 4.47 4.50 471 4.73 4.82 0.178 0.754
Milk protein (%) 4.07 4.05 4.06 3.97 4.00 3.98 4.02 0.056 0.812
Milk lactose (%) 4.59 4.48 4.60 4.62 4.56 4.59 4.59 0.042 0.296
Milk urea (mg/dl) 27.5° 21.5° 16.4" 14.4° 17.1% 17.8" 17.6™ 1.17 <0.001

=4[ east-square means within a row with no common superscript differ (P < 0.05).

'Lucerne pellets without plant additives were fed during control feeding (Appendices Table A3.1).

*Test pellet intake related to mixed basal ration intake

3Test plant pellet intake related to average lucerne pellet intake (control feeding; Appendices Table A3.1).
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3.5 Results
3.5.1 Chemical composition of experimental plants and feeds

Organic matter (OM) contents varied between 858 and 956 g/kg DM but were very similar in
the different lots of one plant species (Table 3.1). The CP content was highest in lucerne pellets.
Birch and rosebay willow were highest and blackcurrant TPP (lot D) were lowest in NDF. The
ADF was >210 g/kg DM in all materials, except hazel (ot D). The ADL was lowest in the basal
diet and highest in blackcurrant. All five phenol fractions were low in basal diet, lucerne pellets
and MBR. Chestnut leaves were richest in TP, TT and HT. Among the TPP, rosebay willow
pellets contained most TP, TT and HT. The highest NTP and CT contents were found in hazel
leaves. Birch, hazel and blackcurrant TPP contained >20 g NTP/kg DM. The CT content
differed from 0.4 (rosebay willow TPP, lot D) to 37 g/lkg DM (blackcurrant TPP, lot D).

3.5.2 In vitro experiment

After 24 h of fermentation, the incubation fluid pH ranged between 6.8 and 6.9 (data not
shown). All plants reduced the IVOMD linearly (P < 0.05; Table 3.2). Values became
significantly different from 0 g/kg at either 200 or 300 g/kg. With increasing dosage of sweet
chestnut, the decline became larger (quadratic contrast, P < 0.05). The different response to the
plants resulted in an interaction (P < 0.001) between plant and dosage in [IVOMD. Total SCFA
concentration in the incubation fluid responded similarly to IVOMD with respect to plant and
dosage. Acetate proportion increased linearly (P < 0.05) with each plant, except sweet chestnut
where acetate decreased (P < 0.05). The proportions of the other SCFA declined with most
plants depending on the dosage (Table 3.2, Appendices Table A3.2). This also provoked large
changes in the ratio of acetate to propionate (Appendices Table A3.3). There were interactions
(P <0.001) between plant and dosage in all SCFA related variables.

The NEL contents decreased linearly (P < 0.05) with each plant material and differed (P <
0.05) from the basal diet alone with proportions of at least 200 to 300 g/kg (Table 3.3). In
comparison to the non-supplemented control, the calculated uCP content increased (P < 0.05)
with each plant either linearly (birch and wood avens), non-linearly (sweet chestnut and rosebay
willow) or with linear and non-linear components (hazel, blackcurrant and vine). In both
variables, NEL and uCP content, there was an interaction (P < 0.001) of plant and dosage. The
NHs concentration linearly decreased (P < 0.05) with all plants, but the effective dosages
differed between plants. There was no interaction between the two factors.

The amount of methane produced per unit of DM, CO2, SCFA and digestible OM (dOM)

decreased linearly (P < 0.05) with increasing levels of all plants (Table 3.4). The decrease found
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with sweet chestnut and in one variable each with birch and wood avens also had a non-linear
component (P < 0.05). The magnitude of the dosage effects was higher in relation to unit DM
than to CO2, SCFA and dOM. The level of absolute (Appendices Table A3.4) and relative
methane mitigation largely differed between plants and dosages and there were generally
interactions (P < 0.001). Among plants, sweet chestnut was most efficient (declines of 88 to
96% of control) , followed by hazel (32-76%), birch (39-72%), rosebay willow (22-60%),
blackcurrant (19-52%), vine (26-51%) and wood avens (22-41%).

3.5.3 Dairy cow experiment

During control feeding, 91% of the lucerne pellets offered (7.2 kg DM) were consumed. The
MBR offered (~11 kg DM) was always completely consumed by each animal (Table 3.5).
Hazel, rosebay willow, wood avens and vine TPP (7.2 kg offered) were consumed equally to
the lucerne control pellets. Therefore their PAL did not differ in the first 5 h and across all 3
days. However, TPP intake and PAL were reduced (P < 0.05) with birch and blackcurrant on
the first and second day but not on the third day. Milk yield was lower (P < 0.05) with any TPP,
except wood avens, than with lucerne pellets. The milk yield per kg DM intake was reduced (P
< 0.05) with the hazel pellets but not with the other TPP. Contents of milk fat, protein and
lactose did not differ between TTP and lucerne pellets. Milk urea concentration was reduced (P
<0.05) by all TPP, thereby most with rosebay willow, least with birch.

There were negative correlations (P < 0.05 to < 0.001) between total intake, daily pellet
intake and all PAL variables with concentrations of NTP, CT, ADL, OM (except PAL on Day
3) and EE (Table 3.6). Positive relationships (P < 0.05 to < 0.01) were found between HT and
most of intake and PAL parameters. Weak correlations occurred between ADF content and

intake related to PAL variables, and none for NDF, TP, TT and CP concentrations.

3.6 Discussion

3.6.1 Dose-response relationship of test plants and ruminal methane and ammonia
mitigation

Following the selection of the six most promising woody plants from the forages when
investigated at a single dosage (167 mg/g; Terranova et al, 2018a), the dose-response
relationship and the optimal dose were determined in the present study. Compared to the basal
diet, methane yields (CH4/DM) were reduced by 33 to 96% with the positive control (sweet
chestnut) and by 10 to 76 % with the other plants. Higher dosages enhanced the effect with all

plants. The even more relevant relationship, CH4/dOM decreased with all plants when included
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at >300 g/kg DM. Even then, sweet chestnut was most efficient, although [IVOMD declined to
half when incubate alone. Jayanegara et al. (2012) showed that >20 g tannins/kg diet are needed
for a clear methane mitigation. In the present study, hazel, wood avens and rosebay willow were
effective at lower tannin contents, but NTP or other compounds may have been bioactive, too
(Beauchemin et al., 2008; Jayanegara et al., 2012). Consistent with the current in vitro results,
CH4/dOM was found to be reduced by 25% in sheep with 50% hazel leaves in the diet (Wang
et al. 2018). In the present study, the level of methane mitigation at 200 mg plant/g DM was
similar to that found with 167 mg/g by Terranova et al. (2018a). Typically, methane mitigation
is associated with a lower acetate-to-propionate ratio. The opposite was the case in the present
study, with the exception of sweet chestnut, which indicates that the methane decline was not
primarily caused by a depressed fibre degradation.

All plants (dose-dependently) reduced ruminal NH3 formation in vitro and likely also in the
cows as shown by the sharp decline in milk urea content. Consistent with that Wang et al. (2018)
found in sheep a linear and substantial decrease in urinary nitrogen excretion with increasing
hazel proportion in the diet. Birch, hazel and vine pellets, all containing >18 g CT/kg DM, were
most efficient in the present experiment. The capacity of PSC, especially tannins, to form
undegradable complexes with proteins is known since long (Waghorn et al., 1994). Comparing
similar dosages, the effects of the plants on ruminal NHs concentration were less pronounced
than previous results suggested (Terranova et al. 2018a), indicating the presence of plant lot

differences.

3.6.2 Nutritional value of the test plants

Feeds that are suitable for reducing methane and nitrogen should have the highest possible
feeding value as this is a common constraint in such feeds. In the present study, the nutritional
value of the plants was obvious from their effects on IVOMD, NEL and uCP contents and on
short-term milk yield and composition. Both, IVOMD and NEL are largely determined by
fermentation gas production, which decreased linearly, like the SCFA, with increasing plant
proportions, showing that their energy content was lower than that of the high-quality basal
diet. This coincides with the decline in digestibility reported for higher proportions of hazel
leaves in sheep (Wang et al., 2018). Among plants, hazel, blackcurrant, vine and wood avens
were superior to birch, rosebay willow and, as expected from the previous screening (Terranova
et al., 2018a), sweet chestnut. However, in that study birch had no such low energy content.
The NEL content of the plants was probably limited by two factors, fibre lignification (high in
birch) and depression of digestibility by PSC (high in chestnut). The increase in estimated uCP
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content by all plants was likely related to the capacity of plant PSC to bind feed proteins and
preserve them from ruminal degradation. However, it remains to be demonstrated, that the PSC-
protein complexes are cleaved at the low abomasal pH allowing postruminal amino acid
absorption to take place (Waghorn et al., 1994; O’Connell and Fox 2001).

Along with the limited NEL contents estimated in vitro, milk yield declined with all plants
(except wood avens) compared to the high-quality forage lucerne. This gap might be less
pronounced when compared with a forage control of moderate quality. Milk yield is known to
respond quickly after dietary changes. Still, the 3 days of measurement are quite limited to show
the full effects of feeding the plants on milk yield and milk composition. A response in milk
protein (variation in NEL and uCP) and fat content (variation and SCFA profile) could thus be

expected in the longer term.

3.6.3 Palatability of the plants

Many forages from woody plants rich in PSC are not well palatable. However, a high
palatability is a prerequisite for the implementation of methane- and ammonia-reducing feeds
by farmers. Our intention was to compare palatability at the same TP content. However, phenol
contents in lots A+B used in vitro largely differed from lots C and D used in vivo. This indicates
the presence of natural variation in plant chemical composition as influenced by season, region
and soil type (Palo et al., 1985, Tiemann et al., 2009). Still, the least palatable plants, birch and
blackcurrant, both had average TP contents, and there was no relationship between palatability
and TP contents suggesting that further factors influenced palatability. Palatability seems to
differ also between grazing livestock species. Meier et al. (2014) reported that sheep prefer
birch leaves out of six woody plants from which they could choose. Our cows least preferred
birch leaves and the lots used were rich in lignified fibre, another factor which influenced
palatability according to the results of the correlation analysis. Unexpectedly, four of the TPP
were as palatable as the high-quality forage lucerne alone. This included rosebay willow with
the highest TP and HT contents in pellets and a high (80%) proportion of plant in pellet. The
pellets including rosebay willow and wood avens (lot C) had HT contents >50 g/kg pellet DM,
but were as palatable as the control pellets. Nevertheless, all TPP-containing diets had CT and
HT contents far below 50 g/kg dietary DM each, the thresholds for decreasing voluntary feed
intake in ruminants due to astringency and decelerated digestion (Waghorn et al., 1994;
O’Connell and Fox, 2001; Frutos et al, 2004). The high palatability of the hazel pellets
coincides with findings of Wang et al. (2018), where sheep consumed a diet consisting half of

hazel leave pellets equally well as a control diet over 18 days. The reduced palatability of birch
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and blackcurrant TPP was not yet significant after 5 h of offering and became less pronounced
on day 3. Astringency may need up to 4 h to develop after ingestion (O’Connell and Fox, 2001).
The results also support Ben Salem et al. (1994) claiming that 1-day intake measurements are
not sufficient to predict acceptance in the following 15 days. Accordingly, the cows of the

present study may have become accustomed to birch and blackcurrant over time.

3.7 Conclusion

This study revealed that forages from four woody plants growing in temperate climates, hazel,
rosebay willow, wood avens and vine, have the potential to mitigate methane and nitrogen
emissions from livestock, while being palatable. However, their nutritional value is limited in
terms of net energy, especially at dietary dosages that are needed for a substantial mitigation
effect. It is important to note that the four promising plants mitigated methane formation also
per unit dOM and SCFA, despite the lower ruminal fermentability compared to the basal diet,
which reflects a genuine and truly beneficial suppression of methanogenesis. Further studies

need to demonstrate the mitigation potential of the four plants in live ruminants.
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Chapter 4

Supplementation of hazel (Corylus avellana) leaves decreases methane and

urinary nitrogen emissions by sheep at unchanged forage intake
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4.1 Abstract

This study is the first to quantify the effects of hazel (Corylus avellana) leaves on methane and
urinary nitrogen emissions, digestibility, nitrogen and the energy balance of ruminants. Four
experimental pellets were produced with 0, 30% and 60% hazel leaves, the latter also with 4%
polyethylene glycol. Hazel leaves gradually replaced lucerne. The diet was composed of the
pellets and grass hay (80%: 20%). Six adult sheep were allocated to all four treatments in a 6 x
4 crossover design. Including hazel leaves did not affect the feed intake, but it decreased the
apparent digestibility of organic matter and fibre, especially at the high level. Methane emission
was reduced by up to 25 to 33% per day, per unit of intake and per unit of organic matter
digested. Urinary nitrogen excretion decreased by 33 to 72% with increasing levels of hazel
leaves. The treatment with polyethylene glycol demonstrated that tannins in hazel leaves caused
significant shares of the effects. In conclusion, the current results indicated a significant
potential of hazel leaves as forage for ruminants to mitigate methane and urinary nitrogen
emissions. Even high dietary hazel leave proportions were palatable. The lower digestibility

needs to be compensated with easily digestible diet ingredients.

4.2 Introduction

Methane (CHa4) from the livestock sector was calculated to account for 28% of the total global
anthropogenic emissions, and is predicted to rise further due to an increasing worldwide
demand for meat, milk and other animal-source products (Beauchemin et al. 2008; Shi et al.
2014). Manipulating the rumen fermentation by nutritional approaches with the aim of reducing
CHa4 and nitrogen (N) emissions from ruminant husbandry at concomitantly unchanged or even
improved feed intake and digestibility are among the most important goals of current animal
nutrition research. Various nutritional attempts to mitigate CH4 emission from ruminants have
been undertaken, as reviewed by Beauchemin et al. (2008) and Hristov et al. (2013). Special
attention has been given to plants or extracts rich in plant secondary compounds (PSC), such as
tannins, essential oils or saponins. A number of screenings provided promising plants of at least
moderate nutritional value that are effective in mitigating noxious emissions (Bodas et al. 2008;
Soliva et al. 2008; Wang et al. 2017). Different from synthetic compounds, the public’s
growing concern about food safety is met by PSC-based forages (Jayanegara et al. 2015).
Tannins are a complex group of polyphenolic PSC with widely varying molecular weights
that are found in many representatives of the plant kingdom (McSweeney et al. 2001). When
provided at high dosages, tannins were predominantly found to be antinutritional because of

their adverse effects on feed intake and nutrient utilisation’. In recent years, however, they have
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been recognised as useful phytochemicals when provided at moderate dosages. Tannins can be
beneficial modulators of rumen microbial fermentation promoting metabolic protein supply,
animal productivity and animal health (Muller-Harvey 2006; Patra et al. 2012). The feeding of
tannin-containing plants or extracts from such plants to ruminants was found at times, but not
always, to substantially reduce enteric CH4 emissions (Beauchemin et al. 2007; Animut et al.
2008; Maia et al. 2016). The effectiveness varies depending on the source, structure and
supplemented level of the tannins (Bodas et al. 2008). In addition, tannins bind to proteins and
thus protect at least part of the dietary protein from being degraded in the rumen. These bonds
are cleaved in the abomasum, and thus the protein becomes at least partially digestible in the
small intestine or, otherwise, will be excreted with the faeces (Waghorn et al. 1987,
Beauchemin et al. 2007). Feeding diets containing tannins, therefore, is an efficient means to
reduce the amount of dietary N to be excreted via urine and with that the N emission potential
of the manure (Carulla et al. 2005; Ebert et al. 2017).

The shrub hazel (Corylus avellana) grows wild in Europe and western Asia, but it is also
cultivated for its nuts. Its leaves are considered a potential means of antioxidant and
antibacterial effects because of their richness in phenolic compounds (Oliveira et al. 2007;
Riethmiiller et al. 2013). Besides, among the plant materials tested in the extensive EU
screening project “Rumen Up” (Wallace 2008), hazel leaves were found in vitro to depress CHa
production (mmol/g dry matter incubated) by 25%. Another recent in vitro screening confirmed
the CH4 mitigation potential of hazel leaves and indicated their concomitantly favourable forage
potential (Terranova et al. 2018a). Hazel leaves were also found to inhibit the proteolytic
activity in rumen fluid (Wallace 2008; https.//www.abdn.ac.uk/research/rumen-up/report).
However, the effect of replacing part of the diet by hazel leaves on intake, total tract digestibility
and mitigation of CHs4 and urinary N losses in live ruminant livestock has not yet been
determined. In addition, it is unclear yet whether the active ingredients of the hazel leaves are
indeed represented by the tannins or also by other PSC.

The objective of the present study was to determine the quantitative effects of replacing
lucerne (Medicago sativa) with hazel leaves at different proportions in forage-only diets fed to
adult sheep. The following predictions were made (i) Hazel leaves contain PSC which affect
digestion in a way that CH4 and urinary N formation are mitigated in a dose-dependent way.
(i1)) These changes happen without major adverse effects on intake, nutrient and energy
utilisation. (iii) The main active ingredients in hazel leaves responsible for the observed effect

are their tannins, rather than other PSC like flavonoids. For this purpose, polyethylene glycol
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(PEG), which binds to tannins and inactivates them (Silanikove et al. 1996; Degen et al. 1998),

was added to one of the diets.

4.3 Material and Methods
4.3.1 Experimental diets

Diets were composed of hay (late cut, ryegrass-dominated), dehydrated hazel leaves and
lucerne. Hazel leaves were purchased from Alfred Galke GmbH (Bad Grund, Germany) and
lucerne (Medicago sativa) from Landi (Sense-Diidingen, Switzerland). Hazel leaves and
lucerne were harvested in Albania in 2015 and in France (Marne) in 2016, respectively. Four
types of experimental pellets were produced from lucerne and hazel leaves containing 0%, 30%
and 60% hazel leaves, the latter also with the addition of 3.8% PEG (molecular weight of 6000;
Sigma, St. Louis, MO, USA) on a DM basis (Table 4.1). The PEG replaced lucerne in the pellets
to maintain the dietary content of phenolic compounds from hazel. The realised dietary PEG :
CT and PEG : TT ratios were 1.6:1 and 0.8:1, respectively. Hazel leaves as purchased had a
cutting size of 4 to 6 mm. Lucerne was chopped to a size of 3 mm using a hammer mill (Sigma
5.2, Kuhn AG, Bottighofen, Switzerland). Chopped hazel leaves and lucerne were mixed with
a batch mixer (Speedmix DFML-1000, Biihler AG, Uzwil, Switzerland) and subsequently
pelleted (Kahl 40PS, Amandus Kahl GmbH & Co, Reinbek, Germany) with the use of steam
(about 60 °C; Installation Biihler AG, Uzwil, Switzerland). Pellets had a diameter of 4.5 mm.
The complete diets consisted of hay and experimental pellets at a ratio of 20% : 80% in DM,
resulting in hazel leave proportions of approximately 0, 25 and 50% in the total diet (realised:
0, 23.4 and 46.8%). The amounts of diets offered provided 1.6 times the recommended DM
supply for the maintenance requirements of adult female sheep (Arrigo and Frioud 2016). The
pellets were not balanced for CP because the CP content in the complete diets (> 13.2% CP in
DM) was always higher than the threshold where the RDP supply is assumed to become
critical’!, although this did not consider possible RDP declines by tannin-protein bonds. Half
of the daily portion of the experimental pellets was fed at 08:00 h and the other half at 15:00 h.

Around 30 min later, the corresponding proportion of the hay was offered, a time when most to

all of the pellets had been consumed. The animals had free access to water.

4.3.2 Animals and experimental design

The experimental protocol complied with the Swiss legislation for Animal Welfare and was
approved (ZH 25/16) by the Committee on Animal Experimentation of the Cantonal Veterinary
Office Zurich. Six female non-lactating Swiss Black-Brown Mountain sheep with an initial age
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of 18 + 1.7 months and an average BW of 71 + 5.7 kg were used from August 2016 to January
2017. No worm treatment was performed, as the faecal egg count showed that the animals were
free of worms. Animals were fed lucerne-only pellets and hay during 8 days before the main
experiment started. The six sheep were allocated to different sequences of four experimental
diets in four subsequent 18-day periods in a 6 x 4 crossover design. The animals were weighed
after the morning feeding on Days 1, 12 and 19, using data from Day 12 as the reference value
for defining daily DM supply on Days 12 to 18. To resume social grouping behaviour and to
minimize the carry-over effects of the previous treatment to the following treatment, periods
were separated by 2 days of washout period when the animals were group-housed and fed the
lucerne-only pellets and hay but no lucerne+hazel leaves pellets. Each period was divided into
11 days (Days 1 to 11) of adaptation to diets in individual pens (size of 1.25 m x 2.5 m, floor
covered with sawdust) and 7 days (Days 12 to 18) of complete collection of faeces and urine,
including 2 days of individual gaseous exchange measurements performed subsequently with
two sheep in parallel. For the 7 days of sample collection and gaseous exchange measurements,
the sheep were transferred into metabolic crates (floor area 1.9 m?) with transparent acrylic
glass side panels allowing visual contact. The animals were tethered at the front end. and the
floor was covered with a rubber mattress. The front part was non-perforated, and the rear part
was grated (column width 20 mm / beam width 40 mm) allowing faeces and urine to fall into
the funnel beneath. A screen (beam width 4 mm) in the funnel retained faeces, but not urine.
The daily intake of hay and experimental pellets was recorded by weighing amounts offered
and refused.

Between Days 12 and 18, individual hay leftovers were sampled and water consumption
and the amounts of faeces and urine excreted were recorded. A proportion of 10% of total faeces
was collected daily and frozen at -20 °C. The urine was ducted into two containers, one for
untreated urine and the other containing 7.1 mol/l sulphuric acid to inhibit N evaporation. Urine
from each container was collected daily in proportions of 0.5% of the amounts excreted and
stored at -20 °C. Later all types of excreta samples were composited per animal per period. Part
of the faeces was dried at 60 °C to a constant weight. The hay was sampled four times and the
pellets two times. Hay leftovers were pooled across animals per period.

For the gaseous exchange measurements, two sheep at a time were transferred to two open-
circuit respiration chambers (8.3 m® each) (Grandl et al. 2016b). For the feeding, the chambers
were entered via an airlock. From the total stay of 48 h in the chambers, data of 1 to 1.7 h had
to be interpolated from adjacent values, as the measurement was then interrupted for cleaning

purpose. The chambers were air-conditioned, and the temperature, relative humidity, air
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pressure and airflow were set to 18°C, 70%, -60 Pa and 400 1/min (Promethion FG-1000 flow
generators, Sable Systems Europe GmbH, Berlin, Germany), respectively. Lighting conditions
were diurnal (7 h lights on, 19 h lights off). The concentrations of CH4, CO2 and Oz were
measured in each respiration chamber every 3 min for 1 min with a gas analyser (Promethion
GA-4, Sable Systems). Prior to gaseous exchange measurement, the gas analyser was calibrated
automatically using pure N2 (99.999%) and a mixed gas (19.8% Oz, 1.0% CO2, 0.1% CHa, in
N2 as carrier). Recovery was tested before each experimental period by burning propane gas.

The mean recovery was 95%.

4.3.3 Laboratory analyses

Feed pellets and dried faeces were ground with a centrifugal mill (1-mm screen) and hay with
a cutting mill (1-mm screen). Feeds, refusals and dried faeces were analysed for DM, total ash
(TGA 701, Leco Corporation, St Joseph, MI, USA; AOAC index no. 942.05), NDF, ADF and
acid detergent lignin (Fibertec System M 1020 Hot Extractor and 1021 Cold Extractor; Tecator,
Hoganés, Sweden). Fibre data were corrected for ash content, and heat stable a-amylase was
used for the NDF analysis, but no sodium sulphite was added (Van Soest et al. 1991). Acid
detergent lignin was determined sequentially after the ADF analysis by digestion in sulphuric
acid (72%) for 3 h. The content of GE was determined using a Calorimeter (C7000, IKA-Werke
GmbH & Co. KG, Staufen, Germany). The N content of feeds, refusals, non-dried faeces and
acidified urine was analysed with a C/N analyser (TruMac CN, Leco Corporation, St. Joseph,
Michigan, USA; AOAC index no. 968.06). Crude protein (CP) was calculated as 6.25 x N. The
carbon content of the non-acidified urine was determined with the same analyser. The feeds
were analysed for ether extract (extraction System B-811, Biichi, Flawil, Switzerland; AOAC
index no. 963.15). Total phenols in feed items were extracted by 70% acetone based on
Makkar* with modifications described in Jayanegara et al. (2011). In brief, a modified Folin-
Ciocalteu method was applied for TP and non-tannin phenols and data were expressed as gallic
acid equivalents (Sigma, St. Louis, MO, USA). The CT were measured using the butanol-
hydrochloride-iron method, and the values were expressed as leucocyanidin equivalents
(Makkar 2003; Jayanegara et al. 2011). The contents of total tannins and HT were calculated
as the difference between TP and non-tannin phenols, and between total tannins and CT,

respectively.
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4.3.4 Calculations and Statistical Analyses

The equations used to calculate the energy-balance related variables are specified in the
footnote to Table 4.5. Individual feed intake, digestibility, N and energy balance were
calculated based on the data combined across the 7 day collection periods and, in the case of
gas exchange data, across the 2 days of respiration chamber measurements. The BW is given
as the average of Days 1 and 19 of each period. To relate variables to BW*”>, BW means of
measurements made on Days 12 and 19 of each period were used. Data were subjected to
analysis of variance with the Mixed procedure of SAS (version 9.4, SAS Institute, Cary, NC),
considering the treatment and the period as fixed effects and animals as the random effect.
Pairwise multiple comparisons among the least-square means were performed by the Tukey-
Kramer test. Linear and quadratic effects of the level of hazel leaves (0%, 25% and 50%) were
evaluated by orthogonal polynomial contrasts. Differences were considered statistically

significant at P < 0.05 and trends at 0.05 < P <0.10.

Table 4.1 Ingredients and chemical composition of the experimental diets*

Hay' Hazel Experimental pellets'
leaves
Hazel leaves (% of pellets) 0’ 30 60 60+PEG’
Pellet ingredients (% of dry matter (DM))
Lucerne (% of total pellets) 100 70.8 41.5 379
Hazel leaves (% of total pellets) 0 29.2 58.5 58.3
Polyethylene glycol (PEG, % of total pellets) 0 0 0 3.8
Analysed composition (% of DM)
Organic matter 92.7 92.9 85.6 88.1 90.0 90.8
Crude protein 7.0 12.4 20.2 17.9 15.7 14.8
Ether extract 1.4 1.1 1.9 1.9 1.6 1.5
Neutral detergent fibre 68.9 48.5 44.2 429 44 .4 44.9
Acid detergent fibre 414 30.7 33.1 31.1 30.1 32.5
Acid detergent lignin 7.4 12.2 9.5 11.0 11.5 14.5
Gross energy (MJ/kg DM) 17.5 18.3 16.9 17.4 17.8 18.2
Total phenols 1.43 8.16 1.72 4.14 6.55 5.94
Non-tannin phenols 0.82 1.95 0.96 1.33 1.75 1.58
Total tannins 0.61 6.21 0.76 2.82 4.80 4.36
Condensed tannins 0.02 3.39 0.01 1.11 2.43 1.36
Hydrolysable tannins 0.59 2.82 0.74 1.71 2.37 3.00

'The ratio of hay to pellet was 20%

: 80% in total dietary DM. “Equivalent to the composition of lucerne.

3Analysis, especially of the phenols, might have been compromised by the presence of PEG. “Each animal
received additionally 30 g/day of a commercial mineral-vitamin mixture (Kroni 461 Ovipress, Kroni Locher,
Altstétten, Switzerland) consisting, per kg, of Ca, 140 g; P, 70 g; Mg, 40 g; Na, 50 g; Zn, 7 g; Mn, 3.5 g; Fe,
2.65 g; 1, 60 mg; Co, 30 mg; Se, 40 mg; vitamin A, 400,000 IU; vitamin D3, 80,000 IU; vitamin E, 2 g; vitamin

Bi, 0.4 g and biotine, 0.1 g.
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Table 4.2 Effect of hazel leaves on intake, nutrient digestibility and body weight of the sheep (n =6).

Experimental diets SEM P values
Hazel leaves (% of diet) 0 25 50 50+PEG Diet L! Q!
Dry matter intake (g/day)
Total 2182 2147 2174 2170 45.5 0.64 0.71 0.56
Pellets 1794 1762 1780 1792 36.4 0.73 0.52 0.59
Hay 388 385 394 378 14.5 0.50 0.48 0.88
Daily intake (g/kg body weight®’)
Drinking water 217* 187"  157° 162 7.8 0.037  0.024 095
Dry matter 855 853 859 85.0 0.80 0.66 0.84 0.79
Organic matter 74.1°  75.9*® 777 774° 077 0.006 <0.001 0.78
Crude protein 153*  13.6° 12.2° 11.4¢ 0.33 <0.001 <0.001 0.33
Neutral detergent fibre 41.5 405 418 41.6 0.47 0.19 0.30 0.02
Acid detergent fibre 29.5%  28.0* 27.5°  28.9® 0.34 <0.001 <0.001 0.091
Gross energy (MJ) 1.45°  1.48* 1.52® 1.54* 0.016 0.001 <0.001 0.98
Apparent digestibility (%)
Organic matter 58.2%  55.5% 48.6° 51.5° 0.85 <0.001 <0.001 0.046
Neutral detergent fibre 49.0° 41.6° 31.2° 39.8° 146 <0.001 <0.001 0.32
Acid detergent fibre 452*  30.7° 11.8¢ 23.4° 2.60 <0.001 <0.001 0.15
Body weight (kg) 745 73.6 738 74.9 1.32 0.62 0.22 0.84

L, linear effect of hazel leave proportion; PEG, polyethylene glycol; Q, quadratic effect of hazel leave

proportion; SEM, standard error of mean. Means carrying no common superscript are different at P < 0.05.

'For this analysis, only diets 0, 25 and 50 were compared.

4.4 Results

4.4.1 Chemical composition of the diet ingredients

The hazel leaves contained slightly more organic matter (OM) than lucerne (treatment 0) but
clearly less crude protein (CP) (Table 4.1). The hay was even lower in CP content. Both pellet
ingredients (hazel leaves and lucerne) were similar in contents of neutral detergent fibre (NDF)
and acid detergent fibre (ADF), whereas the hay contained much higher levels of NDF and
ADF. The lignification of the fibre was low in the hay, intermediate in the lucerne and high in
the hazel leaves. The hazel leaves contained about 8% of total phenols (TP), whereof 76% were
tannins, with almost equal proportions of condensed tannins (CT) and hydrolysable tannins
(HT). Both lucerne and hay contained much less TP and were almost free of CT. In the
experimental pellets, a variation in TP contents from 2 to 7% was achieved, the range for the

CT was from 0 to 2% and for the HT from 1 to 3%.

4.4.2 Intake and digestibility

The total DM intake of the sheep, expressed per day or per kg of metabolic body weight
(BW®7), did not differ among treatments. The same was true for the intake of the two diet
components, pellets and hay. However, a small but significant increase in OM intake per unit

of BW®"> was observed with the diet containing 50% hazel leaves with or without PEG
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compared to the control with no hazel leaves (Table 4.2). Water consumption linearly (P <0.05)
declined with an increasing hazel leave proportion. Following the differences in the
composition of the pellets, the CP and ADF intake per unit of BW® " largely differed, becoming
linearly (P < 0.001) smaller with increasing levels of hazel leaves. The apparent digestibility of
OM, NDF and ADF was linearly (P < 0.001) declining; in the case of OM digestibility, the
decline became larger (quadratic contrast at P < 0.05) with a higher hazel leave proportion,
where the means also differed (P <0.001) from the other diets. The addition of PEG to the diets
containing 50% hazel leaves improved (P < 0.001) apparent digestibility to values intermediate
between the diets with 25% and 50% hazel leaves or even to the level of the 25% diet (NDF
digestibility). No difference (P > 0.10) between treatments was observed in the body weight
(BW) of the sheep and NDF intake per unit of BW®’,

4.4.3 Methane emission

The average daily amount of CH4 produced by the sheep decreased (P < 0.001) from 31 g
without hazel leaves to 22 g per sheep fed with 50% hazel leaves in their diet. The decrease had
linear (P < 0.001) and non-linear components (P < 0.05), where the reduction was particularly
pronounced with 50% hazel leaves (Table 4.3). With the diet containing 50% hazel leaves
together with PEG, the level of CHa produced, though numerically higher, was not different
from 50% hazel leaves without PEG, but different (P < 0.001) from the treatments with 25%
hazel leaves and lucerne alone. The same patterns were found when relating CHs to intakes of
DM, OM and NDF. When scaling CHa to BW®7>, to digestible DM, and to digestible OM, the
effects of hazel leaves without PEG were similar, but the effect with the PEG-treated diet was
no longer significantly different from the treatment with 25% hazel leaves. The CH4 release per
unit of NDF digested did not differ between treatments, but a trend (P = 0.07) for a non-linear

dosage effect was observed.

4.4.4 Nitrogen balance

The daily N intake linearly (P < 0.001) declined with an increasing proportion of hazel leaves
(Table 4.4). At the same time, the absolute faecal N excretion linearly (P < 0.001) increased.
This was accompanied by large and linear (P < 0.001) declines in the excretion of absolute
urinary N and the proportion of urinary N of either total N ingested or total N excreted. The
latter two variables also included a trend (P = 0.09) or a significant (P < 0.05) non-linear
component where the 25% dosage of hazel leaves was proportionately less effective than the

extra 25% hazel leaves in the diet with 50% hazel leaves. As a consequence of the increase in
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faecal N losses, the apparent N digestibility decreased along with the increased proportion of
hazel leaves compared to lucerne alone in the pellets. This happened in a linear (P < 0.001)
manner with a non-linear component (P < 0.05). Increasing the hazel leave proportion from
25% to 50% in the diet decreased the body N retention and the utilisation of dietary N for the
body N retention (P < 0.001). The addition of PEG to the diet with 50% hazel leaves further
decreased (P < 0.001) the daily N intake, faecal N and the losses of faecal and urinary N, but
increased (P < 0.001) urinary N compared to the non-PEG 50% diet. Adding PEG prevented
(P < 0.001) the extra reduction in relative N losses from urine (per total N intake or total N
excreted) and apparent N digestibility when increasing the hazel leave proportion from 25% to
50%. The adverse effect on the relative loss of faecal N as well as faecal and urinary N, and the

relative body N retention per total N intake was alleviated (P < 0.05) by the addition of PEG.

4.4.5 Energy balance

The supply with digestible energy and metabolisable energy (ME) decreased linearly (P <
0.001) with increasing proportions of hazel leaves (Table 4.5), although relative and absolute
GE intake differed only marginally between treatments (Table 4.2, 4.5). This decrease was
slightly more pronounced with the high compared with the low hazel leave proportion (trends
for non-linear effects) (Table 4.5). The faecal energy losses were increasing and those with
urine and CH4 were declining with increasing hazel leaves proportion, all in a linear manner (P
< 0.01) with a certain quadratic effect (P < 0.05) in the latter two. Heat energy losses were not
affected by the treatments. For total energy losses, the overriding effects were faecal losses
resulting in linearly (P < 0.01) increasing total losses. However, body energy retention also
linearly declined (P < 0.05) with increasing hazel leave proportions. As GE intakes did not
differ much, the diet effects for relative energy turnover (per unit of GE intake) were similar to
absolute energy losses. There was a decline by 11 percentage units in the apparent digestibility
of GE when the hazel leave proportion was increased from 0 to 50%. The decline had linear (P
< 0.001) and by tendency non-linear components (P = 0.051). The decline in metabolisability
was less pronounced in magnitude because part of the energy losses in faeces were
counterbalanced by lower urinary and CHa4 energy losses. The addition of PEG to the diet with
50% hazel leaves increased (P < 0.001) the supply with digestible energy and ME. Adding PEG
prevented (P < 0.001) part of the faecal energy loss per GE intake and the considerable decline
in digestibility when increasing the hazel leave proportion from 25% to 50%. No difference (P
> (.10) was observed between treatments in the absolute and relative heat energy losses of the

sheep.
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Table 4.3 Effect of hazel leaves on enteric methane emission of the sheep (n =6).

Experimental diets SEM P values
Hazel leaves (% of diet) 0 25 50 50+PEG Diet L! Q!
Methane per day
g/sheep 30.8°  29.4* 21.6° 24.9° 1.35 <0.001 <0.001 0.023
g/kg body weight®”> 1.20° 1.13® 0.85° 0.97*  0.045 <0.001 <0.001 0.054
Methane (g/kg intake of)
Dry matter 15.6° 144* 105> 125 0.50 <0.001 <0.001 0.003
Organic matter 17.9* 16.3* 11.6* 13.7° 0.60 <0.001 <0.001 0.003
Neutral detergent fibre (NDF) ~ 32.0° 30.9* 21.6° 25.4° 1.02  <0.001 <0.001 0.002
Digestible dry matter 28.0*° 26.7° 21.6° 25.3® 0.85 0.007 0.004 0.085
Digestible organic matter 30.3*  28.5* 22.8° 26.5%" 0.92 0.002 <0.001 0.064
Digestible NDF 643 71.1 634 63.0 2.00 0.098 0.57  0.069

L, linear effect of hazel leave proportion; PEG, polyethylene glycol; Q, quadratic effect of hazel leave
proportion; SEM, standard error of mean. Means carrying no common superscript are different at P < 0.05.

'For this analysis, only diets 0, 25 and 50 were compared.

Table 4.4 Effect of hazel leaves on nitrogen balance of the sheep (n =6).

Experimental diets SEM P values
Hazel leaves (% of diet) 0 25 50 50+PEG Diet L! Q!
g/day
Nitrogen (N) intake 62.4* 54.8"  49.3° 46.7¢ 1.69 <0.001 <0.001 0.44
Faecal N 249  287° 37.5° 23.9¢ 1.36  <0.001 <0.001 0.16
Urinary N 25.8° 17.0°  7.0° 14.8° 149 <0.001 <0.001 0.47
Faecal and urinary N 50.6* 45.7° 445 38.1°¢ 1.44 <0.001 0.009 0.29
Body N retention’ 11.7° 9.1% 4.9¢ 7.9% 0.65 <0.001 <0.001 0.40
% of N intake
Faecal N 39.9¢ 523 75.7° 51.3° 2.80 <0.001 <0.001 0.022
Urinary N 41.3% 309 14.0° 31.7° 2.12 <0.001 <0.001 0.091
Faecal and urinary N 81.2° 83.2° 89.7° 83.0° 1.04 0.010 0.007 0.31
Body N retention’ 18.8* 16.8*  10.3° 17.0°% 1.04 0.010 0.007 0.31
Apparent N digestibility (%)  60.1° 47.7°  24.3° 48.7° 2.80 <0.001 <0.001 0.022
Urinary N (% of N excreted)  50.9° 37.1°  15.6° 38.2° 2.71 <0.001 <0.001 0.040

L, linear effect of hazel leave proportion; PEG, polyethylene glycol; Q, quadratic effect of hazel leave
proportion; SEM, standard error of mean. Means carrying no common superscript are different at P < 0.05.
'For this analysis, only diets 0, 25 and 50 were compared. *Including N in wool grown during the periods.
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Table 4.5 Effect of hazel leaves on energy balance of sheep (n =6).

Experimental diets SEM P values
Hazel leaves (% of diet) 0 25 50 50+PEG Diet L! Q!
Energy intake (MJ/day)
Gross energy (GE) 37.1°  37.4® 38.6™  392*° 0.8l 0.03  0.009 0.68
Digestible energy 20.6*°  19.6™ 17.2¢ 18.8° 0.47  <0.001 <0.001 0.058
Metabolisable energy” (ME) 17.4* 168 14.8° 16.0° 038 <0.001 <0.001 0.078
Energy loss (MJ/day)
Faeces 164>  17.7°  21.4° 20.4* 0.63 <0.001 <0.001 0.14
Urine’ 1.55*  1.20° 1.22° 1.46™  0.056 0.007  0.005 0.047
Methane* 1.70°  1.63* 1.19° 1.37°  0.075 <0.001 <0.001 0.023
Heat® 10.7 10.4 9.9 10.8 0.33 0.72 0.56  0.69
Total energy loss 303  30.9°  33.7° 34.1% 0.84 0.001 0.003  0.33
Body energy retention® 6.74@ 642 4900  520@ 0334 0.055 0.041 0.44
Energy turnover (% of GE intake)
Faeces 442¢ 475 553" 52.0° 096 <0.001 <0.001 0.051
Urine 4.16° 3.22° 315>  3.75%  0.127 0.005  0.002 0.040
Methane 4.59* 435 3.10° 3.48°  0.178 <0.001 <0.001 0.039
Heat 28.7 27.7 25.6 27.5 0.68 0.67 026 0.71
Total energy loss 81.7° 82.8% g87.2° 86.8% 0.92 0.032 0.025 047
Body energy retention 18.3*  17.2" 12.8° 13.2% 0.92 0.032  0.025 047
Heat energy (% of ME intake) 61.6 61.7 66.7 67.6 1.71 0.31 0.13 0.60
Apparent digestibility (% of GE) 55.8* 525" 44.7¢ 48.0° 096 <0.001 <0.001 0.051
Metabolisability’ (% of GE) 47.0° 449" 38.5° 40.8° 0.80 <0.001 <0.001 0.083

L, linear effect of hazel leave proportion; PEG, polyethylene glycol; Q, quadratic effect of hazel leave proportion;
SEM, standard error of mean. Means carrying no common superscript without or with brackets are different at P
<0.05 and P <0.10, respectively. 'For this analysis, only diets 0, 25 and 50 were compared. °Metabolisable energy
(ME; MJ/day) = GE intake (MJ/day) — faecal energy loss (MJ/day) — CH4 energy loss (MJ/day) — urinary energy
loss (MJ/day). *Urinary energy (Hoffmann and Klein 1980)(MJ/day) = 0.0348 x urinary carbon (g/day) + 0.009
x urinary N (g/day). *CHy energy (Brouwer 1965) (MJ/day) = CH,4 (I/day) x 0.03957. *Heat energy (Chwalibog
et al. 1996) (MJ/day; corrected for assumed CO; production from microbial fermentation) = 0.01618 x O, (I/day)
+0.00502 x [CO; (I/day) — 3 x CHy4 (I/day)] —0.00217 x CH,4 (I/day) — 0.00599 x urinary N (g/day). *Body energy
retention (MJ/day) = ME (MJ/day) — heat energy loss (MJ/day). "Metabolisability = ME intake (MJ/day) / GE
intake (MJ/day).
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4.5 Discussion
4.5.1 Forage value of hazel leaves

Little information is available regarding the forage value of hazel leaves as feed for ruminant
livestock. To our knowledge, the current experiment is the first to provide data on the feed
intake, nutrient digestibility, as well as the N and energy balance of sheep fed hazel leaves in
comparison with a known high quality forage. The amounts of 25 and 50% hazel leaves
included in the diets were substantial and were intended to provoke the expression of adverse
effects on nutrient intake and digestibility if there were any.

Compared to the lucerne (treatment 0), the hazel leaves were characterised by 39% lower
CP contents (being excessive for ruminants in the lucerne), quite similar in fibre contents, and
28% higher lignin contents. The addition of PEG to the pellets should not have caused a decline
in the content of phenolic compounds due to maintaining the hazel leave proportion. However,
according to the analysis, the pellets with PEG appeared to contain fewer TP, total tannins and
CT than the corresponding pellets without PEG. As the difference in CT content was
particularly large, stable bonds between CT and PEG likely compromised the CT extraction
applied in the laboratory analysis. Therefore, for the PEG-containing pellets, the ratios of PEG
: CT and PEG : total tannins were calculated based on the CT and total tannin contents measured
in the PEG-free pellets.

One important constraint in employing tanniferous feeds in ruminant nutrition is their often
low palatability, which may either limit the intake of these feeds below the levels intended or,
especially when mixed with the rest of the diet, impair the overall feed intake. This was not the
case in the present study, even when feeding the hazel leaves in a dietary proportion of 50%. It
was reported that moderate amounts of tannins (depending on the type of tannins) may improve
digestion and animal performance without affecting the voluntary feed intake (Patra et al.
2012). When exceeding a CT concentration of 5 to 6% in dietary DM, a reduction in feed
palatability and thus feed intake is commonly observed (Tiemann et al. 2008; Peng et al. 2016).
In the present experiment, the dietary CT contents of about 2% in DM remained far below this
threshold. However, the restricted access to the diet and mixing the hazel leaves with lucerne
might have also prevented differences in DM intake, which could have occurred under
conditions of either ad libitum access or separate presentation of the hazel leaves. A second
constraint in feeding tanniferous feeds often involves adverse effects on nutrient digestibility.
Only in cases of dietary CP, a decreased ruminal digestion is favourable, provided the tannin-
CP bonds are later cleaved and the protein can be digested in the lower gut. In the present study,

the apparent total tract digestibility of OM, and especially of NDF, ADF and N, was reduced
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when the sheep consumed pellets with increasing proportions of hazel leaves. As lucerne is a
high-quality forage, the effect on digestibility might in part be the consequence of the
comparably lower digestibility of the hazel leaves, an assumption supported by the higher lignin
content of the hazel leaves compared to lucerne (12.2 vs. 9.5% of DM). Lignin is the diet
constituent most adverse to fibre digestion by the ruminant (Jung 1989). However, the
difference in lignin content was not sufficiently high to serve as the only explanation. The
tannins present in the hazel leaves may have additionally impaired digestibility. Tannins not
only bind to protein but also to carbohydrates although to a lesser extent (Patra et al. 2012;
Makkar 2003), thus slowing down their ruminal degradation. Tannins are also known to lower
the activity of fibrolytic enzymes, an effect depending on the dose and type of tannins (Bhatta
et al. 2005; Patra et al. 2012; Al-Kindi et al. 2017). Accordingly, approximately 4% of tannins
in the diet are sufficient to lower digestibility of OM, NDF and ADF, as Carulla et al. (2017)
found in growing lambs when using Acacia mearnsii extract and Al-Kindi et al. (2017)
identified in goats when using quebracho tannin extract. Indeed, the addition of PEG to the diet
containing 50% hazel leaves alleviated the adverse effect of the hazel leaves on digestibility,
but this only partially and not fully. A PEG : CT ratio of 1.6:1 in the diet should have been
sufficiently high to prevent the bioactivity of the CT in the rumen (Waghorn 2008). However,
still not all dietary tannins might have been inactivated by the PEG because, when also
considering the hydrolysable tannins which made up half of the total tannins, the PEG : total
tannin ratio was only 0.8:1. It has been described in the literature (Degen et al. 1998) that PEG
can also form complexes with HT. In addition, it cannot be excluded that other active
ingredients impaired digestibility, such as the non-tannin phenols that made up to 28% of
dietary TP. Finally, the low fibre digestibility with the high proportion of hazel leaves may have
been indirectly caused by the inactivation of dietary protein in the rumen by the CT. This might
have resulted in a deficiency of the supply of rumen-degradable protein (RDP). A deficiency
of RDP is especially impairing to the activity of the fibre degrading rumen microbes (Soliva et
al. 2015). However, as the decline with increasing hazel leave proportions was mostly linear
for OM and NDF digestion and, therefore, also occurred with the lower level of leaves, a RDP
deficiency with the high leave proportion seems unlikely. Nevertheless, further studies are
needed to determine whether the hazel leave effects are independent from the level of supply
with RDP. It also must be stated that according to Makkar et al. (1995) the analysis of the fibre
digestibility of tanniferous feeds using the detergent extraction techniques, as applied in the

present study, is not always accurate in the presence of tannins and PEG.
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Consistent with the lower digestibility, the addition of the hazel leaves also resulted in lower
energy and protein retention in the body of the sheep and, again, part of this effect was
compensated for by adding PEG. The results agree well with those of a previous study by
Tiemann et al. (2008) in which digestible energy and metabolisable energy were adversely
affected by increasing the proportion of the CT-rich foliage of Calliandra calothyrsus and
Flemingia macrophylla in the diet of sheep, where also fibre digestibility was reduced.
Nevertheless, the efficiency of energy utilization in the metabolism was obviously not impaired,
as the treatments had no significant effect on heat energy loss in relation to GE intake. That
means that the substrates absorbed from the gut with the four experimental diets appear to have
been similarly valuable to the animal. The use of a tanninferous forage like the hazel leaves
could be advantageous for metabolic protein utilisation by the animals because of the proposed
increase in ruminal bypass feed protein (Beauchemin et al. 2007) and in the absorption of
essential amino acids from the intestine in the presence of tannins (reviewed by Min et al. 2003).
till, body N (protein) retention declined with increasing hazel leave proportions from about 12
to 5 g/day, consistent with the negative effect on the apparent total tract N digestibility found
in the present study and elsewhere (Carulla et al. 2005; Al-Kindi et al. 2017). This indicates
that the cleavage of the tannin-protein bonds in the lower gut was not efficient enough to
maintain or improve the metabolic supply with protein and amino acids. Whether or not the
tannin-protein complexes protected from ruminal degradation are cleaved depends on the type
of tannin, its chemical structure and structural flexibility (Knowles et al. 2017) as well as on
the pH of the gut environment (Patra et al. 2012). The presence of tannins may even enhance
endogenous N losses, leaving the extent to which the increased faecal N losses are really caused

by a decreased true N digestibility unclear (Carulla et al. 2005).

4.5.2 Effects of hazel leaves on methane emission

The addition of hazel leaves to the diet clearly depressed CH4 emissions. This included both
the absolute CH4 emission per head per day and the relative CH4 emission per intake as well as
per BW®75, The present study, with levels of CH4 mitigation ranging from 25% (per unit of
digestible OM) to 35% (per unit of OM intake) in live animals, confirms previous in vitro results
(Wallace 2008; Terranova et al. 2018a). The level of CH4 mitigation per unit of digestible OM
of 6% found in the present study at a dietary tannin content of 2.4% was exactly as predicted
by the equation of Jayanegara et al. (2012) for in vivo studies, but for 4% dietary tannins the
mitigation level found was far higher with 25% than the predicted 11%. Similarly, Archimede
et al. (2016) observed a decline by 29% in the CH4 emission per unit of digestible OM of sheep
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when adding cassava (Manihot esculenta) leaves to a grass-based diet at a level equivalent to
4% tannins in dietary DM. Carulla et al. (2005) found that 4% tannins from Acacia mearnsii
could decrease methanogenesis per unit of digestible OM by 7% from sheep. As with
digestibility, the addition of PEG counterbalanced part of the effect, indicating that hazel leave
tannins directly or indirectly lowered methanogenesis. The mode of action by which tannins
mitigate CH4 emission from ruminants is not entirely understood. Among the most accepted
explanations is the concept of substrate deprivation, such as the reduction in fibre digestion,
which decreases H2 production being available for reducing carbon dioxide (CO2) to CHas, and
the direct inhibition of the growth of the methanogens (Jayanegara et al. 2015). In the present
study, the CH4 produced per unit of NDF digested was not affected by the supplementation with
hazel leaves, at least not in a linear manner. This lack of response is in agreement with
observations made by Carulla et al. (2005). However, a direct reducing effect of hazel leaves
on either methanogens or other ruminal microorganisms, such as the protozoa, cannot be fully
excluded. In addition, when employing intact plant parts as diet components, other ingredients
apart from the tannins, such as lipids, saponins and essential oils, may be bioactive (Jayanegara

et al. 2012). This was not examined in the present study.

4.5.3 Effects of hazel leaves on urinary nitrogen excretion

The traits affected most intensively by the dietary treatments were those related to urinary N
excretion. Urinary N is the main way of removal of excessive metabolic N from the body of
ruminants. However, it is also the major source of ammonia emission from stored manure,
leading to air and water pollution, soil acidity and fine particulate matter formation (Lee et al.
2011; Montes et al. 2013) and of nitrous oxide emission from manure-amended soil (Montes et
al. 2013). In the present study, replacing lucerne with hazel leaves was effective to reduce the
metabolic N load in two ways. First, due to the lower N content of the hazel leaves, the excessive
N intake from the lucerne was substantially reduced. Lucerne protein is highly ruminally
degradable and promotes absorption through the rumen wall as ammonia and disposed via urine
(Patra et al. 2012). Accordingly, along with a decreasing proportion of lucerne in the pellet
(from 100 to 38% in the PEG-supplemented pellet), and thus decreasing N intake, the urinary
N excretion per unit of N intake decreased, whereas the faecal N excretion per unit of N intake
increased. This modified the excretory pattern (urinary N:faecal N) from about 1:1 to 0.6:1.
Second, the tannins present in the leaves depressed the net N absorption from the gut. It was
not possible to separate these two factors of influence in the present study, even when relating

urinary N excretion to N intake. Still, the present results reflect the current feeding practice
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where a high quality, highly fertilised forage grass or legume is complemented by tanniferous
plant material like the hazel leaves. In combination, the absolute urinary N excretion was
reduced by up to 73%, and the reduction relative to N intake was still as great as 27 percentage
units. This caused a significant shift of N excretion from urine to faeces, which was clearly less
when PEG was added in the present study. When stored as slurry, gaseous N emissions would
have been drastically reduced by this feeding measure (Kiilling et al. 2003). Therefore, the
substantial shift in N excretion from urine to faeces when feeding hazel leaves is highly
favourable from an environmental perspective, as gaseous N emission and N leaching potentials
are considerably reduced. The lower amount of N to be disposed via urine also led to a decrease
in water consumption (-28%) and urine volume (2.3 vs. 1.2 kg per day; data not shown in the
table) for the diet with 50% compared to that with 0% hazel leaves, respectively. Tannin
supplementation was previously found to be effective in shifting urinary N to faecal N, as in
the study of Carulla et al. (2005) where 4% Acacia mearnsii tannin extract in DM decreased
urinary N and increased the faecal N excretion per N intake by 14% and 30%, respectively.
An application of hazel leaves in ruminant nutrition on a broad scale would require ample
amounts of hazel leaves. This would require the joint impetus of farmers, consumers and
politicians to produce and consume climate-friendly foods from livestock. In addition, an
extended cultivation of this woody plant would increase biodiversity, also by providing a habitat

for numerous species.

4.6 Conclusion

Hazel leaves, found promising in mitigating CH4 emission from in vitro rumen fermentation
screenings, indeed turned out to be very efficient in live animals receiving high hazel levels. To
be implemented in feeding practice, the forage value in terms of intake (or palatability) and
digestibility may not be compromised. In the present study, dietary intake was sustained, even
with high levels of hazel leaves replacing the high-quality forage lucerne. However, organic
matter digestibility and body energy and N retention was lower with diets containing high levels
of hazel leaves. This limitation is theoretically easy to overcome, for instance by adding diet
ingredients rich in rumen fermentable energy, providing both metabolisable energy and protein
(from microbes). However, this needs to be ascertained in further experiments as rumen
fermentation and CH4 emission may be affected by this dietary modification as well. The
unchanged intake indicating a high palatability of hazel leave supplements provides an

advantage over many other plant-based supplements.
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Chapter 5

Associative effects of combining tanniferous hazel leaves with a high quality

forage lucerne on methane, urine N, digestion, energy and protein utilization

This chapter is based on Terranova M., Eggerschwiler, L., Clauss, M., Ortmann, S., Kreuzer,

M. and Schwarm, A. Journal of Dairy Science, in preparation to submission.
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5.1 Abstract

Various feeds have been identified which help mitigating the important greenhouse gas methane
from ruminants. However, even when there is success in suppressing absolute methane
emissions, often intake, digestibility and performance are concomitantly declined. The search
has to concentrate on dietary levels of effective feeds where methane already declines and
performance-related variables not yet. Such positive associative effects have been demonstrated
in vitro by combining a high quality forage and phenol rich plants. In the present study this was
tested in a dairy cow experiment where a high quality forage (dried alfalfa) was gradually
exchanged from 0 to 82% by the phenol rich leaves of hazel (Corylus avellana) in pellets. Total
hazel proportion of the diet, consisting also of a mixed basal ration and few concentrate, reached
some 40%. The experiment was conducted with 20 dairy cows with a mean body weight of 711
+ 49.7 kg and 151 to 310 days in milk. After 14 days of adaptation, 8 days were used for
intensive sampling of feces (labelled with markers for determining passage rate) and urine as
well as letting cows stay for 2 days in open circuit respiration chambers. Like in former
experiments, hazel leaves did not impair feed intake. However, likely due to the lower feeding
value due to a high lignin content, digestibility and milk yield were declining with increasing
hazel proportion. In the case of milk yield this was unexpectedly most pronounced at low hazel
proportions whereas high proportions from about 25% in diet did not impair yield further.
Methane emission decreased clearly absolute and per unit of DM intake or body weight. When
related to intake of digestible organic matter and especially with milk yield, low hazel levels
were ineffective or even promoted methane emission. This demonstrated that there were
associative effects but not on the desired direction. Increasing hazel proportions substantially
shifted N excretion as anticipated from urinary (decline from about 30 to 10% of intake) to fecal
N (from <40 to 60%). This could also be concluded from the sharp decline in milk urea content
(from about 30 to 10 mg/dl). The decline in urinary N was mostly linear, but associative effects
in relation to milk yield occurred. In conclusion, hazel leaves again showed a great potential as
palatable feed supplement for dairy cows to mitigate methane and urinary nitrogen emissions,

but positive associative effects seem not to exist when combining with alfalfa.
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5.2 Introduction

Various attempts are made to mitigate the emission of the greenhouse gas methane (CH4) from
ruminant husbandry due to its large share of total greenhouse gas emission. (Steinfeld et al.
2006). Feeding strategies have a high potential to mitigate CH4 emissions from enteric
fermentation in livestock (Hristov et al., 2013). Some nutritional mitigation strategies based on
feed supplements are ready to be applied in the field (Martin et al. 2010) and have the greatest
immediate impact of all mitigation measures (Cottle et al., 2011). Among the most promising
dietary attempts for CH4 mitigation is the strategic use of plants rich in secondary metabolites
(PSM) including phenols and, within phenols, tannins as an important group (Hristov et al.,
2013). Furthermore, as a result of the increasing food-feed competition when potential food is
used in animal nutrition, alternative feeds are becoming increasingly important (Makkar 2018).
In this respect, shrub and tree leaves gain interest as they often are rich in PSM (Frutos et al.,
2004). Accordingly, some of such leaves were shown to have potential to mitigate formation of
CH4 and, in the case tannins are prevalent, of ammonia in the rumen (Bodas et al., 2008,
Jayanegara et al., 2011). Drawbacks of leaves from woody plants may be a low palatability and
adverse effects on nutrient digestibility (Moss et al., 2000). The ruminal and total tract passage
time of the feed could be affected as well by its phenol content (Baker and Hobbs, 1987; Melaku
et al., 2005). Often mitigation of absolute methane or ammonia emission is reported from feeds
tested, but sustainable effects are only given when also the emission intensity (per unit of food
produced) or at least yield (per intake of dry matter (DM) or digestible nutrients) is reduced.
Especially the latter would not be given in case diet digestibility is hampered by
supplementation of PSC rich feeds. It could, however, be that the adverse effects on digestibility
are at high supplementation levels whereas methane and ammonia mitigation starts at lower
dosages. The opposite is also possible. Its occurrence would need non-linearity of either
digestibility or methane and ammonia formation with increasing PSC dosage resulting in so
called associative effects, a term introduced by Niderkorn and Baumont (2009) for a situation
where one dietary item affects the digestion of another item either positively or negatively. In
general, dietary associative effects are considered to be very common and cause over- or
underestimations of the nutritional value of supplements (Van Soest 1994). In the present
context, combinations of high quality feeds with phenol rich plants which suppress ruminal
methane and ammonia formation at still high total diet digestion are particularly of interest. For
methane and ammonia this was indeed demonstrated before in vitro when incubating the high
quality forage papaya leaves with several other PSM rich plants (Jayanegara et al., 2013). This

phenomenon has not yet been studied by a specifically designed in vivo experiment.
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Therefore, the aim of the present study was to determine whether similarly favorable results
can also be achieved in dairy cows. This needed a plant rich in PSM which is highly palatable
to exclude confounding effects between intake and digestion and which has a clear methane
mitigating effect. The leaves of the shrub hazel (Corylus avellana) were selected for this
purpose, which are rich in phenols, especially the flavanols myricetin 3-rhamnoside and
quercetin 3-rhamnoside from the group of the condensed tannins (CT) (Amaral et al., 2005). In
previous in vitro studies leaves of the hazel were effective in reducing CH4 and ammonia
emissions without affecting the ruminal digestibility, and were found to be high palatable to
dairy cows (Terranova et al., 2018a,b). In addition, the leaves were palatable in sheep where it
effectively suppressed CH4 formation (Wang et al., 2018). There were indications of dosage
dependent effects of the hazel leaves in vitro and in vivo. In order to test the associative effects
on methane and nitrogen excretion of dairy cows in relation to yield and emission intensity, 20
diets with a gradient in hazel leaves exchanging increasing amounts of dried alfalfa as a model

for a high quality forage were designed and evaluated by multiple regression.

5.3 Materials and methods
5.3.1 Animals, diets and experimental design

The experiment, taking place in autumn 2017 at AgroVet Strickhof (Lindau, Switzerland), was
approved by the Cantonal Veterinary Office of Zurich (licence no. ZH271/16). Twelve Brown
Swiss and eight Holstein cows were selected. At the start of the experiment, cows were between
the 27 and 7™ lactation, between 151 to 310 days in milk and weighed 711 + 49.7 kg. The
selection aimed to include animals with a similar and rather low milk yield and excluded heifers.

The experimental diets consisted of a mixed basal ration and experimental pellets (0.4:0.6),
and additional energy and protein supplements (Table 5.1). The mixed basal ration was
composed of 55% corn silage, 38% grass silage and 2% of hay (both from ryegrass dominated
swards), and 5% of dairy concentrate (UFA 250). The pellets were composed of hazel leaves,
alfalfa (Medicago sativa) and molasses (Table 5.2). Hazel leaves were provided from Alfred
Galke GmbH (Bad Grund, Germany) dried and cut to a 4 to 6 mm size. They had been harvested
in 2015 and 2016 in Albany. The alfalfa, purchased from Landi (Sense-Diidingen, Switzerland),
had been harvested in 2016 in France. Twenty different types of experimental pellets were
produced with increasing proportion of hazel leaves (0 to 80%) and decreasing levels of alfalfa
(17 to 97%) and each with 3% of molasses on a DM basis (Table 5.2). Alfalfa was chopped to
3 mm particle length with a Sigma 5.2 hammer mill (Kuhn AG, Bottighofen, Switzerland).
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Chopped hazel leaves, alfalfa and molasses were mixed with a batch mixer (Speedmix DEML-
1000, Biihler AG, Uzwil, Switzerland) and afterwards pelleted to 4.5 mm diameter (Kahl 40
PS, Amandus Kahl GmbH & Co, Reinbeck, Germany) using steam of max. 60°C (Biihler AG,
Uzwil, Switzerland). Each cow got a different pellet type and thus amount of hazel leaves. In
addition, each experimental diet was adapted by a soybean meal and wheat flakes mixture to
meet the animals’ requirements for protein and energy by considering pellet composition and
milk yield. In addition each cow received 80 g/day of a mineral-vitamin mix and 40 g/day of
NaCl.

The experiment was conducted in ten subsequent runs with two animals each being
subjected to the experimental procedures in parallel. Diets were allocated to these pairs in a
randomized way. Each animal concluded 22 days of experiment. At first animals were moved
from loose housing to tied stalls and were allowed to adapt to housing and diets for 14 days. In
that time they also had a first visit to the respiration chambers for 3 h. After adaptation, 8-days
of sampling followed. On days 7 and 8, the cow pairs stayed in the two respiration chambers

for 50 h.

5.3.2 Data recording and sampling

The individual tied stalls were equipped with a swing-over milking system, which recorded
milk yield, and separated weighing plates developed by Mettler-Toledo (Greifensee,
Switzerland) for the purpose of determining individual feed intake. Cows were milked at 0530
and 1630 h. On the first adaptation day and during each milking event in the sampling period,
milk samples were taken and conserved with Bronopol. Feed intake was recorded daily across
all 22 experiment days. The mixed basal ration, the soybean meal, wheat flakes and mineral
supplement was offered on the weighing plates. Leftovers were recorded and removed before
the morning feeding. The pellets were fed in separate troughs and leftovers were manually
weighed before morning feeding. During the stay of the cows in the respiration chambers the
pellets were also offered separately and all feed leftovers were recorded. Feeding was done at
the time of the morning and evening milkings and, additionally, at 1300 h. Mineral and NaCl
supplements were given a one daily portion during the evening milking. The animals had
permanent free access to water. Samples of the mixed basal ration and of grass and corn silage
were taken weekly resulting in eight samples per feed. Hay samples were taken three times,
concentrate, soybean meal and wheat flakes samples two times in total. Samples of each pellet

type were taken on days 1, 15 and 22 of the individual animal’s experimental period. The cows
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were weighed on the first day of adaptation and on the first and last day of the sampling period
with a truck load scale (Waagen Dohrn GmbH & Co. KG, Wesel, Germany).

During the sampling period, the entire feces were collected in steel trays located below a
grid at the end of the tie stall. Urine was collected separately from the feces with urinals which
were attached around the vulva of the cows. The urine was led into a container and a small
subsample was diverted into a canister containing 30 g of 5 M sulfuric acid to prevent gaseous
N losses. Acidified and non-acidified urine samples of 50 ml were taken daily during the
sampling period and frozen at -20°C for later analysis. The total daily amount of feces and urine
was weighed and recorded once per day. A proportion of 0.5% of the feces was frozen at -20°C.
Feces and urine were later pooled to one sample per cow. For determination of the passage
time, Co-EDTA was used as solute marker and fiber from hay cut to 2, 5 and 8§ mm length and
mordanted with Cr, La and Ce was used as particle marker. Details on the production of the
markers are described in Grandl et al. (2018). On day 1 within the sampling period, the animals
received a dosage of approximately 0.1 g of each particle marker and 0.01 g Co-EDTA per kg
of body weight. The frozen boli were applied to the animals with a commercially bolus
applicator for cows. About 250 g of fecal samples were taken on the day before the marker
application (3 samples) 4, 8, 12, 18, 22, 26, 30, 36, 42, 46, 52, 58, 66, 74, 82, 90, 98, 106, 114,
126, 138 and 150 h after application. These samples were dried at 100°C to constant weight
and ground through a 1-mm screen with a centrifugal mill (Model ZM1, Retsch GmbH, Haan,
Germany). The same procedure was applied for part of the feces samples pooled across the

entire sampling period.

5.3.3 Respiration chambers measurements

Two open-circuit respiration chambers with a volume of 22.4 m? (cf. Grandl et al., 2016b) were
used for measurement of the gaseous exchange of the animals. For milking and feeding, the
chambers were entered through an airlock. The chambers were air-conditioned to maintain
17°C ambient temperature, a relative humidity of 60%, and an air pressure of -60 Pa. Airflow
was set so 800 L/min (Promethion FG-1000 flow generators, Sable Systems, Las Vegas, NV).
Concentrations of CHs, CO2 and O2 were measured in each respiration chamber every 3 min
for 1 min with a gas analyzer (Promethion GA-4, Sable Systems). Before starting the
measurement, the gas analyzer was calibrated with pure N2 (99.999%) and a mixed gas (19.8%
02, 1.0% CO2, 0.1% CHa4, in N2 as carrier). Recovery was tested three times in the experiment

by burning of propane gas. The mean recovery rate was 94.0%. Data from 48 h were used for
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gaseous exchange evaluation. The individual CH4, CO2 and Oz amounts were calculated as

averages of the 2 days measured.

5.3.4 Laboratory analyses

Feed items and excreta were analyzed according to standard procedures (AOAC, 1995). Dry
matter (DM) and total ash (TA) were analyzed with a TGA-701 furnace (Leco Corporation, St.
Joseph, Michigan, USA; AOAC index no. 942.05). Organic matter (OM) was calculated as DM
minus TA. Nitrogen (N) contents in feed items, non-dried feces and acidified urine were
quantified with a C/N analyzer (TruMac CN, Leco Corporation, AOAC index no. 968.06).
Crude protein (CP) was calculated as 6.25 x N. Carbon (C) content of the non-acidified urine
was determined with the same device. Contents of ether extract (EE) were determined with a
Soxhlet extractor (Extraction System B-811, Biichi, Flawil, Switzerland; AOAC index no.
963.15). Neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin
(ADL) were assessed in a Fibertherm system FT 12 (Gerhardt GmbH & Co. KG,
Koenigswinter, Germany). Heat-stable a-amylase (Sigma-Aldrich, St. Luis, USA) was used for
the NDF analysis by methods 6.5.1 and 6.5.2, respectively of VDLUFA (2012). The ADF was
analyzed by method 6.5.2. Determination of ADL was sequentially after the ADF analysis by
incubation in sulfuric acid (72%) for 3 h. The gross energy (GE) content was measured in feed
items and feces with a bomb calorimeter (C7000, IKA-Werke GmbH & Co. KG, Staufen,
Germany). Analysis of total phenols and phenol fractions was performed according to Makkar
(2003). Extracts from the feed items were twice with a 700ml acetone/l solution. Contents of
total phenols (TP) and non-tannin phenols (NTP) were expressed as gallic acid equivalents.
Total tannin (TT) contents were calculated by the difference of TP and NTP. Condensed tannins
(CT) were given as leucocyanidin equivalents and hydrolysable tannins (HT) were the result of
the difference between TT and CT. The phenol fractions were quantified with a double beam
spectrophotometer (UV-6300PC, VWR, Leuven, Belgium).

The marker concentrations were analyzed after wet ashing in the mordanted hay particles
and in the feces using inductively coupled plasma optical emission spectrometry (Optima 8000,
Pekin Elmer, Rodgau, Germany). The mordanted particles contained, per kg DM, 32.8 g Cr,
49.5 g La, 41.5 g Ce and 151 g Co. The baseline concentrations measured before the marker
application were used to correct for fecal background levels in each individual animal.

The Bronopol conserved milk was analyzed for fat, lactose, protein and urea contents with

a MilkoScan FT6000 (Foss, Hillerad, Denmark) at SuisseLab AG (Zollikofen, Switzerland).
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5.3.5 Calculations and statistical analysis

Energy corrected milk was calculated as ECM (kg) = milk (kg) x (0.38 x fat (%) + 0.24 x
protein (%) + 0.17 x lactose (%))/3.14 (Agroscope, 2017).

Mean retention time (MRT) in the gastrointestinal tract (GIT) was computed for each
marker according to Thielemans et al. (1978) as MRT GIT = (X Ci x ti.1 x dti) / (£ Cix dti),
where ti-1 = mean time (h) after application of markers of two subsequent samplings i-1 and i
calculated as ti-1 + (ti-ti-1) / 2, Ci = marker content in the fecal sample voided in the interval
represented by time tiand ti-1, and dti = sampling interval [h] of the respective sample calculated
as ((ti-1 —ti) H(ti —ti-1))/2. The MRT of the solute marker Co-EDTA in the reticulorumen (RR)
was calculated according to Grovum and Williams (1973). The MRT of the particles in the RR
was calculated according to Huhtanen and Kukkonen (1995) as MRT RR particles = MRT GIT
particles — (MRT GIT solute — MRT RR solute).

The following equations were applied for calculating digestibility and energy-balance
related variables:

(1) Apparent digestibility = (intake (g or MJ/day) — fecal loss (g or MJ/day)) / intake (g or
Ml/day);

(2) CH4 energy (MJ/day) = CHa (I/day) x 0.03957 (Brouwer, 1965);

(3) Urine energy (MJ/day) = 0.0331 x urine C (g/day) + 0.0092 x urine N (g/day)
(Hoffmann und Klein, 1980);

(4) Heat energy (MJ/day) = 0.01618 x Oz (I/day) + 0.00502 x (COz2 (I/day) - 3 x CH4
(I/day)) — 0.00217 x CHa4 (I/day) — 0.00599 x urine N (g/day) (Chwalibog et al., 1996);

(5) Body energy retention (MJ/day) = GE intake (MJ/day) — fecal energy loss (MJ/day) —
CHa4 energy loss (MJ/day) — urine energy loss (MJ/day) — heat energy loss (MJ/day);

(6) Metabolizability (% of GE) = ME intake (MJ/day) / GE intake (MJ/day) x 100 (GfE,
2001).

Data analysis was performed with SAS (version 9.4, SAS Institute, Carry NC, USA). To
determine the relationship between the hazel leave proportion and the dependent variables,
regression analysis was performed with procedure REG. The full model applied was:

Yijkmn = g + Bi H +; H*+ BEECM + 1 DIM + B ABW+ By ADLI + gijktmn

where Yiixmn 1s the individual observation of the respective variable, x is the overall mean,
Piikimn 18 the regression coefficient of the fixed effects of hazel leave proportion linear (H) and
quadratic (H?), and (to obtain adjusted effects of hazel leave proportion) of the covariates ECM
yield (ECM), days in milk (DIM), body weight change (ABW) during the experimental days,

and ADL intake (ADLI). For milk data and in methane emission intensity ECM yield or ABW
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or both covariates were excluded from the full regression model to avoid confounding. The
latter served as additional covariate to correct for individual differences in intake of indigestible
fiber fractions. Including the hazel leave proportion in a linear and quadratic term allowed
modelling linear and nonlinear relationships of the variables with hazel leave proportion. For
the passage time the model was modified with ABW being excluded and DIM being replaced
by lactation number as it is known that animal age can influence passage time (Grandl et al.
2016a). The models with the lowest Akaike information criterion were chosen which comprised
H or H? or both. The parameter estimates are given with the unadjusted R?, standard errors (SE),
the coefficient of variation (CV) and the model specific significance as well as the significance
levels for individual parameters. The plots were drawn with SigmaPlot 13. The regression
analysis was applied to 18 of the 20 experimental animals. One animal was excluded because
of diarrhea during the sampling period, the other because it consumed hazel pellets only at 60%
of total for most of the time. When substantial hazel leave proportion effects were occurring,
results were illustrated in graphs showing observations and regression lines which did not
always fully coincide due to the effects of the covariates. For all variables evaluated, regression

coefficients are given in full in the appendix.

5.4 Results
5.4.1 Composition of the experimental feeds

Phenol contents were low in all feed items except the hazel leaves (Table 5.1). Most of the hazel
phenols were CT. Alfalfa contained 5.5% more CP than the hazel leaves, slightly more NDF
and ADF, but clearly less ADL. The ratio between hazel leaves and alfalfa in the experimental
pellets was varied in a gradient in the 20 pellet types from 0 to 1 to 0.82 to 0.18 (Table 5.2).
Along with that, the hazel proportion in the total diet was ranging from 0 to some 40%, and
contents of TP, NTP, TT, CT and HT in the pellets were increased from very low levels to 9,
2, 5-6, 5 and 1%. This increased the respective contents in the total diet to 5, 1, 4, 3, and 1%
(data not shown in table). Concomitantly, CP content declined and ADL content increased in

the pellets with increasing hazel inclusion.

&9

—

v
)

|

Ll



Table 5.1 Diet composition and analyzed chemical composition of the mixed basal ration, the energy and protein compensatory feed and
the main ingredients of the pellet raw material.

Ingredients of the experimental diets Main ingredients
Mixed basal ration (MBR) Compensatory feeds' of the pellets
Grass silage  Corn silage Hay Concentrate  Soybean meal Wheat flakes  Hazel leaves  Alfalfa
% of mixed basal ration DM 38.0 55.0 2.0 5.0
Composition, % of DM
DM, % of wet weight 35.5 354 87.4 97.0 88.6 88.9
Organic matter 87.8 96.7 88.7 81.0 92.7 98.2 92.3 89.3
Crude protein 17.1 7.27 12.4 32.2 54.7 13.0 12.2 17.8
Ether extract 2.79 3.43 1.65 2.06 1.32 1.85 1.66 1.78
NDF 60.3 48.8 43.9 14.7 13.7 53.7 45.7 48.9
ADF 38.7 29.9 344 11.1 9.32 12.9 40.8 447
ADL 7.39 5.00 6.45 5.87 1.72 6.25 23.8 14.7
Total phenols 1.38 0.879 1.28 0.455 0.355 0.121 10.3 0.986
Non-tannin phenols 1.15 0.730 0.993 0.420 0.304 0.084 2.18 0.859
Total tannins 0.223 0.150 0.289 0.035 0.050 0.037 8.14 0.127
Condensed tannins 0.031 0.008 0.031 0.000 0.000 0.000 7.93 0.009
Hydrolysable tannins 0.191 0.141 0.258 0.035 0.050 0.037 0.21 0.118
GE (MJ/kg DM) 18.0 18.4 14.7 14.7 19.7 18.3 19.1 18.2

DM, dry matter; GE, gross energy.
'Offered in a ratio of 1:1 and used to balance the energy and protein content of the different pellets and to account for different milk yields; each
cow received 80 g/day of a mineral-vitamin mix and 40 g/day of NaCl.
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5.4.2 Feed intake, milk yield and composition

The regression analysis showed that DMI absolutely and per kg of metabolic BW were not
significantly affected by hazel leave proportion in the diet when the covariates were included
in the regression model (Appendices Table A5.1). There was a curvilinear negative relationship
between hazel proportion and ECM yield absolute and per DMI in a way that after a clear
decline at lower proportions no further decline happened at high hazel levels (P < 0.01 for linear
and non-linear coefficients; Figure 5.1). The decline in ECM yield, (values compared to yield
three days before the first experimental day), was linear when considered separately. Milk fat
and protein contents increased (P < 0.05) with increasing hazel proportion, this linear with milk
fat and curvilinear (P < 0.05) with milk protein where a plateau was reached at around 300 g
hazel/kg DM (Figure 5.1). Lactose content remained unaffected. Milk urea sharply and linearly
(P <0.001) declined with increasing hazel proportion from over 30 mg/dl to almost 10 mg/dl.

5.4.3 Digesta passage and digestibility

Hazel proportion had only weak effects on mean retention times of particles and solute in the
reticula rumen (RR) and in the total digestive tract (GIT) which all pointed towards and increase
with hazel proportion (Figure 5.2; Appendices Table AS5.2). Especially the passage in the GIT
of solute matter (P < 0.05) and that of the medium sized particles (P < 0.10) showed this trend.
In other cases the model was significant but there was no clear hazel effect. The digestibility
coefficients of DM, OM and NDF linearly declined (P < 0,05 to 0.001) with increasing hazel
proportion, but the decline was more pronounced in fiber digestibility than that in DM and OM
(Figure 2; Appendices Table A5.1).

5.4.4 Energy and nitrogen balance

The regression models for almost all variables determining energy balance was significant, but
hazel proportion only affected some of the variables (Figure 5.3; Appendices Table A5.3). Fecal
energy losses linearly increased with hazel proportion both in absolute amounts (P < 0.01) and
as a proportion of gross energy intake (P < 0.001). This resulted in a linear decline of energy
digestibility (P < 0.001). Different from that, energy loss through CHa linearly declined both
absolute and relative to gross energy intake with increasing hazel proportion (P < 0.001).
Overall this decline was not sufficient to fully compensate the fecal losses causing

metabolizability of energy to decline linearly as well (P < 0.01).
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With increasing hazel proportion fecal N increased and the urinary N decreased linearly (P
< 0.001) both when expressed in absolute levels and per unit of N intake (Figure 5.3;
Appendices Table A5.3). This caused an opposite relationship with apparent N digestibility
which, however, also included a non-linear component (P < 0.05) where low hazel proportions
even increased this variable (data not shown in figure). In the case of urinary N in proportion
of N intake the decline also had a trend for a non-linear component (P < 0.10), letting this
variable decrease more than proportionate at higher hazel proportion. Excretion of milk N
absolute and relative to N intake showed a curvilinear effect with linear and non-linear
components (P < 0.05) where the decline got less pronounced at higher hazel proportions. Body
N retention also responded in a curvilinear manner to hazel proportion both in absolute terms
and per unit of N intake (regression components mostly P < 0.05) and also urine N relative to

milk N showed a curvilinear shape.

5.4.5 Methane emissions

All CHa4 variables analysed were related (P < 0.10 to 0.001) to hazel proportion leaves in the
diet (Figure 5.4; Appendices Table A5.4). In detail, the CH4 emission absolute and per units of
DMI, GE (Ym), BW and metabolic BW was linearly (P < 0.001) and substantially declining
with increasing hazel proportion. When related to intake of digestible OM and ECM, CHa4
emissions per kg and per kg ECM did not decline (digestible OM) or even increase (ECM) at
low hazel proportions (quadratic term, P < 0.001 and P < 0.05 for digestible OM intake and
ECM, respectively). Hazel proportions exceeding 250 g/DM, CHs emissions relative to
digestible OM intake and ECM were clearly decreasing. There was a trend (P < 0.10) for a
weak increase trend of CH4 emission per unit of digestible NDF consumed with increasing

hazel proportion.

5.5 Discussion
5.5.1 Pellet composition, feed intake and performance

The variation achieved with the exchange of the high quality forage alfalfa by the PSC rich
forage hazel leaves in the pellets was large, and as the pellets made up 55% of the diet, also the
individual diets varied extensively in nutrient composition. The main exchange was a decrease
in CP content by up to 33% and an increase in phenol and lignin content in the experimental
pellets by up to 94 and 60%. The latter was likely associated with a substantial decline in net

energy content. It is well known that phenol contents and their composition may vary due to
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cultivar and environmental conditions (Palo et al., 1985; Wam et al., 2017). The level of TP in
the batch of hazel leaves used was 10.3 g/kg which was similar as that investigated in vitro
earlier Terranova et al. (2018a) whereas it was higher than in the batch used by Wang et al.
(2018) where also equal proportions of CT and HT in the TT were found whereas in the present
and the previous study (Terranova et al., 2018a) TT mostly consisted of CT concentrations than
HT.

Despite the lower feeding value and the high concentrations of phenols and lignin, high
hazel proportions in the pellets did cause significant refusals only in one cow which received
pellets with 330 g hazel/kg pellet. Highly tanniferous feeds are often of low feed palatability in
ruminants (Frutos et al. 2004, Waghorn 2008) and, as known for long, also those high in lignin
content. In a recent preference study (Terranova et al., 2018b) hazel was the most palatable out
of six tannin-rich plants when processed with alfalfa to pellets. In that study it turned out that
the ADL content had a greater effect on the palatability than the tannin content, and hazel leaves
were among the plants with low lignin content. Also adult sheep were found to consume hazel
leaves pelleted with alfalfa (0.6:0.4) well (Wang et al., 2018). Besides, Vandermeulen et al.
(2016) showed heifers giving the opportunity to browse hazel on pasture, this plant was one of
the most ingested species. As expected, energy and nutrient, especially fiber, digestibility of the
diet declined with increasing hazel proportion like also found by Wang et al. (2018). This was
mostly linear. This was contradictory to the associative effects described by Van Soest (1994)
when integrating a lower-quality feed into high-quality diet (Van Soest 1994). Hazel leave
effect on total diet digestibility was quite extensive in the present study, with declines from 50
to 27% in NDF digestibility at 0 and 41% hazel leave in the diet. Wang et al. (2018) found a
decrease from 49 to 31% in NDF digestibility in adult sheep receiving 0 or 50% of hazel leaves
in the diet. Compared to fiber digestibility, OM digestibility was only weakly affected by the
hazel leaves fed. The lignin fraction in the diet has the ability to decelerate physical and
microbial feed degradation in the rumen because of the elastic covalent binding to
hemicellulose and cellulose (Waghorn 2003). This would likely also increase mean retention
time especially of particles in the RR and in the entire GIT. However, the increase with
increasing hazel amounts was rather weak. Baker and Hobbs (1987) found in mountain sheep
and elk that ingested browse increased the passage time of grass hay, facilitating fiber digestion.
Changes in digestion may also be explained by a longer MRT of particles than solutes, a
phenomenon described by their ratio which is named selectivity factor. A high selectivity factor
is indicative of a particularly high fluid throughput, facilitated by particularly short retention

times of solutes (fluid) due to a high saliva flow. Melaku et al. (2005), found a faster passage
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rate of the particulate matter with the addition of multipurpose trees to tef straw. However, in
the present study, variables of MRT and selectivity factors were only weakly changing with

hazel proportion in the diet.
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Figure 5.1 Values of variables describing milk yield and composition observed in cows receiving diets with

different hazel leave proportions and the corresponding regression lines (for regression coefficients see

Appendices Table AS.1).
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Figure 5.3 Values of variables describing energy and nitrogen balance observed in cows receiving diets with
different hazel leave proportions and the corresponding regression lines (for regression coefficients see Appendices
Table AS5.3). Prediction line was only drawn when the model P value was P < 0.05.
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As digestibility was declining in a linear manner with increasing hazel proportion, a linear
decline or even a lack of response (owing to initial reserve mobilization of the cow) in milk
yield would have expected at the lower hazel proportions. However, the opposite was the case
and, similarly unexpectedly, the cows did not further decline milk yield from medium to high
hazel proportions. Similar shapes (although not always significant) were observed with energy
and N excretion with the milk. Concomitantly, body N retention declined in a curvilinear way
with increasing hazel proportion, but not body energy retention and BW.

In the present study, the heat energy was not affected by the tannin rich hazel leaves in the
diet. The digestion of shrub leaves rich in secondary compounds, like phenols and tannins, may
require a detoxification which costs the animal additional energy (White and Lawler, 2002). As
a consequence, the changes in heat production should show the extent of this cost comparing
tannin rich diets to a tannin-low diet. The lack of such an effect can be explained by the high

proportion of the indigestible CT in total hazel phenols.

5.5.2 Methane mitigation effect

In the present study, the CH4 emissions were clearly and substantially declining with increasing
hazel leave proportion. The level of decline was similar as that reported by Wang et al. (2018)
with similar dietary hazel proportions. The major phenolic compounds of hazel leaves are the
flavanols myricetin 3-rhamnoside and quercetin 3-rhamnoside, two CT (Amaral et al., 2005).
The CT in a number of plants have been shown to have the potential to mitigate enteric CHa
(reviewed Beauchemin et al., 2008; Martin et al., 2009). Jayanegara et al. (2012) described by
a meta-analysis that there is a general linear relationship between dietary tannin content and
methanogenesis like the one found in the present study. The decline found in the present study
of 17% CH4/dOM with 41% hazel leaves (dietary TT content of 3.6%) was higher as the 10%
calculated by Jayanegara et al. (2012). It is well known that a reduced fiber digestion reduces
H: availability in the rumen and this will inhibit the activity of the methanogens. In the present
study, the reduction in fiber digestibility might as well be part of the CH4 mitigating effect.
Mitigation of enteric CH4 is only useful if it is related to a constant or only less than
proportionate decline in intake, digestibility and milk yield. Methane yield per unit of DM
intake declined by a similar magnitude as absolute CH4 because intake was not affected.
However, when related to intake of digestible OM and ECM yield, the efficiency of CH4
reduction was less effective due to the adverse effects on both variables. In addition, the slope
was no longer linear thus indicating that there are associative effects. Niderkorn and Baumont

(2009) found that, when animals are fed with a mixture of forages, digestive interactions can
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occur between the substrates contained in the plants resulting in associative effects. Indeed,
Jayanegara et al. (2013) found in vitro with the combination of different phenol-rich plants
higher mitigation for all CHas-related parameters than expected from the single plant analysis.
On the contrary, according to Jayanegara et al (2012), a tannin level over 2% is needed to reduce
CHa effectively and clearly. In the present study, the cows exceeded this threshold by a diet
containing 250 g hazel leaves/kg DM. This is the point where the CHa4 per unit of digested OM
began to decrease rapidly and where a decrease of CH4 per unit of ECM was about to start. Still
these findings are puzzling, less so for the linear decrease of absolute CH4 but more the kind of

response of ECM vyield to the increasing hazel proportion.

5.5.3 Effects on urinary nitrogen losses

Nitrogen emissions from manure are a further environmental problem. Although not directly
measured in the present study, urine N excretion is a good marker for the potential N emissions
from manure as it is easily volatile (Dijkstra et al. 2013) Tannins, especially CT, have the
capacity to bind through hydrogen bonds forage proteins in a pH-reversible manner. These
tannin-protein complexes are stable in a pH range from 3.5 to approximately 8 and therefore
under ruminal (Frutos et al. 2004). In the present experiment, the apparent N digestibility
increased in a curvilinear way with increasing hazel levels showing that only high levels of
tannins were able to bind most dietary protein. With very high hazel dosages, the protein
availability in the rumen was so low that very low milk urea contents were found. The observed
substantial shift from urinary N to fecal N with increasing hazel proportion is to be considered
highly favorable from the environmental point of view as the gaseous N emissions from urine
are consequently reduced (Hristov et al., 2011). In the present study, a number of indicators of
the efficiency of the gradually increasing proportions of hazel leaves were evaluated. These
included absolute urine N excretion, urine N excretion relative to intake (‘urine N yield”), urine
N excretion relative to milk N formation (‘urine N emission intensity), and milk urea N losses.
Also in urinary N-related traits associative (non-linear) effects of exchanging alfalfa by hazel
could be expected. Indeed, even with urine N yield a curve with a similar shape, although less
pronounced, as with methane emission intensity was found, i.e. a greater efficiency of higher
hazel leave proportions to reduce urine N in proportion of N intake than small hazel proportions.
Concerning urine N emission intensity (urine N, % of milk N) curve shape was similar to them
in methane due to the decrease not only in urine N but as well in ECM yield with consequently
a decrease in milk N excretion. Milk protein yield was less adversely affected by hazel due to

a counterbalancing response of milk protein content.
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5.6 Conclusions

In the present experiment, hazel leaves turned out to be a highly effective and palatable feed for
mitigating CHa4 and urine N losses in dairy cows complementing first findings in adult sheep.
The main goal of the study had been to test with this model, whether there are positive
associative effects allowing to feed a mitigating forage to a high quality diet without greater
performance losses up to a certain dosage. However, the associative effects found for both
emission sources were of an opposite direction. This was highly unexpected from the previous
in vitro evidence and would indeed render small dosages of such forages useless. Further studies
have to confirm the absence of such positive associative effects in livestock. To alleviate
adverse effects of on the feeding value of the diet, hazel leaves might be harvested at an early
growth stage where lower ADL contents could be anticipated. The extensive use of the hazel in
animal nutrition requires an extension of cultivation which could have other positive

environmental effects like a higher biodiversity in agriculture.
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General discussion and conclusion
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6.1. Palatability of woody and herbaceous plants

The palatability of a feed is determined by its taste, smell, appearance, temperature and texture
(Baumont 1996). High amounts of PSM, like phenols and tannins can impede the feed intake
due to their astringent effect (Kumar and Singh, 1984). Trees, shrubs and herbaceous
leguminous plants can be rich in PSM contents (Frutos et al. 2004). Aerts et al. (1999) stated
that tannin contents greater than 5% in the diet might negatively affect feed intake. However,
there are African plant species with >10% of CT in the foliage which are still palatable to
browsing ruminants as the russet bushwillow (Combretum hereroense) or spike-thorn
(Maytenus heterophylla) (Owen-Smith, 1987). Phenols seem to have a higher biological
activity (protein precipitation capacity, PPC) under harsh environmental conditions with a
limited availability of water which cause higher levels of phenols, at least partially because they
are not diluted as much by nutrients (Makkar 2003). Therefore, plant materials from temperate
climatic conditions might have a higher potential for use as feed in ruminal feeding.

The immediate feed intake can be a good parameter to evaluate the sensory response induced
by a feed (Baumont 1996). The study of Scherer et al. (2018) showed that the first 3 min of
intake of ensiled forages are decisive for the feed acceptance in goats in the following 3 hin a
free-choice situation. Kaitho et al. (1997) observed that the best prediction of feed acceptance
of wilted and dried multipurpose tree leaves over a 12-day feeding period in sheep and goats is
with the average intake between day 5 and 8 and they discouraged a palatability test over a
period shorter than 5 days. In the present thesis, the palatability was determined during a 3-days
feeding period and, with that, in the first 5 h of offering the new feed (Chapter 3). The hazel
leaves which resulted after 3 days of feeding to be most palatable out of the six fed plants,
showed the same high acceptance in sheep and dairy cows in the following feeding experiments
over 21-days (Chapter 4 and 5). Consequently, the predicted high palatability could be
confirmed in both species when calculated over a 3-day feeding period.

The combination of the experimental plants with lucerne in the animal experiments seemed to
be very useful from the palatability aspect. The acceptance of lucerne hay is very high in sheep
and cows (de Vega et al. 2000; Horadagoda et al. 2009). The pelleting process obviously had
no negative effect on the acceptance of most of the experimental plants in the present studies.
Only the palatability of the birch leaves may have been negatively affected by pelleting, as the
dried plant leaves (not pelleted) were high palatable in sheep (Meier et al. 2014),

In the palatability study from the present thesis (Chapter 3), most of the offered woody and
herbaceous plants showed a high short-term palatability in the dairy cows despite their TP and
TT content above 45 and 24 g/kg DM, respectively. There was no relationship found between
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the palatability and the TP contents. In addition, when the most palatable plant, hazel leaves,
were fed over several weeks in the following experiments (Chapter 4 and 5) to sheep and dairy
cows in amounts up to 50% of the diet, with TP contents of 65 and 66 g/kg DM in the pellets,
they did not cause any refusals in almost all animals. The palatability difference found in birch
leaves between sheep and cows did not occur for the hazel leave pellets. Additionally, further
factors have an effect on the palatability of a plant. The corresponding experiment (Chapter 3)
revealed that the palatability was highly correlated to the ADL content. However, ADL contents
of hazel leave pellets fed to sheep (Chapter 4) and cows (Chapter 5) reached 178 and g 194/kg
DM, which were higher than the ADL content in the less palatable plants (birch and
blackcurrant) from the short-term palatability experiment (Chapter 3). The NTP and CT
contents showed a correlation with the palatability as well. Therefore, probably not the ADL
contents alone, but the combination of ADL, NTP and CT can explain the palatability of a plant.
Resistance to grinding which is related to the fibre content and the amount of stems in the forage
can reduce palatability as well (Baumont 1996). Horadagoda et al. (2009) found that water-
soluble carbohydrates (positive effect) and nitrate-nitrogen (negative effect) contents in pasture
plant species are important factors for the palatability in cows as well, but this was beyond the

scope of this thesis.

6.2. The potential of woody and herbaceous plants to mitigate methane emissions

Methane is a potent GHG with global warming effect 23-times of that of COz (Steinfeld et al.
2006). Ruminant livestock is a major contributor to anthropogenic CHs production and
therefore, the reduction of CHs4 emissions from ruminant production is of great interest. The
studies performed in the present thesis showed the high potential of plants growing naturally in
the temperate climate to mitigate the formation of enteric CHa4. The leaves of the birch,
blackcurrant, hazel and vine as well as the herb of rosebay willow and wood avens decreased
CH4 emissions significantly in vitro (Chapter 2 and 3). With up to 300 g/kg DM all plant
additives decreased the CH4/dOM. Bhatta et al. (2009) stated that the combination of different
tannin groups, like the CT and HT, shows different mitigation potentials than their single use.
Therefore, plants rich in both tannin groups might be more effective in mitigating CHa
emissions. However, the plants in the present thesis were not always rich in both, CT and HT,
when used in vitro (Chapter 2 and 3) and in the experiment with cows (Chapter 5), and showed
nonetheless a CH4 mitigation. Therefore, the TP and NTP content in the plants might play a
central role as well. The phenolic contents analysed in the pellets were very close to the values

expected from the raw material. Thus, the process of pelleting seems not to have influenced the
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phenol and tannin content of the used plants. Additionally, the hazel leaves showed clear
mitigating effect when added as sole plant material to a mixed ration in vitro (Chapter 2 and 3),
and also when pelleted with the lucerne for in vivo experiments indicating that pelleting also
did not impair bioactivity.

The hazel leaves were the most promising feed additive to reduce the CH4 with only slightly
affecting nutrient digestibility in vitro and in vivo. The dosage, which was needed to achieve a
significant decrease of CH4/dOM in vitro, was 200 g/kg DM in the diet. The decrease was linear
in vitro and non-linear in vivo (Figure 6.1), i.e. associative effects were observed in vivo. The
CHa4 mitigation effect in sheep and cow was very similar although the basal diets were different:
in sheep only hay was fed beside the hazel pellets and in cows the basal diet was composed of
grass silage, maize silage, hay and concentrate. With the use of 250 g of hazel leaves per kg
DM, the CH4/dOM decreased 6% and with the use of 500 g/kg it decreased 25% in sheep and
cows in vivo (calculated for the cows with the regression parameters estimated) (Figure 6.1).
The in vitro effect of 200 g hazel leaves per kg DM was slightly higher, with 10% less CH4/dOM
produced compared to the basal diet without supplementation, than those of 250 g used in vivo.
The relationship found in the literature between in vivo and in vitro CHa production was
describes as very poor with R>=0.26 (Moss and Givens 1997). Therefore the relationship found
in the present thesis in vivo is very close to the in vitro prediction.

The mode of action by which tannins mitigate CH4 emissions from ruminants is not yet clear.
A suppression of protozoa by the tannins as they form symbiosis with methanogenic bacteria
in the rumen could be one explanation (Goel and Makkar, 2012). Oliveira et al. (2007) found
inhibiting effects on bacterial growth of hazel leaves. However, the bacterial and protozoal
counts were not affected with most of the plant supplementation in vitro (Chapter 2 and 3).
Probably their activity may have changed with the addition of the plant leaves but this was not
analysed in the in vitro or in vivo experiments. A reduced ruminal nutrient degradation is an
indirect effect of tannins on the CH4 emission. The in vivo feeding experiments with sheep and
cows (Chapter 4 and 5) showed a decreased fibre and OM digestibility with increasing hazel
amount in the diet. With the reduced fibre digestion also the H2 production decreases, which is
needed for reduction of CO2 to CHs (Moss et al. 2000), and therefore CHs decreases. Tannin
contents greater than 5% might impede the nutrient utilization (Waghorn 2008). However, some
studies also showed no effect on digestibility in association with a CHa reduction (reviewed by
Patra and Saxena 2010). Nevertheless, the effect of the tannins on the digestibility in vivo as
well as in vitro, could have been superimposed by the effect of high ADL contents in most of

the plants used, as the ADL fraction in the diet has the ability to decrease the physical and
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microbial feed degradation in the rumen (Waghorn 2003). Compared to the hazel leaves used
in vitro, the hazel leave batch used in vivo in cows contained 122 g more ADL per kg DM (116
vs. 238 g/kg DM). Different harvest modes, e.g. harvesting only the leaves or harvesting the
leaves with the branches could explain these huge differences, but this information from the

suppliers is not given. The time of harvest, 1.e. the season, could also have had an influence.
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Figure 6.1 Methane (CHa4) production per unit of digestible organic matter (dlOM) consumed
in relation to the hazel leave proportion in the in vitro experiments (Chapter 2 and 3) and the in
vivo experiment in sheep (Chapter 4) and cows (Chapter 5).

6.3. Effects of woody and herbaceous plants on nitrogen turnover

The formation and volatilization of NH3 in animal manure is a process that begins immediately
after excretion, primarily from urinary urea (Hristov et al. 2011). Tannins are known to form
complexes with forage proteins in the rumen (Kumar and Singh 1984; Min et al. 2003) which
can reduce their ruminal degradation. This bond is reversible, depending on the chemical
structure of the tannin, with a pH below 3.5, consequently in the lower gut, where the protein
could be absorbed (McSweeney, 2001). With a permanent, non-dissolving bond, the tannin-
protein complexes are excreted in faeces. The in vitro experiment described in Chapter 3
demonstrated that with the supplementation of all six most promising plants (from Chapter 2)
the uCP content, as estimated according to Steingass and Stidekum (2013), increased and the

NH3s concentrations in the buffered rumen fluid decreased. These effects were underlined by
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the sharp urea decline in cow’s milk (Chaper 3 and 5). Across all experiments in the present
thesis, plants with significant effect on the N turnover had TT contents above 60 g/kg DM. Min
et al. (2003) showed that the non-ammonia-N outflow from the rumen increased with increasing
CT content in the diet while the microbial protein outflow was not affected. Beside the complex
forming capacity of dietary CT they could additionally reduce the activity of the proteolytic
bacteria and consequently reduce the NH3 production in the rumen (Min et al. 2003). However,
plants with low CT and high HT contents (wood avens and rosebay willow) showed also a
significant decrease in NH3 concentrations in vitro. In both animal species in vivo a substantial
shift from urinary N towards an increased faecal N was found with increasing hazel proportions
as a consequence of the affected protein metabolism. Urinary N excretion was similarly
although the different basal diets and decreased in sheep (Chapter 4) and cows (Chapter 5) by
up to 72% and 67%, respectively. Nitrogen compounds emitted from manure are air pollutants.
From the environmental point of view, the shift towards an increased faecal N is therefore
advantageous. When faeces from tannin-fed ruminants are used as manure, with the presence
of tannin-bound-N in the faeces it is expected that the N release in the soil is slower, which may
be beneficial for the long term to pastures and crops (Makkar 2003), but its release at a time

when the plants have no requirement could also be problematic.

6.4. Integration of woody and herbaceous plants in ruminant feeding

In the preindustrial century, trees and shrubs were part of the forages for sheep and cows
(Rahmann 2004; Vandermeulen et al. 2018). Ben Salem (1994) stated that shrubs and trees can
be a valuable feed resource in livestock feeding systems with a good knowledge of their
palatability and nutritive value. With the Hohenheim gas test, the feeding value of the selected
plants in combination with the basal diet was estimated from their total gas production and
chemical composition (Chapter 2 and 3). The six most promising plants birch, blackcurrant,
hazel, rosebay willow, vine and wood avens used in the second in vitro experiment (Chapter 3)
showed no negative effects on the IVOMD and the NEL content of the forages with the lowest
dosages (100-200 g/kg DM). Tannins are known to form complexes not only with protein but
also with cellulose, hemicellulose and pectin and inhibit cellulolytic bacteria and fungi which
could reduce the ruminal fibre degradation (McSweeney, 2001). Dosages over 300 g/kg DM
resulted in a reduced IVOMD and NEL in all six plants described in Chapter 3, compared to
the basal diet without supplementation. With increasing amounts of hazel leaves in vivo, the
NDF and ADF digestibility decreased for sheep as well as for cows. This shows that high

amounts of tannins in the diets reduced the digestibility. Using plants rich in HT, like the wood
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vavens and rosebay willow, could be challenging as HT are considered to be toxic to the animal
(Waghorn 2008). However, they could be still applicable after sufficient adaptation due to
adaptive strategies of ruminal microbes and metabolism (Waghorn 2008; McSweeney et al.
2001). Nevertheless, feeding phenol and tannin rich plants as feed additive can have positive
effects on the ruminant beyond CH4 and NH3 mitigation. An improvement of milk yield was
observed by feeding CT-rich plants with birdsfood trefoil by Waghorn (2008) and Woodward
et al. (2000), but not in the present thesis. Additionally, tannins may have a promoting effect
on the immune system and the health of the ruminant because of their antioxidant activity as
shown for example for the hazel leaves (Oliveira et al. 2007). In addition, Paolini et al. (2003)
found inhibitory effects of hazel leave tannin extracts on gastrointestinal nematodes in vitro.

An application of the most promising of all plants, the hazel leaves, in ruminal nutrition on a
broad scale would require huge amounts of hazel leaves. Using an effective dosage of 250 g/kg
DM, this would result in a daily amount of 4.8 kg DM per cow and 0.5 kg DM per sheep at a
daily total intake of 19 kg DM and 2kg DM, respectively. Therefore, an extension of the hazel
plant cultivation would be necessary. However, such an expansion could also be an opportunity
to increase biodiversity in agriculture (Vandermeulen et al. 2018). Woody plants provide
habitats for a species-rich flora and fauna (Vandermeulen et al. 2018) and their integration into
agricultural systems could improve soil fertility by a higher N-fixation and a better utilization
of nutrients from deeper layers (Nair 2011). In addition, woody plants contribute to soil erosion
management and increase carbon sequestration on farmlands (Vandermeulen et al. 2018). The
ongoing climate change as well as the land degradation and water shortage will increase the
demand for sustainable food production systems, which do not compete with human food
(Makkar 2018). A system that combines sustainable and alternative feeds such as combining
woody plants with ruminant production is the silvopastoralism, one of the most ancient
agroforestry systems (Etienne 1996). The silvopastoral system integrates woody forage
resources into grazing systems (Vandermeulen et al. 2018). Vandermeulen et al. (2016) showed
that heifers browsed woody plants throughout the entire grazing season if they had unrestricted
access and that the hazel plant was one of the most consumed shrub. In the present thesis, the
palatability was high even without choice feeding. The in-depth investigation on the feeding
value and the mitigation potential in CH4 and nitrogen emissions of this plant revealed the high
potential of the plant to be integrated into existing agricultural systems with beneficial effects

on animals and environment.
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6.5. General conclusion and outlook

The experimental approach applied in the present thesis identified stepwise the plants with the
highest potential to affect the rumen fermentation positively. The birch, blackcurrant, hazel,
rosebay willow, vine and wood avens had the ability to decrease CH4 emissions significantly
and reduce the enteric NH3 formation in vitro when added as supplement to a high-quality basal
diet and the hazel leaves showed the highest palatability in vivo. The hazel leaves showed a
great potential to mitigate CH4 and N losses in sheep and dairy cows as well in vivo. The dosage
of leaves in the diet with the least adverse side effects seemed to be at 250 g/kg DM as with this
dosage significant CH4 mitigation occurred and the NH3 turnover was affected positively. The
high acceptance as diet components found in both ruminant species, sheep and cows, makes
this plant a particularly suitable feed additive.

Further research should focus on the composition and biological activity of the phenolic
compounds in the woody plant leaves, which might be responsible for the changes in rumen
fermentation. Especially when positive associative effects are found, the combination of two or
more plants with high CH4 mitigation potential might provide an additional opportunity to
decrease CH4 emissions with lower amounts of the individual plant and a lower risk of
palatability problems. Further investigations should also focus on the combination of the hazel
leaves with different basal diets in order to find a combination that does not reduce the nutrient
digestibility that much. An application of hazel leaves in the diet could probably be also found
in ruminant fattening. Organic production systems might be suited for the plant supplement use.
The hazel leaves showed a great potential for their use in practical animal feeding. However,
an implementation of plant supplements in diets to reduce noxious emissions from ruminant
production can only be achieved if farmers are encouraged to use them. The plant supplements
will cause additional costs, which must be rewarded in some way. An extra subsidy for
environmental friendly produced meat or milk may offer an opportunity. This can be either
achieved by creating tailor-made political framework conditions or upon private labelling
initiatives by retailers like those currently under way for feeding of linseed to mitigate methane
and improve fatty acid profile of the milk. Overall, the integration of woody plants such as the
hazel shrub as diet component could have a great potential for more sustainable and

environmental friendly food production.
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Appendices

Appendices Chapter 3

Table A3.1 Feeding plan to determine the short-term palatability of the test plant pellets.

Duration Animals

(days) Cow 1 Cow 2 Cow 3 Cow 4 Cow 5 Cow 6

5 Adaptation (lucerne pellets')

3 Control feeding (lucerne pellets)

3 Rosebay Wood Black- Vine D Hazel C Birch D
willow D avens C currant C

3 Birch C Rosebay Wood Black- Vine D Hazel C

willow D avens D currant D
3 Hazel D Birch D Rosebay Wood Black- Vine C
willow C avens C currant D
3 Vine C Hazel C Birch D Rosebay Wood Black-
willow C avens D currant C

3 Black- Vine D Hazel D Birch C Rosebay Wood
currant D willow C avens D

3 Wood Black- Vine C Hazel D Birch C Rosebay
avens C currant C willow D

C, D = batch C and batch D, respectively
'Consisted (g/kg DM) of lucerne 980 (Medicago sativa; harvested in France 2016, purchased from
Landi Sense Diidingen, Switzerland) and molasses 20.

111



Table A3.2 Proportions of butyrate (C4) and valerate (Cs) of total short-chain fatty acids (SCFA) in incubation fluid as affected by experimental plants.

Variable Dosage Basal Birch Sweet Hazel Rose- Wood Black- Vine SEM P-value P-value
(g/kg) diet chest- bay avens currant Plant Dosage  Plant x
nut willow dosage
Cy 0 11.0 0.28 <0.001 <0.001  <0.001
(mmol/ 100 11.1 11.2 11.1 11.3 11.2 11.2 11.1 0.521
mol 200 11.1 11.6 11.1 11.1 11.0 11.0 11.0 0.151
SCFA) 300 10.8° 12.4%2 11.1° 11.2° 10.8° 10.7° 10.8° <0.001
400 10.7° 12.7%8 10.1*° 11.0° 10.8° 10.7° 10.7° <0.001
500 10.4° 13.4%2 10.6° 10.8° 10.6° 10.7° 10.5° <0.001
1000 8.7*%¢  11.3% 8.3%¢ 9.0*° 9.0*° 9.0*° 8.8%be <0.001
Contrast! LQ L L L L L
iso C4 0 0.686 0.058 <0.001 <0.001 <0.001
(mmol/ 100 1.04%? 1.00%  (0.98*%  (.94%C 0.95%° 0.96%>  1.01%*® <0.001
mol 200 0.92%2 0.86% 0.82% 0.78° 0.69¢ 0.80" 0.81% <0.001
SCFA) 300 0.67° 0.58%® 0.54%¢ (.52 0.44%¢ 0.50° 0.54% <0.001
400 0.40*° 0.48*®  0.49° 0.84° 0.90** 0.87° 0.82° <0.001
500 0.74° 0.54¢ 0.63% 0.66™ 0.93%*? 0.70° 0.68° <0.001
1000 0.34*> 0.25*  0.24*%>  (.34%P 1.75%2 0.28*®  0.32%b <0.001
Contrast LQ LQ L L LQ L
Cs 0 1.06 0.039 <0.001 <0.001 <0.001
(mmol/ 100 1.10 1.10 1.09 1.12 1.14 1.07 1.11 0.592
mol 200 1.07° 1.072 1.00® 1.03% 0.99° 1.01%® 1.03% 0.019
SCFA) 300 0.95% 0.98? 0.85*° 0.89*®  (.93% 0.89%®  0.91% 0.044
400 0.87*®  0.94% 0.74%*> 0.97° 0.98° 0.922 0.97° <0.001
500 0.88*% .94 0.84*%  (.88%® () 89* 0.79*®  (.89* 0.013
1000 0.53**  0.92° 0.47*¢ 0.60**  0.69*° 0.53*%  (.65%b <0.001
Contrast L L L L L L L
iso Cs 0 1.59 0.099 <0.001 <0.001 <0.001
(mmol/ 100 1.66 1.66% 1.67° 1.59° 1.64% 1.68° 1.68° 0.012
mol 200 1.67? 1.49% 1.54° 1.46* 1.43¢ 1.54° 1.49% <0.001
SCFA) 300 1.47° 1.36*%®  1.38*%® 128 2] 1.32%bc  1.32%bc <0.001
400 1.24*b 1.28*0 1.50? 1.50° 1.52¢ 1.69* 1.53% <0.001
500 1.712 1.49° 1.33%b  137%bc ] 30%¢ 1.50° 1.38%b¢ <0.001
1000 1.30%? 1.13%%®  1.05%®  0.92% 0.911%*° 1.02%%®  0.97*° 0.001
Contrast LQ LQ L LQ LQ LQ L

4] east-square means within a row with no common superscript differ (P < 0.05).

*Values differ (P < 0.05) from those of basal diet alone.
'Significant (P < 0.05) linear (L) or quadratic (Q) contrasts of the response to incremental doses (from 0 to 500 g/kg) of each plant material.
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Table A3.4 Production of fermentation total gas and individual fermentation gases as affected by experimental plants.

Variable Dosage Basal Birch Sweet Hazel Rose- Wood Black- Vine SEM P-value P-value

(g/kg) diet chest- bay avens currant Plant Dosage  Plant x

nut willow dosage

Total gas 0 45.8 1.09 <0.001 <0.001 <0.001
(ml/24h) 100 44.8 44.0 43.7 42.7 42.0 42.1 43.3 0.681

200 40.6* 40.0* 41.2 40.3% 41.9 435 42.7 0.066

300 39.5%®  350%°  364%®  379%d 40 4% 39.0%® 38 5% 0.020

400 38.4%1 27.4%4  34.6%c 33 %C 33.2%8 38.1%? 37.3%ab <0.001

500 34.3%®c 23 gxd 3 [x¢ 3) 4¥de 3 gxa 35.7%% 35 8% <0.001

1000 19.8*4 11.0%f 15.8%  22.9%d 33 5% 26.4%  28.9%P <0.001

Contrast! L LQ L L L L L
CH,4 0 6.84 0.161 <0.001 <0.001 <0.001
(ml/24h) 100 6.66 6.29 6.32 6.17* 6.20 6.25 6.37 0.258

200 5.93%8 5.20%b  5.80%*  5.74%*  5092% 6.14%*  6.06* <0.001

300 5.59%2 3.73*%>  5.00%  5.37%  4.95% 5.59%%  5.58%2 <0.001

400 5.15%2 2.35%0  4.62%  4.64%¢  533%a 5.25%  513%® <0.001

500 4.56%%  122%4 4 08%° 4.42%b 5 05%8 4.83%®  4.94%a <0.001

1000 1.90%¢ 0.23*¢ 1.66%¢  2.74%C 4.04%2 3.26%° 3.34%b <0.001

Contrast L LQ L L LQ L L
CO» 0 38.4 1.06 <0.001 <0.001  <0.001
(ml/24h) 100 37.8 36.9 36.8 35.7 35.5 35.5 36.6 0.716

200 34.0 34.2 34.8 34.2 35.1 36.8 35.7 0.316

300 33.4% 30.7* 30.3* 32.2% 31.1% 33.1% 32.6* 0.476

400 32.6%? 24.6%° 29.6%°  28.0%°  32.7% 32.4%8 31.2%2 <0.001

500 29.5%® 2] 5%¢ 267 27.7%® 324 30.5%®  30.5%b <0.001

1000 17.5%¢ 10.6*¢ 13.7%¢ 19.7%¢ 29 0% 22.7%be D5 3kad <0.001

Contrast L LQ L L L L L

**Least-square means within a row with no common superscript differ (P < 0.05).
*Values differ (P < 0.05) from those of basal diet alone.

'Significant (P < 0.05) linear (L) or quadratic (Q) contrasts of the response to incremental doses (from 0 to 500 g/kg) of each plant material.
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Appendices Chapter 5

Table AS5.1 Regression coefficients and their statistical significance for the dry matter intake (DMI), milk related parameters and digestibility

(n=18).
Covariate 5
Intercept  Hazel Hazel? ECM DIM ABW ADLI R SE €V Povalue

DML, kg/day 13.8%* -0.003 - 0.373***  _0.016 0.013 2.24* 0.821 0985 441 <0.001
DML, kg/kg BW®” per day 124.6** - -6.30x10°  3.05%F*  _0.186* 0.102 11.0 0.839  8.21 5.08  <0.001
BW change -66.4%* 0.3137 - excluded - excluded - 0.196 33.7 -106.6  0.066
Milk yield

Milk kg/day 29.5%* -0.109**  1.97x10*** excluded -0.037 -0.0407 3.80 0.760 2.89 147 0.002

ECM, kg/day 27.4%*x  _0.085%* 1.62x10*** excluded - -0.058%* - 0.669 3.09 152 0.001

ECM loss, kg/day -3.65 -0.004 - excluded - -0.067 - 0377 374  -153.7  0.029

ECM / DMI L11%*%  _0.003%* 5.42x10°** excluded - -0.001* - 0.682  0.096 10.6 <0.001
Milk composition

Fat % 6.27%*%*  0.002* - - - excluded -0.954* 0368 0.424 9.88 0.032

Lactose, % 3.91%%* . 1.13x10°  0.027* - excluded - 0.276  0.209  4.59 0.089

Protein, % 2.107 0.010%*  -1.83x10°*  0.035 0.007*  excluded -0.779**  0.658  0.269  7.45 0.014

Urea, mg/d 21.2%%%  -0.039%** - 0.413* - excluded - 0.869 252 13.0 <0.001
Digestibility, %

DM 56.7%%*  -0.044* 5.56x10°  0.156 - - 2.39 0.809  1.55 2.60  <0.001

oM 56.9%**  -0.036* 3.78x10°  0.116 - - 2.40 0.833  1.28 2.15  <0.001

NDF 28.7*%* -0.056%** - - - - 7.737 0.678 440 12.6 <0.001

*#% P< (0,001 ** P<0.01 * P <0.05 'P < 0.10; ADLI, intake of acid detergent lignin; CV = coefficient of variation; ABW, BW change; DIM, days in

milk; hazel, hazel leave proportion in dietary DM; SE, standard error.
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Table AS.3 Regression coefficients and their statistical significance for the energy balance (n=18).

Covariate
Intercept Hazel Hazel? ECM DIM ABW ADLI R? SE CV P-value
Gross energy (GE) intake, MJ/day 209.3* - -4.68x10” 7.24% %% -0.249 0.252 43.8%* 0.810 18.2 452  <0.001
Energy partitioning, MJ/day
Feces 181.3***  (0.100%** - 1.088 -0.221%* - - 0.557 11.4 6.51 0.008
Urine 5.94 - 1.59x10%® 0.163" -0.017 - 3.37* 0.469 1.59 11.2 0.066
Methane 10.2%* -0.020%** - 0.380%** -0.011 0.020** 3.71%* 0.959 0.756 3.88 <0.001
Heat 50.0* -0.023 - 1.01* - - 14.5* 0.481 7.12 6.85 0.024
Total energy loss 221.4%* 0.047 - 2.67* -0.251° - 31.8% 0.564 16.8 5.37 0.021
Body energy retention 30.1 -0.042 - 3.47%** - - - 0.781 11.4 12.7 <0.001
Energy partitioning, % of GE intake
Feces 58.0%%%  (.022%** - -0.354%** -0.026" - -2.35 0.828 1.80 412  <0.001
Urine 1.92 1.16x10% - - - - 0.588 0.240 0.385 10.8 0.128
Methane 4.84%***  _0.004*** - - - - 0.430* 0.882 0.192 3.98 <0.001
Heat 30.1%**  -0.003 - -0.1657 - - - 0.193 1.47 5.69 0.201
Total energy loss 85.1%#**  0.011° - -0.499%* - - - 0.674 2.52 3.23  <0.001
Milk 7.13% 0.001 - 0.475%%* 0.010 -0.011 -1.52%* 0.944 0.772 4.90 <0.001
Body energy retention -0.158 -0.014 - - - - - 0.254 3.04 -78.7 0.033
Apparent digestibility, % of GE 42,0%%*  -0,022%** - 0.354%* 0.026" - 2.35 0.828 1.80 3.19  <0.001
Metabolizability, % of GE 38.7**%%  _0.016** - 0.352%* 0.0257 - - 0.805 1.70 3.54  <0.001
Nitrogen (N) intake, g/day 302* - -3.60x107* 14.6%** 0.393 0.499" 4341 0.905  27.1 471  <0.001
N partitioning, g/day
Fecal N 150.2* 0.273%*%* - 5.20%** -0.411%* - 23.6 0.819 18.2 6.25  <0.001
Urinary N 231.3%%  -0.680%* 5.99x10* - -0.322° - 3447 0.902  18.8 163 <0.001
Fecal and urinary N 340.7** -0.122 - 5.94%* -0.643* - 50.17 0.779 27.1 6.69 <0.001
Milk N 146.3%%*  -0.403%* 7.48x10™* excluded - -0.290* - 0.608 17.7 15.8 0.004
Body N retention -103.57 0.292° -7.24x107** 4.51%* 0.279* 0.527%%* - 0.752 121 21.2 0.002
N partitioning, % of N intake
Fecal N 42.9%%*%  (,058*** - - -0.029° - - 0.949 1.74 3.40  <0.001
Urinary N 55.6%* -0.129%* 1.41x10*% -0.826* -0.052° -0.052" 5.26 0.887 3.12 15.8 <0.001
Fecal and urinary N 30.0%** 0.027%** - - -0.014* - - 0.955 0.747 222  <0.001
Milk N 20.8***  -0.033* 7.09%x107* excluded - -0.034* - 0.488 1.88 9.75 0.022
Body N retention -11.1 0.062* -1.37x10™* 0.574%*%* 0.056** 0.087*** .2.46 0.783 1.98 19.8 0.004
Urine N / Milk N (%) 45.9 - -6.25x107**  excluded - - 40.6 0.581 28.9 27.9 0.002
Apparent N digestibility, % 104.2*%**  -0.074* 1.66x10™* -1.23%%* -0.086** -0.085%* 2.03f 0.789 2.49 3.52 0.003

#4% P< 0001 ** P<0.01 * P <0.05 TP < 0.10; ADLI, intake of acid detergent lignin; CV = coefficient of variation; ABW, BW change; DIM, days in milk; hazel, hazel
leave proportion in dietary DM; SE, standard error.
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