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Summary 

 

Methane (CH4) is a global greenhouse gas (GHG) produced in agricultural systems, 

especially in ruminant husbandry. As global warming is a main concern, the interest in 

mitigation strategies for ruminant derived CH4 strongly increased over the last years. Enteric 

CH4 emissions mainly depend on the diet type. It is assumed that forage based diets result in 

generally higher CH4 formation than concentrate based diets. Besides enteric CH4 production, 

also slurry storage results in certain amounts of CH4 the level of which depends on storage 

conditions. Most often, country-specific data on enteric and slurry derived CH4 emissions are 

lacking or scarce. Therefore, the Intergovernmental Panel on Climate Change (IPCC) offers 

so called default values for calculating country specific GHG budgets. 

The main objectives of the project were (i) to evaluate country-specific data for enteric and 

slurry derived CH4 emissions in Switzerland, and (ii) to determine the enteric CH4 mitigating 

potential of different feeds and supplements.  

In doing so, four main experiments were conducted. Firstly, the CH4 producing capacity of 

different natural plant and feed additives was investigated in vitro with the Hohenheim gas 

test. Enteric and slurry derived CH4 emissions in fattening bulls fed either grass or maize 

silage were evaluated in a second experiment. Additionally, CH4 mitigating strategies using 

different feed additives were developed, and the effect of the different diets on slaughter 

performance and fatty acid profile were examined. In a second in vivo experiment with dairy 

cows, the enteric CH4 mitigation potential of different forage-based diets was determined. 

Finally, the ultimate CH4 producing capacity of slurry obtained from Swiss dairy farms, 

stored over 14 weeks at 35°C, was measured.   

The results from the in vitro experiment demonstrated a strong CH4 inhibitory effect of 

garlic bulbs when added to a maize-concentrate diet. No CH4 mitigating effects were 

observed with the other supplements, namely Acacia tannin, Yucca saponin, extruded 

linseed, lauric and myristic acid, hop cones, grape seeds, maca hypocotyles, lupine seeds, 

lucerne meal. The mode of action of garlic is yet unknown but might be based on a specific 

activity against fiber degradation.  

The experiment with the fattening bulls identified Acacia tannin as long-term CH4 

mitigating feed supplement, whereas the supplementation with garlic, maca, and lupine had 

no significant effect on enteric CH4 emissions. All six diets tested (including also grass silage
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or maize silage with unsupplemented concentrate) resulted in lower CH4 conversion rates 

(Ym) compared to the default value of 6.5 ± 1% as suggested by the IPCC for diets containing 

less than 90% concentrate. For the tannin-consuming bulls these values were even close to 

the IPCC default value for Ym of 3.0 ± 1% for diets containing over 90%, although the 

amount of concentrate never exceeded 45% in the complete diet. The CH4 conversion factor 

(MCF) obtained from the bulls' slurry storage at 14°C and 27°C over a period of 15 weeks 

was again far below the IPCC default values; this even for the tannin group where a 

compensation of the low enteric CH4, associated with a lower fiber digestion, obviously not 

happened. Concluding from the results of these results, CH4 emissions from cattle fattened 

intensively on forage-based diets are obviously overestimated by the IPCC.  

Besides the already known differences between grass and maize silage feeding in the fatty 

acid profile of fat tissues, no other differences were observed in slaughter performance and 

fatty acid profile of the perirenal fat between the six feeding groups. 

Feeding either ryegrass hay with high or low sugar content (no concentrate), or a maize-

silage based diet including 4% concentrate to dairy cows, resulted in the lowest CH4 

emissions for the cows consuming high-sugar grass. The average Ym of 6.49 determined in 

this experiment is equal to the IPCC default value of 6.5 ± 1%. In addition to CH4, the 

amount of excreted N through urine was reduced with high-sugar ryegrass compared to low-

sugar ryegrass as well. 

The IPCC suggests a B0 of 240 l CH4/kg VS  (volatile solids) for the maximum CH4 

producing capacity (B0) of dairy slurry. The storage experiment with dairy slurry obtained 

from Swiss farms applying silage- or zero-silage feeding systems and low, medium, and high 

average herd milk yield led to B0 values ranging between 241 and 314 l CH4/kg VS for 

winter slurry, and B0 values between 35 and 62 l CH4/kg VS for summer slurry. This low B0 

found for summer slurry could be the result of previous fermentation in the pond or strong 

dilution through precipitation.  

In conclusion, two effective mitigation strategies for enteric CH4 based either on tannin 

supplementation or high-sugar grass were found in the present experiments. As tannins 

potentially influence nutrient degradation, caution is needed when being included in ruminant 

diets. For high-sugar grasses as comparatively new feeds further research is needed. 

Additionally, the results from the present study suggest that an improvement of the IPCC



Summary 

X 

 

default values for enteric and slurry derived CH4 (especially from growing cattle) is indicated 

and that specific guidelines for slurry storage conditions should be provided.
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Zusammenfassung 

Das Treibhausgas Methan (CH4) wird bei der landwirtschaftlichen Produktion, v.a. bei der 

Wiederkäuerhaltung frei gesetzt. Da die globale Erwärmung ein grosses Problem darstellt, 

nahm das Interesse an Massnahmen zur Senkung der Methanemissionen bei Wiederkäuern in 

den letzten Jahren stark zu. Methanemission aus Pansenfermentation hängt v.a. von der 

Fütterung ab. Es wird angenommen, dass Grundfutter basierte Rationen generell zu höheren 

Methanemissionen führen als Kraftfutter basierte Rationen. Neben der Pansenfermentation 

führt auch die Lagerung von Gülle (abhängig von den Lagerungsbedingungen) zu CH4 

Emissionen. Häufig sind landesspezifische Daten über CH4 Emissionen aus 

Pansenfermentation und Güllelagerung lückenhaft oder fehlend. In diesen Fällen, werden 

vom Intergovernmental Panel on Climate Change (IPCC) Standardwerte zur Verfügung 

gestellt um länderspezifische Treibhausgasbudgets zu kalkulieren.  

Die Ziele dieses Projekts waren (i) die Ermittlung Schweiz-spezifischer Werte für die CH4 

Emissionen aus Pansenfermentation und Güllelagerung, und (ii) die Bestimmung des 

Potentials verschiedener Futtermittel und Zusätze, CH4 aus der Pansenfermentation zu 

senken. 

Hierfür wurden vier Hauptversuche durchgeführt. Zuerst wurde die Methanproduktion 

verschiedener natürlicher Pflanzen und Futterzusätze in vitro mit Hilfe des Hohenheimer 

Futterwerttests (HFT) untersucht. In einem zweiten Experiment wurden die CH4 Emissionen 

aus Pansenfermentation und Güllelagerung von wachsenden Mastmuni, welche mit Gras- 

oder Maissilage gefüttert wurden, bestimmt. Zusätzlich wurden Methansenkungsstrategien 

basieren auf  diversen Futterzusätzen entwickelt. Ausserdem wurde der Einfluss der 

verschiedenen Rationen auf die Schlachtkörperqualität und das Fettsäureprofil untersucht. In 

einem zweiten in vivo Experiment mit Milchkühen wurde das Methanbildungspotential 

verschiedener Grundfutter basierter Rationen ermittelt. Zum Schluss wurde die maximale 

CH4 Produktionsrate von Schweizer Milchviehgülle, welche bei 35°C für 14 Wochen 

inkubiert wurde, gemessen. 

Die Ergebnisse des in vitro Experiments zeigten eine starke Methansenkende Wirkung 

beim Zusatz von Knoblauch zu einer Maissilage basierten Ration. Bei den anderen Zusätzen 

(Acacia Tannin, Yucca Saponin, extrudierter Leinsamen, Laurin- und Myristinsäure, 

Hopfenzapfen, Traubenkerne, Macaknollen, Lupinensamen und Luzernegrünmehl) konnte 

keine methansenkender Effekt beobachtet werden. Der Wirkmechanismus von Knoblauch ist 
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bisher unbekannt, beruht aber vermutlich auf einer spezifischen Beeinflussung der 

Faserverdauung. 

Im Mastmuniversuch konnte Acacia Tannin als Futterzusatz mit Langzeiteffekt identifiziert 

werden, während der Zusatz von Knoblauch, Maca und Lupinen keinen Einfluss auf die CH4 

Emissionen aus der Pansenfermentation hatte. Alle sechs Versuchsrationen (einschliesslich 

Grassilage und Maissilage ohne Zusätze) führten zu tieferen Methanraten (Ym) verglichen mit 

den IPCC Standardwert von 6.5 ± 1.0% für Rationen, die weniger als 90% Kraftfutter 

enthalten. Für die mit Tanninextrakt gefütterten Muni lag Ym sogar nahe beim IPCC 

Standardwert von 3.0 ± 1.0% für Rationen mit mehr als 90% Kraftfutter, obwohl der 

Kraftfutteranteil in der Ration während des ganzen Versuches nie mehr als 45% betrug. Die 

Methanraten (MCF) aus der Munigülle, welche bei 14°C und 27°C für 15 Wochen gelagert 

wurde, lagen ebenfalls deutlich unter den IPCC Standardwerten. Dies galt sogar für die mit 

Tannin gefütterten Muni, bei denen ein kompensatorischer Effekt der tiefen CH4 Emissionen 

aus der Pansenfermentation in Verbindung mit geringerer Faserverdaulichkeit offensichtlich 

ausgeschlossen werden konnte. Aus den Ergebnissen dieses Versuchs mit intensiv 

gemästeten Muni geht hervor, dass die CH4 Emissionen für Grundfutter basierte Rationen 

vom IPCC offenbar überschätzt werden. 

Neben den bereits bekannten Unterschieden zwischen Gras- und Maissilagefütterung in der 

Fettsäurezusammensetzung von Fettgewebe, konnten keine weiteren Unterschiede in 

Schlachtkörperqualität und Fettsäureprofil von Bauchfett zwischen den sechs verschiedenen 

Rationen beobachtet werden. 

Die Fütterung von Milchkühen entweder mit Raigrasheu mit hohem oder tiefem 

Zuckergehalt (ohne Kraftfutterzusatz) oder mit einer Maissilage basierten Ration mit 4% 

Kraftfutter, führte zu den tiefsten CH4 Emissionen bei Kühen, die mit zuckerreichem Gras 

gefüttert wurden. Der durchschnittlichen Ym Wert von 6.49 in diesem Experiment entspricht 

dem IPCC Standard von 6.5 ± 1.0%. Zusätzlich zur Methansenkung war auch der Anteil an 

N, welcher mit dem Urin ausgeschieden wurde, beim zuckerreichen Gras verglichen mit dem 

zuckerarmen geringer.  

Die IPCC schlagen für die maximale Methanproduktionsrate B0 aus Milchviehgülle einen 

Wert von 240 l CH4/kg VS (volatile solids) vor. Das Lagerungsexperiment mit Gülle von 

Schweizer Milchviehbetrieben mit verschiedenen Fütterungssystemen und 

Herdenmilchleistungen (tief, mittel, hoch) führte zu B0 Werten zwischen 241 und 314 l 

CH4/kg VS für Wintergülle, und B0  Werten zwischen 35 und 62 l CH4/kg VS für 
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Sommergülle. Diese tiefen B0 Werte in der Sommergülle könnten das Ergebnis vorheriger 

Fermentation im Güllelager oder starker Verdünnung durch Niederschläge sein. 

Schlussfolgernd konnten zwei effektive Strategien basierend auf einem Tanninzusatz oder 

der Fütterung von zuckerreichem Raigras gefunden werden, um CH4 aus Pansenfermentation 

zu senken. Da Tannine möglicherweise die Nährstoffverdaulichkeit beeinträchtigen, ist ihr 

Einsatz in der Wiederkäuerfütterung beschränkt. Da zuckerreiches Gras ein relativ neues 

Futtermittel darstellt, sind weitere Untersuchungen nötig. Ausserdem zeigten die Ergebnisse 

dieses Projekts, dass eine Anpassung der IPCC Standardwerte für CH4 aus 

Pansenfermentation und Güllelagerung erforderlich ist, und dass zudem spezifische Richt- 

linien für die Güllelagerung nötig sind.
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1. General introduction 

 

1.1. Methane emissions from animal husbandry and estimates provided by the IPCC 

 

Greenhouse gas (GHG) emissions have risen worldwide since the beginning of the 

industrialization (Baumert et al., 2005). Human activities, especially energy consumption and 

land-use changes, have released more than 2.3 trillion tons of carbon dioxide (CO2) in the 

past 200 years (based on Marland et al., 2005). With 77%, CO2 is the major GHG, followed 

by methane (CH4; 14%) and nitrous oxide (N2O; 8%) (Baumert et al., 2005). Activities from 

energy and land-use result in CO2 emissions, while emissions from animal agriculture and 

waste are comprised of CH4 and N2O. The global warming potential of CH4 is estimated to be 

21 times higher than that of CO2 (Steinfeld et al., 2006). Emissions from agriculture account 

for about 14-15% of global GHG (CAIT, 2005; IPCC, 2007) evenly shared between CH4 and 

N2O (45% each; rest CO2) (Baumert et al., 2005). The largest source is soil management, e.g. 

tillage and cropping practices. The second largest source is livestock, where CH4 is emitted as 

by-product of enteric fermentation and through storage of manure (Steinfeld et al., 2006). 

Further, rice paddy fields are an important CH4 source (IPCC, 2007). Since in most countries 

specific data for budgeting the GHG are missing, the Intergovernmental Panel on Climate 

Change (IPCC), which evaluates methods for estimating global GHG emissions, provides so 

called default values for calculating CH4 emissions from enteric fermentation and manure 

management. Feed intake, depending on animal size, productivity, feeding situation (pasture, 

confined), and feed digestibility, are the most important calculation factors (IPCC, 2006). As 

recommended by the IPCC (2006), the estimations of enteric CH4 emissions include a default 

value for the CH4 conversion rate (Ym), meaning the percentage of gross energy intake that is 

converted to CH4. For cattle receiving diets containing more than 90% concentrate, Ym = 

3.0% ± 1%, while for diets containing less than 90% concentrate Ym = 6.5% ± 1%.  

Several studies conducted in Switzerland show a high variety in Ym depending on the diet. 

Münger and Kreuzer (2006) fed typical Swiss diets (grass, silage, low amounts of 

concentrate) to dairy cows from different breeds achieving an average Ym of around 7.7%. 

Diets for dairy cows differing in the carbohydrate composition resulted in average Ym values 

of 7.4% (Hindrichsen et al., 2006a). In that experiment, only a diet rich in lignified feeds led



General introduction 

2 

 

to a lower Ym of 5.9%. Further, a hay-grass silage based diet with increasing amounts of 

concentrate was examined (Hindrichsen et al., 2006b). Cows with an average daily milk yield 

of 10 kg or 20 kg, respectively, fed without concentrate, resulted in Ym of 7.1% and 7.4%, 

respectively, while cows with an average daily milk yield of 20kg or 30kg receiving 50% 

concentrate showed Ym of 6.3% and 6.1%, respectively. Another study compared fresh 

ryegrass and clover with silage (low amounts of concentrate) when being fed to cows (van 

Dorland et al. 2007). Values for Ym with the fresh feed were between 6.4% and 6.7%, with 

the silage feeding between 6.6% and 7.0%. Klevenhusen et al. (2010) found Ym between 

6.8% and 7.9% in dairy cows fed diets consisting either of C3 or C4 plants. All juveniles, e.g. 

calves younger than 4 months, are assumed to have an Ym=0 (IPCC, 2006), since the rumen 

is not yet fully developed through the consumption of milk. Estermann et al. (2002) measured 

Ym values of 7.8-8.5% in suckler cows and their offspring (at 1, 4, 7, and 10 months of age) 

feeding a hay-silage diet. 

Besides enteric fermentation, the storage of manure is a source of CH4 emissions, especially 

in liquid form as slurry (Külling et al., 2003). The amount of CH4 emitted during storage 

depends on the management system, mainly on storage duration, moisture content, storage 

temperature, and percentage of anaerobically decomposed manure (Steinfeld et al., 2006; 

IPCC, 2006).  

The IPCC (2006) assumes a specific maximum CH4 producing capacity of manure (B0). In 

doing so, the default values given by the IPCC (2006) are distinguishing between animal 

species, diet composition, and region. For example, B0 for an average dairy cow in Western 

Europe is given as 240 l CH4/kg VS (volatile solids; organic material in livestock manure 

consisting of both degradable and non-degradable fractions), and for other cattle as 180 l 

CH4/kg VS.  

As described above, CH4 emissions from manure depend on different factors affecting the 

growth of CH4 producing archaea (methanogens) leading to a large uncertainty and variety 

(10% to 80%) for the default values of B0. B0 is needed for calculating the CH4 conversion 

factors (MCF). MCFs are determined for a specific manure management system representing 

the degree to which B0 is achieved (IPCC, 2006). Default values for MCFs are also given by 

the IPCC (2006). Country specific calculations should include timing of storage, feed and 

animal factors, storage duration, storage temperature variations (daily and seasonal), manure 

characteristics (e.g. amount of VS), and manure left in the storage facility (IPCC, 2006). 
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1.2. In vitro and in vivo techniques for quantification of enteric methane emission 

 

Measuring the efficacy of different strategies for mitigating ruminant derived CH4 a variety 

of in vitro and in vivo techniques are available.  

Typical for all in vitro systems is the fermentation of rumen liquor and/or content under 

controlled conditions in the laboratory (Czerkawski, 1986). Neither the addition of nutrients 

nor the removal of fermentation products is possible during these short term incubation 

processes (usually 24 h). Important parameters are rumen fluid pH, redox potential, the 

amount of volatile fatty acids, and the population of rumen microbes (bacteria, protozoa). The 

in vitro incubation system mainly used is the Hohenheim Gas Test (HGT). This apparatus 

estimates the digestibility and metabolizable energy content of feedstuff for ruminants, and 

was developed by Menke et al. (1979). Its operation is described in detail by Menke and 

Steingass (1988). For further analysis of fermentation gases such as CH4, hydrogen (H2) and 

CO2, modified syringes are helpful as described by Soliva et al. (2003). Briefly, dry or dried 

feeds are used milled to pass a 1-mm sieve. Rumen fluid is collected from a rumen fistulated 

animal before feeding in the morning. Then, a mixture of filtered rumen fluid and buffer 

solution is anaerobically filled into the syringes where up to 300 mg of feed dry matter are 

weighed in. The syringes are incubated at 39°C for 24 h. Gaseous fermentation products can 

be measured by gas chromatography, while other fermentation parameters are analyzed in the 

laboratory. Further calculations can be done using the formulas given by Menke and 

Steingass (1988). Quite similar systems were developed e.g. by Tilley and Terry (1963) and 

Mauricio et al. (1999). 

So called semi-continuous in vitro systems enable a more accurate simulation of rumen 

fermentation by adding nutrients and removing fermentation products on a regular basis over 

a longer period of time (up to several weeks). Besides others (e.g. Slyter et al., 1964; Hoover 

et al., 1976), the rumen simulation technique (RUSITEC), as established by Czerkawski and 

Breckenridge (1977) and described in detail by Soliva and Hess (2007), is often used. Briefly, 

rumen fluid is collected from rumen fistulated animals, filtered and filled (together with a 

buffer solution) into the fermenters. The fermenters with nylon bags containing tested feeds 

are placed into a water bath (39°C). To simulate rumen conditions the nylon bags are moved 

up and down by an electric motor. Additionally, artificial saliva is infused continuously. 
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Fermentation gases can be measured by gas chromatography, other fermentation parameters 

in the laboratory.  

Advantages of in vitro methods are e.g. controlled conditions, no animal derived 

differences, and determination of detailed fermentation processes. But still uncertainties 

remain for instance concerning to what extent the results can be applied to living animals.  

There is a need to accurately measure enteric CH4 from living animals. The two mainly 

known techniques are the open circuit respiratory chambers (figure 1.1.) and the sulfur 

hexafluoride (SF6) tracer apparatus (figure 1.2.). The respiratory chambers used for the 

present study were located at the ETH research station Chamau, Hünenberg, Switzerland. 

They are constructed using steel and glass, allowing sight contact between the animals. The 

chambers are air-conditioned with a certain ambient temperature, relative humidity and air 

flow. Before starting experiments, the functional efficiency of the chambers is controlled 

(burning propane gas and evaporating water) and the instruments for gas analysis are tested 

(Soliva and Hess, 2007). Prior to each measurement the instruments are calibrated manually 

with standard gases. During measurements, the air flow and gas concentrations in the in and 

out coming air of the chamber are determined in certain intervals. 

For the SF6 tracer technique a permeation tube containing SF6 (known permeation rate) is 

placed into the rumen several weeks before measuring CH4 emissions. Air samples are 

collected around the nostrils to be accumulated in a canister around the animal’s neck during 

e.g. 24 h. The concentration of CH4 and SF6 in the canister is then analyzed by gas 

chromatography. Further descriptions of this method are available by Johnson et al. (1994) 

and Grainger et al. (2007).  

Some studies (e.g. Grainger et al., 2007; Pinares-Patino et al., 2007) showed that the results 

from CH4 emission measurements comparing these two techniques are very similar. One 

advantage of the chamber technique is that it provides information on the variability of CH4 

emitted within a day. Further, the measurements take place in a controlled environment (e.g. 

exact feed intake). On the other hand, the SF6 apparatus enables measurements of enteric CH4 

without fixation of the animals, e.g. during grazing. But it has to be mentioned that SF6 is a 

more climate relevant GHG than CH4. 
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Figure 1.1. Open circuit respiratory chamber (adapted from Soliva and Hess, 2007) 

 

 

 

Figure 1.2. SF6 tracer technique (Johnson et al., 1994)



General introduction 

6 

 

1.3. Feeding strategies for mitigation of enteric methane 

 

Secondary plant metabolites 

Nutritional strategies seem to be the most developed means of mitigation and some are 

ready to be applied in the field at the moment. A lot of research has been done focusing on 

plants rich in secondary metabolites. Saponins occur in a variety of plants whereof Yucca 

schidigera and Quillaja saponaria are the most popular ones. Wang et al. (2010) reported a 

decreased CH4 formation when feeding sarsaponins to sheep (0.13g/kg diet), while Sliwinski 

et al. (2002) observed no effect in vivo, but this when using lower dosages. The CH4 

mitigating effect of saponins results predominantly from decreased protozoal populations. 

Further, a decreased CH4 production rate by methanogens might be possible (reviewed by 

Patra and Saxena 2010). Inconsistency in findings from different studies might be due to low 

dosages of saponins or the adaptation of rumen microbes over time (Patra and Saxena, 2010).  

Also tannins occur in many plants suitable for feeding, especially in the tropics and 

subtropics. The addition of tannins from Acacia mearnsii e.g. reduced enteric CH4 formation 

in sheep (Carulla et al., 2005) and dairy cows (Grainger et al., 2009). Different types of 

tannin containing forages decreased CH4 emission in vitro (e.g. McMahon et al., 1999; Hess 

et al., 2003;Jayanegara et al., 2011a,b,c). Unlike saponins, tannin concentrations higher than 

5% in diets might negatively influence feed intake (Aerts et al., 1999), due to reduced 

palatability. Several studies reported a negative influence of tannins on feed digestibility (e.g. 

Patra et al., 2006; Grainger et al., 2009; Jayanegara et al., 2011c). Protein degradation in the 

rumen is affected by tannins due to formation of tannin-protein-complexes (Mueller-Harvey, 

2006). Due to their antimicrobial action on rumen microbes, tannins may also decrease fiber 

degradation (Patra and Saxena, 2010).  

Essential oils are obtained by steam distillation from different plants. Many of them appear 

to decrease methanogenesis in vitro and in vivo. Evans and Martin (2000) observed a strong 

methane inhibition with thymol in vitro, while Agarwal et al. (2009) found the same effect 

with peppermint oil using a HGT. Feeding oregano plants to sheep (Wang et al., 2010) or 

juniper berry oil to dairy cows also significantly decreased enteric CH4 formation. The CH4 

mitigating effect of essential oils might be due to suppressions of methanogens and hydrogen 

producing microorganisms. At high dosages of essential oils may lead to a decreased ruminal
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VFA concentration resulting from lower feed intake or digestibility (reviewed by Patra and 

Saxena, 2010).  

Organosulphur compounds are mainly found in plants from the Alliaceae family or from 

the Brassicaceae family. Garlic oil and its major components showed CH4 inhibition in batch 

incubation (Busquet et al., 2005). Patra et al. (2008) also observed a CH4 mitigating effect 

when adding garlic to the diet of sheep. Organosulphur compounds seem to have a great 

potential for suppressing rumen-derived CH4 due to their effect on methanogens. Another 

effect is the increase in the propionate-to-acetate ratio resulting in lower amounts of H2 

available (reviewed by Patra and Saxena, 2010).  

Flavonoids, a large class of polyphenolic compounds, are also known to have anti-

microbial effects (Cushnie and Lamb, 2005). But so far, research of their effects on enteric 

CH4 production is very limited.  

 

Other feeding strategies 

The addition of lipids to the diet of ruminants is another CH4 mitigating strategy. The 

effectiveness of fat supplementation depends mainly on the fat source, fatty acid profile, form 

of fat, and amount of supplemented fat (Beauchemin et al., 2008). The reduction of enteric 

CH4 formation with fat additives is mainly due to a decreased organic matter fermentation 

and activity of methanogens and protozoa (Johnson and Johnson, 1995). It has been shown in 

several studies that distinct fatty acids such as lauric acid (Dohme et al., 2001; Soliva et al., 

2003, Klevenhusen et al., 2009), myristic acid (Machmüller et al., 2003; Soliva et al., 2003), 

or a combination of both (Soliva et al., 2004a, b), were effective in vitro. The 

supplementation of the diet of dairy cows with extruded linseed (Martin et al., 2008), or the 

diet of sheep with myristic acid (Machmüller et al., 2003), or the diet of lambs with various 

oilseeds and coconut oil (Machmüller et al. 1998, 2000) decreased enteric CH4 emissions. 

Only few in vivo studies (e.g. Woodward et al., 2006; Cosgrove et al., 2008) found no effect 

of fat supplementation on methanogenesis. As reviewed by Beauchemin et al. (2008), 

ionophores like monensin which are commonly applied as growth promotors in North 

America and Australia are partially effective in abating rumen derived CH4. But their use is 

prohibited in the European Union and in Switzerland.  

It is well established that increasing levels of concentrate in the diet lower enteric CH4 

formation (Blaxter and Clapperton, 1965). With diets containing up to 90% concentrate 
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(Lovett et al., 2003; Beauchemin and McGinn, 2006) a rapidly decreased methanogenesis 

could be observed. Starch, the main component of concentrate-rich diets, is mostly 

degradable to propionate which is a competitive hydrogen sink compared to CH4 (Moss et al., 

2000). However, diets with high amounts of starch resulting in a low pH not only affect 

methanogens and fiber degrading bacteria (lower fiber digestibility; Shriver et al., 1986), but 

cause also acidosis (Owens et al., 1998). Besides, the production of concentrates is cost 

intensive and causes CO2 emissions through processing and transportation (Steinfeld et al., 

2006). Although, previous experiments showed that forage-based diets often result in higher 

CH4 emissions (e.g. Johnson and Johnson, 1995), there is also potential within the forages. 

For instance, new grass cultivars selected for high contents of sugar (e.g. high-sugar ryegrass) 

might be another option for enteric CH4 mitigation.  

Currently, most research has been done on the impact of these high-sugar ryegrasses on the 

nitrogen (N) balance in ruminants. Lower N excretions through urine and feces lessen the 

environmental impact of pastured cattle and slurry for fertilizing purpose (Ellis et al., 2011). 

Increased sugar contents in grasses might be able to rectify the imbalance of energy and N 

delivered to the rumen microbes, leading to a more efficient N utilization by the microbes. 

This probably results in decreased N losses and an increased supply of crude protein to the 

animal (Miller et al., 2001a, b). 

Additionally, two promising in vitro studies (Lovett et al., 2006; Niderkorn et al., 2009) 

were conducted with ryegrass cultivars with elevated sugar contents. These studies showed 

lower CH4 emissions from high-sugar grass compared to common ryegrass cultivars. Also an 

experiment with sheep fed high-sugar ryegrass cultivars resulted in decreased CH4 output 

(Kim et al., 2011).
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1.4. Project and thesis outline 

 

The present doctoral thesis was based on a project entitled “Influence of various forage-

based feeding systems and supplementation strategies on enteric and slurry-derived methane 

emissions from fattening bulls and dairy cows”, which had been developed by ETH Zurich in 

collaboration with the Swiss Federal Offices of Environment and Agriculture and had the 

purpose to enlarge the database on methane emissions from ruminants fed forage-based diets 

and their manure, in support of the Swiss national greenhouse gas inventory, and to identify 

potential mitigation options.  

The general introduction in chapter 1 illustrates the contribution of animal husbandry to 

climate change. It also gives information about the methods partly used in this project and 

about possible strategies of CH4 mitigation. The following chapters (2-6) describe the in vitro 

and in vivo experiments carried out for the present thesis. In the last chapter the overall 

results from the thesis are discussed conclusively.    

 

The main hypotheses are: 

 

1) Different feeds and feed additives are effective strategies in mitigating rumen derived CH4 

emissions. This hypothesis was tested in chapter 2 for different plants and additives in vitro, 

in chapter 3 for maize- and grass-silage based diets including several feed additives fed to 

fattening bulls, and in chapter 5 for forage based diets fed to dairy cows.  

 

2) The IPCC (2006) gives several default values for CH4 emission factors from dairy cows, 

cattle and slurry. These values might not represent country-specific data. This hypothesis was 

tested in chapter 3 for fattening bulls and their slurry, in chapter 5 for dairy cows, and in 

chapter 6 for dairy cow slurry. 

 

3) Intensive and extensive fattening systems including several feed additives result in 

different animal performances, carcass characteristics, and fatty acid profiles. This hypothesis 

was tested in chapter 4 for fattening bulls.
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Chapter 2: The Hohenheim Gas Test (HGT) was used as an in vitro model. The alternatives 

tested included different natural feed additives, medicinal plant parts, and plant-based feeds, 

and CH4 generating potential was determined when being added to a maize-concentrate based 

diet.  

Chapter 3: Two typical Swiss fattening systems for bulls were examined for their CH4 

producing potential in open respiratory chambers. Concluding from the results of chapter 2, 

the concentrates for the six feeding groups remained either unsupplemented or were 

supplemented with different feed additives. Additionally, the CH4 emitting potential of bulls' 

slurry was determined in vitro.  

Chapter 4: The influences of the different feeding strategies including several feed additives 

from chapter 3 on animal performance, carcass quality, and fatty acid profile of perirenal fat 

were examined. 

Chapter 5: Three forage based diets were tested for their CH4 generating potential (open 

respiratory chambers) when being fed to dairy cows.  

Chapter 6: The CH4 emitting potential from dairy cow slurry depending on feeding system 

and season was determined in vitro.  

 

The two in vivo experiments took place at the ETH research station Chamau in Hünenberg, 

Switzerland. All in vitro studies were conducted at the ETH Zurich, Switzerland.  
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2. In vitro screening of unconventional feeds and various natural 
supplements for their ruminal methane mitigation potential when 
included in a maize-silage based diet 

 
Based on: Staerfl, S.M., Kreuzer, M., Soliva, C.R., 2010. In vitro screening of unconventional feeds and various 
natural supplements for their ruminal methane mitigation potential when included in a maize-silage based diet. 
Journal of Animal and Feed Sciences 19, 651-664. 

 
 

2.1. Abstract 

 

Various supplements and unconventional feeds (supplement-type: Acacia tannins, Yucca 

saponins, extruded linseed, lauric and myristic acid; medicinal-type plant parts: garlic bulbs, 

hop cones, grape seeds, maca hypocotyls; legumes: lupine seeds, and lucerne meal) were 

screened with the in vitro Hohenheim gas test for their methane mitigating potential in an 

incubation period of 48 h. The control diet consisted of maize silage and concentrate 

(0.85:0.15). Replacing 150 g/kg dry matter of the control diet with garlic bulbs (Allium 

sativum) decreased methane by 50% and the methane-to-total gas ratio by 15 to 17% at 75 

and 150 g garlic/kg DM. This was accompanied by a decline in acetate proportion of total 

short-chain fatty acids. Methane formation tended to be reduced by 15% with a high-tannin 

extract from Acacia mearnsii (50 g/kg diet). The methane-to-total gas ratio was not 

significantly affected by the other treatments. Accordingly, garlic turned out most promising 

for the mitigation of methane without negatively affecting rumen microbial fermentation. 

 

2.2. Introduction 

 

When mitigating methane (CH4) in agriculture, especially from enteric fermentation in the 

ruminant, nutritional strategies are the primary target in identifying effective strategies 

(Martin et al., 2010). In order to be widely accepted, natural dietary ingredients are to be 

preferred. Such approaches are, however, often limited by a concomitantly impaired 

microbial nutrient fermentation. Therefore, the search for suitable CH4 inhibitors is still on-

going, and extensive screenings of promising plants have been undertaken, but this most 

often when added to grass, grass-silage and hay-based diets (e.g., Garcia-Gonzalez et al., 

2008) or high-concentrate diets (Cardozo et al., 2005). Among the nutrients, lipids have 

turned out to be most effective in CH4 mitigation. Beauchemin et al. (2008) calculated from 
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literature a reduction of enteric CH4 formation of 0.56% per g of lipid supplied per kg diet 

dry matter (DM). Especially medium-chain fatty acids (MCFA) such as lauric (C12) and 

myristic (C14) acid (Soliva et al., 2004a) and polyunsaturated fatty acids (PUFA) like 

linolenic acid (prevalent in linseed; Martin et al., 2008) were shown to be effective, but might 

also negatively influence feed intake and digestibility. Currently, the search for successful 

CH4 mitigating strategies focuses on plant secondary compounds (Garcia-Gonzalez et al., 

2008). Many of the plants rich in these compounds grow best in the tropics. For example, the 

tannin extract from Acacia mearnsii was shown to significantly decrease CH4 emission in 

sheep and cows (Carulla et al., 2005; Grainger et al., 2009). As proposed by Tavendale et al. 

(2005), tannins may have a direct effect on methanogens and an indirect effect on hydrogen 

production due to a lower level of feed degradation. Some representatives of the group of 

saponins are classified as potential CH4 inhibitors as well (Martin et al., 2010). Their effect is 

often mediated by their anti-protozoal activity (Pen et al. 2006). A third group of interesting 

metabolites is represented by the essential oils which possess antimicrobial properties, and 

thus are capable to affect ruminal microbes (Martin et al., 2010). One example with 

demonstrated in vitro efficacy is garlic oil and its components, an effect probably exerted via 

an antimicrobial action of one or more of the sulphur containing compounds (e.g. Chaves et 

al., 2008a). Entire garlic bulbs so far have only been researched with respect to their 

efficiency in mitigating CH4 when added to a rice straw-concentrate diet in vitro (Kongmun 

et al., 2010). 

In the present study it was hypothesised that there is quite a list of plants rich in secondary 

metabolites which are effective in abating ruminal methane emission. The objective of the 

present in vitro study was, therefore, to screen a variety of unconventional feeds and natural 

supplements for their CH4 mitigating potential together with their effects on ruminal 

fermentation when added to diet based on maize silage, a major forage in ruminant meat and 

milk production, and not a grass- or grass-conserve based diet. The Hohenheim gas test was 

used as method suitable for comparing a large number of samples at the same time. 

Incubation was performed for 48 h instead of 24 h in order to cover effects on methane 

production also from slowly fermentable feed ingredients. The focus was put on feeds being 

rich in secondary compounds but which are not yet well investigated with respect to 

methanogenesis. These feeds included lucerne meal, garlic bulbs, grape seeds, hop cones, 

lupine seeds and maca hypocotyls. For comparative purpose, several supplements with 

already demonstrated efficacy were included as well. All feeds were tested in two different 
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dosages which were either corresponding to levels presumed to be effective from the 

literature or equivalent to test feeds of a comparable nature. 

 

2.3. Material and  methods 

 

Test substances and experimental design 

The test feeds were divided into three categories: feed supplements (i.e. supplied at 

relatively low levels), medicinal-type plant parts (i.e. substances which are in use for health 

purpose in humans or livestock or both) and selected grain or forage legumes. The 

supplements were added to a maize silage-based control diet (maize silage: soybean meal: 

wheat, 0.85:0.08:0.07) which was incubated in an amount of 200 mg dietary DM. The feed 

supplements (dosages in g/kg DM) included an extract from a tropical tree bark rich in 

condensed tannins (25 and 50, Acacia mearnsii; Weibull black, TANAC S.A., Montenegro, 

Brazil), a saponin-containing extract (0.5 and 2.5; Yucca schidigera; MICRO-AID, Interferm 

AG, Zug, Switzerland), extruded linseed (50 and 100; via ExtruLin® 50b, Trinova AG, 

Wangen, Switzerland, consisting of a mixture of extruded linseed and wheat bran (as a carrier 

for the linseed oil) in a ratio of 1 : 1; equivalent to 25 and 50 g fat/kg DM; Linum 

usitatissimum), myristic acid (50; C14) and a lauric and myristic acid mixture (50; C12:C14, 

1:1; Fluka Chemie GmbH, Buchs, Switzerland). The latter two were supplemented at a level 

of fat corresponding to that supplied by the higher level of linseed. Different from the 

supplements, the medicinal-type plant parts and the legumes replaced distinct parts of the 

basal diet (200 mg). The medicinal-type plant parts (g/kg dietary DM) involved hop 

(Humulus lupulus) cones (75 and 150), grape (Vitis vinifera) seeds (75 and 150), hypocotyls 

(below ground storage organs) of the high Andean plant maca (Lepidium meyenii) (75 and 

150) and garlic (Allium sativum) bulbs (75 and 150). The legumes comprised lupine (Lupinus 

albus) seeds (150 and 300) and artificially dried lucerne (Medicago sativa) pellets (150 and 

300). 
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Experimental and technical setup 

The Hohenheim syringe-based in vitro gas method by Menke and Steingass (1988), as 

described in detail by López et al. (2010), was used to carry out the short-term screening. Dry 

or dried feeds were used which all had been ground to pass a 1-mm sieve. Briefly, ruminal 

fluid was collected before morning feeding from a ruminally cannulated, lactating Brown 

Swiss cow fed hay ad libitum and concentrate (0.5 kg/d). The cow was kept according to the 

Swiss guidelines of animal welfare. Ruminal fluid was filtered through four layers of 

medicinal gauze (type 17 MedPro, Novamed AG, Flawil, Switzerland) with a pore size of 1 

mm to remove feed particles. All diets were incubated in six consecutive experimental runs 

(n=6 per treatment) in 30 ml incubation liquid consisting of a mixture of filtered ruminal fluid 

and buffer solution (1:3; v/v; 35 g/l of NaHCO3 and 4 g/l of NH4HCO3). Incubations at 39°C 

lasted for 48 h. No syringes with blanks were incubated because results of total fermentation 

gas were reported as a difference to the not supplemented basal diet. At the end, total 

fermentation gas volume was determined from the calibrated scale printed on the incubation 

syringes. In fermentation gas, CH4 concentration was determined by gas chromatography 

(Hewlett Packard, model 5890 series II, Avondale, PA, USA). The gas samples had been 

obtained through a septum covering a second outlet of the Hohenheim syringes. Incubation 

liquid pH and ammonia concentration were determined using the respective electrodes 

connected to a potentiometer (model 713, Metrom, Herisau, Switzerland). For the analysis of 

the short chain fatty acids (SCFA), the samples were prepared following the method of 

Doane et al. (1998). Samples were then analysed using HPLC (LaChrom, L-7000 series, 

Hitachi Ltd., Tokyo, Japan) following Ehrlich et al. (1981). 

The feed contents of DM, organic matter (OM) and N (C/N-Analyser, Typ FP-2000, Leco 

Instrumente GmbH, Kirchheim, Germany) were analysed following standard procedures 

(Naumann and Bassler, 1997). Crude protein (CP) was calculated as 6.25 × N. Ash free 

neutral detergent fibre (NDF) was analysed according to the protocol of Naumann and 

Bassler (1997) using α-amylase (Termamyl 120L, Type S, Novo Nodirsk A/S, Bagsværd, 

Denmark). Gross energy (GE) was determined applying bomb calorimetry (Calorimeter 

C7000, IKA-Werke GmbH & Co. KG, Staufen, Germany). Ether extract (EE) was analysed 

using a Soxhlet extractor (Büchi Extraktionssystem B-811, Flawil, Switzerland). Contents of 

total phenols (TP) and total tannins (TT) were measured according to the Folin-Ciocalteu 

method (Makkar, 2003) where polyvinyl-polypyrrolidone is used to separate tannin phenols 

from non-tannin phenols. Different from the protocol of Makkar (2003), samples were 
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initially boiled in aqueous acetone solution for 10 min to ensure that phenolic compounds 

were dissolved from the plant materials (Seigler et al., 1986). The results were given as 

equivalents of the tannic acid standard.  

 

Calculations and statistical analysis 

In vitro organic matter digestibility (IVOMD, %) was calculated as: 

 

14.88 + 0.8893 × total gas (ml) + 0.0448 × CP (g/kg DM) + 0.0651 × ash (g/kg DM)  

 

following Menke and Steingass (1988). Data was statistically analysed using the MIXED 

procedure of SAS 9.1 (SAS Institute Inc. Cary, NC). Model 1 included treatment and run as 

effects and was carried out separately across all treatments of each subgroup (supplements, 

medicinal-type plants, legumes) and the control. The experimental dosage regime allowed 

applying a second model for the medicinal plant parts and the legumes which considered, 

besides treatment and run, also the effect of the dosage and the interaction of the treatment × 

dosage. Model 2 did not include the control treatment. Treatment means were compared with 

the control and considered significant at P<0.05. 

 

2.4. Results 

 

The chemical composition of the test substances and the diets is shown in Table 2.1.  

Supplementation of the basal diet with various substances mostly did not result in 

significant differences from control in either total fermentation gas and CH4 production or the 

CH4-to-fermentation gas ratio (Table 2.2.). Fermentation gas and CH4 production, incubation 

liquid ammonia, and total SCFA concentration, IVOMD, and CH4-to-GE-ratio were affected 

by treatment (P<0.05) and were particularly low with the higher level of CT though not 

significantly different from control. Incubation liquid pH and SCFA profiles were not 

affected (P>0.1) by any of the supplements.  

Out of the diets containing medicinal-type plant parts in exchange of part of the control 

diet, garlic turned out to be most effective in affecting ruminal fermentation compared to the 

control (Table 2.3.; control data displayed in Table 2.2.). Especially the higher dosage of 

garlic decreased (P<0.05) the absolute level of CH4, the ratios of CH4-to-total gas, CH4-to-GE 

and CH4-to-SCFA as well as the acetate proportion of total SCFA compared to the control, 
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while butyrate (and propionate) proportions were increased. The acetate-to-propionate ratio 

was low with garlic as well, but this was not significantly different from the control. Across 

all treatments there were clear (P<0.05) dosage effects in CH4-related variables and the 

proportions of the major SCFA which, however, mainly resulted from shifts taking place with 

garlic and less to those taking place with the other medicinal-type plant parts. The latter gets 

obvious from the significant feed × dosage interactions found for some variables. 

Fermentation gas production, incubation liquid pH and ammonia, IVOMD and total SCFA 

were not affected (P>0.1) by any of the medicinal plant parts.  

In the group of the legumes selected, the higher level of lupine seeds resulted in a more 

intensive (P<0.05) fermentation, manifested in higher fermentation gas and CH4 production, 

incubation liquid ammonia, IVOMD and CH4-to-GE ratio compared to control (Table 2.4.). 

Although the CH4-to-total gas ratio remained unaffected by the legumes tested, the CH4-to-

SCFA ratio was elevated with the higher level of lupine seeds as well. The higher dosage of 

lucerne meal increased acetate proportion of total SCFA. The legumes did not affect (P>0.1) 

incubation liquid pH. Effects (P<0.05) of dosage were rare. There were interactions between 

feed and dosage (P<0.05) in fermentation gas, and CH4 volume resulting from the response to 

dosage with lupine seeds and the absence of such clear responses with lucerne meal. 
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Table 2.1. Chemical composition (g/kg dry matter (DM)) and gross energy (MJ/kg DM) 

 of the feeds   

Item  OM1 CP1 EE1 NDF1 TP1 TT1 GE1 
Ingredients         

acacia tannin  969 34 1.6 7 717.0 695 20.8 
yucca saponin  277 16 0.1 8 20.8 10.3 4.8 
linseed/wheat  

      bran mixture 
 947 192 29.2 527 8.5 3.6 22.0 

C12 (lauric acid)  999 – 999 – – – 36.3 
C14 (myristic acid)  999 – 999 – – – 35.9 
hop cones  901 264 39.7 368 117.8 90.7 19.5 
grape seeds  961 157 45.2 488 391.3 250 22.9 
maca hypocotyls  949 136 9.5 87 31.1 14.1 17.6 
garlic bulbs  959 221 4.9 31 5.2 0.5 17.8 
lupine seeds  963 308 65.0 329 4.5 – 20.1 
lucerne meal  877 170 19.0 322 37.4 19.0 18.1 
maize silage  962 82 27.9 399 26.5 13.6 18.4 
concentrate2  957 342 10.2 134 7.9 1.6 18.8 

         
Total diets Dosage3        

control4 – 961 121 25.3 360 23.7 11.8 18.4 
acacia tannin +25 961 118 24.4 347 48.3 36.0 18.5 
 +50 961 115 23.6 335 71.5 58.9 18.6 
yucca saponin +0.5 959 121 25.2 358 23.7 11.8 18.4 
 +2.5 952 120 24.9 355 23.7 11.8 18.3 
linseed +50 960 127 25.6 373 22.4 11.1 18.7 
 +100 959 132 25.9 385 21.3 10.5 18.9 
C14 +50 963 115 70.8 343 22.6 11.2 19.3 
C12/C14 (1:1) +50 963 115 70.8 343 22.6 11.2 19.3 
hop cones 75 957 148 26.4 362 30.8 17.7 18.5 
 150 952 141 27.5 362 37.9 23.7 18.6 
grape seeds 75 961 132 26.7 370 51.3 29.7 18.8 
 150 961 122 28.4 380 79.1 47.7 19.1 
maca hypocotyls 75 960 121 24.2 340 24.3 12.0 18.4 
 150 959 122 23.0 320 24.9 12.1 18.3 
garlic bulbs 75 961 127 23.9 337 22.4 11.0 18.4 
 150 961 135 22.3 312 21.0 10.2 18.3 
lupine seeds 150 961 148 31.2 356 20.9 10.1 18.7 
 300 962 175 37.1 352 18.1 8.3 18.9 
lucerne 150 949 127 24.4 355 25.8 12.9 18.4 

  300  936  135 23.4   349 27.7 13.9   18.3 
1 OM - organic matter; CP - crude protein; NDF - neutral detergent fibre; EE - ether extract; 
TP - total phenols; TT - total tannins (the latter two given as tannic acid equivalent); GE - 
gross energy;  
2 soybean meal and wheat (0.52:0.48 on a DM basis);  
3 g/kg total dietary DM; 4 maize silage and concentrate (0.85:0.15 on a DM basis)



 

 

Table 2.2. Effects (difference from control) of the feed supplements tested in different dosages 

Supplement 
Dosage, g/kg DM 

Control 
    Acacia tannins1 Yucca saponin Linseed (extruded) C14 C12/C14 SEM2 P-value 

 +25 +     50   +0.5    +2.5 +50 +100 +50 +25/+25 

Fermentation gas, ml 57.2  +3.4   -7.6  +4.6   +3.5 +5.8 +12.2 +4.8  -1.5 2.93   0.004 
Methane, ml     8.35    +0.14     -1.25  +0.12  +0.30 +0.57 +1.54 +0.34  -0.68 0.526   0.046 
Methane/total gas, 

ml/l; v:v 
  145.6  -3.0   +1.0  -9.0     0.0 -1.0 0.0 -2.0  -5.0 3.068   0.57 

Methane/short chain fatty 
acids, ml/mmol 

  85.1  +4.6   -2.9  -0.9   +5.7 +8.2 +13.6 +7.3  +3.3 5.544   0.56 

Methane-to-gross 
energy, kJ/MJ 

   87.4  +1.0   -14.2   -1.3 +3.2 +4.6 +11.9 -0.7   -11.0 5.565   0.049 

pH  7.01  +0.03   +0.03  -0.03   -0.03 +0.01 -0.01 -0.03  +0.11 0.058   0.72 
Ammonia, mmol/l   13.9  -1.2   -2.1  -0.1 +1.2 +6.3 +5.8 +2.0  -1.2 1.38 <0.001 
IVOMD 3, %   73.7  +2.9   -7.1  +4.2 +3.6 +5.5 +11.4 +4.2  -1.3 2.61   0.002 
            
Short chain fatty acids            
  total, mmol/l   97.9  -3.6   -10.5  +0.2 -1.7 -2.2 +2.6* -3.6 -11.1 2.58   0.005 
  molar proportions, %            
    acetate (A)   66.94  +0.49   +0.74  +0.23 -0.39 +0.51 +0.82 +0.41  -0.17 0.601   0.87 
    propionate (P)   21.42  -0.14   -0.43  +0.11 +0.35 +0.12 +0.18 -0.24 +0.87 0.348   0.33 
    n-butyrate  8.35  -0.37   -0.30  -0.15 -0.33 -0.91 -0.78 +0.20  -0.61 0.308   0.21 
    iso-butyrate  0.70  -0.09   +0.07  -0.02 +0.16 -0.00 +0.03 -0.04 +0.04 0.139   0.98 
    n-valerate  1.37  +0.06   -0.09  -0.07 +0.10 +0.19 -0.14 -0.15  -0.03 0.173   0.90 
    iso-valerate  1.26  +0.05   +0.01  -0.10 +0.11 +0.05 -0.11 -0.19  -0.11 0.146   0.88 
    A:P ratio  3.13  +0.04   +0.09  -0.01 -0.07 0.00 0.00 +0.05  -0.13 0.069   0.50 
   1 condensed tannin extract; 2 SEM = standard error of mean. n=6; 3 in vitro organic matter digestibility; * means are different from control



 

 

 

Table 2.3. Effects (difference from control1) of the medicinal-type plant parts tested in different dosages 

Feed (F) 
Dosage (D); g/kg DM 

Hop cones Grape seeds 
Maca 
hypocotyls 

Garlic bulbs 
SEM2 

P-values 

75 150 75 150 75 150 75 150 
Model 1 Model 2 
F F D F×D 

Fermentation gas, ml   +3.0 +0.6   +1.2 +1.2   +6.7   +3.0 +1.9 +0.6 2.16   0.61   0.25    0.20   0.83 
Methane, ml   +0.07 +0.04 -0.04 +0.01   +0.94   +0.15 -1.20 -4.18* 0.367 <0.001 <0.001 <0.001 <0.001 
Methane/total gas,  
ml/l; v:v 

  -5.7    0.0   -3.4 -2.6 0.0 -4.0 -24.9* -73.1* 3.068 <0.001 <0.001 <0.001 <0.001 

Methane/short chain 
fatty acids, ml/mmol 

  +8.0  -10.7 +6.0 +11.6 +13.1 +7.8 -4.7  -36.4* 3.797 <0.001 <0.001   0.015 <0.001 

Methane-to-gross 
energy, kJ/MJ 

    +3.0 -0.5 -2.4 -3.4   +10.1 +1.9 -12.9 -44.6 3.94 <0.001 <0.001 <0.001 <0.001 

pH   +0.01  -0.04 +0.03 +0.01 -0.05 -0.07 -0.06  -0.03 0.048   0.82   0.39   0.71   0.82  
Ammonia, mmol/l   +2.7  +3.2    +2.2 +2.3 +3.0 +2.5 +0.9  -0.2 1.16   0.32   0.090   0.75   0.90   
IVOMD 3, %   +3.4  +2.0    +1.2 +1.2 +6.0 +2.8 +2.0 +1.2 1.92   0.66   0.30   0.30   0.84   

              
  Short chain fatty acids              

  total, mmol/l   -7.2  -9.8    -6.3 -11.0 -3.0 -6.7 -8.7 -11.6 2.60   0.067   0.26   0.080   0.98 
  molar proportions, %              
    acetate (A)   +0.32  -0.10 +1.16 +2.02 +1.62 +0.55 -1.83  -4.82* 0.733 <0.001 <0.001   0.11   0.10 
    propionate (P)   -0.04 -0.26 -0.30 -1.11 -0.75 -1.00 +1.06 +2.01 0.487   0.79 <0.001   0.82   0.36 
    n-butyrate   -0.58  -0.16  -0.58 -0.74 -0.59 -0.38 +0.51 +2.20* 0.247 <0.001 <0.001   0.004   0.003 
    iso-butyrate   +0.10 +0.23 -0.19 -0.03 +0.19 +0.17 +0.24 +0.32 0.174   0.63   0.22   0.53   0.97 
    n-valerate   +0.10 +0.12 -0.04 -0.01 -0.19 +0.53 +0.04 +0.04 0.153   0.15   0.58   0.078   0.051 
    iso-valerate   +0.09 +0.18 -0.05 -0.13 -0.28 +0.13 -0.02 +0.25 0.155   0.43   0.31   0.12   0.44 
   A:P ratio   +0.02  +0.04   +0.10 +0.26 +0.21 +0.18 -0.22  -0.47 0.101   0.050 <0.001   0.78   0.002 

1 values displayed in Table 2; 2 SEM = standard error of mean. n=6; 3 in vitro organic matter digestibility; * means are different from control 



 

 

 

 

 

Table 2.4. Effects (difference from control1) of the legumes tested in different dietary dosages 

1  values displayed in Table 2; 2 SEM = standard error of mean, n=6; 3 in vitro organic matter digestibility; * means are different from 

control using Tukey`s method (P<0.05)

Feed (F) 
Dosage (D); g/kg DM 

Lupine seeds Lucerne meal 
SEM2 

P-values 

150 300 150 300 
Model 1 Model 2 
F F D F×D 

Fermentation gas, ml +5.9 +9.2* -0.5 +2.2   1.90 0.018 <0.001   0.093   0.008 
Methane, ml   +0.85  +1.78* +0.33 +0.06   0.336 0.008 <0.001   0.22   0.017 
Methane/total gas, ml/l; v:v        0.0     +5.6 +5.0     -4.5   3.068 0.096   0.29   0.70   0.066 
Methane/short chain fatty acids, 

ml/mmol 
   +15.6   +21.9* +9.5    +5.8   3.797 0.004   0.006   0.73   0.18 

Methane-to-gross energy, 
kJ/MJ 

+7.6   +16.3* +3.5 +0.55   3.59 0.023 
  0.001 

  0.27   0.033 

pH       -0.02      -0.02 +0.02    +0.07   0.533 0.75   0.24   0.63   0.77 
Ammonia, mmol/l       +3.4     +7.3* +3.7    +5.4   1.35 0.012   0.55   0.048   0.39 
IVOMD 3, %       +6.4   +10.5* +1.5    +4.2   1.79 0.002 <0.001   0.013   0.56 

          
 Short chain fatty acids          

  total, mmol/l       -6.5     -3.1 -5.0      -5.5 2.50    0.42   0.86   0.57   0.46 
  molar proportions, %          

  acetate (A)    +0.65   +0.26 +1.62  +2.18*   0.052   0.032   0.012   0.36   0.87 
  propionate (P)   -0.79 -1.33 -0.66 -1.15   0.030   0.056   0.57   0.063   0.93 
  n-butyrate  +0.10 +0.59 -0.78 -1.07   0.031   0.14 <0.001   0.75   0.24 
  iso-butyrate  +0.35 +0.03 -0.04 -0.03   0.013   0.30   0.38   0.17   0.20 
  n-valerate   -0.07 +0.08 -0.13 -0.02   0.010   0.85  0.60   0.22   0.98 
  iso-valerate  +0.10   0.00 -0.13 +0.06   0.010   0.85  0.27   0.90   0.47 
  A:P ratio     +0.13 +0.23 -0.17  +0.28*   0.064   0.035   0.41   0.072   0.95 



In vitro screening of feeds and supplements 

21 

 

 

2.5. Discussion 

 

Supplements  

In the present study, where a maize-silage based diet had been used, none of the 

supplemented substances clearly decreased in vitro CH4 formation or affected the 

fermentation products compared to the non-supplemented diet. A maize-silage diet is 

expected to have a rather low methanogenic potential per se (Beauchemin et al., 2008). Still 

there were trends indicating a lower total CH4 formation of the tannins and a mixture of C12 

and C14. This illustrates that with other dosages, or in the longer term, CH4 mitigation might 

be possible also in such a diet type. The possibly active compounds represented by the 

supplements included condensed tannins (CT), sarsaponin, one form of saponin, and fatty 

acids. Modes of action could be direct effects on methanogens (demonstrated especially for 

MCFA; Soliva et al., 2004a, b), anti-protozoal effects (known to be exerted by saponins, 

MCFA and PUFA; Soliva et al., 2004b; Pen et al., 2006) or inhibiting organic matter 

(especially fibre) digestion followed by a lower H2 supply to the methanogens (Tavendale et 

al., 2005; known for CT, MCFA, PUFA). Experimental evidence for efficacy of Acacia 

tannins was given by Carulla et al. (2005) feeding sheep grass-hay or grass-legume hay based 

diets and Grainger et al. (2009) in grazing dairy cows. Even at the higher dosage, 

supplementation of tannins did not significantly reduce CH4 production in the current study. 

Yucca schidigera sarsaponin proved to be effective only with very high dosages in vitro (Pen 

et al., 2006; up to 40 g/kg DM). But it was ineffective in vivo in the study by Śliwi ński et al. 

(2002) where rather low dosages had been supplemented (≤0.1 g/kg DM). This is consistent 

with results from the presented experiment. Martin et al. (2008) found a decreased CH4 

emission in cows fed 150 g extruded linseed/kg DM to dairy cows. This could not be 

observed with any of the dosages (50 and 100 g/kg DM) here. Various studies have shown 

that MCFA can be effective CH4 inhibitors and that there is an even higher efficiency of 

mixtures of C12 and C14 mixtures (Soliva et al., 2004a, b). However, the use of a forage-based 

diet might explain the low efficiency of the MCFA found in the present study (Machmüller et 

al., 2003). 
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Medicinal-type plant parts 

Out of the four medicinal-type plant parts screened, only garlic bulbs showed a clear CH4 

mitigating effect compared to the control both in absolute terms and when related to total 

fermentation gas and SCFA (both indirect measures for the metabolizable energy content of 

the diet). Similar effects were also found in some other in vitro studies when supplementing 

garlic extracts (e.g., Cardozo et al., 2005; Chaves et al., 2008a) and ground garlic bulbs 

(Kongmun et al., 2010). Chaves et al. (2008a) added 100 and 250 mg/l of garlic oil to mixed 

ruminal microbes which decreased CH4 formation by about 70%. The mode of action is not 

yet known. It might be based on an activity against fibre degradation as is suggested by the 

SCFA profile (lower acetate-propionate-ratio). Like in the present study, Cardozo et al. 

(2005) found a decrease in acetate proportion with garlic oil at unchanged propionate 

proportions but this was associated with a decrease in total SCFA concentration. According 

to Morvan et al. (1996) hydrogen could also be utilized to reduce sulphate to sulphides, 

which might be relevant as garlic is rich in sulphur containing compounds. Different from the 

present findings, the propionate proportion was decreased with a garlic extract at an 

unchanged acetate proportion in the study of Chaves et al. (2008a).  

Grape seed effects on ruminal methanogenesis are unknown. Spanghero et al. (2009) 

examined, besides others, the chemical composition and rumen fermentability of grape seeds 

in vitro. Compared with the other medicinal-type plant parts, grape seeds are characterized by 

high levels of TP and TT (Spanghero et al., 2009; present data) which might result in anti-

methanogenic effects. This was not the case in the present study and, despite the low feeding 

value the grape seeds did not depress gas production and IVOMD though total SCFA 

concentration was rather low. Hop cones are feeds rich in specific plant secondary 

metabolites especially α-acids like humulones and β-acids such as lupulones. Particularly the 

β-acids are known to have an antimicrobial effect (Wang et al., 2010). Nevertheless, in vitro 

ruminal fermentation (e.g. increased gas production and VFA) was affected by hop addition 

in the study of Wang et al. (2010). However, in the present study, hop cones neither affected 

rumen fermentative activity nor incubation liquid ammonia nor CH4 formation.
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Legumes 

Legumes are characterised by different concentrations and types of tannins (cf. also the CT 

extract from Acacia mearnsii) and saponins (Waghorn et al., 2002), i.e. plant secondary 

metabolites which are potentially effective against methane formation. However, the results 

suggest that either concentrations were too low in the two feeds tested (likely for the lupine 

seeds) or they contained only ineffective compounds. Accordingly, lucerne meal remained 

neutral in gas production and fermentation variables and lupine seeds even promoted 

methanogenesis in relation to the energy content of the diet as the increase per unit of SCFA 

shows. It is nevertheless likely that this was a side-effect of a generally improved 

fermentation when supplementing the maize-silage dominated basal diet with a protein 

supplement like the lupine seeds. It was still unexpected that no increase in SCFA was found 

which had been reported by Rémond et al. (2003) when feeding about 200 g lupine seeds/kg 

DM to sheep.  

The present screening with the Hohenheim Gas Test method had some limitations as well. 

For demonstrative purpose, rather high dosages of the tested substances had been chosen. 

These might be not fully feasible for practical purpose, but still the results indicated 

supplements worthwhile to be investigated in more detail. As the supplements were added at 

different proportions, the effect of the basal diet was also varied which might have limited the 

accuracy of treatment-caused changes for instance in the methane-to-SCFA-ratio. Finally, 

incubating diets for 48 h instead of 24 h, performed to be able to fully consider also slowly 

degradable supplements, in turn might have led to a certain degradation of microbial cells 

before the end of incubation because the level of fermentable substrates was getting low. 

 

2.6. Conclusions 

 

The results of the present in vitro screening confirmed that garlic is highly effective in 

mitigating CH4 in vitro, also when added to a maize-silage based diet. The unexpectedly low 

efficiency of treatments found to be effective in other studies, especially tannin extract, 

linseed and the MCFA, could be due to the relatively low CH4-generating potential of this 

diet type (not apparent from the CH4-to-gross energy ratio which was rather high) compared 

to grass-, grass-silage or hay-based diets. This emphasises the importance to test promising
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feeds and supplements under various feeding conditions. Among the feeds less-well 

researched in terms of antimethanogenic properties, hop cones, grape seeds, maca hypocotyls 

and lucerne meal were found less promising than garlic, and lupine seeds even promoted 

CH4. Garlic has to be tested in vivo in order to confirm its favourable effect and to determine 

any negative side-effects for instance on palatability of the feed and on off-flavours of animal 

source products. Practical issues such as limitations in current availability for animal nutrition 

and cost-efficiency of some of the tested substances have to be taken in consideration as well, 

but political demands for mitigation measures and economy-of-scale effects at high demand 

may rapidly change this situation. 
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3. Methane conversion rate of bulls fattened on grass or maize silage as 
compared with the IPCC default values, and the long-term methane 
mitigation efficiency of adding acacia tannin, garlic, maca and lupine 
 

Based on: Staerfl, S.M., Zeitz, J.O., Kreuzer, M., Soliva, C.R., 2012. Methane conversion rate of bulls fattened 
on grass or maize silage as compared with the IPCC default values, and the long-term methane mitigation 
efficiency of adding acacia tannin, garlic, maca and lupine. Agriculture, Ecosystems and Environment 148, 111-
120. 
 

3.1. Abstract 

 

Abating enteric methane in ruminants by feeding is considered promising, but long-term 

assessments are lacking. Thirty-six growing bulls were allocated to six treatments and 

received either grass or maize silage and concentrate. The maize silage diet was also 

supplemented with acacia tannin extract, garlic bulbs, maca hypocotyls, or lupine seeds. At 

ages of 5, 9 and 11 months, enteric methane was measured in open circuit respiratory 

chambers along with feed intake and excretion. Ruminal fluid was collected at slaughter. 

Slurry-derived methane was determined while stored at 14°C and 27°C for 15 weeks. 

Exchanging maize for grass silage increased enteric methane only on one occasion. Total 

system methane emission was similar between grass- and maize-silage fed bulls. Tannin 

decreased methane by up to 36% and, most importantly, this suppression persisted throughout 

the entire experiment. Tannins did not alter slurry-derived methane. Enteric methane 

conversion rate and methane conversion factors in slurry were always below the IPCC default 

values. Grass silage increased fiber digestibility and numbers of total and cellulolytic 

Bacteria. The study demonstrated a long-term efficacy of acacia tannin in mitigating 

methane. Further, the results suggest that IPCC appears to overestimate methane from 

growing cattle fattened on typical European diets. 

 

3.2. Introduction 

 

Besides carbon dioxide (CO2) and nitrous oxide (N2O), methane (CH4) is one of the main 

greenhouse gases (GHG) contributing to global warming. It is mainly emitted in ruminant 
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husbandry (Steinfeld et al., 2006) especially through enteric CH4. Manure-derived CH4 

makes up only a fraction of the total, but is also considered in determining the global GHG 

budget by the method of the Intergovernmental Panel on Climate Change (IPCC, 2006). 

Globally about 14% of the anthropogenic GHG is estimated to originate from agriculture 

(IPCC, 2007). For budgeting GHG emissions in national inventories, the default values set by 

IPCC (2006) are used when country specific data are lacking. These default values may 

deviate significantly from values currently determined in experiments in distinct countries 

and for certain production systems (cf. for instance Klevenhusen et al., 2010 for dairy cows). 

Deviations are especially likely in livestock systems like fattening of cattle on mixed forage-

concentrate diets where there are very few in vivo data available. Therefore, for this form of 

production the same methane (CH4) conversion factor (Ym) is applied as in all other 

production systems relying on diets with <900 g/kg concentrate.  

Digestion of feed in the rumen is the result of anaerobic fermentation involving various 

groups of microbes (Bacteria, Archaea, Protozoa, and Fungi). Bacteria and Archaea, and 

perhaps other groups, are also involved in microbial activities taking place during storage of 

manure. Methane is formed by the Archaea, the so called methanogens, which utilize 

excessive ruminal hydrogen (Martin et al., 2010). Previous studies have identified nutritional 

strategies to be the most promising means in mitigating CH4 from enteric fermentation 

(Beauchemin et al., 2008; Martin et al., 2010). Compared to strategies in the energy sector, 

these approaches are less expensive and could be rapidly implemented in farming practice, 

allowing agriculture to become a leading sector in climate protection at least where 

agricultural GHG emissions make up a substantial part of total GHG emissions. Public 

acceptance is likely to be high when natural feeds are used. 

Besides other nutrition and management strategies, one focus of research is on plants or 

plant extracts rich in plant secondary metabolites (PSM; reviewed by Jouany and Morgavi, 

2007). Many plants, especially tropical trees and shrub legumes, contain tannins (Martin et 

al., 2010). The tannin extract obtained from Acacia mearnsii was shown to significantly 

decrease CH4 emissions when being fed to sheep (Carulla et al., 2005) and dairy cows 

(Grainger et al., 2009). Also seeds of temperate climate legumes (e.g. lupines, peas) are 

known to contain certain levels of tannins, and also of saponins (Waghorn et al., 2002), 

another group of potentially CH4 inhibiting PSM (Martin et al., 2010). Garlic has a long 
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history as a spice and a medicinal compound due to its wide spectrum of constituents with 

antimicrobial activity (Amagase et al., 2001). There is some in vitro evidence for clear 

antimethanogenic effects of garlic (Busquet et al., 2005; Soliva et al. 2011). Hypocotyls of 

the high Andean plant maca (Lepidium meyenii Walp.) are rich in PSM as well (Clément et 

al., 2010), but so far effects on enteric fermentation and especially on CH4 formation have not 

been measured. It is important to note that the long-term efficiency even of PSM with proven 

antimethanogenic activity has been almost never investigated. This is of major concern as 

there may well be an extensive microbial adaptation. As CH4 emissions from slurry also 

depend on feed composition (Steinfeld et al., 2006), feeding PSM, which are mostly 

indigestible, also may affect this emission pathway. 

The following objectives were addressed by the current study: (i) to extend the scarce 

database on fattening cattle fed typical European forage-based diets with a limited proportion 

of concentrate. In doing so, an extensive system based on grass silage and a more intensive 

form based on maize silage were compared, using forages where different CH4 emissions 

could be expected from their contrasting carbohydrate profile (Beauchemin et al., 2008). (ii) 

To determine the efficacy of various supplements rich in PSM in maize-silage fed bulls. (iii) 

To measure the effect of diet type and supplement on CH4 emission throughout the fattening 

phase, with a major emphasis on confirming a long-term efficiency of PSM supplements. (iv) 

To measure dietary effects on CH4 emission from the corresponding slurry stored for 15 

weeks at different temperatures. (v) To relate all emission levels measured to the current 

IPCC default values. 

 

3.3. Material and methods 

 

Animal experiment 

Thirty-six growing Brown Swiss × Limousin crossbred bulls, subdivided into six 

experimental groups according to a complete randomized design, were confined in six pens 

of a free-stall barn for most of the experiment. Each pen comprised one member of each 

experimental group. At the beginning of the nearly 9-month long experiment, the bulls 

weighed 107 ± 18 kg (mean ± standard deviation), and were 3.8 ± 0.3 months of age. Bulls 

were fed individually using transponders that provided access only to one trough (American
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Calan, Northwood, NH). Bulls received either grass silage or maize silage at ad libitum 

access. The daily amounts of additional concentrate allocated were gradually increased from 

1.6 to 2.2 kg dry matter (DM) per bull per day during fattening in order to complement the 

silages with energy and nutrients and to cope with the increase in requirements with growth.  

The (control) concentrate was the same for the grass silage and the non-supplemented 

maize silage diets (Table 1). The other groups received concentrates supplemented either 

with an extract rich in condensed tannins made from the bark of Acacia mearnsii (‘Weibull 

Black’, TANAC S.A., Montenegro, Brazil; targeted: 3% of daily dry matter intake (DMI); 

same concentration as used by Carulla et al., 2005, which is clearly below the level of 5% 

where, according to Patra and Saxena (2010), significant intake depressions start to occur), 

dried garlic bulbs (Allium sativum; ARONA GmbH, Waibstadt, Germany; targeted: 1.5% of 

DMI/d), dried maca hypocotyls (Lepidium meyenii; Agronaturales s.r.l., Lima, Peru; targeted: 

1.5% of DMI/d), or white lupine seeds (Lupinus albus; UFA Samen, Sursee, Switzerland; 

targeted: 6% of DMI/d). The proportions of diet ingredients, apart from that of the test 

ingredient, differed between the concentrates. This was necessary to balance concentrates for 

crude protein (CP) and net energy. The bias resulting from the variations in the proportions of 

the ingredients was considered less important. All concentrates were pelleted to avoid 

selection of less palatable constituents. Additionally, the tannin-containing concentrate was 

mixed with the maize silage before feeding. 

Three 8-day collection periods were distributed over the experiment, where digestibility, 

energy metabolism and methane emissions were measured. They started when bulls were 4.8 

± 0.3, 8.8 ± 0.3 and 10.7 ± 0.4 months old and weighed 142 ± 13, 350 ± 30 and 432 ± 35 kg, 

respectively. Bulls were then kept in tie stalls also equipped with individual troughs. The 

floor, covered with a rubber mat, had grids at the rear end allowing daily individual complete 

recording and sampling of feces and urine (non-acidified) in chromium steel tubs placed 

underneath the grid. These slurry samples were pooled proportionately to excretion by 

individual animals at the end of each collecting period. During each sampling period, each 

animal stayed in respiratory chambers with a volume of 20 m3 for one 2-day period. The 

respiratory chambers were operated as an open-circuit indirect calorimetry system at 17 ± 

0.9°C, 60 ± 2.1% air humidity and 1119 hPa air pressure (Hindrichsen et al., 2005). Airflow 

through the chambers was set to 21.0 ± 0.9 m3/h (period 1) and 29.1 ± 0.5 m3/h (periods 2 
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and 3), continuously controlled by in-line electronic flow-meters (Swingwirl DV 630, 

Flowtec AG, Reinach, Switzerland). During 22.5 h/day concentrations of O2 (Oxymat 6, 

Siemens AG, Karlsruhe, Germany), CH4 and CO2 (infrared analyzer, NGA 2000, Fisher-

Rosemount, Ohio, USA) were measured simultaneously every 20 min for 100 s in air going 

in and out of the set of two respiration chambers. During 1.5 h/day no measurements were 

made as this time was needed for sampling and feeding. Gas recovery rates in the chambers 

were controlled prior to each period by conducting simulations by burning propane gas and 

evaporating water (Soliva and Hess, 2007). Recoveries ranged between 90 and 98%. The gas 

analyzers were calibrated daily with a reference gas (1.5% CO2, 19.5% O2, 3494 ppm CH4; 

PanGas, Dagmersellen, Switzerland). Due to a technical failure of the chambers, gas 

exchange data are available only for four of the six bulls per group at 5 months of age. 

At an age of 12.7 ± 0.7 months and at a body weight of 521 ± 17 kg, bulls were slaughtered 

at a commercial abattoir after being fasted for about 9 h. Right after slaughter, samples from 

rumen contents were always taken from the same sampling site located in the dorsal rumen 

close to the milt, put on ice during the 2 h transport to the lab, manually squeezed, and 

filtered through 4 layers of medicinal gauze (1 mm pore size, type 17 MedPro, Novamed AG, 

Flawil, Switzerland). Data on intake and growth performance across the entire fattening 

period are described in Staerfl et al. (2011). The experiment was performed on the ETH 

research station Chamau (Hünenberg, Switzerland) after approval by the cantonal veterinary 

office of Zug (ZG 52/08). 

 

Slurry storage experiment 

Extra slurry was sampled daily proportionally to the amounts excreted when bulls were 11 

months old and first stored at -20°C. After thawing and pooling the slurry across the 8 days 

of sampling, a standardized in vitro incubation experiment according to Hashimoto (1989) 

was carried out with slight adaptations. Serum bottles with an effective volume of 299.8 ± 0.6 

mL served as fermentation units (Fisher Scientific, Wohlen, Switzerland). The bottles were 

filled with 170 mL liquid consisting (g/kg) of test slurry, 848; inoculum, 76; water, 76 

(Sommer et al., 2007). The inoculum, added to support immediate methane production of 

slurry (Sommer et al., 2007), consisted of dairy slurry obtained from cows fed a total mixed 

diet (g/kg DM, grass silage, 450; maize silage, 390; hay, 95; concentrate, 65). The inoculum
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had been stored for 3 weeks at 35°C to reduce its content of fermentable material (Hashimoto 

1989). Two bottles filled only with 170 ml inoculum served as control and basis for further 

calculations. To mimic storage conditions on farm and to avoid drying-out but still allowing a 

certain gas exchange with the ambient air, all bottles were covered with aluminum caps 

leaving a round aperture of 1 cm diameter. One bottle per bull was incubated at 27 °C and the 

other at 14 °C for 15 weeks as the temperatures classified by IPCC (2006) to reflect warm 

and cold climate, respectively. Every week, the bottles were additionally sealed with 1cm-

thick rubber stoppers (Fisher Scientific, Wohlen, Switzerland) for 24h. Subsequently, small 

samples of fermentation gas were drawn through the rubber stoppers by a gas tight syringe 

(Hamilton-Bonaduz, Switzerland) and subjected to methane measurement (Hewlett Packard, 

gas chromatograph model 5890 series II, Avondale, PA, USA). The volume of the gas 

produced during 24 h was registered using syringes (Steed & Hashimoto, 1994). The pressure 

expelled the glass plunger in vertically-held syringes (5, 10 and 20 mL volume, 23 gauge 

needles (Sterican®; B. Braun Medical AG, Sempach, Switzerland) until atmospheric pressure 

was achieved. Gas volumes were corrected to conditions of standard temperature (0°C) and 

standard pressure (1013 mbar).  

 

Laboratory analysis 

Before analysis by standard protocols (AOAC, 1997), silage and slurry samples were dried 

at 60°C for 48 h and 72 h, respectively, and all dried feed and slurry samples were ground to 

pass a 1-mm sieve. Contents of DM and total ash (TA) were analyzed by a TGA-701 (Leco 

Corporation, St. Joseph, Michigan, USA; AOAC index no. 942.05). From that organic matter 

(OM) was calculated. Nitrogen (N) was determined with a C/N-Analyzer (Leco-Analysator 

Typ FP-2000, Leco Instrumente GmbH, Kirchheim, Germany; AOAC index no. 977.02). 

Crude protein was calculated as 6.25×N. Neutral detergent fiber (NDF) was measured with a 

Fibertec System M (Tecator, 1020 Hot Extraction, Flawil, Switzerland) by using α-amylase, 

but no sodium sulphite, and values were given exclusive of ash (Van Soest et al., 1991). 

Combustion energy of feeds and excreta was analyzed by bomb calorimetry (Calorimeter 

C7000, IKA-Werke GmbH & Co. KG, Staufen, Germany). Total phenols, total tannins and 

condensed tannins were determined in feed following Makkar (2003).
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Within 4 h of sampling, pH and the ammonia concentration in the filtered ruminal fluid 

were measured directly after arrival at the lab using respective electrodes connected to a 

potentiometer (model 713; Metrohm AG, Herisau, Switzerland). For the determination of 

bacterial counts, ruminal fluid was diluted 200-fold with Hayem solution (HgCl2, 9 mmol/L; 

Na2SO4, 176 mmol/L; NaCl, 86 mmol/L) and viable bacterial cells showing Brownian 

movement were counted microscopically within 5 h after sampling using a 0.02-mm depth 

Bürker counting chamber. Aliquots of ruminal fluid were stored at ambient temperature in a 

2% formalin solution to determine the generic composition of the protozoal population. All 

intact (‘live’) protozoal cells present in 0.1 ml of 100- to 1000-fold diluted ruminal fluid-

formalin mixtures were counted in duplicate using microscopic slides. Protozoa were 

distinguished by the family Isotrichidae, comprising all Trichostomatida present, and the 

genera Entodinium and Epidinium as well as the subfamily Diplodiniae, all from the family 

Ophryoscolecidae and comprising all ruminal entodiniomorphids (Ogimoto and Imai, 1981). 

Total genomic DNA was extracted in duplicate from ruminal fluid samples previously 

frozen at -80°C according to Guertler et al. (2009; genomic DNA extraction from maize) with 

slight modifications described here. Amounts of 225 µL of ruminal fluid, 600 µL of 

hexadecyl-trimethyl-ammonium bromide (CTAB) buffer and 400 mg of zirconia/silica beads 

(0.1 mm and 0.5 mm size, 3:1) were homogenized in a FastPrep device (Thermo Savant 

FastPrep FP120 Homogenizer BIO 101, Holbrook, N.Y.) at a setting of 6 units for 45 s. For 

protein digestion, 30 µL of proteinase K (20 mg/mL) were added. After overnight incubation, 

samples were centrifuged at 3000 g for 5 min and 650 µL of the supernatant was combined 

with 3.75 µL RNase A (10 mg/mL). After centrifugation, 620 µL of the supernatant was 

added to dichloromethane instead of chloroform, and 360 µL of the upper watery phase was 

collected for the subsequent DNA precipitation. The DNA was collected via centrifugation at 

16,000 g for 2 min instead of using columns, and washed with 70% ethanol. DNA was eluted 

in water and stored at -20°C. DNA concentration was measured at 260 nm with a 

NanoDrop® ND-1000 spectrometer (NanoDrop Technologies, Rockland DE, USA). For the 

subsequent quantitative PCR, DNA extracts were diluted to 10 ng/µL which was accounted 

for during data analysis. 

The oligonucleotide primer pairs used to amplify 16S rDNA of total Bacteria were from 

Denman and McSweeney (2006) and those of Ruminococcus albus from Koike and 
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Kobayashi (2001). Primer sequences to target Ruminococcus flavefaciens, 5’-

TGTCCCAGTTCAGATTGCAG-3’ (forward), 5’-GGCGTCCTCATTGCTGTTAG-3’ 

(reverse) and Fibrobacter succinogenes, 5’-GGRCGGGATTGAATGTAC-3’ (forward), 5’- 

AATCCGCTTGAATCTCCG-3’ (reverse) were designed in this study using 16S rDNA 

target sequences downloaded from the National Centre for Biotechnology Information 

(www.ncbi.nlm.nih.gov). The primer for total Archaea, 5’- GYGCAGCAGGCGCGAAA-3’ 

(forward), 5’-GGACTACCSGGGTATCTAAT-3’ (reverse) was modified from Takai and 

Horikoshi (2000) and for Methanobacteriales, 5’-CGAAGGGAAGCTGTTAAGTC-3’ 

(forward), 5’-TACCGTCGTCCACTCCTTC-3’ (reverse) was modified from Yu et al. 

(2005). Primers were obtained from Sigma-Aldrich (Buchs, Switzerland). Test for primer 

specificity was done in silico by applying a BLAST search 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the general DNA data bases. A cross-test with 

genomic DNA from pure ruminal methanogenic and bacterial cultures carried out using 

conventional PCR and agarose gel electrophoresis demonstrated primer specificity. These 

cultures were either purchased from the German Collection of Microorganisms and Cell 

Cultures (DSMZ GmbH, Braunschweig, Germany) or supplied by CSIRO Livestock 

Industries (St Lucia, Australia). 

Quantitative PCR (qPCR) assays were performed in 10 µl reactions on a Fast7500 Real-

Time PCR System (Applied Biosystems) using FastSYBR Green Master Mix (Applied 

Biosystems) and 0.5 µM of each primer, except for the total Archaea primers and the forward 

primer to target F. succinogenes where it was 1 µM considering the number of ambiguous 

bases in the primer sequence. Cycle conditions included an initial step of 20 s at 95°C 

followed by 40 cycles of 3 s at 95°C and 30 s at 61.5°C, and subsequent dissociation curve 

analysis. The two DNA extracts per sample, each of them being analyzed in duplicate, were 

run in separate qPCR runs. In each run, autoclaved water was used for negative controls and 

pure microbial cultures for positive controls. Data were obtained by using the standard curve 

method. The amplification efficiency of the qPCR was determined in each run for each 

primer using a standard curve of serial 10× dilutions with dilution factors of 10 to 10,000 

times of extracted DNA from a mixture of 18 randomly chosen samples. To calculate 

changes in microbial numbers, relative concentrations of DNA were calculated using Ct 

values (Ct), standard curve y-axis intercept (I) and slope of the standard curve (S) according 
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to following formula: logarithmic DNA concentration = (Ct – I)/S. Proportions of bacterial 

species and the archaeal order were calculated including Ct values (Ct) and qPCR 

amplification efficiency (E, E = 10‒1/S) as E(RG)
Ct(RG)/ E(TG)

Ct(TG), RG = reference gene 

(Bacteria/Archaea), TG = target gene (specific bacterial species/archaeal order). 

 

Calculations and statistical evaluation 

Collecting feces and urine together and without acidification only allowed determination of 

fiber digestibility and total energy excretion but not that of organic matter digestibility and N 

excretion. The CH4 conversion factor from enteric fermentation (Ym) was calculated as the 

proportion of CH4 energy of GE. Data from the slurry storage experiment were used to 

calculate volatile solids (VS; kg) as suggested by IPCC (2006; Tier 2; equation 10.24) as 

[GEI × (1 - DE/100) + (UE × GEI)] × [(1-ASH/18.45)], where GEI = GE intake (MJ/d ), DE 

= digestibility of the feed (%) = [(GEI - feces energy)/GEI] × 100, UE × GEI = urinary 

energy expressed as fraction of GEI (the IPCC standard value of 0.04 for UE was used here), 

ASH = ash content of slurry calculated as a fraction of DMI, and the factor 18.45 = 

conversion factor for dietary GE per kg of feed DM (MJ/kg; the energy density of the feed is 

assumed by IPCC (2006) to be relatively constant across a wide range of forages and grain-

based feeds). The CH4 conversion factor (MCF) in the slurry was calculated as % of B0 (180 l 

CH4/kg VS; Tier 2, IPCC (2006)) using measured values for CH4 which were also expressed 

as CH4 in l/kg VS. The annual CH4 emissions from slurry (given as l CH4/bull/year) were 

calculated as the amount of CH4 emitted from the daily slurry amount per bull stored for 15 

weeks and multiplied by 365 days. 

Data were statistically analyzed using the MIXED procedure of SAS 9.1 (SAS Institute 

Inc., Cary, NC, USA) considering treatment as fixed effect and animal as random effect (no 

covariates). Data were separately analyzed for each sampling period because the comparison 

between treatment groups and the later recovery of potential treatment effects were of 

primary interest. Model 1 included the comparison between the grass and the maize silage 

treatments. Model 2 was used for the comparison between the different supplemented maize 

silage diets against the unsupplemented maize silage diet (control). Daily means were 

averaged within sampling period. In Model 2, multiple comparisons among maize silage diet 

means were carried out by Tukey`s method. Differences among means were considered 
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significant at P<0.05. One animal of the tannin group had to be removed from the dataset due 

to a serious leg injury. 

 

3.4. Results  

 

Effects of feeding grass silage or maize silage on fattening bulls 

The average chemical composition of the silages and concentrates as analyzed is given in 

Table 3.1. Intake of DM and OM (except at 5 months of age) were increased (P<0.05) with 

the grass silage diet compared to maize silage (Table 3.2). The higher contents of CP and 

NDF of the grass compared to the maize silage further increased consumption of CP (P<0.05) 

and NDF in this group (P<0.001). Digestibility of NDF was higher (P<0.001) when feeding 

grass silage compared to the maize silage. Body weight gains did not differ between grass 

and maize silage fed bulls at 5 and 9 months, but were lower (P<0.01) for the grass silage 

group in the last period. 

Intake of GE was always higher (P<0.05) in the grass-silage fed bulls than in those fed 

maize silage (Table 3.3) while the intake of ME differed (P<0.05) only at 9 months. Total 

energy losses, including energy excretion with feces, urine, methane and heat, were higher 

(P<0.05) with grass silage than with maize silage. This was mainly the result of a 

corresponding increase (P<0.05) in energy excretion of feces and urine. However, at 9 and 11 

months of age the grass-silage fed bulls had also increased (P<0.01) heat energy losses 

compared to the maize-silage fed bulls. Additionally, the energy loss through CH4 was higher 

(P<0.001) for the grass-fed bulls than for those fed maize silage at the age of 9 months. The 

efficiency of utilization of metabolizable energy for body energy retention was lower 

(P<0.05) in the 5- and 11-months old bulls fed grass silage than with the unsupplemented 

maize silage diet. 

In absolute terms, CH4 emissions tended to be higher (P<0.001 at 9 months of age) when 

feeding grass silage, but this was mainly related to the higher DM intake (Table 3.4). 

Methane per kg of ingested and digested NDF was lower (P<0.01) for the grass silage group 

compared to maize silage. The CH4 emissions related to body weight gain were higher 

(P<0.001) for the grass-silage fed bulls than for maize silage fed bulls at 9 and 11 months of 

age. The methane conversion factor Ym of the grass-silage fed animals was higher (P<0.05) 

than that of the bulls fed maize silage only when bulls were 9 months old (Figure 3.1).
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Ruminal fluid pH, concentrations of NH3 and protozoal counts were similar between the 

grass and maize silage diet (Table 3.5). Bacterial counts were higher (P<0.05) in the grass-

silage fed bulls and likewise, counts of R. flavefaciens (P<0.01) were enhanced with grass 

silage. However, methanogen counts, and the proportions of F. succinogenes, R. albus and R. 

flavefaciens, the latter three being fibrolytes, remained unchanged by exchanging grass silage 

by maize silage.  

 

Table 3.1.Composition of the experimental forages and concentrates (g/kg dry matter) 

 Silages  Concentrates 
 Grass Maize   Control Tannin Garlic Maca Lupines 
Ingredients         

Acacia tannin extract    ‒ 141 ‒ ‒ ‒ 
Garlic bulbs    ‒ ‒ 53 ‒ ‒ 
Maca hypocotyls    ‒ ‒ ‒ 53 ‒ 
Lupine seeds    ‒ ‒ ‒ ‒ 220 
Maize grain    159 100 196 196 200 
Wheat grain    150 92 120 120 72 
Wheat starch    30 50 30 30 30 
Mill by-products    70 ‒ ‒ ‒ 47 
Wheat bran    70 ‒ ‒ ‒ 60 
Maize gluten    ‒ 55 ‒ ‒ 65 
Soybean meal    443 433 484 484 231 
Rumen protected fata    ‒ 50 25 25 ‒ 
Soybean oil    14 ‒ ‒ ‒ ‒ 
Molasses    16 25 40 40 25 
CaCO3    27.5 25 25.5 25.5 27 
Ca(H2PO4)2   3.5 11.5 9.5 9.5 6 
NaCl    12 12.5 12 12 12 
Mineral premixb   5 5 5 5 5 

Chemical composition         
Organic matter 891 963  904 899 904 899 905 
Crude protein 149 81.2  263 265 273 275 264 
NDF 506 361  193 142 150 158 193 
GE (MJ/kg) 17.9 18.5  17.8 19.2 18.1 17.9 18.0 
Total phenolsc 3.47 2.19 0.59 15.8 1.19 0.82 1.79 
Total tanninsc 1.92 1.23 0.32 18.8 0.84 0.44 1.32 
Condensed tanninsc 0.02 0.01 0.01   1.28 0.16 0.05 0.23 

Net energyd (MJ/kg) 6.8 6.1 7.5 7.4 7.5 7.5 7.5 
NDF = neutral detergent fibre, GE = gross energy. 
a Hydrogenated palm oil (RumiFat R 100, Trinova AG, Wangen, Switzerland). 
b Containing per kg DM: Ca, 80 g; Mg, 250 g; Zn, 19.5 g; Mn, 12.1 g; Cu, 4 g; I, 0.1 g; Co, 0.08 g; 
Se, 0.04 g; vitamin A, 2,400,000 IU; vitamin D3, 400,000 IU; vitamin E, 2 g; vitamin B1, 1 g; 
nicotinic acid, 4 g. 
c Given as tannic acid equivalents. 
d Net energy for fattening ruminants (NEV); estimated from tabulated values (ALP, 2008) and estimates for acacia 
tannin extract, garlic bulbs, and maca hypocotyls on the basis of their proximate composition.



Methane emissions from fattening bulls 

36 

 

 

 
Figure 3.1. Development of CH4 conversion rates (Ym, CH4 energy, % of gross energy) of fattening bulls fed 

either grass silage, (Grass), maize silage (Control), or maize silage supplemented with acacia tannin (Tannin) 

with increasing age in comparison to the corresponding IPCC default values (* = different from control at 

P<0.05). Bars represent standard errors. 

 

 

Effects of the supplements added to the maize-silage based diet 

Supplementation mostly did not affect DM and nutrient intakes (Table 3.2). A decrease in 

NDF digestibility and intake of digestible NDF was found for the tannin group across all 

measurement periods compared to all other maize silage diets (P<0.05 and 0.001 at ages of 5 

and 9 months, respectively). Daily body weight gains, calculated from the monthly weight 

measurements, did not significantly differ between treatments at any stage, but they were 

numerically lower for the tannin group relative to the unsupplemented maize silage control 

(Table 3.2).  

Intakes of GE and ME were not different among the maize silage groups (Table 3.3). Total 

energy losses, including energy excretion with feces, urine, and heat, were very similar in all 

maize silage groups. Methane energy losses were decreased in the tannin consuming bulls 

compared to the other maize silage treatments at 9 months (P<0.05) and 11 months 

(P<0.001). No differences in the efficiency of utilization of metabolizable energy for body 
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energy retention were found across the maize silage groups resulting in very similar 

efficiencies of utilization of ME for maintenance (km) and for growth (kf) (Table 3.3).  

Total CH4 emissions (MJ or L/bull/day; Tables 3.3 and 3.4) and CH4 kg/DM intake (Table 

3.4) were decreased with the tannin supplementation, compared to all other maize treatments 

(P<0.05 and P<0.001 in the 9- and 11-months old bulls, respectively). Methane per kg of 

ingested NDF was lowest with the tannin supplementation, especially in the 9- and 11-

months old bulls (P<0.05 and P<0.001, respectively). The CH4 emissions related to body 

weight gain were lowest for the tannin-supplemented group compared to all maize silage 

groups (P<0.001 at 9 and 11 months of age). The methane conversion factor Ym (CH4 energy, 

% of GE intake) was lower (P<0.05 for 9 and P<0.001 for 11 months of age) in the tannin-fed 

bulls compared with the group receiving the unsupplemented maize silage (Figure 3.1). The 

Ym values (%) for garlic, maca, and lupines (not shown in Figure 1 due to clarity reasons) 

were 3.59 ± 0.21, 3.79 ± 0.3, and 4.21 ± 0.26 at 5 months of age, 4.76 ± 0.24, 4.74 ± 0.28, 

and 4.70 ± 0.27 at 9 months, and 5.64 ± 0.19, 5.01 ± 0.22, and 5.10 ± 0.24 at 11 months, 

respectively. This was always very similar to the Ym found with the unsupplemented maize 

silage. 

Ruminal fluid pH and concentrations of NH3 were similar for all maize-silage based diets 

(Table 3.5). No significant changes in protozoal and bacterial numbers or in the composition 

of the protozoal and bacterial populations were found when supplementing the maize-silage 

based diet. 
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Table 3.2. Nutrient intake, apparent fibre digestibility and average daily gains of fattening 

bulls at different ages fed the six experimental diets (n=6) 

Silage type Grass Maize  Grass vs. maize Supplement effect 
Supplementation ‒ Control Tannin Garlic Maca Lupines SEM P-value SEM P-value 
Intake (kg/bull/d)          
Total dry matter            
  5 months 4.02 3.57 3.50 3.83 3.89 3.72 0.139   0.049 0.149   0.31 
  9 months 8.26 7.03 6.84 7.18 7.19 6.95 0.169   0.004 0.177   0.47 
11 months 8.47 7.19 7.04 7.56 7.54 7.26 0.215   0.002 0.321   0.70 

 Silage dry matter           
  5 months 2.42 1.98 1.87 2.21 2.28 2.11 0.139   0.049 0.149   0.31 
  9 months 6.26 5.03 4.84 5.18 5.21 4.99 0.169   0.004 0.177   0.45 
11 months 6.33 5.05 4.87 5.41 5.40 5.13 0.215   0.002 0.321   0.68 

 Organic matter           
  5 months 3.63 3.37 3.26 3.60 3.66 3.50 0.131   0.18 0.144   0.29 
  9 months 7.39 6.66 6.48 6.82 6.81 6.59 0.159   0.009 0.171   0.47 
11 months 7.51 6.76 6.63 7.12 7.10 6.85 0.204   0.028 0.308   0.70 

 Crude protein           
  5 months 0.75 0.59 0.56 0.61 0.60 0.58 0.014 <0.001 0.012   0.084 
  9 months 1.46 0.97 0.97 1.00 1.02 0.94 0.018 <0.001 0.015   0.064 
11 months 1.61 0.92 0.95 1.01 1.02 0.98 0.022 <0.001 0.025   0.058 

 NDF           
  5 months 1.62 1.02 0.92 1.04 1.13 1.08 0.059 <0.001 0.053   0.11 
  9 months 3.51 1.99 1.84 1.98 1.96 1.99 0.067 <0.001 0.057   0.38 
11 months 3.45 2.45 2.24 2.48 2.47 2.46 0.089 <0.001 0.129   0.64 

 Digestible NDF           
  5 months 1.10 0.56a 0.30b 0.46ab 0.62a 0.48ab 0.012 <0.001 0.063   0.016 
  9 months 2.62 0.93a 0.51b 0.89a 0.87a 0.83a 0.049 <0.001 0.061 <0.001 
11 months 2.43 1.33 1.01 1.29 1.23 1.20 0.074 <0.001 0.115 0.30 

 Digestibility of NDF          
  5 months 0.682 0.552a 0.325b 0.446ab 0.543a 0.444ab 0.0184 <0.001 0.0482   0.016 
  9 months 0.748 0.469a 0.279b 0.452a 0.446a 0.417a 0.0174 <0.001 0.0274 <0.001 
11 months 0.709 0.544 0.451 0.518 0.499 0.482 0.0019 <0.001 0.0331   0.32 

Body weight gains (kg/bull/d)         
  5 months 1.35 1.31 1.29 1.27 1.33 1.35 0.111   0.93 0.126   0.89 
  9 months 1.42 1.58 1.48 1.58 1.60 1.57 0.369   0.15 0.451   0.85 
11 months 0.98 1.38 1.17 1.28 1.29 1.26 0.874   0.007 0.779   0.53 

NDF = neutral detergent fibre. 
a, b Means within each row carrying no common letter are significantly different using Tukey`s method 
(P<0.05) within maize silage treatments (Model 2).
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Table 3.3. Energy metabolism and average daily gains of fattening bulls at different ages fed the six 

experimental diets (n=6; n=4 for measurement at 5 months of age) 

Silage type Grass Maize Grass vs. maize Supplement 
effect 

Supplementation ‒ Control Tannin Garlic Maca Lupines SEM P-
value 

SEM P-value 

Gross energy intake (MJ/bull/d)         
  5 months 73.5 65.4 66.0 70.4 71.2 67.9 2.57   0.049 2.74   0.49 
  9 months 144 128 127 132 131 127 3.1   0.003 3.3   0.54 
11 months 151 132 132 139 139 133 4.0   0.007 6.0   0.80 

Metabolisable energy intake (MJ/bull/d)        
  5 months  47.7  47.3  42.8  48.9  48.4  46.0 2.19   0.90 2.42   0.51 
  9 months 96.3 88.5 85.5 90.3 90.8 86.3 2.32   0.039 2.81   0.52 
11 months  94.0  88.7  91.2  93.7  94.3  87.1 2.55   0.25 3.01   0.78 

Faeces and urine energy loss ((MJ/bull/d)        
  5 months   21.0  15.0  19.3  18.3  19.5  18.8 1.04   0.022 1.25   0.11 
  9 months  40.5 33.5 37.3 35.1 34.3 34.7 1.92   0.027 1.69   0.53 
11 months  48.7 35.5 35.7 37.4 37.2 39.5 2.25   0.002 2.28   0.68 

Methane energy loss (MJ/bull/d)        
  5 months 3.25 2.99 2.08 2.53 2.63 2.84 0.778   0.67 0.694   0.40 
  9 months 7.61 5.87a 4.47b 6.27a 6.19a 6.00a 0.187 <0.001 0.380   0.013 
 11 months 7.75 7.57a 4.87b 7.78a 6.97a 6.81a 0.403   0.76 0.450 <0.001 

Heat energy loss (MJ/bull/d)e        
  5 months   23.1 20.0 20.1 22.2 21.8 21.2 1.03   0.086 1.16   0.59 
  9 months 45.6 40.1 40.1 41.4 41.2 39.9 0.98   0.003 1.04   0.55 
11 months 47.5 41.5 41.3 43.8 43.6 41.8 1.23   0.007 1.89   0.78 

Total energy loss (MJ/bull/d)        
  5 months   48.6 37.6 41.3 44.1 43.0 42.6 2.41   0.011 2.79   0.54 
  9 months  93.7 79.5 81.9 82.8 81.7 80.6 2.82   0.005 2.67   0.70 
11 months   104.0 84.6 81.9 89.0 87.7 88.1 3.35   0.002 3.93   0.65 

Body energy retention (MJ/bull/d)         
  5 months 24.6 27.2 22.7 26.7 26.6 24.8 1.29   0.29 1.44   0.36 
  9 months 50.7 48.3 45.4 48.9 49.6 46.4 1.80   0.38 2.16   0.58 
11 months 46.6 47.1 49.9 49.9 50.7 45.3 2.28   0.87 3.53   0.74 

km
c           

  5 months 0.731  0.758  0.743  0.741  0.747  0.742 0.0045   0.004 0.0044   0.16 
  9 months 0.743  0.738  0.740     0.737    0.749  0.739 0.0039    0.14 0.0041   0.66 
11 months 0.719  0.738  0.751  0.738  0.740  0.729 0.0045    0.026 0.0045   0.51 

kf
d           

  5 months 0.511  0.570  0.527  0.548  0.549  0.543 0.0103   0.004 0.0111   0.16 
  9 months  0.518  0.554  0.533  0.541  0.553  0.532 0.0088   0.14 0.0099   0.66 
11 months  0.487  0.530  0.549  0.531  0.538  0.507 0.0099   0.026 0.0099   0.51 
GE = gross energy, ME = metabolizable energy. 
a,b Means within each row carrying no common letter are significantly different using Tukey`s method (P<0.05) within 
maize silage treatments (Model 2). 
c Efficiency of utilization of metabolizable energy for maintenance. Calculated as 0.35 (ME/GE) + 0.503 (AFRC, 
1993). 
d Efficiency of utilization of metabolizable energy for growth. Calculated as 0.78 (ME/GE) + 0.006 (AFRC, 1993). 
e Heat energy calculated as ME minus net energy growth (AFRC, 1993).
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Table 3.4. Methane emission from enteric fermentation of fattening bulls at different ages fed the six 

experimental diets (n=6; n=4 for measurement at 5 months of age) 

Silage type Grass Maize Grass vs. maize Supplement 
effect 

Supplementation ‒ Control Tannin Garlic Maca Lupines SEM P-value SEM P-value 
L/bull/d           
  5 months 82.2 75.6 52.7 63.9 66.6 71.8 22.0   0.66 17.6   0.40 
  9 months 192 148a 113b 158a 157a 152a 10.7 <0.001 10.6   0.013 
11 months 196 192a  123b 196a 176a 172a 10.2   0.76 11.4 <0.001 

L/kg dry matter intake         
  5 months 20.4 21.2 15.7 16.6 17.5 19.5 4.39   0.78 4.34   0.36 
  9 months 23.3 21.1a 16.5b 22.1a 21.9a 21.7a 0.42   0.004 1.25   0.018 
11 months 23.2 26.5a 17.5b 26.2a 23.9a 23.7a 0.88   0.022 1.09 <0.001 

L/kgNDF intake          
  5 months 50.6 74.4 61.1 61.9 61.0 67.7  11.11   0.001 15.98   0.66 
  9 months 54.8 74.5a 61.3b 80.1a 80.4a 76.0a 1.13 <0.001 4.52   0.031 
11 months 57.0 77.9a 55.0b 80.2a 71.0a 70.3a 2.28 <0.001 3.42 <0.001 

L/kg dNDF           
  5 months 75 131 202 147 114 148 14.4   0.001 39.6   0.061 
  9 months 73 161 240 181 180 185   5.47 <0.001 20.7   0.74 
11 months 81 143 124 156 145 167   3.91 <0.001 21.5   0.67 

L/kg body weight gain          
  5 months 60.8 57.7 40.8 50.3 50.0 53.2   9.27   0.58   8.48   0.72 
  9 months 135 94a 76b 100a   98a 97a 10.3 <0.001   8.3 <0.001 
11 months 200 139a 105b 153a 136a 136a   9.3 <0.001 10.6 <0.001 

NDF = neutral detergent fiber, dNDF = digestible NDF. 
a,b Means within each row carrying no common letter are significantly different using Tukey`s method (p<0.05) 
within maize silage treatments. 
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Table 3.5. Variables measured in ruminal fluid of fattened bulls obtained at slaughter (n=6) 

Silage type Grass Maize Grass vs. maize Supplement 
effect 

Supplementation ‒ Control Tannin Garlic Maca Lupines SEM P-
value 

SEM P-
value 

Fermentation variables          
pH   6.48   6.50   6.67   6.43   6.68   6.51   0.132      0.94   0.181 0.83 
Ammonia (mmol/L) 18.7 18.0 13.6   20.6   18.9 17.0   2.33 0.84   2.63 0.50 

Microbial counts          
Protozoaa          
Total (×105 /mL) 16.9 29.5 16.1   27.6   20.3 24.0   4.33 0.054   4.14 0.21 
Entodinium (%) 87.7 92.0 96.8   88.9   85.3 88.3   1.24 0.14   2.73 0.089 
Diplodiniae (%)   7.28   3.53   1.80   6.76   9.21   6.11   1.603 0.20   2.383 0.28 
Epidinium (%)   4.48   4.42   1.40   4.30   5.47   5.61   0.718 0.68   1.203 0.17 
Isotrichidae (%)   0.19   0.03   0.00   0.00   0.00   0.00   0.078 0.20   0.016 0.45 

Bacteria          
Total (×109 /mL) 18.3 12.2 10.4   14.4   12.5 13.5   1.65 0.022   1.06 0.17 
R. flavefaciens (%)    0.62   0.49   0.59   0.49   0.46   0.38   0.109 0.43   0.088 0.64 
R. albus (%)   0.11   0.08   0.07   0.11   0.12   0.14   0.024 0.25   0.022 0.22 
F. succinogenes (%)   0.003   0.003   0.001   0.008   0.008   0.002   0.0009 0.62   0.0023 0.11 

Change in microbial number (% of maize control)b       
Bacteria 55.3    ‒   2.1    17.1      6.7    4.4 14.61 0.025 11.05 0.84 
R. flavefaciens  159.1    ‒ 51.8    47.5     -7.5    0.2  33.59 0.012 21.53 0.19 
R. albus  147.9   ‒ ‒20.4   66.4   43.9 40.4 65.19 0.14 25.57 0.17 
F. succinogenes  24.9   ‒ ‒60.8 173.3 159.1 ‒45.0 40.23 0.88 76.07 0.11 
Archaea ‒8.6   ‒ ‒47.1   ‒5.0 ‒28.5 ‒13.0 18.39 0.75 13.69 0.17 
Methanobacteriales  ‒13.1   ‒ ‒53.3   ‒0.1 ‒35.7 ‒16.9 21.95 0.68 15.72 0.13 

a Based on microscopy counts. b Determined by qPCR results. 
 

Slurry storage experiment 

After 15 weeks of slurry storage, absolute CH4 emissions and CH4 emissions relative to the 

amount of VS were numerically lower in the grass silage group than in the maize silage group 

both at 14°C and 27°C of storage (Table 3.6). The concomitant decrease in MCF expressed as 

% of the IPCC default value of 180 L CH4/kg VS was not statistically significant. Total 

(enteric plus slurry-derived) CH4 emissions were similar across the maize groups except for 

the tannin group where this value was lower than the average of the other maize treatments 

by 33.3% (P<0.01) and 29.7% (P<0.05) at 14°C and 27°C, respectively. In contrast, at both 

temperatures, the emissions from slurry as a proportion of total CH4 formation were higher 

for the tannin supplemented group (P<0.05 at 27°C) compared to the control group.
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Table 3.6. Methane emission from slurry of fattening bulls stored over 15 weeks at different 

temperatures as well as overall enteric (obtained at 11 months of age) and slurry-derived emission 

(n=6) 

Silage type Grass Maize Grass vs. 
maize 

Supplement 
effect 

Supplementation ‒ Control Tannin Garlic Maca Lupines SEM P-
value 

SEM P-
value 

CH4 from manure           
L/bull/d           
14°C 5.47 7.92 6.27 6.72 5.59 7.69   1.01 0.65   0.71 0.41 
27°C 18.7 22.8 25.8 29.0 29.3 26.9   2.62 0.52   1.86 0.088 

L/kg volatile solids          
14°C 1.83 2.68 2.06 2.04 1.95 2.51   0.412 0.12   0.371 0.21 
27°C 6.34 7.77 8.54 9.30 9.61 9.11   1.111 0.48   1.547 0.75 

Methane conversion factor (MCF; % of B0
c)        

14°C 1.02 1.49 1.14 1.13 1.08 1.39   0.212 0.56   0.234 0.71 
27°C 3.52 4.31 4.74 5.17 5.34 5.06   0.653 0.28   0.701 0.63 

Total enteric and slurry-derived CH4 emission (bulls at 11 months of age)      
L/bull/day           
14°C 202 200a 129b 203a 182a 180a 21.6   0.97   25.8   0.006 
27°C 215 215a 149b 225a 205a 199a 22.9 0.98 24.3 0.011 

Slurry CH4 (% of total CH4)         
14°C 2.71 3.96 4.86 3.31 3.07 4.27   0.631 0.44   0.558 0.59 
27°C 8.7 10.6b 17.3a 12.9ab 14.3ab 13.5ab   0.29 0.11   0.32 0.041 

a,b Means within each row carrying no common letter are significantly different using Tukey`s method (P<0.05) within 
maize silage treatments (Model 2). 
c B0 = 180 L CH4/kg volatile solids (IPCC 2006). 

 

 

3.5. Discussion 

 

Level of enteric methane emissions of bulls fed grass- or maize-silage based diets 

Bulls consumed more DM from grass silage than from maize silage but growth rate was 

lower on the former, a typical situation when fattening bulls in grass-based systems are 

compared with those consuming maize silage. On grass silage the higher DMI together with 

the higher NDF content and NDF digestibility meant that much greater intakes of digestible 

fiber occurred. Considering this, a much higher enteric CH4 emission in the grass-silage 

compared to the maize-silage fed bulls was anticipated. However, this difference was rather 

limited especially in the first and the last measurement period concerning CH4/kg digestible 

NDF. However, when expressing emissions per unit of body weight gain, an important 

indicator of emissions occurring per unit of food produced, grass silage feeding was inferior 
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to maize silage feeding, but only at the end of fattening. Compared to diets including maize 

silage, grass-based feeding systems have been described to result in clearly higher CH4 

emissions per unit of animal product elsewhere (O'Mara et al., 1998; Beauchemin et al., 

2008). However, studies performed so far did not directly compare the effects of maize silage 

and grass silage on enteric CH4. It has to be noted that the present study concentrated on 

methane emissions from livestock itself and during slurry storage and did not cover the total 

system GHG emissions which would have included GHG emitted from cropping activity, 

fuel and machinery use (Steinfeld et al., 2006). It is expected that these extra GHG might be 

higher for cultivation of maize. 

Irrespective of the forage type, Ym was consistently far below the IPCC (2006) default 

value 6.5 ± 1.0% set for cattle consuming diets with <900 g concentrate/kg and was 

sometimes even nearer to the 3.0 ± 1.0% recommended for very high concentrate diets. 

However, the concentrate proportions applied in the current experiment never exceeded 450 

g/kg and were mostly below 300 g/kg. Similar to the present findings, also McCaughey et al. 

(1997) reported an Ym of only 4.5±1.5% measured in grazing cattle weighing about 350 kg. 

As Ym increased with age in the present study, an effect of age on methane yield may be 

assumed. However, other factors might have had an influence as well, such as the slightly 

lower concentrate proportion in the diet. This finding appears to fit well to the inverse 

relationship between methane and concentrate proportion (Beauchemin et al., 2008). 

However, as concentrate effects on enteric methane are typically small at this level of 

concentrate proportion (Hindrichsen et al., 2006b), the presence of an age-dependent increase 

in Ym as the result of the development of the rumen, changing digesta kinetics and a more 

efficient archaeal population also cannot be completely ruled out. Also the finding that Ym in 

dairy cows getting diets with similar concentrate proportions than in the present study are 

regularly at 6.5% or higher (Klevenhusen et al., 2010) point towards the presence of an age 

dependence. An effect of age on methane emissions related to DMI has already been found 

for grazing red deer from 4.5 to 11.5 months of age (Swainson et al., 2007), although season 

and pasture composition may have been further factors of influence in that study. 

Furthermore, Ym of adult grazing sheep (6.3) was described to be higher than that (3.9 to 5.3) 

of sheep being 7 to 9 months old (Ulyatt et al. 2005) although again, pasture composition 

probably influenced methane emissions as well. Overall, the available data set is still too 
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small to claim an effect of animal age on methane yield, but seems interesting enough to 

warrant specific studies on this issue. Also concerning the methane yield of bulls fattened on 

grass- and maize-silage based diets, even though providing required country-specific data, 

more studies are needed before specific Ym values for bulls fattened on forage-based diets 

might be considered by the IPCC.  

 

Effect of supplementation on enteric methane emissions 

The similar nutrient intake and growth performance showed that the maize silage diets 

(unsupplemented and supplemented) had been widely isoenergetic. Palatability which may be 

reduced with tannin (Aerts et al., 1999) or garlic and its compounds (Klevenhusen et al., 

2011) was no problem in the present study. 

Out of the supplements tested, the Acacia mearnsii extract was the only effective one in 

CH4 mitigation. This product has been found to decrease enteric CH4 before in sheep (Carulla 

et al., 2005) and dairy cows (Grainger et al., 2009). Tannins are among the compounds 

considered promising in CH4 abatement (reviewed by Patra and Saxena, 2010), and many, 

especially tropical, herbaceous forages, trees and shrubs contain appreciable amounts of these 

and other phenolic compounds (Martin et al., 2010). However, the CH4 mitigation effect 

depends on level and nature of the tannin, and results are not always reproducible with some 

sources (cf. Min et al. (2006) vs. Beauchemin et al. (2007) with quebracho tannin). Tavendale 

et al. (2005) proposed that tannins may inhibit methanogenesis by a direct effect on ruminal 

methanogens and an indirect effect via decreasing hydrogen production through a lower feed 

degradation. This was apparent in the adverse effects found on fiber digestibility in the 

present study and in the study by Grainger at al. (2009). However, this could only partly 

explain the methane abating effect of the tannin product and clear changes in the numbers of 

Archaea, as well as of Bacteria and Protozoa as hydrogen suppliers for the Archaea, were 

lacking as well. However, high standard errors partly prevented numerical differences 

reaching significance. The high variation was especially due to the high variation between 

animals within treatment group. This was especially pronounced in the case of F. 

succinogenes. Furthermore, there was also a considerable variation between replicates of 

DNA extracts within sample. The most important finding was that the anti-methanogenic 
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effect of the tannin was persistent over a period of 6 months which excludes the presence of 

the hypothesized adaptation of the methanogens to tannin. 

Contrary to previous in vitro findings with garlic, garlic oil or sulphur containing garlic 

compounds (Busquet et al., 2005; Staerfl et al., 2010; Soliva et al., 2011), presumed to inhibit 

methanogenic enzymes (Patra and Saxena, 2010), in the current experiment garlic had no 

clear mitigating effect on enteric CH4 formation similar to other in vivo studies (Klevenhusen 

et al., 2011; Patra et al., 2011). In the first measurement period, garlic seemed to have a 

certain, though not significant, effect which was not obvious later. Whether or not there was 

actually an initial effect followed by adaptation remains to be investigated further. It has been 

speculated that methanogens will adapt to garlic with time and that this adaptation will occur 

through the replacement of sensitive by resistant microbes (Busquet et al., 2005, Ohene-Adjej 

et al., 2008). No clear garlic effects on ruminal microbes were found at slaughter in the 

present study.  

Although rich in a long list of plant secondary metabolites (Clément et al., 2010), maca 

hypocotyls had no effect on enteric CH4 formation which was also true for the lupines seeds 

(cf. also Staerfl et al., 2010). These results suggest that either concentrations were too low or 

the secondary plant compounds involved were inefficient with respect to ruminal 

methanogenesis.  

 

Methane emission from slurry storage 

The IPCC suggests different default values for MCF for liquid slurry of 25 and 78% at 

average temperatures of 14°C and 27°C, respectively, while storage duration is not specified 

in the IPCC guidelines. The 15 weeks of slurry storage applied in the current study represent 

realistic durations during winter time in Western Europe, but less so in summer. Still, it has to 

be considered that the in vitro storage conditions might differ from that occurring on farm. 

Furthermore, the MCF values determined do not necessarily reflect absolute methane 

emissions from slurry on farm which not only depends on temperature and storage duration 

but also on further factors like the slurry composition. The MCF values found in the present 

experiment in relation to a B0 of 180 l CH4/kg VS were considerably lower at both storage 

temperatures than the IPCC default values. The MCF had been similarly low in a study of 

Klevenhusen et al. (2010) when dairy slurry was stored for 15 weeks at 14°C and slightly 
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higher when slurry was stored at 27°C. When dairy slurry was stored at 10°C for 22 weeks, a 

MCF of ≤ 1% was reported, while for storage temperatures of 20°C and 30°C MCF ranged 

between 50 and 75% of B0 (Steed and Hashimoto, 1994). Possible explanation for these 

differences to the present study at higher storage temperature could be the long storage 

duration applied. Zeeman (1994) found a strong interaction between storage temperature and 

duration: MCF was substantially affected by temperature and was higher than 15% only 

when cow slurry was stored for more than 150 days. In contrast, the temperature effect 

seemed low for storage durations for up to 150 days. Likewise, Møller et al. (2004) observed 

MCF values of 3.7 and 3.4% of B0 with cattle slurry stored for 90 days at 15°C and 20°C, 

respectively, which suggests that the temperature impact was low, at least for temperatures 

exceeding 15°C. This indicates that the IPCC default values for MCF should be differentiated 

not only by storage temperatures but also by storage duration. 

Külling et al. (2002) and Hindrichsen et al. (2006b) found that feeding treatments causing a 

higher enteric CH4 formation resulted in lower CH4 emissions from the corresponding slurry; 

this probably because of a lack of fermentable matter which has already been spent in the 

animal’s digestive tract. Accordingly, in the present study, feeding of grass silage also 

resulted in at least numerically lower slurry-derived CH4 emissions compared to the control 

maize silage diet. However, this was different for the tannin treatment. These bulls showed 

similar slurry CH4 emissions than those of the other groups suggesting that no compensation 

of the decreased enteric CH4 emission took place in the slurry of this treatment. However, 

also further effects of tannin-containing slurry when used as fertilizer on pastures or crops 

should be subject of further investigation as there might be an influence on plant nutrient 

availability or nitrogen leaching.
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3.6. Conclusions 

 

The present experiment not only showed that the Acacia mearnsii tannin extract, a product 

manufactured in large amounts for the leather industry, might be useful to mitigate enteric 

CH4 formation in maize-silage based diets but, more importantly, demonstrated its long-term 

efficacy. This effect is a very important precondition for its implementation in future 

abatement strategies. Tannin extracts as dietary supplement could either be used locally or 

globally exported to achieve CH4-mitigation without impairing animal performance. The 

results further showed that grass-based feeding systems, different from expectations, do not 

necessarily promote methane emission and that the IPCC default values for Ym might have to 

be revised for production systems where mixed diets are fed to growing cattle.
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4. Fatty acid profile and oxidative stability of the perirenal fat of bulls    
fattened on grass silage and maize silage supplemented with tannins, garlic, 
maca and lupines 

 
Based on: Staerfl, S.M., Soliva, C.R., Leiber, F., Kreuzer, M., 2011. Fatty acid profile and oxidative stability of 
the perirenal fat of bulls fattened on grass silage and maize silage supplemented with tannins, garlic, maca and 
lupines. Meat Science 89, 98-104. 

 

4.1. Abstract 

 

Carcass fat composition of cattle fed a forage-based diet might be inferior with maize silage 

compared to grass-silage based systems. This was quantified using complete diets with 

concentrate. To test whether supplements may influence carcass fat properties as well, the 

maize-silage diet was additionally supplemented either with Acacia mearnsii tannins, garlic, 

maca or lupines, feeds rich in secondary metabolites. The perirenal fat of 6×6 bulls fed these 

six diets was analyzed for fatty acid profile and shelf life. The n−6/n−3 ratio was always 

higher than 11 with the maize silage treatments and 2 with grass silage. The supplements did 

not affect the occurrence of biohydrogenation intermediates, including rumenic acid. Shelf 

life, being twice as long with maize compared to grass silage, was either unaffected or tended 

to be impaired, especially with supplementary garlic. Overall, supplementation was not 

efficient in improving carcass fat properties of maize-silage fed bulls. 

 

4.2. Introduction 

 

Forage-based beef production systems in temperate climates mostly rely on maize and 

grass. Typically, fattening on maize silage is more intensive than grass-based feeding where 

pasture grass and grass silage are the main diet components in summer and winter, 

respectively. Higher daily gains and shorter fattening periods can be expected from the use of 

maize silage (Juniper et al., 2005) due to its higher starch content and digestibility compared 

to grass or grass silage (Mayne & O' Kiely, 2005), making the latter system less competitive 

in terms of growth performance. 
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High concentrations of saturated fatty acids (SFA) and a high ratio of n−6 to n−3 

polyunsaturated fatty acids (PUFA) seem to be associated with a high prevalence of 

cardiovascular diseases (Kromhout et al., 1995; Simopoulus, 2002) due to their contribution 

to platelet aggregation leading to a higher risk for coronary infarcts (Kromhout et al., 1995). 

Concentrate-based fattening systems seem to be inferior to grass- or grass-silage based diets 

(Dannenberger et al., 2006) in providing a low n−6/n−3 FA ratio in body fat, where the latter 

is even more efficient than supplementing the concentrate with n−3 rich linseed 

(Razminowicz et al., 2008). Especially 18:3n−3 (α-linolenic acid), prevalent in the grass 

lipids, gets elevated in body lipids (French et al., 2000b; Razminowicz et al., 2006). Although 

18:3n−3, compared to the n−3 fatty acids with 20 to 24 carbon atoms, is not as effective in 

preventing coronary heart diseases, it partly exhibits its effect by being transformed in 

metabolism through chain prolongation and desaturation. Accordingly, a high intake of 

18:3n−3 was shown in a mouse model to lower the density of atherosclerotic plaques in the 

coronary vessels substantially and to have positive influence on immunological parameters 

(Winnik et al., 2011).  

Similar to cereal-based concentrate, maize silage promotes a high n−6/n−3 FA ratio in body 

fat due to its high content of 18:2n−6 (O'Sullivan et al., 2002) as well as a large de-novo 

synthesis of SFA from starch. On the other hand, this shift may prolong oxidative shelf life of 

carcass fat of maize-silage fed bulls compared to that of grass silage fed bulls. This is an 

important trait for beef products either aged or produced for long storage and is known to be 

dependent on dietary factors as well (Flachowsky et al., 1994). Direct comparisons of the 

maize and grass as forage options have been rarely made with respect to fatty acids (FA; 

O'Sullivan et al., 2002) and, after an exhaustive literature search, none for oxidative stability 

in beef lipids. In other studies, grass-maize comparisons were either confounded with 

concomitant variations in concentrate or feeds were only partially replaced by each other (e.g. 

Keady et al., 2007). 

One reason for the low proportion of n−3 PUFA in beef lipids, apart from a low dietary 

content, is that the transfer from feed to body tissue is disturbed by the activity of the rumen 

microbes which hydrogenate and isomerize a large part of these FA (Chilliard et al., 2007). 

At the same time, this process results in intermediates potentially beneficial to human health.
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This includes the conjugated linoleic acids (CLA) and especially 18:2c9, t11 (rumenic acid) 

and its precursor 18:1 t11 (vaccenic acid) (Belury, 2002). Plant secondary metabolites may be 

helpful to increase the transfer of intact plant-derived PUFA to the body tissues or at least 

inhibit a complete biohydrogenation of the PUFA to 18:0 (stearic acid). For instance, some 

tannin sources were shown to inhibit the activity of certain rumen microbes (e.g. Patra & 

Saxena, 2010) and a certain step of ruminal biohydrogenation, leading to an accumulation of 

18:1 t11 (Khiaosa-ard et al., 2009). In other studies tannins remained ineffective (Vasta et al., 

2010). This modification in the FA profile by tannins (Vasta et al., 2007) may result in an 

indirect improvement of lamb oxidative stability (Luciano et al., 2009). Effects of other plant 

secondary metabolites on FA profile and fat shelf life are mostly unexplored.  

The present study aimed at (i) the quantification of the differences between maize- and 

grass-silage based diets (characterized by 18:2n−6 and 18:3n−3, respectively) in their effect 

on the properties of the body fat of bulls, and (ii) testing of the hypothesis that it is possible to 

improve these properties in maize-silage fed cattle by supplementing feeds rich in plant 

secondary metabolites. The supplements selected were expected to alter ruminal 

biohydrogenation rates of dietary FA or the oxidative protection of PUFA in the metabolism 

or both. The first was a tannin product shown to modify ruminal biohydrogenation (Khiaosa-

ard et al., 2009). The others were garlic, containing various antimicrobial sulphuric 

compounds (e.g., Busquet et al., 2005), hypocotyls of maca (a high-Andean plant rich in 

metabolites such as macaene, macamides, glucosinolates, β-sitosterol; Clément et al., 2010a), 

and lupines containing saponins, which also affect rumen fermentation (Szumacher-Strabel & 

Cieslak, 2010).  

 

 

4.3. Material and methods 

 

Animals and dietary treatment 

Thirty-six Brown Swiss×Limousin crossbred bulls with an initial body weight of 107±18 

kg and 3.8±0.3 months old were allocated to six dietary treatments (n=6) in a complete 

randomized design. In assigning bulls to treatments, initial weight was considered. The two 

control diets consisted either of grass silage (mostly ryegrass, some clover and herbs) or of 
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maize silage as forage each supplemented by the same amount of the same control 

concentrate. All other groups received maize silage and concentrates containing one of the 

four different supplements each. The first was an extract (Acacia mearnsii; Weibull Black, 

TANAC S.A., Montenegro, Brazil; cf. Khiaosa-ard et al., 2009) containing 700 g condensed 

tannins/kg. The second was garlic powder (Allium sativum; ARONA GmbH, Waibstadt, 

Germany). The third concentrate was supplemented with maca hypocotyls (Lepidium 

meyenii; Agronaturales, Lima, Peru), taken from the same batch that had been found effective 

in improving the fertility of breeding bulls (Clément et al., 2010b). The fourth supplement 

was white lupine seeds (Lupinus albus; UFA AG, Herzogenbuchsee, Switzerland). With the 

help of data on anticipated forage intakes (ALP, 2008), target values for concentrate were set 

(Table 4.1.) which should eventually result in total dietary proportions (g/kg DM) of 15 

(garlic and maca; level determined to be equivalent to the 233 mg maca/kg body weight used 

in Clément et al., 2010b), 30 (tannins; equivalent to Carulla et al., 2005) and 60 (lupines; 

poorer in secondary metabolites). The corresponding proportions in the concentrates were 53, 

53, 141 and 220 g/kg DM for garlic, maca, tannin extract and lupines. These dosages were 

anticipated to approach the maximum levels where no major depressions in performance or 

other adverse effects would occur.  

The concentrates were balanced to have the same contents of crude protein and net energy 

as the non-supplemented control concentrate (Table 4.1.) by the use of a mixture of other 

ingredients (mainly maize, wheat, and soy bean meal). For that purpose, the concentrates 

characterized by garlic and maca contained 25 g/kg of rumen-protected fat prepared from 

hydrogenated palm oil (16:0: >0.7 of total; Rumifat R100, Trinova AG, Wangen, 

Switzerland), the corresponding value for the tannin concentrate was 50 g/kg. This increased 

FA content and intake, but did not change either the amount of FA accessible to the rumen 

microbes or the predominant PUFA type (n−6 for the maize silage diets vs. n−3 for the grass 

silage diet) of the complete diets. Concentrates were additionally supplemented with minerals 

and trace elements according to recommendations (Table 4.1.). Additionally, the animals 

were offered free access to a NaCl-containing licking block.  

Six bulls each (one per treatment per pen) were kept in pens (4.4 m×6.4 m) in a partly 

slatted free-stall barn equipped with an outside area (4.4 m×2.8 m per pen). Using responders 

that gave access only to each animal's own trough (American Calan, Northwood, NH, USA), 
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feed allocation and recording of intake was performed individually. For measurements not 

reported here, each bull was kept three times for 8 days in tie stalls equipped with a rubber 

mat. The silages were offered ad libitum. The daily amount of pelleted concentrate was top 

dressed on the silage and restricted initially to 1.6 kg dry matter (DM), then gradually 

increasing to 2.2 kg with progressing fattening period, with the intention to cover energy 

requirements for maintenance and growth in all growth stages. In doing so, the target growth 

rates for the grass- and maize-silage fed bulls were set to 1300 and 1500 g/day, respectively. 

Daily feed intake was calculated from recording cumulative consumption twice a week 

during the entire fattening period. Body weight was determined once every 4 weeks. Samples 

of forages and concentrates were taken ten times during the experiment. Forage samples were 

then dried at 60 °C for 48 h. All samples were milled to pass a 1-mm sieve. The experiment 

was carried out at the ETH research station Chamau, Hünenberg, Switzerland, and was 

approved by the cantonal veterinary office of Zug (approval number ZG 52/08). 
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Table 4.1. Ingredient composition of the different experimental concentrates and chemical 
composition of concentrates and forages (in dry matter) 

Feed Grass 
silage 

Maize 
silage 

Concentrate    

   Control Tannin Garlic Maca Lupines 
Ingredients (g/kg)   ‒ 141 ‒ ‒ ‒ 
Tannin extract   ‒ 141 ‒ ‒ ‒ 
Garlic powder   ‒ ‒ 53 ‒ ‒ 
Maca powder   ‒ ‒ ‒ 53 ‒ 
Lupine seeds   ‒ ‒ ‒ ‒ 220 
Maize grain   159 100 196 196 200 
Wheat grain   150 92 120 120 72 
Wheat starch   30 50 30 30 30 
Mill by-products   70 ‒ ‒ ‒ 47 
Wheat bran   70 ‒ ‒ ‒ 60 
Maize gluten   ‒ 55 ‒ ‒ 65 
Soybean meal   443 433 484 484 231 
Rumen-protected fata    50 25 25 ‒ 
Soybean oil   14 ‒ ‒ ‒ ‒ 
Molasses   16 25 40 40 25 
Calcium carbonate   27.5 25 25.5 25.5 27 
Mono-Ca phosphate   3.5 11.5 9.5 9.5 6 
Sodium chloride   12 12.5 12 12 12 
Premixb   5 5 5 5 5 

      
Nutrient composition (g/kg)    
Net energy (MJ/kg)c  6.1 6.8 7.5 7.4 7.5 7.5 7.5 
Crude protein 149 81.2 263 265 273 275 264 
Neutral detergent 
fiber 

506 361 193 142 150 158 193 

Total fatty acids 22.6 44.8 28.1 91.6 57.9 56.9 31.9 
Fatty acids, g/kg total FAME     
14:0 4.1 1.8 22.7 11.1 8.7 8.4 18.3 
16:0 191 139 259 665 543 609 216 
18:0 13 159 ‒ ‒ ‒ ‒ ‒ 
18:1 42.4 96.1 375 219 242 237 447 
18:2 197 557 329 100 195 139 296 
18:3 530 30.2 14.2 4.7 11.8 7.1 22.9 
20:0 7.3 4.7 ‒ ‒ ‒ ‒ ‒ 
22:0 14.8 10.8 ‒ ‒ ‒ ‒ ‒ 

a Rumifat R100, Trinova AG, Wangen, Switzerland. 
b Containing per kg DM: Ca, 80 g; Mg, 250 g; Zn, 19.5 g; Mn, 12.1 g; I, 0.1 g; Co, 0.08 g; Se, 0.04 g; vitamin A, 
 2,400,000 IU; vitamin D, 400,000 IU; vitamin E, 2 g; vitamin B1, 1 g; nicotinic acid, 4 g. 
c NEV estimated according from tabulated values (ALP, 2008) and from approximate content for tannin extract,  
garlic bulbs, and maca hypocotyls.
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When the individual bulls approached the target weight of 525 kg, they were slaughtered at 

a commercial abattoir situated 2 to 3 h away. The target weight of 525 kg was reached for all 

bulls within a period of six weeks where slaughtering was performed weekly. Slaughter was 

preceded by a fasting period of about 9 h whilst the resting period at the abattoir was very 

brief. Stunning was performed with a bolt gun. Carcasses were subjectively graded for 

conformation and fatness scores by a supervisory grading officer at the abattoir using the 

CHTAX scale (BSE, 1999; similar to the EUROP grading scheme). Hot carcass weights were 

recorded approximately 30 min after slaughter, a period when also samples of about 100 g 

were taken from the perirenal fat, put into plastic bags vacuum packed and stored at −20 °C 

until further analysis. Perirenal fat was chosen as a model body fat tissue as large samples are 

easy to obtain, it is rather homogenous and its response to dietary measures is well known in 

herbivores (e.g. Fu & Sinclair, 2000; Leiber et al., 2008). A limitation of this approach is that 

diet effects on the more important intramuscular lipids might be slightly less, but the 

direction will remain the same (Dannenberger et al., 2005; Leiber et al., 2008). Upon 

notification of off-odor by abattoir staff, a random meat sample, mixed from different 

sampling sites at fore- and hindquarter, was taken on the day after slaughter from one of the 

garlic-fed bulls and sent to Interlabor Belp AG, Belp, Switzerland, where the sulphurorganic 

compounds were analyzed with headspace-gas chromatography and mass spectrometry. All 

subsequent analyses were done in duplicate. 

 

Proximate analysis of feed 

In the forage and concentrate samples, contents of DM (TGA-701, Leco Corporation, St. 

Joseph, Michigan, USA) and N (C/N-Analyzer, Typ FP-2000, Leco Instrumente GmbH, 

Kirchheim, Germany) were analyzed (Naumann & Bassler, 1997). Crude protein (CP) was 

calculated as 6.25×N. Ash-free neutral detergent fibre (NDF)was analysed according to the 

protocol of Naumann and Bassler (1997) using α-amylase (Termamyl 120L, Type S, Novo 

Nodirsk A/S, Bagsværd, Denmark). Contents of net energy viande (NEV) were estimated 

from tabulated values of ALP (2008), except for the tannin extract, garlic bulbs, and maca 

hypocotyls where estimates were based on proximate data.
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Fatty acid analysis 

Extraction of lipids from forages and concentrates, pooled across samplings, was done 

using an Accelerated Solvent Extractor (ASE 200, Dionex Corporation, Sunnyvale, CA, 

USA) with hexane:isopropanol (2:1 vol/vol). As internal standard, 19:0-triglycerides (Fluka 

Chemie, Buchs, Switzerland) were added. Transesterification to FA methyl esters (FAME) 

was carried out using methanolic BF3 as described by Richter et al. (2010). Lipids from 

perirenal fat tissues were directly extracted with hexane-isopropanol (3:2), containing 11:0-

triglycerides (Fluka Chemie, Buchs, Switzerland) as internal standard. The FAs present in the 

extracts were converted to FAME using BF3 according to IUPAC (1987). The analysis of the 

individual FA was performed on a gas chromatograph (HP 6890, Agilent Technologies, Inc, 

DE, Wilmington, USA) using a Supelcowax™10 column (Supelco Inc., Bellefonte, PA, 

USA). Injection and temperature settings were as described in Leiber et al. (2011) for lipids 

in feed and adipose tissue. The peaks were identified by comparing the chromatograms with 

those of a commercial standard (Supelco 37, Supelco Inc., Bellefonte, PA) and the 

chromatograms published by Kramer et al. (2002). Fatty acids were quantified by integrating 

the peak areas with the ChemStation® software (Hewlett-Packard, Palo Alto, CA). The 

proportions of FA were expressed as percentages of the total area of the injected FAME, even 

though minor peaks are not displayed in the Tables. 

 

Shelf life analysis of carcass fat 

The induction period, i.e. the time until oxidation products occur, was determined in the 

perirenal fat using a Rancimat (Rancimat 697, Metrohm, Herisau, Switzerland) operated at 

110 °C and an air flow of 20 l/h. For this purpose, the pure fat tissue without connective 

tissue was first chopped into 1 cm pieces and then gently melted at 80 °C during 1 h in a 

drying cabinet. 

 

Statistical analysis 

Data was statistically analyzed using the MIXED procedure of SAS (SAS 9.1, SAS 

Institute Inc., Cary, NC, USA) with diet as fixed effect and animal as random effect. The 

dataset of one tannin-fed bull was omitted due to anomalies caused by a serious injury to this 



Fatty acid profile of perirenal fat 

56 

 

 

animal. Significant (P<0.05) differences amongst means were determined by Tukey's 

procedure. The tables show least square means and the standard error of the means. 

 

4.4. Results and discussion 

 

Effects on growth and slaughter performance 

The experimental fattening period was 23 days longer on average with the grass-silage fed 

cattle (P=0.63) compared to those fed maize silage resulting in similar age differences at 

slaughter (Table 4.2.). The supplemented groups remained between these two groups. Total 

and silage DM consumption within the experiment was highest with grass silage. The average 

forage-to-concentrate ratio of the grass silage diet as consumed (2.6:1) was slightly higher 

than that of the maize silage diet (2.1:1). Although there was a gap of 110 g/day in growth 

rate between the grass silage and the maize silage groups, this gap was lower than that 

expected (200 g/day). No significant differences between the maize- and grass-silage fed 

bulls were detected in carcass weight, dressing percentage, leanness and fatness (both 

subjectively determined via conformation score and fatness score) as also described by 

McCabe et al. (1995). Contrary to findings in the literature, where cattle fattened on grass 

products were leaner (Bidner et al., 1986) or less muscled (French et al., 2000a) or both, no 

such effect was found in the current study, an effect which would only have occurred with 

clearer differences in energy supply by these two forages. 

With supplementation, DM intakes and growth rates did not differ (P>0.05) from those 

found without supplementing maize silage but, numerically, values of intake and daily gains 

were situated between those found with grass and maize silage in most supplemented diets. 

This indicates that palatability and dietary energy contents were reduced by supplementation, 

especially with tannins. Tannins may impair palatability; increasingly so when being fed in 

dosages over 50 g/kg DM (Aerts et al., 1999). On the other hand, Carulla et al. (2005) found 

enhanced feed intakes in sheep supplemented with Acacia mearnsii tannins at the same 

dosage as used in the current study (30 g/ kg). Garlic powder or oil may (Klevenhusen et al., 

2011) or may not have adverse effects on DM intake (Wanapat et al., 2008; current 

experiment). Supplementation did not affect (P>0.05) slaughter performance.
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Table 4.2. Growth rate, slaughter traits and fat shelf life of fattening bulls fed the 

experimental diets (n=6)a 

Silage type Grass Maize   
Supplement ‒ ‒ Tannin Garlic Maca Lupines SEMb P-value 
Days on experimental 
feeds 

283 260 280 278 275 274 9.6 0.63 

Total intake (tons per  
 head) 

        

  Total dry matter  1.99a 1.42b 1.68ab 1.75ab 1.73ab 1.65ab 0.083 0.003 
  Silage dry matter 1.44a 0.96b 1.13ab 1.21ab 1.20ab 1.13ab 0.071 0.002 
  Concentrate dry  
  matter 

0.54 0.46 0.54 0.54 0.53 0.51 0.020 0.055 

  Total fatty acids (kg 
   per head) 

47.9c 55.8bc 101a 71.7b 83.8ab 67.2b 3.99 <0.001 

     16:0 10.2c 9.31c 40.2a 24.4b 25.7b 10.6c 0.906 <0.001 
     18:0 0.42b 6.85a 8.09a 8.62a 8.59a 8.10a 0.474 <0.001 
     18:1n-9 7.08b 8.93b 15.8a 12.7a 12.3a 12.2a 0.492 <0.001 
     18:2n-6 11.5b 28.2a 33.3a 36.2a 34.2a 33.2a 1.77 <0.001 
     18:3n-3 17.5a 1.48b 1.76b 2.00b 1.84b 1.91b 0.305 <0.001 
Weight gain (kg/day) 1.39 1.50 1.38 1.44 1.43 1.46 0.043 0.33 
Age at slaughter (days) 392 379 380 391 388 385 11.27 0.95 
Slaughter weight (kg) 530 521 512 532 517 519 4.46 0.33 
Carcass weight (kg)  301  305  293  307  302  306 3.45 0.13 
Dressing percentagec  57.4  58.1  56.2  58.2  57.3  58.0 0.007 0.36 
Conformation scored 2.00 1.67 2.00 1.33 1.17 1.33 0.249 0.11 
Fatness scoree 3.00 3.00 2.80 3.00 3.00 3.00 0.678 0.31 
Induction periodf, h  3.00b  7.61a  6.46a  4.53ab 6.43a 5.61ab 0.733 0.002 

aMeans within each row carrying no common letter are different at P<0.05 using Tukey’s method.  
b Standard error of the mean.  
cPercentage of hot carcass weight. 
d1= best developed, 5=least developed according to the CHTAX grading scheme. 
e1=extremely lean, 5=extremely fat according to the CHTAX grading scheme. 
fRancimat test in fat extracted from perirenal adipose tissue. 

 

In the present study, the bulls fed 1.5 g garlic/kg diet had an intensive, garlic-like, off-odor 

and the mixed sample analyzed contained allylmethyl sulphide (a metabolite of allicin) and 

methylbutyl sulphide. For application in farm practice this high level of supplementation is 

therefore unsuitable unless the off-odor can be minimized by discontinuing garlic 

supplementation before slaughter. By contrast, growing lambs fed 0.2 g garlic oil/kg diet did 

not exhibit a specific off-odor in their meat (Chaves et al., 2008b). 

 

Effects on fat shelf life 

The oxidative stability of the perirenal fat, as determined by the Rancimat test, was clearly 

higher when feeding maize silage instead of grass silage (Table 4.2.). A major reason for that 

was probably the larger degree of saturation of the FA. This was obviously more decisive 
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than the effect of additional vitamin E (Flachowsky et al., 1994) expected from the grass 

silage (Scollan et al., 2006). The findings on the comparatively low oxidative stability of the 

fat of grass-silage fed bulls are consistent with the phenomenon of the grassy off-flavor 

sometimes reported for meat harvested from grass-fed cattle and lambs (Priolo et al., 2001; 

Wood et al., 1999).  

Unexpectedly, supplementing maize silage with various feeds rich in secondary metabolites 

had no positive effects on perirenal fat shelf life. A higher oxidative stability with 

supplemented tannins had been repeatedly reported for concentrate-based diets (Luciano et 

al., 2009; Luciano et al., 2011). It seems that there was no potential for further improvement 

when feeding maize-silage based diets. This might have been promoted by the use of 

perirenal fat with its particularly high degree of fatty acid saturation, but this had not 

prevented diet grass silage caused declines in shelf life. Also maca had no influence on shelf 

life. The induction period of body fat from lupine- and especially garlic fed animals even 

showed a trend to approach the short shelf life of the grass-silage group (not significantly 

different from both controls). This was unexpected for garlic because of its known 

antioxidative effects (Amagase et al., 2001), mediated for instance through allicin (Prasad et 

al., 1995), but it seems that the transfer to the carcass fat of the antioxidative compounds was 

not efficient to counterbalance any adverse effects. 

 

Effects of replacing grass silage by maize silage on fatty acid profile 

Maize silage had a clearly higher 18:2n−6/18:3n−3 ratio than grass silage (19 vs. 0.4; 

complete diets, 19 vs. 0.7), and the experimental concentrates resembled the maize silage in 

that respect (Tables 4.1. and 4.2.). The intake of total FA and PUFA across the entire 

experiment was similar with grass and maize silage.  

In the current study, the 18:3n−3 proportion in the perirenal fat of the maize silage group 

was only 14% of that found when feeding grass silage (Table 4.3.). Consistent with this, 

O'Sullivan et al. (2002) reported a significantly lower level of 18:3n−3 in the meat of maize-

silage fed cattle compared to those fed grass silage. However, although maize silage and the 

corresponding complete diet was clearly richer in 18:2n−6 than grass silage, no differences 

for this FA were noted in the adipose tissue FA profile in the present investigation, similar to 

the results for beef conducted by O'Sullivan et al. (2002). Total n−6 fatty acids were even 

higher in proportion when feeding the grass silage. The overall PUFA proportion was lower
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(P<0.05) with feeding maize silage instead of grass silage. Apart from 18:3n−3, the main 

differences resulted from higher contents of other n−3 FA (20:4n−3, 20:5n−3), and n−6 FA 

(18:3n−6, 20:3n−6) in the samples of the grass silage group. The n−6/n−3 ratio was more 

than six times higher in the perirenal fat of the maize silage group than of the grass silage 

group. The n−6/n−3 ratio was increased to a lesser extent than that in the corresponding diets. 

Grass-based feeding systems are generally known to yield comparably high proportions of 

PUFA, in particular n−3 PUFA, in ruminant tissues (Razminowicz et al., 2006; Scollan et al., 

2006). The proportion of PUFA transferred from feed to bovine tissues depends on intake 

(Razminowicz et al., 2006) and bypass through the rumen. 

The CLA content in fat tissue is mainly the result of ruminal biohydrogenation of both 

18:3n−3 and 18:2n−6 (Bessa et al., 2007). Probably the most valuable CLA isomer is 

18:2c9t11 (Benjamin&Spener, 2009) which is the predominant isomer occurring in ruminant-

source foods and results mainly from endogenous desaturation of 18:1 t11; this also after 

consumption by humans. A higher concentration of 18:2c9t11 in the grass silage group had 

been expected, since this FA as well as its precursor 18:1 t11 is often increased in grass-based 

feeding systems (Dannenberger et al., 2004; Scollan et al., 2006). As 18:1 t11 and 18:1 t10 

could not be separated, this might have been masked since both maize silage and concentrate 

were rich in 18:2n−6, which is a substrate for biohydrogenation to 18:1trans FA as well.  

No differences were found for the proportions of total SFA, MUFA and C18:1n−9. In the 

perirenal fat of the maize-silage fed bulls, the odd- and branched chain FA (OBCFA) iso 

C14:0, iso C15:0, 15:0, 17:0 and, in tendency, iso/aiso 17:0 were lower compared to those 

receiving grass silage. These FA are often present in bacterial membrane lipids (Kaneda, 

1991). Vlaeminck et al. (2006) explained such findings by a decrease in cellulolytic bacteria 

in the rumen as a consequence of maize silage feeding. According to these authors the 

replacement of grass silage with maize silage decreases iso C14:0 and iso C15:0 (in milk). 

Reasons could relate to the higher starch and lower NDF content in maize silage, which 

might affect rumen fermentation and volatile FA production (Nielsen et al., 2004). 

 

Effects of supplementing maize silage on fatty acid profile 

The intake of total FA was higher in some of the supplemented diets due to the use of the 

rumen-protected fat (also obvious from 16:0; Table 4.2.). However, total PUFA intake (30 to 

35 kg per head) and 18:2n−6/18:3n−3 ratio (18 to 19) were similar in all maize silage diets. 
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Table 4.3. Fatty acid profile (g/100 g total fatty acid methyl esters) of perirenal adipose tissue 
from fattening bulls fed the experimental diets (n=6)a 
Silage type Grass Maize   

Supplement ‒ ‒ Tannin Garlic Maca Lupines SEM b P-value 

14:0   2.63 3.16 3.00 3.08 3.03 2.99 0.159   0.29 
iso 14:0   0.10a 0.06b 0.05b 0.06b 0.05b 0.06b 0.006 <0.001 
14:1   0.15 0.020 0.19 0.18 0.21 0.20 0.024   0.52 
15:0   0.67a 0.51ab 0.58ab 0.51ab 0.43b 0.48b 0.038   0.002 
iso 15:0   0.31a 0.24b 0.19b 0.22b 0.21b 0.22b 0.013 <0.001 
aiso 15:0   0.39 0.38 0.38 0.38 0.32 0.36 0.028   0.48 
15:1   0.044a 0.010b 0.017b 0.013b 0.009b 0.008b 0.0029 <0.001 
16:0 27.1b 26.9b 30.8a 29.3ab 29.3ab 26.2b 0.75   0.001 
iso 16:0   0.27 0.29 0.22 0.28 0.27 0.29 0.025   0.41 
16:1n-7   1.11b 1.54a 1.62a 1.60a 1.64a 1.40ab 0.097   0.004 
iso 17:0   0.44a 0.40ab 0.37b 0.39ab 0.35b 0.38ab 0.015   0.011 
aiso 17:0   0.81a 0.77ab 0.69b 0.77ab 0.72ab 0.77ab 0.024   0.018 
17:0   4.74a 2.93bc 2.87bc 3.04bc 2.65c 3.28b 0.141 <0.001 
17:1 0.35 0.32 0.29 0.29 0.29 0.29 0.021   0.21 
18:0 28.4 27.4 26.3 25.7 25.6 26.8 1.13   0.50 
18:1n-9 17.8 19.1 16.9 17.6 18.8 19.6 0.91   0.34 
18:1t11+t10 8.95b 10.3ab 9.61ab 11.0ab 10.9ab 11.1a 0.488   0.048 
18:1t13 3.49 3.63 4.20 3.92 3.45 3.74 0.441   0.86 
18:2n-6 1.56ab 1.49ab 1.51ab 1.65a 1.26b 1.82a 0.080   0.001 
18:2c9t11 0.22ab 0.22ab 0.16b 0.26a 0.26a 0.26a 0.019   0.007 
18:3n-6 0.96a 0.75b 0.73b 0.73b 0.69b 0.73b 0.050   0.006 
18:3n-3 1.23a 0.17b 0.15b 0.14b 0.17b 0.18b 0.063 <0.001 
20:0 0.21 0.19 0.18 0.16 0.16 0.24 0.018   0.061 
20:1n-9 0.11ab 0.10b 0.08b 0.08b 0.10b 0.16a 0.012   0.001 
20:3n-6 0.05a 0.02b 0.04ab 0.03ab 0.03ab 0.04ab 0.005   0.011 
20:4n-6 0.03 0.02 0.04 0.02 0.02 0.03 0.004   0.072 
20:3n-3 0.02 0.02 0.02 0.01 0.02 0.02 0.004   0.31 
20:4n-3 0.042a 0.003b 0.00b 0.00b 0.001b 0.00b 0.0018 <0.001 
20:5n-3 0.034a 0.00b 0.00b 0.00b 0.00b 0.00b 0.0018 <0.001 
Total n-3 1.33a 0.19b 0.17b 0.15b 0.19b 0.21b 0.063 <0.001 
Total n-6   2.61a   2.30ab   2.31ab   2.44ab   2.01b   2.62a 0.118   0.010 
SFAd 63.2 61.8 64.2 62.3 61.9 60.3 1.45   0.57 
MUFAd 32.1 35.2 32.9 34.7 35.4 36.5 1.49   0.33 
PUFAd 4.74a 2.93bc 2.87bc 3.04bc 2.65c 3.28b 0.142 <0.001 
n-6:n-3e 2.1b 13.2a 16.1a 17.7a 10.9a 14.4a 1.86 <0.001 

a Means within each row carrying no common letter are different at P<0.05 using Tukey’s method.  
b Standard error of the mean.  
c Unidentified isomers of conjugated linoleic acids. 
d SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. 

e Variable without unit. 

 

The effects of the supplements on the FA profile of the perirenal fat were weak (Table 4.3.). 

Out of the supplements, tannins had the clearest effects. The proportion of 16:0 was higher 

(P=0.001) with tannins compared to the two non-supplemented controls. However, this was 

most probably an effect of the higher 16:0 intake with this concentrate. The proportion of 
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18:2c9t11 was lower (P<0.05) with tannins compared to the other supplements, but 

differences to the non- supplemented controls were not significant and also the 18:1trans FA 

did not respond to tannin supplementation. This weak response might be explained by the use 

of lower doses than the ~90 g tannins/kg of diet found effective by Vasta et al. (2009). 

Although garlic powder and oil had been found to be very effective in vitro against certain 

ruminal microbes, especially the methanogens (Soliva et al., 2011; Staerfl et al., 2010), no 

effect of garlic on individual FA in the perirenal fat was found. Chaves et al. (2008b) also did 

not find differences in the FA composition of backfat and liver of lambs fed garlic oil 

compared to control lambs. Supplementation with maca and lupines was inefficient as well 

except for the observation that PUFA proportion was lower (P<0.05) with maca than with 

lupines.  

Since biohydrogenation of both, 18:2n−6 and 18:3n−3 involves (to different degrees) 

18:2c9t11 and 18:1 t11 (Chilliard et al., 2007), the lack of effects on the levels of these FA 

largely disproves the hypothesis that the supplements applied at the given dosages could alter 

the tissue FA profile of ruminants via modifying microbial biohydrogenation. It remains to be 

explored if this was the result of an adaptation of the microbes and if short-term 

supplementation in the finishing phase could be more effective.  

 

4.5. Conclusions 

 

The differences in fatty acid profile and shelf life found between perirenal fat from grass- 

and maize-silage fed bulls were larger than anticipated. Unexpectedly, none of the 

supplements rich in different plant secondary metabolites efficiently influenced fat quality 

traits in the maize-silage fed cattle, indicating that these supplements in the dosages applied 

do not substantially alter the ruminal lipid metabolism. However, potentially more effective 

higher levels might result in reduced palatability and performance, and cost-efficiency might 

be limiting as well.
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5. In vivo evidence for decreased methane and urinary nitrogen 
emissions when feeding hay from a high-sugar ryegrass (AberMagic) to 
dairy heifers 
 
Based on: Staerfl, S.M., Amelchanka, S.L., Kälber, T., Soliva, C.R., Kreuzer, M., Zeitz, J.O., 2012. In vivo 
evidence for decreased methane and urinary nitrogen emissions when feeding hay from a high-sugar ryegrass 
(AberMagic) to dairy heifers. Livestock Science (submitted). 

 

5.1. Abstract 

The objective of the present study was to test the hypothesis that feeding hay from a 

ryegrass cultivar (here: ‘AberMagic’) with high water-soluble carbohydrates (WSC) content 

to dairy cows lowers emissions of enteric methane (CH4) and volatile urinary nitrogen. This 

hay was compared as a forage-only diet to hay prepared from a low-WSC cultivar 

(‘Respect’), grown contemporaneously on a similar field. Both hay types were opposed to a 

corn silage-based diet containing additionally (on a dry matter basis) 5% barley straw, 4% 

soybean meal, and 0.5% urea. Six mid-lactating Holstein-Friesian dairy heifers (21 kg 

energy-corrected milk/head per d) were subjected to a duplicate 3 × 3 Latin square design in 

three 26-d experimental runs. In the last 8 d of each run, feed intake, milk yield, fecal and 

urinary excretion were recorded and samples were taken. During 2 d, CH4 emissions were 

measured in open-circuit respiratory chambers. Diet had no significant effect on feed intake 

and milk gross composition. Milk yield and urea N content were highest for heifers fed the 

low-WSC hay. Total enteric CH4 (g/d) was lower when heifers received high-WSC hay (279) 

instead of low-WSC hay (315), and the corn silage-based diet (337). Methane expressed as 

g/kg dry matter intake differed between the high-WSC hay (19.4) and the corn silage-based 

diet (23.1). Methane conversion rates (Ym) were 6.3% of gross energy for both hay diets, and 

6.9% for the corn silage-based diet. The low-WSC hay yielded higher crude protein content 

(26%) compared to the high-WSC hay (16%) and the corn silage-based diet (11%) resulting 

in a corresponding order in urinary N excretion of 292, 114 and 55 g/d, respectively. A 

similar effect was found for urinary N proportion of total excreta N. Fecal and milk N 

excretion did not differ among groups. In conclusion, feeding high-WSC ryegrass seems to 

be helpful in limiting noxious emissions from dairy cattle husbandry. Further studies have to 

address the extent to which favorable effects can be recovered in mixed forage-concentrate 

diets. 
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5.2. Introduction  

 

Worldwide the emission of greenhouse gases from livestock and their impact on global 

warming are of major concern (Steinfeld et al., 2006). Thereof, methane (CH4) has been 

identified as the single largest source of anthropogenic greenhouse gases, and it originates mostly 

from ruminants (Mathison et al., 1996). Methane emissions are influenced by the nutrient 

composition of the diet. Types and dietary proportions of carbohydrates are largely affecting 

ruminal fermentation conditions (especially pH), VFA profile and, concomitantly, CH4 

formation (Bannink et al., 2010). Especially the degradation of fiber, which is prevalent in 

grasses, results in high enteric CH4 formation (Beauchemin et al., 2008). Replacing fiber with 

starch is expected to decrease enteric CH4 emissions as starch is mainly degraded to propionate, 

a process that acts as a competitive hydrogen sink to methanogenesis (Moss et al., 2000). 

Accordingly, in a recent study dairy cows emitted less enteric CH4 when fed a corn-based diet 

compared to ryegrass hay (Klevenhusen et al., 2010b). By contrast, sugars might have a higher 

methanogenic potential than starch or even fiber (Hindrichsen et al., 2005; Ellis et al., 2012), but 

this presumably only when a high ruminal pH is maintained (Hindrichsen and Kreuzer, 2009). 

In the ongoing search for CH4-abating strategies, new ryegrass cultivars, which are rich in 

water-soluble carbohydrates (WSC), have gained attention (Ellis et al., 2012). These forages are 

often simply referred to as ‘high-sugar’ cultivars. The easily available carbohydrates provide 

energy and replace part of the fiber or the protein or even both in these cultivars. Theoretical 

considerations made by Ellis et al. (2012) suggest that this would lead to higher absolute CH4 

emissions and more CH4/kg DMI as more sugar is supplied which is assumed to have a high 

methanogenic potential. When related to milk yield, CH4 might still be low due to the expected 

high NEL content of high-WSC grasses, which promotes feed conversion efficiency and might 

increase milk yield. However, in two in vitro experiments (Lovett et al., 2006; Niderkorn et al., 

2009), CH4 formation per unit of feed was found to be lower with high-WSC compared to low-

WSC ryegrass cultivars. A preliminary report (abstract by Kim et al., 2011) indicated that this 

might also be true in vivo. However, to the authors’ knowledge, no peer-reviewed report on in 

vivo effects of the influence of high-WSC grasses on enteric CH4 formation is yet available.
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A second important greenhouse gas besides CH4 is nitrous oxide especially when grazing is 

practiced (Steinfeld et al., 2006). Extra urinary nitrogen (N), as a result of an excessive N intake, 

is particularly unfavorable in this respect because urea can be easily transformed into ammonia, 

nitrous oxide and nitrate, three forms of noxious emissions (de Klein and Eckard, 2008). Feeding 

high-WSC grasses to dairy cattle was proposed to reduce N losses via urine and feces (Ellis et 

al., 2011). Common grass cultivars often provide less fermentable energy than would be needed 

to efficiently use the large amounts of RDP available for rumen microbial growth (Ellis et al., 

2011). Therefore, there are high ammonia-N losses from the rumen, N which is mainly excreted 

as urea with the urine. Increasing the WSC content of grass could (partially) restore the balance 

of fermentable energy (higher yield because of the sugar) and RDP (fewer CP), thus promoting 

metabolic protein supply to the animal and decreasing system N emissions (Miller et al., 2001). 

The basic hypothesis tested in the present study was that feeding high-WSC ryegrass hay to 

lactating cows results in lower CH4 emissions and urinary N losses than conventional ryegrass. 

By this it might be possible to approach the low emission levels achieved with a corn silage-

based diet typically characterized by more starch and less fermentable fiber and CP than grass. 

The findings, therefore, should also help to resolve the partially contradictory previous findings 

on high-WSC grasses obtained in vitro and by modeling. In order to maximize dietary treatment 

differences, the effects were quantified when fed as high-WSC hay alone in comparison to 

conventional ryegrass hay and a corn silage-based based diet. For that purpose mid-lactating 

heifers were used with a milk yield level that was consistent with a forage-only diet.  

 

5.3. Material and methods 

 

Experimental Forages 

Two perennial ryegrass (Lolium perenne L.) cultivars were used; one cultivar called ‘Respect’ 

(DLF-TRIFOLIUM, Kapelle, The Netherlands), which is early-heading with low WSC content, 

and a second cultivar called ‘AberMagic’ (British Seed Houses, Lincolnshire, Great Britain), 

also early-heading but bred to express high WSC contents. Of each cultivar, 3.4 ha were sown on 

March 25, 2011 on fields where previously grass leys had been grown. The two sites were on the 

same soil of clay type with low humus content (Flisch et al., 2009). The soils on which the high-
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and the low-WSC cultivars were planted contained (mg/kg DM): P, 146 and 100; K, 200 and 

266; Ca, 6948 and 3820; Mg, 168 and 265, respectively, according to analyses carried out by 

Labor Ins AG (Kerzers, Switzerland) following the protocol of Flisch et al. (2009). Ammonium 

nitrate was applied as N fertilizer 6 and 10 wk after sowing in amounts equivalent to 30 and 50 

kg N/ha, respectively. On May 10 and 18, 2011, herbicides (Pendimethalin 400 and Bentazon; 

Realchemie Nederland BV, Eindhoven, The Netherlands) were applied. Additionally, a cleaning 

cut was conducted on May 25, 2011. Both cultivars were harvested on June 26, 2011 but at 

different times of the day (‘Respect’ at 9 a.m.; ‘AberMagic’ at 2 p.m.) in order to maximize the 

difference in WSC content between the cultivars. After 2 d, the air-dried hay was further dried in 

separated drying devices for each hay type, where the hay was ventilated for 60 h with pre-

warmed air and afterwards for 25 h with air of ambient temperature. Representative samples 

were collected from the finally dried experimental hay types and the fresh grass at harvest in the 

morning and in the afternoon, respectively. These samples were used to estimate the WSC-losses 

during the drying process. The grass samples were frozen at –20°C immediately after collection, 

lyophilized for 48 h and ground to pass a 1-mm sieve right before laboratory analysis. 

As the third experimental forage, corn (Zea mays, cultivars ‘Amadeo’ and ‘ES Progress’; Otto 

Hauenstein Samen AG, Rafz, Switzerland) was sown on previous grass leys in spring 2010. 

Dairy manure and ammonium nitrate were applied shortly after sowing in an amount of 

approximately 175 kg N/ha. The whole aerial part of the corn plant was harvested and ensiled in 

mid-September 2010. 

 

Dairy Heifer Experiment 

Six primiparous Holstein heifers were subjected to a duplicate 3 × 3 Latin square design with 

three 26-d experimental runs. The dairy heifers initially weighed 544 ± 34 kg, were 112 ± 13 

DIM and had an ECM yield of 20.1 ± 6.1 kg/head per d. Prior to the experiment, the heifers were 

housed in a free-stall barn and had been fed for 1 wk a mixture of corn silage, grass silage, and 

hay in proportions (on a DM basis) of 48, 46, and 6%, respectively. The experimental diets, 

either consisted of hay only prepared from the high- and low-WSC ryegrass cultivars, or of corn 

silage mixed with barley straw, soybean meal, as well as feed grade urea in proportions of 90.5, 

5, 4, and 0.5% of DM, respectively. With this composition, also the corn silage-based diet was
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considered as quasi forage-only. In separate troughs the heifers received (per head and d) 50 g of 

NaCl, and either 100 g of a mineral-mixture containing 16% Ca and 8% P (hay diets), or 200 g 

of a mineral-mixture with 17% Ca and 5% P (corn silage-based diet). Both mineral-mixtures 

additionally contained Mg, 5%; Na, 4.5%; Zn, 0.4%; Mn, 0.2%; Cu, 0.05%; J, 20 ppm; Se, 20 

ppm; Co, 15 ppm; vitamin A, 1,200,000 IU; vitamin D3, 200,000 IU; and vitamin E, 0.2%. 

The first 5 d (for hay) or 7 d (for the corn silage-based diet to ensure a sufficient adaptation to 

feed urea) of the 26-d experimental runs served for gradual adaptation to the experimental diets 

(transition period). These transition periods were followed by 21 d (for hay) or 19 d (for the corn 

silage-based diet) on the experimental diet exclusively. For the first 18 d, dairy heifers were kept 

in groups with electronically controlled access to individual troughs and had free access to the 

diets and fresh water at all times. The heifers were moved to an outside yard with concrete floor 

for 1 h/d. Provision of fresh feed and milking took place at 5.30 a.m. and 4.30 p.m. During the 

last 8 d of the experiment, a data and sample collection period was carried out during which the 

dairy heifers were tied in individual stalls. For separate and complete collection of feces and 

urine, urinals were fastened over the vulva of the dairy heifers using Velcro straps (Scotchmate 

Reclosable Fastener Loop (product no. SJ3527N) and Hook (product no. SJ3526N)). Feces were 

collected in chromium steel tubs placed underneath the grid at the rear end of the tie stalls. After 

the daily recording of the feces amount, homogenous samples were collected and later pooled 

according to their daily amount. Part of the feces were frozen at –20°C until determination of N 

and C contents, and another part was dried at 60°C for 72 h and ground to pass a 1-mm sieve for 

analysis of other constituents. Urine was collected in 20-l containers with part of the urine being 

channeled into a 1-l container containing 5 M-sulfuric acid to maintain a pH below 5 for later N 

determination. Milk yield was recorded at each milking and samples were conserved with 2-

bromo-2-nitropropane-1,3-diol (Bronopol; D&F Inc., Dublin, CA, USA) for gross nutrient 

analysis. Additionally, milk samples pooled according to their daily amount were stored at 

‒20°C for later N analysis. Body weights were recorded prior to the experiment and on d 1, 20 

and 26 of each experimental period. Samples of the three diets were taken once per collection 

period and experimental run (n = 3), dried in case of the corn silage-based diet (60°C for 48 h) 

and milled to pass a 1-mm sieve. Feed refusals were recorded, but no samples were taken as the
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hay diets consisted exclusively of one feed and because no obvious component selection from 

the corn silage-based diet occurred. 

A 2-d measurement period (2 × 22.5 h) in the respiratory chambers was included in the 8-d 

collection period, where feed, excreta, and milk amounts were recorded and sampled as done in 

the tie stalls. Each of the chambers had a volume of 20 m3 and was kept at constant temperature 

(realized: 16.9°C ± 0.2°C) and relative humidity (59.8 ± 0.4%). The airflow through the 

chambers was 34.5 ± 0.2 m3/h. Air pressure averaged at 1119 hPa. Inside the chambers the 

concentrations of CH4 and CO2 (infrared analyzer NGA 2000, Fisher-Rosemount, Ohio, USA) as 

well as O2 (Oxymat 6, Siemens AG, Karlsruhe, Germany) were quasi continuously measured in 

the in- and outgoing air. Prior to the first respiration measurements of each experimental run, the 

chambers were tested for their gas recovery by burning propane gas and evaporating water as 

described by Soliva and Hess (2007). Data were corrected for the recovery rates realized. Right 

before each measurement, the gas analyzers were calibrated with a reference gas (19.5% O2, 

1.5% CO2 and 0.35% CH4, Pan Gas, Dagmersellen, Switzerland). The animal experiment was 

approved by the cantonal veterinary office (ZG55/11). 

 

Laboratory Analysis 

Standard procedures of AOAC (1997) were applied where available. The contents of DM and 

ash were analyzed in feeds, dried feces and non-acidified urine by a TGA-701 (Leco 

Corporation, St. Joseph, Michigan, USA). Contents of C and N were determined in feeds, fresh 

feces, non-acidified urine (for C), acidified urine (for N), and milk by using a C/N-analyzer 

(Leco-Analysator Typ FP-2000, Leco Instrumente GmbH, Kirchheim, Germany). CP was 

calculated as 6.25 × N. The Fibertec System M (Tecator, 1020 Hot Extraction, Flawil, 

Switzerland) was used to determine NDF, ADF, and acid detergent lignin (ADL) in feeds and 

dried feces using α-amylase but no sodium sulfite for NDF. Contents of NDF, ADF, and ADL 

values were given without residual ash (van Soest et al., 1991). Gross energy (GE) in feeds and 

dried feces was analyzed by bomb calorimetry (Calorimeter C7000, IKA-Werke GmbH & Co. 

KG, Staufen, Germany). Ether extract (EE) in feeds and dried feces was determined using a 

Soxhlet extractor (Büchi Extraktionssystem B-118, Flawil, Switzerland). Contents of WSC and 

ethanol soluble carbohydrates (ESC) were analyzed by near infrared reflectance spectroscopy 



Methane emissions from dairy cows fed high-sugar ryegrass 

68 

 

(model 6500, Foss NIRSystems with Win ISI II v1.5, Laurel, USA; Dairy One, Ithaca, USA) 

following the protocol of Hall et al. (1999). Milk gross constituents were analyzed using a 

Milkoscan 4000 (Foss Electric, Hillerød, Denmark). MUN was calculated as milk urea × 0.4666. 

 

Calculations and Statistical Analysis 

The apparent coefficients of digestibility were calculated from the amounts ingested and those 

recovered in the feces. Calculations of the requirements of NEL, absorbable protein at the 

duodenum (equivalent to MP) calculated from RDP and RUP (PDIN), and absorbable protein at 

the duodenum calculated from fermentable OM and RUP (PDIE) followed recommendations 

given by ALP (2008). For calculating the energy balance the following equations were used: 

(1) CH4 (kJ) = CH4 (l) × 39.565 (Brouwer, 1965); 

(2) Urine (kJ) = 33.1 × urinary C (g) + 9.2 × urinary N (g) (Hoffmann and Klein, 1980); 

(3) Heat (kJ) = 16.18 × O2 (l) + 5.02 × [CO2 (l) – 3 × CH4 (l)] − 2.17 × CH4 (l) − 5.99 × urine-

N (g) (Chwalibog et al., 1996); 

(4) Milk (MJ) = 0.38 × fat (%) + 0.24 × protein (%) + 0.17 × lactose (%) (ALP, 2008). 

  

Data were subjected to ANOVA applying the MIXED procedure of SAS 9.1 (SAS Institute 

Inc., Cary, NC, USA) with diet, animal × diet, experimental run, and experimental run × diet as 

fixed effects, and animal as random effect. Least square means and standard errors of the means 

are presented in the tables. Multiple comparisons among means were carried out using Tukey’s 

method. Differences between means were considered to be significant at P < 0.05. 

 

 

5.4. Results 

 

Experimental Diets 

The low-WSC grass developed slower than the high-WSC grass although cultivated on similar 

soil and treated the same way. Consequently, it was harvested at an earlier growing stage (before 

heading) than the high-WSC grass (early heading). Hay yields were 2.3 and 1.4 tons of DM/ha 

for the high- and the low-WSC cultivar, respectively. Large differences in WSC (and ESC) 
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content were realized in the hay prepared from the two cultivars (Table 5.1.). These differences 

in WSC were even higher than those found in the grass at harvest (20.2 and 14.4% in DM with 

high- and low-WSC content). Accordingly, the WSC-losses during drying were only 4% of 

initial for the high-WSC hay and as high as 28% of initial for the low-WSC hay. The non-NDF 

carbohydrate (NFC) fraction for both ryegrass cultivars mainly consisted of WSC. For the corn 

silage-based diet this fraction included low proportions of WSC, and the main component was 

assumed to be starch. Contents of OM and ADF were similar across all three diets, but NDF was 

lower in the corn silage-based diet compared to the hay diets. The CP content was highest for the 

low-WSC grass resulting also in high PDIN levels. Although GE content was slightly lower, the 

calculated NEL content was higher for both hay diets compared to the corn silage-based diet.  

 

Animal Performance  

Intakes of DM, OM, ADF, and ADL were similar with all diets (Table 5.2.). The CP intake was 

highest (P < 0.05) with the low-WSC hay compared to the high-WSC hay or the corn silage-

based diet. The NDF intake was similar between the two hay diets, but it was lower for corn 

silage (P < 0.05). The intake of NFC was highest with corn silage, followed by the high-WSC 

hay and was lowest with the low-WSC hay (P < 0.001). Intake of WSC and ESC was high with 

the high-WSC hay, lower with the low-WSC diet and lowest with corn silage (P < 0.05). The 

average BW recorded in the 8-d collection period was similar among treatment groups (P > 0.1). 

Likewise, no significant treatment differences occurred in the generally small BW changes that 

ranged between +5 to -15 kg on average during the entire 26-d experimental periods. When dairy 

heifers were fed the low-WSC hay they had higher (P < 0.05) ECM yields than when fed high-

WSC hay or the corn silage-based diet. Contents of milk fat, protein and lactose remained 

unaffected by the diet, but MUN was higher with the low-WSC hay (P < 0.05). The calculated 

supply over requirements for maintenance and milk yield of the dairy heifers concerning NEL 

and absorbable protein (both PDIE and PDIN have to be supplied in sufficient amounts) was 

positive except for the corn silage-based diet where a slight PDIN deficiency occurred.
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Table 5.1. Nutrient composition of the experimental diets (%) 
Diet High WSC Low WSC Corn 
OM 89.9 87.4 95.7 
CP 15.8 25.5 11.1 
NDF 49.2 49.1 40.3 
ADF 27.9 27.1 25.3 
Acid detergent lignin 3.01 3.19 3.81 
Non-NDF carbohydrates1 22.4 10.1 41.0 
Water-soluble carbohydrates 19.3 10.3 4.5 
Ethanol-soluble carbohydrates 12.9 8.2 3.5 
Ether extract 2.50 2.80 3.33 
PDIE2 11.2 11.0 9.3 
PDIN2 10.3 15.9 7.2 
Gross energy (MJ/kg DM) 17.9 17.9 18.4 
NEL (MJ/kg DM)3 6.49 6.56 5.37 

1Calculated as OM ‒ NDF ‒ CP ‒ ether extract. 
2Calculated from analyzed feed ingredients and a standard value of 
80% for amino acid digestibility following ALP (2008). PDIE, 
absorbable protein at the duodenum calculated from fermentable OM 
and RUP; PDIN, absorbable protein at the duodenum calculated from 
RDP and RUP.  
3Calculated as 0.6 × (1 + 0.004 × (ME/gross energy ‒ 57) × ME (GfE, 
2001).  
 
 
Nutrient Digestibility, Energy Losses and Energy Utilization  

The apparent digestibility coefficients of OM, NDF, and ADF were higher (P < 0.05) for both 

hay diets compared to the corn silage-based diet (Table 5.3.). No differences (P > 0.1) were 

found for energy intake when expressed as GE, digestible energy, and ME (Table 5.4.). Energy 

losses through feces were highest (P < 0.01) when dairy heifers received the corn silage-based 

diet. Urine energy excretion was highest with the low-WSC hay and lowest with corn silage (P < 

0.05). Heat energy remained unaffected (P > 0.1). Milk energy excretion was highest with the 

low-WSC hay (P < 0.05), whereas body energy retention was not affected (P > 0.1). Energy 

utilization (GE for digestible energy and ME as well as ME for milk energy) was lower for the 

corn silage-based diet compared to the two hay-based diets (P < 0.05). 
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Table 5.2. Daily nutrient intake, energy and protein supply and dairy heifer performance  
  Treatment    
Item High WSC Low WSC Corn SEM P-value 
Daily intake (kg/cow/d)     

DM 14.4 15.7 14.7 0.55 0.556 
OM 12.9 13.7 14.0 0.49 0.317 
CP 2.28b 3.99a 1.63c 0.107 0.004 
NDF 7.06a 7.70a 5.88b 0.267 0.046 
ADF 4.02 4.26 3.71 0.150 0.853 
Acid detergent lignin 0.43 0.49 0.49 0.006 0.312 
Non-NDF carbohydrates1 3.24b 1.60c 6.03a 0.111 <0.001 
Water-soluble carbohydrates 2.77a 1.61b 0.67c 0.088 0.003 
Ethanol-soluble carbohydrates 1.89a 1.30b 0.51c 0.064 0.005  

BW (kg/cow)  548 543 533 13.9 0.850 
Milk yield and composition     

ECM (kg/cow/d)2 16.1b 19.0a 14.7b 0.39 0.019 
Fat (%) 4.17 3.93 3.91 0.123 0.060 
Protein (%) 3.33 3.26 3.12 0.088 0.535 
Lactose (%) 4.82 4.81 4.86 0.025 0.103 
Urea (mg/100 ml) 16.3b 44.2a 11.5b 2.51 0.028 

Supply over estimated requirements (%)3     
NEL +12.7a +12.2a +1.5b 0.50 0.037 
PDIE +37.4 +31.2 +24.7 1.31 0.112 
PDIN +26.3b +89.7a -3.4c 2.28 <0.001 

a-cMeans within a row with different superscripts differ (P < 0.05).  
1Calculated as OM ‒ NDF ‒ CP ‒ ether extract. 
2Calculated as (0.38 × fat (%) + 0.24 × protein (%) + 0.17 × lactose (%)) × yield (kg/d) / 3.14 
(ALP, 2008). 
3Considering requirements for maintenance (BW0.75) and ECM yield (ALP, 2008). For 
explanation of PDIE and PDIN see footnote of Table 5.1. 

 

Table 5.3. Apparent total tract nutrient digestibility (%) 
  Treatment    
Item High WSC Low WSC Corn SEM P-value 
OM 80.2a 82.2a 70.8b 1.10 0.002 
NDF 81.2a 86.5a 48.1b 1.90 0.003 
ADF 76.2a 78.1a 48.6b 2.39 0.013 
Non-NDF carbohydrates1 83.7a 68.9b 90.1a 3.27 0.025 
a,bMeans within a row with different superscripts differ (P < 0.05). 
1Calculated as OM ‒ NDF ‒ CP ‒ ether extract.
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Table 5.4. Intake, excretion and utilization of energy 
  Treatment    
Item High WSC Low WSC Corn SEM P-value 
Energy intake (MJ/cow/d)     
Gross energy (GE) 258 280 270 9.8 0.463 
Digestible energy 196 221 185 10.0 0.751 
ME 171 189 162 10.0 0.856 

Energy loss (MJ/cow/d)     
Feces 62b 59b 86a 3.2 0.004 
Urine 10b 15a 5c 0.46 0.004 
Methane 15b 17a 19a 0.55 0.012 
Heat (corrected)1 93 102 100 3.5 0.385 
Total loss 180c 194b 209a 3.7 0.042 

Energy retention (MJ/cow/d)     
Milk 51b 60a 46b 1.3 0.019 
Body 28 27 15 11.6 0.907 
Total 78 87 61 11.2 0.998 

Utilization of GE (%)     
Digestible energy 75.9a 78.4a 68.2b 1.31 0.014 
ME 65.7a 67.0a 59.6b   1.46 0.026 

Utilization of ME for milk energy formation (%)   
kL

2 62.1a 62.4a 60.6b   0.35 0.026 
Methane conversion rate (methane energy, % of GE)   
Ym 6.27 6.28 6.93   0.273 0.271 

a-cMeans within a row with different superscripts differ (P < 0.05).  
1Corrected for assumed carbon dioxide from microbial fermentation as outlined 
by Chwalibog et al. (1996). 
2Calculated as (0.463 + 0.24 × ME/GE) × 100% (ALP, 2008). 

 

 

Methane Emission and Nitrogen Excretion 

Total enteric CH4 (g/head per d) was lower with the high-WSC hay diet compared to the other 

two diets (P < 0.05; Table 5.5.). Methane emissions per kg DMI were also lower when dairy 

heifers were fed the high-WSC hay instead of the corn silage-based diet (P < 0.05). When 

feeding low-WSC hay, CH4/DMI was intermediate and not significantly different from the other 

two diets. Enteric CH4 per kg ECM was highest with the corn silage-based diet (P < 0.05). 

Methane excretion per kg digested OM was not significantly different among the dietary 

treatments. The emission of CH4 per kg digested NDF was almost three times higher when dairy 

heifers were fed the corn silage-based diet instead of the hay diets (P < 0.05). The CH4 
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conversion rate (Ym), i.e., CH4-energy as fraction of GE, was not affected by the dietary 

treatment (Table 5.4.).  

The N intake was highest with the low-WSC hay, lower with the high-WSC hay, and lowest 

with the corn silage-based diet (P < 0.05; Table 5.6.). Fecal N losses were proportionately lowest 

(P < 0.05) in the low-WSC treatment, but treatment differences in daily fecal N excretion were 

not significant (102, 109 and 70 g/head per d with high-WSC hay, low-WSC hay and corn silage, 

respectively). Urinary N excretion as proportion of N intake was highest (P < 0.05) with low-

WSC hay and lower with high-WSC hay and, even more pronounced, with corn silage. In 

absolute terms, urinary N excretion was 229, 114 and 55 g/head per d, respectively, with these 

three treatment diets. The N utilization (milk N, % of N intake) was lowest with the low-WSC 

hay, and highest with the corn silage-based diet, but values with the high-WSC hay (P < 0.05) 

were intermediate. In absolute terms, milk N excretion was similar across the dietary treatments. 

 

Table 5.5. Emission of enteric methane  

  Treatment    
Item High WSC Low WSC Corn SEM P-value 
g/cow/d 279b 315a 337a 10.0 0.012 
g/kg DMI 19.4b 20.3ab 23.1a   0.88 0.021 
g/kg ECM 17.7b 16.8b 23.0a   0.89 0.026 
g/kg digested OM 26.9 28.4 34.0   1.37 0.416 
g/kg digested NDF 48.6b 47.2b 119.1a 14.91 0.019 
a,bMeans within a row with different superscripts differ (P < 0.05).  
 
 

Table 5.6. Nitrogen intake and excretion 
  Treatment    
Item High WSC Low WSC Corn SEM P-value 
N intake (g/cow/d) 364b 638a 261c 17.2 0.004 
N excretion (% of N intake)    
Fecal N 27.8a 17.0b 27.3a   1.03 0.025 
Urinary N 32.4b 46.1a 21.1b   2.94 0.037 
Milk N 24.6b 17.5c 32.6a   1.13 0.043 

Urine N excretion (% of total fecal and urinary N)   
 53.4b 73.1a 43.3b   2.48 0.047 

a-c Means within a row with different superscripts differ (P < 0.05).  
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5.5. Discussion 

 

In the present study, the most important boundary condition consisted in obtaining grass hay 

types substantially differing in WSC content. This was realized with a difference of a factor of 

two, and the hay quality was good enough to be used as sole feed to dairy heifers with a milk 

yield of around 20 kg/head per d. The large difference in WSC probably was not only the result 

of cultivar differences but also due to daytime of harvest and post-harvest losses. As the low-

WSC grass was harvested at an earlier growing stage, the higher WSC losses during drying with 

that cultivar might have resulted from a higher cell respiration (Horrocks and Valentine, 1999). 

Higher WSC contents had been shown earlier when ryegrass (Miller et al., 2001) and tall fescue 

(Fisher et al., 1999) were cut in the afternoon instead of in the morning. Even though Menge-

Hartmann et al. (2009) found no such influence on WSC contents in ryegrass cultivars, the 

proportion of fructans in WSC was higher in the afternoon. Here, we do not present comparisons 

of absolute WSC contents found with those reported in other studies because differences in 

environmental growing conditions as well as laboratory analysis make sound comparisons 

difficult. 

Although sown and fertilized the same way, the CP contents of the two ryegrass cultivars 

clearly differed. In the high-WSC hay, WSC was thus mainly increased at the expense of CP in 

the present experiment as has been found before (Peyraud et al. 1997, Menge-Hartmann et al. 

2009), but not at the expense of fiber (cf. Ellis et al., 2011, 2012). This may be partly explained 

by harvesting the low-WSC grass at an earlier growing stage than the high-WSC grass (Vranić et 

al., 2008), which counterbalanced fiber and exacerbated CP differences. Likely reasons for the 

growth retardation of the low-WSC cultivar were the high weed density and unexpected draught 

in some parts of the field, factors of influence, which cannot be attributed to the cultivars.  

 

Effects on Methane Emission  

In the present study, absolute enteric CH4 emissions were lower when feeding hay from high- 

instead of low-WSC ryegrass. On a DMI basis, this difference was no longer significant, and 

effects were absent when CH4 emissions were related to milk yield (a relation sometimes called 

‘CH4 emission intensity’), GE intake (Ym) and digested fiber. So far, only few studies exist
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which examined the CH4 emission-potential of ryegrass cultivars with different levels of WSC. 

Lovett et al. (2004) found no effects on CH4 production in vitro, probably due the unexpected 

low differences in the WSC content of test cultivars of only 1.1%. However, later Lovett et al. 

(2006) showed a potential of lowering in vitro CH4 formation when the difference in the WSC 

content of ryegrass was 3.3% but not when the difference was only 1.4%. Comparing three 

ryegrass cultivars with elevated WSC contents (around 30% WSC) with a low-WSC ryegrass 

cultivar (‘Premium’, 27% WSC), only one of the high-WSC cultivars decreased in vitro CH4 

emissions (Niderkorn et al., 2009). In the preliminary report (abstract) of Kim et al. (2011), 

feeding high- and low-WSC ryegrass to lambs resulted in similar absolute CH4 emissions. 

However, when relating CH4 emissions to DMI and ADG in the same study, CH4 emissions were 

lower with the high-WSC diets. Finally, results from an extensive modeling study based on 

various simulations (Ellis et al., 2012) even indicate that CH4 emissions would increase with 

elevated WSC levels depending on grass composition, DMI, and units chosen to express CH4. 

The highest increases in simulated CH4 emissions (MJ/d, Ym, and g/kg milk) occurred when 

WSC was increased at the expense of CP, a situation like the one valid for the current study, 

where no such effect on CH4 occurred. 

These partially contradictory results indicate that various factors may be relevant when 

explaining the influence of high-WSC cultivars on enteric CH4 formation. First, it seems that a 

certain extent of difference in WSC content is necessary so that effects on enteric CH4 are 

exhibited. There is no clear standard definition of ‘high-WSC’, but Ellis et al. (2012) assumed 

that WSC differences of at least 2-4% in DM would be needed to find significant differences in 

CH4 emissions in vivo. The difference of 9% realized between the cultivars in the current 

experiment should therefore have been sufficient. A second critical issue seems to be the effect 

of the WSC-containing plant on ruminal pH. In case ruminal pH is lower when feeding a high-

WSC cultivar than when feeding a low-WSC cultivar, ruminal methanogenesis should decline. 

Under this condition, sugars rather have a low CH4 emission potential, which is similar to that of 

starch (Hindrichsen and Kreuzer, 2009). The methanogens are susceptible to pH < 6 (Hu et al, 

2005). Dohme-Meier et al. (2011) presented data showing that even feeding hay with a medium 

WSC content (16%) can lead to a ruminal pH of 5.5 to 5.8 during a considerable part of the day. 

This especially occurs when rapidly fermentable matter is supplied in exchange of slower 
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degradable fiber. On the contrary, when ruminal pH is not affected by feeding different grasses, 

methanogenesis could be increased by extra WSC. Sugars then exhibit a clearly higher CH4 

emission potential than starch (Hindrichsen and Kreuzer, 2009). In a study of Hindrichsen et al. 

(2005), CH4 emissions were elevated when feeds rich in sugar replaced fibrous feeds in the 

concentrate, a situation where only small differences in ruminal pH have to be assumed. 

Additionally, when WSC do not replace fiber but RDP, CH4 formation will be higher (Bannink 

et al., 2010). This was assumed by Ellis et al. (2012) to be the overriding effect. As CH4 did not 

increase in the present study, ruminal pH appears to have been lower with the high-WSC hay 

than with the low-WSC hay, this at simultaneously lower CP content.  

The high CH4 formation with the corn silage-based diet as compared to both hay diets was 

unexpected as this diet contained less fiber and more NFC than the two hay diets. Another study 

where dairy cows were fed a corn-based diet resulted in lower CH4 emissions than those fed a 

hay diet (Klevenhusen et al., 2010b). In that study, corn stover had been complemented by corn 

whole-plant pellets to adjust the corn diet’s energy content to that of the hay diet. Staerfl et al. 

(2012) found only small differences between grass- and maize-silage based diets in absolute CH4 

emission of bulls. These contradictory results indicate the presence of other factors of influence 

when comparing grass- and corn-based diets 

The Ym-values found with all three experimental diets were within the range of 6.5 ± 1.0% 

representing the default value recommended by the IPCC (2006) to be applied for diets 

containing less than 90% concentrate. In other studies with high-forage diets (e.g., Hindrichsen 

et al., 2006; Münger and Kreuzer, 2006; Klevenhusen et al., 2010a), Ym ranged between 6.8 and 

7.9. On the contrary, O'Neill et al. (2011) calculated Ym-values of 5.7 for grass-fed cows. The 

simulations carried out by Ellis et al. (2012) resulted in Ym-values ranging between 5.9 to 7.0% 

for ryegrass hay with different levels of WSC and N fertilization. 

 

Effects on Nitrogen Excretion 

In case of the high-WSC hay, dietary CP content and N intake only accounted for 62% and 

57%, respectively, of that of the low-WSC hay. These proportions were even lower with the corn 

silage-based diet. Still, as was expected, absolute fecal and milk N excretion were not affected by 

either N intake or level of WSC. Ellis et al. (2011) predicted that urinary N excretion from high-
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WSC ryegrass decreases with increasing WSC levels, especially when there is a concomitant 

decrease in CP. Consistent with that, in the present study N excretion was lower with the high-

WSC hay where WSC replaced part of the CP when compared to the low-WSC hay. Reasons for 

the lowered urinary N losses include less excess in RDP supply compared to requirements and 

provision of extra fermentable carbohydrates as the basis of further ammonia utilization for 

rumen microbial protein synthesis. In the present study, it seems that most of the urinary N 

decreasing effect was coming from the reduction in CP content. This is also obvious from the 

differences in PDIN supply over requirements. In contrast, the extra fermentable energy coming 

from the WSC seems to have been counterbalanced by a lower digestibility of NDF and ADF. 

This resulted in an even slightly lower calculated NEL content of the high-WSC compared to the 

low-WSC grass. Merry et al. (2006) found an improved efficiency of incorporation of feed 

protein into microbial protein with high-WSC grass silage in vitro. At similar N intake they also 

registered a lower ruminal ammonia concentration and a higher efficiency of microbial protein 

synthesis in vivo. Different from that, no differences in microbial efficiency between high- and 

low-WSC grasses were reported by Lee et al. (2002). However, low ruminal ammonia levels at 

low CP contents of the grasses of about 10% suggest that both steer groups had been in a N-

limiting situation (Lee et al., 2002). Ruminal ammonia had not been measured in the present 

study, but its ruminal concentration is closely related to MUN concentration. Here the results 

clearly support that feeding high- instead of low-WSC hay decreased ruminal ammonia release 

almost to the level found when feeding the corn silage-based diet. Different from that, MUN 

levels were similar when using high- and low-WSC ryegrass in the experiments of Taweel et al. 

(2005) and Tas et al. (2006) but grass CP contents differed less than in the present study. 

In the current study, urine N as proportion of N intake was lower by about one third for the 

high-WSC hay compared to the low-WSC hay. This is in agreement with other studies (Miller et 

al., 2001; Moorby et al., 2006) concerning the WSC-effect, although the urine-N proportions in 

these studies where comparatively lower than those in the present study. The reduction in urine 

N proportion found in the present study with high-WSC high represents a huge difference in N 

emission potential from the manure. Actually, it can be expected that only about half or less 

gaseous N emissions (nitrous oxide or ammonia or both) would have been emitted from the 

manure of the cows fed the high-WSC hay compared to the low-WSC hay. This can be 
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concluded from the study of Külling et al. (2001) where dietary CP content differed between 

12.5 and 17.5% in DM. In situations where the difference in CP content between low- and 

high-WSC cultivars is lower, this reduction in gaseous N emission potential is not as high, 

but likely still substantial. Concomitantly with the lower N losses, feeding the high-WSC hay 

clearly improved proportionate N utilization for milk protein production, which agrees with 

findings of Miller et al. (2001). Others found no clear differences in milk N utilization when 

comparing high- and low-WSC cultivars (Moorby et al., 2006; Tas et al., 2006).  

 

Effects on Animal Performance 

According to simulations made by Ellis et al. (2012) a higher DMI with high-WSC ryegrass 

compared to low-WSC ryegrass can be expected as a consequence of a better palatability. 

However, the DMI of the animals fed low- and high-WSC hay was similar in the current 

experiment. This is consistent with other studies where silage or grass with different WSC 

levels was fed to early (Tas et al., 2006; Taweel et al., 2005, 2006) or mid- to late lactating 

dairy cows (Peyraud et al., 1997; Miller et al., 2001) or lambs (abstract by Kim et al., 2011). 

In the present study, dairy heifers fed the two hay diets ingested approximately 12% more 

NEL than theoretically required when considering requirements for maintenance and ECM 

yield. However, milk yield was lower with the high-WSC hay than with the low-WSC hay. 

This may be explained by a combination of the numerically lower levels of both, DMI and 

digestibility in the high-WSC group. In situations where the digestibility of high-WSC 

ryegrass was higher than that of low-WSC ryegrass, milk yields of cows consuming the high-

WSC ryegrass were higher (Miller et al., 2001; Moorby et al., 2006). A possibly decreased 

milk yield due to higher WSC level at the expense of CP (Ellis et al., 2011) is not likely in the 

present experiment as contents of CP and PDIN were sufficiently high in relation to 

requirements. The calculated amount of NEL ingested with the corn silage-based diet 

corresponded to theoretical requirements. Still ECM yield differed between this diet and the 

low-WSC hay. Due to the lower digestibility and, partly, because of higher CH4 energy 

losses, utilization of GE and ME were significantly lower with the corn silage-based diet 

compared to the hay diets. 

Milk gross composition remained unaffected by high- or low-WSC ryegrass forages as has 

also been observed by Miller et al. (2001) and Taweel et al. (2005), neither was there an 

effect of the corn silage-based diet. This confirms that all diets provided sufficient structural 

property of fibrousness to maintain a high milk fat content and a sufficient supply of MP to
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maintain milk protein synthesis. The latter is confirmed by the calculated positive supply of 

PDIE and PDIN (except in the corn silage-based diet) over requirements. 

 

5.6. Conclusions 

 

Hay produced from a high-WSC cultivar was shown to be effective in decreasing total 

enteric CH4 (g/d) emissions of dairy heifers compared to low-WSC hay and a corn silage-

based diet. When expressing CH4 per unit of feed and GE intake, or relative to milk yield, the 

differences between the hay types were no longer significant, but both were still lower 

compared to the corn silage-based diet. Feeding the high-WSC cultivar furthermore reduced 

the N emission potential of the manure. It has to be noted that the current experiment was set 

up to realize high differences in WSC contents between the two ryegrass cultivars. 

Furthermore, forage-only diets are only suitable for certain stages of lactation and milk yield 

levels. Therefore, the CH4 and N mitigating potential might be smaller especially in intensive 

farming systems. This needs to be quantified in further studies along with the effects on the 

actual emissions of CH4 and N from manure.  
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6. Methane emissions from Swiss dairy farm slurry as affected by 
season and silage or no-silage feeding in comparison with IPCC default 
values  
 
Based on: Staerfl, S.M., Bosshard, C., Graf, C., Zeitz, J.O., Kreuzer, M., Soliva, C.R., 2012. Einfluss von 
Jahreszeit und Fütterungssystem auf die Methanemission aus Schweizer Milchviehgülle im Vergleich zu den 
Annahmen des IPCC. Agrarforschung (submitted). 

 
 
6.1. Abstract 

Due to the lack of country-specific data, often the so-called IPCC default values are taken 

for calculating country-specific greenhouse gas budgets. The default value to be applied for 

Switzerland for the ultimate estimated methane (CH4) production capacity (B0) of slurry 

amounts to 240 l CH4/kg volatile solids (VS). In the present study, slurry from 64 dairy farms 

representing all major Swiss milk producing cantons was collected. Sampling took place both 

in winter and summer on farms feeding either silage or no silage thus representing the two 

major Swiss dairy cattle feeding system options. Farms were further classified by their annual 

milk yield (<7000, 7000-8000, >8000 kg/cow). B0 was determined by incubating the slurry at 

35°C for 14 weeks. Winter slurry resulted in a B0 ranging between 241 and 314 l CH4/kg VS, 

while in the summer slurry B0 ranged between 35 and 62 l CH4/kg VS. The lower summer 

slurry B0 could have been the result of intensive previous fermentation in the slurry ponds or 

strong dilution through rainfalls. Silage or no-silage feeding did not influence B0, even 

though there were significant differences in nutrient composition of the diets and in VS. The 

annual milk yield had no clear influence on slurry-derived CH4. The large between-season 

variation indicates that other differences in feeding and slurry management have to be taken 

into consideration in developing country-specific data.  

 

6.2. Introduction 

 

Methane (CH4) with a 21 times higher global warming potential as compared to carbon 

dioxide (CO2) (Steinfeld et al. 2006) is ‒ besides nitrous oxide (N2O) ‒ the most important 

agriculturally derived greenhouse gas. Especially ruminant husbandry, through enteric 

fermentation, is a major contributor to global CH4 emissions. Although being much lower 
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than the amount of CH4 released during ruminal digestion, the emissions from manure have 

to be taken into consideration when budgeting agricultural greenhouse gases as well. Mainly 

the anaerobic decomposition of organic matter results in CH4 emissions from manure 

(Steinfeld et al. 2006). 

Since country-specific data on CH4 emissions from enteric and manure methanogenesis are 

most often scarce or missing, so-called default values from the Intergovernmental Panel on 

Climate Change (IPCC) are used to calculate greenhouse gas budgets (Klevenhusen et al. 

2010). Currently, Switzerland also applies these default values. These values include the 

ultimate CH4 production capacity (B0) of manure, which is set to 240 l CH4/kg volatile solids 

(VS) for dairy cows in North America and Europe by the IPCC (2006). However, the 

quantity of CH4 released from manure depends on various factors such as storage duration 

and temperature, as well as diet composition (Steinfeld et al. 2006). High-concentrate diets, 

which reduce ruminal pH and decrease fiber digestion in the animal, lead to higher amounts 

of VS excreted by the animal, which represents extra fermentable substrate for CH4 

production in slurry (Hindrichsen et al. 2006).  

The objective of the current study was to experimentally evaluate the maximum CH4 

production potential of slurry from dairy farms to generate a first set of country-specific data 

for Switzerland. In doing so, farms widely covering the range of frequent Swiss milk 

production systems were included. For that purpose, the two major feeding system options, 

silage and zero silage diets (the latter valid for regions where mainly hard cheese is produced) 

were distinguished. Furthermore, farms with low, medium and high milk yields were 

distinguished thus facilitating also that a certain variation in the dietary concentrate 

proportion was covered. Seasonal differences, where major feeding system differences and 

slurry storage temperatures exist, were considered by collecting slurry from the same farms 

once during winter and summer term each. 

 

6.3. Material and methods 

 

Slurry collection 

Slurry samples were obtained from 64 Swiss dairy farms described in Table 6.1. Farms 

were randomly chosen but included a selection of typical dairy farms from Swiss cantons 



Methane emissions from dairy slurry 

82 

 

where milk production is a predominant agricultural activity (AG, BE, FR, LU, SG, TG, VD 

and ZH; Muller 2010). The average farm size was 27.5 ± 7.7 ha, and most cows were of 

Brown Swiss and Holstein Friesian breed. The farms were grouped by (i) feeding system 

with either silage being allowed (grass and maize silages with concentrate fed year round) or 

farms where no silage was used (hay in winter and grass during summer time plus small 

amounts of concentrate) and (ii) by the herd’s average annual milk yield. All farms diluted 

slurry with water at ratios varying from 1:0.5 to 1:2 (slurry:water). Eighty-three percent of the 

farms had covered slurry ponds. Farmyard manure was uncommon in these farms. 

Slurry sampling took place in February and March 2010 (winter period) and in August and 

September 2010 (summer period). After stirring the slurry for 30 min, vertical columns of 

samples were obtained from the storage ponds using an acrylic glass lance (length 2-4 m, 

inner diameter 4.5 cm). Ten subsamples of about 1 l each were filled into 40-l buckets and 

homogenized to a composite sample. Two 1-l subsamples were then filled into plastic bottles 

(Semadeni AG, Ostermundingen, Switzerland), put into cooling boxes and stored at -20°C 

until analysis. Additionally, samples from individual feeds (pooled to represent the actual 

diet) or mixed rations were taken, and the dietary proportions of the ingredients were 

registered for later calculation of the VS excretion rates. Using a standardized questionnaire, 

further details on farms and production techniques were obtained (Table 6.1).  

 

 

 

Table 6.1: Description of the farms where slurry samples had been collected (means ± standard deviations)  
Diet type Silage Zero silage 
Average milk yield 

   (kg/year) 
<7000 7000-8000 >8000 <7000 7000-8000 >8000 

Number of farms 11 11 11 11 11 9 

Farm size (ha) 23.9±3.8 25.3±4.4 32.5±3.6  25.9±3.8  31.1±3.8  39.6±4.2  

Herd size (number) 26.5±3.8 23.6±4.9  40.6±4.0  28.2±4.1  30.5±4.1  37.4±4.6  

Milk yield  
(kg/year) 

6415±110 7801±140  8637±114 6545±119  7490±119  8444±132 

Concentrate  
(% of the diet) 

24.5±2.8 15.6±3.6  22.7±2.9  18.2±3.1  21.7±3.1 36.7±3.4  
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Controlled slurry storage 

The determination of the ultimate slurry methane emission followed the in vitro incubation 

method outlined by Hashimoto (1989). Serum bottles with an effective volume of 119.1 ± 0.6 

ml served as fermentation units. The bottles were filled with 50 ml of slurry and an inoculum 

applied in a ratio of 2.33:1 (Sommer et al., 2007). The inoculum consisted of slurry from 

cows fed a total mixed diet (g/kg DM; grass silage, 450; maize silage, 390; hay, 95; 

concentrate, 65). This inoculum had been stored for 3 weeks at 35°C to get an active mixed 

microbial population to initiate the fermentation processes and also to reduce the amount of 

fermentable material (Sommer et al. 2007). Four fermentation units filled with inoculum only 

served as control and basis for further calculations. After flushing with pure nitrogen, bottles 

were sealed with 1-cm thick butyl rubber stoppers (Bellco Glass, Vineland, New Jersey) and 

incubated at 35 ± 0.2°C for 14 weeks. Methane concentration in fermentation gas drawn 

through the rubber stoppers by a gas tight syringe (Hamilton-Bonaduz, Switzerland) was 

measured gas chromatographically (Hewlett Packard, model 5890 series II, Avondale, PA, 

USA). A glass syringe (Eterna matic Sanitex, Sanitex SA, Bassecourt, Switzerland) with a 

number 16 gauge and a 2.5 cm long needle (B. Braun Medical AG, Sempach, Switzerland) 

was used to measure the volume of gas produced. The gas pressure developed during 

fermentation expelled the glass plunger on the horizontally-held syringe until atmospheric 

pressure was achieved (Steed and Hashimoto, 1994). Gas volumes were adjusted for 

calculations to standard temperature (0°C) and 1013 mbar pressure. 

 

Laboratory analysis 

Dry (hay, concentrate) or dried (silage, grass; 48h at 60°C) feed samples were ground to 

pass a 1-mm sieve. Dry matter (DM) and total ash (TA) were automatically analyzed in 

slurry, inoculum, and feeds (TGA-701, Leco Corporation, St. Joseph, MI, USA). Contents of 

C and N were determined with a C/N-Analyzer (Leco-Analysator Typ FP-2000, Leco 

Instrumente, Kirchheim, Germany). Gross energy (GE) was assessed by bomb calorimetry 

(Calorimeter C7000, IKA-Werke GmbH & Co. KG, Staufen, Germany). Ammonium-N 

concentrations in slurry samples and inoculum were determined as total ammoniacal-N by 

MgO distillation (Distillation Unit 323, Büchi, Flawil, Switzerland) as described by 

Amberger et al. (1982).
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Calculations and statistical analysis 

The amount of VS (kg cow/d) was calculated as suggested by IPCC (2006; Tier 2) as [GEI 

× (1 - DE/100) + (UE × GEI)] × [(1-ASH/18.45)], where GEI = GE intake (MJ cow/d; 

calculated using an average value for Switzerland of 18 kg DM intake (DMI) cow/d; ALP, 

2008), DE = digestibility of energy (%) = (GEI - feces energy) × 100/GEI, UE × GEI = 

urinary energy expressed as fraction of GEI (the IPCC standard value of 0.04 × GEI was used 

here), ASH = ash content of slurry calculated as a fraction of DMI, and the factor 18.45 = 

conversion factor for dietary GEI per kg DM (MJ/kg; assumed by IPCC 2006 to be relatively 

constant across forages and grain-based feeds). Methane yield (‘B’, ml CH4/g VS) was 

calculated by subtracting the proportionate share of methane produced by the controls 

(average from 4 controls) from methane produced by each fermentation unit. The difference 

was divided by the amount of VS in the slurry sample. Ultimate methane yield (B0, ml CH4/g 

VS) was calculated from the equation ‘B’ = B0 × (1 - e-kt) with k as methane production rate 

per day. B0 (if methane yield assays were prolonged indefinitely) was estimated using a 

nonlinear regression fit to yield data, using the Marquardt-Levenberg algorithm of SigmaPlot 

11.0 (Systat Software, Chicago, Illinois) (Massé et al., 2010).  

Data was subjected to analysis of variance using the MIXED procedure of SAS 9.1 (SAS 

Institute Inc., Cary, NC, USA). In the model, diet type, milk yield, their interaction, and 

season were considered as fixed effects. Multiple comparison among means were carried out 

by Tukey`s method. Differences among means were considered significant at P<0.05.  

 

6.4. Results and discussion 

 

Chemical composition of feeds and slurry 

In general, the seasonal changes in chemical composition of the diets were smaller in the 

silage using farms compared to the zero-silage farms (Table 6.2). This is due to the fact that 

silage-feeding farms did not change the diet ingredient composition much over the year, 

while with zero-silage the cows were grazing in summer time while getting hay in winter. 

Season had only a significant influence on ash and N content of winter and summer diets 

resulting in higher levels of both during summer time. The zero-silage diets had a higher N 

content compared to silage-based diets, which might be due to the feeding of fresh grass 
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particularly rich in protein in the first system. Additionally, the ash contents of zero-silage 

diets were significantly higher, while the GE contents were significantly lower compared to 

silage diets. Herd milk yield class had no significant influence on the analyzed diet 

composition, and there was also no interaction between diet type and milk yield. The 

variables of slurry composition analyzed were not significantly affected by the factors tested.  

 

Methane emissions from slurry during storage 

There were intensive changes taking place in ‘B’ (cumulative methane yield) with 

progressing incubation time for winter (Figure 6.1A) and summer slurry (Figure 6.1B). These 

data are the basis for calculating B0. Similar to other studies (e.g., Hindrichsen et al., 2006), 

first a slow increase in CH4 happened until it reached a peak, and then decreased as then 

obviously nutrient availability declined. In contrast to other studies (Hindrichsen et al., 2006; 

without inoculum), however, the onset of the increase in CH4 emission in the current 

investigation took place after a short period of time and reached its maximum already after 4 

weeks had passed, probably as a result of using an inoculum compared to not using an 

inoculum (Vedrenne et al., 2008). In doing so, a low inoculum/substrate ratio as in our case 

(30:70 following Hashimoto 1989) should be preferred to avoid excessive CH4 formation 

(Vedrenne et al., 2008). 

The total VS amounts in slurry calculated slightly exceeded the IPCC (2006) default values 

for VS of 1.86 t/cow/year in both seasons (Table 6.3) with a trend for a season effect 

(P=0.07) towards higher values in winter. The VS amounts significantly differed between 

silage-feeding and zero-silage farms in both seasons. The lower GE and higher ash contents 

of the zero-silage compared to the silage diets might have accounted for that. Total VS was 

not affected by herd milk level and no milk yield × diet type interaction was found. 
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Table 6.2. Chemical composition (g/kgDM) and gross energy content (MJ/kg DM) of diets and slurry collected during winter (w) and 
summer (s) from Swiss dairy farms 

Diet type  Silage Zero silage  P-values 
Average milk 

yield (kg/year) 
 <7000 7000-

8000 
>8000 <7000 7000-

8000 
>8000 SEM Diet 

(D) 
Yield 
(Y) 

D×Y Season 

Diets             

  Total ash w   80.7   82.3   83.8   82.7   89.8   96.8   3.75 0.01 0.094 0.37 <0.001 

 s   94.0   91.2   83.7 105.2 118.8 111.8   8.55 0.00 0.69 0.54  

  Total N w 23.1 24.8 24.0 23.1 22.7 24.5 1.21 0.64 0.68 0.54 <0.001 

 s 25.1 27.4 23.8 30.1 27.8 31.7 2.16 0.01 1.00 0.27  

  Gross energy w   18.0   18.1   18.2   17.8   17.9   17.8   0.13 0.02 0.72 0.59 0.064 

  (MJ/kg DM) s   18.1   18.2   18.1   17.4   17.6   17.6   0.16 <0.0 0.62 0.93  

Slurry  
            

 Dry matter (g/kg w 4.78 4.29 4.47 4.42 5.53 4.58 0.759 0.99 0.82 0.29 <0.001 

fresh substrate) s 2.26 2.16 1.84 1.66 2.33 2.29 0.504 0.98 0.82 0.50  

  Total ash w 327 361 279 342 282 324 34.9 0.81 0.60 0.14 0.95 

 s 320 350 285 325 270 309 31.6 0.75 0.66 0.16  

  Total N w   58.5   71.4   50.8   68.5   52.3   54.1   7.84 0.77 0.35 0.16 0.78 

 s   54.2   68.2   58.4   64.5   48.6   52.9   8.31 0.52 0.68 0.22  

  NH3-N w   45.1   51.0   31.3   43.8   28.3   36.5   7.05 0.29 0.35 0.13 0.88 

 s   40.2   47.7   35.8   40.5   26.9   33.7   7.19 0.22 0.50 0.20  

  C:N ratio w     6.95     6.10     7.74     7.29     8.55     6.66   0.747 0.36 0.96 0.076 0.96 

 s     6.88     6.05     7.63     7.15     8.39     6.55   0.884 0.33 0.96 0.087  

  Gross energy w   16.1   15.2   16.3   15.5   16.3   15.9   0.53 0.94 0.76 0.24 0.97 

 s   15.8   15.0   15.8   14.9   15.8   15.7   0.47 0.98 0.77 0.23  
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Table 6.3. Total volatile solids and ultimate methane yield (B0) of slurry collected from Swiss dairy farms during winter (w) and summer (s) 
after 14 weeks of incubation at 35°C 

Diet type  Silage  Zero silage   P-values 

Average milk yield  
(kg/year) 

 <7000 7000-
8000 

>8000 <7000 7000-
8000 

>8000 SEM Diet (D) Yield (Y)  D×Y Season 

Total volatile solids w 2.14 2.15 2.17 2.12 2.14 2.11 0.016 0.031 0.65 0.37 0.068 
(t cow/year)1 s 2.11 2.13 2.14 2.09 2.10 2.08 0.019 <0.001 0.54 0.76  

B0 (l CH4/kg VS) w 275 308 314 246 281 241 51.6 0.27 0.77 0.87 <0.00
1  s 61.5 45.1 45.6 34.5 42.7 35.5 12.24 0.21 0.84 0.60  

1Calculated according to IPCC (2006; Tier 2); default value 1.86 t/cow/year 

 



Methane emissions from dairy slurry 

88 

A clear seasonal effect (P<0.001) on the ultimate CH4 production capacity B0 was observed, 

whereas, diet type, milk yield, and milk yield × diet had no influence (P>0.05). Still, the 

values from the zero-silage farms were numerically lower compared to those of the silage-

feeding farms which probably resulted from the lower content of fermentable substrates in 

slurry from the zero-silage farms (Steinfeld et al., 2006). Møller et al. (2004) found a lower 

B0 in slurry from dairy cattle fed roughage only, compared to those fed concentrate. The 

decline in ruminal pH caused by concentrate reduces fiber digestion thus providing slurry 

with more substrates for methane production (Hindrichsen et al., 2006). Against this 

background it is surprising that herd milk yield class had no significant influence on B0 (and 

VS) in the present study. The ultimate methane yield found after 14 weeks of incubation at 

35°C (Table 6.3) was massively higher for the winter slurry compared to the summer slurry 

even though only slightly higher amounts of total VS had been available. In the present case, 

summer slurries were diluted by water not only due to the use of green feeds (zero-silage 

farms only), but mainly because of heavy rainfalls happening before sampling. However, 

Vedrenne et al. (2008) found an even higher B0 for diluted (1-7% DM) compared to undiluted 

slurries (3-14% DM). The reason could be that high concentrations of volatile fatty acids 

(VFA) and ammonium are diluted excluding an inhibiting effect on CH4 formation. This was 

obviously not the case in the current experiment. Summer slurry might also contain less 

established microbe populations compared to the winter slurry due the higher frequency of 

slurry application. Another explanation could be that the higher temperature during summer 

time allowed a continuous intensive anaerobic fermentation of the slurry, which results in low 

amounts of actually fermentable substrate remaining at the time of slurry sampling. Although 

it was not obvious from total VS in the slurry, it might be possible that the composition of VS 

in summer and winter differed e.g. in its amount of VFA, protein, carbohydrates and lignin 

(Vedrenne et al., 2008). Additionally, different unknown amounts of VFA could get lost 

during DM and ash analysis resulting in inaccurate ash and, consequently, VS values 

(Vedrenne et al., 2008). Especially from the silage-feeding farms with a widely unchanged 

diet throughout the year it seems very unlikely that summer slurry should have such a low 

methane production potential compared to winter slurry. A consequence might be that 

country-specific data on B0 should be obtained from fresh slurry in summer and not from 

slurry pond samplings. 
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The IPCC (2006) gives a B0 of 240 l CH4/kg VS as the default value for dairy cows in 

Western Europe. This is a theoretical value calculated from the amount of VS excreted by the 

animals. In the current winter slurry, B0 ranged between 241 (zero-silage, > 8000 kg average 

milk yield) and 314 l CH4/kg VS (silage, > 8000 kg average milk yield). The latter value was 

higher than the IPCC default value by about 30 %. Other reports on B0 vary from 126 to 207 l 

CH4/kg VS (Amon et al. 2004; Møller et al. 2004; fresh slurry) and from 204 to 296 l CH4/kg 

VS (Vedrenne et al. 2008; stored slurry). 

The level of methane emission from slurry may depend on factors other than VS and 

feeding system (including herd milk level). In the present study, slurry was stored for 14 

weeks, which is a realistic storage period for slurry in winter time in Western Europe, but is 

quite long for summer time. As can be seen from Figure 6.1, the period of storage will clearly 

influence the methane production potential, likely even the estimated maximal potential (B0). 

Storage duration is not considered in the IPCC (2006) guidelines for determining B0, which 

adds to uncertainties given by the default values. Furthermore, the results of the in vitro 

incubation method of Hashimoto (1989) presently used may differ from those obtained with 

other batch fermentation systems (e.g., Møller et al., 2004), the closed chamber technique 

(Külling et al., 2001) or values obtained with respiratory chamber equipment (e.g., 

Hindrichsen et al., 2006; Klevenhusen et al., 2010). Another factor influencing slurry 

methanogenesis is the incubation temperature (here 35°C; Hashimoto 1989). Other authors 

like Steed and Hashimoto (1994) conducted their incubations at 10°C, 20°C, and 30°C, or 

14°C and 27°C (Klevenhusen et al., 2010). The latter two temperatures represent the IPCC 

(2006) assumptions for cold and warm climate. This illustrates the need for generally 

accepted protocols on how to determine methane emissions from slurry under laboratory 

conditions. 
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Figure 6.1: Cumulative methane yield ‘B’ (IPCC 2006) emitted from slurry collected on Swiss silage and zero-

silage dairy farms depending on milk yield (winter sampling, A; summer sampling, B) during incubation at 

35°C for 14 weeks.
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6.5. Conclusions 

The present study showed that there was a huge variety between the ultimate methane 

production of winter and summer slurry collected from the pond. It has to be clarified, if this 

was the result of previous fermentation which already happened during slurry storage in the 

ponds or of different microbe populations, or of distinct seasonal effects as precipitation and 

ambient temperature. This, and a more comprehensive dataset across entire Switzerland, 

which also includes the mountainous areas, is needed before country-specific values can be 

used for the inventory. There is also an urgent need for standardizing experimental conditions 

to be applied in studies measuring CH4 emissions from slurry.
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7.  Conclusive discussion 
 

Enteric fermentation and storage of slurry are the main sources of anthropogenic CH4 

emissions. Often, country-specific values for enteric and manure derived CH4 are scarce or 

lacking. Therefore, the IPCC provides default values for calculating country-specific 

greenhouse gas budgets. Data from direct measurements obtained from feeding diet types 

characteristic for the country could make these calculations more accurate and representative, 

leading to improved IPCC standards. Besides the evaluation of country-specific data on GHG 

emissions, it is also important to develop mitigation strategies.   

Feeding strategies, which are easy to apply in farming practice, are the most promising 

means in mitigating ruminant derived CH4. Not only feed additives rich in secondary plant 

metabolites are currently topic of research. Also diets containing feeds with elevated contents 

of distinct carbohydrates have gained attention in reducing CH4 emissions.  

The main objectives of this thesis were (i) to determine country-specific data for 

Switzerland on CH4 emissions from ruminal fermentation and slurry storage in comparison to 

the IPCC default values, and (ii) to evaluate the CH4 mitigating potential of different feeding 

strategies.  

 

7.1. Comparison of IPCC default values and measured data concerning CH4 emissions 

from ruminant husbandry 

 

The IPCC (2006) provides two different default values for the methane conversion rate Ym 

depending on either forage- or concentrate- based diets for cattle. For cattle receiving diets 

with over 90% concentrate, an Ym of 3.0 ± 1 % is suggested, while a Ym of 6.5 ± 1 % is set 

for cattle fed diets with less than 90% concentrate.  

In the present fattening bulls' experiment, Ym obtained by measuring CH4 emissions from 

the bulls at 5, 9, and 11 months of age related to their gross energy intake, was always below 

the IPCC default value of 6.5 ± 1 % for cattle fed less than 90% concentrate. Since the 

amount of concentrate was only between 30 and 45% here, our data indicate, that Ym might 

be overestimated by the IPCC (2006) at least for growing cattle. Unexpectedly, forage type 

had no influence on Ym in the current study. Neither the supplementation of the concentrates 
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with garlic, nor maca, nor lupines affected Ym significantly, compared to the unsupplemented 

maize silage diet. But the addition of Acacia tannins (significantly at 9 and 11 months of age) 

resulted in lower CH4 emissions compared to all maize silage diets. In that case, Ym was 

always close to the IPCC value for high concentrate diets.  

For the present dairy cow experiment, Ym was 6.27, 6.28, and 6.93 for high-sugar ryegrass 

hay, low-sugar ryegrass hay, and maize silage based diet, respectively. As the amount of 

concentrate was zero for the both hay diets and 4 % for the maize diet, the IPCC (2006) Ym 

of 6.5 ± 1.0 % is applicable as well. These data indicate that Ym for high-quality forage based 

diets are quite well estimated by the IPCC (2006).  

From the bulls' experiment, not only enteric CH4 emissions were determined but also 

slurry-derived CH4. The CH4 conversion factor (MCF), calculated by relating the measured 

CH4 from slurry incubation to the maximum CH4 producing capacity B0 of 180 l CH4/kg VS 

(given by the IPCC 2006) amounted to 1.4 % and 4.7 % for temperatures of 14°C and 27°C, 

respectively. These values were found to be far below the IPCC (2006) default values for 

MCF (25 and 78 % of B0 at average temperatures of 14°C and 27°C, respectively). However, 

making a direct comparison between the IPCC default values and the values measured in the 

present study is difficult. Here, slurry storage was conducted over a period of 15 weeks 

whereas no concrete information is given in the IPCC (2006) guidelines for incubation 

duration. 

In order to obtain more data on slurry-derived CH4 emissions from dairy cows, slurry was 

collected from 64 Swiss dairy farms in winter and summer term. The IPCC (2006) gives a 

default value for the maximum CH4 producing capacity B0 of 240 l CH4/kg VS for dairy 

slurry. The measured values for winter slurry in the present experiment ranged between 241 

and 314 l CH4/kg VS, being up to 30% higher than the IPCC default value. However, B0 

from summer slurry ranged between 35 and 62 l CH4/kg VS (up to 86% lower than B0 given 

by the IPCC, 2006). Again, a direct comparison is difficult due to a lack of information on 

some criteria of storage conditions in the IPCC guidelines.  

Besides storage temperature and duration there are several other factors influencing slurry 

derived CH4 emissions, such as stirring, aeration and slurry tank coverage, increasing the 

uncertainty of the IPCC default values' applicability. Another important factor is the use of an 

inoculum to reduce the start-up time of CH4 production by providing already established 
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microbe populations (Sommer et al., 2007). Additionally, the dilution factor of slurry could 

play a certain role in determining slurry-derived CH4 emissions (Vedrenne et al. 2008). All 

these factors have to be taken into account when calculating country-specific values on CH4 

emissions from slurry storage experiments.  

 

7.2. Effects of natural feed additives on ruminal methanogenesis 

 

Currently, feed additives gained attention as possible mitigating strategy for rumen derived 

CH4. In the present in vitro experiment different dosages of Acacia tannin, Yucca saponin, 

extruded linseed, myristic and lauric acid, hop cones, grape seeds, maca hypocotyles, garlic 

bulbs, lupine seeds, and lucerne meal where examined. Although, previous studies (Carulla et 

al., 2005; Grainger et al., 2009) observed a CH4 mitigating effect of Acacia tannins in vivo, in 

the present study, only a numerical lower CH4 yield was found when supplementing tannin 

compared to the control. Contrary to other in vitro findings (e.g. Soliva et al, 2004a,b), the 

addition of medium-chain length fatty acids (lauric and myristic acid) did not reduce the CH4 

production here. The same was true for almost all other additives besides garlic. The strong 

CH4 mitigating effect of garlic bulbs compared to the control found in the current study is 

consistent with other studies (e.g. Cardozo et al., 2005; Kongmun et al., 2010). The 

unexpectedly low efficiency of most of the tested substances might be due to the composition 

of the basal diet. Also, the incubation over 48h instead of 24h might have led to an increasing 

lack of fermentable substrates. 

Following the results from the in vitro experiment, Acacia tannins, garlic bulbs, maca 

hypocotyles, and lupine seeds were chosen for an in vivo experiment with fattening bulls. 

Palatability, which might be reduced with tannins (Aerts et al., 1999) or garlic (compounds; 

Klevenhusen et al., 2011) was no larger problem in the present study. Nutrient intake and 

animal performance did not vary much among the feeding groups.  

The Acacia mearnsii extract was the only additive found to be effective in mitigating 

enteric derived CH4 here. These findings are consistent with other studies with sheep (Carulla 

et al., 2005) and dairy cows (Grainger et al., 2009). In the current experiment, enteric CH4 

with tannin supplementation was up to 36% lower compared to the unsupplemented control. 

Carulla et al. (2005) found decreased CH4 emissions of around 13% when feeding a similar
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level of Acacia tannin to sheep. Supplementation of 1% or 2% (of DMI) of Acacia tannins to  

a ryegrass-based diet resulted in 14% or 29% (low or high tannin dosage, respectively) less 

total enteric CH4 formation in dairy cows (Grainger et al., 2009). As proposed by Tavendale 

et al. (2005) the CH4 inhibiting potential of tannins might be due to a direct effect on 

methanogens and an indirect effect on lower feed degradation leading to a decreased 

hydrogen supply. However, this could only partly explain the CH4 abating effect of tannins in 

the current study as fibre digestibility was negatively influenced by the tannins, but no 

differences could be found for bacterial and protozoal populations between the groups. Most 

importantly, the anti-methanogenic effect of the tannin was persistent over the fattening 

period (6 months) which refutes the hypothesis of an adaption of methanogens to tannin 

(reviewed by Patra and Saxena, 2010).  

Previous in vitro experiments found garlic or one of its sulphur-containing compounds to be 

effective against methanogenesis (Busquet et al., 2005; Staerfl et al., 2010; Soliva et al., 

2011). But in the current experiment, garlic had no clear mitigating effect on enteric CH4 

formation which is similar to other in vivo studies (Klevenhusen et al., 2011; Patra et al., 

2011). The same was true for lupine seeds and maca hypocotyles. Although the latter was 

found to be rich in plant secondary metabolites (Clément et al., 2010), they obviously had no 

impact on ruminal CH4 formation. 

 

7.3. Influence of forage type on enteric CH4 emission and nitrogen excretion 

 

In the current bulls’ experiment, the enteric CH4 emissions of bulls fed either grass or 

maize silage were examined. Higher total CH4 formations for grass-fed bulls were observed 

only at 9 months of age. Bulls consumed more DM for grass silage than from maize silage, 

leading even to lower CH4 emissions per kg DMI at 11 months of age. When expressing CH4 

per unit of BW gain, grass silage fed bulls were inferior to maize silage fed bulls at the end of 

fattening. So far studies comparing the effects of grass and maize silage on enteric CH4 

formation are missing. However, grass-based feeding systems compared to those including 

maize silage have been reported to result in higher CH4 emissions per unit of animal product 

(O’Mara et al., 1998; Beauchemin et al., 2008).
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Feeding ryegrass hay or a maize silage based diet with different compositions of 

carbohydrates (sugar for ryegrass hay and starch for maize silage) to dairy cows in the current 

experiment, resulted in the highest enteric CH4 emissions from maize fed cows. Contrary, 

Klevenhusen et al. (2010) found a decreased enteric CH4 formation in cows fed a maize-

based diet compared to a hay diet. Obviously, the CH4 mitigating effect of the sugar was 

higher than that of the starch in the current study. These findings agree with Hindrichsen et 

al. (2005) where concentrates rich in sugar compared to those rich in starch led to lower 

enteric CH4 emissions from dairy cows. Contrary, an in vitro study (Hindrichsen and 

Kreuzer, 2009) with starch and sucrose at different ruminal pH levels showed a higher CH4 

formation for sucrose, especially at high ruminal pH. This was mainly due to an increase in 

fibre digestion with the addition of sucrose. 

Also two ryegrass diets with different levels of WSC and no concentrate supplementation 

were examined for their CH4 emitting potential. Previous in vitro studies (e.g. Niderkorn et 

al., 2009) indicated a CH4 mitigating effect of high WSC ryegrass. In the present study, cows 

fed high WSC ryegrass hay showed lower total (g/d) enteric CH4 emissions compared to low 

WSC hay consuming cows. An in vivo study with lambs consuming ryegrass with different 

levels of WSC observed no differences in total CH4 emissions (g/d). But when expressed as 

CH4 per kg DMI or BW gain, the high WSC fed lambs decreased CH4 emissions (Kim et al, 

2011). Feeding high WSC hay in the present study also led to a lower urinary N excretion of 

cows, compared to those fed low WSC hay. Other studies (Miller et al., 2001; Moorby et al., 

2006) showed also lower urinary N excretions with high WSC ryegrass. But in the current 

study N intake was almost twice as high for cows fed the low WSC hay compared to the high 

WSC hay. So it remains unclear, to which extent the high urinary N excretion of cows 

consumed low WSC hay was the result of the higher N intake (as assumed by Ellis et al., 

2011) or of the lower level of WSC. 
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7.4. Overall Conclusions 

 

In the present thesis, a long-term CH4 mitigating effect of Acacia tannins could be observed 

when being fed to fattening bulls. As neither animal performance nor slaughter traits nor fatty 

acid profile were negatively influenced by this supplementation, these results are a very 

important milestone in future CH4 abatement strategies. Additionally, it could be shown that 

also high-sugar grasses have a certain potential to mitigate enteric CH4 when being fed to 

dairy cows.  

The results from the bulls’ experiment showed that the not differentiated IPCC default 

values for Ym applied for feeding diets with <90% concentrate need some refinement 

improvement. For cattle, these values seemed to be overestimated maybe because age effects 

are neglected. For dairy cows fed low concentrate diets, the IPCC values might be quite well 

estimated. From the present results it also became obvious that the IPCC default values for 

slurry derived CH4 include large uncertainties because of variations in storage conditions 

which are not considered in the guidelines. 

Further studies are necessary not only to generate country specific measured data on 

ruminant CH4 emissions and thus to improve the national greenhouse inventory for 

Switzerland and, maybe, the IPCC default values. More research on mitigation strategies for 

rumen and slurry derived CH4 is needed as well. 
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