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2 RESUMÉ PÅ DANSK 

Vomgasproduktion fra malkekvæg er en kilde til drivhusgasudledning især i form af metangas, der 

er en potent drivhusgas. Det skyldes den mikrobielle omsætning af foderet i vommen. Bakterier, 

svampe og arkebakterier i vomvæsken kan nedbryde fiberholdige materialer som græs. Via 

forskellige nedbrydningsmønstre dannes der flygtige fede syrer, som indgår i koens energiprocesser 

og glukoseforsyning. Slutproduktet er af processerne kuldioxid og metan. Forskning viser, at 

vommiljøet kan påvirkes til at danne mindre metan ved at bruge foderemner med sekundære 

plantemetabolitter, såsom tanniner og saponiner. Blade fra træer har et højt indhold af sekundære 

plantemetabolitter. Historisk har løvhø (blade fra træer) været en vigtig foderkilde i Europa og er 

det stadig i andre dele af verden. Blade fra ask (Fraxinus excelsior), vedbend (Hedera helix), 

leucaena (Leucaena leucocephala) og båndpil (Salix viminalis) testes in vitro som rent foder og 3% 

additiv til majsensilage. Alle typer løvhø reducerede den mikrobielle nedbrydning og 

metanproduktionen som rent foder, men havde ingen signifikant effekt som 3% additiv. H. helix 

reducerede nedbrydningen i mindre grad end de andre typer løvhø som rent foderemne, hvilket 

potentielt kan give mulighed for at øge andelen heraf betragteligt uden at få en negativ effekt på 

nedbrydningen. Metangasudviklingen i ml pr. gram nedbrudt tørstof viser et mindre tydeligt billede, 

men behandlingerne med rent løvhø er generelt lavere end behandlingerne med løvhø som 3% 

additiv og ren majsensilage. Flere gentagelser af hver behandling er nødvendigt for at kunne drage 

endelige konklusioner. Flere doser af løvhø ville kunne belyse om de undersøgte effekter er lineære. 

In vivo forsøg vil også være nødvendige, førend det kan konkluderes, om en given type løvhø har 

reel effekt. Det ser ud til at både andelen af metan og den totale gasproduktion bliver reduceret ved 

brugen af løvhø. Da den totale gasproduktion og nedbrydeligheden af foder korrelerer, er det 

andelen af metan, der bør reduceres. Hvis en type løvhø med de rette sekundære metabolitter kan 

findes, vil det være muligt at holde græssende kvæg i agroforestrysystemer med træer i foldende. 

Det kan have andre positive effekter på forskellige økosystemtjenester, såsom kulstofbinding og 

biodiversitet. Sammenligningen af løvhø med majsensilage giver mening, så længe majsensilage er 

den type af foderstof, der bliver brugt i husdyrproduktionen. I lande hvor andre foderstoffer bliver 

brugt, bør sammenligning laves med disse. Resultater fra litteraturen, der sammenligner L. 

leucocephala med foderstoffer af lav fordøjelig ofte anvendt i tredjeverdenslande, viser at 

mælkeydelsen kan hæves, samtidig med en sænkning af metanproduktionen er mulig. Det kan 

konkluderes, at der er en effekt af tanniner og saponiner og af løvhø på enterisk metanproduktion 
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hos drøvtyggere. Det foreliggende forsøgsarbejde underbygger denne observation fra litteraturen. 

Det kan tilmed konkluderes, at nedbrydningen af løvhø er lavere end majsensilage. H. helix 

adskiller sig som en særlig interessant kandidat til videre undersøgelse, da fordøjelsen ser ud til at 

være relativt høj på trods af en reduktion i metan. 

3 ABSTRACT 

Secondary plant metabolites from the leaves of trees and shrubs, such as tannins and saponins, can 

potentially alter the microbial environment in the rumen of the dairy cattle and thereby reduce 

enteric methane formation. Results from the literature on the use of leaf hay additives in feeds as a 

methane mitigation option are varied and dependent on types and doses of metabolites. 

Experimental work is done on the leaves of Fraxinus excelsior, Hedera helix, Salix viminalis, 

Leucaena leucocephala as additives to maize silage. Results from in vitro trials showed that all 

species reduced methane formation, but also the degradability, when used as pure feeds compared 

to maize silage. When applied as 3% additives to maize silage no significant effects on methane or 

degradability was observed. H. helix reduced degradability significantly less than other leaf hay 

species as pure feed, rendering it an interesting species to do further research on. Agroforestry 

systems with trees and shrubs on pastures are practised in some cultures and grazing of forestlands 

has been more common in Europe historically. These systems are again receiving attention for their 

multiple environmental benefits, such as biodiversity enhancement, soil protection, and carbon 

sequestration. Leaf hays potential to reduce enteric methane should be considered in the design of 

modern agroforestry systems with grazing ruminants. 

4 PROBLEM STATEMENT 

The digestion process of ruminants is a source of methane. As methane is a potent greenhouse gas 

(GHG), the dairy and beef industries are some of the most polluting sectors of agriculture. 

Methanogenesis is primarily taking place in the rumen and is the result of certain microorganisms’ 

reduction of organic matter under anaerobic conditions (Steinfeld et al., 2006; Gerber et al., 2013). 

Experience shows, that tannins and saponins can repress methanogenesis. Tannins and saponins are 

secondary plant metabolites especially common in trees and shrubs (Patra and Saxena, 2011; Joch 

et al., 2018; Min and Solaiman, 2018). There are potentially positive and negative effects of tannins 

and saponins on digestion and animal performance. These topics are explained and discussed in the 
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literature review as an introduction to the experimental work. The experiment aims to determine the 

in vitro effect on methanogenesis of tannin rich leaves of Common ash (Fraxinus excelsior), 

Common osier (Salix viminalis.), and Leucaena leucochephala as well as saponin rich leaves of Ivy 

(Hedera helix) as an additive to cattle fodder. The agro-ecological perspectives of leaf hay 

production will be commented on before the final conclusions. 

5 INTRODUCTION AND LITERATURE REVIEW 

5.1   METHANE FROM AGRICULTURE 

On a global scale agriculture is a large source of GHGs and the sector is the single largest 

contributor of non-CO2 GHGs (EPA, 2012). In Denmark the agriculture is also a major contributor 

of GHGs (see Figure 1 and Figure 2). The prime source of GHGs within agriculture in 2016 was 

methane from enteric fermentation in ruminants – 39% globally and 32% in Denmark (see Figure 3 

and Figure 4) (FAOSTAT, 2019). Methane emissions from dairy cattle have been increasing 

globally since the 1970s, but at the same time it has been decreasing in Denmark (see Figure 5 and 

Figure 6). This is in accordance with Nielsen et al. (2017) and is the result of a decrease in numbers 

of animals. According to Patra (2014) has the average yearly growth in enteric methane emissions 

from 1961 to 2010 been 0.9% globally, and if that trend continues the global emission will 120 x 

109 kg of methane per year in 2050 compared to 94.9 x 109 kg of methane per year in 2010. Patra 

(2014) points out the clear difference in the change over time of enteric methane emissions between 

developed and developing countries. The average yearly growth in total GHG emissions from 

livestock from 1961 to 2010 has been on 0.11% and 1.23% for developed and developing countries 

respectively. This is due to improved conditions of life and an associated demand for animal 

products in many developing countries. EU milk-quotas must also be taken into consideration, 

when comparing the methane emissions from the dairy industry of EU membership countries with 

countries outside the union. The milk-quotas were abandoned the 31st of April 2015, which gave 

European farmers the option to increase milk production to the market optimum. Only a small 

increase in milk production in Denmark has been seen since the abolishment of the quotas and this 

without any increase in number of animals or methane according to Danmarks Statistik (2019) (see 

Figure 7). The number of dairy cattle and enteric methane emissions in Denmark in projected to 

increase as a consequence of the abolishment of the milk-quotas (Jensen, 2017) (see Section 5.4.1 

and Figure 8). 
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Figure 1: Global greenhouse gas contributions by sectors in gigatons CO2-eq by the year 2010. Source: (FAOSTAT, 2019) 

 

Figure 2: Danish greenhouse gas contributions by sectors in megatons CO2-eq by the year 2010. Source: (FAOSTAT, 2019) 
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Figure 3: Sources of greenhouse gas emissions from agriculture globally in 2016. Source:(FAOSTAT, 2019) 

 

Figure 4: Greenhouse gas emissions sources from Danish agriculture in 2016. Source:(FAOSTAT, 2019) 
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Figure 5: Development of global methane emissions in thousand tons from enteric fermentation in dairy cattle from 1970 to 2016. 

Source: (FAOSTAT, 2019) 

 

Figure 6: Development of Danish methane emissions in thousand tons from enteric fermentation in dairy cattle from 1970 to 2016. 

Source: (FAOSTAT, 2019). 
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Figure 7: Latest data from the Danish dairy industry and agriculture. Milk production in million tons (Blue), Number of dairy cows 

in 1000’s (Orange), and Methane emissions from Agriculture, Forestry and Fisheries in 1000’s tons. Source: (Danmarks Statistik, 

2019) 

5.2 ANATOMY AND DIGESTION OF COWS 

The following is based on an outline of the ruminant anatomy by Czerkawski (1986). Mammals 

need symbiotic microorganisms in their digestive tract to break down cellulosic fibres, as they do 

not have the right enzymes. Ruminants have developed the rumen, which put simply is a 

fermentation tank placed before the true stomach and the intestines. The rumen hosts a complex 

ecosystem of microorganisms, enabling cows to digest fibrous otherwise low-quality feeds. The 

digesta is moved through the compartments of the rumen by muscle contractions in the walls of the 

rumen. In the second compartment, the reticulum, the movement of the feeds back and forth 

through the oesophagus to the mouth ensures that the feeds can be thoroughly chewed and provides 

a continuous supply of saliva containing bicarbonate, which keeps the rumens pH stable. A stable 

pH is a requisite for the microorganisms to thrive. This is the process of rumination. As fibres are 

mechanically broken down by chewing they move further into the rumen compartments. Here 

microorganisms break down the fibres and other carbohydrates. Part of the carbon, proteins and 

nutrients of the feed are assimilated by microorganisms resulting in microbial growth (microbial 

anabolism). The bacteria, fungi and protozoa dissimilate hexoses from the carbohydrates for energy 

purposes (microbial catabolism) to mainly volatile fatty acids (VFA) which the cow take up for 
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energy and fat synthesis. These oxidative processes lead to the production of hydrogen and CO2, of 

which some is later reduced to CH4 in the catabolism of archaea (see section 5.3). The microbial 

biomass from the rumen is in itself a major source of digestible protein for the ruminant. The rumen 

enables the cow to access otherwise indigestible carbohydrates and proteins from grass and leaves, 

as the digesta passes on to the small intestine. The uptake of sugars, nutrients and proteins by the 

animal happens in the small intestine (Volden, 2011). 

5.3 ENTERIC METHANE FORMATION 

The production of methane is due to microbial reduction of carbohydrates in the rumen. 

Methanogenesis is a process where primarily archaea are converting CO2 and hydrogen to methane 

under anaerobic conditions. Bacteria, protozoa, and fungi provide to a different degree the CO2 and 

hydrogen from the degradation of carbohydrates to the archaea (Iyer and Ferry, 2005; Tapio et al., 

2017). Knapp et al. (2014) are summarizing the main microbial processes in the rumen as presented 

in Box 1. 

Box 1: Microbial processes of the rumen (Moss et al., 2000; Knapp et al., 2014; Tapio et al., 2017). 

 

The glycolysis (1) results in 4 hydrogen atoms for a start. The synthesis of propionate (2) is 

consuming 4 hydrogen, i.e. 4 hydrogen atoms are consumed per molecule of glucose consumed if 

the end product is propionate. The synthesis of acetate (3) results in further 2 hydrogen atoms, i.e. if 

the end product is acetate then 8 hydrogen atoms is produced per molecule of glycose consumed. If 

acetate is hereafter converted into butyrate (4) then 2 hydrogen atoms are consumed per molecule of 
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acetate, i.e. if the end product is butyrate the 4 hydrogen atoms is produced per molecule of glucose 

consumed. Archaea can then convert the surplus hydrogen and CO2 to methane (5). Hence there is a 

different potential for methane production depending on the type of VFA produced, with propionate 

decreasing methane and acetate and butyrate increasing methane (Knapp et al., 2014; Buccioni et 

al., 2015; Tapio et al., 2017). The accumulation of hydrogen is reducing the hydrogenase activity in 

the rumen limiting the microbes ability to oxidize the feed, therefore it is essential to get rid of 

surplus hydrogen (McAllister and Newbold, 2008). Henceforth there are several steps and several 

groups of microorganisms involved in the enteric methane formation, and therefore several places 

to actively impact the process. Changes in the microbial ecosystem of the rumen should aim 

towards favouring the bacteria, protozoa, and fungi that are known to produce propionate instead of 

the other VFAs to avoid surplus hydrogen. Another strategy could be to bring down the share of 

methanogenic archaea, given that the surplus hydrogen can be removed by other mechanisms, e.g. 

stimulation of propionate formation, acetogenic reduction, increased microbial matter production 

(Ungerfeld, 2015a, 2015b), or alternative electron acceptors such as nitrate or sulfate (van 

Zijderveld et al., 2010). A third strategy could be to increase the productivity per animal and 

thereby maintain the same overall level of production with fewer animals. The basic maintenance 

requirements and the associated methane emissions per product will always be lower with fewer 

efficient animals, than with more less efficient animals (Knapp et al., 2014). In summary it is the 

aim to change the microbial ecosystem of the rumen in such a way that free hydrogen is either 

avoided at first or eliminated via other pathways than methanogenesis and all this without impacting 

the general digestion process negatively. 

5.4 FEED RATIONS AND METHANE FORMATION 

The level of concentrate in the diet is related to the composition VFAs in the rumen. Higher levels 

of concentrate leads to a higher proportion of propionate and a lower methane formation in percent 

of energy intake (Sutton et al., 1988; Kristensen et al., 2003). This can be partly explained by the 

observation that the proportion of NDF (neutral detergent fibres), starch and sugars in the total 

carbohydrate fraction, is influencing which VFAs is produced. Acetate formation is stimulated by 

high pdNDF (potentially degradable neutral detergent fibres), propionate is stimulated by starch and 

sugars, and butyrate is stimulated by sugars (Martinussen, 2014). Concentrate feeds have higher 

proportions of sugars and starch. The three VFAs influence the milk production differently. 

Butyrate and acetate can increase the fat content of milk directly by conversion to fatty acids in the 
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utter. Propionate is taken up in the liver and converted to glucose, which is needed to form lactose. 

Propionate can therefore lead to an increased milk production, but as the glucose is transported in 

the bloodstream increased insulin concentrations can stimulate the deposition of bodyfat, lowering 

the proportion allocated to milk production (Holgaard et al., 2014).  

5.4.1 Modelling approaches 

Many efforts have been put into modelling the enteric methane emissions on the basis of the diet 

(see Table 1). Yan et al. (2006) points to the dry matter intake (DMI) as the principle factor 

determining methane production. As it can be seen in Table 1 all models are dependent on the 

intake of different fractions feed. Model 5 and 6 are only dependent on DMI, which in spite of the 

relatively low R2 shows the importance of this factor. The models in Table 1 shows that the main 

effects of feeding on enteric methane production is the throughput and to some extent composition 

of the diet, with fat having a significant negative effect (see model 1, 3, and 4 – Table 1). In the 

Intergovernmental Panel on Climate Change (IPCC) inventories a model for enteric methane 

formation based on the gross energy intake (GE) and a conversion factor (Ym - % of GE converted 

to methane) based on animal category to decide emission factors (EF – yearly emission per animal) 

has been developed (see equation below). 

𝐸𝐹 (
𝑘𝑔 𝐶𝐻4

𝑦𝑒𝑎𝑟
) =

𝐺𝐸 (
𝑀𝐽

𝑑𝑎𝑦
) ∙

𝑌𝑚(%)
100 (%)

∙ 365(
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟)

55.65(
𝑀𝐽

𝑘𝑔 𝐶𝐻4
)

 

The general Ym used for dairy cows in the tier 2 equations are 6.50% (Dong et al., 2006). With a 

GE of 142 MJ/animal/day needed for a Danish dairy cow (Martinussen, 2014) and the actual 

average being 415 MJ/animal/day (Nielsen et al., 2017) the EF would be 60.4 kg/animal/year at the 

needed level of GE and 177 kg/animal/year at the actual average level of GE in Denmark. IPCC 

propose a standard EF of 117 kg/animal/year for Western Europe (Dong et al., 2006). Nielsen et al. 

(2017) have developed the IPCC model in the country specific inventory for Denmark by taking the 

difference in summer and winter GE and the use of sugar beets as fodder into consideration and by 

using a Ym of 6.00 %. In the country specific inventory for Denmark the EF is 159.2 kg/animal/year 

in 2017. The Danish EF for enteric methane formation in dairy cattle has increased from 127.7 

kg/animal/year in 1990 to the above mentioned level in 2017, but as the Ym has decreased from 

6.38% to 6.00% in the same period, the increase in efficiency have resulted in an decrease in total 

number of animals leading to an overall decrease in enteric methane emissions in Denmark from 
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96.2-90.7 kt CH4 in the same period (Nielsen et al., 2017) (see also Figure 6). According to Nielsen 

et al. (2018) the Ym is projected to decrease to 5.87% in 2040, while methane from enteric 

fermentation will increase slightly in the same projection. Figure 8 shows the total enteric methane 

emissions from dairy cattle in Denmark based on the EF by Nielsen et al. (2017), the emission data 

from FAOSTAT for comparison and the projection from Nielsen et al. (2018). The increase in 

methane from enteric fermentation in cattle in the projection is due to increased number of animals 

(based on projections by Jensen, 2017) and increased GE per animal. As the Ym has decreased from 

1990-2016 and the overall feed efficiency has increased, the milk yield has increased more than the 

EF in the period, in other words the kg milk per kg of methane has increased in the period (Nielsen 

et al., 2017). The milk yield is not projected to increase as fast in the coming years by Nielsen et al. 

(2018), which results in a decrease in kg of milk per kg of methane. 

 

 

Figure 8: Methane emissions from enteric fermentation in Danish dairy cattle in 1000 tons. Modelled by Nielsen et al. (2017) 

(Orange) and official data from FAOSTAT from 1990-2015 (Blue) and projected emissions by Nielsen et al. (2018) from 2016-2040 

(Grey). 
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Table 1: Selected models of enteric methane production from the litterature. 

 Models R2 Source 

1 CH4 = 1.28 · dCP - 0.31 · dCF + 1.31 · dST + 1.16 · dSU + 2.40 · dNFR + 1835 0.89 (Jentsch et al., 2007) 

2 CH4 = 0.296 · LW + [23.89 + 0.006 · S/T - 0.033 · CPc] · DMI + 15 0.79 (Yan et al., 2006) 

3 CH4 = −2.13 + 1.64 tdOM - 9.74 tdFat + 1.64 tdNDF 0.78 (Storlien et al., 2014) 

4 CH4 = 1.23 · DMI - 0.145 · FA - 0.012 · NDF 0.75 (Nielsen et al., 2013) 

5 CH4 = 3.23 + 0.809 · DMI 0.65 (Ellis et al., 2007) 

6 CH4 = 5.93 + 0.92 · DMI 0.60 (Mills et al., 2003) 

1: CH4 (kJ); dCP – digestible crude protein (g); dCF – digestible crude fat (g); dST – digestible starch (g); dSU – digestible sugar (g); 

dNFR – digestible nitrogen free residuals (g). 

2: CH4 (L/day); LW – live weight (kg); S/T – silage proportion of total DMI (g/kg DM);  

CPc – digestible crude protein conc (g/kg DM). 

3: CH4 (MJ/day); tdOM – totally digested organic matter (kg/day); tdFat – totally digested fat (kg/day); tdNDF – totally digested NDF 

(kg/day). 

4: CH4 (MJ/day); DMI – dry matter intake (kg/day); FA – fatty acids (g/kg DM); NDF – (g/kg DM). 

5: CH4 (MJ/day); DMI – dry matter intake (kg/day) 

6: CH4 (MJ/day); DMI – dry matter intake (kg/day) 
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In a revision and modification of a Nordic model of the dairy cow digestion created by Danfær 

(1990), Huhtanen et al. (2015) described an elaborate mechanistic model for enteric methane 

production. The model is evaluated by Ramin and Huhtanen (2015) and had a R2 on 0.93. The 

important factors in the model was not just DMI but also digestibility of the diet. Lower 

digestibility of the diet resulted in a lower methane production per day (Pekka Huhtanen et al., 

2015). Huhtanen et al. (2016) used the revised Nordic model for methane to investigate the effect of 

retention time of the feed in the rumen. They found that the model predicted a positive relationship 

between methane formation and retention time of feed in the rumen. Longer retention time in the 

rumen results in a more thorough digestion of fibres, which is resulting in an increased methane 

production. This is in line with observations from sheep (Pinares-Patiño et al., 2011; Goopy et al., 

2014). 

5.5 SECONDARY PLANT METABOLITES 

Secondary metabolites are products of metabolism that does not have a direct effect in the plant 

functioning. Where the primary metabolites are part of the anabolism or catabolism, the secondary 

metabolites can have ecological roles such as defences against pathogens and herbivores. The four 

major groups are: terpenes, alkaloids, phenolics, and glucosides. The latter two groups include 

tannins and saponins respectively (Hopkins and Hüner, 2009). 

5.5.1 Tannins 

Tannins are a varied group of chemical compounds present in many plants. The group can be 

divided into three main types; hydrolysable tannins (HT), complex tannins (not dealt with here), and 

condensed tannins (CT). CT are polymers consisting of between 3 and 8 flavonols mostly of the 4 

types presented in Figure 9 (Arbenz and Avérous, 2015; Naumann et al., 2018). HT is simpler 

phenolic compounds, that can be hydrolysed into organic acids. HT is subdivided into gallotannins 

and ellagitannins based on the resulting organic acids derived by hydrolysis (see Figure 10) (Arbenz 

and Avérous, 2015). Both HT and CT can have negative and positive impacts on the animal 

performance (Makkar, 2003), but as CT is less toxic than HT more research has been done on CT 

(Beauchemin et al., 2008).   
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Figure 9: The four basic flavonols which constitute the building blocks of condensed tannins. Source: (Arbenz and Avérous, 2015). 

 

Figure 10: Examples of hydrolysable tannins. (A) Gallic acid (Gallotannin) and (B) Ellagic acid (Ellagitannin). As drawn by Arbenz 

and Avérous (2015) 

In vivo studies of tannins effect on enteric methane production in cattle from the literature are 

presented in Table 2. The effects are presented relative to DMI and milk yield instead of in absolute 

terms, as this gives indications of whether or not the animal performance is harmed by the 

treatment. A reduction in methane as result of reduced efficiency is not wanted as already discussed 

in section 5.3. The results are varied, this can be due to many different factors, e.g. type of cattle 

and/or tannin, management, and control diet. An interesting result is that of Grainger et al. (2009), 

where the effect is significant on the basis of DMI, but not on the basis of milk yield. This can be 

due to the fact that the DMI is estimated, not measured, in this study. Assuming the estimation of 

DMI is precise this result questions whether the methane per DMI is enough to argue that a 

treatment is not reducing efficiency, which is often done.  
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Table 2: In vivo studies of tannins effect on enteric methane formation in cattle. 

Source Cattle Type of 

tannin 

Concentration 

(% of total 

DM) 

g CH4 

/ kg 

DMI 

g CH4 

/ kg 

MS* 

Conclusions 

(Woodward 

et al., 2001) 

Lactating 

friesians 
Lotus ssp. 

0 35.1 434 
Methane per DMI 

decreased by 23% (P < 

0.001) and methane per 

MS decreased by 13% (P 

< 0.05).  
2.59 26.9 378 

(Beauchemin 

et al., 2007) 
Angus Quebracho 

0 18.8 - There is no effect on 

DMI, methane or 

digestibility of DM with 

increasing levels of 

tannins. 

0.9 18.5 - 

1.82 18.8 - 

(Woodward 

et al., 2004) 

Lactating 

friesians 
Lotus ssp. 

0 24.2 250 

Methane per DMI 

decreased by 18% and 

methane per MS 

decreased by 32%. 

Tannins was responsible 

for 66% of the effect. 

2.62 20 171 

(Grainger et 

al., 2009)1 

Lactating 

friesians 

Acacia 

mearnsii 

0 21.9 203 
The methane per DMI 

decreased by 10 and 22% 

at the low and high doses 

respectively. But there 

was no effect on the 

methane per MS. 

0.9 19.7 191 

1.46 17 196 

(Piñeiro-

Vázquez et 

al., 2018) 

Heifers 

(Bos taurus 

x indicus) 

Quebracho 

0 7.57 - 
DMI and digestibility of 

DM are only significantly 

affected at 4% 

concentration. Methane 

per DMI was significantly 

reduced at 3 and 4% 

concentration by 41 and 

51% respectively. The 

effect of on methane was 

linearly (P = 0.0064). 

1 8.23 - 

2 5.37 - 

3.00 4.45 - 

4.00 3.68 - 

(Pineiro-

Vazquez et 

al., 2018) 

Heifers 

(Bos taurus 

x indicus) 

L. 

leucocephala 

0 11.1 - DMI and digestibility of 

DM is unaffected even at 

the highest dose. Methane 

per DMI is linearly 

reduced with a maximum 

effect of 61% at the 

highest concentration (P < 

0.01). 

0.42 8.14 - 

0.84 6.70 - 

1.26 5.82 - 

1.68 4.27 - 

*MS – milksolids (fat + protein) 
1DMI is estimated based on body weigth, change in body weight and milk production. 
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Patra and Saxena (2010) concludes on the basis of a review, that the effect of tannins on 

methanogenesis seems to be due to a reduction in both protozoa and methanogenic archaea. The 

lower methane production can in some cases also be attributed to a general lowering of the fibre 

digestion, i.e. a reduction in the productivity of the animal (ibid.). Goel and Makkar (2012) 

concludes that the number of hydroxyl groups seems to be the key to how effective a type of tannin 

is. They also conclude that the HTs are more effective than the CTs, and that the effect of HTs are 

direct on methanogens and hydrogen producing organisms, while the CTs often works in-direct by 

reducing the fibre digestion. In a meta-analysis of 30 experiments on the effect of tannins on enteric 

methane emissions by Jayanegara et al. (2012) it was concluded that every treatment with tannin 

concentrations on less than 20 g/kg DM gives unreliable results and that in vitro measurements with 

tannin concentrations on more than 100 g/kg DM is going to deviate from in vivo results, as the 

effect on methane from increasing tannin concentration in vitro is quadratic, while it is linear in vivo 

(see Figure 11).  

 

Figure 11: Relation between methane formation per digestible organic matter (ml/g) and dose of tannins per dry matter (g/kg DM) in 

(a) in vitro and (b) in vivo studies. Source: (Jayanegara et al., 2012) 
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The slope in Figure 11 (b) shows that by increasing the concentration of tannins by one g/kg DM 

the methane gas formation will decrease by 0.123 ml/digestible OM, this result is based on studies 

on both goats, sheep, cattle, and alpaca and various types of tannins. It can be seen on Figure 11 that 

there are included more studies on low concentrations and more studies on in vitro (n = 91) than on 

in vivo (n = 30). It is also questionable to conclude that the dose response of tannins in in vivo trials 

are linear as there are a only a single data point between approximately 50 and 150 g tannins per kg 

DM feed. Jayanegara et al. (2012) analysed the relationship of doses of tannins against different 

parameters from the literature (The significant slopes are presented in Table 3). The general effect 

of tannins seems to be a decrease in digestibility and methane formation, and a slight increase in 

DMI. The DMI is dependent on the quality of the control diet offered to the animals (Jiang et al., 

2018), and whether the tannin containing feed raise the overall quality of the feed influences the 

slope of DMI in Table 3. 

Table 3: Linear relations between tannin concentration (g/kg DM) and relevant parameters of digestion and methane production in 

vivo. Source: (Jayanegara et al., 2012) 

Parameter n Slope  SE of slope p-value of slope RMSE R2 

Methane (ml/g BW0.75/day) 41 -0.0063 0.00257 0.022 0.44 0.358 

Methane per DMI (ml/g) 39 -0.109 0.0336 0.004 6.03 0.473 

DMI (mg/g BW0.75/day) 39 0.104 0.0559 0.075 9.19 0.262 

OMD (mg/g) 27 -1.076 0.3333 0.005 40.89 0.602 

CPD (mg/g) 29 -1.644 0.528 <0.001 40.89 0.779 

NDFD (mg/g) 22 -1.143 1.0412 <0.001 40.89 0.631 

BW - body weight; OMD - organic matter digestibility; CPD - Crude protein digestibility; NDFD - 

neutral detergent fibre digestibility. 

SE – standard error; RMSE – residual mean square error. 

 

5.5.2 Saponins 

Saponins are a group of secondary metabolites consisting of one or more glucosides bound to either 

a steroid core (see Figure 12) or triterpene core (see Figure 13). Saponins are large and complex 

molecules, that vary according to the number and types of glucosides as well as the nature of the 

core. Characteristic for most saponins are the surface reactivity, bitter taste and toxicity (Marston 

and Hostettmann, 1995). A more comprehensive classification system for saponins have been 

proposed by Vincken et al. (2007) with 11 groups of saponins based on the core triterpene or 

steroid. 
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Figure 12: Basic steroidal saponin core. As drawn by Vincken et al. (2007). 

 

Figure 13: Hederagenin - an example of a triterpenoidal core. The most common saponincore found in H. helix. As drawn by Zeng et 

al. (2018). 

In vivo studies of saponins on enteric methane production in cattle from the literature are presented 

in Table 4. 

Table 4: In vivo studies of the effect of saponins on enteric methane formation in cattle. Continued on following page. 

Source Cattle Type of 

saponin 

Concentration 

(% of total 

DM) 

g CH4 

/ kg 

DMI 

g CH4 

/ kg 

MS 

Conclusions 

(Holtshausen 

et al., 2009) 

 

 

 

 

 

 

Lactating 

holstein 

Yucca 

schidigera 

(SF6) 

0 16.1 166 No effect on methane or 

milk production. Saponins 

increased DMI, resulting 

in lower milk per DMI. 

Digestibility of DM is 

unaffected. 

0.06 17 175. 

Quillaja 

saponaria 

(SF6) 

0 16.1 166 

0.03 15.4 160 

Yucca 

schidigera 

(Chamber) 

0 19.2 197 

0.06 19 203 

Quillaja 

saponaria 

(Chamber) 

0 19.2 197 

0.03 18.5 182 
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Source Cattle Type of 

saponin 

Concentration 

(% of total 

DM) 

g CH4 

/ kg 

DMI 

g CH4 

/ kg 

MS 

Conclusions 

(Ramírez-

Restrepo et 

al., 2016) 

Crossbred 

steers 

Tea 

saponin 

0 18.5 - 
Neither growth nor 

methane was affected 

saponins during treatment, 

but a decrease in methane 

was observed after ending 

treatment at 18 and 22% 

at high and low dose 

respectively.  

0.14 18.1 - 

0.22 18.9 - 

(Guyader et 

al., 2015) 

Nonlactating 

holstein 

Tea 

saponin 

0 25.4 - 

DMI decreased by 2.4% 

with saponins (P = 0.032), 

while methane production 

was not affected. 

Digestibility of DM is 

unaffected. 

0.5 24.6 - 

(Guyader et 

al., 2017) 

Lactating 

holstein 

Tea 

saponin 

0 19.1 211 

Milk yield decreased by 

18% (P < 0.001), DMI 

decreased by 12% (P < 

0.001), and methane 

remained unaffected. 

Resulting in methane per 

DMI increasing by 14% 

and methane per MS 

increasing by 22%. 

Digestibility of DM is 

unaffected. 

0.52 22.2 257 

(Lila et al., 

2005) 

Holstein 

steers 
Sarsaponin 

0 16.5 - 
DMI was unaffected at 

both doses, while methane 

decreased linearly with 8 

and 13% at low and high 

doses respectively (P < 

0.05). Digestibility of DM 

decreased quadratic with 

3.3 and 3.5% at low and 

high doses (P < 0.05). 

0.5 15.1 - 

1 14.4 - 

*MS – milksolids (fat + protein) 

 

Patra and Saxena (2010) concludes in their review on the topic, that the effect on methanogenesis 

by saponins are mainly by reducing the number of protozoa and their associated production of free 

hydrogen. Several studies show a reduced acetate:propionate-ratio as a result of adding saponins to 

the diet (Lila et al., 2003; Agarwal et al., 2006; Holtshausen et al., 2009). 
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5.5.3 Interaction 

In an experiment by Freeland et al. (1985) the effect of saponins and tannins in the feed on 

physiology and feed intake in mice was measured. The mice got feed containing either saponins or 

tannins or a combination of both. One group of mice was offered both saponin and tannin 

containing feed at the same time and could thereby compose their own diet. The hypothesis was that 

saponins and tannins would interact and eliminate the toxicity of one another. If offered both 

saponins and tannins herbivores should be able to put together the right combination of the two. The 

hypothesis was confirmed, and the feed intake was increasing, without any negative physiological 

effects, when the mice had access to both feeds. This observation led Rogosic et al. (2007) to the 

hypothesis that sheep fed tannin-rich leaf hay would increase their feed intake, when also offered 

access to saponin-rich leaf hay of H. helix. Once again, the hypothesis was confirmed (see Figure 

14).  

 

Figure 14: Feed intake of leaf hay combinations per bodyweight of sheep with and with-out H. helix. * P<0.01 and ** P<0.05 on 

significance of the difference between group with and group with-out H. helix. Source: (Rogosic et al., 2007). 

Similar result with several different secondary plant metabolites, including saponins and tannins, 

has been observed by Lyman et al. (2008). These observations have interesting implications if the 
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toxicity of secondary plant metabolites can be brought down without reducing the effect on methane 

formation. Makkar et al. (1995) tested the effect of combining saponins and tannins in vitro on total 

gas production and the apparent and true digestibility. The total gas production was reduced by 

saponin from Quillaja bark and the two tannins, tannic acid (hydrolysable) and quebracho tannin 

(condensed) separately and together. The effect was additive in combination. Both the apparent and 

true digestibility was also decreased by the compounds separately and together. Here too the effect 

was additive in combination. This indicates that for the tested tannins and saponins no interaction 

occurred. The decrease was only significant above certain concentrations of the additives. This 

study only looked at total gas production, not methane specifically, and the results cannot be 

extrapolated to all saponins and tannins in general (Makkar, 2003). Poungchompu et al. (2009) have 

made in vivo feed trials on Holstein Friesian dairy cattle with an additive containing both saponins 

and tannins at 15.7% and 12.1% respectively. Neither feed intake nor any of the measured 

digestibility parameters except for digestibility of DM was significantly impacted by the additive. 

Methane production and acetate:propionate-ratio was on the other hand significantly reduced. This 

could be due to the reduction in fungal zoospores and protozoa (see Table 5).  

Table 5: Selected results of in vivo trials with Holstein Friesian dairy cows fed a tannin and saponin rich feed additive from 

(Poungchompu et al., 2009) 

Roughage:concentrate-ratio 

(R:C) (70:30) (30:70)    
Additive - + - + Significance of effect due to: 

  Intake (R:C) Additive Interaction 

DMI (kg/day) 8.3 7.9 10.3 9.3 ** ns ns 

DMI (kg/LW) 1.8 1.7 2.2 2.0 *** ns ns 

  Digestibilty in %       

DM 63.1 60.8 83.6 80.4 *** * ns 

Crude protein 61.2 65.4 81.8 81.1 *** ns ns 

NDF 41.8 38.5 53.4 51.9 ** ns ns 

ADF 30.4 29.9 39.0 36.3 ** ns ns 

  Effects       

Methane (mM) 0.16 0.11 0.06 0.03 *** ** ns 

Acetate:propionate-ratio 4 2.6 1.7 1.2 *** *** ** 

Bacteria (10^10 cells/mL) 16.7 11.8 15.6 13.3 ns ns ns 

Fungal zoospores (10^6 

cells/mL) 23.9 11.9 10.2 8.9 * * ns 

Protozoa (10^5 cells/mL) 11.9 9.3 15.2 8.1 ns *** * 

Methanogens (% decrease 4 

hours after feeding) 

-14.4 ± 

9.4 

52.7 ± 

8.1 

18.2 ± 

9.0 

28.5 ± 

14.1 - - - 
* P<0.05; ** P<0.01; *** P<0.001; ns: not significant 
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Protozoa produces high amounts of hydrogen (Newbold et al., 1995), but defaunation (removal of 

protozoa) often result in a small increase in acetate and no effect on propionate (Newbold et al., 

2015). The decrease in methane could be explained partly by the decrease in protozoa, while the 

decrease in acetate:propionate-ratio cannot be explained by the decrease protozoa. Fungal zoospores 

produces high amounts of both acetate and hydrogen (Bauchop and Mountfort, 1981), hence the 

decrease in the acetate:propionate-ratio as well as the decrease in the methane could be due to the 

decrease in fungal zoospores. The decrease in methanogens with the additive in the diet could either 

be due to direct inhibition or due to less available hydrogen as a consequence of the altered 

fermentation pattern.  

5.6 LEAF HAY 

5.6.1 Temperate species 

5.6.1.1 Historical considerations 

Troels-Smith (1960) has presented a series of arguments for the use of leaf hay through history. The 

main argument is built around pollen analyses from Central and Northern Europe. The analyses 

show a dramatic decrease in pollen of typical leaf hay species, especially elm (Ulmus glabra), F. 

excelsior, H. helix, and Mistletoe (Viscum album), around 6000 years ago coinciding with the first 

traces of animal husbandry. These observations are linked to pollen analyses from excavations of 

floors of stone age stables in Switzerland rich on pollen from the above-mentioned species. The 

theory is that livestock has been fed leaf hay on stable in the earliest European agricultural societies. 

Troels-Smith (1960) has also gathered examples from European historical texts about the use of leaf 

hay made from F. excelsior and H. helix dating back to Theophrastos (dead 286 B.C.) through 

history to Norwegian publications on the topic in the twentieth century. The decrease in pollen of U. 

glabra has been ascribed to an outbreak of elm disease rather than leaf hay harvests since the 

publication of Troels-Smith in 1960 (Rasmussen et al., 2007). Bottema (2001) supports the theory 

of Troels-Smith in relation to H. helix after studying the pollen dispersal patterns of the plant. The 

pollen analyses from the Swiss stables as well as historical records and newer archaeological founds 

supports the historical use of F. excelsior and H. helix for leaf hay (Jacomet and Brombacher, 2005; 

Deforce et al., 2013). 
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5.6.1.2 Nutrient content and secondary plant metabolites 

Partly based on the theory of Troels-Smith from 1960 Hejcman et al. (2014) measured the content 

of nutrients and fibres of several temperate tree species, including F. excelsior and H. helix (see 

Table 7). They conclude that U. glabra, F. excelsior and H. helix are the European species most 

suited for making leaf hay. F. excelsior and H. helix contains both tannins and saponins (see Table 6 

and Table 7). It has been reported that H. helix is grazed to disappearance in forestlands by both 

sheep (Hillegers, 1989), goats (Ingham and Borman, 2010), and cattle (Van Uytvanck and 

Hoffmann, 2009), indicating a strong preference by ruminants. H. helix contains triterpene saponins 

as well as a number of different types of secondary metabolites, especially polyphenols (Lutsenko 

et al., 2010; Zaiter et al., 2018). F. excelsior contains high amounts of secondary metabolites such 

as phenolic compounds, flavonoids and coumarins and extracts of F. excelsior have antimicrobial 

effects (Kostova and Iossifova, 2007). Species of Salix seems to be high in tannins according to the 

literature, while it has not been possible to find reports on saponin content in Salix (see Table 8). 

 

Table 6: Nutrient content and digestion parameters for F. excelsior. 

F. excelsior 
Salem (2012) Genin et al. (2016)  

Fraxinus dimorpha 

Jayanegara et al. 

(2011) 

Emile et al. (2017) 

NDF (g/kg DM) 408 321 ± 12.3 374 348 

ADF (g/kg DM) 222 253 ± 10.1 284 218 

IVOMD* (%) - - 65.4 69.1 

Crude protein (g/kg 

DM) 

174 83.5 ± 4.1 141 - 

Nitrogen (g/kg DM) - - - 147 

Phosphorous (g/kg 

DM) 

- - - - 

Tannins (g/kg DM) - High content 5 2 (condensed) 

Saponins (g/kg DM) 12.4 Not present - - 

Total phenols (g/kg 

DM) 

58.9 - 30 - 

*IVOMD – In Vitro Organic Matter Digestibility 
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Table 7: Nutrient content and digestion parameters for H. helix. 

H. helix 

Hejcman et al. 

(2014) 

González-

Hernández and 

Silva-Pando 

(1999) 

Uddin et al. 

(2011) 

Emile et al. 

(2017) 

NDF (g/kg DM) 392 ± 9 - - 437 

ADF (g/kg DM) 318 ± 10 440 - 323 

IVOMD* (%) - 63.3 ± 3.8  - - 

Crude protein 

(g/kg DM) 

- 93 - - 

Nitrogen (g/kg 

DM) 

16.9 ± 1.0 - - 87 

Phosphorous 

(g/kg DM) 

1.4 ± 0.05 - - - 

Tannins - - Present - 

Saponins - - Present - 

Phenols - - Present - 

*IVOMD – in vitro organic matter digestibility 
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Table 8: Nutrient content and digestion parameters for Salix sp. 

Salix sp. 

Smith et al. 

(2014) Salix 

viminalis 

Azim et al. (2002) 

Salix babylonia 

(Spring harvest) 

Azim et al. 

(2002) Salix 

babylonia 

(Winter harvest) 

Oppong et al. 

(2001) Salix 

kinuyanagi 

NDF (g/kg DM) 287 339 345 - 

ADF (g/kg DM) 199 223 219 - 

IVOMD* (%) 0.0511** - - 61.1 

Crude protein 

(g/kg DM) 

219 125 98 - 

Nitrogen (g/kg 

DM) 

- - - 15 

Phosphorous 

(g/kg DM) 

- - - - 

Tannins (g/kg 

DM) 

146 - - 275 

Saponins - - - - 

*IVOMD – in vitro organic matter digestibility; **based on pepsin cellulase solubility 

Table 6, Table 7, and Table 8 are summaries of data from the literature, which shows some 

variation within species. This can be due to differences in space and time for the sampling, e.g. 

Hejcman et al. (2014) was collecting leaves in February, while Emile et al. (2017) was collecting in 

august and Jayanegara et al. (2011) in July. Only differences in crude protein content was observed 

for S. viminalis between spring and winter harvests by Azim et al., (2002) (See Table 8). Luske and 

van Eekeren (2018) have observed an increasing content of nutrients and digestible organic matter 

in leaves of F. excelsior from June to September, but a decreasing content of crude protein from 

June to July. They observed a tendency to a higher content of digestible organic matter from trees 

on clay soil than from trees on sandy soil. González-Hernández and Silva-Pando (1999) observed a 

strong correlation between site and the content of crude protein and IVOMD for H. helix. It is 

generally acknowledged that the concentration and occurrence of secondary metabolites in plants is 

varying according to external factors such as seasonality, stress, allelopathy, development stage etc. 

(Gobbo-Neto and Lopes, 2007; Piccolella et al., 2018). This variation adds to the complexity of 

using leaf hay as mitigation strategy for enteric methane emissions. 
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Only few studies have looked at the methane reducing effect of F. excelsior, S. viminalis, and H. 

helix. The Rumen Up project have screened 500 plant samples for their effect on methane 

production in vitro. This project screened both F. excelsior, H. helix and three species of Salix in 

vitro with ruminal fluid from sheep and 100 g sample plant/kg DM of feed ration and a base diet of 

75% alfalfa hay and 25% barley. The result can be found at in the Appendix B of their final report 

accessible at (https://www.abdn.ac.uk/research/rumen-up/report/, 2005). Neither F. excelsior nor H. 

helix had any remarkable effect on methane in this screening, producing 98% and 105% of the 

methane of the control respectively. Salix caprea and Salix fragilis reduced methane formation by 

14-30% and 16% respectively, while Salix viminalis increased it by 6%. Jayanegara et al. (2011) 

have made an in vitro test of methane production for F. excelsior and other alpine trees and herbs 

with rumen fluid from Brown Swiss Cows as pure feeds. They concluded that F. excelsior did not 

decrease methane emission per digested OM compared to the herbs in the study. 

5.6.2 Tropical species 

L. leucocephala is a tropical shrub in the family Leguminosae. It is native to Central America, but 

have been introduced to most tropical regions around the world because of its high value for not 

only fodder, but also green manure, timber, firewood, erosion control etc. Studies on the nutritional 

value of L. leucocephala forage are plentiful (see Table 9) as its value has been recognized for 

hundreds of years. During the 1960s and 70s it was strongly promoted as a forage tree for 

developing tropical countries (Shelton and Brewbaker, 1994). The tannin content varies with the 

time of the year and different varieties of L. leucocephala (Wheeler et al., 1994).  
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Table 9: Nutrient content and digestion parametres for L. leucocephala 

L. 

leucocephala 

Arigbede et al. 

(2012)  

(4 years average) 

Rira et al. 

(2015) 

Giridhar et al. 

(2018) 

Monforte-

Briceño et al. 

(2005) 

Suparno et 

al. (2017) 

NDF (g/kg DM) 602 387 282 ± 2.2 403 - 

ADF (g/kg DM) 424 252 216 ± 9.6 215 - 

IVOMD* (%) - - 57.9 ± 1.21 40.7 - 

Crude protein 

(g/kg DM) 

221 266 258 ± 0.9 266 - 

Nitrogen (g/kg 

DM) 

- - - - - 

Phosphorous 

(g/kg DM) 

0.0011 - - - - 

Tannins (g/kg 

DM) 

72.3 75 20.7 ± 2.0 36.8 

(condensed) 

Present 

Saponins (g/kg 

DM) 

- - - - Present 

Total phenols 

(g/kg DM) 

- - - 23.5 Present 

*IVOMD – in vitro organic matter digestibility 

Pineiro-Vazquez et al. (2018) made in vivo tests with 5 crossbred heifers (Bos Taurus x Bos 

indicus) the content of L. leucocephala was increased from 0% to 80% in a diet elsewise consisting 

of Napier grass (Pennisetum purpureum). P. purpureum is a typical low-quality fodder grass used in 

many developing tropical countries. The methane emissions decreased linearly with increasing level 

of L. leucocephala without any effect on DMI or organic matter intake (OMI). The crude protein 

intake was more than doubled when going from 0% to 80% L. leucocephala in the diet. The 

methane emissions from the heifers on a 100% P. purpureum diet was on 137.3 L/day and 20.1 

L/DMI, while the methane emissions from the heifer on 80% L. leucocephala and 20% P. 

purpureum was on 53.4 L/day and 7.7 L/DMI. This experiment shows a very large effect of L. 

leucocephala when compared to a low-quality diet. This is very relevant in many tropical countries, 

where this kind of “high fiber/low protein”-diets are common. 



 31 

6  EXPERIMENT 

6.1 HYPOTHESES AND PURPOSE 

Hypothesis 1: Leaf hay of F. excelsior decreases the enteric methanogenesis without reducing 

degradability. 

Hypothesis 2: Leaf hay of H. helix decreases the enteric methanogenesis without reducing 

degradability. 

Hypothesis 3: Leaf hay of L. leucocephala decreases the enteric methanogenesis without reducing 

degradability. 

Hypothesis 3.5: There is a difference in the effect of leaves from 1-year old and 4-year old L. 

leucocephala. 

Hypothesis 4: Leaf hay of Salix decreases the enteric methanogenesis without reducing 

degradability. 

Hypothesis 5: The combination of F. excelsior and H. helix decreases the enteric methanogenesis 

without reducing degradability to the same extent as each species on its own. 

An in vitro test of leaf hay from the four above mentioned species of trees and shrubs is performed 

to screen for effects on degradability and methane formation.  

6.2 MATERIALS AND METHODS 

6.2.1 Materials 

6.2.1.1 F. excelsior 

The material used in the experiment is harvested in September 2018 on Djursland, Denmark. The 

material was harvested by pollarding the tree and the leaf hay was dried on the branches. The dried 

leaves were milled to 2 mm.  

Abbreviation: FrE 
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6.2.1.2 H. helix 

The material used was harvested in February 2019 in Central Jutland, Denmark. The leaves were 

plucked of directly and dried for 2 days at 60 ̊C. The dried leaves were milled to 2 mm.  

Abbreviation: Hed 

6.2.1.3 S. viminalis 

The material used was harvested in Central Jutland in June 2012. The leaves were ensiled by hand 

in 20 kg bags. The dried ensiled leaves have been kept in a freezer since the preparation. The 

material was milled to 2 mm. 

Abbreviation: SAL 

6.2.1.4 L. leucocephala 

Leaves were harvested in southern Zambia in February 2019 and dried in a local tobacco drying 

shed for 6 hours at a temperature around 60-80 ̊C. The dried leaves were milled to 2 mm. 

Abbreviation: Leu1 for 1-year leaves and Leu4 for 4-year leaves. 

6.2.1.5 Maize silage 

The dried maize sillage were milled to 2 mm. 

Abbreviation: MS 

6.2.1.6 Rumen fluid 

The rumen fluid was collected from two rumen cannulated heifers at the age of 2 years the same 

morning as the experiment was started. They had not received feed since the evening before and 

water was closed off approximately an hour before sampling. The rumen fluid was filtered through 

two layers of cheesecloth and mixed in equal amounts. Buffer solution, redox indicator, micro- and 

macrominerals were added to the rumen fluid in accordance with Menke and Steingass (1988).  

6.2.2 Experimental setup 

6.2.2.1 System 

The ANKOM RF system was used for the in vitro test. The system is comprised of 100 ml bottles 

with caps that measure the cumulative pressure. Each bottle was fitted with a bag to collect the gas 

produced. The bottles were dosed with rumen fluid from heifers and the feed to be tested. The 

collected gas was analysed in a gas chromatograph to decide the methane concentration. The 

digesta was filtered after incubation and the dry weight of residues was measured. 
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6.2.2.2 Incubation and treatments 

Each type of leaf hay was tested as pure leaf hay and as an 3% additive to maize silage. A 50:50 

mixture of F. excelsior and H. helix was tested as an 3% additive in maize silage. Pure maize silage 

was tested as a control. Three replicates were made for each treatment (except 4 for pure maize and 

2 for pure S. viminalis). Two bottles with pure rumen fluid were incubated among the rest (blanks). 

Giving a total of 38 bottles with 12 treatments + 2 blanks. The feed mixtures were prepared on 

beforehand and replicates were taken from same mixtures (see Appendix 1 for exact percentage of 

mixes). All bottles were dosed with 90 ml rumen fluid and 0.5 g of feed (see  Appendix 1 for exact 

DM added), leaving 42 ml of headspace in the bottles. The incubation was at 39 ̊C on a rotating 

plate (40 rotations per minute) to keep the contents suspended for 48 hours. 

6.2.2.3 Digestibility 

ANKOM F57 filter bags were numbered, dried at 100 ̊C for 2 hours, and separately weighted. The 

content in the digesta after incubation was filtered into the filter bags. The filter bags with filtrate 

was dried at 100 ̊C for 2 hours and weighted. The degradability of DM was determined as the 

percental difference in dry weight feed added before incubation and the dry weight of the filtrate 

minus the average weight of the blanks (see formula below). 

𝐷𝑀 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 100 − (
(𝐷𝑀 𝑙𝑒𝑓𝑡 𝑖𝑛 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 − 𝐷𝑀 𝑖𝑛 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘𝑠)

𝐷𝑀 𝑓𝑒𝑒𝑑 𝑎𝑑𝑑𝑒𝑑
 ∙  100) 

By subtracting ash content from DM the organic matter (OM) was determined. Ash content was 

determined by burning three samples of each feed at 530 ̊C overnight. Ash content of filtrates was 

determined by burning of the filter bags with the filtrate plus three additional empty bags to deduct 

the average ash content of the bags themselves. Degradability of OM was calculated by the same 

formula as for DM (see formula above) just with the values for OM. 

6.2.2.4 Gas production 

A pressure sensor in each bottle cap measured cumulative pressure every 10 min and the pressure 

was released at 0.75 psi. All gas was collected in bags and analysed in a gas chromatograph after 

incubation. Pressure was measured as cumulative pressure in psi. By using Ideal Gas Law the 

volume of gas in ml produced at each time point was determined. First the gas production in moles 

was determined under the incubation conditions, hereafter the moles are used to determine the 

volume of gas in ml under standard conditions (see formulas on next page). 
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𝑛 =
𝑝 ∙ 𝑉

𝑅 ∙ 𝑇
=

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑖𝑛 𝑏𝑜𝑡𝑡𝑙𝑒 ∙ ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑅 𝑢𝑛𝑑𝑒𝑟 𝑔𝑖𝑣𝑒𝑛 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ∙ 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝.
=

𝑏𝑜𝑡𝑡𝑙𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑖𝑛 𝑝𝑠𝑖 ∙ 42 𝑚𝑙

1205.91
𝑝𝑠𝑖 ∙ 𝑚𝑙
𝑚𝑜𝑙 ∙ 𝐾

∙ 312.15 𝐾
 

𝑉 =
𝑛 ∙ 𝑅 ∙ 𝑇

𝑝
=

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ∙ 𝑅 𝑢𝑛𝑑𝑒𝑟 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 ∙ 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑡𝑒𝑚𝑝.

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

=
𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑚𝑜𝑙𝑒𝑠 ∙ 83.1447 

𝑏𝑎𝑟 ∙ 𝑚𝑙
𝑚𝑜𝑙 ∙ 𝐾

∙ 273.15 𝐾

1 𝑏𝑎𝑟
 

Lastly all gas measurements were divided by the amount of DM added and digested and OM added 

and digested to get relatable results. The collected gas was analysed by gas chromatography. Each 

gas bag was tested twice and the average of the two tests was used onwards. 

6.2.3 Leaf hay effects in mixtures 

To see if the additives affected the DM degradability of the maize silage fraction in the mixtures, 

the following calculations were made. The DM degradability of maize silage is the percentage of 

the maize silage added that has disappeared during the incubation. The amount of maize silage 

added is known. Assuming that the degradation of the 3% additive is unaffected by maize, the 

residues of additive (ResAdd) left in the filtrate can be calculated by using the average degradability 

of the additive and the amount of additive added. 

𝑅𝑒𝑠𝐴𝑑𝑑 (𝑔) = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑑𝑒𝑑 (𝑔) 

− (
𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑑𝑒𝑑 (𝑔)

100%
∙ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 (%)) 

The total residues of each bottle are known from the weight of the filtrates. By subtracting the 

calculated residues of the additive from the total residue, the residue of maize can be determined.  

𝑀𝑆 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑔) = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 (𝑔) − 𝑅𝑒𝑠𝐴𝑑𝑑 (𝑔) 

By using this calculated residue of maize silage left in the filtrate and the known amount added a 

degradability for the maize silage fraction of the mixture can be determined. 

 

𝑀𝑆 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒𝑠 (%) = 

 100% − (
(𝑀𝑆 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑔) − 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑖𝑛 𝑏𝑙𝑎𝑛𝑘𝑠 (𝑔))

𝑀𝑆 𝑎𝑑𝑑𝑒𝑑 (𝑔)
 ∙  100%) 
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The methane formation in the pure leaf hay treatments expressed as ml methane per gram DM 

additive can be used to determine the methane from the 3% additives. Subtracting the methane 

derived from the additive gives the methane derived from the maize silage, assuming that the maize 

silage did not affect the methane from the additive. 

𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑓𝑟𝑜𝑚 𝑀𝑆 (𝑚𝑙) = 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 (𝑚𝑙) 

− (𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑓𝑟𝑜𝑚 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 (
𝑚𝑙

𝑔
) ∙ 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 (𝑔)) 

6.2.4 Statistics 

The effect of treatments on degradability, total gas production, methane percent of total gas and 

total methane production was tested with a one-way anova using an F test to determine if the 

treatments had a significant effect on the given parameter. Hereafter, the effects of treatment was 

compared pairwise with Tukey’s Test. The basic assumptions of normality and homogeneity of 

variance needed for the F test and Tukey’s Test was analysed with Shapiro-Wilk Test and Bartlett’s 

Test. Not all treatments had enough replicates for Shapiro-Wilks test. 

6.3 RESULTS 

6.3.1 General statistics 

6.3.1.1 Assumptions of normality and homogeneity of variance 

The Shapiro-Wilk test for normality (when applicable) had p-values above 0.001 for all treatment 

effects on degradability, total gas production, methane percent of total gas, and total methane 

production. The Bartlett’s test for homogenic variance among the effect of treatments on 

degradability, methane percent of total gas, and total methane production had p-values above 0.1. 

The p-value of the Bartlett’s test on the treatment effect on total gas was lower (0.0043). 

6.3.1.2 ANOVAS 

One-way ANOVAS showed that effect of treatment was significant in explaining the variance of 

degradability and the gas production (see Appendix 2 for tables).  
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6.3.2 Degradability 

The DM degradability of the mixes and pure MS was highest. The DM of pure leaves were 

generally less degradable, but there was variation among them, with Hed standing out from the rest 

being significantly more degradable than all other pure leaf hays (see Figure 15). Because of a spill 

from one of the replicates of the Leu1MS treatment when filtering only two replicates of Leu1MS 

were included in Figure 15. 

 

Figure 15: Bar plot of degradability of DM in %. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 

By assuming a linear relationship between the share of additive in % and the DM degradability in % 

the values in Table 10 shows the dose response. The dose response on DM degradability was 

negative for all additives. But again, the effect of Hed on DM degradability was much less the other 

additives and by adding leaf hay to MS in general (see Figure 16). Mathematically speaking the 

intercepts are the points where no additive is added. The average degradability of DM of the two 

pure MS treatments used in this analysis was 68.0% (s.d. 0.00483%).  

 

Table 10: Relation between degradability in percent and additives in percent. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. 

leucocephala, Leu4: 4-year old L. leucocephala, SAL: S. viminalis.  

Linear equations of degradability  

% degraded DM = a * % additive + b FrE Hed Leu1 Leu4 SAL 

Additive  

in general 

Slope (a) -0.263 -0.081 -0.297 -0.359 -0.330 -0.257 

Intercept (b) 69.7 67.8 68.7 69.9 66.0 68.4 

R2 0.961 0.869 0.984 0.980 0.988 0.782 



 37 

 

 

Figure 16: Dose response of the 5 additives on degradation. Additives were tested at 0, 3, and 100%. FrE: F. excelsior, Hed: H. 

helix, Leu1: 1-year old L. leucocephala, Leu4: 4-year old L. leucocephala, SAL: S. viminalis.  

Degradability of OM was slightly more even between treatments and in general slightly higher than 

for DM (see Figure 17). The OM degradability of Hed was not significantly different from that of 

the two mixtures, HedMS and HedFrEMS, or from that of MS.  

 

Figure 17: Bar plot of degradability of OM in %. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 

6.3.3 Gas production 

The total gas production varied with treatments. All mixtures and pure MS produced most total gas, 

while the treatments with pure leaf hay produced significantly less gas. Hed produced most gas 

among the pure leaf hay treatments, but only significantly more than Leu4 (see Figure 18).  
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Figure 18: Total gas production per gram of DM added. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 

 

The gas chromatography of collected gas showed that the share of methane of total gas differed 

among treatments. Mixtures, MS and FrE did not differ significantly. FrE and the rest of the pure 

leaf hay treatments did differ significantly from one another. Hed did not differ from pure MS or the 

mixture Leu4MS and SALMS (see Figure 19). Methane was only measured on two of the four MS 

treatments, which explains the larger deviation for MS in Figure 19 than in Figure 18. 

 

Figure 19: Percent methane out of total gas produced. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 
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The amount of methane per g DM added differed following the same pattern. The amount methane 

from the mixtures and pure MS was significantly higher than for the pure leaf hay treatments, 

except for Leu4MS and FrE and Hed (see Figure 20). 

 

Figure 20: ml of methane produced per g of DM added. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 

The same pattern was seen for the amount of methane per g OM added as for amount of methane 

per g DM added (see Figure 21). 

 

Figure 21: ml of methane produced per g of OM added. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 
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The effect of treatment on the amount of methane per g of DM degraded was more difficult to part 

from one another. It seemed that the pure leaf hay treatments resulted in lower methane per 

degraded amount of feed than MS and the mixtures, but no clear pattern were found (see Figure 22).  

 

Figure 22: ml of methane per g of degraded DM. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 

The amount of methane per degraded OM is followed the same pattern as the methane per degraded 

DM (see Figure 23). The treatment Leu4 produced significantly less methane per gram degraded 

OM than MS, which was not the case per gram DM (see Figure 22).  

 

Figure 23: ml of methane per g of degraded OM. Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 
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The dose response on methane production based on an assumed linear relationship between amount 

of methane produced and the amount of additive is presented in Table 11. All types of leaf hay had 

a negative effect on methane formation. The variation within the treatments, Leu4MS and SALMS, 

were high (see Figure 24). Leu1 was having the greatest response and FrE the lowest response. The 

intercepts are the ml of methane with no additive, the average methane production for the pure MS 

treatments was 15.5 ml (s.d. 1.30 ml).  

Table 11: Relation between methane formation in ml and additives in percent. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. 

leucocephala, Leu4: 4-year old L. leucocephala, SAL: S. viminalis.  

Linear equations of methane production  

ml methane = a * % additive + b FrE Hed Leu1 Leu4 SAL 

Additive  

in general 

Slope (a) -0.087 -0.094 -0.115 -0.107 -0.109 -0.101 

Intercept (b) 15.1 15.6 15.7 13.7 14.4 14.9 

R2 0.945 0.923 0.946 0.792 0.841 0.847 

 

 

Figure 24: Dose response of additives on methane production. The additives were tested at 0, 3, and 100%. FrE: F. excelsior, Hed: 

H. helix, Leu1: 1-year old L. leucocephala, Leu4: 4-year old L. leucocephala, SAL: S. viminalis.  

 

The degradability and the formation of total gas (see Figure 25) and methane in particular (see 

Figure 26) correlated in general. The regression line in Figure 26 visualizes the average ml of 

methane per gram degraded additive in general. Points above the line indicates emissions above 

average per degraded DM and points below indicates emissions below average per degraded DM. 

The triangles in Figure 26 shows, that Hed did not follow the same pattern as the other treatments. 

The Hed treatment had a low methane formation and a high degradability (placed in lower right 

corner of Figure 26), while treatments with pure leaf hay had both low methane and low 
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degradability (placed in lower left corner of Figure 26), and treatments with MS had both high 

methane and high degradability (placed in upper right corner of Figure 26). 

 

Figure 25: Correlation of total gas formation (CO2 + CH4) and degradability. Red symbols represent pure leaf hays and blue 

symbols represent mixtures of maize silage and leaf hays in the proportion 97:3 as well as pure maize silage. The potential outlier in 

the Leu4MS treatment is omitted. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, Leu4: 4-year old L. 

leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive and maize silage in 

the ration (3:97). 
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Figure 26: Correlation of degradability and methane formation. Red symbols represent pure leaf hays and blue symbols represent 

mixtures of maize silage and leaf hays in the proportion 97:3 as well as pure maize silage. The potential outlier in the Leu4MS 

treatment is omitted. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, Leu4: 4-year old L. leucocephala, MS: 

maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive and maize silage in the ration (3:97). 
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6.3.4 Leaf hay effect on maize silage in mixtures 

The DM degradability of the maize silage fraction in the mixtures was not significantly affected in 

any of the treatments by the 3% addition of leaf hay compared to the MS treatment. FrEMS and 

Leu4MS slightly increased DM degradability of maize silage, while SALMS decreased it slightly, 

rendering them significantly different from each other but not from MS (see Figure 27).  

 

Figure 27: The DM degradability of the maize silage in the 6 mixtures. Different letters indicate a p-value < 0.05 by Tukey's Test. 

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 

The additives did not affect the methane formation from the maize silage fraction in any of the 

mixtures (see Figure 28). 

 

Figure 28: ml methane from maize silage in the mixtures. . Different letters indicate a p-value < 0.05 by Tukey's Test.  

Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. FrE: F. excelsior, Hed: H. helix, Leu1: 1-year old L. leucocephala, 

Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations ended by MS are a mixture of the additive 

and maize silage in the ration (3:97). 
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6.4 DISCUSSION OF EXPERIMENT 

6.4.1 Statistical considerations 

This experiment did generally need more replicates for making conclusions. Testing for normality 

and homogeneity of variance of two or three data points is not a meaningful endeavour. As it cannot 

be known for certain due to the low number of replicates whether or not the data is living up to the 

assumptions of normality and homogenic variance it has simply been assumed. There are no 

reasons to expect the data to be non-normal or of heterogenic variance, when considering the 

experimental setup. Lastly, the results of all Tukey’s tests seem reasonable. The statistical work in a 

major in vitro study working with the same equipment and number of replicates as in the present 

experiment normality and homogeneity was also assumed (Bodas et al., 2008).  

It should be considered whether the methane production in bottle 31, containing Leu4MS, and 

bottle 48, containing SALMS, should be regarded outliers (see Figure 24). Again, the number of 

replicates is very low, which makes difficult to determine. The percentage of methane was low in 

both bottles. The total gas production was unusually low in bottle 31 and unusually high in bottle 

48. Neither the total gas production nor the methane percentage departed more than two standard 

deviations from the average in both bottles. The total methane formed in both bottles departed less 

than two standard deviations from the respective treatment means. A Tukey’s test has been run on 

the dataset omitting the two potential outliers (see Appendix 3 for bar plots and table of dose 

responses without the potential outliers). By omitting the two potential outliers the overall 

uncertainty is reduced, and the pattern already presented is seen more clearly, but no major change 

of the conclusion is the outcome.  

6.4.2 General considerations 

6.4.2.1 In vitro vs. in vivo 

In vitro experiments are limited as they only function as simple models of the real animal. 

According to Jayanegara et al. (2012) there is a fine consistency in the results from in vitro and in 

vivo tests, when looking at the effect of tannin concentration. Macome et al. (2018) used in vitro 

tests as a mean to predict the results of in vivo tests using the same feed rations but did not find 

good correlations though. They managed to improve the quality of the predictions by using stepwise 

multiple regressions including chemical parameters of the feed, instead of simple linear regressions, 

resulting in weak but significant correlations. They conclude that the in vitro method in their case 

did not correlate with in vivo results, but the correlation could be improved by larger in vitro sample 
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sizes and by a careful adaptation of donor animals to the feed tested before sampling of rumen fluid. 

They acknowledge the use of in vitro testing for screening purposes of different feeds. The donor 

animals in the present experiment where not adapted to the leaf hays tested before sampling of 

rumen fluid. The sample size is rather small. These results should only be seen as indications and 

further replicates would be appropriate before moving on to any in vivo studies. No final 

conclusions should be made without in vivo testing. 

6.4.2.2 Interaction of tannins and saponins 

The theory that the combination of tannins from F. excelsior and saponins from H. helix would 

reduce the degradability less than each species on its own (Hypothesis 5) was tested by the 

HedFrEMS treatment. No significant difference was detected between HedFrEMS and the two 

mixtures HedMS and FrEMS in any of the measurements. It would be interesting to test a 50:50 

mixture of H. helix and F. excelsior without maize silage to see if the degradability was different 

from pure H. helix and F. excelsior.  

6.4.2.3 Dose responses 

Linearity is assumed to determine the dose response. From this experiment it is not possible to rule 

out if the relation is something else than linear, as the data points are grouped in two. Extra mixtures 

with higher concentration would be needed to determine the relation. Jayanegara et al. (2012) 

argues that the dose response of pure tannins on methane production in in vitro tests follows a 

quadratic pattern (see Figure 11). In this present experiment the Hed treatment differs so clearly 

from the rest in respect to degradation regardless of the type of relationship. The perspective of this 

is that higher concentrations could be imagined without hampering the degradation of feed. The 

Rumen-Up project tested H. helix, F. excelsior and different species of Salix at 10% concentration 

of a base diet of 75% alfalfa hay and 25% barley in rumen fluid of sheep. They only saw small 

effects on methane formation and degradation for H. helix and F. excelsior. H. helix increased both 

degradability and methane formation with 5%. F. excelsior decreased methane with 3% and did not 

affect degradability. They did see a reduction of methane by 16% with Salix fragilis and 14-30% 

with Salix caprea compared to the base diet, with a reduction in degradability on only 2 and 6% 

respectively, while Salix viminalis reduced degradability by 4% and increased methane formation 

by 6% (https://www.abdn.ac.uk/research/rumen-up/report/, 2005). Their results add to the point that 

effect might vary also within species and that more research is needed. Their results also imply that 
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an effective dose of these species probably has to be higher than 10%, and that this is maybe 

possible without ruining degradability.  

6.4.2.4 Degradability reduction or methane reduction? 

The total gas formation and degradability is strongly correlated (see Figure 25). This gives sense as 

the gases are the end products of the degradation pathways discussed in Section 5.3. As a reduction 

in methane without a reduction in degradability it is the desired outcome, the methane reduction 

should be due to a reduced share of methane, not merely a reduction in total gas (i.e. degradability). 

The points of the Hed treatment are lying under the regression line (triangles in Figure 25), this 

indicates that in the case of H. helix the gas formation is not a good predicter of the degradability. 

The pie charts in Figure 29 shows the pattern that most of the pure leaf hay treatments both reduce 

the amount of total gas, while at the same time reducing the share of methane compared with the 

pure MS. 
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Figure 29: Pie charts showing the relative amount of methane and carbon dioxide. Brackets showing the precise percentage of 

(CH4:CO2). Radii of pie charts showing the total gas formation in ml as indicated at bars on the left. FrE: F. excelsior, Hed: H. 

helix, Leu1: 1-year old L. leucocephala, Leu4: 4-year old L. leucocephala, MS: maize silage, SAL: S. viminalis. All abbreviations 

ended by MS are a mixture of the additive and maize silage in the ration (3:97). 
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6.4.2.5 Saponins and tannins 

H. helix was the only of the species tested that was chosen for its content of saponins, the rest was 

chosen for their content of tannins, even though both saponins and tannins are known to be present 

in all species (see Table 6, Table 7, Table 8, and Table 9). In a review by Goel and Makkar (2012) it 

is concluded that saponins often do not decrease enteric methane formation significantly in spite of 

an observed reduction in protozoal count, but that saponins can be added at higher concentrations 

without decreasing degradability than tannins. Tannins have a larger effect on methane formation 

but also on degradability, leaving less room for increasing the dose. Especially condensed tannins 

decrease methane by decreasing fibre degradation (ibid.). The unique effect of H. helix in the 

present experiment could be due to the impact of saponins instead of that of tannins. The major 

saponincore of H. helix is hederagenin (see Figure 13) (Zeng et al., 2018) and the major derivatives 

of this saponincore found is α-hederin, hederasponin B, and hederacoside C (Zaiter et al., 2018). To 

examine the exact mechanisms by which H. helix affects methanogenesis and degradation a first 

step could be to test pure forms of these compounds separately. If one or more compounds show an 

ideal effect, then further steps could be taken to find varieties richer in the compounds, determine 

optimal time of harvest and optimal growing conditions in general for maximizing positive effects 

and minimizing negative effects. 

6.5 CONCLUSION ON EXPERIMENT 

The experiment showed that both degradability and methane was decreased by all species of leaf 

hay tested as pure feeds. None of the hypothesises can be accepted as the degradability was reduced 

by all leaf hays in pure treatments and none of the mixtures reduced the methane. There was no 

difference between 1-year old and 4-year old leaves of L. leucocephala. The additives did not affect 

the degradation and methane formation from the maize silage fraction in the mixtures at 3% 

addition. The combination of H. helix and F. excelsior as an additive did not affect the degradability 

compared to the two species alone as additives at the tested concentrations. H. helix differed from 

the rest of the species as it did not decrease degradability as much, making it the most interesting 

candidate to pursue. Higher doses of all species might be interesting to investigate, to determine the 

nature of the dose responses on degradability and methane formation. 
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7 AGROECOLOGICAL PERSPECTIVES 

7.1 LEAF HAY IN THE AGRICULTURAL LANDSCAPE 

7.1.1 Silvopastoral systems and leaf hay production 

Nair (1985) defines silvopastoral systems as pastures with trees, i.e. the integration of animal 

production with woody vegetation. Leaf hay can simply be provided by letting grazing animals 

have access to trees. A study in Belgium recorded grazing heifers’ behaviour when having access to 

hedgerows. In spring 19.3% of the time was spent on browsing on hedgerows and only 5.9% and 

5.4% in early and late summer respectively (Vandermeulen et al., 2018). The topic of 

silvopastoralism receives great attention in these years – a thematic Issue of the Journal 

Agroforestry Systems in February this year was devoted solely to the design and potential benefits 

of silvopastoral systems (Shibu and Dollinger, 2019) and research in Denmark looks into the 

combination of free-range pig production and willows for bioenergy (Kongsted et al., 2018). A 

recent Dutch project have looked at having dairy cows in silvopastoral systems with S. viminalis 

and Alnus glutinosa in hedgerows. The main lessons were that the cows preferred the S. viminalis to 

the A. glutinosa, and that the leaf hay provided substantial amounts of macro- and micronutrients 

for the dairy cows (Luske et al., 2017). Silvopastoral systems is only relevant for grazing animals. 

Dairy cows kept in stables would need leaf hay to be part of the fodder provided to them. In 2015 

only 25% of Danish dairy cows where grazing on open fields (Kristensen and Sørensen, 2017). A 

technical solution for harvesting leaf hay mechanically for stable feeding if leaf hay might be more 

difficult to realize. It could potentially be realized in relation to short rotation coppice systems for 

woody energy crops. 

7.1.2 Benefits of trees in the landscape 

Agroforestry and silvopastoral systems have been studied for their varied environmental benefits 

and possible provision of ecosystem services. According to Kay et al. (2019) Denmark is a 

European hotspot for environmental pressures on land from agriculture, especially the pastures of 

the west coast of Jutland and the lowland arable fields. What is proposed to lessen the pressures on 

European Atlantic pastures are silvopastoral systems with hegderows. The proposed systems can 

potentially sequester up to 6.35 t C per ha per year, and it is estimated that up to 18,470,618 t C per 

year could be sequestered if all European Atlantic pastures where brought under agroforestry 
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management (ibid.). Erosion control, soil fertility, and biodiversity can benefit from trees on 

farmland (see Figure 30) (Torralba et al., 2016).  

 

Figure 30: Summary of meta-analysis on the effects of agroforestry systems in Europe on Ecosystem Services. The Response Ratio 

(RR) is defined by the equation: RR = ln(Effect of agroforestry system) – ln(Effect of control system).  * indicates RR significantly 

different form zero (p< 0.05). Silvopastoral: trees and animals, Silvoarable: trees and crops, Mixed: trees, animals, and crops.  

Source: (Torralba et al., 2016). 

7.2 L. LEUCOCEPHALA HAY IN THE TROPICS AND SUBTROPICS 

The present small study showed that the degradation of L. leucocephala was poor in comparison to 

maize silage, but the reduction in methane formation was clear. The natural range of the L. 

leucocephala is the tropics and substropics (Shelton and Brewbaker, 1994). Several studies from the 

tropical regions compare L. leucocephala to typical tropical feeds of lower quality than maize 

silage. The study already presented in Section 5.6.2 by Pineiro-Vazquez et al. (2018) shows a 

strong negative effect on methane formation and no effect on DMI with inclusion of up to 80% L. 

leucocephala. The base diet of the animals in their study was P. pupureum, not high-quality maize 

silage. An Australian experiment by Harrison et al. (2015) showed a decrease in enteric methane 

formation and at the same time an increase in liveweight gain in steers grazing pastures dominated 

by L. leucocephala instead of typical pastures dominated by Rhodes grass (Chloris gayana). 

Nguyen et al. (2016) increased nitrogen uptake and utilization and microbial protein synthesis by 

increasing the share of L. leucocephala silage to 60% in a diet of rice straw (all animals were 

supplemented with concentrate at a rate of 0.2% of body weight per day). These results show that 

the strong effect on methane formation should not be ignored only because of a decrease in 

degradability, as the degradability is relative to the base diet. It seems that there can be a win-win 

situation by the introduction of L. leucocephala in tropical regions. 
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7.3 THOUGHTS ON H. HELIX 

H. helix naturally grows as a climber on trees in forestlands but is also used in gardens and on walls 

as an ornamental plant. It grows well on most soils and is thriving in both full sun and shade. It has 

two different morphological stages; the juvenile climbing stage and the adult non-climbing and 

flowering stage. The leaf morphology changes from the juvenile to the adult stage (see Figure 31) 

(Metcalfe, 2005). Both the leaf biomass and growth of wines of H. helix are responding positively 

to increased sunlight (Thomas, 1980). In further studies on the effects of H. helix on enteric 

methane formation, it would be interesting to see if there are any differences in juvenile and adult 

leaves. Non-climbing bushes of purely adult H. helix (called H. helix ‘Arborea’) can be made from 

cuttings of the adult shoots, if the leaves of adult shoots turn out to be of certain interest or if a 

upright branched from is better suited for the design of a silvopastoral systems (Lindman, 1965). In 

the design of silvopastoral systems species of trees that H. helix prefer to climb could be chosen. A 

study on the occurrence of H. helix on different trees species in the parks of Bucharest, showed that 

H. helix has preferences. Carpinus betulus and Corylus avellana among others were hosting H. 

helix on 100% of the observed specimens (Mănescu et al., 2018). The two above mentioned host 

trees, C. betulus and C. avellana, was both pointed out as two of the trees most strongly preffered 

by browsing heifers by Vandermeulen et al., (2018). According to the Rumen-Up project C. 

avellana decreased methane formation by 25% compared to the control, without negatively 

decreasing degradability. C. betulus was not tested (Rumen-Up, 2005). A hedgerow design 

containing rows of C. betulus and C. avellana with climbing H. helix could be a way to bring this 

knowledge into practice. In-field methods for measuring enteric methane formation exist (e.g. SF6-

tracer technique and the GreenFeed system) (see P Huhtanen et al. (2015)), these could be applied 

in a field system with the proposed silvopastoral design to test in vivo effects in practice and on 

longer terms. 

 

Figure 31: Leaf morphology of H. helix. (A) juvenile leaf and (B) adult leaf. 
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8 CONCLUSION 

The literature review showed that research is looking into the use of tannins and saponins derived 

from leaf hay. There is still much research to be done in relation to finding the best types of tannins 

and saponins and the right doses. Not just the microbial environment of the rumen, but also the 

diversity of secondary plant metabolites and candidate species add complexity of this field. It seems 

based on the reviews and meta-analyses presented that there is a general negative effect of tannins 

and saponins on both degradability and enteric methane formation. 

The experimental work indicated that the overall hypothesis that leaf hay could reduce enteric 

methane formation is confirmed, but that an addition of 3% is not enough to see any significant 

effect. DM degradability was not reduced significantly by 3% addition of any of the leaf hays 

tested, but all leaf hays clearly reduced DM degradability when used as pure feeds. H. helix did not 

reduce DM degradability as much as the other leaf hays as pure feed, rendering it an interesting 

candidate to look further into. OM degradability of pure H. helix did not differ significantly from 

the OM degradability of maize silage. To go on from this initial screening more replicates should be 

done to confirm the results, higher doses should be tested to see if the effects are linear. The mixture 

of saponin containing H. helix and the tannin containing species should be tested without maize 

silage to see if there is an interaction between the saponins and tannins present.  

When broadening the perspective including more trees in the agricultural landscape could have 

many different positive effects, e.g. biodiversity, soil protection, and carbon sequestration. In this 

perspective the use of leaf hay to reduce enteric methane formation is yet another argument to 

introduce agroforestry systems. The effects of leaf hay on both methane formation and degradability 

is relative to the basal diet that the ruminant receives and under different conditions with different 

available feed stuffs leaf hay could play a positive role on degradability as well as methane 

mitigation. Under animal husbandry systems where animals are fed low quality feeds leaf hay can 

potentially both improve overall feed quality, animal performance, and reduce enteric methane 

formation simultaneously. 
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10  APPENDICES 

10.1  APPENDIX 1 

Table 12: Exact proportions of maize silage and additive in mixed treatments. 

Treatment g additive g MS Sum % additiv % MS 

Leu1MS 0.1565 5.0085 5.1650 3.1247 96.8753 

Leu4MS 0.1521 5.0003 5.1524 3.0418 96.9582 

HedMS 0.1519 5.0046 5.1565 3.0352 96.9648 

FrEMS 0.1533 5.0013 5.1546 3.0652 96.9348 

SALMS 0.1503 5.0005 5.1508 3.0057 96.9943 

HedFrEMS (0.0763+0.0754)* 5.001 5.1527 3.0334 96.9666 

*(FrE + Hed)  

 

Table 13: Dry Matter and Organic Matter added to each bottle. 

Bottle no. Treatment g added DM % g DM added Ash % of DM g OM added 

1 BL 0.0000 0.0000 0.0000 0.0000 0.0000 

2 Leu1MS 0.4999 92.6828 0.4633 4.3469 0.4432 

3 Leu4MS 0.5002 92.7133 0.4638 4.3883 0.4434 

4 HedFrEMS 0.5036 92.8108 0.4674 4.4258 0.4467 

5 Leu1 0.4999 89.8499 0.4492 6.9459 0.4180 

6 MS 0.5159 92.7742 0.4786 4.2631 0.4582 

7 HedFrEMS 0.5011 92.8108 0.4651 4.4258 0.4445 

8 Hed 0.4995 95.5826 0.4774 7.1497 0.4433 

9 Leu4 0.5004 90.7706 0.4542 8.3779 0.4162 

10 BL 0.0000 0.0000 0.0000 0.0000 0.0000 
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11 HedMS 0.5001 92.8595 0.4644 4.3507 0.4442 

12 Leu4 0.4994 90.7706 0.4533 8.3779 0.4153 

14 HedMS 0.4994 92.8595 0.4637 4.3507 0.4436 

16 FrE 0.5005 92.3959 0.4624 12.0749 0.4066 

17 Leu4MS 0.5002 92.7133 0.4638 4.3883 0.4434 

18 Leu4 0.5003 90.7706 0.4541 8.3779 0.4161 

19 Leu1 0.4990 89.8499 0.4484 6.9459 0.4172 

20 FrE 0.4997 92.3959 0.4617 12.0749 0.4060 

21 Hed 0.5012 95.5826 0.4791 7.1497 0.4448 

22 HedFrEMS 0.5011 92.8108 0.4651 4.4258 0.4445 

23 Leu1MS 0.5000 92.6828 0.4634 4.3469 0.4433 

24 MS 0.5018 92.7742 0.4655 4.2631 0.4457 

25 Leu1 0.5004 89.8499 0.4496 6.9459 0.4184 

26 FrE 0.5000 92.3959 0.4620 12.0749 0.4062 

27 FrEMS 0.5008 92.7626 0.4646 4.5026 0.4436 

28 Leu1MS 0.5014 92.6828 0.4647 4.3469 0.4445 

29 Hed 0.5003 95.5826 0.4782 7.1497 0.4440 

30 FrEMS 0.5000 92.7626 0.4638 4.5026 0.4429 

31 Leu4MS 0.5015 92.7133 0.4650 4.3883 0.4446 

32 HedMS 0.4999 92.8595 0.4642 4.3507 0.4440 

33 FrEMS 0.5010 92.7626 0.4647 4.5026 0.4438 

42 MS 0.5131 92.7742 0.4760 4.2631 0.4557 

44 MS 0.5056 92.7742 0.4691 4.2631 0.4491 

46 SALMS 0.5000 92.8054 0.4640 4.3411 0.4439 

47 SALMS 0.5001 92.8054 0.4641 4.3411 0.4440 

48 SALMS 0.4995 92.8054 0.4636 4.3411 0.4434 

49 SAL 0.5002 93.8108 0.4692 6.8572 0.4371 

50 SAL 0.4998 93.8108 0.4689 6.8572 0.4367 

 

 

 

 

 

 



 68 

10.2  APPENDIX 2 

Table 14: Analysis of Variance between treatments for all factors measured. 

Percent DM degraded ~ Treatment 

             Df  Sum Sq  Mean Sq  F value  Pr(>F)     

Treatment    11 6444 585.8 106.7 <2e-16 

Residuals    23 126 5.5   

ml Total Gas ~ Treatment 

             Df  Sum Sq  Mean Sq  F value    Pr(>F)     

Treatment    11 75023 6820 32.41 1.04E-11 

Residuals    24 5051 210   

Percent methane of total gas ~ Treatment 

 Df  Sum Sq  Mean Sq  F value      Pr(>F)     

Treatment    11 382.5 34.77 10.07 0.00000308 

Residuals    22 76 3.45   

ml methane per g DM of feed added ~ Treatment 

 Df  Sum Sq  Mean Sq  F value        Pr(>F)     

Treatment    11 3917 356.1 17.49 2.12E-08 

Residuals    22 448 20.4   

ml methane per g OM of feed added ~ Treatment 

 Df  Sum Sq  Mean Sq  F value        Pr(>F)     

Treatment    11 4067 369.8 16.77 5.37E-08 

Residuals    21 463 22   

ml methane per g degraded DM ~ Treatment 

 Df  Sum Sq  Mean Sq  F value    Pr(>F)     

Treatment    11 5219 474.5 6.387 0.000146 

Residuals    21 1560 74.3   

ml methane per g degraded OM ~ Treatment 

 Df  Sum Sq  Mean Sq  F value    Pr(>F)     

Treatment    11 4687 426.1 6.902 0.000083 

Residuals    21 1296 61.7   
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10.3  APPENDIX 3 

 

Figure 32: Figure 18 without potential outliers of Leu4MS and SALMS. Total gas production per gram of DM added. Different 

letters indicate a p-value < 0.05 by Tukey's Test. Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. 

 

Figure 33: Figure 20 without potential outliers of Leu4MS and SALMS. ml of methane produced per g of DM added. Different letters 

indicate a p-value < 0.05 by Tukey's Test. Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. 
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Figure 34: Figure 19 without potential outliers of Leu4MS and SALMS. Percent methane out of total gas produced. Different letters 

indicate a p-value < 0.05 by Tukey's Test. Whiskers indicate +/- z(0.95/2) x std.error of i'th treatment. 

Table 15: Relation between methane formation in ml and additives in percent without potential outliers of Leu4MS and SALMS. 

Linear equations of methane production  

ml methane = a * % additive + b FrE Hed Leu1 Leu4 SAL 

Additive  

in general 

Slope (a) -0.087 -0.094 -0.115 -0.122 -0.109 -0.107 

Intercept (b) 15.1 15.6 15.7 15.3 14.4 15.4 

R2 0.945 0.923 0.946 0.969 0.841 0.925 

 


