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Preface 

This thesis represents the ending of a master’s program in Agrobiology, Animal Science at the 

faculty of Technical Sciences, Aarhus University. The thesis represents 60 ECTS and was con-

ducted under the department of Animal Science at the section of Animal Nutrition. 

The thesis is based on an intensive in situ experiment in collaboration with the Danish project 

on “Optimal udnyttelse af bioraffineret pulp fra grøn biomasse til kvægfoder” financed by Hof-

mansgave. The objective of the project was to optimize the usage of fibrous waste products 

from green biorefining. This master thesis was conducted to investigate the degradation char-

acteristics of neutral detergent fiber (NDF) in grass pulp as a waste product from green biore-

fining. The experiment was an addition to a previously conducted feeding experiment, that 

intensively studied the in vivo effects of feeding grass silage from biorefining. During the cur-

rent experiment, the rumen incubations was conducted together with the conduction of NDF 

analysis in laboratory. In addition to the thesis, fermentation products in the grass silage were 

examined through analysis of silage extracts. The production of silage extracts was conducted 

as a part of the practical experiment and further analysis of samples were carried out by the 

technical staff. Further sorting of data and statistical analysis was completed by the student. 

Results from the in vivo experiment on animal responses were provided kindly by the co-su-

pervisor and PhD student, Nikolaj Peder Hansen, who was responsible for the in vivo experi-

ment. 

The dissertation is structured with an introduction to the subject on feeding grass silage and 

the purpose of studying the effects from screw-pressing on NDF degradation. Objectives and 

hypothesis are stated to inform on the anticipations of the study and the methods used for 

investigation. The background section provides knowledge on the following subjects: 1) Devel-

opment of grass plants both morphological and chemically, 2) Description of biorefining and 

the effects on grass plants together with principals of ensiling factors and status of the current 

literature on ensiling of forages from biorefining, 3) the effects on NDF degradation character-

istics, digestibility and feed intake from both development stage and physical processing of 

grass through existing literature is described. The description of the experiment conducted is 

described in the materials and methods section along with information on calculations and 

statistical analysis. Results are presented in the following section with description of the find-

ings. The results are discussed with knowledge from background literature and concluded. The 

thesis is ended with a perspective on future use of grass from biorefining. 

 

Åbyhøj, Aarhus 

September 17th, 2021 

 

Jacob Laier Bitsch  
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Summary 

Focus on locally produced protein and an aim for reducing import of proteins from other con-

tinents of world have increased the interest in biorefining ley crops for protein extraction. The 

fibrous waste product from green biorefining of these ley crops is thought to be suitable as 

forage for dairy cows. However, knowledge on the nutritive value and properties as a silage of 

the fibrous waste product is limited and in need of further studying to explain the effects of 

biorefining on grass as a forage. 

This thesis reviews through literature, the nutritive change during grass plant development, 

description of the biorefining process and ensiling of forage. Finally existing literature on the 

effects from increased development stage and physical processing of grass is presented. Fur-

ther an experiment was set up to determine the effects from physical processing on both fer-

mentation quality and the nutritive value of silage from screw-pressed grass compared with 

traditional chopped and weathered grass silage. First, fermentation quality was tested through 

analysis of pH and fermentation products in silage extracts. Second, an in situ experiment was 

conducted to study the degradation characteristics of neutral detergent fiber at two develop-

ment stages of grass. As an addition was the preparation method of silage samples for rumen 

incubation altered, to secure this process did not disguise any effects of physical processing of 

grass. Lastly, models for prediction of feed intake were compared to observed values of feed 

intake from a prior in vivo experiment, which tested the silages as roughages in feed rations. 

The literature study showed a well-known increase in cell wall parts of the grass plant and 

decreasing nutritive quality with increasing development stage of the plant. Biorefining pro-

cesses showed to increase the dry matter and neutral detergent fiber concentration. Further 

studies on screw-pressing or other types of maceration of forage material showed varying re-

sults on digestibility both measured in situ and in vivo, however a general result was the higher 

degradation rate of neutral detergent fiber from physical processing. The experimental study 

showed good fermentation quality for silages from screw-pressed grass. Secondly, degradation 

characteristics of grass was not affected by physical processing. Increased development stage 

at harvest showed negative effects on the degradation characteristics, this effect was reduced 

by screw-pressing of grass. Change in sample preparation method for rumen incubation was 

not able to support or deny the assumed effect of preparation method. Prediction of silage in-

take tended to overestimate compared with observed intake of silage, showing other factors 

than physical fill of the rumen is present for high producing dairy cows. 

In conclusion, screw-pressing of grass before ensiling can obtain good fermentation quality. 

Secondly, degradation characteristics and in vivo digestibility of neutral detergent fiber was to 

some extend affected by screw-pressing. This project shows grass from biorefining is suitable 

as forage for dairy cows. However, further studying of practical application at farm level is 

needed. 
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Sammendrag 

Stigende fokus på lokalt produceret protein og et mål om at reducere importen af proteiner fra 

andre verdensdele har øget interessen for bioraffinering af flerårige afgrøder til proteinudvin-

ding. Det fiberholdige affaldsprodukt fra grøn bioraffinering af disse flerårige planter menes 

at være egnet som foder til malkekøer. Kendskabet til næringsværdien og egenskaberne som 

ensilage af det fiberholdige affaldsprodukt er imidlertid begrænset og har behov for yderligere 

undersøgelser for at forklare bioraffineringens virkninger på græs som foder til malkekøer. 

Dette speciale undersøger gennem litteraturen, den næringsstofmæssige ændring ved udvik-

ling af græs planten, beskrivelse af bioraffineringsprocessen og ensilering af foder. Endeligt vil 

eksisterende litteratur om effekten af øget udviklingstrin og fysisk processering af græs blive 

præsenteret. Endvidere var et forsøg opsat for at bestemme effekten fra fysisk processering på 

både fermentering kvalitet og den næringsmæssige værdi af ensilage fra skruepresset græs 

sammenlignet med traditionelt snittet og forvejret græs ensilage. Først var fermenterings kva-

litet testet ved analyse af pH of fermenterings produkter i ensilage ekstrakter. Efterfølgende 

blev et in situ forsøg udført for at studere nedbrydnings karakteristika af neutralt opløselige 

fibre ved to udviklingstrin af græs. Som tilføjelse var forbehandlingsmetoden af ensilageprøver 

til vom inkubering ændret, for at sikre denne proces ikke maskerede effekter af fysisk proces-

sering af græs. Til sidst var modeller til prædiktion af foder indtag sammenlignet med obser-

verede værdier for foder indtag fra et forudgående in vivo eksperiment, som testede ensilage 

som grovfoder i foderrationen. 

Litteraturstudiet viste en velkendt stigning i cellevægges andele af græs planten og sænket næ-

ringsstof værdi ved stigende udviklingstrin af planten. Bioraffinerings processen viste en stig-

ning i tørstof and neutral opløselige fiber koncentration. Endvidere studier om skruepresning 

og andre typer af kværning af foder viste varierende resultater ved fordøjelighed målt både in 

situ og in vivo, hvorom end et generelt resultat var en øget nedbrydningshastighed af neutral 

opløselige fibre ved fysisk processering. Det eksperimentelle studie viste god fermenterings 

kvalitet for ensilage fra skruepresset græs. For det andet, var nedbrydnings karakteristika for 

græs ikke påvirket af fysisk processering. Stigende udviklingstrin ved høst viste negative effek-

ter på nedbrydnings karakteristika, denne effekt var reduceret ved skruepresning af græs. Æn-

dring i forbehandlingsmetoden for prøver til vom inkubering var ikke i stand til at bekræfte 

eller afvise den forventede effekt af forbehandlingsmetode. Prædiktion af ensilage indtag ten-

derede til at overestimere sammenlignet med observerede værdier for ensilage indtag, anty-

dende at andre faktorer end fysisk fylde af vommen er til stede for højtproducerende malke-

køer. 

Afslutningsvis, skruepresning af græs før ensilering kan opnå god fermenterings kvalitet. For 

det andet var nedbrydningskarakteristika og in vivo fordøjelighed af neutralt opløselige fibre 

var i nogen grad påvirket af skruepresning. Dette studie viser at græs fra bioraffinering er pas-

sende som foder til malkekøer. Hvorom end, yderlige studier af praktisk anvendelse på gård 

niveau er nødvendigt.  
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1 Introduction 

In the process of reducing import of protein sources from other regions of the world and in-

crease the use locally produced protein, several actors across research institutes and the feed 

industry have investigated the possibility of using perennial or permanent ley crops for pro-

duction of protein (Njakou Djomo et al., 2020). Green biorefining has in the recent years shown 

to be a possible solution to produce proteins for monogastric animals and in the aquaculture 

(Hermansen et al., 2017).  

In Denmark, grass production primarily has the objective to be used as forage in rotational 

crop systems, permanent grass areas or for seed production. In 2019 287,000 ha were covered 

with grass swards in rotation, another 224,000 ha were permanent grass swards, comprising 

11 and 8.5 %, respectively of the total crop land use in Denmark (Landbrug og fødevarer, 

2020). Increasing the area of ley crops from annual crop areas, would not only decrease the 

import of protein feedstuff, but also enhance the circular bioeconomy and reduce the environ-

mental impact from agriculture land according to Børgesen et al. (2018). 

Green biorefining separates forages into a liquid and a solid fraction, where the solid fraction 

is perceived as a waste product. However, a case study by Corona et al. (2018) have shown the 

utilization of this fibrous solid fraction for a valuable purpose is critical for the economic aspect 

of green biorefining. For this, use of the solid fraction as forage for dairy cows have been sug-

gested, with the assumption that crude protein concentration was a at minimum of 14 % of 

DM.  

Feeding experiments using the fibrous waste product as roughage in dairy cows feed rations 

has been conducted by Damborg et al. (2019) and Savonen et al. (2020) with varying results. 

Indicating the nutritive value of this feed stuff is not yet fully determined. Higher neutral de-

tergent fiber (NDF) digestibility of grass-clover from biorefining with equal intakes of dry mat-

ter, in the first mentioned study, indicated that screw-pressing during biorefining increased 

the utilization of NDF in the rumen. To provide additional knowledge on the degradation char-

acteristics of NDF from silage with screw-pressed grass, this master thesis aims to research the 

effects of different levels of screw-pressing compared to traditional methods for harvest of 

grass for silage production. The effects of this physical processing at different stages of devel-

opment for grass is also aimed to be studied. 

The degradation characteristics of neutral detergent fiber was assessed by Damborg et al. 

(2019), however these results were suspected to be affected by the preparation method of sam-

ples for rumen incubation using the nylon bag method. The possible effect of sample prepara-

tion will also be investigated to determine if physical aspects of the incubation sample are hid-

ing possible effects on the degradation characteristics during rumen incubation in nylon bags. 

Lastly, this project is an extension of the feed evaluation of screw-pressed grass assessed 

through an intensive in vivo experiment conducted prior to this thesis. Therefor comparison 

of predicted feed intake and observed values were also made to evaluate feed intake models 

based on physical fill of the feedstuff. 
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2 Aim and hypotheses 

The overall aim of this thesis is to study the degradation characteristics of silage from screw-

pressing of grass with increasing development stage and the effect of evaluation method. 

The hypotheses for the thesis are the following: 

1. Screw pressing of grass decreases production of fermentation products during ensiling. 

2. Increased development stage at harvest of grass decreases effective degradation of fiber 

in the rumen for grass silage. 

3. Screw pressing of grass before ensiling increases the rate of fiber degradation in the ru-

men with varying effect depending of development stage of grass. 

4. Sample preparation (i.e. drying and milling) disrupts the effect of screw pressing on ru-

men fiber degradation measured in situ. 

5. Voluntary dry matter and NDF intake of silage from screw-pressed grass can be predicted 

from fiber degradation characteristics measured in situ. 
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3 Background 

Literature review will be used to describe the physical and nutritive change during grass 

growth, principals of green biorefining, fermentation process during ensiling and ruminal fiber 

digestion with focus on ruminal degradation and feed intake. Relevant literature on the effects 

from development stage and physical processing of grass will be reviewed. 

3.1 GRASS PRODUCTION AND GROWTH 

3.1.1 General description and cultivation of grass lands 

Ryegrasses are one of the most used genus of grasses in Europe, with perennial ryegrass (Lo-

lium Perenne L.) being the most abundant one (Humphreys et al., 2010). Ryegrasses are bred 

as both diploid and triploid varieties resulting in a higher yield of water-soluble carbohydrates 

(WSC) and increased digestibility for triploid varieties, especially for annual species 

(Humphreys et al., 2010 ; Smith et al., 2001). Cool-season grasses, such as perennial ryegrass, 

are defined as C-3 grasses referring to their type of photosynthesis. Compared to C-4, C-3 

grasses are more vulnerable to drought and high temperatures, in exchange for higher fiber 

digestibility together with concentration of proteins and WSC. C-3 and C-4 species of grass 

differs generally in crude protein concentration ranging from 100-200 and 50-100 g/kg dry 

matter (DM), respectively. However, crude protein concentrations are largely affected by 

growth stage and nutrient availability (McEniy and O’ Kiely, 2014). 

Production of forage for dairy cows is focused on growing crops with high DM yield and digest-

ibility. In Denmark, the yield should be minimum 9000 SFU per hectare with a feedstuff value 

of 1,05-1,30 kg DM per Scandinavian feed unit (Seges, 2019).Forages rich in protein, water 

soluble carbohydrates and high fiber digestibility are considered as high-quality forage 

(Buxton, 1996). Feeding low quality forages reduces productivity of dairy cow and forces large 

amounts of feed to be consumed (Humphreys et al., 2010). Low efficiency in nitrogen utiliza-

tion has often been mentioned as an issue for ruminants, as since it has an environmental im-

pact from excretion of ammonia and urea (Kingston-Smith et al., 2008). Quality of the forage 

produced is highly affected by the maturity stage of the grass. The decrease in quality is appli-

cable for all grass species and legumes, however the rate of development and decrease depends 

both on species (Cop et al., 2009 ; Oelberg, 1956 ; Ullmann et al., 2017) and abiotic effects 

(Buxton, 1996 ; King et al., 2012 ; Oelberg, 1956). 

3.1.2 Development stages and morphology of grass 

Grass quality and development of the plant is closely related, giving the possibility to describe 

plant development from visual assessment based on characteristics of different development 

stages (Nave et al., 2013). A quantified method for perennial grasses based on visual descrip-

tions was developed by Moore et al. (1991), named the Nebraska system. Dividing plant devel-

opment into four stages distinguished between vegetation – development of leaves and tiller, 

elongation – formation of nodes and rapid stem growth, reproduction – emergence and 
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maturation of inflorescence and finally Seed ripening – development of seeds and endosperms 

until ripe. The system is made for quantification of the different stages of plant development 

when practically assessing plants in the field. 

The basis for the final plant quality is founded early in the vegetative phase since the formation 

of each leaf takes place in this period, defining the potential of leaf size and quality (Nelson and 

Moore, 2020).  

3.1.3 Plant cell wall composition 

Plant cell walls in grasses are comprised of both a primary and secondary cell wall (Figure 1). 

The primary cell wall comprises of different polysaccharides forming the strong and flexible 

cell wall. Cellulose is the loadbearing and main structural part of the primary cell wall. Cellu-

lose is a polymer of glucose molecules linked together by beta-1,4 bonds forming long-chain 

glucans. Several glucans are held together by hydrogen bonds in a cable-like manner forming 

the microfibrils of cellulose. The diameter of cellulose microfibrils is app. 3 nm in the primary 

cell wall (Anderson and Kieber, 2020). Hemicellulose comprises of several types of monosac-

charides. The basic structure is made of a neutral sugar backbone with possible sidechains of 

different sugars (Scheller and Ulvskov, 2010).The primary cell wall of grasses is classified as 

Type II primary cell wall, where glucuronoarabinoxylan are the most abundant hemicellulose 

comprised of beta-1,4- linked xylosyl backbone with arabinose and glucuronic acid sidechains 

(Anderson and Kieber, 2020 ; Cosgrove and Jarvis, 2012). These xylans are cross-linking cel-

lulose microfibrils in the cell wall (Vogel, 2008). Mixed-linkage glucans composed of beta-1,4-

linked glucose with eventual beta-1,3 bonds breaking the straight chains are commonly found 

in the primary cell wall of rapid growing grass tissues(Anderson and Kieber, 2020). These two 

hemicelluloses are the main components in the primary cell wall, whereas cellulose composes 

20-30 % of the dry weight. Pectins are only present in minor concentrations in grasses (Vogel, 

2008).  

The secondary cell wall is formed after cell growth have ceased and creates a strong rigid bar-

rier behind the primary cell wall. The secondary cell wall only contains app. 30% water and is 

much less hydrated than the viscous primary cell wall (Cosgrove and Jarvis, 2012). Compared 

to the primary cell wall the diameter of cellulose microfibrils can be up to more than 20 nm in 

the secondary cell wall where macro fibrils are formed by merging of multiple micro fibrils. 

Lignin is only found in the secondary cell wall of the grass (Figure 1) and is a hydrophobic and 

polyphenolic compound made from monolignol subunits linked together by covalent bonds. 

The rigid structure in the secondary cell wall is caused by lignin filling the gap between cellu-

lose fibrils (Vogel, 2008). Linkage between lignin and xylans creates complexes in the second-

ary cell wall (Anderson and Kieber, 2020). Bundles of cellulose microfibrils are covered by 

these lignin-xylan complexes creating a matrix with bonding between xylan and cellulose 

(Cosgrove and Jarvis, 2012).In contrast to the primary cell wall, xylans are the primary hemi-

celluloses in the secondary cell wall, where mixed-linked glucans are only found in minor con-

centrations (Vogel, 2008). 
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3.1.3.1 Analysis of cell wall components 

In forage evaluation and fiber analysis the determination of individual polysaccharides is ex-

pensive and not always necessary. Evaluation systems of cell wall materials have been devel-

oped by Vansoest et al. (1991) and the neutral detergent system is the most recognized method 

for plant fiber analysis. Several modifications have been made since the initial process and 

currently the official method from AOAC was published by Mertens et al. (2002). The basis for 

the system has remained the same with extraction of soluble compounds after treatment with 

a specific detergent, using gravimetric determination of the remaining compounds. Neutral 

detergent solution treatment yields a neutral detergent solubles (NDS) and a neutral detergent 

fiber fraction (NDF). Cellulose, hemicelluloses, and lignin are all included in the NDF fraction. 

However, pectin and beta-glucan are extracted along with cell contents by the neutral deter-

gent treatment (Vansoest et al., 1991). Further treatment with acidic detergent yields acidic 

detergent fiber (ADF), where hemicellulose is extracted into the soluble fraction and final treat-

ment with sulfuric acid yields an acidic detergent lignin (ADL) resulting in extraction of cellu-

lose and complex bound cell wall proteins.  

 

 

 

 

Figure 1 - Illustration of the primary and secondary cell wall of grass (Type II cell wall). 
Source:(Kozlova et al., 2020) 

Primary cell wall 

Secondary cell wall 



6 
 

3.1.4 Nutritional development in grass during maturation/growth 

The largest change in nutrient composition during growth, happens in the leaf, during devel-

oping leaf cells changing to elongation and maturation (Nelson and Moser, 1994). The basis 

for forage quality is set during leaf development and maturation, since leaf cells are fully de-

veloped in the sheath tube before emerging (Macadam and Nelson, 2002). 

During growth of grass tillers, the nutritional composition changes noticeably during the veg-

etative phase, where leaves accumulate large parts of dry matter in both the cell division and 

the maturation zone (Mitchell et al., 2020). The deposition of nitrogen compounds is dominant 

in the cell division zone (Figure 2) where proteins and nucleic acids are formed in the cells 

along with deposition of water-soluble carbohydrates making up to 30-40% of DM of cells dur-

ing cell growth (Macadam and Nelson, 1987). However, the deposition of nutrients in the cell 

decreases rapidly when reaching cell elongation, in exchange for large uptake of water to in-

crease the physical size of the cell (Mitchell et al., 2020). The deposition of WSC during matu-

ration decreases and reaches negatives values since they are utilized to form carbon-skeletons 

in secondary cell wall growth, where after they reach a steady state when expressed as net dep-

osition. The formation of secondary cell wall increases the DM density of the cell by increasing 

circumference and not in expense of cytoplasm diameter (Allard and Nelson, 1991 ; Macadam 

and Nelson, 2002). 

During plant growth and maturation concentration of WSC increases, primarily in stem parts 

of the plant. In contrast the concentration of nitrogen in respect to maturity decreases for the 

whole plant with increasing amounts of both fiber and WSC (Hoekstra et al., 2007). The gen-

eral concentration of crude protein (CP) for the whole plant decreases with maturity, primarily 

due to the maturation of leaves and not whole-plant development (Perry Jr. and Baltensperger, 

1979).  

3.1.4.1 Cell wall and fiber development during maturation 

Concentrations of both NDF and ADF for grasses, develop different between species (Buxton, 

1996 ; Cop et al., 2009). The mean NDF concentration across five temperate grass species var-

ied from 342 to 693 g/kg DM for the early to late cut of primary growth with highest increase 

from early to mid-late May (Cop et al., 2009). Perennial ryegrass was found to have the lowest 

concentration of NDF and ADF of all five species, regardless of the days of regrowth. 
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3.1.4.2 Change in leaf and stem cell wall during maturation 

The increase of NDF concentration with maturation, is more rapid in sheath and stem parts of 

the plant (Buxton, 1996). Stem parts are primary used for upwards growth and structural pur-

pose along with transportation of nutrients and water increasing the need for rigid cell walls to 

keep the plant upright. In a review Nelson and Moser (1994) studied the characteristics of 

grass parts, where cross-sectional area showed the primary part of stems are made from 52% 

parenchyma tissue and 28% of a combination of epidermis, xylem and sclerenchyma cells in 

cool-season grasses. In contrast leaf blades had 57 % mesophyll cells, 23 % epidermis and 15 

% vascular tissue of total cross-sectional area. The high concentration of mesophyll cells in leaf 

blades indicates lower concentration of fiber components in leaf blades compared to stem 

parts, since mesophyll cells do not form secondary cell wall (Nelson and Moser, 1994). The 

fiber part of leaves from perennial ryegrasses ranges between 15-24% of DM, depending on 

the maturity of leaf in Gordon et al. (1985) but with no comparison to stem parts. The change 

in leaf blade NDF concentration is minimal after development and maturation of leaves until 

reproductive stages where leaf blade accumulates dead tissue. 

Figure 2 - Development in Dry matter (DM) and nutrient deposition during 
growth of grass leaf. Source: (Mitchell et al., 2020). 
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The elongating stem will accumulate large amount of structural tissue increasing the concen-

tration of NDF and lignin. Stem parts as nodes and internodes had on average higher concen-

tration of lignin than leaf sheath head emergence stage. Concentrations of NDF was 687 and 

558 g/kg WSC free DM, respectively for stem and leaf blade parts of the plant (Hoekstra et al., 

2007). High accumulations of WSC in selected varieties, were able disguise the increase in NDF 

with increased maturity forcing the results to be presented as WSC free DM. However other 

studies were able to find increased NDF concentration with maturity without correcting for 

WSC content (Alstrup et al., 2016 ; Chaves et al., 2006). The high levels of NDF and especially 

lignin in stem parts is causing the stem parts to have lower quality as a forage. Leaf:stem ratio 

has been an estimate for determining quality since increased stem decreases quality and is 

indicating the development stage of grass  (Tremblay et al., 2002). 

3.1.5 Environmental effects on forage quality 

Rate of growth and maturation are controlled to a great extent by climatic effects. Temperature 

has a large effect on growth rate. Increasing temperature promotes growth and lignification of 

secondary cell walls. Whereas lower temperatures increase the accumulation of carbohydrates 

inside cell cytoplasm (Nelson and Moser, 1994). The increase of lignified cell wall from high 

temperature have a more effective stem than leaf parts of grass (Deinum and Dirven, 1975). 

Increase in radiation has similar effect as temperature by increasing lignification of secondary 

cell walls but to a less extent. In contrast, the stage of development for the plant is not increased 

by radiation. 

Water stress in grass has low effect on chemical composition but decreases plant growth rap-

idly or even forces it to cease. Some studies show an increase in forage quality at low water 

levels, due to increase in concentration of nutrients in cell content and no change in NDF con-

centration (Jensen et al., 2003).  

Fertilization of grass swards promotes both DM growth and CP concentration in plants shown 

in several studies (Frame and Boyd, 1987 ; Hoekstra et al., 2007 ; King et al., 2012). The bio-

logical effect of nitrogen supplementation was studied by Volenec and Nelson (1983) finding 

98% increase in leaf elongation rate from increased level of nitrogen, caused by elevated cell 

division. In a small field study by King et al. (2012) increased DM yield with app. 9.9 kg DM 

per kg N applied per hectare with supplementation of nitrogen fertilizer (0 and 125 kg N/ha 

supplemented) along with an increase of 0.25g CP/kg DM per 1 kg N applied. General trends 

found in the study was supported by Hoekstra et al. (2007) who in addition found lower effect 

of regrowth period in late season at low nitrogen fertilization level (0 and 90 kg/ha per year). 

Both studies found the mass yield of WSC and nitrogen are negatively correlated in terms of N 

supplementation. Further, the NDF concentrations are negatively affected by increasing N ad-

dition. 
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3.2 BIOREFINING PLANT AND PROCESS  

Biorefining process has had a large interest during the recent years, with increasing need for 

producing local area protein sources along with increasing need for reducing climate impacts 

from the agricultural sector. Green biorefining focuses primarily on extracting proteins from 

green crops such as grasses, legumes and cereals harvested at immature stage (Muneer et al., 

2021), because of the relatively high concentration of soluble proteins and appropriate amino 

acid composition. A set of different processes are performed during biorefining to obtain the 

desired products with alternative moderations to the process for altering efficiency or produc-

tion costs (Corona et al., 2018). In figure 3 an illustration of the basic processes is shown. In 

general, green biorefining consists of fractioning liquids and solids in material followed by pre-

cipitation and finally decantation of protein extract from the residue liquid. 

Fractioning of solid and liquid parts through screw-pressing isolate the soluble parts of the 

green material containing the majority of soluble nutrients and other components from the 

material. The solid fraction contains high amounts of fibers constituted by cellulose, hemicel-

lulose, and lignin. Applications of the solid fraction has been reviewed to make the process of 

biorefinery more feasible from increasing value of an otherwise considered waste product, 

where usage as forage for ruminants have been suggested. 

3.2.1 Effects on chemical composition from physical processing 

The pulp produced from screw pressing does not only contain fiber components, but also other 

nutrients. Important for the green biorefining process is the efficiency of extracting the high 

value proteins from the crops. Protein recovery from screw-pressing in different species of 

grasses and legumes were tested by Stødkilde et al. (2020) finding highest recovery percentage 

of initial nitrogen in legumes compared to grasses. Perennial ryegrass had the lowest recovery 

percentage for protein isolate, in contrast the pulp fraction having the highest percentage of 

initial nitrogen (67.4 %) after biorefining. The same tendency was found by Damborg et al. 

(2020), where the pulp fraction of perennial ryegrass had the highest retention of CP. Further 

analysis of CP showed the retention effect was also present on true protein level. Both studies 

used a lab-scale size screw-press to study the effect on CP extraction, however large-scale 

plants can have different results on CP recovery in protein isolate and change in DM concen-

tration from screw-pressing. Corona et al. (2018) made a scenario-study to determine the effi-

ciency of different biorefining setups and settings showing effects on increasing level of screw-

pressing. The recovery of protein was above 40 % of total protein with one-time screw-press-

ing, whereas 2 times screw-pressing increased protein recovery up to app. 65 %. The distribu-

tion of DM in the study showed that 0.703 of DM ended up in the pulp fraction and 0.297 

ended up in the press juice. Increasing the level of screw-pressing to two times decreased the 

DM recovery to 0.664 for the pulp fraction. The findings of mass balance in DM from the sce-

nario-study is in agreement with Damborg et al. (2020). 
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The concentration of NDF increases in the solid fraction by fractioning solids and liquids. This 

effect has been reported by various studies on screw-pressing of green crops, however relation 

between the intensity of screw-pressing and increase in NDF concentration has not been pub-

lished at current knowledge. Damborg et al. (2018) showed an increase from 503 to 694 g 

NDF/kg DM for perennial ryegrass with an increase of 21.3 g/kg in DM level (19.9 to 41.4 

g/kg) from screw-pressing on lab scale equipment. The study tested three legumes (white clo-

ver, red clover and lucerne) and perennial ryegrass cut at three different times during growth 

season. The concentration of NDF for both fresh plant and pulp material for grass was higher 

for perennial ryegrass than all legumes. The study analyzed both NDF, ADF and lignin finding 

effect of screw-pressing on DM level for all three fiber types, however when lignin was ex-

pressed as fraction of NDF, there was no change from fresh plant to pulp material. Larsen et 

al. (2019) did not experience the same increase from screw-pressing on either DM or fiber 

components, using a pilot-scale biorefining plan. Franco et al. (2019) compared different 

equipment for screw-pressing on liquid yield by modelling experimental data in a meta-analy-

sis finding the laboratory twin-screw press to have the highest liquid yield compared to DM 

level (g/kg) (y=-0.001x+0.7957), compared to both farm-scale single and twin-screw press 

(y=-0.0013x+0.5808 and y=-0.0005+0.6560, respectively), where y is the kg of liquid per kg 

of fresh silage and x is DM in g/kg. However, the level of detail on screw-pressing equipment 

and settings from both latter mentioned meta-analysis and above-mentioned studies are not 

adequate to make direct comparisons. 

The effect of development stage on extractable protein and change in chemical composition 

during spring growth was studied in two studies by Solati et al. (2017) and Solati et al. (2018). 

The development of extractable protein decreases mostly for stem parts during with increasing 

maturity caused by the rapid growth of stem parts. The study concluded if more fiber associ-

ated protein could be extracted, perennial ryegrasses would be a potential good crop for protein 

extraction, however with the high concentration of protein legumes such as white clover, red 

clover and lucerne these would be most suitable for green biorefining. The latter study Solati 

et al. (2018) suggested utilizing only leaf parts for biorefining and redirect stem parts for bio-

energy and biofuels, based on the low concentration of extractable protein in stems.  

Figure 3 - Schematic chart of the processes during the green biorefining for protein extraction 

Liquid fraction 
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3.3 ENSILING PROCESS OF GRASS FORAGE 

In this chapter the primary focus is towards the chemical elements in plants for optimal ensil-

ing and the effect of increased maturity of grass on fermentation quality. Experimental data on 

effects on physical treatment on fresh material before ensiling from green biorefining or simi-

lar mechanical effects will be presented. 

3.3.1 Conservation process of forage during ensiling 

The process of ensiling can be divided into four phases consisting of an aerobic, a fermentation, 

a stable phase, and a feed-out phase. The optimal ensiling process is characterized by a rapid 

transition from aerobic phase to fermentation stage in anaerobic conditions and subsequently 

a drop in pH (Oude Elferink et al., 2000). In the fermentation period, lactic acid bacteria (LAB) 

are the desired bacteria-species to be the primary organism responsible for fermentation. The 

presence of LAB is a prerequisite for the desired fermentation, and often cultures of LAB are 

added during the ensiling of forage as a silage additive (Driehuis et al., 1997). The high occur-

rence of lactic acid decreases pH and assures the silage to enter the stable phase. Lactic and 

volatile fatty acids are an important trait when assessing fermentation quality of silage.  

The composition of acids, in well fermented silage, should primary be lactic acid followed by a 

presence of acetic acid to get sufficient drop in pH since lactic acid have a pKa of 3.86 making 

it a 10-12 times stronger acid than acetic acid with a pKa of 4.75 (Kung et al., 2018). Kung et 

al. (2018) stated the ratio between lactic and acetic acid should be 2.5-3.0 for a good silage 

fermentation, however the ratio can be altered depending on the fermentation pathway of the 

LAB present or added to the silage. The effect of lactic acid on pH depends on the buffer ca-

pacity of the fresh material. Organic acids and fermentation waste products from metabolism 

of amino acids are some of the major components in silage increasing buffer capacity 

(McDonald and Henderson, 1962). Organic acids are known to have a Pka between 3.5-5.0 

making the pH decrease from 6 to 4 difficult, requiring lactic acid to decrease the pH to a stable 

level (Buxton and O'Kiely, 2003).  

Measurements of pH are often used for assessment of fermentation quality, however pH itself 

is not sufficient when assessing silage, since increased DM level can decrease the requirements 

for low pH. For assessing silage samples, a required pH value can be calculated based on DM 

concentration such as mentioned in Haigh (1987) (0.000359*x + 3.44, where x is the DM con-

centration in g/kg) . In a large observational study of 1713 silage samples from different farm-

scale silos by Haigh (1987), the effects of DM level on ammonia-N and pH were analyzed. The 

study found a relationship between decreasing DM level and an increasing number of samples 

being evaluated as poor fermentation. Mean pH value for silage with DM under 18% was 4.88 

whereas silage groups with higher DM level had pH values ranging from 4.24-4.43. This shows 

low DM concentration in silage are requiring high levels of fermentation products for a good 

fermentation quality. 
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3.3.2 Effect of physical processing of forage on silage quality 

The effect of screw-pressing from biorefining on ensiling have been studied recently in two 

publications where physical and chemical change have been examined.  

Larsen et al. (2019) studied the ensiling capability of screw-pressed grass-clover and ryegrass 

by comparing ensiled pulp to fresh pulp. The study found both types of herbage to decrease in 

NDF concentration along with a decrease in in vitro organic matter digestibility (IVOMD) for 

silages compared to fresh pulp. Analysis of amino acid (AA) composition showed a 13% and 

26% decrease of AA in protein, respectively for ryegrass and grass-clover pulp after ensiling. 

Fractioning of liquid and solids reduce the concentration of WSC in the pulp fraction, which 

decreases the amount of fermentation substrate, however AA’s contain carboxyl-groups are 

possible fermentation substrate.  

Fermentation substrate is expected to be largely affected by screw-pressing since the liquid 

fraction contains the soluble nutrients such as sugars and soluble proteins (Santamaria-

Fernandez et al., 2019). Analysis of neutral detergent soluble (NDS) components in Damborg 

et al. (2018) support the expectation with lower concentration of NDS pulp fraction compared 

to fresh material. This could indicate low amounts of fermentation substrate. However, none 

of the studies testing ensiling ability have reported poor fermentation of screw-pressed grass 

or grass-clover. A lab-scale experiment by Hansen et al. (2020) studied the fermentation pro-

cess of wilted and chopped grass and screw-pressed grass. Results showed low pH for all silages 

with DM concentrations of up to 40 % for screw-pressed grass. The concentration of fermen-

tation acids was analyzed from silage extracts at both day 14 and 60 of ensiling (Figure 4) 

showing a lower acid concentration for screw-pressed grass.  
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Figure 4 – 1 barplot of fermentation acidsat ensiling day 14 and 60 of weathered and chopped grass (GSE and 
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These results were reflecting the DM concentration of the silages, leading to the conclusion 

that despite extraction of WSC, fermentation substrates for ensiling were still available in 

screw-pressed grass. 

Increase in DM concentration by wilting or extraction of water from mechanical treatment is 

important to avoid effluent run off during ensiling. The negative effects associated with too 

high DM is loss of nutrients and environmental impact (Buxton and O'Kiely, 2003). The phys-

ical properties of forage by increasing DM leads to decrease in density causing the porosity to 

increase based on equation from Williams (1994), resulting in relationship between DM con-

centration and forage air permeability. However, this effect seems to be offset by maceration 

of material. Comparison of physical processing between wilted and chopped grass and screw-

pressed grass was tested in Hansen et al. (2020), where the physical processing of grass was 

found to increase silage density. Measurements of silage density showed and increase between 

wilted grass and two times screw-pressing, 278 and 370 kg DM/m3 respectively at early devel-

opment stage. The increase was confounded with DM since two times screw-pressing had 

higher DM level compared to wilted grass. With 40.1 and 28.9 % respectively, this was also 

clear from difference between the mentioned treatments at late development stage where 

wilted grass had a DM of 20.7 % and a density 189 kg DM/m3. The effect of increased density 

by maceration is known in the literature (Samarasinghe et al., 2019 ; Savoie et al., 1996). 

Savoie et al. (1996) found an almost linear increase on silage density from level of maceration, 

regardless of the force applied (ranging from 10-80 kg). The fresh matter density at 0 kg force 

applied, had an average incremental increase of 4.7-21.9 % from no maceration to four times 

maceration at high pressure, whereas at 80 kg applied the incremental increase ranged from 

8.0 to 16.6 %. The level of increase depended on the forage species and compressing method. 
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3.4 RUMINAL DIGESTION OF FIBER 

3.4.1 Microbial digestion 

Degradation and digestion of the fibrous plant cell walls in the reticulo-rumen consists of me-

chanical and microbial breakdown of fiber. Microbial fermentation of simple carbohydrates 

from microbial hydrolysis of polysaccharides yields different fermentation products, serving 

as nutrients for further microbial metabolism. Compared to monogastric animals the hindgut 

have little impact on the total fiber digestion of the gastrointestinal tract, due to a short reten-

tion time and low cellulolytic enzyme activity in the hindgut (Huhtanen et al., 2006). Feed 

substrates are either fermented for energy into volatile fatty acids (VFA), CO2 and hydrogen 

or incorporated in microbial cell organisms in the rumen. The VFAs are absorbed through the 

rumen wall and is utilized as energy compounds for the cow. 

Mechanical breakdown of feed particles during eating and rumination is important for enhanc-

ing the physical surface and creating potential for microbial adhesion and creation of biofilm. 

Microbes are only able to digest polysaccharides when they are in direct contact with the sub-

strate (Weimer, 1996). The microbial population in the rumen consists of bacteria, protozoa, 

archaea, and fungi, where fibrolytic bacteria and fungi are associated with direct digestion of 

fiber with protozoa only having a minor influence. Fungi are compared to bacteria only found 

in low concentrations in the rumen. However, their ability to penetrate dense fiber structures 

and even degrade lignin-hemicellulose matrix in some cases, is important for liberating other-

wise complex bound fiber and creating surface for microbial adhesion (Bauchop, 1981 ; 

Gordon and Phillips, 1998). 

3.4.1.1 Rumen functioning  

Digestibility and microbial efficiency are affected by different factors which are not related to 

the chemical composition and structure of the cell wall fibers. Another well-known cause of 

depression in fiber digestion is deficit of nitrogen for microbial protein synthesis, causing 

faster decrease of cell wall degradation than in other carbohydrates (Hoover, 1986). Environ-

mental change in the rumen through decrease in pH to <6.0, decreases the enzymatic activity 

of fibrolytic microbes since volatile fatty acids anions are accumulating inside the cell and not 

released into the rumen (Russell and Wilson, 1996). Rapid fermentation of carbohydrates pro-

duce higher concentrations of short-chain fatty acids (SCFA) in the rumen leading to rumen 

acidosis which is not only decreasing fiber digestion, but also have detrimental effects to the 

health of the cow (Russell and Rychlik, 2001). 

In the metabolism of NDF in the rumen, rate of digestion and passage represents the turnover 

rate of NDF. Neutral detergent fiber is divided into two fractions, with a potential digestible 

fraction of NDF (pdNDF) and an indigestible fraction of NDF (iNDF). Per definition iNDF will 

not have a rate of digestion, but only leave the rumen pool through passage, where pdNDF 

turnover rate is defined from both rate of passage and digestion. The model for NDF turnover 

have been developed as both a one-pool by Waldo et al. (1972) and a two-pool model with a 
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non-escapable and an escapable pool of NDF by Allen and Mertens (1988), where both are 

under the conditions with steady-state pools with turnover rates following first-order kinetics. 

The two-pool model accounting for selective retention of feed particles, based both physical 

and chemical aspects. Large particles and particles low in functional specific gravity along with 

feedstuffs having large proportions of pdNDF have been shown to selectively be retained in the 

rumen, causing them to be have a slower release into the escapable pool of the rumen because 

of a high feed-particle buoyancy (Lund et al., 2007). The model builds on the assumption that 

the turnover rates are constant and not age dependent for the feedstuffs, however the onset of 

digestion and probability of leaving the non-escapable rumen pool have shown to be age de-

pendent and creates more sophisticated models for evaluating of NDF turnover rate and rumen 

retention (Allen and Mertens, 1988). 

3.4.2 Methods for evaluation of NDF degradation 

Ruminal degradation of feed can be evaluated in situ using the nylon bag method developed 

by Ørskov and McDonald (1979), where feed samples contained in nylon bags are incubated 

in the rumen for 0, 2, 4, 8, 16, 24, 48, 96 and additionally 168 hours. For determination of 

iNDF, feed sample are incubated in the rumen for 288 hours, where it is expected no digestible 

compounds in the remains of the feed sample (Kramer et al., 2012) 

With the analysis of the degraded amount of feedstuff at the individual time points, degrada-

tion characteristics can be estimated. For estimation a degradation model were developed, 

where degradation data can be fitted to the model. This model made by Ørskov and McDonald 

(1979) is able to estimate the immediate soluble fraction, the insoluble but potentially degrada-

ble fraction and the rate of degradation based on the assumption that rate of degradation is 

constant. A revised model was published by Dhanoa (1988), where delay of degradation was 

accounted for, mentioned as lag time. This makes it possible to avoid underestimation of deg-

radation rate and over estimation of potentially degradable NDF caused by the model from 

Ørskov and McDonald (1979) to fit degradation data to the model and compensating for lag 

time, when it is present.  

In the relation to degradation of NDF, the soluble fraction is not present since NDF per defini-

tion is not water-soluble. However loss of particles through the nylon bag have to be corrected 

for, using the 0 hours incubation to adjust degradation data for loss of NDF (Weisbjerg et al., 

1990). This correction builds on the assumption that the NDF lost through the nylon bag have 

the same nutritional value as the remaining NDF inside the nylon bag. 

Effective degradation of NDF can be estimated using the estimates for potentially degradable 

NDF and degradation of rate of the same, along with information on the passage rate based on 

values from representable marker for NDF. The function for effective degradation presented 

by Ørskov and McDonald (1979) and Dhanoa (1988) can be used as an estimate for in vivo 

digestibility, however results from Stensig et al. (1994a) showed that when larger amounts of 

starch are included in the ration, estimation of digestibility for forages has to made with some 

precaution. 
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3.5 RUMEN DIGESTION OF GRASS SILAGE 

In the following sections the effect of development stage and physical processing of grass is 

reviewed through literature do describe current knowledge on change in NDF degradation 

characteristics and digestibility. 

3.5.1 Effect of grass maturity 

Increasing development in grass plants results in higher concentrations of cell wall compo-

nents and lignification to a varying degree as mentioned previously in section 3.1. Nutritive 

value of grasses generally decreases with development of the plant, primarily caused by the 

change in plant composition and decrease in digestibility of plant cell walls (Buxton, 1996). 

Experiments on ruminal degradation of NDF for grass with increasing development have been 

conducted by different studies (Bosch et al., 1992 ; Chaves et al., 2006 ; Sun et al., 2010).  

In a in situ study by Bosch et al. (1992) a decreased cell wall degradation rate with increased 

plant development was found, at both low and high concentrate supply (1 and 7 kg/d). In ad-

dition, at emergence stage of grass the ADF fraction had a higher degradation rate than NDF 

with 6.74 and 5.91 %/h, respectively. This was explained by the complex linkage between lig-

nin and hemicellulose, leading to a lower degradation rate for hemicellulose (5.47 %/h) than 

the potential degradable ADF fraction. The effect of increasing development stage on lag time 

of NDF was varying between a significant and numerical increase in Bosch et al. (1992). How-

ever, in the mentioned study the largest difference in lag time between compared development 

stages (2.85 and 4.15 hours, respectively), could possibly be influenced by a high amount of 

NDF particle loss with values at 0.8 and 5.3 %, respectively. The findings of decreased degra-

dation rate and increase in lag time are supported by the study of Chaves et al. (2006). The rate 

of degradation of both NDF and ADF was decreased with increased development for perennial 

ryegrass, where grass was harvested at different days of regrowth during a 3-4 month period. 

The principal effect was a decrease in degradation rate of NDF from 11%/h to 4%/h for imma-

ture and mature grasses, respectively. The study concluded with higher effective degradability 

for immature grass than mature grass (59 and 40 % of NDF at passage rate of 6 %/h), that the 

increased lignification caused cell walls to be more resistant to microbial degradation. This 

conclusion based on the effective degradation is supported by Sun et al. (2010), where effective 

degradation of three cultivars of perennial ryegrass was estimated in an in situ study, finding 

an overall decrease from 2 to 7 weeks of regrowth across cultivars of perennial ryegrass, rang-

ing from 72.1-78.0 to 64.9-74.3 % of NDF for week 2 and 7 respectively with a passage rate of 

6 %/h. Results on the in vitro organic matter digestibility showed a clear tendency to decrease 

with increase in NDF concentration (y=-0.68x + 112, R2= 0.73) based on growth of several 

grass species during a two-year period with spring and late summer cuts, proving a general 

decrease in nutritive value with increased plant development (Elgersma and Soegaard, 2018). 
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3.5.2 Effect of physical processing of grass 

The effect of screw-pressing differs in effect on chemical composition of forages, since separa-

tion of liquid and solid fraction results generally in higher DM concentration and NDF with no 

change in the composition of NDF on a molecular level opposite to increased development of 

grass during growth, which as mentioned previously decreases NDF quality through lignifica-

tion. 

Studies on digestion of grass from screw-pressing is scarce. However, one study from Damborg 

et al. (2019) reported the effects on animal performance and degradation characteristics for 

both chopped grass-clover silage and silage from screw-pressed grass-clover. The study found 

increased degradation rate of NDF and a small decrease of potential degradable NDF from 

screw-pressing. The ratio of iNDF:NDF was not different between screw-pressed and chopped 

grass-clover silage, despite fewer days of regrowth for grass-clover used for screw-pressing 

(21.2 and 20.8 % of NDF, respectively). Based on the in situ results from the mentioned study 

the lag time and degradation rate of NDF was higher for silage from screw-pressed compared 

to chopped grass-clover silage (lag time: 2.30 and 1.93 hours, degradation rate of NDF: 5.9 

and 5.1 %/h, respectively for silage from screw-pressed and chopped grass-clover). No effect 

on potential degradable fraction of NDF was seen from the in situ study. The difference of six 

days from harvest of screw-pressed grass to chopped grass could possibly affect the initial NDF 

quality before mechanical treatment i.e., lignification of the cell walls for chopped grass-clover 

could be higher. 

Extrusion of timothy grass silage showed increase in the production of gas and the rate of NDF 

digestion was higher compared to chopped timothy grass silage, showed in an in vitro study by 

Elgemark (2019). These effects could possibly also be found in ruminal NDF digestion, leading 

to higher digestibility of NDF. The in vivo digestibility of NDF in Damborg et al. (2019) showed 

a 10 percent unit higher digestibility for screw-pressed grass-clover. This result is in agreement 

with an in vitro study by Elgemark (2019). Opposite to these studies, in Savonen et al. (2020) 

the NDF digestibility was not increased through screw-pressing of grass-clover silage. Other 

studies have evaluated the effect of mechanical processing through maceration of grass at har-

vest with varying results. In Weisbjerg et al. (2018) it showed a tendency to increase NDF di-

gestibility in vivo from maceration of grass-clover silage compared to silage of untreated grass-

clover with no difference in DM or NDF concentration in feed ration (76.0 and 73.8 % of NDF, 

respectively). In addition, eating time was reduced for macerated grass-clover silage. In con-

trast, Broderick et al. (2002) showed no difference in apparent NDF digestibility when com-

paring silage of macerated ryegrass to precision chopped grass-clover silage, however a possi-

ble negative effect from loss of leaf material during maceration was suspected from a decrease 

in CP and increase indigestible ADF when assessing chemical composition. 
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3.6 FEED INTAKE 

The primary focus will in this chapter be the effects on feed intake from change in grass devel-

opment stage and NDF concentration of the forage from physical processing. Effects on intake 

from change in NDF concentration for the total feed ration will also be described. 

3.6.1 Regulation of dry matter intake by NDF 

The subject of feed intake in dairy cows, feed and animal characteristics are the main factors 

regulating. Feed intake is known to possibly be limited by physical fill of the rumen and meta-

bolic regulations, depending on the supplementation of concentrate i.e., the production level 

of the dairy cow (Rinne et al., 2002). As stated by Stensig et al. (1994b) feed intake predictions 

for both NDF and DM based solely on physical fill of feedstuff, should not be used as a general 

model for prediction of feed intake. This is supported by the study from Huhtanen et al. (2007), 

where the regression on between NDF intake and concentration of digestible organic matter in 

dry matter (D-value) showed a curve linear relationship (Figure 5a), showing intake of NDF is 

not linearly related to the concentration of D-value such as digestible organic matter intake. 

The estimation of physical fill from feed stuffs can be estimated using in situ measured degra-

dation characteristics of NDF, mostly regulated by degradation rate and the passage rate 

(Madsen et al., 1994 ; Weisbjerg et al., 1990). Under the condition of physical fill being the 

limiting factor for feed intake, a prediction of both NDF and DM intake with knowledge of the 

rumen capacity of NDF can be made. It is well-known increased NDF concentration is associ-

ated with a negative correlation to DM intake (Buxton, 1996 ; Tafaj et al., 2007). In a review 

by Huhtanen et al. (2007) the prediction of grass silage DM intake (SDMI) was evaluated based 

on different grass silage characters. Silage D-value was found to be the best predictor for SDMI. 

Information on the quality of NDF i.e., proportions of iNDF and potentially digestible NDF, 

had a better prediction of SDMI than only including information on change in NDF concentra-

tion increased grass maturity. Silage NDF concentration was found to be the best predictor for 

silage NDF intake with a positive correlation between the two (Figure 5b). At equal NDF con-

centration, increase in iNDF proportion or decrease in digestibility of potential NDF had a 

strong negative correlation with silage NDF intake.  

The tendency of decrease in DM intake from increased grass maturity is supported by Alstrup 

et al. (2016) and Schulze et al. (2014), where grass was harvested at different stages of devel-

opment during growth season. Alstrup et al. (2016) found this effect to be present at both low 

and high supplementation of concentrates.  
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3.6.2 Effect of physical processing  

Several studies have been made on the effect of reducing particle size on feed intake with var-

ying results. In a meta-analysis by Tafaj et al. (2007) the relationship between DM intake and 

forage particle length was found to be lacking. However, effects of particle length were depend-

ent on the energy concentration in the feed ration, with a stronger relation to feed particle 

length of DM intake when increasing net energy intake through increase in concentrate: forage 

ratio i.e. changing intake limits from physical to metabolic. These findings were supported by 

Nasrollahi et al. (2015) who through meta-regression found that with >50 % inclusion of for-

age in total mixed ration (TMR), DM intake increased with reduction in forage particle size. In 

contrast to reducing particle length, maceration of grass silage has a different effect with the 

rupture of plant tissues and weakening cell walls. In addition, with the assumption that iNDF 

is the primary cause for negative relation to DM intake, the increase in NDF concentration 

without a decrease in NDF quality might affect the DM intake. 

Studies of feeding grass or grass-clover from screw-pressing showed different results on 

feed intake for both DM and NDF. Screw-pressing of grass-clover compared to chopped grass-

clover showed no effect on DMI intake in Damborg et al. (2019), despite the higher NDF con-

centration in rations with screw-pressed grass-clover (33.7 and 29.6 % NDF of DM, respec-

tively for screw-pressed and chopped grass-clover). In contrast, the feeding experiment from 

Savonen et al. (2020), showed a 1.0 kg higher daily DM intake when exchanging 25% of regular 

grass silage with screw-pressed grass silage on DM basis. This was even though, concentration 

of NDF in the feed ration was increased from 58.9 to 61.1 % NDF of DM. Further exchange to 

50 % screw-pressed grass silage showed no effect with equal intakes of both 0 % and 50 % 

exchange to screw-pressed grass silage (24.4 and 24.1 kg DM/day, respectively). These results 

on DM intake along with the either increased or equal NDF digestibility suggests screw-press-

ing can possibly increase the utilization of NDF from grass. 
  

Figure 5 - The effects of silage D-value and neutral-detergent fiber (NDF) concentration on silage digestible organic matter (DOM) 
and NDF intake. Source: (Huhtanen et al., 2007) 
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4 Objectives 

For testing the hypotheses, the following objectives were conducted in the experimental part 

of this thesis. 

Hypothesis 1 will be answered from silage samples being analysed for nutrient composition 

and silage extracts being analysed for pH and fermentation products. 

To answer hypothesis 2 and 3, an in situ experiment will be setup to examine the ruminal fibre 

degradation for grass silages either traditionally wilted and chopped or screw pressed one or 

two times before ensiled. Harvest was conducted two times with different stage of development 

during regrowth. 

To assess hypothesis 4, raw silage samples will be used for determination of ruminal fibre deg-

radation using the same in situ method as mentioned above to examine the effect of sample 

preparation. 

For hypothesis 5 predicted dry matter and NDF intake from in situ measured rumen NDF deg-

radation characteristics will be compared to observed values of dry matter and NDF intake 

from previous feeding experiment.  
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5  Materials and Methods 

 

5.1 EXPERIMENTAL SETUP 

The experiment was setup as a 2x3 factorial design with two development stages and three 

levels of physical processing of grass all with four individual repetitions of each treatment. De-

velopment stages of grass are referred to as early (E) and late (L) and the three types of physical 

processing are mentioned as: A traditional grass silage as a control (CON), one-time screw 

pressing (1xP), and two-time screw pressing (2xP) of grass. All levels of physical processing 

were represented at both development stages yielding six treatments in total mentioned as E-

CON, E-1xP, E-2xP, L-CON, L-1xP and L-2xP. 

The experiments included in this thesis is an addition to an in vivo experiment conducted prior 

to this master thesis, however results are not yet published for the in vivo study. The six treat-

ments were fed to lactating dairy cows in a 2x3 Latin square design with four periods. The 

silage samples from each period of the in situ trial were analyzed individually resulting in a 

balanced experiment with four true repetitions of each treatment. 

5.2 PRODUCTION OF GRASS SILAGE 

Grass-clover from a field was harvested in late August and early September 2019. Grass-clover 

was harvested as 3rd cut, after 35 and 44 days of regrowth for early and late development stage, 

respectively. The grass-clover was a blend of perennial ryegrass (Lolium perenne) and white 

clove (Trifolium Repens) located at Aarhus University, Foulum. The clover proportion on DM 

basis was 1.4 percent meaning that the results are more representative for grass silage only 

(Hansen et al., 2020). 

Grass was mowed, wilted, and chopped as control treatment before ensiling or harvested di-

rectly into a wagon and screw pressed either once or twice. Screw pressing took place on a 

demonstration scale biorefining plant (1 ton fresh biomass per hour capacity) located at Aar-

hus University, Foulum. The biorefining plant was equipped with a rinse tub, where grass was 

loaded in to remove excess dirt and afterwards transported on conveyor belts into a twin-screw 

press. The fibrous fraction from screw pressing was either compressed in plastic barrels (200L) 

and sealed for ensiling or used for a second screw pressing after being rehydrated with water 

equal to half of the water content removed during screw pressing. After the second screw press-

ing, the fiber fraction was compressed into plastic barrels and sealed like the fiber fraction from 

the first screw pressing. Traditional ensiling of grass was performed by mowing and wilting on 

the field followed by cutting and compressing into plastic barrels. Grass was wilted for app. 24 

and 16 hours for early and late development stage, respectively.  

Two types of samples of silages were assessed for the in situ experiment. First type of silage 

samples (standard samples) were freeze-dried and milled on a 1.5 mm screen. The second type 

of silage samples (raw samples) were frozen directly after sampling in zip-lock bags and kept 

frozen at -18 ℃ until needed for the in situ experiment. For chemical analysis with exception 

of DM and NDF, samples were freeze-dried and a milled on a 1.0 mm screen. 
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5.3 CHEMICAL ANALYSIS OF SILAGE 

Silage samples were analyzed for DM, NDF, CP, soluble crude protein (sCP), ash and in vitro 

organic matter digestibility (IVOMD). The analysis of DM, CP, sCP, ash and IVOMD were con-

ducted by laboratory staff. The analysis of NDF was conducted by the master student. Analysis 

of NDF will be described in detail whereas the remaining analyzes will only contain general 

description of method and equipment. 

5.3.1 Dry matter 

A sample (150-200 g) of fresh silage was directly after sampling oven-dried at 60 ℃ for 48 

hours to determine DM concentration. In addition, dry samples were corrected for remaining 

moisture by oven-drying 2.00 g of sample at 60 ℃ for a minimum of 18-20 hours. 

5.3.2 Crude protein and soluble crude protein 

Silage was analyzed for nitrogen using the Dumas method on a Vario MAX CN (Elementar 

Analysesysteme GmbH, Hanau, Germany). The concentration of CP was calculated as nitrogen 

concentration x 6.25. Soluble CP was measured by extraction for 1 h at 39 ℃ in a borate-phos-

phate buffer at pH 6.75. 

5.3.3 Ash 

Concentration of ash was determined from combustion of 2.00 g of silage at 525 ℃ for 6 hours 

in an electric furnace (Nabertherm GmbH, Germany, model: N11/H).  

5.3.4 In vitro organic matter digestibility 

The in vitro organic matter digestibility was measured based on the method published by Tilley 

and Terry (1963). A sample of 0.50 g was incubated in rumen inoculum for 48 hours at 40 ℃, 

the procedure was conducted two times with rumen fluid from different days to avoid variation 

from rumen inoculum. 

5.3.5 Neutral detergent fiber 

The analysis of NDF followed the instructions from the official AOAC method described in 

Mertens et al. (2002). NDF determination in silage samples were made in doublets on separate 

machines. NDF analyses were performed on a Fibertec 2010™ (Foss Analytical A/S, Hilleroed, 

Denmark) using 50 mL glass-filter crucibles. The pore size of the filter was expected to fulfill 

the standards for the official method; however, no tests of filters were made. Dry silage samples 

were weighed out in glass-filter crucibles. For determination of NDF concentration in the silage 

samples 0.5 g was weighed out, and sample weight for incubation samples is mentioned in 

table 1.  
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All crucibles were added purified sea sand to avoid clogging of the filter. Samples were added 

between ½-1 teaspoon (app. 0.5 g) of sodium sulfite shortly before start of boiling procedure. 

There was no acetone treatment of the samples since this is only suggested for a fat concentra-

tion above 5%.  

Crucibles were then inserted into the hot-extraction machine and the boiling process was car-

ried out in the following steps. Addition of 5 mL cold neutral detergent (ND) solution and mix-

ing with air pressure before addition of app. 35 mL hot ND solution and heating of the crucibles 

until boiling was started. Afterwards, 2 mL of alpha-amylase solution was added followed by 

addition of hot ND solution until reaching 50 mL mark on the column. The solution was 

brought to a rolling boil under reflux for 60 minutes. After the first app. 5 minutes of boiling, 

sample material setting above the liquid level was washed down with ND solution.  

Shortly after boiling was finished the liquid was removed by vacuum. Afterwards, 2 mL of al-

pha-amylase solution was added along with half a crucible of hot demineralized water and 

mixed by air pressure. After one minute the liquid was removed once more and a rinsing pro-

cedure including addition of 30 mL of demineralized water and soaking for 1 minute was re-

peated three times. Afterwards, crucibles were moved to the cold extraction unit, where ace-

tone was added and soaking for a minimum of 3 minutes and then sucked out of the bottom. 

The amount of acetone was measured so the liquid was covering all of the sample. This proce-

dure was made in three repetitions. Crucibles were then set to rest for a minimum of 10 

minutes to let the acetone fumes evaporate.  

Crucibles were then dried in the oven overnight at 103 degrees. Before weighing, crucibles were 

put into a desiccator to cool down to room temperature. To determine ash content, samples 

were combusted at 525 degrees for 6 hours and the procedure of cooling and weighing was 

repeated. Values of NDF are reported as ash free NDF.  

1.1.1.1 NDF analysis of raw silage samples 

For determination of NDF concentration in raw silage samples, the sample was weighed into 

the crucible before addition of sea sand with material corresponding to approximately 0.5 g of 

dry matter. Several samples had to be forced into the detergent solution during boiling, since 

the long straw of grass was brought above the surface of the solution during boiling. This was 

prevented by using a plastic spatula to push the material down and afterwards rinsing the spat-

ula with cold ND solution inside the column. Analysis of NDF in raw silage samples were con-

ducted separately three times caused by large difference in NDF concentration compared to 

dry samples. Concentration of NDF in raw silage samples are based on the mean value from 

the three rounds of analysis. 
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5.4 SILAGE EXTRACTS 

Silage samples of 100 g were thawed in zip-lock packing before homogenization. In a blender 

(Waring 24CB10; Waring Commercial, New Hartford, CT), silage and 1000 g of demineralized 

water were added and homogenized for 2x40 seconds. Homogenate was transferred to three 

50 mL centrifuge tubes (Greiner Bio-One International GmbH, Kremsmünster, Austria) and 

kept on ice until centrifugation. During filling of tubes, solids were held back by hand to avoid 

large particles. Homogenate was centrifuged for 10 min with 2500 x g (3200 rpm) at 4 ℃. After 

centrifugation homogenate was kept on ice. Measurement of pH was performed when opening 

tubes with a pH-meter (PHM240 pH/ION Meter, MeterLab, Radiometer Analytical, Copenha-

gen, Denmark). Supernatant was portioned with pipette (8 mL) into plastic tubes containing 2 

mL of meta-phosphorus acid. Additionally, 8 mL and 2x40 mL was transferred into plastic 

tubes for back-up samples and remaining material was discharged. All samples were frozen at 

-18 ℃ until needed for further analysis.  

Silage extract with meta-phosphorus acid was analyzed for fermentation products at the insti-

tute laboratory. Concentrations of acetic, propanoic, iso-butyric, butyric, iso-valeric, valeric 

and caproic acid were analyzed by gas chromatography as described in Kristensen et al. (1996) 

on a Trace 1310 (Thermo Fischer Scientific, Massachusetts, USA) with a TriPlus RSH au-

tosampler, a split/splitless injector at 200 ℃ and a FID detector operated at 300 ℃. L-lactate 

and glucose was analyzed using membrane-immobilized substrate specific oxidase on a 

YSI2900 Biochemistry Analyzer (YSI Inc., Yellow Springs, OH, USA).  

 

5.5 IN SITU EXPERIMENT 

For assessing the degradation kinetics of NDF in the rumen of a dairy cow, the following in situ 

experiment was conducted. Samples for the in situ experiment were made in triplets to avoid 

loss of degradation values at individual time points and minimize effect of cow on degradation 

characteristics.  

5.5.1 Feed samples for standard method 

Feed samples for the NDF degradation were weighed out directly into a nylon bag. Sample sizes 

of 0.5, 0.75, 1.0 or 2.0 grams of dry material were used, depending on the hours of incubation 

(Table 1). A 2% deviation of the desired weight was allowed. Nylon bags were made from pol-

yester Dacron bags with a 10x7.5 cm dimension with a circular shape at the sewed end. Pore 

size of the Dacron material was 38 µm. For determination of iNDF, polyester bags had 12 µm 

pores and glued sewing lines to close thread holes. Six nylon bags were mounted on rubber 

stoppers with specific plastic lock strips.  
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Table 1 – Sample weight in nylon bags for the specific hours of incubation. 

Incubation hours 0 2 4 8 16 24 48 96 168 288 

Grams of sample 0.50 0.50 0.50 0.50 0.75 1.00 1.00 1.00 1.00 2.00 

5.5.2 Animals 

Three permanent dry Danish Holstein cows equipped with rumen fistulas were used for this 

experiment. The cows were housed in individual loose housing systems equipped with a bed 

and a feeding place. The floor was slattered in the feeding area otherwise flooring was solid 

concrete. Cows were washed and brushed daily. Cows were fed twice a day at 8.30 and 17.30 h 

with the ration shown in Table 2 corresponding to energy requirements for maintenance level.  

 

Table 2 – Nutritional and feedstuff composition of feed ration for experimental 

cows  

Nutritional composition  
 Scandinavian Feed Units, SFU 5.7 

 Crude Protein (%) 13.9 

 Protein balance in the rumen, PBV 

(g/SFU) 
-7.0 

 Starch (%) 13.7 

 Calcium (g/SFU) 8.0 

 Phosphorus (g/SFU) 4.8 

Feedstuffs  
 Barley Straw (kg/day) 2.0 

 Hay (kg/day) 4.0 

 Concentrate Mixture 1012 (kg/day) 2.8 

  Soybean meal (% of conc.)  10 

  Barley (% of conc.)  40 

  Oat (% of conc.)  40 

  Rape seed meal (% of conc.)  3 

 
 Sugar Beet Molasses (% of 

conc.) 
 3 

  Minerals, type 3 (% of conc.)  4 

 Vitamin Mixture (kg/week) 0.150 

     



27 
 

5.5.3 Incubation and evacuation procedure 

Nylon bags mounted on the rubber stoppers were soaked in 39 ℃ water (measured with a 

mercury thermometer) for app. 20 min before incubation. Directly from the water, rubber 

stoppers with nylon bags were incubated into the rumen of the cow. Rubber stoppers were 

hooked to a plastic tube fitted with rings for mounting and a 200-gram lot in both ends. This 

device was stringed to the rumen fistula in both ends of the plastic tube to keep it in place inside 

the rumen (figure 6).  

The time of incubation differed between periods due to practical reasons or problems to 

achieve the desired time of day for the incubation. However, all nylon bags were incubated for 

the desired period of time. Samples for determination of iNDF were incubated for 288 hours. 

All 24 samples for iNDF determination were incubated at the same time during Period 4. When 

incubation was stopped nylon-bags were evacuated from the rumen and rinsed under cold run-

ning water to remove rumen feed material. After rinsing, nylon bags were frozen at -18 ℃ until 

all samples from the given period were finished. Afterwards, nylon bags on rubber stoppers 

were thawed before washing in an industrial washing machine (Miele Novotronic W506 Water 

Control System). The washing process consisted of two runs of the same program with a dura-

tion of 5 minutes each. Water temperature for washing was 25 ℃ controlled by a water regu-

lator and measured before start of the washing process. The amount of water used was 20 liters 

per run. Samples from time 0 hours were not incubated in the rumen, but only soaked in water, 

frozen and washed to level the possible effects of handling the samples. 

Figure 6 - Rubberstoppers and plastic tube mounted to the inside of the rumen fistula 
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5.5.4 Rumen degradation of NDF from raw samples 

For the investigation of effects on fiber degradation from drying and milling of the silage sam-

ples, rumen degradation and the concentration of NDF were determined on raw silage samples 

from one period. Samples from Period 4 were selected for this comparison.  

Raw silage samples were thawed inside zip-lock bags before opening and weighing of material 

into nylon bags. Raw samples were weighed of according to dry matter concentration, attempt-

ing to reach the same amount of dry matter in the nylon bag as the corresponding to the same 

incubation hours. A deviation of 5 % in weight was allowed, to avoid cutting straws to reach 

exact weight. 

Materials used for the experiment regarding equipment was identical to materials used in the 

standard method. After mounting to rubber stoppers nylon bags were frozen at -20 ℃ until 

needed for incubation. Before starting incubation, the nylon bags were thawed first at room 

temperature for 10 min followed by 10 min in cold water. Afterwards, nylon bags were put into 

39 ℃ water similar to the standard procedure. The remaining procedure for incubation and 

evacuation procedures were identical to Period 4 in the standard method. 

5.5.5 NDF analysis of incubation samples 

After washing the rubber stoppers, samples were brought to the laboratory for NDF analysis. 

The nylon bags on the rubber stoppers were rinsed and cleaned for feed material on the outer 

surface and nylon bags were released from rubber stoppers. Residual material in the bags were 

transferred from nylon bags to glass-filter crucibles with purified sea sand using a modified 

Fibertec™ machine. Samples were either frozen until needed for NDF analysis or directly an-

alyzed for NDF.  
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5.6 CALCULATIONS 

5.6.1 Correction of particle loss 

The estimates from the in situ experiment were corrected for particle loss, using the equation 

from Weisbjerg et al. (1990) shown in Eq. (1). Per definition, NDF is not water soluble, result-

ing in the water-soluble part being neglected from the original equation. The loss of particles 

is estimated by calculating the amount of NDF removed from each bag at time 0 hours.  

 

 𝐾(𝑡𝑖) = 𝑀(𝑡𝑖) − 𝑃 [1 − (
𝑀(𝑡𝑖) − (𝑃)

1 − (𝑃)
)] 

Eq. 

(1) 

Where, 

𝐾(𝑡𝑖) is the corrected degradation at time ti 

𝑀(𝑡𝑖) is the measured degradation at time ti 

𝑃 is the particle loss from washing of nylon bags 

 

5.6.2 Estimation of degradation parameters and effective degradation 

Degradation parameters of NDF were estimated using the nlslist function in Rstudio 1.4.1106 

(R Core Team, 2021) by fitting degradation values to the models given in Eq. 1 and Eq. 2 with 

least square procedure. Both models are developed for determination of degradation parame-

ters of general feedstuffs. Model 1 does not include lag time, whereas model 2 does. Since NDF 

per definition is non-soluble in water, this parameter from the original model is excluded. 

Model 1, published by Ørskov and McDonald (1979), is shown in Eq. (2).  

 

 

 𝑌(𝑡) = 𝑏 ∙ (1 − 𝑒𝑐∙𝑡) Eq. (2) 

Where, 

Y(t) is the degraded amount of NDF at time t 

b is the fraction of potentially degradable NDF 

c is the rate of degradation of potentially degradable NDF 

t is the hours of incubation 
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Model 2 is shown in equation Eq. (3) and Eq. (4), and is a revised model by McDonald (1981), 

correcting for lag time. Eq. (3) is the model for degradation with time t lower or equal to lag 

time (t0) and Eq. (4) is the model for degradation with time t higher than t0. 

 

 

for t ≤ t0 

 𝑌(𝑡) = 0 Eq. (3) 

 

 

 

for t > t0 

 𝑌(𝑡) = 𝑏 ∙ (1 − 𝑒−𝑐∙(𝑡−𝑡0)) Eq. (4) 

Where, 

Y(t), b and c are the same parameters as in Eq. (2)  

t0 is the lag time 

 

Using these degradation parameters, the effective degradation (ED) was calculated by taking 

particle passage rate into account from models published by Stensig et al. (1994a).  

For model 1, ED of NDF was calculated as Eq. (5). 

 

 
𝐸𝐷 =

𝑏 ∙ 𝑐

𝑐 + 𝑘
 

Eq. (5) 

Where, 

ED is the effective degradation of NDF 

b and c are parameters estimated in Eq. (2) 

k is the rate of passage 
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For Model 2 (where lag time was included), ED of NDF was calculated using equation Eq. (6). 

 

 
𝐸𝐷 =

𝑏 ∙ 𝑐

𝑐 + 𝑘
∙ 𝑒−𝑘∙𝑡0 

Eq. (6) 

Where, 

ED is the effective degradation of NDF 

b, c and t0 is the parameters estimated in using Eq. (4) 

k is the rate of passage 

 

Both model 1 and 2 were used with two theoretical passage rates (0.5 and 2 %/h) to indicate 

the effect of change in rate of passage. In addition, individual passage rates of iNDF on a treat-

ment and period level (24 samples) measured in the previously mentioned in vivo experiment 

were used to calculate ED with the individual passage rate of iNDF for each sample.  

 

5.6.3 Physical fill value 

Physical fill of NDF in the rumen was calculated using the model for physical fill from Madsen 

et al. (1994).  

 

 
𝐹𝑑𝑎𝑦𝑠 =

1
𝑘

∙ (1 − 𝑒−𝑘∙𝑡0) +
1 − 𝑏

𝑘
∙ 𝑒−𝑘∙𝑡0 +

𝑏
𝑐 + 𝑘

∙ 𝑒−𝑘∙𝑡0

24
 

Eq. 

(7) 

 

Where,  

𝐹𝑑𝑎𝑦𝑠 is physical fill in days 

b , c and t0 are parameters from model 2 in Eq. (4). 

k is the fractional rate of passage. Both the theoretical passage rates (0.5 and 2 % per h) and in 

vivo determined passage rate of iNDF (for each of the 24 samples) were used. 
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5.6.4 Potential feed intake 

Potential daily intake of NDF and DM can be calculated using equation shown in Eq. (8) and 

Eq. (9), respectively (Madsen et al., 1994). 

 

 𝐹𝐼𝑁𝐷𝐹 =
𝑅𝑢𝑚𝑒𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑁𝐷𝐹

𝐹𝑁𝐷𝐹
 

Eq. 

(8) 

 

Where,  

𝐹𝐼𝑁𝐷𝐹 is the potential daily NDF intake (kg NDF/day). 

𝐹𝑁𝐷𝐹 is the physical fill of NDF (days) 

 

Rumen capacity of NDF was set to 6.11 kg, determined from the average amount of NDF from 

rumen evacuation of feed material in the in vivo experiment. 

 

 

 𝐹𝐼𝐷𝑀 =
1

𝑁𝐷𝐹𝑠𝑎𝑚𝑝𝑙𝑒
∙ 𝐹𝐼𝑁𝐷𝐹 

Eq. 

(9) 

 

Where, 

𝐹𝐼𝐷𝑀 is the potential daily DM intake (kg DM/day). 

𝑁𝐷𝐹𝑠𝑎𝑚𝑝𝑙𝑒 is the fractional concentration of NDF in the feed sample. 

𝐹𝐼𝑁𝐷𝐹 is the potential daily NDF intake from Eq. (8). 
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5.7 DATA EVALUATION 

Residual NDF in incubated samples were evaluated using graphical degradation profiles. Deg-

radation data were evaluated based the development of the degradation profile for the individ-

ual sample. A total of 648 samples (6 treatments  4 periods  3 cows  9 incubation time 

points) were expected to undergo statistical analysis when assessing the NDF degradation pro-

file following the standard procedure, whereas a total of 162 samples (6 treatments  4 periods 

 3 cows  9 incubation time points) were expected to undergo statistical analysis when as-

sessing the NDF degradation profile following the standard procedure for raw samples. How-

ever, eleven incubation samples were removed from the dataset for the standard method (Ta-

ble 3) and only one sample had to be removed from the dataset of the raw sample method (4 

hours, cow no. 6762, E-2xP). Due to large deviation from the previous and following degrada-

tion value of the same sample, these observations had to be interpreted as non-representative. 

The removal of observations resulted in some degradation values to be determined from dou-

blets instead of triplets, resulting in no samples lacking information to complete all degrada-

tion values. Incubation samples of 0 hours with raw samples was repeated for E-1xP and L-

2xP, caused by large difference between the three repetitions. 

 

Table 3 - Descriptive information on the observations removed from the dataset 

of incubation sample in the standard in situ method 

Period 1  3  4  

Incubation hours 16 
 

24 
 

16 
 

24  

Cow 6762  6762  6762  7436  

Development stage Early 
 

Late 
 

Late 
 

Early 
 

Late  

Physical processing1 1xP  2xP  
CON 

1xP 

2xP 

 
CON 

1xP 

2xP 

 
CON 

1xP 

2xP 

 

1 Each observation removed from the dataset is represented with the level of phys-

ical processing under their respective period, incubation hours, cow, and develop-

ment stage. 
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5.8 STATISTICAL ANALYSIS 

The data was analyzed using the statistical software Rstudio 1.4.1106 (R Core Team, 2021). 

All data were analyzed using a linear model with fixed effects.  

Data from chemical analyses, silage extracts, degradation parameters, ED, physical fill, and 

potential intake of NDF and DM were analyzed using Eq. (10). The model used factorial vari-

ables of development stage, physical processing and period including an interaction effect of 

development stage and physical processing. 

 

 𝑌𝑖𝑗𝑙 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑙 + (𝛽𝛾)𝑗𝑙 + 휀𝑖𝑗𝑙 Eq. (10) 

 

Where,  

Y = response variable 

𝜇 = mean 

𝛼 = Period; i = 1, 2, 3, 4  

𝛽 = Development stage; j = Early, Late 

𝛾 = Physical processing; l = CON, 1xP, 2xP 

휀 = Random error 

Incubation samples from the in situ experiment were analyzed using the model in Eq. (11) 

including incubation time (in addition to Eq. (10)) as a factorial variable with a three-way in-

teraction between incubation time, development stage and physical processing. 

 

 
𝑌𝑖𝑗𝑙𝑧 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑙 + 𝛿𝑧 + (𝛽𝛾)𝑗𝑙 + (𝛽𝛿)𝑗𝑧 + (𝛾𝛿)𝑙𝑧

+ (𝛽𝛾𝛿)𝑗𝑙𝑧 + 휀𝑖𝑗𝑙𝑧 
Eq. (11) 

Where,  

Y = response variable  

𝜇 = mean 

𝛼 = Period; i = Period 1, Period 2, Period 3, Period 4  

𝛽 = Development stage; j = Early, Late 

𝛾 = Physical processing; l = CON, 1xP, 2xP 

𝛿 = Incubation time; z = 0 h, 2 h, 4 h, 8 h, 16 h, 24 h, 48 h, 96 h, 168 h 

휀 = Random error 
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For testing the effect of sample preparation in the in situ experiment, data of incubation sam-

ples, degradation parameters, ED, physical fill, and potential intake of NDF and DM from pe-

riod 4 in the standard method was compared to the raw incubation samples. The dependent 

variable of preparation method was used as a binary variable (Eq. (12)). 

 

 𝑌𝑖𝑗𝑙 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑙 + (𝛼𝛽)𝑖𝑗 + (𝛼𝛾)𝑖𝑙 + (𝛽𝛾)𝑗𝑙 + 휀𝑖𝑗𝑙 Eq. (12) 

 

Where,  

Y = response variable  

𝜇 = mean 

𝛼 = Sample preparation method; i = standard, raw 

𝛽 = Development stage; j = Early, Late 

𝛾 = Physical processing; l = CON, 1xP, 2xP 

휀 = Random error 

 

Least square means (LSM) and standard error of means (SEM) were calculated using the ´em-

means´ package (Lenth, 2021). Treatments were tested by analysis of variance (ANOVA) type 

II. P-values in ANOVA tests had to be equal to or lower than 0.05 to be interpreted as signifi-

cant and refuse the null-hypothesis. 
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6 Results 

6.1 CHEMICAL COMPOSITION 

Table 4 presents values of chemical composition and IVOMD from analysis of silage samples. 

Dry matter concentration of silages increased from early to late development stage for 1xP, in 

contrast DM decreased for both CON and 2xP treatments between the two development stages. 

Control treatments had a lower concentration of DM compared to 1xP and 2xP at both devel-

opment stages, however the difference was greater at late development stage since the differ-

ence between E-CON and E-1xP was only numerical. The level of physical processing from 1xP 

to 2xP increased DM even further at both early and late development stage.  

Physical processing increased both NDF and iNDF (% of DM) concentration for both 1xP and 

2xP compared to CON at both development stages. Highest concentration of NDF and iNDF 

was found in 2xP and lowest for CON with 1xP being intermediate within both development 

stages. Concentration of NDF and iNDF was increased from early to late development stage for 

all three levels of physical processing. The greatest difference between CON and 2xP in con-

centration of NDF and iNDF was found for grass cut at early compared to late developmental 

stage. 

Indigestible NDF in percent of NDF level was not affected by physical processing but increased 

from early to late development stage. 

Concentrations of CP and sCP decreased in grass silages from early to late development stage. 

For physical processing effects, sCP was highest for CON and lowest for 2xP with 1xP being 

intermediate. 

Ash concentration was lowest for 2xP, highest for CON, with 1xP being intermediate. Devel-

opment stage decreased ash concentration from early to late stage. However, the decrease was 

not present for 2xP, when comparing all six treatments.  

Organic matter digestion measured in vitro (IVOMD) decreased from early to late development 

stage. For physical processing levels, lowest values were found for 2xP and highest with 1xP 

being intermediate regardless.
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Table 4 – Treatment values of dry matter, chemical composition, and in vitro organic matter digestion. 

Parameters  
(n = 4) 

Treatment1  P-value2 

E-CON E-1xP E-2xP L-CON L-1xP 
L-2xP 

SEM PHY DEV 
PHY x 
DEV 

DM (%) 26.6c 27.2c 39.0a 20.0d 29.6b 37.7a 0.32 <0.01 <0.01 <0.01 

NDF (% of DM)  45.5f 53.6d 66.1b 49.0e 58.7c 68.5a 0.48 <0.01 <0.01 0.05 

iNDF (% of DM) 3.79e 5.02d 6.60ab 5.30cd 6.02bc 6.89a 0.18 <0.01 <0.01 0.02 

iNDF (% of NDF) 8.33c 9.37bc 10.0ab 10.8a 10.3ab 10.1ab 0.31 0.40 <0.01 <0.01 

CP (% of DM) 18.2 18.7 18.8 15.9 16.3 16.4 0.22 0.05 <0.01 0.97 

sCP (% of CP)  59.4a 53.6bc 30.7d 57.5ab 51.2c 34.6d 1.07 <0.01 0.94 0.02 

Ash (% of DM) 9.83a 6.43c 3.79e 9.18b 5.62d 3.76e 0.13 <0.01 <0.01 0.02 

IVOMD (% of OM) 78.0a 76.7a 74.3b 74.3b 73.2bc 72.3c 0.34 <0.01 <0.01 0.07 
Letters group treatments based on statistically significant difference on physical processing and developmental stage level. (Alphabetic order 
ranges from highest to lowest) 
1 Treatments represents Early (E) and Late (L) development stage and physical processing: Traditional ensiling (CON), one-time screw press-
ing (1xP), two-times screw pressing (2xP). 
2 Analysis of variance (type II), PHY = Physical processing, DEV = Development stage, PHY x DEV = Interaction effect between physical 
processing and development stage. 
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6.2 FERMENTATION PROFILES 

Effects of physical processing and development stage on pH and concentration of fermentation 

products are shown in Table 5 

Measurement of pH was significantly affected by physical processing, development stage at 

harvest and an interaction between physical processing and development stage at harvest was 

observed. The pH in silage was higher for CON compared to 1xP and 2xP regardless of devel-

opment stage, whereas no difference was found between 1xP and 2xP. There was a decrease in 

pH from early to late development stage for CON of 0.11 units.  

The SCFA measured in silages showed, for the SCFA detected, an overall significant effect of 

both physical processing and development stage including interaction between the two, except 

for development stage only showing tendency to effect on DL lactate. Samples were analyzed 

for the presented SCFA, however traces of butyrate or valerate was not detected in any samples. 

Isobutyrate and isovalerate were detected but only in low concentrations in a single sample (E-

CON in period 1 – 0.34 and 0.40 g/kg DM for isobutyrate and isovalerate, respectively). Of the 

measured SCFA in silage extracts, DL lactate had the highest concentration across all observa-

tions ranging from 59.8 to 114.1 g/kg DM, followed by acetate ranging from 13.7 to 37.5 g/kg 

DM, remaining SCFA had substantial lower concentrations.  

Concentrations of total SCFA, DL lactate, acetate and propanoate for CON when going from 

early to late development stage, whereas values for 1xP and 2xP was not different between 

development stage with exception of DL lactate concentration between E-1xP and L-1xP. Con-

trol treatment at early development stage had lower concentrations of total SCFA, DL lactate 

and acetate compared to E-1xP. In contrast, L-CON had higher concentrations of the latter 

mentioned acids, including propanoate compared to L-1xP, leading to the interaction effect of 

physical processing and development stage. At both early and late development stage, 2xP had 

the lowest concentration of all SCFA detected.  

Glucose levels were significantly higher for early development stage compared to late (1.75 and 

1.25 g/kg DM, respectively) with no effect of physical processing.
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Table 5 – Grass silage extracts values of pH, SCFA and glucose in g/kg DM for treatments. 

Parameters 
(n = 4) 

Treatment1  P-value2 

E-CON E-1xP E-2xP L-CON L-1xP L-2xP SEM PHY DEV PHYxDEV 

pH 4.18a 3.99c 3.96c 4.07b 3.95c 3.97c 0.02 <0.01 <0.01 0.05 

Total SCFA 117c 135b 80.2d 146a 119c 83.3d 2.25 <0.01 0.01 0.02 

Est. DL Lactate3 85.1b 106a 61.8c 104a 92.3b 64.1c 1.89 <0.01 0.09 0.03 

Acetate 29.9b 25.3c 15.9d 36.4a 22.9c 16.5d 0.53 <0.01 <0.01 0.06 

Propanoate 3.48b 3.56b 2.42c 4.84a 3.33b 2.58c 0.07 <0.01 <0.01 0.05 

Isobutyrate n.d. n.d. n.d. n.d. n.d. n.d.     

Butyrate n.d. n.d. n.d. n.d. n.d. n.d.     

Isovalerate n.d. n.d. n.d. n.d. n.d. n.d.     

Valerate n.d. n.d. n.d. n.d. n.d. n.d.     

Caproate 0.19b 0.19b 0.13d 0.24a 0.17c 0.13d 0.00 <0.01 <0.01 0.02 

Glucose 1.83a 1.33ab 1.36ab 1.04ab 1.16ab 0.85b 0.19 0.27 0.01 0.03 
Letters group treatments based on statistically significant difference on physical processing and developmental stage level. (Alphabetic order 
ranges from highest to lowest) 
1 Treatments represents Early (E) and Late (L) development stage and physical processing: Traditional ensiling (CON), one-time screw press-
ing (1xP), two-times screw pressing (2xp). 
2 Analysis of variance (type II), PHY = Physical processing, DEV = Development stage, PHY x DEV = Interaction effect between physical pro-
cessing and development stage. 
3 Estimated amount of DL lactate, calculated based on the ratio between L and DL lactate (0.442) published by Johansen et al. (2020). 
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6.3 RUMINAL NDF DEGRADATION 

In Table 6, values of degraded NDF measured in situ are shown for all six treatments. Analysis 

of variance showed effect of incubation time, development stage and interaction effect between 

the two. In addition, an interaction between physical processing and development stage was 

found.  

The highest percentage of NDF degraded at each individual incubation hours were obtained by 

E-CON and generally the lowest values were found for L-CON, except at 2 and 16 hours where 

L-2xP had lower values than L-CON. Percentage of NDF degraded during rumen incubation 

was highest for early development stage compared to late as shown in figure 7. Physical pro-

cessing had no effect on NDF degraded or interaction with incubation time. 

   

Table 6 – Effect of incubation hours, physical processing, and development stage on degradation of NDF 
from in situ experiment. Values are expressed as percent of NDF degraded of the total NDF amount (% of 
NDF). 

Incubation 
time (hours)  

(n = 4) 

Treatments1 

E-CON E-1xP E-2xP L-CON L-1xP L-2xP 

0 0.00a 0.00a 0.00a 0.00a 0.00a 0.00a 

2 4.26a 3.85a 3.15a 2.60a 2.58a 2.32a 

4 11.7b 10.7b 9.62b 8.09b 9.54b 9.36b 

8 29.0c 27.9c 26.5c 22.1c 25.8c 23.5c 

16 52.7d 47.1d 46.9d 44.8d 46.7d 44.5d 

24 71.5e 69.7e 69.1e 62.8e 67.7e 66.0e 

48 85.2f 83.9f 84.0f 80.1f 81.1f 81.3f 

96 89.9fg 89.0g 89.5g 86.9g 87.3g 88.2g 

168 91.2g 90.3g 90.8g 88.5g 89.2g 89.7g 

ANOVA (Type II)2 

SEM INC PHY DEV 

1.08 <0.01 0.43 <0.01 

INC X PHY INC X DEV PHY X DEV INC X PHY X DEV 

0.66 <0.01 <0.01 0.62 
Letters group incubation times inside each individual treatment (alphabetic order ranges from lowest to highest) 
1 Treatments represents Early (E) and Late (L) development stage and physical processing: Control treatment (CON), 
one-time screw pressing (1xP), two-times screw pressing (2xP). 
2 Standard error of means and P-values from analysis of variance, type II. INC = Incubation time, PHY = Physical 
processing, DEV = Development stage. 



41 
 

 

6.4 DEGRADATION CHARACTERISTICS AND FEEDING VALUE 

Table 7 shows parameter estimates from modelling of degradation profiles, using two different 

models. The two models are different with regard to lag time, where model 1 does not account 

for lag time and model 2 includes it in the mode. Only model 2 was used to calculate fill values 

and estimate voluntary feed intake of both NDF and DM. Both physical processing and devel-

opment stage affected particle loss of NDF. Physical processing increased the amount of NDF 

particle loss for 1xP and 2xP compared to CON at both development stages. Particle loss was 

highest for 2xP at both development stages. The difference between development stage was 

highest between 2xP with E-2xP being higher than L-2xP (6.48 and 5.30 % of NDF, respec-

tively). In contrast, values for CON were equal between development stages, however there was 

no interaction effect between physical processing and development stage. Effect of physical 

processing was not present on particle loss of DM, based on NDF particle loss, however devel-

opment stage decreased particle loss of DM. 

Model 1 had higher estimated values than model 2 for parameter b and c along with effective 

degradation at both 0.5 and 2 % passage rate. In addition, no change in relative difference 

between treatments were found from type of calculation model. Lag time in model 2 showed 

development stage at harvest increased the mean lag time with 0.98 and 1.13 hours for early 

and late, respectively. No other effects were associated with lag time. 

Parameter estimate b was higher for early than late development stage, for both model 1 and 

2. Only tendency to effect of physical processing was found with no interaction effect on 

Figure 7 - Degradation profile for early (dotted, - - -) and late (solid, ____) over incubation times. 
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parameter estimate b. However, the treatment with highest values of parameter b were found 

in E-CON (92.1 and 91.5 g/100g NDF, respectively for model 1 and 2) and lowest values were 

found in L-CON (89.6 and 89.0 g/100g NDF, respectively for model 1 and 2).  

Development stage decreased estimates of parameter c from early to late. Highest values were 

found in E-CON (5.29 and 5.76 %/h, respectively for model 1 and 2) and lowest in L-CON 

(4.32 and 4.76 %/h, respectively for model 1 and 2). Physical processing did not affect param-

eter c, however a tendency for interaction with development stage was found in both models. 

In early development stage, 1xP and 2xP was numerically lower compared to CON, whereas 

CON was lowest in late development stage. In addition, L-1xP had the highest value for param-

eter c in late development stage with 2xP being intermediate.  

Effective degradation of NDF was affected by development stage, with higher values for treat-

ments at early development stage. Physical processing had no effect on ED, however, an inter-

action with development stage was found. Highest values for effective degradation were found 

in E-CON and lowest for L-CON regardless of model and at both 0.5 and 2 %/h passage rate. 

In Figure 8 the relation between effective degradation and passage rate is shown. The lines 

show increasing distance between control treatments, where L-CON has a steeper decrease in 

ED compared to E-CON. At both development stages, 1xP and 2xP are closely following the 

same curve with small differences. 

Fill value (FV) was affected by development stage and an interaction effect with physical pro-

cessing. Treatments in early development stage all had lower FV than the corresponding treat-

ment at late development stage. Altering passage rate from 0.5 to 2 %/h decreased FV to app. 

half of the initial value.  Treatment with the highest FV for both passage rates was L-CON (1.66 

and 0.81 days, respectively) and lowest for E-CON (1.35 and 0.70 days, respectively).  

Predicted intake of NDF was decreased from early to late for all levels of physical processing, 

however an interaction effect between the two variables were found. Control treatment had the 

highest predicted NDF intake in early development stage and 1xP the lowest value with 2xP 

being intermediate. In contrast, 2xP had the highest value of predicted NDF intake at late de-

velopment stage, whereas CON had the lowest with 1xP being intermediate. Despite an inter-

action effect between development stage and physical processing it was not to be concluded 

that physical processing affected predicted NDF intake at either early or late development 

stage. Increasing passage rate from 0.5 to 2 %/h increased predicted NDF intake.  

Values for predicted intake of DM was affected by both physical processing and development 

stage including interaction between the two. at both development stages CON were found to 

have the highest predicted DM intake and 2xP had the lowest value with 1xP being intermedi-

ate. Early development stage had higher predicted DM intake than late development stage at 

all levels of physical processing. The decrease from CON to 1xP and further to 2xP was higher 

for early development stage than for late development stage. 
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Table 7 – Effect of physical processing and development stage on particle loss, parameter estimates of NDF degradation using two different 
degradation models, physical fill value and predicted intake of NDF and DM. 

Parameters 
(n = 4) 

Treatment1  P-value2 

E-CON E-1xP E-2xP L-CON L-1xP L-2xP SEM PHY DEV PHY X DEV 

Particle loss (% of NDF) 4.48 5.74 6.48 4.48 5.27 5.30 0.29 <0.01 0.04 0.16 

Particle loss (% of DM)3 9.84 10.67 9.80 9.14 8.98 7.73 0.54 0.17 <0.01 0.44 

Model 1 (No lag time)4 
              

b (% of NDF) 92.1 91.3 92.0 89.6 89.9 90.8 0.30 0.05 <0.01 0.13 

c (%/h) 5.29a 4.90ab 4.73ab 4.32b 4.75ab 4.43b 0.16 0.28 <0.01 0.05 

ED of NDF (%) (0.5% passage/h) 83.6a 82.4ab 82.8a 79.9c 80.9c 81.2bc 0.34 0.62 <0.01 0.01 

ED of NDF (%) (2% passage/h) 65.3a 63.5ab 63.4ab 60.0c 61.9bc 61.3bc 0.61 0.79 <0.01 0.02 

Model 2 (lag time incl.)5       
        

Lag time (hours) 0.84 0.86 0.97 1.08 1.01 1.05 0.07 0.54 0.02 0.49 

b (% of NDF) 91.5 90.8 91.4 89.0 89.2 90.2 0.32 0.08 <0.01 0.13 

c (%/h) 5.76a 5.31ab 5.19ab 4.76b 5.22ab 4.87b 0.18 0.34 0.01 0.06 

ED of NDF (%) (0.5% passage/h) 83.8a 82.6ab 82.9a 80.1c 81.0c 81.3bc 0.35 0.64 <0.01 0.01 

ED of NDF (%) (2% passage/h) 66.6a 64.8ab 64.6ab 61.2c 63.2bc 62.6bc 0.62 0.80 <0.01 0.02 

Physical fill value (Days) 
      

        

Fill value (0.5% passage/h) 1.35c 1.45bc 1.42c 1.66a 1.58a 1.56ab 0.03 0.64 <0.01 0.01 

Fill value (2% passage/h) 0.70c 0.73bc 0.74bc 0.81a 0.77ab 0.78ab 0.01 0.80 <0.01 0.02 

Predicted feed intake (FI) (Kg/day) 
      

        

FI of NDF (0.5% passage/h) 4.53a 4.23ab 4.31a 3.68c 3.89c 3.94bc 0.07 0.68 <0.01 0.01 

FI of NDF (2% passage/h) 8.83a 8.36ab 8.32ab 7.59c 8.01bc 7.85bc 0.14 0.67 <0.01 0.01 
FI of DM (0.5%passage/h) 9.97a 7.90b 6.52c 7.53b 6.64c 5.75d 0.13 <0.01 <0.01 <0.01 

FI of DM (2%passage/h) 19.41a 15.61b 12.60cd 15.51b 13.67c 11.46d 0.30 <0.01 <0.01 <0.01 
Letters group treatments based on statistically significant difference on physical processing and developmental stage level. (alphabetic order ranges from 
highest to lowest). 1

 Treatments represents Early (E) and Late (L) development stage and physical processing: Traditional ensiling (CON), 1 x screw press-
ing (1xP), 2 x screw pressing (2xP). 2 analysis of variance (type II), PHY = Physical processing, DEV = Development stage, PHY x DEV = Interaction effect 
between PHY and DEV. 3 Calculation based on particle loss of NDF: Particle loss of NDF (% of NDF)/ NDF concentration (% of DM) *100. 4,5

 Parameter b 
= Potential degradable NDF, Parameter c = Degradation rate of NDF, ED = Effective degradation. 
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Figure 8 - Relation between passage rate and effective degradation of NDF for grass silages. Dots and squares represent the effective degradation at the LSM of in 
vivo measured passage rate of iNDF for respective treatment. 



45 
 

6.5 OBSERVED VALUES FROM IN VIVO EXPERIMENT 

Observed values for digestibility and degradation rate of NDF, passage rate of iNDF, and vol-

untary intake of NDF and DM are presented in Table 8. Digestibility of NDF from duodenum 

and ileal samples both showed effect from physical processing. Values for NDF digestibility 

calculated from duodenal flow of NDF was higher compared to calculations using ileal flow of 

NDF. In ileal samples an interaction effect was found, since physical processing at early devel-

opment stage decreased NDF digestibility for 1xP compared to CON and 2xP. However, at late 

development stage CON had the lowest NDF digestibility with 2xP being highest and 1xP was 

intermediate. Degradation rate of NDF calculated using fecal flow of iNDF showed no effect of 

any factor, however numerically CON had the highest value at early and the lowest at late de-

velopment stage of all treatments. This pattern is similar to the one found from incubation 

samples. Compared to incubation samples, rate of degradation is higher measured in vivo for 

all treatments. The voluntary intake of NDF and DM showed an effect of physical processing 

and a tendency of effect from development stage on the voluntary intake of NDF. The intake of 

NDF is highest for 2xP and lowest for CON with 1xP being intermediate at both early and late 

development stage. NDF intake at late development stage was higher than early for all treat-

ments. Intakes of DM was highest for CON treatments and lowest for 2xP with 1xP being in-

termediate at both development stages. 

 

6.6 COMPARISON OF PREDICTED AND OBERSERVED VALUES 

Table 9 shows the effective degradation, fill value and predicted intake of NDF and DM when 

using in vivo measured passage rates of iNDF for the individual treatments. Development stage 

showed a tendency to decrease from early to late on the effective degradation for both model 1 

and 2. The effective degradation with iNDF passage rates are shown as points in figure 8. Com-

pared with ileal digestibility of NDF from Table 8, effective degradation had lower values and 

was more affected by development stage, whereas ileal digestibility was affected by an interac-

tion between physical processing and development stage. The passage rate of CON at early and 

late development stage was close to equal, however the effective degradation was higher for 

early compared to late, whereas 1xP and 2xP was affected by the different passage rate of iNDF.  

The predicted NDF intake was higher than the voluntary NDF intake measured from in vivo 

experiment with exception of L-2xP where the voluntary NDF intake is higher than the pre-

dicted. Predicted DM intake showed effect of physical processing, where CON had the highest 

intake and decreased from 1xP to 2xP at both development stages. Development stage affected 

the predicted DM intake with higher intake at early development stage compared to late. How-

ever, measured DM intake was not affected by development stage. Besides E-CON treatment, 

predicted DM intake was underestimated compared to actual DM intake. Predicted DM intake 

showed interaction between physical processing and development stage since the decrease 

from CON to 1xP and 2xP was higher at early development stage than at late. Both Predicted 

and actual DM intake decreased from CON to 2xP with 1xP being intermediate regardless of 

development stage.
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Table 8 – Effects of physical processing and development stage on rumen NDF digestibility, degradation rate, iNDF passage rate, volun-
tary NDF and DM intake measured in vivo. 

Parameters Treatments1  P-values2 

(n = 4) E-CON E-1xP E-2xP L-CON L-1xP L-2xP SEM PHY DEV PHY X DEV 

NDF dig. (Duodenum sample) (%) 76.6 78.6 78.6 70.9 77.1 79.6 1.98 0.04 0.21 0.26 

NDF dig. (Ileum sample) (%) 74.3ab 71.5ab 74.5ab 65.6b 71.6ab 76.6a 2.12 0.03 0.31 0.05 

Degradation rate of NDF  
(fecal sample) (%/h) 

8.18 6.86 7.46 6.87 7.76 7.57 0.99 0.97 0.90 0.54 

Passage rate (iNDF) (%/h) 1.66 1.35 1.56 1.64 1.57 1.38 0.15 0.37 0.96 0.42 

Voluntary NDF intake (kg/d) 5.72 6.16 6.95 6.07 6.78 7.19 0.27 <0.01 0.08 0.78 

Voluntary DM intake (kg/d) 17.5 16.4 14.9 17.4 16.3 14.9 0.75 0.01 0.90 0.99 

Letters group treatments based on statistically significant difference on physical processing and developmental stage level (alphabetic order ranges 
from highest to lowest). 1Treatments represents Early (E) and Late (L) development stage and physical processing: Traditional ensiling (CON), 1 x 
screw pressing (1xP), 2 x screw pressing (2xP). 2Analysis of variance (type II), PHY = Physical processing, DEV = Development stage,  
PHY x DEV = Interaction effect between PHY and DEV. 

Table 9 – Effects of physical processing and development stage on effective degradation, physical fill value and predicted intake of 
NDF and DM using in vivo measured passage rates of iNDF. 

Parameters Treatments1   P-values2 

(n = 4) 
E-CON E-1xP E-2xP L-CON L-1xP L-2xP SEM PHY DEV 

PHY X 
DEV 

ED of NDF (Model 1) (%)3 68.8 70.6 68.3 63.9 66.5 68.4 1.91 0.46 0.07 0.39 

ED of NDF (Model 2) (%)3 69.9 71.6 69.4 65.0 67.5 69.3 1.83 0.47 0.06 0.39 

Fill value (days) 0.76 0.89 0.83 0.90 0.86 0.94 0.04 0.28 0.03 0.11 

Predicted NDF intake (kg/d) 8.08 6.93 7.43 6.86 7.10 6.56 0.31 0.25 0.02 0.10 

Predicted DM intake (kg/d) 17.77a 12.90bc 11.25cd 14.03b 12.12bc 9.57d 0.52 <0.01 <0.01 0.04 

Letters group treatments based on statistically significant difference on physical processing and developmental stage level (alphabetic order 
ranges from highest to lowest). 1Treatments represents Early (E) and Late (L) development stage and physical processing: Traditional ensiling 
(CON), 1 x screw pressing (1xP), 2 x screw pressing (2xP). 2Analysis of variance (type II), PHY = Physical processing, DEV = Development stage, 
PHY x DEV = Interaction effect between PHY and DEV. 3 Effective degradation of NDF calculated using Model 1 or 2, distinguished with no lag 
time and inclusion of lag time, respectively. 
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6.7 DEGRADATION VALUES OF NDF USING RAW GRASS SILAGE 

Table 10 shows values from comparison of method for silage preparation (standard vs. raw 

silage samples) for the incubation samples on concentration and particle loss of NDF, the deg-

radation values from the rumen incubations and degradation parameters from model 1 and 2 

along with fill value and predicted intake of NDF and DM.  

The concentration of NDF in the silages shows increasing concentration with level of physical 

processing, preparation method did not show any effect. However, values for the standard 

method were lower than raw samples for all treatments. Particle loss from the nylon bags was 

not affected by preparation method or physical processing. However, raw samples showed 

larger variation between treatments than for standard method ranging from -5.09 to 8.77 and 

3.44 to 6.56 % of NDF, respectively.  

Degradation of NDF from incubation samples showed no effect of preparation method. An ef-

fect of development stage was found with a decrease in the degraded from early to late from 24 

hours and onwards to the final incubation of 168 hours.  

Potentially degradable NDF was affected by preparation method and interactions with both 

physical processing and development stage for model 1. Treatments at early development stage 

had higher potential degradable NDF fraction than late, in general this was also found for 

model 2. Preparation method showed no effect on degradation rate for neither model 1 nor 2. 

Lag time in model 2 tended to be higher for raw samples compared to standard samples, how-

ever no interaction between preparation method and physical processing was found with lag 

time. The effective degradation as a result of the potential degradable fraction and rate of deg-

radation of NDF showed no effect of preparation method or interaction with other factors. 

Fill value and predicted intake for NDF showed, similar to effective degradation, no effect of 

preparation method. However, predicted intake of DM was different between passage rates of 

0.5 and 2.0 %/h, since an increase from standard to raw samples at 0.5 %/h passage was found 

and opposite the predicted DM intake decreased at 2 %/h from standard to raw samples.  
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Table 10 – Effects of sample preparation method, physical processing, and development stage on NDF concentration, particle loss, NDF degradation values, degradation 
parameters using two different models, physical fill value and predicted feed intake of NDF and DM for treatments with two different methods of sample preparation 
(standard samples from period 4 and raw silage samples). 

(n = 1) Treatment1  P-value2 

 E-CON E-1xP E-2xP L-CON L-1xP L-2xP 
SEM MET PHY DEV MxP MxD PxD  

STD. RAW STD. RAW STD. RAW STD. RAW STD. RAW STD. RAW 
NDF  
(% of DM) 

46.5 52.1 52.0 56.0 62.9 65.2 46.2 51.1 56.4 59.7 70.9 72.5 3.14 0.21 0.03 0.20 0.82 0.88 0.41 

Particle loss  
(% of NDF) 

3.59 -3.06 6.43 4.82 5.01 -5.09 3.44 3.36 3.80 8.77 6.56 3.02 2.80 0.25 0.32 0.24 0.34 0.20 0.68 

NDF degraded at incubation hour (% of NDF) 

0 0.02 0.01 -0.03 0.01 -0.02 -0.01 0.00 -0.01 -0.06 -0.01 0.00 0.02 0.02 0.42 0.47 0.78 0.52 0.83 0.53 

2 9.84 6.46 14.2 5.06 5.98 1.64 1.10 1.70 9.79 4.61 3.87 3.51 2.19 0.12 0.19 0.15 0.38 0.29 0.34 

4 16.2 12.9 20.3 9.31 15.5 9.25 6.79 6.99 17.0 9.49 12.0 9.21 1.99 0.06 0.29 0.10 0.24 0.31 0.28 

8 27.8 34.8 34.5 28.2 22.9 27.1 18.5 20.2 37.7 26.1 22.8 21.7 2.03 0.51 0.06 0.07 0.09 0.17 0.11 

16 45.6 58.1 52.2 51.6 51.2 47.1 38.2 51.1 51.8 51.7 47.5 43.9 4.26 0.40 0.50 0.31 0.22 0.95 0.63 

24 68.8 75.6 75.3 74.9 68.2 70.6 53.1 67.4 64.2 71.3 61.2 71.0 1.99 0.03 0.14 0.03 0.26 0.10 0.20 

48 86.2 87.1 85.8 84.0 84.7 83.8 76.8 80.5 83.2 84.2 81.3 83.1 1.56 0.51 0.52 0.06 0.60 0.30 0.18 

96 89.2 90.2 89.7 89.9 88.7 89.5 85.7 86.9 87.8 88.3 87.7 88.7 0.40 0.10 0.18 0.02 0.58 0.74 0.11 

168 91.6 91.8 89.6 91.2 91.5 90.6 86.8 88.2 87.7 90.5 89.9 90.2 0.92 0.26 0.50 0.06 0.39 0.41 0.25 

Model 1 (No lag time)3 

b (% of NDF) 92.3 92.0 90.1 92.1 91.7 91.9 88.8 89.6 87.90 91.0 90.3 91.7 0.24 0.02 0.05 0.01 0.05 0.06 0.06 

c (%/h) 4.99 5.99 6.28 5.29 4.92 4.82 3.53 4.76 5.85 5.09 4.43 4.55 0.40 0.78 0.16 0.12 0.16 0.70 0.37 
ED of NDF (%) 
(0.5% passage/h) 

83.3 84.7 83.1 83.6 82.9 82.8 77.5 80.5 80.52 82.6 80.8 82.2 0.86 0.13 0.48 0.04 0.60 0.30 0.19 

ED of NDF (%) 
(2% passage/h) 

64.2 68.0 67.0 65.3 64.0 63.6 55.9 61.5 64.12 64.2 61.0 62.4 1.69 0.31 0.27 0.07 0.29 0.48 0.26 

1Treatments represents levels of development stage: Early (E) and Late (L); physical processing: Traditional ensiling (CON), 1 x screw pressing (1xP), 2 x screw pressing (2xP) and 
sample preparation method for rumen incubation: Standard samples from period 4 (STD) and raw samples (RAW). 2Analysis of variance (type II), MET(M) = Sample preparation 
method, PHY(P) = Physical processing, DEV(D) = Development stage, and their mentioned interaction effects. 3,4Parameter b = Potential degradable NDF, Parameter c = Degradation 
rate of NDF, ED = Effective degradation. 
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Table 10 (Continued)– Effects of sample preparation method, physical processing, and development stage on NDF concentration, particle loss, NDF degradation values, 
degradation parameters using two different models, physical fill value and predicted feed intake of NDF and DM for treatments with two different methods of sample 
preparation (standard samples from period 4 and raw silage samples). 

(n = 1) Treatment1  P-value2 

 E-CON E-1xP E-2xP L-CON L-1xP L-2xP 
SEM MET PHY DEV MxP MxD PxD 

 STD. RAW STD. RAW STD. RAW STD. RAW STD. RAW STD. RAW 

Model 2 (lag time incl.)4 

Lag time (hours) 0.19 0.57 -0.19 0.99 0.56 1.13 1.22 1.42 -0.10 0.91 0.74 1.12 0.34 0.10 0.33 0.26 0.44 0.72 0.34 

b (g/100 g NDF) 92.2 91.6 90.3 91.5 91.4 91.2 88.01 88.7 88.0 90.5 89.9 91.0 0.35 0.07 0.16 0.01 0.15 0.10 0.07 

c (%/h) 5.06 6.46 6.15 5.82 5.21 5.36 3.87 5.41 5.79 5.59 4.73 5.02 0.41 0.21 0.24 0.15 0.20 0.82 0.51 
ED of NDF (%) 
(0.5% passage/h) 

83.6 84.89 83.59 83.8 83.1 82.9 77.7 80.5 81.9 82.7 81.0 82.3 0.90 0.17 0.45 0.04 0.62 0.30 0.19 

ED of NDF (%) 
(2% passage/h) 

65.5 69.3 68.4 66.6 65.3 64.9 57.0 62.7 65.4 65.5 62.2 63.7 1.72 0.31 0.27 0.07 0.29 0.48 0.26 

Physical fill value (Days) 
Fill value 
(0.5% passage/h) 

1.36 1.26 1.37 1.35 1.41 1.43 1.86 1.62 1.59 1.44 1.59 1.47 0.08 0.17 0.45 0.04 0.62 0.30 0.19 

Fill value 
(2% passage/h) 

0.72 0.64 0.66 0.70 0.72 0.73 0.90 0.78 0.72 0.72 0.79 0.76 0.04 0.31 0.27 0.07 0.29 0.48 0.26 

Predicted feed intake (FI) (Kg/day) 
FI of NDF 
(0.5% passage/h) 

4.79 4.54 4.53 4.46 4.32 4.33 3.80 3.28 4.23 3.89 4.14 3.87 0.19 0.18 0.57 0.03 0.71 0.37 0.18 

FI of NDF 
(2% passage/h) 

7.74 8.50 8.33 7.96 7.58 7.54 6.10 7.16 7.69 7.61 6.99 7.26 0.36 0.36 0.28 0.07 0.31 0.57 0.30 

FI of DM 
(0.5%passage/h) 

10.4 8.71 8.74 7.94 6.89 6.61 8.20 6.37 7.47 6.55 5.79 5.39 0.28 0.03 0.02 0.01 0.15 0.78 0.21 

FI of DM (2%pas-
sage/h) 

14.9 18.5 14.8 15.4 11.6 12.0 11.9 15.4 13.0 13.4 9.75 10.1 0.63 0.06 0.02 0.03 0.13 0.94 0.52 

1Treatments represents levels of development stage: Early (E) and Late (L); physical processing: Traditional ensiling (CON), 1 x screw pressing (1xP), 2 x screw pressing (2xP) and 
sample preparation method for rumen incubation: Standard samples from period 4 (STD) and raw samples (RAW). 2Analysis of variance (type II), MET(M) = Sample preparation 
method, PHY(P) = Physical processing, DEV(D) = Development stage, and their mentioned interaction effects. 3,4Parameter b = Potential degradable NDF, Parameter c = Degradation 
rate of NDF, ED = Effective degradation. 
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7 Discussion 

7.1 COMPOSITION OF GRASS SILAGE 

7.1.1 Effect of development stage on grass silage composition 

The increased development stage at harvest led to a change in chemical composition between 

early and late. The control treatments from each development stage shows increase in concen-

tration of both NDF and iNDF. Concentrations of NDF and iNDF of chopped grass-clover si-

lage in Damborg et al. (2019) were lower compared to the early control treatment in this study. 

Based on the days of regrowth, NDF concentrations for control treatments at both early and 

late development stage were higher than observed in the study from Chaves et al. (2006) for 

regrowth with early harvest of primary growth. The forage quality was decreasing during de-

velopment with an increase in iNDF concentration and a decrease of CP and IVOMD. Control 

treatments were of quality regarding IVOMD values 78.0 and 74.3 % of OM, respectively for 

early and late development stage. Compared to Chaves et al. (2006) values for the current 

study are lower with similar days of regrowth. However, this is caused by the higher concen-

tration of NDF in grasses from the current study, due to the larger proportion of stem parts or 

increased lignification of secondary cell walls (Elgersma and Soegaard, 2018).  

The lower DM concentration found in control treatment from late compared to early develop-

ment stage was caused by a difference in wilting at the time of harvest. Precipitation risks 

forced a stop in the wilting process and grass was removed from the field during the night after 

12-16 hours of wilting. An increase in DM concentration with increased development would 

be expected if climatic conditions were equal around mowing and wilting. 

7.1.2 Effect of physical processing 

Physical processing of grass before ensiling showed from chemical composition an expected 

increase in both DM and NDF concentration. Increasing the intensity of screw-pressing from 

one-time to two-times, showed an even further increase in DM and NDF concentration. Other 

studies reported different DM concentrations after screw-pressing, which is determined from 

different mechanical aspects. High DM concentrations were often found in studies using a lab-

scale screw-press (Damborg et al., 2020), whereas studies using a pilot-scale screw-press re-

port lower increase in DM (Larsen et al., 2019). The separation of liquid parts from the grass 

and subsequent increase in DM of the solid fraction indicates the loss of soluble and possibly 

readily fermentable carbohydrates along with sCP. In the current study two-times screw-

pressing decreased the proportion of sCP in CP substantially, possibly caused by the addition 

of water before second screw-pressing creating a flushing effect of the remaining sCP. 

The constant CP concentration between levels of physical processing is a positive result, when 

assessing the solid fraction from screw-pressing as a forage for dairy cows. A minimum CP 

level of 14 % of DM in screw-pressed grass for roughage in dairy rations was mentioned in 

Corona et al. (2018), to maintain a sufficient protein supply from forage. Lower concentrations 

of proteins in forage from screw-pressing will reduce the feed quality with increased need for 
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protein supplementation. However, studies on increasing the efficiency of extraction have 

been made to optimize the case for green biorefining. This will lead to a decreased CP level in 

the solid fraction thereby lower protein supplementation from forage when the solid fraction 

is used as roughage in rations for dairy cows (Corona et al., 2018 ; Solati et al., 2017). 

As an estimate on the forage quality, the IVOMD results showed a decreasing digestibility from 

physical processing. These results are in agreement with the study from Larsen et al. (2019). 

With higher concentrations of iNDF on DM level, the indigestible part of organic matter is 

increasing, explaining the decrease in IVOMD. The increase in the iNDF:NDF from screw-

pressing at early development stage is absent at late stage. Change in proportion of iNDF is 

opposite to results found by Damborg et al. (2018) and Damborg et al. (2019), where ratios 

between iNDF and NDF were not changed from screw-pressing. However, the latter men-

tioned study chopped grass-clover with a 6 day longer regrowth period, which would increase 

the iNDF proportion, where similar harvest dates would have shown a change in iNDF pro-

portion. 

7.1.3 Ensiling of screw-pressed grass 

The fermentation quality of screw-pressed grass clover was based on the low pH and sufficient 

amount of SCFA to stabilize the silage during storage. All silages showed a low level of pH, 

similar to the ensiling study of Hansen et al. (2020). However, the E-1xP treatment showed 

higher SCFA concentration than the early control treatment, despite higher DM concentration, 

possibly caused by a lower buffer capacity. The decrease of pH from production of SCFA is 

affected due to buffer capacity and the dilution effect from moisture content. In an empirical 

study by Haigh (1987) relation between DM level and the evaluation of fermentation quality, 

showed a positive correlation. This is caused by the decreasing requirement for fermentation 

products to obtain a stable pH (Kung et al., 2018). The results from the silage extracts are in 

agreement with the findings from Haigh (1987) and Kung et al. (2018).  

Buffer capacity was not measured for silages in the current experiment, however lower con-

centration of ash i.e. minerals and loss of soluble CP indicate a lower buffer capacity for screw-

pressed grass since these compounds are increasing buffer capacity according to McDonald 

and Henderson (1962). 

The decrease in sCP from 2xP to 1xP and CON indicates an extraction of protein otherwise 

available for fermentation during ensiling. No analysis of NH3-N was made on silage extracts, 

however as shown by Hansen et al. (2020), the NH3-N concentration during ensiling was 

lower for grass screw-pressed two times compared to chopped or one-time screw-pressed 

grass. The decreased fermentation of protein in 2xP grass silage is related to the higher DM 

concentration creating a more robust fermentation according to Kung et al. (2018) and possi-

bly lower amount of CP available for fermentation. 
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In general screw-pressed silages showed good fermentation quality with a general lower SCFA 

concentration than control treatments, proving the hypothesis of lower fermentation products 

from screw-pressed grass depending on the DM concentration. The lower concentration of 

fermentation products and especially acetic acid indicate possible low aerobic stability during 

feed out. To avoid spoilage of silage from fungal activity, analysis of the effect from screw-

pressing on aerobic stability is needed in future studies.  

7.2 IN SITU DEGRADATION OF NDF 

The NDF degradation of grass silages showed high degradability of all six treatments. The final 

incubation time point at 168 hours was only numerically higher than 96 hours according to 

the multiple comparison of incubation hours, indicating incubation for 168 hours was not 

providing additional information on the degradation characteristics. However, the statistical 

model was assuming equal variation at all time points of incubation. Results from comparison 

of the sample preparation method, where time of incubation was tested individually, SEM val-

ues for incubation times between 2 and 48 hours compared with 96 and 168 hours reduce the 

possibility of detecting difference between incubation times. Lack of complete information on 

the potential degradable fraction will result thereby overestimation of this fraction (Stensig et 

al., 1994a).  

Potential degradable fraction of  NDF (‘b’ fraction) were higher and lag times were generally 

lower for all treatments compared to studies from Bosch et al. (1992) and Damborg et al. 

(2019), showing high nutritive value of the grass silages. Rates of NDF degradation were 

higher for grass-clover silage in the study from Damborg et al. (2019), however this could be 

caused by the presence of clover in the ration, where pdNDF is known to have a higher rate of 

degradation. This is due to the difference in tissue composition between stem and leaf parts of 

clover (Buxton, 1996). Both the potential degradable fraction and degradation rate of NDF 

(parameter ‘c’) was higher for early development stage compared to late as expected with de-

creasing NDF quality during plant development. The iNDF concentration is in agreement with 

the results on degradation parameters. Similar to other studies, the iNDF concentration can 

be used as an indication for the NDF quality (Huhtanen et al., 2007). However equal propor-

tion of iNDF in NDF for E-2xP, L-1xP and L-2xP still resulted in lower potential degradable 

fraction for the treatments at late development stage. A possible reason for this is the degree 

of lignification and their linkage to other polysaccharides, where digestible parts of grass at 

late development stage could have been digested at a slower rate preventing incubation hours 

up to 168 hours to detect this fraction (Jung and Allen, 1995). This is also supported by the 

increased lag time from early to late development stage. 

7.2.1 NDF degradation of screw-pressed grass 

The in situ experiment showed no effect of screw-pressing on NDF degradation characteristics 

in the rumen, however interaction with development stage indicates a positive effect of screw-

pressing when initial nutritive value of NDF is decreased through increased development stage 

at harvest. This is similar to the results of Damborg et al. (2019),  despite more days of re-

growth for chopped grass-clover silage and a higher in vivo digestibility of NDF for screw-



53 
 

pressed grass-clover. Another possible reason for lack of effect, despite the sample preparation 

which will be further discussed in the following section, is the loss of particles being higher for 

screw-pressed grass, leading to bias in the estimation of degradation of NDF as explained in 

the study of Krämer et al. (2013). 

Interestingly, the effective degradation of NDF for treatments from screw-pressed grass was 

closer than the control treatments at different development stages, confirmed by the interac-

tion effect found between development stage and physical processing. This is in agreement 

with the statement from Weisbjerg et al. (2018), explaining a general increase in degradation 

of NDF, when stem parts of legumes was macerated and less effect was found for grass species.  

Grass for biorefining is harvested at the point for optimal balance between extraction effi-

ciency and the total yield of protein from biorefining. Based on the findings from Solati et al. 

(2017), forages at early growth are more suitable for biorefining. This indicates grass from 

biorefining plants does not have an increased nutritive value regarding ruminal digestibility 

of NDF compared to traditional harvesting methods for grass silage. 

 

7.3 SAMPLE PREPARATION FOR IN SITU STUDY 

In a previous study from Damborg et al. (2018) the processing of incubation samples was sus-

pected to mask a possible effect of screw-pressing on the degradation characteristics. For test-

ing the possible disruption of effect from physical processing the comparison of standard and 

raw samples for incubation was made.  

In the current experiment the effective degradation and fill value of raw samples were not 

different from standard samples from period 4. However, lag times tended to be higher for 

raw samples indicating possible delay of degradation when using raw silage material. In addi-

tion, degradation values tended to be higher for the standard samples compared to raw sam-

ples at 4 hours and were more equal from 8 hours and onwards. This was probably caused by 

the large difference in particle size between whole particle of fresh silage and grinding on a 1.5 

mm sieve. Processing samples before incubation was tested in Barrell et al. (2000), comparing 

three treatments with two fresh silage samples either chopped into 6-mm or minced and a 

third with freeze-drying and grinding through a 1.0 mm. The study found a decrease in lag 

time for degradation of DM and CP when fresh silages was used. The results could possibly be 

expected for NDF. The study concluded mincing to be the best method to mimic the effect of 

chewing based on the particle distribution. The effect of mastication of feed was lacking when 

using raw silage material, leading to a possible bias when looking at degradation characteris-

tics of treatments. 

Both NDF concentration and particle loss of NDF were numerically different. However, the 

analysis of variance showed no main effect or interaction with physical processing, caused by 

a large variation and SEM values. This indicates that the statistical test was not reliable. Anal-

ysis of NDF of raw samples were numerically and consequently higher for raw samples com-

pared to the standard results from period 4. This could be caused by different sources of errors 

during the execution of the experiment. Samples were handled as a fresh material, where water 
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concentration was high, causing possible evaporation before and during weighing of material. 

Raw silage material was physically different in texture and led to different problems during 

analysis of NDF concentration in silage rising above the liquid, resulting in risk of material 

avoiding complete extraction of neutral detergent soluble elements. However, one of the main 

issues using raw material for analysis is the risk of not getting a representable sample for anal-

ysis. Large straws of silage from especially control treatments made NDF values dependent on 

the composition of a few straws. In contrast, grinded samples present a more homogenous 

pool for the sample, making the collection of a representable sample for analysis easier. Other 

methods for sample preparation when determining degradation characteristics are using fro-

zen material and mincing other samples, to mimic the effect of mastication during eating and 

rumination.  

7.4 COMPARISON TO IN VIVO EXPERIMENT 

7.4.1 Effective degradation and in in vivo digestibility of NDF 

Using in vivo measured iNDF passage rates to estimate the effective degradation for the silages 

used in the TMR ration proved to be cohesive with the in vivo measured digestibility of NDF. 

However, some differences were observed, especially for the duodenal samples, where digest-

ibility of treatments were higher than estimated values. Measurements from in vivo experi-

ments were measured feeding a mixed feed ration of roughage and concentrate, with grass 

silage constituting 65% of DM and 90.5-92.76% of total NDF in the ration. The total NDF 

digestion was in this relation primarily affected by the digestibility of grass silage NDF. How-

ever, the influence of NDF from other feed sources could be the reason for the difference be-

tween effective degradation and in vivo digestibility of NDF. The in vivo measured NDF di-

gestibility was higher in the current study compared to the study of Damborg et al. (2019) and 

Savonen et al. (2020), for both chopped and screw-pressed silages.  

Effective degradation and observed digestibility of NDF was affected differently by physical 

processing and development stage. Effective degradation showed clear effect of development 

stage, whereas physical processing was the main effect on NDF digestibility measured in vivo. 

This difference in source of effect could be caused by the in situ method not being able to detect 

the physical changes of the feedstuff, whereas in vivo digestibility of NDF was highly influ-

enced by level of intake and passage rates (Oba and Allen, 1999). In addition, it could be pos-

sible that screw-pressing of grass could change the buoyancy of feed particles in the rumen 

and the retention time of feed particles in the non-escapable pool of rumen, despite iNDF pas-

sage rates was not found to be different in the current study (Lund et al., 2007). 

Despite cohesion between effective degradation and in vivo digestibility of NDF, the degrada-

tion rate of incubation samples was notably lower compared to measured NDF degradation 

from fecal samples. These results are similar to the findings of Stensig et al. (1994a), where 

degradation of various feedstuff was underestimated by the nylon bag method compared to in 

vivo results. However, it is well-known that enzyme activity is lower inside nylon bags com-

pared to levels in rumen digesta, slowing the degradation rate of NDF for incubation samples 

(Huhtanen et al., 1998). 
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7.4.2 Predicted and observed intake of NDF and DM 

The results from the in vivo experiment on feed intake of NDF and DM, showed a general 

difference with the predicted levels of intake. The predicted values were more affected by the 

development stage of the grass silage than the observed values of intake. This lack of effect on 

the observed feed intake is a result from greater effects from physical processing. Screw-press-

ing increased NDF concentration in silage, leading to a change in the concentration of NDF in 

the feed ration since silages were exchanged on a DM basis. Minor difference between the two 

development stages in their chemical composition and nutritive value are causing effects to be 

minimal. 

Higher intakes of NDF for screw-pressed grass silages in the in vivo experiment was similar 

to studies of (Damborg et al., 2019) and Savonen et al. (2020). However, both studies showed 

equal or higher intakes of DM, when screw-pressed grass or grass-clover was included. 

Predicted NDF intake did not represent the increased NDF intake with increased physical pro-

cessing which was seen for the observed values. A reason for this is the fixed rumen capacity 

of NDF used for estimating NDF intake. This makes the predicted solely dependent on the fill 

value of the silage. Effect of physical processing and development stage on rumen capacity was 

not researched in this study. However, the rumen capacity of NDF is known to not be a fixed 

size and a general positive relation with increasing NDF concentration in the feed ration can 

be expected (Kammes et al., 2012). With no effect on the degradation characteristics of NDF 

from physical processing along with fixed rumen capacity, the effect of increased NDF concen-

tration from physical processing on NDF intake cannot be predicted. 

Observed NDF intake seemed to be more related to the DM intake, whereas when estimating 

the intake of DM, the physical fill value and NDF concentration were the independent varia-

bles. According to Huhtanen et al. (2007), the most explanatory variable for intake of silage 

NDF intake was the NDF concentration of the silage. This shows not only information on deg-

radation characteristics, but also concentrations of NDF should be accounted for when pre-

dicting intakes of NDF from forages.  

For DM intake, the effect of physical processing was similar for both predicted and observed 

values. However, observed values were not affected by development stage, likely because of 

the previous mentioned effects. The comparison of predicted and observed values of DM in-

take were not at the level of intake, simply caused by the difference in the source of DM, as 

observed values were from intake of TMR ration and predicted values are for silage intakes.  

Intakes of forages from the in vivo study was calculated and compared to the predicted 

intakes of DM in Figure 9. The linear regression for the treatments using iNDF passage rates, 

predicted intake of DM was increasing more than the observed value. High predicted values 

shows that intake is restricted by other factors than the physical fill. Physiological responses 

are often more limiting in high producing dairy cows than limits of rumen capacity (Huhtanen 

et al., 2016 ; Rinne et al., 2002). 
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Although the predicted silage DM intake was generally overestimated compared with observed 

values, relation to the NDF concentration of the treatments was found. The observed DM in-

take of forage was closer to the predicted value for silage from 2xP and for treatments from 

late development stage compared to early. This indicates the effect of physical filling of the 

rumen is more relevant with higher concentrations of NDF in the forage. Other studies report 

negative correlation between NDF concentration and voluntary DM intake (Alstrup et al., 

2016 ; Kuoppala et al., 2009 ; Rinne et al., 2002). 
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Figure 9 - Comparison and linear regression of predicted and observed values of DM intake for silage 
treatments using iNDF passage rate, samples from period 4 at 2%/h passage rate and raw silage 
samples at 2%/h passage rate. 
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8 Conclusion 

The aim of this study was to evaluate the quality of screw-pressed grass as a forage for dairy 

cows, regarding nutritive quality of NDF and ensiling ability. 

Screw-pressing of grass before ensiling showed a decrease in concentration of fermentation 

products, when DM concentrations were higher compared to traditional chopped grass silage. 

Separation of the liquid fraction containing large parts of the readily fermentable carbohy-

drates did not appear to inhibit the fermentation process. However, increase in DM concen-

trations above the observed values in this study (37.7% DM) from screw-pressing, could pos-

sibly lower ensiling abilities. 

Results on NDF degradation measured in situ, showed a decrease in both potential digestible 

NDF and degradation rate of the same, leading to a lower effective degradation of grass harvest 

at a later development stage. The screw-pressing of grass compared to chopped grass before 

ensiling, showed a different effect depending on the development stage. With early develop-

ment stage, screw-pressing seemed to decrease the effective degradation of NDF from a lower 

degradation rate of NDF. The opposite was observed for late development stage, where the 

degradation rate of NDF increased from screw-pressing. The differences between levels of 

physical processing were minor, but screw-pressing of grass reduced the difference in effective 

degradation between development stage compared to chopped grass silage. 

Degradation characteristics of raw silage samples did not show any effects on degradation 

characteristics of NDF. The hypothesis on disruption of treatment effects from drying and 

milling of rumen incubation samples was not able to be tested since there was no effect of 

screw-pressing to confirm or reject this hypothesis. However, the experiment on sample prep-

aration method did show that using fresh silage samples for rumen incubations can possibly 

lead to increased variation between observations compared to dry samples. 

Prediction of DM intake of silage from in situ measured degradation of NDF, showed to over-

estimate the intake of silage, caused by metabolic restrictions on DM intake during the in vivo 

experiment. This causes the estimated DM intake, based on physical fill to lack information 

for the prediction of intake. Intakes of NDF from in vivo showed positive correlation with the 

NDF concentration of silage, however predicted values of NDF intake were not able to estimate 

this development. 

In conclusion, silage from screw-pressed grass showed have similar degradation characteris-

tics of NDF as traditional chopped grass silage and reducing the effect of development stage 

between the two points of harvest.  
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9 Perspectives 

The application of forages from green biorefining in the dairy production is still a theoretical 

subject and not yet applied in the practical farming caused by different challenges both in 

terms of the knowledge of the nutritive quality, but also practical issues such as handling of 

the grass after biorefining and transportation from biorefining plants to the farm. These sub-

jects are being investigated by both scientists and actors in the feed industry. However, a ten-

dency of using the screw-pressed grass fraction as biogas material is increasing. 

Grass as a forage in the dairy production serves as a source of protein as well as a roughage. 

Despite equal levels of CP in both chopped and screw-pressed grass silage in the current study 

and as seen in other studies, the increase in NDF leads to a decrease in the CP:NDF ratio. This 

could reduce the inclusion of screw-pressed grass in feed rations. However, this depends on 

the desired ration composition and level of roughage in the ration. 

A possible use of grass swards for biorefining from dairy farmers could be incorporated into 

the harvest strategy. If the grass yield is plenty for feeding the herd at the individual dairy 

farmer and delivery of grass for biorefining would be an economic gain, this could be a strategy 

where the screw-pressed grass could be used for groups in the herd, where ration with a higher 

NDF proportion is suitable i.e., heifers and dry cows. However, this suggestion is highly de-

pendent on many different factors. 

The usage of screw-pressed grass or other forages from biorefining requires immediate ensil-

ing to avoid any malfermention leading to spoilage of silage. This will force biorefining plants 

to provide ensiling solutions to avoid delay in ensiling before reaching the silage bunker at the 

farm. These requirements will lead to additional costs for handling of the solid fraction.  Other 

outlets of the solid fraction such as biogas plants have been suggested. With development of 

the extraction process, newer biorefining plants report the screw-pressed grass have a CP level 

of app. 7 %, which decreases the nutritive value of the screw-pressed grass, since this will lead 

to need for additional protein supplementation as mentioned earlier. 
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