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A B S T R A C T   

Shredding is a type of processing that mechanically treats forage in order to separate plant tissues 
apart and rupture the plant cell. This experiment aimed at investigating the effects of shredding 
grass-clover harvested at two developmental stages on feed intake, digestibility, and gas pro-
duction. The grass-clover was harvested either at an early (May 14; ERL) or a late (May 29; LAT) 
developmental stage. Within each developmental stage, grass-clover was mown, wilted, and 
either baled and wrapped (CON) or shredded, baled, and wrapped (SHR). The four combinations 
of ensiled grass-clover (ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR) was fed to four rumen, 
duodenum, and ileum cannulated primiparous Danish Holstein cows in a 4 × 4 Latin square 
design with four periods of 21 d duration. The silage was offered for ad libitum intake. Silage 
density was higher (P < 0.01) for SHR compared to CON. Silage concentrations of L-lactate and 
acetate were higher (P = 0.01 and P < 0.01, respectively) and the silage concentration of butyrate 
was lower (P < 0.01) for SHR compared to CON, whereas pH was lower (P = 0.02), which 
indicated silage quality improved from shredding. The dry matter (DM) intake (DMI), milk yield, 
and rumen digestibility of neutral detergent fibre (aNDFom) were not affected by shredding, 
whereas feeding SHR compared to CON resulted in lower (P = 0.05) total tract digestibility of 
aNDFom (714 vs. 727 g/kg) and lower (P = 0.04) methane (CH4) production (60 vs. 66 L CH4/kg 
organic matter (OM) digested in the rumen). Compared to CON, SHR had a higher (P = 0.02) 
proportion of butyrate in rumen fluid indicating that shredding had some effect on the dynamics 
of rumen fermentation. However, the effective degradability of CP and aNDFom in the rumen 
determined in situ showed no effect of shredding. Rumination and total chewing time were lower 
(P = 0.03 and P = 0.05, respectively) and the concentration of protein in the milk was higher (P 
= 0.02), when shredding LAT compared to ERL. Furthermore, concentrations of CP and purines in 
rumen microbes were lower (P = 0.04 and P = 0.01, respectively), when cows were fed LAT 
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compared to ERL. In conclusion, shredding improved silage fermentation quality, reduced di-
gestibility of aNDFom without affecting the digestibility of other nutrients, and reduced methane 
production per kg of rumen digested OM. Furthermore, we observed no benefits from shredding 
grass-clover harvested at a late compared to early developmental stage, except for increased 
concentration of protein in milk and reduced time spent for chewing during rumination and total 
chewing.   

1. Introduction 

Grass-clover is an important feedstuff for dairy cows in Northern Europe. Farmers can increase their forage dry matter (DM) yields 
in the fields by harvesting the grass-clover at a later developmental stage. However, as the grass and legume plants develop and yields 
increase, specific plant tissues and specific plant cells become lignified resulting in a rapidly decreasing digestibility of the grass-clover 
(Jung et al., 2012). 

Shredding, a type of processing (Koegel et al., 1988), where the particles of grass-clover are crushed and broken between two or 
more rollers rotating with different speed, has been investigated earlier with respect to effects on forage quality (Koegel et al., 1992; 
Descoteaux and Savoie, 2002). Compared to the traditional precision chopping, shredding attempts to disrupt the forage particles by 
separating rigid plant tissues apart and by rupturing a larger proportion of the plant cell walls, in order to increase the surface area for 
microbial adhesion and thereby increase rate of digestion (Lehmann et al., 2017). Indications of such effects were shown in an 
experiment, where we found that shredding increased silage density of grass and legumes (Samarasinghe et al., 2019). Shredding has 
shown varying effect on digestibility of both grasses and legumes (Broderick et al., 1999, 2002; Weisbjerg et al., 2018). This variation 
might be attributed to several factors that affect the dynamics between rumen fill and rate of degradation and passage of fibres in the 
rumen. However, more knowledge regarding effects of shredding grass-clover on these dynamics and especially degradation and 
passage kinetics in the rumen is required. By combining harvest of the grass-clover at a later developmental stage with shredding, 
farmers can potentially increase grass-clover DM yields without compromising the quality. 

In physically processed grass-clover, fibre-bound proteins might be more prone to microbial digestion as shown in pulp by Damborg 
et al. (2018). As an effect of altering the rumen degradability of feed protein, the flow of amino acids (AA) in duodenum and the origin 
of the AA (i.e. feed, microbial, or endogenous) might be affected (Schwab and Broderick, 2017). Furthermore, shredding grass-clover 
has shown to decrease the time cows spend chewing (Weisbjerg et al., 2018), which in turn might affect the rumen environment 
(Beauchemin, 2018) and therefore affect methane (CH4) production. Alongside with the possible effects on fibre digestibility, effects 
on protein digestibility, rumen environment, and CH4 production are also to be considered if shredding is introduced in the farm 
management. 

The aim of the current experiment was therefore to investigate the effects of using a machine for shredding of grass-clover har-
vested at an early and a late developmental stage on the degradation kinetics of especially fibre and protein and to evaluate the 
associated effects on feed intake and CH4 production. We hypothesised that shredding of grass-clover could increase fibre digestibility 
and thereby feed intake. We also hypothesised that shredding grass-clover cut at late developmental stage would increase fibre di-
gestibility more compared to shredding grass-clover cut at early developmental stage. 

2. Materials and methods 

The experiment complied with the guidelines set out by the Danish Ministry of Environment and Food (2014) Law No. 474 (May 15, 
2014) concerning animal experiments and care of animals used for scientific purposes. 

2.1. Forage production 

A field with a mixture of perennial ryegrass (Lolium perenne L. ‘Abosan’, ‘Diwan’, and ‘Humbi’), festulolium (Festulolium pabulare 
‘Fojtan’), white clover (Trifolium repens L. ‘Silvester’), and red clover (Trifolium pratense L. ‘Callisto’) was established near Viborg, 
Denmark (56◦31́N 9◦29́E) in spring 2017. For every 100 g of the seed mixture, 45, 40, 6, and 9 g consisted of perennial ryegrass, 
festulolium, white clover, and red clover, respectively. In the spring growth of 2018, the field was divided in two and one half was 
harvested at an early (May 14; ERL) and the other half at a late (May 29, LAT) developmental stage. The grass-clover was mown using a 
disc mower without conditioner (Kuhn FC 883, Saverne, France) set at seven cm stubble height. The DM concentration was planned to 
be 350 g/kg; therefore, the grass-clover was wilted for one to two days before raking. At each harvest time, six samples of grass-clover 
were obtained before mowing and pooled to determine the clover and stem proportion (both on DM basis; 60 ◦C for 48 h in air-forced 
oven). In addition, the developmental stage of ryegrass, festulolium, red clover, and white clover was determined in the field before 
mowing according to the methods of Moore et al. (1991) and Skinner and Moore (2007). 

At each harvest time, half of the grass-clover was baled and wrapped (McHale Fusion 3, Ballinrobe, Ireland) and constituted the 
control (CON). The chamber size in the baler was fixed (width = 1.23 m, diameter = 1.25 m, and volume = 1.51 m3). The other half 
was shredded (SRH) in the field using a tractor-driven machine (Kverneland group A/S, Kerteminde, Denmark; Fig. 1). The machine 
was equipped with a pick-up that continuously channelled grass-clover into a space between a high-speed rotating drum (700 mm 
diameter and 1500 mm width) and a curved shell, which covered approximately half of the drum’s circumference. The drum and the 
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Fig. 1. Schematic diagram of the machine for shredding viewed from the side, where the curved arrows represent the flow of grass-clover (A; diagram by P. Waldemar), and a picture of the shredder 
prototype in operation (B; picture by M. R. Weisbjerg). 
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shell were equipped with 12 mm high oppositely oriented steel ridges (22 and 12, respectively). As the drum rotated (800 revolutions 
per min) and the shell was adjusted to create only a narrow funnel-shaped clearance through which the grass-clover could pass, the 
grass-clover was subjected to a physical treatment termed shredding. After shredding, the grass-clover was transported to a concrete 
bunker silo and placed in rows from which it was baled and wrapped using the same baler as used for CON. In total, four silages were 
produced differing in developmental stage and type of processing: grass-clover harvested at early developmental stage with or without 
shredding (ERL-SHR and ERL-CON, respectively) and at late developmental stage with or without shredding (LAT-SHR and LAT-CON, 
respectively). After each harvest time, all bales were transported to AU-Foulum, Aarhus University, where they were weighed at 
arrival. 

2.2. Animals and feeding 

Four primiparous Danish Holstein cows fitted with a cannula in the rumen (#1C, Bar Diamond Inc., Idaho, USA) and simple T- 
shaped cannulas (25 mm in diameter) in the proximal duodenum (approximately 50 cm caudal to pylorus) and terminal ileum were 
used in the experiment. At the beginning of the experiment, cows were on average (mean ± SD) 325 ± 57 days in milk, yielded 
26.0 ± 3.8 kg milk/d, and weighed 565 ± 42.4 kg. The cows were housed in a tie-stall in cubicles with rubber mats and sawdust as 
bedding material. The cows were randomly assigned to one of four dietary treatments in a 4 × 4 Latin square design with four periods, 
each period lasting for 21 d. The cows were fed individually twice daily at 06.15 and 16.30 h for ad libitum intake of silages. Minerals 
(100 g; VM2 grøn, Vilofoss, Fredericia, Denmark) were offered daily and vitamins (20 g; Rød Suplex Caps, Vilofoss) were offered twice 
a week; both administered on top of silages during morning feeding. For one week before the experiment started, cows were gradually 
adapted to eat only grass-clover silage (spring growth; 202 g CP/kg DM and 328 g aNDFom/kg DM) without concentrate supple-
mentation. The cows had free access to water. All cows were milked twice daily at 05.30 and 16.00 h. Digesta flow markers, 10 g 
chromium(III) oxide and 13 g titanium(IV) dioxide, weighed out in degradable filter paper bags, were placed manually in the rumen 
through the rumen cannula during each milking on d 0–16 in each period. 

2.3. Sampling and recording 

In each period, samples of silages and feed residues were collected daily from d 11–15 and from d 12–16, respectively for DM 
determination (air forced oven at 60 ◦C for 48 h), and samples for further analyses were stored at − 20 ◦C. Furthermore, silages and 
residues were collected on d 17–20 and d 18–22, respectively, for DM determination. After the experiment ended, thawed samples of 
silages were first pooled within period (used for analysis of extracts; n = 4) and these samples were pooled again to obtain one sample 
from period 1 and 2 and one sample from period 3 and 4, which were stored at − 20 ◦C before chemical and in situ analysis (n = 2). 

Twelve subsamples of duodenal and ileal digesta as well as faeces were collected during a 94 h period from d 12–16 in each period 
(d 12: 10.00 h, 18.00 h; d 13: 02.00 h, 12.00 h, 20.00 h; d 14: 04.00 h, 14.00 h, 22.00 h; d 15: 06.00 h, 16.00 h, 24.00 h; d 16: 
08.00 h). Duodenal (400 mL) and ileal (200 mL) digesta were collected by attaching a plastic tube to the cannulas. Faeces (300 mL) 
were collected when the cows defecated or by grab sampling after stimulation. The samples were pooled within cow and period and 
stored at − 20 ◦C until chemical analysis. At the same 12 time points, rumen fluid was collected from the ventral rumen sac via the 
rumen cannula using a plastic syringe mounted to a strainer (#RT, Bar Diamond Inc.). The rumen fluid pH was measured immediately 
after sampling, and samples were stored at − 20 ◦C until chemical analysis. 

Chewing time was recorded simultaneously with digesta sampling from d 12–15 in each period using the RumiWatch system 
(ITIN+HOCH GmbH, Liestal, Switzerland). The cows were habituated to the halters from d 5–9 in each period. Raw data was converted 
using RumiWatch Converter 0.7.3.2, where the output data was selected for one hour resolution. 

On d 16 in each period, rumen evacuations were performed on two cows at 12.00 h and on the remaining two cows at 12.30 h as 
described by Tothi et al. (2003). Composited samples made proportionally from the liquid and solid fractions were either used for DM 
determination (air forced oven at 60 ◦C for 48 h) or stored at − 20 ◦C until chemical analysis. Two litres of rumen liquid were collected 
during the evacuation procedure and microbes in the liquid were purified following the procedure described by Johansen et al. (2017). 

On d 16 after the afternoon milking, all cows were moved to individual 17 m3 open-circuit transparent respiration chambers 
(Hellwing et al., 2012). Chambers were opened twice daily for milking, feeding, and cleaning, and it took on average 15 min per 
chamber. The feed was covered with a lid, which was removed automatically 30 min after doors were closed. 

Cows acclimatised for one day and gas production was measured for four consecutive days starting on d 17. After two days of 
measurements, cows swapped champers diagonally before the last two days of measurements. The cows were fed and milked and gas 
production was quantified following the procedure described by Børsting et al. (2019), except that the concentration of CH4 was 
measured using an infrared sensor (VIA-510, Horiba instruments, Kyoto, Japan), the concentration of oxygen (O2) with a paramagnetic 
sensor (Columbus Instruments International, Columbus, USA), and the concentration of hydrogen (H2) using an electrochemical sensor 
(City Technology LTD, Hampshire, UK). Furthermore, the gas sensors were calibrated on d 16 and 19 in each period using a span gas 
(Hellwing et al., 2012). 

Recovery tests were performed both before, in between periods, and after the experiment for individual chamber correction. In 
total, 83 carbon dioxide (CO2) recovery tests with a recovery of 98.8 ± 1.4% and 34 CH4 recovery tests with a recovery of 99.6 ± 1.9% 
were performed. For O2 and H2, an average of the recovery of CO2 and CH4 was used. Gas production is reported in L under standard 
conditions (0 ◦C, 101.325 kPa). 

Milk samples were collected from six consecutive milkings starting with the milking in the afternoon on d 12 and for two 
consecutive milkings during gas measurements starting with the milking in the afternoon on d 20. 
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2.4. Chemical analyses 

Samples of silage, microbes, composited samples of rumen content, duodenal and ileal digesta, and faeces used for chemical 
analysis were freeze-dried and milled through a 1 mm screen (ZM 200 mill, Retch GmbH, Haan, Germany). Ash was determined by 
ignition at 525 ◦C for 6 h. The Dumas principle (Hansen, 1989) was used to measure total nitrogen (N) (Vario Max CN, Elementar 
Analysesysteme GmbH, Hanau, Germany) and CP was calculated as total N × 6.25. The concentration of neutral detergent fibre 
(aNDFom), acid detergent fibre (ADF), and acid detergent lignin (ADL) was determined sequentially following the Ankom procedures 
in an ANKOM 220 Fiber analyser (ANKOM Technology, Macedon, USA) using heat-stable α-amylase and sodium sulphite (Mertens, 
2002) with correction for ash using the ash residue after the ADL procedure. Titanium(IV) dioxide was determined as described by 
Myers et al. (2004) with the modification that 15 instead of 10 mL of 30% hydrogen peroxide were added and five additional drops of 
hydrogen peroxide were added before measuring the absorbance. Chromium(III) oxide was analysed by spectrophotometry after 
oxidation with sodium peroxide to chromate (Schürch et al., 1950). Purines were analysed by spectrophotometry according to Zinn 
and Owens (1986) and modified by Thode (1999). In silages, soluble N was analysed by extraction in a 39 ◦C borate-phosphate buffer 
at pH 6.75 for 1 h. Total reducing sugars were estimated on glucose basis by the Luff-Schoorl method (Schoorl, 1929) as described in 
European Community (2012). Crude fat was determined by hydrolysis in HCl followed by extraction in petroleum ether (Stoldt, 1952), 
and non-fibre carbohydrates (NFC) was calculated as 1000 – (aNDFom + crude fat + CP + ash). In vitro OM digestibility using rumen 
fluid was determined according to Tilley and Terry (1963). Silage OM digestibility was calculated as 4.10 + 0.959× in vitro di-
gestibility of OM according to Åkerlind et al. (2011). 

In situ rumen degradation kinetics of aNDFom and CP were determined by incubating silage samples (1.5 mm milling; Dacron bags 
with 38 µm pore size) in the rumen of three non-lactating cows fed at maintenance level following the NorFor procedure (Åkerlind 
et al., 2011). Parameters for the degradation profile of CP were estimated according to Ørskov and McDonald (1979) and particle loss 
was estimated as the difference between solubility at 0 h and solubility over filter paper (Hvelplund and Weisbjerg, 2000). Effective 
protein degradability corrected for particle loss (EPD_cor) was calculated using a fractional rate of passage out of the rumen of 
0.05 h− 1. Parameters for the degradation profile of aNDFom were estimated according to McDonald (1981) and feed residues after 
incubation were related to residues after 0 h incubation to account for possible particle losses. Effective degradability of aNDFom in the 
rumen was calculated using the fractional rate of passage determined for each silage based on rumen evacuations. The concentration of 
indigestible aNDFom (iNDF) in silage was determined as the aNDFom residue after rumen incubation of milled (1.5 mm cutter mill) 
samples placed in Dacron bags (12 µm pore size) in three non-lactating cows for 288 h (Åkerlind et al., 2011). Total tract protein 
digestibility (TPD) of silages was determined by the mobile bag technique (Hvelplund et al., 1992). Residues of both rumen and mobile 
bag incubations were transferred quantitatively to N-free filter paper, dried at 60 ◦C to determine DM, and analysed for N by the 
Kjeldahl method, while aNDFom residues were transferred quantitatively to filter crucibles and analysed using the Fibertech™ M6 
System (Foss Analytical). 

Silage extracts were produced as described by Johansen et al. (2017), except that 25% meta-phosphoric acid was used for stabi-
lisation. According to Kristensen et al. (1996), total and individual VFA in rumen fluid and silage extracts were analysed using GC. 
Ammonia-N (NH3-N) was analysed on a Cobas Mira autoanalyser (Triolab A/S, Brøndby, Denmark). L-lactate and glucose were 
analysed using the immobilised glucose oxidase electrode technique (Mason, 1983; YSI 2900D, YSI Inc., Yellow Springs, USA). Crude 
protein, fat, and lactose monohydrate in milk were analysed using a Milkoscan 4000 analyser (Foss Analytical, Hillerød, Denmark) at 
Eurofins Steins (Vejen, Denmark). 

2.5. Calculations 

Silage density was calculated as the individual bale weight divided by the chamber size (1.51 m3). The concentration of net energy 
for lactation (NEL) was determined using NorFor (Volden, 2011). Intake of DM (DMI) was calculated as DM offered minus DM in the 
residue and averaged across d 11–15 and across d 17–20 in each period per cow. Average milk yield was determined across d 11–15 
and across d 17–20 in each period. Daily weight change of cows were calculated as the weight on d 21 minus weight on d − 1 divided by 
21. Assuming that the pooled sample reflected the true flow, flow of DM was determined by each marker, the average hereof was used 
for DM and nutrient flows reported, and for calculation of digestibility. Rumen digestibility of aNDFom was calculated as aNDFom 
intake minus flow in ileum divided by intake, since calculations based on duodenal flow of aNDFom have yielded unreasonable results 
(Brask et al., 2013). True ruminal digestibility of DM, OM, and CP was calculated by correcting for microbial flow in the duodenum. 
Digestibility of RUP (dRUP) was calculated as: dRUP (g/kg CP) = [TPD (g/kg CP)–EPD_cor (g/kg CP)]/[1000–EPD_cor (g/kg CP)] ×

1000 (Hvelplund and Weisbjerg, 2000). 
Energy corrected milk (ECM, 3.14 MJ/kg) yield was calculated as: ECM = milk yield (kg) × [(38.3 × fat (g/kg) + 24.2 × protein 

(g/kg) + 15.71 × lactose (g/kg) + 20.7)/3140], where lactose is lactose monohydrate (Sjaunja et al., 1990). Methane production was 
related to DMI and ECM yield measured during the gas measurements, and related to aNDFom and OM digested in the rumen by 
multiplying the DMI measured during the gas measurements by the rumen digestibility of aNDFom and OM estimated during the 
digesta samplings. Variables for rumen liquid (pH, total VFA, VFA proportions, L-lactate, NH3-N, and glucose) were averaged into a 
daily mean per cow per period before the statistical analysis. 

2.6. Statistical analyses 

All statistical analyses were performed in R 4.0.4 (R Core Team, 2021). The effect of silage type was analysed using a linear mixed 
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effects model with the lmer function from the lme4 package (Bates et al., 2015):  

Ypdtc = µ + αp + βd + (αβ)pd + τt + Ac + εpdtc,                                                                                                                                  

where Ypdtc is the dependent response variable, µ is the overall mean, α is the fixed effect of processing (p = CON, SHR), β is the fixed 
effect of developmental stage (d = ERL, LAT), (αβ)pd is the interaction between processing and developmental stage, τ is the fixed effect 
of period (t = 1–4), A is the random effect of cow (c = 1–4), and εpdtc is the random residual error assumed to be normal distributed and 
independent with constant variance. When interactions between developmental stage and processing were significant, pairwise 
comparisons were analysed using Tukey’s test. Data for H2 production was log transformed to obtain variance homogeneity. The 
transformed least square means, associated P-values, and least square means from model without transformation are shown in the 
table. The fixed effect of period and random effect of cow were excluded when analysing the response variables related to chemical 
composition of the silages and the in situ degradation characteristics using the lm function in R 4.0.4 (R Core Team, 2021). 

Digesta from ileum from one cow in period three and four receiving ERL-CON and ERL-SHR, respectively, was lost due to cannula 
problems. Data for chewing time from the cow fed LAT-SHR in period one was lost due to technical breakdown. Mean values shown in 
the tables are least squares means with the highest corresponding standard error of mean. Statistical significance was considered as P- 
values ≤ 0.05 and tendencies as 0.05 < P-values ≤ 0.10. 

3. Results 

Results on AA composition in silages and rumen microbes as well as total duodenal flow of individual AA are reported in Sup-
plementary Tables S1 and S2. 

3.1. Silages 

The 15 day difference between ERL and LAT resulted in a 68% higher stem proportion and more mature plants for LAT compared to 
ERL (Table 1). Across developmental stage, bale weight and density were 30% greater (P < 0.01) for SHR compared to CON (Table 2). 
The concentration of aNDFom and iNDF was 29% and 125% higher (P < 0.01), respectively, in LAT compared to ERL, and the in vitro 
OM digestibility was lower (P < 0.01) in LAT compared to ERL (641 vs. 776 g/kg, respectively). Compared to CON, SHR decreased 
(P = 0.02) silage pH with 0.28 units and decreased (P < 0.01) the concentration of butyrate by 2.22 g/kg DM, while increasing the 
concentration of acetate (P < 0.01) and L-lactate (P = 0.01) by 2.59 and 7.73 g/kg DM, respectively. Shredding of LAT increased the 
concentration of insoluble, but rumen-degradable fraction of CP compared to shredding of ERL (P = 0.03 for interaction; Table 3). 

3.2. Feed intake, digestibility, chemical composition of microbes, and rumen pools 

The DMI averaged 9.8 kg/d (Table 4), but no differences between SHR and CON were observed. Shredding increased intake of 
aNDFom for LAT, but decreased for ERL (P = 0.04 for interaction). The duodenal flow of total AA was lower (P = 0.01) in cows fed LAT 
compared to ERL (1092 vs. 1500 g/d, respectively). Rumen digestibility of aNDFom was not affected by shredding, whereas total tract 
digestibility was lower (P = 0.05) for SHR compared to CON (714 vs 728 g/kg, respectively). 

Shredding had no effect on the chemical composition of microbes or the efficiency of microbial protein synthesis (Table 5). 
However, when cows were fed LAT compared to ERL, concentrations of CP (497 vs. 534 g/kg DM, respectively) and purines (91.3 vs. 
102 g/kg DM, respectively) in microbes were lower (P = 0.04 and P = 0.01, respectively). 

Overall, average rumen pool size of DM was 7.9 kg, and there was no difference in rumen pool size or the rates of digestion and 
passage out of the rumen between SHR and CON (Table 6). When cows were fed LAT compared to ERL, rumen pool size of aNDFom and 
iNDF was 28% and 84% higher (P < 0.01), respectively. 

Table 1 
Stem proportion, botanical composition, and developmental stage of grass-clover harvested at two developmental stages1.  

Development stage Early Late 

Stem proportion, g/kg DM 336 564 
Botanical composition   

White clover, g/kg DM 5.51 16.5 
Red clover, g/kg DM 74.4 77.6 
Grass, g/kg DM 920 904 

Developmental stage2   

Ryegrass Elongation stage 1 Reproductive stage 1 
Festulolium Elongation stage 2 Reproductive stage 3 
Red clover Mid vegetative = 1, 16–30 cm Late bud = 4–5 
White clover Vegetative = 0, only leaves Vegetative = 0, only leaves  

1 The developmental stages correspond to the two treatments ERL and LAT. 
2 Developmental stage was determined according to Moore et al. (1991) and Skinner and Moore (2007). 
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3.3. Milk and gas production 

There was no overall difference in milk production between CON and SHR (Table 7). The concentration of protein in milk was lower 
(P = 0.01) for LAT-CON compared to ERL-CON, but no difference was found between developmental stages when the grass-clover was 
shredded. Across treatments, body weight decreased (P = 0.04; ANOVA) 40 kg from the beginning to the end of the experiment, and 
daily weight change was larger (P = 0.03) for cows fed LAT compared to cows fed ERL. 

Overall, CH4 averaged 329 L/d (Table 8). If expressed as L/kg OM digested in the rumen, the production of CH4 was lower 
(P = 0.04) when cows were fed SHR compared to CON (59.2 vs. 65.6 L/kg OM digested in the rumen, respectively). 

3.4. Rumen fluid 

Compared to CON, rumen fluid concentration of butyrate (10.5 vs. 9.47 mol/100 mol of total VFA, respectively) and caproate 
(0.633 v. 0.770 mol/100 mol of total VFA, respectively) were higher (P = 0.02) and lower (P = 0.02), respectively, when cows were 
fed SHR (Table 9). Furthermore, when LAT was shredded, the concentration of NH3-N was lower (P = 0.05) compared to shredding of 
ERL. When cows were fed LAT compared to ERL rumen fluid pH tended to be higher (6.71 vs. 6.60, respectively; P = 0.09), whereas 
the concentration of total VFA was 11 mmol/L lower (P < 0.01), and the proportion of especially propionate was higher (19.4 vs. 
18.5 mol/100 mol of total VFA; P < 0.01). 

3.5. Chewing time 

When expressed as min/kg DMI, cows fed LAT compared to ERL spent 18 min more (P < 0.01) for rumination and 22 min more 
(P = 0.02) on total chewing (Table 10). An interaction between developmental stage and processing showed that rumination time 

Table 2 
Density and chemical composition of grass-clover silages1 (n = 16 for DM, n = 4 for extracts, NH3-N, and pH, and n = 2 for all other variables).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D×P 

Bale weight3, kg 689 860 630 856  25.0  0.03  < 0.01  0.19 
Density4, kg/m3 457 570 417 567  16.6  0.03  < 0.01  0.19 
DM, g/kg FM 499 530 378 401  0.6  < 0.01  < 0.01  0.50 
Ash, g/kg DM 83.4 87.3 68.9 64.9  2.58  < 0.01  0.97  0.20 
CP, g/kg DM 188a 197a 134b 130b  2.2  < 0.01  0.28  0.04 

Soluble N, g/kg N 652 612 701 673  9.9  0.01  0.03  0.55 
NH3-N, g/kg N 44.9c 47.7c 78.7a 65.5b  2.51  < 0.01  0.06  0.01 
AA-N5, g/kg N 642a 622a 575c 597b  3.8  < 0.01  0.84  < 0.01 

Crude fat 35.0 34.5 26.0 26.0  1.82  0.01  0.90  0.90 
Sugar, g/kg DM 112 92.2 43.0 38.8  6.90  < 0.01  0.16  0.33 
aNDFom, g/kg DM 446 434 567 565  5.7  < 0.01  0.28  0.44 

iNDF6, g/kg aNDFom 95.5 105 223 228  3.05  < 0.01  0.07  0.56 
ADF, g/kg DM 252 249 330 331  2.9  < 0.01  0.77  0.54 
ADL, g/kg DM 13.0 12.5 26.2 24.0  1.29  < 0.01  0.35  0.54 
NFC7 215 233 176 184  7.6  < 0.01  0.16  0.55 
OMD8, g/kg OM 774 778 637 645  4.3  < 0.01  0.20  0.62 
NEL9, MJ/kg DM 6.39 6.36 5.18 5.26  0.034  < 0.01  0.46  0.16 
Total AA, g/kg DM 143 146 92.2 93.4  1.26  < 0.01  0.16  0.51 
Extracts, g/kg DM             

pH 5.32 5.05 4.56 4.27  0.107  < 0.01  0.02  0.91 
Acetate 13.4 15.9 19.5 22.2  0.67  < 0.01  < 0.01  0.93 
Propionate 0.848b 0.000b 4.17a 0.000b  0.4350  < 0.01  < 0.01  < 0.01 
Butyrate 1.60 0.000 3.53 0.680  0.4550  0.01  < 0.01  0.19 
Isovalerate 0.000 0.0972 0.000 0.120  0.07724  0.88  0.18  0.88 
Caproate 0.298 0.287 0.383 0.375  0.0107  < 0.01  0.40  0.92 
Glucose 42.4 35.7 19.2 17.1  4.18  < 0.01  0.31  0.59 
L-lactate10 21.9 31.9 32.2 37.7  2.44  0.01  0.01  0.37 

abcValues within the same line with different superscripts differ (P ≤ 0.05). 
1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D=developmental stage; P = processing. 
3 n = 12, 6, 12, and 5 for ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR, respectively. 
4 Based on fixed volume in baler (width = 1.23 m; diameter = 1.25 m; volume = 1.51 m3). 
5 Amino acid nitrogen. 
6 Indigestible aNDFom; Dacron bags were incubated into three non-lactating cows (Åkerlind et al., 2011) 
7 Non-fibre carbohydrate calculated as 1000− (aNDFom + crude fat + CP + ash). 
8 In vivo organic matter digestibility calculated as 4.10 + 0.959× in vitro digestibility of OM according to Åkerlind et al. (2011). 
9 NEL20, net energy for lactation, calculated in NorFor according to Volden (2011). 
10 L-lactate constitutes about half of total lactate (Johansen et al., 2020). 
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expressed as min/kg DMI was lower (P < 0.01) when cows were fed ERL-CON compared to LAT-CON, lower (P = 0.02) when cows 
were fed ERL-CON compared to LAT-SHR, and higher (P < 0.01) when they were fed LAT-CON compared to ERL-SHR. Furthermore, 
an interaction between developmental stage and processing showed that total chewing time expressed as min/kg DMI was higher 
(P = 0.03) for LAT-CON compared to ERL-CON, and that this difference between developmental stage disappeared, when the grass- 
clover was shredded. 

4. Discussion 

4.1. Silages 

In this experiment, shredding affected several parameters related to silage quality. The achieved DM concentrations of the silages 
were higher than the intended 350 g/kg due to warm weather conditions during wilting and processing. However, there was only 
minor difference in DM concentration between CON and SHR within each developmental stage. A low pH and the concentration of 
fermentation products indicated that all silages were well preserved (McDonald et al., 1991). As in the current experiment, shredding 
prior to ensiling have shown to increase silage density of grass-clover (Samarasinghe et al., 2019) and lucerne (Shinners et al., 1988) in 
lab-scale experiments. In both cases, increased density was most likely caused by rupture of the rigid structure of stem tissues during 
shredding. In addition, shredding seemed not to cause any loss of effluent from the ensiled bales in the current experiment, which was 
probably due to the relatively high DM concentrations. In the current experiment, there was only limited visual difference between 
CON and SHR silages. However, shredding increased density of the bales and increased the concentration of L-lactate and acetate in 
silages, which lead to a subsequent reduction in pH. This indicated that the plant cells indeed were ruptured during shredding making 
more carbohydrates available for the ensiling process. Furthermore, formation of butyrate was avoided when the grass-clover was 
shredded, which improved the fermentation profile (McDonald et al., 1991). However, it was not possible to distinguish between the 
effects of increased density and the effects of shredding on the fermentation quality in the current experiment. 

4.2. Feed intake and milk production 

The achieved DMI in the current experiment reflected that the cows were in late lactation and that the cows were fed solely grass- 
clover silage with a relatively low concentration of NEL. Since cows in late lactation were used, we expected only limited effects on 
milk production. Although an interaction between developmental stage at harvest and shredding was statistically detected for milk 
protein concentration, the numeric difference was negligible. The cows were habituated to an only-forage diet prior to the experiment, 
which therefore only resulted in a minor numeric decrease in DMI from period 1 to period 4 (mean ± SD; 11.3 ± 3.56–9.2 ± 1.80 kg 
DMI/d, respectively). 

Shredding of the grass-clover prior to ensiling had no effect on feed intake, which is in alignment with Weisbjerg et al. (2018) and 

Table 3 
In situ parameter estimates (a, b, and c) and degradation characteristics1 of CP and aNDFom of grass-clover silages2 determined using non-lactating 
and lactating cows3 (n = 2).  

Development stage Early Late SEM P–value4 

Processing Control Shredded Control Shredded D P D×P 

CP             
a, g/kg 676 681 764 722  9.6  < 0.01  0.13  0.07 
b, g/kg 286a 281a 142c 191b  8.4  < 0.01  0.06  0.03 
c, h− 1 0.120 0.115 0.0704 0.0857  0.00562  < 0.01  0.40  0.15 
Particle loss g/kg 77.8 104 111 116  14.01  0.18  0.32  0.51 
EPD_cor5, g/kg 849 839 776 778  11.2  < 0.01  0.76  0.61 
TPD, g/kg 910 915 862 868  3.6  < 0.01  0.21  0.90 
dRUP, g/kg 402 468 382 400  27.3  0.18  0.19  0.42 

aNDFom             
b, g/kg 892 880 765 761  4.4  < 0.01  0.13  0.46 
c, h− 1 0.0608 0.0587 0.0408 0.0445  0.00303  < 0.01  0.81  0.39 
Lag time, h 0.384 0.302 0.488 0.164  0.1945  0.94  0.35  0.57 
ED_NDF6, g/kg 707 694 520 526  7.2  < 0.01  0.67  0.28 

abcValues within the same line with different superscripts differ (P ≤ 0.05). 
1 a = rumen-soluble fraction; b = insoluble, but rumen-degradable fraction; c = fractional rate of degradation of fraction b; EPD_cor = effective 

protein degradability in the rumen corrected for particle loss; TPD = true protein degradability; dRUP = digestibility of rumen undegraded protein; 
ED_NDF = effective rumen degradability of aNDFom. 

2 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
3 Dacron bags were incubated into three non-lactating cows (Åkerlind et al., 2011); TPD and dRUP determined by incubating Dacron bags in three 

non-lactating cows followed by inserting the same bags in duodenum of three lactating cows (Hvelplund et al., 1992). 
4 D=developmental stage; P = processing. 
5 Calculated using a fractional rate of passage of 0.05 h− 1. 
6 Calculated using the fractional rate of passage determined for each silage based on rumen evacuations (Table 6). 
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Broderick et al. (2002). The in vivo determined fractional rate of degradation and passage of fibre were not affected by shredding in the 
current experiment, which could explain the lack of effect. Reducing the forage particle size with respect to the theoretical length of 
chopping have shown to both increase (Yang and Beauchemin, 2007) and reduce (Tayyab et al., 2018) DMI. However, reducing the 
theoretical length of chopping compared to shredding, as in the current experiment, are two different approaches to potentially in-
crease utilisation of the forage, assuming that the feed particle surface differs between the two types of processing (Wilson and 
Kennedy, 1996). Shredding was believed to increase the fractional rate of degradation resulting in a reduced rumen fill value and a 
potentially increased feed intake. However, increased feed intake was not attained, indicating that a more intensive physical shredding 
should be tested in future research. 

In the current experiment, we hypothesised that feed intake would increase, when cows were fed grass-clover harvested at an 

Table 4 
Intake and in vivo digestibility in the rumen, small intestine, and total tract of four cows in a Latin square experiment fed grass-clover1 silage (n = 4, 
except for apparent small and large intestinal digestibility, where n = 3 for ERL-CON and ERL-SHR).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D×P 

Intake, kg/d                 
DM  11.7  10.6  7.98  9.10  1.186  < 0.01  0.97  0.12 
OM  10.7  9.68  7.43  8.50  1.088  0.01  0.96  0.10 
CP  2.18  2.08  1.07  1.18  0.219  < 0.01  0.95  0.46 
Crude fat  0.350  0.326  0.277  0.275  0.0383  0.09  0.69  0.72 
AA  1.67  1.55  0.736  0.851  0.1647  < 0.01  0.99  0.29 
aNDFom  5.20a  4.60a  4.53a  5.13a  0.531  0.77  0.99  0.04 
ADF  2.94a  2.64a  2.63a  3.00a  0.307  0.84  0.81  0.04 
ADL  0.153  0.133  0.210  0.219  0.0195  < 0.01  0.62  0.21 
NFC  2.96  2.68  1.56  1.92  0.314  < 0.01  0.81  0.07 

Total flow in duodenum, kg/d           
DM  7.85  6.86  6.19  6.62  6.22  0.03  0.44  0.08 
CP  2.27  2.00  1.52  1.58  1.90  < 0.01  0.43  0.24 
Total AA  1.59  1.41  1.06  1.12  1.44  0.01  0.54  0.26 

Apparent rumen digestibility           
aNDFom, g/kg  779  769  642  631  11.2  < 0.01  0.24  0.95 

True rumen digestibility           
DM, g/kg  455  457  331  373  39.4  0.01  0.45  0.48 
OM, g/kg  591  593  485  522  30.8  < 0.01  0.23  0.27 
CP, g/kg  329  358  -47.8  76.9  95.33  < 0.01  0.25  0.46 
AA, g/kg  426  433  -16.3  143  121.20  < 0.01  0.35  0.39 

Apparent small intestinal digestibility           
DM, g/kg  588  571  491  463  27.0  < 0.01  0.17  0.72 
OM, g/kg  534  524  422  389  32.4  < 0.01  0.17  0.47 
CP, g/kg  706  700  741  724  20.9  0.12  0.42  0.73 

Apparent total tract digestibility           
DM, g/kg  764  766  650  651  3.8  < 0.01  0.60  0.79 
OM, g/kg  777  780  666  664  4.6  < 0.01  0.90  0.42 
CP, g/kg  714  735  646  645  7.2  < 0.01  0.14  0.13 
aNDFom, g/kg  802  797  653  631  9.5  < 0.01  0.05  0.16 
ADF, g/kg  830  831  682  667  8.9  < 0.01  0.27  0.24 

a Values within the same line with different superscripts differ (P ≤ 0.05). 
1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D=developmental stage; P = processing. 

Table 5 
Microbial nutrient composition and efficiency of microbial protein synthesis in four cows in a Latin square experiment fed grass-clover silage1 (n = 4).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D×P 

Microbial composition, g/kg DM 
Ash  206  214  254  221  15.2  0.08  0.38  0.17 
CP  538  531  481  512  18.6  0.04  0.46  0.23 
Purines  102  101  87.7  94.8  4.51  0.01  0.31  0.13 
AA  427  420  379  410  16.0  0.07  0.39  0.19 

Efficiency OM3  161  148  148  134  8.4  0.12  0.12  0.97 
Efficiency aNDFom4  198  205  149  152  9.6  < 0.01  0.56  0.81  

1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D = developmental stage; P = processing. 
3 Efficiency of microbial protein synthesis estimated as g microbial CP produced/kg OM digested in the rumen. 
4 Efficiency of microbial protein synthesis estimated as g microbial CP produced/kg aNDFom digested in the rumen. 
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earlier developmental stage or when grass-clover was shredded prior to ensiling. Since only silages were fed in the current experiment, 
DMI was assumed to be regulated physically (Rinne et al., 2002), which is attributed to the rumen pool size of aNDFom (Huhtanen 
et al., 2016). However, rumen pool size of aNDFom differed between ERL and LAT, whereas the pool size of DM did not. This indicated 
that the total content of DM in the rumen restricted further feed intake in cows fed LAT compared to ERL. Furthermore, the daily 
weight change for cows were low (ERL) and negative (LAT) and indicated that cows indeed were physically regulated. The DMI 
decreased 0.17 kg/day for every 10 g/kg decrease in aNDFom digestibility for LAT compared to ERL, which corresponded to findings 
by Oba and Allen (1999). 

4.3. Digestibility 

Generally, there was an unexpected lack of effect of shredding on many of the response variables in the current experiment. Total 
tract digestibility of aNDFom was reduced when grass-clover was shredded, contradicting findings by Weisbjerg et al. (2018). 
However, Weisbjerg et al. (2018) used a late summer cut clover rich grass-clover in regrowth, which might have differed in plant organ 
proportions (Søgaard, 2011) compared to the current experiment. Furthermore, Broderick et al. (2002) showed a decrease in total tract 
digestibility of ADF when shredding ryegrass, whereas shredding had no effect on total tract digestibility of ADF in the current 
experiment. Besides these studies, literature comparing in vivo digestibility of shredded and non-shredded grass is sparse. Other 
research have focused on shredding of lucerne or on the effect of theoretical length of chopping of both grass and lucerne (Kornfelt 
et al., 2013). Broderick et al. (1999) reported an increase in total tract digestibility of aNDFom when shredding lucerne, whereas 

Table 6 
Composition of rumen content, rumen pool sizes, and rates of digestion and passage in four cows in a Latin square experiment fed grass-clover silage1 

(n = 4, except for kd_NDF, where n = 3 for ERL-CON and ERL-SHR).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D × P 

Rumen evacuation              
Total content, kg  74.0  73.6  78.5  81.1  6.78 0.17 0.79 0.71 
Free fluid, kg  21.4  25.2  25.4  26.0  2.52 0.21 0.25 0.39 
Fluid proportion, g/kg  295  343  326  314  23.8 0.95 0.29 0.11 

Composition of rumen content          
DM, g/kg  107  104  99.7  103  3.41 0.13 0.98 0.19 
aNDFom, g/kg DM  534  537  663  681  12.8 < 0.01 0.35 0.49 
iNDF3, g/kg DM  164  162  292  295  6.8 < 0.01 0.99 0.64 
pdNDF4, g/kg DM  370  375  370  386  17.9 0.68 0.45 0.72 

Pool sizes              
DM, kg  7.96  7.65  7.81  8.29  0.693 0.58 0.84 0.38 
aNDFom, kg  4.27  4.15  5.16  5.63  0.450 0.01 0.56 0.33 
iNDF, kg  1.31  1.23  2.28  2.43  0.145 < 0.01 0.72 0.25 
pdNDF, kg  2.96  2.92  2.88  3.20  0.334 0.65 0.53 0.42 

Rates5              

kdNDF, h− 1  0.0567  0.0499  0.0423  0.0424  0.00323 0.01 0.39 0.30 
kpiNDF, h− 1  0.0154  0.0150  0.0184  0.0197  0.00134 < 0.01 0.58 0.28  

1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D = developmental stage; P = processing. 
3 Indigestible aNDFom; Dacron bags were incubated into three non-lactating cows (Åkerlind et al., 2011). 
4 Potentially digestible aNDFom. 
5 kdNDF = fractional rate of degradation of aNDFom; kpiNDF = fractional rate of passage of iNDF out of the rumen. 

Table 7 
Milk yield, milk composition, and weight change in four cows in a Latin square experiment fed grass-clover silage1 (n = 4).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D×P 

Milk yield, kg/d 12.2  12.4 8.99  9.25  2.016  < 0.01  0.74  0.96 
ECM yield, kg/d 12.4  12.7 9.05  10.0  1.852  < 0.01  0.21  0.53 
Milk composition               

Fat, g/kg 42.9  47.0 45.0  47.5  4.69  0.67  0.29  0.79 
Protein, g/kg 36.0a  34.6ab 33.3b  34.5ab  1.34  0.02  0.81  0.02 
Lactose, g/kg 44.0  42.8 43.3  43.4  1.14  0.94  0.53  0.43 

DWC3, g -23.8  35.7 -1119  -774  373.00  0.03  0.60  0.71 

ab Values within the same line with different superscripts differ (P ≤ 0.05).  
1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D = developmental stage; P = processing. 
3 Daily weight change. 
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Table 8 
Gas production from four cows in a Latin square experiment fed grass-clover silage1 (n = 4).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D×P 

Gas production                 
CH4, L/d  385  347  293  290  31.8  < 0.01  0.25  0.32 
CO2, L/d  4834  4565  3654  3677  358.0  < 0.01  0.59  0.53 
O2, L/d  4684  4314  3707  3579  325.5  < 0.01  0.25  0.56 
H2, Log(L/d)  1.97  1.49  0.161  0.154  0.4287  < 0.01  0.46  0.47 
H2

3, L/d  7.87  7.23  1.41  1.33         
RQ4  1.0  1.1  0.987  1.03  0.0210  0.07  0.08  0.65 
CH4/CO2  0.0796  0.0761  0.0798  0.0789  0.00296  0.17  0.06  0.23 
CH4 production                 

L/kg DMI  32.5  29.6  31.6  30.5  1.67  1.00  0.13  0.45 
L/kg dOM5  60.6  55.3  70.6  63.0  4.70  0.01  0.04  0.65 
L/kg daNDFom6  88.1  85.1  86.8  85.7  4.70  0.94  0.67  0.84  

1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D = developmental stage; P = processing. 
3 LSM from model without log-transformation. 
4 Respiration quotient = CO2 produced divided by the O2 consumed. 
5 L CH4/kg OM digested in the rumen. 
6 L CH4/kg aNDFom digested in the rumen. 

Table 9 
Rumen pH and composition of rumen liquid from four cows in a Latin square experiment fed grass-clover silage1 (n = 4).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D×P 

pH 6.62 6.57 6.70 6.71  0.069  0.09  0.74  0.65 
Total VFA, mmol/L 114 114 103 103  6.2  < 0.01  0.99  0.96 
VFA proportions, mol per 100 mol of total VFA         

Acetate 65.4 65.2 66.5 64.6  0.58  0.59  0.07  0.09 
Propionate 18.3 18.7 19.0 19.7  0.38  0.02  0.11  0.62 
Isobutyrate 1.25 1.21 1.17 1.12  0.069  0.16  0.45  0.96 
Butyrate 10.1 10.5 8.84 10.4  0.369  0.08  0.02  0.10 
Isovalerate 1.98 1.78 1.83 1.66  0.198  0.51  0.37  0.96 
Valerate 2.17 2.09 1.88 1.83  0.116  0.03  0.49  0.86 
Caproate 0.81a 0.56b 0.73ab 0.71ab  0.066  0.43  0.02  0.05 

Acetate:propionate 3.59 3.56 3.53 3.32  0.096  0.07  0.14  0.27 
L-lactate3 mmol/L 0.270 0.265 0.0822 0.0872  0.09533  0.10  1.00  0.96 
NH3-N, mmol/L 9.28a 9.41a 6.94b 5.77b  0.459  < 0.01  0.10  0.05 
Glucose, mmol/L 0.256 0.211 0.153 0.126  0.0383  < 0.01  0.03  0.48 

ab Values within the same line with different superscripts differ (P ≤ 0.05).  
1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D = developmental stage; P = processing. 
3 L-lactate constitutes about half of total lactate (Johansen et al., 2020). 

Table 10 
Chewing time spent for eating and ruminating in four cows in a Latin square experiment fed grass-clover silage1 (n = 4, except for LAT-SHR where 
n = 3).  

Development stage Early Late SEM P–value2 

Processing Control Shredded Control Shredded D P D×P 

Min/day             
Eating 529 531 482 458  32.4  0.06  0.70  0.62 
Rumination 518 482 543 561  44.7  0.21  0.74  0.47 
Total chewing 1048 1013 1025 1017  36.3  0.69  0.44  0.64 
Other activity 388 424 414 423  36.2  0.64  0.41  0.64 

Min/kg DMI             
Eating 47.9 59.7 62.9 50.8  9.73  0.53  0.87  0.11 
Rumination 45.1c 50.6bc 70.3a 62.0ab  4.33  < 0.01  0.76  0.03 
Total chewing 93.0b 110ab 133a 113ab  12.8  0.02  0.94  0.05 

abcValues within the same line with different superscripts differ (P ≤ 0.05). 
1 The combinations of developmental stage and processing correspond to the four treatments ERL-CON, ERL-SHR, LAT-CON, and LAT-SHR. 
2 D = developmental stage; P = processing. 
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shredding of grass-clover in the current experiment decreased total tract digestibility of aNDFom. For lucerne, reducing theoretical 
length of chopping resulted in a reduced total tract digestibility of aNDFom (Yang and Beauchemin, 2007), whereas reducing theo-
retical length of chopping in grass increased total tract digestibility of aNDFom (Tayyab et al., 2018; Haselmann et al., 2019). This 
emphasise that the effect of size and shape of green forage particles on fibre digestibility is complex and that other factors such as 
forage type contribute with varying effects. 

Based on digestibility and rumen degradation kinetic experiments (Broderick et al., 1999; Weisbjerg et al., 2018), we hypothesised 
that shredding would increase exposure of cell walls and fibre bound proteins for rumen microbes resulting in faster degradation 
compared to the control silages. However, the lack of differences in EPD_cor between SHR and CON indicated that more intensive 
shredding was needed to attain this. Furthermore, the in vivo determined duodenal flow of total AA and the in situ determined in-
testinal digestibility of rumen-undegraded feed protein (dRUP) did not improve from shredding for neither ERL nor LAT. Shredding 
also had no effect on the duodenal flow of individual AA or the microbial composition of AA. The lack of difference in the in vivo 
determined kdNDF between SHR and CON supported that the intensity of shredding had not been sufficient. Here it must be 
emphasised that according to the small SEM achieved for treatment means, in vivo kdNDF was determined with a high level of 
precision. In the current experiment, stem proportion was higher for LAT compared to ERL, and shredding was therefore expected to 
improve NDF digestibility more for LAT compared to ERL. This was not attained since the intensity of shredding probably was not 
sufficient. However, the insoluble, but rumen-degradable fraction of CP determined in situ increased when LAT was shredded 
compared to ERL indicating greater potential for shredding if grass-clover was harvested at a late developmental stage. 

Nutrient composition of microbes flowing in the duodenum was altered by developmental stage, i.e. the microbial concentration of 
CP and purines were lower and AA tended to be lower when cows were fed LAT compared to ERL. However, no interactions between 
shredding and developmental stage at harvest were observed for these variables. To our knowledge, such effects of developmental 
stage has not been shown before. The rumen pH tended to be higher in cows fed LAT compared to ERL, which might be caused by the 
higher concentration of aNDFom in LAT compared to ERL (Dijkstra et al., 2012). Changes in fermentable matter and pH of rumen fluid 
can change activity and composition of microorganisms in the rumen and thereby the chemical composition (Weimer et al., 1999), 
which could be the case in the current experiment. 

4.4. CH4 production and chewing time 

The gas production from the cows was investigated since the effects of shredding prior to ensiling and the interaction between 
shredding and harvest at various developmental stages were expected to cause differences in chewing activity and partly thereby also 
in the interaction between rumen environment and CH4 production (Beauchemin, 2018). When grass-clover was shredded, methane 
production, expressed as L/kg OM digested in the rumen, decreased with 10% (calculated based on Table 8), while the CH4/CO2-ratio 
and RQ tended to be lower and higher, respectively. In addition, when grass-clover was shredded, the ruminal proportion of butyrate 
increased, the proportion of caproate and concentration of glucose decreased, while the proportion of acetate only tended to decrease. 
Furthermore, an interaction between shredding and developmental stage was found for the concentration of protein in milk. This 
showed, despite the lack of effect of shredding on digestibility measures in the rumen, that shredding affected the fermentation pattern 
in the rumen, which might have had an effect on milk composition. For comparison, Weisbjerg et al. (2018) only observed a lower 
concentration of NH3-N and a tendency for higher concentration of L-lactate in rumen fluid, when cows were fed shredded grass-clover 
silage. Despite ruminal aNDFom digestibility was not improved in the current experiment, cows fed LAT-SHR spent less time for 
rumination and total chewing time compared to LAT-CON. This indicated a greater potential for shredding for LAT compared to ERL in 
order to alter the physical structure of forage and favour an increased rate of particle breakdown in the rumen. To support this, the 
concentration of iNDF in feed is known to be positively correlated to rumination time (Beauchemin, 2018), and although silage iNDF 
concentration was not affected by shredding in the current experiment, shredding still reduced rumination time for LAT and not for 
ERL. Shredding has previously shown potential via decreased eating and total chewing time in a normal to relatively mature 
grass-clover (Weisbjerg et al., 2018). 

Cows fed LAT compared to ERL did indeed produce less CH4, CO2, and H2, and rumen fluid pH tended to be higher. The latter was 
probably due to the lower concentration of total VFA in rumen liquid or could indicate that higher saliva excretion with greater 
buffering capacity was produced when cows were fed LAT compared to ERL. Higher saliva excretion would correspond to the fact that 
cows fed LAT compared to ERL spent longer time for rumination and total chewing. The concentration of aNDFom in silages was higher 
for LAT compared to ERL, which, however, was not accompanied by a higher proportion of acetate in the rumen fluid as previously 
shown (Sutton et al., 2003), whereas the concentration of NFC in silages was highly correlated with the concentration of total VFA in 
rumen fluid (R2 = 0.92). 

5. Conclusion 

The results indicated that shredding increased the silage density and improved the fermentation profile of the silages. Shredding 
reduced total tract digestibility of aNDFom, but did not affect rumen digestibility of aNDFom in contrast to what was hypothesised. 
Furthermore, shredding increased the proportion of butyrate in rumen fluid and reduced methane production, expressed as L CH4 
produced per kg OM digested in the rumen. Harvesting grass-clover at a late compared to an early developmental stage decreased the 
concentration of CP and purines in rumen microbes. In addition, shredding grass-clover harvested at late developmental stage 
increased the concentration of protein in milk and reduced both rumination and total chewing time compared to a control. However, 
the lack of interaction between shredding and developmental stage on nutrient digestibility indicated no extra benefits from shredding 
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grass-clover harvested at late developmental stage. 
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