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ABSTRACT: Effects of whole-crop barley and grass 
silages harvested at different maturity stages, with or 
without protein supplementation, on intake, in vivo 
digestibility, feces characteristics, and protein utiliza-
tion in wethers were evaluated. Whole-crop barley 
silage harvested at heading stage (BH) and at me-
dium milk stage (BM), grass silage (GE) taken at the 
flag leaf-early heading stage, and grass silage (GL) 
taken at medium-late heading stage were fed to 
eight wethers in two 4 × 4 Latin squares. Wethers in 
one square were fed supplementary rapeseed meal. 
Experimental periods lasted for 4 wk and wethers 
were fed ad libitum during the first 3 wk, with in-
take recorded during the third week. During the 
fourth week, wethers were fed 80% of ad libitum, 
and feces and urine were collected during the last 4 
d. The GE and BH diets had greater (P < 0.05) in 
vivo apparent digestibility of DM and its nutrients, 
lower proportion of fecal particle DM (PDM) with 
a greater proportion of small particles compared 
with GL and BM diets, respectively. The GE diet 
had greater (P  <  0.001) in vitro OM digestibility 
and in vivo digestibility of OM and fibre, resulting 
in a smaller (P < 0.001) proportion of PDM with 
a greater (P < 0.001) proportion of small particles 

compared with the other diets. In vivo NDF digest-
ibility was negatively related to fecal PDM across 
forage types (R2  =  0.91, RMSE  =  2.55). The GE 
silage had greater CP concentration, and animals fed 
the GE diet had greater intake of CP (P < 0.001) and 
sum of the degradable CP fractions A, B1, and B2 
(P < 0.01), resulting in greater (P < 0.05) urinary ni-
trogen (N) excretion than when fed any of the other 
diets and a lower (P < 0.05) N retention compared 
with BH and BM diets. Microbial N supply tended 
to increase when animals were fed the BH diet 
(P = 0.10) and when rapeseed meal was added to the 
forages (P = 0.08). Increased N intake (P = 0.008) 
by rapeseed meal supplementation increased urinary 
N excretion in gram per day (P = 0.05). The strong 
relationship between in vivo NDF digestibility and 
fecal PDM indicates potentials for using PDM as 
a cheap method to predict NDF digestibility. Early 
harvest of the forages improved in vivo digestibility 
of nutrients, resulting in less fecal PDM with a 
greater proportion of small particles compared with 
late harvest within forage type. However, wethers fed 
the GE diet had greater urinary N losses compared 
with wethers fed the GL diet but this effect of ma-
turity was absent when fed whole-crop barley silage.
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INTRODUCTION

Harvesting grasses for silage at early ma-
turity stages are known to increase OM digest-
ibility (OMD), intake, and performance of ewes 
(Nadeau et al., 2016a). Because of the accumula-
tion of digestible starch during grain filling post-
heading, the OMD of whole-crop cereals remains 
relatively constant after milk stage of maturity 
(Rustas et al., 2011). Fecal particle size distribution 
reflects the size distribution of particles leaving the 
rumen (Ulyatt et al., 1986), which is affected by lig-
nification of forage cell walls (Rustas et al., 2010; 
Jalali et  al., 2015). Furthermore, proportions of 
undigested particle DM (PDM) in feces from ru-
minants increase by increased lignification during 
maturation of grass (Jalali et  al., 2015). There is, 
however, a lack of studies comparing in vivo di-
gestibility and fecal characteristics in ruminants 
of grass and whole-crop barley silages harvested at 
different maturity stages.

About 75% of forage CP is RDP (Merchen and 
Bourquin 1994) of which NPN comprises 50% to 
60% of the CP in silage (Muck and Hintz 2003). 
The NPN is lost as urea in the urine when rapidly 
fermented carbohydrates are not available for mi-
crobial protein synthesis (Jardstedt et  al., 2017). 
The efficiency of nitrogen (N) utilization by rumin-
ants sharply decreases and a significant amount is 
excreted when protein is overfed (Broderick 2003; 
Agle et al., 2010). Only limited information is avail-
able on differences in N utilization between forage 
types harvested at various maturity stages using 
wethers as model animals for ruminants. The aim 
of this study was to evaluate the effects of whole-
crop barley and grass silages, harvested at different 
maturity stages, on intake, digestibility, fecal char-
acteristics, and N excretion in wethers fed the sil-
ages with or without a rapeseed meal supplement. 
Our hypothesis was that digestibility decreased 
with delayed harvest of both forage types but that 
the effect of harvest date on protein utilization dif-
fered in magnitude.

MATERIALS AND METHODS

The trial was conducted at the SLU Götala 
Beef and Lamb Research, Skara, southwest 
Sweden (58°23′N, 13°29′E), between January 24 

and May 16, 2014. Experimental procedures were 
approved by Gothenburg Research Animal Ethics 
Committee (case numbers 63-2012, 182-2013).

Forage Harvest and Ensiling

The grass sward contained timothy (Phleum 
pratense L.) and meadow fescue (Festuca pratensis 
Huds.) and was fertilized with 25 tonnes of  liquid 
manure, containing 0.15% N/tonne, on April 10 
and 81 kg N/ha of  an artificial fertilizer on April 
22, 2013. The whole-crop barley (Hordeum vulgare 
L. cv. Rosalina) was fertilized with 38 kg N, 9 kg P, 
and 11 kg K per ha prior to sowing on May 1 and 
an additional 73 kg N of  an artificial fertilizer on 
May 22, 2013. The grass sward was harvested at 
an early maturity stage (flag leaf-early heading) on 
May 31 (GE) and at a late maturity stage (medi-
um-late heading) on June 17 (GL). Whole-crop 
barley was harvested at heading (growth stage 59, 
emergence of  inflorescence completed; Zadoks 
et al., 1974) on June 30 (BH) and at medium milk 
stage (growth stage 75; Zadoks et  al., 1974) on 
July 18 (BM). All mown forages were wilted and 
the wilting period differed between the forages 
to achieve similar DM contents at baling. The 
wilting period was 2  h for BM and GL, 6  h for 
BH, and 20 h for GE. Despite the longer wilting 
time for GE, this forage had a lower DM content 
than the other forages. Forages were ensiled in 
round bales using chemical additives produced by 
Addcon Europe GmbH, Parsevalstrasse 6, 06749 
Bitterfeld-Wolfen, Germany; Kofasil Lp (sodium 
nitrite, hexamine, and sodium benzoate) for the 
grass silage and Kofasil Ultra K (sodium nitrite, 
hexamine, potassium sorbate, sodium benzoate, 
and sodium propionate) for the whole-crop barley 
silage, both at an application rate of  2 L/tonne of 
forage. The bales were wrapped with eight layers 
of  plastic film and stored for at least 4 mo before 
the trial started. All baled silages were chopped 
to 40 mm length using a Dunker TVS 120 mixer 
(Storti, the Netherlands), to avoid differences 
in particle size between the treatments. The sil-
ages were then immediately stored in a freezer at 
−20 °C in small packages to ensure the quality of 
the silage at feeding. The silages were thawed thor-
oughly before feeding.
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Experimental Design

The four silages (i.e., GE, GL, BH, and BM) 
were fed to wethers in two 4  × 4 Latin squares, 
with animals in one square receiving silage sup-
plemented with rapeseed meal and animals in the 
other square receiving silage without rapeseed 
meal. The same amount of  rapeseed meal was 
fed to the four wethers prior to feeding the silage 
in the morning (150 g rapeseed meal/d during ad 
libitum feeding; 120 g rapeseed meal/d during re-
stricted feeding (80% of  ad libitum)). The chem-
ical composition of  the rapeseed meal is presented 
in Table 1.

Each experimental period lasted for 4  wk (29 
d), starting with 2 wk in which the wethers were fed 
the experimental feed ad libitum to allow them to 
adapt. During the third week, feed intake was re-
corded and 15% of orts were allowed. During the 
4th week, the wethers were fed 80% of ad libitum 
and were allowed to adapt to the restricted intake 
for the first 3 d, followed by total collection of feces 
and urine during the last 4 d of that week.

Animals and Housing

Eight 20-mo old cross-bred (Texel × Swedish 
Finewool/Dorset) wethers were used in the study. 
The wethers were divided randomly into two 
groups, with four wethers per group. Initial BW; 
mean ± SD was 86.7 ± 7.1 kg for the first group and 
85.6 ± 6.8 kg for the second group, while BCS was 
3.3 ± 0.2 and 3.3 ± 0.2, respectively. Body condition 
was scored by one trained technician according to 
Jefferies (1961) and Russell et  al., (1969), using a 

five-point scale with quarter grade steps, where 1 is 
emaciated and 5 severely obese.

During the first 3  wk (days 1 to 21)  of each 
period, the wethers were housed in individual 6 m2 
pens with deep straw bedding. During the 4th week 
(days 22 to 29), the wethers were kept in individual 
metabolic cages measuring 1.5 m × 0.8 m to enable 
total collection of feces and urine. The metabolic 
cages had mesh floors, with rubber mats at the front 
for better comfort. The wethers were fed the treat-
ment diets individually once a day in both the pens 
and the metabolic cages. All wethers received 20 g 
of minerals daily, except during the last 4 d of each 
period when urine and feces were collected. The 
wethers had free access to water and salt block dur-
ing the trial.

Sample Collection and Chemical Analysis

Silage and orts were sampled daily during the 
third week, when the wethers were fed ad libitum, 
and during the last 4 d of the fourth week, when the 
wethers were fed at 80% of ad libitum. Rapeseed 
meal was sampled once every period and pooled to 
a total of two samples. Samples of feed and orts 
were stored at −20 °C until preparation for analysis. 
Feces were collected in plastic containers placed on 
the floor under the metabolic cages. Feces from the 
floor of the cages were brushed down to the con-
tainer, wool fragments were removed, and the feces 
were weighed and frozen at −20 °C. Urine was col-
lected through funnels into stainless steel bowls 
placed on the floor under the metabolic cages. To 
decrease pH below 3 and to inhibit microbial ac-
tivity, 300 mL of 10% sulfuric acid were added to 
each urine collection bowl. The urine was stirred 
and passed through a strainer to remove feed par-
ticles and wool, urine volume was recorded, and a 
200-mL sample was taken and immediately frozen 
at −20 °C.

The DM concentration of silage and orts dur-
ing collection week was determined by drying daily 
150 g samples or all orts when sample size was small, 
in a drying cabinet at 60 °C for 20 h. The DM con-
centration of feces was determined on daily indi-
vidual samples by drying 150 g of feces at 60 °C for 
48 h. Silage samples were pooled per feed and week, 
while samples of orts, feces, and urine were pooled 
per wether and week and mixed thoroughly, and 
then subsamples were taken for chemical analysis.

A subsample of 200 g of feed, orts, and feces 
was sent to LKS mbH, Lichtenwalde, Germany 
for analysis of CP, CP fractions, NDF, ADF, 
ADL, and ash. Starch content of the rapeseed 

Table 1. Mean (±SD) of chemical composition of 
rapeseed meal used as a protein supplement for 
wethers fed silage-based diets

DM, % 88.4 ± 0.14

Starch, g/kg DM 76.0 ± 6.70

NDF, g/kg DM 292 ± 7.2

ADF, g/kg DM 237 ± 7.5

Ash, g/kg DM 72.0 ± 0.30

CP, g/kg DM 379 ± 14.1

Protein fractions, % of CP

  A 8.1 ± 2.83

  B1 16.9 ± 0.82

  B2 62.8 ± 1.68

  B3 6.0 ± 0.27

  C 6.3 ± 0.06

Values are mean of n = 2 samples.

A = NPN, B1 = buffer-soluble protein, B2 = neutral detergent-solu-
ble protein, B3 = acid detergent-soluble protein, C = ADIN.
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meal was analyzed enzymatically, according to the 
Boehringer–Mannheim test.

Another subsample of 200 g of each silage was 
sent to the Department of Animal Nutrition and 
Management, Swedish University of Agricultural 
Sciences, Uppsala, for analysis of in vitro organic 
matter digestibility (IVOMD), water-soluble carbo-
hydrates (WSC), and fermentation parameters 
(acids, alcohols, pH, and ammonia-N). Urine sam-
ples were analyzed for total nitrogen, urea, allan-
toin, uric acid, and creatinine at the LKS mbH 
laboratory.

Samples of feed, orts, and feces were milled to 
pass through a 1-mm screen before laboratory ana-
lysis. Ash was determined for feed, orts, and feces 
by combustion of dried and milled sample at 525 °C 
for 16 h. The fiber technology method of (Van Soest 
et al., 1991) was used to determine NDF, ADF, and 
ADL concentrations in dried, milled samples. The 
NDF analysis was modified by adding heat-stable 
α-amylase (Novozymes, Bagsvaerd, and Denmark) 
and omitting sodium sulfite. Reported concentra-
tions of NDF, ADF, and ADL were corrected for 
residual ash after ADL treatment.

Concentrations of N were determined with 
the Kjeldahl method on fresh, pooled samples of 
feed and orts, and on freeze-dried samples of feces 
(AOAC 2012). The CP concentration was calculated 
as total N × 6.25. CP fractions (A, B1, B2, B3, and C), 
based on degradability characteristics according to 
the Cornell Net Carbohydrate and Protein System 
(Sniffen et al., 1992), were determined according to 
Licitra et al. (1996). The A fraction is NPN, which 
is the N recovered in the filtrate after precipitation 
with tungstic acid. The B fraction is degradable 
true protein, which is further divided into fraction 
B1, which is soluble in borate-phosphate buffer 
at rumen pH and rapidly degraded in the rumen; 
fraction B2, which is insoluble in borate-phosphate 
buffer, but soluble in neutral detergent solution and 
has variable degradation; and fraction B3, which is 
insoluble in neutral detergent solution, but soluble 
in acid detergent solution. Fraction B3 is digest-
ible but slowly degradable, with most degradation 
occurring postruminally (Licitra et  al., 1996). 
Fraction C is considered to be indigestible and is 
insoluble in acid detergent solution. True protein is 
the CP concentration minus the A fraction.

The N concentration of urine was analyzed 
with a Kjeldahl procedure. Urine concentrations 
of creatinine, allantoin, and uric acid (samples 
diluted 50 fold) were analyzed with HPLC as de-
scribed by Shingfield and Offer (1999), but with 
the modification of using a second mobile phase 

containing methanol, acetonitrile, and distilled 
water (45/45/10) and a Kinetex XB-C18 column 
(150  × 4.6  mm, 5  µm). Analysis of urea concen-
tration (samples diluted 50 fold) was performed by 
spectrophotometry according to LKS (2006).

The IVOMD of silages was analyzed by incuba-
tion at 38 °C for 96 h of 0.5 g dried, milled sample 
in 49 mL buffer, and 1 mL rumen fluid (Lindgren, 
1979, 1983). The content of WSC was assessed by a 
simplified enzymatic method according to Larsson 
and Bengtsson (1983). Concentrations of lactic 
acid, acetic acid, propionic acid, butyric acid, and 
ethanol were assessed with HPLC according to 
Ericson and André (2010). The pH was determined 
in a water extract of the silage using a pH meter 
(Metrohm 654, Herisau, Schweiz).

Intake, Sorting, BW, and Condition Score

Offered feed was weighed individually in the 
third and fourth weeks of each period. Orts were 
weighed individually in the third week, and when 
present during the last 4 d of the fourth week, for 
feed intake determination. Sorting was calculated 
as the difference between NDF concentration of 
the feed and NDF concentration of the orts during 
ad libitum feeding of the wethers in the 3rd week. 
Wethers were weighed and scored for body condi-
tion once on the first day of each 4-wk period. In 
addition, the wethers were weighed once at the start 
and at the end of the third week and body condi-
tioned once at the start of the third week.

In Vivo Digestibility and Feces Characteristics

The in vivo digestibility of DM, OM, CP, NDF, 
and ADF was calculated as the difference between 
intake and feces output of each, divided by the in-
take. As endogenous N in feces was not considered 
in the calculations, the value obtained was apparent 
in vivo digestibility.

For feces particle size evaluation, a 200-g sub-
sample of the individual pooled feces sample 
from each period was sent to the University of 
Copenhagen. Subsamples of 4 g feces were placed in 
nylon bags with pore size of 0.01 mm and 4 mL of a 
commercial detergent (BIOTEX Color, Blumøller, 
Denmark) were added per bag, with triplicate bags 
per sample. The bags were gently massaged to dis-
solve the detergent into the feces, washed at 40 °C 
for 2 h, and centrifuged at 700 rpm/min in a regular 
washing machine. The residual contents from the 
triplicate bags were transferred to an aluminum 
tray using distilled water. The trays were kept in a 
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freezer for 1 h and then freeze-dried (HETOSICC 
CD8 Freeze dryer) for 48  h. Residual PDM was 
defined as the proportion of fecal DM left after 
washing and freeze-drying.

The PDM was sorted into six sieve fractions, 
2.36, 1.0, 0.5, 0.212, 0.106  mm, and the bottom 
bowl (0.0 mm), using a Retsch AS200 sieve shaker 
as described by Nørgaard et  al. (2004) and Jalali 
et  al. (2012). Residues from each sieve were col-
lected and weighed, and the proportion of particles 
retained on each sieve was estimated. The arith-
metic mean particle size (APS) and the geometric 
mean particle size (GPS) were calculated according 
to Waldo et al. (1971). The most frequent particle 
size, i.e., median particle size (MPS), and 95th per-
centile particle size were estimated from the propor-
tions of particles in the individual sieve fractions, as 
described by Nørgaard and Kornfelt (2006).

Protein Utilization

To evaluate total excretion of nitrogenous com-
pounds, concentrations of N compounds in the 
urine were multiplied by urine volume. The differ-
ence between N intake and loss of N through urine 
and feces was used to calculate the nitrogen balance 
from the feeds. Excretion of the purine derivatives 
allantoin and uric acid was determined and intes-
tinal flow of microbial N was calculated according 
to Chen and Gomes (1992). The quantitative rela-
tionship between absorption of microbial purines 
(PDAbs mmol/d) from the intestines and excretion 
of PD in urine (PDEx mmol/d) were computed 
with the following equation: PDEx  =  0.84PDAbs + 
(0.150W0.75 e−0.25PDAbs). The slope of 0.84 represents 
the proportion of absorbed purines recovered as 
PD in urine, the component within parenthesis de-
notes the endogenous contribution of PD per day 
where W0.75 is metabolic BW (kg). The calculation 
of PDAbs from PDEx was performed by using the 
Newton–Raphson iteration process:

�

PDAbs(n+1) = PDAbs − f (PDAbs n) /f ′ (PDAbs n)

where f (PDAbs) = 0.84PDAbs + 0.150W0.75e−0.25PDAbs − PDEx

and f ′ (PDAbs) = 0.84 − 0.0380W0.75e−0.25PDAbs

The initial value of PDAbs  =  PDEx/0.84 and the 
iteration process were performed until the 
PDAbs reached a constant value, which was used 
in the equation for calculation of microbial  
N (g/d)  =  (PDAbs × 70)/(0.116  × 0.83  × 1,000), 
where 70 mg/mmol is the N content of the pur-
ines, 11.6:100 is the ratio of purine N to total N in 
mixed rumen microbes and 0.83 is the digestibility 

of microbial purines in the small intestine (Chen 
and Gomes 1992).

Statistical Analysis

Silage quality data were analyzed by analysis 
of variance for a randomized block design using 
the GLM procedure of SAS version 9.3 software 
(SAS Inst. Inc., Cary, NC), where period (n = 4) in 
the Latin square design was treated as block and 
forage as treatment. Data on feed intake, in vivo di-
gestibility, feces particle size distribution, and pro-
tein utilization were analyzed for two 4 × 4 Latin 
squares using the MIXED procedure of SAS. The 
statistical model was:

�

Yijkl = µ+ Fi + Sj + (FS)ij + Pk + Wl( j) + Cm(ijkl) + eijkl

where Yijkl = observed response, µ = overall mean, 
Fi = effect of forage (i = 1 to 4), Sj = effect of sup-
plementation of protein (equals effect of square; 
j = 1 to 2), (FS)ij = interaction between forage and 
supplementation of protein, Pk = effect of period 
(k = 1 to 4), Wl(j) = random effect of wether nested 
within protein supplementation (equals square; 
l  =  1 to 8), Cm(ijkl)  =  carry-over effect between 
periods for the combination of ijkl (m = 4), and 
eijkl = residual error.

As no interactions between forage and protein 
supplementation were found and the carry-over 
effect was not significant, (FS)ij and Cm(ijkl) were ex-
cluded from the model. Pair-wise comparisons were 
made between least square means (LS-means) with 
Tukey–Kramer adjustment when effects were sig-
nificant at P ≤ 0.05 in the F-test. Pair-wise differ-
ences were considered significant at P ≤ 0.05 and 
as a tendency to significance at 0.05  < P ≤ 0.10. 
Relationships between in vivo NDF digestibility 
and fecal PDM were analyzed using the fit model 
procedure of JMP (version 13.1, SAS).

RESULTS

Chemical Composition and Fermentation 
Parameters of the Silages

The early-harvested grass (GE) silage had a 
lower DM concentration (P < 0.001), but a greater 
ash concentration (P < 0.001), than the other sil-
ages, which did not differ (Table 2). Forages differed 
in IVOMD, with GE having the greatest IVOMD 
(P  <  0.001), followed by BH, BM, and GL. The 
late-harvested grass (GL) silage had the greatest 
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ADF concentration (P < 0.001), followed by GE, 
BH, and BM. The GL silage also had a greater 
ADL concentration (P  <  0.001) than the other 
forages, which did not differ. The CP concentra-
tion was greatest for GE (P < 0.001), followed by 
GL, BH, and BM. The only CP fractions that dif-
fered between the forages were A and B3 (P < 0.05), 
with BH silage having a larger A fraction than GL 
(P = 0.02) and with GL having a larger B3 fraction 
than the other forages (P  <  0.01), which did not 
differ.

Whole-crop barley silage harvested at heading 
(BH) had the greatest WSC content (P  <  0.001), 
followed by BM, GL, and GE, but all silages had 
similarly low pH values (P  =  0.87; Table 2). The 
GE silage showed a greater extent of fermentation, 
having greater concentrations of lactic acid and 
acetic acid than the other silages. The other silages 
did not differ in lactic acid concentration, but the 
BM silage had the lowest acetic acid concentration 
(P < 0.01). Concentrations of propionic acid and 
butyric acid in the silages were low (range 0.4 to 
0.9 g/kg DM and 0.4 to 0.7 g/kg DM, respectively). 
Furthermore, the BM silage had greater ethanol 
concentration (P  <  0.01) than the other silages, 

which did not differ. The GE silage had the greatest 
concentration of NH3-N (P  <  0.01), followed by 
GL, which had a greater NH3-N concentration 
than the BM.

Feed Intake and Sorting

Overall, intake of all evaluated nutrients 
(P  <  0.001) differed among forage diets, when 
averaged over protein supplementation (Table 3). 
Animals receiving the BH diet showed greater in-
takes (kg/d) of DM and OM than animals receiving 
the GE and GL diets, which did not differ. When 
expressed as a percentage of BW, animals fed the 
BH diet had greater DMI than animals fed all the 
other forage diets, which did not differ. The BH and 
GL diets resulted in the greatest NDF intake as per-
centage of BW. Wethers fed the GE diet had the 
greatest CP intake (P < 0.001) and wethers fed the 
BM diet had the lowest (P < 0.05), with no differ-
ence between the BH and GL diets. Intake of the 
sum of CP fractions A, B1, and B2 was greatest for 
animals fed the GE diet (P < 0.01). Negative values 
were obtained for feed sorting for wethers fed the 
BH, BM, or GL diets, showing selection in favor 

Table 2. Chemical composition and fermentation characteristics of whole-crop barley and grass silages 
harvested at different maturity stages

Item

Forages

BH BM GE GL SEM P-value

DM, g/kg 335a 374a 261b 356a 9.8 <0.001

Ash, g/kg DM 57.3b 51.1b 108a 58.6b 2.83 <0.001

IVOMD, % of OM 83.7b 81.1c 87.7a 77.3d 0.34 <0.001

NDF, g/kg DM 471 480 472 556 23.2 0.08

ADF, g/kg DM 259c 240d 302b 341a 2.65 <0.001

ADL, g/kg DM 22.4b 26.5b 26.0b 42.3a 1.73 <0.001

CP, g/kg DM 105c 83.3d 190a 116b 1.45 <0.001

Protein fractions, % of CP

  A 74.8a 68.7ab 59.4ab 53.6b 4.00 0.02

  B1 1.24 2.41 3.37 2.32 0.82 0.39

  B2 18.4 21.9 29.0 31.5 3.45 0.08

  B3 2.69b 3.85b 4.41b 8.99a 0.75 0.001

  C 2.84 3.10 3.87 3.61 0.40 0.31

WSC, g/kg DM 155a 126b 7.06d 56.0c 5.04 <0.001

pH 4.21 4.23 4.20 4.23 0.03 0.87

Lactic acid, g/kg DM 51.9b 39.4b 88.2a 49.7b 4.10 <0.001

Acetic acid, g/kg DM 17.2b 6.30d 21.8a 12.0c 0.90 <0.001

Ethanol, g/kg DM 1.70b 8.00a 4.40b 3.60b 0.60 <0.001

NH3-N
1, g/kg total N 69.6bc 59.3c 111a 83.1b 4.30 <0.001

a–dLS means within a row with different superscripts differ significantly (P < 0.05).
1Values include N from the additives used.

BH = whole-crop barley silage harvested at heading stage; BM = whole-crop barley silage harvested at medium milk stage; GE = grass silage 
harvested at flag leaf – early heading stage; GL = grass silage harvested at medium – late heading stage of maturity.

IVOMD = in vitro OM digestibility; A = NPN; B1 = buffer-soluble protein; B2 = neutral detergent-soluble protein; B3 = acid detergent-soluble 
protein; C = ADIN; WSC = water-soluble carbohydrates.
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of  less fibrous portions of the diet, whereas wethers 
fed the GE diet showed no feed sorting. Mean BCS 
of the wethers was not affected by forage treatment. 
Animals fed the GE diet had lower mean BW than 
wethers fed the BH or BM diets (P < 0.05).

Supplementation with rapeseed meal increased 
DMI as a percentage of BW, tended to increase in-
takes of DM and OM in kg/d, and increased in-
takes of CP and the AB1B2 fraction, but did not 
affect mean BW and BCS of wethers fed silage-
based diets (Table 3). A  tendency (P  =  0.08) for 
feed sorting was observed, with animals receiving 
the protein supplement selecting in favor of less fi-
brous portions of the diet.

In Vivo Digestibility and Feces Characteristics

Overall, the in vivo apparent digestibility of 
all nutrients in wethers fed 80% of the ad libitum 
intake differed among forages (P  <  0.001), when 
averaged over protein supplementation (Table 4). 
The DM digestibility was greater (P < 0.05) when 
animals were fed the BH and GE diets compared 
with the BM and GL diets, indicating that DM di-
gestibility was positively affected by early maturity 
for both forage types. In vivo OMD was greatest 
(P < 0.001) for the GE diet, followed by the BH, 
BM, and GL diets. Furthermore, in vivo digest-
ibility of CP, NDF, and ADF was similarly affected 
by forage type, with greater (P < 0.05) digestibility 

being observed when wethers received the GE diet, 
followed by the BH and GL diets, which did not 
differ, and the lowest digestibility when fed the BM 
diet (P < 0.05). The CP digestibility increased when 
the wethers were fed rapeseed meal as a protein 
supplement, but in vivo digestibility of DM, OM, 
NDF, and ADF was not affected by protein supple-
mentation, when averaged over forage diets.

Fecal DM concentration was greater 
(P < 0.001) for wethers fed the GE diet, followed by 
the GL, BH, and BM diets, with no difference be-
tween the last two diets (Table 5). Fecal PDM was 
greatest for the BM diet (P < 0.001), followed by 
GL and BH, which did not differ, and lowest for 
the GE diet (P < 0.001). The GE diet had a greater 
percentage of feces particles smaller than 0.2 mm 
(P < 0.001), followed by GL, BH, and BM. The GE 
and GL diets had the greatest proportion of feces 
particles smaller than 0.5 mm (P < 0.001), followed 
by the BH and BM diets. Proportion of feces par-
ticles smaller than 1 mm was greater for the GL diet 
than for the BM diet (P = 0.010). The BM diet had 
a greater proportion of feces particles between 1.0 
and 2.36 mm (P = 0.016) compared with the GL 
diet. There was no effect of forage diet on feces par-
ticles larger than 2.36 mm, GPS, APS, MPS, or 95 
percentile PS. Supplementation of rapeseed meal to 
the forage diets significantly decreased the 95 per-
centile PS and tended to decrease GPS, APS, and 
MPS (Table 5).

Table 3. Effects of diet and rapeseed meal supplementation on intake, feed sorting, BCS, and BW of weth-
ers fed ad libitum

Diet   Rapeseed meal   

Item BH BM GE GL SEM P-value Without With SEM P-value

Intake

  FDM, kg/d 2.48a 2.25ab 2.02b 2.15b 0.080 <0.001 2.16 2.29 0.080 0.29

  DM, kg/d 2.55a 2.32ab 2.08b 2.21b 0.076 <0.001 2.16 2.42 0.082 0.06

  OM, kg/d 2.40a 2.20ab 1.86c 2.08bc 0.073 <0.001 2.01 2.26 0.076 0.06

  NDF, kg/d 1.19ab 1.07bc 0.96c 1.28a 0.043 <0.001 1.07 1.18 0.044 0.12

  DM, % of BW 2.57a 2.32b 2.13b 2.21b 0.059 <0.001 2.21 2.41 0.041 0.002

  NDF, % of BW 1.21a 1.07b 0.98b 1.27a 0.031 <0.001 1.09 1.17 0.022 0.02

CP, g/d 313b 225c 410a 288b 15.0 <0.001 277 341 11.9 0.009

AB1B2, g/d 294b 208c 375a 251bc 13.8 <0.001 253 310 10.2 0.008

Selection1, g/kg 
DM

−9.74b −9.68b 17.8a −11.6b 5.03 <0.001 2.52 −9.15 3.93 0.08

Mean BCS 3.91 3.97 3.87 3.97 0.06 0.21 3.87 3.98 0.079 0.37

Mean BW, kg 100.1a 100.2a 97.6b 99.8ab 2.56 0.01 97.9 101.0 3.55 0.55

a–cLS means within rows with different superscripts differ significantly (P < 0.05).

BH = whole-crop barley silage harvested at heading stage; BM = whole-crop barley silage harvested at medium milk stage; GE = grass silage 
harvested at flag leaf-early heading stage; GL = grass silage harvested at medium-late heading stage.

FDM = forage DM; AB1B2 = sum of CP fractions A, B1 and B2, which are considered rumen degradable. A = NPN, B1 = buffer-soluble protein, 
B2 = neutral detergent-soluble protein.

1Difference between NDF concentration of the diet and NDF concentration of the orts. Negative value shows sorting against NDF.
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There was a negative relationship (R2  =  0.91) 
between in vivo NDF digestibility and fecal PDM, 
with NDF digestibility increasing with decreasing 
PDM (Figure 1). Using a quadratic relationship for 
best fit, a one-unit increase in NDF digestibility was 
accompanied by a 0.77% decrease in fecal PDM, and 
the response varied in magnitude depending on the 
in vivo NDF digestibility of the forage diet. When 
the forage diet had an NDF digestibility >58.8%, 
fecal PDM decreased by 0.79 percentage units per 
unit increase in NDF digestibility, whereas when 
the forage diet had an NDF digestibility lower than 
58.8%, fecal PDM decreased by 0.76 percentage 
units per unit increase in NDF digestibility.

Protein Utilization

Wethers fed the GE diet had the greatest N in-
take (P < 0.001), followed by wethers fed the BH 

and GL diets, which did not differ but had greater 
intake than wethers fed the BM diet (P < 0.05; Table 
6). Furthermore, wethers fed barley silage (BH and 
BM) diets had greater intake of digestible OM 
(P < 0.05) than wethers fed grass silage diets (GE 
and GL). Animals fed the GE diet had a greater 
urine volume (P < 0.001) than wethers fed the other 
diets. Wethers fed the GE diet showed the greatest 
N excretion in urine (g/d), followed by those fed 
the GL and BM diets, which both were similar to 
those fed the BH diet. When N excretion in urine 
was expressed as a percentage of N intake, weth-
ers fed the GE diet had greater excretion (P < 0.05) 
than those fed the other diets, which did not differ. 
Greater N excretion in feces (P < 0.01; g/d) was ob-
served for animals receiving the GE diet compared 
with animals fed the other diets, which did not 
differ. However, when excretion of N in feces was 
expressed as a percentage of N intake, wethers fed 

Table 5. Effects of diet and rapeseed supplementation on feces DM content and particle size characteristics 
of wethers fed at 80% of ad libitum DMI

Diet   Rapeseed meal   

Item BH BM GE GL SEM P-value Without With SEM P-value

DM, % 36.0c 35.2c 47.3a 41.6b 1.32 <0.001 41.6 38.4 1.15 0.21

PDM, % of DM 64.4b 72.3a 51.7c 66.5b 0.94 <0.001 63.7 63.7 0.79 0.98

PS <0.2 mm, % 53.3c 43.8d 77.5a 66.9b 1.07 <0.001 59.9 60.8 0.96 0.55

PS <0.5 mm, % 91.0b 87.1c 96.0a 94.9a 0.66 <0.001 92.3 92.2 0.71 0.85

PS <1 mm, % 99.1ab 98.7b 99.2ab 99.5a 0.17 0.01 99.0 99.2 0.18 0.51

1< PS <2.36 mm, % 0.77ab 0.93a 0.67ab 0.43b 0.12 0.02 0.75 0.65 0.12 0.55

PS >2.36 mm, % 0.16 0.34 0.11 0.09 0.09 0.14 0.21 0.14 0.08 0.53

GPS, mm 0.28 0.27 0.28 0.29 0.02 0.94 0.30 0.27 0.016 0.09

APS, mm 0.41 0.39 0.41 0.43 0.03 0.88 0.44 0.38 0.022 0.06

MPS, mm 0.41 0.39 0.41 0.43 0.03 0.88 0.44 0.38 0.022 0.07

95 percentile PS, mm 0.45 0.42 0.45 0.48 0.05 0.82 0.49 0.40 0.032 0.04

a–dLS means within rows with different superscripts differ significantly (P < 0.05).

BH = whole-crop barley silage harvested at heading stage; BM = whole-crop barley silage harvested at medium milk stage; GE = grass silage 
harvested at flag leaf-early heading stage; GL = grass silage harvested at medium-late heading stage.

PDM = proportion of fecal particles left after washing and freeze-drying relative to total fecal DM; PS = particle size; GPS = geometric mean 
particle size; APS = arithmetic mean particle size; MPS = median particle size.

Table 4. Effects of diet and rapeseed meal supplementation on in vivo digestibility in wethers fed at 80% of 
ad libitum DMI

Diet   Rapeseed meal   

Item BH BM GE GL SEM P-value Without With SEM P-value

DM, % 68.3a 65.2b 70.0a 63.3b 0.76 <0.001 67.1 66.3 0.73 0.46

OM, % 69.6b 66.8c 73.6a 64.5d 0.71 <0.001 68.9 68.4 0.70 0.58

CP, % 86.0b 84.1c 88.2a 86.3b 0.44 <0.001 85.4 86.9 0.33 0.02

NDF, % 57.7b 47.0c 72.1a 58.5b 1.01 <0.001 59.5 58.1 0.97 0.34

ADF, % 58.2b 45.4c 73.5a 57.7b 1.14 <0.001 60.2 57.2 1.17 0.12

a–dLS means within rows with different superscripts differ significantly (P < 0.05).

BH = whole-crop barley silage harvested at heading stage; BM = whole-crop barley silage harvested at medium milk stage; GE = grass silage 
harvested at flag leaf-early heading stage; GL = grass silage harvested at medium-late heading stage.
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the BM diet had the greatest excretion (P < 0.05), 
followed by those fed BH and GL, which did not 
differ but had greater (P < 0.05) N excretion than 
wethers fed the GE diet. Retention of N (g/d) was 
not affected by forage treatment. However, when N 
retention was expressed as a percentage of N intake, 
there was a difference between the forage diets, with 
BH and BM having a greater (P < 0.05) retention 
than the GE diet.

Wethers fed the GE diet showed greater urea-N 
excretion in urine (P  <  0.001) than those fed the 
other diets (Table 6). There was a tendency for sig-
nificant effects of forage diet on urinary excretion 
of allantoin (P  =  0.08), with greater excretion in 
wethers that received the BH diet compared with 
the BM diet. Likewise, ruminal microbial N flow 
tended to be greater for the BH diet than for the 
BM diet (P  =  0.10). However, when urinary al-
lantoin excretion and microbial N flow from the 
rumen were expressed per unit of digestible OM in-
take, no differences were found among the forage 
diets. Greater urinary excretion of hippuric acid 
(P < 0.05) was observed in the urine of animals fed 
the GE diet compared with the BM and GL diets. 
There was no effect of forage diet on urinary excre-
tion of creatinine and uric acid.

Protein supplementation with rapeseed meal in-
creased N intake and excretion of N in urine but 
no differences were found in urinary N excretion 
when expressed in proportion to N intake (Table 
6). In addition, protein supplementation increased 
N excretion in faeces when expressed in gram per 

day but this was reversed to a decrease when ex-
pressed in proportion to N intake. Retention of 
N expressed in gram per day tended to increase in 
wethers fed rapeseed meal in the diet but this differ-
ence disappeared when expressed as a percentage 
of N intake.

There was no effect of protein supplementa-
tion on urinary excretion of urea-N, creatinine, 
uric acid, or hippuric acid (Table 6). There was a 
tendency for greater urinary excretion of allantoin 
(P = 0.08) and microbial N flow (P = 0.07) expressed 
in mmol/d when animals were fed silage-based diets 
with protein supplementation, but no difference be-
tween treatments was found when allantoin excre-
tion and ruminal microbial N flow were expressed 
per kilogram digestible OM intake.

DISCUSSION

Grass maturity is one of the most important 
factors affecting forage quality (Nelson and Moser, 
1994; Jalali et  al., 2012). According to Van Soest 
(1994), advanced stage of maturity at harvest in-
creases the contents of NDF and lignin, and the 
ADL:NDF ratio in forage cell walls, decreasing 
the digestibility (Allen, 2000; Rustas et al., 2011). 
Harvesting grasses at early maturity stages increases 
the forage energy value for ruminants by decreasing 
the fiber concentration and increasing fiber digest-
ibility and the CP concentration (Nadeau et  al., 
2016a). In the present study, grass and barley silage 
at an early maturity stage showed greater IVOMD 
than its counterpart harvested at late maturity 
stage, and also greater in vivo digestibility of DM 
and of all nutrients investigated.

Various in vitro methods for predicting the di-
gestibility of forages are frequently used. However, 
the results do not correspond exactly to digestibility 
determined in vivo (Huhtanen et al., 2006), since the 
in vitro methods do not consider many of the rumen 
digestive processes, such as rates of particle break-
down and passage. Sheep fed at maintenance level 
represent a model of ruminant digestion commonly 
used as the basis for estimation of digestibility in 
feed evaluation systems and can be considered the 
best estimate of the intrinsic digestibility value of 
feed ingredients for ruminants (Stefanska et  al., 
2008). In vivo digestibility of nutrients is currently 
determined at either ad libitum or restricted feeding 
level (Andueza et al., 2013). At ad libitum feed in-
take digestibility can decrease, as increased feeding 
level increases the rate of digesta passage from the 
rumen (Bourquin et al., 1990). Alternatively, it can 
increase if  animals select the highly digestible parts 
of the plants (Mero and Udén, 1998). During the ad 

Figure 1. Relationship between in vivo NDF digestibility and fecal 
particle DM (PDM) content in wethers fed whole-crop barley or grass 
silages harvested at different maturity stages. Y = 110.3 + (−0.77X) + 
(−0.014 × (X − 58.8)2)R2 = 0.91 RMSE = 2.55. ● = whole-crop barley 
silage harvested at heading stage (BH); * = whole-crop barley silage 
harvested at medium milk stage (BM); ◊ = grass silage harvested at 
flag leaf-early heading stage (GE); + = grass silage harvested at medi-
um-late heading stage (GL).
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libitum period in the present study, there was selec-
tion by the wethers in favor of less fibrous feed par-
ticles for all the forage diets except for the GE diet. 
At restricted feed intake, the opportunity for diet 
selection or overfeeding is diminished, decreasing 
the variation in retention time. This in turn affects 
digestibility, indicating that the in vivo digestibility 
of nutrients should best be measured at restricted 
feed intake (Cherney et al., 1990).

According to Van Soest (1994), fiber degrad-
ation by rumen microorganisms is enhanced when 
animals are fed forages with high NDF digest-
ibility. Rumen fill is the main factor inhibiting vol-
untary feed intake when high-fiber diets are fed or 
when animals are in high energy demand (Mertens, 
1994). In this regard, increased fiber particle 
breakage during rumination, allowing faster NDF 
turnover in the rumen, might benefit intake and 
performance. It is well known that no further par-
ticle size reduction occurs after the rumen (Poppi 
et  al., 1981). Consequently, fecal particle size dis-
tribution reflects the size distribution of particles 
leaving the rumen (Ulyatt et  al., 1986; Kennedy 
et  al., 1992) and is affected by forage maturity 
(Jalali et al., 2012). Nørgaard and Kornfelt (2006) 
observed a higher proportion of small particles in 
the feces of cattle when early-cut grass silage with 
greater digestibility was fed compared with barley 
straw with lower fiber quality. Similarly, in a study 
in which dairy steers were fed whole-crop barley 
silage, Rustas et  al. (2010) observed that mean 
fecal particle size increased with advanced barley 
maturity from heading to dough stage. Advanced 
forage maturity at harvest increases the resistance 
to particle breakdown in the rumen (De Boever 
et  al., 1990), and less lignified forage NDF par-
ticles are degraded into smaller and thinner entities 
compared with more lignified forage NDF particles 
(Jalali et al., 2012). Similar results were obtained in 
the present study, where animals fed the GE or BH 
diets produced greater proportions of small feces 
particles (PS < 0.2 mm) than animals fed their more 
advanced maturity counterparts GL and BM, re-
spectively. This is likely due to the more digestible 
NDF in early-harvested forage being more exten-
sively digested in the rumen. Likewise, a smaller 
proportion of fecal PDM was found in wethers fed 
early-harvested grass and barley silages than their 
late-harvested counterparts.

Proportion of fecal PDM was strongly correl-
ated with in vivo NDF digestibility across forage 
types in this and in our previous study (Nadeau 
et  al., 2016b), with the proportion of fecal PDM 
decreasing as in vivo NDF digestibility increased. 

Forage NDF digestibility is an important quality 
parameter that is highly variable among forages 
and has consistent effects on intake and product-
ivity (Oba and Allen, 2005). Thus, it should be 
considered when formulating diets for ruminants 
(Mertens, 2006). On the other hand, NDF di-
gestibility analyses are laborious, expensive, and 
time-consuming, so to obtain practical results faster 
and more cheaply the proportion of fecal PDM 
could be used to estimate the NDF digestibility of 
diets. However, more data from a variety of forages 
at various maturity stages, and fed to various types 
of ruminants at different physiological stages and 
intake levels, are needed to enable development of 
a mathematical model that is capable of predict-
ing NDF digestibility by using the proportion of 
fecal PDM.

Early harvesting improved the quality of both 
grass and barley silages, but to different degrees. 
Besides greater ADF and similar NDF and ADL 
contents, the GE silage had a greater IVOMD and 
in vivo digestibility of OM, NDF, and ADF, re-
sulting in a smaller proportion of fecal PDM and 
a greater distribution of small particles in feces 
compared with the BH silage. Van Amburgh et al. 
(2015) observed that corn silages showing identical 
lignin concentrations varied widely in NDF digest-
ibility, whereas Raffrenato et al. (2017) concluded 
that cross-linking of phenolic compounds within 
cell walls has a much greater effect on NDF di-
gestibility than the lignin content of corn and per-
ennial grasses. Plants containing lower or similar 
lignin concentrations might have more ferulate 
cross-linkages, decreasing the digestibility, so using 
lignin content as the sole reference for fiber quality 
might be questionable from a nutritional perspec-
tive (Chabannes et al., 2001).

High-quality grasses are an important pro-
tein source for ruminants fed forage-based diets 
(Nadeau et al., 2016a). However, when grasses are 
ensiled, a large proportion of the true protein is con-
verted to NPN, which impairs utilization of forage 
protein by ruminants as NPN can easily be con-
verted to ammonia and lost as urea-N in the urine 
(Givens and Rulquin, 2004). In the present study, 
the GE silage had a greater CP concentration, and 
intakes of CP and RDP, estimated as the CP frac-
tions AB1B2, were greater for animals fed the GE 
diet compared with the other diets. This resulted in 
more total N and urea-N being excreted in urine by 
animals fed the GE diet than when fed any of the 
other diets, both in gram per day and as percentage 
of N intake. Intake of N has been identified as the 
key driver of N excretion (Dijkstra et  al., 2013), 
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mainly in urine (Dong et  al., 2014). Likewise, in-
creased N intake by rapeseed meal supplementa-
tion to the forages in the present study increased 
the total daily N excretion in urine and feces with 
a larger increase in the urine. The absence of this 
increase in urinary N excretion when expressed as 
percentage of N intake confirms that intake of N is 
the key driver for urinary N excretion.

Urine plays an important role in livestock waste, 
mostly through urea-N being rapidly hydrolyzed 
to ammonia upon deposition on feces, barn floor, 
or soil (Bernier et al., 2014; Jardstedt et al., 2017). 
However, apart from the high susceptibility to gas-
eous losses, urine can be useful in evaluating diets, 
as it is known that urine excretion of the purine 
derivative allantoin is highly related to rumen mi-
crobial protein synthesis (Moorby et al., 2006), and 
that hippuric acid is related to dietary concentra-
tion of degradable phenolic acids (Dijkstra et al., 
2013). Jardstedt et al. (2018) found that purine de-
rivative excretion in urine was mainly related to in-
take of digestible OM. Similar observations were 
made in the present study, where animals fed the 
BH diet had greater intakes of DM and digest-
ible OM than those fed the grass silage diets (GE 
and GL) and tended to excrete more allantoin in 
the urine, which was closely related to the tendency 
for increased microbial N synthesis in animals fed 
the BH diet. The higher WSC content of the BH 
silage compared with the grass silages also con-
tributed readily available fermentable substrates 
for microbial protein synthesis in wethers fed the 
BH diet. Likewise, rapeseed meal supplementation 
to the forages tended to increase intakes of DM 
and digestible OM as well as urinary excretion of 
allantoin and the microbial N supply. The lack of 
significant differences between diets and between 
rapeseed meal supplementations when allantoin ex-
cretion and microbial N supply were expressed per 
kilogram of digestible OM intake indicate similar 
efficiency of microbial protein synthesis per kilo-
gram of digestible OM intake across diets and 
across rapeseed supplementations.

Most feed purines are broken down by rumen 
microbes (McAllan and Smith, 1973), and the 
majority of purines absorbed, digested, and ex-
creted in the urine are from microbial rumen flora 
(McAllan, 1980). Hippuric acid is formed by conju-
gation of benzoic acid with glycine, with the main 
dietary precursors of benzoic acid being phenolic 
compounds (Martin, 1982). With advancing stage 
of grass maturity, rumen solubilization and deg-
radation of plant phenolic compounds decrease as 
lignin concentration increases, reducing excretion 

of hippuric acid in urine (Martin, 1970; Dijkstra 
et  al., 2013). Greater hippuric acid concentration 
observed in the urine of wethers fed the early-matu-
rity grass silage and to a lesser extent in wethers fed 
the early-maturity barley silage probably was due to 
the greater in vivo digestibility of DM, OM, NDF, 
and ADF observed in early compared with the re-
spective late-maturity forages.

CONCLUSIONS

In vivo digestibility of  DM and nutrients in 
forage diets was positively affected by harvest-
ing at early maturity stages, resulting in greater 
proportions of  small feces particles and a lower 
proportion of  fecal PDM compared with late-har-
vested material within forage type. The GE diet 
had greater in vitro and in vivo digestibility of 
OM, NDF, and ADF, resulting in a lower propor-
tion of  fecal PDM with a greater proportion of 
small particles in feces compared with the other 
diets. The proportion of  fecal PDM decreased 
with increasing NDF digestibility in vivo and the 
strong relationship between them indicates the 
potentials for using the proportion of  PDM as 
a cheap indirect method to predict NDF digest-
ibility. Wethers fed the early-maturity grass silage, 
which had the highest CP concentration of  the 
forages tested, showed greater intakes of  CP and 
of  the sum of  the degradable CP fractions A, B1, 
and B2, resulting in more N excreted, mainly in the 
urine, than when fed any of  the other silage diets. 
However, there was no effect of  maturity on N ex-
cretion from animals fed whole-crop barley silage 
diets. Wethers fed the BH diet had a tendency for 
an improved rumen microbial protein synthesis 
that was most likely related to the greater WSC 
content of  the BH silage and the greater intakes 
of  DM and digestible OM by animals fed the BH 
diet than when fed the grass silage diets. Increased 
N intake by rapeseed meal supplementation to the 
forages increased urinary N excretion indicating 
an oversupply of  RDP.
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