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ABSTRACT

Few studies have examined the effects of fresh forage 
quality on enteric methane (CH4) emissions of dairy 
cows under grazing conditions. The aim of the current 
study was to evaluate the effects of 2 contrasting for-
age qualities induced by different pregrazing herbage 
masses in late spring on enteric CH4 emissions and 
milk production of grazing dairy cows. The experiment 
was conducted as a crossover design with 24 lactating 
Holstein Friesian dairy cows randomly assigned to 1 of 
2 treatments in 2 experimental periods. Each period 
had a duration of 3 wk (2 wk for diet adaptation and 1 
wk for measurements), and the interval between them 
was 2 wk. Treatments consisted of 2 target pregraz-
ing herbage masses [2,200 and 5,000 kg of dry matter 
(DM)/ha above 3 cm], generated by different regrowth 
periods, corresponding to low (LHM) and high (HHM) 
herbage mass treatments, respectively. Daily herbage 
allowance (Lolium perenne) for both treatments was 
20 kg of DM per cow measured above 3 cm. Enteric 
CH4 emissions were individually determined during the 
last week of each period using the sulfur hexafluoride 
tracer technique. Daily herbage intakes by individual 
cows during the CH4 measurement weeks were esti-
mated using the n-alkanes technique. During the CH4 
measurement weeks, milk yield and body mass were 
determined twice daily, whereas milk composition was 
determined once in the week. The LHM pasture had a 
higher crude protein concentration, lower neutral de-
tergent fiber and acid detergent fiber concentrations, 
and higher in vitro digestibility, with a lower propor-
tion of ryegrass pseudostems, than the HHM pasture. 
Cows offered the LHM pasture had greater herbage 
(+13%) and total DM (+12%) intakes, increased milk 
(+13%) and energy-corrected milk (+11%) yields, and 

tendencies toward higher milk protein (+4.5%) and 
higher milk urea nitrogen (+15%) concentrations than 
their counterparts offered the HHM pasture. No differ-
ences were found between treatments in total daily CH4 
production. However, the LHM treatment reduced en-
teric CH4 emissions per unit of milk yield (−11%) and 
enteric CH4 energy as a percentage of ingested gross 
energy (−9%) and tended to reduce CH4 per unit of 
dry matter intake (−8.2%) and energy-corrected milk 
yield (−10%) compared with the HHM treatment. The 
results from this study suggest that a grazing man-
agement that favors better quality pasture, as was the 
case of the LHM pasture in late spring compared with 
the HHM pasture, increases milk production of grazing 
dairy cows and reduces enteric CH4 emissions per unit 
of milk produced, constituting a viable CH4 mitigation 
strategy.
Key words: herbage mass, grazing, forage quality, 
methane, dairy cow

INTRODUCTION

Enteric methane (CH4) emissions from livestock have 
been under scrutiny due to their contribution to cli-
mate change. Methane is a potent greenhouse gas with 
a global warming potential that is 28 times that of 
CO2, on a 100-yr time frame (Intergovernmental Panel 
on Climate Change, 2013). Additionally, enteric CH4 
released to the atmosphere represents feed energy that 
is lost, thus contributing to reduced livestock produc-
tion efficiency. Ruminants lose between 2 and 12% of 
ingested gross energy as CH4 (Johnson and Johnson, 
1995). Improvement in forage quality, and more spe-
cifically forage digestibility, has been investigated as a 
means for enteric CH4 mitigation (Martin et al., 2010; 
Hristov et al., 2013). Structural carbohydrates have 
been reported to be more methanogenic than soluble 
carbohydrates (Janssen, 2010). In ruminants with high 
feed intakes, reductions in enteric CH4 emissions per 
unit of intake with increased digestibility of feeds have 
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been reported (Hristov et al., 2013). Potential enteric 
CH4 reductions obtained with improved forage qual-
ity would be mediated by increased concentration of 
soluble carbohydrates and linolenic acid (Martin et 
al., 2010). Greater digestibility is associated with a 
fermentation profile in the rumen that is unfavorable 
to CH4 production. Furthermore, a more digestible 
feed is associated with greater intake and production, 
diluting maintenance energy requirements and result-
ing in less CH4 per unit of animal product (Hristov et 
al., 2013). Much of the work for evaluating the effects 
of feed quality on CH4 emissions has been carried out 
with diets based on concentrates and conserved forages 
(Yan et al., 2000; Hart et al., 2015). Research studies 
based on fresh forages are scarcer, and grazing studies 
are even more so (Lassey et al., 1997; Wims et al., 
2010). In the latter, the relationship between forage 
quality and CH4 emissions has been contradictory. For 
example, at similar intake levels, enteric CH4 energy 
losses from cows grazing pasture in summer were higher 
than in spring, and this finding was attributed to grass 
maturation (Robertson and Waghorn, 2002). In con-
trast, Pinares-Patiño et al. (2003) reported that the 
proportion of gross energy intake loss as CH4 in beef 
cattle did not differ with timothy pasture grazed at 4 
stages of maturity.

In the dairy production systems of southern Chile, 
grazing management is a key factor to finding the 
balance between quality and quantity of fresh grazed 
forages. In general, greater nutrient quality and digest-
ibility of forages is positively correlated with reduced 
CH4 emissions (Hristov et al., 2013). Forage quality 
is in turn negatively associated with maturity. As the 
growing season progresses, forages go through different 
stages of maturity, changing from young living tissue 
to senescent material, with a concomitant decrease 
in digestibility. Digestibility changes that affect the 
feeding value of forages are generally associated with 
changes in the quantity of green leaf, mature stem, and 
senescent material (Holmes et al., 1992), and forage 
composition can be affected by grazing management. 
Pasture characteristics that determine forage quality, 
such as pregrazing herbage mass and regrowth period 
of pasture, affect herbage digestibility, intake and milk 
production (Stakelum and Dillon, 2004; McEvoy et al., 
2009; Curran et al., 2010), and enteric CH4 emissions 
(Wims et al., 2010). In southern Chile, forage produc-
tion peaks in mid to late spring. At that time of the 
year, milk production relies mostly on pastures with 
little supplementation. Thus, changes in pasture qual-
ity are thought to be more likely to influence animal 
performance and methane production at this time of 
the year. The aim of this experiment was to evaluate 

the effects of pregrazing herbage mass on enteric CH4 
emissions, herbage intake, and milk production and 
composition of dairy cows during mid to late spring 
under the grazing conditions of southern Chile. We hy-
pothesized that increasing the DM digestibility of fresh 
forage through grazing a low herbage mass compared 
with a high herbage mass pasture in late spring would 
result in lower enteric CH4 emissions per unit of milk 
yield.

MATERIALS AND METHODS

The experiment was conducted at Instituto de In-
vestigaciones Agropecuarias (INIA), research farm 
Remehue (40°31 S; 73°03 W and 65 m above mean sea 
level, Osorno, Chile) from October to December 2013. 
All procedures involving animals were performed in 
accordance with the requirements of the Chilean Law 
20380 on Animal Protection and with the approval of 
the INIA Bioethics Committee.

Animals, Experimental Design, and Treatments

Twenty-four multiparous Holstein Friesian dairy 
cows with an initial mean body mass of 554 ± 39.3 kg 
were used in the study. Two weeks before the begin-
ning of the study, all cows grazed as a single herd on a 
perennial ryegrass (Lolium perenne)–based pasture and 
received 2 kg (fresh basis) of a commercial concentrate 
daily, which was offered during milking. The cows were 
first blocked by pre-experimental milk yield (31.1 ± 
4.0 kg/d) into 2 groups. Within each group, cows were 
paired based on their calving dates (113 ± 19.1 DIM) 
and within pairs randomly allocated to 1 of 2 dietary 
treatments. No initial differences existed between the 
groups in DIM (P = 0.84), milk yield (P = 0.84), body 
mass (P = 0.17), or age (P = 0.79).

A crossover design with 2 treatments and 2 feeding 
periods was used for the present study. Each feeding 
period had a 3-wk duration, which included 14 d of diet 
adaptation, followed by 7 d of CH4 and other animal 
data collection. Treatments consisted of 2 target levels 
of pregrazing herbage mass: 2,200 kg of DM/ha above 
3 cm (low herbage mass, LHM) and 5,000 kg of DM/
ha above 3 cm (high herbage mass, HHM). Cows on 
both treatments were offered the same total herbage al-
lowance of 20 kg of DM above 3 cm per animal and per 
day, which is representative of temperate production 
systems in late spring. Similar herbage allowances per 
animal were obtained by adjusting the grazing surface 
of each treatment according to their pregrazing herbage 
mass. Between the 2 experimental periods, the cows 
grazed a nonexperimental pasture as a single herd for 2 
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wk to allow for herbage regrowth on the experimental 
plots and to reduce possible carryover effects of the first 
experimental period. Grass was not cut between the 
periods. The management of the experimental pasture 
between periods is described in the following section. In 
addition to their allocated dietary forage treatment, all 
cows received an additional 2 kg of concentrate (fresh 
basis) daily offered in 2 equal meals by automatic 
parlor feeders during milking. Observations were made 
to confirm that concentrate was not refused. The pel-
leted commercial concentrate mixture offered (12.32, 
Concentrados Cisternas, Osorno, Chile) contained (g/
kg, fresh basis): steam-rolled corn (333), ground corn 
(210), rolled barley (143), wheat bran (133), dried 
distillers grains with solubles (48), ground beans (47), 
rice bran (38), and a standard vitamin and mineral 
supplement (48).

Pasture and Grazing Management

The study was conducted during the herbage stem 
elongation period (from October 28 to November 16 for 
period 1 and December 2–21 for period 2), which is the 
time of the year when milk production systems rely the 
most on grazed forage. A total of 6 ha of predominantly 
perennial ryegrass pasture was available for the study. 
The area had been sown 2 yr earlier and was subdivided 
into 12 subpaddocks of similar size (6 subpaddocks per 
treatment). The target herbage masses for the LHM 
and HHM treatments were prepared in adjacent sub-
paddocks by allowing different sward regrowth periods 
through pre-experimental grazing management in early 
spring. For the pre-experimental grazing management, 
pastures were grazed by a nonexperimental dairy herd 
to a postgrazing compressed height of 5 cm measured 
with a rising platemeter (diameter 36.5 cm and 3.0 kg/
m2; F200 Farmworks, Feilding, New Zealand). After a 
few days, when the compressed height reached 11 cm, 
the LHM subpaddocks were again grazed by the non-
experimental dairy herd to a postgrazing compressed 
height of 5 cm. Pasture in paddocks was then allowed 
to grow until reaching the target herbage masses. The 
regrowth period averaged 24 (SD 9.1) and 43 (SD 6.7) 
days for the LHM and HHM treatments, respectively, 
in the first period. The same area was used in the sec-
ond period of the study (i.e., the same paddocks were 
grazed twice during the experiment). For the second 
period, grazed subpaddocks were prepared successively 
using the same pre-experimental grazing procedure as 
previously described. Most treatments were applied in 
the same plots as in period 1 (i.e., LHM and HHM 
plots were similar in both periods). One exception was 
a subpaddock corresponding to the LHM treatment 

that was not grazed in period 1, and that was allowed 
to continue growing and was set up as a HHM subpad-
dock in period 2. In period 2, the regrowth periods 
averaged 31 (SD 8.1) and 46 (SD 4.0) days for the LHM 
and HHM treatments, respectively. During the experi-
ment, cows in each treatment group grazed adjacent 
subpaddocks under strip grazing using temporary elec-
tric fencing. The herbage area allocated daily to each 
treatment group was adjusted by daily estimates of the 
pregrazing herbage mass, as described in the following 
section. On average, animals grazed each subpaddock 
between 4 and 6 d, depending on herbage mass. The 
daily fresh herbage allowance was offered to the cows 
every morning after milking and access to the previous 
day’s grazing area was restricted through the use of 
back-fencing. All cows had free access to fresh water for 
the duration of the study.

Herbage Measurements

Herbage mass and allowance per animal were 
measured above 3 cm throughout the study because 
herbage mass and allowance measured above 2.5 cm 
adequately estimates the herbage actually available to 
cows (Pérez-Prieto et al., 2012). Pregrazing herbage 
mass was measured once a week during the adaptation 
phase of each period and twice weekly during the CH4 
measurement periods. Pregrazing herbage mass was 
measured in 4 rectangular 0.5-m2 (50 × 100 cm) framed 
plots selected at random in each subpaddock. In each 
plot, the herbage was cut above 3 cm using a handheld 
electric clipper, collected in plastic bags, labeled, and 
weighed. A 200-g subsample was oven-dried (60°C for 
48 h) to determine DM concentration. To calculate the 
herbage height in each plot, 4 measurements of the 
sward heights were made per plot with a rising plate-
meter before and after cutting. Sward bulk density was 
calculated on each plot by dividing herbage mass by 
cutting depth.

Pregrazing and postgrazing compressed herbage 
heights were also measured daily for each treatment us-
ing a rising platemeter (previously described) with 100 
measurements per treatment made at random while 
crossing in zigzag across each grazing area. For each 
treatment, pregrazing herbage mass was calculated 
daily by multiplying the sward bulk density by the 
pregrazing sward height minus 3 cm. The daily grazing 
area to be offered to each treatment group was then 
calculated and adjusted according to the predetermined 
herbage allowance.

The morphological composition of the pasture was 
determined from 2 samples of herbage per treatment 
harvested during the CH4 measurement weeks. In the 
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pregrazing herbage strip, 15 handfuls of herbage were 
randomly selected and cut with scissors at ground 
level, preserving the vertical distribution of the herb-
age. Handfuls were combined and placed in plastic bags 
and stored at −20°C. Mean compressed postgrazing 
sward height for the study was 6.3 cm, and the herbage 
samples were therefore cut at 8 cm to reflect the aver-
age postgrazing extended tiller sward height (Ribeiro 
Filho et al., 2005), resulting in an upper sward horizon 
representative of the herbage removed by the cows and 
consequently the diet ingested. The upper layer was 
manually separated into ryegrass lamina, ryegrass pseu-
dostem, clover, dead material, and other plant species. 
Each component was oven-dried (60°C for 48 h) and 
the proportion of each component was calculated on a 
DM basis.

During CH4 measurement weeks, 6 herbage samples 
per treatment (1 per day for 6 d) representative of the 
herbage grazed were cut by hand from the pregrazing 
herbage strip at the postgrazing height of the previous 
day to determine the herbage chemical composition. 
In addition, a sample of concentrate was taken daily 
during these weeks and pooled weekly to determine the 
chemical composition.

Animal Measurements

Throughout the study, cows were milked twice daily 
at around 0530 and 1600 h, with individual milk yields 
recorded automatically at each milking. Milk composi-
tion (fat, protein, lactose, and MUN) was determined 
once per period from samples taken at 2 consecutive 
milkings from the same day using a MilkoScan instru-
ment (Foss Electric, Hillerød, Denmark). The milk 
yield and composition reported correspond to the CH4 
measurement weeks only. Energy-corrected milk yield 
was calculated using Equations [1] and [2] (Tyrrell and 
Reid, 1965):

ECM yield kg/d MY kg/d MEC MJ/kg( ) ( ) ( )= × 3 1. , 

 [1]

where MY = milk yield, MEC = milk energy content, 
and 3.1 is the energy content (MJ/kg) of standard milk 
for Holstein Friesian cows with 4% fat, 3.2% CP, and 
4.8% lactose.

 
Milk energy content MJ/kg fat

 CP

( )= ×( )

+ ×( )+

0 0384

0 0223 0 01

.

. . 999 0 108×( ) lactose – . .
  [2]

Cow body mass was recorded automatically twice daily 
after every milking, with mean body mass calculated 

for each week of the study. Body mass change per pe-
riod was calculated using linear regression.

Herbage intake was measured from d 15 to 19 of 
each period (during CH4 measurement weeks) using the 
double n-alkane technique (Mayes et al., 1986). For 12 
d (from d 8 to 19 of each period), animals were dosed 
twice daily, after the morning and before the evening 
milking, with a cellulose stopper (Carl Roth, GmbH, 
Karlsruhe, Germany) containing 416 ± 38 mg of the 
alkane C32 (dotriacontane). From the afternoon of d 
15 to the morning of d 20 of each period, fresh fecal 
samples were collected from each cow twice daily either 
immediately after voiding feces or via rectal grab and 
stored at 4°C. For each period, samples were pooled by 
cow, subsampled, and dried for 48 h at 60°C. Samples 
were then milled through a 1-mm sieve and stored for 
analysis of n-alkanes C31, C32, and C33. During the feces 
collection period, a sample of the concentrate offered 
was retained daily, pooled per period, subsampled, 
oven-dried at 60°C for 48 h, milled (as previously 
described), and analyzed for C31, C32, and C33. Addi-
tionally, during the feces collection period, 1 herbage 
sample representative of the herbage grazed was taken 
daily for each treatment from the pregrazing herbage 
strip by cutting herbage by hand at the postgrazing 
height of the previous day. Following collection, these 
samples were washed with fresh water and frozen at 
−20°C, pooled by treatment, freeze-dried, and milled 
through a 1-mm screen for determination of n-alkanes 
C31, C32, and C33. The determination of n-alkanes in 
feces, herbage, and concentrate samples followed the 
methodology reported by Dove and Mayes (2006). 
Herbage intakes were estimated based on the ratio of 
feedstuffs natural C33 alkane to dosed C32 alkane using 
the equation of Mayes et al. (1986).

Enteric CH4 Emission

During the last 7 d of each period, the enteric CH4 
emissions from individual animals were estimated us-
ing the sulfur hexafluoride (SF6) tracer gas technique 
(Johnson et al., 2007). Methane sampling equipment 
and procedures were as reported by Muñoz et al. (2015) 
with the following modifications. During sampling, can-
isters with a postcollection pressure outside the range 
of 50 to 67 kPa below atmospheric pressure were dis-
carded. After sampling, canisters were overpressurized 
with high-purity nitrogen (N2) to approximately 20 kPa 
above atmospheric pressure before gas concentration 
analysis. Background SF6 and CH4 concentrations were 
determined using 3 gas sampling sets (canister and 
headcollar) placed daily in a fixed position outside the 
perimeter of the subpaddocks, preferably upwind and 
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out of the reach of the experimental cattle, at around 
50 cm above ground level using electric fencing posts. 
The permeation rate of the brass tubes containing SF6 
gas used in this study ranged from 2.45 to 4.80 mg/d, 
with a mean of 3.74 ± 0.76 mg/d.

Methane analytical methods and calculations were 
as reported by Muñoz et al. (2015) with modifications 
as described below. The CH4 column was a Carboxen 
1010 plot, 15 m × 0.32-mm internal diameter (Supelco, 
Sigma-Aldrich, St. Louis, MO), and the column used 
for SF6 analysis was an Elite-GC GS Molesieve column, 
30 m × 0.53-mm ID × 50-μm film thickness (Perkin 
Elmer, Waltham, MA). The operating temperatures of 
the injector and oven were 200 and 50°C, respectively. 
The GC was calibrated using 3 gas standards of known 
concentrations (Scott-Marrin Inc., Riverside, CA).

Out of a total of 336 enteric CH4 samples (24 cows × 
7 d × 2 periods), 22 samples were lost during sampling 
because of breakages or disconnections of the fitting 
that joins the sampling line with the canister, 18 were 
eliminated because of postsampling pressure being 
outside the acceptable range, and 9 samples were lost 
during manipulation in the laboratory. Thus, reported 
results are based on total of 287 samples, 71 and 68 
samples in period 1 and 75 and 73 samples in period 2 
for the LHM and HHM treatments, respectively.

Chemical Analyses

All chemical analyses were conducted at Laboratorio 
de Nutrición Animal y Ambiente, INIA Remehue (Nch-
ISO 17025), with the exception of gross energy, which 
was determined at Laboratorio de Nutrición Animal, 
Universidad Austral de Chile, Valdivia. Herbage and 
concentrate samples were thoroughly homogenized, 
dried at 60°C for 48 h, ground through a 1-mm sieve, 
and then stored in plastic bags at room temperature 
until chemical analyses. Samples were analyzed for DM, 
CP, NDF, ADF, and ash concentrations according to 
the procedures outlined by the AOAC International 
(1995). Dry matter digestibility was determined in vitro 
as by Goering and Van Soest (1970). Gross energy was 
determined by oxygen bomb calorimetry (Bateman, 
1970). All samples were analyzed in duplicate.

Statistical Analyses

Sward characteristics and herbage chemical composi-
tion were analyzed with ANOVA including the fixed 
effects of treatment and period:

 
response overall mean treatment

 period residual

ijk i

j ijk

= +

+ + ,
 

where i corresponds to the LHM or HHM treatment 
and j corresponds to period 1 or period 2.

Herbage intake, milk production and composition, 
body mass change, and CH4 emission were analyzed 
with a mixed model including the fixed effects of treat-
ment and period, and the random effect of the cow:

 
response overall mean treatment

 period cow random

ijkl i

j k

= +

+ + ( )++ residualijkl ,
 

where i corresponds to the LHM or HHM treatment, j 
corresponds to period 1 or period 2, and k corresponds 
to each cow.

Significance was declared at P < 0.05 and tenden-
cies at 0.05 ≤ P ≤ 0.10. All statistical analyses were 
conducted using JMP 12.1.0 (SAS Institute Inc., Cary, 
NC).

RESULTS

Herbage and Concentrate Chemical Composition

The concentrate contained 894 g of DM/kg, and each 
kilogram of DM contained 137 g of CP, 16.5 MJ of 
gross energy, 210 g of NDF, 71 g of ADF, 97 g of ash, 
and 881 g of digestible DM. The chemical composition 
of the herbage offered across both periods is presented 
in Table 1. The LHM pasture tended to have a lower 
DM concentration (P = 0.10) than the HHM pasture. 
The concentration of CP (P < 0.001) was higher and 
the concentrations of NDF and ADF were lower (P < 
0.001) in the LHM pasture than in the HHM pasture. 
The LHM pasture tended to have a higher gross en-
ergy (P = 0.07) content and had a higher in vitro DM 
digestibility (P < 0.001) than the HHM pasture. No 
differences in ash concentration were detected between 
treatments (P = 0.74). Herbage DM (P < 0.001) and 
ADF (P = 0.05) concentrations were lower in period 1 
than in period 2. The herbage CP concentration (P = 
0.01), ash concentration (P < 0.001), and in vitro DM 
digestibility (P < 0.001) were higher in period 1 than in 
period 2. Herbage gross energy (P = 0.88) and NDF (P 
= 0.90) concentrations did not differ between periods.

Pasture Measurements

The effects of pregrazing herbage mass on sward 
characteristics are shown in Table 2. Pregrazing sward 
height (P < 0.001), postgrazing sward height (P < 
0.001), and herbage mass (P < 0.001) were lower in the 
LHM pasture than in the HHM pasture. Herbage allow-
ance was similar between treatments (P = 0.50). Cows 
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grazing the LHM pasture were allocated a greater graz-
ing area per day than cows grazing the HHM pasture 
(P < 0.001). In the first period of the study, pregraz-
ing (P < 0.001) and postgrazing herbage height (P < 
0.001) were higher, and herbage allowance was lower (P 
= 0.01), than in the second period of the study. No dif-
ferences existed between periods in pregrazing herbage 
mass (P = 0.21) or daily grazed area (P = 0.69). With 
regard to the morphological composition of pasture, 
the LHM treatment had a lower ryegrass pseudostem 
proportion (P = 0.01) than the HHM treatment, and 
no differences were found in the proportions of ryegrass 
lamina (P = 0.12), clover (P = 0.78), other species (P 
= 0.63), or dead material (P = 0.57). Ryegrass pseud-
ostem proportion was smaller (P = 0.01) and the pres-
ence of other species was greater (P = 0.01) in period 2 
than in period 1. No differences were found in ryegrass 
lamina proportion (P = 0.12), clover proportion (P = 
0.58), or dead material proportion (P = 0.44) between 
periods.

Animal Performance and Herbage Intake

The effects of pregrazing herbage mass on animal 
performance are shown in Table 3. Cows grazing the 
LHM pasture had higher milk (P < 0.001) and ECM 
yields (P = 0.01), tended to have higher milk protein 
concentration (P = 0.07), and had higher MUN con-
centration (P < 0.001) than cows grazing the HHM 
pasture. Pregrazing herbage mass did not affect the 
concentration of milk fat (P = 0.42), milk lactose (P 
= 0.26), or milk solids (fat plus protein; P = 0.77). In 
period 1 of the study, milk yield (P < 0.001), ECM 
yield (P < 0.001), milk fat (P < 0.001), milk lactose (P 
< 0.001), and milk solids (fat plus protein; P = 0.001) 
were higher and MUN was lower (P < 0.001) than in 
period 2. Period had no effect on milk protein con-
centration (P = 0.48). Neither treatments (P = 0.98) 
nor period (P = 0.18) affected body mass change. The 
effects of pregrazing herbage mass on herbage intake 
are shown in Table 4. Cows grazing the LHM pasture 

Table 1. Effects of pregrazing herbage mass on DM concentration and chemical composition (g/kg of DM unless otherwise stated) of herbage 
offered to strip-grazing dairy cows

Item

Treatment1

SE2 P-value

Period

P-valueLHM HHM 1 2

DM, g/kg 174 185 4.33 0.10 151 209 <0.001
CP 217 169 8.10 <0.001 208 178 0.01
Gross energy, MJ/kg of DM 17.4 17.1 0.10 0.07 17.3 17.3 0.88
NDF 426 492 8.87 <0.001 460 458 0.90
ADF 249 287 4.43 <0.001 261 274 0.05
Ash 102 103 1.60 0.74 107 98 <0.001
In vitro DM digestibility 841 813 4.40 <0.001 846 809 <0.001

1LHM = low herbage mass; HHM = high herbage mass.
2The SE reported corresponds to both treatment and period effects.

Table 2. Effects of pregrazing herbage mass on sward height, herbage mass, herbage allowance, grazed area, and morphological composition of 
forages offered to strip-grazing dairy cows

Item

Treatment1

SE2 P-value

Period

P-valueLHM HHM 1 2

Sward height, cm        
 Pregrazing 10.3 18.5 0.25 <0.001 15.0 13.9 <0.001
 Postgrazing 6.1 7.0 0.21 <0.001 7.3 5.9 <0.001
Pregrazing herbage mass, kg of DM/ha3 2,311 5,145 149.8 <0.001 3,591 3,865 0.21
Herbage allowance, kg of DM/cow per day3 20.2 19.9 0.26 0.50 19.6 20.5 0.01
Daily grazed area, m2/cow 88.2 39.4 2.05 <0.001 63.2 64.4 0.69
Morphological composition of herbage, g/g (DM basis)        
 Ryegrass lamina proportion 0.49 0.39 0.039 0.12 0.49 0.39 0.12
 Ryegrass pseudostem proportion 0.17 0.31 0.025 0.01 0.31 0.17 0.01
 Clover proportion 0.072 0.062 0.025 0.78 0.056 0.077 0.58
 Dead material proportion 0.065 0.080 0.018 0.57 0.083 0.062 0.44
 Other species proportion 0.20 0.17 0.046 0.63 0.06 0.30 0.01

1LHM = low herbage mass; HHM = high herbage mass.
2The SE reported corresponds to both treatment and period effects.
3Measured 3 cm above ground level.
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had a higher herbage intake (P < 0.001) and total DMI 
(P < 0.001) than their counterparts grazing the HHM 
pasture. Herbage intake (P = 0.81) or total DMI (P = 
0.85) did not differ between the 2 periods of the study.

Enteric CH4 Emissions

The effects of pregrazing herbage mass on enteric CH4 
emissions are shown in Table 4. Total CH4 emissions (P 
= 0.85) did not differ between cows grazing the LHM 
or HHM pastures, with an average value of 322 ± 34.6 
g/d. Cows grazing the LHM pasture tended to produce 
less CH4 per kilogram of feed intake (P = 0.05) and per 
kilogram of ECM yield (P = 0.07) and produced less 
CH4 per kilogram of milk (P = 0.01) compared with 
their counterparts grazing the HHM pasture. Enteric 
CH4 energy as a percentage of gross energy intake (Ym) 
was higher in the cows grazing the HHM pasture than 
in the cows grazing the LHM pasture (P = 0.03). Total 
CH4 emissions (P = 0.01), CH4 per unit of DMI (P = 
0.03), CH4 per unit of milk yield (P < 0.001), CH4 per 
unit of ECM yield (P < 0.001), and Ym (P = 0.03) in-

creased in period 2 of the study, compared with period 
1.

DISCUSSION

The aim of this study was to investigate if improv-
ing forage quality through maintaining pastures with 
lower pregrazing herbage mass during late spring could 
reduce enteric CH4 emissions and increase milk produc-
tion of dairy cows. Our results demonstrate that dairy 
cows grazing LHM pasture in late spring had increased 
ECM yield and reduced enteric CH4 emissions per unit 
of milk yield compared with their counterparts grazing 
HHM pasture. These differences were mediated through 
increased herbage intakes of better quality forage and 
improved efficiency of gross energy use.

Herbage Characteristics

Herbage grazing management has a strong impact on 
forage quality. In the present study, the treatments im-
posed resulted in 2 contrasting herbage masses (2,800 

Table 3. Effects of pregrazing herbage mass on daily milk yield, output of milk constituents, and body mass change of strip-grazing dairy cows

Item

Treatment1

SE2 P-value

Period

P-valueLHM HHM 1 2

Milk yield, kg/d 24.4 21.6 0.61 <0.001 24.8 21.3 <0.001
Milk fat, g/kg 36.4 38.2 2.01 0.42 40.9 33.8 <0.001
Milk protein, g/kg 32.7 31.3 0.75 0.07 32.2 31.7 0.48
Milk lactose, g/kg 47.4 47.6 0.31 0.26 48.1 46.9 <0.001
Milk solids (fat + protein), g/kg 72.9 73.3 2.43 0.86 73.1 65.5 <0.001
MUN, mg/dL 15.0 13.0 0.46 <0.001 11.8 16.2 <0.001
ECM yield, kg/d 23.3 21.0 0.66 0.01 24.9 19.4 <0.001
Body mass change, kg/d 0.080 0.084 0.13 0.98 −0.042 0.206 0.18

1LHM = low herbage mass; HHM = high herbage mass.
2The SE reported corresponds to both treatment and period effects.

Table 4. Effects of pregrazing herbage mass on feed intake and enteric methane (CH4) emission of strip-grazing 
dairy cows

Item

Treatment1

SE2 P-value

Period

P-valueLHM HHM 1 2

DMI, kg/d              
 Herbage 13.7 12.1 0.36 <0.001 13.0 12.8 0.81
 Concentrate 1.8 1.8 — — 1.8 1.8 —
 Total 15.5 13.9 0.36 <0.001 14.7 14.6 0.85
Enteric CH4 emissions              
 CH4 g/d 323 321 10.0 0.85 309 336 0.01
 CH4 g/kg of DMI 21.3 23.2 0.86 0.05 21.2 23.4 0.03
 CH4 g/kg of milk yield 13.6 15.3 0.64 0.01 12.7 16.2 <0.001
 CH4 g/kg of ECM yield 14.3 15.9 0.70 0.07 12.7 17.6 <0.001
 Ym

3, % of GE 6.8 7.5 0.28 0.03 6.8 7.5 0.03

1LHM = low herbage mass; HHM = high herbage mass.
2The SE reported corresponds to both treatment and period effects.
3Ym = enteric CH4 energy as a percentage of gross energy (GE) intake.
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kg of DM/ha difference between treatments). The pre-
grazing herbage mass obtained in the LHM treatment 
(~2,300 kg of DM/ha) was similar to LHM treatments 
measured >3 cm of previous studies (Stakelum and 
Dillon, 2004; Pérez-Prieto et al., 2012). The pregraz-
ing herbage mass of the HHM treatment (~5,100 kg of 
DM/ha) was somewhat higher than other high herbage 
mass studies, for example, 4,200 kg of DM/ha (Pérez-
Prieto et al., 2012) and 3,700 kg of DM/ha (Stakelum 
and Dillon, 2004). In particular, the former study used 
rising platemeter targets similar to the present study, 
but they were shorter in duration and were conducted 
earlier in the season our study, thus before the start 
of the reproductive stage of pasture. Because our aim 
was to obtain contrasting herbage qualities, a higher 
herbage mass was necessary.

The findings of the present study indicate that the 
quality of the LHM pasture was better than that of 
the HHM pasture. This finding is in agreement with 
Hoogendoorn et al. (1992) who reported that low herb-
age mass swards in late spring and summer contained 
lower amounts of grass stems and senescent material, 
but higher concentrations of green leaf, clover, and di-
gestible nutrients, than high herbage mass swards in 
the same season. Similar findings have been reported 
by O’Donovan and Delaby (2008). The 30% increase 
in “other species” observed in the second period of the 
study most likely corresponds to weeds because it is 
not uncommon for nonirrigated pastures to manifest an 
increase in weeds during their reproductive stage. Over-
all, the LHM pasture had better quality and a shorter 
rotation length than the HHM pasture, although the 
surface grazed by the animals was more than double. 
The practical implications of these results in a farming 
system are difficult to extrapolate. Decisions regard-
ing grazing management have practical and economic 
implications and must therefore be considered carefully 
to strike the right balance between the quality and 
quantity of fresh forage and its availability for silage- or 
hay-making, for example.

Herbage Intake and Milk Yield and Composition

The dairy cows grazing LHM pasture had greater 
herbage DMI and milk yield than cows grazing HHM 
pasture. This finding contrasts with Pérez-Prieto et al. 
(2012) who reported that herbage intake was not affect-
ed by herbage mass when herbage mass was measured 
above 2 to 3 cm. However, Pérez-Prieto et al. (2012) 
carried out their experiment earlier in the season with 
pastures in vegetative stage before initiation of stem 
elongation and lignification and low and high herbage 
masses were consequently of similar quality with no 

differences in OM digestibility. Further, in the meta-
analysis by Pérez-Prieto and Delagarde (2012), studies 
in which herbage mass changes did not affect pasture 
quality showed that herbage mass had no effect on ei-
ther pasture intake or milk production. This outcome 
is again most likely related to the time of year of the 
studies and the treatment durations, which in turn de-
termine pasture maturity and composition. In general, 
greater intakes can be expected with better quality for-
age because voluntary intake is negatively related to 
forage cell-wall concentration (Jung and Allen, 1995).

The accurate determination of grazed herbage in-
takes by individual animals when evaluating produc-
tion efficiency and enteric CH4 emissions is a major 
challenge for grazing studies. Individual grazed herbage 
intake in the present study was estimated using the n-
alkane tracer technique. Feed DMI was also estimated 
using energy requirement models (Agricultural and 
Food Research Council, 1993; Agnew et al., 2004) in 
which the nutritional energy requirements of body mass 
maintenance, gain, and lactation were calculated (data 
not shown). The mean herbage intake estimation calcu-
lated using the energy requirement models was 15.1 kg 
of DM/cow with no differences between herbage mass 
treatments. Although slightly lower, the herbage intake 
results measured with the n-alkane technique reflect 
the milk yield response observed in the present study 
(higher intake and milk production in the LHM treat-
ment), most likely associated with the higher quality 
and better nutritive value of the forage.

In the present study, milk protein concentration 
tended to be greater in the LHM than in the HHM 
treatment. This finding is most likely related to lower 
intake of rumen fermentable carbohydrates in the HHM 
treatment, which could result in a decreased propionate 
supply for gluconeogenesis. This situation could have 
resulted in increased use of amino acids for gluconeo-
genesis in the HHM treatment, thereby reducing the 
supply of amino acids for milk protein synthesis (Hoff-
man et al., 1997).

Enteric CH4 Emissions

In this study, despite LHM cows having greater 
herbage intakes than HHM cows, no differences in 
total enteric CH4 emissions were observed, a result 
that seems to be due to the better feeding value of the 
LHM pasture. In the study of Hammond et al. (2013), 
0.87 of the variation in total enteric CH4 emissions of 
grazing sheep was predicted by OM intake, and the 
relationships between forage chemical composition and 
total CH4 emissions and CH4 yield (g/kg of DM intake) 
were weak. Similarly, diet chemical composition only 
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predicted 0.13 of the variation in CH4 yield from cattle 
fed ryegrasses with a wide composition range (Ham-
mond et al., 2009). Reductions in CH4 emissions both 
per animal and per unit of intake with increased for-
age quality have been previously reported for grazing 
dairy cows. For example, at similar intake levels, cows 
grazing pasture in summer produced more CH4 than in 
spring, and this finding was attributed to grass matura-
tion (Robertson and Waghorn, 2002). More recently, 
dairy cows grazing LHM swards in summer in Ireland 
emitted less CH4 per unit of intake than cow grazing 
HHM swards of poorer nutritive quality (Wims et al., 
2010), and dairy cows grazing high digestibility peren-
nial ryegrass produced less CH4 per unit of feed intake 
than cows offered a TMR of lower digestibility (O'Neill 
et al., 2011). However, other studies have reported no 
effect of increased forage quality on CH4 emissions of 
beef cattle (Pinares-Patiño et al., 2003; Hart et al., 
2009; Richmond et al., 2015) and sheep (Molano and 
Clark, 2008; Sun et al., 2011). The effect of forage qual-
ity on methane emissions most likely depends on the 
extent of contrast in forage quality between treatments 
among the different studies.

One of the main findings of the present study is 
that dairy cows offered the LHM pasture emitted less 
CH4 per unit of milk than the cows offered the HHM 
pasture. Increasing dairy cow’s milk production dilutes 
their maintenance energy requirements (Johnson and 
Johnson, 1995), and reduced fiber content of pasture is 
associated with reduced CH4 production in the rumen 
(Beauchemin et al., 2008). These results are consistent 
with the findings of Wims et al. (2010) and indicate 
that an appropriate pasture management that allows 
maintaining high pasture quality constitutes an ef-
fective, although modest (~12%) CH4 mitigation ap-
proach. In the present study conducted in late spring, 
the LHM treatment resulted in better quality pasture 
than the HHM treatment, the latter being reflective 
of a very poor grazing management. Whereas under-
grazing such as the HHM management of the present 
experiment would be inefficient in a production set-
ting, it is not unusual in temperate productive systems 
in the spring. Low productivity of pastures in winter 
limits stocking rates, and pastures productivity in 
spring often surpasses what can be efficiently grazed 
by the animals or conserved. These findings are impor-
tant within the context of a growing demand for dairy 
products, together with a concern for the sustainability 
of food production. The LHM grazing management re-
sulted in higher milk production and reduced methane 
emissions per unit of product than the HHM grazing 
management. Diet manipulation through grazing strat-
egies that improve forage quality is a technique that 

is readily available to farmers, does not require major 
investments for its implementation, and is most likely 
viewed as an environmentally friendly strategy, par-
ticularly because consumers view livestock production 
from grazing animals favorably (Morales et al., 2013). 
Farmers are also likely to be keen about adopting these 
practices because they enhance animal productivity on 
a per cow basis.

This study constitutes the second report of mea-
sured enteric CH4 emissions from grazing dairy cattle 
in Chile. The average CH4 emission per unit of esti-
mated feed intake (22.3 g of CH4/kg of DMI) and CH4 
emission as a percentage of gross energy intake (7.1%) 
obtained in this study were somewhat higher than in 
previous studies with grazing dairy cattle: 19.3 g/kg 
of DMI and 6.4% (Wims et al., 2010), 19.2 g/kg of 
DMI and 5.7% (O'Neill et al., 2011), 20.6 g/kg of DMI 
and 6.2% (Lassey et al., 1997), and 19.2 g/kg of DMI 
and 6.3% (Muñoz et al., 2015), respectively. On the 
other hand and based on 144 studies including cattle, 
sheep, and goats, Giger-Reverdin et al. (2000) reported 
an ample variation on CH4 emissions per unit of DMI 
(4.9–49.0 g/kg of DMI) with an average value of 22.6 
g of CH4/kg of DMI. The values reported in this study 
are within the ranges expected for diets with a high 
proportion of forage and are similar to the results of 
Enriquez-Hidalgo et al. (2014), who reported 24.5 g of 
CH4/kg of DMI for cows fed grass swards in autumn 
with 423 g of NDF/kg of DM and OM digestibility of 
780 g/kg of DM.

CONCLUSIONS

The LHM pasture (~2,100 kg of DM/ha) used in this 
study had reduced fiber concentration and increased 
in vitro digestibility compared with the HHM pasture 
(~5,000 kg of DM/ha). The better quality pasture in-
creased herbage intake and milk yield and decreased 
enteric CH4 emissions per kilogram of milk and CH4 
energy output per unit of gross energy intake. Total 
enteric CH4 emissions were not affected by pregrazing 
herbage mass. These results suggest that grazing man-
agement that favors maintaining high-quality pastures 
during late spring constitutes an effective strategy for 
moderately decreasing enteric CH4 emissions of dairy 
cows.
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