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ABSTRACT

A long grazing season improves the profitability of
pasture-based dairy production. It can entail grazing
under wet soil conditions and the risk of damaging
swards. Housing cows either temporarily or completely
while soil moisture is high can avoid damaging swards.
An experiment with 4 grazing systems was conducted
over 3 yr (Sep. 1, 2013, to Aug. 31, 2016). The purpose
was to evaluate whether soil moisture measurements
are an effective decision support to assess the risk of
treading damage and effects on pasture productivity
and dairy cow performance during wet soil conditions.
Access time to pasture between February and Decem-
ber of each grazing season was dependent on volumetric
soil moisture content (VSMC, m’/m®) measured each
morning: Control = cows were housed at VSMC >0.5
and otherwise allowed 22 h/d access to pasture; S<7
= cows were housed on days with VSMC >0.7 and
otherwise allowed 22 h/d access to pasture; S7-6 =
cows were housed at VSMC >0.7 and allowed 8 h/d
access to pasture at VSMC between 0.7 and 0.6 and 22
h/d access at VSMC <0.6; S7-5 = cows were housed
at VSMC >0.7 and allowed 8 h/d access to pasture
at VSMC between 0.7 and 0.5 and 22 h/d access at
VSMC <0.5. Cows with 8-h access per day received
no other feeding when housed. All herds were compact
spring-calving, with a mean calving date of Feb. 19.
Mean stocking rate was 2.57 cows/ha. Measurements
of VSMC provided an objective indicator for the risk
of treading damage. Less time spent at pasture under
wet soil conditions lowered treading damage but had
no effect on annual pasture production (mean 14.8 t of
organic matter/ha). Annual milk solids production per
cow was lowest for the control herd (485 kg) and not
different between the other systems (503 kg). Reducing
treading damage to swards did not improve productiv-
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ity or profitability of the grazing systems. Nevertheless,
measuring soil moisture was a useful decision support
for assessing the risk of treading damage when turning
cows out to pasture.

Key words: grazing management, pasture-based dairy
production, restricted access, treading damage

INTRODUCTION

A long grazing season improves the profitability of
pasture-based dairy production (Lépple et al., 2012;
Hanrahan et al., 2018). However, grazing dairy cows,
particularly during the winter, spring, and autumn, can
damage both the sward and upper soil layers, which
can lower pasture production (Pietola et al., 2005;
Drewry et al., 2008; Phelan et al., 2013; Tunon et al.,
2014). Creighton et al. (2011) showed that 60% of Irish
dairy farmers identified wet soil conditions as the most
important factor influencing their decision whether or
not to turn livestock out to pasture. Treading damage
by the hooves of grazing animals, which is a plastic
deformation of the soil surface, is most likely to occur
under wet soil conditions (Drewry et al., 2008; Phelan
et al., 2013). At higher latitudes of the temperate
zones, soil moisture content is typically highest dur-
ing the winter, spring, and autumn due to seasonally
higher rainfall combined with low evapotranspiration.
To achieve a long grazing season, it is often necessary
to turn cows out to pasture under less-than-optimal soil
moisture conditions.

Keeping cows indoors to avoid treading damage on
farms on poorly drained soils shortens the grazing
season and increases the cost of production compared
with farms situated on well-drained soils (Shalloo et al.,
2004; Fitzgerald et al., 2008; Hanrahan et al., 2018).
Restricting the time that cows have access to pasture
per day to short grazing bouts is one way of incorpo-
rating more grazed pasture in the diet while limiting
treading damage. Typically, cows are allowed access to
pasture for 2 grazing bouts per day, each of 3 to 4 h
in duration. Cows are housed or held on a standoff
pad for the remainder of each day and often receive no

4189


https://orcid.org/0000-0002-2770-9816
https://orcid.org/0000-0002-6084-4972
mailto:friederike.fenger@postgrad.wit.ie

Fenger et al.: ACCESS TO PASTURE UNDER WET SOIL CONDITIONS

additional feed during this time. Such an approach has
been shown to maintain pasture intake and milk pro-
duction (Gregorini et al., 2009; Kennedy et al., 2009;
Pérez-Ramirez et al., 2009), cause less damage to soil
structure (Houlbrooke et al., 2009; Laurenson et al.,
2016), and lower the risk of nutrient losses to water
(Clark et al., 2010; Christensen et al., 2019).

Although many studies have measured the effects
of treading on soil structure and pasture production,
the extent of treading is typically ascertained after the
grazing event (Houlbrooke et al., 2009; Phelan et al.,
2013; Tunon et al., 2014; Laurenson et al., 2016). From
a commercial farming perspective, the concern is to
prevent treading damage before it happens, because it
is likely to be detrimental to current and future produc-
tivity of pastures and to the dairy cows. This requires
the capacity to ascertain the soil moisture conditions
that are not suitable for grazing in advance of the graz-
ing event. Indeed, we are not aware of any unambiguous
and objective definition of suboptimal conditions for
grazing that can be used as on-farm decision support.
Hence, the overall objective of the present study was to
ascertain how soil moisture, measured using a soil probe
at a central location on a farm, can be used to support
the decision to (1) keep cows indoors, (2) allow cows re-
stricted access to pasture for a few hours per day, or (3)
allow cows out to pasture for most of the day, on days
of the year when conditions are typically considered
suboptimal for grazing. Ultimately, a decision support
system should improve profitability or increase environ-
mental sustainability of a production system. Hence,
the present study was designed to simultaneously assess
the effects of different grazing management strategies
on the profitability of dairy production. Earlier studies
at the same site as that of the present study (Phelan
et al., 2013; Tuohy et al., 2015) have shown that soil
moisture can be above the plastic limit, which indicates
the onset of possible treading damage, during much of
the grazing season. Hence, a certain degree of treading
damage throughout the grazing season is unavoidable
at this site. Nevertheless, using the results of these 2
earlier studies (Phelan et al., 2013; Tuohy et al., 2015),
it was determined that there was a low risk of treading
damage at a volumetric soil moisture content (VSMC,
m’/m?) of <0.5, and severe treading damage was likely
at VSMC >0.7. Hence, 4 grazing systems were estab-
lished, one with a low risk of treading damage and one
that entailed a high risk of damage at risky times of the
year. The other 2 systems were designed to examine the
practice of restricting daily access time to pasture un-
der different criteria of VSMC as a means of curtailing
damage to paddocks and potentially increasing pasture
production.
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MATERIALS AND METHODS

Site Description

The experiment was conducted at Solohead Research
Farm (52°30'N, 08°12'W, 95 m above sea level) in south-
west Ireland. Soils at the farm include poorly drained
Gleysols (90%) and Podzols (10%) with a clay loam
texture (36% sand and 28% clay) in the Al horizon
overlaying Devonian sandstone at a depth of 5 to 10
m below ground level (FAO, 2015). Topographic relief
causes variation in shallow groundwater, with the wa-
ter table depth ranging from 0 to 2.2 m below ground
level. Much of the farm area is seasonally wet, water-
logged, or flooded. The local climate is humid temper-
ate oceanic, with a long potential growing season (~10
mo). The land has been under permanent grassland
with predominantly perennial ryegrass and white clover
swards for well over 50 yr, and approximately 5% of the
grassland was renovated each year.

Experimental Systems

Ethical approval for this study was deemed not nec-
essary because animals were handled and treated as in
a normal commercial farm operation. The experiment
was carried out over 3 consecutive years: from Sep. 1,
2013, to Aug. 31, 2016, with each year spanning the
timeframe between Sep. 1 and Aug. 31. Four grazing
systems were established, where daily measured VSMC
was used to determine (1) when (days per year) lactat-
ing cows were allowed access to pasture and (2) the
length of time per day that cows were allowed access
to pasture in each of the 4 systems (Table 1). These
access times ranged from entailing a very low risk of
treading damage (control) to a high risk of damage
(S<T). The control system was designed to reflect the
cautious management practice prevalent on many Irish
dairy farms. Management similar to that in S<7 is
practiced rarely on Irish dairy farms and was designed
to represent extreme management practices. The other
2 systems (S7—6 and S7—5) were intermediate in terms
of treading risk and involved allowing the herds re-
stricted access to pasture on the days that they were
allowed out to pasture. These 2 systems were designed
to represent recommended best practices, which involve
restricted daily access time under wet soil conditions
and periods of heavy rainfall (Kennedy et al., 2016).

At VSMC <0.7, cows in S<7 were allowed out to pas-
ture for the entire day, excluding milking times in the
morning and evening, with milking times accounting
for approximately 2 h per day. When VSMC >0.7 the
S<7 herd was housed. Likewise, the control herd was
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Table 1. Daily access to pasture (h) for cows according to volumetric
soil moisture content (VSMC, md/md) and number of hours per day
that lactating cows in the 4 grazing systems were allowed access to
pasture

Grazing system

VSMC S<7 S7-6 S7-5 Control
>0.7 0 0 0 0
0.7-0.6 22 8 8 0
0.6-0.5 22 22 8 0
<0.5 22 22 22 22

housed when VSMC >0.5 and allowed 22 h per day ac-
cess to pasture once VSMC <0.5. Restricted access per
day involved a 4-h grazing bout immediately after the
morning milking and a 4-h grazing bout immediately
after the evening milking, as recommended by Kennedy
et al. (2009). Herds were housed once the allotted time
had elapsed. During the days that cows were allowed
8-h access to pasture, they received no other additional
feeding when housed; that is, their entire diet was
grazed pasture, as recommended by Kennedy et al.
(2011). The S7-6 herd was housed when VSMC >0.7,
was allowed 8-h access to pasture per day when VSMC
was between 0.7 and 0.6, and was allowed 22-h access
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to pasture per day when VSMC <0.6. Likewise, the
S7-5 herd was housed when VSMC >0.7, was allowed
8-h access to pasture per day when VSMC was between
0.7 and 0.5, and was allowed 22-h access to pasture per
day when VSMC <0.5 (Table 1). On days that a herd
was housed full time, that herd received silage (ensiled
pasture) ad libitum.

The only exception to these management rules was
when pasture mass was too low to sustain herd de-
mand, which occurred when pasture growth rates were
below herd demand and pre-grazing pasture mass was
<1,000 kg of DM /ha (measured to 4 cm above ground
level). Under such circumstances, cows were housed
and received silage ad libitum, and were occasionally
supplemented with concentrates according to the feed
budget for each herd (see below). All silage fed during
the experiment was harvested from the experimental
area. Energy content of the concentrate feed (35% beet
pulp, 26% barley, 26% maize gluten, and 12% soybean
meal) was 0.95 UFL (unité fourragere laitiere).

Additional to the management rules outlined here
and in Table 1, the end of the grazing season (cows
housed for the winter; Table 2) was determined by an
average pasture mass of 500 kg of DM /ha across all the
paddocks in each system.

Table 2. Details of the grazing systems imposed during the 3 yr of the experiment (Sep. 1, 2013, to Aug. 31,

2016)
Grazing system'
Ttem S<7 S7-6 S7-5 Control SEM
End of grazing season 2013 19 Nov 19 Nov 07 Dec 13 Dec
End of grazing season 2014 22 Nov 22 Nov 22 Nov 06 Nov
End of grazing season 2015 29 Nov 29 Nov 29 Nov 08 Nov
Start of grazing season 2014 24 Feb 24 Feb 24 Feb 04 Mar
Start of grazing season 2015 17 Feb 17 Feb 17 Feb 20 Mar
Start of grazing season 2016 08 Feb 08 Feb 08 Feb 16 Mar
Overall stocking rate’ (cows/ha) 2.57 2.57 2.57 2.57
Monthly stocking rates when areas
closed for silage were accounted for
(cows/ha)
September to December 2.57 2.57 2.57 2.57 0.06™
February to March 2.60 2.60 2.60 2.62 0.03"%
April to June 3.92" 3.81" 3.87" 4.65" 0.14*
July to August 3.21 3.16 3.19 3.49 0.14
Mean 3.03" 2.99" 3.02" 3.29" 0.05%+*
Proportion of area harvested for silage
April to June 0.42 0.46 0.45 0.67 0.07™"
July to mid-August 0.37 0.40 0.32 0.53 0.07"8

*"Mean values in the same row with different superscripts differ between grazing systems (P < 0.05).

'S<7: cows were housed on days with VSMC >0.7 and otherwise allowed 22 h/d access to pasture; S7-6 =
cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture at VSMC between 0.7 and 0.6 and 22
h/d access at VSMC <0.6; S7T-5 = cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture at
VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5; control = cows were housed at VSMC >0.5 and
otherwise allowed 22 h/d access to pasture (see Table 1 for further description).

2On overall farm area.
*P < 0.05, ¥**P < 0.001, ¥P > 0.05 (not significant).
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Experimental Set Up and Design

All cows used in the experiment were compact spring-
calving, with a mean calving date of Feb. 19. In 2013 all
cows were managed as a single herd before the begin-
ning of the experiment. In August 2013 all cows were
divided into 4 main groups based on lactation number
(1, 2, 3, and >4) and then subdivided into subgroups
of 4 on the basis of calving date. One cow from each
subgroup was randomly assigned to each herd. Herds
were randomly assigned to each grazing system. In the
spring of 2014, 2015, and 2016, cows were assigned to
herds and herds to grazing systems in the same man-
ner as described herein. Mean overall stocking rate on
each system was 2.57 cows/ha (Table 2). There were
23 cows per herd in 2013/14 (year 1), 25 cows per herd
in 2014/15 (year 2), and 24 cows per herd in 2015/16
(year 3). Annual milk data for each experimental year
encompassed Sep. 1, 2013, to Aug. 31, 2014 (year 1);
Sep. 1, 2014, to Aug. 31, 2015 (year 2); and Sep. 1,
2015, to Aug. 31, 2016 (year 3).

Cows were turned out to pasture approximately 3
d after calving and dried off in late November and
December. Only lactating cows were allowed out to
pasture. Nonlactating cows were kept indoors before
calving in spring and after the end of lactation. Cows
that calved before turnout (start of the grazing season)
were kept indoors and fed silage ad libitum. In early
lactation (February to April), cows received up to 6 kg
of concentrate per cow per day, depending on the mass
of pasture available on the grazing area. During the
rest of the grazing season (from May onward) between
0 to 2 kg of concentrate was fed per cow per day. Daily
concentrate supplementation per cow was the same
across all systems.

The experimental area was divided into 6 blocks
based on soil type and drainage status in August 2013.
Each block was divided into 4 paddocks. One paddock
from each block was randomly assigned to each system
and remained in that system until the end of the experi-
ment, resulting in 6 paddocks per system (9.35 ha per
system). Strip-grazing management was practiced in all
systems. Excess pasture mass per system was identified
and removed as silage throughout the grazing season.
This was generally the case when pasture growth rate
was higher than the feed demand of the grazing herd,
resulting in pre-grazing pasture masses >1,600 kg of
DM/ha between April and July, and >2,000 kg of DM/
ha from August onward. The proportion of the area
that was closed for silage in each system is presented in
Table 2. Each system received annual nitrogen input of
280 kg of N/ha in the form of mineral fertilizer and 56
kg of N/ha in the form of cattle slurry, which is in line
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with national guidelines (DAFM, 2020). Mineral nitro-
gen fertilizer was applied in the form of urea between
February and April and in the form of calcium ammo-
nium nitrate between May and September, distributed
over the course of the growing season in line with sward
requirements.

Measurements

Meteorological Data. Soil temperature (°C, at soil
depth of 10 cm), rainfall (mm), wind speed (m/s) and
direction (°), and solar radiation (J/cm) were measured
at an automated weather station on the research farm.
Volumetric soil moisture content (m®/m®) was mea-
sured daily at the weather station in the upper 5 cm
of the soil (Gleysol) using an ML2x Soil Moisture Mea-
surement Kit (Delta-T Devices Ltd.). Fully screened
piezometers (high-density polyethylene pipes, internal
diameter 19.6 cm; Eijkelkamp, Agrisearch Equipment)
were installed to a depth of 2 m in each paddock before
the beginning of the experiment. Groundwater table
depth (WTD; m below soil surface) was measured
every week during the experiment using a Geosense
electric water level meter with acoustic signal (Marton
Geotechnical Services Ltd.). Daily weather data (rain-
fall, temperature, wind speed, and solar radiation) were
used to calculate soil moisture deficit for each day of
the experiment using the model of Schulte et al. (2005)
and assuming a moderately drained soil.

Time at Pasture. The length of the grazing season
was measured in terms of days at pasture per cow, where
each day was where cows were allowed access to pasture
for either 22 h or 8 h. The number of days with 22 h
and 8 h at pasture per cow were recorded separately.
Annual time at pasture (h/cow) was calculated for each
cow based on records of days at pasture, as described
previously. The proportion of lactating cows at pasture
and dry cows indoors was considered when accounting
for both the annual number of days at pasture and the
annual number of hours at pasture per cow.

Treading Damage. Soil surface deformation and
hoofprint depth were recorded after a grazing event in
each grazing system once per week during the grazing
season. Soil surface deformation (cm/m) was measured
using a link chain attached to one end of a straight
wooden pole. Both the chain and pole were 2 m in
length. The pole and chain were laid horizontally on
the soil surface, and the chain was fitted to the con-
tours of the soil. Surface deformation was quantified
as the reduction in chain length (cm) relative to the
length of the wooden pole. A greater reduction in chain
length represented greater damage. Measurements were
made at 30 locations selected at random in each pad-
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dock. The depth of hoofprints (cm) was measured with
calipers at 100 random locations across the paddock.

Pasture Production, Utilization, and Nutritive
Value of the Sward. Before each grazing event, pre-
grazing pasture mass was determined by harvesting a
strip (1.2 x 10 m) of pasture using an Etesia Hydro
124DS Lawnmower (Etesia UK Ltd.) set at a cutting
height of 4 cm above ground level. All mown pasture
was collected and weighed. A 100-g (fresh weight) sub-
sample was dried for 16 h at 90°C for determination of
DM content, which was then used for determination
of pre-grazing pasture mass (kg of DM/ha). Pasture
masses of harvests for silage were determined likewise.

A second 100-g subsample was freeze-dried and
milled through a 0.2-mm sieve before analyses for ash
content (550°C muffle furnace for 12 h), CP (N con-
tent; Leco 528 Auto-Analyzer, Leco Corp.), NDF (Van
Soest, 1990), and in vitro OM digestibility as described
by Morgan et al. (1989).

Due to contamination of samples during the harvest-
ing process in wet soil conditions, ash contents during
spring were higher than usual. Hence, annual pasture
masses are presented as OM, and ash contents are not
presented. Total annual pasture production (t of OM/
ha) for each paddock was determined as the sum of pas-
ture mass removed as pre-grazing and pre-silage cuts.

Post-grazing sward height (cm) on each system was
estimated using a rising plate meter (Grasstec) ap-
proximately once per week immediately after a grazing
event. Pasture mass available for grazing in each system
was measured typically once per week during the graz-
ing season. On each occasion, compressed sward height
was recorded on each paddock, which was converted
into pasture cover, an estimate of pasture mass DM 4
cm above ground level, using a sward density of 240 kg
of DM/cm /ha.

Feed Intake and Milk Production. The amount
of concentrate fed per cow was recorded at each milk-
ing (Dairymaster). Silage bales were opened up and
offered to cows at the feed-barrier. Silage intake was
estimated as silage fed to cows; that is, the difference
between what was offered and what was discarded.
Sample bales of silage and discards were weighed on a
weekly basis using a weighing scale and the Winweigh
software package (Tru-Test Limited). On each occasion
a grab sample from each bale was collected, and 100
g (fresh weight) of subsample was dried for 16 h at
90°C for determination of DM content, which was then
used to determine the dry weight of each silage bale.
Approximately once per month a second subsample (n
= 33) was analyzed for ash, DM digestibility, NDF,
and CP, using laboratory techniques similar to those
described previously.
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Intake of grazed pasture for each cow was estimated
as the difference between net energy provided from si-
lage and concentrates and the net energy requirements
for milk production, maintenance, and pregnancy
(Jarrige et al., 1986; Jarrige, 1989; O’Mara, 1996). Re-
quirements for activity and walking were included in
requirements for maintenance as an increase of 10% for
each day indoors and 20% for each day at pasture (22-h
and 8-h access to pasture).

Cows were milked at 0730 and 1530 h daily through-
out lactation. Milk yield from each cow was recorded
at each milking, and milk composition was measured
twice weekly from the morning and evening milking
using a Milkoscan 203 (Foss Electric). The liveweight
of each cow was recorded at 2-wk intervals throughout
each year using a weighing scale and the Winweigh
software package (Tru-Test Limited). Body condition
score (Edmonson et al., 1989) of each cow was recorded
at 2-wk intervals throughout each year.

Economic Analysis

Profitability of each grazing system was determined
using a whole-farm spreadsheet model similar to that
described by Humphreys et al. (2012). The biological
data of each system from each year were used, taking
into account the statistical analysis of the data; where
no statistical difference occurred between systems
within a year, the mean of the systems was used in the
economic analysis to ensure that differences caused by
residual errors did not lead to differences in profitabil-
ity. Grazing systems were compared on the basis of a
farm area of 50 ha stocked at 2.5 cows/ha. Replacement
heifer calves were transferred to be reared on another
farm on contract at approximately 3 wk of age. Dairy
replacements were reared at a total cost of €947 per
animal, based on a cost of €1.30 per day per animal
(Teagasc, 2013a). Likewise, surplus calves were sold at
approximately 3 wk of age for €250 per female calf and
€50 per male calf. Culled cows were sold off the farm
at the end of lactation in December at €550 per cow.
The dairy cow replacement rate in all systems was 21%.
Silage was produced on the farm to meet winter feed
requirements. Surpluses of silage were sold each year,
and deficits were met by purchased silage at €130 per
tonne of DM. Surpluses and deficits were calculated as
the difference between preserved and consumed silage
per system.

Basic annual labor requirement for all systems was
set as 26.7 h/cow, the national average of spring-calving
pasture-based dairy farms in Ireland (Donnellan et al.,
2020). Grazing system S<7 was considered to have the
lowest requirements for labor, with only the basic an-
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nual labor per cow. Systems S7-6, S7-5, and control all
had additional requirements for labor. For each day that
cows had 8-h access to pasture and needed more man-
agement, bringing cows from field to house to milking
shed (compared with from field to milking shed under
22-h access to pasture) increased labor requirements by
1 h per day. In addition, labor requirements increased
by 2 h per day for each additional day that cows were
housed, compared with cows in S<7, and needed more
management; that is, feeding of grass silage and manure
(slurry) management (compared with no feeding under
22-h access to pasture). The amount of slurry produced
in each grazing system was calculated based on time
spent indoors; that is, hours of the year minus annual
time at pasture (h/cow), with 0.06 m* slurry produced
per cow per 24 h indoors (Teagasc, 2013b).

For economic interpretation of the experimental data,
secondary data resources were used for input and output
prices, such as the Central Statistics Office of Ireland
(CSO, 2020), Teagasc National Farm Survey (Donnel-
lan et al., 2020), Teagasc Management Data for Farm
Planning (Teagasc, 2013b), and Contracting Charges
Guide (FCI, 2019; Table 3). Estimates for fixed costs
were taken from the results of the Teagasc National
Farm survey (Donnellan et al., 2020) due to unavail-
ability of representative fixed costs for the systems. A
cost of €858 /ha on the basis of each hectare of the farm
area was used for each grazing system, which included
the costs of car, electricity, phone, interest (financial),
machinery use and depreciation, building maintenance
and depreciation, land improvement maintenance and
depreciation, and other miscellaneous fixed costs, such
as insurance, advisory fees, and others.

Profitability was expressed as net profit, which was
calculated as total receipts (milk, livestock) less vari-
able (feed, fertilizer, veterinary, artificial insemination,
and contractor charges) and fixed costs (as outlined
previously). No farm subsidy payments were included
in the calculation. All land was considered to be owned.
Opportunity costs of land were included as the differ-
ence between the returns on the best forgone option

Table 3. Economic data used in the economic assessment of the 4
grazing systems

Item Value
Concentrate feed (€/t) 280
Fertilizer urea (€/t) 360
Fertilizer calcium ammonium nitrate (€/t) 260
Labor (€/h) 15
Veterinary and artificial insemination (€/cow) 90
Silage harvest (€/bale) 20
Slurry spreading (€/h) 65
Fertilizer spreading (€/t) 37
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and the returns on the chosen option. The current land
rental price (€450/ha; Coulter et al., 2020) was defined
as the best forgone option. If net profit per hectare
(returns on chosen option) was lower than land rental
price (returns on best forgone option), the difference
was applied as opportunity costs. In this way, opportu-
nity costs of land represented the cost of not choosing
the better alternative.

The analysis was conducted at a base milk price of
€0.29/L with a reference content of 33 g/kg of milk
protein and 36 g/kg of milk fat at a relative price ratio
of 1:1.5 (fat:protein) in a multiple component payment
system (A + B — C; Geary et al., 2010).

Statistical Analysis

All results were subjected to ANOVA using the
MIXED procedure in SAS 9.4 (SAS Institute Inc.,
2014). For analysis of annual means, grazing system
was a fixed effect, and year and block were random ef-
fects in the ANOVA. Experimental year was considered
a random effect, as the environmental conditions were
assumed to vary randomly from year to year and differ-
ences in rainfall and soil moisture status between years
were small. All annual data (time at pasture, treading
damage, pasture production, feed intake, milk produc-
tion, and economic performance) for each experimental
year (2013/14, 2014/15, and 2015/16) encompassed
Sep. 1 to Dec. 31 of the first year and Jan. 1 to Aug.
31 of the following year: Sep. 1, 2013, to Aug. 31, 2014,
in yr 1 (2013/14); Sep. 1, 2014, to Aug. 31, 2015, in yr
2 (2014/15); and Sep. 1, 2015, to Aug. 31, 2016, in yr
3 (2015/16).

Individual cows were experimental units for animal-
related variables. For animal-related variables, block
numbers were used to join data across calendar years
to create annual means for each of the experimental
years; that is, data for the cow in block 1 between
Sep. 1 and Dec. 31 were joined with data for the cow
in block 1 between Jan. 1 and Aug. 31 of the follow-
ing calendar year. Because the cows were assigned to
blocks in the same way each year, as described previ-
ously, this method ensured that the lactation number
and approximate calving date were the same for each
cow in each of the blocks that were joined. Individual
paddocks were experimental units for field-based vari-
ables. The same paddocks and blocks were used in all
experimental years, as paddocks remained in the same
system until the end of the experiment.

For measurements that were calculated on system
basis, year was used as the replicate: pasture mass
harvested as pre-silage or pre-grazing cuts and prof-
itability of the systems. Simple relationships between
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Figure 1. (a) Mean daily soil temperature (°C, at a soil depth of 10 cm) during the experimental period (gray area) compared with 15-yr

average (solid line); (b) volumetric soil moisture content (m®/m?

during the experimental period.

values were analyzed using correlation analysis (Pear-
son correlation coefficient) in the CORR procedure and
regression analysis in the GLM procedure. Means are
presented as least squares means + standard error of
the mean (SEM).

RESULTS
Rainfall and Soil Moisture Status

Soil temperatures were close to the long-term average
during most of the experiment. Only between June and
September of 2013/14 soil temperatures were consider-
ably above average (Figure la). Annual rainfall was
1,162 mm in 2013/14, 1,093 mm in 2014/15, and 1,320
mm in 2015/16. The mean of the previous 15-yr pe-
riod was 1,056 mm. Rainfall in spring (March-May) of
2014/15 and 2015/16 was above the 15-yr mean (263
and 233 vs. 201 mm, respectively). All 3 experimental

Journal of Dairy Science Vol. 105 No. 5, 2022

, solid line), daily rainfall (mm, gray bars), and (c) soil moisture deficit (mm)

years had below-average rainfall in summer (June-Au-
gust: 154, 203, and 237 vs. 240 mm) and autumn (Sep-
tember—November: 241, 296, and 277 vs. 325 mm) and
above-average rainfall in winter (December—February:
595, 330, and 572 vs. 289 mm). During the main grazing
season (April-October) VSMC exceeded 0.6 only once,
in April 2016. Values between 0.5 and 0.6 were mea-
sured mainly between October and the following May.
Values >0.7 occurred primarily between December and
March and on 4 d in early April 2014. In 2013/14,
rainfall was low during November and December, re-
sulting in a VSMC below 0.5 for 15 d in December 2013
(Figure 1b). Mean annual soil moisture deficits were
15, 12, and 9 mm in 2013/14, 2014/15, and 2015/16,
respectively. Saturated soil conditions (soil moisture
deficit = —10 mm) occurred on 24, 17, and 22 d/yr in
each of the 3 experimental years, respectively (Figure
1c). We observed a clear seasonal trend in WTD, with
the lowest WTD in September of each year (Figure 2).
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Time at Pasture

The grazing season ended earlier and started later in
control compared with the other 3 systems (Table 2).
An exception was in 2013/14, when control and S7-5
were allowed out to graze due to the low VSMC during
December 2013. Averaged over 3 experimental years,
cows on the control system spent 206 d at pasture per
year, which was lower (P < 0.001) than the cows on
S<7, S7-6, and S7-5 (mean 259 d; SEM 1.64, which
included both 22-h and 8-h days at pasture). The aver-
age number of days per year when cows had 8-h access
to pasture was 30 on S7-6 and 51 on S7-5. Mean an-
nual time at pasture was 5,696 (S<7), 5,251 (S7-6),
4,980 (S7-5), and 4,518 (control) h/cow (SEM 84.6,
P < 0.001). The difference in time at pasture between
grazing systems occurred mainly between February
and June and, to a lesser extent, during October and
November of each grazing season (Figure 3).

Treading Damage

Grazing system affected (P < 0.001) hoofprint depth
and soil surface deformation (Figure 4). We found
close relationships between annual number of hours at
pasture per cow and (1) mean annual hoofprint depth
and (2) mean annual soil surface deformation. These
relationships were improved with the addition of a
quadratic term (P < 0.05), indicating a declining influ-

o
(93]
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—a— S<7

Water table depth
(m below soil surface)
S
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ence of time at pasture on treading damage (Figure 4).
Within individual grazing events in all grazing systems,
the strongest correlation between treading damage and
soil moisture status was between VSMC and hoofprint
depth in spring (Table 4). At grazing events where
VSMC was between 0.7 and 0.5, restricting access to 8
h/d lowered soil surface deformation (cm/m): 14.5 with
8-h access compared with 16.9 with 22-h access (SEM
0.66, P < 0.01). It had no effect on hoofprint depth
(cm): 3.51 with 8-h access compared with 3.91 with
22-h access (SEM 0.20, P = 0.13).

Pasture Production and Nutritive Value of Pasture
and Silage, and Feed Intake

Averaged over the 3 yr of the study, annual pasture
production was not affected by grazing system (mean
14.8 £ 0.97 t of OM/ha, P = 0.76). The control had
more pasture mass harvested as silage than the other
3 systems (Table 5). The grazed pasture on the control
system had lower (P < 0.05) NDF (Table 5). We de-
tected no difference in CP or OM digestibility of the
grazed pasture between the systems. Likewise, no dif-
ferences were detectable in the nutritive value of the
silages fed to the herds on each system (Table 5). The
ash content of the silages averaged 84 + 7.1 g/kg of
DM.

Cows on the control system consumed on average
628 kg of DM /cow more (P < 0.001) silage per year

—-S7-6
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Figure 2. Three-year mean water table depth (m below soil surface) per month in the 4 grazing systems (S<7, S7-6, S7-5, and control).
Grazing systems: control = cows were housed at VSMC >0.5 and otherwise allowed 22 h/d access to pasture; S<7: cows were housed on days
with VSMC >0.7 and otherwise allowed 22 h/d access to pasture; S7-6 = cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture
at VSMC between 0.7 and 0.6 and 22 h/d access at VSMC <0.6; S7-5 = cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture
at VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5 (see Table 1 for further description). Error bars show SE of the interaction

between month by system mean (P = 0.91).
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Figure 3. Proportion of total available time per month (22 h per each day of the month) that was spent at pasture in the 4 grazing systems
(S<7, S7T-6, S7T-5, and control) during the experiment. Grazing systems: control = cows were housed at VSMC >0.5 and otherwise allowed 22
h/d access to pasture; S<T7: cows were housed on days with VSMC >0.7 and otherwise allowed 22 h/d access to pasture; S7-6 = cows were
housed at VSMC >0.7 and allowed 8 h/d access to pasture at VSMC between 0.7 and 0.6 and 22 h/d access at VSMC <0.6; S7-5 = cows were
housed at VSMC >0.7 and allowed 8 h/d access to pasture at VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5 (see Table 1 for
further description). Error bars show SE of the interaction between month by system mean (P < 0.001). Differences between grazing systems
within a month are indicated with *P < 0.05, **P < 0.01, and ***P < 0.001.

compared with cows on S<7, S7-6, and S7-5, which
consumed a mean of 1,145 + 51.0 kg of DM /cow (Table
5). The difference in silage intake by the control com-
pared with the other systems was mainly during the
period from January to May (400 kg of DM /cow) and,
to a lesser extent, during the period between Septem-
ber and December, when the difference was 217 kg of
DM/cow (Table 5). Control had lower pasture intake of
2,858 kg of DM /cow compared with S<7 (3,675), S7-6
(3,643), and S7-5 (3,561 kg of DM /cow, SEM 140.7, P
< 0.001). Annual concentrate intake was not different
between systems (548 + 30.3 kg of DM /cow, P = 0.74).

Milk Production, BCS, and BW

Annual milk solids production was lowest (P < 0.05)
in the control herd, although annual milk yield was
not different between systems (Table 6). We also found
lower (P < 0.01) annual average milk protein content
in control (37.7 g/kg) compared with the other systems
(mean of 38.6 g/kg). A significant interaction occurred
(P < 0.01) between grazing system and week of lacta-
tion for daily milk solids yield: it was lower in control
compared with the other systems during the first 14 wk
of lactation (Figure 5).

No difference was detectable in the BW of cows on
each of the systems during the study (Table 6). The
cows on S<7 had a higher (P < 0.01) mean BCS than
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the cows in each of the other systems, which were not
different from each other (Table 6).

Economic Analysis

The total annual requirement for labor increased
from 3,338 h (S<7) to 3,368 h (S7-6), 3,389 h (S7-5),
and 3,445 h (control), which is equivalent to annual
labor requirements of 26.7, 26.9, 27.1, and 27.5 h/cow,
respectively. As a result, labor costs increased (P <
0.001) with less time spent at pasture (Table 7). Net
profit was lowest (P < 0.001) in the control system, due
to a combination of higher costs and lower milk sales
compared with the other 3 systems, which were not
different from each other. The difference in net profit
between control and S<7 comprised lower milk sales
(0.26 of the difference in net profit), higher labor costs
(0.10), and higher variable costs (0.64) in the control
system. Higher variable costs in control compared with
S<7 were mainly related to silage (higher silage-making
costs and lower silage sales; 0.79 of the difference in
variable costs) and, to a lesser extent, by higher slurry
handling costs (0.21). Numerically higher total costs of
production in S7-6 and S7-5 compared with S<7 were
caused by an increase in contracting costs for slurry
spreading (0.37 and 0.36) and higher requirements for
labor (0.63 and 0.64 of increase in total costs from S<7
to S7-6 and S7-5, respectively). Over the 3 yr of the
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Table 4. Pearson correlation coefficient (r) between measures of
treading damage (hoofprint depth and soil surface deformation) and
measures of soil moisture status at the time of grazing [volumetric
soil moisture content (VSMC) and water table depth (WTD)] in
spring (March-May), summer (June-August), autumn (September—
November) and annually (Year)

Measurement Period VSMC WTD
Hoofprint depth Spring 0.41%* —0.01
Summer —0.14 —0.29
Autumn 0.17 0.03
Year 0.27%%* —0.09
Soil surface deformation Spring 0.17 0.09
Summer —0.25 —0.30
Autumn 0.20 —0.12
Year 0.15 —0.07

**P < 0.01; ¥**P < 0.001.

study, variable costs, total costs, gross output, and net
profit were not significantly different between S7-5,
S7-6, and S<7 (P < 0.01, Table 7).

DISCUSSION

Effects of Soil Moisture and Time at Pasture
on Treading Damage

Many previous studies have shown that higher soil
moisture lowers penetration resistance, making soils
more susceptible to treading damage by grazing dairy
cows (Drewry et al., 2008; Houlbrooke et al., 2009;
Kerebel et al., 2013; Phelan et al., 2013), similar to
the results observed in the present study. Hoofprint
depth was most closely related to VSMC in spring; soil
moisture was relatively high in each of the springs dur-
ing this study. Progressively shorter rotation lengths,
as pasture growth rates increased during spring, made
spring a high-risk period for repeated treading damage,
similar to results reported by Phelan et al. (2013). Dur-
ing the autumns of the present study, rainfall was below
average and VSMC was relatively low compared with
earlier studies at this site (Phelan et al., 2013; Tuohy
et al., 2015), which explains the lack of correlation be-
tween hoofprint depth and VSMC during the autumns
of the present study. Phelan et al. (2013) reported that
hoofprint depth followed the same monthly trend as
VSMC during the grazing season. In contrast, the trend
in soil surface deformation during the autumn did not
follow these trends. This is somewhat similar to what
was recorded in the present study.

The correlation coefficients between hoofprint depth
or soil surface deformation and VSMC at individual
grazing events were relatively low in the present study.
One factor contributing to this was the location of the
VSMC measurement, which was centrally measured at
the farm weather station. The objective was to test an
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Figure 4. Effects of and relationship between mean annual time at
pasture per cow and mean annual (1) soil surface deformation (cm/m,
black line; y = —2.41 x 107 °%* + 0.03x — 82.8; R = 0.99; P = 0.03)
and (2) hoofprint depth (cm, gray line; y = —1.03 x 107 + 0.01x
— 31.7; R* = 0.99; P = 0.003) in the 4 grazing systems (S<7 = filled
square, S7-6 = empty square, S7-5 = empty circle, control = filled
circle). Error bars show SEM of the grazing system. Grazing systems:
control = cows were housed at VSMC >0.5 and otherwise allowed 22
h/d access to pasture; S<7: cows were housed on days with VSMC
>0.7 and otherwise allowed 22 h/d access to pasture; S7-6 = cows
were housed at VSMC >0.7 and allowed 8 h/d access to pasture at
VSMC between 0.7 and 0.6 and 22 h/d access at VSMC <0.6; S7-5 =
cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture
at VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5 (see
Table 1 for further description).

easily adaptable decision support tool that can be sta-
tionary on farms, with minimal additional management
requirements. The centrally located measurement was a
useful decision support for assessing the risk of treading
damage when turning cows out to pasture. Governing
grazing management based on VSMC effectively low-
ered treading damage. Nonetheless, natural variations
in soil moisture exist between paddocks of the farm,
caused by slopes and differences in drainage. Therefore,
it is possible that the accuracy of the method could be
improved by measuring VSMC on the individual pad-
docks before a grazing event.

Restricting access time to pasture to 8 h/d had a
greater effect on soil surface deformation than on
hoofprint depth, because it decreased the frequency of
soil-hoof interactions but not the depth to which each
individual hoofprint penetrated into the soil. In con-
trast, WTD showed no correlation with soil surface de-
formation or with hoofprint depth at individual grazing
events during the present study. The WTD is an indica-
tor of the underlying moisture status of the subsoil. In
late summer, when WTD is typically low, slow-draining
soils can still develop a high VSMC in the topsoil over a
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Table 5. Effects of grazing system on annual pasture production and nutritive value of grazed pasture and of silage (mean of 3 yr) and grass

silage intake per cow during different times of the year (mean of 3 yr)

. 1
Grazing system

Ttem S<7 S7-6 S7-5 Control SEM
Pre-grazing pasture mass’ (kg of DM /ha) 1,624 1,661 1,719 1,765 101.1
Post-grazing sward height (cm) 4.24 4.27 4.34 4.30 0.079™°
Rotation length (d) 32.5 32.6 33.5 30.6 1.67°°
Nutritive value of grazed pasture (g/kg of DM)
CcP 204 214 202 206 7.6
NDF 436* 422 435" 419" 9.5%
OM digestibility 793 796 803 803 6.2"
Annual pasture mass (t of OM/ha)
Pre-silage cuts 3.97" 4.16" 3.98" 5.48" 0.422%
Pre-grazing cuts 10.95% 10.68* 10.36* 9.58" 0.700%*
Total 14.91 14.84 14.34 15.07 0.970™
Nutritive value of silage (g/kg of DM) !
CcP 136 140 137 133 0.35"°
NDF 478 466 490 475 9.1
DM digestibility 713 717 710 711 6.3N
Grass silage intake (kg of DM /cow)
September to December 428" 427" 420° 645" 33,3k
January to May 708" 734" 720" 1108" 22.3%**
June to August o (1 (1M 10" 1.6%**
Total 1135" 1159" 1140° 1763" 51.0%**

**Mean values in the same row with different superscripts differ between grazing systems (P < 0.05).

1S<7: cows were housed on days with VSMC >0.7 and otherwise allowed 22 h/d access to pasture; S7-6 = cows were housed at VSMC >0.7 and
allowed 8 h/d access to pasture at VSMC between 0.7 and 0.6 and 22 h/d access at VSMC <0.6; S7-5 = cows were housed at VSMC >0.7 and
allowed 8 h/d access to pasture at VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5; control = cows were housed at VSMC >0.5

and otherwise allowed 22 h/d access to pasture (see Table 1 for further description).
%4 ¢m above ground level.
*P < 0.05; **P < 0.01; **P < 0.001; ¥ P > 0.05 (not significant).

short timeframe after a high-rainfall event, making the
top layers susceptible to treading damage without sig-
nificantly increasing WTD. Phelan et al. (2013) showed
a relationship between mean annual WTD and mean
annual soil surface deformation and hoofprint depth

in an earlier study at the site, which highlighted the
potential of land drainage to lower the susceptibility
of soils to treading damage during periods with high
WTD. The study of Phelan et al. (2013) took place
during 2008 and 2009. The rainfall during the summer

Table 6. Effects of grazing system on 3-yr mean annual milk production and composition, BW, and BCS of

dairy cows

Grazing system'
Item S<7 S7-6 S7-5 Control SEM
Milk yield (kg/cow) 5,998 6,047 5,906 5,839 161.8Y
Milk solids yield® (kg/cow) 503" 509" 496" 485" 14.4%
Milk fat content (g/kg) 45.3 45.9 45.5 45.8 1.09"
Milk protein content (g/kg) 38.8" 38.5" 38.56" 37.7° 0.33%*
Milk lactose content (g/kg) 48.6" 48.6" 48.4" 48.9* 0.32*
Mean BW (kg/cow) 547 553 544 546 11.17
Mean BCS 3.10° 3.06" 3.06" 3.05" 0.042%*
DIM 283 283 283 282 5.9N

*"Mean values in the same row with different superscripts differ between grazing systems (P < 0.05).

'S<7: cows were housed on days with VSMC >0.7 and otherwise allowed 22 h/d access to pasture; S7-6 =
cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture at VSMC between 0.7 and 0.6 and 22
h/d access at VSMC <0.6; S7T-5 = cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture at
VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5; control = cows were housed at VSMC >0.5 and
otherwise allowed 22 h/d access to pasture (see Table 1 for further description).

*Milk solids yield = kg of milk fat + protein.

*P < 0.05; **P < 0.01; ¥P > 0.05 (not significant).
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Figure 5. Effects of week of lactation and grazing system (S<7, S7-6, S7-5, and control) on daily milk solids yield (fat + protein, kg/cow).
Grazing systems: control = cows were housed at VSMC >0.5 and otherwise allowed 22 h/d access to pasture; S<7: cows were housed on days
with VSMC >0.7 and otherwise allowed 22 h/d access to pasture; S7-6 = cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture
at VSMC between 0.7 and 0.6 and 22 h/d access at VSMC <0.6; S7-5 = cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture
at VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5 (see Table 1 for further description). Error bars show SEM of week of lacta-
tion (P < 0.001). Differences between grazing systems within week of lactation are indicated with *P < 0.05, **P < 0.01, and ***P < 0.001.

months of these 2 years was significantly higher than
average, in contrast to the present study. Nevertheless,
the results of the present study demonstrated that, at
individual grazing events, WTD did not directly in-
dicate the current moisture status of, and likelihood
of damage to, the soil surface to the same extent as
VSMC. Additionally, measuring WTD involved the

installation of piezometers, making it a more complex
and expensive method for measuring soil wetness.

Effect of Grazing System on Pasture Production

Keeping cows indoors to a greater or lesser extent
during periods of wet soil conditions to lower treading

Table 7. Effects of grazing system on annual profitability at a base milk price of €0.29/L

Grazing system'

Ttem S<7 S7-6 S7-5 Control SEM
Cows (no.) 125 125 125 125

Farm size (ha) 50 50 50 50 )
Milk output (kg) 741,101 741,101 741,101 741,101 2,401
Milk solids output? (kg) 62,405" 62,405 62,405" 61,691" 732
Gross output (€) 282,734 282,734* 282,734 278,721" 3,097**
Variable cost (€) 89,239" 90,040" 90,527" 99,134" 1,390%*
Labor cost (€) 50,063 50,508 50,823" 51,653 116%**
Fixed costs excluding labor (€) 42,923 42,923 42,923 42,923 28N
Total costs (€) 182,224" 183,470" 184,273" 193,709* 1,386%*
Net profit (€) 100,510 99,264 98,461 85,011" 2,335%%%
Net profit (€/ha) 2,010 1,985 1,969 1,700 4Tk
Net profit (€/cow) 804" 794" 788" 680" 19k

*IMean values in the same row with different superscripts differ between grazing systems (P < 0.05).

'S<7: cows were housed on days with VSMC >0.7 and otherwise allowed 22 h/d access to pasture; S7-6 =
cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture at VSMC between 0.7 and 0.6 and 22
h/d access at VSMC <0.6; S7T-5 = cows were housed at VSMC >0.7 and allowed 8 h/d access to pasture at
VSMC between 0.7 and 0.5 and 22 h/d access at VSMC <0.5; control = cows were housed at VSMC >0.5 and
otherwise allowed 22 h/d access to pasture (see Table 1 for further description).

*Milk solids = kg of milk fat 4+ protein.

#*P < 0.01; **P < 0.001; ¥P > 0.05 (not significant).
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damage did not result in differences in annual pasture
production between the systems. In 2 plot-scale ex-
periments in New Zealand, Houlbrooke et al. (2009)
compared 3-h access to pasture per rotation versus
a control treatment (access to pasture for the whole
day except milking times). Likewise, Laurenson et al.
(2016) compared 8-h versus 21-h access to pasture.
Both studies found that restricting access time to pas-
ture under wet soil conditions improved soil physical
properties compared with unrestricted access time.
However, both studies found no influence on pasture
production, which is in agreement with the results of
the present study. Previous studies have shown that
well-managed perennial ryegrass swards can recover
well from single grazing events with intensive treading
damage in spring, with no effect on subsequent pasture
production (Tufion et al., 2014). Moreover, soils have
innate capacity to recover from treading damage during
the grazing season (Drewry, 2006). Hence, it is likely
that sward and soil recovery was sufficient to counter-
act potential negative effects of treading damage on
pasture production in the present study. In the systems
that had access to pasture at VSMC >0.5 (S<7, S7-6,
and S7-5), there were on average 2 grazing events per
paddock per year when VSMC was above 0.5. Hence,
repeated (one after the other) severe treading damage
during wet soil conditions may have occurred only once
per paddock per grazing season. Following a modeled
evaluation of economic and production benefits of re-
moving dairy cows from wet pastures, Laurenson et al.
(2017) suggested that treading damage might not affect
pasture production as severely when assessed at system
scale over an entire grazing season. This is confirmed
by the results of the present study.

Phelan et al. (2013) compared pasture production un-
der 2 intensities of repeated treading damage (moderate
and severe) with that from exclusion plots that were
protected from treading damage throughout the entire
study. Despite higher pasture production from the non-
damaged exclusion plots, no difference was detectable
in pasture production between the treading treatments.
In the present study, treading damage occurred in all
4 grazing systems. It seems that the difference in the
severity of treading damage in the present study was
not sufficient to have a detectable influence on pasture
production. These results also help to explain the ab-
sence of a difference between treatments in the study
of Tuohy et al. (2015). Although hoofprint depth was
greater with heavier Holstein Friesian cows compared
with lighter Holstein Friesian x Jersey crossbred cows,
no effect of the higher intensity of treading damage on
pasture production was detected (Tuohy et al., 2015).

During the grazing season, VSMC >0.7 typically oc-
cur only occasionally (on an average of 10 d between
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February and December in the present study). Allowing
cows out to pastures with VSMC <0.7 encompassed
almost the entire growing season. Using VSMC of 0.7
as an upper limit in S<7, S7-6, and S7-5 may have
avoided excessive damage. Hence, the results of this
study indicate that grazing with dairy cows might be
feasible even above the upper limit of 0.7 VSMC tested
in the present study. Further research is required to de-
termine whether a “tipping point” exists, above which
treading damage is detrimental to pasture production.

Effects of Grazing System on Feed Intake
and Milk Production

Keeping cows at pasture for longer during the spring
and autumn (i.e., operating a grazing system with high
risk of treading damage, S<7) resulted in more time at
pasture, a lower proportion of silage in the diet, higher
milk protein content, higher annual milk solids produc-
tion, and higher body condition score compared with
control. Keeping cows indoors for longer required great-
er silage production under the control system. Silage
was typically harvested at higher pasture masses and,
hence, a later maturity stage than the grazed pasture
throughout this study. Typically, grass plants at later
maturity have lower nutritive value compared with
younger grass swards at lower pasture masses (Beecher
et al., 2015). As a result, the grazed pasture in the pres-
ent study had higher digestibility and CP and lower
NDF than the silages fed. The nutritive value of silages
is further influenced by the weather conditions and
management just before harvest and during the ensil-
ing process, and silage typically has lower water-soluble
carbohydrate content than grazed pasture because that
is the main substrate for the fermentation process (Ke-
ady et al., 2013). Fermentation typically also causes an
increase in the rapidly soluble components of CP due
to proteolysis and deamination processes (Keady et al.,
2013).

The relationships between the various aspects of the
nutritive value of diets and subsequent dairy cow per-
formance are complex and multifaceted, and were likely
to have been influenced by weather conditions, grazing
conditions, and grazing or feeding behavior during the
present study. The latter aspect was not measured in
the present study, but grazing or feeding behavior is
known to influence diet selection (Keady et al., 2013)
and to be influenced by interactions between cows in
a herd, particularly with more limited space per cow
in indoor settings (Olmos et al., 2009; Arnott et al.,
2017). Indeed, one of the main reasons why cows prefer
grazing outdoors is attributed to more space, lower
exposure to bullying (aggression between cows), and
improved lying and resting time (Arnott et al., 2017).
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Furthermore, although the welfare of the cows was not
measured in the present study, the higher BCS of the
cows on S<7 compared with the other systems, along
with their relatively high milk solids production, indi-
rectly indicates that the welfare of the cows on S<7,
although they were outside for longer under wetter soil
conditions, was not impaired compared with the cows
on the other systems during this study.

The higher nutritive value of grazed pasture com-
pared with the silages fed during this study provides the
most evident reason for the higher BCS and milk solids
production by the S<7 herd compared with the control
herd. Keady et al. (2013) and Mohammed et al. (2009)
attributed a lower performance of dairy cows fed grass
silage to lower intake of silage compared with cows fed
grazed pasture. This was partly attributed to greater
capacity for grazing cows to preferentially select and
consume the leafy and more easily digestible portions of
the grass sward. The higher NDF content of the silages
in the present study is also likely to have lowered silage
intake (Mohammed et al., 2009). Furthermore, Keady
et al. (1996) attributed lower performance of dairy cows
fed silage compared with grazed pasture to changes in
the nitrogenous components and reduced energy value
of volatile fatty acids in silage as energy sources for the
rumen microflora. Similar to the present study, lower
milk protein content has been reported previously for
dairy cows fed silage compared with grazed pasture,
particularly when the silage was fed during early lacta-
tion (Dillon et al., 2002; Kennedy et al., 2005; Claffey
et al., 2020). This was attributed to the lower flow of
microbial nitrogen and total amino acid nitrogen for
silage compared with grazed pasture (Younge et al.,
2004). The lower milk solids production of the control
herd compared with the other 3 systems in this study
was primarily due to lower annual yield of milk protein.

The decisions to restrict the S7-6 and S7-5 herds
to 2 grazing bouts each of 4 h/d, and not to supple-
ment these cows with silage while off pasture, were
based on the recommendations outlined by Kennedy
et al. (2009, 2011). Cows were grazed to a higher post-
grazing height in the present study (4.3 cm) compared
with that of Kennedy et al. (2009; 3.5 cm). Hence, both
in terms of allowances of grazing time and of pasture
per cow at each grazing bout, it seems that the cows
on S7-6 and S7-5 were able to adjust their grazing
behavior to ensure intake of grazed pasture similar to
that of the cows on S7. This is further evidenced by the
lack of difference in milk production between the cows
from these herds and the S<7 herd. Previous stud-
ies have documented that dairy cows can adapt their
grazing behavior (biting rate and DM intake per bite)
in response to restricted daily access time to pasture,
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when no additional feed was offered while off pasture
(Gregorini et al., 2009; Kennedy et al., 2009; Clark et
al., 2010). In contrast, the cows on S7-6 and S7-5 had
lower BCS than cows on S7 during the study, which
indicates that the former cows were somewhat more
restricted than cows on S7. Body weight was not af-
fected, indicating that this restriction was relatively
small. This is in contrast to a study by Pérez-Ramirez
et al. (2009), where grazing time was more restricted
than the 2 bouts of 4 h/d in the present study.

Kennedy et al. (2009) reported that restricting access
time of cows to pasture to 2 bouts of 4.5 h/d did not
significantly affect milk production by cows in mid-
lactation compared with 22 h/d access. In contrast,
Clark et al. (2010) found that 2 bouts of 4 h/d lowered
milk yield in early lactation but not in late lactation,
compared with 22 h/d access to pasture. These were
conducted over a shorter timeframe than the present
study; for example, the study of Kennedy et al. (2009)
was over 31 d, compared with the present study, which
encompassed 3 entire lactations. We found no evidence
in the present study that milk production of the cows
on S7-6 and S7-5 differed from that of the cows on S7
at any stage of lactation.

Effect of Grazing System on Profitability

A higher proportion of silage in the diet has been
found to increase costs of production in pasture-based
dairy production (Finneran et al., 2012; Hanrahan et
al., 2018). Likewise, in the present study, net profit
was lowest in the control system due to a combination
of higher costs and lower milk sales. Laurenson et al.
(2016) modeled the effects of restricting access of dairy
cows to pasture and reported higher costs when cows
were taken off compared with turned out to pasture
during wet soil conditions. The difference was primarily
due to higher feed costs. Operational costs of stand-
off areas (maintenance and slurry handling) were of
less importance. This is similar to the results of the
present study, where 0.50 of the total difference in net
profit between control and S<7 was caused by higher
silage-related costs alone. In contrast, the contribution
of higher slurry handling costs to the lower net profit
of control compared with S<7 was marginal (0.14).
Lower milk sales (0.26) and higher labor costs (0.10)
accounted for the remainder of the difference.

We observed no improvements in pasture and milk
production by restricting daily pasture access time to 8
h. Both S7-5 and S7-6 were numerically less profitable
than S<7, due to higher labor and slurry-related costs.
However, the difference in net profit was not significant
over the 3 yr of the study. With higher intake of grazed
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pasture and lower feed costs, both S7-5 and S7-6 were
more profitable than the control. Similarly, Beukes et
al. (2013) concluded in a modeling study that 6- to 8-h
access to pasture per day under conditions conducive
to treading damage was more profitable than keeping
cows indoors completely. The 2 main differences be-
tween the present study and previous modeling studies
of whole-farm scenarios (Beukes et al., 2013; Laurenson
et al., 2016, 2017) are that (1) previous studies used a
modeling approach with an assumed decreasing pasture
production as a function of stocking density and access
time to pasture when animals were turned out dur-
ing wet soil conditions, and (2) capital costs increased
when cows were taken off during wet soil conditions
(completely or temporarily). However, those studies
were conducted in New Zealand, under the premise that
standoff facilities had to be purpose-built for holding
cows off pasture. Generally, the studies concluded that
potential benefits associated with removing cows from
pastures during wet soil conditions were completely
or temporarily offset by investment costs in standoff
facilities. Under Irish conditions, it is typically the case
that housing is available for livestock on dairy farms,
along with regulated requirements for minimum slurry
storage capacity for the winter period. Hence, there was
no need for additional capital investment in the present
study.

Laurenson et al. (2016) concluded that a deferred
grazing management strategy, similar to the control
system in the present study, was not economically vi-
able in New Zealand. In contrast, the control in the
present study represented a profitable system of dairy
production, albeit less profitable than the other op-
tions. Over the 3 yr of the study, no significant differ-
ence in net profit occurred when cows had a restricted
daily access time to pasture of 8 h compared with cows
allowed 22-h access to pasture. Furthermore, restricted
daily access time to pasture increased the complexity of
grazing management. Previous studies have indicated
that restricting daily access time to pasture can have
other benefits, such as decreasing nutrient leaching and
manure-derived emissions, as a higher proportion of ex-
creta is captured and can subsequently be mechanically
spread more evenly across pastures (Clark et al., 2010;
van der Weerden et al., 2017; Christensen et al., 2019).

CONCLUSIONS

Restricting access time to pasture based on VSMC ef-
fectively lowered the severity of treading damage, and,
hence, measurements of VSMC provided an objective
indicator of the risk of treading damage in this study.
Operating a grazing system with low risk of treading
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damage (control) resulted in lower profit. We found no
benefits of keeping cows indoors completely or tempo-
rarily during periods with VSMC between 0.5 and 0.7
in terms of pasture or milk production. The results of
the present study indicate that the degree of plastic
deformation incurred within a whole-farm system is not
necessarily aligned with pasture production nor with
profitability, because treading damage happened only
to small proportions of paddocks on the farm at any
one time. This study demonstrated the positive effect
of a long grazing season on profitability, albeit when
a high degree of treading damage was tolerated at the
soil surface over the course of the 3 grazing seasons.
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