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ABSTRACT

This study aimed to verify the effect of milking per-
mission (MPE) and concentrate supplementation (CS) 
on milking frequency (milkings per cow per day) and 
milk yield (kilograms per cow per day) in a farm using a 
pasture-based automatic milking system (AMS). Sixty-
eight cows milked using this AMS unit were randomly 
assigned to 1 of 4 groups homogeneous for parity, DIM, 
and milk yield. Treatments used were frequent or restrict-
ed MPE, that granted cows permission to milk after 6 to 
8 h or 9.6 to 14 h of the previous milking, respectively; 
and low (LC) or high (HC) CS of 0.5 kg or 3.5 kg/cow 
per day, respectively. The combination of the 2 levels of 
MPE and the 2 levels of CS resulted in the 4 treatment 
combinations (frequent HC [FHC], restricted HC [RHC], 
frequent LC [FLC], and restricted LC [RLC]). This study 
was designed as a 2 × 2 factorial arrangement with treat-
ment crossover: each of the 4 cow groups was randomly 
assigned to 1 of the 4 treatment combinations for a 5-wk 
experimental period (1 pretreatment week and 4 treatment 
weeks), and after each 5-wk period groups crossed over 
to another treatment combination until they experienced 
all. Statistical analysis assessed the effect of MPE, CS, 
and their interaction on milk yield, milking frequency, 
box time, milking time, and average milk-flow rate. This 
was done using a mixed model analysis with repeated 
measures to account for repeated observations on the 
experimental unit (cow). Milk yield per cow per day 
and milkings per cow per day were significantly higher 
with the frequent compared with the restricted MPE (1.5 
kg and 0.65 milkings, respectively). Milk yield per cow 
per day and milkings per cow per day were significantly 
higher with the HC compared with the LC CS (3.1 kg 
and 0.25 milkings, respectively). Additionally, milk yield 
per cow per day was affected by the interaction of MPE 

and CS and it was highest with the FHC (20.1 kg) treat-
ment combination, followed by RHC (18.2 kg) treatment 
combination. The number of milkings per cow per day 
were also affected by the interaction of MPE and CS. 
The highest estimated number of milkings per cow per 
day was recorded for the FHC (2.12) and the FLC (1.77) 
treatment combinations, followed by the RHC (1.38) and 
RLC (1.23) treatment combinations. Similarly, milking 
interval was 2.5 h longer for the RLC treatment combina-
tion compared with RHC. The shortest milking interval 
was observed for the FHC (11 h) and FLC (12.8 h) treat-
ment combinations. In conclusion, the study showed that 
allowing access to the robot between 6 to 8 h after the 
previous milking was sufficient (even with a minimal 
level of CS) to achieve acceptable milk production and 
milking performance in a pasture-based AMS.
Key words: voluntary cow traffic, milking robot 
efficiency, automatic milking system, pasture-based

INTRODUCTION

Factors such as the labor intensive nature of milk har-
vesting and a deficit in the availability of skilled labor 
have led to a growing adoption of the automatic milking 
system (AMS) technology at farm level. Automatic milk-
ing systems offer the opportunity to increase productiv-
ity and profitability while potentially improving labor 
efficiency, milk production, animal welfare, and lifestyle 
(Jacobs and Siegford, 2012; Wildridge et al., 2018). Be-
cause AMS was originally developed for use in intensive 
indoor housing systems, early AMS installations were 
limited to countries where dairy production was charac-
terized by high yielding cows and high production costs 
(Lind and Ipema, 2000). Only later was the combination 
of AMS and pasture introduced (Greenall et al., 2004; 
Jago et al., 2004). This combination is a positive solution; 
it has been widely reported that grass-based systems are 
associated with lower total costs of production (Dillon 
et al., 2005; O’Brien and Hennessy, 2017). Pasture-fed 
cows in AMS systems have also been associated with a 
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superior quality of milk produced (O’Callaghan et al., 
2016), and the green image associated with cows graz-
ing pasture continues to appeal to consumers (Stampa et 
al., 2020). For these reasons, identifying solutions that 
increase the efficiency of the combination of the pasture 
grazing system and the benefits of AMS may further en-
hance the sustainability of the dairy sector.

The success of a pasture-based AMS relies on volun-
tary cow traffic from the pasture to the milking yard and 
then back to the pasture. This voluntary cow traffic may 
be influenced by pasture availability, nutrition offered 
at the robot, stage of lactation, and weather conditions 
(Scott et al., 2014; Shortall et al., 2018). The aim is to 
create motivation for cows to return for milking so that 
a relatively consistent cow traffic and milking event pro-
file can be achieved throughout the day (Lyons et al., 
2014). Within such a pasture-based AMS, average milk-
ing frequency (MF; number of milkings per cow per day) 
of 1.8 or greater has been observed (Lyons et al. 2013; 
Foley et al., 2015); however, achieving this is dependent 
on both cow traffic and milking permission (MPE; time 
since the last milking when a cow has permission to be 
milked again). Milking permission is generally set by the 
farmer or operator and is influenced by expected daily 
milk yield per cow, number of cows in the herd, and the 
MF being targeted.

Several studies have been carried out with a focus on 
improving the efficiency of the integrated pasture-based 
AMS (Jago et al., 2006; Lyons et al., 2013; Scott et al., 
2014). Various management strategies, such as manipula-
tion of MPE, concentrate supplementation (CS), or both, 
have been examined with a view to maximizing output 
from the AMS. Foley et al. (2015) reported no significant 
effect of 3 versus 2 times daily MPE on milk yield per 
cow per day (19.0 vs. 18.4 kg of milk/cow per day) even 
though MF was significantly higher for cows with a MPE 
of 3 times compared with 2 times/d (MF of 2.0 vs. 1.4 
times/d, respectively). Shortall et al. (2018) investigated 
the effect of low and high CS levels in the early and late 
periods of lactation on milk production and cow traffic 
in a pasture-based AMS. That study showed that CS in 
early lactation had no effect on milk production or cow 
traffic. However, supplementation at a high concentrate 
level in late lactation resulted in increased milk produc-
tion, a shorter milking interval, and a shorter return time 
for cows from pasture (Shortall et al., 2018).

The relationship between MF and CS on milk produc-
tion and cow traffic is complex, and several factors and 
interactions of factors can influence it, such as stage of 
lactation and level of nutrition (Shortall et al., 2018). Un-
derstanding the interaction between feed and the traffic 
management of cows is critically important in optimizing 
the production efficiency of the AMS. Due to the limited 
time available for milking on the AMS system (e.g., 24 

h/d, excluding washing events), an increase in MF or 
an increase in milk yield can put downward pressure on 
herd size. Thus, the parameters of milk yield, MF, and CS 
need to be examined individually and at an interactive 
level.

Therefore, the aims of this study in a pasture-based 
context were to (1) evaluate the effect of increasing MPE 
on MF and milk yield per cow; (2) investigate the effect 
of increased CS on MF and milk yield per cow; and (3) 
define how the manipulation of MPE and CS interact 
with each other. Secondary objectives included evaluat-
ing the effect of MPE and CS on box time (time the cows 
spend inside the robot box, min), milking time (duration 
of each milking, min), milking interval (time between 
milkings, h), and the average milk-flow rate (kg/min).

MATERIALS AND METHODS

This study was carried out with a single-unit Lely AMS 
(Lely Holding BV, Maassluis, the Netherlands) situated 
on a 25.2-ha farm located in the south of Ireland on the 
Teagasc Moorepark Dairygold Research Farm (Fermoy, 
Co. Cork, Ireland, 50°07′ N, 8°16′ W). This experiment 
did not require an ethical approval because it did not 
practice any “procedures” on animals as defined by the 
Health Products Regulatory Authority (HPRA). Concen-
trate supplementation, milking permission, and grass al-
location were within normal ranges for commercial AMS 
operations. The cows enrolled in the study remained in the 
herd after the study was completed. Sixty-eight cows were 
milked using this AMS unit, which operated a free-flow 
cow traffic system, whereby cows entered the yard and 
then the milking robot granted permission for cows to be 
milked or not (based on permission guidelines) and sub-
sequently released them for their return to the paddock. 
Cows were spring calving and were full-time grazing. The 
farm area was a permanent grassland site, with a soil type 
described as a free-draining brown earth soil of sandy 
loam to loam texture. The grass sward was a predomi-
nantly perennial ryegrass sward (Lolium perenne L.).

Experimental Design

This experimental study was conducted between May 
2, 2022, and September 18, 2022. Cows in the AMS herd 
were classified based on daily milk yield (4 categories: 
<19 kg, 19–23 kg, 24–29 kg, and ≥30 kg), and cows with-
in each category were randomly assigned to 1 of 4 groups 
(1–4). The resulting groups were homogeneous for parity 
(2.9 ± 0.1), DIM (48.8 ± 2.1), and milk yield (24.8 ± 
0.4). Before implementation of treatments (previous 4 
wk; April 4–May 1) all cows had MPE set at a maximum 
of 3 milkings/d. Milking permission was granted based 
on target milkings per day. Default setting in this AMS 
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granted a minimum of 2 milkings/d (therefore every 12 
h) with a progressive increase to 3 times (therefore every 
8 h) per day for higher yielding cows. Cows received 1.8 
kg/d concentrate in the robot as they were milking. De-
scriptive statistics of cows during this pre-experimental 
period are presented in Table 1.

This study was designed as a 2 × 2 factorial arrange-
ment with treatment crossover. Each cow group was 
randomly assigned to 1 of 4 treatment combinations for 
a 5-wk experimental period (this 5-wk period included 
1 pretreatment week and 4 treatment weeks). After each 
5-wk period, groups crossed over to another treatment 
so that all groups experienced each treatment. The first 
week of each 5-wk period was used as a pretreatment, 
or washover week, to ensure that each cow group had 
adjusted to each diet and MPE treatment when the 4-wk 
treatment period commenced. The cow milk yields and 
MF data for the 4 washover weeks are reported in Ap-
pendix Figure A1 and Appendix Figure A2.

The treatments consisted of 2 levels of MPE and 2 
levels of CS. A frequent MPE was set by establishing 
a minimum of 3 milkings/cow per day and a maximum 
of 4 milkings/cow per day. A restricted MPE was set by 
indicating a minimum of 1.7 milkings/cow per day and 
a maximum of 2.5 milkings/cow per day. Therefore, the 
frequent and restricted MPE represented permission to 
milk 6 to 8 h and 9.6 to 14 h after the previous milking, 
respectively. This was achieved by adjusting the MPE 
settings on the robot, which would allow the robot to 
decide if a cow was due for milking or not. A previous 
pilot study on this AMS highlighted that setting a MPE of 
10 to 14 h resulted in a MF of ~1.8 milkings/d during the 
main milk production period. We aimed for a “frequent” 

MPE that would allow us to detect a relevant difference 
in MF from 1.8 milkings/cow per day; therefore, we 
chose a MPE of 6 to 8 h (allowing 3–4 milkings daily).

Concentrate supplementation levels were 0.5 kg of 
concentrate/cow per day (low concentrate, LC) or 3.5 kg 
of concentrate/cow per day (high concentrate, HC). The 
low CS level was representative of a cow diet in a sea-
sonal calving pasture-based dairy system, where grazed 
grass makes up the vast majority (~75%) of the diet, with 
some CS and grass silage being fed in both spring and 
autumn (Timlin et al., 2021). To aim for a detectable 
difference in our outcomes between CS treatments, we 
chose an increased CS level of 3.5 kg/cow per day for 
this study. These treatments were set up using Lely’s farm 
management software T4C (Lely Holding BV, Maassluis, 
the Netherlands), including a fixed concentrate feeding 
routine independent of milk yield. Both the high and low 
CS levels used within the treatments were representa-
tive of the range of actual concentrate levels offered to 
spring-calved pasture-based cows on commercial farms 
at a similar stage of lactation. The combination of the 
2 levels of MPE and the 2 levels of CS resulted in the 4 
treatment combinations as follows: (1) frequent milking 
permission and HC (FHC); (2) frequent milking permis-
sion and LC (FLC); (3) restricted milking permission 
and HC (RHC); and (4) restricted milking permission 
and LC (RLC). The group transitions between each treat-
ment combination in the different experimental periods 
are shown in Table 2.

We estimated the sample size for this experiment using 
the formula by Snedecor and Cochran (1989), with data 
from the AMS farm during 2021 (the year prior to the 
study). To detect a 10% difference in MF with an average 

Matera et al.: PERMISSION AND FEEDING IN AUTOMATIC MILKING SYSTEMS

Table 1. Descriptive statistics of cow and milking system characteristics during the 4-wk pretrial start (n = 68 
cows, 1 AMS)

Variable Mean SD Minimum Maximum

Milkings/AMS per day 124.7 12.3 97 146
Failed milkings/AMS per day 2.7 1.5 1 5
Refused milkings/AMS per day 31.3 13.0 17 54
DIM 48.9 21.0 7 89
Lactation number 2.9 1.4 1 6
Milking interval (h) 13.6 4.0 7.9 20.9
Box time/milking (min) 7.9 2.0 5.1 17.0
Milking time/milking (min) 6.1 2.0 3.2 15.2
Milk yield/AMS per day (kg) 1,592 128.2 1,350 1,808
Milk yield/cow per milking (kg) 12.9 2.7 5.5 20.6
Milk yield/cow per day (kg) 24.8 6.9 12.3 38.3
Milkings/cow per day (n) 1.9 0.5 1.1 3.0
Average milk-flow rate (L/min) 2.5 0.8 0.7 4.7
Peak milk-flow rate (L/min) 3.4 0.9 1.6 5.7
Concentrate feed/cow per day (kg) 1.9 0.1 1.5 2.3
Fat (%) 4.4 0.1 4.2 4.5
Protein (%) 3.7 0.1 3.7 3.8
Lactose (%) 4.9 0.03 4.82 4.93
SCC (× 103 cells/mL) 96 40.4 34 166
Milk solids/cow per day (kg) 2.03  
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of 1.8 milkings/cow per day, a sample of 41 cows were 
needed. To detect a 10% difference in milk yield/cow per 
day with an average of 24 kg/cow per day, we estimated 
a sample of 57 cows needed for the experiment.

Data Description

Data from each cow visit to the AMS unit were re-
corded electronically in the T4C and extracted as Excel 
(Microsoft Corp.) spreadsheets for analysis. Milking 
data recorded by the AMS included cow number, date 
and time of milking, DIM, parity, whether the milking 
was recorded as successful, failed, or refused, milk yield 
per milking (kg), milking interval (hours after previous 
milking), milking time (min/cow per milking), box time 
(min/cow per milking), average milk-flow rate (kg/min), 
and concentrate offered per cow per milking (kg). The 
T4C management software also provided data on AMS 
total milk yield per day (kg), number of milkings per day, 
and the daily distribution of milkings. Herd SCC data 
(cells/mL) were obtained from the milk purchasing or 
processing co-operative.

Grazing Management

Cow grazing was managed by a 3-way grazing system 
(ABC). The grazing platform was divided into 3 grazing 
sections: A (7.7 ha); B (9 ha); C (8.5 ha), with 1 grass 
allocation made available daily in each section. Cows 
moved voluntarily to and from the milking unit as they 
passed between the grazing sections. The herd had access 
to new pasture from 0000 to 0800 h in A, 0800 to 1600 h 
in B, and 1600 to 0000 h in C. An allocation of 20 kg of 
grass DM/cow per day was offered across the 3 grazing 
sections in each 24-h period. As the daily grass allocation 
in each section was depleted gradually, cows initiated 

movement toward the next section, where they knew that 
a fresh grass allocation awaited them. In the movement 
to the new grass allocation or section, cows were first 
directed to the milking unit; here they were milked or 
not milked depending on MPE settings, and then further 
directed to the new grass section. In this way, the grazing 
management, and specifically the grass allocation, influ-
ence the frequency of voluntary cow movement to the 
AMS unit. Once access to a grazing section had closed, 
no further cows were allowed into that section; however, 
cows that were already present in that grazing section 
were allowed to remain there until they chose to leave 
voluntarily (within 24 h). Cows that did not leave the 
paddock voluntarily within 24 h were fetched once daily. 
The average distance that cows had to walk from the 
AMS unit to a paddock was 325 m (range of 25–650 m).

The farm was walked weekly to assess farm pasture 
cover using a plate meter (Jenquip, Fielding, New Zea-
land). Paddocks, which were deemed to have a pasture 
cover (>4 cm) greater than the target (1,300–1,500 kg 
of DM/ha), were removed from the grazing rotation. 
Cows were strip-grazed within each paddock, with cows 
receiving a new strip in each section (A, B, C) over each 
24-h period. Average sward heights before and after 
grazing (measured above ground level using the plate 
meter) were 8.0 and 4.0 cm, 7.8 and 4.0 cm, and 8.2 and 
4.2 cm in sections A, B, and C, respectively. The pasture 
received fertilization of 250, 3, 8, and 25 kg/ha per year 
of nitrogen, phosphorus, potassium, and sulfur, respec-
tively.

Statistical Analysis

We analyzed the effect of treatments (MPE and CS) 
and their interactions between milkings per cow per day, 
milk yield per cow per day, milk yield per cow per milk-
ing, milking interval per milking, box time per milking, 
milking time per milking, average flow rate per milk-
ing, and feed intake per day. This was carried out using 
a mixed model procedure (PROC MIXED) in SAS v9.3 
(SAS Institute Inc., Cary, NC), with repeated measure 
statements to account for the repeated observations on 
the experimental unit (cow). Statistical significance was 
determined at the P < 0.05 level. All experimental periods 
were analyzed together. The following model statement 
was used for analysis:

yij = µ + DIMi + parityj + permission  

+ concentrate + permission × concentrate + e,

where yij is the dependent-response variable (milk yield 
per cow per day, milk yield per cow per milking, milk-
ings per cow per day, milking interval per milking, box 
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Table 2. Treatment combinations1 applied to cow groups during 
experimental treatment periods2

Period   Group 1   Group 2   Group 3   Group 4

Period 1   FLC   RLC   FHC   RHC
Period 2   RLC   RHC   FLC   FHC
Period 3   RHC   FHC   RLC   FLC
Period 4   FHC   FLC   RHC   RLC
1Treatment combinations: FHC = frequent milking permission (permis-
sion to milk after 6 to 8 h of previous milking), high concentrate supple-
mentation (3.5 kg/d); FLC = frequent milking permission (permission to 
milk after 6 to 8 h of previous milking), low concentrate supplementation 
(0.5 kg/d); RHC = restricted milking permission (permission to milk after 
9.6 to 14 h of previous milking), high concentrate supplementation (3.5 
kg/d); RLC = restricted milking permission (permission to milk after 9.6 
to 14 h of previous milking), low concentrate supplementation (0.5 kg/d).
2Experimental treatment period: period 1 = from May 9, 2022, to June 5, 
2022; period 2 = from June 13, 2022, to July 10, 2022; period 3 = from 
July 18, 2022, to August 14, 2022; period 4 = from August 22, 2022, to 
September 18, 2022.
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time per milking, milking time per milking, or average 
flow rate per milking); µ is the overall mean; DIMi is the 
fixed effect of DIM for the ith cow; parityj is the fixed 
effect of the jth parity (first, second, or ≥third); permis-
sion is the fixed effect of the 2 levels of MPE (frequent or 
restricted); concentrate is the fixed effect of the 2 levels 
of CS (low concentrate or high concentrate); permission 
× concentrate is the effect of the interaction between 
MPE and CS; e represents the residual error.

RESULTS

Descriptive Data

A total of 68 cows, divided into 4 groups of 16 cows 
each, were used in this study. Each group transitioned 
through all the treatment combinations at different times 
of the study (Table 2). Total daily concentrates offered 
(kg/cow) on the FHC, FLC, RHC, and RLC treatment 
combinations were 3.33 kg/cow per day (SD = 0.64 kg), 
0.46 kg/cow per day (SD = 0.13 kg), 3.17 kg/cow per day 
(SD = 0.88 kg), and 0.44 kg/cow per day (SD = 0.12 kg), 
respectively. Mean concentrate chemical composition 
was CP = 156 g/kg DM, ash = 90 g/kg DM, and NDF = 
263 g/kg DM.

Figure 1 shows the average number of milkings per 
cow per day for each treatment combination summa-
rized by the trial period (each 4-wk period cows spent in 

each of the treatment combinations). Milkings per cow 
per day ranged from a maximum of 2.46 ± 0.18 for the 
cows of the FHC treatment in the first trial period (from 
May 9, 2022, to June 5, 2022) to a minimum of 1.21 ± 
0.16 for the cows in the RLC treatment in the third trial 
period (from July 18, 2022, to August 14, 2022; Figure 
1). Figure 2 shows the average milk yield per cow per 
day summarized by trial period for each treatment group. 
Milk yield per cow per day ranged from a maximum of 
26.3 ± 1.36 kg/d for the cows of the FHC treatment in the 
first trial period to a minimum of 11.6 ± 1.67 kg/d for 
the cows of the RLC treatment in the fourth trial period. 
Similar decreasing trends in milk yield were observed for 
all 4 treatments from the commencement to the end of the 
trial period, indicating a stage-of-lactation effect.

Statistical Analysis

Both MPE and CS had significant effects on milking 
and cow parameters. The milk yield per cow per day 
and milkings per cow per day were higher (P < 0.001) 
with the frequent (compared with the restricted) MPE 
and with the HC (compared with the LC) CS. The milk 
yield per milking was higher (P < 0.001) with the re-
stricted MPE compared with the frequent MPE (13.4 ± 
0.20 kg/cow vs. 9.9 ± 0.20 kg/cow, respectively), and it 
was higher with the HC compared with the LC CS level 
(11.8 ± 0.20 kg/cow vs. 11.5 ± 0.20 kg/cow). Restricted 
MPE increased the box time per milking compared with 
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Figure 1. Arithmetic mean for number of milkings per cow per day 
(n) across the trial periods. Period 1 = from May 9, 2022, to June 5, 
2022; period 2 = from June 13, 2022, to July 10, 2022; period 3 = from 
July 18, 2022, to August 14, 2022; period 4 = from August 22, 2022, 
to September 19, 2022. Treatment: FHC = frequent milking permission 
(permission to milk after 6 to 8 h of previous milking), high concen-
trate supplementation (3.5 kg/d); FLC = frequent milking permission 
(permission to milk after 6 to 8 h of previous milking), low concentrate 
supplementation (0.5 kg/d); RHC = restricted milking permission (per-
mission to milk after 9.6 to 14 h of previous milking), high concentrate 
supplementation (3.5 kg/d); RLC = restricted milking permission (per-
mission to milk after 9.6 to 14 h of previous milking), low concentrate 
supplementation (0.5 kg/d).

Figure 2. Arithmetic mean for milk yield per cow per day (kg) across 
the trial periods. Period 1 = from May 9, 2022, to June 5, 2022; period 2 
= from June 13, 2022, to July 10, 2022; period 3 = from July 18, 2022, 
to August 14, 2022; period 4 = from August 22, 2022, to September 19, 
2022. Treatment: FHC = frequent milking permission (permission to 
milk after 6 to 8 h of previous milking), high concentrate supplementa-
tion (3.5 kg/d); FLC = frequent milking permission (permission to milk 
after 6 to 8 h of previous milking), low concentrate supplementation (0.5 
kg/d); RHC = restricted milking permission (permission to milk after 
9.6 to 14 h of previous milking), high concentrate supplementation (3.5 
kg/d); RLC = restricted milking permission (permission to milk after 9.6 
to 14 h of previous milking), low concentrate supplementation (0.5 kg/d).
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frequent MPE (7.8 min/milking vs. 6.5 ± 0.18 min/milk-
ing), whereas CS did not affect box time per milking  
(P = 0.12). Milking time per milking was also higher for 
restricted MPE compared with frequent (6.0 min/milking 
vs. 4.9 ± 0.21 min/milking, respectively, P < 0.001) and 
for the LC compared with the HC (5.5 vs. 5.4 ± 0.20 min/
milking, respectively, P = 0.02). The average milk-flow 
rate per milking was also significantly and independently 
affected by MPE and CS. A higher milk-flow rate per 
milking was observed with the restricted MPE (2.56 ± 
0.08 L/min) compared with the frequent MPE (2.44 ± 
0.08 L/min) and with the HC (2.53 ± 0.08 L/min) com-
pared with the LC (2.47 ± 0.08 L/min) level. Table 3 
shows the LSM estimates for the main effects of all the 
analyzed parameters.

The milk yield per cow per day was affected by the in-
teraction of MPE and CS (P = 0.02; Table 4). Milk yield 
was highest with the FHC treatment combination (20.1 
± 0.48 kg/cow per day), followed by the RHC treatment 
combination (18.2 ± 0.48 kg/cow per day). The FLC 
treatment combination had an estimated 16.7 kg/cow 
per day (±0.48), and the RLC treatment had 15.5 kg/cow 

per day (±0.48). The number of milkings per cow per 
day were also affected by the interaction of MPE and CS 
(P < 0.001). The highest estimated number of milkings 
per cow per day was recorded for the FHC (2.12 ± 0.04) 
and the FLC (1.77 ± 0.04) treatment combinations, fol-
lowed by the RHC (1.38 ± 0.04) and RLC (1.23 ± 0.04) 
treatment combinations. Similarly, milking interval was 
longer for the RLC treatment combination (19.2 ± 0.10 
h, P < 0.001) and RHC (16.7 ± 0.09). The shortest milk-
ing interval per milking was observed for the FHC (11.0 
± 0.07) and FLC (12.8 ± 0.08) treatments. Significant 
interaction effects between the treatments were not ob-
served for the milk yield per milking (P = 0.16), box 
time per milking (P = 0.61), milking time per milking  
(P = 0.37), or the average milk-flow rate per milking  
(P = 0.08).

DISCUSSION

The functioning efficiency of a pasture-based AMS is 
dependent on consistent voluntary and relatively evenly 
distributed traffic of cows to the robot and their subse-
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Table 3. Least squares means of the main effect of milking permission1 (frequent and restricted) and concentrate2 
(high and low) on milking and cow parameters

Parameter

Permission1

SEM P-value

Concentrate2

SEM3 P-valueFrequent Restricted High Low

Milk yield/cow per day (kg) 18.4 16.9 0.47 <0.001 19.2 16.1 0.47 <0.001
Milk yield/milking (kg) 9.9 13.4 0.20 <0.001 11.8 11.5 0.20 <0.001
Milkings/cow per day (n) 1.95 1.30 0.04 <0.001 1.75 1.50 0.04 <0.001
Milking interval/milking (h) 11.9 17.9 0.09 <0.001 13.9 16.0 0.09 <0.001
Box time/milking (min) 6.5 7.8 0.18 <0.001 7.2 7.2 0.18 0.12
Milking time/milking (min) 4.9 6.0 0.21 <0.001 5.4 5.5 0.21 0.02
Average flow/milking (L/min) 2.44 2.56 0.08 <0.001 2.53 2.47 0.08 <0.001
1Milking permission: frequent permission, permission to milk after 6 to 8 h of previous milking; or restricted 
permission, permission to milk after 9.6 to 14 h of previous milking.
2Concentrate supplementation: low concentrate, 0.5 kg/cow per day; and high concentrate, 3.5 kg/cow per day.

Table 4. Least squares means of the effect of the interaction between milking permission1 (frequent and restricted) 
and concentrate supplementation2 (high and low) level on milking and cow performance

Item

Frequent

 

Restricted

SEM P-valueHigh Low High Low

Milk yield/cow per day (kg) 20.1A 16.7C 18.2B 15.5D 0.48 0.02
Milk yield/milking (kg) 10.0 9.8 13.6 13.3 0.21 0.16
Milkings/cow per day (n) 2.12A 1.77B 1.38C 1.23D 0.04 <0.001
Milking interval/milking (h) 11.0D 12.8C 16.7B 19.2A 0.10 <0.001
Box time/milking (min) 6.5 6.6 7.8 7.8 0.18 0.61
Milking time/milking (min) 4.9 5.0 6.0 06.0 0.21 0.37
Average flow/milking (L/min) 2.46 2.42 2.60 2.53 0.85 0.08
A–DMean values in the same row with different superscripts differ significantly (P < 0.001).
1Milking permission: frequent permission, permission to milk after 6 to 8 h of previous milking; or restricted 
permission, permission to milk after 9.6 to 14 h of previous milking.
2Concentrate supplementation: low concentrate, 0.5 kg of concentrate per cow per day; and high concentrate, 3.5 
kg of concentrate per cow per day.
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quent return to the pasture. However, a balance needs to 
be in place between herd size and MF, as only a limited 
number of milkings can take place in any 24-h period. A 
critical performance indicator of an AMS is the volume 
of milk that is harvested from it. This is influenced by 
the size of the herd and the milk yield per cow. Castro 
et al. (2012) reported that milk yield per AMS per year 
was better predicted by the number of cows per AMS and 
milk-flow rate. Additionally, Siewert et al. (2018) men-
tioned a positive association between daily milk yield 
per AMS and cow MF, cow milking speed, number of 
cows per AMS, and daily amount of concentrate offered 
per cow in the AMS. Our study focused on improving 
AMS efficiency through examination of the causal ef-
fect of MPE and CS at both an individual and interactive 
level on performance parameters such as milk yield per 
cow per day and MF, milking interval, and box time per 
milking. Overall milk yields and their seasonal trends in 
our study were similar to that reported in other studies 
conducted with seasonally calved herds in conventional 
milking systems (CMS; Horan et al., 2005; O’Sullivan 
et al., 2020). This is influenced by the stage of lactation 
and the deterioration of grass quantity and quality that 
is normally observed in such production systems as the 
autumn months progress (McCarthy et al., 2016).

In the current study, an increased MF (1.95 vs. 1.30 
milkings/cow per day) was observed following the in-
crease in MPE (milking allowed after 6–8 h vs. 9.6–14 
h). This effect was also observed in the study of Foley et 
al. (2015) in which 2 levels of MPE (2 and 3 times/d) re-
sulted in MF of 1.5 and 1.8, respectively; the correspond-
ing milk yields were 19 and 18.4 kg/cow per day, which 
were not significantly different, indicating the potential 
to reduce MF without adverse production effects (Foley et 
al., 2015). In an AMS reducing MF would increase AMS 
free time and may permit more cows to be milked on a 
single robot. The MF has been shown previously to have 
an effect on milk yield per cow in both CMS and AMS. 
The positive effects of increased MF on milk yield were 
initially shown on CMS farms when 2 and 3 milkings/d 
regimens (at regular intervals) were compared (Friggens 
and Rasmussen, 2001). Smith et al. (2002) reported that 
milk yield was increased by up to 14% by increasing MF 
in a CMS from 2 to 3 milkings/d, whereas McNamara et 
al. (2008) showed that milk yield was reduced by 24% 
when MF was decreased from 2 to 1 milkings/d. O’Brien 
et al. (2002) also showed that once (compared with twice) 
daily milking in late lactation reduced milk yield by 29% 
and milk-solids yield by 24%. Increased milk yield re-
corded with increased fixed-frequency milking in CMS 
may be associated with alteration of secretory cells and 
mammary functions. However, the effects of higher MF 
on milk yield in AMS may be more complex, as milk-
ing intervals become variable from cow to cow and even 

for the same cow on a daily basis. Rémond et al. (2009) 
found that cows could compensate for a long milking 
interval (MI), if the following milking occurred shortly 
after. However, Sharipov et al. (2020) did show that 
daily milk yield per cow increased significantly as MF 
increased from 2 to 5 times/d, within an AMS, whereas 
Lyons et al. (2013) observed the alternative scenario of 
reduced milk yield associated with reduced MF, also on 
AMS farms. Furthermore, Penry et al. (2018) observed a 
2% reduction in milk production per hour of MI increase 
(increased MI is associated with reduced MF).

Concentrate supplementation has also been shown 
to affect milk yield in both CMS and AMS. Reid et al. 
(2015) showed a milk response of 0.96 kg of milk per 
kg of concentrate when a grass diet was supplemented 
with 3 kg of concentrate in late lactation within a CMS. A 
study by Shortall et al. (2018) examined the effect of dif-
ferent CS levels in the early and late periods of lactation 
on milk production in a pasture-based AMS; high and 
low concentrate levels in early and late lactation were 4.4 
and 2.3 kg/cow per day and 0.5 and 2.7 kg/cow per day, 
respectively. The CS in early lactation had no effect on 
milk production, whereas in late lactation, cows receiv-
ing high (compared with low) CS levels had a greater 
milk yield per day (12.4 and 10.9 kg/cow, respectively) 
resulting in a milk response of 0.75 kg of milk/kg of con-
centrate (Shortall et al., 2018). This aligns with the view 
of Kellaway and Harrington (2004) that milk response to 
CS is dependent on growth rate and availability of grass, 
which is reduced during the autumn/late lactation stage 
of a pasture-based, seasonal calving system. Our results 
are in broad agreement with the study of Shortall et al. 
(2018), as the treatment indicating the highest MF and 
CS level (FHC) also showed the highest milk yield while 
the treatment indicating the lowest MF and CS level also 
showed the lowest milk yield. Lyons et al. (2013) also 
reported an associated 33% increase in daily milk yield 
when milking events increased from 1 to 2 per cow per 
day and a 13% increase in daily milk yield when they in-
creased from 2 to 3 per cow per day. The increase in MPE 
(frequent compared with restricted MPE) implemented 
in the current study was accompanied by an estimated 
increase in milk yield of 1.5 kg/cow per day. In part, this 
could be explained by more frequent removal of a nega-
tive feedback protein (FIL, feedback inhibitor of lacta-
tion; Wilde et al., 1995; Vijayakumar et al., 2017) as well 
as other proteins such as serotonin that are responsible 
for having a negative effect on milk production (Collier 
et al., 2012). Conversely, a higher MF could have a posi-
tive effect on daily milk production through increased 
secretory cell activity (Capuco et al., 2003).

The estimated 3.1 kg/cow per day response in milk 
yield to the increased CS (average 0.45 kg/cow per day 
for LC vs. 3.25 kg/cow per day for HC) in this study 
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resulted in a conversion efficiency of 1.1 kg of milk/kg 
of concentrate, approximately. This response was greater 
than the response obtained by Shortall et al. (2018); 
however, that study was conducted in late lactation when 
the baseline milk yield was ~50% lower than in the cur-
rent study, and the difference in CS treatments was also 
lower at 2.5 kg/cow per day. In this study, the increase 
in MPE resulted in an increase in MF of 0.65 milkings/
cow per day, and this was associated with an increase in 
milk production of 1.5 kg/cow per day; the increase in 
CS level resulted in an increase in MF of 0.25 milkings/
cow per day. This is in contrast to the study of Halachmi 
et al. (2005) who observed similar MF at the concentrate 
levels of 3.5 and 5.0 kg/cow per day, and Bach et al. 
(2007) who observed similar milk yield and MF in cow 
groups receiving concentrate levels from 3 to 8 kg/cow 
per day. However, both of these studies were conducted 
with an indoor AMS, where MF is generally higher than 
in a pasture system (Lyons et al., 2013). Jago et al. (2007) 
described a study in a pasture-based AMS where 0 versus 
1 kg/d concentrate was offered to cows at the milking 
unit; an effect on MF was not observed but a milk pro-
duction increase of 1.12 kg/cow per day was. Similarly, 
a more recent study by Lessire et al. (2017), conducted 
with grazing dairy cows, found that supplementation 
with 4 versus 2 kg/cow per day did not result in increased 
milkings but did increase milk yield (by 1.06 kg/cow 
per day). The lower difference between CS treatments 
in those studies (1 and 2 kg/cow per day, respectively) 
compared with ours may explain our findings in terms 
of increased MF and milk yield. We detected a signifi-
cant interaction effect on MF between MPE and CS in 
our study. The frequent (compared with restricted) MPE 
resulted in significantly higher MF at both high and low 
CS levels, however it was highest for the FHC combina-
tion. As the MI has an inverse relationship with MF, the 
MI also showed a significant interaction, and the RLC 
and the FHC showed the longest and shortest intervals, 
respectively. These intervals have a practical importance; 
Davis et al. (1998) has shown that milk secretion is lin-
ear up to ~16 h after milking; therefore, intervals longer 
than 16 h could reduce milk yield through the FIL effect, 
and long intervals may also represent a welfare issue for 
the cow (e.g., discomfort in lying down), particularly in 
the early stages of lactation, near peak milk production. 
A study by O’Driscoll et al. (2010) indicated that cows 
milked once and twice daily spent a similar proportion 
of time lying per hour during the hours before morning 
milking, and this showed that any udder discomfort as-
sociated with once daily milking was not severe enough 
to inhibit lying behavior at this time. However, Öster-
man and Redbo (2001) did find that cows milked less 
frequently spent more time standing before milking than 
cows milked more frequently. But their measures were 

within 4 wk of calving, when milk yields would have 
been relatively high; it is important to monitor milking 
intervals from a welfare perspective, particularly in early 
lactation.

We showed that increasing CS level can increase MF; 
however, it results in an increase between 0.15 and 0.35 
more milkings per cow per day depending on the MPE 
settings. It seems that it would not be an economical de-
cision to increase CS up to 3 kg for a marginal increase in 
MF. This agrees with Lessire et al. (2017) who suggested 
that considering high concentrate levels as an incentive 
for robot visitation might be questioned due to its limited 
response. A more efficient strategy to increase MF with 
a view to increasing milk yield would be to adjust MPE 
settings, as we showed in this study that an increase of 
0.54 and 0.74 extra milkings per cow per day (depending 
on the level of CS) resulted in increased milk yield.

Furthermore, the significant difference in daily milk 
yield observed between the RHC and FLC treatments 
means that an economic benefit associated with in-
creased yield (from increased MF) is obtained without 
the associated increased cost of concentrate. Thus, from 
an economic perspective and a welfare perspective, the 
frequent MPE settings would be preferable, as achieved 
with the FLC treatment. Although the MI of the FHC 
was significantly shorter than the FLC treatment, this 
difference (11.0 vs. 12.8 h) was not considered biologi-
cally significant and would not necessitate the higher CS 
level; the desire to achieve a MF of as close as possible 
to 2 milkings per cow per day is acknowledged. Lessire 
et al. (2022) studied the effects of high CS combined 
with a short MI within an AMS; they found that a higher 
concentrate allocation induced an increase in milk yield 
but did not affect MF, whereas a shorter milking interval 
(4 h) was correlated with higher MF without an effect 
on milk yield. In our study, the minimum permission to 
milk was after between 6 to 8 h of the previous milk-
ing compared with the 4 h minimum MI considered by 
Lessire et al. (2022). The current study also showed that 
the interaction between MPE and CS was significant for 
milk yield and did increase the number of milkings per 
cow per day, with results more evident in treatments in-
volving frequent MPE and high concentrate. We used an 
ABC rather than an AB grazing management system, as 
used in the Lessire et al. (2022) study, and this may be 
relevant because variable grass allocation or availability 
does influence cow traffic (Lyons et al., 2013). Also, our 
study was conducted over a considerable portion (~47%) 
of the herd lactation, whereas, many studies have focused 
on more short-term experimental treatments.

In conclusion, our study aimed to compare 2 manage-
ment strategies (manipulation of MPE and CS) to improve 
the operation of an AMS within a pasture-based system. 
The study showed that allowing access to the robot be-
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tween 6 to 8 h after the previous milking was sufficient 
(even with a minimal level of CS) to achieve acceptable 
milk production and milking performance. Regardless, 
future studies are needed to further evaluate the effect 
of MPE and CS on MF, milk production, and milking 
performance characteristics of the AMS in different herd 
sizes; modeling of such data would outline the economic 
effect of alternative strategies, which may be used to plan 
systems that best fit individual farm situations.
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Figure A1. Milk yield per cow per day (kg) for each washover week for each treatment. Washover week: (a) washover wk 1 = from May 2, 2022, 
to May 8, 2022; (b) washover wk 2 = from June 6, 2022, to June 12, 2022; (c) washover wk 3 = from July 11, 2022, to July 17, 2022; (d) washover 
wk 4 = from August 15, 2022, to August 21, 2022. Treatment: FHC = frequent milking permission (permission to milk after 6 to 8 h of previous 
milking), high concentrate supplementation (3.5 kg/d); FLC = frequent milking permission (permission to milk after 6 to 8 h of previous milking), 
low concentrate supplementation (0.5 kg/d); RHC = restricted milking permission (permission to milk after 9.6 to 14 h of previous milking), 
high concentrate supplementation (3.5 kg/d); RLC = restricted milking permission (permission to milk after 9.6 to 14 h of previous milking), low 
concentrate supplementation (0.5 kg/d).
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Figure A2. Number of milkings per cow per day for each washover week for each treatment. Washover week: (a) washover wk 1 = from May 
2, 2022, to May 8, 2022; (b) washover wk 2 = from June 6, 2022, to June 12, 2022; (c) washover wk 3 = from July 11, 2022, to July 17, 2022; (d) 
washover wk 4 = from August 15, 2022, to August 21, 2022. Treatment: FHC = frequent milking permission (permission to milk after 6 to 8 h of 
previous milking), high concentrate supplementation (3.5 kg/d); FLC = frequent milking permission (permission to milk after 6 to 8 h of previous 
milking), low concentrate supplementation (0.5 kg/d); RHC = restricted milking permission (permission to milk after 9.6 to 14 h of previous milk-
ing), high concentrate supplementation (3.5 kg/d); RLC = restricted milking permission (permission to milk after 9.6 to 14 h of previous milking), 
low concentrate supplementation (0.5 kg/d).
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