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ABSTRACT

The objectives were to investigate the effect of feed-
ing and visiting behavior of dairy cattle on CH4 and H2 
production measured with voluntary visits to the Green-
Feed system (GF) and to determine whether these effects 
depended on basal diet (BD) and 3-nitrooxypropanol 
(3-NOP) supplementation. The experiment involved 
64 lactating dairy cattle (146 ± 45 DIM at the start of 
trial; mean ± SD) in 2 overlapping crossover trials, each 
consisting of 2 measurement periods. Cows within block 
were randomly allocated to 1 of 3 types of BD: a grass 
silage-based diet consisting of 30% concentrates and 
70% grass silage (DM basis); a grass silage and corn 
silage mixed diet consisting of 30% concentrates, 42% 
grass silage, and 28% corn silage (DM basis); or a corn 
silage-based diet consisting of 30% concentrates, 14% 
grass silage, and 56% corn silage (DM basis). Each type 
of BD was subsequently supplemented with 0 and 60 
mg 3-NOP/kg of DM in one crossover or 0 and 80 mg 
3-NOP/kg of DM in the other crossover. Diets were pro-
vided in feed bins that automatically recorded feed intake 
and feeding behavior, with additional concentrate fed in 
the GF. All visits to the GF that resulted in a spot mea-
surement of both CH4 and H2 emission were analyzed in 
relation to feeding behavior (e.g., meal size and time in-
terval to preceding meal) as well as GF visiting behavior 
(e.g., duration of visit). Feeding and GF visiting behavior 
were related to CH4 and H2 production measured with the 
GF, in particular the meal size before a GF measurement 
and the time interval between a GF measurement and the 
preceding meal. Relationships between gas production 
and both feeding and GF visiting behavior were affected 
by type of BD as well as 3-NOP supplementation. With 
an increase of the time interval between a GF measure-

ment and the preceding meal, CH4 production decreased 
with 0 mg 3-NOP/kg of DM but increased with 60 and 
80 mg 3-NOP/kg of DM, whereas type of BD did not 
affect these relationships. In contrast, CH4 production 
increased with 0 mg 3-NOP/kg of DM but decreased with 
60 and 80 mg 3-NOP/kg of DM upon an increase in the 
size of the meal preceding a GF measurement. With an 
increase of the time interval between a GF measurement 
and the preceding meal, or with a decrease of the size 
of the meal preceding a GF measurement, H2 production 
decreased for all treatments, although the effect was gen-
erally somewhat stronger for 60 and 80 mg 3-NOP/kg of 
DM than for 0 mg 3-NOP/kg of DM. Hence, the timing 
of GF measurements next to feeding and GF visiting be-
havior are essential when assessing the effect of dietary 
treatment on the production of CH4 and H2 in a setting 
where a spot-sampling device such as a GF is used and 
where the measurements depend on voluntary visits from 
the cows.
Key words: dairy cattle, feed intake behavior, visiting 
behavior, spot sampling

INTRODUCTION

Reducing enteric CH4 production in cattle may sig-
nificantly contribute to greenhouse gas mitigation and 
reduce the effect on climate change. Potential mitigation 
strategies include production intensification, dietary 
management, rumen manipulation, and selection of low-
CH4-producing animals (Arndt et al., 2022; Beauchemin 
et al., 2022). The need for high throughput measurements 
of enteric CH4 production has led to the development of 
a variety of measurement techniques (Hammond et al., 
2016), including the GreenFeed system (GF; C-Lock 
Inc., Rapid City, SD). The GF can be used in a variety of 
environments, including in freestall facilities and in graz-
ing conditions. It is a spot-sampling device that measures 
CH4, H2, and CO2 production from individual dairy cows 
with low disturbance of the cow’s natural behavior, by 
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integrating measurements of airflow, gas concentrations, 
and detection of head position during each animal’s visit 
(Zimmerman et al., 2011; Hegarty, 2013).

Many studies have used the GF to quantify CH4 pro-
duction of dairy cows as well as the CH4 mitigating 
potential of dietary strategies. Diurnal patterns of CH4 
(and H2) emission are related to feed intake patterns (van 
Lingen et al., 2017), which indicates that spot sampling 
of gaseous emission should be distributed over 24 h. 
Collection procedures of spot breath samples in the GF 
technique differ across studies. Where some studies (e.g., 
Hristov et al., 2015; Lopes et al., 2016) used a fixed sam-
pling scheme to obtain a representative gas production 
value of a 24-h feeding cycle, in other studies (e.g., van 
Wesemael et al., 2019; van Gastelen et al., 2022) data 
collection was achieved by voluntary visits of dairy cows 
to the GF. van Gastelen et al. (2022) illustrated that these 
voluntary visits were well-spread over a 24-h period, and 
thereby likely captured the full diurnal pattern of CH4 
production. However, it remains unclear how measured 
CH4 (and H2) production during these voluntary visits 
to the GF relate to the combination of feeding behavior 
(e.g., meal size) and GF visiting behavior (e.g., interval 
between preceding meal and GF measurement) of dairy 
cows, and whether these relationships are affected by 
composition of the basal diet (BD) and high-efficacy 
CH4 inhibition strategies such as supplementation with 
3-nitrooxypropanol (3-NOP).

The objectives of the present study were therefore 
to (1) investigate the effect of feeding and GF visiting 
behavior of dairy cattle on CH4 and H2 production as 
measured by voluntary visits to the GF and (2) determine 
whether these effects depend on BD and 3-NOP supple-
mentation. We hypothesized that feeding behavior, but 
not GF visiting behavior, would be affected by BD and 
3-NOP supplementation. Furthermore, we hypothesized 
that production of CH4 and H2 measured with the GF 
relates to feeding behavior and GF visiting behavior, and 
that these relationships thus depend on BD composition 
and 3-NOP supplementation.

MATERIALS AND METHODS

Experimental Design

This study was part of the experiment described by van 
Gastelen et al. (2022), where they investigated whether 
the CH4 mitigation potential of 3-NOP in dairy cattle 
was affected by BD composition. The experiment was 
conducted from November 2019 to February 2020 at the 
research facilities of Wageningen Livestock Research 
(Dairy Campus, Leeuwarden, the Netherlands), under the 
Dutch law on Animal Experiments in accordance with 
European Union Directive 2010/63. The use of 3-NOP 

(DSM Nutritional Products Ltd.) in animal feed was 
preapproved by the Veterinary Drugs Directorate Divi-
sion (Utrecht, the Netherlands). In short, the experiment 
involved 64 Holstein-Friesian dairy cows (146 ± 45 DIM 
at start of trial; mean ± SD) in 2 overlapping crossover 
trials, each consisting of 2 measurement periods. Cows 
were blocked according to parity, DIM, and milk yield, 
which resulted in 11 blocks in total (i.e., 10 blocks of 6 
cows and 1 block of 4 cows). Within each block, cows 
were randomly allocated to 1 of 3 diets (all on a DM ba-
sis): a grass silage-based diet (GS; 30% concentrates and 
70% grass silage), a grass silage and corn silage mixed 
diet (GSCS; 30% concentrates, 42% grass silage, and 
28% corn silage), or a corn silage-based diet (CS; 30% 
concentrates, 14% grass silage, and 56% corn silage). 
Each type of BD was subsequently supplemented with 
3-NOP in a crossover design: either 60 mg of 3-NOP/
kg of DM (NOP60) and a placebo with 0 mg of 3-NOP/
kg of DM (NOP0) in one crossover, and 80 mg 3-NOP/
kg of DM (NOP80) and NOP0 in the other crossover 
(Supplemental Figure S1; see Notes). The experiment 
started with a covariate period of 2 wk in which base-
line measurements took place on a common basal diet, 
followed by a week for adaptation to the BD the cows 
were allocated to. After this BD adaptation week, the 
treatment periods of the crossover trials started; these 
were composed of adaptation periods and measurement 
periods (see Supplemental Figure S1). Only data from 
the covariate period and 4 measurement weeks (i.e., wk 
6, 8, 11, and 13 of the trial) were used, corresponding to 
the data used for statistical analysis by van Gastelen et 
al. (2022).

Gaseous Exchange

Production of CH4, H2, and CO2 was measured on an 
individual-cow level using 3 GF systems (C-Lock Inc.; 
Zimmerman et al., 2011). The dairy cows were loose-
housed as 1 group and each GF could be visited by any 
cow. A dairy cow could visit the GF every 2 h (with a 
maximum of 12 times/d), where data collection was de-
pendent on voluntary visits to the GF. A bait was offered 
at the GF for enticement and to encourage the cow to 
maintain a suitable head position for accurate measure-
ments, with a maximum of 8 so-called cup drops per 
visit, 1 cup drop per 30 s, and 35.7 ± 2.22 g of feed per 
cup drop.

Data from the GF systems included: visits where 
cows were identified with radio frequency identification 
(RFID visits), visits where gas production was measured 
(emission visits), and visits where GF bait was supplied 
(bait visits). These 3 types of visits do not necessarily 
overlap. All emission visits and bait visits overlap with 
RFID visits, otherwise the visit cannot be linked to a 
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cow. But not every RFID visit is coupled with a bait visit 
or emission visit, because cows occasionally visit the GF 
without bait supply and measurements of gas production 
(i.e., a previous GF visit was less than 2 h ago and 2 h 
was the interval setting for measurement). Additionally, 
a bait visit might not be coupled with an emission visit if 
the criteria (i.e., head position or duration of visit) were 
considered to be inappropriate. Furthermore, an emission 
visit might not be coupled with a bait visit if no bait was 
supplied, despite cows remaining for sufficient time and 
with a correct head position in the GF system. For the 
present study, only emission visits were used to inves-
tigate the effects on CH4 and H2 production, also when 
those emission visits did not overlap with bait visits. All 
bait visits were used to calculate the interval between 
GF visits, also when those did not overlap with emission 
visits. The interval between 2 successive GF visits was 
arbitrary maximized at 36 h, which resulted in excluding 
2 values (0.03% of the dataset). Please note that this ap-
proach deviates from van Gastelen et al. (2022), where 
both emission visits and bait visits were included in the 
analyses.

Feed Intake

Feed was supplied 4 times daily as partial mixed ration 
(PMR; excluding GF bait) by using an automated feed-
ing system consisting of the Trioliet feed mixing robot 
(Triomatic HP 2 300, Trioliet) for mixing the experi-
mental diets, and the Insentec feed bin (FB; Hokofarm 
Group B.V.) to measure feed intake for each individual 
cow. The dairy cows were housed as 1 group with 32 FB 
for feeding (i.e., 2 cows per FB), with the cows having 
access to all FB with their assigned diet. The assignment 
of the cows to the FB was established at the start of trial 
and remained the same throughout the trial. Hence, upon 
dietary changes, the diets in the FB changed and the cows 
remained assigned to the same FB (for further details, see 
van Gastelen et al., 2022).

For every visit of a cow to a FB, the start and end times 
of the visit as well as the start and end weights of the 
FB content were recorded. The FB visits without intake 
(16.9% of total visits) were removed from the dataset. 
Feeding behavior was subsequently analyzed according to 
Tolkamp and Kyriazakis (1999) and Yeates et al. (2001). 
The interval length between 2 consecutive FB visits was 
transformed with a natural logarithm. For every of the 
9 treatments (3 BD and 3 levels of 3-NOP), a 3-popula-
tion model based on 2 Gaussian functions and 1 Weibull 
function was fitted through the individual transformed 
time intervals using the fittype option in the fit function 
in MATLAB (MATLAB version: 9.13.0 R2022b, The 
MathWorks Inc., Natick, MA). The 2 Gaussian functions 
describe within-meal intervals and the Weibull distri-

bution describes the between-meal interval. The meal 
criterion was determined as the intersection between the 
second Gaussian and the Weibull curve, which was sub-
sequently used to describe the longest interval between 
2 consecutive FB visits that are still part of the same 
meal. The meal criterion differed per treatment (Figure 
1), varying between 18.1 min (GSCS_NOP80) and 33.5 
min (GS_NOP80). The meal criteria were subsequently 
used to determine feeding behavior, where visits were 
clustered into meals per day and daily total meal duration 
was calculated. According to Abrahamse et al. (2008b), 
we calculated the number of visits, meal duration, meal 
size (kg of DMI), and eating rate (kg of DMI per meal di-
vided by eating time in minutes per meal) for each identi-
fied meal, where eating time was meal duration minus 
intervals within meals. Meals with an eating rate larger 
than 0.5 kg of DM/min (less than 0.1% of the meals, and 
those also expected to be caused by spilling of feed) were 
excluded from the analysis.

Sample Collection and Chemical Analysis

Samples of all ration components and the GF bait were 
taken once weekly and stored at −20°C pending analy-
sis. At the end of the experiment, all feed samples were 
thawed at room temperature, freeze-dried until constant 
weight, and ground to pass a 1-mm screen. The samples 
were subsequently analyzed for chemical composition 
including DM using wet chemistry as described by Abra-
hamse et al. (2008a). For the intake of the PMR, DMI 
was calculated based on the DM content of the individual 
ration components, the ration composition as mixed by 
the Trioliet feed mixing robot, and the kilograms of wet 
weight intake recorded in the FB.

Preprocessing of Collected Data

The feeding behavior (e.g., size of the preceding meal 
at the FB) as well as the GF visiting behavior (e.g., time 
interval between preceding meal at a FB and a GF mea-
surement) were used to investigate the effect of feeding 
and GF visiting behavior of dairy cattle on CH4 and H2 
production and to determine whether these effects were 
BD and 3-NOP supplementation dependent. To do so, 
the data of both systems (i.e., FB and GF) needed to be 
linked. Although the GF and FB systems have the same 
time on their time clock in the barn, the time registrations 
of these systems did not match in the recorded data and 
we therefore used a time correction of +42 s for the GF 
data. Without time correction, 6.8% of the GF visits (in 
the complete experimental period of 13 wk; van Gastelen 
et al., 2022) showed an overlap with a FB visit, whereas 
this proportion decreased to a minimum of 1.3% with the 
time correction. This minimum was achieved by increas-
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ing the time correction providing the overlap decreased. 
Nevertheless, 382 GF visits, despite the time correction, 
still showed an overlap with a FB visit, which is physi-
cally not possible, and were excluded from data analysis.

Statistical Analysis

The final dataset included 63 cows, because 1 cow 
was excluded due to persistent stealing behavior (steal-
ing on average 9% of her daily DMI from FB she was 
not assigned to). All parameters related to feed and GF 
visiting behavior were averaged per cow per period 
(i.e., covariate period and 4 measurement periods). In 
line with van Gastelen et al. (2022), the feeding and GF 

visiting behavior data were subsequently split into 2 da-
tasets, one dataset with the data of the crossover with 
0 and 60 mg of 3-NOP/kg of DM and one dataset with 
the data of the crossover with 0 and 80 mg of 3-NOP/
kg of DM, where both datasets included the covariate 
period as well as baseline measurement for BD. Per 
crossover, data were subjected to ANOVA in a crossover 
with a 2 period × 2 treatment design by using the MIXED 
procedure in SAS (edition 9.4, SAS Institute Inc., Cary, 
NC). The BD (GS, GSCS, and CS), the 3-NOP dose (0 
and 60 mg/kg of DM for the first crossover and 0 and 
80 mg/kg of DM for the second crossover), the BD × 
3-NOP dose interaction, treatment sequence (i.e., order 
in which the 3-NOP dosages were supplemented within 
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Figure 1. Histogram per treatment of the log-transformed lengths of intervals between successive FB visits; the red curve is a fitted 3-fold density 
function based on 2 Gaussian functions (light/dark blue lines) and 1 Weibull function (green line); the dotted vertical line marks the intersection of 
the second Gaussian and the Weibull curve that is used to determine the meal criterion. Each treatment is a combination of diet type: grass silage-
based (GS), grass silage and corn silage mixed (GSCS), or corn silage-based (CS) and dose of 3-NOP (NOP0, NOP60, and NOP80 for 0, 60, or 80 
mg of 3-NOP/kg of DM). Adj R2 = adjusted R2; RMSE = root mean square error.
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crossover), period, as well as the baseline measurement 
from the covariate period were considered fixed effects. 
The model included block and cow as random factors. 
The covariance structure variance components provided 
the best fit with the lowest overall Akaike’s information 
criterion values. The Kenward-Roger option was used 
to estimate the denominator degrees of freedom. Values 
are presented (in Supplemental Tables S1 and S2; see 
Notes) as LSM ± pooled SEM. All P-values of pair-wise 
comparisons of LSM were corrected with a Tukey adjust-
ment. Significance was declared at P < 0.05 and trends at 
0.05 ≤ P ≤ 0.10.

Additionally, all feeding and GF visiting behavior data 
were combined into 1 dataset to obtain descriptive statis-
tics by using the MEANS procedure in SAS. Subsequent-
ly, the Pearson correlation (CORR procedure in SAS) 
was used to test, for each diet separately (BD × 3-NOP) 
as well as for all diets together and for the covariate pe-
riod, the relationship between the measured CH4 and H2 
production and feeding and GF visiting behavior of dairy 
cattle. We subsequently used the REG procedure in SAS, 
according to Sawant (2012), to compare the regression 
coefficient between the models of individual diets.

RESULTS

Feeding and GF Visiting Behavior

The descriptive statistics of the feeding and GF visit-
ing behavior are presented in Table 1. The effect of BD, 
3-NOP, and BD × 3-NOP on feeding and GF visiting 
behavior are presented in Supplemental Tables S1 and 
S2, respectively. These results were not the objective of 
the present study and thus will not be described and dis-
cussed in detail. These results did serve, however, as un-
derlying data for our objective, which was to determine 
whether the relationship between feeding and GF visiting 
behavior and the CH4 and H2 production measurements 
were BD and 3-NOP supplementation dependent.

Relationship Between Cow Behavior  
and CH4 Production

The relationship between the measured CH4 production 
and cow behavior per dietary treatment (BD × 3-NOP) is 
presented in Table 2. In the current study, a relationship 
is considered to be weak when |r| ≤ 0.20, moderate when 
0.20 < |r| ≤ 0.50, and strong when |r| > 0.50. For most 
treatments, weak relationships were found between mea-
sured CH4 production and duration of the GF visits (usu-
ally positive), between measured CH4 production and GF 
bait intake during the GF visit (all positive), and between 
measured CH4 production and interval length with the 
previous GF visit (some positive, some negative).

Most of the relationships between measured CH4 pro-
duction and interval length with the preceding meal con-
sumed in the FB (Figure 2) and between measured CH4 
production and DMI consumed during the preceding FB 
meal (Figure 3) were moderate. Overall, however, across 
all BD and 3-NOP treatments, the relationships appeared 
weak due to the large differences in relationship (posi-
tive and negative ones) for individual dietary treatments. 
The relationship between measured CH4 production and 
interval length with the preceding meal consumed in a 
FB appeared to be affected by 3-NOP, but not by BD. 
This relationship was negative for NOP0, but positive for 
NOP60 and NOP80, irrespective of BD. In other words, 
with an increase of the time interval between the pre-
ceding FB meal and the GF measurement CH4 produc-
tion decreased for NOP0, but increased for NOP60 and 
NOP80. Conversely, the opposite holds for the relation-
ship between measured CH4 production and DMI during 
the preceding FB meal, which was, irrespective of BD, 
positive for NOP0 and negative for NOP60 and NOP80. 
These relationships indicate that with an increase in the 
size of the preceding FB meal, CH4 production increased 
for NOP0, but decreased for NOP60 and NOP80.

The results of the regression coefficient comparison be-
tween the models for individual diets are shown in Table 
3 for the relationships between measured CH4 production 
and the interval of the preceding FB meal (CH4 interval 
models), and in Table 4 for the relationships between 
measured CH4 production and the preceding FB meal size 
(CH4 meal-size models). Most regression coefficients of 
the CH4 interval models differed between the individual 
diets (P ≤ 0.046), indicating either a different slope di-
rection (i.e., negative vs. positive) or a smaller or larger 
slope, with some exceptions. The slope of GS_NOP80 
and CS_NOP60 for example only tended to differ from 
that of CS_NOP80 (P = 0.056 and 0.060, respectively). 
The slope of both GSCS_NOP0 and CS_NOP0 did not 
differ from that of both covariate and GS_NOP0. The 
slope of GSCS_NOP80 did not differ from that of both 
GSCS_NOP60 and CS_NOP80, the slope of GS_NOP80 
did not differ from that of CS_NOP60, and the slope 
of GSCS_NOP0 did not differ from that of CS_NOP0. 
Most of the regression coefficients of the CH4 meal-size 
models differed between the individual diets (P in most 
cases <0.001, maximum P = 0.043), but again with some 
exceptions; the slope of the covariate only tended to dif-
fer from that of GS_NOP0 and CS_NOP0 (P = 0.056 and 
0.067, respectively), and the slope of GSCS_NOP60 did 
not differ from that of GSCS_NOP80, CS_NOP60, and 
CS_NOP80. The slope of GSCS_NOP80 did not differ 
from that of both CS_NOP60 and CS_NOP80, the slope 
of the covariate did not differ from that of GSCS_NOP0, 
the slope of GS_NOP0 did not differ from that of CS_
NOP0, the slope of GS_NOP60 did not differ from that 
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of GS_NOP80, and the slope of CS_NOP60 did not dif-
fer from that of CS_NOP80.

Relationship Between Cow Behavior  
and H2 Production

The relationships between the measured H2 production 
and cow feeding and GF visiting behavior per dietary 
treatment (BD × 3-NOP) are shown in Table 5. Only 
weak relationships were found between the measured 
H2 production and duration of GF visits, between the 
measured H2 production and GF bait intake during GF 
visits, and between the measured H2 production and the 
interval length with the previous GF visit. For all dietary 
treatments, the measured H2 production was negatively 
related to the interval length of the preceding meal 

consumed in a FB (Figure 4). These moderate-to strong-
relationships indicate that the measured H2 production 
decreased when the time interval between the preceding 
FB meal and a GF measurement increased.

For all dietary treatments, the measured H2 production 
was positively related to the DMI consumed during the 
preceding meal (see also Figure 5). This relationship was 
clearly affected by 3-NOP, but not by BD. The relation-
ship was weak for NOP0, but moderate for NOP60 and 
NOP80. These results indicate that upon an increase 
in the size of the preceding FB meal, the measured H2 
production was somewhat increased for NOP0, but more 
strongly for NOP60 and NOP80.

The results of the regression coefficient comparison 
between the models of individual diets are shown in Table 
6 for the relationship between measured H2 production 
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Table 1. Descriptive statistics of feeding and GF1 visiting behavior from lactating dairy cows fed different BD with 
or without 3-NOP supplementation2

Variable Mean Median SE Minimum Maximum

Feeding behavior          
  Total duration of meals (min/d) 243 243 1.3 85 446
  Meal duration (min/meal) 26.5 23.2 0.14 0.1 146.8
  Total eating time (min/d) 198 199 1.1 55 347
  Eating time (min/meal) 21.6 20.0 0.11 0.1 102.4
  Meals (number)          
    Full 24-h period 9.2 9.0 0.05 2.0 17.0
    Between 0000 h and morning milking 1.8 2.0 0.02 0.0 6.0
    Between morning and afternoon milking 4.1 4.0 0.03 1.0 10.0
    Between afternoon milking and 0000 h 3.3 3.0 0.03 0.0 7.0
  Meal size (kg of DM/meal) 2.33 2.11 0.012 0.04 14.46
  Visits per meal 4.53 4.00 0.027 1.00 41.00
  Eating rate (g of DM/min) 111 105 0.3 3 486
GF visiting behavior          
  GF visits (number)          
    Full 24-h period 4.3 4.0 0.05 1.0 9.0
    Between 0000 h and morning milking 1.2 1.0 0.02 0.0 4.0
    Between morning and afternoon milking 1.8 2.0 0.03 0.0 5.0
    Between afternoon milking and 0000 h 1.4 1.0 0.02 0.0 4.0
  GF visit duration (min) 4.47 4.78 0.011 2.00 9.82
  GF bait intake          
    kg of DM/d 0.99 1.00 0.010 0.11 2.05
    g of DM/GF visit 230 245 0.6 0 270
  Gas production (g/d)          
    CH4 357 351 1.4 48 804
    H2 5.18 3.16 0.056 0.00 20.81
  Interval (min)          
    Between GF visits3 257 217 1.9 04 2113
    Between preceding meal FB5 and GF visit 72.8 5.1 1.85 0.0 1735.9
    Between GF visit and next FB meal 86.0 48.9 1.25 0.0 950.3
    Preceding meal size FB6 (kg of DM) 2.42 2.21 0.017 0.04 10.71
1GreenFeed system to record gaseous emissions with cow identification (results in table restricted to visits where 
gas emission was measured).
2Based on data collecting during the 4 measurement weeks (i.e., wk 6, 8, 11, and 13 of the trial) only, excluding the 
covariate period.
3Interval between a GF visit with gas emission measurement and a previous GF visit where bait was consumed, 
irrespective of whether this GF visit resulted in an emission measurement.
4The interval between 2 successive GF visits can be zero around midnight: the GF visit is split into 2 visits, 1 start-
ing just before midnight and 1 starting just after midnight.
5Feed intake bins with automatic recording and cow identification.
6Preceding meal in a feed intake bin before a gas emission measurement in the GreenFeed system.
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and the interval of the preceding FB meal (H2 interval 
models), and in Table 7 for the relationship between 
measured H2 production and the preceding FB meal size 
(H2 meal-size models). Most of the H2 interval models 
differed between the individual diets (P in most cases 
<0.001, maximum P = 0.028), indicating either a different 
slope direction or a different slope size. There are only 
a few exceptions; the slope of GSCS_NOP0 only tended 
to differ from that of the covariate period (P = 0.100) 
and did not differ from that of GS_NOP0. Furthermore, 
the slopes did not differ between GSCS_NOP60 and GS_
NOP60 and between CS_NOP80 and GSCS_NOP80. In 
addition, regression coefficients of most H2 meal-size 
models differed between the individual diets (P in most 
cases <0.001, maximum P = 0.044), although the number 
of exceptions (n = 15) was considerable (Table 7). For 
example, the slope of GS_NOP60 did not differ from the 
slopes of GS_NOP80, GSCS_NOP60, GSCS_NOP80, 
CS_NOP60, and CS_NOP80.

DISCUSSION

The data analysis for the current study was restricted 
to GF visits where CH4 and H2 production was success-
fully determined (emission visits; 7,137 in total), even 

when those visits were not overlapping with bait visits 
(76 visits out of the 7,137 emission visits in total). The 
average CH4 and H2 production of all emission visits, re-
gardless of whether they overlapped with bait visits, was 
respectively 357 and 5.18 g/d, the average CH4 and H2 
production of the emission visits overlapping with bait 
visits was respectively 357 and 5.18 g/d, and the average 
CH4 and H2 production of the emission visits that did not 
overlap with bait visits was 299 and 5.14 g/d, respec-
tively. Despite this large difference in emissions between 
emission visits with and without bait supply, the effect of 
the emission visits that do not overlap with bait visits on 
gas emissions was negligible, likely because these visits 
only represent 1% of all emission visits.

Relationship Between Cow Behavior  
and CH4 Production

For a broad range of diets, the quantity of CH4 emitted 
is closely related to the quantity of digestible OM con-
sumed, with further variation moderated by the nutrient 
composition of the diet (Blaxter and Clapperton, 1965; 
Mills et al., 2001). In addition, there is a strong relation-
ship between the quantity of CH4 emitted and the time 
after feeding and feeding frequency (e.g., Crompton et 
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Table 2. Pearson correlations between the measured CH4 production (g/d) and GF1 visit behavior and feeding behavior

BD and 3-NOP 
dose2  

Correlation with CH4 
production (g/d)

Duration of GF 
visit (min)

GF bait intake 
during visit (g of DM)

Interval preceding 
GF visit (min)

Interval preceding 
FB3 meal (min)

Intake preceding 
FB meal (kg of DM)

Covariate
  NA   r 0.06 0.08 0.01 −0.25 0.27

  P-value <0.001 <0.001 0.588 <0.001 <0.001
GS
  0   r 0.05 0.10 0.04 −0.26 0.21

  P-value 0.079 <0.001 0.093 <0.001 <0.001
  60   r 0.05 0.11 0.03 0.11 −0.07

  P-value 0.214 0.002 0.467 0.003 0.056
  80   r 0.10 0.15 0.00 0.30 −0.12

  P-value 0.007 <0.001 0.959 <0.001 <0.001
GSCS
  0   r 0.05 0.11 0.07 −0.28 0.37

  P-value 0.079 <0.001 0.032 <0.001 <0.001
  60   r 0.00 0.07 −0.10 0.21 −0.33

  P-value 1.000 0.112 0.014 <0.001 <0.001
  80   r 0.06 0.16 −0.13 0.22 −0.35

  P-value 0.190 <0.001 0.003 <0.001 <0.001
CS
  0   r 0.06 0.07 0.08 −0.27 0.31

  P-value 0.039 0.027 0.013 <0.001 <0.001
  60   r −0.02 0.04 −0.14 0.30 −0.37

  P-value 0.602 0.362 0.002 <0.001 <0.001
  80   r 0.01 0.12 −0.10 0.26 −0.32

  P-value 0.823 0.006 0.023 <0.001 <0.001
Overall4   r 0.03 0.08 0.00 −0.03 0.05

  P-value 0.006 <0.001 0.891 0.021 <0.001
1GreenFeed system recording gaseous emissions with cow identification.
2Basal diets were as follows: GS = grass silage-based, GSCS = grass silage and corn silage mixed, CS = corn silage-based with 0, 60, or 80 mg of 
3-NOP/kg of DM supplementation, NA = not applicable (no placebo or 3-NOP supplementation).
3Feed intake bins with automatic recording and cow identification.
4Representing all experimental diets (GS, GSCS, and CS as well as 0, 60, and 80 mg 3-nitrooxypropanol/kg of DM supplementation).
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al., 2011; Jonker et al., 2014; van Lingen et al., 2017). 
Furthermore, headspace accumulation of CH4 in the ru-
men is affected by feed supply, rumination, and animal 
movement, and this accumulation is subsequently as-
sociated with the eructation frequency (McCauley and 
Dziuk, 1965). Hence, the rate of CH4 production is not 
constant over 24 h and at any given time depends on (1) 
time relative to feeding, feed allowance (level), and feed 
intake patterns, (2) dietary composition, and (3) short-
term sporadic variation in gas release from the rumen 
with specific eructation patterns (Hegarty, 2013). The 
circadian variation in CH4 production is best accounted 
for by using measurement techniques that attempt to 
sample continuously over 24 h, but can also be captured 
by using the GF at specific and a sufficient number of 

moments during that 24-h period. Hammond et al. (2016) 
recommended sampling schemes for gas collection to 
distribute the spot sampling of CH4 production over 24 h 
to account for diurnal and postprandial variation in CH4 
production and that cows should have continuous access 
to feed with multiple feedings per day.

Lee et al. (2022) used respiration chamber data to 
simulate spot sampling to evaluate the accuracy of CH4 
production estimates. They concluded that at least 8 
spot samples (i.e., every 3 h within a 24-h cycle) are 
necessary to accurately estimate daily CH4 produc-
tion and detect dietary effects on CH4 emissions. van 
Lingen et al. (2023) also used respiration chamber data 
to simulate spot sampling and concluded that 3 spot 
samples (i.e., 8 h interval, starting 2 h after feeding) 
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Figure 2. Scatter plots per treatment of CH4 production (g/d) versus the time interval (h) between a GF visit and the preceding FB meal. The colors 
of the dots represent DMI during the preceding FB meal (in kg of DM; legend in upper left panel). The black linear regression line is fitted over all 
visits. GS = grass silage-based diet, GSCS = grass silage and corn silage mixed diet, CS = corn silage-based diet, supplemented with 0 (NOP0), 60 
(NOP60), or 80 (NOP80) mg of 3-NOP/kg of DM. 
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were sufficient when applying twice daily ad libitum 
feeding, whereas hourly measurements were needed for 
restricted feeding (van Lingen et al., 2023). In the pres-
ent study, the average number of daily GF visits result-
ing in successful CH4 measurement was 4.31, with an 
average time interval between consecutive GF visits of 
257 min (4.28 h). As illustrated in Supplemental Figure 
S2 (see Notes), these GF visits were well-spread over 
the 24-h period. This, in combination with the feeding 
management applied (i.e., ad libitum feeding, 4 times 
daily filling of the FB) and in agreement with van Lin-
gen et al. (2023), suggests that we obtained accurate 
daily CH4 production values for the different dietary 
treatments.

Differences in cow feeding behavior (e.g., number and 
size of meals) can cause substantial measurement error 
when using spot-sampling techniques (Hammond et al., 
2016). Velazco et al. (2014) observed that nitrate-fed 
cattle consumed a larger number of smaller sized meals, 
which caused a shorter interval between a feeding event 
and CH4 measurement. This resulted in skewed estimates 
of daily CH4 production and contributed to the measured 
difference in CH4 production between nitrate-fed cattle 
and urea-fed cattle. Cottle et al. (2015) subsequently 
determined how much of the variation in daily CH4 pro-
duction could be explained by the timing and size of the 
preceding meal (relative to spot-sampling measurement 
of CH4) and showed that only 16.9% of the variance in 
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Figure 3. Scatter plots per treatment of CH4 production (g/d) versus DMI during the preceding FB meal (in kg of DM). The black linear regres-
sion line is fitted over all visits. The blue regression lines are fitted on visits with interval lengths between the GF visit and the preceding FB meal 
lasting less (dark blue) or more (light blue) than 15 min. The colors of the dots represent the interval length between the GF visit and the preceding 
FB meal (h; legend in upper left panel). GS = grass silage-based diet, GSCS = grass silage and corn silage mixed diet, CS = corn silage-based diet, 
supplemented with 0 (NOP0), 60 (NOP60), or 80 (NOP80) mg of 3-NOP/kg of DM.
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the CH4 production measured by the GF was explained 
by this feeding information. This suggests that the tim-
ing of a GF measurement relative to eating or meal size 
was of relatively little importance, which contrasts to 
what can be expected from the studies of Crompton et al. 
(2011), Jonker et al. (2014), and van Lingen et al. (2017).

In the present study, feeding behavior was affected 
by both BD and 3-NOP, and for BD this also resulted 
in differences in GF visiting behavior. Cows receiving 
GS consumed a larger number of smaller sized meals, 
had a lower eating rate, and visited the GF more often 
than cows receiving GSCS or CS. This did not result in a 
shorter time interval between a feeding event and a CH4 
production measurement, but the meal size before a CH4 
measurement was smaller for cows receiving GS. For all 
3 BD without 3-NOP (NOP0), a moderate positive rela-
tionship between the measured CH4 production and the 
DMI of the preceding FB meal was observed. Therefore, 
measured CH4 production of cows receiving GS without 
3-NOP was lower than that of cows receiving GSCS or 
CS without 3-NOP, just because those cows consumed 
smaller meals before the GF measurement of CH4. This 
may have resulted in a reduced BD effect on CH4 pro-
duction than what could potentially be expected when 

preceding meal sizes were identical for all BD without 
3-NOP. In contrast, for all BD with 3-NOP supplementa-
tion (NOP60 and NOP80), a weak-to-moderate negative 
relationship between the measured CH4 production and 
the DMI of the preceding FB meal was observed. The 
CH4 production of cows receiving GS with NOP60 or 
NOP80 was higher because of their smaller sized meal 
compared with that of cows receiving GSCS or CS with 
NOP60 or NOP80. This may have resulted in an increased 
BD effect on CH4 production than what could potentially 
be expected when meal sizes were identical for all BD 
with 3-NOP supplementation.

The effect of 3-NOP on GF visiting behavior was mostly 
absent, and it can thus be assumed that the difference in 
CH4 production between the 3-NOP treatments is caused 
purely by the effect of 3-NOP on CH4 production and not 
by differences in the GF visiting behavior of dairy cattle. 
Interestingly though, the relationship between cow GF 
visiting behavior on the measured CH4 production was 
clearly 3-NOP dependent, which was made evident by 
the different regression coefficients for NOP0 (positive 
relation) compared with those of NOP60 and NOP80 
(negative relation). Contrary to the NOP0 treatment, 
with 3-NOP a positive relationship is expected between 
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Table 5. Pearson correlations between the measured H2 production (g/d) and GF1 visit behavior and feeding behavior

BD and 3-NOP 
dose2  

Correlation with H2 
production (g/d)

Duration of GF 
visit (min)

GF bait intake 
during visit (g of DM)

Interval preceding 
GF visit (min)

Interval preceding 
FB3 meal (min)

Intake preceding 
FB meal (kg of DM)

Covariate
  NA   r −0.03 −0.03 −0.02 −0.38 0.12

  P-value 0.020 0.021 0.228 <0.001 <0.001
GS
  0   r −0.05 −0.01 0.08 −0.34 0.02

  P-value 0.048 0.610 0.002 <0.001 0.244
  60   r 0.00 0.02 0.13 −0.41 0.32

  P-value 0.910 0.591 <0.001 <0.001 <0.001
  80   r 0.06 0.05 0.12 −0.58 0.33

  P-value 0.100 0.168 0.001 <0.001 <0.001
GSCS
  0   r −0.03 0.03 0.07 −0.36 0.14

  P-value 0.315 0.298 0.014 <0.001 <0.001
  60   r 0.08 0.02 0.07 −0.39 0.31

  P-value 0.067 0.604 0.116 <0.001 <0.001
  80   r 0.04 0.00 0.11 −0.46 0.37

  P-value 0.386 0.942 0.017 <0.001 <0.001
CS
  0   r 0.03 0.05 0.04 −0.30 0.10

  P-value 0.264 0.085 0.148 <0.001 0.002
  60   r 0.11 0.07 0.02 −0.72 0.40

  P-value 0.015 0.139 0.710 <0.001 <0.001
  80   r 0.05 −0.04 0.07 −0.52 0.35

  P-value 0.207 0.353 0.084 <0.001 <0.001
Overall4   r 0.03 0.01 0.05 −0.31 0.16

  P-value 0.032 0.251 <0.001 <0.001 <0.001
1GreenFeed system recording gaseous emissions with cow identification.
2Basal diets were as follows: GS = grass silage-based diet, GSCS = grass silage and corn silage mixed diet, CS = corn silage-based diet with 0, 60, or 
80 mg of 3-NOP/kg of DM supplementation, NA = not applicable; no placebo or 3-NOP supplementation.
3Feed intake bins with automatic recording and cow identification.
4Representing all experimental diets (GS, GSCS, and CS, as well as 0, 60, and 80 mg 3-NOP/kg of DM supplementation).
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measured CH4 production and the time interval relative 
to the preceding meal, and a negative relationship with 
amount of DMI consumed during the preceding meal. 
Duin et al. (2016) indicated that both archaeal growth 
and methanogenesis stopped almost immediately upon 
the addition of 3-NOP in vitro. It has been shown that 
3-NOP is most effectively decreasing CH4 production 
when added to a PMR, because of the continuous pres-
ence in the rumen (e.g., Hristov et al., 2015). Due to its 
molecular structure, 3-NOP is highly soluble and rapidly 
metabolized in the rumen, and hence, when 3-NOP is fed 
in a pulse-dosing manner, its efficacy over 24 h decreases 
(Muetzel et al., 2019). In the present study, 3-NOP was 
added to the PMR and therefore continuously present in 
the rumen considering the observed feeding behavior 

(>9 meals of 21 min per meal). However, when no new 
meal with 3-NOP intake is realized, and thus the time 
interval between the preceding meal and a GF measure-
ment of CH4 is increasing, more of the originally present 
3-NOP in the rumen is metabolized to compounds that 
do not inhibit methanogenesis (i.e., nitrate, nitrite and 
1,3-propanediol). It is thus logical that the measured CH4 
production increases with a larger time interval between 
the preceding meal and a GF measurement of CH4 upon 
3-NOP supplementation. Additionally, an increased DMI 
results in more feed being available for enteric CH4 pro-
duction, but a larger quantity of 3-NOP will also enter 
in the rumen and (at least initially) results in a greater 
3-NOP efficacy, in line with the dose-effect of 3-NOP 
reported by Dijkstra et al. (2018), Kebreab et al. (2023), 
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Figure 4. Scatter plots per treatment of H2 production (g/d) versus the time interval (h) between a GF visit and the preceding FB meal. The colors 
of the dots represent DMI during the preceding FB meal (in kg of DM; legend in upper left panel). The black linear regression line is fitted over all 
visits. GS = grass silage-based diet, GSCS = grass silage and corn silage mixed diet, CS = corn silage-based diet, supplemented with 0 (NOP0), 60 
(NOP60), or 80 (NOP80) mg of 3-NOP/kg of DM. 
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and Hristov et al. (2022). Hence, it is sensible that the 
level of measured CH4 production decreases as soon 
as the size of the preceding meal and subsequently the 
3-NOP intake increases before a CH4 measurement.

Relationship Between Cow Behavior  
and H2 Production

The measurement of H2 has gained more interest in 
recent years because H2 production measurements 
contribute to our understanding of rumen fermentation 
dynamics and microbial activity (e.g., Olijhoek et al., 
2016; van Lingen et al., 2017, 2021). Major concerns 
have been raised about measuring CH4 production with 

spot-sampling devices, including the GF, but similar 
issues are valid for the measurement of H2 production. 
Perhaps even more so, because the postprandial variation 
in H2 production is far greater than that of CH4 produc-
tion (van Lingen et al., 2017). van Gastelen et al. (2017) 
demonstrated that excluding gas measurements of res-
piration chambers during feeding and milking of dairy 
cows (common practice, e.g., Veneman et al., 2015; van 
Gastelen et al., 2015) resulted in underestimating daily 
H2 production by 15.2 ± 6.89%, whereas daily CH4 pro-
duction remained unaffected. In a simulation study, van 
Lingen et al. (2023) demonstrated that daily H2 produc-
tion could potentially be inaccurate when not measuring 
frequently throughout the 24-h period. For cows fed twice 

de Mol et al.: FEEDING BEHAVIOR AND METHANE EMISSION MEASUREMENTS

Figure 5. Scatter plots per treatment of H2 production (g/d) versus DMI during preceding FB meal. The black linear regression line is fitted over 
all visits. The blue regression lines are fitted on visits with lengths of the time interval between the GF visit and the preceding FB meal lasting less 
(dark blue) or more (light blue) than 15 min. The colors of the dots represent the interval length between the GF visit and the preceding FB meal (h; 
legend in upper left panel). GS = grass silage-based diet, GSCS = grass silage and corn silage mixed diet, CS = corn silage-based diet, supplemented 
with 0 (NOP0), 60 (NOP60), or 80 (NOP80) mg 3-NOP/kg of DM.
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daily and restrictedly, a sampling interval as short as 0.5 
h was required and for cows fed twice daily ad libitum, a 
sampling interval of 2.0 h was required to obtain accurate 
estimates of daily H2 production.

The present study also shows the importance of the 
timing of an H2 measurement by the GF relative to meal 
consumption and meal size. The level of H2 measured by 
the GF was strongly affected by the time interval between 
the preceding FB meal and the H2 measurement and mod-
erately by the size of the preceding FB meal. In line with 
the postprandial response of H2 as presented by van Lin-
gen et al. (2017), the level of H2 production in the present 
study was higher with a shorter time interval relative to 
the preceding meal. The interval between the preceding 
FB meal and the measurement of H2 by the GF was not 
affected by BD or 3-NOP, suggesting that the effect of 
BD and 3-NOP on H2 production was not confounded 
by differences in cow GF visiting behavior. Despite the 
agreement in the slope being negative, the regression 
coefficients of the relationship between H2 production 
and the size of the preceding FB meal differed among 
diets, being considerably steeper for the 3-NOP contain-
ing treatments (i.e., NOP60 and NOP80) compared with 
NOP0. These results suggest that it is of great importance 
to take GF visiting behavior into account when assessing 
the effect of treatment on H2 production measured by a 
spot-sampling device such as the GF.

The size of a preceding FB meal before a GF H2 mea-
surement is important because of the positive relation 
between the preceding FB meal size and H2 production 
measured by the GF. This relationship was valid for all 
BD, but appeared to be more pronounced for NOP60 and 
NOP80 (i.e., a steeper slope) than for NOP0. The pre-
ceding meal consumed before an H2 measurement was 
smaller for cows receiving GS. Hence, the measured H2 
production of cows receiving GS might have been lower 
than that of cows receiving GSCS or CS, just because 
those cows consumed smaller meals before the GF mea-
surement. This may have resulted in a different BD effect 
on H2 production than what could potentially be expected 
when meal sizes were identical for all BD. The more pro-
nounced relationship between the preceding meal size 
and the level of H2 production for NOP60 and NOP80 is 
in line with the results obtained for CH4 production and 
is likely due to the mode of action of 3-NOP. The inhibi-
tion of methanogenesis by 3-NOP causes dissolved H2 
to accumulate in the rumen and, if not incorporated into 
other H2 sinks (e.g., a shift from acetate to propionate), 
H2 will be expelled from the rumen (Alemu et al., 2021; 
Ungerfeld, 2013). This increased H2 production upon 
3-NOP supplementation is often observed when 3-NOP 
is given to dairy cattle (Haisan et al., 2014; Hristov et 

al., 2015; van Gastelen et al., 2020). When the size of 
the preceding meal before H2 production measurement 
increased, intake of 3-NOP also increased, resulting in 
the measurement of a greater efficacy of 3-NOP and thus 
a higher H2 production, although no difference could 
be observed between NOP60 and NOP80 whereas more 
3-NOP was consumed with the latter.

CONCLUSIONS

Feeding and GF visiting behavior of dairy cattle had an 
effect on both CH4 and H2 production measured with the 
GF using a voluntary visit system, in particular the size 
of the preceding meal before a GF measurement and the 
time interval between the last meal and GF measurement. 
Relationships between the measured gas production and 
both feeding and GF visiting behavior were affected both 
by type of BD and 3-NOP supplementation. Hence, the 
timing of GF measurements as well as feeding behavior 
is essential, and cannot be ignored, when assessing the 
effect of dietary treatment on CH4 and H2 production in 
a setting where a spot-sampling device such as a GF is 
used, and where the measurements depend on voluntary 
GF visits from dairy cows.
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GSCS = grass silage and corn silage mixed diet; NOP0 = 
0 mg of 3-NOP/kg of DM (placebo); NOP60 = 60 mg of 
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