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Abstract

While information on individual differences in digesta mean retention time (MRT) might

be interesting when selecting phenotypes for digestive efficiency, MRT measurements

are prohibitively labour‐intensive for large‐scale application. Therefore, more easily

measured proxies of MRT might be helpful. We used the opportunity of an experiment

applying saliva stimulant in cattle to investigate the effect of different individual chewing

behaviour on fluid and particle MRT with a consistent diet. Four non‐lactating cattle

(670–850 kg body mass [BM]) were used in a 4×4 Latin square design, treated with the

saliva stimulant pilocarpine in dosages of 0, 1, 2.5 and 5mg/kg BM per day. The cattle

were fed hay with dry matter intake (DMI) assigned according to their metabolic body

weight. MRT in the whole gastrointestinal tract (GIT), the reticulorumen (RR) and the distal

tract were measured using Co‐EDTA, Cr‐mordanted fibre and La‐mordanted fibre as

markers representing fluid, small particles (2mm) and large particles (1 cm), respectively.

The chewing behaviour was measured via noseband pressure sensor and expressed as

chewing frequency (chews per time) and chewing intensity (chews per DMI), both for

total chewing (ingestion plus rumination) and rumination chewing alone. The animals

differed considerably in chewing behaviour and MRT measures. BM did not show a

significant effect on chewing behaviour and MRT measures, though it tended to

negatively correlated to total chewing intensity. Chewing intensity exerted a significant

negative influence on MRT of fluid and particles in the RR, which was not the case for

chewing frequency. Chewing frequency showed a significant relationship with MRT of

large particles in the GIT.We suggest that chewing behaviour could influenceMRT in two

ways: (i) by affecting saliva production via the masticatory‐salivary reflex and

subsequently, the fluid inflow to the RR; (ii) by contributing to particle size reduction.

Should the link between chewing behaviour and MRT be corroborated in larger studies,

chewing measures, with their large interindividual variation, could emerge as an easy‐to‐

measure proxy for MRT characteristics.
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1 | INTRODUCTION

The mean retention time (MRT), that is, the time digesta require to

pass through the digestive tract, is an important characteristic of the

ruminant's digestive efficiency. It is mainly affected by the food

intake level and characteristics of the diet of an experiment, but also

by the rumen capacity of the individual (Lechner‐Doll et al., 1991).

Large differences in MRT between ruminant species have been

demonstrated in many studies (Bartocci et al., 1997; Lechner‐Doll

et al., 1990; Przybyło et al., 2019). While most studies in domestic

animals on this topic were designed to assess effects of diet and

intake (e.g., Colucci et al., 1982), ontogenetic and reproductive life

stages (e.g., Grandl et al., 2018; Linden et al., 2014), or climate (e.g.,

Kennedy & Milligan, 1978) on MRT, less attention has been paid to

differences among individual animals. Nevertheless, such differences

have been demonstrated, and it has been suggested that information

on the phenotype‐specific MRT could be useful for genetic selection:

Digesta retention is generally positively related to digestibility and

methane yield, and negatively to ruminal microbial yield (Goopy et al.,

2014; Janssen, 2010; Pinares‐Patiño et al., 2011), and could

therefore theoretically be an important breeding target (Hegarty,

2004; Smuts et al., 1995; Thompson et al., 1989). However,

measuring MRT is difficult and time‐consuming; it normally takes

5–7 days of faeces collection after an adaptation period to the

respective diet, and food intake must be measured in parallel to

account for its distinct effect. Should differences in MRT between

phenotypes be considered as an important factor for selective

breeding, easier proxies to characterise the MRT phenotype on a

large scale would be required.

One factor that theoretically should influence MRT but has, to

our knowledge, not been investigated in detail so far in this respect

(but see Gindri et al., 2021), is chewing characteristics: chewing

intensity, that is, chews per dry matter intake (DMI); chewing

frequency, that is, chews per time; and chewing time per DMI;

chewing refers to both ingestive and rumination mastication. It is

known that individual cattle differ in chewing characteristics (Dado &

Allen, 1994). Assuming similarity in dental anatomy, a higher chewing

intensity in phenotypes of a species should affect MRT in at least two

ways (López‐Paredes et al., 2020; Watt et al., 2015): (i) Increased

chewing activity both during eating and ruminating should lead to

more saliva production and inflow into the reticulorumen (RR), which

should decrease the MRT of fluid. (ii) Increased chewing activity

should achieve a faster particle size reduction, which should decrease

particle MRT, as large particles are reduced faster to below the

critical size threshold for leaving the RR.

We used the opportunity of an experiment performed to

investigate the effect of a pharmacological saliva stimulant,

pilocarpine, on methane emissions; in this experiment, food intake

was kept constant per metabolic body weight (MBW, kg0.75), and

the MRT of a solute and two different‐sized particle markers as

well as chewing characteristics were measured. Although the study

was explorative, we expected that MRT should differ between

individuals, and that this should be related to chewing intensity

and chewing frequency, with shorter MRT in individuals with

higher chewing intensity.

2 | METHODS

2.1 | Animals, treatment and management

The experiment lasted from August 2020 to January 2021 at the

research station AgroVet‐Strickhof (Eschikon, Lindau, Switzerland).

Four multiparous cattle (two black Holstein, one red Holstein and one

Brown Swiss, non‐pregnant and non‐lactating, body weight from 670

to 850 kg) were used in 4 × 4 Latin square design with four

treatments, consisting of one placebo and three oral dosages of

pilocarpine (Fagron GmbH&Co. KG) of 0, 1, 2.5 and 5mg/kg body

weight per day at 0600, 1400 and 2200 h. All animals were clinically

healthy with no evident chewing problems; however, the state of

their dentitions was not documented. With respect to the results

reported here, each treatment round consisted of four weeks: during

the first week, animals were kept as a group without treatment

(10 × 5m2, half the area with straw bedding), fed with hay for ad

libitum consumption. In the second week, animals were kept in the

same place, fed 60 kg (as fed) of hay daily in total spread across the

feed bins, and individually dosed for the respective pilocarpine

treatment. In the third (used for determining chewing data) and

fourth week (used to determine MRT), animals were kept individually

(tie‐stall barn, 2 × 1.33m2, rubber mat with chopped straw bedding).

The amount of hay fed per animal was restricted according to their

MBW in these 2 weeks, aimed to maintain the body weight, and

reduce the effect of intake on the measurements. The total amount

of hay allotted to each animal was distributed into three portions,

offered after the three daily dosages of pilocarpine or placebo. As a

physical vector to which the pilocarpine powder would stick, and for

better acceptance, the pilocarpine was mixed with a small amount of

maize‐grass mixed silage (Table 1). The main part of the diet was

made up of the hay; the daily silage DMI accounted for only

4.8 ± 1.7% of daily total DMI. The placebo treatment consisted of the

application of a similar amount of silage without pilocarpine. The hay

used in the experiment originated from a single batch (Table 1) during

the whole experiment. The animals were given 100 g multivitamin

TABLE 1 Nutrient composition (g/kg dry matter) of provided
hay and maize‐grass mixed silage during the experiment.

Grass hay Silage

Organic matter 917 910

Crude protein 150 129

Ether extracts 23 32

Neutral detergent fibre 595 411

Acid detergent fibre 316 273

Crude fibre 279 232

ZHANG ET AL | 395
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and mineral supplement (Künzle Farma AG) and 50 g salt (Schweizer

Salinen AG) per day. Water was provided at ad libitum access during

the whole experiment.

2.2 | Preparation and application of digesta
passage marker

Markers for ingesta retention, Co‐ethylenediaminetetraacetic acid

(Co‐EDTA; solute marker), Cr‐mordanted fibre (2 mm particle marker)

and La‐mordanted fibre (1 cm particle marker) were prepared

according to Udén et al. (1980). The grass hay was dried and cut in

a cutting mill to pass a 2‐ and 4‐mm screen separately. The milled hay

particles were sequentially screened by shaking on a particle size

separator to obtain two size fractions (2 mm and 1 cm; note that

milling through a 4‐mm screen results in a certain proportion of 1‐cm

particles). The particles were washed in a washing machine with

washing powder for 2 h at room temperature and thoroughly rinsed

with water and then incubated with the respective mordant for

24 h (76 g LaCl37H2O per 100 g 1‐cm particles based on dry matter at

37°C; 33 g Na2Cr2O7·2H2O per 100 g 2‐mm particles based on dry

matter at 100°C). The particles were washed after mordanting, and

the Cr‐mordanted particles were treated with ascorbic acid and

washed again. All particles were then dried at 65°C to constant

weight. Co‐EDTA was prepared as described by Udén et al. (1980).

The dosage provided to the animals was approximately 0.1 g of

particle marker and 0.01 g of Co‐EDTA per kg of body weight. The

passage marker was given in the morning of the first day of Week 4.

For that, Co‐EDTA was dissolved with hot water and mixed with the

particle markers and the morning pilocarpine dose in the silage.

2.3 | Data recording, sampling and analysis

The chewing activity was monitored using a noseband pressure

sensor (MSR Electronics GmbH) as described by Braun et al. (2013);

the sensor was mounted on the noseband of a halter for two separate

days during the third week. A data logger recorded pressure signals

(10 Hz) from an oil‐filled tube that was integrated in the noseband.

The recorded signals were first cut to 24 h using the software MSR

Cutter V6.05.00 (MSR Electronics GmbH), then evaluated by the

software Viewer2 V2.02.00 and differentiated into ingestion,

rumination and other activities (such as drinking, scratching, etc.).

Then the results were visually evaluated and corrected if needed

using the software Editor V2.02.00. The chewing behaviour was

expressed as total and rumination chewing frequency (number of

chews per time) and total and rumination chewing intensity (number

of chews per DMI), where total chewing included ingestion and

rumination. BM was measured before and at the end of each 4‐week‐

run using a vehicle scale (±20 kg accuracy). The amount of water

consumed was recorded during weeks three and four by water flow

metres (GWF MessSysteme AG), which were installed on each

individual water pipe to the water trough. Representative samples of

the hay, the silage used for treatment dosing, and the individual

leftovers of each animal were taken daily in weeks three and four.

After each run, these samples were pooled per cow, dried at 60°C

overnight and milled through a 0.75mm sieve for later analysis. They

were analysed for the contents of dry matter, organic matter, crude

protein, ether extract, crude fibre, neutral detergent fibre and acid

detergent fibre according to the standard methods of the Association

of German Agricultural Analysis and Research Centers (VDLUFA,

2006). Neutral detergent fibre was analysed after adding amylase,

and all detergent fibre values are corrected for residual ash. Faecal

samples for MRT determination were collected before marker

application (three samples per animal for baseline marker values)

and 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 28, 32, 36, 40, 44, 48, 54,

60, 66, 72, 80, 88, 96, 104, 112, 120, 128, 136, 144, 152, 160 and

168 h after marker application. These faecal samples were dried at

105°C to constant weight and ground through a 1‐mm screen with a

cutting mill. The passage marker concentrations in the faeces were

analysed as described by Frei et al. (2015) using inductively coupled

plasma optical emission spectrometry (Optima 8000, PerkinElmer)

after wet ashing. The baseline concentrations in faecal samples

measured before the marker application were used to correct for

background levels.

2.4 | Calculations and statistics

DMI was calculated as the difference in food offered and leftover,

both expressed as dry matter. The MRT in the whole digestive tract

(gastrointestinal tract [GIT]) was calculated according to Thielemans

et al. (1978) as

t C dt

C dt
MRT =

∑

∑
,

i i i

i i

with Ci =marker concentration in the faecal samples from the interval

represented by time ti (hours after marker administration, using the

midpoint of the sampling interval) and dti = the interval (h) of the

respective sample

dt
t t t t

=
( − ) + ( − )

2
.i

i i i i+1 −1

The MRT of fluid in the RR was calculated following Grovum and

Williams (1973), and the MRT of the distal GIT as the difference of

MRT GIT –MRT RR of the fluid marker. The MRT RR of the particles

was calculated as MRT RR particles =MRT GIT particles −MRT distal

GIT. This approach is based on the assumption that there is no

differential passage of fluid and particles in the distal GIT, an

assumption empirically confirmed repeatedly (Huhtanen & Kukkonen,

1995; Mambrini & Peyraud, 1997; Wylie et al., 2000).

To investigate differences between individuals (as opposed to a

traditional analysis for a difference between treatments), analysis of

variance was conducted with a linear mixed model (LMM) using R

version 3.5.2 with experiment rounds and treatments as random

factor and animals as fixed factor. The Shapiro–Wilk test was used to

396 | ZHANG ET AL
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assess residual normality; if needed, variables were ln‐transformed

(indicated in the results tables). Tukey's procedure was used for

multiple comparisons when the LMM was significant (p < 0.05).

Results are presented as numeric means and standard deviations.

The relationships between chewing intensity and chewing time

per DMI were investigated by LMM as

μ

e

Chewing intensity = + Chewing time per DMI

+ Treatment + Animal + Round + ;i j k

Chewing measures as well as MRT measures as dependent

variables were fitted into LMM to investigate the effect of BM as

μ

e

Chewing or MRT measures = + BM + Treatment

+ Animal + Round + ;

i

j k

MRT measures as dependent variables into LMM to investigate

the effect of water intake as

μ

e

MRT measures = + Water Intake + Treatment

+ Animal + Round + ;

i

j k

The relationship between MRT measures and chewing measures was

investigated by LMM as:

μ

e

MRT measures = + Chewing measures + Treatment

+ Animal + Round + ;

i

j k

where μ is the overall mean, treatment is the fixed factor (i = 1, 2, 3,

4), round is a random factor, as is animal to account for repeated

measures (j, k = 1, 2, 3, 4), e is the random residual error. In order to

compare the inter‐individual variability of our study with that of Dado

and Allen (1994), we calculated the coefficient of variation between

our four cows.

3 | RESULTS

The animals maintained a relatively constant BW during the

experiment irrespective of pilocarpine dosage. As planned, no

significant differences between treatments were observed for feed

intake (data not shown). However, water intake (kg/day) was higher

at the highest pilocarpine dose (data not shown).

Total ingestion time, rumination times and the ratio of rumination

to ingestion were not affected by treatment; the same was true for

total and rumination chewing frequency as well as chewing intensity

(data not shown). However, the individual animals differed distinc-

tively in these characteristics (Table 2). The chewing intensity (chews

per DMI) was significantly, positively related to time spent chewing

per DMI, for ingestion, rumination and total chewing behaviour

(p < 0.001). However, there were clear differences between animals,

which are explained by the differences in chewing frequency

(Figure 1). The coefficient of variation between the four animals

was low to moderate, ranging between 7.4% and 13.7%, for most

MRT and chewing frequency measures. By contrast, it was higher,

ranging between 12.8% and 25.1%, for measures of chewing time

and chewing intensity. The only MRT measure with a similarly high

coefficient of variation was that for the distal GIT at 20.0%. For each

chewing measure, the coefficient of variation was higher for

rumination than for ingestive chewing, indicating that the four cows

were particularly variable in their rumination behaviour (Table 2).

Marker elimination showed the typical cattle pattern, with a clear

distinction of solute, small and large particle excretion (Figure 2).

MRT measures were different among the individuals (Table 2). BM

did not have a significant effect in the models on chewing or MRT

measures (Table 3), although total chewing intensity tended to

decrease when BM increased (p = 0.084). Drinking water intake had

no effect on MRT measures (Table 4).

Significant negative relationships were evident between some

chewing and MRT measures, for example, between rumination

chewing intensity and MRT RR of fluid (Figure 3a) and between

total chewing intensity and MRT RR of large particles (Figure 3b).

Rumination chewing frequency was negatively related to the MRT

GIT of large particles, but there was only a trend for a negative

relation with the MRT GIT of fluid and small particles (Table 5). The

same negative relation was also seen for total chewing frequency

with large particle MRT GIT. For the RR, total as well as rumination

chewing intensity had a negative relation with the fluid, small and

large particle MRT RR, while chewing frequency showed no relation

on MRT RR of fluid, small and large particles (Table 5). The MRT in

the distal GIT was not related to the chewing measures (Table 5).

When using the time spent chewing rather than the number of

chews, MRT RR was negatively related with rumination time but not

with total chewing time per DMI; no relationships were detected

between the rest of MRT measures and measures of chewing time

per DMI (Table 5). Chewing intensity, as based on the number of

chews, had a distinctively higher correlation to MRT measures than

chewing time per DMI (Figure 3b,c).

4 | DISCUSSION

The results of our pilot study suggest that individual differences in

chewing intensity as well as chewing frequency exist when fed the same

hay‐only diet, and that chewing activity may affect fluid and particle MRT

in the RR. In contrast to MRT measurements, chewing measurements

take much less time and effort. Future studies need to corroborate their

suitability as a proxy for MRT measurements, at least in the sense of a

ranking of phenotypes. In doing so, it should be further assessed whether

it is necessary to count the number of chews, or whether a measure of

‘time spent chewing’ is already sufficient. Our preliminary data suggest

that, due to individual differences in chewing frequency, ‘time spent

chewing’ is a less informative measure than the actual number of chews

made in that time. This is relevant because many recent studies that

include a measure of chewing behaviour usually only report (and possibly,

ZHANG ET AL | 397
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also only record) chewing times (Byskov et al., 2017; Watt et al., 2015;

Zetouni et al., 2018.

4.1 | Factors influencing MRT and chewing activity

Intake level is considered the primary factor that affects MRT; a higher

relative intake level is generally accompanied by a decrease of fluid and

particle MRT (Lechner‐Doll et al., 1991; Mudgal et al., 1982; Shaver et al.,

1986; Thornton & Minson, 1972). A higher intake level is also related to

an increased gut fill, which partly, but not completely, mitigates the MRT‐

decreasing effect of intake (Findeisen et al., 2021). The diet type and

physical form also exert an influence on MRT (Shaver et al., 1988; Udén,

1988; Zebeli et al., 2007); however, in order to ensure a diet characteristic

is really a factor of influence, an effect of diet on food intake level must

be excluded (Levey & Martínez del Rio, 1999). In the present study, diet

composition as well as the relative food intake level was kept constant

throughout, excluding these potential factors. Although BM as such,

which varied among the experimental animals of the present study, was

repeatedly discussed to be positively related to MRT (Gordon & Illius,

1994; Illius & Gordon, 1992), the effect might have been overestimated

(Abraham et al., 2021; Clauss et al., 2007; Müller et al., 2013; Steuer et al.,

2011). Our pilot results show that even for two individuals with similar

BM and food intake, the MRT can still differ considerably.

Intake level was also suggested to be related to chewing

behaviour; a higher relative intake level often leads to a decreased

chewing intensity (Bae et al., 1981; Dias et al., 2011; Welch & Smith,

1969). Physical diet characteristics also affect chewing activity. A

reduced diet particle size was related to either a decreased

rumination time (Beauchemin et al., 2003; Krause et al., 2002) or a

decreased total chewing intensity (Kononoff et al., 2003). Body

weight also might affect chewing measures, as studies showed that

larger individuals or species spent less time chewing per ingested cell

wall constituents (Bae et al., 1983; Druzinsky, 1993; Shipley et al.,

1994; Welch, 1982). Our preliminary results were not consistent with

these findings, even though total chewing intensity tended to

TABLE 2 Individual means (±SD) and the inter‐individual coefficient of variation for body weight, intake, chewing and MRT measures.

Animal
pa CV (%)1 2 3 4

Body weight (kg) 683a ± 5 688a ± 15 843b ± 10 788c ± 13 <0.001 10.4

Hay intake (kg/day) 11.1a ± 0.5 11.1a ± 0.2 13.1b ± 0.4 12.0c ± 0.2 <0.001 8.0

DMI (kg/day) 11.8a ± 0.3 11.7a ± 0.5 13.7b ± 0.2 12.6c ± 0.3 <0.001 7.4

Water intake (kg/day) 56.5a ± 8.7 60.0a ± 5.2 69.2b ± 2.7 54.9a ± 5.0 <0.001 10.6

Ingestion time (min/kg DMI) 32.3a ± 3.8 26.3ab ± 4.5 22.9b ± 1.6 25.7b ± 2.3 0.009 14.8

Rumination time (min/kg DMI) 37.3ab ± 1.8 48.8c ± 3.8 32.3a ± 1.1 40.2b ± 2.1 <0.001 17.4

Total chewing time (min/kg DMI) 69.5ab ± 4.3 75.2a ± 5.5 55.1c ± 1.2 65.8b ± 3.3 <0.001 12.8

Ratio rumination:ingestion time 1.17a ± 0.2 1.89bc ± 0.3 1.42a ± 0.1 1.57ac ± 0.2 0.007 19.9

Ingestion chewing intensity (/kg DMI) 2131a ± 228 1839ab ± 294 1627b ± 84 1543b ± 130 0.004b 14.7

Rumination chewing intensity (/kg DMI) 2426a ± 155 3574b ± 395 2299a ± 106 2133a ± 113 <0.001 25.1

Total chewing intensity (/kg DMI) 4557a ± 289 5412b ± 502 3926c ± 92 3676c ± 184 <0.001 17.6

Ingestion chewing frequency (/min) 66.1a ± 1.4 69.9b ± 0.9 71.2b ± 1.7 60.1c ± 2.5 <0.001 7.4

Rumination chewing frequency (/min) 65.1a ± 1.3 73.1b ± 2.9 71.2b ± 1.5 53.1c ± 1.2 <0.001 7.4

Total chewing frequency (/min) 65.5a ± 0.4 71.9b ± 1.8 71.2b ± 1.5 55.8c ± 1.6 <0.001 13.7

MRT GIT Co (h) 26.3ac ± 1.4 21.1b ± 1.5 25.3c ± 2.1 29.5d ± 0.5 <0.001b 13.6

MRT GIT Cr (h) 46.8ac ± 1.9 39.2b ± 2.8 46.7c ± 2.5 53.3d ± 2.2 <0.001 12.4

MRT GIT La (h) 55.1ac ± 2.1 47.7b ± 2.8 55.8c ± 1.0 64.2d ± 1.5 <0.001 12.1

MRT RR Co (h) 13.8a ± 0.1 11.8b ± 0.8 13.4a ± 0.6 14.1a ± 0.4 <0.001 7.7

MRT RR Cr (h) 34.4a ± 0.9 29.8b ± 2.1 34.7a ± 2.1 37.9a ± 2.4 0.005 9.7

MRT RR La (h) 42.7ac ± 1.3 38.3b ± 2.5 43.9c ± 1.4 48.8d ± 1.7 0.001 9.9

MRT distal GIT (h) 12.4a ± 1.5 9.4b ± 1.3 12.0a ± 1.8 15.4c ± 0.2 <0.001 20.0

Note: Different superscripts indicate significant differences (p < 0.05) between individuals.

Abbreviations: DMI, dry matter intake; GIT, gastrointestinal tract; MRT, mean retention time; RR, reticulorumen.
ap‐value for the fixed factor ‘animal’ in linear mixed models.
bln‐transformed data.
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negatively relate to BM. As indicated by Janis et al. (2010) when using

a small sample of horses and cattle, chewing frequency may much

more likely lead to misrepresentation in low sample size datasets than

chewing intensity.

Apart from BM, the dental status (e.g., whether all teeth have

already erupted or not) could also be relevant to chewing behaviour

(Grandl et al., 2018), although this has not been studied systematically in

domestic ruminants. This is a general phenomenon in the cattle

literature. Although dental abnormalities or pathologies had a high

occurrence in the few studies that addressed this issue (Borsanelli et al.,

2016, 2021; Fadden et al., 2016; Fiedler, 1967; Ingham, 2001; Probst

et al., 2016; Scheler, 1953; Simmerstetter, 1994), and although it is

known from humans (e.g., Helkimo et al., 1978; Ikebe et al., 2011; Van

der Bilt et al., 1993) as well as from ruminants (Grandl et al., 2018;

Pérez‐Barbería & Gordon, 1998) that a lack of chewing surface is

compensated by increased chewing intensity, dental status is typically

not assessed in studies that measure chewing behaviour. In theory, this

makes chewing behaviour an ambiguous signal: a high chewing intensity

can indicate both—a specimen with healthy teeth and an above‐average

propensity for chewing, or a specimen with a compromised dental status

and a compensatory chewing investment. The present pilot study is no

exception: While no chewing problems were observed in the animals,

their dental status was not recorded, and an influence on the chewing

behaviour cannot be excluded.

F IGURE 1 Relationship between (a) the
time spent chewing during ingestion (per kg
dry matter intake [DMI]) and the ingestive
chewing intensity (number of ingestive
chews per kg DMI) and (b) the time spent
chewing during rumination (per kg DMI) and
the rumination chewing intensity (number of
rumination chews per kg DMI). Note the
difference between animals 3 and 4, which is
due to the distinct difference in chewing
frequency between these animals (Table 2).

F IGURE 2 Faecal marker elimination pattern based on the
average of the four individual cattle (Co for solute marker, Cr for
2 mm particle marker, La for 1 cm particle marker).
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Therefore, when investigating the effect of chewing on MRT, it is

necessary to control both intake level and diet composition and

account for BM effects (and ensure dental integrity). To our

knowledge, the effect of differences in chewing behaviour between

individuals on a consistent diet on MRT measures has not been

reported so far. Our results show that for two animals with similar

body weight, the chewing behaviour can vary considerably, and the

chewing measures can significantly relate to the MRT measures. The

low number of animals makes this a pilot finding. Dado and Allen

(1994) reported inter‐individual variability in measures of chewing

activity in six primiparous and six multiparous cows. The coefficients

of variation of the multiparous cows for ingestion, rumination and

total chewing time per DMI are, at 14.1%, 18.9% and 13.6%, very

similar to those of our four multiparous cows (14.8%, 17.4% and

12.8% respectively; Table 2). These findings support the concept that

individual cattle may vary distinctively in chewing characteristics.

The chewing behaviour of ruminants differs considerably between

ingestive and rumination mastication; the latter is more uniform and

consistent (Deswysen & Ehrlein, 1981; Dittmann et al., 2017), usually

represents the larger proportion of chewing activity (Beauchemin, 2018),

and is responsible for the majority of particle size reduction (McLeod &

Minson, 1988). Therefore, it is justified to not only assess the effect of

total chewing activity on retention measures, but also the effect of

rumination activity only. This appears especially justified as individual

cows apparently differed most in rumination chewing behaviour, as

indicated by the coefficients of variation in Table 2.

4.2 | Relationship between chewing activity
and MRT

The relationship between chewing activity and MRT found in the present

study may have several reasons (López‐Paredes et al., 2020; Watt et al.,

2015), and these are different for MRT of particles and MRT of fluid.

TABLE 3 Effect of body weight on chewing and MRT measures using LMMs, with treatment as fixed factor, animal and round as random
factor.

Dependent variable
Body weight (kg) Treatment effect
Estimate (standard error) pa pb

Chewing frequency (/min) Total chewing −0.025 (0.029) 0.403 0.145

Rumination −0.056 (0.040) 0.186 0.352

Chewing intensity (/kg DMI) Total chewing −10.07 (3.884) 0.084 0.807

Rumination −6.18 (3.803) 0.177 0.965

MRT (h) GIT Co −0.001 (0.019) 0.952 0.002c

GIT Cr 0.024 (0.036) 0.539 0.132

GIT La 0.008 (0.039) 0.837 0.292

RR Co 0.004 (0.007) 0.656 0.122

RR Cr 0.025 (0.022) 0.339 0.323

RR La 0.027 (0.026) 0.368 0.700

Distal GIT −0.016 (0.019) 0.425 0.034

Note: Significant p‐values indicated in bold.

Abbreviations: DMI, dry matter intake; GIT, gastrointestinal tract; LMM, linear mixed model; MRT, mean retention time; RR, reticulorumen.
ap‐value for the independent variable ‘body weight’ in LMMs.
bp‐value for the effect of pilocarpine treatment.
cln‐transformed data.

TABLE 4 Effect of water intake on MRT measures using LMMs,
with treatment as fixed factor, animal and round as random factor.

Dependent variable

Water intake (kg)

Treatment
effect

Estimate
(standard error) pa pb

MRT (h) GIT Co −0.064 (0.074) 0.413 0.003c

GIT Cr 0.063 (0.129) 0.660 0.154

GIT La −0.036 (0.128) 0.798 0.315

RR Co 0.037 (0.027) 0.249 0.076

RR Cr 0.032 (0.124) 0.808 0.422

RR La −0.040 (0.111) 0.727 0.823

Distal GIT −0.013 (0.070) 0.862 0.034

Note: Significant p‐values indicated in bold.

Abbreviations: GIT, gastrointestinal tract; LMM, linear mixed model;
MRT, mean retention time; RR, reticulorumen.
ap‐value for the independent variable ‘water intake’ in LMMs.
bp‐value for the effect of pilocarpine treatment.
cln‐transformed data.
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Evidently, in mammalian herbivores, chewing plays the predominant role

in the reduction of particle size. Kennedy (1985) collected the

regurgitated material during rumination and found that about 70% of

the large particles in the mouth were comminuted to small particles

during one cycle of rumination, and rumination contributed about 85% of

the comminution of the large particles which disappear from the RR. A

higher chewing intensity should simply facilitate a faster passage of

particulate matter from the RR.

Compared to the escape of particles, the passage of fluid is based on

different mechanisms. Liquid is dependent to a large extent on absorption

and secretion at various sites of the GIT. Absorption is mainly influenced

by osmolality; water absorption occurs secondarily to osmotic gradients

generated by the active transport of ions and solutes, and passively by

hydrostatic or oncotic forces (Masyuk et al., 2002). In studies that

investigated both drinking water intake and the MRT of fluid (in the RR or

the GIT) in ruminants, no correlation was found (Bernabucci et al., 2009;

F IGURE 3 Relationship between (a) MRT
fluid in RR (MRT: mean retention time; RR:
reticulorumen) and rumination chews per dry
matter intake (DMI), (b) MRT of 1‐cm‐particle
in RR and total chews per DMI, and (c) MRT of
1‐cm‐particle in RR and total chewing time per
DMI; simple linear regression coefficient of
determination (R2) as well as p‐value are
indicated; for a full statistical evaluation, see
Table 5.
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TABLE 5 Effect of chewing measures on MRT measures using LMMs, with treatment as fixed factor, animal and round as random factor.

Dependent variable
Chewing measure Treatment effect

Estimate (standard error) pa pb

MRT GIT Co (h) Chewing frequency (/min) Total chewing −0.209 (0.144) 0.283 0.006c

Rumination −0.230 (0.102) 0.079 0.002

Chewing intensity (/kg DMI) Total chewing 0.000 (0.001) 0.958 0.004c

Rumination 0.000 (0.001) 0.998 0.006c

Chewing time (min/kg DMI) Total chewing −0.008 (0.060) 0.741 0.004c

Rumination 0.016 (0.078) 0.702 0.004c

MRT GIT Cr (h) Chewing frequency (/min) Total chewing −0.660 (0.241) 0.066 0.041

Rumination −0.544 (0.182) 0.052 0.035

Chewing intensity (/kg DMI) Total chewing −0.004 (0.002) 0.056 0.108

Rumination −0.004 (0.002) 0.121 0.129

Chewing time (min/kg DMI) Total chewing −0.115 (0.162) 0.493 0.172

Rumination −0.061 (0.229) 0.794 0.181

MRT GIT La (h) Chewing frequency (/min) Total chewing −0.874 (0.240) 0.017 0.022

Rumination −0.636 (0.187) 0.026 0.044

Chewing intensity (/kg DMI) Total chewing −0.003 (0.002) 0.143 0.235

Rumination −0.004 (0.002) 0.066 0.159

Chewing time (min/kg DMI) Total chewing −0.088 (0.148) 0.569 0.334

Rumination −0.244 (0.202) 0.256 0.266

MRT RR Co (h) Chewing frequency (/min) Total chewing −0.106 (0.058) 0.151 0.053

Rumination −0.081 (0.046) 0.160 0.060

Chewing intensity (/kg DMI) Total chewing −0.001 (0.000) 0.055 0.055c

Rumination −0.001 (0.000) 0.005 0.026

Chewing time (min/kg DMI) Total chewing −0.039 (0.034) 0.282 0.099

Rumination −0.113 (0.033) 0.008 0.036

MRT RR Cr (h) Chewing frequency (/min) Total chewing −0.415 (0.170) 0.107 0.171

Rumination −0.326 (0.129) 0.094 0.170

Chewing intensity (/kg DMI) Total chewing −0.004 (0.001) 0.019 0.177

Rumination −0.004 (0.001) 0.025 0.250

Chewing time (min/kg DMI) Total chewing −0.173 (0.127) 0.204 0.321

Rumination −0.211 (0.170) 0.249 0.415

MRT RR La (h) Chewing frequency (/min) Total chewing −0.625 (0.201) 0.061 0.257

Rumination −0.420 (0.143) 0.056 0.426

Chewing intensity (/kg DMI) Total chewing −0.004 (0.001) 0.022 0.513

Rumination −0.005 (0.002) 0.021 0.606

Chewing time (min/kg DMI) Total chewing −0.159 (0.134) 0.263 0.670

Rumination −0.311 (0.184) 0.121 0.778
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Hebel et al., 2011), indicating that drinking water intake is no relevant

factor influencing RR fluid passage. Adding mineral salts or hypertonic

solutions to the RR, but not (hypotonic) water, typically decreases RR fluid

retention (Harrison et al., 1975; Rogers & Davis, 1982; Rogers et al.,

1979), suggesting that the absence of an effect of drinking water intake,

as observed in the present study, is probably due to its rapid absorption.

By contrast, saliva production is linked to fluid MRT. This was

demonstrated repeatedly by the pharmacological stimulation of salivation

(Bird et al., 1993; Froetschel et al., 1987; Wiedmeier, Arambel, Lamb,

et al., 1987; Wiedmeier, Arambel, &Walters, 1987), including the present

study. A physiological factor that regulates saliva inflow into the RR is

chewing behaviour. Chewing activity, whether for ingestion or rumina-

tion, is linked to a high salivary flow (Méot et al., 1997). Compared to the

'resting flow', salivation rate increaases by 2–4 times in cattle during

ingestion and rumination (Bailey, 1961). Therefore, diets that require

more chewing trigger more salivary flow (Ðuric et al., 1994; Kaufmann &

Orth, 1966). Individual differences in saliva production in cattle have been

reported and linked to the occurrence of frothy bloat (Gurnsey et al.,

1980). Chewing behaviour stimulates salivation through the masticatory‐

salivary reflex, which is based on intra‐oral mechanoreceptors (Hector &

Linden, 1999). Cattle can produce more than 180 L saliva per day (Van

Soest, 1994), which is around three times the amount of drinking water

consumed (in our study 50–70 L/d). Individual differences in chewing

behaviour could hence contribute greatly to saliva inflow and, subse-

quently, the fluid MRT.

5 | CONCLUSION

Our results underline the relevance of using the number of chews rather

than chewing time as the quantity when relating chewing behaviour to

other data. In future studies, the dental status of animals should ideally be

accounted for to exclude it as a main causative factor for differences in

chewing intensity. Chewing behaviour is a potential trait that is

definitively easier to acquire than measurements of MRT, and may only

require some standardised test meal offered for a limited period of time.

While it would be premature to suggest predictive equations for MRT

from chewing measures based on the present study, our pilot results may

justify more detailed studies into the link between chewing behaviour and

digestive physiology to use the former as a predictor for the latter.
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TABLE 5 (Continued)

Dependent variable
Chewing measure Treatment effect

Estimate (standard error) pa pb

MRT distal GIT (h) Chewing frequency (/min) Total chewing −0.260 (0.093) 0.103 0.030

Rumination −0.226 (0.068) 0.071 0.027

Chewing intensity (/kg DMI) Total chewing 0.000 (0.000) 0.968 0.044

Rumination 0.000 (0.001) 0.905 0.072

Chewing time (min/kg DMI) Total chewing 0.047 (0.072) 0.526 0.037

Rumination 0.069 (0.100) 0.504 0.043

Note: Significant p‐values indicated in bold.

Abbreviations: DMI, dry matter intake; GIT, gastrointestinal tract; LMM, linear mixed model; MRT, mean retention time; RR, reticulorumen.
ap‐value for the independent variable ‘chewing measure’ in LMMs.
bp‐value for the effect of pilocarpine treatment.
cln‐transformed data.
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