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15 Abstract

16 Acousic monitoring of ingestive behaviour of grazng she@ was usedto study the
17 dedeminants of intake rate and to estimate dry matte intake (DMI) based on biting and
18 chewing sounds.Each of three crossled ewes (85 = 6.0 kg body weight) were testal in 16
19 treatments resulting from the factorial combinaion of two forage speces (orchardgrass and

20 dlfalfa), two levels of biomassdepletion (tall= 30 + 0.79cm and shat= 14 + 0.79cm) and four
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21 numberof bites (20, 40, 60 and 80 bites). During ead grazng sesson biting and chewing
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22  soundswere recorded with a wireless microphone placed on the ewe’s forehead and connected

23 to adigital video camera for synchronized audio and video rearding of ingestive behaviour.
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Dry matte (DM) intake rate was higher for afalfathanorchardgrass(9.4 + 0.64vs. 7.8+ 0.58
g/min, P < 0.05) becauseof lower fiber content 434+ 14 vs 558t 6.6 g/kg DM, P < 0.01) and
conseaiently shater chewing time and fewer chews per unit DM (11+ 1.0 vs. 14 + 1.0 chews,
P<0.05 in dfalfa than in orchardgrass. Thee were nodifferences in DM rate beween tall and
shortplants(8.7 + 0.67 vs. 8.5+ 0.68g/min, P > 0.05), because sheep increased biting rate
(from 17 £ 1.6 to 28 + 1.6 bites/min, P < 0.01) as bite massdeclined from tall to shortplants
(from0.54+ 0.02t0 0.31+ 0.01g DM, P < 0.01) Sheep compenstedfor theredudionin bite
massby alocating fewer chews pea bite (from 6.0 + 0.46to 3.8 £ 0.47, P < 0.05) and
increasing total jaw movementrate (from 945+ 6.3to 122 + 6.3 movenentsimin, P < 0.09.

Compoundjaw movemats (chew-bites) were obsaved in every grazng session. The number

of chew-bites was higher for tall thanshort plants (0.52+ 0.05vs. 0.25+ 0.04 chew-bites/bite,
P < 0.05. Total amountof energy in chewing sownd in agrazng sessin wes linearly related to
DMI (rootmean square error = 6.1 g, coefficient of variation=27%); 79% of thetotal variation
in total amountof energy in chewing soundwas dueto DMI. Dry matterintake was estimated
acaurately by aousic andysis The best modelto predict DMI from acustic andysis had a
prediction error equd to 4.1 g (coefficient of variation= 18%, R?= 0.92) Chewing energy per
bite and total amountof energy in chewing soundwere the mostimportant predictors becaise
they integrate information abouteding time and intakerate of forages. The results demondrate
thatingestive soundscontainvaluableinformationto remotely monitor feeding behaviour and
estimatedry matterintake in grazng ruminants.

Keywords: Ingestive behaviour; Chewing; Chew-bite; Ruminants; Acousic telemetry

| ntr oduction

The ability to acarately and easily measure intake rate of grazng ruminants is
important to undestand the ealogy of grazing systems.Grazng behaviour is a critical process

linking animal produdivity, forage resoures and animal impact on the lands@pe (Bullock and
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Odes,2000,Lacag 2009. Monitoring and undestanding of grazng behaviour of ruminants are
essentialfor devdoping efficient livestock manaement systems improving the utilizaion of
pastures and reducing the environmertal impact of intensiveanimal-huskandry pradices in the
United Kingdom (Gibb, 2006) Livestok grazang behaviour can be used to devdop grazing
systemsthatare ecmonomcadly and emlogicaly compatible with consevation of resouras (Del
Curto et &, 2005)

Acousical biotelemdry has been usedto monitor ingestive bites and chews of catle
(Lacaand WallisDeVries, 2000) and to monitor jaw adivity and eding timein she@ (Klein et
a., 1994) and cdtle (Delagarde et a., 1999; Ungar and Rutter, 2006. Acoustc analysis of
chewing yields valuable information to quantify ingestive behaviour of freeranging animals
(WallisDeVries et al., 1998) grazng dary cows (Gdli et a., 2006b) and stall-fed cattle (Galli
et a., 20063. Energy of chewing soundswas linearly related to forage intake in stees; and dry
matter intake (DMI) was predicted acarately based on easily obsevable behaiourd and
amusic variables (Lacaand WallisDeVries, 2000; Gdli et a., 20063. Thus,amusic andysis
is a promising methodto estimategrazng intake in catle, and its value dependson the ability
to extendit to otherdomestic ruminants and grazing conditions. In particular, it is necessary to
testthe generdity of relationships between ingedive soundand intake rate acossa range of
forage conditions.

The aim of the present study was to vaidae the amusic monitoring method with
grazing sheep in contrasting forage speces, herbage avail ability and structure Hypothess were
that (1) DMI can be acarately estimatad using acousic meaurementsof ingestive behaviour,
(2) there is alinear relationshp beween DMI and total amountof chewing soundenergy, and
(3) energy of chewing soundsper gram of DMI is not affeded by changes in forage type or

canopystrudure that doaffed bite mass.
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M aterials and methods

The expaiment was conduded at the Shegp Barn of the Animal Science Depatmert of

the Unhiversity of Cdifornia in Davis, during February and March of 2003.
Experimental procedure

Treaments consstedof a factorial combinaion of two forages species, two levds of
biomassdepletion (heghts) and four numbes of bites taken by the she@. Diff erent forages and
canopy heightswere usal to obtainbitesdiffering in massand fiber content Diff erent numbes
of bites wee usedto obtin vaious DM levels per sesson.

Three non lactating ewes (Ramboulil et-Targhee-Dorsd-Finn-Polipay crossbred)of 2-4
yeas of age, weighing 85 = 6.0 kg, and with experience graang micro-swads were used.
Sheep were fed af alfa hay ad libitum in ayard near the experimenal site and were subgded to
a 1-hourfast bebre meaurements.

Alfalfa (Medicago sativa L.) and orchardgrass (Dactylis glomerata L.) were offered in
two plant heights, tall (not defoliated) and short (cut with sdssors to approxmately %2 the
height of tall), reproducing two different levels of biomass depletion. Micro-swads were
constucded using sodscolleded daly and secured in plastc potsattached to a baseboad. The
assemby represented a small pach where the anima could reach al plants with almost no
locomoton (Fig. 1). Plants were obtained from fields at UC Davis, CA. Every morning 50-60
sods of ach spedes were dugfrom af alfa and orchardgrass pasture rea the shep ban.

The dfalfa pasture was manaed for typical commercial hay produdion, with flood
irrigationand 5-7 cuts per yea. The orchardgrass pasturewas also flood irrigated and usedfor
rotaional graang with beef céatle. Both forages were in vegetative stage (based on Kalu and
Fick, 1981 for afdfa and Moore et a., 1991 for orchadgrasg. Plants that appeared

homogeneous in mass and haght were sdeded. Sods were put into pots and brought
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immedatdy to the barn where grazing sessbnswere conduded The ewes, oneat atime, were
led to the board with the potsto be grazed. They were alowed to take20, 40,60 or 80 bites in
four separate graang sessons. In ead sesson, were simultaneously offered a numberof pots
(4, 8,12 or 16 pots)acmrding to the predetemined numberof bites. The ewes were controlled
with a hdter and rope to bring themto the potsand to interrupt the grazang session when the
numberof bites vas completed.

The order of treatments and ewes was randomied. Between eight and nine grazing
sessons were conduded ead day between 12.00 and 16.00h during six consedative days.
Randomiation was restricted suchthat the four treaments and the threeewes had to beused at

least in onesession ezh day.
Video and sound recording

Each sesson was recorded using a standad digital camera (Sory DCR-PC100 digital
camcormder). Soundsof biting and chewing were recorded with the same camer using a
wirelessmicrophme system (Nady Systems 151 VR). The microphae was pressed aganst the
forehead of the anima by hdf of a rubber-foan bdl fastene& to the hdter, where the
transmiter was attached. A watch with an eledronic alarm was attached to the foam and the
alarm was set to go off every 10 s. During the six experimental days, the microphanes were

randomly assgned to the ewes every three days and raated ove the three days.
Measurements and calculations

Dry matte intake was estimated as the diff erence between pre and postgrazng sesson
forage biomass.Pots were weighed individually with 0.1 g acairacy using a Setra 140 CP
digital scale. Two potsper testwere weighed before and after ead grazng sesson to estimate
evapotranspration losss. Every day a subsewf pots of ead spedes and height were selected

at randomto meaure herbage height in five extendel leaves (in orchardgrass) or stems(in



J. Galli, C. Cangiano, D. H. Milone & E. Laca; "Acoustic monitoring of short-term ingestive behaviour and intake in grazing sheep”
Livestock Science, Vol. 140, No. 1, pp. 32-41, 2011.

sinc(i) Research Center for Signals, Systems and Computationa Intelligence (fich.unl.edu.ar/sinc)

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

afalfa). Samples representative of the grazed horizon obtainel from ungazel potswere dried
a 65 C, weighed and andyzed for neutral detergent fiber content(NDF, Robeatsonand Van
Soest, 1980.

Sound tracks from videotaes were analyzed usng CBTK, a proprigary softwae for
event recognition (Milone et al., 2009) and Cool Edit Pro version 2 softwae (Syntrillium
Software Corporation, 2002). Sampling rate was 44.100kHz and sample size (resoluion) was
16 bits. The amplitude of digitized signds whosealarm soundshad average amplitude outsde
the 90 percentile for all alarm saundswas corrected by multiplying it by theratio between the
average amplitude of alarm soundaaossall recordings over average amplitude of the alarm
soundof the sessn to be fixed. Only five of the 48 signals were correded in this manne.
Alarm sourdswere thenremovedfrom the recordings. Two sessonsin the same day had to be
excluded from data analysis because signds were distorted by an unknown soure of radio
noise.

Numbe of bites and eding time were determined from soundtracks of videotpes to
cdculate intake rate (DMI / eaing time), bite rate (humbe of bites/ eding time) and bite mass
(DMI / numbe of bites). Eating time stated when she apprehended thefirst bite and finished
when sheswall owed the lastbolus Bites were identified by the ripping sound producd when
she@ sever the forage chews were identified by the grinding soundof ead mastcaion, and
chew-biteswere evinced by a chew precealing and partially overlapping a bite within a singe
jaw movemat. Chew-bite soundsare produced when herbage arealy in the mout is chewed
as the javg closeto sewer moreherbage.

Chewing and biting sounds were separated and andyzed as in Gdli et al. (2005 to
obtainnumberof bites (B), numberchews (C), numberof chew-bites (ChB), biting time (TB),
chewing time (TC), average intensity (in decibels) of bites (logVvB) and intensity of chews

(logVC). Then total jaw movemets (TJM) was B + C - ChB, total jaw movemat rate was TIM
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| T, chew rate (Cy) was C / T, chew pe bite was C / B and exclusive chew per bite was (C -
ChB) / B. Jaw movaments ha did not prodee saund wee ignored. The numberof chews pe g
DMI was C/ DMI, and the numbeof chews per g NDFI was C/ NDFI.

Acousic energy flux density (EFD) is the product of amustc intensity and theduraion
of thesound.In bite and chews, EFD is medanisticall y related to the amount of forage severed
and crusheal. The variableslogVB and logVC were meaurel by the statigics option of Cool

Edit Pro, and othervariables were cdculated &:

Biting intensity (W/m?), VB= 10(°9V810y |ref (1)
Chewing intensity (W/m?), VC= 1009V y |ref (2)
Biting total EFD (pJm?), EB= VB x TB (3)
Chewing total EFD (pJm?), EC= VC x TC (4)
Biting duration (ms), TBg=TB/ B (5)
Chew duration (ms), TCc=TC/C (6)
Biting EFD per bite (fJ/m?), EBz= EB/ B (7)
Chewing EFD per chew (fJ/m?), ECc=EC/C (8)
Chewing EFD per bite (f¥m?), ECs= EC/ B (9)
Chewing EFD per unit intake(fJ/m?), EC,= EC / DMI (20)
Chewing EFD per unit edingtime ¢J/m?), E;-=EC/ T, (11)

where VB and VC are average intensitiesin W/m? of bites and chews, logVB and logVC are the
averageintensitiesin dB of bites and chews, Iref is thereference intensity in air (arbitrarily was
assuned to bel pWin order to have meaningful dimensiors), chewing time and biting time are
the duration of the signal excluding all “silences” between chews or bites. Chew duration and
biting duraion are measures of the time during which forage is being crushedand severed by
the teeh, and is not necessaily a meaue of the total time it takes to complete all the jaw

motion. For example, total time pe chew is compo®d of chew duration and silence time
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between chews. Chewing EFD per unit eaing timeis equivalent to the grossaverage intensity
when the “silences” are included in the signal duration. Formulas 1 to 4 were adapted from
Chaif et d. (1995. Soundsof bites and chews were desaibed by averaging the spedra of 30

chews and 30 bies.
Satistical analysis

A mixed mode was used dr andyses o sound ad behaiour variables Fixed dfeds
were forage speces @falfa vs.orchardgrasg, biomass depl@on levé (tal vs.shor), and the
interaction béween bothfactors. The random dfed was a @mbinaion of microphae animal
and dg. Increasing nunber of bites (20 to 80Y)esults on diferent DMI. By includingDMI as a
continuous ovaiate, the potential onfounding between intake and forage treatments was
minimized. A logarithmic transfomation of DMI (log DMI) was used because vhen
assunptions forDMI were verified, the déa did rot haveanorma distribuion (P< 0.01,
Shapiro-Wilk test) Forage charaderistics were modelel as afactorial of forage spesies x
biomass depléon leve with day (from 1 to 6)as a continuous covariable. Diff erences among
least gluaes mans weae testal by Tukey-KramerHSD when dfects were significant by the F-
test.All statisticd andyses wee paformed with MP® 5.1. softwae (SAS Institute Inc., 2002.
Residuals pbts wee inspeted to tied for deviations flom linearity and distribuional
assunptions.

The variables cdculated from the sound tracks meaurements were divided into
behaiour and amusic variablesto compake estimationsof intake based on diff erent types of
variables.Intakewas modela@ by multiple linear regression as a function of behavior, amusic
or both sds of variables using variable selection by minimizing the AIC (SAS Intitute Inc.,
2002) Models were tested with and without caegorical effeds for species and biomass

depletion
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Path andysis (Li, 1975)was usedto evaluateand desaibe direct and indired effeds of
treatments on the intermediatevariablesand ontotal chewing EFD. Chewing soundenergy was
andyzed as a function of its three componentsneaurel: chewing intensity, chewing duration

and numberof chews per g DMI.

Results

Forage

Alfalfa and orchardgrassplantsdid notdiffer (P > 0.05)in biomassor height (Table 1).
Dry massof tall potswas 3.1 timesthatof shortplants(390vs. 124 g DM/m?). Height was 30
and 14 en in tall and shdrtreatments.

Dry matte contentwas 229 + 6.6 g/kg and it did not differ (P > 0.05) among
treatments. Fiber contert andyses showal interadion beween forage speces and biomass
depletion (P < 0.01) The NDF content was lower in tall afalfa thanin shortalfalfa, but it was

not different between shat and tall orchardgrass(Table 1)
Intake and ingestive behaviour

On average, grazng sessionslastad 145 s (beween 30 to 506 s), she@ removed 49
bites (between 18 to 86 bites) and consuned 22.4 g DM (beween 4 to 62 g). The adual
number of bites differed from the nomind treatments because of errors when bites were
counted dung grazing.

Dry matter intake did not differ (P > 0.05 beween dfdfa (24 + 2.3 g) and
orchardgrass (18 = 2.3 g), but animals consuned 89% moreDM in tall than in shortforage (P
< 0.01)with compasble numberof bites (Fig. 2). Becauseof alower bite massthe slopeof the
regression of DMI on number of bites was lower (P < 0.05) for shortthan for tall plantsand
also for orchardgrassthan for afalfa. Overal, DMI was postively and highly correlated (P <

0.001) with numberof chew-bites (r= 0.73) number of bites (r= 0.72) eding time (r= 0.72
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and numberof chews (r= 0.63) Eating time was more correlated with numberof chews (r=
0.91) or numberof chew-bites (= 0.86 than wth numberof bites (= 0.63.

Onaverage, DMI rate of ewes was higher (P < 0.05) in afalfa thanin orchardgrass,but
no differences (P > 0.05)were deteded between tall and shortplants(Table 2). Alfalfayielded
larger bites thanorchardgrass, paticularly in tall plants,resulting in a significant interaction (P
< 0.05) Although bite masswas linearly and postively related with intake rate (P < 0.001) it
explainad only 23% of the variance in intake rate. Alfalfa allowed DMI rates22% greater than
orchardgrass P < 0.05) Intake rate was notaffeded by biomass dpletion kevel (P > 0.05.

Bite rate did not differ between alfalfa and orchardgrass (P > 0.05) but it was greaer
(P < 0.05)in shortthanin tall plants(28 £ 1.6 vs. 17 + 1.6 bites/mn, Table 2). Orchardgrass
required more chews per g DMI (P < 0.05)thanalfalfa (14 + 1.0vs. 11 + 1.0 chews/g DMI),
butsimilar (P > 0.05)numberof chews pe g NDFI (26 + 2.2vs. 24 + 2.1 chew/g NDFI).

Taller plantsresulted in moretime and chewing per bite thanshortones, athoudh short
plantspromoted fasterjaw movemaets (Table 3). Forage spedes had no effea (P > 0.05 on
time pe bite or alocation of jaw movenents. Compoundjaw movemats (chew-bites) were

obseved in all grazing sessbns ad wee more than double in tallhan in short plants
Biting and chewing sounds

A typical amusic signd is shownin Fig. 3.a. Ead “burst” represents an event (bite,
chew or chew-bite). Event durdion was beween 100and 250 ms, and there was always a shot
silence beween events, whth was alsoevidenced by thespedrogram in Fig. 3.h.

Biting soundswere loude (17 + 0.76vs. 16 + 0.78fW/m?, P < 0.05 and storter (137+
11vs. 216+ 46 ms, P < 0.05 than chewing events. Biting and chewing soundsdiffered in
spedral compostion. Spectra of the different events differed in the bandsbdow 500 Hz (Fig.

4). These differentia features are reflected in the time-frequency andysis (Fig. 3.b), where
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1C

bites havemore energy bdow 50 Hz, from 80 to 100Hz and from 160to 190 Hz thanchews.
Chewing sound hd mae energy from 120 b 140Hz.

Chewing total EFD was linearly related to DMI (P < 0.0001) 80 % of the total
variation in EFD was due to variation in DMI (Fig. 5). Neithe slope(P > 0.05) nor intercept
varied between forages, and the intercepts did nat differ from 0 (P > 0.05) Height (P > 0.05)
and fiber content (P > 0.05) had no effects on the slope.Treaments did notdiffer in chewing
EFD per g DMI (39 + 14 fJ/m?), chewing EFD per unit of time (5.5+ 0.32fJ/m?s) or chewing
EFD per chew (3.4+ 0.67 fJ/m?). Tall plantsproduced more (P < 0.05 chewing EFD per bite
thanshortones (Table 4). Alfalfa produced more (P < 0.05) chewing EFD pe g NDFI than
orchardgrass.

Chews durdion (216 £ 4.6 ms)did not differ (P > 0.05)amongtreatments but chewing
soundswere loude (P < 0.05)in afalfa thanin orchardgrass (Table 4). Biting soundswas

shorer (P < 0.05)in orchardgrass han in alfalfa.
Estimation of intake

Dry matter intake was more acarately estimated by aoousic variables than by
behaiour variables (Table 5). Furthermore, when the two kinds of variables (acousic and
behaviour) were analyzed together, nore of thebehaviour vaiables were significant, sothe bet
models wee the sme & those pesentedfor acoudic predictors.

The best models based on amusic variables included chewing total EFD, biting
intensity, chewing EFD per chew and chewing intensiy (Table 5). When speges and biomass
depletion eff eds were added, chewing EFD per bite replaced biting intensity, chewing EFD per
chew and chewing intensity, the R? increased to 92% and the CV decreased to 18%. When
modelswith only one predictor were andyzed, chewing total EFD was the best predictor (R*=
79%, CV= 27%), the seond was chewing time (R?= 66% CV=36%) and thethird, thenumber

of chews (R*= 47% CV=44%.
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When modelswere basal exclusively on behaiour variables, only two of fourteen
predictors, chewing time and number of chew-bites, contribuied significantly to DMI
estimation (Table 6). Species effects improved the R? from 71 to 76% and reduced CV from

36% to 2%, but additon of heght did notimprove the modé

Discussion

This work presents new evidene that acousic monitoring to ingestive behaviour and
DMI of grazing ruminants. The method allows acairate measuranent of alocation of jaw
movemat to undestand the medanisnms that deemine intake. Acoustic monitoring is
necessay to identify chew-bites and the results show that chew-bites are relevant to explain

intake rate and ingestve behaviour in shee.
Ingestive behaviour

The oveal obseved results agreed with expectations There was a postive effed of
height on bite massconsstent with previous studies in she@ (Black and Kenney, 1984,
Burlisonet al., 1991,Gong et a., 1996). Diff erences in bite massbeween plant spedes are
attributed to differences in plant strudure Legumesyield larger bites than grasses(Rogers et
al., 1986, Pppi et &, 1987, Gonget al., 1996b, @hgano « al., 2002,)

Ewes were able to maintain intake rate by increasing biting rate when bite mass
declined by 50% (Table 2). According to Gibb and Orr (1997 when bite massdecreases, she@
increase bite rate as the need to masticate decreases, maintainingjaw movemaet rate consant.
Unde the incorrect assunption that jaw movenents are either chews or bites, an increase in
bite rate reduaes the number of chews pe bite. The results in the present work suggest a
patially different mechanism Ewes compensted for the redudion in bite massnot only by

all ocating fewer chews per bite, but also by increasingtotal jaw movemaet (Table 3). Totd jaw
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movemat rate (including biting, chewing and chew-biting) and total jaw movemaets per bite
explainad 94%of thevariation in time pe bite.

In agreanent with Baumontet a. (2004 the results showel thatbite rate and DM rate
are aso related to the fiber contentof the forage. Dry matte intake rate was greaer for afalfa
than orchardgrass This cannot be attributed exclusively to the larger bites of alfalfa, because
intake rate did not respond to even larger changes of bite massobtaned by redudion of
herbage biomass Alfalfa had lower chewing requirementsper unit DMI, presumaby dueto its
lower fiber content and chews per unit of fiber did not differ between plant speces Amountof
chewing per unit fiber appears to be a conseved quantity in fresh forages. Overal, ewes
chewed 25+ 1.5 timesper gram of NDF, which took10+ 0.62s.

In catle, variation in bite rate was mainly explained by differences in jaw movemat
alocation rather thanjaw movemaet rate (Lacaet al., 1994 Ungar and Rutter, 2006 Ungar et
a., 2009. In seas(Lacaet al., 1999 and in teifers (Ungar and Ruter, 2006) as the proportion
of chew-bites increased, the numberof jaw movementspe bite declined and therfore the bite
rate increased. In the present study, she@ allocated morechew-bites in tall thanin shortplants
and there was no difference between speges. Chew-biting reduced the total numberof jaw
movemalts pe bite without redudng the numberof chews pe bite. About 50% of the bites in
tall and 25% in short plants were simultaneously used for chewing, representing 8.7% of the
total jaw movemats. These results point out the importance of chew-biting measurementsto

undestand the mehanisms of tme pe bite and intakerate in steep.

Estimation of intake

The present results indicae that it is possble to acarately estimate DMI in grazing
she@ by amusic anaysis (Fig. 6). Dry matte intake estimationsbased on amusic variables
were moreaccurate thanmodels baed behaviour variables.Numbe of chew-bites was the ony

variable that added relevant information to the DMI prediction based on chewing time. It



J. Galli, C. Cangiano, D. H. Milone & E. Laca; "Acoustic monitoring of short-term ingestive behaviour and intake in grazing sheep”

sinc(i) Research Center for Signals, Systems and Computationa Intelligence (fich.unl.edu.ar/sinc)
Livestock Science, Vol. 140, No. 1, pp. 32-41, 2011.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

13

appears that the number of chew-bites integratesinformation about chewing efficiency thatis
not induded in ay other variable.

Acousic andysis al owed acairate estimationsof DMI in grazing sheep, regardless of
the differences on grazing time, bite mass,fiber content,and canopy structure representedin
the treatments. The best modelhad root a mean squae error (RMSE) equd to 4.1 g, and the
CV was 18%, closeto the 16% (R?=0.89) estimatel in a previous experimert with stees fed
fresh and dry forages (Gdli et al., 20068). The CV of intake estimation by swad cutting
tedhniquesvaries from 13% on aftermah herbage (cut in the preceding period) to 24% on
pastures grazeal 2-4 timesin the precaling period (Meijs, 1981) The CV of intake estimationis
a least 11%to 15% when faecd-index techniquesand techniquesusingfi stulated animals are
combined with svard sanpling for the estimation of hece prodution (Mejs, 1981).

Chewing sound is not just an indirect meaure of grazang time but it contains
subséntial additional information related to DMI. Chewing energy is centrd to all models
becauseit integrates information about effedive graang time and intake rate, which is related
to chewing energy per unity of grazng time. Chewing total EFD (R?= 79%, CV= 27%)was a
better predictor of DMI thaneaing time (R*= 66%, CV= 36%)and thannumberof chews (R*=
47%, CV= 44%). The chewing energy per unity of grazng time showed a postive overal
relationship with intake rate (P<0.0001,R?= 0.33) and this relationship was maintaine (P <
0.0001, B= 0.51)when speies ad biomass depdtion effeds were included in the model.

Enegy of chewing sounds was strondy related to the amount of forage ingestedin
she@, which is in agreementwith results for catle (Lacaand WallisDeVries,2000,Galli et al.,
20063. As hypothesizd, the relationship beween chewing total EFD and DMI was linear, in
spite of the differences of NDF in the forages. Orchardgrass had morefiber thanalfafa, soit
required more ingestive chewing than afalfa, but the chewing soundpe g DMI was not

diff erent between spedes
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The soundsignd contairs information about the intensiyy and duraion of the crushirg
of forage by the teeth (Laca and WallisDeVries, 2000) that provides a good mechanistic
explandion of theseexpeimertal results. Enegy of chewing soundper unit DMI can be
partitiona into three componentschew intensity, chew duraion and number of chews per g
DMI (Fig. 7). Chews per g DMI was the main componentinfluendéng chewing energy and was
affeded by the forage spedes. Chewing intensity was also aff eded by forage spegesbutit had
a smalkr effect on chewing EFD per unit intake thanthe numbe of chews per g DMI. Chew
duraion was the comporent with theleastinfluence on chewing EFD per unit intake and it was
not explained by any of the controlled experimental factors. Chews per g DMI and chewing
intensity, and chews per g DMI and chew duration, were negdively correlated. When numbe
of chews per g DMI increased, chewing intensity and chew duraion decreased. Thus, dueto
direct and indirect eff eds, afalfa and orchardgrassproduced compasble chewing EFD per unit
intake.

There was a negative relationdhip between bite mass and chewing pe g DMI,
appaently related to the increase of efficiency of chewing as larger amounts of forage were
retained in the mout and comminuted per chew. A larger numbe of chews per g DMI did not
increase chewing EFD per unit intake. When more chews per g DMI were applied, the “bursts”
were shater and less intense(Fig. 7), presumaby due to the smaller quantity of forage
processedin eat chew. Chewing efficiency deaeased and EFD per g DMI increased with

decreasing bite mass.

Conclusions

This research brings new information to the undestanding of the ingestive processin
ruminants. Three main medanisms were involved in mastcaion effediveness and chewing

behaiour in order to attain fasterbiting rates, (1) increasing jaw movement rates, (2) redudng
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chews per bite and (3) chewing lessper g DMI. Acousic meauementsclearly showed that
she@ usejaw movemens to smultaneously bite and dhew.

Diff erences between fresh forages did not significantly affect the energy of chewing
soundper g DMI. Therefore, chewing total energy appears to be a predse and consstent
guantity that @n beusedfor intake estimation.

Ingestive soundscontainvaluableinformationto predict intake and to remotely monitor
feeding behaviour in freeranging animals. Further work is necessay to automate processng of

sound ginds and to dedlop recording systems ér the estimation of ddy intake.
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Tables

Table 1. Chaacteristics o forages used in thexperimen.

Table 2. Hfeds of forage spegesand biomass d@letionon ingestive behaviour.
Table 3. Hfed of spedesand bionmass depleéon ontime pe bite and dlocation of jaw
movemaets.

Table 4. Bfed of spedes and bionmass depléon on &ousic vaiables.

Table 5. Modés to estimatedry matterintake based on aousic or behaviour predictors.
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Figures Captions

Fig. 1. hematic illustrdion of the experimertal device.

Fig. 2. Dry matterintake as a tindion of numbe of bites. Slid line Tall pants, Dahedline
Short plants, (0): Tall alfalfa, (e): Short alfalfa, (0): Tall orchardgrass, (m): Short orchardgrass.
Fig. 3.a Fraction ofatypicd acousic signd shaving a sequence of biting and chewing sounds
taken from @l dfalfa plants.b: Timefrequency andysis of theamusic signd, for each time
the spetral content ofthe signd is shoved in gray scale, i.e, the intensit of each pointin the
image represents ampitude of aparticular frequency component ta garticular time.

Fig. 4. $ectra andlysis of biting and diewing saunds &ken from a tdl dfalfa plant. $lid
line spetrum average over 30 redizdaions of tiewing soundsDashed line spetrum average
ove 30 redizdions of bithg sounds. Theection from 0 b 500 Hzis zoomed to show thenore
important frequency components of the gents.

Fig. 5. Relationship betwen dry matte intake and chewing total enegy (EC= 0.046 +0.034
DMI, P < 0.0001, R= 0.79, N=46). Soid line: oveall linear regression, (o): Tall alfalfa, (e):
Short alfalfa, (0): Tall orchardgrass, (m): Short orchardgrass.

Fig. 6. Relationship betwen obseved and predicted dry matterintake based on aousic
predictors including spedes and biomass depléon effeds (P < 0.0001,R*= 0.92, RMSE=4.1
g DM, CV=18%, N=46). Soid line:y = x.

Fig. 7. Rath diagram shaving how treaments afected @mponents othewing sound eergy
per g DMI. Only significant (P < 0.05)paths ae shown. Rths fom qualietive variables ae
given thesign of “Alfalfa” and “Tall”. For example, a change from orchardgrass to alfalfa has a
postive effed onchew intensiy and reduces chevs pe g DMI. Flant heght did not $iow any
significant effed on the explandory variables. Forage speces x Plant heght interaction was
also considerd in the modd but the df eds wee not significant andwere not shavn in this

diagam, for simplicity.
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Tables

1 Tables
2
3 Table 1. Chaacteristics d forages used in thex@eimert.

Alfalfa Orchardgrass Mean
Biomass(g DM/pot) Tall 14(1.2) 11(1.2) 13%(0.9)
Short 3.4 (12) 4.6 (12) 4.0°(0.9)
Mean 9.1 (Q9) 7.5 (Q9)
Height (cm) Tall 28 (11) 32(1.1) 30°7(0.8)
Short 15(1.1) 14 (1.1) 14°(0.8)
Mean 21 (079) 23(0.79
Dry mattercontent (DM, g/kg) Tall 219 0.3) 242 0.3) 231 6.6)
Short 243 0.3) 212 0.3) 228 6.6)
Mean 231 6.6) 227 6.6)
NDF (g/kg) Tall 38%(21) 573(19) A77 (14)
Short 486 (19) 543"°(19) 515 (L4)
Mean 434 @4) 558 6.6)

4  Values in paenthess ae standad arors. Means followed by different letters differ

(63

significantly (Tukey-KramerHSD, P < 0.05)

J. Galli, C. Cangiano, D. H. Milone & E. Laca; "Acoustic monitoring of short-term ingestive behaviour and intake in grazing sheep”
Livestock Science, Vol. 140, No. 1, pp. 32-41, 2011.

sinc(i) Research Center for Signals, Systems and Computationa Intelligence (fich.unl.edu.ar/sinc)



J. Galli, C. Cangiano, D. H. Milone & E. Laca; "Acoustic monitoring of short-term ingestive behaviour and intake in grazing sheep”
Livestock Science, Vol. 140, No. 1, pp. 32-41, 2011.

sinc(i) Research Center for Signals, Systems and Computationa Intelligence (fich.unl.edu.ar/sinc)

1  Table?2. Effect of speges andbiomass deplaon on ingestive behaviour.

2
Alfalfa Orchardgrass Mean

Intake rate (g DMI/min) Tall 9.1 (Q91) 8.2(0.9) 8.7 (0.67)
Short 9.7 (088) 7.3 (081) 8.5 (068)
Mean 9.4(0.649  7.8°(0.58

Bite massg DM) Tall 0.63(0.09 0.46(0.02 0.54 0.02)
Short 0.34(0.02 0.27(0.02 0.310.01)
Mean 0.49 0.01) 0.36 0.01)

Bite rate (min™) Tall 15 (20) 18(1.8) 17° (1.6)
Short 29 (20) 28(2.1) 28(1.6)
Mean 22 (15) 23(1.4)

Chews pe g DM Tall 11 (16) 13(1.5) 12 (1.1)
Short 10 (15) 15(1.5) 13(1.1)
Mean 11° (1.0) 142 (1.0)

3 Values in paenthess ae standad erors. Means followed by different letters differ

4  significantly (Tukey-KramerHSD, P < 0.05)

5



1 Table3. Effed of spedes andbiomass depléon on time pe bite and dl ocation of jaw

2 movemats

3
Alfalfa Orchardgrass Mean

Time pe bite (s) Tall 45(0.43 3.9(0.39 4.1%(0.33)
Short 2.1(0.42 3.3 (039) 2.2(0.37
Mean 3.3(0.3) 3.1(0.29

Totd jaw movenent ate (min®)  Tall 98(8.25 92(7.1) 95°(6.3)
Short  125(7.80 117 7.4) 127 (6.3)
Mean  113(5.99 105 6.6)

Chewing rate (min'™) Tall 83 (65) 92 (59) 88°(5.1)
Short 107 6.5) 101(6.0) 104 (5.2)
Mean 95 (49) 97 (4.6)

Totd jaw movaments pebite Tall 6.5(0.68) 6.0(0.60) 6.3%(0.49
Short 4.3(0.63 4.4(0.62 4.3 (0.47
Mean 5.4 (045) 5.2 (042)

Totd chews pe bite Tall 6.2 (0.62 59(0.589 6.0°(0.46
Short 3.7(0.61) 3.9 (057) 3.8(0.47
Mean 4.9 (Q43) 4.9 (041)

Exclusive chews pe bite Tall 5.6 (051) 4.3(0.45 5.0%(0.395
Short 3.1 (046) 3.4 (047) 3.3°(0.39
Mean 4.4(033) 39(0.32

Chew-bites perbite Tall 0.47 0.07) 0.57 0.06) 0.52(0.05
Short 0.26 0.06) 0.250.06) 0.25°(0.09
Mean 0.37 0.04) 0.41 0.04)

Propottion chew-bite® Tall 0.07 0.03) 0.10 0.02) 0.09(0.02
Short 0.07 0.02) 0.07 0.02) 0.07 0.02)
Mean 0.07 0.01) 0.08 0.02)
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4  Values in paenthess ae standad arors. Means followed by different letters differ

ol

significantly (Tukey-KramerHSD, P < 0.05)

6 ?Chew-bites as poportion of total jawmovemats.



Table 4. Effed of spedes and biomass depléon on amusic variables.

Alfalfa Orchardgrass Mean
Chewing EFD per bite (f¥m?)  Tall 21 (19) 17(1.7) 19° (1.4
Short 14 (1.9) 12 (18) 13 (15)
Mean 18 (1.4) 14 (13)
Chewing EFD per g NDF Tall 93(8.5) 63 (7.6) 78(6.0)
(FIm®) Short 85 (82) 81 (82) 93(6.1)
Mean 89(5.7) 72°(8.2)
Chewing intensiy (fw/m?) Tall 18 (15) 15(1.4) 16 (1.2)
Short 16 (15) 15 (15) 16 (1.3)
Mean 177 (1.2) 15° (1.2)
Biting intensiy (fw/m?) Tall 16° (1.5) 18 (1.4) 17 (13)
Short 222 (1.7) 18" (1.5) 19 (14)
Mean 19(1.3) 18 (1.2)
Biting duration (ms) Tall 154 @2) 107 @2 131 (@6)
Short 166 @3) 118 @2) 142 (L76)
Mean 160* (15) 112 (15)
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Values in paenthess ae standad errors. Meansfollowed by different letters differ

significantly (Tukey-KramerHSD, P < 0.05)
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1 Table5. Moddsto estmatedry matterintake based on acousic or behaviour predictors.

. . . Bestmodel
Best averall modelswithou spedes arl biomasseffeds including
spedes aml
Acoustc Pralictors (p 1p 2p 3p 4p  spedesefed bé?rzcaés
Intercept 2.7 11 10 12 12
Chewing total EFD 23 23 22 23 25
Biting intensity -0.45 -0.53 -0.39
Chewing EFD pea chew 0.86 14
Chewing intensity -0.46
Chewing EFD pe bite -0.70
Alfalfa vs.orchardgrass - - - - 15
Tall vs.short - - - - 4.1
Codfficients
R? 0.80 0.85 0.87 0.88 0.92
R?ad. 0.79 0.85 0.86 0.87 0.90
AlC 161 148 146 143 132
RMSE (g DM) 6.1 5.2 5.1 4.8 4.1
CV (%) 27 23 23 21 18
Behaviour Pralictors (p) 1p 2p - -
Intercept 3.9 2.7 - - 3.1
Chewing time 0.32 0.23 - - 0.23
Numbe of chew-bites 0.31 0.29
Alfalfa vs.orchardgrass - - - - 2.9
Tall vs.short - - - - 14
Coéfficients
R? 0.66 0.71 - - 0.77
R?ad]. 0.65 0.69 - - 0.75
AlC 176 164 - - 156
RMSE (g DM) 7.9 6.7 - - 6.1
CV (%) 36 31 - - 28

~N o o WODN

N=46; mean of dry matter intake= 22.4 g, undelined coefficientsdiffer significantly from 0 (P
< 0.05) R%adj.= R? adjusted by p, AIC= Akaike’s information criterion, the model that has the
smalkst value of AIC is consdered the best, RMSE= root mean squae error, CV= coefficient
of variation of prediction. Each column represents the best model with a given number of
predictors. Within ead column, codficients are the effeds of the predictors on dry matter
intake. Coefficients for “Alfalfa vs. orchardgrass” and “Tall vs. short’ are the effects of Alfalfa



and Tall, respedively, as deviationsfrom the overadl intercept. Effeds of the aternative level

1
2

of each factor have the sane dsolte \elue with opposte sig.

"TT0Z ‘Ti-2€ "dd ‘T "ON ‘0T "I0A 90U I0S Y001SaAI
.0oays Buizelb ulaxeiul pue Jnoineyad aASabul Wdl-1oys Jo BuLioliuow 91ISN0dY,, eJe '3 %9 8Uo|IN "H "d ‘oueibued D ‘1o
(ous/re'npa’ jun-yaiy) soushi|piu| feuoirINdwo) pue SWaISAS ‘seubis o) jelue) Yoeasay (1)aus



