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| nterpretive summary

Evaluation of models to predict the stoichiometry bvolatile fatty acid profiles in rumen
fluid of dairy cattle. Morvay et al. An accurate prediction aofhe proportions between
individual volatile fatty acids (VFA) in the rumethe main energy source of ruminants, is of
interest because they are associated with methadeqgiion and milk composition. The aim
of this study was to evaluate six rumen VFA modetstheir ability to predict in vivo VFA
molar proportions. The results indicate that défégrmodels vary in predictive performance.
Nevertheless, the move towards feed evaluatioresystbased on animal response might
require an improved representation of rumen feratemt than is provided by current VFA

stoichiometry models.
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ABSTRACT

Volatile fatty acids (VFA), produced in the rumey microbial fermentation, are the
main energy source for ruminants. The proportiohsndividual ruminal VFA are of
particular interest because the VFA profile, patady the ratio between nonglucogenic
(acetate, Ac; butyrate, Bu) to glucogenic (proptendr) VFA (NGR), is associated with
effects on methane production, milk composition andrgy balance. In the last few decades,
several models have been developed to predict rdemsrentation stoichiometry. The aim of
the current study was to evaluate rumen VFA stoitiegtry models for their ability to predict
in vivo VFA molar proportions. The models were exded using an independent dataset
consisting of 101 treatments from 24 peer-reviewedlications with lactating dairy cows.
All publications contained a full diet descriptionymen pH and rumen VFA molar
proportions. Ruminal digestibility was estimatedngsthe rumen fermentation model of
Dijkstra et al. (1992). Stoichiometric models wesgaluated based on mean squared
prediction error (MSPE) and concordance correlaoefficient (CCC) analysis. Of all
models evaluated, Friggens et al. (1998) had thvedbroot MSPE for Ac and Bu (7.2 and
20.2% of observed mean, respectively). Banninkl.e(€2806) had the lowest RMSPE and
highest CCC for Pr (14.4% and 0.70, respectiv@line predictions of Bannink et al. (2008)
had comparable predictive performance for Pr to ¢fidBannink et al. (2006) but a larger
error due to overall bias (26.2% of MSPE). Murphtyaé (1982) provided the poorest
prediction of Bu, with the highest RMSPE and low€§iC (24.6% and 0.15, respectively).
Argyle and Baldwin (1988) had the highest CCC farwith an intermediate RMSPE (0.47
and 8.0%, respectively). Sveinbjornsson et al. §20tad the highest RMSPE (13.9 and
34.0%, respectively) and lowest CCC (0.31 and Oré6pectively) for Ac and Pr. NGR
predictions had the lowest RMSPE and highest CCthammodels of Bannink et al. (2006)
and Bannink et al. (2008), whereas the lowest ptizéi performance was by Sveinbjérnsson
et al. (2006). It appears that type of VFA producedot a simple linear relationship of
substrate inputs and pH as currently representieel.nfove towards feed evaluation systems
based on animal response might require an improgpesentation of rumen fermentation
than is provided by current VFA models if VFA pration patterns are to be predicted with

sufficient degree of accuracy.

Key words: volatile fatty acid, rumen, stoichiometry, mo@ehluation
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INTRODUCTION

Volatile fatty acids, produced in the rumen by rolial fermentation, are the main
energy source of ruminants (Bergman, 1990). The ofp/FA formed in the rumen depends
on type of substrate fermented, microbial populaiad rumen environment (Bannink et al.,
2008). The proportions among individual VFA arepalrticular interest because different
VFA undergo separate metabolic pathways. The gkmogoropionateRr) is a substrate for
gluconeogenesis and is the main source of glucoieei animal, whereas the nonglucogenic
acetate Ac) and butyrateRBu) are sources for long-chain fatty acid syntheSmnsequently,
the VFA profile has been associated with animalrgydalance in early lactation (Van
Knegsel et al., 2007), milk yield and compositiddeymour et al., 2005), and methane
production (Ellis et al., 2008). Current energy legion systems for cattle are based on
metabolizable energy (ME) or net energy (NE) anchaioexplicitly include the effect of type
of VFA, but nutrient based response systems touatalfeeds for dairy cattle do require a
proper representation of type of VFA formed (Hanigaal., 2006; Dijkstra et al., 2007).

In the last few decades, a number of models piadictumen fermentation
stoichiometry have been developed, as reviewedijigtia et al. (2008). The stoichiometric
coefficients developed for various ruminally ferrrezhsubstrates have been used in several
mechanistic whole-rumen models (e.g. Baldwin et B987). Despite repeated efforts to
correctly predict rumen VFA proportions, the preéidic error of the models remains
considerably high in the few evaluations publisiiBdnnink et al., 1997a; Hanigan et al.,
2006). Bannink et al. (1997a) evaluated the sounEesror likely to explain the inability of
rumen fermentation models to correctly predict Vialar proportions, and concluded that
the inappropriate representations of VFA coeffitsaa among the most probable causes. The
aim of the current study was to evaluate rumen V&t8ichiometry models using an
independent dataset of dairy cattle digestiondriihe models evaluated were Murphy et al.
(1982), Argyle and Baldwin (1988), Friggens et @998), Sveinbjornsson et al. (2006),
Bannink et al. (2006) and Bannink et al. (2008).

MATERIALS AND METHODS
Volatile Fatty Acid Stoichiometry Models
Six VFA prediction models were evaluated using petelent data. Murphy et al.
(1982) developed a set of stoichiometric coeffitsdmy fitting rumen VFA molar proportions
to digested soluble carbohydrates, starch, hemlosk, cellulose and CP. The approach was

similar to that of Koong et al. (1975), but usethier dataset of 108 diets in mainly beef
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cattle and sheep trials. Separate stoichiometnyfficemts were generated for mainly-
concentrates and mainly-roughage diets. The whoteen model of Baldwin et al. (1987)
used the average of these stoichiometric coeffisidar intermediate diets (45 to 55%
concentrates).

Argyle and Baldwin (1988) modified the model of Ndhy et al. (1982) by relating
the fermentation of soluble carbohydrates and lsteeadumen fluid pH. Linear relationships
between digested substrate and rumen pH valuew lfiebwere assumed, based on in vitro
data. These coefficients were used in the wholeesrumodel of Baldwin (1995).

Friggens et al. (1998) used an empirical approach ptedict rumen VFA
stoichiometry, conducting a trial with cannulatdeeap fed supplemented grass silage diets.
Principal component analysis was used to deternf@sel fractions significant to the
prediction of VFA molar proportions: CP, starchgats and cellulose. Thus, the model of
Friggens et al. (1998) uses feed composition, ratten fermented feed fractions, to predict
VFA molar proportions directly.

Sveinbjornsson et al. (2006) developed a stoichinoa¢ submodel of VFA
fermentation for the Nordic dairy cow model Kar@inl07 treatments from 29 dairy cattle
experiments were used, consisting of mainly grdagesbased diets. The model related VFA
molar proportions to digested CP, starch, forage=NIDDF), concentrates NDFCNDF),
lactate and “rest” fraction (DM — ash — NDF — skare CP — lactate — VFA). Dry matter
intake relative to body weight and concentratesregixtract were used as input in addition to
digested feed fractions.

Bannink et al. (2006) employed a similar approacMurphy et al. (1982), but used
182 treatments from 47 digestion trials with data lactating cows only to fit the
stoichiometric parameters, in contrast to the stofdylurphy et al. (1982) which made us of
mainly beef cattle and sheep data. Volatile faityd anolar proportions were related to
observed amounts of digested soluble carbohydrsti@sh, hemicellulose, cellulose and CP.
In addition to distinction of mainly-concentratesdamainly-roughage diets, intermediate
diets (40 to 60% roughages) have been recognizeghioje-rumen models (e.g. Dijkstra et
al., 1992) using coefficient means, similarly tdden et al. (1987).

Bannink et al. (2008) fit VFA stoichiometry coefiats from the same dataset of in
vivo lactating dairy cow observations as Banninkle{2006), but added the effect of rumen
pH on the fermentation pattern of starch and seldarbohydrates. Sigmoidal relationships
between rumen pH and fraction of substrate congtetdeAc, Pr and Bu were assumed.

Additionally, nonlinear relationships between VF8ncentration and VFA absorption were
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used, but these require information on rumen figlime and passage rate and thus were not
considered in the current evaluation. The profieV&A was related to digested soluble
carbohydrates, starch, hemicellulose, cellulose @Rd Coefficients were determined for
mainly-concentrates, intermediate and mainly-rogghdiets.

Dataset

A dataset consisting of 101 treatments from 24 -pe@ewed publications was
collected for model evaluation (Abrahamse et a008&a, b, 2009; Alamouti et al., 2009;
Benchaar et al., 2007; Benefield et al., 2006; Baed et al., 2008; Broderick et al., 2002,
Dann et al., 2008; DeFrain et al., 2004; Gehmaail.e2008; Gencoglu and Turkmen, 2006;
Hara and Tanigawa, 2010; Hippen et al., 2010; Igdahkl., 2009; Kelzer et al., 2009;
Khafipour et al., 2009; Krizsan et al., 2007; Malhoet al., 2009; Oba and Allen, 2003a, b;
Plaizier, 2004; Rigout et al., 2003; Taweel et 2005). To guarantee an independent
evaluation, only treatments which were not usednduthe formation of any of the models
were included. Only trials using lactating Holstaldairy cattle were used, to eliminate
differences caused by genetic variation. Treatmemitsch included additives or bST
treatments were excluded from the study. All paperorted diet chemical composition
(NDF, ADF, starch, crude fat, CP, ash), rumen tiqoiH and rumen liquid VFA composition.
In experiments where ADL was not reported, theubedle fraction was determined by
correcting ADF using the ratio of ADF to ADL of thelevant feed ingredients according to
feed tables. Soluble carbohydrates were calcukmsetie fraction of DM not accounted for by
NDF, starch, CP, crude fat, ash, lactate and VFAndner equivalents of degraded
substrates were calculated assuming molecular weeigh 162, 110 and 90.8 g/mol for
carbohydrates, protein and lactate, respectivebse®ed VFA not accounted for by Ac, Pr
and Bu were assumed to be branched-chain fattys gBic). Lastly, to integrate the four
individual VFA into one characteristic, the non-gbgenic to glucogenic VFA raticNGR)
was calculated as: [Ac +Bu + Bc] / [Pr + Bc].

The model of Sveinbjérnsson et al. (2006) requitd®BF, fNDF and lactate as input
parameters. Lactate content was determined usiad fable values (CVB, 2007) and
considered to be entirely digested in the rumeis assumed by Sveinbjornsson et al. (2006).
When experiments did not report cNDF and fNDF, ¢heere calculated from NDF content
of the separate feed ingredients according to fabtks. Digested fractions of fNDF and
cNDF were estimated using table degradation kisafi@ta of the separate feedstuffs. The

Argyle and Baldwin (1988) model estimates the potidm of Ac, Pr and Bu only. Therefore,
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Bc predicted by Argyle and Baldwin (1988) was assdrequal to Bc predicted by Murphy et
al. (1982).

The amount of independent literature reporting flidt descriptions, rumen VFA
proportions as well as duodenal nutrient flowsyeitused in any of the stoichiometric model
derivations was insufficient for the purpose of therent study. Therefore, digested feed
fractions were determined using the dynamic, meskarrumen model of Dijkstra et al.
(1992), of which duodenal flows were evaluated ®alNet al. (1992). The model consists of
17 state variables and includes partitioning of@armicroflora into amylolytic and fibrolytic
bacteria and protozoa. Nutrient fluxes are desdrife enzymatic and mass action kinetics.
Degradation characteristics required as input feg tumen model were obtained from
feeding tables (CVB, 2007), which are based onitim mimen digestion trials. Predicted
rumen digested feed fractions were then used ag fopthe models of Murphy et al. (1982),
Argyle and Baldwin (1988), Sveinbjérnsson et 20(06), Bannink et al. (2006) and Bannink
et al. (2008) to regress observed VFA molar propostagainst ones predicted by the models.

Observed rumen VFA originate either in VFA enterithg rumen or as result of
substrate fermentation. In experiments where VFReweported in the diet or injected intra-
ruminally, observed amounts entering the rumen veslged to predicted VFA produced
from substrate degradation. Predicted VFA molapprtions were then re-calculated based
on total rumen VFA. For the models of Friggens let(898) and Sveinbjérnsson et al.
(2006), which contain predictions of rumen VFA migb@oportions directly rather than VFA
production per unit of fermented substrate, thedpection of each VFA was estimated based

on stoichiometric principles.

Statistical Analysis

Prediction errors of VFA stoichiometry models wettetermined by root mean
squared prediction erroRMSPE, expressed as a % of the observed mean), which was
calculated according to Bibby and Toutenburg (197He RMSPE comprises of three
sources of error, expressed as % of RMSPE: errertaiias ECT), error due to deviation
of the regression slope from ER) and random erroreD). In addition, the accuracy and
precision of the models were evaluated using cataure correlation coefficientCCC)
analysis, according to Lin (1989). Concordanceeatation coefficients range from -1 to +1,
where values closer tel indicate a more precise and accurate model. Gbéfficient
comprises of two terms, viz. Cb apd The Cb is a bias correction factor and provides a

measure of accuracy, i.e. how close the line ofession of observed against predicted
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values is to the line of unity. The Cb value ranfyjem 0 to 1, where a higher value indicates
a more accurate model. Theis the Pearson’s correlation coefficient which vides a
measure of precision. The term p (location shetused to calculate Cb and represents an
underestimation and overestimation of predictiorts pasitive and negative values,
respectively.

For a graphical representation of VFA molar projportpredictions of each model,
observed values were regressed against predicledsv@Pifieiro et al., 2008). Similarly,
residuals calculated as observed minus predictéekyavere regressed against predicted
values (St-Pierre, 2003).

RESULTS

The collected dataset included a wide range of cheimical composition and feed
intake (Table 1), and of digested substrates (T@BleDespite that, several correlations
between input parameters were found. sugars anthsigere negatively correlated, whereas
positive correlations were found between sugarstia@drest” fraction and between cellulose
and fNDF (Table 3). Additionally, observed molapportions of Ac and Pr were negatively
correlated. The observed NGR was positively coredlavith Ac and Bu and negatively with
Pr, resulting from the definition of this ratio [@a 3).

Statistics for VFA stoichiometry predictions of albdels are presented in Tables 4 to
9 and visualized in Figures 1 to 4. Predictive periance varied with type of VFA. RMSPE
and CCC values were in agreement in most models,models with lower RMSPE had
higher CCC and vice-versa, with the exception ef tmodel of Argyle & Baldwin (1988).
RMSPE tended to increase in the order Ac < Pr <<BBc. In general, Ac tended to be
underpredicted, Bc tended to be overpredicted, @dsno clear pattern was observed with Pr
and Bu. Coefficient of determination values®(Rrepresenting the fraction of explained
variation, ranged from 0.00 to 0.57 across modaistanded to increase in the order B¢ < Bu
<Ac<Pr.

The model of Murphy et al. (1982) had errors mashhg to random variation for Ac
and Pr (89.1 and 80.5% of MSPE, respectively; TdbleThe model provided the poorest
prediction of Bu of compared to the other modelghwhe highest RMSPE and lowest CCC
(24.6% of observed mean and 0.15, respectively),aarelatively large error due to overall
bias (33.4%). The accuracy value for Ac was thédsg of all models (0.95, Fig. 1), whereas
Pr and Bu tended to be underpredicted (Fig. 2 amespectively).
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The Baldwin and Argyle (1988) model had intermegliRMSPE for Ac, Pr and Bu
(8.0, 16.2 and 22.7%, respectively; Table 5). CGZewariable, with high value for Ac and
Pr (0.47 and 0.67, respectively) and an intermediatue for Bu (0.22). Accuracy values for
Ac and Pr were very high (0.93 and 0.95, respelghivbut Bu tended to be underpredicted
(Fig. 3). Model errors for Ac and Pr were mainlyedio random variation (80.3 and 90.5%,
respectively); however, large error due to bias elzserved for Bu (20.7%).

The empirical model of Friggens et al. (1998) pded an improved prediction of
molar proportions of Bu compared to the other mgdeith the lowest RMSPE and highest
CCC (20.2% and 0.37, respectively; Table 6). Aedprtions had the lowest RMSPE and a
relatively high CCC (7.2% and 0.43, respectiveindel errors for Ac and Bu were mainly
due to random variation (89.2 and 85.8%). In cattra large bias error was observed for Pr
(34.2%), with Pr being underpredicted (Fig. 2).

The model of Sveinbjornsson et al. (2006) performaddtively poorly in predicting
Ac and Pr, with the highest RMSPE (13.9 and 34.0%bserved mean) and lowest CCC
(0.31 and 0.40, respectively; Table 7) of all med&larkedly large errors due to overall bias
were observed for Ac and Pr (78.3 and 69.8% of MSB&pectively). The model had the
highest accuracy value for Bu of all models (0.86) tended to underpredict Ac and
overpredict Pr (Fig. 1 and 2, respectively).

The model of Bannink et al. (2006) showed an impdbpredictive performance for
Pr compared with the other models, with the lowRStSPE and highest CCC (14.4% and
0.70, respectively; Table 8). Model performance Aarand Bu was comparable to that of
Friggens et al. (1998). However, there was a terygén overpredict Bu (Fig. 3). Model
errors for Ac and Pr were mainly due to randomatam (83.2 and 99.5%, respectively),
whereas a large bias error was observed for B&Y22Table 8).

The Bannink et al. (2008) model performed similadythat of Bannink et al. (2006)
for Pr, with comparable low RMSPE and high CCC eal(Table 9). However, a large error
due to bias was observed for Ac, Pr and Bu (25%® and 37.7% of MSPE). RMSPE and
CCC for Ac an Bu were intermediate. Accuracy tefarsAc and Pr were relatively high
(0.78 and 0.88, respectively), whereas Bu tendéxt toverpredicted (Fig. 3).

Predictive performance of NGR varied between tha&let® (Fig. 4). The model of
Bannink et al. (2006) showed rather good predicpegormance, with the lowest RMSPE
and highest CCC of all models (16.8% and 0.59,eesgely; Table 8), and model error was
mainly due to random variation (94.3%). The Banngikal. (2008) model performed
similarly to that of Bannink et al. (2006), withroparable low RMSPE and high CCC values
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and decomposition, but slightly lower precision §lEa9). Friggens et al. (1998) had a large
bias error for NGR (28.7%), and NGR was overpredidfTable 6). In contrast, the error of
the model of Murphy et al. (1982) was largely doeandom variation (79.3%, Table 4). The
model of Argyle and Baldwin (1988) had intermedi@€&C and RMSPE for NGR (0.39 and
22.3%, respectively), with a relatively large erdue to overall bias (24.0% of MSPE; Table
5). Finally, the model of Sveinbjornsson et al. Q@D performed relatively poorly in
predicting NGR with the highest RMSPE and lowesi3G& all models (35.7% of observed
mean and 0.25, respectively), and model error \aegely due to overall bias (72.7% of
MSPE; Table 7).

DISCUSSION

Volatile Fatty Acid Stoichiometry Model Predictions

Predictive performance of six models of VFA rumeoichiometry were compared
using a dataset of lactating dairy cattle from neégrublications. Although a large fraction of
observed variation remained unexplained, the resaoft the present study showed an
improved performance compared to previous evaloatad VFA stoichiometry models (e.g.
Bannink et al., 1997b; Neal et al., 1992). When parimg model predictive performance, the
scope and goals of each model must be considehedmbdels of Bannink et al. (2006) and
Bannink et al. (2008) used a relatively wide ranf@igh-lactating Holstein dairy cow diets
for coefficient determination, similarly to the daet that was used to evaluate the models in
the current study. This is likely to have largehfluenced the observed relatively good
performance of these models. The Murphy et al. Z)3d Sveinbjornsson et al. (2006)
models, which showed a relatively reduced perfocaasompared to the other models, used
large datasets as well, but these contained olsmrsawith mainly sheep and beef cattle in
the former and Nordic lactating cows fed grasgsilbased diets in the latter. Sveinbjornsson
et al. (2006) recognized the possible limitatiotha applicability of their model to a broader
range of diets. In contrast, Friggens et al. (1988)ed their model on one study with sheep
fed supplemented grass silage, but produced singisiggood predictions of VFA profiles in
the rumen of lactating cattle. Argyle and Baldwi®88) determined VFA coefficients based
on few mainly in vitro studies, but their modifigat of sugars and starch fermentation
coefficients to pH-dependent ones resulted in iwm@dopredictions compared to those of
Murphy et al. (1982).

The relatively good predictive performance of tinepegical model of Friggens et al.

(1998) is in spite of both inter-species differenaed the attribution of VFA molar
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proportions solely to feed composition, without sioiering animal and rumen environment
factors (e.g. DMI, digestibility). On theoreticalaginds, ruminal substrate degradation has to
be expected to explain a significant part of thaaten in rumen VFA molar proportions
next to feed composition. Even though empirical etedire capable of providing accurate
predictions, their applicability to predict rumer-®& molar proportions in combination with
specific aspects of rumen function is limited. Thedel of Friggens et al. (1998) does not
account for the origin of the sugars, starch, tetles or CP and effects of ingredient-specific
degradation characteristics of these nutrients.dxample, exchanging barley and maize in
high-concentrate diets hardly changed dietary cbaingomposition, but did significantly
affect VFA molar proportions, with increased Prdksvin the barley diet (Sutton et al., 1980).
Such changes in VFA molar proportions will not leflacted in the Friggens et al. (1998)
estimates, whilst other stoichiometric models basedumen degraded substrates do predict
alterations in molar proportions related to thehkigstarch degradation of the barley diet
compared with the maize diet. Similarly, chemicatl gphysical processing may affect the
fermentation pattern without changing feed compasi{e.g. Joy et al., 1997; Krause et al.,
2002), which would also not be reflected in theneates of Friggens et al. (1998).

The predictive performance of Bannink et al. (2008 not show improvement
compared to that of Bannink et al. (2006; Tables@ 9), despite both fitting stoichiometric
coefficients from the same dataset, with the fornmetuding a direct effect of pH and
assuming variable fractional VFA absorption ratis. relationships were found between
residuals and various input parameters (e.g. pHE,Ndbarch; results not shown) and thus
could not provide an explanation for the lack opmved predictions. However, the variable
fractional absorption rates assumed by BanninKk.gf2808) in coefficient derivation were
not taken into account in the current study. Assignvariable absorption rates would
increase the proportions of Ac and reduce Pr andigdicted by Bannink et al. (2008),
improving its performance and reducing the discnegabetween the Bannink et al. (2006)
and Bannink et al. (2008) predictions. Another ogaf®r the lack of improvement despite the
inclusion of pH effect could lie within the coefignt fitting process of Bannink et al. (2008).
This process favored a more accurate predictiagharower pH range, which are associated
with an alteration of the rumen fermentation pattéfhe current dataset, with an average
rumen pH of 6.2 (SD = 0.3), thus may not have bmaimal for evaluation of the model of
Bannink et al. (2008). To investigate this hypoitiea subset of observations with lower
rumen pH (pH< 6.0, n = 22) was evaluated against model predistidPredictive

performance improved (results not shown), sugggsthat the representation of VFA
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stoichiometry according to Bannink et al. (2008} llae potential to provide an improved
prediction after a refinement of the coefficierttifig process and would be applicable in
particular in situations with a high intake of rdlyi fermentable substrates in dairy cattle.
This is supported by the improved predictive perfance of Argyle and Baldwin (1988)

compared to that of Murphy et al. (1982; Tablesndl &). Argyle and Baldwin (1988)

included a pH effect while assuming fixed fractibM&A absorption rates, and thus the
improved performance suggests that pH alone dgaaiexan additional part of the variation
in VFA profiles.

The nonglucogenic to glucogenic VFA ratio is rethte the efficiency with which
VFA are used for productive purposes, becauseitiges an indication of the partitioning of
energy between milk and body mass (Van Knegsdl,e2@07). The models of Bannink et al.
(2006) and Bannink et al. (2008) showed improveddjmtive performance of NGR
compared to the other models, which resulted fréerraating under- and overpredictions of
Ac and Bu, and an accurate prediction of Pr (TaBlemd 9). In contrast, for example, the
model of Friggens et al. (1998) overpredicted Ad Ba but underpredicted Pr, leading to an
overpedicted NGR (Table 6). In the aggregation afgtucogenic and glucogenic VFA,
opposing prediction errors within each group adar@ed out. Therefore, bearing in mind the
common metabolic pathways within each group of VBA,evaluation of NGR predictions
provides a strong overall indication of VFA modelformance. However, for the purpose of
methane production estimation, an accurate prediaif separate VFA instead of NGR is
required, because of the distinct hydrogen produoatr uptake associated with each acid.

To ensure a fully independent evaluation, data obstsate duodenal flows in
experiments used in the development of the stonchioy models could not be used in the
present study. All models apart from Friggens e{1898) required an input of digested feed
fractions, which therefore had to be simulated gisine rumen fermentation model of
Dijkstra et al. (1992). This rumen fermentation mlolas been evaluated by Neal et al.
(1992), Bannink et al. (1997b) and Mills et al. @29 and found to satisfactorily predict N,
NDF, starch and sugars duodenal flows. MoreovencBaar et al. (1998) showed that the
Dijkstra et al. (1992) model had the lowest pradicterror of methane production of four
extant models. A drawback of the model is its leditepresentation of lipid flows. However,
because long-chain fatty acids are not fermentedarrumen, this representation is unlikely
to affect fermentable nutrient flows used in therent study as a basis for VFA prediction.
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Aspects to be | mproved

Several aspects of rumen fermentation not includetie models are likely to have
contributed to the error in VFA predictions foumdthe current evaluation. Volatile fatty acid
molar proportions in the rumen represent a baldoat@een production and disappearance,
the latter occurring through absorption and passageassumption of all models except
Bannink et al. (2008) is the fractional absorptiates of all VFA being identical in all diets
and pH values, even though they have been showegend upon VFA concentrations and
rumen pH (Dijkstra et al., 1993). Hanigan et aD(2) showed that using absorption rates
calculated according to Dijkstra et al. (1993) ioywd Bu and Ac predictions of Baldwin et
al. (1987); however, large bias and slope errarsameed with total VFA and Pr predictions,
respectively. Additionally, simulation results ofanink et al. (2006) demonstrated large
effects on VFA coefficient estimates when variadbsorption rates were introduced into the
model. A full evaluation of the VFA stoichiometryoatel of Bannink et al. (2008), which
would necessitate information on fractional absorptrates, rumen fluid passage rate and
rumen fluid volume, would be required in order teteimine whether such a detailed
representation of VFA absorption improves the o of VFA profiles compared to other
models.

Dijkstra (1994) recognized the need to maintailova tedox potential in the rumen
through reduction and oxidation of pyridine nucides (NAD) as the driving force for
rumen VFA production. Among other factors, substfedctional degradation ratdfects the
redox balance and thus were suggested to be ineabegobinto VFA stoichiometry models.
This is supported by the study of Tamminga et #90), in which large variations among
feed ingredients in fractional degradation rates NdF, starch and CP were found.
Furthermore, Krause et al. (2003) and Sutton e{18180) reported a significant effect of
starch source on the VFA profile. Fractional degtemh rates are not directly implemented
into any of the VFA models evaluated in the currenidy. The differentiation between
mainly-concentrate and mainly-forage diets in thedels of Murphy et al. (1982), Argyle
and Baldwin (1988), Bannink et al. (2006) and Bakret al. (2008) somewhat represents
differences in degradation rates, because e.g. blb&kdown is reduced in low pH values,
associated with mainly-concentrates diets (Argytel &Baldwin, 1988). However, this
distinction does not represent the variation witboncentrate and roughage feed types.
Bannink et al. (2008) took a step further by inahgdrumen pH as an input parameter to their
model. Nevertheless, these approaches containtaircelegree of inaccuracy because the

variation in degradation rates cannot be fully akpgd by pH or type of diet. For example,
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relating fermentation to rumen pH neglects othantdias affecting fermentation such as
buffering from feed and saliva, and thus pH mightdn inaccurate indicator of substrate
degradation rate.

The effects of differences in fermentation pattemong microbial types on the
whole-rumen fermentation profile is also not inagied into any of the models evaluated in
the present study. Particularly, an inclusion afrfentation by protozoa could be beneficial
for improved VFA predictions. Protozoa are assedatith a higher butyrate production rate
than bacteria, and are known to have a bufferifigcebn the rumen, fermenting starch and
sugars less rapidly than bacteria and thus prewvgntie sharp drop in pH associated with
bacterial fermentation (Williams and Coleman, 199Nagorcka et al. (2000) developed a
VFA stoichiometry model using coefficients deriviedm literature. The model differentiates
between amylolytic bacteria, fibrolytic bacteriadgorotozoa and assumes, for example, that
the fermentation of 1 mol of soluble sugars andcktar hemicellulose results in 0.5 mol Bu
and no Pr. These stoichiometry coefficients arekedly different from those established by
any of the models in the present study, and thugldcaffect the predicted rumen
fermentation pattern to a large extent. The lackpmitozoal representation in most VFA
models is in part due to the limited in vivo dataitable on protozoal activity and VFA
proportions compared to bacteria (Dijkstra et2008). Thus, further research in this domain
would be essential in order to be able to incorgotlae in vivo contribution of protozoa into
VFA models. Additionally, the need to distinguiste three microbial groups in such VFA
stoichiometry models (Nagorcka et al., 2000) resdbis approach less practical and such a
model more difficult to be evaluated with indepentde vivo observations.

The models assume that all fermented substrateequally partitioned between
microbial growth and VFA production. However, mibial efficiency has been shown to
vary considerably due to factors such as fractignath rates and energy requirements for
maintenance (Russell and Wallace, 1997; Dijkstraalgt 2007). Additionally, microbial
efficiency is assumed to be dependent on the fnagkipassage rate in most mechanistic
rumen models (e.g. Baldwin et al., 1987; Dijksttaak, 1992). Nevertheless, Bannink et al.
(2000) conducted simulations that showed that #issumption only slightly affects their
coefficient estimates, and therefore the errorstineated stoichiometry of VFA production
and predicted VFA molar proportions might not bbstantial.

The inadequate prediction of rumen VFA productiates remains a weakness of
current whole-rumen models, which aim to predidrieat absorption and duodenal flows.

Despite the unexpected, good performance of theargidevel model of Friggens et al.
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(1998), these type of models are not able to respormphysical or chemical feed treatments
or to variable degradation rates of specific natseand thus mechanistic approaches are to
be preferred. Adequate representations of additicmmaen factors in VFA stoichiometry
models may result in better predictive performarmd#ough the risk of over complexity and

unidentifiable parameters should not be overlooked.

CONCLUSIONS

The six evaluated VFA stoichiometry models variethsiderably in their ability to
predict rumen VFA molar proportions in lactatinguso The model of Bannink et al. (2006)
and to a lesser extent the models of Friggens €1%8) and Bannink et al. (2008) and
showed an improved predictive performance ovemtbédels of Argyle and Baldwin (1988),
Murphy et al. (1982) and Sveinbjérnsson et al. 00 he move towards feed evaluation
systems based on animal response might requirem@noved representation of rumen
fermentation than is provided by current VFA modél¢FA production patterns are to be

predicted with a sufficient degree of accuracy.
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Table 1. Mean, median, standard deviation (SD),irmim and maximum of input values
(n=101)

Mean Median SD Minimum Maximum
DMI (kg/ d) 21.5 21.9 3.4 15.2 27.6
BW (kg) 627 625 48 533 715
Chemical composition (g/ kg DM)
NDF 344 342 56 231 482
ADF 210 205 31 152 299
CP 170 168 17 128 227
Starch 204 234 82 31 324
Crude fat 38 35 10 21 64
Lactate 19 22 11 0 42
cCEE 19 18 12 0 57
cNDF 85 72 36 16 171
fNDF 259 249 59 165 399
Observed molar proportions (mol VFA/ 100 mol tot&lA)
Ac 62.5 62.7 5.2 44.7 75.4
Pr 22.4 21.1 4.9 13.8 44.5
Bu 11.3 11.6 2.5 5.8 18.0
Bc 3.9 4.0 14 0.2 10.5
NGR 3.5 3.6 0.8 1.3 5.9
Rumen pH 6.2 6.2 0.3 5.7 6.9

'cEE = concentrates ether extract, cNDF = concesstnagutral detergent fiber, fNDF =
roughage neutral detergent fiber, Ac = acetate; phopionate, Bu = butyrate, Bc = valeric
acid and branched-chain fatty acids, NGR = nongjaoa to glucogenic VFA ratio,
calculated as [Ac +*Bu + Bc] / [Pr + Bc].

Table 2. Mean, median standard deviation (SD), mimh and maximum of feed fractibn
digestion rates in the rumen (kg/ d) as estimagethé® model of Dijkstra et al. (1992) (n =
101)

Mean Median SD Minimum Maximum
Cellulose 2.5 2.4 0.7 0.8 4.2
Hemicellulose 1.8 1.7 0.6 0.5 2.9
CP 2.3 2.4 0.4 1.5 3.3
Starch 4.0 4.6 1.8 0.5 7.1
Sugars 2.7 2.5 1.3 0.2 6.0
cNDF 1.3 0.9 0.9 0.2 4.1
fNDF 3.0 2.9 1.0 0.7 5.9

! ctNDF = concentrates neutral detergent fiber, fNDBughage neutral detergent fiber.
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Table 3. Pearson’s correlation among digested fireetions (g/ kg DM), observed VFA molar proportsofmol VFA/ 100 mol total VFA) and
feeding level (kg DM/ kg BW/ d) (n = 101)

Su St CP Ce Hc fNDF cNDF Re FL Ac Pr Bu Bc NGR
Su 1.000
St -0.788* 1.000
CP -0.241* 0.273* 1.000
Ce 0.275* -0.625* -0.293* 1.000
Hc 0.026  -0.400* -0.218* 0.421* 1.000

fNDF 0.307* -0.639* -0.245* 0.788* 0.619* 1.000
cNDF  -0.332* 0.162 -0.002 -0.041  0.320*-0.385* 1.000

Re 0.990* -0.781* -0.400* 0.261* -0.028  0.278* -0.342* 1.000

FL -0.120  0.373* 0.245* -0.234* -0.623* -0.438* -0.156 -0.085 1.000

Ac 0.121 -0.140 -0.089 0.110  0.220*0.097 0.137 0.062 0.044 1.000

Pr -0.221* 0.192 0.038 -0.121 -0.278*-0.173 -0.081 -0.158  0.218*-0.823* 1.000

Bu 0.342* -0.307* 0.000 0.114 0.153  0.197*-0.035  0.347* -0.536* -0.239* -0.284* 1.000

Bc -0.241* 0.373* 0.133 -0.239* -0.071* -0.150 -0.071 -0.254* -0.044 -0.376* 0.036 0.139 1.000

NGR 0.280* -0.286* -0.118 0.159  0.255* 0.174 0.105  0.223* -0.223* 0.858* -0.925* 0.218* -0.301* 1.000

* Statistical significance of the linear correlatiat o = 0.05.

Su = soluble carbohydrates, St = starch, Ce =loslyHc = hemicellulose, fNDF = forages neutrdaedgent fiber, cNDF = concentrates
neutral detergent fiber, Re = “rest” fraction (DMsh — NDF — starch — CP — lactate — VFA), FL = ilegdevel, Ac = acetate, Pr = propionate,
Bu = butyrate, Bc = valerate and branched-chaiy &atids, NGR = nonglucogenic to glucogenic VFAaatlculated as: [Ac +X$Bu + Bc] /
[Pr + Bc].
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Table 4. Evaluation of the predictive performanceMurphy et al. (1982)

AcC Pr Bu Bc NGR
Mean observed 62.5 22.4 11.3 3.8 35
Mean predicted 62.2 20.6 9.7 7.5 3.2
MSPPE 24.3 16.7 7.7 16.5 0.6
RMSPE 7.9 18.2 24.6 105.9 21.7
ECT 0.4 18.6 33.4 82.1 15.2
ER 10.5 0.8 0.6 4.9 5.5
ED 89.1 80.5 66.0 13.0 79.3
cce 0.40 0.57 0.15 0.02 0.38
Cb 0.95 0.88 0.39 0.19 0.85
P 0.42 0.65 0.38 0.11 0.45
m 0.07 0.42 1.21 -2.93 0.47
R? 0.18 0.43 0.14 0.01 0.20

1 Ac = acetate, Pr = propionate, Bu = butyrate, Baterate and branched-chain fatty
acids, NGR = nonglucogenic to glucogenic VFA ratialculated as: [Ac +>XBu +

Bc] / [Pr + Bc].

2 Ac, Pr, Bu and Bc in mol VFA/ 100 mol total VFA.
3% Mean squared prediction error (mol VFA/ 100 mdhtd/FA), according to Bibby
and Toutenburg (1977).
* Root mean squared prediction error (% of meanrebgg ECT = error due to bias
(% of MSPE), ER =error due to deviation of the regression slope fron% of

MSPE), ED = random error (% of MSPE).

> Concordance correlation coefficient, according.ito (1989). Cb = bias correction

factor,p = Pearson’s correlation coefficient, u = locatsbrift.

Table 5. Evaluation of the predictive performanaeArgyle and Baldwin (1988)

AcC Pr Bu Bc NGR
Mean observed 62.5 22.4 11.3 3.8 3.5
Mean predicted 61.0 21.4 10.1 7.5 3.1
MSPPE 24.7 13.1 6.6 16.5 0.6
RMSPE 8.0 16.2 22.7 105.8 22.3
ECT 9.1 7.8 20.7 82.3 24.0
ER 10.6 1.7 0.6 4.6 4.3
ED 80.3 90.5 78.7 13.0 71.6
cce 0.47 0.67 0.22 0.02 0.39
Cb 0.93 0.95 0.62 0.18 0.80
p 0.50 0.70 0.36 0.10 0.49
m 0.32 0.23 0.72 -2.98 0.60
R? 0.25 0.49 0.13 0.01 0.24

See Table 4 for footnotes.
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Table 6. Evaluation of the predictive performanakFriggens et al. (1998)

AcC Pr Bu Bc NGR
Mean observed 62.5 22.4 11.3 3.8 3.5
Mean predicted 63.9 19.9 12.2 4.0 3.9
MSPPE 20.4 18.0 5.2 1.9 0.6
RMSPE 7.2 18.9 20.2 36.4 21.6
ECT 10.6 34.2 14.1 1.1 28.7
ER 0.1 0.1 0.1 0.5 4.3
ED 89.2 65.7 85.8 98.4 67.1
cce 0.43 0.55 0.37 0.24 0.48
Cb 0.77 0.79 0.75 0.70 0.83
P 0.56 0.70 0.50 0.34 0.58
m -0.39 0.62 -0.49 -0.15 -0.60
R? 0.31 0.49 0.25 0.12 0.33

See Table 4 for footnotes.

Table 7. Evaluation of the predictive performanakSveinbjérnsson et al. (2006)

Ac Pr Bu Bc NGR
Mean observed 62.5 22.4 11.3 3.8 3.5
Mean predicted 54.8 28.7 10.5 6.0 2.5
MSPE 75.9 57.9 6.7 7.5 1.6
RMSPE 13.9 34.0 22.9 71.4 35.7
ECT 78.3 69.8 9.0 60.4 72.7
ER 2.6 9.6 10.5 10.8 2.1
ED 19.1 20.6 80.5 28.8 25.1
cce 0.31 0.40 0.27 0.02 0.25
Cb 0.46 0.58 0.86 0.38 0.44
) 0.67 0.70 0.31 0.05 0.56
! 1.53 -1.20 0.39 -1.77 1.57
R? 0.45 0.49 0.10 0.00 0.31

See Table 4 for footnotes.
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Table 8. Evaluation of the predictive performangeBannink et al. (2006)

AcC Pr Bu Bc NGR
Mean observed 62.5 22.4 11.3 3.8 3.5
Mean predicted 60.5 22.4 12.4 4.6 3.4
MSPPE 22.4 10.4 55 2.9 0.4
RMSPE 7.6 14.4 20.7 44.3 16.8
ECT 16.5 0.0 22.5 20.5 5.7
ER 0.2 0.5 3.1 4.9 0.1
ED 83.2 99.5 74.4 74.5 94.3
cce 0.43 0.70 0.33 0.04 0.59
Cb 0.79 0.94 0.58 0.50 0.91
P 0.54 0.75 0.56 0.09 0.66
m 0.49 -0.01 -0.72 -0.88 0.23
R? 0.29 0.56 0.32 0.01 0.43

See Table 4 for footnotes.

Table 9. Evaluation of the predictive performangeBannink et al. (2008)

Ac Pr Bu Bc NGR
Mean observed 62.5 22.4 11.3 3.8 3.5
Mean predicted 59.9 24.3 13.0 2.9 3.3
MSPF 27.4 13.6 7.2 2.9 0.4
RMSPE 8.4 16.5 23.7 44.1 18.1
ECT 25.0 26.2 37.7 29.2 9.8
ER 2.6 0.0 1.1 0.3 1.6
ED 72.4 73.8 61.2 70.6 88.6
cce 0.39 0.67 0.25 0.08 0.56
Cb 0.78 0.88 0.49 0.29 0.91
) 0.50 0.76 0.51 0.27 0.62
U 0.62 -0.44 -1.07 1.36 0.31
R? 0.25 0.57 0.26 0.07 0.38

See Table 4 for footnotes.
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Figure 1. Plots of observed vs. predicted (leftd aesiduals (observed minus
predicted) vs. predicted (right) acetate molar propns (mol acetate/ 100 mol total
VFA) according to the VFA stoichiometry models oulhy et al. (1982), Argyle
and Baldwin (1988), Friggens et al. (1998), Sveéinigson et al. (2006), Bannink et
al. (2006), and Bannink et al. (2008).

Figure 2. Plots of observed vs. predicted (leftd aesiduals (observed minus
predicted) vs. predicted (right) propionate molaogortions (mol propionate/ 100
mol total VFA) according to the VFA stoichiometryodels of Murphy et al. (1982),
Argyle and Baldwin (1988), Friggens et al. (1998)einbjornsson et al. (2006),
Bannink et al. (2006), and Bannink et al. (2008).

Figure 3. Plots of observed vs. predicted (leftd aesiduals (observed minus
predicted) vs. predicted (right) butyrate molar godions (mol butyrate/ 100 mol
total VFA) according to the VFA stoichiometry mosledf Murphy et al. (1982),
Argyle and Baldwin (1988), Friggens et al. (1998)einbjornsson et al. (2006),
Bannink et al. (2006), and Bannink et al. (2008).

Figure 4. Plots of observed vs. predicted (leftd aesiduals (observed minus
predicted) vs. predicted (right) nonglucogenic tmicggenic VFA ratio (NGR)
according to the VFA stoichiometry models of Murpétyal. (1982), Friggens et al.
(1998), Argyle and Baldwin (1988), Sveinbjornssdnaé (2006), Bannink et al.
(2006), and Bannink et al. (2008). NGR was caledas: [Ac + 2Bu + Bc] / [Pr +
Bc].
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Morvay Figure 1.

Observed acetate molar proportions (mol acetatehidl total VFA)
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Morvay Figure 2.

Observed propionate molar proportions (mol propiehz00 mol total VFA)
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Morvay Figure 3.

Observed butyrate molar proportions (mol butyra@® mol total VFA)
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Morvay Figure 4.

Observed nonglucogenic to glucogenic VFA ratio (NGR
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