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ABSTRACT

Digestible energy (DE) accounts for the major fraction of the energy content of hay fed to equines, but DE
measurements are difficult to carry out, and researchers have developed models for predicting the DE
content of hays for horses from their chemical composition. Digestible energy varies depending on botan-
ical family, species, and agronomic and climatic conditions. A database of 61 hays harvested in a temper-
ate zone (32 natural grassland hays, 16 grass hays and 13 lucerne hays) was set up from studies carried
out at the French National Institute of Agricultural Research (INRAe) or extracted from the literature
using a similar methodological corpus, to test the relevance of crude fibre (CF), NDF, ADF, total free reduc-
ing sugars (TFRS), CP as potential criteria for the prediction of organic matter digestibility (OMD), energy
digestibility (ED) and digestible energy (DE). Models were developed for natural grassland hay, grass hay
and lucerne hay. The adjusted cross-validation R? values (R?CV) of the models obtained using CF, ADF or
NDEF as single variables or in combination with CP for the prediction of OMD, ED and DE of natural grass-
land hay ranged from 0.84 to 0.86, from 0.83 to 0.86 and from 0.82 to 0.84, respectively. For grass hay, the
R2CV were lower and ranged from 0.65 to 0.71, from 0.63 to 0.71 and from 0.62 to 0.68, for the prediction
of OMD, ED and DE, respectively. Finally, for lucerne hay, the R2CV ranged from 0.65 to 0.72, from 0.34 to
0.74 and from 0.25 to 0.67, for the prediction of OMD, ED and DE, respectively. The RCV of the prediction
models of ED and DE were more heterogeneous for lucerne hay than for grassland and grass hay. The TFRS
content of hay was never a significant predictive variable of OMD, ED or DE, either as single variable or
combined with any cell wall content criterion. The models obtained in the present study improved those

proposed by INRA to date.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to meet the energy requirements of horses. This study proposes
new models specific to botanical families and natural grasslands
for analytical laboratories to accurately predict the digestible
energy content of hay using the cell wall criteria that they rou-

tinely use.
Implications Specification table
The proportion of forage in the horse’s diet ranges from 50 to Subject Nutrition

95% during the breeding and working periods. However, the energy
content of hay is subject to many variations. Nevertheless, end
users need to be able to easily find out the digestible energy con-
tent of the hay they grow or buy to formulate balanced rations
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How data were
acquired

The digestibility data were obtained with
horses housed in metabolic stalls.
Chemical analysis was performed with
usual laboratory methods: ash, crude
fibre according to the Wende method,
NDF and acid detergent fibre according
to the Van Soest’s methodology, Total
free reducing sugars using the Somogyi
method, CP by the Kjeldhal method and
gross energy by adiabatic calorimetry

Data format Raw, processed and calculated data in
Excel and reported results as tables in

word

Parameters for
data collection

Organic matter digestibility, energy
digestibility and digestible energy values
of 61 temperate hays (natural grassland
hay, grass hay and lucerne hay) were
used. Digestibility coefficients were
determined in horses. Hays were
harvested with good meteorological
conditions. Digestibility values were
retrieved from the INRAE database and
from literature.

All data were obtained with 5-6 horses
of warm blood breeds fed only hay diets.
Total faecal collection was performed
over at least 5 days after 14 days or

7 days adaptation when using a
sequential or a Latin square design,
respectively. Hays were supplied
between 1.0 and 1.3 times the
maintenance energy requirement used
by each system and offered twice a day.
Hays offered were sampled daily for each
horse. The individual horse samples were
pooled and mixed to be representative of
the whole individual horse period.

Institution: INRAE

City/Town/Region: Saint-Genes
Champanelle/Auvergne-Rhone-Alpes
Country: France

Latitude and longitude: 45°42'34.985"N,
3°0'48.466"E; 45.709718 - 3.013463

Repository name: https://
recherche.data.gouv.fr/fr

Data identification number: https://doi.
org/10.57745/MXRNGP

Full web address:
https://entrepot.recherche.data.gouv.
fr/dataset.xhtml?persistentld=doi: 10.
57745/MXRNGP

Description of
data collection

Data source
location

Data accessibility

Related research
article

Not applicable

Introduction

Equines are monogastric but essentially herbivorous animals,
and forage is their main diet. Therefore, predicting the energy con-
tent of forages is of very high concern to accurately meet their
requirements. Several models are available to predict the energy
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content of feeds and/or forages in terms of digestible energy (DE)
(NRC, 2007) or metabolisable energy (ME) (GfE, 2014) from their
chemical composition. The French Institut National de la Recherche
Agronomique (INRA) proposed a stepwise approach to predict the
DE, ME and net energy (NE) content of feeds or just of forages
(Vermorel and Martin-Rosset, 1997; INRA, 2015). This method
has been further improved by using specific equations for predict-
ing DE for natural grassland hay, grass hay or lucerne hay (Martin-
Rosset, et al., 2020).

The methods available for cell wall carbohydrate analysis have
also been improved over the last few decades. Initially, the crite-
rion used in the INRA system was the crude fibre (CF) content of
the feed. However, this criterion has been highly questioned for a
long time. Today, the fractionation of cell walls into NDF, ADF
and ADL is accepted. The sequential method of analysis of these
fractions is now well established (Van Soest et al., 1991) and rou-
tinely used by analytical laboratories. These new criteria have been
increasingly tested in studies carried out within the framework of
the INRA system (Andrieu and Martin-Rosset, 1995; Martin-Rosset
etal., 2012). Indeed, it has been noted that the digestion of cell wall
content (CWC) in the large intestine depends on the type of fibre
feed, namely forages (Moore-Colyer et al., 2002), but they have
not yet been included in the INRA 2015 system.

In addition, a new criterion was introduced in the INRA system
(Vermorel and Martin-Rosset, 1997), namely, cytoplasmic carbo-
hydrates, currently called total free reducing sugars (TFRSs),
because it improved the accuracy of ME and NE predictions. Cyto-
plasmic carbohydrates contribute to the amount of digestible
organic matter (DOM) and DE of forages and can help discriminate
between grasses and legumes (Fonnesbeck, 1969; Martin-Rosset
et al,, 1984). In fact, according to Smith’s (1973) classification,
the TFRS and the fructan content of forages fed to horses can aver-
age 60 and 40%, respectively, of the total non—structural carbohy-
drates (Longland and Byrd, 2006). Total free reducing sugars are
digested and absorbed as glucose in the small intestine (Dyer
et al., 2002) whereas fructans are digested in the large intestine
(Ince et al., 2005), where they form lactates that are absorbed
(Argenzio et al., 1974).

In the INRA system, the DE content of feeds is derived from the
gross energy (GE) content of the organic matter multiplied by the
ED predicted from the measured OMD. The prediction equations
for GE, OMD and ED are specific to the types of forage and feed.
The DOM content of forages is therefore also a very important cri-
terion. In the first step of the design of the INRA system, several
equations were specifically proposed to predict the OMD from
the CF content of natural grassland, grasses and legumes
(Martin-Rosset et al., 1994). Therefore, we hypothesised that the
use of ADF and NDF as independent variables could lead to more
accurate models for predicting the OMD and DE contents of hay.
Therefore, the aim of the present study was to design and propose
new models for predicting OMD and ED and the DE content of hay
using an extended dataset of hay extracted from INRAE studies and
from the recent literature, classified by botanical family, as well as
updated analytical methods already available to analytical
laboratories.

Materials and methods

Dataset designed for updating the prediction of the digestible energy
content of hay

This dataset was designed to update the INRA (2015) models to
predict the OMD, ED and DE values of hay whose chemical compo-
sition and in vivo digestibility coefficients were experimentally
determined in accordance with a precise methodological corpus


https://recherche.data.gouv.fr/fr
https://recherche.data.gouv.fr/fr
https://doi.org/10.57745/MXRNGP
https://doi.org/10.57745/MXRNGP
https://entrepot.recherche.data.gouv.fr/dataset.xhtml?persistentId=doi%3a10.57745/MXRNGP
https://entrepot.recherche.data.gouv.fr/dataset.xhtml?persistentId=doi%3a10.57745/MXRNGP
https://entrepot.recherche.data.gouv.fr/dataset.xhtml?persistentId=doi%3a10.57745/MXRNGP

W. Martin-Rosset, D. Andueza and M. Vermorel

(Martin-Rosset et al., 2020). Only hay harvested in the temperate
zone were studied: pure grasses (bromegrass, timothy, orchard-
grass, ryegrass), natural grasslands and lucernes. Data were
extracted only from INRA studies for natural grasslands and from
the literature and INRA studies for grasses or lucernes. The natural
grassland hay was harvested in good climatic conditions at the 1st
cycle, with early or late cuts (66%), or at the 2nd cycle (34%). The
grass hay was harvested in the 1st cycle, with early or late cuts
(50%), or in the 2nd cycle (50%). The lucerne hay was harvested
in the 1st cycle (15%), 2nd cycle (54%) or 3rd cycle (31%). The data-
set (n = 61 hays) was composed of 32 natural grassland hays from
INRA, 16 grass hays (11 from the literature and 5 from INRA), 13
lucerne hays (7 from the literature and 6 from INRA). The natural
grassland hay consisted mainly of grasses. The botanical composi-
tion was not determined but they were included in the grassland
types reported by Andueza et al. (2016) in the same area.

Methodological corpus for in vivo experiments and chemical analysis

The main points of the methodological corpus, fully described in
a previous publication (Martin-Rosset et al.,, 2020), are briefly
recalled as follows: All data were obtained with 5-6 horses of
warmblood breeds fed a hay-only diet and with total faecal collec-
tion. Hay provided between 1.0 and 1.3 times the maintenance
energy requirement and was offered twice daily. The hay offered
was sampled daily for each horse. Individual horse samples were
pooled and mixed to be representative of the entire individual
horse period. Refusals, if any, were identified and sampled accord-
ingly. Faeces were collected daily from each horse and pooled
accordingly. Hay samples were stored at ambient temperature
(15-25 °C), and faecal samples were stored at —20 °C. Hay and fae-
ces were analysed on oven-dried samples according to the same
official or published and recognised methods for DM, ash for calcu-
lation of organic matter, CF by the Weende method, NDF and ADF
by the Van Soests methods (Goering and Van Soest 1970; Van Soest
et al., 1991), nitrogen by the macro-Kjeldahl method and multi-
plied by 6.25 to calculate CP, TFRS by the method of Somogyi
(1952) and GE determined by adiabatic calorimetry. The in vivo
digestibility coefficients of OMD and ED were all provided.

Statistical analysis

The dataset was characterised by mean, SD, minimum and max-
imum values. This statistical analysis of the dataset was also calcu-

Table 1
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lated separately for natural grassland, grass and lucerne. Linear
regression models to predict OMD, ED and DE from their chemical
composition were separately computed for natural grassland, grass
and lucerne hay. The regression models were evaluated by leave-
one-out cross—validation. All statistical analyses were performed
using the Statistical Analysis System statistics package (SAS,
1998) and GNU-project R software version R 4.3.0 (R Foundation
for Statistical Computing, https://www.R-project.org).

Results
Chemical composition and digestion coefficients of hay

The mean and SD values of the chemical composition,
digestibility coefficients and energy contents of the natural grass-
land, grass and lucerne hay are given in Table 1. The minimum
and maximum CP, CF, ADF and NDF contents of the natural grass-
land hay ranged from 55 to 214, 235 to 386, 264 to 403, and 527 to
687 g/kg DM, respectively; the OMD and ED contents ranged from
41.6 to 63.2% and 39.0 to 60.2% respectively; and DE ranged from
6.89 to 11.25 MJ/kg DM. The minimum and maximum CP, CF,
ADF and NDF contents of grass hay ranged from 83 to 184, 257
to 431, 288 to 450, 571 to 782 g/kg DM, respectively; OMD ranged
from 41.5 to 64.9%; ED ranged from 38.1 to 60.3%; and DE ranged
from 7.02 to 11.22 MJ/kg DM. The minimum and maximum CP, CF,
ADF and NDF contents of the lucerne hay ranged from 114 to 209,
281 to 441, 321 to 402 and 424 to 587 g/kg DM, respectively; OMD
and ED ranged from 51.0 to 63.9% and 46.7 to 59.6%, respectively;
and DE ranged from 8.08 to 11.06 M]/kg DM.

Prediction of the organic matter digestibility, energy digestibility
coefficients and digestible energy content of hay

All the models developed to predict OMD were significant
regardless of the CWC criterion used for grassland hay, as the
adjusted R? in cross-validation (R2CV) ranged from 0.84 to 0.86,
but NDF was associated with CP. For grass hay, the adjusted
R2CV ranged from 0.65 to 0.71, but all the CWC criteria were asso-
ciated with CP. The models obtained for lucerne hay were also sig-
nificant, with adjusted R?CV values ranging from 0.65 to 0.72, but
NDF was associated with CP (Table 2).

The models used to predict the ED content of grassland hay
were all significant. Neutral detergent fibre was associated with
CP. The adjusted R?> CV ranged from 0.83 to 0.86. For grass hay,

Mean chemical composition (g/kg DM) and energy content (M]J/kg DM) assayed or mean digestion coefficients (%) determined in vivo in horses for the natural grassland, grass and

lucerne hay of the dataset.

Natural grassland hay Grass hay Lucerne hay
Number of samples 32 16 13
Chemical composition Mean SD Mean SD Mean SD
oM 913 9.1 919 184 917 9.2
CcP 117 44.5 130 35.1 167 25.1
CF 318 44.5 342 47.9 327 45.8
NDF 618 49.4 675 60.7 517 414
ADF 344 44.7 367 47.7 342 30.8
TFRS 78 28.1 78 26.5 31 10.9
Digestion coefficients
DMD 51 7.2 51 6.1 60 4.0
OMD 52 6.8 52 6.2 58 4.1
ED 48 6.3 47.6 5.7 53 4.8
Energy content
GE 18.3 0.37 18.6 0.37 18.6 0.19
DE 8.8 1.23 8.9 0.98 9.9 1.09

OM: organic matter, CF: crude fibre, TFRSs: total free reducing sugars, DMD: dry matter digestibility, OMD: organic matter digestibility, ED: energy digestibility, GE: gross

energy, DE: digestible energy.
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the adjusted RCV ranged from 0.63 to 0.71 when CF or a CWC cri-
terion was associated with CP. In contrast, ED of lucerne hay was
predicted with a significant model using CF; the adjusted
R?CV was 0.74. In addition, the model using ADF was significantly
associated with CP (adjusted R2CV was 0.72). The model using NDF
+ CP as independent variables was not significant (P > 0.05;
Table 3).

The DE content of natural grassland hay could only be predicted
with CF: the adjusted R?CV was 0.83, whereas ADF and NDF were
associated with CP (the adjusted R2CV was 0.82 and 0.84, respec-
tively). Crude fibre and all CWC criteria should be associated with
CP to predict the DE content of grass hay: adjusted RCV values
were 0.62 and 0.68 for CF and NDF, respectively, and the model
with ADF was significant; the adjusted R®CV was 0.57, and the
RMSE in cross-validation (RMSECV) was 1.260 M]/kg DM. The DE
content of lucerne hay was only significantly predicted by CF,
and the adjusted R2CV was 0.55. Acid detergent fibre was associ-
ated with CP to significantly predict DE, and the adjusted R*CV
was 0.67. The model including NDF and CP as independent vari-
ables was not significant, the adjusted R2CV value was 0.25, and
the RMSECV was 0.880 M]/ DM (Table 4).
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The CP content of hay was always related to OMD, ED and DE in
the three botanical groups. The adjusted R>CV values ranged from
0.59 to 0.66 for grassland hay, 0.58 to 0.65 for grass hay and 0.47 to
0.57 for lucerne hay, respectively, according to the three previous
criteria. The average TFRS contents of grassland, grass and lucerne
hay were 78, 59 and 51 g/kg DM, respectively. However, TFRS was
never a significant independent variable for predicting OMD, ED
and DE for the three botanical groups.

Author’s point of views

Comparison of the new models with the previous models developed by
the French National Institute for Agricultural Research

The new prediction models of OMD of natural grassland, grass
and lucerne hay are all more accurate than the previously devel-
oped models. The regression coefficients of the models obtained
to predict OMD with CF used as a single variable in the present
study are all higher (R*> = 0.86, 0.65 and 0.68, respectively) than
those obtained in the previous models (R?> = 0.51, 0.18 and 0.44,

Table 2
Linear regression between organic matter digestibility (%) in horses and the chemical composition (g/kg DM) of natural grassland, grass and lucerne hay.
RMSE Adj R? RMSECV R*CV Min and Max
Natural grassland hay (n = 32)
OMD = 94.67 - 0.134 x CF 2.37 0.87 241 0.86 235<CF<385
OMD = 99.31- 0.138 x ADF 2.55 0.85 2.60 0.84 264<ADF<403
OMD = 110.75 + 0.028 x CP — 0.101 x NDF 242 0.86 2.50 0.86 527<NDF<687
55<CP<200
Grass hay (n = 16)
OMD = 54.40 + 0.102 x CP - 0.046 x CF 3.52 0.68 3.80 0.65 257<CF<431
83<(CP<192
OMD = 61.79 + 0.088 x CP - 0.058 x ADF 3.36 0.71 3.50 0.71 288<ADF<450
83<(CP<192
OMD = 69.40 + 0.091 x CP - 0.043 x NDF 3.40 0.70 3.90 0.67 571<NDF<782
83<(CP<192
Lucerne hay (n = 13)
OMD = 82.13 - 0.074 x CF 2.28 0.68 2.60 0.65 281<CF<441
OMD = 96.44 - 0.112 x ADF 2.13 0.72 2.20 0.72 304<ADF<402
OMD = 78.41 + 0.073 x CP — 0.063 x NDF 1.94 0.77 247 0.67 479<NDF<587
114<CP<209

OMD: organic matter digestibility, CF: crude fibre, RMSECV: root mean square error in cross—validation, Adj R?: adjusted coefficient of determination, R?CV: coefficient of

determination in cross-validation, Min: minimum value, Max: maximum value.

Table 3
Linear regression between the energy digestibility (%) in horses and the chemical composition (g/kg DM) of natural grassland, grass and lucerne hay.
RMSE Adj R? RMSECV R*CV Min and Max
Natural grassland hay (n = 32)
ED = 87.76 - 0.125 x CF 229 0.86 240 0.86 235<CF<385
ED = 91.88 - 0.127 x ADF 2.51 0.83 2.60 0.83 264<ADF<403
ED = 102.10 + 0.027 x CP - 0.09 x NDF 2.37 0.85 3.00 0.85 527<NDF<687
55<CP<200
Grass hay (n = 16)
ED = 50.29 + 0.096 x CP - 0.044 x CF 3.24 0.70 3.80 0.63 257<CF<431
83<(CP<192
ED = 56.09 + 0.085 x CP - 0.053 x ADF 3.13 0.71 3.2 0.71 288<ADF<450
83<(CP<192
ED = 63.21 + 0.088 x CP - 0.040 x NDF 3.17 0.71 4.40 0.71 571<NDF<782
83<(CP<192
Lucerne hay (n = 13)
ED = 81.73 - 0.087 x CF 233 0.74 2.35 0.74 281<CF<441
ED = 68.20 + 0.076 x CP - 0.080 x ADF 2.43 0.72 3.00 0.72 304<ADF<402
114<CP<209
ED = 66.01 + 0.104 x CP - 0.058 x NDF 2.23 0.76 4.10 0.34 479<NDF<587
114<CP<209

ED: energy digestibility, CF: crude fibre, RMSECV: root mean square error in cross—validation, Adj R?: adjusted coefficient of determination, R>CV: coefficient of determination

in cross-validation, Min: minimum value, max: maximum value.
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Table 4
Linear regression between the digestible energy content (M]/kg DM) of hay in horses and the chemical composition (g/kg DM) of natural grassland, grass and lucerne hay.
RMSE Adj R RMSECV R2CV Min and Max
Natural grassland hay (n = 32)
DE = 16.640 - 0.025 x CF 0.50 0.83 0.50 0.83 235<CF<385
DE = 13.956 + 0.009 x CP - 0.018 x ADF 0.51 0.82 0.51 0.82 264<ADF<403
55<CP<200
DE = 17.188 + 0.009 x CP- 0.015 x NDF 0.49 0.84 0.49 0.84 527<NDF<687
55<CP<200
Grass hay (n = 16)
DE = 10.273 + 0.015 x CP - 0.010 x CF 0.63 0.66 0.65 0.62 257<CF<431
83<(CP<192
DE = 11.704 + 0.012 x CP - 0.012 x ADF 0.61 0.69 1.26 0.57 288<ADF<450
83<(CP<192
DE = 13.247 + 0.013 x CP - 0.009 x NDF 0.61 0.68 0.68 0.68 571<NDF<782
83<CP<192
Lucerne hay (n = 13)
DE = 14.990 - 0.015 x CF 0.47 0.69 0.50 0.55 281<CF<441
DE = 12.640 + 0.013 x CP - 0.014 x ADF 0.49 0.67 0.54 0.67 304<ADF<402
114<CP<209
DE = 12.909 + 0.018 x CP - 0.011 x NDF 0.41 0.76 0.88 0.25 479<NDF<587
114<CP<209

DE: digestible energy, CF: crude fibre, RMSECV: root mean square error in cross—validation, Adj R?: adjusted coefficient of determination, R?CV: coefficient of determination

in cross-validation, Min: minimum value, Max: maximum value.

respectively) (INRA, 1984, 2015). The optimal models identified in
this study for natural grassland hay, grass hay, and lucerne hay
were characterised by RMSECV values of 2.41, 3.50, and 2.20,
respectively. These errors are responsible for variations between
0.03 and 0.06 in the net energy content (UFC)/kg DM of the hay
(INRA, 2015). These variations result in a discrepancy of 0.11 for
the amount of natural meadow hay, 0.15 for grass hay and 0.09
for lucerne hay to be fed to the animals to meet the nutritional
energy requirements for the maintenance of a 500 kg horse. As
already well known, the intake capacity of horse can vary accord-
ing to the nutritional value of forages (INRA, 2015). Therefore, from
a practical point of view, the prediction errors of OMD of hay can
be managed by intake amount regulation by horse itself.

The regression statistics of the model used to predict ED of each
different botanical family of hay are lower with CF used as a single
variable in the present study than with the model used in the pre-
vious INRA system (INRA, 1984, 2015), adjusted R? = 0.70 to 0.86
vs. 0.91, respectively. This is because the new models were devel-
oped with forage-only diets whereas the previous model was com-
puted for all kinds of feeds and forages with a specific correction
factor for forages. The new models were specifically elaborated
with hay of the three main botanical groups of hay in the present
study.

The present study supports the initial hypothesis stated previ-
ously in the INRA system (INRA, 1984) to calculate different mod-
els to predict the digestion coefficients of forages according to the
botanical family. This option has been further maintained (INRA,
2015) and updated in the present study. The CP content was signif-
icant as an independent variable; however, there is no outstanding
model regarding the CWC criteria. Similar results have been
reported by INRA (2007) in ruminants, particularly for leguminous
forages.

Comparison of the new models with other models

The predictive models of DE proposed by Fonnesbeck (1981),
Zeyner and Kienzle (2002) or Hansen and Lawrence (2017) using
data files including feeds and diets cannot be compared with the
new INRA models established with forage—only diets. In contrast,

Fonnesbeck et al. (1967, 1968) determined the OMD of 12 hay-
only diets composed of 9 grass hays and 3 legume hays using a
similar methodological corpus to that used in the present study.
The range of OMD (%) of hay was 44.5 to 49.9 for grass and 51.0
to 59.9 for legumes. No predictive models of DE were established,
but Fonnesbeck (1969) studied the relationship between the
apparent digestibility of different fractions of forages: cellular con-
tent, CWC and hemicelluloses, soluble carbohydrates and their
respective content relative to DM content. This author clearly
showed that grasses and legumes were two different populations.
The correlation coefficients ranged from 0.85 to 0.99, whereas the
range of the content in g/kg DM was 450 to 800 for CWC, 70 to 320
for hemicellulose, 270 to 390 for cellulose, 230 to 530 for cellular
content and 80 to 320 for soluble carbohydrates. The same pattern
was observed in ruminants by Van Soest (1967). Thus, the spe-
cialised models proposed for grass and lucerne hay in the present
study are quite original and relevant compared with those in the
literature. For predicting OMD, the R?CV of the models developed
from ADF and CP values and from NDF and CP values were 0.71
and 0.67, respectively, for grass hay and 0.72 and 0.67, respec-
tively, for lucerne hay. In the present study, the RMSECV of the pre-
diction of OMD for grass hay ranged from 3.50 to 3.90% whereas
RMSECV of the prediction of OMD for lucerne hay ranged from
2.20 to 2.60% units. The number of data points for these types of
forages, n = 16 and n = 13 for grass hay and lucerne hay, respec-
tively, was lower than the data used for calculating the grassland
model (n = 32). Indeed, the effects of species, vegetation stage,
agronomic and climatic conditions and their interactions were very
heavy with respect to the data number for each botanical family.

Effect of the cell wall content and the intrinsic chemical composition of
cell wall content on the prediction of organic matter digestibility,
energy digestibility and digestible energy content depending on the
botanical groups

Three criteria, CF, ADF and NDF, were used in the present study
according to systems implemented worldwide to characterise the
CWC content of hay and to predict the OMD, ED and DE content
of hay. The accuracy of the prediction depends on the specific
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chemical composition of these criteria according to the botanical
groups (Fonnesbeck 1968, 1969). Crude fibre and ADF are, on aver-
age, characterised by high cellulose and lignin levels even though
they are not pure lignocellulose. Crude fibre, NDF and ADF are con-
taminated to various degrees by protein residues. The hemicellu-
lose content of NDF is higher than that of CF and ADF, but these
values have some degree of contamination by hemicelluloses.
Indeed, CF is an overestimation of the cellulose content of forages
and NDF is an overestimation of CWC.

In the present study, no CWC criterion was more relevant than
the others when all the best models were considered, with or with-
out CP as an independent variable. The adjusted R? values of the
models used for predicting the OMD and ED of grass or lucerne
hay were slightly lower with CF than with ADF or NDF. The respec-
tive contents of the different residues, such as protein, hemicellu-
loses, pectic substances and lignin, of CF, ADF and NDF might
explain the observed differences as mentioned above. The adjusted
R? of the models used for predicting DE were all lower regardless of
the CWC criterion used for grass and lucerne hay than the adjusted
R? obtained for the digestion coefficients. In addition, there were
strong differences in adjusted R? between the DE models according
to the CWC criterion used depending on whether they were asso-
ciated with CP for grass hay and lucerne hay. The RMSEs of the dif-
ferent models used for predicting the DE content of grass hay were
all high with the CF + CP and NDF + CP models and even higher
with the ADF + CP model. These observations are consistent with
those of a study carried out by Lindberg and Ragnarsson (2010)
who compared the relevance of ADF or NDF to predict ED and DE
in horses fed forages only-diets (haylages). The authors concluded
that the regression coefficients of the ADF or NDF—specific models
were both low and non—significant: R? values ranged from 0.48 to
0.60 for ED and from 0.53 to 0.59 for DE.

However, it should also be added that NDF would underesti-
mate the digestion of dietary fibre in the large intestine of horses
compared with that of the non—starch polysaccharides, a new con-
cept derived from a new determination of the structural cell wall
polysaccharides of the plant (Hoffman et al., 2001), to predict the
potentially energy-yielding fraction of dietary fibre (Longland
et al., 1997). Non—starch polysaccharides include fructans, pectins,
gums, mucilages, B-glucans, hemicelluloses, and cellulose but do
not include some lignin contrary to NDF. This might explain the
higher losses of non—starch polysaccharides (30 and 34%) of the
CWC polyoxides (arabinose, mannose, galactose, rhamnose and
xylose) in the large intestine, as measured in fistulated equines
by Moore-Colyer et al. (2002) and Brekner et al. (2012).

Effect of the cellular protein and soluble carbohydrate content on the
prediction of the digestion coefficients and the digestible energy
content of hay of the three botanical groups

In the temperate zone, the CWC content is 1.4 times higher in
grass hay (70%) than in legume hay (50%). The cellulose content
of CWC is similar in grasses (29%) and legumes (24%), whereas
the hemicellulose content is three times higher and the lignin con-
tent is two times lower in grasses (25 and 4% of DM) than in
legumes (7 and 9%) (Fonnesbeck, 1968). Consequently, the appar-
ent amount of CWC is, on average, 20% units higher in grasses than
in legumes (Van Soest, 1967; Fonnesbeck, 1968, 1969).

In the present study, the protein content of forages was signif-
icantly correlated with OMD, ED and consequently DE (r > 0.70).
The utilisation of CP as a single variable is questionable.
Fonnesbeck (1969) showed that the amount of digestible protein
might be more relevant because there was a high correlation coef-
ficient (r = 0.88) between the amount of digestible protein and the
protein content of forages. As a result, the amount of digestible
protein might be a single predictor more relevant than the CP con-
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tent for predicting OMD and ED. However, in practice, it is rela-
tively easy to use CP as an independent variable in multiple
linear regression models in which CWC criteria are also used
(Fonnesbeck, 1968).

The water-soluble carbohydrate content of forages is of high
concern to evaluate and predict their energy value for horses, as
they are either digested in the small intestine (monomers) or fer-
mented (fructans) in the large intestine. Water-soluble carbohy-
drates include total sugars (glucose, fructose so-called free
reducing sugars). The addition of sucrose leads to the TFRS and
fructans according to Smith (1973). Water-soluble carbohydrates
are included in the TNSC since a new representation of the carbo-
hydrate fractions, structural and non-structural carbohydrates
(the latter also includes starch), was proposed by Hoffman et al.
(2001). It is well established that the TNSC and water-soluble car-
bohydrate contents and the TFRS/fructan ratio of green forages
change with the botanical group, species and vegetation stage,
time of day and environmental factors (Vikajarvi et al., 2012).
The content of TFRS is, on average, 30% higher in grasses than in
legumes (Jarrige, 1981). In the first cycle, close to blooming or
flowering, the TFRS content ranges from 3 to 5% of DM in legumes,
from 4 to 10% in grasses and from 4 to 8% in natural grasslands. The
TFRS content decreases during the second cycle (Jarrige, 1981). In
the present study, it ranged from 3 to 13% of DM in grassland
hay, from 4 to 11% in grass hay and from 3 to 7% in lucerne hay.
However, the TFRS content was not a significant criterion to pre-
dict the digestion coefficients OMD and ED and consequently, the
DE content of the three botanic groups of hay whereas it is estab-
lished that TFRS was included in the prediction of ME and NE of
forages (Vermorel and Martin-Rosset, 1997). Unfortunately, the
fructan content of the hays used in the present study was not
determined, whereas the content may be very high (Longland
and Byrd, 2006).

Adaptative ability of these models to predict the energy content of
hays for rationing all the types of horses fed with only-hay diets or
mixed diets

The models proposed in the present study make it possible to
calculate the energy content of natural grassland hay, grass hay
or lucerne hay obtained under temperate conditions. From these
values and the estimation of the animals’ energy requirements
(INRA, 2015), the amount of feed to be given to the animal can
be determined. These models can be used for all types of horses,
whether hay is the sole diet or hay is supplemented with concen-
trates. Indeed, several studies (Martin-Rosset and Dulphy, 1987;
Martin-Rosset et al., 1990; INRA, 2015) have shown that the intake
capacity of the horse is directly related to the energy requirements
of the animal, without any influence of the fibre content or CWC
content of the forage. These authors also showed that, unlike in
ruminants, there is no forage-concentrate interaction in equine
diets.

Conclusions

The DE content of hay harvested in the temperate zone can be
predicted more accurately with the new models specific to botan-
ical families than with other existing models dedicated only to hay.
These new models use ADF or NDF as representative of the CWC of
hay, in association with CP, but models based on the CF content
were also proposed. These chemical components are assayed with
standardised analytical methods that are routinely implemented
by analytical laboratories. The new models are available to either
directly predict the DE content of hay for field applications or pre-
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dict the digestion coefficients to be used in the INRA system for
subsequently predicting the DE, ME and NE contents of hay:

These methods are likely useful to describe the variations in the
CWC content and simultaneously the variation in subfibre fractions
(pentosanes, pectic substances, etc.) and in carbohydrate fractions
such as soluble (fructans) and semisoluble (starch) fractions. The
contents of these fractions in forages were used to first improve
the understanding of the effects of age, such as stage of growth,
botanical group, species of the forage and the agronomic and cli-
matic conditions on the digestion of forages in horses. Second, it
is necessary to improve the prediction of the digestibility of
organic matter in the scope of the new scheme of the utilisation
of the different carbohydrate fractions in the horse.
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