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Simple Summary: Horses need energy from feeds consumed to maintain health and performance.
Digestible energy is a common form to express the energy value of feeds for horses. Measurement
of digestible energy in feeds requires animal assays that are difficult to conduct. Thus, several re-
searchers have developed empirical equations to predict digestible energy in horse feeds from their
chemical composition. In the present study, we evaluated two of those equations that predict di-
gestible energy from the chemical composition declared on the label of commercial mixed feeds and
diets in Europe. After testing both equations against 32 mixed feeds and diets of known digestible
energy content, we found that one performed slightly better than the other although both provided
acceptable predictions. Our results suggest that the effects of crude fiber on the digestibility of the
other proximate components should be reexamined in both equations.

Abstract: Several authors have developed equations for estimating digestible energy in horse feeds
as an alternative to the inconveniences of in vivo digestibility assays. We aimed to evaluate two of
such equations. A dataset was constructed from the literature with 32 mixed feeds and diets of
known proximate composition, whose digestibility was measured in in vivo assays. Then, the di-
gestible energy of the mixed feeds and diets was predicted with both equations from their proxi-
mate components. Precision, accuracy, reproducibility, bias, and decomposition of total error of
predictions were determined. Both equations performed almost equally well (R?=0.89 vs. 0.87, root
mean square error of prediction =183 vs. 217 kcal/kg dry matter, concordance correlation coefficient
=0.91 vs. 0.86, and linear error = 24.6 vs. 33.6% of total error). Linear bias (p <0.01 in both equations)
resulted in overvaluation of low digestible energy feeds and, to a lesser extent, undervaluation of
high digestible energy feeds and was significantly (p < 0.05) related to crude fiber. The obtained
results indicate that the accuracy of both equations could be improved by reassessing the effects of
crude fiber on the digestibility of the other proximate components.

Keywords: digestibility; energy; feeding; nutrition; equine

1. Introduction

Balanced diets for horses should provide energy and nutrients required for body
maintenance, growth, reproduction, and work, as well as help prevent metabolic prob-
lems [1]. Energy is not a nutrient, but a property of the so-called “energy-yielding” nutri-
ents (carbohydrates, protein, and fat) contained in the diet. An accurate estimation of the
energy provided by the diet is necessary for optimal production and performance [2].
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Energy content in animal feeds can be described in terms of gross energy, digestible en-
ergy, metabolizable energy, or net energy. Gross energy accounts for the heat of combus-
tion or total heat yielded from complete oxidation of the feed in bomb calorimetry. Alt-
hough it is a very precise measure, it is not a satisfactory descriptor of the energy value
for the animal because it only depends on the chemical composition and does not consider
that nutrients are not equally digested nor used in the metabolism. Digestible, metaboliz-
able, and net energy terms account for the energy that is available to the animal after the
successive losses that occur in feces after digestion of feed components, as fermentation
gases in the digestive tract and nitrogen compounds in urine, and when absorbed nutri-
ents are used to fuel the physiological functions, respectively [3]. Energy lost in feces is
the largest and most variable of the energy losses among feeds, hence determining digest-
ible energy is a basic step to establish the metabolizable and net energy contents of horse
feeds [4,5].

In vivo digestibility studies are the gold standard for measuring digestible energy in
horse feeds, but because those assays are time consuming, labor intensive, costly, and of-
ten highly impractical, researchers have made several efforts to develop predictive equa-
tions based on the chemical composition of the feeds [6-14]. Some of those equations have
been incorporated into the models proposed by several feed evaluation systems for horses
[15-17]. Digestible energy of feedstuffs is predicted in the NRC system [17] from the con-
tents of various chemical components with specialized equations for forages, concen-
trates, and fat and oils proposed by several researchers [6,9,14]. The INRA system [16]
proposes a unique equation to predict the digestibility coefficient of gross energy from the
digestibility of the organic matter, using a specific correction dedicated to concentrates or
forages based on experimental digestion data; then, digestible energy is calculated by mul-
tiplying the gross energy by its digestibility coefficient [7]. In the GfE system [15], a unique
equation using the contents of proximate components and their experimental digestion
coefficients is used for predicting the digestible energy [14]. Recently, a new unique model
was proposed by Nufiez-Sanchez et al. [8]. This model is designed and calculated using a
similar approach to the GfE model [15].

Some of the proposed predictive equations are not of practical use in Europe for rapid
assessment of digestible energy in commercial mixed feeds (compound feeds) and mixed
diets (forage plus concentrates) because they do not rely on the proximate components
[6,9,11-13], including crude fiber [18], that are compulsory on the label [19], but on Van
Soest’s analytical method [20]. Furthermore, when using a prediction equation, it is im-
portant both to know the range of nutrient composition where it is applicable and to bear
in mind that the summative equations based on the digestibility of individual nutrients
are usually more robust than those obtained by regression methods because the estimate
of the digestibility of the nutrients used for the summative equations can be secured by
testing the nutritional uniformity of the linear relationship between each nutrient and its
digestibility, meaning the physiological background [4].

Zeyner and Kienzle [14] developed an equation to estimate the digestible energy of
mixed feeds and diets for horses from their proximate components by combining data
from 170 digestion trials and testing it using an additional set of observations not included
in the development dataset [12,13]. The authors did not offer many details of both datasets
in the published paper. The original equation was slightly modified later because of mi-
norly changed assumptions on the gross energy content of crude nutrients from diets of
large herbivores recommended by the German Society of Nutrition Physiology [4].
Nufez-Sanchez et al. [8] presented an equation for the prediction of the digestible energy
in ingredients for horses from their proximate composition that was modeled from the
results of a total of 16 published papers. When applied to a set of 116 feedstuffs of known
composition, the equation showed a very good agreement with the modified equation of
Zeyner and Kienzle [14], adopted by GfE [15], and those of Fonnesbeck [6] and Pagan [9]
used by NRC [17] to predict the digestible energy of concentrates and forages,
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respectively. However, no evaluation with in vivo observed values was carried out by
Nufiez-Sanchez et al. [8].

The current study was conducted to evaluate the equation of Nufez-Sanchez et al.
[8] and the modified equation of Zeyner and Kienzle [14], as presented in Kienzle and
Zeyner [4], to predict the digestible energy of mixed feeds and diets for horses, by using
data collected from in vivo digestibility trials.

2. Materials and Methods
2.1. Creation of the Dataset for the Evaluation

A dataset with proximate composition and digestibility values of mixed feeds and
diets that were obtained in in vivo digestibility trials was created from two sources. First,
the digestible energy of 18 mixed diets assayed by Lindsey et al. [21] in a total of 40 indi-
vidual measurements was calculated by multiplying the proximate components of the di-
ets by their observed digestibility coefficients and their gross energy values (kcal/g: pro-
tein, 5.71; fat, 9.51; crude fiber, 4.80, and nitrogen-free extract, 4.18 [4]) (Table 1). Most diets
comprised grass hay (mostly timothy) and one or two non-forage ingredients. Second, the
keywords “digestibility” and “horses” were searched in Google Scholar. All the studies
included in the work of Nufiez-Sanchez et al. [8], as well as those papers that did not
report the proximate composition or did not offer enough information to derive it from
feed composition tables, were discarded. Five papers published between 1966 and 2020
that assayed 14 mixed feeds or diets in a total of 52 horses were retained [22-26]. Digestible
energy in those papers was calculated by multiplying the proximate components by their
observed digestibility coefficients and their gross energy values [22,25], or multiplying the
gross energy by its digestibility coefficient, either calculated from the organic matter di-
gestibility [23,26], as proposed by Martin-Rosset et al. [7], or directly reported in the paper
[24] (Table 1). Next, digestible energy content in the 32 mixed feeds and diets was pre-
dicted from their proximate composition (Table 1), according to the equation of Nufiez-
Sanchez et al. [8] and the modified equation of Zeyner and Kienzle [14], as presented in
Kienzle and Zeyner [4] (Equations (1) and (2), respectively).

Digestible energy (kcal/kg dry matter) = —236 +48.5 x CP — 6.7 x CF + 37.3 x NFE + 90.1 x EE (1)

Digestible energy (kcal/kg dry matter) =-846 + 50.0 x CP + 2.4 x CF + 44.2 x NFE + 100.4 x EE ()

CP, CF, NFE, and EE stand for crude protein, crude fiber, nitrogen-free extract, and
crude fat, respectively, expressed as percentages on a dry matter basis.

Table 1. Crude nutrient composition (%), digestible nutrient composition (%) and observed and
predicted digestible energy content (kcal/kg) of the mixed feeds and diets included in the evalua-
tion. All values on dry matter basis.

No. 1 Crude Nutrients 2 Digestible Nutrients 3 DE ¢
) CP CF NFE EE DCP DCF DNFE DEE Obs Predns Predz
1 137 193 588 36 106 25 458 19 2823 2811 2840
2 119 216 582 38 7.8 62 370 13 2415 2709 2754
3 78 269 584 23 44 105 387 02 2392 2351 2424
4 119 292 509 34 75 11.8 265 0.8 2183 2348 2407
5 72 265 594 27 45 0.0 507 0.6 2428 2395 2474
6 73 266 593 25 5.3 0.0 508 0.7 2495 2380 2458
7 6.7 294 576 20 30 128 310 04 2116 2223 2309
8 148 293 535 23 96 131 308 02 2487 2486 2556
9 133 294 548 21 79 128 31.8 0.0 2392 2444 2521
10 121 283 504 34 82 121 30.0 1.1 2402 2344 2393
11 11.8 283 515 34 8.2 10.6  26.2 14 2200 2370 2425
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12 11.7 274 522 32 82 11.0 307 0.6 2342 2385 2435
13 11.3 273 532 32 7.4 89 270 0.6 2032 2405 2460
14 75 299 550 27 44 115 281 0.5 2027 2225 2306
15 63 319 542 23 25 146 291 0.5 2109 2082 2170
16 104 298 518 3.0 65 112 255 09 2061 2271 2336
17 87 282 544 29 51 9.8 325 05 2161 2289 2354
18 86 276 555 3.0 48 104 285 0,5 2016 2339 2408
19 177 158 542 40 133 53 431 2.8 3085 2899 2799
20 170 165 547 36 129 58 433 23 3052 2843 2752
21 136 35 755 31 Not available 3499 3496 3429
22 216 60 642 26 3531 3400 3285
23 11.3 227 557 20 8.1 54 323 14 2182 2418 2387
24 100 275 543 28 6.1 122 34.1 1.6 2509 2337 2342
25 110 261 53.0 42 7.1 115 328 29 2598 2479 2462
26 11.0 262 529 41 72 121 336 2.8 2667 2466 2450

27 206 115 540 53 3446 3178 3038
28 180 120 550 22 3137 2806 2673
29 167 109 598 38 _ 3379 3074 2966
30 156 124 575 3.9 Not available 3097 2934 2821
31 92 207 592 26 2484 2514 2487
32 205 75 591 45 3446 3318 3177

1 1-18: Mixed diets from Lindsey et al. [21]. 19-20: Mixed diets from Hintz and Loy [22]. 21-22:
Mixed feeds from Martin-Rosset and Dulphy [23]. 23: Mixed diet from Parkins et al. [24]. 24-26:
Mixed diets from Saastamoinen and Sarkijarvi [25]. 27-32: Mixed feeds from Smolders et al. [26].
Digestibility values of the mixed feeds in Martin-Rosset and Dulphy [23] and Smolders et al. [26]
were obtained by the difference method. 2 CP: crude protein. CF: crude fiber. EE: crude fat. NFE:
nitrogen-free extract. 3 DCP: digestible crude protein. DCF: digestible crude fiber. DNFE: digestible
nitrogen-free extract. DEE: Digestible crude fat. + DE: digestible energy, either observed (Obs) in
each diet or predicted with Equation (1) (Predns) and Equation (2) (Predzx).

2.2. Statistical Analysis

Statistical analysis was performed with SAS OnDemand for Academics (SAS Insti-
tute, Cary, NC, USA). Precision, accuracy, and reproducibility of Equations (1) and (2)
were established from the coefficient of determination (R?) obtained by linear regression
analysis, the root mean square error of prediction (RMSEP) calculated from the residuals,
and the concordance correlation coefficient (CCC) [27], respectively. Existence of mean
bias and linear bias was determined by regression of the residuals on the predicted values
centered in the predicted mean [28]. Moreover, the mean square error of prediction
(MSEP) was decomposed into central tendency error, linear error, and random error [29].
Statistical significance was declared at p < 0.05.

3. Results and Discussion
3.1. Characteristics of the Dataset for the Evaluation

The dataset included 24 mixed diets and eight mixed feeds (Table 1). Except for one
mixed feed in the study of Smolders et al. [26] and the mixed diet of Parkins et al. [24],
which were of unknown composition, the other 30 mixed feeds and diets used in the ex-
perimental treatments included a total of 35 different ingredients. Grass hay, oats, wheat
bran, and maize were the most utilized ingredients (19, 10, 10, and 9 experimental treat-
ments, respectively). Twelve ingredients were only included in one of the 30 experimental
treatments (maize bran, maize cobs, oat feed, oat hulls, faba beans, rice bran, soybean
meal, grass meal, wheat, palm kernel expeller, lupin seeds, and molassed sugar beet pulp).
The proximate composition of the mixed feeds and diets showed large variability: 6.3—
21.6% crude protein, 3.5-31.9% crude fiber, 50.4-75.5% nitrogen-free extract, and 2.0-5.3%
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crude fat (Table 1). That composition was within the ranges in the study of Zeyner and
Kienzle [14], except for the nitrogen-free extract (5.7-28.7% crude protein, 4.2-34.7% crude
fiber, and 33.8-69.8% nitrogen-free extract), and in the study of Nufiez-Sanchez et al. [8]
(2.7-70.3% crude protein, 0.0-53.3% crude fiber, 14.2-89.1% nitrogen-free extract, and 0.1-
44.7% crude fat). Observed digestible energy ranged from 2016 to 3531 kcal/kg dry matter,
with a mean of 2599 + 492 kcal/kg dry matter. Thus, the mixed feeds and diets used for
the validation covered a broad range of digestible energy values.

Observed digestible energy was positively correlated with crude protein, nitrogen-
free extract, and crude fat (r = 0.83, 0.53 and 0.48, respectively, p < 0.01), but negatively
correlated with crude fiber (r =-0.94, p < 0.001). In this regard, in a study with ruminants
involving 106 feedstuffs, it was found that crude fiber not only hardly contributes to en-
ergy value despite its moderate digestibility but would also decrease digestion of other
nutrients or increase endogenous fecal losses of energy, thus reducing digestible energy
[30]. Again, it could be calculated that within the range of nutrient composition in the
dataset each gram of digestible organic matter supplied on average 4.60 + 0.11 kcal of di-
gestible energy, which is very close to the 4.54 + 0.49 kcal that can be calculated from the
results of several studies with forages and mixed diets [6,11,31-33].

Results from in vivo assays with horses have demonstrated a close and linear rela-
tionship between energy digestibility and organic matter digestibility in forages, concen-
trates, and mixed diets [7,10,11,34]. In the present work, energy digestibility of the mixed
feeds and diets in Table 1, derived from their calculated gross energy and digestible en-
ergy predicted with Equations (1) and (2), was highly correlated (r > 0.91; p < 0.001) with
the observed organic matter digestibility in the dataset, which would support the reliabil-
ity of summative equations based on digestible nutrients to predict digestible energy of
mixed feeds and diets for horses [4].

3.2. Performance of the Equations

Equations (1) and (2) have the same structure. Both are summative equations that
result from adding the equations for the prediction of the digestible energy supplied by
each digestible nutrient into a single equation [35]. An important difference between
Equations (1) and (2) is that crude fiber has a negative contribution to digestible energy in
the former but a positive contribution in the latter. This difference is due to the fact that
the crude fiber term derives from the equation for the calculation of digestible energy
provided by crude fiber (positive contribution) and from the equation for the calculation
of digestible energy provided by nitrogen-free extract (negative effect of a higher magni-
tude of crude fiber) in Equation (1) [8].

Evaluation showed that Equation (1) had high precision (R? =0.89), accuracy (RMSEP
=183 kcal/kg dry matter or 7.1% of the observed mean), and reproducibility (CCC = 0.91)
(Figure 1). Equation (2) performed slightly worst (R2=0.87, RMSEP =217 kcal/kg dry mat-
ter or 8.4% of the observed mean, and CCC = 0.86) (Figure 1). The regression of the resid-
uals on the predicted digestible energy values centered in the predicted mean showed that
no equation had mean bias (intercept p > 0.05), whereas linear bias was significant in both
of them (slope p < 0.01) (Figure 2). Central tendency error, linear error, and random error
accounted for 0.09, 24.56, and 75.35% of MSEP, respectively, in Equation (1), while they
represented 1.52, 33.63, and 64.86% of MSEP, respectively, in Equation (2). Both equations
overvalued mixed feeds and diets with low digestible energy and undervalued mixed
feeds and diets with high digestible energy, although the error was higher with Equation
(2). In the six mixed feeds and diets with observed digestible energy beyond one standard
deviation under the mean, overprediction was 9.7 + 6.5% and 13.3 + 6.1% with Equations
(1) and (2), respectively. In the eight mixed feeds and diets with observed digestible en-
ergy beyond one standard deviation over the mean, underprediction was 6.2 + 3.5% and
7.7 £ 4.1% with Equations (1) and (2), respectively. Zeyner and Kienzle [14] recognized
that their equation would underestimate digestible energy in diets with more than 5% fat
or rich in highly fermentable fiber. However, only one mixed feed beyond one standard
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deviation over the mean had more than 5% fat (No. 27 in Table 1) or would be expected
to contain a high proportion of highly fermentable fiber (No. 27 and 28 in Table 1, i.e.,
Compound feeds 21 and 23 of Smolders et al. [26]).
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Figure 1. Plot of predicted versus measured values of digestible energy. Equation 1: Equation of

Nufez-Sanchez et al. [8]. Equation 2: Equation of Zeyner and Kienzle [14] modified as presented in
Kienzle and Zeyner [4].
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Figure 2. Plot of residuals versus predicted digestible energy centered in the predicted mean. Equa-
tion 1: Equation of Ntfiez-Sanchez et al. [8]. Equation 2: Equation of Zeyner and Kienzle [14] mod-
ified as presented in Kienzle and Zeyner [4].

Taking Equation (1) as an example, the prediction error when feeding a horse of 500
kg body weight undergoing light exercise would translate into 1 kg weight loss every 10
days if fed a low energy diet, or 1 kg weight gain every 16 days if fed a high energy diet
[17]. Such errors could deviate body weight and body condition score from ideal values
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and negatively affect horse health and performance in the medium term [36], and should
be taken into account in specialized equine nutrition counseling [37]. Nevertheless, it is
worth mentioning that in the 18 mixed feeds and diets whose digestible energy was within
one standard deviation of the mean (which corresponded to a crude fiber content between
16.5 and 28.5% dry matter), the mean error of estimation would be reduced to 4.77 + 3.51%
and 5.30 + 4.06% with Equations (1) and (2), respectively, or approximately +120 kcal/kg
dry matter.

Due to the close relationship between gross energy digestibility, organic matter di-
gestibility, and crude fiber in horse feeds [7,38,39], crude fiber might be responsible for
the linear bias in the predictions of digestible energy by both equations. This would be
supported by the fact that the residuals were negatively correlated with crude fiber (r =
-0.53 and p <0.01 in Equation (1), and r =-0.66 and p < 0.001 in Equation (2); Figure 3), i.e,,
the lower the crude fiber content in the feed, the higher the underestimation of its digest-
ible energy value, and the higher the crude fiber content in the feed the higher the over-
estimation of its digestible energy value. The equations used by Nufiez-Sanchez et al. [8]
to derive digestible contents of crude protein and crude fat in ingredients did not take into
account any possible negative effect of crude fiber on the digestion of those proximate
components. Zeyner and Kienzle [14] arbitrarily set the contribution of digestible crude
fiber to digestible energy to a value 5.33 times lower than expected from its heat of com-
bustion to account for any negative effects of crude fiber on the digestion of the other
proximate components. Owens et al. [30] showed that crude fiber increases the fecal losses
of crude protein, crude fat, and nitrogen-free extract and thus decreases the digestible
energy value of feedstuffs in ruminants. The same might be true in horses. The high and
negative correlations found in the dataset used in the present work (Table 1) between
crude fiber and digestible crude protein, digestible nitrogen-free extract, and digestible
crude fat (r =-0.91, -0.83, and —0.87, respectively; p < 0.001) would indicate that any neg-
ative effects of crude fiber on the digestibility of each of the other proximate components,
as done only for nitrogen-free extract in Nufiez-Sanchez et al. [8], should be considered in
Equations (1) and (2) in order to improve their accuracy.
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Sanchez et al. [8]. Equation 2: Equation of Zeyner and Kienzle [14] modified, as presented in Kienzle
and Zeyner [4].
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The equations evaluated in the present work assume that digestible energy values of
feedstuffs are additive in the mixed diets where they are included and do not take into
account any digestive interactions that may occur between them, which is a well-known
limitation [40]. Those interactions, or associative effects either negative or positive, are not
always observed [23,41], but could exist in mixed diets with high levels of starch-rich con-
centrates or based on low-quality forages [31,40]. Moreover, other factors that could affect
the accuracy of predicted digestible energy with those equations are the technological
treatment of the concentrates [42-45] and the particle size of forages [46-48].

4. Conclusions

Two summative equations developed for the prediction of digestible energy in horse
feedstuffs (Equation (1)) or mixed feeds (Equation (2)) from their proximate composition
were evaluated against a dataset of 32 mixed feeds and diets whose digestible energy was
derived from the results of in vivo digestibility trials. Under the conditions examined,
both equations showed good precision and accuracy, but Equation (1) performed slightly
better than Equation (2). Due to linear bias, both equations overestimated and, to a lesser
extent, underestimated mixed feeds and diets with low and high digestible energy, re-
spectively, which could be due to an inaccurate assessment of the effects of crude fiber on
the digestibility of the other proximate components. Under practical feeding conditions,
digestible energy of commercial mixed feeds and diets for horses can be predicted from
proximate components declared on the label with satisfactory precision and accuracy by
both equations when crude fiber content ranges from 16.5 to 28.5% dry matter. However,
feeding plans based on predicted digestible energy of commercial mixed feeds and diets
whose crude fiber content is outside the above range might negatively affect the body
condition and performance of horses in the medium term.
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