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Simple Summary: Our study evaluated seven DMI models for dairy heifers grouped by their genotypes
(Bos taurus or crossbred Bos taurus × Bos indicus) raised under tropical climatic conditions. The HHJ and
OFNLin DMI models performed better for Bos taurus heifers, whereas the STA model performed better for
crossbred heifers. NRC, HH, QUI, and OFLin DMI models had significant slope bias, mean bias, or both.

Abstract: Several models for predicting dry matter intake (DMI) of replacement dairy heifers have
been developed; however, only a few have been evaluated using data from heifers of different breeds
raised under tropical conditions. Thus, the objective of this study was to evaluate the DMI equations
for dairy heifers managed under tropical conditions. A total of 230 treatment means from 61 studies
using dairy heifers (n = 1513 heifers, average body weight = 246 kg) were used. The animals were
grouped into two groups based on their genetics: (1) Bos taurus (Holstein, Jersey, Brown Swiss, and
Holstein × Jersey) and (2) crossbred (Bos taurus × Bos indicus). Seven previously published DMI
equations (HH, HHJ, QUI, STA, 2001 NRC, OFLin, and OFNLin) for heifers were evaluated using
mean bias, slope bias, mean squared prediction errors (MSPE) and its decomposition, and other
model evaluation statistics. For Bos taurus heifers, our results indicated that OFNLin and HHJ had
lower mean bias (0.13 and 0.16 kg/d, respectively) than other models. There was no significant
slope or mean bias for HHJ and OFNLin (p > 0.05), indicating agreement between the observed and
predicted DMI values. All other models had a significant mean bias (p < 0.05), whereas the QUI
model also presented a significant slope bias (p < 0.02). For crossbred heifers, the STA equation was
the only one that did not present mean and slope bias significance (p > 0.05). All other DMI models
had significant mean bias when evaluated using crossbred data (p < 0.04), and QUI, OFLin, and
OFNLin also presented significant slope bias (p < 0.01). Based on our results, predictions from OFN-
Lin and HHJ best represented the observed DMI of Bos taurus heifers (MSPE ≤ 1.25 kg2/d2, mean
bias ≤ 0.16 kg/d), whereas STA was the best model for crossbred heifers (MSPE = 1.25 kg2/d2, mean
bias = 0.09 kg/d). These findings indicate that not all available models are adequate for estimating
the DMI of dairy heifers managed under a tropical climate, with HHJ and OFNLin for Bos taurus and
STA for crossbreds being the most suitable models for DMI prediction. There is evidence that models
from Bos taurus heifers could be used to estimate the DMI of heifers under tropical conditions. For
heifer ration formulation is necessary to consider that DMI is influenced by breed, diet, management,
and climate. Future work should also include animal genetic and environmental variables for the
prediction of DMI in dairy heifers.
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1. Introduction

Dry matter intake (DMI) is one of the most important animal health and performance
indicators of dairy cattle [1]. In the last 30 years, animal genetics and nutritional require-
ments have changed, resulting in increased feed efficiency. Over the past decade, many
studies have reported mechanisms that can affect DMI in ruminants, mainly for lactating
dairy cows. Although substantial advances have been made in this area, it is necessary
to consider variation in the actual DMI within and between animals, which models and
science still cannot explain.

An important aspect of ration formulation is that DMI can be considered input (if
measured at the farm) or output (if estimated by models). Dairy nutritionists usually use
models to estimate the DMI of heifers because many dairy farmers do not have a feed
measurement system because of the high implementation cost. Thus, several intake models
have been developed and used in feed formulations for dairy cattle, in which animal
characteristics, dietary components, environmental conditions, and management factors
are frequently used as inputs.

For dairy heifers, DMI models have been used to calculate the nutrients supplied from
the diet or to predict the nutrient requirements for maintenance, growth, and pregnancy,
and to create growth curves for different breeds. Many factors may affect the DMI of
heifers; for example, the number of pregnancy days is negatively correlated with feed
intake around calving time [2,3]. High environmental temperatures can also decrease
DMI [4]. Although environmental temperature and humidity can affect DMI, only a few
models for dairy heifers include environmental variables as inputs because limited data
are available [5].

Since 1980, DMI models for heifers have been developed using different modeling
approaches. First, DMI models for heifers were described by Stallings et al. (1985) [6]
and Quigley et al. (1986a) [7]. Stallings et al. (1985) [6] used body weight (BW) as an
independent variable to fit a quadratic polynomial regression, but this equation was
not adopted by the Dairy National Research Council (NRC) committee (1989, 2001) [8,9]
because of its significant bias. At that time, two DMI models developed by Quigley et al.
(1986a) [7] and the Beef NRC committee (1996) [10] were considered adequate. Although
the model developed by Quigley et al. (1986a) [7] had low bias when evaluated for dairy
heifers, the Dairy NRC (2001) [9] adopted the Beef NRC (1996) [10] equation for dairy
heifers because it was evaluated using a larger dataset.

Overall, models for estimating the DMI of dairy heifers have been developed and
evaluated using Holstein or beef cattle data exclusively. Moreover, most equations were
fitted using linear regression, with or without quadratic or cubic terms. Nonlinear mod-
els have also been used to predict DMI in dairy heifers, such as those proposed by
Hoffman et al. (2008) [11] and Oliveira and Ferreira (2016) [5]. In recent years, advances in
computational techniques have allowed fitting nonlinear mixed-effects models to biological
data to better understand nonlinear relationships between variables using large amounts
of data.

In terms of animal genetics, nutrition models developed for Holstein cows are often
adopted for crossbred cows worldwide because of the limitation of intake and nutritional
requirement equations for different breeds (Brown Swiss, Jersey, Gyr, other zebu and
crossbred cattle, etc.). Souza (2015) [12] developed an equation to predict DMI of lactating
crossbred cows using metabolic body weight (BW0.75), with 4% fat-corrected milk, and the
week of lactation as independent variables. That study reported differences between the
DMI of Holstein cows and crossbred cows. For Bos taurus and crossbred heifers, Oliveira
and Ferreira (2016) [5] developed and evaluated models for animals raised under tropical
conditions using BW0.75 and average daily gain (ADG) as predictors, and this model was
evaluated in our study.

Moreover, previous studies have reported that the DMI model proposed by the Dairy
NRC (2001) [9] was not adequate for estimating the DMI of replacement heifers [5,11].
Since 2016, additional studies have been published reporting the DMI of heifers raised
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under different climate, diet, and management conditions. Model evaluation using an
updated database is important to ensure that current models adopted by dairy nutritionists
adequately represent the actual feed intake of heifers. Gain in genetic merit for milk
production may change both feed intake and feed efficiency over time. Moreover, model
evaluation is an important approach for identifying whether a new model needs to be
updated or developed to estimate the actual DMI better. Therefore, we hypothesized that
the current DMI models proposed for Holstein heifers are not adequate for Bos taurus or
crossbred dairy heifers raised under tropical conditions. The objective of this study was to
evaluate previously published DMI equations for heifers using updated data from both
Bos taurus and crossbred heifers managed under a tropical climate.

2. Materials and Methods
2.1. Database

The meta-analysis used data from publications indexed in PubMed, SciELO, Web of
Science, ScienceDirect, Google Scholar, and Master or Ph.D. theses available online. Terms
used for searching the publications were “crossbred”, “dairy heifers”, “dry matter intake”,
“Holstein”, “Jersey”, “nutrition”, “tropical”, and “young cattle”. The inclusion criteria were
as follows: (1) studies published between 1998 and 2020 (comprising 22 years), (2) data from
heifers before first calving (lactation number = 0); (3) post-weaning animals, (4) description
data for both dietary ingredients and animal descriptions (BW, ADG, and breed), (5) data
for observed intake or estimated DMI of grazing heifers using internal or external markers,
(6) studies performed under a tropical climate (regions between Tropic of Capricorn and
Tropic of Cancer), (7) measurement data for individual DMI for confined animals (no
pen-based measurements), and (8) experiments conducted with ad libitum intake. The ADG
value was obtained directly from published documents. It was not calculated. It was either
a full or a shrunk ADG, depending on how the study was performed. The remaining
scientific publications in the final dataset must fit the above-mentioned criteria, and present
most of the searched terms in their text content.

The final database was developed using data from 61 studies (n = 230 treatment
means) of dairy heifers (n = 1513 heifers). A list of the selected studies is provided in
Supplementary Material S1 (Table S1 [13–75]). Animals were grouped based on their
genotypes as follows: (1) Bos taurus (Holstein, Jersey, Brown Swiss, and Holstein × Jersey)
or (2) crossbred Bos taurus × Bos indicus (Holstein × Gyr, Holstein × Boran, and others
Holstein × Zebu). As an exploratory step, a mixed model was used to verify the difference
in DMI between these formed groups, including the fixed effects of group, ADG, BW, and
the random effects of the study. A significant difference (p = 0.0239, Bos taurus = 6.7 kg/d
vs. Crossbred = 6.2 kg/d) was found and the grouping was maintained.

2.2. Calculations

Dietary composition was calculated using the proportion of ingredients in the diet
and their nutritional composition when dietary composition was not provided in the study.
When heifers were subjected to fasting, BW was calculated as BW/0.96 [9] (Table 1).

If total digestible nutrients (TDN) were not reported, it was calculated from the
apparent digestibility coefficient of dry matter (ADDM) or neutral detergent fiber (NDF)
using equations published by Cappelle et al. (2001) [76] (Table 1). The energy partitioning
of the diet was estimated using the Dairy NRC (2001) [9] model.
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Table 1. Empirical equations used in the development of the study.

Description Unity Equation

SBW 1 kg BW × 0.96
TDN 2 % DM −3.84+1.064 × ADDM
TDN 3 % DM 91.0246 − 0.571588 × NDF
DE 1 Mcal TDN × 0.04409
ME 1 Mcal 1.01 × DE − 0.45

NEm
1 Mcal 1.37 × ME − 0.138 × ME2+0.0105 × ME3 − 1.12

NEg
1 Mcal 1.42 × ME − 0.174 × ME2+0.0122 × ME3 − 1.65

Intake prediction equations

HH kg DM/day 15.36×(1 − e (−0.0022 × BW)
)

HHJ kg DM/day 12.91×(1 − e (−0.00295 × BW)
)

QUI kg DM/day −29.86 − 0.0000154 × BW2+0.157 × BW0.75+ 2.09 × ADG − 0.118 × ADG2+0.73×TDN
−0.0048 × TDN2 −0.0014 × BW × ADG − 0.019 × TDN × ADG

STA kg DM/day −0.417 + 0.03325 × BW − 0.0000266154 × BW2

NRC kg DM/day
(
(SBW)0.75 × (0.2435 × NEm−0.0466 × NEm

2−0.1128))/NEm

OFLin kg DM/day 8.7147 − 0.2402 × BW0.75 +0.0027 × (BW 0.75
)2

+3.6050 × ADG − 1.4168 × ADG2

OFNLin kg DM/day 0.1175 × BW0.75− 3.4984 × e(−2.4690 × ADG)

1 Equations from Dairy NRC (2001) [9]; 2 TDN prediction equation based on the apparent digestibility of dry matter [76]; 3 TDN prediction
equation based on the neutral detergent fiber in the diet [76]; SBW = shrunk body weight; TDN = total digestible nutrients in the diet;
DE = digestible energy; ME = metabolizable energy; NEm = net energy for maintenance; NEg = net energy for growth; HH = dry matter
intake equation for Holstein heifers from Hoffman et al. (2008) [11]; HHJ = dry matter intake equation for crossbred Holstein × Jersey
heifers from Hoffman et al. (2008) [11]; QUI = dry matter intake equation for dairy heifers from Quigley et al. (1986a) [7]; STA = dry matter
intake equation for dairy heifers from Stallings et al. (1985) [6]; NRC = dry matter intake equation for dairy heifers from Dairy NRC (2001)
[9]; OFLin = linear dry matter intake equation from Oliveira and Ferreira (2016) [5]; OFNLin = nonlinear dry matter intake equation from
Oliveira and Ferreira (2016) [5]; BW = body weight, ADDM = apparent digestibility of the dry matter from the diet (%); NDF = neutral
detergent fiber of the diet (% DM); BW = live body weight (kg); ADG = average daily gain (kg).

2.3. Models Evaluated

The DMI of dairy heifers was estimated using the seven equations (Table 1). Hoff-
man et al. (2008) [11] proposed equations for Holstein (Model 1, HH) and crossbred
Holstein × Jersey dairy heifers (Model 2, HHJ). These nonlinear models included the BW
as an independent variable. The linear model described by Quigley et al. (1986a) [7]
(Model 3, QUI) used BW, BW0.75, TDN, ADG, and their interactions as predictor vari-
ables. Stallings et al. (1985) [6] (Model 4, STA) used BW as an independent variable in
a quadratic polynomial regression model. The Dairy NRC (2001) [9] equation (Model 5,
NRC) included BW0.75 and net energy for maintenance (NEm) to predict the DMI of dairy
heifers. Oliveira and Ferreira (2016) [5] proposed two DMI equations for crossbred heifers
(Bos taurus × Bos indicus) raised under Brazilian tropical conditions. These equations were
developed using linear (Model 6, OFLin) and nonlinear (Model 7, OFNLin) models, where
ADG and BW0.75 were included as independent variables.

2.4. Statistical Analysis

Descriptive analyses were conducted using SAS (MEANS, REG, and UNIVARIATE
procedures; SAS, 2012 [77]). Preliminary plots and model evaluations were performed
using R (version 3.5.1; R Development Core Team, 2018 [78]).

The models were evaluated for both accuracy and precision using the significance of
the mean bias and slope bias, in addition to the mean square prediction error (MSPE) and
its decomposition (% of the error related to the dispersion, slope, and mean bias) [79]. The
concordance correlation coefficient (CCC) [80] and goodness of fit (R2) were also calculated.
The root means square error (RMSE)—observations standard deviation ratio (RSR) was
also used to evaluate the models, which incorporates the benefits of error index statistics,
varying from the optimal value of 0 to a large positive value, with zero RSR being a perfect
model simulation [81]. The most important statistics considered to rank the performance of
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models were as follows: 1st, the p-values of mean and slope bias, 2nd—MSPE values and
their decomposition, 3rd—mean bias, and 4th—when necessary, other models evaluation
statistics were used for comparison.

3. Results
3.1. Database

A total of 61 studies (230 treatment means from 1513 dairy replacement heifers)
published as scientific articles (70%, n = 1089 heifers), Master’s thesis (21%, n = 314 heifers),
Ph.D. thesis (7%, n = 86 heifers), and proceedings of annual meetings (2%, n = 24 heifers)
were used (Table 2). These studies were conducted in Brazil (82%, n = 1201 heifers), Mexico
(7%, n = 105 heifers), Ethiopia (5%, n = 94 heifers), Kenya (5%, n = 97 heifers), and Thailand
(1%, n = 16 heifers).

Table 2. Summary on the number of studies, observations, and heifers for each breed, rearing system, type of publication,
and country.

Variable No. Studies % No. Treatment
Means % No. Heifers %

Breed

Bos taurus 16 26.2 56 25.0 346 22.9
Crossbred 1 41 67.2 174 75.0 1167 77.1

Both 4 6.6 – – – –

Rearing system

Confinement 48 78.7 189 82.2 1185 78.3
Pasture 6 9.8 8 3.5 168 11.1

Pasture + Supplement 7 11.5 33 14.3 160 10.6

Type of publication

Scientific paper 43 70.5 170 73.9 1089 72.0
Congress paper 1 1.6 2 0.9 24 1.6
Master’s thesis 13 21.3 43 18.7 314 20.8
Ph.D.’s thesis 4 6.6 15 6.5 86 5.6

Country

Brazil 50 81.9 188 81.7 1201 79.4
Ethiopia 3 5.0 14 6.1 94 6.2
Mexico 4 6.5 13 5.7 105 6.9
Kenya 3 5.0 11 4.8 97 6.4

Thailand 1 1.6 4 1.7 16 1.1

Total 61 100.0 230 100.0 1513 100.0
1 Crossbred Bos taurus × Bos indicus.

Most of these studies used crossbred dairy heifers (67%, n = 1167 heifers), followed
by Bos taurus (26%, n = 346 heifers), and only four studies used both (7%) (Table 2). In
terms of feeding systems, the heifers were raised in confinement (79%, n = 1185 heifers),
exclusively pasture (10%, n = 168 heifers), and pasture with concentrate supplementation
(11%, n = 160 heifers). Estimated DMI with internal or external markers was performed
in pasture-based studies (21%). Data on animal performance, characteristics, and dietary
composition are presented in Table 3.
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Table 3. Descriptive statistical analyses for the variables in the database related to experimental planning, heifer characteris-
tics, and the diets provided to Bos taurus (n = 56) and crossbred Bos taurus × Bos indicus dairy heifers (n = 174).

Variables

Experimental and Animal Variables

Bos taurus Crossbred

n Mean Median Range n Mean Median Range

Period of adaptation (days) 30 17 15 10–45 121 19 15 10–45
Experimental period (days) 56 80 84 56–120 166 84 84 84–180

Fasting (hours) 28 14.13 16.00 12.00–16.00 68 13.56 14.00 12.00–16.00
Age (days) 40 295 356 90–512 113 358 397 107–702

Initial BW (kg) 56 197.25 181.00 58.70–403.83 174 213.15 198.30 75.72–412.83
Mean BW (kg) 56 234.74 238.41 133.85–424.79 174 249.02 241.50 127.84–430.07
Final BW (kg) 56 263.39 256.11 155.00–445.75 174 277.10 274.65 161.94–447.31

ADG (kg) 56 0.77 0.79 0.24–1.21 174 0.75 0.82 −0.03–1.40
FCE (kg/kg) 20 9.27 7.69 5.78–16.67 84 7.78 6.64 4.01–21.35

DMI (kg DM/day) 56 6.53 6.30 3.46–10.50 174 6.20 6.03 2.63–10.68

Variables

Dietary factors

Bos taurus Crossbred

n Mean Median Range n Mean Median Range

% of Roughage (%) 56 73.01 71.20 22.37–100.00 161 69.56 70.00 20.41–100.00
DM (%) * 36 45.71 40.45 12.30–90.51 144 54.46 48.97 12.38–92.47

OM (% DM) 42 91.20 93.15 79.60–97.90 121 92.55 92.74 86.04–97.40
CP (% DM) 47 14.26 14.20 7.98–22.63 164 13.76 13.78 7.06–22.10

NDF (% DM) 47 45.30 44.10 29.40–65.60 158 50.29 46.27 23.17–88.10
ADF (% DM) 32 26.84 27.10 16.80–34.70 119 26.50 23.93 15.39–45.00
EE (% DM) 18 2.14 1.62 0.80–5.53 114 2.52 2.40 0.80–6.75

TCHO (% DM) 10 81.67 81.29 76.68–86.03 41 77.59 77.01 72.20–88.35
NFC (% DM) 17 34.66 36.30 18.03–44.20 89 31.84 33.42 7.90–50.74
MM (% DM) 42 8.82 6.85 2.10–20.40 121 7.45 7.26 2.60–13.96
TDN (% DM) 56 64.79 63.96 52.60–81.87 174 63.96 65.42 42.70–76.28
ADDM (%) 31 65.82 66.08 52.25–80.55 114 64.57 65.00 22.50–75.61

DE (Mcal/kg) 56 2.86 2.82 2.32–3.61 174 2.82 2.88 1.88–3.36
ME (Mcal/kg) 56 2.43 2.40 1.89–3.20 174 2.40 2.46 1.45–2.95

NEm (Mcal/kg) 56 1.54 1.52 1.05–2.19 174 1.51 1.57 0.61–1.99
NEg (Mcal/kg) 56 0.94 0.92 0.50–1.51 174 0.91 0.97 0.08–1.34

* Bos taurus: minimum of 12.30% of DM = diet based on only fresh sweet potato vines; and crossbred: minimum of 12.38% of DM = diet
with 60% inclusion of fresh forage cactus (Opuntia ficus-indica Mill), which constituted 9.28% of the DM; N = number of observations;
BW = live body weight; ADG = average daily gain; FCE = feed conversion efficiency; DMI = dry matter intake; DM = dietary dry matter;
OM = dietary organic matter; CP = dietary crude protein; NDF = dietary neutral detergent fiber; ADF = dietary acid detergent fiber;
EE = dietary ether extract; TCHO = dietary total carbohydrates; NFC = dietary non-fibrous carbohydrates; MM = dietary mineral matter;
TDN = dietary total digestible nutrients; ADDM = dietary apparent digestibility of dry matter; DE = dietary digestible energy; ME = dietary
metabolizable energy; NEm = dietary net energy for maintenance; NEg = dietary net energy for growth.

Studies presented a similar median age and BW at the beginning of the experiments
(Bos taurus: age = 356 d and BW = 181 kg; crossbred: age = 397 d and BW = 198 kg; Table 3).
Crossbred dairy heifers had a similar median DMI as Bos taurus (6.2 versus 6.5 kg/d)
when raised under tropical conditions. Additionally, diets of Bos taurus and crossbred
heifers contained similar median levels of forage (approximately 70%) and energy content
(digestible energy (DE), metabolizable energy (ME), net energy for maintenance (NEm),
and net energy for growth (NEg)) (Table 3).

3.2. Model Evaluation 1: Bos taurus Dairy Heifers

A total of 56 treatment means (n = 20 studies) were used to evaluate the DMI equations
for Bos taurus dairy heifers. The average heifer DMI was 6.5 kg/d (Table 3). Plots of the
observed, predicted, and residual values are shown in Figure 1. The observed DMI was
overestimated at low levels and underestimated at high levels for all the equations.
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Figure 1. Observed versus model-predicted values and residuals versus model-predicted values from the prediction
equations of DMI of Bos taurus dairy heifers (n = 56).
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The STA (0.50), HHJ (0.50), and HH (0.50) equations presented the highest R2, followed
by the OFNLin (0.47) equation. The other equations presented an R2 ≤ 0.40 (Table 4).
Lower MSPE values were obtained with HHJ, HH, and OFNLin equations (≤1.25 kg2/d2),
whereas in the other equations, the MSPE values were ≥1.35 kg2/d2 (Table 4). For MSPE
decomposition, the dispersion or random error provided the greatest contribution to the
MSPE values of all models evaluated (>63%), with higher values for HHJ and OFNLin
(>93%). However, for NRC (p = 0.0001), STA (p = 0.0011), QUI (p = 0.0015), HH (p = 0.0141),
and OFLin models (p = 0.0463), the mean bias significantly contributed to the MSPE (36%,
26%, 16%, 10%, and 7%, respectively) (Table 4). Only the QUI model (p = 0.0143) presented
a significant slope bias. The HHJ and OFNLin models did not present significance for either
mean or slope bias. A lower mean bias was found for the OFNLin and HHJ equations
(0.13 and 0.16 kg/d, respectively), whereas other equations had a mean bias ≥ 0.36 kg/d,
varying by more than 5% of the mean DMI. In contrast, we found a lower slope bias value
for the STA (0.04), NRC (0.05), and HH (0.06) equations. The HHJ (0.71), HH (0.74), and
OFNLin (0.75) models had lower RSR values than the other models (≥0.81). The highest
CCC value was detected for the OFNLin equation (0.67), whereas all other models had
CCC values ≤ 0.63.

Table 4. Evaluation statistics of the dry matter consumption equations of dairy heifers Bos taurus (n = 56).

Statistics Observed HH HHJ QUI STA NRC OFLin OFNLin

DMI 6.53 6.13 6.36 5.84 5.84 5.55 6.17 6.39
R2 - 0.50 0.50 0.24 0.50 0.40 0.40 0.47

MSPE - 1.24 1.19 1.68 1.36 1.61 1.35 1.25
MSPE, % mean - 19.03 18.28 25.71 20.88 24.74 20.75 19.14

MSPE decomposition (%)

Mean Bias, % MSE - 10.47 1.90 16.81 25.77 36.36 7.03 1.14
Slope Bias, % MSE - 0.23 1.09 8.82 0.11 0.14 3.43 5.45
Dispersion, % MSE - 89.30 97.01 74.36 74.12 63.50 89.54 93.40

Mean Bias - 0.40 0.16 0.69 0.69 0.97 0.36 0.13
Slope Bias - 0.05 0.12 −0.38 0.04 0.06 −0.19 −0.20

P-Mean Bias - 0.0141 0.3061 0.0015 0.0001 0.0001 0.0463 0.4283
P-Slope Bias - 0.7079 0.4389 0.0143 0.7797 0.7352 0.1560 0.0815

RSR - 0.74 0.71 1.00 0.82 0.97 0.81 0.75
CCC - 0.63 0.63 0.43 0.59 0.44 0.60 0.67

DMI = dry matter intake; R2 = coefficient of determination; MSPE = mean squared prediction error; MSE = mean squared error; RSR = RMSE-
observations standard deviation ratio; CCC = concordance correlation coefficient; HH = DMI equation for Holstein dairy heifers from
Hoffman et al. (2008) [11]; HHJ = DMI equation for Holstein × Jersey dairy heifers from Hoffman et al. (2008) [11]; QUI = DMI equation
for dairy heifers from Quigley et al. (1986a) [7]; STA = DMI equation for dairy heifers from Stallings et al. (1985) [6]; NRC = DMI
equation for dairy heifers from Dairy NRC (2001) [9]; OFLin = linear dry matter intake equation from Oliveira and Ferreira (2016) [5];
OFNLin = nonlinear dry matter intake equation from Oliveira and Ferreira (2016) [5].

3.3. Model Evaluation 2: Crossbred Dairy Heifers (Bos taurus × Bos indicus)

A total of 174 treatment means (n = 45 studies) were used to evaluate the DMI of
crossbred dairy heifers. The average heifer DMI was 6.2 kg/d (Table 3). Plots of the
observed, predicted, and residual values are shown in Figure 2. The observed DMI was
overestimated at low levels and underestimated at high levels for all the equations.
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The OFNLin equation presented the highest R2 (0.55), and all other models had
R2 values ≤ 0.49. Lower MSPE values were obtained for OFNLin (1.20 kg2/d2), OFLin
(1.22 kg2/d2), STA (1.25 kg2/d2), NRC (1.26 kg2/d2), and HH (1.26 kg2/d2), whereas the
other equations had MSPE values ≥ 1.30 kg2/d2 (Table 5). For MSPE decomposition,
the dispersion or random error provided the greatest contribution to the MSPE values
of all models evaluated (>79%), with higher values for STA and HH (>95%). The STA
model was the only one that did not present a significant mean (p = 0.3293) or slope bias
(p = 0.0542). All the other models presented a significant mean bias (p < 0.05), resulting in a
considerable contribution of the mean bias to MSPE. For QUI, OFLin, and OFNLin models
(p = 0.0001 for all), the slope bias significantly contributed to the MSPE (17%, 9%, and 9%,
respectively) (Table 5).

Table 5. Evaluation statistics of the dry matter consumption equations of crossbred dairy heifers Bos taurus × Bos indicus
(n = 174).

Statistics Observed HH HHJ QUI STA NRC OFLin OFNLin

DMI 6.20 6.39 6.61 5.97 6.11 5.71 6.40 6.59
R2 - 0.42 0.42 0.45 0.41 0.48 0.49 0.55

MSPE - 1.26 1.30 1.34 1.25 1.26 1.22 1.20
MSPE, % mean - 20.26 21.00 21.65 20.16 20.28 19.76 19.34

MSPE decomposition (%)

Mean Bias, % MSE - 2.44 10.08 2.78 0.55 14.85 2.70 10.93
Slope Bias, % MSE - 1.79 0.47 17.58 2.13 0.53 8.95 8.75
Dispersion, % MSE - 95.77 89.45 79.64 97.32 84.61 88.35 80.32

Mean Bias - −0.20 −0.41 0.22 0.09 0.48 −0.20 −0.40
Slope Bias - −0.14 −0.08 −0.34 −0.15 −0.08 −0.25 −0.23

P-Mean Bias - 0.0392 0.0001 0.0275 0.3293 0.0001 0.0298 0.0001
P-Slope Bias - 0.0744 0.3428 0.0001 0.0542 0.2987 0.0001 0.0001

RSR - 0.78 0.81 0.83 0.77 0.78 0.76 0.74
CCC - 0.62 0.58 0.66 0.62 0.63 0.69 0.72

DMI = dry matter intake; R2 = coefficient of determination; MSPE = mean squared prediction error; MSE = mean squared error;
RSR = RMSE-observations standard deviation ratio; CCC = concordance correlation coefficient; HH = DMI equation for Holstein dairy
heifers from Hoffman et al. (2008) [11]; HHJ = DMI equation for Holstein × Jersey dairy heifers from Hoffman et al. (2008) [11];
QUI = DMI equation for dairy heifers from Quigley et al. (1986a) [7]; STA = DMI equation for dairy heifers from Stallings et al. (1985) [6];
NRC = DMI equation for dairy heifers from Dairy NRC (2001) [9]; OFLin = linear dry matter intake equation from Oliveira and Ferreira
(2016) [5]; OFNLin = nonlinear dry matter intake equation from Oliveira and Ferreira (2016) [5].

The STA, HH, OFLin, and QUI equations presented lower mean biases (0.09, −0.20,
−0.20, and 0.22 kg/d, respectively), whereas the others varied by more than 5% of mean
DMI (Table 5). A lower slope bias occurred for HHJ, NRC, HH, and STA (−0.08, −0.08,
−0.14, and −0.15 kg/d, respectively), whereas the slope bias was ≤−0.23 kg/d for other
equations. This evaluation showed that the HHJ, HH, and NRC models also did not present
a significant slope bias (p > 0.05), in addition to the STA equation (Table 5). The RSR values
were similar among models, with OFNLin (0.74) presenting the lowest value and QUI (0.83)
the highest (Table 5). The OFNLin had a higher CCC value (0.72) than the other equations
evaluated in this study (CCC ≤ 0.69), but this model had a significant mean (p = 0.0001)
and slope bias (p = 0.0001) (Table 5).

4. Discussion

We evaluated seven equations used to predict the DMI of Bos taurus and crossbred
(Bos taurus × Bos indicus) dairy heifers raised in tropical conditions. We focused on eval-
uating existing models instead of developing new equations because there are already
numerous DMI equations developed for dairy heifers in the literature. Although all models
evaluated in this study could be used to predict DMI of dairy heifers, our results indicated
that the HHJ and OFNLin equations were the most accurate and precise for Bos taurus
heifers because they did not present significant slope or mean bias and, also, presented
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lower MSPE and mean bias values. The QUI, STA, NRC, HH, and OFLin models presented
significant mean bias and higher values of MSPE, resulting in low precision and accuracy,
respectively. All equations evaluated using the Bos taurus data underestimated the DMI.

The STA equation was the most adequate DMI model for crossbred heifers because
it had the lowest mean bias and did not present significant slope or mean bias. All other
crossbred models had a significant mean bias, whereas QUI, OFLin, and OFNLin also
presented significant slope bias associated with a lower DMI for crossbred cattle than
Holstein cattle. Both OFNLin and OFLin presented significant slope and mean biases,
despite OFNLin having the highest precision (R2 = 0.55), which contributed to a high
CCC. All the equations overestimated the DMI of crossbred heifers, except for the models
proposed by QUI, STA, and NRC. The OFNLin and HHJ for Bos taurus and HH and STA for
crossbreeds showed a higher error because of the disturbance than other models, indicating
that random variation was not associated with a correlation among predictors or unknown
parameters, which is desirable.

As was presented, the observed DMI was overestimated at low levels and underes-
timated at high levels for all the equations for both datasets. It can be an effect of BW
as a predictive variable present in all the equations. A lower proportion of data from
heavier and lighter heifers could have affected the models’ evaluation at those points.
Another explanation could be a difference in the concentrate-to-forage ratio of the diets for
younger (from 3 until 10–12 months of age) and older heifers (from 12 months of age until
calving) [82]. Older heifers receive less concentrate in the diet than younger heifers because
of their lower energy needs and greater intake potential [82]. It results in chemostatic and
physical feed intake limitation for younger and older heifers, respectively. That effect of
different diet compositions may not be captured by the DMI predictive models, causing
over and underestimation for younger and older heifers, respectively.

Substantial differences between Bos taurus and crossbred dairy cattle have been de-
scribed in previous studies, such as heat stress tolerance, milk yield, milk composition, and
milking ease [83–85]. However, our results showed that the DMI of crossbred heifers raised
in tropical conditions might be affected by similar factors to those previously described for
Bos taurus heifers, especially BW. Moreover, another study reported no differences in NEm
requirements between Holstein and crossbred dairy heifers [86].

Oliveira and Ferreira (2016) [5] developed equations to predict the DMI of crossbred
dairy heifers raised in Brazilian tropical conditions, and we evaluated these models. Similar
to that study, our database was developed using data from studies previously published in
the literature, but we used additional studies available from 2016 to 2020. Although some
articles in the database were similar to our database, these models showed a significant
slope bias for crossbred heifers. This fact could be partially explained by the large number
of observations from different countries used in our study, and our database was separated
into two subsets of data based on animal genetics (Bos taurus and crossbred). Therefore,
the main differences between our study and those of Oliveira and Ferreira (2016) [5] are
related to the dataset (37 treatment means from 11 studies versus 230 treatment means
from 61 studies in our database), the number of observations used for model evaluation
(from 21 to 37 observations versus 58 Bos taurus and 174 crossbred observations used in
our evaluation), and calf sex (female and male calves versus only female data used in our
study), and we also evaluated the model proposed by Stallings et al. (1985) [6]. Interestingly,
OFNLin performed well for Bos taurus instead of crossbred heifers. This could be related
to the development dataset of the model used by Oliveira and Ferreira (2016) [5], which
had 21 treatment means (37%) from Bos taurus, thereby explaining the better performance
of OFNLin for those cattle. For crossbred heifers, a possible reparameterization or factor
adjustment of the OFLin and OFNLin models could help solve the problem and improve
the prediction of these equations, especially the OFNLin model, which presented the
highest R2 and lowest MSPE.

The low accuracy and precision of QUI (for Bos taurus) and NRC equations could be re-
lated to multicollinearity problems, such as BW and BW0.75 as independent variables in the
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model [87]. The variance inflation index (VIF) is usually used to identify multicollinearity
among variables, where values higher than 5 could indicate multicollinearity [88]. If the VIF
values are inflated, the model estimates are less reliable. When a model has multicollinear-
ity, the standard error values of the regression coefficients are increased, the predicted
values are biased, and the predictors are not significant even with a high R2 [89]. Therefore,
the low adequacy of the NRC equation could be associated with multicollinearity problems
for variables with high correlation, such as NEm and BW0.75. Hoffman et al. (2008) [11] and
Oliveira and Ferreira (2016) [5] also reported a similar problem when NRC equation was
evaluated using an independent database.

The DMI values found in our study agreed with those reported by the Dairy NRC
(2001) [9] (~6.0 kg/d); however, the use of different feed ingredients in Brazil and the
United States could result in different feed digestibility values. This value is used to
calculate TDN, DE, ME, and consequently, NEm, which is an input in the Dairy NRC
model. Thus, the TDN value may be a major source of variation, explaining the mean
bias for the NRC and QUI models. Moreover, the DMI equation adopted by the Dairy
NRC (2001) [9] was developed using beef cattle data [10], which explains its low ad-
equacy for dairy heifers. Dairy cattle breeds have a higher proportion of internal or-
gans (liver, intestine, and kidney) than beef cattle [90,91], which is related to higher
NEm requirements. On the other hand, heifers present lower NEm requirements com-
pared with bulls (~15%) [92]. The NEm requirements for dairy heifers were estimated
to be 86 kcal/kg of SBW0.75 (shrunk body weight) [9,93]. However, a study suggested
that NEm requirements of heifers increased over time, similar to cows [94], and esti-
mated as 122 kcal/kg of SBW0.75 for Holstein heifers from 6 to 22 months of age [95]. For
crossbred Holstein × Gyr heifers, the requirement of NEm is suggested to be between
104 kcal/kg of SBW0.75 (17 months and 1/2Holstein × 1/2Gyr) [86] and 67 kcal/kg of
SBW0.75 (3 to 7 months and 1/2Holstein × 1/2Gyr) [96]. We used BW, SBW, and EBW for
the comparisons previously described. For Jiao et al. (2015) [95] and Moreira (2016) [86],
we used SBW = 0.96 × BW [9] because in that study the NEm requirement values were
expressed as BW0.75, but for Castro et al. (2020) [96], we used EBW = 0.894 × SBW because
the NEm requirement values were originally expressed as EBW0.75. Therefore, the low accu-
racy of predictions from the DMI model of NRC heifers could also be related to differences
in NEm requirements and genetic variation in crossbred heifers. Scarce data regarding
NEm requirements for Holstein × Zebu cattle have been published.

Although important studies on the nutrient requirements of crossbred dairy cattle
(Bos taurus × Bos indicus) have been published [96–98], data on heifers are still scarce.
Since 2016, heifer studies have been performed to better understand the effects of ADG
and supply of nutrients on mammary gland development in prepubertal and pubertal
crossbred heifers [69,99,100]. Moreover, other studies have evaluated the effects of gestation
days on the body and conceptus composition and nutrient use by pregnant crossbred
cows [101,102].

It is important to note that Dairy NRC (2001) [9] suggested adjustments in DMI for
pregnant heifers based on days of pregnancy (DP). An adjustment for DP (AdjDMI) > 210
to <259 d can be calculated using the following equation: AdjDMI = (1 + ((210 − DP) ×
0.0025)), where DP is the days in pregnancy. For DP ≥ 259 d, the Dairy NRC (2001) [9]
suggested using a different equation to estimate the DMI of heifers, DMI = (1.71 − (0.69
× eˆ((0.35 × DP − 280))))/100 × BW, where e is the Euler number (e = 2.718), DP is the
number of days in the pregnancy, and BW is the body weight. However, these equations
were not evaluated in the present study. The DMI decreases around calving based on
factors related to the animal (DP and body condition score (BCS)) and diet (contents of
NDF, ether extract, and rumen undegradable protein) [103]. Feeding programs can affect
DMI around calving, resulting in changes in blood metabolites and body composition of
crossbred cows [101,102].

Although our objective was not to evaluate the predicted DMI of heifers around
calving, nonlinear models may more adequately describe the DMI reduction around
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calving for dairy heifers, such as that fitted by Hoffman et al. (2008) [11]. A previous
equation was developed using data from Holstein heifers [2] during the transition period,
considering DMI = 1.713 − 0.688 × eˆ((0.344 × DP)), where DP = days in pregnancy.
Limited information on DMI in pregnant dairy heifers is available. Heifers with similar
gestation lengths but different ages, BCS, dietary management, and feed efficiency have
different levels of DMI [103,104].

The STA equation (mean bias = 0.09/kg/d and MSPE = 1.25 kg2/d2) was the most
adequate in predicting the DMI of crossbred dairy heifers raised under tropical condi-
tions. However, only a few studies have evaluated this equation. Studies performed by
Hoffman et al. (2008) [11] and Oliveira and Ferreira (2016) [5] did not evaluate the STA
equation. The STA, HH, and HHJ models included only BW as a predictor, whereas the
OFNLin and OFLin models also use ADG as a predictor; thus, these models could be used
when diet information is unavailable. However, it is known that dietary factors such as
NDF and TDN affect DMI in dairy heifers [105]. Additionally, our results showed that
heifers are usually fed a high-roughage diet (approximately 70% for both Bos taurus and
crossbred heifers). It is known that the roughage-to-concentrate ratio affects feed intake,
where high-forage diets with poor fiber digestibility can reduce the DMI by a physical
limitation, although diets with high contents of TDN (mainly from starch and lipids) cause
a chemostatic intake regulation [106]. Furthermore, diets with a high proportion of fiber
resulted in a lower passage rate and lower feed efficiency in dairy heifers (kg of body
weight gain/kg of feed intake). However, high dietary fiber content limits the DMI and
reduces the energy content of the diet, which is desirable for heifers over 12 months [82]. A
few models to predict DMI of heifers from dietary components have been reported, but
they require more inputs [5,7,11], which may limit their use.

Factors related to the environment can also affect feed intake in heifers, among which
air temperature (AT) is the major factor. The DMI can decrease considerably in extreme
AT and is common with high ATs during hot seasons. Nonaka et al. (2008) [4] found a
decrease of 9% and 8% in DMI at 33 ◦C compared to 20 ◦C and 28 ◦C, respectively, for
prepubertal Holstein heifers kept under constant relative humidity (60%), suggesting that
heifer DMI decreased under 28 ◦C. Limited data are available for other environmental
variables that might influence DMI in heifers, but previous studies have been performed
such investigations using lactating cows [107].

Independent variables related to the environment could improve the accuracy of DMI
estimates in dairy heifers, such as environmental AT. When Quigley et al. (1986b) [108]
studied the factors that could affect DMI in dairy heifers, AT was evaluated as a pre-
dictive variable and, despite the effect of AT on DMI being statistically significant, they
concluded that this variable did not improve MSPE and R2. However, that research did not
include data from animals subjected to high temperatures because the AT range was from
−11.3 ◦C to 25.6 ◦C. Oliveira and Ferreira (2016) [5] also evaluated AT as an independent
variable in the DMI model, but the data were limited. Linear equations were developed
by Hoffman et al. (2008) [11], including AT, but these equations were less accurate than
nonlinear models. Another possibility could be the use of the temperature-humidity in-
dex (THI) as a predictor to improve the model adequacy of these equations. For dairy
cattle, heat stress can be considered as occurring at THI > 68 when milk yield is critically
reduced [109]. Above this THI limit, DMI, milk yield, and milk fat and protein yields
decreased considerably [110].

We still have opportunities to improve models for predicting DMI of dairy heifers
using dietary and/or environmental factors besides BW. Models using dietary factors
as inputs have been developed, but their small improvements in model accuracy have
discouraged their use [5,11]. It occurs especially because a DMI model is applied before the
diet formulation and values of dietary variables are not known at this moment. The use
of THI as a predictor in DMI models is interesting, especially in tropical countries where
heifers are raised on pastures and are susceptible to stressful environmental conditions.
Moreover, this could be useful for the summer season in humid subtropical climates.
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However, it is necessary to consider that different values of relative humidity and AT could
result in similar THI values, and many times, it does not include other climatic variables
in its calculation [111], which can result in bias. Additionally, there is an opportunity
to improve our DMI models for heifers using data from electronic sensors and machine
learning approaches, which could help dairy nutritionists to meet the nutrient requirements
of heifers in different feeding programs.

5. Conclusions

For Bos taurus dairy heifers raised in tropical conditions the models developed by
Hoffman et al. (2008) [11], especially the HHJ model, and the non-linear model developed
by Oliveira and Ferreira (2016) [5] were the most suitable for DMI prediction, whereas for
crossbred heifers, the most suitable was the Stallings et al. (1985) [6] model. In general,
the Holstein model developed by Hoffman et al. (2008) [11] and the Dairy NRC (2001)
model [9] had a significant mean bias, resulting in lower precision, whereas OFLin had
a significant slope bias, resulting in lower accuracy, and the QUI model presented both.
There is evidence that models from Bos taurus heifers could be used to estimate the DMI of
crossbred heifers under tropical conditions. Dietary and environmental factors can affect
the DMI of dairy heifers, but additional evaluation using multimodel or machine learning
approaches should be performed using a larger database. Future equations should consider
different nutritional plans, dietary compositions, and environmental conditions during
the growing period. Equations based especially on machine learning with big data could
improve the predictive power of the DMI models.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani11113181/s1, Table S1: Selected studies to create a database for the evaluation of dry
matter intake equations for replacement dairy heifers.
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