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Abstract: Previous studies on winter supplementation of growing cattle grazing stockpiled native
Campos grasslands suggest that forage allowance (FA), herbage mass, and weather conditions before
and during the supplementation period could all affect supplement feed efficiency (SFE)—that is,
the difference or change in average daily gain (ADG) between supplemented (S) and control (C)
animals (ADGchng, kg) per unit (kg) of supplement dry matter (DM) intake. In this study, we
analyse data from fifteen collated winter supplementation trials carried out in Uruguay between
2004 and 2018. The working hypotheses of this research paper were: (i) that average substitution
rates are positive, and (ii) that ADGchng is not constant throughout the supplementation period
and that its variation may be attributed to sward, animal or weather variables. There were two
main objectives: (i) to estimate the average supplement substitution rate (sSbR, kg forage, f, dry
matter, DM intake reduction: kg supplement DM intake) and potential herbage intake substitution
rate (hSbR, kg fDM intake reduction: kg fDM intake of control animals), and its association with
SFE, and, (ii) to assess the existence of different phases and supplementation response patterns
and its association with other relevant variables. Estimated substitution rates were always positive
(sSbR = 0.3–1.1 kg/kg; hSbR = 0.1–0.3 kg/kg) and were negatively and moderately associated
with SFE. Supplementation proved to be a dynamic process where three possible supplementation
responses over the supplementation period were identified (linear, quadratic and Weibull). While
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linear patterns did not appear distinctly associated with any particular set of variables, quadratic
models were mostly associated with herbage biomass and substitution rates, whereas Weibull models
were the clearest in their association with frosts. Regardless of the response pattern, at the beginning
of the trials it was the animals’ body weight and supplement quality that most influenced supplement
response, whereas towards the end, supplementation intake, supplemented animals’ ADG and forage
quality played a more relevant role. The estimated parameters and response patterns are expected to
be used as inputs in decision support systems for livestock farmers in the future.

Keywords: concentrate supplementation; supplement feed efficiency; substitution rate; supplementation
response pattern

1. Introduction

The relevance of winter supplementation on extensive/semi-extensive beef production
systems on native grasslands of the Pampa Biome has been largely documented [1–3]. When
supplements are used to avoid food scarcity, beef production levels can be sustained even in
years with low forage production, but with higher production costs [4]. Therefore, for this
practice to be economically feasible, supplement response and supplement feed efficiency
(SFE) must be controlled to some extent [5]. This SFE is defined as the difference or change
in average daily gain (ADG) between supplemented (S) and control (C) animals (ADGchng,
kg) per unit (kg) of supplement dry matter (DM) intake. In the preceding paper of this
same series [6], the authors found an average SFE of 0.21 ± 0.1 ADGchng/kg supplement
DM intake, from growing beef cattle grazing native grasslands in winter.

These same authors observed a greater variation in ADGchng than in the supple-
mentation rate, which means that understanding how ADGchng varies throughout the
supplementation period could shed some light on the supplementation process. Addition-
ally, these authors found that ADG decreased linearly as the proportion of green herbage
decreased, and that the ADG of unsupplemented animals was further reduced when win-
ters were harsher. These two findings—the relevance of ADGchng and the incidence of
sward traits influenced by the weather on SFE—pose new research questions as to how
these variables behave within the supplementation period.

Initial sward conditions in terms of quantity and/or nutritive quality of the forage may
differ from final conditions, as reported by Gekara et al. [7], especially on a continuously
grazed pasture and fixed stocking rate, thus affecting SFE. This would imply that SFE
could vary within the same supplementation period, due to altered sward conditions.
Many studies have been carried out in which, either the influence of supplementation is
analysed against the grazing behaviour of cattle [8,9], the study focuses on the efficiency
of N utilisation and/or physiology-related variables [10–12], or the authors review its
influence on herbage DM intake (HDMI), digestibility or ruminal pH [13]. However, these
studies tend to focus more on the average result rather than on the SFE phases. According
to Wang et al. [14], the minimum evaluation duration for estimating SFE is 35 days. This
constrains any supplementation field experiment in a single season aiming to determine
SFE phases directly, with no more than 2–3 SFE values per plot per period. Under this
situation, an indirect study, such as analysing ADGchng throughout the supplementation
period, may be more suitable.

To accurately assess dietary adequacy and predict performance of grazing livestock
receiving supplements, it is necessary to identify the conditions under which substitution is
likely to occur and to quantify its magnitude [15]. As defined by Grainger and Mathews [16],
pasture substitution rate is the reduction in pasture intake per kg concentrate eaten on a DM
basis. Specifically, the calculation of the forage by supplement substitution rate (sSbR) is
the difference in control (c) animals’ herbage dry matter intake (HDMI) and supplemented
(s) animals’ HMDI, as a proportion of supplement DM intake (sSbR = (cHDMI − sHDMI):
supplement DM intake; difference in kg forage DM/kg supplement DM). Another way to
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analyse the substitution effect in supplementation schemes would be to assume that the
maximum HDMI would be observed in C plots, and thus, the potential HDMI substitution
rate is calculated as the difference between cHDMI and sHDMI, as a proportion of the
theoretical potential maximum HDMI from C plots (hSbR = (cHDMI − sHDMI): cHDMI;
difference in kg forage DM/kg forage DM from control).

In a review of the use of pasture and supplements for dairy cows in temperate zones,
Rogers [17] concluded that both the amount of concentrate supplement DM offered and
the basal pasture intake (i.e., control animals’ pasture intake) influenced the substitution
rate. Beever and Doyle [18] analysed a theoretical scenario where dairy cows grazing
temperate sown pastures were supplemented, and assuming a constant substitution rate of
supplement between 0 and 1.0 kg DM pasture/kg DM supplement, they suggested that
total diet DM intake is expected to increase, but the increase rate would decline at higher
amounts of supplementation. Da Trindade et al. [19] suggested for beef cattle grazing a
specific native grassland that both its structure (in terms of herbage mass and sward height)
and forage allowance (FA) affect herbage intake. Forage allowance is defined as the kg
of total bodyweight (BW) of animals grazing, for every kg of forage DM on offer in the
pasture. These two variables must be operating to some degree in determining SFE. In fact,
Cazzuli et al. [6] found that, in these native grasslands, a balance is needed between FA and
herbage mass to optimise SFE. In addition, these authors suggested the existence of some
magnitude of substitution, further supported by the fact that unsupplemented animals
spent more time grazing then their supplemented counterparts. Still, the amount of this
assumed substitution or its association with SFE remains unclear.

The working hypotheses of this research paper were: (i) that substitution rates are
positive with growing cattle grazing on stockpiled native Campos grasslands during winter,
at least on average, and (ii) that ADGchng is not constant throughout the supplementation
period and that its variation may be attributed to certain sward, animal or weather variables.
The aim of this study was to further understand the variability in SFE, specifically: (i) to
estimate the average supplement substitution rate (sSbR) and potential herbage intake
substitution rate (hSbR), and their association with SFE, and (ii) to assess the existence
of different phases and ADGchng patterns over the supplementation period within each
supplementation trial and its eventual association with other variables, such as sward and
animal characteristics or weather variables.

2. Materials and Methods
2.1. Database Compilation

Data were gathered from 15 supplementation trials carried out between 2004 and
2018 in which growing beef cattle grazing native Campos grasslands in Uruguay were
supplemented during late autumn and winter. More details of the database compilation
and the response and auxiliary variables of the database can be found in Cazzuli et al. [6].
In this paper, only some of the trials (15) collated by these authors were used, because not
all of the original 15 trials presented data in such detail that more than two phases were
identifiable (i.e., only initial and final BW were available). Their descriptive statistics are
presented in Table 1.

The trials in this paper correspond to trial IDs 1–8, 14, 16, 24–25 and 27–29 (see
Appendix A).

Apart from all of the estimations and variables described by Cazzuli et al. [6], addi-
tional variables were created to explore the relationship between sward-related traits and
the variables of interest (SFE, ADGchng), which were: ratio of supplement crude protein
(CP) content (sCP) to supplement metabolisable energy (ME) content (sME) (“sCP:sME”); ra-
tio of sCP to forage (f) CP content (fCP) (“sCP:fCP”); and ratios “sCP:fME” and “sME:fME”.
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Table 1. Descriptive statistics (mean), standard deviation (SD), coefficient of variation (CV), minimum
(min), and maximum (max) related to animals and pastures in a database of 15 supplementation
experiments for young beef cattle on native grasslands in Uruguay (2004–2018).

Variable Mean SD CV Min Max

cADG, kg/animal/day 0.19 0.15 79 −0.02 0.52
sADG, kg/animal/day 0.52 0.23 45 0.07 1.24
ADGchng, kg/animal/day 0.34 0.18 52 −0.10 1.02
Shrunk average BW, kg 196 36 18 145 282
Stocking rate, kg BW/ha 428 95 22 239 630
Forage allowance (FA), kg DM/kg BW 5.5 3.4 63 1.1 19.1
Green forage allowance, kg green
DM/kg BW 2.2 1.4 63 0.68 6.5

Green FA/FA 0.4 0.2 42 0.2 0.9
Sward height, cm 8.1 4.2 52 2.5 19.0
Herbage biomass, kg DM/ha 2157 1062 49 461 6163
Herbage DM, % 55.1 8.7 16 23.7 73.3
Green Herbage, % of DM 43.0 17.4 41 14.6 86.7
Herbage CP, % of DM 8.3 2.4 29 4.3 16.6
Herbage ADF, % of DM 43.4 8.2 19 23.7 59.1
Herbage NDF, % of DM 64.8 9.1 14 30.7 81.1
Herbage energy, MJ ME/kg DM 8.6 1.3 15 6.5 12.1
Herbage DM digestibility, % 55.3 6.5 12 42.9 70.5
Forage ME/CP, 100 MJ/kg CP 1.1 0.2 19 0.7 1.6
Supplementation rate, %BW 0.8 0.3 35 0.4 2.0
Supplement DM intake, kg/animal/day 1.7 0.6 34 1.1 3.9
SFE, ADGchng/kg DM of supplement 0.20 0.08 40 −0.06 0.35
SFE CP, ADGchng/kg CP of supplement 1.11 0.55 50 −0.26 2.40
SFE ME, ADGchng/MJ of supplement 0.02 0.01 40 −0.00 0.03
Supplement ME content, MJ/kg of DM 11.5 0.7 6 10.1 12.8
Supplement CP content, % of DM 20.2 9.2 46 12.1 43.9
Supplement ME/CP, 100 MJ/kg CP 0.5 0.2 33 0.2 0.8
Stocking period, day 96.0 27.1 28 42.0 141.0

cADG: control (C) animals’ average daily gain (ADG), sADG: supplemented (S) animals’ ADG; ADGchng: change
in ADG between S and C animals; BW, body weight, DM: dry matter; Green: green DM proportion; CP: crude
protein; ADF: acid detergent fibre; NDF: neutral detergent fibre; ME: metabolisable energy; SFE: supplement
feed efficiency.

2.2. Herbage Dry Matter Intake and Estimations of Substitution Rate

To estimate HDMI, CSIRO’s Cattle Explorer [20] spreadsheet was used, with actual data
from the trials, but assuming three possible forage dry matter digestibility values (DMD): 45,
55 and 65% for a theoretical modelling exercise. Even though a few trials presented laboratory
DMD values, most of them were calculated as, DMD = 88.9 − (0.779 × ADF% [21]. Therefore,
to be able to model more scenarios, three DMD values were chosen as extreme values from the
calculated DMD from ADF data from our database.

With the three estimations of HDMI, the ME and CP intakes were estimated in turn,
using the original dataset values for forage CP and estimated ME. Finally, substitution rates
were estimated using the three DMD scenarios plus a fourth which assumed that S animals
harvested higher quality forage compared with C animals (sDMD = 65%; cDMD = 55%).
These substitution rates were calculated both considering the amount of forage dry matter
(DM) substituted by supplement DM (sSbR) and considering the potential herbal intake,
which is assumed to have been consumed by C animals (hSbR).

The sSbR was calculated as follows:

sSbR, kg DM of pasture/kg DM of supplement = (cHDMI − sHDMI)/sDMI (1)

where cHDMI = average herbage DM intake (kg DM) of control animals consuming similar
forage (within the same experiment); sHDMI = herbage DM intake of supplemented
animals (kg DM); sDMI = supplement DM intake (kg DM).
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Finally, the potential herbage intake substitution rate (hSbR) was calculated as follows:

hSbR, kg DM of pasture/kg DM of pasture = (cHDMI − sHDMI)/cHDMI (2)

For further statistical description of these variables, see Appendix B.
The separate average BW of C and S against time for all of the experiments was plotted,

and distinct phases were observed, where slopes (i.e., ADG) behaved differently at certain
breakpoints in time.

2.3. Phase Identification and the Change in ADGchng vs. Growing Degree Days

The first step in the phases’ identification process was the plotting of the average
BW of C and S values separately, against time for all the experiments. Once it was clear
that phases were identifiable, dates were transformed into growing degree days (GDD,
base temperature = 0 ◦C) to standardise all trials regardless of the year of their occur-
rence or the differences in dates within winter. Data extracted using the nasapower R
package [22]—regarding minimum (min) and maximum (max) air temperatures (T, ◦C)
estimated 2 m above the surface—were obtained for each experiment for all dates from the
beginning of the experiment to the end (i.e., the whole supplementation period, excluding
the adaptation phase).

Then, the average air temperature (T avg) for each date was calculated as:

T avg = (T min/T max)/2 (3)

To translate T avg into an accumulated thermal sum, T avg was added to the initial T
avg of each experiment (iT avg), so that each subsequent day was added onto the previous
one, thus:

T day n = iT avg + T avg (n) (4)

In this way, the final value of each experiment was the accumulated growing thermal
time, measured in GDD. Growing degree days, or heat units, are generally used to estimate
the growth and development of certain crops during the growing season. In this way, it was
possible to standardise both weather and pasture growth conditions throughout all trials.

To determine what attributes were associated with ADGchng according to the main
phases observed for each trial, accumulated ADGchng was calculated for the beginning
of the trials (at an arbitrary thermal sum of 300 GDD) and for the last stages of the trials
(at an arbitrary thermal sum of 1000 GDD), generating the new variables “ADGcnhg300”
and “ADGchng1000”. These two new variables were calculated separately for each trial,
according to the best fitted model explained below. Thus, accumulated ADGchng was
estimated by replacing GDD by 300 and 1000 in their best fitted equation. The arbitrary
values of 300 ◦Cd and 1000 ◦Cd were chosen so as to include all trials in this analysis, since
with less than 300 ◦C, some trials were excluded, and the minimum length of the trials was
1000 ◦Cd.

2.4. Statistical Analysis

Statistical analyses were performed with the R software (version 4.0.3) [23] in combi-
nation with Infostat [24]. The threshold for statistical significance was p < 0.05.

Spearman correlation coefficients were estimated between SFE and HDMI and between
SFE and sSbR and hSbR, considering 5% of significance level (p < 0.05).

To formally prove the existence of different phases, the “segmented” R package
was used to fit a regression model with broken-line relationships for each experiment.
Segmented or broken-line models are regression models where the relationships between
the response and one explanatory variable are piecewise linear, i.e., two or more straight
lines connected at unknown values or breakpoints.

An analysis of variance was performed for accumulated ADGchng to test the interac-
tion between experiment and thermal sum, and because this interaction was significant
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(p < 0.05), regression analyses were run separately for each experiment, in which linear
and non-linear models were tested: linear (y = a + bx), quadratic (y = a + bx − cx2), square
root (y = a + exp(b)x), logarithmic (y = a + log(b)x), asymptotic (y = Asym + (R0 − Asym)
× exp(−exp(lrc)x)) and Weibull (y = Asym – Drop × exp(−exp(lrc)xpwr)), where: y was
the response variable, x was the GDD, a was the intercept, b was the linear coefficient, c
was the quadratic coefficient, Asym was the horizontal asymptote, R0 was the intercept, lrc
was the constant rate, Drop was the change from Asym to the y intercept, and pwr was
the power to which x was raised. Models were chosen by their Akaike (AIC) criterion for
each trial (the smaller AIC value corresponded to the best fitted model). When different
experiments were fitted to the same model pattern (e.g., linear), the models were compared
by analysis of covariance and contrasts using the “lsmeans” R package, at a 5% significance
level, to verify the possibility of using a single model for the experiments.

A principal component analysis (PCA) was performed considering all explanatory
variables and their association with the trials and their best fitted models. After that,
20 variables were selected by their contributions to the PCA (cos > 0.7) to generate the final
analysis. The package “factoextra” from R was used.

Pearson (for variables with normal distribution) or Spearman (for non-normal dis-
tribution variables) correlation coefficients were estimated between ADGcnhg300 and
ADGcnhg1000 and all of the explanatory variables (p < 0.05). After that, the top 10 variables
with the greatest correlation values were included in multiple linear regression models for
ADGchng300 and ADGchng1000. The models were checked for collinearity (by Variance
Inflation Factor < 5) and the final models were selected by the lowest AIC value, since the
parameters were significant (p < 0.05).

3. Results

Herbage DM intake estimations were between 6.9 and 4.1 kg DM/animal/day for the
lowest (45%) and highest (65%) assumed DMD, respectively, corresponding to 3.2–1.7 %BW
intakes, for the lowest and highest assumed DMD, respectively. Herbage DM intake was
positively correlated with SFE, presenting coefficients between 0.40 and 0.50 (Table 2).
Additionally, the greater the assumed DMD, the greater was the observed coefficient.

Table 2. Spearman’s correlation coefficients between supplemental feed efficiency (SFE) and estimated
herbage dry matter intake (HDMI) in a database of 15 supplementation experiments for young beef
cattle on native grasslands in Uruguay (2004–2018).

Correlation between SFE and Spearman p-Value

HDMI 45%DMD (kg/animal/d) 0.44 <0.001
HDMI 55%DMD (kg/animal/d) 0.46 <0.001
HDMI 65%DMD (kg/animal/d) 0.48 <0.001
HDMI 45%DMD (%BW) 0.40 <0.001
HDMI 55%DMD (%BW) 0.46 <0.001
HDMI 65%DMD (%BW) 0.50 <0.001

%DMD: dry matter digestibility; BW: body weight; SFE as kg BW change/kg supplement DM intake.

Substitution rates differed depending on their assumed DMD (Figure 1). Supplement
sSbR assuming greater DMD for supplemented plots than their control counterparts (sSbR
55–65 DMD = 1.2 ± 0.8 kg/kg) presented similar average values than assuming minimum
DMD (45%, sSbR = 1.2 ± 1.3 kg/kg), yet with less variability. Similarly, hSbR assuming
greater DMD for supplemented plots (hSbR = 0.3 ± 0.2 kg/kg) presented the greatest value
and the least variability.
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Figure 1. (a) Estimated substitution rates using three different digestibilities, substituting forage for
supplement (sSbR) and, (b) potential herbage intake substitution rate (hSbR) related to animals and
pastures in a database of 15 supplementation experiments for young beef cattle on native grasslands
in Uruguay (2004–2018). DM: dry matter; fDM: forage DM; sDM: supplement DM; HDMI: herbage
DM intake; sDMI: supplement DM intake; SbR: supplement substitution rate (control HDMI − supple-
mented HDMI)/sDMI); hSbR: potential forage intake substitution rate (control HDMI − supplemented
HDMI)/control HDMI). 45, 55 and 65%: assumed forage dry matter digestibility (DMD) to estimate
HDMI using CSIRO’s spreadsheet model; 55−65%: assuming control animals consume a lower forage
DMD (55%) than supplemented animals (65%) to estimate HDMI using CSIRO’s spreadsheet model.

All substitution rates, both as supplement (sSbR) and as potential herbage intake
substitution rate (hSbR) substitutions, were strongly and negatively correlated with SFE
(p < 0.01), regardless of the DMD assumed in their estimations (Table 3). Considering
that sSbR and SFE are not independent variables (because supplement intake is used
to calculate both), these correlations may be misleading. Nonetheless, because hSbR is
a completely independent variable from SFE, these strong associations determine that
the more supplemented animals decrease their HDMI, the less efficient they will be in
converting the consumed supplement. This is particularly the case as the assumed forage
DMD increases up to 65% for both supplemented and control plots.

Table 3. Spearman’s correlation coefficients between supplement feed efficiency and three different
digestibilities, substituting forage for supplement (sSbR) and potential herbage intake substitution
(hSbR) related to animals and pastures in a database of 15 supplementation experiments for young
beef cattle on native grasslands in Uruguay (2004–2018).

Correlation between SFE and Spearman p-Value

sSbR 45% −0.72 <0.001
sSbR 55% −0.76 <0.001
sSbR 65% −0.79 <0.001
sSbR 55–65% −0.72 <0.001
hSbR 45% −0.76 <0.001
hSbR 55% −0.78 <0.001
hSbR 65% −0.79 <0.001
hSbR 55–65% −0.78 <0.001

sSbR: supplement substitution rate (control herbage dry matter intake, HDMI − supplemented HDMI)/supplement
DM intake); hSbR: potential herbage intake substitution rate (control HDMI − supplemented HDMI)/control HDMI.
45, 55 and 65%: assumed forage dry matter digestibility (DMD) to estimate HDMI using CSIRO’s spreadsheet
model; 55−65%: assuming control animals consume a lower forage DMD (55%) than supplemented animals (65%) to
estimate HDMI using CSIRO’s spreadsheet model.
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Even though not all trials presented the same number of phases, almost all of them
showed at least two phases where the slope of C and S BW changed over time (Figure 2).
Furthermore, many showed similar BW changes between S and C plots during the first phase.
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Figure 2. Body weight (BW) against time, separated by control (C) or supplemented (S) animal
groups and their different phases in a database of 15 supplementation experiments for young beef
cattle on native grasslands in Uruguay (2004–2018). Control groups (C): red lines; supplemented
groups (S): yellow lines; limits of phases according to the FindPick function (quantmod R®): black
vertical lines.

Three main supplementation responses (regression models) were identified (Figure 3).
The response was either linear, quadratic or with a Weibull distribution, where ‘y’ represents
the accumulated ADGchng (i.e., the total BW difference between S and C groups), and ‘x’ is
GDD. In the first case (linear response), accumulated ADGchng increased at a regular rate.
In the case of the quadratic and Weibull response, the response was slow at the beginning
of the trials, and then it accelerated until the end of the period (quadratic) or slowed down
towards the end (Weibull).

Components 1 and 2 of the PCA explained 77.9% of the total data variation. Linear
models did not present a distinct association with any particular set of other relevant
variables. It is important to highlight that trial 29 (Linear 2) had the highest accumulated
ADGchng and was associated with sDMI, sADG, sCP, sPC:sEM, fME and fCP. On the other
hand, quadratic models appeared more associated with herbage biomass and substitution
rates (both sSbR and hSbR). Weibull models were more closely associated with frosts, yet
very distant from all other variables (Figure 4).



Grasses 2023, 2 176

Grasses 2023, 2, FOR PEER REVIEW 9 
 

 

the beginning of the trials, and then it accelerated until the end of the period (quadratic) 

or slowed down towards the end (Weibull). 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 3. Accumulated average daily gain change (ADGchng) between supplemented and control 

plots, against growing degree days (GDD, base temperature = 0 °C) for all experiments in a database 

of 15 supplementation experiments for young beef cattle on native grasslands in Uruguay (2004–

2018). (a) Trials 2, 4, 14, 16, 24, 25, 27, 28 (linear); (b) Trial 29 (linear); (c) Trials 3, 5, 7 (quadratic); (d) 

Trials 1, 8 (Weibull); (e) Trial 6 (Weibull). (a) y = −3.37 + 0.029x, R2 = 0.6872, RSE = 7.52, p < 0.0001; 

(b) y = −21.19 + 0.083x, R2 = 0.9944, RSE = 2.69, p < 0.0001; (c) y = −0.078 − 0.00716x + 0.0000142 × 2, 

R2 = 0.9531, RSE = 3.01, p < 0.0001; (d) y = 29.82 − 32.68 × exp(−exp(23.54) × 3.46), RSE = 5.1, p < 0.0001; 

(e) y = 57.72 − 57.19 × exp(−exp(17.59) × 2.60), RSE = 1.96, p < 0.0001. 

Components 1 and 2 of the PCA explained 77.9% of the total data variation. Linear 

models did not present a distinct association with any particular set of other relevant var-

iables. It is important to highlight that trial 29 (Linear 2) had the highest accumulated 

ADGchng and was associated with sDMI, sADG, sCP, sPC:sEM, fME and fCP. On the 

Figure 3. Accumulated average daily gain change (ADGchng) between supplemented and control
plots, against growing degree days (GDD, base temperature = 0 ◦C) for all experiments in a database
of 15 supplementation experiments for young beef cattle on native grasslands in Uruguay (2004–2018).
(a) Trials 2, 4, 14, 16, 24, 25, 27, 28 (linear); (b) Trial 29 (linear); (c) Trials 3, 5, 7 (quadratic); (d) Trials
1, 8 (Weibull); (e) Trial 6 (Weibull). (a) y = −3.37 + 0.029x, R2 = 0.6872, RSE = 7.52, p < 0.0001;
(b) y = −21.19 + 0.083x, R2 = 0.9944, RSE = 2.69, p < 0.0001; (c) y = −0.078 − 0.00716x + 0.0000142 × 2,
R2 = 0.9531, RSE = 3.01, p < 0.0001; (d) y = 29.82 − 32.68 × exp(−exp(23.54) × 3.46), RSE = 5.1,
p < 0.0001; (e) y = 57.72 − 57.19 × exp(−exp(17.59) × 2.60), RSE = 1.96, p < 0.0001.
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Figure 4. Principal component analysis separated into the five possible regression models explaining
ADGchng (supplement response) vs. GDD (growing degree days, base temperature = 0 ◦C) of
all experiments in a database of 15 supplementation experiments for young beef cattle on native
grasslands in Uruguay (2004–2018).

Figure 5 presents the accumulated ADGchng for all trials, plotted against growing
degree days and shows where 300 and 1000 GDD may be found for each of them. The
animal’s body weight and the supplement CP:ME ratio positively affected the initial phases
of the trials (ADGchng300). The last phases of the trials (ADGchng1000) were positively
affected by supplement DM intake, supplemented animal’s ADG and forage CP:ME ratio,
while being negatively affected by the CP content in the forage (Table 4).

Table 4. Multiple linear regression model equations for ADGchng at 300 and 1000 ◦Cd GDD, in a
database of 15 supplementation experiments for young beef cattle on native grasslands in Uruguay
(2004–2018).

Multiple Linear Regression Equation R2 Adjusted R2 p-Value

ADGchng300 = −22.21 + 0.092 × BW + 3.66 × sCP:sME 0.73 0.69 <0.01
ADGchng1000 = 17.90 × sDMintake + 43.51 × sADG + 45.3 × fCP:fME − 7.01 × fCP 0.85 0.79 <0.05

ADGchng: average daily gain (ADG) change or supplementation response at either 300 growing degree days (GDD,
◦Cd, base temperature = 0 ◦C) or 1000 GDD, BW: body weight (kg), sCP: supplement crude protein (CP) content,
sME: supplement metabolisable energy content, sDMintake: supplement DM intake, sADG: supplemented
animals’ ADG, fCP: forage CP content; fME: forage ME.
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Figure 5. Accumulated average daily gain change (ADGchng) between supplemented and control
plots, against GDD (growing degree days, base temperature = 0 ◦C), by best fitted models for
all experiments in a database of 15 supplementation experiments for young beef cattle on native
grasslands in Uruguay (2004–2018).

4. Discussion

The estimated substitution rates were always positive, regardless of the assumed
digestibility, which means that for supplementation schemes on native grasslands of the
Pampa biome, some amount of forage will be substituted by supplement. Their values
ranged between 0.3–1.1 kg/kg for supplement substitution and 0.1–0.3 kg/kg for potential
herbage intake. In addition, substitution rates were negatively and moderately associated
with SFE, or in other words, the more animals decreased their potential herbage intake,
the less efficient they became in using the offered supplement. Considering that sSbR
and SFE are not independent variables (because supplement intake is used to calculate
both), these correlations may be misleading. Nonetheless, because hSbR is a completely
independent variable from SFE, these strong associations determine that the more sup-
plemented animals decrease their HDMI, the less efficient they will be in converting the
consumed supplement, which is in line with Méndez et al. [25], who found that the main
factor affecting pasture HDMI is sSbR, at least under no limiting grazing conditions. Using
fixed stocking rates—as in all of the evaluated trials—supplementation proved to be a
dynamic process, explained by the difference in the change in body weight of control and
supplemented animals over time, suggesting the existence of differential response phases.
This is in accordance with Palma et al. [10], who found differences in voluntary forage
intake throughout the supplementation period. These responses could fit into one of three
regression models: linear, quadratic or Weibull. While the linear models did not appear
distinctly associated with any particular set of variables, quadratic models were mostly
associated with herbage biomass and substitution rates, whereas Weibull models were
the clearest in their association with frosts. Regardless of the response pattern, during the
first phases of the trials, the supplementation response was positively associated with the
animal’s body weight and supplement quality, whereas towards the end of the trials, the
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response was more associated with the supplementation intake, supplemented animals’
ADG and forage quality. This reflects the changing animal and pasture conditions—in
terms of sward structure and chemical composition—as the trial progressed through the
autumn/winter period.

Animal responses to concentrate feeding depend on both animal and feed factors, and
among the major feed factors is the rate of substitution of concentrates for pasture [26]. While
HDMI was found to be positively associated with SFE, both supplement DM and herbage
estimated substitution rates proved to be negatively associated with SFE (Tables 2 and 3),
which means that supplemented animals consuming more forage and substituting less are
obviously more efficient, as stated by Méndez et al. [25]. Since there is a positive relationship
between substitution rate and FA [16], and the average FA of our dataset can be considered
medium-low (5.5 ± 3.4 kg DM/kg BW) if we compare it with Pérez-Prieto and Delegarde [27]
for ground-level clipping sown pasture estimations (6.1 ± 0.4 kg DM/kg BW), we may deduce
that the observed values (Table 1) can be considered moderate-low. This moderate-low dry
matter substitution rate in combination with the CP intake, both from pasture and supplement,
allowed acceptable combinations of metabolisable CP and ME such that moderate ADGs were
achieved with supplementation (0.52 ± 0.23 kg/animal/day). As Penno et al. [28] state, one
of the key factors determining the intake response to supplementary foods is FA, in our case
moderate-low. Additionally, Dixon and Stockdale [29] state that when ruminants are consuming
low to medium digestibility forages, the substitution of grain for forage is generally lower than
with diets based on high-quality forages (i.e., temperate sown pastures), and considering that
our production systems present an intermediate forage nutritive value compared to temperate
sown pastures on one hand, and on the other hand semiarid rangelands and dry-season tropical
pastures [6], the sSbR of our database may be also expected to be somewhat in between these
two environments, rendering SFE values in between these two situations.

The average hSbR results suggest that supplemented animals consuming more di-
gestible pastures than their control counterparts through the exercise of their selectivity
(hSbR 55–65%) eat considerably less forage than their theoretical maximum potential, com-
pared to what happens when both control and supplemented DMD are the same (Figure 1).
Given that among the multiple factors affecting substitution rate, one is the digestibility
of the pasture [26], coincidently, the estimation of the actually consumed pasture in our
database proved to be associated with the supplementation efficiency (Table 2) in some
way through the differential digestibility between control and supplemented plots. In
real production system situations, this would imply that, when animals are exposed to a
highly heterogenous pasture in terms of digestibility—in such a way that supplemented
animals may exert an important amount of selectivity—the first recommendation would be
to reduce the forage allowance to control SFE through a lower forage on offer. Nonethe-
less, given that FA negatively affects SFE, while herbage mass positively affects it [6],
an extra complexity emerges, in which we need to find an even finer balance between
allowing animals to exert selectivity but at the same time controlling the FA, to prevent SFE
from dropping.

In a fixed stocking rate supplementation scheme (heads/ha) as in our database, the
sward is expected to change from initial to final conditions in terms of quantity, quality, and
spatial arrangement. It was possible to observe different phases over time (Figure 2), in which
all experiments presented at least one phase in which the BW change over time of C and S
animals behaved oppositely, where S animals were actively gaining BW while C animals were
maintaining or losing BW. In a grazing-down experiment, Cazzuli et al. [30] could not find
any differences between S and C animals concerning change in green content over time of
their swards nor on their plant functional types’ species preferences. This suggests that the
differences in BW change between C and S animals in this work—especially of C animals’
BW change—may be only partially explained by herbage quality or species composition of
the sward throughout the duration of the trials. In fact, Table 4 shows that BW explained
accumulated ADGchng in the early phases of all trials, while supplementation intake and
forage quality were more closely associated with the final phases of the supplementation
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schemes. It is possible that a lower forage quality condition (CP content at least) plays a
greater role in explaining a greater supplementation response during the latest phases of the
supplementation activity, compared to the beginning.

Since many variables were associated with the linear response models, it may be
assumed that their response was more dependent on each trial’s characteristic, without a
well-defined response pattern (Figure 4). Bonhert et al. [31], who worked with low-quality
C3 and C4 species, found that the intake and digestion of these grasses differ and that the
physiological response of ruminants to protein supplementation is dependent on forage
type. In the case of native Campos grasslands, dominated by a highly heterogeneous mosaic
of C3 and C4 species [32], multiple sward quality and structure may be expected, depend-
ing on the predominant weather trend of a particular year. Thus, at least in the case of
linear models, which represented over 50% of the trials in our database and in which the
supplement response was expected to increase at constant rates, a highly complex arrange-
ment of sward, supplement quality and weather scenarios may explain greater or lower
SFE values. Nevertheless, as a general principle, and as discussed above, the key issues
probably will be associated with finding a certain balance between FA and forage biomass.
In the case of both non-linear models (quadratic and Weibull), ADGchng might take longer
to be observed at the beginning of the supplementing period (Figure 3). Quadratic response
patterns were mostly associated with herbage biomass and substitution rates. If we consider
the importance of sward structure affecting HDMI on Campos grasslands [19,33,34], and
the fact that HDMI is positively associated with SFE (Table 2), we could state that, in these
quadratic response cases, sward structure, for example, herbage biomass, plays a key role
in determining high SFE, as opposed to forage quality or supplement intake. Should this
be the case, this would be in agreement with Cunha et al. [35], who claim that forage nutri-
ent content of several forage bases—from sown pastures to native grasslands—explains
only a small fraction of HDMI, ADG and CH4 emissions. When analysing the Weibull
response models (20% in our trials), the occurrence of frosts seems to be the most important
explanatory variable for this response type. Considering that temperature usually has a
considerable effect on grass digestibility, mainly through its effect on leaf-to-stem ratio [36],
frosts could be indirectly affecting the Weibull-type responses through a lower overall
digestibility of the pasture.

At the beginning of all of our trials (300 GDD), regardless of the response model type,
the animals’ BW positively influenced ADGchng as well as the supplement’s CP:ME ratio.
During a more advanced phase of the trials (1000 GDD), it was a greater supplement intake
and sADG, as well as lower forage CP, yet a greater forage CP:ME ratio (Figure 5 and
Table 4). In a meta-analysis performed by Detmann et al. [12], there was an average positive
response of protein-based supplements on tropical pastures (fCP < 6%) with beef cattle, as
the amount of offered supplement increased. Our results during an advanced phase of the
trials (1000 GDD) matched the average reported by these authors, where the greater the
supplement intake, the greater supplement response was expected. In our database, both
energy and protein-based supplements can be found, yet according to the preceding paper
of Cazzuli et al. [6], no differences were found between either of these types of supplements
on ADGchng, nor between the supplementation rate and SFE. The top leafy stratum of
pastures is expected to be preferred among all other pasture components [37], meaning that
it would be consumed before the rest of the sward, and therefore, the green leaf content
would be expected to decline throughout trials. Even though Cazzuli et al. [30] found an
opposite trend—at least at the end of a long stockpiling period and before grazing activities
began—Benvenutti et al. [37] found that the fCP content of a C4 species dominated sward
was greater in the upper stratum of the sward. Should the latter be the case, during the final
phases, the pastures would be offering lower quality forage in terms of fCP, which matches
our results because, during this late stage, the lower the fCP, the greater the response.
On the other hand, and matching our results, Detmann et al. [12] found that supplement
response decreased as the fCP increased, but these results were observed with very low fCP
contents, whereas in this collated analysis fCP was above 8% on average. An fCP threshold
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could exist under which no effect could be expected (early phases, 300 GDD) and above
which (later phases, 1000 GDD) it could be observed.

5. Conclusions

As stated in our working hypothesis, a positive and low-moderate substitution rate
occurred in our dataset, suggesting that there is still room for improvement of supplemental
efficiency. Additionally, we concluded that the digestibility of the consumed pasture affects
the supplement feed efficiency to some extent. Thus, efficiency is a multi-factorial issue,
predominantly associated mostly with forage and supplement intake affecting the animal’s
digestive physiology but without excluding the native pasture’s nutritive characteristics
and array.

Also accordingly with our initial hypothesis, three different supplementation re-
sponses could be identified (one of them being linear, and two of them being non-linear),
with a slow beginning and an accelerated phase afterwards. Quadratic response patterns
were explained mostly by herbage biomass and substitution rates, while Weibull response
patterns were mostly associated with frosts.

Regardless of the response pattern, at the beginning of the trials, it was the animals’
body weight and supplement quality that most influenced supplement response in a
positive way, whereas towards the end, both lower supplementation intakes and CP forage
contents played a more relevant role in explaining greater responses. This information
may be used in commercial supplementation schemes to help predict what to expect in
each phase and to introduce modifications accordingly, such as altering supplement type if
possible, shifting paddocks, etc.

Studying supplementation phases in detail in future research, especially in terms of
sward conditions throughout the supplementation period, could shed further light on the
variability of supplement feed efficiency along the period in which supplementation takes
place. The estimated parameters and their variability in forage intake and substitution rates
could be useful if included in decision support systems for livestock farmers in the future.
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Appendix A

Table A1. Summary of collated trials on supplementation of cattle grazing native rangelands carried
out in Uruguay between 1993 and 2018. All trials included one unsupplemented control treatment.

Trial
ID Location, Year Supplementation

Treatments * Breed and Category Duration
(Days) Replicates Animals/Trial Source

1 * La Magnolia,
2013 TMR with fibre Braford male calves 97 2 40 [2]

2 * Glencoe, 2013 TMR with fibre Hereford male calves 120 2 40 [2]

3 * La Magnolia,
2014

RB (ground
and pelleted) Braford male calves 68 2 40 [38]

4 * Glencoe, 2014 RB (ground
and pelleted) Hereford male calves 108 2 50 [38]

5 * Glencoe, 2015 Various (maize,
expellers and RB) Hereford male calves 141 2 50 [38]

6 * Glencoe, 2009 RB Hereford male and
female calves 113 2 48 [39]

7 * Glencoe, 2010 RB Hereford male calves 111 2 48 [39]
8 * Glencoe, 2011 RB Hereford male calves 119 2 48 [39]

14 * Ptas del Chuy,
2011 TMR British crossbred

male calves 81 2 48 [40]

16 * Glencoe, 2007 RB British crossbred
male calves 98 2 24 [39]

17 Palo a Pique,
2012 TMR with fibre British crossbred

male calves 77 1 12 [41]

24 * Glencoe, 2004 Various (RB
and expeller) British crossbred steers 42 2 70 [42]

25 * Glencoe, 2004 Various (RB
and expeller) British crossbred steers 78 2 70 [42]

27 Palo a Pique,
2008 TMR British crossbred

male calves 77 1 56 [43]

28 * Cañada del
Pueblo, 2008 DDGS Hereford female calves 89 2 40 [44]

29 * Tomás
Gomensoro, 2008 DDGS British crossbred

male calves 84 2 40 [44]

Total 1156

ID: identification number; TMR: total mixed ration; RB: rice bran; HMSGS: high-moisture sorghum grain silage
(combined with protein supplements); * Trial with two replicates.

Appendix B

Table A2. Descriptive statistics of herbage matter intake (HDMI), supplement substitution rate
(sSbR) and potential herbage intake substitution (hSbR): (mean), standard deviation (SD), coefficient
of variation (CV), minimum (min), and maximum (max) of a dataset of supplementation of cattle
grazing native rangelands carried out in Uruguay between 1993 and 2018.

Variable Min Mean Min SD CV

HDMI 45%DMD (kg/animal/d) 2.47 6.48 10.30 1.69 26
HDMI 55%DMD (kg/animal/d) 1.88 4.94 7.85 1.21 24
HDMI 65%DMD (kg/animal/d) 1.43 3.90 6.07 0.94 24
HDMI 45%DMD (%BW) 0.00 2.90 5.39 1.04 36
HDMI 55%DMD (%BW) 0.00 2.21 3.69 0.75 34
HDMI 65%DMD (%BW) 0.00 1.74 2.77 0.58 34
sSbR 45% −1.16 1.06 5.62 1.26 119
sSbR 55% −1.01 0.50 3.38 0.81 162
sSbR 65% −0.90 0.32 2.35 0.59 185
sSbR 55–65% −0.29 1.09 3.88 0.76 70
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Table A2. Cont.

Variable Min Mean Min SD CV

hSbR 45% −0.35 0.20 0.67 0.21 108
hSbR 55% −0.41 0.13 0.61 0.21 160
hSbR 65% −0.43 0.12 0.60 0.22 179
hSbR 55–65% −0.12 0.31 0.71 0.18 56

%DMD: dry matter digestibility; BW: body weight; sSbR = (control HDMI − supplemented HDMI)/supplement
dry matter intake; hSbR = (control HDMI − supplemented HDMI)/control HDMI. 45, 55 and 65%: assumed
forage DMD to estimate HDMI using CSIRO’s spreadsheet model; 55−65%: assuming control animals consume a
lower forage DMD (55%) than supplemented animals (65%) to estimate HDMI using CSIRO’s spreadsheet model.
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