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Abstract: This study was carried out to characterize the dynamics of forage accumulation during the
regrowth of Mulatto grass submitted to rotational grazing strategies. The treatments corresponded to
combinations between two pre-grazing conditions (95% and a maximum light interception during
regrowth—LI95% and LIMax) and two post-grazing conditions (post-grazing heights of 15 and 20 cm),
according to a 2 × 2 factorial arrangement and randomized complete block design, with four
replications. Rates of leaf growth (LGR), stems growth (SGR), total growth (TGR), leaf senescence
(LSR), grass accumulation (GAR) (kg·ha−1·day−1), and the senescence/canopy growth ratio during
different stages of regrowth. There was no difference between the management strategies for TGR.
However, a higher GAR was reported for pastures managed with LI95% relative to LIMax, of 161.7
and 120.2 kg DM ha−1·day−1, respectively. Pastures managed with LI95% have a lower SGR in the
intermediate and final regrowth period, reflecting the efficient control in the stalks production. On
the other hand, in pastures managed, the LIMax showed higher SGR and LSR in the final regrowth
phase. Thus, the LAI was higher in pastures managed at LI95% compared to those managed at LIMax,
of 163.9 and 112.7 kg DM ha−1·day−1, respectively. Mulatto grass pastures, which were managed at
LI95% pre-grazing, corresponded to approximately 30 cm in height, showed higher LAI, and ensured
a low SGR throughout the regrowth period, constituting a more efficient management strategy.

Keywords: rates of leaf growth; rates of stems growth; rates of leaf senescence; grass accumulation;
light interception; tropical grass

1. Introduction

Livestock production in pastures occurs predominantly in tropical areas [1–3], characterized
by environments of high solar radiation, temperature, and rainfall. These conditions favor the
higher productivity of C4 grasses compared to C3 species, resulting in the higher efficiency of
water and nitrogen use of the former under conditions of high temperatures [4,5].

In Brazil, a significant increase in the productivity of cultivated pastures has been
observed in the last years, mainly due to the adoption of new technologies by the ranchers,
including the use of new fodder options [6]. There is a serious lack of diversity among

Grasses 2024, 3, 174–189. https://doi.org/10.3390/grasses3030013 https://www.mdpi.com/journal/grasses

https://doi.org/10.3390/grasses3030013
https://doi.org/10.3390/grasses3030013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/grasses
https://www.mdpi.com
https://orcid.org/0000-0001-8776-1336
https://orcid.org/0000-0002-9811-7113
https://orcid.org/0000-0001-9104-3353
https://doi.org/10.3390/grasses3030013
https://www.mdpi.com/journal/grasses
https://www.mdpi.com/article/10.3390/grasses3030013?type=check_update&version=1


Grasses 2024, 3 175

cultivated species, with only one cultivar, Brachiaria brizantha cv. Marandu (Marandu
grass), dominating 45% of the pasture area and 60% of the seeds sold, while the other
forage species, in their rich variety, are neglected [7]. However, monoculture makes the
activity vulnerable, so it is essential to introduce new forage species to increase pasture
diversification, with advantages not only for the environment but above all to ensure more
rational exploitation of livestock [7].

In this scenario, Mulatto grass, a hybrid of Brachiaria (Brachiaria ruziziensis × Brachiaria
brizantha cv. Marandu) [8], has been highlighted as an option for good adaptation to soils
with low fertility, with good persistence, even under dry matter, good forage production
and nutritive value [9–12]. However, little is known about its pattern of growth and
accumulation of forage during regrowth when managed intermittently, a condition that
hinders the achievement of its productive potential and adoption by the rural producers.

The management of tropical forages requires special care, as they present with rapid
growth and a sharp decline in nutritional quality [13]. Therefore, understanding the growth
processes of forage plants is the first step in the definition of grazing management’s rational
strategies. After defoliation, a series of physiological and morphological responses are
triggered. These effects, in an integrated way, provide the restoration of the canopy for
the growth and senescence processes, guaranteeing the persistence of the plant in the
plant community [14]. The recovery of the canopy after defoliation is a dynamic process
during the regrowth period, as a function of the grazing management strategy used (a
combination of the frequency and severity of defoliation). It determines the reestablishment
of the pasture area of the pastures and, consequently, the quantity and morphological
composition of the forage produced.

The growth of a crop is a function of the interception of the incident light (IL) by the
sward canopy through its leaf area index (LAI) [15]. In tropical pastures, evident progress in
grazing management was obtained from using the light interception concept to evaluate the
most appropriate moment to interrupt the regrowth of forage grasses and establish targets
or management goals (e.g., height of the grass for animals to enter and exit the paddocks).
High-performance indexes and animal productivity were obtained when regrowth was
interrupted when the sward canopy reached 95% interception of the incident light. In this
condition, there was a higher dry matter yield of leaves and forage with a low proportion
of stalks and dead material. Consequently, this ensured forage of good nutritional value,
high consumption, and grazing efficiency [16–25].

Under these management conditions, parameters such as leaf and stem growth rates,
as well as senescence rates, forage accumulation, and leaf area index are essential for
understanding the dynamics of post-grazing regrowth [26,27]. In this way, enabling the
understanding of the functional responses of grass subjected to grazing by cattle leads to
solid and efficient pasture management planning.

Similar information is scarce in the literature for Mulatto grass. Thus, this work
aimed to evaluate the process of forage accumulation (growth and senescence) during the
regrowth of managed Mulatto grass using light interception criteria to identify suitable
targets for the height at which animals enter and exit the paddocks. With this, determining
the Mulatto grass regrowth stages that present the best forage accumulation rates makes it
possible to identify the ideal times to reintroduce cattle to the pasture, ensuring the efficient
use of forage and minimizing the environmental impact of grazing. This study aims to
evaluate the dynamics of growth rates and leaf senescence of Mulatto grass in response
to different grazing strategies, making it possible to understand the grazing strategy that
increases the efficiency of forage harvesting by the animal.

2. Materials and Methods
2.1. Location of the Experiment and Climatic Conditions

The experiment was conducted at Piracicaba, state of São Paulo, Brazil, (22◦42′ S,
47◦37′ W and 550 m a.s.l). The experiment was established on a moderately rolling transi-
tion between a Mollisol and a Vertisol (USDA Soil Taxonomy) of high fertility. The soil of
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the 0–20 cm layer [28] had the following chemical composition: 0.01 M CaCl2; pH = 5.5;
organic matter = 38.5 g dm−3; P (ion-exchange resin) = 82 mg dm−3; Ca = 104 mmolc dm−3;
Mg = 30 mmolc dm−3, K = 6.4 mmolc dm−3; H + Al = 30 mmolc dm−3; sum of
bases = 140 mmolc dm−3; cation exchange capacity = 171 mmolc dm−3; and base satura-
tion = 82%).

According to the Köppen classification, the climate is Cwa type (i.e., mesothermal
humid subtropical with a dry winter). Information regarding the climatic conditions during
the experimental period was obtained from a meteorological station located approximately
500 m from the experimental site.

The climatic data for the experimental period were collected monthly, being evaluated
as the average maximum, mean, and minimum temperatures, and precipitation measured
(Figure 1). Besides, data were used to calculate monthly soil water balance [29] using 50
mm as available water capacity (AWC) (Figure 2).
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2.2. Plant Material and Implementation of the Experiment

The pasture of Brachiaria hybrid Mulato (CIAT 36061) (mulatto grass) was established
in November 2004. Since its implantation, the area was used for intermittent stocking with
beef cattle until November 2007. Then, it was submitted to grazing and subsequent grazing
of uniformity to approximately 10 cm of the soil. After mowing, 60 kg ha−1 of nitrogen was
applied in the form of ammonium nitrate. After that, the monitoring of the pastures started to
be implemented for the experimental treatments. In total, 270 kg ha−1 of N was applied during
the rainy season (late spring and summer), including initial fertilization. The experiment started
in January 2008, after a complete grazing cycle in all experimental paddocks, a condition in
which post-grazing height targets was established and ended in April 2009.

It is important to highlight that the research was carried out during this period,
however, the questions raised and the parameters studied are very important and current
for animal production in pastures, as they affect the yield and nutritional value of the
forage. Therefore, the research carried out has a great practical dimension, indicating the
possibilities of using Mulatto grass in the rational management of pastures in Brazil and
other parts of the world under similar climatic conditions.

2.3. Treatments, Experimental Design

The treatments corresponded to combinations between two pre-grazing conditions
(95% or maximum interception of the light incident during LI95% regrowth or LIMax, re-
spectively) and two post-grazing conditions (15 and 20 cm post-grazing heights), and were
allocated to the experimental units (paddocks of 1.200 m2 each) according to a 2 × 2 facto-
rial arrangement and a complete randomized complete block design with four replications.
The grazing was performed by heifers of the Nelore and Canchim breeds with the initial
weight of 270 kg, and the number of animals used was scaled so that the grazing occurred
in no more than 12 h (“mob grazing”, Gildersleeve et al. [30]).

2.4. Data Collection and Sampling

The light intercepted by the forage canopy was evaluated using the canopy analyzer
(LI-COR model LAI 2000, Lincoln, NE, USA). Measurements were made right after the
animals left the paddocks, and after that, weekly during regrowth until LI90% was reached.
From that point, readings began to be performed every two days until 95 and/or the
maximum of light interception by the canopy were reached. Maximum LI was characterized
in the condition that the light interception did not increase during two consecutive readings
and corresponded to the value of approximately 99%. Measurements were performed at
ten measurement stations per experimental unit. In this way, at the locations the heights
represented the average pasture condition at the time of sampling and corresponded to
a reading above the canopy and five readings at the ground level at each station. So, ten
readings were made above the canopy, and, 50 readings at ground level, per paddock.
The height of the canopy was determined with the same frequency of light interception
measurements using a sward stick, and 100 measurements were taken along a priori defined
trajectories and used consistently throughout the experimental period for each paddock.

The leaf area index (LAI) was determined from forage samplings in the pre- and
post-grazing in paddock locations that represented the average condition of the pastures at
the time of sampling (height assessment), using a metal frame measuring 0.90 × 0.37 m
(0.333 m2). Three samples were collected per paddock, cutting the forage at ground level.
The material was taken to the laboratory, where the leaf blades of the stem were manually
separated. The leaf blades were passed through the integrated leaf area (Apparatus Li-
Cor.Inc.modeloLAI-3100 Area Meter), to determine the leaf area of the samples and the
values in the LAI calculation of pastures.

Forage mass sampling was carried out at pre- and post-grazing locations in paddocks
representative of the average pasture condition at the time of sampling (evaluation of
forage height and mass), using a 0.90 × 0.37 m metal frame. (0.333 m2). Three samples
were collected per paddock, which were combined to form a composite sample. The leaf
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blades were passed through the leaf area integrator (LI-Cor. Apparatus LAI-3100 Area
Meter2), to determine the leaf area of the sample and the values used in the calculation of
the leaf area index (LAI) of the pastures.

The evaluations of the forage accumulation process during regrowth reported in this
study were performed during the second growing season (January to April 2009), after a
year of the imposition of treatments to experimental paddocks. To estimate the dynamics of
forage accumulation (growth and senescence rates), basal and aerial tillers were marked on
all paddocks at each grazing cycle [31]. The marking was always done in the post-grazing
condition using sites that corresponded to points representing the average condition of the
paddocks at the time of marking (visual evaluation of the forage mass and height of the
pasture). Ten tillers were randomly marked every 20 cm in a straight line at three paddock
sites, totaling 30 tillers per trough and 120 tillers per treatment. At each grazing cycle, a
new tiller group was selected for the evaluations.

At every 3 and 4 days (twice a week), all tillers were evaluated for the following character-
istics: (a) leaf blade length and (b) classified as expanding, expanded, senescent, or dead leaf.
The leaves were classified as expanding when their ligule was not exposed; expanded when
ligule was visible and/or its growth ceased (a fact that was considered after two consecutive
evaluations with zero variation in leaf blade length); senescent when part of the leaf blade
showed signs of senescence (yellowing and/or necrosis in any region of the leaf blade); and
dead when more than 50% of the leaf limbus was compromised by senescence.

Leaf length was measured according to the stage of development of the leaves. For
expanded leaves, the length was measured from the tip of the leaf to its ligule. In the case of
expanding leaves, the same procedure was adopted, however, considering the last expanded
leaflet as the reference for measurement. For leaves in senescence, instead of the tip of the leaf,
the point was considered until senescence was detected, that is, yellowing and/or necrosis of
the green part of the leaf blade. The distance from the soil (or insertion point, in the case of
aerial tillers) to the last fully expanded leaflet was used to measure the stem length.

The length variation of each leaf blade and stem, at each sampling date, allowed the
calculation of the stretching and senescence rates (in cm tillers−1-day−1). Positive variations
in length allowed calculation of elongation rates for leaves and stems. The reduction in
the green leaf fraction of senescent leaves (negative variations in length) allowed for the
calculation of senescence rates.

On the last day of each evaluation period, all the marked tillers were collected (cut at the
soil level or the insertion point in the main tiller in the case of aerial tillers), placed in plastic bags,
and taken immediately to the cold room to minimize losses per breath and evaporation. Manual
separation of leaf blades, stems (stem + leaf sheaths), and senescent/dead material was carried
out, which the material was then taken to oven drying at 65 ◦C for 72 h. After drying, the material
was weighed and the mass of each component divided by the total length, thus generating a
gravimetric conversion factor (g cm−1) used to transform all field measurements, expressed in
cm tillers−1 day−1, in g tillers−1 day−1. The final transformation for kg ha−1·day−1 of forage
dry mass was performed by multiplying these values by the population density of tillers in each
paddock, determined in a concomitant experiment in the same experimental area [32].

The sum of leaf growth with stem growth gave rise to total growth (Equation (1)).
Besides, the difference between total growth and senescence values allowed the calculation
of forage accumulation rates (Equation (2)):

Total growth (kg ha−1·day−1) = Leaf growth + Stem growth, (1)

Forage accumulation (kg ha−1·day−1) = Growth − Senescense, (2)

It was also calculated for the participation of senescence as the proportion of growth
(Equation (3)) [33]:

Senescense/Growth ratio = (Senescense/Growth), (3)
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2.5. Statistical Analysis

As the regrowth period was variable for each experimental unit and treatment, de-
pending on how the treatments were defined, the regrowth period for each paddock was
divided into three sub-periods (initial phase, intermediate phase, and final phase), and rate
calculations of leaf and stem growth, senescence, and forage accumulation were carried
out using tiller population density values measured throughout the grazing cycles during
the experimental period.

The variables leaf growth rate, leaf senescence rate, stem growth rate, total growth rate
(leaves + stems), forage accumulation rate, and senescence/growth ratio were subjected
to analysis of variance using PROC MIXED statistical package SAS® (Statistical Analysis
System), version 9.2 for Windows® [34]. Akaike’s Information Criterion was used in the
choice of variance and covariance matrix [35]. Thus, it was possible to detect the effects
of the main causes of variation (pre-grazing light interception, post-grazing height, and
regrowth phase) as well as the interaction between them. The effects of pre-grazing, post-
grazing height, and regrowth phase and their interactions were considered fixed effects,
and blocks considered random effects [36].

The means of the treatments were estimated using the “LSMEANS” and, the com-
parison between them using the probability of the difference (“PDIFF”). Differences were
declared significant at p < 0.05. Quadratic regressions were used to assess the relationship
between leaf area index and canopy light interception and were performed using the R
software (version 3.1.2); R Development Core Team [37].

3. Results

The mean values of light interception in the pastures managed with the LI95% target
were about 15% higher than those obtained with the LIMax target in the initial regrowth
phase (Table 1). However, in the intermediate phase, pastures managed with the LIMax
target showed values that were already equivalent to the values of the final phase of
pastures, which was managed with LI95% target. The mean LI values reached in the final
regrowth phase in the pastures managed with the LI95% target remained very close to the
stipulated target.

Table 1. Light interception in Mulatto grass during regrowth depending on rotational cattle grazing
management.

Post-Grazing Height (cm)
Pre-Grazing LI Target ‡

LI95% LIMax

Initial phase (SEM = 0.70) †

15 80.9 64.3
20 82.7 78.0

Intermediate phase (SEM = 0.27)
15 90.5 95.0
20 93.2 94.4

Final phase (SEM = 0.04)
15 95.1 99.3
20 95.1 99.2

† Standard error of the mean. ‡ light interception.

The post-grazing height target (initial phase) was effectively reached for pastures
submitted to treatments 95/15, 95/20, and LIMax/20. However, in pastures submitted to
LIMax/15 treatment, post-grazing height was higher than planned (Table 2). The mean
values of canopy height reached in the final phase (pre-grazing) in the grazing managed
with LI95% were close to 30 cm. In the pastures managed with the LIMax target, the values
were close to 40 cm.
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Table 2. Post-grazing height (cm) during regrowth depending on rotational cattle grazing management.

Post-Grazing Height (cm)
Pre-Grazing LI Target ‡

LI95% LIMax

Initial phase (SEM = 0.20) †

15 14.8 20.8
20 20.0 20.5

Intermediate phase (SEM = 0.43)
15 22.6 32.8
20 25.8 33.4

Final phase (SEM = 0.36)
15 27.7 40.9
20 29.8 44.2

† Standard error of the mean. ‡ light interception.

Light interception of the forage canopy increased quadratically with the leaf area index
(LAI) of pastures for all management strategies evaluated (Figure 3). LAI values ranged
from 1.0 to 6.1, with more significant variations for the LIMax/15 management strategy and
lower variation for the 95/20 management strategy, from 2.6 to 3.6, from the beginning to
the end of the regrowth period.
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The pre-grazing height of the canopy varied with the LI target (p < 0.01). Higher
heights were recorded in the pastures managed with the LIMax target compared to those
managed with the LI95% target (Figure 4). There was no interaction between pre-grazing
light interception and post-grazing height (p = 0.34).
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The total growth rate was not influenced by the management strategies evaluated
(p = 0.1763). It only varied with the regrowth phase (p = 0.0089), with higher values recorded
in the initial and final phases and lower in the intermediate phase (Figure 5).
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Figure 5. Total growth rate (TGR) during regrowth of Mulatto depending on rotational cattle grazing
management. Averages followed by the same letter do not differ from each other (p > 0.05).

The foliar growth rate varied with the pre-grazing LI target (p = 0.0328) and with the
regrowth phase (p = 0.0356). Pastures managed with the LI95% target presented higher values
than pastures managed with the LIMax target (Figure 6A). During regrowth, higher values were
recorded in the initial phase and smaller in the intermediate phase of regrowth (Figure 6B).
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Figure 6. Leaf growth rate (LGR) of Mulatto grass managed with pre-grazing targets LI95% and LIMax

(A) during the regrowth period, (B) depending on rotational cattle grazing management. Averages
followed by the same letter do not differ from each other (p > 0.05).

The growth rate of stems varied with phase of regrowth (p = 0.0078) and post-grazing
height × regrowth (p = 0.0035) and light intercept × regrowth phase (p = 0.0001). Pastures
managed with the LI95% target presented higher values in the initial regrowth phase,
reducing in the intermediate phase, and remaining relatively constant until the end of
regrowth. The inverse pattern was observed for the pastures managed with the LIMax target,
with higher values recorded at the end of the regrowth period. Higher stems growth rates
were recorded for the grasses managed with the LI95% target in the initial and intermediate
stages of regrowth compared to those managed with the LIMax target. However, in the final
phase, there was an inversion of the pattern, with higher values recorded in the pastures
managed with the LIMax target (Table 3).

Table 3. Stem growth rate during regrowth of Mulatto grass depending on rotational cattle grazing
management characterized by pre-grazing targets LI95% and LIMax from January to April 2009.

Regrowth Phase
Pre-Grazing LI Targets ‡

SEM †
LI95% LIMax

(kg ha−1·day−1)
Initial 71.0 Aa 46.3 Bab 4.2

Intermediate 51.7 Ab 40.4 Bb 4.2
Final 45.2 Bb 53.5 Aa 5.4

Averages followed by the same capital letter in the rows and lower case in the columns do not differ (p > 0.05).
† Standard error of the mean. ‡ light interception.

Regarding post-grazing height, the stems’ growth rate remained stable throughout
the regrowth period in the pastures managed with the goal of a post-grazing height of
15 cm (Table 4). In pastures managed with the targets of a post-grazing height of 20 cm,
higher values of shoot growth rate were recorded in the initial regrowth phase compared
with the intermediate and final phases.

The leaf senescence rate varied with the phase of regrowth (p = 0.0052) and with
pre-grazing LI interaction and regrowth phase (p = 0.0023). In the grazing managed with
LI95%, the values remained stable throughout the regrowth period, whereas in pastures
managed with the LIMax target, the leaf senescence rate increased during the regrowth
phases. Grasses managed with the target LI95% presented with higher values in the initial
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phase, whereas in the final phase, higher values were recorded in the pastures managed
with the LIMax target (Table 5).

Table 4. Stem growth rate during regrowth of Mulatto depending on rotational cattle grazing
management characterized by post-grazing height targets 15 and 20.

Regrowth Phase
Post-Grazing Height (cm)

SEM †
15 20

(kg ha−1·day−1)
Initial 45.5 Ba 71.8 Aa 4.2

Intermediate 43.2 Aa 48.8 Ab 4.2
Final 48.2 Aa 50.5 Ab 5.4

Averages followed by the same capital letter in the rows and lower case in the columns do not differ (p > 0.05).
† Standard error of the mean.

Table 5. Leaf senescence rate during regrowth of Mulatto grass depending on rotational cattle grazing
management characterized by pre-grazing targets LI95% and LIMax.

Regrowth Phase
Pre-Grazing LI Targets ‡

SEM †
LI95% LIMax

(kg ha−1 day−1)
Initial 60.9 Aa 42.4 Bc 5.5

Intermediate 46.7 Aa 56.8 Ab 5.0
Final 53.9 Ba 72.3 Aa 5.0

Averages followed by the same capital letter in the rows and lower case in the columns do not differ (p > 0.05).
† Standard error of the mean. ‡ light interception.

The forage accumulation rate varied with the pre-grazing LI (p = 0.0307) and with the
regrowth phase (p = 0.0138). Pastures managed with the LI95% target had higher values
than pastures managed with the LIMax target (Figure 7A). During the regrowth phases,
higher values were recorded in the initial phase, reducing in the intermediate phase and
remaining stable until the end of regrowth (Figure 7B).

Grasses 2024, 3, FOR PEER REVIEW 11 
 

 

The forage accumulation rate varied with the pre-grazing LI (p = 0.0307) and with the 
regrowth phase (p = 0.0138). Pastures managed with the LI95% target had higher values 
than pastures managed with the LIMax target (Figure 7A). During the regrowth phases, 
higher values were recorded in the initial phase, reducing in the intermediate phase and 
remaining stable until the end of regrowth (Figure 7B). 

  
Figure 7. Mulatto grass accumulation rate (GAR) managed with pre-grazing targets LI95% and LIMax 
(A) during the regrowth period (B) depending on rotational cattle grazing management. Averages 
followed by the same letter did not differ (p > 0.05). 

The senescence/growth ratio varied as a function of pre-grazing LI (p = 0.0054), 
regrowth phase (p = 0.0104), and pre-grazing LI interaction × regrowth phase (p = 0.0008). 
In the pastures managed with the LI95% target, the values remained stable throughout the 
regrowth period. In the pastures managed with the LIMax target, higher values were 
recorded in the intermediate and final phases of regrowth (Table 6). 

Table 6. Senescence/growth ratio during regrowth of Mulatto grass depending on rotational cattle 
grazing management characterized by pre-grazing targets of LI95% and LIMax. 

Regrowth Phase 
Pre-Grazing LI Targets ‡ 

SEM † 
LI95% LIMax 

Initial 0.27 Aa 0.30 Ab 0.03 
Intermediate 0.23 Ba 0.44 Aa 0.03 

Final 0.27 Ba 0.47 Aa 0.03 
Averages followed by the same capital letter in the rows and lower case in the columns do not differ 
(p > 0.05). † Standard error of the mean. ‡ light interception. 

4. Discussion 
The dynamics of forage accumulation comprise plant growth and senescence 

processes, which are a function of light interception and leaf area index of the forage 
canopy [15,38]. In this sense, strategies of grazing management under intermittent 
stocking modify the dynamics of forage accumulation. So, it affects the frequency and 
severity of defoliation. Consequently, there is a change in the binomial amount and 
quality of leaf area, which is a determinant of the canopy�s photosynthetic capacity. 

The evaluated canopy height and light interception targets were, in general, 
effectively reached (Tables 1 and 2). The contrast imposed by the treatments allowed a 

163.9 a

112.7 b

0

50

100

150

200

LI95% LIMax

kg
 d

e 
D

M
 h

a-1
 d

ay
-1

Light interception target

(A)
156.8 a

130.9 b 127.2 b

0

50

100

150

200

Initial Intermediate Final

Phases of regrowth

(B) 

Figure 7. Mulatto grass accumulation rate (GAR) managed with pre-grazing targets LI95% and LIMax

(A) during the regrowth period (B) depending on rotational cattle grazing management. Averages
followed by the same letter did not differ (p > 0.05).
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The senescence/growth ratio varied as a function of pre-grazing LI (p = 0.0054),
regrowth phase (p = 0.0104), and pre-grazing LI interaction × regrowth phase (p = 0.0008).
In the pastures managed with the LI95% target, the values remained stable throughout
the regrowth period. In the pastures managed with the LIMax target, higher values were
recorded in the intermediate and final phases of regrowth (Table 6).

Table 6. Senescence/growth ratio during regrowth of Mulatto grass depending on rotational cattle
grazing management characterized by pre-grazing targets of LI95% and LIMax.

Regrowth Phase
Pre-Grazing LI Targets ‡

SEM †
LI95% LIMax

Initial 0.27 Aa 0.30 Ab 0.03
Intermediate 0.23 Ba 0.44 Aa 0.03

Final 0.27 Ba 0.47 Aa 0.03
Averages followed by the same capital letter in the rows and lower case in the columns do not differ (p > 0.05).
† Standard error of the mean. ‡ light interception.

4. Discussion

The dynamics of forage accumulation comprise plant growth and senescence processes,
which are a function of light interception and leaf area index of the forage canopy [15,38].
In this sense, strategies of grazing management under intermittent stocking modify the
dynamics of forage accumulation. So, it affects the frequency and severity of defoliation.
Consequently, there is a change in the binomial amount and quality of leaf area, which is a
determinant of the canopy’s photosynthetic capacity.

The evaluated canopy height and light interception targets were, in general, effec-
tively reached (Tables 1 and 2). The contrast imposed by the treatments allowed a wide
variation in the leaf area index of the canopy, from 1.0 to 6.0, and a similar pattern of
light interception response as a function of the leaf area index. As the LAI of the forage
canopy increased during regrowth, there was an increase in the light interception by the
canopy (Figure 3), a classic pattern of response and similar to several species reported in the
literature [26,27,39–44]. The quadratic response pattern between the light interception and
the LAI is a result of increasing shading in the canopy interior, so the higher the LAI, the
lower the light-interception efficiency, justified by the alteration in the leaves’ architecture
and modifications that impact the growth and senescence as shading within the canopy
intensifies. However, the height measurements of the forage canopy corresponding to the
LI95% and LIMax targets were 28.7 cm and 42.5 cm, independent of the post-grazing height
goal, demonstrating the consistency and robustness of the canopy height as a field indicator
for the determination of the appropriate time to stop regrowth [22].

The total growth rate corresponds to the increase in herbage mass in a given time, being
influenced by the quality and quantity of leaf area available for photosynthesis. Although
the management strategies evaluated altered the magnitude of the LAI of the forage canopy,
there was no difference between the pre-grazing LI targets evaluated (217.7 + 51.6 and
169.9 + 83.62 kg ha−1 day−1 for the LI95% and LIMax targets, respectively). However, the
total growth rate is a result of the sum of the growth from leaves and stems, so that the
same total growth rate can occur in different ways due to differences in contribution to
each morphological component’s total growth. The leaf growth rate was higher in the
grazing managed with the LI95% target compared to those managed with the LIMax target
(Figure 6A). The highest leaf growth rate is a desirable condition for providing better forage
yield and greater ease of grip by the animal since stalks represent a physical barrier and
make it challenging to grazing [45–49]. On the other hand, in the pastures managed with
the LIMax target, due to the lower frequency of defoliation, the remaining leaves are less
adapted to high luminosity. This condition happens because they grew under conditions of
low light incidence, contributing to their photosynthetic capacity [50,51].

During the regrowth period, the total growth rate was higher in the initial and final
phases (Figure 5). This may characterize the strategy for the recovery of LAI after defoliation
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as a way of adapting to defoliation impacts, in an attempt to re-establish and maintain an
optimal balance of growth [14]. This pattern of variation in total growth is consistent with
high leaf growth rates (Figure 6B) and stems (Table 3) at the beginning of the regrowth of
managed grasses with the LI95% target. The stem elongation evaluations performed in this
experiment did not distinguish between stem and pseudostem, with the high elongation of
shoots in the initial phase of regrowth managed with the LI95% target most likely due to
the elongation of foliar sheaths associated to the high rate of appearance of leaves relative
to pastures managed with the LIMax target.

The growth rate of stalks was lower in the intermediate and final periods of the
regrowth of the pastures managed with the target LI95% (Table 3), reflecting the efficient
control of the accumulation of stalks and favoring the supply of forage with a lower
proportion of this morphological component in the mass of pre-grazing forage, as reported
by Silveira et al. [48] and Carnevalli et al. [21]. In pastures managed with the LI95%
target, the post-grazing height of 15 cm goal resulted in a lower shoot growth rate in
the early regrowth phase when compared to the 20 cm target (Table 4), possibly due to
the greater severity of defoliation, which may have favored the reduction in the growth
rate of stems and prioritization of resources for the production of leaves. This type of
behavior is characteristic of the mechanisms of resistance and adaptation to grazing denominated
phenotypic plasticity [52]. So, plants condition the supply of carbohydrates primarily for the
production of photosynthetic tissues, i.e., leaves, to favor the rapid recovery of the leaf area
during the regrowth period. On the other hand, in pastures managed with the LIMax target,
the highest shoot growth rate occurred in the final regrowth stage, which is probably a way
to position new leaves in a better light incidence condition at the top of the canopy [22]. The
stem elongation is a vital shade avoidance mechanism. It involves morphological adaptations
that favor the photosynthetic capacity of the plants as the newly emerged leaves are positioned
in the upper part of the canopy [52]. However, it also has practical implications for animal
production, with a reduction in the nutritional value of forage [53].

The rate of forage accumulation is a function of the balance between growth and
senescence processes [54]. Tissue senescence and death occur concomitantly to growth,
compromising the accumulation and quality of the forage produced. The leaf senescence
rate in the canopy is directly influenced by the light availability, which was altered as
a function of the interaction between the pre-grazing LI target and the regrowth phase
(Table 5). The leaf senescence rate in the pastures managed with the LIMax target was higher
in the final phase of the regrowth period, with increases in the order of 70% compared to
the initial phase, reaching almost 50% of the leaf growth (Table 6). A similar pattern was
recorded by Carnevalli et al. [45] in pastures of Mombasa grassland (Panicum maximum
Jacq. Cv. Mombaça) managed with the LIMax target, with a 366% increase in senescence rate
from the beginning to the end of the regrowth period. In severe shading conditions, there is
a rapid and marked senescence of the leaves positioned closer to the forage canopy’s base.
This situation characterizes the strategy to optimize the partition of resources (internal
nutrient cycling) and adaptation to the environment [55]. However, increased senescence
provides a reduction in the nutritional value of forage, with an increase in the proportion
of sclerenchymatic tissues and lignin accumulation [53].

As a result of the balance between canopy growth and senescence, the forage accu-
mulation rate was higher in the grazing managed with the LI95% target compared to those
managed with the LIMax target (Figure 7A), mainly due to the higher senescence rate in the
pastures managed with the LIMax target and the highest foliar growth rate in the grazing
managed with the LI95% target (Figure 6A).

Ratifying this fact, the pastures managed with the LI95% target presented higher
residual LAI, providing rapid regrowth after defoliation, resulting in a higher post-grazing
light interception. During the regrowth period, the forage accumulation rate was high in
the initial phase, reducing the intermediate, and remaining stable until the final regrowth
phase (Figure 7B). The stabilization of the forage accumulation rate in the canopy in the
final regrowth phase is associated with an increase in the rate of forage accumulation in
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aerial tillers in this phase, a fact that can be evidenced by the increase in the growth rate
and the population density of aerial tiller in the pre-grazing recorded by Da Silva et al. [32]
in a contemporary study in the same experimental area.

Thus, the forage accumulation is maximized when the forage LAI is lower than the
maximum possible LAI value to be reached, coinciding with the condition in which 95%
interception of the incident radiation occurs, the critical LAI. Therefore, this situation would
be the ideal moment to interrupt the regrowth process of Mulatto grasses, as reported in
the literature for other forage species [56–59]. After this time, an increase in senescence
and stem-elongation rates associated with decreased leaf elongation rates is evident [22].
In the pastures managed with the target LI95%, the LAI in the pre-grazing condition was
approximately 3.6, which is 40% smaller than that of the pastures managed with the LIMax
target. The results demonstrate the consistency of the criterion of interruption of the
regrowth process to the 95% of interception of light by the forage canopy and reinforce the
potential use of the height of the pasture as a field indicator to monitor this condition. For
Mulatto grass, the target of the ideal height of entry corresponds to 30 cm and one of the
heights of exit to 15 or 20 cm.

5. Conclusions

Grazing management strategies alter the dynamics of forage accumulation throughout
the regrowth period. Mulatto grass pastures managed with the LI95% target, corresponding
to approximately 30 cm in height, present a higher rate of forage accumulation, with a
higher leaf growth rate, concerning pastures managed with the LIMax target. Also, pastures
managed with the LI95% target ensure low stem growth and low foliar senescence rates
during the regrowth period, contributing to high forage yield and high utilization efficiency.
Therefore, in a practical way, it is recommended to manage Mulatto grass, under rotational
grazing by cattle, with a grass height of 30 cm for the animals to enter the paddocks, and
animals to exit the paddocks with a grass height of 15 or 20 cm for post-grazing grasses.
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