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The study of canopy structures is essential for the precise management of local forage. Although the relationship
between the canopy height (CH) and light interception (LI) allows the best use of forage, there are other char-
acteristics of the canopy that, if not observed, can lead to errors in grazing management. This study analyzes the
effect of the defoliation frequencies (DF) and season on the productive and structural characteristics of Guinea
grass and defines whether tiller population density (TPD) should be considered in the mathematical models that
relate CH to LI. The experimental design used includes randomized blocks with six defoliation frequencies (DF) of
14, 21, 28, 35, 42, and 49 days, over three seasons: rainy season 2015 (RS2015), dry season (DS), and rainy
season 2016 (RS2016), in the Amazon biome. Yield characteristics and forage structure were evaluated. The
interaction between the DFs and seasons in all evaluated variables included forage accumulation, proportions of
stem, leaves and dead material, tiller population density (TPD), CH, LI, and leaf area index. The curve steepness
constant (CSC) of the nonlinear models between CH and LI was different from that of the DFs. A DF of 14-28 days
averaged a TPD of 616 tillers m~2 and CSC of 0.0407, and a DF of 35-49 days averaged a TPD of 496 tillers m 2
and CSC of 0.0368. An agreement index (d) of 0.87, a bias of 1.5 %, and a determination coefficient (R?) of
0.6187 were obtained for the model that estimated a CH with the inclusion of LI and TPD when validated with
data from studies published in the literature. TPD associated with CH and LI allowed for more precise man-
agement of the ideal defoliation moment.

1. Introduction (Alviarez et al., 2020; Husse et al., 2016). LI has been correlated with

many important variables in studies on cultivated forage, such as harvest

The adoption of more precise criteria for the entry and exit of animals
in the pasture is the next step to improve utilization the forage produced
on commercial farms (Araujo and de, 2018). In the last few decades, the
management techniques applied to pastures managed under intermit-
tent stocking have evolved, especially in pastures cultivated with trop-
ical forage species. Light interception (LI) is a very important tool for
managing cultivated pastures in monocultures or mixed pastures

yield and leaf area index (Husse et al., 2016; Pezzopane et al., 2018). LI
as a target for the entry of animals in pastures has been applied in several
studies; however, to facilitate the use of the LI technique in farms,
defoliation goals have been established based on the canopy height
(CH). Thus, it is possible to use CH as a management goal by finding the
ideal physiological and structural moment for the grazing event through
its association with the LI of the canopy when it reaches 95 % of the

Abbreviations: CH, canopy height; CSC, curve slope constant; d, Willmott’s agreement index; DF, defoliation frequencies; DM%, dead material; DS, dry season; FA,
forage accumulation; FRP, fixed rest periods; LAI, leaf area index; LB%, leaf blade; LI, light interception; R2, determination coefficient; RS2015, rainy season 2015;
RS2016, rainy season 2016; S%, stem; TFA, total forage accumulation; TPD, tiller population density; %BIAS, percentage of bias; %RMSE, root-mean-square error in

percentage.
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incident light; the proposal was initially published by Brougham (1958),
and later applied in several studies with tropical forages in Brazil
(Alvarenga et al., 2020; Barbosa et al., 2007; Carnevalli et al., 2006; Da
Silva et al., 2015; Silva et al., 2019; among others).

Although the relationship between CH and LI has already been
established in the literature, for more accurate management, it is
important to consider other variables that make up the canopy structure,
which may impact the forage accumulation (FA), how the plant in-
tercepts the light incident on the canopy and, consequently, the ideal
defoliation height. One of these variables is the tiller population density
(TPD), representing the number of tillers per unit area. In addition to
other structural characteristics of the canopy, TPD varies between sea-
sons and depends on the grazing management adopted (Lara and
Pedreira, 2011a; Santana et al., 2017), directly affecting the LI of the
forage canopy. Although many studies have simultaneously evaluated
TPD, CH, and LI, the researchers only relate CH to LI and do not consider
the nonlinear relationship between these variables. Additionally, they
do not include TPD as a covariate (Baldissera et al., 2016; Pedreira et al.,
2017), generating estimates that may differ depending on the TDP
variation.

Pasture management based only on CH, although widespread and
practical, can be a limited goal for precise adjustments and should be
viewed with caution, especially in tussock grasses, such as cultivars of
the species Megathyrsus maximus. Plants with this growth habit need to
be well managed to avoid stem elongation, especially in intensive pro-
duction systems in tropical regions (Hare et al., 2015; Paciullo et al.,
2016). Thus, to avoid greater losses of forage production and reduced
animal performance, it is important to understand how the accumula-
tion process of plant biomass and the modification of the structural
characteristics of plants with an erect growth habit occurs due to vari-
ations in management and environmental conditions. Additionally, to
understand whether the structural characteristics of the canopy, such as
TPD, can affect the relationship between CH and LI in the search for a
more careful adjustment in pasture management.

We hypothesized that management actions, such as different defo-
liation frequencies (DFs) and their interactions with the season, cause
changes in the structural characteristics of the canopy and FA. There-
fore, we characterize the effect of the combination of DFs and season on
the productive and structural characteristics of Guinea grass (Mega-
thyrsus maximus (syn, Panicum maximum) (Jacq.) B.K.Simon & S.W.L.
Jacobs, cv. Tanzania) and to define whether TPD should be considered
in the mathematical models that relate CH to LI.
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2. Methodology
2.1. Experimental site and climatic conditions

The experiment was carried out at the research farm of Igarapé-Acgu
(01°07'21" S, 47°36'27" W, 47 m above mean sea level). The climate of
the place is tropical rainy type, Am (Alvares et al., 2013), according to
the Koeppen-Geiger classification. The photoperiod throughout the year
was constant, ranging from 11:55 to 12:05 h a day. During the experi-
mental period, from March 2015 to July 2016, the minimum tempera-
ture ranged from 20 to 24 °C and the maximum from 31 to 35 °C, solar
radiation ranged from 374-521 W m™2, precipitation varied from 467
mm average for March (2015 and 2016), and 6 mm in October 2015
(Fig. 1). The local soil is classified as yellow latosol or ferralsol (IUSS
Working Group W.R.B, 2015) with a sandy loam texture. The chemical
analysis in the 0-20 cm layer showed a pHkcy) of 4.16, organic matter in
the proportion of 30.59 g kg™!, phosphorus content of 1.44 mg dm™, and
potassium, calcium, magnesium, and aluminum content of 0.03, 0.74,
0.28 and 0.72 cmolc dm3, respectively. At the time of the experiment,
the soil was corrected by applying 2900 kg ha™! of dolomitic limestone.
The limestone was incorporated into the soil on December 15, 2013,
with the aid of disc harrows coupled with an agricultural tractor. The
amount of lime was calculated to raise the base saturation to 60 % and
was spread over the total soil surface in a single dose.

2.2. Implementation of the experiment and experimental design

On March 6, 2014, the grass was sown by hand, with a sowing rate
equivalent to 40 pure seeds m? after tillage. The experimental treat-
ments included six DFs, based on fixed rest periods (FRP), with harvests
performed every 14, 21, 28, 35, 42, and 49 days. The area was divided
into 30 plots of 12 m? (3 m x 4 m) with corridors spaced 1 m apart. The
experimental design was a randomized block design with five replicates
per treatment. During 2014, the plots were harvested periodically
considering the rest period stipulated for each treatment. From May to
September 2014, while aiming to stimulate tillering in the initial growth
phase, we adopted intense defoliation of the Guinea grass by cutting at
20 cm from the ground (Sbrissia et al., 2010; Silva et al., 2020). The plots
were fertilized periodically with 200 kg of N ha™! year ! and 75 kg of
K20 ha~! year L.

The experimental evaluations began in March 2015 and were con-
ducted until July 2016, completing 16 experimental months. The
experimental period was separated into three seasons based on rainfall
using the pentad climatology methodology (Franchito et al., 2008). The
method included determining the beginning and end of the rainy and
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Fig. 1. Rainfall, radiation, and monthly maximum (Tmax) and minimum (Tmin) temperatures from January 2015 to July 2016. Rainfall and temperatures data
obtained from the Embrapa Amazonia Oriental weather station in the municipality of Igarapé-Acu, Pard, Brazil. Radiation data obtained from Solcast (2019).
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dry periods using formulae that use the relationship between the annual
accumulated rain and accumulated rain every five days (pentads). The
three seasons were then called the rainy season 2015 (RS2015), from
February 20, 2015, to August 9, 2015 (170 days); dry season (DS), from
August 10, 2015, to January 26, 2016 (169 days); and rainy season 2016
(RS2016), January 27, 2016, to July 29, 2016 (183 days) (Fig. 1).

The evaluations at the beginning of the experiment were conducted
on March 28, 2015, in the RS2015, and on February 13, 2016, based on
the period of replacement of the water in the soil because the first rains
after the dry season cannot promote the growth of plants immediately.
Growth will only occur after soil moisture presents favorable conditions
for plant growth. The height of the residue was 35 cm above the ground.
At the beginning of each rainy season (RS2015 and RS2016), phosphate
fertilization was performed with a dose equivalent to 80 kg of P2Os5 ha_l,
applying simple superphosphate to each plot. During the rainy season,
nitrogen fertilizers were applied at the rate of 200 kg of N ha™! year ™! in
the form of urea (45 % N) and potassium at the rate of 75 kg of K;O ha!
year’1 in the form of potassium chloride (58 % K»0), distributed in the
same proportion among the treatments according to each DF. The plots
with 14, 21, 28, 35, 42, and 49 days of FRP received doses equivalent to
17,25, 34, 42, 51, and 59 kg of Nha™! cycle ™!, and 7, 10, 14, 17, 20, and
24 kg of K20 ha™! cycle™!, respectively.

2.3. Experimental measurements

The forage contained within a 0.5 m? quadrat frame (0.5 x 1.0 m,
height of 35cm) per plot was harvested using a hedge trimmer to
quantify the FA. The samples were collected in the average visual con-
dition of the height and mass of the forage canopy, taken from the plot
center only to reduce edge effects. The samples were divided into two
subsamples. The first subsample was packed in a paper bag and placed in
a forced ventilation oven at 55 °C for 72 h for drying to determine the
dry matter content and estimate the FA. The second subsample was
intended for morphological separation and fractionated in the leaf
blade, stem (true stem and leaf sheath), and dead material. After sepa-
ration, the fractions were packed in paper bags and placed in a forced
ventilation oven at 55 °C for 72 h for drying. The weights of these
components were used to determine the proportions of the leaf blade (LB
%), stem (S%), and dead material (DM%).

The TPD was measured at the end of the regrowth period for each
treatment. The total number of live tillers within two 0.5 m? quadrats
(area of 0.5 x 1.0 m) per plot was counted. The counting site was
selected based on the average visual condition of the height and mass of
the forage canopy, taken from the plot center to reduce edge effects. The
average number of tillers in each sampling rectangle was considered as
the average TPD of the plot.

The CH was obtained through an average of five measurements made
in each plot, using a rod graduated in centimeters (Barthram, 1986).
Likewise, the LI and leaf area index (LAI) of the canopy were obtained
through the average of five measurements in each plot immediately
before each defoliation, using the canopy analyzer model AccuPAR
Linear PAR / LAI (LP-80, Decagon Devices, Pullman, WA, USA). Mea-
surements with the canopy analyzer were carried out between 09:00 and
11:00 in the morning. Through simultaneous measurements with the use
of two sensors, one above the canopy and one at ground level, the leaf
distribution parameter adopted for a culture was equal to 1.00. During
the rainy seasons of 2015 and 2016, both CH and LI were measured
every week until the defoliation date of each treatment for the genera-
tion of nonlinear models between CH as an independent variable and LI
as the dependent variable.

For each experimental unit, the height and LI data were adjusted for
the following nonlinear model (Eq. 1):

LI =100 x [1 —exp(—CSC x CH)| @

where LI is expressed as a percentage and CH in centimeters, the
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intercept of the equation is equal to zero because the curve is considered
to have begun at the origin (CH =0 cm and LI = 0 %). Parameter 100 is
the maximum percentage expected for the LI or asymptote. The CSC
parameter is the curve steepness constant of the exponential model that
gives rise to the maximum LI value (Archontoulis and Miguez, 2015).

From Eq. 1, isolating the CH variable, we obtain the following
mathematical model to estimate the pre-defoliation CH (Eq. 2):

In[1 — (LI/100)]

H= — /1 —*~ 2
¢ ax TPD + b 2

where LI is the light interception used as a management goal for defo-
liation, and TPD is the population density of the canopy tillers. a and b
are the angular and intercept coefficients, respectively. They result from
the regression analysis between the CSC values as a dependent variable
and the TPD of treatments as an independent variable (CSC = a x TPD +
b). As we hypothesize that the relationship between CH and LI depends
on TPD, canopies with different TPD may have different nonlinear
models that relate CH to LI. Showing the difference between the models
is achieved by modifying their unique variable parameter, which is CSC.
So, we replace the CSC value in the denominator with the expression a x
TPD + b (Eq. 2).

2.4. Statistical analysis

As the DFs resulted in varied numbers of harvest cycles per treat-
ment, TPD, CH, LI, and LAI values in each season were calculated by the
average of the cycles in each season. The total forage accumulation
(TFA) of the experiment was obtained from the sum of the FAs per cycle
of each treatment in each season. For the morphological composition,
only the cycles where FA occurred during the dry season were used. At
the beginning of the RS2016, a uniform cut of the plots was made on
February 13, 2016, to restart the plots for the second year of evaluation.

The TFA, LB%, S%, DM%, TPD, CH, LI, and LAI variables were
analyzed using the mixed model procedure using the following statis-
tical model (Eq. 3):

Yige = p+ bi+ o5+ (bo)y + B + (af)y + i 3

where Y is the response variable, p is the fixed effect of the general mean,
b is the random effect of the block; « is the fixed effect of the DFs, (ba) is
the random effect associated with the plots that received the o treatment
in blocks b, p and (ap) are the fixed effects of the season and the inter-
action between the DF and the season, respectively, and ¢ is the random
effect of the error. The seasonal effect was considered a repeated mea-
sure, and the Akaike information criterion was used to choose the
covariance matrix. The probability of fixed effect factors was tested
using the F-statistic. The DFs was adjusted for linear and quadratic ef-
fects using orthogonal polynomial contrasts. The comparison of means
between the stations was performed using Tukey’s test at the 0.05
probability level.

For each experimental unit, a nonlinear model was generated be-
tween CH and LI (Eq. 1). The CSC of each model and its coefficient of
determination (R?) were used as response variables and analyzed by the
following statistical model (Eq. 4):

Yi=p+ bi+ a+ g 4

where Y is the response variable, p is the fixed effect of the general mean,
b is the random block effect, a is the fixed effect of the DF, and ¢ is the
random effect of the error. The means were compared using the Scott
Knott test at the 0.05 probability level to avoid ambiguities and similar
group treatments. The relationship between the CSC values and the DF
was also modeled using simple linear regression analysis to obtain the
predicted CSC values for each treatment.

Then, a linear regression model was adjusted by the least-squares
method with TPD as an independent variable, and the CSC predicted



V.H.M. Macedo et al.

Table 1
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Experimental conditions of the studies that evaluated Guinea grass and were used in the validation process.

Experimental conditions of studies

Studies evaluating

Guinea grass Latitude Longitude Elevation Koppen climate classification Soil * Experimental period Evaluated treatments
(m)
Barbosa et al. 20°26'42" 54°43'22" 530 Aw (tropical humid with rainy Ferralsol ~ May 2003 to May Combinations of grazing intervals
(2007) S w summers and dry winters) 2004 and defoliation intensities
Barbosa et al. 20°26'42" 54°43'22" 530 Aw (tropical humid with rainy Ferralsol =~ May 2003 to May Combinations of grazing intervals
(2011) S w summers and dry winters) 2004 and defoliation intensities
Cutrim Junioretal.,  3°49'17" § 39°20'07" 47 BSh (hot semi-arid) Fluvisol October 2005 to Combinations of defoliation
(2011) w March 2006 frequencies and post-grazing
residue
Lemos et al. (2014) 21°14'02” 48°17'39” 601 Aw (tropical humid with rainy Ferralsol  February 2008 to Post-grazing residues based on leaf
S w summers and dry winters) August 2008 area index
Veras et al. (2020) 5°53'35" S 35°21'47" 11 BSh (hot semi-arid) Arenosol  September 2016 to Performance of Megathyrsus
w April 2017 maximus cultivars

# Soil classification according to IUSS Working Group W.R.B (2015).

for each treatment as a dependent variable. The slope (a) and intercept
(b) of this model were used to form the mathematical model (Eq. 2) and
then estimate the pre-grazing CH from the TPD and LI values. The per-
formance of the model (Eq. 2) was verified by comparing the predicted
CH data with the data observed in studies published corresponding to
Guinea grass, measuring LI, CH, and TPD. We used the work of Barbosa
et al. (2007), 2011; Cutrim Junior et al. (2011); Lemos et al. (2014), and
Veras et al. (2020). These authors tested different management tech-
niques applied to Guinea grass under different edaphoclimatic condi-
tions (Table 1). However, the same methodologies for measuring CH, LI,
and TPD were used in our experiment. We used pre-grazing TPD and CH
measurements at LI levels ranging from 85 % to 97 % for Guinea grass
from these studies.

Regression analysis was performed between the values observed in
the literature and those predicted by the model (Eq. 2). This was done to
evaluate the model’s precision by calculating the determination coeffi-
cient (R?) and the accuracy using the confidence interval of the model,
slope, and the intercept of the equation (Tedeschi, 2006). The perfor-
mance of the model (Eq. 2) was also verified using Willmott’s agreement
index (d) (Willmott, 1981) by the root-mean-square error in percentage
(%RMSE) and by the percentage of bias (%BIAS).

The index d ranges from zero to one, where a value of 1 indicates
perfect accuracy and O indicates no accuracy. The %BIAS has an opti-
mum value equal to zero with low magnitude values indicating good
accuracy, positive values indicating overestimation bias, and negative
values indicating underestimation bias of the model, obtained from the
following formulae:

(0= )
d=1- =l 5
(|5~ 0| +Jo.~ 9]

i=1

M=z

0.5

10
¢}

(=]

X

(6)

N 92
%RMSE = {Z(S'NO‘)

i=1

N
(0i = S)

=1

%BIAS = 100 x - N @
>0,

i=1

where Si is the value simulated by the model (Eq. 2), Oi is the observed
value, O is the average of the observed values, and N is the number of
observations.

The data were subjected to analysis in the presence of outliers and
normality of residues using the Shapiro-Wilk test. Analysis of the sta-
tistical models (Egs. 3 and 4) and the nonlinear models of the experi-
mental units (Eq. 1) was performed using the MIXED and NLIN

procedures of the SAS software (SAS Institute Inc, 2015), respectively.
The Scott Knott test, simple linear regression analysis, and calculation of
the performance indices (Egs. 5,6, and 7) of the model (Eq. 2) were
performed using R software (R Core Team, 2019).

3. Results

3.1. How does the action of management and water availability affect the
structure of the canopy?

Variations in local rainfall allowed the experimental period to be
divided into three periods. Two periods encompassed the summer and
one of them the winter, represented by rainy and dry seasons (Fig. 1).
Most of the cycles occurred in DS. In this season, the number of cycles in
which there was no forage accumulation was equal to 9; 6; 4; 3; 2 and 1
cycles, in the DFs of 14; 21; 28; 35; 42, and 49 days, respectively (Fig. 2).

There was an interaction between the DFs and seasons for all vari-
ables (TFA (p < 0.0001), LB% (p = 0.0016), S% (p < 0.0001), DM% (p =
0.0010), TPD (p = 0.0045), CH (p < 0.0001), LAI (p < 0.0001), and LI (p
< 0.0001)).

Among the DFs, the TFA of Guinea grass showed linear (p < 0.007)
and quadratic (p < 0.0003) response patterns. There was greater TFA
during the RS2015 than RS2016; on average, the TFA was 15,343 kg
ha~!in the RS2015 and 11,329 kg ha! in the RS2016, both larger than
in the DS with an average TFA of 2513 kg ha™! (Fig. 3a). The LB%
decreased with the reduction of the DF, with linear adjustment in the DS
and RS2016 (p < 0.0001), and linear (p < 0.0001) and quadratic (p =
0.0006) adjustments in the RS2015, from approximately 96.3 % for a
14-days DF to 70.3 % for a 49-day DF. The LB% was similar between
RS2015 and RS2016, on average 17.7 % higher than in the DS (Fig. 3 b).
The S% increased with the lowest DF, with linear (p < 0.0001) and
quadratic (p = 0.0001) adjustments in the RS2015 and linear (p <
0.0001) during RS2016. However, there was no linear (p = 0.2126) or
quadratic (p = 0.5343) adjustments during the DS. There was an in-
crease in the difference of the average S% between the RS2015 and
RS2016 than the DS after 35 days of regrowth, from 1.8 % for a 14-day
DF to 14.7 % for 49 days of regrowth (Fig. 3 ¢). The DM% increased with
reduction in the DF, with linear (p < 0.0001) and quadratic (p = 0.0120)
adjustments in the RS2015 and only linear adjustment in the DS (p <
0.0001) and RS2016 (p < 0.0001), increasing on average from 7.4 % for
a 14-day DF to 19.8 % for a 49-day DF. The DM% was similar between
the RS2015 and RS2016, on average 76.0 % lower than in the DS,
increasing from 6.5 % to 27.0 % on average (Fig. 3 d).

The TPD of Guinea grass showed a linear response pattern for the
RS2015 (p < 0.0001) and DS (p < 0.0001), with an average of 562.5
tillers m~? for the 14-day DF, decreasing to 393.5 tillers m~ for the 49-
day DF. The linear (p < 0.0001) and quadratic (p = 0.0199) response
pattern for the RS$2016, decreased from 891 tillers m~2 for the 14-day DF
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Fig. 3. Total forage accumulation (a), leaf blade proportion (b), stem proportion (c), and dead material proportion (d) of Guinea grass in response to defoliation
frequencies (DF) in three seasons: Rainy Season 2015 (RS2015), Dry Season (DS) and Rainy Season 2016 (RS2016). L = linear adjustment of the DF in each station. Q

= quadratic adjustment of the DF in each station. *** = p < 0.001. ** = p < 0.01.
differ significantly by the Tukey test (p < 0.05).

to 560 tillers m 2 for the 49day DF. There was no difference in TPD
between the DS and the RS2016; both had an average of 227 tillers m~2,
less than in the RS2015 (Fig. 4 a). The CH increased with the reduction
of the DF, with linear adjustments in the RS2015 (p < 0.0001) the DS (p
< 0.0001), and linear (p < 0.0001) and quadratic (p = 0.0018) adjust-
ments in the RS2016. The difference in CH between RS2015 and RS2016
was 7.7 cm in the 28-day DF and 17.5 cm in the 49-day DF. The average
CH in the RS2015 and RS2016 was 84 cm, and 46 cm in the DS (Fig. 4 b).
The LAIin RS2015 increased in a linearly (p < 0.0001) and quadratically

* =p < 0.05. ns = p > 0.05. Points followed by the same letter for stations, do not

(p = 0.0004), and linearly in the DS (p = 0.0059) and RS2016 (p <
0.0001), with a reduction in DF (Fig. 4 ¢).The mean LAI during RS2015
and RS2016 increased at an average of 3.5, in the 14-day FD to 5.6, in
the 49-day FD, while in the DS, it only increased from 2.2 to 2.6. LI
increased linearly and quadratically in the RS2015 (both p < 0.0001)
and RS2016 (p < 0.0001 and p = 0.0109), and presented a quadratic
adjustment in the DS (p = 0.0175) (Fig. 4 d). In the RS2015, the LI
increased from 90.8 % in the 14-day DF to 98.3 % in the 49-day DF,
while in the RS2016, it increased from 83.6 % to 97.7 %. In the DS, the LI



V.H.M. Macedo et al.

(a)
= ..A.. Rs2015 DS _a . RsS2016
§ L*** Qns L=+ Qns | L™ Q*
£
0
[0
= a
= A
o !
a ] A,
o 800 ..
[
2
2
S 6001
©
c
8
©
S 400
Q.
9] . - - - - -
o 14 21 28 35 42 49
2 Defoliation frequency (rest period days)
=
© RS2015 DS RS2016
A DR —®— % gns L¥=r Qns
.Aa Aa
— 64 a .ok
5 a Y S b
x5 A a———"
7 a,. b b —-—
2 Ay -
£ L
g 44 Aa/ . -~
S | m
© 34 c c
N U S
21— - . . . T
14 21 28 35 42 49

Defoliation frequency (rest period days)

Field Crops Research 271 (2021) 108249

(b)
..A.. Rs2015 DS _m. RS2016
L= Qns L Qs L Qe
—~ 125 a
£ a ..-A
O e
< A
T : b
O 1004 a.- b - -
1 a LA A

- et -~
S a ...A7 b~
‘> 751 .A""‘/‘.b'——-.
< a_.-mg~
2 | oy c c
2 50 c c c
©
8 'b/_./—’_—‘/.—.

14 21 28 35 42 49

Defoliation frequency (rest period days)
@ RS2015 DS RS2016
A [RUQee —®— e gr — L Q*
< 1001 a a a
< a a ... Aoy,
b A Ab _w
——"a

| a. i
c A -
S 901 b~
a _ -
|+
2 c b
£ 80 ¢
= b
o b
-

14 21 28 35 42 49

Defoliation frequency (rest period days)

Fig. 4. Tiller population density (a), canopy height (b), leaf area index (c), and light interception (d) of Guinea grass in response to defoliation frequencies (DF) in
three seasons: Rainy Season 2015 (RS2015), Dry Season (DS) and Rainy Season 2016 (RS2016). L = linear adjustment of the DF in each station. Q = quadratic

adjustment of the DF in each station. **
significantly by the Tukey test (p < 0.05).

reached a maximum value of 80.1 %, with an average among the DFs of
77.1 % (Fig. 4 d).

3.2. The precise management of canopy height based on the light
interception and tiller population density: the evaluation of an empirical
model

The DFs showed no change with respect to the R? value for the
adjusted nonlinear models (Eq. 1), and the average of the R? value for
the nonlinear models between CH and LI of the six DFs was 0.99. There
was a difference in the CSC values of the nonlinear models between the

A) | = = Lluospays=100x[1 - exp(-0.0407 x CH)]; R? = 0.9990
Llzs_49pays = 100 X [1 - exp(~0.0368 x CH)]; R? = 0.9991
100 _
2 Do i o 2P 80
3
= 92
)
1
&
"::3_ 841 O 14 Days
g ® 21Days
£ 76 ® 28Days
_-5, O 35Days
- 68 B 42 Days
B 49 Days
o
L]
60

* =p < 0.001. ** = p < 0.01. * = p < 0.05. ns = p > 0.05. Points followed by the same letter for stations, do not differ

DFs (p = 0.0124). From the Scott-Knott post hoc test, two groups were
defined: the first with rest periods from 14-28 days, with CSC values of
-0.0413, -0.0397, and -0.0440 for the DFs of 14, 21, and 28 days,
respectively. The second included rest periods of 35-49 days, with CSC
values of -0.0374, -0.0376, and -0.0355 for the DFs of 35, 42, and 49
days, respectively (Fig. 5 b). Thus, two CH x LI relationship curves can
be generated. The first considers FDs from 14-28 days, with an average
CSC value of -0.0407 (Fig. 5 a), and average R? value of 0.9990. The
second considers FDs from 35-49 days, with an average CSC value of
-0.0368 (Fig. 5 a), and average R? value of 0.9991.

The CSC values were also adjusted to a linear regression model with

B)

-0.035

CSC =-0.00015878 x DF - 0.04375
R2=0.8157

-0.036 -

-0.037 4
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~0.040

Curve steepness constant - CSC

-0.041 4
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Fig. 5. Nonlinear models between canopy height (CH) and light interception (LI) for defoliation frequencies of 14 to 28 days and 35 to 49 days (a). A linear
relationship between the defoliation frequencies (DF) in the rest period and the curve steepness constant (CSC), according to the Scott-Knott test (p < 0.05) DFs with

the same letter have the same CSC (b).
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Fig. 6. The relation between the curve steepness constant (CSC) and tiller
population density (TPD) for defoliation frequencies.

the DFs (Fig. 5 b). We used the predicted CSC values to relate them to the
TPD of each DF (Fig. 6). This relationship was adjusted for a second
simple linear regression analysis, such that we obtained an R? of 0.925,
slope (a) of -0.00002479, and an intercept (b) equal to -0.02497 (Eq. 2).
These parameters were used in conjunction with TPD as the denomi-
nator in the model (Eq. 8) to estimate the CH based on the LI and TPD as
independent variables:

In[1 — (LI/100)]
—0,00002479 x TPD — 0,02497

CH = (€))

In the relationship between the values of CH simulated from the
model (Eq. 8) and those observed in the literature (Fig. 7), the angular
coefficient of the regression model between the observed and simulated
values is within the 95 % confidence interval, between 0.70805 and
1.34434, that is, equal to 1.00 (p < 0.05). The intercept value was
-0.79095 is statistically equal to zero (p = 0.9417). The value of Will-
mott’s agreement index (d) (0.87), %RMSE (16 %), and %BIAS (1.5 %)
characterize the accuracy of the model. The pre-harvest CHs closest to
the CH simulated by the model were those measured by Barbosa et al.
(2007) and Barbosa et al. (2011) at 90 % LI during the winter and 95 %
LI during the summer and those measured by Cutrim Junior et al. (2011)
at 95 % LI
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4. Discussion

The experiment was conducted in the Brazilian Amazon biome,
which has important climatic characteristics concerning the generation
and use of mathematical prediction models. Beginning with the premise
that plant growth occurs based on five variables: photoperiod, solar
radiation, temperature, plant nutrition, and water availability, the
experimental environment provided homogeneity for almost all vari-
ables, except precipitation. As it is close to the equator, the photoperiod
is constant, reflecting temperatures that are also constant throughout
the year, including dry winters (Pezzopane et al., 2018).

On average, the maximum temperature approached 32 °C with a
minimum temperature of 22 °C, satisfying the growth needs of most
tropical forage species, far from the lower basal temperature (Tb),
approximately 11.7 °C for Guinea grass (Lara and Pedreira, 2011a). The
variables controllable by the actions of people, such as making nutrients
and water available to plants, were also controlled through fertilization
and the differentiation of growth cycles divided by the water availability
in the soil. Thus, the location allows plants to express production pat-
terns and changes in the morphological composition of the canopy
depending on their management, making the region an excellent option
for modeling and grazing management studies.

Even with the delay of the rainy season in 2015 due to El Nino
(Jiménez-Munoz et al., 2016), the rainy period remained constant
compared to 2016. The number of regrowth cycles between the two
rainy seasons was the same, considering the pentad climatology meth-
odology (Franchito et al., 2008). Our study confirms the hypothesis that
the interaction between DF and the season modifies the structure of
Guinea grass. In this case, the isolated factor was the lack of water be-
tween the seasons (Fig. 1).

The lowest DF allows the highest FA per cycle (Silva et al., 2015).
However, the FA per cycle is lower in intervals of shorter defoliation,
and the TFA may be similar or even higher in this condition because of
the greater number of cycles (Fig. 2). The TFA in the smallest DF is
possible due to the naturally occurring elongation of the stem and the
accumulation of dead material, which are greater (Figs. 3 ¢ and d,
respectively). The high TFA results from greater tillering and tissue
renewal at higher frequencies (Lara and Pedreira, 2011b) (Fig. 4 a). This
characterizes the quadratic TFA responses observed during each season
(Fig. 3 a).

Between seasons, the lack of water was an important factor that
resulted in the lower vegetative growth of tillers in the DS, bringing the
TFA closer to all the DFs (Fig. 2 and Fig. 3 a). Additionally, the lack of
water contributed to reducing the number of tillers per m? in all DFs in

® Barbosa et al. (2007 and 2011) - LI =90%
O Barbosa et al. (2007 and 2011) — LI =95%
A Cutrim et al. (2011) ~ LI = 85%
A Cutrim et al. (2011) - LI = 95%
A Cutrimetal. (2011) - LI =97%
O Lemosetal. (2014) - LI =95%

Veras et al. (2020) - LI = 93%

Fig. 7. The relationship between pre-harvest canopy height values observed in the literature and those simulated based on the mathematical model (Eq. 8) that
considers light interception (IL) and tiller population density for Guinea grass. R? = coefficient of determination, d = Willmott’s agreement index, %RMSE = root-

mean-square error in percentage, %BIAS = percentage of bias.
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the DS, remaining stable in the RS2016 (Fig. 4 a). Therefore, there was
less TFA in RS2016 than in RS2015 (Fig. 3 a). During the rainy periods,
water availability was responsible for the greatest expression of the
productive potential of Guinea grass, resulting in the highest FA in
RS2015 and RS2016 (Fig. 2).

Changes in DFs resulted in variations in the morphological compo-
sition of tillers. With lower DFs, there were fewer LB%, while there was
an increase in S% and DM% (Fig. 3 b, ¢, and d). Although there is an
increase in DM% between 14 and 49 days of rest in the rainy seasons,
this morphological component increases from 4 % to 9 %. In these same
seasons, there was an inversion in the behavior of the leaf and stem
fractions. The intraspecific dispute between the tillers for light stimu-
lates the elongation of stems and takes the leaves to the top of the
canopy, where light is abundant (Zanine and de, 2018). Furthermore,
the phenology related to low defoliation frequency also impacts the
increase in the stem fraction. Longer periods between defoliations can
allow time for the beginning of the reproductive stage. In that stage, the
tillers elongate the true stem, which can impact the increase in the stem
fraction (Beecher, 2015) Consequently, a higher S% is observed in the
lowest DFs to the detriment of the lowest proportion of LB% (Fig. 3 b and
c). An important detail of this change in the morphological components
is that even with lower TPD and lower TFA in RS2016, the morpho-
logical composition of tillers between rainy seasons has not changed;
that is, in RS2016, individual tillers accumulate less biomass but pre-
serve their morphology.

When water is available, the FA includes important botanical com-
ponents to perform photosynthesis in plants, such as the highest LB%
(Fig. 3 b). The DM% represented a large part of the morphological
composition of tillers during the DS, with less participation of LB% and S
%, because the stress due to the low supply of water decreases the
growth process of new tissues, leaving older tissues in the tillers, whose
senescence is enhanced by the lack of water (Chapman et al., 2014)
(Fig. 3 d). In such situations, there is an inversion of the LB% and DM%
fractions (Fig. 3 b and d) because the S% remains stable during the DS
due to the slower growth of plants and the stabilization of the LAI (Fig. 4
o).

The elongation of the stem (true stem and leaf sheath) in tussock
grasses is one of the main factors for the increase in CH. The favorable
conditions and the time for vegetative growth and stem elongation make
CH higher in seasons with greater water availability and lower DF (Fig. 4
b). Higher canopies have a higher S% (Fig. 3 c). The greater CH limits the
passage of light to the canopy base, preventing the basal tillers from
developing and negatively affecting tillering (Santana et al., 2017).
Therefore, regardless of the season, the lower the DF, the greater the
height of the canopy, and the lower the TPD (Fig. 4 a and b). The
decrease in the rate of appearance of new tillers and TPD due to the
increase in defoliation height was also observed in other studies on
tropical forages, including Guinea grass (Zanine and de, 2013), Bra-
chiaria decumbens (Portela et al., 2011), and Digitaria eriantha (Sousa and
de, 2019).

Another important factor that can increase tillering is the increase in
defoliation intensity (Tunon et al., 2014). Therefore, it was expected
that at the beginning of the experimental evaluations, in the RS2015, the
TPD would be higher for the RS2016. This is because in the previous
year (2014), we used a more severe defoliation intensity for Guinea
grass (20 cm residue height), and from the beginning of the current
experiment in 2015, we used a 35 cm residue height. The increase in the
residue height from 2015 and the mortality of tillers during the DS
resulted in a lower TPD during the RS2016, characterizing the TPD
stabilization from the second rainy season (Fig. 4 a). The highest TPD
and CH were also related to the increase in forage production by area
(Duchini et al., 2014; Veras et al., 2020), justifying the higher biomass
production in the RS2015 than in the RS2016 in almost all treatments
(Fig. 3 a).

As previously mentioned, the amount of leaf blades decreases with
an increase in the share of stem and dead material. However, the number
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and size of leaf blades increased with the rest period, which may have
contributed to increased LAI in treatments with lower DF (Giacomini
etal., 2009). The increase in LAI in canopies with longer rest periods was
accompanied by a decrease in TPD (Fig. 4 c and a) and an increase in the
size of individual tillers, characterizing the compensation mechanism of
the density and size of tillers (Calsina et al., 2012; Duchini et al., 2014).

With the increase in LAI, LI also increases, a key factor in managing
tropical pastures. The LI is registered through readings from ceptometers
(Johnson et al., 2010), often not accessible to farmers. Therefore, it is
common to relate LI with CH in controlled experiments, making the use
of light relationships a more practical and reliable parameter through
the assessment of CH (Carnevalli et al., 2006; Pedreira et al., 2017).

Another important detail of this relationship is that in the RS2016,
the CH was lower in the smallest DF than in RS2015, resulting in the
lower TFA and TPD in the second rainy season. Interestingly, even with
differences in the CH of up to 15 cm and the LAI of up to 0.9, in the 49-
day DF between the rainy seasons (Fig. 4 b and c), the LI was the same
(Fig. 4 d), allowing the angle of the leaves to be responsible for the
maintenance of LI, as the morphological structure of the tillers was the
same in these seasons (Fig. 3 b, ¢, and d). Leaf angle is a factor that
influences LI in grasses: the more horizontal the leaf arrangement rela-
tive to the stem, the greater the leaf angle, and the greater the LI through
the leaves (Alviarez et al., 2020; Mantilla-Perez and Fernandez, 2017).
Although we have not evaluated the leaf angle in this work, we based
our research on the fact that the leaf angle represents one of the char-
acteristics of phenotypic plasticity that grasses present in response to
defoliation. Xiliang, (2021) demonstrated that, when palatable grasses
(Leymus chinensis) are subjected to higher grazing intensities, there is an
increase in their leaf angle, which is negatively correlated to plant
height. The increase in leaf angle and decrease in size represent a
mechanism employed to protect against grazing, changing the orienta-
tion of their leaves to a more prostrate position. Therefore, it is impor-
tant to consider TPD in models that relate CH to LI, as the penetration of
light into the canopy depends on the height and other structural char-
acteristics such as TPD, accessible for use on farms. In addition to models
based on edaphoclimatic factors, mathematical models that use struc-
tural characteristics such as TPD or seedling density are increasingly
important for managing forage plants and assisting in predicting forage
productivity (Zarza et al., 2020).

The TPD does not need to be measured in all cycles, as the greatest
variation occurs between seasons. Once the forage is established, the
variations in the canopy TPD occur according to the rest periods. In this
way, it is possible to measure the TPD in specific periods of the year,
such as once every season of the year, and to estimate the CH that
farmers can work. So, if farmers intend to make grazing management
more flexible in Guinea grass, the measurement of TPD can help in the
decision of the best forage management. This is another way of regu-
lating the CH and LI relationship, which should no longer be fixed at a
single height once this ratio depending on TPD and the angle of the
leaves. Thus, in order to achieve the best punctual relations between CH
and LI at 95 % LI, the management should consider TPD, since not only
the number of tillers but also the angle of the leaves affects LI (Lara and
Pedreira, 2011b), allowing canopies reach the same 95 % of LI in
different CH.

The TPD is the center of the structural characteristics of the forage
canopy. Here, the luminous relationships and the CH are linked to it, in
addition to changes in the architecture of the plants. Although the
structure is similar between seasons and even between the newly formed
plots (RS2015) for an established plot (RS2016), the change in the TPD
affects the leaf angle, causing the canopies to reach the same LI with
different heights and biomasses (Alviarez et al., 2020).

Experiments with tropical grasses generally have production cycles
that do not exceed 28 days (4 weeks) as a matter of tradition and due to
the fertilization, usually tested for medium to high yields. Accordingly,
LI always reaches 95 % before 28 days during the summer. Through less
frequent management reaching almost 50 days of rest, the structure of
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the canopy changes affecting the light relationships in the forage can-
opy, resulting in the Guinea grass needing two management goals based
on light, that is, two estimation curves of LI based on CH (Fig. 5 a).

The difference in the CSC values between treatments allowed us to
obtain two models depending on the adopted DFs (Fig. 5 a). The model
with a higher DF (from 14-28 days), with a higher TPD, presented a
lower mean value of CSC (-0.0407) for the treatments with a lower TPD
(-0.0368). The closer to 0 or 100 % of the LI, the smaller the difference
between the CH values for the two models (Fig. 5 a). The decrease in CSC
values with increasing TPD confirms the need to use nonlinear models
with different CSC values depending on the TPD of the canopy. Thus, the
model (Eq. 8) seeks to include TPD in deciding process of defoliation CH
based on LI

The model evaluation indices (Eq. 8) used in predicting CH in the
pre-harvest condition showed the accuracy of the model for the data
observed in the literature (Fig. 7). This reinforces the use of TPD for
managing Guinea grass. As an example, at 95 % LI, considered as the
ideal time to carry out forage defoliation (Barbosa et al., 2007; Broug-
ham, 1958; Carnevalli et al., 2006; Silva et al., 2019), if the TPD is 600,
880 and 1230 tillers m~2, the Guinea grass CH will be 80.7, 70.1 and
60.1 cm, respectively.

The R? value of 0.6187 (Fig. 7) characterizes an inherent variation in
the validation process, using data observed from experiments conducted
at different times and locations. This shows that although using TPD in
the management of pastures is a adequate alternative, empirical models
must be conducted with care. Despite their easy application, these
models are limited to the conditions in which they are generated.
Therefore, they are more prone to errors when used widely (Andrade
et al.,, 2016; Pezzopane et al., 2018). In our case, the model was
generated from a database in which the TPD ranged from 283 to 940
tillers m 2,

Finally, according to the factors studied, mainly CH, LI, and TPD, the
change in response variables provides sufficient evidence to consider
that the CH x LI relationship depends on TPD for adequate management
of Guinea grass. Flexibility in management based on the luminous re-
lationships affected by the structural components of the canopies when
working in different DFs is feasible for use in commercial farms. Even
though it was being carried out under cutting, the results of our exper-
iment served as the basis for the development of a grazing management
adjustment technique. This was validated when compared with the re-
sults of experiments that used various forms of defoliation, such as
cutting (Veras et al., 2020), grazing by cattle (Barbosa et al., 2007,
2011), grazing by sheep (Cutrim Junior et al., 2011), and grazing by
goats (Lemos et al., 2014).

5. Conclusions

Variations in the frequency of defoliation and water availability
between seasons promote structural and biomass production changes of
Guinea grass.

Of the structural characteristics of forage canopies, tiller population
density is largely responsible for variations in management goals based
on light relationships.

It is possible to harvest the forage produced within precise physio-
logical and structural criteria for intermittent production systems using
tiller population density as a tool to regulate the canopy height and light
interception relationships.

CRediT authorship contribution statement

Vitor Hugo Maués Macedo: Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Validation, Visualization, Writing -
original draft, Writing - review & editing. Antonio Marcos Quadros
Cunha: Data curation, Investigation, Methodology, Visualization,
Writing - review & editing. Ebson Pereira Candido: Funding

Field Crops Research 271 (2021) 108249

acquisition, Resources, Supervision, Validation, Writing - original draft,
Writing - review & editing. Felipe Nogueira Domingues: Supervision,
Validation, Visualization, Writing - review & editing. Wilton Ladeira da
Silva: Supervision, Validation, Visualization, Writing - review & editing.
Marcio André Stefanelli Lara: Supervision, Validation, Visualization,
Writing - original draft, Writing - review & editing. Anibal Coutinho do
Régo: Conceptualization, Funding acquisition, Methodology, Project
administration, Resources, Supervision, Validation, Visualization,
Writing - original draft, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We would like to thank the Study Group on Ruminants and Forage
Production of the Amazon (GERFAM — www.gerfam.com.br) for their
support in conducting the experiments. Editage (www.editage.com) for
English language editing. This study was financed in part by the Coor-
denacao de Aperfeicoamento de Pessoal de Nivel Superior - Brazil
(CAPES) (Finance Code 001) and by the Fundacao Amazonia de Amparo
a Estudos e Pesquisas (FAPESPA).

References

Alvarenga, C.AF., et al., 2020. Animal performance and sward characteristics of
Mombaca guineagrass pastures subjected to two grazing frequencies. Trop. Grassl. -
Forrajes Trop. 8, 1-10. https://doi.org/10.17138/tgft(8)1-10.

Alvares, C.A., et al., 2013. Koppen’s climate classification map for Brazil. Meteorol. Z.
22, 711-728. https://doi.org/10.1127,/0941-2948/2013/0507.

Alviarez, L.A.D., et al., 2020. Managing “Marandu” palisadegrass and calopo pastures
based on light interception. Grass Forage Sci. 75, 447-461. https://doi.org/
10.1111/gfs.12501.

Andrade, A.S., et al., 2016. Simulating tropical forage growth and biomass accumulation:
an overview of model development and application. Grass Forage Sci. 71, 54-65.
https://doi.org/10.1111/gfs.12177.

Araujo, L.C., de, et al., 2018. Key factors that influence for seasonal production of Guinea
grass. Sci. Agric. 75, 191-196. https://doi.org/10.1590/1678-992x-2016-0413.
Archontoulis, S.V., Miguez, F.E., 2015. Nonlinear regression models and applications in
agricultural research. Agron. J. 107, 786-798. https://doi.org/10.2134/

agronj2012.0506.

Baldissera, T.C., et al., 2016. Sward structure and relationship between canopy height
and light interception for tropical C4 grasses growing under trees. Crop Pasture Sci.
67, 1199-1207. https://doi.org/10.1071/CP16067.

Barbosa, R.A., et al., 2007. Capim-tanzania submetido a combinacoes entre intensidade e
frequéncia de pastejo. Pesqui. Agropecu. Bras. 42, 329-340. https://doi.org/
10.1590/50100-204X2007000300005.

Barbosa, R.A., et al., 2011. Morphogenic and structural characteristics of guinea grass
pastures submitted to three frequencies and two defoliation severities. Rev. Bras.
Zootec. 40, 947-954. https://doi.org/10.1590/51516-35982011000500002.

Barthram, G.T., 1986. Experimental techniques: the HFRO sward stick. In: Alcock, M.M.
(Ed.), The Hill Farming Research Organisation — Biennial Report (1984-85),
Midlothian, pp. 29-30.

Beecher, M., et al., 2015. The variation in morphology of perennial ryegrass cultivars
throughout the grazing season and effects on organic matter digestibility. Grass
Forage Sci. 70 (1) https://doi.org/10.1111/gfs.12081.

Brougham, R.W., 1958. Interception of light by the foliage of pure and mixed stands
ofpasture plants. Aust. J. Agric. Res. 9, 39-52. https://doi.org/10.1071/AR9580039,
1958.

Calsina, L.M., et al., 2012. Size /density compensation in Chloris gayana Kunth cv. Fine
Cut subjected to different defoliation regimes. Grass Forage Sci. 67, 255-262.
https://doi.org/10.1111/j.1365-2494.2011.00840.x.

Carnevalli, R.A,, et al., 2006. Herbage production and grazing losses in Panicum
maximum cv. Mombaca under four grazing managements. Trop. Grassl. - Forrajes
Trop. 40, 165-176.

Chapman, D.F., et al., 2014. Interaction between plant physiology and pasture feeding
value: a review. Crop Pasture Sci. 65, 721-734. https://doi.org/10.1071/CP13379.

Cutrim Junior, J.A.A., et al., 2011. Caracteristicas estruturais do dossel de capim-
tanzania submetido a trés frequéncias de desfolhacao e dois residuos pds-pastejo.
Rev. Bras. Zootec. 40, 489-497. https://doi.org/10.1590/S1516-
35982011000300005.

Da Silva, S.C., et al., 2015. Ecophysiology of C4 forage grasses-understanding plant
growth for optimising their use and management. Agriculture 5, 598-625. https://
doi.org/10.3390/agriculture5030598.


http://www.gerfam.com.br
http://www.editage.com
https://doi.org/10.17138/tgft(8)1-10
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1111/gfs.12501
https://doi.org/10.1111/gfs.12501
https://doi.org/10.1111/gfs.12177
https://doi.org/10.1590/1678-992x-2016-0413
https://doi.org/10.2134/agronj2012.0506
https://doi.org/10.2134/agronj2012.0506
https://doi.org/10.1071/CP16067
https://doi.org/10.1590/S0100-204X2007000300005
https://doi.org/10.1590/S0100-204X2007000300005
https://doi.org/10.1590/S1516-35982011000500002
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0050
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0050
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0050
https://doi.org/10.1111/gfs.12081
https://doi.org/10.1071/AR9580039
https://doi.org/10.1111/j.1365-2494.2011.00840.x
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0070
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0070
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0070
https://doi.org/10.1071/CP13379
https://doi.org/10.1590/S1516-35982011000300005
https://doi.org/10.1590/S1516-35982011000300005
https://doi.org/10.3390/agriculture5030598
https://doi.org/10.3390/agriculture5030598

V.H.M. Macedo et al.

Duchini, P.G., et al., 2014. Tiller size/density compensation in temperate climate grasses
grown in monoculture or in intercropping systems under intermittent grazing. Grass
Forage Sci. 69, 655-665. https://doi.org/10.1111/gfs.12095.

Franchito, S.H., et al., 2008. Rainy-Season duration estimated from OLR versus rain
gauge data and the 2001 drought in Southeast Brazil. J. Appl. Meteorol. Climatol.
47, 1493-1499. https://doi.org/10.1175/2007JAMC1717.1.

Giacomini, A.A., et al., 2009. Components of the leaf area index of marandu
palisadegrass swards subjected to strategies of intermittent stocking. Sci. Agric. 66,
721-732. https://doi.org/10.1590/50103-90162009000600002.

Hare, M.D., et al., 2015. Effect of nitrogen on yield and quality of Panicum maximum cvv.
Mombasa and Tanzania in Northeast Thailand. Trop. Grassl. - Forrajes Trop. 3,
27-33. https://doi.org/10.17138/tgft(3)27-33.

Husse, S., et al., 2016. Larger yields of mixtures than monocultures of cultivated
grassland species match with asynchrony in shoot growth among species but not
with increased light interception. Field Crops Res. 194, 1-11. https://doi.org/
10.1016/j.fcr.2016.04.021.

IUSS Working Group W.R.B, 2015. World Reference Base for Soil Resources 2014,
Update 2015: International Soil Classification System for Naming Soils and Creating
Legends for Soil Maps. World Soil Resources Reports, No. 106, FAO, Rome.

Jiménez-Munoz, J.C., et al., 2016. Record-breaking warming and extreme drought in the
Amazon rainforest during the course of El Nino 2015-2016. Sci. Rep. 6, 33130.
https://doi.org/10.1038/srep33130.

Johnson, M.V., et al., 2010. Ceptometer deployment method affects measurement of
fraction of intercepted photosynthetically active radiation. Agron. J. 102,
1132-1137. https://doi.org/10.2134/agronj2009.0478.

Lara, M.A.S., Pedreira, C.G.S., 2011a. Respostas morfogénicas e estruturais de dosséis de
espécies de braquidria a intensidade de desfolhagao. Pesquisa Agropecuaria
Brasileira 46, 760-767. https://doi.org/10.1590/50100-204X2011000700012.

Lara, M.A.S., Pedreira, C.G.S., 2011b. Estimativa da assimilacao potencial de carbono em
dosséis de espécies de braquidria. Pesquisa Agropecudria Brasileira 46, 743-750.
https://doi.org/10.1590/50100-204X2011000700010.

Lemos, N.L.S., et al., 2014. Tanzania grass structure grazed by goats managed with
different residual leaf area index under intermittent stocking. Biosci. J. 30,
1811-1818.

Mantilla-Perez, M.B., Fernandez, M.G.S., 2017. Differential manipulation of leaf angle
throughout the canopy: current status and prospects. J. Exp. Bot. 68, 5699-5717.
https://doi.org/10.1093/jxb/erx378.

Paciullo, D.S.C., et al., 2016. Morphogenesis, biomass and nutritive value of Panicum
maximum under different shade levels and fertilizer nitrogen rates. Grass Forage Sci.
72, 590-600.

Pedreira, C.G.S., et al., 2017. Herbage accumulation, plant-part composition and
nutritive value on grazed signal grass (Brachiaria decumbens) pastures in response to
stubble height and rest period based on canopy light interception. Crop Pasture Sci.
68, 62-73. https://doi.org/10.1071/CP16333.

Pezzopane, J.R.M., et al., 2018. An integrated agrometeorological model to simulate
Marandu palisade grass productivity. Field Crops Res. 224, 13-21. https://doi.org/
10.1016/j.fcr.2018.04.015.

10

Field Crops Research 271 (2021) 108249

Portela, J.N., et al., 2011. Demografia e densidade de perfilhos de capim-braquiaria sob
pastejo em lotacao intermitente. Pesquisa Agropecudria Brasileira 46, 315-322.
https://doi.org/10.1590/50100-204X2011000300013.

R Core Team, 2019. R: a Language and Environment for Statistical Computing. URL. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Santana, S.S., et al., 2017. Canopy characteristics and tillering dynamics of Marandu
palisade grass pastures in the rainy-dry transition season. Grass Forage Sci. 72,
261-270. https://doi.org/10.1111/gfs.12234.

SAS Institute Inc, 2015. SAS/STAT® 14.3 User’s Guide. Cary. SAS Institute Inc, NC.

Sbrissia, A.F., et al., 2010. Tillering dynamics in palisadegrass swards continuously
stocked by cattle. Plant Ecol. 206, 349-359. https://doi.org/10.1007/s11258-009-
9647-7.

Silva, V.J., et al., 2015. Seasonal herbage accumulation and nutritive value of irrigated
‘Tifton 85’, Jiggs, and Vaquero bermudagrasses in response to harvest frequency.
Crop Sci. 55, 2886-2894. https://doi.org/10.2135/cropsci2015.04.0225.

Silva, W.L., et al., 2019. Effects of grazing intensity and supplementation strategies on
Tifton 85 production and on sheep performance. Small Rumin. Res. 174, 118-124.
https://doi.org/10.1016/j.smallrumres.2019.03.015.

Silva, L.S., et al., 2020. Tillering dynamics of ‘Mulato II' brachiariagrass under
continuous stocking. Crop Sci. 60, 1105-1112. https://doi.org/10.1002/csc2.20008.

Solcast, 2019. Global Solar Irradiance Data and PV System Power Output Data. URL.
https://solcast.com/.

Sousa, B.M., de, L., et al., 2019. Tillering dynamics of digit grass subjected to different
defoliation frequencies. Pesquisa Agropecuaria Brasileira 54, e00668. https://doi.
org/10.1590/51678-3921.pab2019.v54.00668.

Tedeschi, L.O., 2006. Assessment of the adequacy of mathematical models. Agric. Syst.
89, 225-247. https://doi.org/10.1016/j.agsy.2005.11.004.

Tunon, G., et al., 2014. Effect of grazing severity on perennial ryegrass herbage
production and sward structural characteristics throughout an entire grazing season.
Grass Forage Sci. 69, 104-118. https://doi.org/10.1111/gfs.12048.

Veras, E.L., et al., 2020. Tillering and structural characteristics of Panicum cultivars in the
brazilian semiarid region. Sustainability 12, 3849. https://doi.org/10.3390/
sul12093849.

Willmott, C.J., 1981. On the validation of models. Phys. Geogr. 2, 184-194. https://doi.
org/10.1080/02723646.1981.10642213.

Xiliang, Li., et al., 2021. Leaf plasticity contributes to plant anti-herbivore defenses and
indicates selective foraging: Implications for sustainable grazing. Ecol. Ind. 122
https://doi.org/10.1016/j.ecolind.2020.107273.

Zanine, A., de, M., et al., 2013. Tillering dynamics in Guinea grass pastures subjected to
management strategies under rotational grazing. Rev. Bras. Zootec. 42, 155-161.
https://doi.org/10.1590/51516-35982013000300002.

Zanine, A., de, M., et al., 2018. Morphogenetic and structural characteristics of guinea
grass pastures under rotational stocking strategies. Exp. Agric. 54, 243-256. https://
doi.org/10.1017/50014479716000223.

Zarza, R., et al., 2020. Red clover (Trifolium pratense L.) seedling density in mixed
pastures as predictor of annual yield. Field Crops Res. 256, 107925 https://doi.org/
10.1016/j.fcr.2020.107925.


https://doi.org/10.1111/gfs.12095
https://doi.org/10.1175/2007JAMC1717.1
https://doi.org/10.1590/S0103-90162009000600002
https://doi.org/10.17138/tgft(3)27-33
https://doi.org/10.1016/j.fcr.2016.04.021
https://doi.org/10.1016/j.fcr.2016.04.021
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0115
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0115
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0115
https://doi.org/10.1038/srep33130
https://doi.org/10.2134/agronj2009.0478
https://doi.org/10.1590/S0100-204X2011000700012
https://doi.org/10.1590/S0100-204X2011000700010
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0140
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0140
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0140
https://doi.org/10.1093/jxb/erx378
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0150
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0150
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0150
https://doi.org/10.1071/CP16333
https://doi.org/10.1016/j.fcr.2018.04.015
https://doi.org/10.1016/j.fcr.2018.04.015
https://doi.org/10.1590/S0100-204X2011000300013
https://www.R-project.org/
https://doi.org/10.1111/gfs.12234
http://refhub.elsevier.com/S0378-4290(21)00195-7/sbref0180
https://doi.org/10.1007/s11258-009-9647-7
https://doi.org/10.1007/s11258-009-9647-7
https://doi.org/10.2135/cropsci2015.04.0225
https://doi.org/10.1016/j.smallrumres.2019.03.015
https://doi.org/10.1002/csc2.20008
https://solcast.com/
https://doi.org/10.1590/s1678-3921.pab2019.v54.00668
https://doi.org/10.1590/s1678-3921.pab2019.v54.00668
https://doi.org/10.1016/j.agsy.2005.11.004
https://doi.org/10.1111/gfs.12048
https://doi.org/10.3390/su12093849
https://doi.org/10.3390/su12093849
https://doi.org/10.1080/02723646.1981.10642213
https://doi.org/10.1080/02723646.1981.10642213
https://doi.org/10.1016/j.ecolind.2020.107273
https://doi.org/10.1590/S1516-35982013000300002
https://doi.org/10.1017/S0014479716000223
https://doi.org/10.1017/S0014479716000223
https://doi.org/10.1016/j.fcr.2020.107925
https://doi.org/10.1016/j.fcr.2020.107925

	Canopy structural variations affect the relationship between height and light interception in Guinea Grass
	1 Introduction
	2 Methodology
	2.1 Experimental site and climatic conditions
	2.2 Implementation of the experiment and experimental design
	2.3 Experimental measurements
	2.4 Statistical analysis

	3 Results
	3.1 How does the action of management and water availability affect the structure of the canopy?
	3.2 The precise management of canopy height based on the light interception and tiller population density: the evaluation o ...

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


