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Abstract – The objective of this work was to evaluate the growth dynamics of the cover plants amaranth 
(Amaranthus cruentus), quinoa (Chenopodium quinoa), and millet (Pennisetum glaucum) in a Typic Acrustox, 
under different water regimes in the Brazilian Cerrado. The cultivation was carried out in the winter, with 
reduced rainfall, which facilitated the application of varying irrigation depths to the different crops. Water 
regimes denominated lower, lower middle, upper middle, and upper – corresponding to 217, 386, 563, and 
647 mm water depths, respectively – were tested by means of an irrigation bar composed of sprinklers with 
different flow rates. Plant growth was quantified by weekly collections. Amaranth was the most responsive 
plant to water. Quinoa showed the best performance in the treatment with the upper-middle water level among 
the other evaluated species. Millet showed thermal sensitivity for cultivation in the winter, making grain 
production unfeasible; however, it showed exceptional ability to produce biomass even in the treatment with 
higher water deficit.

Index terms: Amaranthus cruentus, Chenopodium quinoa, Pennisetum glaucum, Oxisol, water stress.

Crescimento e desenvolvimento de amaranto, quinoa  
e milheto sob diferentes regimes hídricos no Cerrado

Resumo – O objetivo deste trabalho foi avaliar a dinâmica do crescimento das plantas de cobertura amaranto 
(Amaranthus cruentus), quinoa (Chenopodium quinoa) e milheto (Pennisetum glaucum) em Latossolo 
Vermelho, sob diferentes regimes hídricos no Cerrado. O cultivo foi realizado no inverno, com pluviosidade 
reduzida, o que facilitou a aplicação de lâminas de irrigação nas diferentes culturas. No experimento foram 
avaliados regimes hídricos intitulados de inferior, médio inferior, médio superior e superior, correspondentes 
à aplicação respectiva de 217, 386, 563 e 647 mm de lâminas de água, por meio de uma barra irrigadora 
composta por aspersores de diferentes vazões. O crescimento das plantas foi quantificado mediante coletas 
com periodicidade semanal. O amaranto foi a planta mais responsiva à água. A quinoa apresentou o melhor 
desempenho no tratamento com nível de água médio superior entre as espécies avaliadas. O milheto apresentou 
sensibilidade térmica ao cultivo no inverno, o que inviabilizou a produção de grãos; porém, mostrou 
excepcional aptidão quanto à produção de biomassa, inclusive no tratamento com maior deficit hídrico.

Termos para indexação: Amaranthus cruentus, Chenopodium quinoa, Pennisetum glaucum, Latossolo, 
estresse hídrico.

Introduction

Agriculture in the Cerrado is concentrated on few 
species of economic interest, such as soybean, corn, 
cotton, and forage crops (Acompanhamento…, 2015). 
Diversification is desirable, in order to contribute to the 
minimization of soil degradation and pest proliferation 
caused by monoculture.

The Cerrado shows a very pronounced dry 
period with severe water limitations (Assad et al., 
1993), and irrigation is not always feasible, which 
stimulates research to select more adapted genotypes 
to rainfed conditions. In this sense, it is imperative 
that the selection of promising crops assess the 
behavior of genotypes under water deficit conditions. 
Pseudocereals may become an option not only for grain 
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production, but also for biomass and forage production 
(Spehar & Trecenti, 2011). In a pioneering work with 
pseudocereals, Teixeira et al. (2003) evaluated the 
development of Amaranthus cruentus accessions, and 
reported good adaptation of this species to the Cerrado; 
its cultivar BRS Alegria shows an average productivity 
of 2,359 kg ha-1 (Spehar et al., 2003), and can reach up to 
3,000 kg ha-1 (Ferreira et al., 2014). Some Amaranthus 
species showed contrasting stomatal conductance 
under conditions of water deficit (Liu & Stützel, 2002), 
and good osmotic adjustment capacity in response to 
drought (Liu & Stützel, 2004), suggesting a possible 
crop adaptation in the off-season period. 

Chenopodium quinoa is a pseudocereal native to 
the Andes that is adapted to water stress conditions 
(Spehar et al., 2014). However, in the Mediterranean 
region, reductions in quinoa productivity were 
observed when water stress occurred in the grain 
filling (Lavini et al., 2014), despite the occurrence 
of interaction with saline stress in this region. It has 
been found that quinoa cultivars under water stress 
decrease their photosynthetic rate and leaf area 
(Fghire et al., 2015), and other authors have obtained 
lower productivity under water stress associated 
with changes in temperature and luminosity (Hirich 
et al., 2014). Choukr-Allah et al. (2016), in a review of 
quinoa for the Middle East and Central Asia, found not 
only responses to irrigation, but also adaptability to 
marginal water conditions.

Millet, Pennisetum glaucum (L.) R. Br., is an 
alternative for agricultural diversification and soil 
protection (Spehar & Trecenti, 2011). It is a traditional 
crop in Africa and wide adopted in India, with adaptation 
to locations under abiotic stresses (The world…, 1996). 
Despite millet’s rusticity, its genetic improvement has 
provided that under favorable conditions its production 
increases have favored the expansion of cultivation 
in Brazil (Pereira Filho, 2009). Jimenez et al. (2008) 
compared millet and quinoa as cover plants, and 
the first one stood out for its root system, even in a 
simulating treatment of compacted soil. Water stress 
can affect plants by reducing the plant height, relative 
growth rate, cell growth, photosynthetic rate, and the 
respiration activation (Hýsková et al., 2014). Cultivated 
plants have several mechanisms of adaptation to water 
deficit, but the responses are complex and adaptation 
is attributed to the ability of plants to control water 
losses by transpiration, which depends on the stomatal 

sensitivity and greater capacity of water absorption by 
the root system, among other factors (Khan et al., 2010).

The objective of this work was to evaluate the growth 
dynamics of the cover plants amaranth, quinoa, and 
millet, in a Latossolo Vermelho under different water 
levels in the Brazilian Cerrado.

Materials and Methods

The experiment was conducted at Embrapa Cerrados 
(15°35'S, 47°42'W), on a Latossolo Vermelho distrófico 
(Typic Acrustox) with clayey texture. The soil analysis 
showed the following: pH, 5.79; Ca, 3.31 cmolc 
100 cm-3; Mg, 1.40 cmolc 100 cm-3; P, 48.20 mg L-1; K, 
217.04 mg L-1; H+Al, 4.50 cmolc 100 cm-3; and organic 
matter, 25.8 g kg-1.

Sowing was carried out in May 2014 for  millet 
'BRS 1501', amaranth 'BRS Alegria', and quinoa 
'BRS Piabiru'. Each plot consisted of eight rows of 8 m 
length, with 0.4 m spacing. The experiment was set up 
in four randomized complete blocks with subdivided 
plots; the main plot was the water depth, and the 
subplots were the different crops.

The fertilizer formulation 04-14-08 at 700 kg ha-1 
(28 kg ha-1 N, 98 kg ha-1 P2O5, and 56 kg ha-1 K2O) 
was used at planting, and 100 kg ha-1 N (urea) was 
applied at 25 days after emergence (DAE). Plant 
thinning  was done at 30 DAE, to maintain 10 plants 
per linear meter. The water regimes (WR) were 
obtained using a 40 m wide bar irrigation sprinkler, 
model 36/42 (IrrigaBrasil, Pinhais, PR, Brazil) 
connected to the TurboMaq 75/GB reel (IrrigaBrasil, 
Pinhais, PR, Brazil), with adjustable speed. Irrigation 
was conducted according to the Irrigation Monitoring 
program in the Cerrado (Monitoramento…, 2016). Up 
to 30 DAE, irrigation was uniform. After this period, 
the line source methodology was adapted (Hanks et 
al., 1976), modified by the introduction of an irrigation 
bar, using sprinklers with different flow rates. Overlap 
between the sprinklers promoted a decreasing 
gradient of water from the central area of the bar to 
the edge of the experiment. For each side of the bar, 
4 plots measuring 3.2 m wide and 1 m apart were 
plotted, representing the water regimes. During the 
uniform irrigation phase there was 21 mm rainfall on 
June 3, which summed with the irrigations provided 
an average of 149 mm (1/3 of the total average) from 
May 14 to June 17, 2014. The accumulated irrigation 
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depth during 118 days showed a sigmoidal behavior 
(Figure 1), with the outermost collector of the assay 
accumulating 155 mm, while the central area showed 
the greatest water depth with an estimate of 671 mm. 

The inflection point, from increasing to decreasing 
rates, was estimated at 355 mm (associated with WR 
lower medium). The four treatments were: lower (LL), 
lower medium (LM), upper medium (UM), and upper 
(UU) accumulating water depths at 217, 386, 563 and 
647 mm during the assays, respectively. Plant growth 
was evaluated in weekly collections at 30, 37, 43, 51, 58, 
64, 71, 78, 85, 92, 99, 106, and 120 DAE. Three plants 
were sampled in the four central lines of the plot, and 
the following variables were evaluated: plant height; 
basal area growth; number of leaves; and dry weight 
of stem, leaves and reproductive structures. After 
the 71 DAE, the inflorescences dry weight of three 
plants sampled per experimental unit were collected 
for obtaining, and tracking, the progression of grain 
filling. To obtain the dry matter, expressed in grams 
per plant, the collected material was dehydrated in an 
oven at 65ºC. The productive components evaluated 
in time were subjected to analysis of variance, using 
the software Sisvar 5.3. Adjustments were evaluated  
by linear (linear and quadratic) and nonlinear 
(sigmoidal) models in Sigmaplot, and the best 
equations were selected according to the significance 
of the coefficients, and according to the magnitude of 

the determination coefficients, in order to explain the 
behavior of the component in time.

The behavior of the components dismembered for 
the WRs and represented with the same model were 
evaluated by comparing the parameters determined 
from the adjusted mathematical equation, as follows: 
linear adjustments, value of the productive component 
in the last collection or the angular coefficient (first 
derivative); quadratic adjustments, coordinates at the 
estimated maximum of the equation (first derivative 
equal to zero); sigmoidal adjustments, estimated 
coordinates at the point of inflection (maximum value 
of the first derivative), or value of the productive 
component in the last collection; no mathematical 
adjustments, the means were compared.

The WRs that did not show similar behaviors 
were compared with the value estimated in the last 
collection. Four months after sowing, and three 
months from the beginning of the application of the 
different water depths, soil moisture was evaluated on 
a gravimetric basis, with three replicates for each plot 
at three soil depths.

Results and Discussion

Although cover crop cultivation occurs in the summer, 
the experiment was conducted in the winter to isolate 
the effect of water from that of heat. However, in the 
winter, the lower temperatures affected the vegetative 
period and maturity (Costa & Priesnitz, 2014).

At the end of the assay, soil moisture was similar at 
all depths for the water regimes (WRs) – upper (UU), 
upper medium (UM), and lower medium (LM) –, 
making it unnecessary to measure moisture at layers 
deeper than 30 cm (Table 1). Only the most stressed 

Figure 1. Total water depth collected (mm) among the 
water regimes (WRs): lower, lower middle, upper middle, 
and upper WRs correspond to 217, 386, 563, and 647 mm 
water depths, respectively.

Table 1. Soil gravimetric moisture content (%), at 120 days 
after emergence (DAE) in the central area of the water 
regimes at three depths. 

Water regime Sample layer (cm) Average
0–10 10–20 20–30

Upper (UU, 647 mm) 22.58aA 23.75aA 23.08aA 23.14
Upper medium (UM, 563 mm) 23.83aA 23.00aA 22.42aA 23.08
Lower medium (LM, 386 mm) 16.17bA 16.58bA 17.17bA 16.64
Lower (LL, 271 mm) 11.25cB 14.58cA 15.58bA 13.81
Average 18.46 19.48 19.56 19.17
(1)Means followed by equal letters, lowercase in the columns and upperca-
se in the lines, are equal by the Tukey’s test, at 5% probability. Coeficient 
of variation 8.79%.
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WR (LL) showed statistical difference at 0–10 cm soil 
depth. Soil moisture contents in the WR, UU, and UM 
were similar at all depths, suggesting excess water. The 
WR LM showed higher-soil moisture than WR LL, 
except at 20–30 cm depth, where they did not differ, 
suggesting that the root system was not affected. All 
evaluated components were significant, expressing the 
distinct temporal behavior of the cover plants subjected 
to different WRs (Table 2).

Amaranth was the most responsive plant to water 
because the increase of vegetative components under 
WR UU, compared to WR LL, was significant for 
plant height (77%), basal area (157%), and stem 
weight (375%), in comparison to millet (11, 22, and 
67%, respectively) and quinoa (32%, 65% and 120%, 
respectively) (Figure 2). This suggests that their 
planting should be anticipated, in order to allow a 
greater water availability.

The sigmoidal model represented the best fit in 
all treatments and species for plant height. For stem 
weight, only amaranth under WR LL showed a 
quadratic behavior, with decreasing stem weight at 
79 DAE. Comparing the values at the inflection point 
for stem height and weight, in the UU, UM and LM 
WRs, there were variable results for amaranth (203, 
202, and 180 cm, and 38, 34, and 26 g, respectively), 
and reduced differences for millet (888, 87, and 84 cm, 
and 15, 12, and 14 g, respectively) and quinoa (83, 
84, and 78 cm, and 11, 11, and 9 g, respectively), and 
they surpassed the WR LL (79 cm and 9 g for millet, 
63 cm, and 5 g for quinoa). The height of amaranth 
plants under the most drastic water regime anticipated 
the inflection point estimate by six days to initiate the 
section of the curve with decreasing rates, while quinoa 
showed a delay of only two days, which corroborates 

the affirmation that amaranth is less drought tolerant, 
as previously reported. Biomass and productivity of 
amaranth can be reduced by up to 50% under water 
stress (Mlakar et al., 2012).

The plant basal area had a distinct behavior among 
the crops (Figure 2), as follows: sigmoidal for quinoa, 
highlighting WR UM (378 mm2) which was greater 
than the other WRs (328 mm2). For amaranth, a linear 
behavior was observed, with daily increments of 
4.6 mm2 in WR LM, and 6.3 mm2 in WR UU, confirming 
its responsiveness to water. Reduced differences were 
observed between the WRs associated with the linear 
decrease for millet (mean of 260 mm2, at the end of the 
cycle). This occurred because, in the first collections, 
the basal area was evaluated in the 1st node (dilated 
caulinar region), and with stem growth its elongation 
caused a decrease in the basal area at connecting point 
between stem and roots, while for WR LL the reduced 
tillering (affected by stress) did not promote change in 
the basal diameter. Quinoa showed the inflection point 
of sigmoid adjustments (34-38 DAE) very close to the 
onset of stress (30 DAE), which indicates that this 
parameter was little affected by stress.

Amaranth’s plant height above 2 m in the WRs UM 
and UU (Figure 2) was greater than that obtained by 
Ferreira et al. (2014), who reported a 1.73 m height in 
another assay, in the same experimental area, during 
the rainy season. The basal area in WR LL was stagnant 
throughout the assay due to stress, whereas the higher 
WRs responded for the diameter of an herbaceous 
stem (3.6 cm in the WR UU), in comparison to 1.9 cm 
diameter measured by Ferreira et al. (2014) who used 
the same cultivar.

The sigmoidal inflection point for millet plant height 
was the earliest (33 DAE), which is coincident with 

Table 2. Mean squares and significance levels of the components evaluated according to the source of variation(1).

Source of 
variation(2)

Depth  
(D)

Residual  
A

Species 
(S)

L x E Residual  
B

Collection  
(C)

D x C S x C D x S x C Residual  
C

CV A  
(%)

CV B  
(%)

CV C  
(%)

n

Plant height 157432** 80550 64943** 20627** 43978 220445** 3456** 10923** 1025** 570432 68.54 31.01 13.18 1920
Basal area 17306872** 4149404 93172995** 7752829** 5844026 38678689** 5426841** 6410260** 1349503** 386377963 118.04 85.78 82.30 1920
Stem weight 5975** 341 4544** 1127** 142 9282** 349** 328** 110** 38 127.84 82.41 42.57 1728
No. of leaves 65577** 1615 1823833** 35379** 2091 30519** 4175** 21030** 2810** 794 77.11 87.75 54.07 1728
WL 529** 214 2776** 224** 344 407** 26** 129** 13** 9741 89.28 69.40 45.98 1728
TSW 50745** 14432 49804** 2510ns 25676 86165** 4283** 4458** 581* 627351 105.36 86.06 53.00 1728
IW 14963** 2018 29162** 2125** 4253 26328** 1725** 989** 258** 127211 108.18 96.18 62.06 1920
Grain weight 22683** 5812 6650** 534ns 3282 12106** 1028** 663** 424** 31193 61.24 39.86 32.84 256
(1)nsNonsignificant. *, **Significant at 5 and 1% probability, respectively. (2)WL, weight of leaves; TSW, total shoot weight; IW, inflorescence weight.
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Figure 2. Regression of vegetative components of amaranth (Amaranthus cruentus), millet (Pennisetum glaucum), and 
quinoa (Chenopodium quinoa), under different water regimes (WRs): lower, lower middle, upper middle, and upper WRs 
correspond to 217, 386, 563, and 647 mm water depths, respectively.

the beginning of the variable WR. At the end of the 
harvest period, the plant height of millet was similar 
among the WRs (mean of 1.7 m, with maximum 
difference of 11% among WRs); however the millet 
cultivar BRS 1510 has the potential to reach 1.80 m 

height (Milheto, 2015b). Barreto et al. (2001) obtained 
a difference of 29% for height in millet under water 
stress, during 36 days, in a greenhouse condition.

The quinoa stem dry weight had the earliest 
inflection point among the WRs (43 to 56 DAE), 
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indicating that the culture had the most determined 
cycle of the assay. Amaranth was the most responsive, 
with 30 g of variation from the lowest mass obtained, 
in comparison to a WR with largest weight, followed 
by quinoa (13 g variation), and millet was the most 
rustic (9 g variation).

Quinoa and amaranth showed a quadratic behavior 
for most leaf measurements (Figure 3), as follows: 
maximum leaf retention between 62 and 83 DAE, for 
quinoa; and maximum leaf accumulation, between 
65 and 92 DAE for amaranth, and between 63 and 
68 DAE for quinoa. At 99 DAE, leaf measurements 
of quinoa decreased to nearly zero, irrespective of 
the WR. For amaranth, leaf numbers stabilized in the 
WRs LM and UM at 44 and 41 leaves, respectively, 
at the end of the assay, whereas in the WR UU there 
was an increasing linear fit, indicating the tendency 
of the plant to accumulate leaves without signs of 

senescence, which indicates that in winter there 
was an extension of the cycle. The water deficit 
anticipated the maximum values of the amaranth 
and quinoa leaf measurements, in comparison with 
the higher water regimes. This would be a natural 
tendency of stressed plants of reducing the cycle. 
The maximum values of leaf measurements were 
associated with the WR UM for quinoa, which may 
indicate the sensitivity of this species to excess 
water. The WR UM caused quinoa on the 106th DAE 
to retain 40% more leaves than the LM and UU 
WRs.

Under moderate water stress, some quinoa 
cultivars close their stomata due to changes in ABA/
cytokinin ratio that affect plant growth (Jacobsen et 
al., 2009). In addition, water stress at the vegetative 
stages similar to this assay affects the plant less than 
the flowering or the filling of grains. In comparison 

Figure 3. Regression of foliar measurements of amaranth (Amaranthus cruentus), millet (Pennisetum glaucum), and quinoa 
(Chenopodium quinoa) under different water regimes (WRs): lower, lower middle, upper middle, and upper WRs correspond 
to 217, 386, 563, and 647 mm water depths, respectively.
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with the pseudocereals, measurements of the 
vegetative components of millet were restricted 
to the main stem, that showed reduced variations 
among the WRs and may be indicative of drought 
tolerance (Figures 2, 3, and 4), with a predominance 
of increasing linear adjustments for the number 
and weight of leaves. The WR LL maintained eight 
leaves, while the other WRs accumulated 16 leaves 
until the end of the cycle. The number of leaves 
for amaranth showed a sigmoidal behavior with 
inflection at 43 DAE in the LM, UM and UU WRs, 
surpassing 40 leaves on the 106th DAE, while the WR 
LL preserved 15 leaves under quadratic behavior. 
This strategy of maintaining some leaves under 
stress conditions means ensuring the production of 
viable seeds although in fewer numbers.

The increase of the number of leaves and the 
mass reduction in amaranth is justified by the 
senescence of larger leaves (vegetative phase), and 
the increase in the number of smaller leaves near 
the inflorescence. Also, in quinoa, the senescence 
of larger leaves occurs at the beginning of the cycle, 
and there is an increase in number of smaller leaves 
with the inflorescences, to the point that despite the 
expressive number of 160 leaves in WR UM, their 
mass was only 2 g.

Under water deficit, foliar reduction is considered 
a frequent physiological response derived from the 
inhibition of cell expansion. This is due to reduced 
stomatal opening of the plants, which limits the 
absorption of CO2 and reduces photosynthesis 
under severe water stress (Osakabe et al., 2014). 
This adaptation mechanism preserves the soil-
water supply for a longer period due to reduced 
transpiration; however, under prolonged water 
deficit, leaf abscission is stimulated (Mickelbart et 
al., 2013).

As to leaf weight (more photosynthetically active 
region), the results indicate a high responsiveness to 
the addition of water in amaranth (6 to 12 g), which 
occurred on a smaller scale for quinoa (6 to 9 g), 
and in contrast to the lower response to irrigation 
of millet (maximum of 5.6 g). This means that 
amaranth may be the favored cover crop in rainier 
regions. After 70 days, the senescence process for 
the pseudocereals occurred, which did not occur 
in millet. This means that selection of millet or 
amaranth as a cover crop may depend on the the 

synchronization between the release of nutrients 
from these plants to the sucession crop. Also, 
regarding leaf weight, there were no millet responses 
to water addition, which suggests rusticity of the 
species and may be an advantage in dry regions.

Observing the trends of Figure 4, the pseudocereals 
were similar for shoot weight at 106 DAE, in the most 
stressed treatment, and both showed lower values for 
this variable than millet. However, this more stressed 
level is lower than which normally occurs at the 
end of the rainy season in the Cerrado, when cover 
plants are usually planted. From the second stress 
level, amaranth was similar to the control plant, that 
is, millet. Quinoa obtained the lowest shoot weight 
among the studied materials, after the second level 
of irrigation. This result indicates amaranth as a 
potential cover plant. Quinoa, however, should have 
an improved management to act as a cover plant.

In a more detailed data observation, the total 
shoot weight at 106 DAE highlights the greatest 
biomass of millet plants (main stem and tillers with 
109 g in WR UM, and 111 g in WR UU), followed 
by amaranth (WR UU with 103 g), whereas quinoa 
accumulated a maximum of 62 g in the WR UM, 
which is 25% higher than the WR UU. As to the 
management, this weight accumulation corresponds 
to the best season for desiccation, which should be 
synchronized with the next planting. This advantage 
of millet may be due to root aggressiveness as showed 
by Jimenez et al. (2008), who compared millet with 
quinoa in a greenhouse, where the millet stood out 
mainly for its root system, even in a compacted-
soil treatment. The total shoot weight is important 
for a cover plant, however, other attributes such as 
the C/N and lignin/N ratios should be considered 
as they affect mineralization and immobilization 
(Carvalho et al., 2015).

Petter et al. (2013) evaluated millet hybrids 
subjected to four WRs and highlighted the 
accumulation of the millet biomass (60% in the 
stem) and the superiority of the root system volume, 
in comparison to other species. There were also no 
statistical differences between WR for the biomass 
of plants and their parts. The marked volume of the 
millet root, which can exploit higher soil volume, 
may have helped to maintain the water levels of 
the plants, considering that, in WR LL there was 
15% moisture in the soil between 0.10 and 0.30 m 
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soil depth (Table 1). The vegetative predisposition 
of millet during the winter was confirmed by the 
reduced weight of inflorescences, in relation to 
the total shoot weight (18%), in the comparison 
with amaranth (63%) and quinoa (55%). Ferreira 

et al. (2014) found similar relationships for 
amaranth ranging from 52 to 65%. The high-weight 
accumulation of apical inflorescence of amaranth, 
and its reduced stem woodiness caused accentuated 
lodging in the WR LM, UM and UU, despite the 

Figure 4. Regression of productive components of amaranth (Amaranthus cruentus), millet (Pennisetum glaucum), and 
quinoa (Chenopodium quinoa) under different water regimes (WRs): lower, lower middle, upper middle, and upper WRs 
correspond to 217, 386, 563, and 647 mm water depths, respectively.
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pronounced diameter of the basal area. Considering 
that thinning of 10 plants per meter for the 
pseudocereals is maintained, tests are suggested to 
avoid lodging, to maintain the adequate population, 
or to use growth reducers, although this may not be 
a suitable strategy for the production of biomass.

The WR UM had no sigmoidal adjustment for 
the amaranth inflorescence mass and differed from 
the other WRs, as the data behavior showed a 
tendency for exponential growth. Linear adjustment 
was selected for the WR UM, which showed an 
increase of more than 1 g per day, while the same 
WR promoted quinoa to a final accumulation of 36 g 
during 69 days (0.5 g per day).

Grains were husked from 71 to 120 DAE to 
evaluate the progression of grain filling. There was 
no adjustment for the quinoa grain mass in WR LL, 
while the other WRs showed the same inflection-
point time (80 DAE), with a grain weight in WR 
UM 12% higher than that in WR UU. Amaranth 
grain weight was not adjusted for WR LL, and the 
other WRs showed linear increments superior to 
1.5 g per day, especially WR UM at 1.9 g per day.

Linear increases for biomass accumulation in 
the amaranth grains for the WR LM, UM and UU, 
and also for inflorescence in WR UM, indicate that 
the complete maturation of grains of this species 
cultivated during winter could exceed 120 DAE. 
Ferreira et al. (2014) obtained complete grain 
maturation at 90 DAE, when the species was grown 
during the summer. Sigmoidal growth for amaranth 
grain accumulation was only adjusted by bringing 
together the mean mass of all WRs, which resulted 
in 67 g at the end of the assay.

The analysis of all components indicates that the 
WR UU is superior to the others. Amaranth shows 
superiority of the WR UU for most components 

(vegetative and foliar measurements); however the 
inflorescences and grains show superiority of the 
WR UM. For quinoa, the WR UM is superior for 
all evaluated components, indicating that this crop 
may be sensitive to excess water, or demand soil 
aeration, despite the reduced differences in soil 
moisture between WR UM and UU at depths up to 
0.30 m (Table 1).

Costa et al. (2005) observed that the millet 
cultivation during the winter prolongs the crop 
cycle and reduces both growth and weight due to 
sensitivity of the species to the photoperiod and 
thermoperiod, which justifies the various productive 
components that showed linear increase until 
106 DAE. The appearance of sterile millet plants 
was observed at low temperatures (13 to 16ºC), in 
the pre-flowering period (Mashingaidze & Muchena, 
1982). In the flowering induction period for millet 
(43 to 60 DAE), 115 hours of temperatures below 
16ºC were registered, mostly between midnight 
and seven o’clock in the morning. Therefore, millet 
'BRS 1501' showed sensitivity to low temperatures, 
inhibiting grain production in the ears.

According to Ong & Monteith (1985), during the 
second stage of millet growth, the determination 
of the number of viable flowers in the spikelets 
depends on the reproductive system to identify the 
favorable rate of growth per unit of time, which can 
be expressed in grams of dry matter per day (or 
megajoules per day), and is strongly correlated with 
the amount of intercepted radiation (determination 
of the assimilated supply) per plant and by the 
thermal period (determination of the development 
rate) in anthesis.

A study on climatic data from the collection 
sites of a germplasm bank in India, with more than 
22,000 accessions, revealed that most materials from 

Table 3. Compilation of the models and coefficient of determination (R²) adjusted for amaranth (Amaranthus cruentus), 
millet (Pennisetum glaucum), and quinoa (Chenopodium quinoa) in plant components, productive and foliar measurements.
Crop Number of models Total Mean of the coefficient of determination (R²)

Undetermined Linear Quadratic Sigmoidal Linear Quadratic Sigmoidal
Amaranth 2 7 6 17 32 0.72 0.83 0.93
Millet 3 26 7 16 52 0.78 0.84 0.95
Quinoa 2 - 8 22 32 - 0.83 0.94
Total 7 33 21 55 116 0.75 0.83 0.94
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latitudes between 10 and 20°, on both sides of the 
Equator, are highly sensitive to longer photoperiods 
(>12.5 hours) and to lower temperatures (<12°C) 
(Upadhyaya et al., 2012). In experiments with 
different irrigation levels, it is imperative that water 
be the main limiting factor. Millet 'BRS 1501' was 
outstanding for the biomass production in comparison 
to the other cultivars (Costa et al., 2005). The authors 
obtained yields between 1 and 2.8 Mg ha-1 for this 
cultivar planted during two seasons (January and 
March 2002), with an average temperature of 26ºC, 
without affecting floral induction of the crop. For 
'BRS 1501', maturation is predicted at 120 days 
(Milheto, 2015a). It was not possible to extend the 
measurements after September for the cultivation 
during the winter due to the possibility of rainfall 
in October. 

It should be noted that  millet was also superior 
to the other evaluated materials in the most limiting 
WRs (Figures 3 and 4), showing that millet is still 
the most recommended species for straw production 
for the no-tillage system, as, in addition to protecting 
the soil, it decreases resistance to soil penetration 
(Pires et al., 2008).

Linear models were predominant to explain 
the behavior of millet with mean determination 
coefficient of 0.78 (Table 3). For amaranth and 
quinoa, the behavior was explained mainly by the 
sigmoid models, followed by the linear model for 
amaranth, and the quadratic model for quinoa.

Considering the beginning of differential 
irrigation at 30 DAE, it was observed that the 
mean inflection point of the sigmoid adjustments 
of 14 components, associated with WR LL, was 
50 DAE, while in the other WRs the average 
occurred at 59 DAE. This may be an indication 
that adequate water supply favored the incremental 
period of the evaluated components at increasing 
rates; and, at the end of the assay, the components 
evaluated under sigmoidal fit in the WRs LM, UM 
and UU surpassed the values showed in WR LL by 
225%. This dynamic should have occurred due to a 
reduced cycle resulting from stress.

Plant growth and biomass can be asymmetric and 
represented by the Gompertz (Damgaard & Weiner, 
2008; Qiming et al., 2008) or Richards function; 
however, the high mean obtained for the coefficients 
of determination of the symmetrical sigmoidal 

models fitted in this assay (0.94) is sufficient to 
compare with the linear (0.75) and quadratic models 
(0.83).

The dynamics of plant growth in the rainy 
(1071 mm) and dry (200 mm) seasons showed 
asymmetric (Gompertz) and symmetric sigmoidal 
models (logistic), respectively, neglecting the linear 
models (Rodriguez et al., 2011). The authors observed 
that the symmetric sigmoidal model showed the best 
fit for assessing water regimes in the dry season.

Conclusions

1. The dynamics of species growth – amaranth 
(Amaranthus cruentus), quinoa (Chenopodium 
quinoa), and millet (Pennisetum glaucum) – varies 
according to the water regime adopted.

2. Amaranth tends to show the highest biomass 
production, at the highest water levels, and is the most 
responsive to irrigation.

3. Millet shows the highest growth and biomass 
production at the highest-stress level, and shows  
smaller differences between water regimes than the 
pseudocereals.
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