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Abstract

There is lack of information on calculation of nutrient and fertilizers supply in crop plants, especially regarding to the nutrient
demands of most crops. The aim of this study was to find out models on nutrient demands of the garlic crop to produce the bulb
yield. Garlic samples were taken from 142 commercial garlic fields in the Alto Paranaiba region, Brazil. The yields of the crop
samples ranged from 9.1 to 24.2 t ha™, with an average of 17.3 t ha™’. The harvest index and the mean moisture content were 72.1%
and 38.2%, respectively. Only linear models or models of diminishing returns were fitted for all the correlations between the bulb
yield and total nutrient accumulation or accumulation of nutrients in the bulbs. The linear models explained the behavior of nutrients
in the deficiency range, whereas the second type explained the behavior of those found in the transition between the deficiency range
and the sufficiency range. The mean accumulation of nutrients by the crop was 206.5 kg ha 1of N, 29.4 of P, 123.0 of K, 59.8 of Ca,
10.4 of Mg, and 45.4 of S, as well as 179.4 g ha ™ of B, 134.7 of Cu, 1442.1 of Fe, 118.7 of Mn, and 308.5 of Zn. The mean harvest
indices for the accumulated nutrients followed the order P (75.9%) > S (72.0%) > N (71.4%) > Zn (69.0%) > K (56.0%) > B (47.5%)
> Ca (44.4%) > Fe (43.1%) > Mn (41.9%) > Mg (41.4%) > Cu (26.1%).

Keywords: bulb yield; fertilizer recommendation; nutrients uptake.
Abbreviations: R? coefficient of determination, QUEFTS_Quantitative Evaluation of the Fertility of Tropical Soils

Introduction

Currently, the main instruments being used in fertilizer yields and incorporate new knowledge generated from
management and farming systems are the recommendation research and from farmers.
tables. These tools may be highly inaccurate because they are Santos et al. (2008) suggested substitution of
developed based on political borders and not on regional recommendation tables by systems of calculation with a
edaphic and climatic conditions. In addition, information greater scientific foundation. In this regard, the nutritional
from recommendation tables does not allow professionals to balance systems stand out, in which modeling of fertilizer
incorporate new knowledge and adaptations arising from recommendation is made in accordance with nutrient demand
research or field experiments (Tomé Janior, 2004). by the plants and the supply of nutrients by the soil. These
The official tables used for the garlic crop in the Cerrado systems go beyond the recommendation tables by considering
(Brazilian tropical savanna) region are those published by variations in yield estimates and in soil properties in a
Souza et al. (1999) in recommendations for the use of soil continuous manner and not as classes. One of the main
amendments and fertilizers in Minas Gerais — 5th Estimate obstacles in creating these models is the lack of information
and by Trani et al. (1997) in Technical bulletin 100 — on nutrient demands by plants. For the garlic crop, some
recommendations for fertilization and liming for the state of studies, like those developed by Resende et al. (1999),
S&o Paulo). It may be seen that, in addition to the problems Andrioli et al. (2008), and Souza et al. (2011) determined the
inherent to the use of tables, these publications are quite old, amount of nutrients uptaken from soil by the crop species.
and may not be in line with current cropping conditions. Nevertheless, as emphasized by Setiyono et al. (2010),
Studies that used increasing application rates of N (Resende studies of this kind are fitted to specific experimental
et al., 2000; Backes et al., 2008; Macedo et al., 2009; conditions, greatly limiting their applicability to broader
Fernandes et al., 2010; Fernandes et al., 2011), P (Biill et al., environmental and management conditions. In addition, these
2004; Biill et al., 2008), and K (Biill et al., 2001; Trani et al., studies consider yields much lower than those obtained by
2008) showed significant increases in garlic yield. In these most producers, leading to questions in regard to their
studies, the rates found for maximum yield response are suitability for current conditions.
greater than those recommended by the official tables. Thus, In this respect, researchers have chosen to undertake this
the official recommendations of the fertilization tables might type of study in areas with a commercial growing standard,
be out of date. Therefore, new instruments for fertilizer seeking to obtain samples with yield levels equal to those
recommendation for the garlic crop are necessary to increase achieved by producers and with a view toward considering
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maximum possible variability. Based on these principles,
Witt et al. (1999) for rice, Liu et al. (2006) for wheat and
maize, and Setiyono et al. (2010) for maize, successfully
created more robust and comprehensive models that explain
the nutrient demand by these crops for different yield levels.
Therefore, we aimed to create models that correlate the
nutrient demand by the garlic crop with bulb yield, with a
view toward promoting the creation of systems for
calculation  of  fertilizer and  soil  amendment
recommendations using a greater scientific foundation.

Results and Discussion
Productivity and nutritional status

The garlic bulb yield ranged from 9.1 to 24.2 t ha™, with a
mean of 17.3 t ha® (Table 1). Mean vyield of garlic in Brazil
was 10.6 t ha® in 2012 (FAO, 2014), though the Alto
Paranaiba region of Minas Gerais has shown an average yield
above the other producer regions in Brazil. In this region,
garlic growing is carried out by large and medium-sized
producers with broad access to technology, which explains
the greater mean yield (ANAPA, 2014). No correlation was
observed between the harvest index and bulb yield (Fig. 1).
Analyzing each of the variables separately, it was observed
that there is a strong tendency toward normal distribution of
the data. Thus, based on the principle that the first moment of
a normal distribution is the arithmetic mean (Montgomery
and Runger, 2012), it was assumed that for the mean yield of
the study (17.3 t hal), the harvest index was 72.1%. The
harvest index allows estimation of the shoot dry matter from
bulb yield. This estimate is important for calculation of the
amount of nutrients allocated to the shoots.

The mean moisture content in the bulbs was 38.2%, with a
coefficient of variation of 3.9% (Table 1). Knowledge of this
variable is highly relevant in nutritional management because
it allows estimation of bulb dry matter based on estimated
yield. In contrast, with most grain crops, sale of garlic is not
carried out based on a standard moisture value of the product.
Nevertheless, the low variability obtained in moisture content
of the field samples confers high reliability in the use of this
variable for the garlic crop.

The order of mean accumulation of nutrients, both total
accumulation and accumulation only in the bulbs, was N > K
>Ca>S>P>Mg>Fe>2Zn>B>Cu> Mn (Table 1).
Resende et al. (1999) and Andrioli et al. (2008) obtained
quite similar sequences, except for nutrients with lower
accumulations. The former found that Cu, and not Mn, is the
nutrient least uptaken by garlic crop. The sequence of
Andrioli et al. (2008) differed in regard to the three least
accumulated nutrients, with the order of Mn > B > Cu. The
uptake of these three micronutrients is strongly influenced by
edaphic and climatic characteristics, for example, moisture
content for B (Mattiello et al., 2009), organic matter for Cu
(Abreu et al., 2007), and the redox reaction conditions for Mn
(Souza, 2001). Thus, it is suggested that the variations
observed among the three studies are mainly due to the
differences in the growing environments.

The mean harvest index of the nutrients in decreasing order
wasP>S>N>Zn>K>B>Ca>Fe>Mn>Mg>Cu
(Table 2). This is relevant for the management practices to
restore nutrients exported by the crop. When the leaves are
also removed from the crop area during garlic harvest,
attention must be paid to restoring the elements with a low
harvest index. In this regard, the elements B, Ca, Fe, Mn, Mg,
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and Cu stand out with more than 50% of their accumulation
in the leaves.

Modeling for correlation between productivity and nutrient
accumulation

The models fitted for the correlation between yield and the
accumulation of nutrients did not exhibit high coefficients of
determination (values from 0.22 to 0.60). Nevertheless, all of
them, as well as their parameters, showed high significance
(p <0.001) (Fig. 3, 4, 5).

Only linear models or models of diminishing returns were
fitted for all the correlations of the study (Fig. 3, 4, 5). The
choice of these models, in addition to obtaining a suitable
statistical fit, allowed a biological explanation of the data to
be made. Crop yield (or plant growth) as a function of
nutrient accumulation, initially showed a linear stage,
followed by a hyperbolic stage that culminates in a plateau
(Witt et al., 1999; Taiz and Zeiger, 2013). Thus, the use of
the two types of models allows explanation of the
correlations that fit within one of the two stages.

In the model presented by Taiz and Zeiger (2013), which
explains the correlation between plant growth and the
concentration of nutrients in the plant tissue, it is possible to
distinguish three ranges. The first, known as the deficiency
range, is characterized by a function, in which the increase of
availability of nutrients is positively and linearly associated
with the increase in yield. The second, which is the
sufficiency range, the accumulation of nutrients in the tissues
no longer increases the yield. There are only increases in the
concentration of the elements. Finally, the toxic level consists
of a stage, in which the accumulation of the nutrient is so
high that reductions in plant growth are observed, due to
phytotoxicity.

In the recent years, various studies have aimed at obtaining
the functions that explain these correlations for various crops,
such as Dezordi (2014) for carrot, Witt et al. (1999) for rice,
Liu et al. (2006) for wheat and maize, and Setiyono et al.
(2010) for maize. For that purpose, these researchers used the
tool QUEFTS, initially developed by Janssen et al. (1990)
and modified by Witt et al. (1999). It is important to
emphasize that, in contrast with results presented by Taiz and
Zeiger (2013), we found greater importance to the transitional
region between the first and the second range of nutrient
accumulation, which was not treated as just a short and quick
zone of transition. It was thus established that, disregarding
the zone of toxicity that occurs under very high nutrient
contents, the plant growth model, as a function of nutrient
accumulation, follows a linear-parabolic-plateau model (Witt
et al., 1999). Thus, between the first and the second region,
there is one element that behaves parabolically, i.e.,
diminishing returns are observed in plant growth with the
increase in nutrient concentration.

Modeling for correlation between productivity and
accumulation of N, P, K, Ca, Mg and S

For the N, P, and K nutrients, positive linear behavior was
observed between crop yield and nutrient accumulation, both
in total accumulation (bulbs+leaves) and accumulation in the
bulbs (Fig. 2). This behavior indicates that the concentrations
of these nutrients in the plant tissue are still within the
deficiency range, i.e., the increase in the accumulation of
these elements will directly increase bulb yield.



Table 1. Yield, total dry matter (TDM), harvest index, moisture content in the bulb, total accumulation and accumulation in the bulbs
of N, P, K, Ca, Mg, S, B, Cu, Fe, Mn, and Zn of the garlic crop.

Parameter Unit n Mean SD Minimum  Maximum
Yield tha™ 142 17.3 2.7 9.1 24.2
TDM kg ha 140 9125.5 1360.7 4524.3 11998.2
Harvest index kg kg 140 72.1 4.9 57.6 84.4
Moisture content in the bulb % 125 38.2 15 35.1 41.8

N accumulation in the bulbs kg ha™ 136 148.4 32.3 76.8 239.7
P accumulation in the bulbs kg ha 137 22.4 36 11.3 30.7

K accumulation in the bulbs kg ha™ 136 66.7 144 37.3 1131
Ca accumulation in the bulbs kg ha 137 26.2 6.8 145 46.2
Mg accumulation in the bulbs kg ha™ 131 42 0.8 2.2 6.8

S accumulation in the bulbs kg ha 134 32.9 7.2 135 57.9

B accumulation in the bulbs gha? 141 85.0 21.2 32.2 1451
Cu accumulation in the bulbs gha' 129 324 13.0 3.3 65.2
Fe accumulation in the bulbs gha? 78 534.2 165.1 14.3 786.1
Mn accumulation in the bulbs g ha™* 118 46.9 139 16.0 86.2
Zn accumulation in the bulbs gha' 111 204.2 40.3 105.3 296.6
Total N accumulation kg ha 134 206.5 34.9 107.7 291.9
Total P accumulation kg ha™ 137 29.4 38 171 37.4
Total K accumulation kg ha 128 123.0 21.0 67.4 167.0
Total Ca accumulation kg ha 131 59.8 12.6 32.1 92.3
Total Mg accumulation kg ha™ 125 104 19 6.3 144
Total S accumulation kg ha 139 454 8.0 21.8 68.3
Total B accumulation gha' 138 1794 34.0 103.9 254.6
Total Cu accumulation gha' 68 1347 62.2 49.1 306.4
Total Fe accumulation gha? 83 1442.1 309.0 794.4 1995.9
Total Mn accumulation gha' 84 118.7 354 57.0 187.3
Total Zn accumulation gha? 111 308.5 79.5 137.8 534.4

n = number of observations; SD = standard deviation.
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Fig 1. Correlation between yield and the harvest index of the garlic crop.
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Table 2. Harvest index of N, P, K, Ca, Mg, S, B, Cu, Fe, Mn and Zn of the garlic crop.

. Mean S Minimum Maximum
Nutrient n %
N 132 714 8.3 54.0 94.1
P 133 75.9 6.8 58.8 92.1
K 123 56.0 8.3 38.3 85.5
Ca 131 44.4 8.3 26.4 66.5
Mg 117 41.4 6.5 26.9 54.5
S 133 72.0 9.6 45.8 94.2
B 138 475 8.7 244 67.9
Cu 58 26.1 10.7 11.6 56.1
Fe 57 43.1 11.3 21.8 73.6
Mn 83 41.9 14.7 14.8 74.2
Zn 111 69.0 14.8 22.5 93.8
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Fig 2. Correlation between yield and total accumulation and accumulation in the bulbs of N (a, b), P (c, d), and K (g, f). ***
significant at the level of 0.001.
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Fig 5. Mean and standard error of the mean of Cu (a) and Fe (c) accumulation in the bulbs, and total Cu (b), Fe (d), Mn (g), and Zn

(f) accumulation as a function of five yield classes of garlic.

The fitted models indicated that to increase crop yield by 1 t
ha?, within the interval of each function, the garlic will
accumulate an additional 20.7 kg ha™ of N, 2.3 kg ha™ of P,
and 12.0 kg ha? of K. For the bulbs, there will be mean
increases of 17.1 kg ha™ of N, 1.7 kg ha™ of P, and 6.7 kg
ha™* of K. From the models fitted, it is calculated that 205 kg
ha® of N, 30 of P, and 120 of K are the amounts of these
elements necessary to achieve the mean yield obtained in the
study (17.3 t ha®).

The behavior observed for Ca, Mg, and S differed with
those recorded for N, P, and K. Except for the accumulation
of Mg in the bulbs, it was noted that the parabolic behavior
was assumed by the models for the best fit (Fig. 3). These
results indicate that the total concentrations of Ca, Mg, and S
and the concentrations of Ca and S in the bulbs exceeded the
limit contents of the deficiency range. Thus, diminishing
returns are expected in yield for the increase in the supply of
these elements. The total accumulation of Ca and of Mg
above the deficiency range is probably due to the high
application rates of limestone used in the region. Most of the
planting fields had their base saturation raised to 80% or 85%
(data not shown). It is believed that the amount of these
elements in the soils were more than sufficient for the needs
of the garlic. Therefore, it is expected that, in fact, the models
for Ca and Mg draw nearer the sufficient range than the
deficient range. The supply of S to the planting fields was
through application of simple superphosphate (12% S). The
mean application rate of simple superphosphate used in the
planting fields was 1250 kg ha™, with a mean content of 150
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kg ha® of S (data not presented). According to the model
fitted to total accumulation of the nutrient (Fig. 3e), the garlic
can extract 44.8 kg ha™ of S for the mean yield of the study
(17.3 t ha®). Thus, the mean supply of S through fertilizer
was more than three times the mean needs of the crop.

In studies on fertilization with S, values obtained for the
recovery rates of the nutrient supplied through fertilization
were 0.40 for sugarcane (Freire, 2001), 0.45 for banana
(Oliveira et al., 2005), 0.50 for cotton (Possamai, 2003), 0.50
for soybean (Santos et al., 2008), and 0.59 for pineapple
(Silva et al., 2009). Based on these values, it may be
calculated that for the mean quantity of S applied, at least 60
kg ha would be taken up by the garlic plants. Thus, the
availability of S for garlic exceeded the mean needs of the
crop (44.8 kg ha™).

Modeling for correlation between productivity and
accumulation of B, Cu, Zn, Fe and Mn

It was not possible to fit significant models to the correlation
between vyield and the accumulation of most of the
micronutrients. Success in fitting these models was only
obtained for total accumulation of B, Mn, and Zn, and for the
accumulation of B in the bulbs (Fig. 4). The ratio between the
accumulation of B in the bulbs and the crop yield assumed a
parabolic tendency. In contrast, the total accumulation of the
nutrient was related in a positive linear manner to crop yield,
with increases of 21.6 g ha™ per ton produced (within the
interval of the model). These results indicate that for high



yields, the B needs of garlic are greater for bulb formation
than for leaf formation. For the micronutrients Mn and Zn, an
the bulb accumulation of 9.4 g ha' and 24.8 g hal,
respectively, were obtained for the increase of 1 t ha™ in yield
within the interval of the function. Thus, for the mean yield
of the study (17.3 t ha®), the accumulation in the bulbs of 44
g ha™ of Mn and 199 g ha™* of Zn are necessary.

For the micronutrients, in which it was not possible to fit
models, the mean accumulation and the standard error of the
mean were analyzed in five yield classes (<14, 14 to 16, 16 to
18, 18 to 20, and >20 t ha™). The classes were compared
through overlapping of the error bars, and those in which the
intervals of accumulation of nutrients delimited by the
standard error of the mean did not overlap were considered
distinct (Fig. 5).

Analysis of Cu accumulation in the bulbs allowed
determination of two distinct groups. All the classes with a
yield greater than 14 t ha™ were considered similar according
to the criteria of overlapping of the error bars. Thus, for the
yields less than 14 t ha, the mean value of Cu accumulation
in the bulbs was 22 g ha™*, whereas for yields greater than 14
tha, the accumulation was 34 g ha™.

For the total accumulated Cu, it was observed that the first
two yield classes were distinct from the third and fourth
classes, which were very similar. The last class (> 20 t ha)
did not differ from any other classes. Thus, we chose to
separate the five classes in three distinct groups. In the first
class, with the yields less than 16 t ha®, the mean
accumulation was 119 g ha™; for the second, with yield from
16 to 20 t hal, the mean accumulation was 153 g ha™; and for
the last group, with yields greater than 20 t ha™, the mean
accumulation was 128 g ha.

The Fe accumulation in the bulbs exhibited distinction
among the yield classes less than 16 t ha™, and the classes
with yield greater than 18 t ha™, observing a transition
(without differences for the other classes) in the class from 16
to 18 t ha™’. Thus, these three groups were used as criteria of
separation for Fe accumulation in the bulbs. The first group
(vield less than 16 t ha™®) accumulated an average of 485 g ha’
L the second (yield from 16 to 18 t ha®), 542 g ha!; and the
last (yield greater than 18 t ha™), 600 g ha™.

Both for total Fe accumulation and for total Mn
accumulation, distinctions were not observed among the yield
classes. Thus, it was assumed that the mean total extractions,
regardless of yield, were 1452 g ha™ of Fe and 119 g ha of
Mn. Analysis of classes for total Zn accumulation allowed
two distinct groups to be distinguished. In the first group,
with yield less than 14 t ha™, mean Zn accumulation was 237
g hal. In the second, with yield greater than 14 t ha™, the
mean accumulation was 315 g ha™ of Zn.

Materials and Methods
Location, climate and soil classification

This study was carried out in the Alto Paranaiba region of
Minas Gerais, Brazil in the 2012 and 2013 crops seasons. The
regional climate was classified as Cwa, following the
Kdppen-Geiger system. The altitude of the areas ranged from
900 to 1200 m. The vast majority of the garlic fields under
study have soils classified as Latossolo Vermelho-Amarelo
(Oxisol), and a smaller number as Latossolo Vermelho and
Latossolo Amarelo (Embrapa, 2013).
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Fields characterization and measurements

The database of this study was made up of 142 commercial
planting fields, where samples were taken at the end of the
garlic crop cycle. Fifteen sequential plants from four distinct
points were taken in each planting field, resulting in a
compound sample made up of 60 plants. In each one of these
samples, yield, bulb and leaf dry matter, and nutrient content
in bulbs and leaves were evaluated. In addition, the harvest
index, the moisture content in the bulbs, and the
accumulation of nutrients in the bulbs and leaves were
calculated. The garlic variety “Ito” belonging to the noble
group with a late cycle and purple coloring was planted in all
planting fields. The cloves went through the process of
vernalization before planting, with temperatures from 2°C to
5°C for a period of 45 to 60 days. All the areas were under
center pivot irrigation, except for two planting fields that
were irrigated by conventional sprinkling. The mean values
and the standard deviations of the fertilizations were 222 + 30
kg ha™ of N; 371 + 39 of P, and 417 + 62 of K. For liming
recommendation, the base saturation method predominated,
using 80% or 85% for the expected saturation values.

Chemical analysis

To determine the yield of each planting field, 60 collected
bulbs were weighed, after natural drying for 30 days,
extrapolating the value obtained to one hectare. The bulb and
leaf dry matter was evaluated by drying the collected material
in an air circulation laboratory oven at 70°C for 72 h,
followed by weighing. The dry samples were ground in a
Wiley type mill and sent for chemical analysis for
determination of the nutritional contents of the bulbs and
leaves in the Mineral Nutrition lab from the Federal
University of Vigosa - Campus Rio Paranaiba.

The harvest index was calculated by the ratio between the
dry matter of the bulbs and the total dry matter (bulbs +
leaves). Moisture content in the bulbs was calculated by the
quotient between the bulb weight after air drying and after
drying in the laboratory oven. The accumulation of nutrients
in the bulbs and leaves was obtained by the product between
the nutrient content and the accumulation of dry matter in the
respective organs.

Chemical analyses of the plant tissues were carried out
according to the methods described by Silva (2009). For
determination of N, sulfuric digestion was carried out,
followed by Kjeldahl distillation. The other nutrients were
subjected to nitro-perchloric digestion and analyzed by
spectrophotometry (P and B), flame photometry (K),
turbidimetry (S), and atomic absorption spectrophotometry
(Ca, Mg, Cu, Fe, Mn, and Zn).

Statistical analysis

All the data were subjected to analysis of outliers, directed by
the standardized residual method. The results with discrepant
values associated with unexplainable factors were eliminated.
After elimination, descriptive analysis of the variables was
carried out through the mean, standard deviation, maximum
value, and minimum value. In addition, based on correlation
with yield, mathematical models were constructed of the
accumulation of nutrients in the leaves and bulbs and harvest
index variables. It was not possible to fit a significant model
for the correlation between yield and the harvest index.



Thus, we chose to analyze the data distribution of each one of
the variables in a separate manner so as to obtain the value
expected from each one, thus estimating the harvest index for
the mean yield of the region.

The criteria for fitting the models to correlations between
yield and nutrient accumulation in the leaves or bulbs
followed the criteria with decreasing order of priority as: the
biological explanation of the data, the significance of the
models, the significance of the parameters of the model, and
the coefficient of determination. Through these criteria, only
two distinct types of models were fitted to the data: linear
model (1) and model of diminishing returns (2).

vy=a+bx Q)

yv=1+ e %
(@)

For the elements that were not possible to fit with the
significant models of correlation between accumulation and
yield, the mean value and the standard error of the mean
value were analyzed in five yield classes (<14, 14 to 16, 16 to
18, 18 to 20, and >20 t ha'l). The classes were compared
through overlapping of the error bars. Those in which the
intervals of nutrient accumulation, delimited by the standard
error of the mean, did not overlap were considered distinct.

Conclusions

The models allow estimation of nutrient uptake by the garlic
crop according to bulb yield and this is an important way for
recommending fertilizers. The most extracted nutrients by
garlic crop follow the order N (206.5 kg ha ) > K (123 kg
ha) > Ca (59.8 kg ha™) > S (45.4 kg ha™) > P (29.4 kg ha®)
> Mg (10.4 kg ha™) > Fe (1442.1 g ha™) > Zn (308.5 g ha!) >
B (179.4 g ha™) > Cu (134.7 g ha™) > Mn (118.7 g ha™). The
harvest index of nutrients of the garlic crop follows the order
of:P>S>N>Zn>K>B>Ca>Fe>Mn>Mg>Cu.
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