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RESUMO

Particao de biomassa e demanda de nutrientes do café em diferentes condigGes e
adubacido de acordo com a demanda de nutrientes dos drenos simultaneos - frutos e
crescimento vegetativo

A eficiéncia no uso de nutrientes é um grande desafio para reduzir custos e economizar
recursos. Uma maneira de aumentar essa eficiéncia é aplicar os nutrientes na dose certa, o que
requer conhecer a demanda de nutrientes da planta com base na biomassa produzida. No
entanto, a biomassa e a demanda de nutrientes pode variar de acordo com fatores como carga de
frutos, idade, manejo de poda, densidade de plantas, cultivar, localizagao, uso de irrigacdo, etc.
Por isso, nos ultimos anos, estudamos a demanda de nutrientes do café (Coffea arabica 1..) em
relacio a biomassa produzida para melhorar as estratégias de adubagio do cafeeiro.
Desenvolvemos varios experimentos para medir a biomassa produzida e a demanda de nutrientes
das plantas sob diferentes condi¢des. Aqui, apresentamos os estudos com lavouras de café no
primeiro ano de produgdo e com ramos podados (esqueletamento). Além disso, desenvolvemos
um método de fertilizagao - EsalqCafé - para o café ardbica baseado em dados de demanda de
nutrientes de pesquisas preliminares que consideram a demanda de nutrientes dos dois drenos
simultaneos (carga de frutos e crescimento vegetativo ativo), fertilizamos lavouras de café adultas
e comparamos com métodos oficiais de fertilizagao para validar o método EsalqCaté. O primeiro
estudo foi realizado em uma lavoura de café no primeiro ciclo de produ¢io para avaliar o efeito
da carga de frutos no crescimento vegetativo e na demanda de nutrientes. O delineamento
experimental foi em blocos casualizados com carga de frutos controlada em cinco niveis e oito
repeti¢oes. Este estudo revelou que uma alta carga de frutos diminui cerca de trés vezes a
biomassa vegetativa, considerando que a planta deixa de produzir 0,43 g de matéria seca de
vegetacao para cada grama de fruto produzido. As concentra¢des de nutrientes na vegetagao e
nos frutos nao foram dependentes da carga de frutos, e a demanda de nutrientes variou de
acordo com a carga de frutos. O segundo estudo foi realizado em cafeeiros com ramos
plagiotropicos podados, a fim de determinar a biomassa vegetativa anual e a demanda de
macronutrientes em manejo de sequeiro e irrigado. O delineamento experimental foi inteiramente
casualizado com dois tratamentos (sequeiro e irrigado) e onze repeti¢oes. A biomassa vegetativa e
suas concentragdes de macronutrientes foram medidas para detemrinar os nutrientes acumulados
na biomassa vegetativa e a demanda total de nutrientes. Sob manejo de sequeiro ou irrigado, o
crescimento da biomassa vegetativa e as concentragoes de nutrientes ndo variaram. No entanto,
houve uma quantidade satisfatéria de chuva durante o ciclo de crescimento. A demanda de
nutrientes foi a mesma para manejo irrigado e sequeiro. Potassio, nitrogénio e calcio foram os
nutrientes mais demandados, correspondendo a 87% da demanda total de macronutrientes. O
terceiro estudo foi realizado em trés experimentos de campo. O delineamento do experimento foi
em blocos casualizados com quatro tratamentos, que foram métodos de adubacao: EsalqCafé,
Boletim 100 (1997), Boletim 100 versao atualizada e 5* Aproximagdo com cinco repetigdes. As
variaveis analisadas foram: produtividade, concentragao foliar de nitrogénio e teor de fésforo e
potassio no solo na época da colheita. Comparado aos métodos de adubagao existentes, os
resultados revelaram que o EsalqCafé foi suficiente para suprir a demanda de nutrientes da
planta, mantendo a concentragao de nitrogénio na folha e o teor de fésforo e potassio no solo na
faixa ideal ap6s a colheita. No entanto, mais estudos sao necessarios.

Palavras-chave: Coffea arabica L., Eficiéncia, Dose, Poda, Nitrogénio, Potdssio



ABSTRACT

Biomass partition and nutrient demand of coffee in different conditions and fertilization
according to nutrient demand from simultaneous sinks - fruits and vegetative growth

Nutrient use efficiency is a big challenge to reduce costs and save resources. One way to
enhance this efficiency is to apply nutrients at the right rate, which requires knowing the plant
nutrient demand based on its produced biomass. However, the biomass and nutrient demand can
vary according to factors such as fruit load, age, pruning management, plant density, cultivar,
location, irrigation use, etc. Therefore, in the last few years, we have studied the coffee (Coffea
arabica 1..) nutrient demand regarding the biomass produced to improve coffee fertilization
strategies. We developed several experiments to measure the biomass produced and plant
nutrient demand under different conditions. Here, we present the studies with coffee orchards in
the first production cycle and with pruning branches. Furthermore, we developed a fertilization
method - EsalqCafé - for arabica coffee based on nutrient demand data from preliminary
research that considers the nutrient demand of the two simultaneous sinks (fruit load and the
active vegetative growth) and we fertilize mature coffee orchards comparing with official
fertilization methods to validate the EsalqCafé method. The first study was carried out in a coffee
orchard in the first production cycle to measure the effect of fruit load on vegetative growth and
nutrient demand. The experimental design was in randomized blocks with controlled fruit load in
five levels and eight replicates. This study revealed that a high fruit load decreases vegetative
biomass about three-fold, considering that the plant no longer produces 0.43 g of vegetation dry
matter for each gram of fruit produced. The nutrient concentrations in the vegetative and fruiting
tissues were not dependent on the fruit load and the nutrient demand varied according to the
fruit load. The second study was carried out on coffee plants with plagiotropic branches pruned
to determine the annual vegetative biomass and the macronutrient demand in rainfed and
irrigated management. The experimental design was completely randomized with two treatments
(rainfed and irrigated) and eleven replicates. Vegetative biomass and its macronutrient
concentrations were measured to predict nutrients accumulated in vegetative biomass and total
nutrient demand. Under rainfed or irrigated management, the vegetative biomass growth and
nutrient concentrations did not vary. However, there was a satisfactory amount of rain during the
growth cycle. The nutrient demand was the same for irrigated and rainfed management.
Potassium, nitrogen and calcium were the nutrients most demanded, corresponding to 87% of
the total macronutrient demand. The third study was carried out in three field experiments. The
experiment design was in randomized blocks with four treatments, which were fertilization
methods: EsalqCafé, Boletim 100 (1997), Boletim 100 updated version and 5% Aproximagao with
five replications. The variables analyzed were: crop yield, nitrogen leaf concentration and
phosphorus and potassium content in the soil at harvest time. Compared to existing fertilization
methods, the results revealed the EsalqCafé was sufficient to supply the plant nutrient demand,
maintaining nitrogen concentration in the leaf and the phosphorus and potassium content in the
soil in the ideal range after harvest. However, further studies are needed.

Keywords: Coffea arabica L., Efficiency, Rate, Pruning, Nitrogen, Potassium
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1. INTRODUCTION

The world produced 167 million 60-kilogram bags of coffee beans and consumed 165 million 60-kilogram
bags in 2020/2021 (USDA, 2022). Brazil, the largest producer, harvested 48 million bags, almost 30% of the total
production, grown on over 2 million hectares with Coffea arabica 1.. and Coffea canephora Pierre species (CONAB,
2022). The volume of coffee traded in 2021 by the country has internalized more than US$ 8 billion in foreign
exchange revenues (CECAFE, 2022). Despite impressive numbers, growing all this coffee is a big challenge. One of
the bottlenecks to production is cultivating low fertility soils, which demand high nutrient rates every year. The
average financial expenditure on fertilizers represents 20-30% of the total production cost (CONAB, 2017).
Moreover, Brazil imports more than 80% of the fertilizers for agricultural production (Brasil, 2021), which causes
insecurity to the sector due to heavy dependence from other countries, since fertilizers are strategic products for
food security. Therefore, awareness and interest in improve nutrient use efficiency has never been greater and has
been a prominent issue in national politics. One way to enhance this efficiency is to apply nutrients at the right rate,
which requires knowing the plant nutrient demand based on its biomass.

Nitrogen (N) and potassium (K) ate the elements required in greater quantity by the plant compared to
the need for phosphorus (P), calcium (Ca), magnesium (Mg), sulfur (S) and the micronutrients boron (B), copper
(Cu), iron (Fe ), manganese (Mn), molybdenum (Mo) and zinc (Zn) (Epstein, 1965; Marschner, 1995a; Raij, 2011).
Maximum rates can reach 450 kg ha'! N and 450 kg ha! K to 4800 kg ha! green beans according to Sao Paulo state
recommendations (Rajj et al., 1996) or 3600 kg ha! green beans according to Minas Gerais state recommendations
(Guimaries et al., 1999), Brazil’s largest coffee producers. However, in recent years, high yields (>5000 kg ha'!) have
been reported (Celestino and Veiga, 2019; Sakai et al., 2015; Silva et al., 2008, 2011) and the amount of extra
nutrients that must be supplied is not clear because previous studies have not taken into account the current crop
yield (Guimaries et al., 1999; Raij et al., 1996). Therefore, coffee growers have applied excessive nutrient rates
without specifications, such as 800 kg ha! N and 630 kg ha! K, which are much higher than the maximum rates
indicated by official recommendations. Furthermore, to our knowledge, there is no information about nutrient rates
required for pruned coffee, a practice widely used in coffee crops, especially for the zero-harvest system.

Besides the lack of information about nutrient demand for high yields and pruned plants, there is no
information about coffee nutrient demand according to the fruit load. It is important to consider this because Coffea
arabica L. is a perennial plant and active vegetative and reproductive growth co-occurs. However, fruits are the major
physiological sink regulating carbohydrate allocation (Bote and Jan, 2016). Then, biomass pattition between
vegetative and reproductive growth is often described in a negative relationship (Amaral et al., 2001; Bote and Jan,
2016; Cannell, 1985a; Nicolas Franck et al., 2006; Vaast et al., 2006, 2005, 2002). The nutrient rate to supply the
coffee demand in production must be obtained by adding the demand for fruiting and the amount required by the
active vegetative grown. The values of these demands are obtained by the product between the fruit and vegetation
biomass and its nutrient concentration. Therefore, a better understanding of these sinks' relationship can be useful
for predicting nutrient rates for efficient fertilization management.

To fertilize coffee more efficiently and overcome the limitations of past attempts, we determine the coffee
nutrient demand in different conditions, like crops in the first year of production and after pruning branches. Also, we
fertilize mature coffee crops according to nutrient demand for vegetation and fruiting based on nutrient demand data
from preliminary research. This method is described as EsalqCafé and is based on the ecophysiological relationship of the

coffee plant between the sinks, fruits and vegetation. This relationship incorporates improved descriptions of the amount
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of vegetative mass as a function of fruit load to support the calculation of the amount of nutrients for developing and
maintaining the productive coffee tree during its useful life. The physiological rigor used to design our method permits us

to reliably estimate the nutrient demand, which vary according to the stage of cultivation, management and fruit load.
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2. FRUIT LOAD INFLUENCE ON DRY MATTER PARTITIONING, HARVEST INDEX AND
NUTRIENT DEMAND OF COFFEE IN THE FIRST YIELD CYCLE

Abstract

Fruits are the coffee (Coffea arabica 1.) strongest sink that regulates the dry matter
pattitioning. A high fruit load often results in low vegetative growth and vice versa, also influencing
the coffee harvest index (HI) and the nutrient demand. However, the total biomass of fruits and
vegetation of young coffee plants over a growth cycle is unknown, considering the relationship
between both. The present study measured the effect of fruit load on vegetative growth, green bean
yield, HI and nutrient demand of young coffee plants, generating allometric models. The study was
carried out from November 2018 to April 2019 in a young coffee orchard in southeastern Brazil. The
experimental design was in randomized blocks with controlled fruit load in five levels (100, 75, 50, 25
and 0%) and eight replicates. The treatments were imposed manually when the fruits were in the
pinhead development stage, as well as the branch labeled on the insertion of the last pair of the leaf of
each branch for further evaluation of vegetative development. The variables analyzed were: vegetation
dry matter, fruit dry yield, green beans, HI and macronutrient concentration in vegetation and fruiting
to estimate the nutrient demand. The study revealed that a high fruit load decreases vegetative
biomass about three-fold, considering that for each gram of fruit produced, the plant no longer
produces ~ 0.43 g of vegetation dry matter. The HI of young coffee plants varies from 0.13 to 0.72
according to the fruit load. Furthermore, the nutrient concentrations in the vegetative and fruiting
tissues were not dependent on fruit load and nutrient demand varies according to the fruit load due to
the different yield proportions of mass between fruiting and annual vegetation. These results can help
improve crop nutrition strategies for young coffee orchards, which should be based on nutrient
demand in expected yield, support plant breeding programs and yield predict and integrate into
mechanistic growth models.

Keywords: Coffea arabica L.; Sinks; Allometric models; Biomass; Macronutrients

2.1. Introduction

It is widely acknowledged that in fruit crops such as Coffea arabica 1., active vegetative and reproductive
growth, leading sinks, co-occur. These sinks themselves regulate the assimilates allocation in mature trees (Bote and
Jan, 2016). However, fruits are the major physiological sink regulating carbohydrate allocation in the other plant
organs. Therefore, the biomass partition between vegetative and reproductive growth is often described in a negative
relationship (Amaral et al., 2001; Bote and Jan, 2016; Cannell, 1985b; Nicolas Franck et al., 2006; Vaast et al., 2000,
2005, 2002). This influence of fruit load on dry matter partitioning has also been obsetved for other fruit crops, e.g.
olive (Fernandez et al., 2015; Haouari et al., 2013), apple (Haller and Magness, 1933; Meland, 2009; Palmer, 1992),
sweet pepper (Gonzalez-Real et al., 2008), persimmon (SeongTae et al., 20106), cherry (Cittadini et al., 2008; Whiting
and Lang, 2004), almond (Saa and Brown, 2014) and citrus (Martinez-Alcantara et al., 2015; Martinez-Fuentes et al.,
2010; Vetreynne and Lovatt, 2009).

A high fruit load is a desirable trait in the current hatvest from the production perspective. However, the
negative effect on vegetative growth is potentially detrimental to the yield and volume of the following season. Low
vegetative biomass growth is associated with the reduced source and bud development, both important to yield
formation for upcoming years (Moscardini et al., 2020; Vaast et al., 2005). It is noteworthy that, although the

significant influence of coffee fruits on the assimilates partition is qualitatively documented, there is still a need for
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an allometric model that describes active vegetative growth regarding the fruit load. The significant influence of
coffee fruits on the assimilated partition of mature plants has already been studied (unpublished data); however,
there is still a need for an empirical model estimating vegetation growth based on the current fruit load of young
plants. This tool would support plant breeding programs, yield prediction, improve crop nutrition strategies and
integrate mechanistic growth models. Here we propose a methodology that determines the active vegetative growth
regarding the fruit load of young plants (first yield cycle) to characterize the dry matter partitioning of coffee and the
plant nutrient demand at this development stage.

The difficulty of developing a biomass partitioning model for tree crops arises from the classical approach
to assessing the crop harvest index (HI). This concept was first proposed by Beaven (1920) and it is the proportion
of the total biomass devoted to fruit at harvest. Later, the "migration coefficient" was defined as the ratio of grain
yield to the total biomass of the entire aboveground plant and has been used as production estimation in crop
models (Holzworth et al.,, 2014; Jones et al., 2003; Raes et al., 2011; Stockle et al., 2003; Williams et al., 1989).
However, these concepts are most useful for annual seed crops. Attempts to determine HI in perennial crops are
discouraged because it is difficult to measure this parameter at harvest without using non-destructive methods, which
are costly and time-consuming. To our knowledge, coffee HI has not been described. Therefore, a method for
estimating active vegetative biomass and HI regarding fruit load would represent a novelty for coffee research and
offer a doable methodology for supporting crop management, mainly to determine the plant's nutrient demand at
this stage of development, which is obtained by the product between the fruit and vegetation biomass and its
nutrients concentration.

Biomass can be estimated by employing allometric models, which express correlations between tree
biomass and easily measurable variables (Cornet et al., 2015; Kuyah et al., 2016; Temesgen et al., 2015). Firstly,
allometric equations requite a large destructive sampling. Nevertheless, afterward, the equations are helpful as a non-
destructive approach to estimate active vegetative growth and, subsequently, the HI and the plant nutrient demand.
Furthermore, developing new allometric models can enhance the precision of biomass assessment protocols and
increase our knowledge about architectural constraints on plant development (Chave et al., 2014). Hence, our
objective was to develop an allometric model to estimate vegetative growth based on the reproductive biomass to
better understand the competition between the active vegetative and fruit load, quantify the HI and the nutrient

demand of coffee plant in the first yield cycle based on this model.

2.2. Material and Methods

2.2.1. Plant material and growth conditions

The field experiment was conducted during the 2018/2019 growing season on arabica coffee (Coffea
arabica 1. cv Catual amarelo IAC 62) in Monte Sido-MG, Brazil (22°21'57,82"S; 46°28'12,71"W and 885 m above sea
level). This genotype is one of the most productive in Brazil and is planted in a wide environmental condition. The
local climate is classified as Cwb - Humid subtropical with dry winters and temperate summers (K&ppen). The total

rainfall was 1065 mm and the average temperature of 21.9 °C during the experimental period (Figure 1).
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Figure 1. Mean monthly temperature and rainfall along the period of field experiment. Black bars refer to rainfall and gray line to
temperature.

The water balance from 2018 to 2019 is shown in Figure 2, which includes the experimental petiod. The

region showed a water surplus of 606 mm and no water deficit duting the plant's growth in the experimental period.
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Figure 2. Water balance based on monthly climatology evapotranspiration and rainfall obtained according to Thornthwaite and

Mather (1955) and two years of growing, which include the experimental period, in Monte Sido, Minas Gerais. We assumed
120 mm for soil water holding capacity as the monthly water balance (Sentelhas, 2020).

The coffee orchard was in the first production cycle with a plant arrangement of 3.7 x 0.7 m spacing. The

soil chemical and physical constitution was characterized according to Table 1 before the installation of the
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experiment. After soil sampling and chemical analysis, fertilization was carried out according to recommendations

for the Minas Gerais state (Guimaries et al., 1999).

Table 1. Soil chemical and physical properties of field experimental. Values describes 0-20 cm depth.

pH oM P S K Ca Mg Al H CEC Clay Silt  Sand
CaCl,0.01mol L1 g dm?3 —-mgdm3-—- e mmol. dm-3 %
5.7 32 19 20 3.2 28 11 0 20 62 42 17 41

2.2.2. Experimental design

The experimental design was in randomized blocks with controlled fruit load in five levels (100, 75, 50, 25
and 0%) and eight replicates. Each tree consisted of an independent experimental unit. The plants were selected for
the fruit load manipulation based on uniformity and vigor. After flowering in early November, when the fruits were
in the pinhead development stage (Camargo and Camargo, 2001), five fruit loads were manually imposed on all
reproductive branches of the respective plant. The insertion of the last pair of the fully expanded leaf of each branch

was labeled for further evaluation of vegetative growth.

2.2.3. Crop yield and measurements

The fruits were in harvest maturity at the end of April 2019 (Figure 3A). Then, fruits were harvested
manually and all branches were cut from the wire label. Stem, branches, leaves (fresh vegetative biomass) and fruits
wete dried (Figure 3B) at 60°C in a forced ait oven for 72h to determine the dry matter. After dtying, fruits were de-
husked (Figure 3C) and mass corrected to 12% water concentration (commercialized bean moisture) to obtain ready-
to-be-roast coffee beans, hereafter called green beans. Then, the material was crushed and all samples were ground
into fine powder in a Wiley mill with a 20 mesh for measurement of P, K, Ca, Mg and S. Nitric-perchloric digestion
was accomplished (Mills and Jones, 1996) and the total of these nutrients measured via radial visualization through
an inductively coupled plasma optical emission spectrometer (ICP-OES; JobinYvon, JY50P Longjumeau, France)
provided with a nebulization chamber. To determine the total-N concentration, the samples were subjected to
digestion with sulphuric acid (Jackson, 1958) and N was determined according to the analytical semi-micro Kjeldahl
method (Bremner, 1965).

Figure 3. Coffee fruits in harvest maturity (A), dried (B) and de-husked (green beans) (C).
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Nutrients accumulated (NA) in vegetative biomass and the fruits were estimated by multiplying nutrient

concentrations in the tissue and the amount of dry matter accumulated (Vymazal, 2016) (Equation 1):

NA = nutrient concentration (g kg~1) x dry matter (kg per plant) eq. 1

Nutrient demand (ND) per hectare was estimated by multiplying the nutrient accumulated per plant and

the number of plants per hectare (Equation 2):

ND = nutrient accumulated (g per plant) x number of plants per hectare eq. 2

Harvest index (HI) (dimensionless) was calculated as the ratio of the fruit dry yield (g) to the total above-

ground plant biomass (g) produced over the growth cycle (Equation 3):

HI = Fruit dry yield (g per plant)

~ Total plant biomass (g per plant)

2.2.4. Data analysis

The datasets were subjected to residual normality and variance homogeneity tests. The Analysis of
Variance (ANOVA) and regression model assumptions were met and no transformation was performed. The
ANOVA F test was performed considering <0.05 probability through SAS software version 9.4 (SAS Institute Inc.,
Cary, NC, USA). When F probability was significant, the means were fitted to linear regression using Origin software

version 9.6 (Originlab Corporation 2019).

2.3. Results

2.3.1. Fruit load effects on vegetation, coffee production and harvest index

Fruit load significantly affected coffee vegetation dry matter, fruit dry yield, green beans and harvest
index. All these variables were significant at less than 1% of probability of error by the F test and the averages are

shown in table 2.

Table 2. Summary of analysis of variance of fruit load on coffee vegetation dry matter, fruit dry yield, green beans and harvest
index.

Average P
Vegetation dry matter (g per plant) 316 <.0001*
Fruit dry yield (g per plant) 181 <.0001*
Green beans (g per plant) 119 <.0001**
Harvest index 0.44 <.0001*

** Significant at less than 1% of error probability by F test.
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The reduction of fruit load increased vegetation dry matter about three-fold in the coffee plants in the
first production cycle. As expected, the reduction of fruit load decreased coffee production linearly about seven-fold
under field growing conditions (Figure 4). Vegetation dry matter ranged from 483 g with 0% fruit load to 150 g per
plant with full fruit load (Figure 4A). Green beans production ranged from no yield with 0% fruit load to 340 g with
full fruit load or 468 g of fruit dry yield per plant (Figure 4B). With 100% fruit load treatment, dry matter
accumulation by fruits accounted for about three-fold the matter accumulated by vegetation over the annual

production cycle (Figure 4).
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Figure 4. Vegetation dry matter (A) and green beans (B) per plant regarding fruit dry yield of coffee plants in the first production
cycle. Data are all observations of eight replicates collected from each coffee plant under coffee-growing conditions and
manipulation of the fruit load (100%, 75%, 50%, 25% and 0%). Significant for fruit load at » < 0.01 by ANOVAF test.

The fruit load significantly affected HI (Table 2 and Figure 5). Among the loads, the maximum HI was
0.72, while the minimum HI was 0.13. Generally, the greatest HI was recorded with full fruit load, corresponding to
395 g of fruit dry yield (Figure 5A) or 296 g of green beans per plant (Figure 5B). In contrast, the lowest fruit load
resulted in the lowest HI with 60 g of fruit dry yield (Figure 5A) or 40 g of green beans per plant (Figure 5B).
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Figure 5. Harvest index regarding fruit dry yield (A) and green beans (B) of coffee plants in the first production cycle. Data are all
observations of eight replicates collected from each coffee plant under coffee-growing conditions and manipulation of the fruit
load (100%, 75%, 50%, 25% and 0%). Significant for fruit load at p < 0.01 by ANOVA F test.

2.3.2. Nutrient concentration and accumulation

No significant effect was observed in all nutrient concentrations evaluated in the vegetative biomass by
fruit load. The average concentrations of N (35.5 g kg'!) and K (19.8 g kg'!) were the highest compared to the other
nutrients. The average concentration of P among the treatments was 2.7 g kg'l. The average concentrations of
secondary macronutrients in the vegetative biomass of plants were: 16.0 g kg! Ca, 6.1 g kg Mg and 0.6 g kg' S
(Table 3).

Table 3. Summary of analysis of variance and average of concentration of nitrogen (N), phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg) and sulfur (S) in the coffee vegetative biomass of plants grown with different fruit loads in south of
Minas Gerais, Brazil. Values are means of eight replicates.

N P K Ca Mg S
gkg!
Average 35.5 2.7 19.8 16.0 6.1 0.6
ANOVA
Pr>F 0.54580s 0.3880ns 0.1039ns 0.0618ns 0.37730s 0.14960s
CV (%) 10.9 15.4 10.9 9.9 14.4 4.7

ns: not significant by the F test.

In the same way, as in vegetative biomass, no significant effect was observed in all nutrient concentrations
evaluated in the fruits by fruit load. The average concentrations of N (23.0 g kg!) and K (12.4 g kg'!) also were the
highest compared to the other nutrients. The average concentration of P among the treatments was 1.5 g kg'!. The

average concentrations of secondary macronutrients in the fruits were: 2.1 g kg! Ca, 1.7 g kg'? Mg and 0.5 g kg! S

(Table 4).



22

Table 4. Summary of analysis of variance and average of concentration of nitrogen (N), phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg) and sulfur (S) in the coffee fruits of plants grown with different fruit loads in the south of Minas Gerais,
Brazil. Values are means of eight replicates.

N P K Ca Mg S
gkg!
Average 23.0 1.5 12.4 2.1 1.7 0.5
ANOVA
Pr>F 0.8619ns 0.67030s 0.8981ns 0.33280s 0.72720s 0.2611ns
CV (%) 9.3 11.6 8.9 9.3 10.0 11.4

ns: not significant by the F test.

As expected, nutrient accumulation in the vegetative biomass of coffee plants varies with different fruit
loads (Table 5) due to the variation in the amount of vegetative biomass (Figure 4). All nutrients showed the same
trend as vegetative biomass versus fruit load, which was a negative linear correlation (Figure 6). Naturally, there was
also a significant accumulation of all nutrients in the fruits by fruit load (Table 5) and all nutrients showed a positive

linear correlation with fruit load (Figure 7).

Table 5. Summary of analysis of variance and average of accumulation of nitrogen (N), phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg) and sulfur (S) in the coffee vegetative biomass and fruits of plants grown with different fruit loads in south
of Minas Gerais, Brazil. Values are means of eight replicates * SE.

N P K Ca Mg S
g per plant
Vegetative biomass 12.1 0.7 6.3 5.1 1.9 0.2
Pr>F 0.0329* 0.0394* <.0001* 0.0206* 0.0039* 0.0002*
Fruits 6.4 0.4 3.1 0.5 0.4 0.1
Pr>F 0.0289* 0.0139* 0.0055* 0.0102* 0.0105* 0.0076*

* significant at 5% and ** significant at less than 1% of probability of error by the F test.
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Figure 6. Nutrient accumulation in the coffee vegetative biomass of plants grown with different fruit loads in south of Minas
Gerais, Brazil. Nitrogen (A), phosphorus (B), potassium (C), calcium (D), magnesium (E) and sulfur (F). Values are all
observations.
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Figure 7. Nutrient accumulation in the coffee fruits of plants grown with different fruit loads in south of Minas Gerais, Brazil.
Nitrogen (A), phosphorus (B), potassium (C), calcium (D), magnesium (E) and sulfur (F). Values are all observations.

2.3.3. Nutrient demand

Nutrient demand of coffee crops to vegetate and fruit over one growth cycle in the first year of

production was estimated for green bean yield of 1200 kg ha', as an example, by multiplying nutrient accumulated

per plant and the number of plants per hectare. N, K and Ca were the crop's most demanded nutrients. They

corresponded to 90% of total macronutrient demand. Mg, P and S, demanded in smaller quantities, corresponded to

10% of the total macronutrient demand. The fruits required the greatest amount of all nutrients, except Ca and Mg,

which were most demanded by the vegetative biomass (Table 6).

Table 6. Annual nutrient demand of coffee plants™ in the first year of production to growth 1200 kg ha™! of green beans.

Abreviations: nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S).

N P K Ca Mg S
kg ha-!
Vegetation 26.2 2.0 14.6 11.8 4.5 0.5
Fruiting 42.2 2.7 22.8 3.9 3.1 0.9
TOTAL 68.5 4.7 37.4 15.7 7.6 1.4

* Catuai amarelo IAC 62 - 3.7 x 0.7 m spacing.
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2.4. Discussion

This study illustrates the effect of fruit load on vegetative growth, green bean yield, HI and plant nutrient
demand of coffee plants under coffee-growing conditions over the first yield cycle. Fruit thinning strongly modulated
vegetative growth, fruit dry yield, green beans and hatrvest index (Table 2). The removal of fruits at an early stage
stimulated branch growth and production of additional apical leaves. Comparing the vegetation dry matter with full
fruit load versus no fruit clearly revealed the influence of fruits on dry matter accumulation (Figure 4A). Naturally,
fruit thinning reduced green bean yield (Figure 4B). These results indicate coffee tree source-sink interactions, which
are modulated by carbon assimilation and partitioning during growth and development besides that, the effect of
fruit load on vegetative growth is consistent with previous observations for coffee (Amaral et al., 2001; Bote and Jan,
2016; Cannell, 1971; Chaves et al., 2012; DaMatta et al., 2008; Toro-Herrera et al. 2022; Nicolas Franck et al., 20006;
Kumar and Tieszen, 1976; Vaast et al., 2005). This happens because there is a high energy cost to produce fruit and,
therefore, the plant focuses its energy flow on production instead of vegetation. In a specific way, this dynamic
represents a negative correlation between vegetative growth and fruit production, since the reproductive structures
have a high capacity to import carbohydrates, constituting strong competing sinks.

The carbohydrates produced by the leaves ate allocated according to the priority principle to the growth
centers of plant, fruits and then vegetation (Bote and Jan, 2016; Moscardini et al., 2020). Fruit thinning can reduce
the consumption of carbon and nitrogen nutrient by fruits, promoting the current vegetative growth and increasing
the reserve of carbon and nutrients in the vegetative organs, mainly nitrogen, which is essential to support the plant's
growth at the beginning of the new cycle, usually in spring of the (Ding et al., 2017; Lima Filho and Malavolta, 2003).
The high load of fruits is a great stress for the coffee tree, since the increasing fruit load can decrease the nutrients
stored in the trees by the competition intensification for the carbohydrate, which is not beneficial to enhancing the
drought stress resistance and formation of new organs, fruit yield and quality, mainly when environmental factors
restrict the soil nutrient uptake, lack of transpiration and limited root growth (Basile et al., 2007; Millard and Grelet,
2010).

HI, calculated as the ratio of the fruit dry yield to the total aboveground plant biomass produced over one
cycle, has been widely used as an efficiency indicator of assimilate distribution to fruit and as a measure of crop
breeding for maximizing crop yield (Hay, 1995; Sinclair, 1998). In the present study, there was a relationship between
HI and fruit dry yield (Figure 5A) and coffee green beans (Figure 5B), indicating that the index is strongly variable
for coffee in the first yield cycle. In general, the coffee plant with a high fruit load invests 72% of its energy in fruit
production and only 13% of the energy when the fruit load is low. To estimate coffee HI is necessaty to evaluate or
estimate the fruit load over a growth cycle. It is important to bear in mind that in seed-producing crops, the crucial
basis of HI is carbon centric and dictates that total shoot dry matter determines aboveground “sources” of
photoassimilate and harvested grain represents the “sinks” (Smith et al., 2018). However, this concept does not fully
apply to perennial plants such as coffee, once it has more than one sink - fruits, active vegetative growth (annual
branches and leaves) and storage organs (roots and perennial branches) (Camargo and Camargo, 2001; Millard and
Grelet, 2010). These HI data evidence the biennial trait of coffee and can help predict the yield of the next harvests
since the vegetative growth in the previous harvest is known, because it will be responsible for the production in the

following harvest.
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We observed no effect of fruit thinning on macronutrient concentration in vegetation biomass (Table 3).
Moreover, our results are in line with previous studies, which suggest that quantitatively macronutrient concentration
of plant shoot should be N> K>Ca>Mg>P>S§ for adequate growth (Epstein, 1965; Marschner, 1995b; Raij, 2011).
In the same way, no significant effect was observed in all macronutrients concentration evaluated in the fruits by
fruit load (Table 4) and a similar result was found in previous studies with adult plants (unpublished data). Naturally,
nutrient accumulation in the vegetative and fruit varied with different fruit loads due to the variation in the amount
of biomass in both (Table 5), which followed the trend of negative linear correlation for vegetation (Figure 6) and
positive linear correlation for fruits (Figure 7). Previous studies have already shown that coffee plants have high N
and K requirements (Catani et al., 1967; Catani and Moraes, 1958; Cortéa et al., 1986; Lima Filho and Malavolta,
2003; Malavolta et al., 1963) since N plays an essential role for starch and other carbohydrate production needed for
fruit formation and growth (Martinez et al., 2019) and K plays an essential role in enzyme activation, stomatal
function, photosynthesis, protein synthesis, stabilization of internal pH, turgor-related processes and transport of
metabolites (Alva et al., 2006; Mancuso et al., 2014; Wakeel et al., 2011).

Once the biomass of fruits and vegetation as a function of the fruit load is known and, also, the nutrient
concentration in these organs, it is possible to estimate the nutrient demand for coffee plants in the first growth cycle
with any fruit load. Here, we estimated plant nutrient demand for a green bean yield of 1200 kg ha'l, as an example
and we observed that fruits account for the largest fraction of the N, P, K and S annual uptake in coffee (Table 6).
As a percentage of both sinks annual nutrient demand (total fruit and vegetative biomass growth), we observed that
62% N, 58% P, 61% K and 64% S were partitioned into fruits. In contrast, 75% Ca and 59% Mg were partitioned
into vegetative biomass. However, as mentioned eatlier, the percentage of plant nutrients partitioned to fruit and
vegetation in coffee is vatiable. This is due to the different fruit loads that are produced each year. In the years of
lower fruit load, greater vegetative growth occurs and, consequently, greater nutrients partitioned to vegetation. The
percentage of tree nutrients partitioned to fruit and vegetation was described in several perennial crops, such as
almond (Muhammad et al., 2015), apple (Cheng and Raba, 2009) and orange (Roccuzzo et al., 2012). However, these
studies do not consider the variation in fruit load and the nutrient pattition in young plants, which differ from adult

plants.

2.5. Conclusion

This research is a pioneer study to understand the relationship between fruit load and active vegetative
growth of young coffee plants, as well as present a simple and potentially sound method for estimating total biomass
produced and a method to estimate HI and the plant nutrient demand of coffee. It is shown that fruit load shapes
the vegetative growth of coffee plants under coffee-growing conditions over the first yield cycle, whereas, for each
gram of fruit produced, ~ 0.43 g of vegetation dry matter is no longer produced by the plant. The harvest index of
young coffee plants, which has not been described, varies from 0.13 to 0.72 according to the fruit load.
Macronutrient concentrations in the vegetative and fruiting tissues ate not dependent on fruit load and the nutrient
demand varies according to the fruit load due to the different proportions of mass between fruiting and annual
vegetation. These results can help in the fertilizer rate decisions in young coffee orchards, which should be based on
nutrient demand in expected yield, support plant breeding programs and yield predict and integrate into mechanistic

growth models.
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3. VEGETATIVE GROWTH AND NUTRIENT DEMAND OF COFFEE AFTER PRUNING OF THE
PLAGIOTROPIC BRANCHES - RAINFED AND IRRIGATED

Abstract

Pruning the plagiotropic branches of coffee trees is widely used to rejuvenate plants and
boost berry production in irrigated and rainfed management. However, the vegetative growth and the
nutrient demand are still unknown in pruned coffee crops, which hinders the development of crop
fertilization strategies in these conditions. Therefore, this study aimed to determine the annual
vegetative biomass and the macronutrient demand of coffee plants with plagiotropic branches pruned
in rainfed and irrigated management. The experiment was carried out on arabica coffee with all
plagiotropic branches pruned. The experimental design was completely randomized with two
treatments (rainfed and irrigated) and eleven replicates. Vegetative biomass and its concentrations of
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S) were
measured to predict nutrients accumulated in vegetative biomass and total nutrient demand. Under
rainfed or irrigated management, the vegetative biomass growth and nutrient concentrations did not
vary. However, it is important to consider that there was a satisfactory amount of rain during the
growth cycle. The nutrient demand was the same for irrigated and rainfed management. K, N and Ca
wete the nutrients with the crop's highest concentration and most demanded, corresponding to 87%
of the total macronutrient demand.

Keywords: Biomass; Nitrogen; Phosphorus; Potassium; Calcium; Magnesium; Sulfur

3.1. Introduction

Coffee is one of the most widely consumed beverages worldwide and one of the most marketed
agricultural commodities globally, representing an important source of income for several Latin American, African
and Asian countries (FAO, 2021). Brazil is the largest world coffee producer, followed by Vietnam and Colombia
(USDA, 2022). The coffee grown in Brazil is over 2 million hectares and Cyffea arabica L. and Coffea canephora Pierre
species ate responsible for the production (CONAB, 2020). The volume of coffee traded in 2021 by the country has
internalized more than US$ 8 billion in foreign exchange revenues (CECAFE, 2022).

Pruning of the plagiotropic branches of coffee is widely used in Brazil. This practice modulates the plants'
growth and helps translocate the nutrients to flowering parts or yield branches, rejuvenating old coffee plants and
boosting berry production. Also, it improves plant architecture, which facilitates crop management, mainly
mechanized; concentrates biannual production in just one year (zero hatvest system), eliminating the need for costly
hatvests in the low year's harvest. Furthermore, nowadays, a greater number of plants per unit area has been used to
increase productivity (Braccini et al., 2005; Pereira et al., 2007) and, under these conditions, plants present different
characteristics compared to plants grown on a broader spacing, such as smaller canopy diameters and thinner stems
(Martinez et al., 2007), which demand pruning management to reduce the effects of an excessive narrowing in the
plants.

Although pruning the plagiotropic branches is a widely used practice in the coffee grown in Brazil, there
are doubts about the vegetative growth and nutrient rates under these conditions. Studies on coffee nutrient demand
are currently poot, so our ability to optimize fertilization strategies is limited. Most of the previous studies used

standards fertilizer rate and to our knowledge, the nutrient demand of plants pruned to predict the fertilizer rates
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have not been studied. Some studies have also focused on the N rates and only a few have studied P and K rates,
while there are no reports about the rates of other nutrient elements, such as Ca, Mg and S (Garcia et al., 2007;
Japiassu, 2009; Matiello et al., 2007). In addition, more than 12% of the coffee cultivated area in Brazil is irrigated
and is responsible for 30% of Brazil's total production (FENICAFE, 2020), which means the most productive areas.
However, there is also no information about the nutrient demand for irrigated pruned coffee trees.

Determining the plant's vegetative growth and nutrient demand is essential to establishing adequate
fertilization rates to support efficient fertilization management and improve nutrient use efficiency, which has been
one of the biggest concerns lately. The annual nutrient demand of pruned coffee plants can be predicted by
multiplying the total vegetative biomass produced in a growth cycle by its nutrient concentration. Therefore, this
study aimed to determine the total vegetative biomass and the macronutrient demand of coffee plants with

plagiotropic branches pruned over the growth cycle in rainfed and irrigated management.

3.2. Material and Methods

3.2.1. Plant material and growth conditions

The field experiment was cartied out duting the 2018/2019 growing season on arabica coffee (Coffea
arabica L. cv Catucai 28L) in the municipality of Pedregulho, Sdo Paulo state, Brazil (20°15'12.17"S; 47°33'54.17"W
and 964 m above sea level). This genotype is one of the most productive in Brazil and is planted in wide
environmental conditions. The local climate is classified as Cwb - Humid subtropical with dry winters and temperate
summers (Koppen). Total rainfall was 1448 mm and the average temperature of 21.8 °C during the experimental

period (Figure 8).
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Figure 8. Mean monthly temperature and rainfall along the period of the field experiment. Black bars refer to total rainfall and

gray line to average temperature.

The water balance from 2018 to 2019 is shown in Figure 9, including the experimental period. There was

a 192 mm water deficit in the region during the two years, but only 92 mm during the experimental period.
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Figure 9. Water balance based on monthly climatology evapotranspiration and rainfall obtained according to Thornthwaite and
Mather, (1955) and two years of growth, including the experimental period, in Pedregulho, Sio Paulo. We assumed 30 mm for soil
water holding capacity as the monthly water balance (Sentelhas, 2020).
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The coffee orchard was in the fourteenth production cycle with a tree arrangement of 3.2 x 0.6 m spacing
(5208 plants per hectare) and in September 2018, after harvest, the plants were pruned and all plagiotropic branches
wete cut. Part of the crop was subsurface drip-irrigated with a flow rate of 8.000 L h' ha! and received an irrigation
water depth of 99 mm from September 2018 to August 2019; another part was not irrigated - rainfed. The soil
chemical and physical properties were characterized according to Table 7 before the installation of the experiments.
After soil sampling and chemical analysis, fertilization was characterized and catried out according to the usual rate
used by growers and recommended by the responsible agronomist, which was 310 kg ha'! N and 270 kg ha! K,O for

both areas.

Table 7. Soil chemical and physical properties of the field experiment. Values describe 0-20 cm depth.

Field pH oM P 5 K Ca Mg Al H CEC Clay Silt Sand
CaCL0.0lmol L1 gdm? -—mgdm3-- e mmol, dm-3 %
Rainfed 46 25 60 4 22 19 6 0 40 67 o 4
Irrigated 5.2 23 67 200 20 29 8 0 26 65

3.2.2. Experimental design

The experiment design was completely randomized with two treatments (rainfed and irrigated) and eleven
replicates. Each tree consisted of an independent experimental unit. The plants were selected based on uniformity

and vigor in both the irrigated and rainfed fields.

3.2.3. Growth parameters and nutrients measurements

In August 2019, all plagiotropic branches were cut from the orthotropic branch to determine vegetative
biomass. Stem tips, branches and leaves (fresh vegetative biomass) were dried at 60°C in a forced-air oven for 72h to
determine the dry matter. After dried, the material was crushed and all samples were ground into fine powder in a
Wiley mill with a 20 mesh for measurement of P, K, Ca, Mg and S. Nitric-perchloric digestion was accomplished
(Mills and Jones, 1996) and the total of these nutrients measured via radial visualization through an inductively
coupled plasma optical emission spectrometer (ICP-OES; JobinYvon, JY50P Longjumeau, France) provided with a
nebulization chamber. The samples were subjected to digestion with sulphuric acid (Jackson, 1958) and N was
determined according to the analytical semi-micro Kjeldahl method (Bremner, 1965).

Nutrients accumulated (NA) in vegetative biomass were calculated by multiplying nutrient concentrations

in the tissue and the amount of dry matter accumulated (Vymazal, 2016) (Equation 4):

NA = nutrient concentration (g kg~1) x dry matter (kg per plant) eq. 4

Nutrient demand (ND) per hectare was estimated by multiplying the nutrient accumulated per plant and

the number of plants per hectare (Equation 5):
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ND = nutrient accumulated (g per plant) x number of plants per hectare eq. 5

3.2.4. Data analysis

Data were submitted to descriptive analysis using the SAS version 9.4 procedure PROC MEANS (SAS
Institute Inc., Cary, NC, USA). The student’s t-test was used to compare the mean values from non-paired samples
growth of plants irrigated and rainfed. PROC TTEST (SAS Institute Inc.) procedure was applied at a significance
level of 5% for all analyses.

3.3. Results

Table 8 depicts the dry matter measurements of vegetative biomass per plant in the rainfed and irrigated
fields. There was no significant difference in vegetative biomass growth between irrigated and rainfed plants after
one year of pruning the plagiotropic branches. Vegetative biomass per tree was 1574 £ 125 g and 1738 + 110 g for
the rainfed and irrigated fields, respectively. On average, each plant produced 1656 g of vegetative biomass over one

growth cycle.

Table 8. Vegetative biomass per coffee plant grown over one year after pruning of the plagiotropic branches in the rainfed and
irrigated fields in northeast Sao Paulo, Brazil (n = 11).

Minimum Maximum Mean (SE)
Field
g per plant
Rainfed 1045 2479 1574 (+125)
Irrigated 1234 2425 1738 (+110)
P value (Pr > F) 0.8183ns

ns = compatison through the Student's t-test was not significant for P>0.05.

No significant effect was also observed in nutrient concentration evaluated in the vegetative biomass of
plants grown in the rainfed and irrigated fields. K and N concentrations were the highest compared to the other
nutrients. On average, K was 29.0 g kg? and N was 19.4 g kg'. The average concentration of P between the
treatments was 3.6 g kg'!, whereas for secondary macronutrients in the vegetative biomass of plants were: 16.2 g kg!

Ca, 4.2 gkg! Mgand 1.1 gkg' S (Table 9).
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Table 9. The concentration of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S) in the
vegetative coffee biomass of plants grown over one year after pruning of the plagiotropic branches in the rainfed and irrigated
fields in northeast Sio Paulo, Brazil. Values are means of 11 replicates = SE.

Nutsient Rainfed Irrigated Average P value
gkg! Pr>F

19.5 (+1.1) 19.4 (+1.2) 19.4 0.8028ns

P 3.7 (*0.1) 3.6 (£0.1) 3.6 0.1841ns

K 28.9 (1.5) 29.2 (+2.2) 29.0 0.38167

Ca 17.2 (+0.9) 15.3 (+0.9) 16.2 0.9752ns

Mg 4.5 (£0.4) 4.0 (x0.4) 4.2 0.8978ns

S 1.1 0.1 1.1 0.1 1.1 0.24006ns

ns = compatisons through the Student's t-test were not significant for P>0.05.

Nutrient accumulation in the vegetative biomass of pruned coffee plants did not vary in a rainfed or
irrigated field. K and N were the most accumulated nutrients in vegetative biomass due to the higher concentrations.
On average, K was 44.7 g and N was 32.7 g per tree. The average accumulation of P between the treatments was 6.0

g per plant and the secondary macronutrients were: 26.7 g Ca, 6.9 ¢ Mg and 1.9 g S per tree (Table 10).

Table 10. Accumulation of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S) in the
vegetative coffee biomass of trees grown over one year after pruning of the plagiotropic branches in the rainfed and irrigated
fields in northeast Sio Paulo, Brazil. Values are means of 11 replicates = SE.

Nutrient Rainfed Irrigated Average Pt>F
g per plant

30.6 (+2.5) 34.9 (x4.1) 32.7 0.1926ns

P 5.7 (£0.4) 6.3 (£0.6) 6.0 0.3228ns

K 45.4 (+1.8) 44.1 (x4.1) 44.7 0.0702ns

Ca 27.6 (x1.7) 25.9 #3.1) 26.7 0.1323ns
Mg 6.8 (£0.5) 7.0 (£0.9) 6.9 0.1184ns

S 1.7 (x0.1) 2.0 (0.1 1.9 0.9318ns

ns = comparisons throu e Student's t-test were not significant for .05.
p through the Student's t-test t significant for P>0.05

Macronutrient demand of coffee crop to vegetate over one year after pruning the plagiotropic branches in
the rainfed or irrigated fields was estimated by multiplying nutrient accumulated per tree and the number of trees per
hectare. K, N and Ca were the nutrients most demanded by the crop, respectively, corresponding to 87% of total
macronutrient demand. Mg, P and S, demanded in smaller quantities, corresponded to 13% of the total

macronutrient demand (Table 11).
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Table 11. Nutrient demand of coffee plants per hectare* over one year after pruning the plagiotropic branches. Acronyms:
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S).

N P K Ca Mg S
kg ha-l

171 32 233 139 36 10

* Catucaf 2SL - 3.2 x 0.6 m spacing (5208 plants per hectare).

3.4. Discussion

In this study, we determined the vegetative biomass and the macronutrient demand of coffee plants with
plagiotropic branches pruned, in rainfed and irrigated management, over the growth cycle. No significant difference
between irrigated and rainfed plants was observed in vegetative biomass growth (Table 8). However, it is important
to clarify that the total rainfall was above 1200 mm (1477 mm) with regular distribution over the growth cycle
(Figure 8), which are conditions considered favorable for the commercial cultivation of coffee (Alegre, 1959;
Camatgo, 1977, 1974). The rainfall distribution was synchronized to the vegetation petiod from September/Octobet
(spting) to Aptil/May (autumn). There was only a 10 mm water deficit in the rainy season, but this amount did not
affect the vegetative growth of the plants in the rainfed field. From June to August, the humidity decreased (Figure
9), but it is normal due to the characteristic of dry winter in the region. By the way, a water deficit in this period, the
phase prior to anthesis, does not cause damage to the plant and can become beneficial, favoring a more uniform
flowering in the first rains of September (Camargo and Camargo, 2001). So, we can consider that there were no
conditions that characterize an irrigated plot and another truly rainfed due to the high amount of rainfall duting the
experiment. Furthermore, we measure an average of 1.4 kg of vegetative biomass per coffee plant under rainfed
management in other three experiments evaluating the vegetative growth in adult plants with no fruit load by manual
de-fruiting (unpublished data). This value is close to the 1.6 kg per plant found in pruned plants (without fruit load)
in this experiment (Table 8).

We also observed no effect of field management on nutrient concentration in the vegetative biomass
(Table 9). The amount of rainfall favorable for the crop development during the experimental period may have also
contributed to these results. In other experiments that we evaluated, the concentration of the nutrients in the
vegetative biomass in plants with no fruit load and enough rainfall did not differ either (Souza and Favarin, 2018). K
and N were the nutrients with the highest concentration in the vegetative biomass (Table 9) and, consequently, most
required and accumulated by the pruned coffee plant (Table 10). Previous studies have shown that N and K are the
nutrients requited in most considerable amounts by coffee crops (Catani et al., 1967; Catani and Moraes, 1958;
Corréa et al.,, 1986; Lima Filho and Malavolta, 2003; Malavolta et al., 1963). In perennial plants such as coffee, N can
be stored in vatrious vegetative storage proteins, including bark storage proteins (Cooke and Weih, 2005; Millard and
Grelet, 2010). It will support the starch and other carbohydrate production needed for fruit formation and growth in
the next yield cycle (Martinez et al., 2019). K also plays an essential role in enzyme activation, stomatal function,
photosynthesis, protein synthesis, stabilization of internal pH, turgor-related processes and transport of metabolites
(Alva et al., 2006; Mancuso et al., 2014; Wakeel et al., 2011); therefore, it is also highly demanded by plants.

It is important to highlight that a part of the nutrient demand by fruiting can be supported by reserves
when flower buds begin to develop (Lima Filho and Malavolta, 2003; Moscardini et al., 2020; Muhammad et al.,

2020). Hence, it is possible that pruned plants with no fruit load, which is the strongest sink, vegetate and store
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nutrients for use during the reproductive cycle. This assumption is physiologically based because macronutrients,
except Ca (i.e., N, P, K, Mg and S), are known to be highly mobile in the phloem, as reported by White, (2012). The
remobilization of these nutrients has also been reported in unpruned coffee plants (Favarin et al., 2013; Lima Filho
and Malavolta, 2003) and other woody species (Cherbuy et al., 2001; Maillard et al., 2015; Millard et al., 2006; Millard
and Grelet, 2010). This may also be related to the high productivity of the pruned coffee plants in the next yield cycle
since the plant accumulates reserves when it has no fruit (Chaves Filho and Oliveira, 2008).

A high amount of K was absorbed by plants since the K average concentration (Table 9) and,
consequently, the accumulation in the vegetative biomass (Table 10) was the highest. This might be related to the
high mobile of K in plants, accumulating in growing patts, including leaves, flowers and fruits, when there is high
nutrient availability in the soil (Ragel et al., 2019). It is worth mentioning that K is an essential cation to support the
mass production in the plant biomass and there are two main pools of this nutrient in plant cells: the vacuole and the
cytosol. K concentration in the vacuole is variable and depends on K availability, while K concentration in the
cytosol remains constant (Walker et al., 1996). Furthermore, plant root cells absorb K+ from the soil against the K+
concentration gradient, a process led by a set of transport systems and the K+ translocation from roots to shoots
inside plants is also mediated by K+ transporters and channels, which facilitates its high concentration and,
consequently, its accumulation in the plant (Wang and Wu, 2013). The K available to plants in this study was high
since the K amount applied by the farm's fertilization program was 270 kg ha'! KO (equivalent to 2.8 mmol. dm-3)
and the soil had an average of 2.1 mmol. dm3 K (Table 7). The K average range of 1.5 to 3.0 mmol. dm™ in the soil
is considered adequate for productive coffee (Guimaries et al., 1999; Raij et al., 1996), demonstrating that the
average content in the soil should have been sufficient for the vegetative growth of the pruned plants. The K
fertilization was made to meet plant demand and maintain adequate levels in the soil for the next production cycle.
However, the plants may have absorbed more than necessary, surpassing nutritional requirements, by K
accumulation in the cells, causing luxury consumption. In addition, there was high availability of water during the
crop cycle (Figure 9), which increased soil moisture and facilitated hydraulic conductivity, facilitating the mass flow
and diffusion process.

Once the vegetative biomass and its nutrient concentration are known, it is possible to predict the
nutrient demand for coffee after pruning the plagiotropic branches over a growth cycle. Here, we calculated the
nutrient demand according to the density of plants in the orchard - 5208 plants per hectare. K, N and Ca were the
nutrients most demanded by the crop, respectively, corresponding to 87% of total macronutrient demand and Mg, P
and S were demanded in smaller quantities, corresponding to 13% of the total macronutrient demand (Table 11). We
suppose this amount of nutrients accumulated in vegetation can be variable under different conditions such as plant
age, genotypes, crop density, radiation availability, climatic conditions, nutrient content in the soil and water
availability. Therefore, further studies are required to clarify the nutrient demand under different conditions.
Nonetheless, this study may already assist in interpreting nutrient budgets and developing fertilization programs to

adjust fertilizer application to nutrient demand and soil nutrient content for pruned coffee orchards.

3.5. Conclusion

This study demonstrated that with adequate amount (above 1200 mm) and rainfall distribution the coffee
plant produces, on average, 1656 g of vegetative biomass over a growth cycle after pruning of the plagiotropic

branches and the macronutrient demand for 5208 plants per hectare is 171 kg ha' N, 32 kg ha! P, 233 kg ha'! K,
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139 kg ha'! Ca, 36 kg ha'! Mg and 10 kg ha! S. However, thete was a luxury consumption for K and more studies are

needed to verify the demand for K without excessive availability of the nutrient.
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4. COFFEE FERTILIZATION ACCORDING TO NUTRIENT DEMAND FROM SIMULTANEOUS
SINKS: FRUITS AND VEGETATIVE GROWTH

Abstract

Awareness and interest in improving nutrient use efficiency have never been greater and one
way to enhance this efficiency is to apply nutrients at the right rate. First, however, it is necessaty to
consider the plant nutrient demand to use the right rate. In perennial crops such as coffee, nutrient
demand depends mainly on two sinks, fruits and vegetative growth. Therefore, we developed a coffee
fertilization method - EsalqCafé - which consists of plant fertilization according to nutrient demand
for vegetating and fruiting, considering the fruit load variation presented throughout cultivation. Then,
the objective of this study was to validate this fertilization method. Three field experiments were
cartied out during the 2019/2020 growing season on arabica coffee (Coffea arabica L.) in three sites,
Jacul-MG, Pedregulho-SP and Sdo Sebastiio do Paraiso-MG. The experiment design was in
randomized blocks with four treatments, which were fertilization methods (i) EsalqCafé, (i) Boletim
100 (1997) (SP-1), (iii) Boletim 100 updated version (SP-2) and (iv) 5* Aproximagio (MG) with five
replications. The variables analyzed were: crop yield, N leaf concentration and P and K content in the
soil at harvest time. Compared to existing fertilization methods, the results revealed the method was
sufficient to supply the plant nutrient demand, maintaining the N concentration in the leaf and the P
and K content in the soil in the ideal range after harvest. However, further studies should be carried
out to improve the method.

Keywords: Fertilizer rates; Productivity; Nitrogen; Phosphorus; Potassium

4.1. Introduction

In perennial plants such as Coffea arabica L., the active vegetative and reproductive growth, leading sinks,
co-occur, which generates competition between these sinks for assimilation products by the plant. However, the
fruits are the greatest physiological sink in adult plants regulating assimilates allocation and biomass partitioning
between the sinks and, consequently, the total plant nutrient demand (Amaral et al., 2001; Bote and Jan, 2016;
Cannell, 1985a; Nicolas Franck et al., 2006; Taiz and Zeiger, 2013; Vaast et al., 2006, 2005, 2002). Nevertheless, it is
important to consider that the fruit load varies each growth cycle due to the coffee biennial characteristic, changing
the plant nutrient demand yearly (DaMatta et al., 2010).

Official fertilizer recommendations in Brazil from the main coffee-producing states are provided by
Guimaries et al., (1999), Minas Gerais state, named 5* Aproximagao and Raij et al,, (1996), Sio Paulo state, named
Boletim 100. These recommendations were elaborated years ago from the nutrient response curve experiments for N
and relative harvest as a function of nutrient content for the other elements. They propose fertilizer rates based on
expected yield and N concentration in the leaves and nutrient contents in the soil for the other elements. However,
for current coffee growing conditions, these recommendations present shortcomings such as a wide range of
productivity (600 kg ha'!) for the same rate; a fixed rate for productivity greater than 3600 kg ha! for MG and 4800
kg ha'! for SP; the amount of the fertilizer rate destined for the active vegetation is not presented and do not
consider plant density (Guimaraes et al., 1999; Raij et al., 1990).

The nutrient rate applied in the field needs to supply the total plant demand, considering the demand for

fruiting and active vegetative growth to improve the coffee fertilization strategy (Malavolta et al., 2002; Riafio-
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Herrera et al,, 2004). In this study, the values of these demands were obtained by the product of the fruit and
vegetation biomass and its nutrient concentration in previous field experiments (Souza and Favarin, 2018). The total
biomass was estimated by employing allometric models, which express correlations between plant biomass and easily
measurable variables (Cornet et al., 2015; Kuyah et al., 2016; Temesgen et al., 2015) and predicted the vegetative
growth regarding the fruit load.

Based on these allometric models, we elaborate a new coffee fertilization method, called EsalqCafé, which
consists of plant fertilization according to nutrient demand for vegetating and fruiting, considering the fruit load and
vegetative growth variation presented throughout cultivation. Therefore, the objective of this study was to validate
the fertilization method EsalqCafé for arabica coffee that considers the nutrient demand of the two simultaneous
sinks - fruit load and the active vegetative growth, to estimate the necessary amount of nutrients for the development
and maintenance of the productive plant. Furthermore, we hypothesize that a coffee fertilization program based on
the sinks nutrients demand of the plant (fruiting and active vegetative) can be more adjusted, avoiding under or

overestimated fertilizers rates.

4.2. Material and Methods

4.2.1. Plant material and growth conditions

Thtee field experiments wete catried out during the 2019/2020 growing season on arabica coffee (Coffea
arabica 1.) in three sites, (i) Jacul-MG, (21°6'32.32"S; 46°41'11.79"W and 1098 m above sea level), the coffee orchard
(cv. Catuaf amarelo IAC 62) was in the sixth production cycle with a tree arrangement of 3.5 x 0.7 m spacing, (ii)
Pedregulho-SP, (20°15'12.60"S; 47°33'52.60"W and 964 m above sea level), the coffee orchard (cv. Catucal 2SL) was
in the ninth production cycle, with a tree arrangement of 3.2 x 0.6 m spacing and (iii) Sdo Sebastido do Paraiso-MG,
(21°00'50.8"S; 46°53'38.0"W and 982 m above sea level), the coffee orchard (cv. Mundo Novo 379-19) was in the
first production cycle, with a tree arrangement of 3.5 x 0.7 m spacing. The crops were submitted to best agricultural
practices for commercial coffee bean production. The local climate of all sites is classified as Cwb - Humid
subtropical with dry winters and temperate summers (K&ppen). Average rainfall and temperature in the experimental

period of all sites are featured in Figure 10.
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Figure 10. Mean monthly temperature and rainfall along the period of field experiments. Bars refer to total rainfall

measured in each experimental field. * Lines refer to average temperature in the region: black line refers the region of Pedregulho-
SP and gray lines refer the region of Jacui-MG and S. S. Paraiso-MG.

4.2.1. Experimental design

The experiment design was in randomized blocks with four treatments, which were fertilization methods
(i) EsalqCafé, (i) Boletim 100 (1997) (SP-1), (iii) Boletim 100 updated version released in the “I Simpdsio Sobre os
Avancos na Nutricio de Citros e Café” (2018) of the Agronomic Institute of Campinas (SP-2) and (iv) 5°
Aproximagio (MG) with five replications. Plots consisted of rows with 15 plants and the five central plants per plot
wete evaluated. Fertilization started in September, the beginning of the rainy season and was divided according to the
recommendation of each method.

EsalqCafé consisted of several equations and was based on the total coffee demand for each nutrient

(TDi, kg ha'') from other equations extracted from the ecophysiological model, as detailed below (Equation 6):

TD: = (VDi + FDj) + AX eq. 6
where: TD? represents the total coffee demand for nutrient 7 (kg ha'l); VD: corresponds to the need for nutrient 7 to
supply the active vegetative growth (kg ha') (Equation 7), FD: refers to the amount of the same nutrient for the
expected fruit yield (kg ha') (Equation 8) and AX corresponds to the rate of element 7 necessary for raise the soil
content to the content corresponding to 100% relative harvest, variable for each element (30 mg dm- P and 3 mmol.
dm K), except for N, when necessary. Considering the average utilization of 50% of the N applied to the soil, the

determined rate will be cotrected (TDnitrogen = TDnitrogénio x 2) (Fenilli et al., 2008; Pedrosa and Favarin, 2013).

VDi = (VB x VCi)/1000 eq.7
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where: VD: represents the need for nutrient 7 to supply the active vegetative growth (kg ha1); VB corresponds to the
active vegetation biomass (kg ha'!) (Equation 9); VCi refers to the concentration of element 7 in the active vegetation

biomass (g kg!) and the factor 1000 was used to obtain the result in kg ha'l;

FD: = (FB x FC7/1000 eq. 8
where: FD: represents the nutrient requirement for the expected fruit yield (kg ha'l); FB corresponds to fruit
biomass, based on the expected productivity (kg ha') (Equation 10); FC7 refers to the concentration of nutrient 7 in

the fruit biomass (g kg!) and the factor 1000 was used to obtain the result in kg ha'l;

VB = [(c - bx + ax?) x NP]/1000 eq. 9
where: VB represents the active vegetation biomass (kg ha'l); a, b and ¢ correspond to the values obtained in the
second-degree equation (y = 1352.96 - 164.48x + 8.69x?) of the correlation between the fruit load (L per plant) and
the vegetation dry matter (g per plant), x is the fruit load per plant (L per plant) (Appendix F); NP is the number of

plants per hectare and the factor 1000 was introduced to obtain the result in kg ha'l;

FB = [(a + bx) x NP]/1000 eq. 10
where: FB corresponds to fruit biomass, based on the expected productivity (kg hal); a and b correspond to the
values obtained in the first-degree equation (y = 49.98 + 199.38x) of the correlation between the fruit load (L per
plant) and the fruit dry yield (g per plant) and x is the fruit load (L per plant) (Appendix F); NP is the number of

plants per hectare and the factor 1000 was introduced to obtain the result in kg ha'l.

4.2.2. Soil chemical analysis and plant nutritional status

Before the carry-out of experiments, soil samples (0-20 cm) were collected using a soil probe and sent to
the analytical laboratory to assess the fertility of the coffee crop fields, necessaty to adjust the rates of each treatment
for nutrients. Chemical and physical properties were characterized according to Table 12. Dolomitic lime was used
for soil-acidity correction and when necessary, boric acid was applied to raise B levels in the soil according to
Quaggio and Raij, (1996). At harvest, soil samples were collected in the same way from each plot to perform

chemical analysis and assess the soil fertility after fertilization and plant growth.
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Table 12.Soil chemical and physical properties of field experiments before the carry out of experiments. Values describes 0-20
cm depth.

pH oM P S K Ca Mg Al H CEC Cu Fe Zn Mn B Clay Silt Sand
Site CaCl,0.01mol L* resin
gdm? --mgdm?-- e mmol.dm-3 mgdm-3 %
Jacui 4.2 23 24 9 16 8 4 7 40 61 13 51 1.7 27 083 30 7 63
Pedregulho 4.3 14 18 8§ 42 13 4 4 30 55 30 33 37 48 037 19 4 77
S. S. Parafso 4.9 25 7 14 44 23 11 1 27 66 15 38 20 51 145 34 29 37

In December 2019, approximately 200 leaves (50 leaves of each treatment) from the third and fourth pair
of the fruitful branches (plagiotropic) were collected on both sides and at the average height of the plants of all
treatments at each experimental site. Then, the leaves were washed in deionized water and dried at 60°C in a forced-
air oven until constant weights. After drying, the material was crushed and all samples were ground into fine powder
in a Wiley mill with a 20 mesh for measurement of P, K, Ca, Mg, S, B, Zn, Cu, Fe and Mn. Nitric-perchloric
digestion was accomplished (Mills and Jones, 1996). The total of these nutrients was measured via radial visualization
through an inductively coupled plasma optical emission spectrometer (ICP-OES; JobinYvon, JY50P Longjumeau,
France) provided with a nebulization chamber. To determine the total-N concentration, the samples were subjected
to digestion with sulphuric acid (Jackson, 1958) and N was determined according to the analytical semi-micro
Kjeldahl method (Bremner, 1965) to evaluate the nutritional status of the plant to adjust the nitrogen rates according
to the official manual's recommendations. The N concentrations of all treatments were above, but close, to the
adequate range, 25-30 g kg!. Therefore, we decided to maintain the rates considering the N range at adequate
concentration. At that time, the rates applied according to the plots in S. S. Parafso-MG were still the same for all
treatments. Therefore, one analysis was catried out for the entire experimental area. Nutrient concentration is
described in Table 13. At harvest, approximately 50 leaves were collected in the same way from each plot to perform

chemical analysis and evaluate the plant's nutritional status after fertilization.

Table 13. Plants nutritional status in December 2019.

Sit. N P K Ca Mg S B Zn Cu Fe Mn

e

gkg! mg kg'!
EsalqCafé 31.5 1.6 25.6 114 4.3 1.6 42 14 16 84 88
SP-1 35.7 2.0 24.9 9.7 4.2 1.3 34 16 14 96 80
Jacui-MG
SP-2 329 14 22.7 11.3 4.2 1.3 37 16 18 96 84
MG 35.0 1.6 25.6 9.4 4.0 1.4 40 15 16 96 66
EsalqCafé 31.5 1.7 26.4 13.8 3.8 1.4 56 17 40 124 52
SP-1 31.5 1.6 25.6 16.1 4.1 1.4 63 16 46 128 70
Pedregulho-SP

SP-2 30.1 1.7 241 14.9 4.0 1.6 50 15 36 128 58
MG 30.1 1.4 25.6 12.9 3.6 1.4 37 15 42 124 108
S. S. Paraiso-MG 35.0 1.4 17.7 10.2 33 1.3 46 9 16 120 102

The rates of nutrients (N, P2Os and K>O) calculated according to the described methods and the soil
chemical results of each experimental site are presented in Table 14. In Sdo Sebastido do Paraiso-MG, it was not

possible to apply the rate recommended by the SP-1 method since two installments had already been made by the
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coffee grower, who had already applied 110 kg ha! KO and this rate exceeded the recommendation of the method

that was 50 kg ha! K,0.

Table 14. Fertilizer rates (N, P2Os; and KyO) calculated according to each fertilization method and soil analysis for each
experimental site.

) Expected productivity* Fertilization method N P,0s KO
Site kg ha “Bags ha'l kg ha!
Jacui-MG 2019/2020 2700 45 EsalqCafé 220 27 181
SP-1 200 40 140
SP-2 220 60 180
MG 260 0 260
Pedregulho-SP 2019/2020 3000 50 EsalqCafé 278 32 217
SP-1 200 40 80
SP-2 220 60 140
MG 260 15 175
S. S. Paraiso-MG 2019/2020 2100 35 EsalqCafé 210 24 163
SP-1 160 50 -
SP-2 200 60 120
MG 220 40 150

*Green beans, ** bags = 60 kg

4.2.3. Crop yield

The coffee fruits were harvested manually at the mature stage, packed in jute bags and then dried in the
sun. At the end of approximately four weeks of drying and with ~12% water concentration (moisture of the
commercialized beans), the fruits were weighed to obtain the weight of processed grains for calculating yield per
hectare (productivity). Fruits were de-husked and beans were weighed to obtain ready-to-be-roast coffee beans,

hereafter called green beans.

4.2.4. Data analysis

The datasets were subjected to residual normality and variance homogeneity tests. The Analysis of
Variance (ANOVA) and regression model assumptions were met and no transformation was performed. The
ANOVA F test was performed considering <0.05 probability through SAS software version 9.4 (SAS Institute Inc.,
Cary, NC, USA). When F probability was significant, the means were compared by Tukey's multiple range test (P <
0.05).
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4.3. Results

4.3.1. Jacui-MG

No significant effect was obsetved in fruit yield and, consequently, in green beans of the coffee plants
fertilized by methods EsalqCafé, Boletim 100 (SP-1), Boletim 100 updated version (SP-2) and 5* Aproximag¢io (MG).
On average, each plant produced 1.5 kg of fruit dry yield, corresponding to 6028 kg ha-l. After being processed, this
quantity of fruits corresponded to 859 g per plant of green beans and 3507 kg ha! or 58 bags ha! (Table 15).

Table 15. Effects of different fertilization methods on coffee fruit yield. Jacui-MG, Brazil, 2019/2020 harvest. Values ate means
(n = 5) and the same letters indicate no significant differences among the samples by one-way ANOVA (Tukey, p < 0.05).

Fertilization method Fruit dry Green beans
kg per plant kg ha-t g per plant kg ha-t Bags* ha'l
EsalqCafé 1.5a 5945 a 844 a 3445 a 57 a
SP-1 1.6a 6474 a 925 a 3775 a 63a
SP-2 15a 6119 a 870 a 3550 a 59a
MG 14a 5573 a 798 a 3259 a 54 a
AVERAGE 1.5 6028 859 3507 58
ANOVA
P value (Pr > F) 0.53430s 0.53430s 0.57300s 0.5730ns 0.5730ns
Cv 16.0 16.0 16.5 16.5 16.5

ns: not significant, * bags = 60 kg
cv. Catuaf amarelo IAC 62 - 3.7 x 0.7 m spacing,.

The fertilization method also did not affect leaf N concentration in plants, where the average among all
treatments was 25 g kg'! dry leaf mass and the P and K content in the soil, which the average among all treatments

was 24 mg dm=and 2.3 mmol. dm?3, respectively, at harvest time (Table 16).

Table 16. Effects of different fertilization methods in the N nutrition status of coffee and P and K content in the soil. Jacui-MG,
Brazil, 2019/2020 hatvest. Values are means (n = 5) and the same letters indicate no significant differences among the samples by
one-way ANOVA (Tukey, p < 0.05).

Fertilization method N P K
g kgt mg dm-3 mmol. dm-3

EsalqCafé 24 a 17 a 24 a

SP-1 24 a 23 a 21a

SP-2 25a 28 a 22a

MG 27 a 29 a 24a
AVERAGE 25 24 2.3

ANOVA
P value (Pr > F) 0.4618ns 0.52490s 0.5218ns

Cv 10.6 60.7 15.3

ns: not significant
cv. Catuaf amarelo TAC 62 - 3.7 x 0.7 m spacing,.
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4.3.2. Pedregulho-SP

No significant effect was also observed in fruit yield and green beans of the coffee plants fertilized by
methods EsalqCafé, Boletim 100 (SP-1), Boletim 100 updated version (SP-2) and 5% Aproximacio (MG) in
Pedregulho-SP. Each plant produced 1.4 kg of fruit dry yield in this experimental site, corresponding to 7236 kg ha.
After being processed, this quantity of fruits corresponded to 784 g per plant of green beans and 4081 kg ha! or 68
bags ha-1 (Table 17).

Table 17. Effects of different fertilization methods on coffee fruit yield. Pedregulho-SP, Brazil, 2019/2020 hatvest. Values ate
means (n = 5) and the same letters indicate no significant differences among the samples by one-way ANOVA (Tukey, p < 0.05).

Fertilization method Fruit dry Green beans

kg per plant kg ha-t g per plant kg ha-t Bags* ha'!

EsalqCafé 14a 7352 a 800 a 4164 a 70 a

SP-1 14a 7547 a 815a 4247 a 7la

SP-2 13a 6802 a 734 a 3825 a 64 a

MG 14a 7241 a 785 a 4087 a 68a

AVERAGE 1.4 7236 784 4081 68
ANOVA

P value (Pr > F) 0.877060s 0.87380s 0.8783ns 0.87830s 0.86950s

Cv 20.3 20.2 21.0 21.0 20.8

ns: not significant, * bags = 60 kg
cv. Catucai 2SL - 3.2 x 0.6 m spacing.

The fertilization method also did not affect leaf N concentration in plants in Pedregulho-SP, where the
average among all treatments was 23 g kg'! dry leaf mass and the P content in the soil, which the average among all
treatments was 42 mg dm3, at harvest time. However, in this experimental site, the fertilization method affected the
K content in the soil. EsalqCafé provided the highest content, 3.8 mmol. dm-3 and Boletim 100 (SP-1) the lowest, 1.6
mmol.dm™ (Table 18).

Table 18.Effects of different fertilization methods in the N nutrition status of coffee and P and K content in the soil.
Pedregulho-SP, Brazil, 2019/2020 hatrvest. Values ate means (n = 5) and the same letters indicate no significant differences
among the samples by one-way ANOVA (Tukey, p < 0.05).

Fertilization method N P K
g kgt mg dm3 mmolc dm-3
EsalqCafé 24 a 39a 38a
SP-1 24 a 42 a 1.6b
SP-2 23 a 41 a 3.3 ab
MG 22a 46 a 3.0 ab
AVERAGE 23 42 -
ANOVA
P value (Pr > F) 0.2539ns 0.8799ns 0.0189*
Cv 7.5 34.8 319

ns: not significant
cv. Catucai 2SL - 3.2 x 0.6 m spacing.
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4.3.3. S3o Sebastido do Paraiso-MG

In the same way, no significant effect was also observed in fruit yield and green beans of the coffee plants
fertilized by methods EsalqCafé, Boletim 100 (SP-1), Boletim 100 updated version (SP-2) and 5* Aproximagio (MG)
in Sdo Sebastido do Parafso-MG. As a result, each plant produced 1.5 g of fruit dry yield in this experimental site,
corresponding to 6007 kg ha'l. After being processed, this quantity of fruits corresponded to 849 g per plant of green
beans and 3467 kg ha! or 57 bags ha'! (Table 19).

Table 19. Effects of different fertilization methods on coffee fruit yield. Sdo Sebastido do Paraiso-MG, Brazil, 2019/2020 hatvest.
Values are means (n = 5) and the same letters indicate no significant differences among the samples by one-way ANOVA (Tukey,

$<0.05).

Fertilization method Fruit dry Green beans

kg per plant kg ha-t g per plant kg ha-t Bags* ha'!

EsalqCafé 15a 6063 a 859 a 3506 a 58a

SP-1 14a 5716 a 810 a 3305 a 55a

SP-2 15a 6002 a 843 a 3443 a 57 a

MG 15a 6249 a 885a 3615a 60 a

AVERAGE 1.5 6007 849 3467 57
ANOVA

P value (Pr > F) 0.7877ns 0.7841x0s 0.84020s 0.84020s 0.82520s

Cv 13.8 13.7 15.8 15.8 15.9

ns: not significant, * bags = 60 kg
cv. Mundo Novo - 3.7 x 0.7 m spacing.

The fertilization method also did not affect leaf N concentration in plants, where the average among all
treatments was 25 g kg'! dry leaf mass and the P and K content in the soil, which the average among all treatments

was 12 mg dm=and 3.9 mmol. dm?3, respectively, at harvest time (Table 20).

Table 20.Effects of different fertilization methods in the N nutrition status of coffee and P and K in the soil. Sao Sebastido do
Paraiso-MG, Brazil, 2019/2020 hatvest. Values ate means (n = 5) and the same letters indicate no significant differences among
the samples by one-way ANOVA (Tukey, p < 0.05).

Fertilization method N P K
g kgt mg dm-3 mmol. dm-3
EsalqCafé 25a 10 a 4.6a
SP-1 25a 15a -
SP-2 252 11a 38a
MG 26 a 132 34a
AVERAGE 25 12 3.9
ANOVA
P value (Pr > F) 0.8204xs 0.5847ns 0.4975ns
CvV 9.6 49.6 29.6

ns: not significant
cv. Mundo Novo - 3.7 x 0.7 m spacing.
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4.4, Discussion

In this study, we compared four methods of coffee fertilization, three already existing and used by
growers and one developed based on our previous research that considers the nutrient demand of the two
simultaneous sinks - fruit load and active vegetative growth. Although fertilization methods differed in rates, there
was no significant effect on coffee production among the treatments in the three research sites (Tables 15, 17 and
19). Furthermore, the productivity was high in all areas, considering the national average is ~30 bags per hectare
(CONAB, 2022). Also, we highlight that the productivity was higher than expected (Table 14), which was estimated
according to the production history of the orchards. On the overall average, 2019/2020 was a year of high
productivity in the country (CONAB, 2022).

In Jacui-MG, N rates ranged from 200 to 260 kg ha'!, P,Os rates ranged from 27 to 60 kg ha' and K,O
rates ranged from 140 to 260 kg ha! (Table 14). There was also no significant difference in the N nutritional status
of coffee and P and K content in the soil at this site at harvest time (Table 16). In December 2019, the leaf N
content was, on average, 34 g kgl (Table 13); at harvest, the average was 25 g kg! (Table 16). The range considered
adequate is 25 to 30 g kg (Quaggio et al., 2022), showing that the foliar N concentration in December was slightly
above the ideal for all treatments. The concentration remained in the ideal range at harvest time, indicating that the
plant had been well nourished with N after production and that the rates applied were sufficient. P and K content in
the soil were adequate before the installation of the experiments according to Quaggio et al., (2022), which were 24
mg dm? P and 1.6 mmol dm= K (Table 12), since the ideal is 16 to 40 mg dm™ P and 1.6 to 3.0 mmol dm K. After
hatvest the P content in the soil remained at an average of 24 mg dm= P indicating that the rates met the plant's
demand and the K content increased to an average of 2.3 mmol dm? indicating that the rates also met the plant's
demand and increased the K soil content (Table 16).

In Pedregulho-SP, N rates ranged from 200 to 278 kg ha'l, P,Os rates ranged from 30 to 60 kg ha! and
K20 rates ranged from 80 to 217 kg ha'! (Table 14). There was also no significant difference in the N nutritional
status of coffee and P content in the soil at this site at harvest time (Table 18). In December 2019, the leaf N
concentration was, on average, 31 g kg (Table 13), also slightly above the ideal. At harvest, the average was 23 g kg'!
(Table 18), a little below the ideal concentration. The P content in the soil was adequate before the installation of the
experiments, 18 mg dm= (Table 12) and at the harvest time, the P content was 42 mg dm™ (Table 18). The P rates of
the treatments would not be enough to raise the P content of the soil to 42 mg dm3. Therefore, we believe that there
was a sampling error for this vatriable. There was a difference in the K content in the soil at the harvest time in this
site. Before the application of the treatments, the K content in the soil was above the ideal, 4.2 mmol dm= (Table
12). We observed that the EsalqCafé method maintained the soil content above the ideal, 3.8 mmol dm™ and the rate
of the SP-1 method provided the lowest K content in the soil, 1.6 mmol dm3 (Table 18). Probably, the SP-1 method
caused this decrease because it was the lowest K (80 kg ha! K>O), demonstrating that the K rate of this method was
insufficient for the needs of the plant, resulting in a significant decrease of soil K reserves. In general, there was a
slight decrease in the K content of the soil for the other treatments, which may be a consequence of the sandy soil
texture of the soil, which facilitates the leaching of K¥ in the soil profile. Sandy soils present low cation exchange
capacity (CEC); therefore, few negative charges to hold K* or other cations (Rosolem and Steiner, 2017).

In Séo Sebastido do Parafso-MG, N rates ranged from 160 to 220 kg hal, P,Os rates ranged from 24 to
60 kg ha'! and KO rates ranged from 120 to 163 kg ha'l. There was also no significant difference in the N

nutritional status of coffee and P and K content in the soil at this site at harvest time. In December 2019, the leaf N
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concentration was 35 g kg'! (Table 13); at harvest, the average was 25 g kg'! (Table 20). The P content in the soil was
low before the installation of the experiment, 7 mg dm= (Table 12). At the harvest time, the P content in the soil was
12 mg dm (Table 20), indicating an increase but remaining suboptimal. On the other hand, the K content in the soil
was above the ideal before the installation of the experiments, 4.4 mmol dm (Table 12) and remained above ideal, 4
mmol dm (Table 20).

N rates were sufficient in all areas to supply the plant's demand, even though productivity was higher than
expected. Theoretically, the rates applied would not be enough to meet the plant's needs, as production was higher
and, therefore, higher demand. However, after analyzing the nutritional status of the plants in December, the
concentrations were just above the ideal range and we decided to consider the ideal range for rate adjustment. This
decision kept the rates slightly higher than considering the N concentration above the adequate range. Therefore, the
rates of N were sufficient to supply the demand for the productivity obtained. In the case of the EsalqCafé method,
the rate applied for lower productivity was also enough to supply the demand. In this case, we must rethink the
fertilizer recovery efficiency of 50%. We hypothesize that the efficiency is higher and we underestimated it in the
calculations. P rates that should be applied for the productivity obtained ate very similar to the rates used and, in
some treatments, the same. Therefore, it was not a limiting factor for production. Generally, the K rates to supply
the demand of the obtained productivity should be a little higher for all treatments. However, although the rates
applied did not affect productivity, we observed a decrease in the K content of the soil in the studied areas, except
for Jacui-MG (Tables 16, 18 and 20). This finding can be seen in the comparative table of rates (Table 21) in
Appendix G.

4.5. Conclusion

The fertilization method EsalqCafé for arabica coffee considers the nutrient demand of the two
simultaneous sinks - fruit load and active vegetative growth. Moreover, it relies on a minimal number of inputs to
allow easy use. Compared to existing fertilization methods, our results revealed the method was sufficient to supply
the plant nutrient demand, maintaining the N concentration in the leaf and the P and K content in the soil in the
ideal range after harvest. These results show that studies are advanced; however, further studies should be carried out
to improve the method and be fully validated, mainly on the efficiency of nitrogen fertilizer recovery considered in

the calculation and its use in recommendations with expected yield closer to the yield obtained.
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APPENDICES

Appendix A. Vegetation dry matter: stem, branches and leaves that grew from the indicator wire until harvest.
Appendix B. Fruit dry yield: whole fruit (with outer skin, parchment with pulp and bean with silver skin).
Appendix C. Green beans: coffee processed (without outer skin and parchment with pulp).

Appendix D. Bags: 60 kilograms of green beans processed (without outer skin and parchment with pulp).

Appendix E. Harvest index: ratio of the fruit dry yield to the total above-ground plant biomass produced over the growth
cycle.

Appendix F.

Figure 11. Allometric model for vegetation dry matter (A) and fruit dry yield (B) regarding fruit load of arabica coffee,
based on previous studies, used to calculate the fertilizer rates by EsalqCafé method in this study.
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Appendix G.
Table 21. Fertilizer rates (N, P2Os and K>O) calculated according to each fertilization method, soil analysis, expected productivity and obtained for each experimental site.
EXpecF@d ) Obtmged ) Fertilization N P,Ox 0
productivity productivity method
It should be applied It should be applied It should be applied It should be applied
Site considering the high N Applied considering the Applied considering the Applied considering the
concentration in December productivity obtained productivity obtained productivity obtained
kg Bags™ kg Bags™ 4
ha-! ha-! ha-! ha-! kg ha
Jacui-MG 2700 45 3480 58 EsalqCafé - 220 (00) 260 (+40) 27 30 (+3) 181 210 (+29)
#13 SP-1 140 200 (+60) 140 (-60) 40 40 (00) 140 140 (00)
SP-2 180 220 (+40) 200 (-20) 60 60 (00) 180 220 (+20)
MG 170 260 (+90) 200 (-60) 0 0 (00) 260 300 (+40)
Pedr‘;%”jlho‘ 3000 | 50 | 4080 | 68 EsalqCafé - 278 (00) 320 (+42) 32 37 (+5) 217 254 (+37)
#18 SP-1 140 200 (+60) 170 (-30) 40 50 (+10) 80 100 (+20)
SP-2 180 220 (+40) 220 (00) 60 80 (+20) 140 220 (+80)
MG 170 260 (+90) 230 (-30) 15 20 (+5) 175 225 (+50)
= Sﬁgmo‘ 2100 | 35 | 3420 | 57 EsalqCafé - 210 (00) 260 (+50) 24 30 (+6) 163 208 (+45)
#22 SP-1 110 160 (+50) 140 (-20) 50 60 (+10) 135 100
SP-2 160 200 (+40) 200 (00) 60 80 (+20) 120 180 (+60)
MG 140 220 (+80) 200 (-20) 40 55 (+15) 150 200 (+50)

*Green beans, ** bags = 60 kg






