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ABSTRACT: It is difficult to separate the effects of light reduction versus nutrient and water competition in
agroforestry systems. The objective of this experiment was to evaluate the effect of shading and fertilizer
supply on the vegetative development and yield of Coffea arabica over six years. The coffee trees were covered
with shade screens (photosynthetically active radiation reduction up to 48%) and fertilized from 100 to 40%
of the recommended amount from 2001 on. Leaf area, number of leaves, number of nodes, leaf area per
branch and, yield were determined. Although no effect of fertilization was found, shading influenced the
number of nodes, leaf area and production from the third year on. The number of nodes and yield decreased
as shading increased. The effect of the yield bienniallity was more evident in the unshaded trees, which yielded
an average of 2,646 kg ha™'. The trees under 48% shading yielded an average of 2,094 kg ha™. After 2004 the
leaf area per branch increased as the shade increased, at the end of both the maximum and minimum growth
periods. During the first three years, the coffee trees do not change their vegetative or productive characteristics
as a response to shading. The shade effects become more intense after the beginning of the higher yield period.
The shaded coffee trees have a larger leaf area and a smaller number of nodes than the coffee trees under full
sun. The yield decreases as photosynthetically active radiation limitation increases, and yield bienniallity is less
intense in shaded trees.
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Produgio e crescimento vegetativo de cafeeiros sob
fertilizacdo e sombreamento

RESUMO: Em sistemas agroflorestais é dificil separar os efeitos da competi¢io por luz daquela por gua
e nutrientes. O objetivo do experimento foi avaliar o efeito do sombreamento e do fornecimento de
fertilizantes sobre o desenvolvimento vegetativo e a produtividade de cafeeiros arabica ao longo de seis
anos. Os cafeeiros foram cobertos com telas sombreadoras (redugio da radiagio fotosinteticamente ativa
em até 48%) e fertilizados de 100 até 40% da recomendacio. Foram determinados a area da folha, o
ntmero de folhas, o nimero de nds, a area foliar por ramo e a produtividade dos cafeeiros. Embora nio
houvesse efeito da fertilizagio, o sombreamento influenciou o nimero de nés, a area da folha e a produgio
a partir do terceiro ano. O ndmero de nds e a produtividade reduziram conforme aumentou o
sombreamento. Cafeeiros sob pleno sol apresentaram maior bienalidade da produgio e produtividade
média de 2646 kg ha™'. Cafeeiros sob 48% de sombreamento produziram em média 2094 kg ha™'. Apds trés
anos a area foliar aumentou com o aumento do sombreamento, tanto no final do periodo de maior quanto
de menor crescimento. Nos trés primeiros anos, os cafeeiros nio diferiram nas caracteristicas vegetativas
ou reprodutivas devido ao sombreamento. Os efeitos do sombreamento tornam-se mais intensos aps o
inicio do periodo de altas produtividades. Cafeeiros sombreados apresentam folhas maiores e menor
ntmero de nés do que cafeeiros sob pleno sol. Nos anos de alta produtividade esta decresce com o aumento
do sombreamento e a bienalidade é menos intensa nos cafeeiros sombreados.

Palavras-chave: Coffea arabica, bienalidade, crescimento e desenvolvimento, produtividade
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Introduction

Coffee (Coffea Arabica L.) production in
agroforestry systems can offer many advantages to farm-
ers interested in environmental services such as increas-
ing local biodiversity, erosion reduction (Donald,
2004), improvement of water storage in soils (Lin and
Richards, 2007), and mitigation of climatic extremes
(Lin, 2007; Morais et al., 2006). It can also result in eco-

nomic advantage by the generation of extra products
and by the opportunity to explore alternative markets
(Donald, 2004) and reduce the biennial pattern of cof-
fee yield (Da Matta, 2004). Nevertheless, despite those
potential benefits, the complex interactions between
the abiotic components and species in agroforestry sys-
tems result in extremely variable coffee tree perfor-
mance. In Costa Rica, under high rainfall and high soil
organic matter, coffee trees intercropped with
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Eucaliptus deglupta trees showed similar (Schaller et al.,
2003) or higher (van Kanten et al., 2004) production than
coffee trees intercropped with Terminalia ivorensis or
Erythrina poeppigiana.

Most coffee farmers in Brazil choose full-sun produc-
tion. One of the reasons for this choice is the growth
and yield reduction observed in shaded coffee trees com-
pared with coffee trees under full sun (Campanha et al.,
2004; Morais et al., 2006). In particular, under conditions
of restricted water and nutrient availability the negative
effect of low radiation on production becomes more evi-
dent (Da Matta, 2004). In agroforestry systems it is diffi-
cult to separate the effects of light reduction versus nu-
trient and water competition. A better understanding of
the particular effects of light and nutrient restriction on
coffee growth and yield will contribute to the design of
coffee agroforestry systems more suitable to the Brazil-
ian coffee farmer expectations. The objective of this
study was to evaluate the effects of the limitation of pho-
tosynthetically active radiation and fertilizer supply on
the vegetative development and production of coffee
trees over six years.

Material and Methods

The work was carried out in Vigosa, state of Minas
Gerais, Brazil, (20°45° S, 42°51° W; 693 m.a.s.l.). The re-
gion has cold dry winters and hot rainy summers, with
an average temperature of 19.4°C (maximum 26.4°C and
minimum 14.8°C); average precipitation of 1,221 mm per
year; and average global solar radiation of 1,416 k] m™
per day. The soil is classified as Xanthic Ferrasol, with
40% slope and northeastern exposure. Before the begin-
ning of the experiment (September 2001) the soil char-
acteristics were pH (H,O) 5.1; 38.4 mmol_dm™ exchange-
able base cations, and 39.4 mmol_ dm™ effective cation
exchange capacity (t); 36.4 and 134 mg dm™ of P and K,
respectively, and 2.5 and 10.0 mmol_dm™ of Ca** and
Mg " The Al content was 1.0 mmol_dm™, and H" + AI"’
was 43.0 mmol_dm™.

The coffee trees, cultivar ‘Catuai Vermelho CH 2077-
2-5-99°, were planted in 1989 and received a drastic prun-
ing (0.3 m aboveground) in 1999. The spacing was 1 m
between trees and 3 m between rows. The coffee trees
underwent four shade levels (0%, 16%, 32% and 48%

blockage of Photosynthetically Active Radiation), and
four levels of fertilization (100%, 80%, 60% and 40% of
the recommended amount for the crop in full sun). The
4 x 4 factorial design was set up in randomized blocks
with 3 replications.

Each plot, formed by 12 trees (ten border trees and
two measured ones in the inner part of the plot), was
covered and encircled with shade screens, which gave
photosynthetically active radiation blockage of the pre-
viously mentioned levels. The shade screens were placed
in December, 2001. Plots were distributed in the experi-
mental area according to the position of the sun during
the day, preventing shade interference among them. In
the state of Minas Gerais, Brazil, the recommendations
of fertilizers is based on actual yield estimate for each
year. The yield estimate is made early in the season,
when berries are at the pinhead stage. Yield estimates
below 1200 kg ha™ are considered very low. The 100%
fertilization and liming doses applied were calculated
based on the yield estimates of the coffee trees under
full sun and receiving 100% fertilization (Table 1) and
on the soil analysis of these plots.

The fertilizer was applied every year, divided into
three applications in the months of November, Decem-
ber and January. The control of weeds was carried out
three times a year in the summer rainy season, between
November and March. When necessary, rust (Hemileia
vastatrix) incidence and coccid infestation
(Coccinelidae) were controlled in February with cop-
per oxychloride or mineral oil respectively.

Actual levels of shade were determined by calculat-
ing the blocked photosynthetically active radiation per-
centage from the shade screen, measured with a bar
ceptometer (Sunfleck ceptometer type CEP®, Delta-T
Devices Ltd, England) above the canopy of the coffee
trees, at the beginning of the experiment. The average
value of photosynthetically active radiation at noon on
sunny days was: 1050 umol m™ s™ on full sun exposure
trees and, 882, 714 and 546 wmol m™ s for 16, 32 and
48% of shade respectively.

The first evaluation of the vegetative characteristics
of the trees was carried out in October, 2001, before the
application of the treatments. The vegetative develop-
ment of the coffee trees was evaluated in four plagiotro-
pic branches per tree. The branches were situated on the

Table 1 - Yield estimates of coffee trees under full sun and 100% of fertilizer and lime doses, and applied amounts of N,

P,0,,K,O and limestone from 2001 to 2007.

Year Yield estimates N PO, KO Limestone
kg ha! kg ha! Mg ha
2001 - 2002 < 800 100 0 100 0.25
2002 - 2003 1,458 250 20 190 0.57
2003 - 2004 2,082 300 25 300 0.57
2004 - 2005 3,960 340 20 450 0.65
2005 - 2006 < 1,200 200 20 150 0.67
2006 - 2007 3,720 340 20 450 0.65
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middle third of the trees, oriented to the north, south,
east and west directions. On these branches we counted
the number of nodes, the number of leaves (> 8 cm)
and the length and width of each leaf (> 8 cm). The
area of each leaf was calculated from the area of the
rectangle determined by the leaf dimensions, adjusted
by the equation Y= 0.667 X, where Y= estimated leaf
area (cm’) and X= Area of its circumscribed rectangle
(cm?), according to the method of Tavares-Jnior et al.
(2002). The leaf area of the branch was determined mul-
tiplying the average leaf area by the number of leaves
per branch.

By 2003 the branches that had been chosen at the be-
ginning of the experiment were located on the lower
third of the tree. In September of this year we therefore
began evaluating branches located on the middle third
of the tree instead. Thus, the number of nodes and the
leaf area per branch were divided into two periods, the
first one from 2001 to 2003 and the second one from 2004
to 2006. The number of nodes in the first period is sym-
bolized by NN1 and in the second period by NN2; the
leaf area of the branch is likewise symbolized by BLA1
and BLA2.

All the vegetative development records were taken
at the end of the greatest (March) and smallest (Septem-
ber) growth periods of the coffee trees in the Vigosa re-
gion (Silva et al., 2004). The growth of the coffee trees
was evaluated by the number of nodes recorded at the
end of the greatest growth period (March).

The bienniallity index measures the degree of varia-
tion in yields due to the physiological trade-off between
vegetative and reproductive growth characteristics of
coffee crop. The bienniallity yield index was calculated
with the equation proposed by Lunz (2006) with modi-
fications:

prod 2— prod 1 ]/2+ prod 3- prod 2 ]/2+ prod n—prod n-1 2 /
prod 1 prod 2 prod n n

prod X = production in the year X, and n = number of
years.

During the harvest, all the berries of the trees were
collected, and their fresh mass was determined. Samples
were taken and dried in the open air until reaching 12-
13% moisture (dry berry), and after that the berries were
counted and weighed in order to determine the mass of
one berry (g). The conversion factor of fresh berry to
dry berry (0.36) was calculated and the value converted
into hulled coffee using the formula 1 g dried berry =
0.5 g hulled coffee.

The yield data and the number of nodes were ana-
lyzed by analysis of variance (p < 0.05), according to a
split-plot design, with the effect of the time in years (T)
as the sub-plot. Branch leaf area was analyzed by analy-
sis of variance (p < 0.05), according to a split-plot de-
sign, but with the sub-plot being the time in months
(t). The data were subjected to a regression analysis of
p < 0.05. The curve fit numbers were used to adjust the
equations. The models were chosen based on the signifi-

cance of the regression coefficients, on the determina-
tion coefficient and on the phenomenon under study.
The statistical analyses were performed using the soft-
ware SAEG 9.1.

Results

The fertilizer levels did not influence any of the
evaluated variables. The six year average production of
coffee trees under 100%, 80%, 60% and 40% of fertiliza-
tion was 1,481.51, 1,436.98, 1,330.13 and 1,435.78 g per
plant, respectively, and the differences were not signifi-
cant (p 2 0.05). The number of nodes per branch during
the first period was influenced by year. In the second
period, the number of nodes per branch was influenced
by year, shade, and the interaction between year and
shade (Table 2).

The number of nodes per branch increased quickly
during the first period (2001-2003), between one and
three years after the drastic pruning. In the second pe-
riod of evaluation (2004-2006), a greater increase in the
number of nodes per branch in the unshaded trees was
observed (Figure 1). The increase of the number of
nodes from 2001 to 2003 varied from 197 - 287% for the
48% and 0% shade levels respectively. Between 2004
and 2006 the increase was 83.7% for the trees under 48%
shade and 149% for the unshaded trees (Figure 1). The
regression equations are in Table 2.

There was no effect of either shade level or appli-
cation of fertilizer on the leaf area per branch in the
first period. No regression model accounted for this
variable. The leaf area per branch in the second period
(BLA2) was influenced by month and by shade level
(Table 2). Over the years the leaf area per branch pre-
sented the well known cycle of decrease during the cold
dry season and increase during the hot rainy season.
In the first period of growth, this variation was more
intense than in the second period. Between 2004 and
2006, shading influenced the leaf area per branch (Fig-
ure 2). The regression equations for these variables are
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Number of nodes per branch

Time

Figure 1 - Number of nodes per branch in coffee trees over
time (years) for each shade level (0, 16, 32 or 48% of
photosynthetically active radiation blockage).
Average value in the first period (2001-2003) and
time fit curves in the second period (2004-2006).
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Table 2 - Regression equations for the number of nodes in the first (NN1) and second period (NN2), time adjusted in
years (T), and leaf area per branch in the second period (BLA2), time adjusted in months (t) and Production (g
per plant) as a function of shade (%photosynthetically active radiation blockage).

Variable Adjusted Equation R?/ r?
NN1 Y = 4163 + 17.411*T 0.95
NN2
Shade (%)
0 ¥ = 0.843 + 9.651*T 0.84
16 ¥ = 0.59 + 5.752*T 0.86
32 T = 4728 + 6.384*T 0.85
48 $ = 6.111 + 4.946*T 0.90
BLA2
Shade (%)
0 ¥ = 379.03 + 205.29%t - 34.30%¢ + 1.32%¢° 0.53
16 T = 319.51 + 154.67%t - 27.72%¢ + 1.09%¢> 0.47
32 T = 262.86 + 114.82%t - 20.47¢ + 0.82%¢ 0.67
48 ¥ = 189.54 + 136.11%t - 23.22%¢ + 0.89%1} 0.73
Production
2005 ¥ = 3479.2 - 27.9%S 0.78
2006 ¥ =113 + 9.1%S 0.64
2007 ¥ = 3550.2 - 22.5%S 0.75
*p < 0.05
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Figure 2 - Branch leaf area in coffee trees over time for each shade level (0, 16, 32 or 48% of photosynthetically active radiation
blockage). Observed values in the first period (2001-2003) and time adjusted curves in the second period (2004-2006).

in Table 2. The effect of year, shade level, and the year
x shade level interaction influenced the production per
tree. The yield had biennial behavior with greater os-
cillation of the values in the unshaded trees from 2004
onward (Figure 3).

The analysis within each year did not show any ef-
fect of shading on the production per tree during the
first four years of the experiment (2001-2004). In these
years the production was 442, 1,422 and 628 g per plant.
In the years of high yields (2005 and 2007), the produc-
tion of coffee trees decreased as the shade level in-
creased (Table 2). In 2006 the increase in shading
slightly increased the production (Table 2). The

bienniality index was 13.49 for the trees under full sun
and 4.12, 3.73, and 1.32 for the trees under 16, 32 and
48% of shade, respectively.

Discussion

The absence of an effect of fertilization rate on the
vegetative growth and development and the yield is dif-
ficult to explain. This result can be due in part to the
great variability of response observed in the coffee trees
under field conditions. There are reports of no effect
from fertilization of coffee trees associated with Inga
edulis in Colombia (Farfan and Mestre, 2004) and in Bra-
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Figure 3 - Average values of yield per coffee tree in each shade
level (0, 16, 32 or 48% of photosynthetically active
radiation blockage) from 2002 to 2007.

zil (Espirito Santo state) in coffee trees under high tree
density (Prezotti and Rocha, 2004). In an experiment
evaluating four coffee cultivars fertirrigated for three
years, there was a significant effect of fertilizer rate
(p < 0.1) (Neves et al., 2006). Coffee is a perennial
woody crop and, persisting many years in the field,
it accumulates uncontrolled or previous effects from the
environment. Another possible cause of the lack of fer-
tilization effect in the experiment could be the presence
of nutritional reserves in the soil of the shaded trees,
which had a smaller load of berries. In these trees, the
fertilizer supplied was not used completely due to the
smaller nutrient demand, leaving residual nutrients for
the following cycle. This detail was not considered in
the subsequent fertilizations, and the applied amounts of
fertilizer may have exceeded the amount of nutrients that
were intended to be available for the tree. In future ex-
periments a greater number of coffee trees per plot and/
or a greater number of replicates should be used, unless
the field area required would introduce more variation
instead of making the experiment more precise.

The lack of a shade effect on the number of nodes and
on production between 2002 and 2004 indicates the exist-
ence of a period when shading does not influence coffee
tree growth. Coffee tree requirements for light and nutri-
ents increase sharply after the beginning of the higher
yield stage (Da Matta, 2004), usually from the third har-
vest on. In addition, the leaves are sensitive organs to
changes in the incident radiation (Cannell, 1985). Thus
quick adaptation of leaves to conditions of low luminos-
ity could help the trees to maintain growth levels similar
to the trees under full sun. In the same period there was a
fast increase in the number of nodes and of leaf area per
branch. This increase was higher than the increase in the
second evaluation period (2004-2007), suggesting that the
coffee trees in the initial growth and yield stage had
greater allocation of photosynthate for the formation of
vegetative organs. In the second evaluation period the trees
exhibited a great load of berries that caused growth and
vegetative development reduction.

From 2004 onward the shaded trees presented a
lower rate of increase in the number of nodes and a
greater branch leaf area than coffee trees under full sun.
There are reports of greater growth in height of coffee
trees shaded with Cajanus cajan than full-sun grown cof-
fee trees in the state of Parana, Brazil, (Morais et al.,
2003). Longer branches, wider diameter of the stem and
a greater number of branches per tree have been ob-
served in shaded trees in Cuba (Rodriguez et al., 2001).
However, the unshaded trees usually have a greater ac-
cumulation of dry mass, since the high load of berries
stimulates photosynthesis and the formation of new
nodes (Cannell, 1985; Da Matta, 2004) and thicker leaves
(Jaramillo-Botero et al., 2009), while the shading of cof-
fee trees increases the effects of self-shading in reducing
flower bud differentiation in inner parts of the tree (Da
Matta, 2004).

In the experiment, the cycles of leaf fall and leaf for-
mation in the coffee trees were clearly observed
throughout the years. The branches presented smaller
leaf area at the end of the cold and dry season and larger
leaf area in the end of the hot and rainy season. In the
study region, the coffee trees present higher growth rates
until March, followed by a growth restriction stage from
May to September, mainly caused by the low tempera-
tures and the dry climate (Silva et al., 2004).

The presence of branches with higher leaf area dur-
ing the cold and dry season at higher shade levels is a
consequence of the greater leaf retention in these trees,
as reported by Campanha et al. (2004). This can be due
to the lower rate of soil moisture loss during the dry
season as a consequence of the shading. In coffee trees
under conditions of agroforestry systems a smaller tran-
spiration rate per leaf unit than in unshaded trees has
been reported (van Kanten and Vaast, 2006). Neverthe-
less, the same authors report a greater evapotranspira-
tion in the agroforestry system due to the presence of
trees. Neves et al. (2007) reported lower soil moisture
in a coffee agroforestry system than in a full sun coffee
crop. In the present experiment the artificial shading
without the effect of tree competition prevented this ef-
fect from happening.

There was a reduction of the biennial pattern in the
production of the coffee trees as shading increased, evi-
denced by the reduction of the bienniality index in the
shaded trees. In the conditions of the experiment, it is
possible that the low availability of photosynthetically
active radiation for the shaded trees limited the stimu-
lation necessary for the differentiation of the floral bud
(Da Matta, 2004), reducing the number of berries
(Jaramillo-Botero et al., 2009). Based on the physiology
of the coffee tree after high production of berries, shaded
coffee trees have smaller bienniality in their production
(Da Matta, 2004). The overproduction of berries, caused
by stimulation of many floral gems in the trees subjected
to high solar radiation, leads to the exhaustion of the tree
reserves and hampers growth in that year and produc-
tion in the following year. In this way, the low produc-
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tion that follows a year of high production allows the
recovery of nutrients and necessary growth, in order
to bear a high berry load in the next productive cycle,
causing a biennial pattern. Thus shaded trees present
fewer and bigger berries and fewer dead branches than
coffee trees under full sun (Jaramillo-Botero et al.,
2009). Although Morais et al. (2009) reported that 50%
shading of coffee plants from April to October did not
affect flower bud development or yield, the shading
was imposed during the months of little growth and
after the period of differentiation of the branch buds
into flowers, while in the present work coffee plants
were shaded all year round over a period of six years.
Nevertheless, a lower bienniality does not mean higher
yield.

The effect of shading on coffee productivity was sig-
nificant after the beginning of the high yield stage. The
increase in shading reduced the yield linearly in the
years of higher yields, but had a weaker and opposite
effect in the intervening years. The higher the berry
load, the higher the drain of photoassimilates and the
higher the photosynthetically active radiation require-
ments. Thus limitation of photosynthetically active ra-
diation in years of high production reduces yield. The
productivity response of the coffee trees to shading in
agroforestry systems varies greatly depending on soil
conditions and climate, but also depending on the yield
level of the site or experiment (Jaramillo-Botero et al.,
2006). Although the variation in production of shaded
coffee is more influenced by factors like management
practices or the intensity of inputs applied than by the
available radiation for the trees (Romero-Alvarado et al.,
2002), one must consider the yield level of the studied
sites. A report of no effect of shading by Inga on coffee
yield cited productivity of 725 kg ha™ (Peeters et al.,
2003). In an on-farm study in the state of Chiapas,
Mexico, the yields of high-shaded coffee (60-80%) and
medium-shaded coffee (30-50%) were similar, around
1600 kg ha™, although data were taken for just one year
(Lin, 2009). Furthermore, in agroforestry systems the dis-
cussion of effect of shading is confounded by the effect
of competition for water and nutrients, which usually
receive little or no attention. In the present experiment
coffee trees were sampled over a period of six years and
reached a very high yield, and the lower availability of
photosynthetically active radiation in the shaded plants
clearly limited the coffee yield.

Conclusions

Vegetative or productive characteristics of coffee
trees did not change as a response to shading during an
initial period of three years after the drastic pruning.
The shade effects became more intense after the begin-
ning of the high-yield stage of the coffee trees. Shaded
coffee trees had a larger leaf area at the end of the maxi-
mum and minimum growth stages of the year and a
smaller number of nodes than the coffee trees under full
sun. The bienniallity of the production was less intense

in the shaded trees, but in the years of high yields the
increase of photosynthetically active radiation limitation
decreases coffee yield.
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