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Abstract

The objective of this study was to better understand the implications of the management of the number of orthotropic stems in
Arabica coffee for its cultivation in low-altitude regions (< 500 m), characterizing its effects over the canopy architecture,
production and allocation of biomass, photosynthesis and crop yield, as possible strategy for mitigating the stresses of cultivation at
low-altitude regions. The experiment was conducted in a region with 124 m of elevation above sea level, studying four treatments
with different numbers of orthotropic stems per plant such as one, two, three and four stems. After planting, during the stage of
sprout budding, a number of sprouts were established in accordance to the treatments. The experimental design was a randomized
block design, with eight repetitions. Parameters of gas exchange, chlorophyll contents, canopy architecture, production and
allocation of biomass, and crop yield were evaluated to characterize the plant development. Overall, increasing the number of
orthotropic stems per plant promoted leaf density, number of plagiotropic branches per plant, available leaf area per fruit mass,
photosynthetic rate, crop yield, proportion of large grains and, possibly, the de-acceleration of the stem aging rate, mainly for the
management with four orthotropic stems. It is concluded that the management of the number of orthotropic stems has potential
use as a mitigator for the cultivation of Arabica coffee in low-altitude regions, being able to promote higher canopy density and,
possibly, enhance microclimate conditions at the canopy level.

Arabica coffee; crop yield; microclimate; mitigation; stress.

A_CO, assimilation rate; ANG_insertion angle of the plagiotropic branches in the orthotropic stem; CHL_chlorophyll
content; Ci_sub-stomatal concentration of CO,; CPP_total mass of processed coffee per plant; CPS_production of processed coffee
per orthotropic stem; DEN_leafage density; DMF_dry mass of fruits; DML_dry mass of leaves; DMS_dry mass of stem;
E_transpiration rate; FMR_fruit mass ratio; g,_stomatal conductance; Leaf/Fruit_ratio between the total leaf area and the mass of
fruits of the plagiotropic branch; LMR_leaf mass ratio; LPB_length of the plagiotropic branches; NPB_total number of plagiotropic
branches per plant; PLH_plant height; SMR_stem mass ratio; TDM_total dry mass of the plagiotropic branch; ULA_unitary leaf area.

Global studies have indicated severe losses and changes in concentrations of CO, (Ainsworth and Rogers, 2007).
areas considered suitable for growing coffee in South and Scenarios climate change have been related to cause
Central America, mainly due to the projected scenarios of modifications in the regions suitable to cultivation coffee
increased air temperature caused by climate change (Bunn worldwide (Lane and Jarvis, 2007; Titus and Pereira, 2008;
et al., 2015). In addition, studies have been pointing to the Camargo, 2010; Jaramillo et al., 2011; Davis et al., 2012;
possibility of numerous modifications in the plant Rahn et al., 2013), as well as estimating a possible 15%
development being caused by changes in environmental decrease in the world's coffee-growing area for the next 50
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years (Lane and Jarvis, 2007).

In Brazil, some scenarios even discuss the possibility of a
drastic decrease or even eradication of areas traditionally
cultivated with Arabica coffee (Coffea arabica Lineu)
(Camargo, 2010), in the northwest of the state of Sdo Paulo
and in the south of the state of Minas Gerais, as result of the
temperature increases in the last decades. In general, these
changes may be responsible not only for the decrease of
areas considered suitable for cultivation of Arabica coffee,
but also may cause the displacement to regions of different
altitudes (Assad et al., 2004).

In this context of climatic changes, there is a current need
for studies to evaluate alternatives to adapt and change
management techniques, aiming to allow the sustained
cultivation of coffee in regions where climatic conditions
have been classified as marginal or inept for this agricultural
activity.

Important considerations should be raised regarding the
effects of pruning on coffee plants, since the ability to
change the source-drain relation of carbohydrates acts
directly on the canopy renewal and, therefore, on the
photosynthetic apparatus of the whole plant (Pereira et al.,
2013), besides favoring the development of the coffee root
system (Alves et al., 2011). If used correctly, pruning favors
the formation of new branches and leaves, which will
directly impact the metabolism of the plant and help
stablishing control over the growth rate, through the
increased luminosity and air flow inside the plant canopy
(Sartori et al., 2007).

Studies about the yield of Arabica coffee have been showing
that growing plants with more orthotropic stems,
proceeding the removal of plagiotropic branches that
already produced 70% of their capacity, resulted in greater
gains in production per area (Colodetti et al., 2018; Verdin
Filho et al., 2016). This new pruning management for Arabica
coffee maybe be an alternative for cultivation in regions of
low altitude, acting as a strategy to mitigate some climatic
stresses through the modulation of microclimatic conditions,
caused by the thickening of the canopy system in the
plantation.

The densification acts as a mitigation strategy for climate
vulnerability (Rahn et al., 2013); in coffee, it promotes an
increase in plant coverage and generates microclimatic
changes in the plantation (DaMatta et al., 2007). Thus, it is
suggested that the increase in the number of orthotropic
stems per plant acts as a form of densification and,
therefore, may become an alternative to be used as
mitigation strategy to some environmental stresses.
However, it is necessary to know the limits of densification
of coffee plants, in order to avoid problems of excessive self-
shading and photosynthetic constraints (DaMatta et al.,
2007).

In this context, the objective of this study was to better
understand the effects of the management of the number of
orthotropic stems per plant of Arabica coffee, and the
possibility of being used as a strategy to mitigate the
stresses of cultivation at low-altitude regions.

Canopy architecture

The characteristics of the canopy and growth of plagiotropic
branches of the Arabica coffee in low altitude were
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influenced by the management of orthotropic stems (Figure
1). The plant height differed significantly between plants
with one and two stems (Figure 1A), while the number of
plagiotropic branches differed among all treatments, with
higher numbers in plants with four vertical stems and lower
in plants with only one orthotropic stem (Figure 1B).
However, the internal angle formed between these stems
and the vertical stem did not change due to the increase in
the number of orthotropic stems per plant (Figure 1D). As
for the unitary leaf area, it was observed larger area in the
plants managed with two stems and smaller in the plants
with four orthotropic stems (Figure 1E).

The leafage density differed significantly among treatments
with different numbers of orthotropic stems, where plants
managed with four stems presented the highest density and
plants with one stem presented the lowest leafage density
(Figure 1F). Pearson correlation analysis showed the
existence of positive and significant relationship between
DEN and NPB (r=0.99**), indicating that the increase in NPB
contributed to the increase in leafage density. In addition,
the measurement of NPB is relatively simple and fast, and
expresses strong correlation with DEN.

The DEN outlines the general aspects of the conformation of
the coffee canopy as function of the management of
orthotropic stems that was adopted. It is worth mentioning
that DEN is directly related to the area and the volume of
the canopy, and thus, the increase in the number of
orthotropic stems promoted larger canopy areas and
volumes for the plants of Arabica coffee in low-altitude
region.

Biomass production and allocation in the plagiotropic
branches

The production and partition of biomass among the
structures of the plagiotropic branches were also
significantly influenced by the management of orthotropic
stems (Figure 2). The highest productions of total dry matter
of plagiotropic branches were obtained in the management
with only one orthotropic stem, sequentially followed by the
managements with two and four stems. For three
orthotropic stems per plant, the lowest MST production was
obtained (Figure 2A).

Plants with three or four orthotropic stems presented their
plagiotropic branches with higher stem mass ratios than
plants with two vertical branches (Figure 2B), also presented
greater leaf mass ratios (Figure 2C) and lower fruit mass
ratios (Figure 2D).

The relationship between the leaf area of the plagiotropic
branch and the biomass of their fruits was significantly
different, where the management with three and four
orthotropic stems provided greater leaf areas to sustain the
production of one gram of fruit, while smaller leaf/fruit
ratios were observed for plants with one and two
orthotropic stems (Figure 2E).

The ratio of available leaf area per fruit mass was positively
and significantly correlated with NPB (r=0.96*), which
indicates a strong interaction of this variable with a
morphological characteristic which is easier to measure.

Gas exchanges and chlorophyll

The analysis of gas exchanges and chlorophyll content
showed significant differences as response to the number of
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Fig 1. Plant height (A), number of plagiotropic branches (B), length of plagiotropic branches (C), insertion angle of plagiotropic
branches (D), unitary leaf area (E) and leafage density (F) as response to the number of orthotropic stems per plant of Arabica
coffee (Obatad), in low-altitude region. Means followed by the same letter do not differ from each other (Tukey test, p < 0.05).
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Fig 2. Total dry matter (A), stem mass ratio (B), leaf mass ratio (C), fruit mass ratio (D), available leaf area per fruit mass (E) of the
plagiotropic branches as response to the number of orthotropic stems per plant of Arabica coffee (Obatd), in low-altitude region.
Means followed by the same letter do not differ from each other (Tukey test, p < 0.05).
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Fig 3. Net assimilation of CO, (A), stomatal conductance (B), transpiration rate (C), sub-stomatal concentration of CO, (D) and total
chlorophyll content (E) as response to the number of orthotropic stems per plant of Arabica coffee (Obata), in low-altitude region.
Means followed by the same letter do not differ from each other (Tukey test, p < 0.05).
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orthotropic stems in plants of Arabica coffee cultivated in
low-altitude region (Figure 3). Plants with three and four
vertical stems presented higher rates of net assimilation of
CO, (Figure 3A), lower stomatal openings (Figure 3B), lower
transpiration rates (Figure 3C) and lower sub-stomatal
concentrations of CO, (Figure 3D), while plants managed
with one and two stems presented the opposite behavior for
these parameters.

By the correlation analyses, it was observed strong relations
between the net assimilation rate of CO, (A) with leaf mass
ratio (r=0.97*) and available leaf area per fruit mass
(r=0.95%), indicating that higher proportions of mass in the
plagiotropic branches being used to produce leaves, as well
as larger leaf area available for fruit production, are directly
correlated to higher photosynthetic rates.

The total chlorophyll content helps to support the results of
gas exchanges in the plants grown with higher numbers of
orthotropic stems, since the highest levels were obtained in
plants with three and four stems, and lower for plants with
only one stem (Figure 3E). It is worth remembering that
chlorophylls are the fundamental structures in the processes
of capturing and transferring the light energy to be used by
the photosynthetic process.

There was also a significant correlation between the total
chlorophyll content and morphological characteristics, such
as DEN (r=0.97*) and NPB (r=0.99**). Thus, the increase in
the number of plagiotropic branches in the coffee tree and
in the densification of the foliage is directly related to
increases in the chlorophyll content of their leaves.

Production and classification of coffee grains

Highest production of processed grains was observed from
the plant managed with four orthotropic stems, followed by
three stems and, with the lowest yields, one and two stems
per plant (Figure 4A). Analyzing the production of grains per
vertical stem made it possible to observe that greater
quantity of coffee was obtained per stem when only one
orthotropic stem (Figure 4B), and similar levels of production
for the management with two, three and four stems per
plant. However, considering the higher number of vertical
stems per plant, the overall results per plant shift to the
scenario showed in Figure 4A.

The yield per plant was positively and significantly correlated
with the foliage density (r=0.98*), which supports the
importance of the plant growth to achieve higher yields. In
addition, this correlation allows the identification of the
direct effect of a morphological characteristic over the
productive capacity of the Arabica coffee in a low-altitude
region, emphasizing the importance of the analysis of the
direct and indirect effects of morphological characteristics as
a criterion of evaluation of the productive potential
(Martinez et al., 2007).

Regarding the physical classification of coffee grains based
on size, a higher proportion of large grains and a lower
proportion of small grains were observed due to the
management with four branches, with no differentiation for
medium and under-classified grains due to the changes in
the number of orthotropic stems (Figure 4C). The increased
proportion of larger grains in the management with four
stems led to a decrease in the proportion of small grains,
which is interesting for classification purposes. It should be
noted that the standardization of grain mass is of paramount
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importance in the processes of drying and roasting, in order
to leave the process more uniform, which can directly
influence the final quality of the beverage (Rodrigues et al.,
2014).

Discussion

The number of plagiotropic branches (Figure 1B) and the
foliage density (Figure 1F) were the characteristics of the
canopy with greater differentiation among means in
response to the number of orthotropic stems per plant,
giving a general idea of the canopy architecture of the plants
with these stem managements. In order to obtain good
levels of coffee yield, it is important to have a suitable
number of plagiotropic branches, because they are the ones
that support the reproductive structures. However, the
isolated increase of these stems does not necessarily result
in considerable increments of production (Pereira et al.,
2011).

In this experiment, the number of plagiotropic branches
correlated with the density of foliage, and this trait was
related with the production of processed coffee by plant,
making it possible to affirm that the higher yield occurred
from the plants managed with four orthotropic stems was
supported, at least partially, by the increase in foliage and
number of productive branches of the plant.

As the increase in the number of orthotropic steams
constitutes a form of densification in the plant itself,
significant changes occurred in the leaf and fruit mass ratios
(Figure 2C and 2D). Similarly, there was a change in the
available leaf area per fruit mass (Figure 2E) from the plants
managed with three and four orthotropic stems, where
greater investments were observed in leaf structures, which
is a behavior widely reported for Arabica coffee in densified
conditions (Pereira et al., 2013; Rodrigues et al., 2016;
Ronchi et al., 2016). It is worth mentioning that the greater
foliage and denser canopy may have promoted the
formation of a microclimate capable of attenuating the
severity of some environmental stresses, such as high
temperature and low relative air humidity (DaMatta et al.,
2007).

The ecophysiology of growth and production of the Arabica
coffee is favored by stability of temperature and the relative
humidity of the air (DaMatta et al., 2007). The continuous
exposure of coffee trees to elevated temperatures
considerably affects the development of the plants (DaMatta
and Ramalho, 2006), as it can be found in low-altitude
regions, causing these regions to be classified as marginal or
unfit for cultivation of this species of coffee. Thus,
management with a greater number of orthotropic stems
(e.g. four stems per plant) is able to promote a canopy
densification and may generate a microclimate favorable to
the development of Arabica coffee in these regions.

It is possible to manage the negative effects of the lower
available leaf area to sustain the fruit development for
plants managed with only one or two orthotropic stems by
changing the crop density, both by the management of the
number of stems or by changing the plant spacing itself. The
densification of the crop promotes the investment in leaf
structures, these organs being responsible for sustaining the
photosynthetic apparatus (source of carbohydrates), making
the plant less prone to metabolic impoverishment and less
susceptible to high biennial effects (Chaves et al., 2012;



Pereira et al.,, 2013; Rodrigues et al., 2016; Ronchi et al.,
2016).

Plants managed with one and two orthotropic stems appear
to have suffered some limitation in their gas exchange,
resulting in lower photosynthetic rates (Figure 3). Even with
higher concentrations of CO, in the sub-stomatal chamber,
greater degree of stomatal opening and higher transpiration
flows, these plants presented lower net carbon assimilation
(Figure 3A). This unbalance between the observed values for
A, g, and E indicates the existence of a possible biochemical
limitation of photosynthesis (Flexas et al., 2012; Martins et
al., 2014; DaMatta et al., 2008).

It is possible that this limitation to photosynthesis for the
plants with one and two orthotropic stems is linked to the
hydrolysis of RuBisCo enzyme and chlorophyll molecules,
caused by the remobilization of its compounds to meet the
demands of the fruit growth (stronger metabolic sink) (Reis
et al., 2009; Chaves et al., 2012).

As plants with three or four orthotropic stems presented
higher values of A and smaller of g, and E, it is possible that
these managements made the plants more efficient in using
water for the photosynthetic processes, since they
assimilate more carbon per unit of transpired water, based
on intrinsic (A/g;) and instantaneous (A/E) water use
efficiencies.

The capacity to produce coffee (Figure 4A) can be
considered as the overall result from the characteristics
related to the vegetative development and metabolism of
the plant, throughout the vegetative and reproductive cycle
of the coffee tree. In this way, the highest yield obtained in
the management with four orthotropic stems per plant
could be considered as a response to the denser foliage
(Figure 1F) and greater number of plagiotropic branches
(Figure 1B), as well as the higher biomass proportions
destined to organs that are sources of photo-assimilates
(leaves) (Figure 2C and 2E) and the highest photosynthetic
rates (Figure 3A).

Based on the production per orthotropic stem (Figure 4B), it
is possible to observe similar yields from the managements
with two, three and four stems, demonstrating that the
productive superiority in the management with four
branches was also due to the total quantity of stems. In
addition, the physical classification by size of coffee grains
shows that the management with four stems favored the
formation of grains classified as large, to the detriment of
the proportion of grains considered as small (Figure 4C). This
result helps to support the conclusion that more orthotropic
stems may promote the densification of the canopy and is
capable of providing improvements to the fruit development
of the Arabica coffee plants in low-altitude region.

The superiority regarding morphological, physiological and
growth characteristics observed for the plants cultivated
with four and three orthotropic stems helps to sustain their
fruit production in a more efficient and balanced way, which
may also decrease the negative effects of bienniality and
metabolic depletion of the plants (DaMatta, 2004; Chaves et
al., 2012). Concomitantly, the positive response for growth,
physiology and fruit production in said management
indicates its potential use for the mitigation of stresses for
the cultivation of Arabica coffee in low-altitude regions.
Overall, it can be observed that the plant densification, led
by the management with more orthotropic stems per plant,
acted as a mitigating method capable of favoring the
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cultivation of Arabica coffee in the studied region. This
positive effect can be observed based on the several gains,
specially observed in the comparison between plants
cultivated with one and four stems. These results show the
possibility of exploring alternative managements to enable
the cultivation of Arabica coffee in regions previously
classified as marginal or inept for the crop; and, among the
options, the management of the number of orthotropic
stems as densification strategy can be exploited for this
purpose.

Local conditions and experimental field

The experiment was carried out in the Marilandia
Experimental Farm (FEM) at the Instituto Capixaba de
Pesquisa, Assisténcia Técnica e Extensdo Rural (Incaper), in
the municipality of Marilandia, in the northwestern region of
the state of Espirito Santo, in the Southeast Region of Brazil.
The altitude of the place is 124 m (classified as low-altitude
for coffee crops, as it is under 500 m of elevation) and the
topography of the region is wavy-rugged. The climate is
tropical, with accumulated annual rainfall of 1,147 mm and
average annual temperature of 24.2 2C.

The experimental field was implemented in 2011, using
seedlings of Coffea arabica L. cv. Obata IAC 1669-20 and 2.8
x 1.0 m of spacing (3,571 plants ha'l), providing a population
of plants within the recommended for Arabica coffee
cultivation (Reis and Cunha, 2010). After 90 days of planting,
the seedlings were bent to stimulate the emission of
sprouts, maintaining the required number of shoots per
plant according to the treatments.

The cultivar Obata presents interesting characteristics to the
cultivation in low-altitude regions, mainly due to the
compact size of its canopy and good adaptation to densified
systems (Rodrigues et al., 2016), also good levels of vigor
and yield in regions of low altitude (Bergo et al., 2008).

Experimental design

The experiment was conducted with four treatments: one,
two, three and four orthotropic stems per plant,
corresponding to population of 3,571; 7,143; 10,714; and
14,286 orthotropic stems per hectare, respectively. The
experimental design was a randomized block design, with
eight blocks. Each experimental plot was composed of six
plants, disposed in line, available for evaluations.

Plant management

The management of the fertilization was carried out
according to the recommendations for the cultivation of
Arabica coffee in the region, as well as phytosanitary
treatments and cultural practices (Reis and Cunha, 2010).
The supplementary irrigation was done using a drip system,
during moments of high-water demand, concentrated in
drought periods of summer.

The pruning management of the plants was carried out
according to the recommendations for the programmed
cycle system for Arabica coffee (Verdin Filho et al., 2016),
with removal of plagiotropic branches which already
produced 70% of their overall capacity.



Evaluated traits

The evaluations occurred during the productive cycle of the
second harvest (2014-2015), in plants presenting four years
of age. Parameters of gas exchange, chlorophyll contents,
canopy architecture, biomass production and allocation and
crop yield were evaluated to characterize the plant
development for the cycle.

In each experimental plot, a representative plant was
selected and tagged for evaluation. In this plant, a
representative orthotropic stem was selected and, in this
stem, two plagiotropic branches from the medium part of
the canopy were marked for gas exchange evaluations.
During the phenological stage of fruit granulation, the
following gas exchange parameters were estimate: CO,
assimilation rate (A, umol CO, m? s’l), stomatal conductance
(g, mol H,0 m? s’l), transpiration rate (€, mmol H,0 m? s’l)
and sub-stomatal concentration of CO, (Ci, umol mol'l). The
measurements were made using an infrared gas analyzer
(IRGA Licor 6400XT), on sunny days (without clouds);
between 8 and 11 o'clock in the morning, taking by default a
leaf between the third and fourth pairs of leaves from the
apex of each marked plagiotropic branch. The
photosynthetically active radiation was standardized by
artificial saturating light at 1,000 umol photons m? st and
the internal concentration of CO, in the chamber at 420
ppm.

The chlorophyll content (CHL) was analyzed in the same
tagged branches used for the evaluations of gas exchanges,
using a portable chlorophyll-meter (ClorofiLOG, Falker
FL1030). The measurements were also taken between 8 and
11 am in the morning and on the same leaves used for the
analysis of gas exchange.Characteristics related to the
canopy architecture and development of plagiotropic
branches were evaluated during the phenological stage of
maturation on the plants of each experimental plot. The
plant height (PLH; m) and the length of the plagiotropic
branches (LPB; cm) were measured with graded ruler. The
total number of plagiotropic branches per plant (NPB) was
counted. The insertion angle of the plagiotropic branches in
the orthotropic stem (ANG; 2) was obtained using a digital
inclinometer. The leafage density (DEN, unit m?) was
obtained by the ratio between the number of leaves and the
volume of the canopy of the plant. The unitary leaf area
(ULA; cm®) was obtained by applying the linear dimensions
method on all leaves on the tagged branch (Barros et al.,
1973). Subsequently, the plagiotropic branches were cut, the
plant organs were separated in paper bags and dried
separately in laboratory oven, with forced air circulation at
65 oC (+ 2 2C), until reaching constant weight. The dry mass
of stem (DMS; g), leaves (DML; g) and fruits (DMF; g) were
determined with precision electronic scale (0.0001 g). These
variables were used to calculate the following
characteristics: total dry mass of the plagiotropic branch
(TDM; g), obtained by the sum of DMS, DML and DMF; stem
mass ratio (SMR; %), obtained by the relationship between
DMS and TDM; leaf mass ratio (LMR; %), as the ratio
between DML and TDM; fruit mass ratio (FMR; %), obtained
by the relationship between DMF and TDM. The available
leaf area was estimated as the ratio between the total leaf
area and the mass of fruits of the plagiotropic branch
(Leaf/Fruit; cm’ g"l).

The total mass of processed coffee per plant (CPP; g plant™)
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was calculated based on the harvest of the fruits of the
plants of each experimental plot. The fruits were dried and
processed to obtain the final grain mass. The production of
processed coffee per orthotropic stem (CPS; g stem™) was
calculated by means of the plant yield and number of
orthotropic stems per plant.

From each experimental plot, a sample of processed coffee
(300 g) was collected, and the grains were submitted to
physical analysis to determine the percentage of coffee
retained in sieve classes (separation by flat shaped grain
size), considering the classification of large grains (retained
on sieves 17 and above), medium grains (retained on sieves
between 15 and 16 sieves), small grains (retained on sieves
14 and below), and under-classified (not retained in any
class of sieve).

Statistical analyses

The data were submitted to analyses of variance and, in the
presence of significant differences, the Tukey criterion was
used to compare the means from each treatment with one,
two, three and four orthotropic stems per plant, at a 5%
probability level. Pearson correlation coefficients (Steel et
al., 1997) were estimated between the variables and studied
by the t-test, at a level of 1 and 5% probability (** and *,
respectively). Data analysis was performed using the GENES
statistical analysis program (Cruz, 2013).

The management of Arabica coffee with higher number of
orthotropic stems per plant (up to four stems) is able to
increase the number of plagiotropic branches per plant, the
leafage density, the leaf mass ratio of the plagiotropic
branch, the available leaf area to sustain the development of
fruits, the net assimilation of CO,, the crop yield, the
proportion of larger grains, and is possibly able to cause de-
acceleration of the stem aging rate. The cultivation of
Arabica coffee in low-altitude regions can be favored by the
increase in the number of orthotropic stems per plant, as
this management promotes the densification in the coffee
canopy and, possibly, helps to generate a protective
microclimate in the canopy of these plants, capable of
enhance microclimate conditions at the canopy level and
protecting the plants against some the of the environmental
stresses.
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