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ABSTRACT

Coffee production between the first and second harvest
presents a difference in the fruit load with the plant age that could
affect the leaf gas exchange. This research aimed to evaluate the
effect of the increase in fruit load that occurs between the first
and second harvest of the Coffea arabica L. production cycle
on the measured gas exchange, at the two phenological stages
of the fruit. The accessions E057, E318, E338 and E554 were
used, as well as a completely randomized design, with three
replications, using the accessions as treatments and the harvest
measurements during the production cycle as the repeated
measures. The variables yield per tree, number of fruits, absolute
growth rates for height and stem, leaf area, leaf-to-fruit ratio
and leaf gas exchange were measured across the phenological
stages of fruit filling and ripening. The increase in the fruit load
that occurs with age in the second harvest, if compared to the
first harvest, showed a positive and significant effect on the net
assimilation rate that was not expected for the obtained leaf-to-
fruit ratios. Likewise, the differences in the assimilation rates
were higher during the fruit-filling stage. This result suggests
that the source-sink relationship may vary with the crop age
and fruit phenological stage, and is not entirely depend on the
leaf-to-fruit ratio.

RESUMO

Efeito da carga de frutos das primeiras
colheitas de café na troca gasosa das folhas

A produgdo de café entre a primeira e segunda colheita
apresenta diferenga na carga dos frutos com a idade da planta,
podendo ter efeito na troca gasosa. Objetivou-se avaliar o efeito do
aumento na carga de frutos que acontece entre a primeira ¢ a segunda
colheita do ciclo produtivo do Coffea arabica L. na avaliagdo da
troca gasosa, no decorrer dos dois estados fenologicos do fruto.
Foram utilizados os acessos E057, E318, E338 e E554, bem como
delineamento inteiramente casualizado, com trés repeti¢des, tendo-
se 0s acessos como tratamentos e as medi¢des de colheita do ciclo
produtivo como medidas repetidas. As variaveis produtividade por
planta, numero de frutos, taxas de crescimento absoluto de altura
e tronco, area foliar, relacdo folha-fruto e trocas gasosas da folha
foram medidas nas fases fenologicas de enchimento e maturagao
dos frutos. O aumento da carga de frutos que ocorre com a idade
na segunda colheita, em relagdo a primeira, apresentou efeito
positivo e significativo na taxa de assimilagao liquida, o qual ndo
era esperado para as relagdes folha-fruto obtidas. Da mesma forma,
as diferengas nas taxas de assimilagdo foram maiores durante a fase
de enchimento dos frutos. Isso sugere que a relagdo fonte-dreno
pode variar com a idade de cultivo e estadio fenoldgico do fruto,
e ndo depende totalmente da relacdo folha-fruto.

KEYWORDS: Coffea arabica L., leaf-to-fruit ratio, fruit
phenological stage, net assimilation rate.

INTRODUCTION

Coffee is the second most traded commodity
in the world after oil, and its cultivation constitutes
a source of income for 26 million people in 56
countries (Davis et al. 2012, Castro-Tanzi et al. 2014).
In Colombia, the area dedicated to the commercial
cultivation of Arabic coffee is 911 thousand hectares,
with varieties resistant to rust grown in 76.3 % of the
territory (FNC 2017). In contrast, the commercial

PALAVRAS-CHAVE: Coffee arabica L., relagdo folha-fruto,
estadio fenologico do fruto, taxa de assimilagdo liquida.

production of canephora coffees in the country is
incipient and limited to investigative, experimental lots.

In fruit trees such as mango (Urban et al. 2004),
citrus (Rivas et al. 2007), peach (Duan et al. 2008)
and coffee (Franck et al. 2006, Vaast et al. 2006),
the fruit load (sink) affects the production of dry
matter, carbon partitioning and leaf photosynthetic
activity (source). In this context, by reducing the sink
demand for carbohydrates, there is a decrease in the
net photosynthetic rate, mainly in response to the
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accumulation of products in the leaves, which, by
not translocating, restricts the net photosynthetic rate
(Morais et al. 2012). In contrast, under a high fruit
load, the demand for carbohydrates increases and,
with it, the translocation of the products in the leaves,
thus avoiding the limitation of the photosynthesis
rate (Vaast et al. 2002). Nevertheless, in trees
such as palm (Zhen et al. 2019) and macadamia
(Smit et al. 2020), it has been reported that the net
photosynthetic rate can be upregulated when the
strength of the sink is increased by increasing the
stomatal conductance, and not by a feedback effect.
The latter is the case for Coffee arabica, for which
there is evidence of coordination between the source
and sink, but the photosynthetic rate is not mediated
by the accumulation of carbohydrates in the leaves.

Cannell (1971) observed an increase of
around 30 % in the photosynthetic rate when the
trees retained all their fruits, if compared to those
in which the fruits were removed from. Vaast et
al. (2005) found that in ring-barked branches with
100 % of fruits, the photosynthetic rate was 2.6 times
higher than in ring-barked branches without fruits.
Ronchi et al. (2006) showed that the concentrations
of sucrose, hexoses and starch were not associated
with the photosynthesis rate. On the other hand,
DaMatta et al. (2008) found that the reduction
in the photosynthetic rate is independent of the
accumulation of nonstructural carbohydrates in the
leaves and the lower capacity of mesophilic cells
to fix carbon; however, the photosynthetic rate was
coupled to changes in stomatal conductance when the
source-sink relationship was manipulated. Recently,
Avila et al. (2020) found that coffee leaves can
accumulate relatively large amounts of starch without
showing a marked downregulation of photosynthesis,
and that the photosynthetic rate was mainly limited
by diffusive factors when leaf-to-fruit ratios were
high (low fruit loads). Almeida et al. (2021) showed
that a high fruit load causes a feedforward effect
on the photosynthesis rate, which is coupled with
increased stomatal conductance but not associated
with the internal concentration of CO,,. In this study,
the highest stomatal conductance in plants with low
leaf-to-fruit ratios (high fruit loads) was associated
with lower stomatal sensitivity to vapor pressure
deficits at the leaf level.

The phenological stage of the fruits can also
influence the source-sink relationship. According to
Vaast et al. (2002), the translocation of dry matter to

the fruits was greater than that destined for the growth
of branches during fruit filling, since approximately
95 % of the nitrogen, phosphorus and potassium
absorbed by plants accumulated in fruits during
this time (Cannell 1985). On the other hand, the
contribution of the photosynthetic area in coffee fruits
during fruit filling can cover up to 30 % of the daily
needs of respiration and provide 12 % of the total
carbon requirements (Vaast et al. 2005). Therefore,
understanding the source-sink effects on the leaf
photosynthesis rate is physiologically important to
examine the effects of agronomic practices and their
possible repercussions on the primary production of
coffee (Franck et al. 2006).

The transition between the first (second year of
cultivation with low load) and second (third year of
cultivation with high load) harvest of the production
cycle presents an increase in both the production and
leafarea (Arcila & Chaves 1995). However, since the
growth of source organs relatively to sink organs is
not equivalent, there could be relationships between
the source and the sink that are similar to those found
in experiments with manual defrutification.

Coffee production under normal growing
conditions increases with the crop age (Echavarria
et al. 1993), resulting in a difference in the fruit load
with age, which can be very marked between the
first (second year) and second (third year) harvest, in
the production cycle of C. arabica, with an increase
between 30 and 50 % (Arcila et al. 2007). However, in
this context, the behavior of the photosynthesis rate,
stomatal conductance and internal CO, concentration
is unknown. For this reason, the present study aimed
to evaluate the effect of the increase in fruit load that
occurs between the first (low fruit load) and second
(high fruit load) harvest of the C. arabica production
cycle on the gas exchange measured during two
phenological stages of the fruit.

MATERIAL AND METHODS

The experiment was conducted under field
conditions at the San Antonio Experimental Station
of Cenicafé, in Floridablanca (Santander, Colombia)
(7°5'N, 73°3"W and 1,539 m of altitude). The mean
annual air temperature and rainfall were 19.9 °C and
1,559 mm, respectively. Four semi wild accessions
(E057, E318, E338 and E554) of coffee (Coffee
arabica L.) with similar agronomic and productive
characteristics were evaluated.
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The trees underwent pruning and were planted
with 1.0 m between plants and 2.0 m between rows
(population of 5,000 trees ha'), under full sunlight
conditions. In the field, three rows with ten trees were
established for each accession. In every row, three trees
were selected for evaluation. The soil fertilization and
agronomic management of the crop were carried out
under technical recommendations (Sadeghian 2014).

The agronomic variables were number of
coffee fruits per tree (fruit tree!) and coffee berry
yield per tree (g tree™), corresponding to the fruits
collected during the principal harvest period, which
occurs annually between August and November.
The mean absolute growth rates (G) for stem height
(GSH; cm month™) and stem diameter (GSD; mm
month') were calculated according to equation
G =(V, - V)It, -t) (Hunt 1990), where G is
the mean absolute growth rate, V| the value of the
variable at time t , and V, the value of the variable at
time t,, using the stem height and diameter recorded
in April and November every year.

For each sampled tree in each row, the
total number of leaves (NLT) was counted and, in
parallel, the width of each individual leaf blade was
measured (W,; cm) on the leaves present on 4 of
the total branches of the stem per tree. The branches
were chosen from the base of the stem to the apical
meristem. Then, the size of the individual leaf (LS;
cm?) was estimated based on W, data using the
equation LS, = 1.68938 x W.'*7*"7 (N = 6,441; R* =
0.96) (Unigarro et al. 2015). The leaf area per tree
(LA; m?) was estimated by multiplying the average
leaf size (LS; cm?) by the NLT of the corresponding
tree using the equations LS = 1/n 3", _ | LS, and
LA = (LS x NLT)/10,000. The leaf-to-fruit ratio
(LFR; cm? leaf fruit') was calculated by dividing the
LA by the number of coffee fruits per tree.

The leaf physiological evaluations were
carried out during two fruit phenological stages
in both the first and second harvests of the crop
production cycle. The first phenological stage was
fruit filling, where the fruits are in the linear phase of
dry matter accumulation (between April and June),
with 30-70 % of their final size (Arcila et al. 2002).
The second phenological stage was fruit ripening, a
time in which the fruits are physiologically mature
(between September and November) and have
reached 90 % of their final size (Arcila et al. 2002).

Physiological measures of net assimilation
rate (A ; pmol CO, m? s'), stomatal conductance

to water vapor (g; mmol H,O m? s™') and internal
CO, concentration, regarding the environmental CO,
concentration rate (C/C, ), were made per sampled
tree on a leaf (healthy and fully expanded) from the
third or fourth node counted from the apex of the
plagiotropic branch located in the middle third of the
row of plants. An open system infrared gas analyzer
(CIRAS-3, PP Systems, MA) was used to measure
the physiological parameters between 07:00 a.m.
and 10:00 a.m., under a concentration of 380 umol
CO, m? s, constant leaf temperature of 25 °C and
saturating irradiance of 1,000 pmol photons m? s!
supplied by an RGBW LED light source (Light
Control, PP Systems, MA). The physiological
parameters A , g and C/C_ for each replication were
computed as the average value.

The experiment used a completely randomized
design, with three rows of each accession randomly
distributed (each row corresponding to one
replication). The information for each replication
(experimental unit) was recorded during the first
harvest of the production cycle, which corresponds
to a low fruit load on the plant, and at the second
harvest of the productive cycle, which corresponds to
a high fruit load, with regard to the previous harvest.
The first and second harvest of the production cycle
corresponded to the second and third years after
pruning. The data for these variables were analyzed
by a mixed model, using the covariance structure of
the compound symmetry (the one with the best fit,
based on the Akaike information criterion) (Correa
2004). In the model, the sources of variation were
“harvest load” (within-subjects factor), “accession”
(between-subjects factor) and their interaction
(“harvest load * accession”). Multiple comparisons
for significant sources of variation were made
with the Tukey test at 5 % of significance. The
relationships between the variables were evaluated
with the Pearson’s correlation coefficient (r), using
the values obtained for each replication, and the
significance of the Pearson’s coefficients was tested
with the Student’s t test at 1 and 5 % of significance.
Statistical analyses were performed with the PROC
MIXED and PROC CORR procedures of the SAS
software v.9.4 (SAS Institute 2018).

RESULTS AND DISCUSSION

The variables number of fruits, yield per
tree, growth rates for stem height and diameter,
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leaf-to-fruit ratio and net assimilation rate (in the
fruit-filling and fruit-ripening stages) presented
significant differences (p < 0.05) under “harvest
load”, while the variables leaf area, C/C_ rate and
stomatal conductance (in both the fruit phenological
stages) did not differ significantly (p > 0.05) (Table 1).
However, none of the evaluated variables showed
significance under “accession” and “harvest load *
accession” (p > 0.05) (Table 1). This indicates that
the differences in the variables are mainly due to the
effect of the harvest and its corresponding fruit load,
and not the accession effect. For this reason, multiple
comparisons were only made between the means at
different ages for each variable (Figure 1).

The harvest effect and its link with fruit load
was clearly observed in the variables number of
fruits and yield per tree, with both variables being
significantly lower (p < 0.05) in the first harvest
than in the second one (54 and 39 %, respectively)
(Figures 1A and 1B). The first harvest corresponds
to the beginning of the reproductive period, and
typically has a low fruit load. Then, in the second
harvest, when completely entering the reproductive

Table 1. Analysis of variance for number of fruits per tree
(NoFru), coffee berry yield per tree (YPT), mean
absolute growth rate for stem height (GSH), mean
absolute growth rate for stem diameter (GSD), leaf
area per tree (LA), leaf-to-fruit ratio (LFR), net
assimilation rate (A ), stomatal conductance to water
vapor (g, ) and internal CO, concentration regarding
the environmental CO, concentration rate (C/C_) of
Coffea arabica L. under “harvest load”, “accession”
and their interaction.

Items Harvestload Accession Harvest load * accession
Df 1 3 3
Agronomic variables
NoFru  <0.0001 0.4162 0.2742
YPT 0.0003 0.3895 0.1923
GSH 0.0001 0.1349 0.1591
GSD 0.0009 0.2535 0.1692
LA 0.0836 0.8721 0.2225
LFR 0.0002 0.1257 0.2268
Leaf physiological variables - fruit-filling stage
Al 0.0002 0.0768 0.0967
Cc/C, 0.1650 0.8469 0.4260
g 0.0988 0.4484 0.5044
Leaf physiological variables - fruit-ripening stage
Al 0.0021 0.4897 0.4585
Cc/C, 0.1615 0.5075 0.1777
g 0.1366 0.0940 0.2570

Df: degrees of freedom. The numbers in the table are the significance of the F value
(p > F) with the corresponding sources of variation.

period, there was a significant increase in the fruit
load, when compared to the previous year.

The vegetative leaf growth represented by leaf
area did not differ significantly (p > 0.05) between
harvests (Figure 1E). In established coffee crops with
5,000 trees ha' or more, the transition that occurs
between the second and third harvest brings with it
a significant increase in the fruit load (up to double),
accompanied by a nonproportional increase in the plant
foliage (Figure 1), under normal growth conditions,
by the Colombian coffee standards (Arcila & Chaves
1995). This situation, which occurs naturally, is
similar to the manual defructification carried out in
experiments testing the imbalance between the source
and sink for C. arabica (Vaast et al. 2005, DaMatta
et al. 2008), at least in terms of leaf-to-fruit ratio.
The aforementioned result is corroborated in the
present study, where the leaf-to-fruit ratio decreased
significantly (p <0.05) by 46 %, during the transition
toward the second harvest (Figure 1F), what is due
to the lower increase in the leaf area, if compared to
the increase in number of fruits (Figures 1A and 1E).
Thus, the leaf-to-fruit ratio in the first harvest (LFR =
16.0 cm? leaf fruit') (Figure 1F) was similar to that
reported in coffee trees that have been defructified with
half their load (leaf surface = 100 %; fruits = 50 %),
both at the branch (17.0 cm? leaf fruit') (Vaast et al.
2005) and plant level (13.4 cm? leaf fruit') (DaMatta et
al. 2008). However, the leaf-to-fruit ratio in the second
harvest (8.7 cm? leaf fruit') (Figure 1F) was very
close to that found in nondefructified coffee trees (leaf
surface = 100 %; fruits = 100 %), both at the branch
(8.0 cm? leaf fruit!) (Vaast et al. 2005) and plant level
(7.7 cm? leaf fruit!) (DaMatta et al. 2008). This result
was expected, given the fruit loads involved and their
corresponding leaf areas. On the other hand, with the
decrease in the leaf-to-fruit ratio during the transition
from the first to the second harvest, the competition
between the vegetative organs of the stem and the
reproductive organs (fruits) was also evident, as seen
with the significant (p < 0.05) decrease in the growth
rates for stem height and diameter of 58 and 40 %,
respectively, as the fruit load increased in the third year
(Figures 1C and 1D). This decrease occurs because
the fruit demands (the strongest sink in coffee) for
carbohydrates is high, and, as a result, the translocation
of carbohydrates toward the apical growth points in
stems and branches is reduced (Cannell 1975, Vaast
et al. 2002, DaMatta et al. 2008, Chaves et al. 2012,
Bote & Jan 2016).
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Figure 1. Number of fruits per tree (NoFru), coffee berry yield per tree (YPT), mean absolute growth rate for stem height (GSH),
mean absolute growth rate for stem diameter (GSD), leaf area per tree (LA), leaf-to-fruit ratio (LFR), net assimilation
rate (A ), stomatal conductance to water vapor (g, ) and internal CO, concentration, regarding the environmental CO,
concentration rate (C/C, ) of Coffea arabica L., based on the effects of harvest and fruit load. Different letters indicate
significant differences between means using the Tukey test (o = 0.05). Bars represent the standard error (n = 12).

According to the leaf-to-fruit ratio reported
for coffee trees with no fruits and with fruits at
half their load, both at the tree (DaMatta et al.
2008) and branch level (Vaast et al. 2005) (see the
aforementioned leaf-to-fruit ratio), and given their
similarity to the leaf-to-fruit ratio values found in
the present study (Figure 1F), the fruit load effect
was not expected to produce significant differences
in the net assimilation rate or stomatal conductance.
However, the data for net assimilation rate at
both the fruit phenological stages show that there
was a significant increase (p < 0.05) of 23-33 %

associated with the fruit load of the second harvest
(Figures 1G and 1J), which also positively affected
the stomatal conductance (Figures 1H and 1K) and
slightly affected the C/C, ratio (Figures 11 and 1L),
although not significantly. This result is partially
consistent with the photosynthetic behavior reported
for C. arabica, since the increase in the fruit load has
apositive effect on the net assimilation rate, mediated
by stomatal conductance, but with no apparent
relationship to the internal CO, concentration (Vaast
etal. 2005, DaMatta et al. 2008, Almeida et al. 2021).
However, this result does not coincide with the slight
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differences expected for the net assimilation rate
under the leaf-to-fruit ratio observed here.

These results suggest that the strength of the
sink on the source was greater than expected for the
second harvest, and, as a result, differences in the net
assimilation rate were detected. Possibly, the greater
strength of the sink is because, during the third year
of field cultivation (second harvest), the fraction of
dry matter in the fruits, when compared to the total
dry matter of the plant, is one of the highest registered
during the cultivation cycle (Riano et al. 2004). This
result would imply a greater pressure toward the source,
due to the need of more carbohydrates, resulting in a
consequent increase in the net assimilation rate. In
parallel, in this period, the stem would accumulate
the least amount of dry matter (Riafio et al. 2004),
which could limit the reserves in the stem that the
fruits might require. Another factor that could favor the
differences in the net assimilation rate is the increase
in the boundary layer conductance of the leaves due
to the reduction in leaf size (Almeida et al. 2021),
which occurs naturally with the increasing age of the
crop (Arcila & Chaves 1995). In the second harvest
(third year), the leaf size was smaller (35.5 cm? + 1.4)
than that obtained in the first harvest (second year)
(44.7 cm? £ 1.3). Almeida et al. (2021) found that the
decrease in leaf size was accompanied by a higher
stomatal conductance and net assimilation rate.

The fruit phenological stage also affected the
net assimilation rate, since, in the second harvest,

the increase in the fruit-filling stage (11.0 umol CO,
m? s') was 10 % higher than that obtained in the
fruit-ripening stage (9.6 umol CO, m*s™"), although,
in the first harvest, these values practically did not
differ (7.3 and 7.4 urr}ol CO, m* s, respectively)
(Figures 1G and 1J). Avila et al. (2020) found that
the net assimilation rate was higher during the
fruit-filling than during the fruit-ripening stage for
three coffee genotypes. The net assimilation rate
registered during the first harvest (second year)
agrees with those reported by Zhang et al. (2017)
for juvenile plants (1 year) of C. arabica (6-8 pmol
CO, m?s™), while the net assimilation rate from the
second harvest (third year) is consistent with those
observed in productive plants (8.0-11.0 pmol CO,
m?s') (Avila et al. 2020, Almeida et al. 2021). The
stomatal conductance values for the phenological
stages and years were particularly high, but they were
within the range of values reported in the literature
for records made between 7:00 a.m. and 11:00 a.m.
(Chaves et al. 2012), the time under which the present
measurements were also made.

The direct association between leaf area and
yield per tree (Table 2) in coffee has been reported
by Valencia (1973). On the other hand, the positive
and significant relationship between yield per tree
and number of fruits with the net assimilation rate
during the fruit-filling and fruit-ripening stages
(Table 2) indicates that, at higher fruit loads per
tree, photosynthesis tends to increase in both the

Table 2. Pearson’s correlation coefficients (n = 24) between the agronomic variables and leaf physiological variables in trees of

Coffea arabica L.
Variable NoFru YPT GSH GSD LA LFR A,
Agronomic variables
YPT 0.98%%*
GSH -0.47* -0.31
GSD -0.41%* -0.29 0.63%*
LA 0.62%* 0.64%* -0.18 -0.04
LFR -0.69%* -0.67** 0.33 0.49%* -0.02
Leaf physiological variables - fruit-filling stage
A 0.57%%* 0.53* -0.58%* -0.69%* 0.22 -0.59%*
c/cr 0.15 0.08 -0.24 -0.62%* -0.11 -0.32 0.41*
g 0.20 0.15 -0.36 -0.27 0.03 -0.39 0.59%*
Leaf physiological variables - fruit-ripeing stage
A 0.61%* 0.55%%* -0.48%* -0.50%* 0.27 -0.64**
c/cr 0.48* 0.51%* -0.22 -0.04 0.29 -0.28 0.27
g 0.36 0.39 -0.08 -0.40 0.01 -0.64** 0.55%*

The significance of the correlation was denoted as * = significant at 95 % (p < 0.05); ** = significant at 99 % (p < 0.01). NoFru: number of fruits per tree; YPT: coffee
berry yield per tree; GSH: mean absolute growth rate for stem height; GSD: mean absolute growth rate for stem diameter; LA: leaf area per tree; LFR: leaf-to-fruit
ratio; A : net assimilation rate; g : stomatal conductance to water vapor; C/C_: internal CO, concentration, regarding the environmental CO, concentration rate; +: the
correlation of C/C, and g was carried out with the A of their corresponding phenological stage.
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fruit phenological stages. Interestingly, correlations
between the number of fruits and growth rates for
stem height and diameter were significant, but no
correlation was found between yield per tree and
growth rates for stem height and diameter (Table 2).
This result indicates that the increase in production
per tree does not have a direct impact on vegetative
growth reduction, which would be more associated
with the increase in fruit load (Table 2).

Bote & Jan (2016) observed that the fruit
load is inversely associated with branch length
and diameter. The inverse associations of the net
assimilation rate with the growth rates for stem height
and diameter, combined with the direct associations
with the number of fruits and yield per tree (Table 2),
indicates that the carbohydrates produced in the
leaves were predominantly partitioned toward the
fruits, especially during the fruit-filling stage
(Laviola et al. 2009). Vaast et al. (2005) found that
the partition of dry matter toward fruits was four
times higher than that destined for branch growth
over the annual production cycle, during the fruit-
filling stage. The correlation between net assimilation
rate and stomatal conductance was positive and
moderate (Table 2), with a greater association during
fruit ripening. Almeida et al. (2021) found that the
relationships between net assimilation rate and
stomatal conductance were significant and tended to
be moderate in C. arabica. The coefficients r =-0.50
t0 -0.30 and r=0.30 to 0.50 denote a low correlation
between the variables. For the rest of the coefficients,
the correlation was not significant (p > 0.05).

CONCLUSION

The strength of the sinks (fruits) on the sources
(leaves) of Coffea arabica does not entirely depend
on the leaf-to-fruit ratio, but on other factors such as
crop age and fruit phenological stage. On the other
hand, the carbohydrates produced in the leaves are
predominantly partitioned toward the fruits.
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