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ABSTRACT: Cocoa plantations in Brazil have been expanding beyond the borders of traditional
regions by implementing a strategy based on irrigation and the establishment of crops
exposed to full sunlight. The quantification of transpiration is essential to the establishment
and management of crops, and is the main factor in the determination of water demand. This
study had as its objective the estimating of transpiration of young cocoa trees as a function
of reference evapotranspiration (ETo) and soil matric potential (¥w). Two experiments were
conducted, one in a greenhouse and the other in the field, using clones and seminal plants. Soil
water content, plant transpiration and reference evapotranspiration were monitored. Cocoa trees
were subjected to soil moisture reduction and their transpiration decreased linearly both in the
field and in the greenhouse, due to decreases in the soil matric potential beyond a critical point.
In the greenhouse average transpiration could be linearly estimated as a function of ETo when
Yw was higher than —24.89 kP. Drying soil conditions resulted in a reduction in transpiration by
approximately a 2 % per unit decrease in Ww. Under field conditions; clonal plant transpiration
decreased linearly beyond the critical matric potential of —-65.02 kPa, while in seminal plants
this reduction occurred beyond -79.48 kPa. Clonal plants were more sensitive to soil water
variations with average transpiration lower than that of seminal cocoa tree plants.
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Introduction

According to data from the International Cocoa
Organization (ICCO, 2017), Brazil is the seventh largest
producer of cocoa in the world, whose harvest for the
year 2018/19 is estimated at approximately 204,000 tons
of almonds. The traditional regions of cocoa cultivation
in the country are concentrated in the states of Para and
Bahia, which together account for approximately 94 %
of production (Conab, 2018). These so-called traditional
regions are characterized by a humid climate and the
regular distribution of rainfall during most of the year,
as well as by the adoption of an agroforestry production
system denominated regionally as “cabruca” in which
the cocoa beans are cultivated in consortium with the
forest natives (Piasentim and Saito, 2014).

A few decades ago, these regions were affected
by phytosanitary problems difficult to solve on account
of the microclimate in crops that favors the spread of
fungal diseases as well as the high cost and inefficiency
of chemical control (Leite et al., 2013). For this reason,
cocoa plantations have been expanding in areas with
characteristics very distinct from those of traditional
cocoa plantation areas, where success has been achieved
by managing the crop with regular spacing, micro
irrigation, fertigation, and genetically enhanced material
(Leite et al., 2013).

Under these conditions cocoa plantations have been
successfully managed by producers with no recourse to
reliable information on the water consumption of the
crop. This is due as much to the scarcity of categorical
information in the literature, given the many works
available presenting conflicting results and conclusions
drawn on the interaction of the cocoa tree with its
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environment (Rada et al., 2005; Baligar et al., 2008;
Kohler et al., 2009). These results are influenced by the
spatial and temporal variability of the main variables
governing the process of water transfer in the soil-plant-
atmosphere system. Thus, it is important to investigate
the various water relationships between cocoa trees and
different climatic conditions, soil and crop management.

The quantification of transpiration is essential to
a determination of water demand for perennial plants,
especially those which are micro irrigated, where
evaporation is minimized. In the case of cocoa trees,
since they are a deciduous plant, a sizeable quantity of
leaves is deposited on the soil, which further reduces the
loss of water through evaporation. The determination of
sap flow using Granier's method (Granier, 1985) allows
for the quantification of transpiration on a daily basis, as
well as the study of relationships between transpiration
and environmental factors and the resulting influence
on a fine temporal scale (Vellame et al., 2012). This
study brings together the results of transpiration and
environmental measurements of two experiments, one
in the field and the other in a greenhouse, with the
purpose of obtaining a comparison of the measurements.
The aim of this work was to estimate the transpiration of
cocoa trees as a function of atmospheric water demand
and soil available water.

Materials and Methods

Two experiments were conducted using cocoa
plants, one in the field and the other in a greenhouse. After
conducting the first experiment under field conditions,
the need to perform a new experiment in a greenhouse
with a larger number of plants was evaluated in order
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to validate and compare the previously obtained results.
For the experiment in the greenhouse, it was necessary
to install the entire structure as well as the preparation
of cocoa seedlings. From inception to data collection
and analysis, there was a four-year gap between the
two experiments, a relatively short period for perennial
plants. Soil water content, leaf area, plant transpiration
and reference evapotranspiration were monitored in
both experiments.

Field experiment

The experiment was carried out at an experimental
site with 7-year-old cocoa plants in full sunlight, with
1.5 x 3.5 m spacing. The plantation is situated in the
municipality of Nova Redencéo, in the state of Bahia, at
12°51'46" S, 41°08'14" W, altitude of 350 m. The climate
is considered Bswh (semi-arid) according to Koppen's
classification (Dubreuil et al., 2017), characterized by its
yearly average temperature of 23 °C, with a maximum
of 27 °C, minimum of 18 °C and rainfall of 600 mm.
The experimental site location is shown in Figure 1.

The soil at the site is classified as eutrophic
Cambisol of clay loam texture, with good drainage
and average fractions of 43 % sand, 23 % clay and
34 % silt. The transpiration of six plants (4 seminal
plants and 2 CCN 51 clones) was measured with no
irrigation. In addition to transpiration, soil moisture
and meteorological elements were also monitored. Data
collection was initiated on Feb 2, 2011, and terminated
on Apr 14, 2012.

Greenhouse experiment

The experiment was carried out in a greenhouse
with plastic covering, in the municipality of Cruz das
Almas, in the state of Bahia (12°48" S; 39°06' W; 225 m

41"18''W 41"15'W
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altitude). The local climate is classified as humid to semi
humid, with average annual rainfall of 1143 mm and
average annual temperature 24.5 °C.

Forty clones of CCN51 plants with CEPEC2002
rootstocks were used, which were grafted in Apr of
2015 and transplanted on Mar 20, 2016, in 0.5-m?® soil
containers. The soil is classified as sandy loam, with
1.31 g cm™ density, 51 % porosity and granulometry
consisting of 68 % sand, 20 % silt and 12 % clay.

Each container had a drainage system consisting
of a 0.025-m-diameter drain, a 0.08-m-thick layer of
crushed stone, a nylon screen and a 0.01-m-thick layer
of washed sand.

Data on soil water potential and transpiration from
the 40 clones were collected, along with meteorological
data from inside the greenhouse. Data collection was
initiated 180 days after transplanting (21 Sept 2016) and
terminated on Nov 17, 2016.

The completely randomized experiment was
divided into two stages. During the first stage, which
lasted18 days, soil moisture was kept close to field
capacity for all plants in order to maintain potential
transpiration. During the second stage, which lasted 21
days, the soil was maintained close to field capacity for
half of the plants, while irrigation was suspended for the
other half, thus ensuring a progressive decrease in soil
matric potentials as a result of evapotranspiration.

Transpiration

Plant transpiration was estimated based on
sapflow using the Thermal Dissipation Probe (TDP)
method (Granier, 1985). Probes 1 cm and 2 cm in length
were constructed and heated with a power supply. The
probes were installed in the rootstock, 6 to 8 cm above
the soil, maintaining a distance of 8 cm between probes.

A1M2W AW ATPEW APTW 40w

| | Nova Redengao

Figure 1 - Location of the experimental area in a cocoa plantation in the state of Bahia, Brazil.
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To calibrate the TDP for transpiration estimation,
three weighing lysimeters, consisting of soil containers
and 1000-kg-capacity weighing platforms were used. The
lysimeters were calibrated in five cycles of loading and
unloading with known weights. The margin for error in
the measurements (p < 0.05) was less than 1 %. In order
to avoid water loss by evaporation the lysimeters were
covered with plastic tarps. This limited measurement
taking to plant transpiration only. Granier's angular
coefficient of equation (1985) was adjusted to minimize
the absolute deviations between the 24-h-accumulated
sapflow and transpiration as measured by the lysimeters.

1.231
F= 0.000357[%] SA (1)

where: F - sapflow, m3 AT - temperature difference
between probes, °C; AT __ - temperature difference
between probes at zero sapflow, °C; SA - stem sapflow
area, m?.

Stem sapflow area (SA - cm?) was estimated using
Eqg. 2 as a function of the stem outer perimeter (Pe - cm).
Thus, transversal cuts were made in branches of different
diameters in a single plant to obtain images of the sections
and define the main anatomical structures of the stem.

SA = -0.0004Pe? + 1.1367Pe - 4.8927 (R? = 0.999) (2)

To attenuate the natural thermal gradients
(NTG), the stems were covered with laminated paper
immediately above the upper probe, as well as below
the lower probe. The probes were also protected by the
paper being folded in a skirt-like shape.

Reference Evapotranspiration (ETo)

Meteorological data for the experiment were
collected by an automatic weather station installed 100
m away from the experimental site. It measured global
solar radiation, air temperature and relative humidity,
wind speed and rainfall.

In the center of the greenhouse, solar radiation,
air temperature and relative humidity were measured.

Meteorological data were used to obtain the daily
reference evapotranspiration (ETo) through the Penman-
Monteith equation, as parametrized by the FAO (Allen
et al., 1998). Wind speed inside the greenhouse was
fixed at 0.5 m s7!, as recommended by FAO's paper 56
for conditions in which this element is practically zero
(Allen et al., 1998).

Soil water

In the greenhouse experiment, soil water potential
was determined using tensiometers installed 0.20 m
deep in each soil container. The readings were taken
daily at 2 p.m. using a digital tensimeter.

In the field, soil water content was estimated using
the model proposed by Ledieu et al. (1986), which relates
the soil dielectric constant to its moisture. The dielectric
constant (Ka) was estimated using the Time-Domain
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Reflectometry (TDR) technique. Ka was estimated by
the emission/reflection time of an electromagnetic pulse
emitted by a pulse generator to parallel metal rods
serving as waveguides.

The TDR waveguides were installed vertically in
the soil with horizontal distances of 10 cm and vertical
distances of 10 cm, 30 cm, 50 cm and 70 cm, with two
repetitions, one in clonal plants and other in seminal
plants. With the moisture data read by the TDR, the
average moisture profile was identified and the soil
matric potential calculated using the water retention
curve (Eq. 3). The water retention curve was given
by the relationship between the soil moisture and the
matric potential of undisturbed soil samples using the
methodology proposed by Richards (1965).

v = 1.0 107 187 (3)

where: y - matric potential, kPa; and 6 - soil moisture,
cm?® cm™

Data acquisition and analysis

For the measurement and storage of
meteorological, weighing platform and TDP data in the
greenhouse a CR1000 datalogger with two AM16/32
Relay Multiplexers was used.

In the field a CR1000 datalogger was also used for
the meteorological data. Soil moisture data were obtained
using a system comprising a TDR 100 Reflectometer,
linked to a SDMX50 8 channel multiplexer with data
storage in a CR1000 datalogger. This datalogger was also
used to measure and store the TDP data. All dataloggers
were programmed to read the sensors every 30 s and
store the average at 15-min intervals.

The expected transpiration percentage of the
plants in the greenhouse (PTr) was calculated by the
ratio between the real transpiration of the plants under
water deficit (Tr_ ) and the expected transpiration (Tr,,,)
for these plants, in cases where they were being irrigated
(Eq. 4). The expected transpiration was calculated based
on the average transpiration of the irrigated plants (Eq. 5).

T

PTr = ~lreal 5100 (4)

T,

exp

TF,
Tr eXp = it X Trc;urrent_averagc (5)
nnltiaL average

where: Tr, . - average transpiration of the plant at the

first stage (frequent irrigation), L d%; Trmmz_mmge - average
transpiration of the group of plants irrigated at the first
stage, L d*!; Tr current_average ~ CUITENE AVErage transpiration
of the group of frequently irrigated plants, L d-'.
Variance and means tests were carried out for
the transpiration (L d*!) data, using the leaf area and
soil matric potential as sources of variation. Tukey's
test with a probability of 5 % was used to differentiate
the means of these variables. Regression analysis was
used to establish the relationship between the average
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transpirations of the irrigated plants and drying-soil
plants with ETo and with the soil matric potential.

The percentage of the expected transpiration
and soil matric potential were correlated through a
segmented regression analysis, minimizing the root
mean square error (RMSE) between the observed and
the calculated transpiration percentages (Vellame et al.,
2015), thus defining the soil matric potential from which
there is a linear reduction in the expected transpiration.
The values observed and estimated by the segmented
regressions were correlated by linear regression and the
Mayer et al. test (1994). In addition to determining the
degree of relationship between the model outputs and
real data, this analysis can simultaneously provide a unit
slope and zero intercept.

Results

Greenhouse experiment

Through regression analysis of the relationship
between the mean daily transpiration of the groups of
plants submitted to soil drying and those under frequent
irrigation, it was observed that the variables presented
a linear relationship and that the coefficients were
significantly different (p < 0.001) for unit slope and zero
intercept, demonstrating the difference between the
groups of plants as regards transpiration (Table 1).

The relationship between ETo and plant
transpiration showed that plants under frequent
irrigation usually had higher transpiration than those
in drying soil subjected to various atmospheric water
demands (Figure 2).

In a short period of soil moisture reduction (21
days), it was possible to see physiological alterations
in the cocoa trees beginning at -40 kPa of soil matric
potential (¥w), such as loss of leaf turgidity, yellowing,
drying leaves and senescence of the lower leaves. These
effects could be attributed to certain characteristics such
as low soil water extraction capacity of the root system,
low hydraulic conductivity of the plant tissue and/or low
efficiency of the stomatal resistance (Figure 3).

With segmented linear regression it was possible to
observe that, beyond the Ww of -24.89 kPa (considered
a critical value), the expected transpiration tended
to decrease linearly by approximately a 2 % per unit
decrease in Ww (Figure 4).

Table 1 — Regression analysis (Y = a + bX) between sap flow of
cocoa plants under soil drying and frequent irrigation conditions.

Regression analysis
-1.41161 = 0.67417

Intercept (a) = SD

Slope (b) + SD 1.31551 + 0.21846
Adjusted R? 0.63809
RMSE 0.37802

p value for

HO:a=0andb=1 Y
SD = Standard Deviation; RMSE = Mean Square Root Error.
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Figure 2 - Relationship between reference evapotranspiration
(ETo) and average daily transpiration of cocoa trees under
frequent irrigation (light dots) and under drying soil (dark dots)
during stage 2.

Ya = -80.6 kPa
Figure 3 — Cocoa trees with symptoms of wilt, dryness and leaf
senescence caused by the reduction of soil matric potential (‘¥w).

The segmented linear regression model was
adequate since the variables showed little dispersion
(Adjusted R* = 0.93121) and the coefficients did not
differ significantly (p > 0.9999) either in terms of unit
slope or in regression analysis in terms of observed
and estimated values of the expected transpiration zero
intercept. The root mean square error (RMSE) for the
model was 5 % of the expected transpiration (Table 2).
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Field experiment

During the observation period, there were
two distinct phases of increase and reduction in soil
moisture caused by the rainfall distribution during the
experiment. A lag was observed between the rainfall
period and the increase in moisture in the upper layer
of the soil (0 - 10 cm deep). Moisture variation was
observed only three days after the start of the rainfall,
when total precipitation reached 40 mm, due to the
interception of the rain by the canopy and the leaves
deposited on the soil which formed a 25-mm-thick layer
(Figure 5).
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Figure 4 - Relationship between expected cocoa transpiration and
soil matric potential.
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During the first stage over time, the variation
in the ratio between transpiration and reference
evapotranspiration (Tr/ETo) was similar to variations in
soil moisture, with greater amplitude in seminal plants
than in cloned ones; however, during the second stage
this similarity was not observed.

In the averages presented, a sapflow difference
between the analyzed varieties and the soil moisture
variation stages was observed, but there was no
difference between stages for each variety. Sapflow was
38 % and 69 % lower in the clones than in the seminal
plants at both the first and second stages, respectively
(Table 3).

CCN51 cocoa clones kept their transpiration
and reference evapotranspiration ratio (Tr/ETo) at
approximately 4.27 L mm™ d? up to a soil matric
potential (¥w) higher than -53.97 kPa; beyond this point
there was a linear reduction in the Tr/ETo ratio (Figure
6A). For seminal plants the Tr/ETo ratio was higher than
in the clones, with an average value of 5.19 L mm™ d-!

Table 2 - Regression analysis (Y = a+ bX) between observed and
estimated of expected cocoa transpiration by the segmented
regression model.

Regression analysis
0.04046 + 5.93592

Intercept (a) + SD

Slope (b) + SD 0.99955 + 0.06390
Adjusted R? 0.93121
RMSE 5.29419

p value for

HO:a=0andb =1 0.99998

SD = Standard Deviation; RMSE = Mean Square Root Error.
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Figure 5 - Soil moisture and rainfall (above), and transpiration and reference evapotranspiration ratio (Tr/ETo) in the seminal and clonal cocoa

plants (below), during the interval from Dec 2011 to Apr 2012.
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at Ww higher than -79.48 kPa; beyond this point there
was also a linear reduction in transpiration as a function
of the soil matric potential (Figure 6B).

Reviewing the wvalues presented, it should
be highlighted that the seminal plants maintained
transpiration at higher rates compared to clonal plants
up to a much lower WYw, both with reduction after the
Ww which was considered as critical points (-53.97
kPa for the clones and -79.48 kPa for the seminal
plants). It was observed from the angular coefficients
of the regression analysis, that the reductions in Tr/ETo
were less accentuated in the seminal plants (-0.0206)
compared to the CCN51 (-0.0494).

Segmented linear regression models were adequate
once estimated transpiration had shown low dispersion
in relation to the values observed with Adjusted R? of
0.82 for clonal and 0.67 for seminal plants (Table 4). The
linear and angular coefficients did not differ significantly
from zero and unit, respectively. The root mean square
error (RMSE) for segmented regression of clonal plants
was 0.53 L mm™ d', while for the seminal plants it was
0.79 L mm™ d! due to greater variability in transpiration
in this group.

Discussion

At stage 1 of the field experiment, the higher
amount of precipitation favored higher Tr/ETo ratios,
while the dry spell at the end of the same stage, along
with the senescence of leaves and soil water distribution,
resulted in a reduction in transpiration, even with the
rainfall at the beginning of Stage 2. For Wang et al. (2017)
and Borden and Isaac (2019), these factors influence the
phenotypic plasticity and, consequently, the adjustment
of soil water usage by woody plants. The cocoa tree is
physiologically affected when the amount of soil water

Table 3 - Sapflow averages of the seminal and clonal cocoa plants
during two stages of increase and reduction of soil moisture
(stages 1 and 2).

Sapflow (L d)

Variety Stage 1 Stage 2 Average
Clone 1.28 bA 0.75 bB 0.9976 b
Seminal 2.07 aA 2.49 aB 2.3316 a

Averages followed by same letters, lowercase in the columns and uppercase
in the rows, do not differ statistically (Tukey < 5 %).

Cocoa under soil water restriction
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Figure 6 - Relationship between transpiration and reference
evapotranspiration (Tr/ETo) in CCN51 clones (A) and seminal
plants (B) of cocoa trees at different soil matric potentials.

is inferior to 60 % of its total available capacity (Almeida
and Valle, 2007); up to this point, as an acclimatization
strategy against drought effects, senescence (Santos et
al., 2016; Muller et al., 2011) gradually occurs from the
lower to the upper leaves (Blum, 2009).

Regardless of the time considered throughout the
field experiment, it could be seen that seminal plants
maintained Tr/ETo ratios higher than those of the
CCN51 clones, and the reduction in these ratios also
occurs at lower soil matric potentials, suggesting that the
clonal plants are more sensitive to soil water variations.
However, the reduction in Tr/ETo above the critical
potentials was more accentuated in seminal plants than
in clonal plants.

In the greenhouse, plants under frequent irrigation
showed higher transpiration levels than those under
drying soil conditions. This was an expected result, since
the cocoa tree is considered as sensitive to water deficit

Table 4 — Regression analysis between observed and estimated transpiration by the segmented regression model in clonal and seminal cocoa

plants in the field experiment.

Clonal CCN51 Seminal

Intercept (a) = SD 0.10800 = 0.22430 Estimate a + SD 0.36743 + 0.38173
Slope (b) + SD 0.93993 + 0.08248 Estimate b + SD 0.84475 + 0.11385
Adjusted R? 0.82149 Adjusted R? 0.66687
RMSE 0.52740 RMSE 0.78859

p value for p value for

HO:a=0andb =1 0.71176

HO:a=0andb = 1 beLely

SD = Standard Deviation; RMSE = Mean Square Root Error.
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(Bae et al., 2008; Moser et al., 2010; Carr and Lockwood,
2011). In addition to the reduction in transpiration
caused by leaf senescence, Rada et al. (2005) and
Almeida et al. (2016) highlighted possible reductions
in photosynthesis and transpiration rates after the soil
water variation (water restriction), which were triggered
by the sensitivity of the cocoa tree root system, given
its high capacity to recognize and respond to changes
in physical-chemical soil parameters, especially water
limitation (Fageria, 2012).

The stomatal control was evaluated by Rada et
al. (2005), in a study carried out in the semi-arid region
of Venezuela with plants grown in the shade from the
4-year-old Guasare cultivar, irrigated every 3, 12 or 25
days. In severely stressed plants, daily photosynthesis
was reduced by 25 % and transpiration by 39 %
compared to the three day treatment. As regards the
expected transpiration percentage (Figure 4), a value of
100 % at potential above the critical level (-24.89 kPa)
was expected, but the percentage observed was 109 %,
which is considered an acceptable difference because
of the natural variability in this kind of experiment.
These natural variabilities, especially those associated
with soil water dynamics, are widely discussed by
Niether et al. (2017). With an average potential of -59.5
kPa, the expected transpiration had a minimum value
of 52 %, meaning a reduction of 47 % in the average
transpiration. According to these results, the sensitivity
of the cocoa tree to water deficit under the experimental
conditions is evident because critical values of soil matric
potential up to -100 kPa, for a number of woody plants,
are commonly assumed in the literature for irrigation
management.

Considering the results found in the greenhouse,
a decline in the expected transpiration can be seen at
potentials lower than -24.84 kPa, when compared to
those found in the field (-79.48 kPa in seminal plants
and -65.02 kPa in clonal plants), showing that plants
in the greenhouse were considerably more sensitive
to soil water variations, probably because they were
young plants whose root system did not yet explore a
large volume or depth of soil, or even the low capacity
of water storage in their cellular tissues.

The growth and development of the plants
depend, among other factors, on the way they respond
to the water conditions of the soil-plant-atmosphere
system. Thus, the results of the present study indicate
that high-frequency irrigation systems, such as micro-
irrigation and pulse drip irrigation, combined with
management strategies such as deficit irrigation,
ought to offer significant advantages for cocoa tree
production.

Conclusion
For young plants of cocoa tree, clone CCN51,

submitted to frequent irrigation, daily mean transpiration
varies linearly with ETo. There is a linear reduction in

Sci. Agric. v.78, n.2, e20190093, 2021
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cocoa transpiration due to the decrease in soil matric
potential from a critical point. These critical potential
values were shown to be variable depending on planting
conditions, age of plants and varieties used, ranging
from -24.89 kPa for young cocoa plants in protected
environment, to -79.48 kPa for seedlings under field
conditions.
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