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ABSTRACT
Keywords: The cultivation of cocoa (Theobroma cacao L.) under agroforestry systems, generates beneficial
Cacao environmental conditions for cocoa crop physiology. An experiment was conducted to evaluate the
Cordia alliodora effect of shade trees (Spanish elm trees - Cordia alliodora (Ruiz & Pavon) Oken) planted along with
Net photosynthesis cocoa (clone CCN51) under an agroforestry system on cocoa’s gas exchange parameters regarding
Stomatal conductance  the reduction of the light intensity over the cocoa-leaf canopy. The experiment was developed in the
Theobroma cacao Centro de Investigacion el Nus - Agrosavia, located in the municipality of San Roque, Antioquia. The
Transpiration experimental design used was a randomized complete block design for the cocoa planting distances

from the first row of Spanish elm trees interfacing with the cocoa plantation (4 m, 7 m, 10 m, 13 m).
The statistical analysis was performed by estimating the area under the curve (AUC) of each variable,
using the trapezoid equation of the statistical environment SAS® 9.4, an analysis of variances was
performed to determine if there were statistical differences between treatments, and Tukey’s test at
5% probability was used to estimated statistical differences between means. There were significant
differences in the treatments regarding the net photosynthetic rate (A), stomatal conductance (g,), and
transpiration rate (E). The highest values of gas exchange parameters were found in the plants located
13 m from elm trees, while the lowest values were presented at 4 m. Plants at 7 m and 10 m always
showed intermediate values for all gas exchange parameters. In the same sense, plants at 13 m had a
higher radiation use efficiency (RUE) compared to plants at 4 m. The arboreal component modified the
environmental conditions on cocoa trees regarding its distribution, generating a differential response to
the physiological behavior of cocoa plants.

RESUMEN
Palabras clave: El cultivo de cacao (Theobroma cacao L.) bajo sistemas agroforestales, genera condiciones ambientales
Cacao beneficiosas para la fisiologia de este cultivo. Se llevé a cabo un experimento para evaluar el efecto de
Cordia alliodora los arboles de sombrio (&rboles de olmo esparioles - Cordia alliodora) plantados en asocio con cacao
Fotosintesis neta (clon CCN51) bajo un sistema agroforestal, para analizar los efectos de la intensidad de la luz que
Conductividad estomatica llega al dosel de la hoja de cacao sobre los pardmetros de intercambio gaseoso. El experimento se
Theobroma cacao desarroll6 en el Centro de Investigacion el Nus - Agrosavia, ubicado en el municipio de San Roque
Transpiracion (Antioquia). El disefio experimental utilizado fue de bloques completos al azar para las distancias de

plantacion de cacao de la primera fila de olmos espafioles en la interseccion con la plantacion de cacao
(4 m, 7m, 10 m, 13 m). El analisis estadistico se realizé estimando el &rea bajo curva de cada variable
(AUC), utilizando la ecuacion trapezoidal por medio del entorno estadistico SAS® 9,4, para determinar
diferencias significativas entre tratamientos se realizd un analisis de varianza, y se usd la prueba de Tukey
al 5% de probabilidad para estimar diferencias entre medias. Hubo diferencias en los tratamientos con
respecto a la tasa neta de fotosintética (A), la conductividad estomatica (g,) y la transpiracion (E). Los
valores mas altos de los parametros de intercambio de gaseoso se encontraron en las plantas ubicadas
a 13 m de los Olmos, mientras que los valores mas bajos se presentaron en la posicion de 4 m. Las
plantas en posicion 7 my 10 m siempre presentaron valores intermedios para todos los parametros
de intercambio gaseoso. En el mismo sentido, las plantas en la posicion de 13 m presentaron un
mayor uso eficiente de la radiacién (RUE) en comparacion con las plantas en la posicion de 4 m. El
componente arbdreo modificd las condiciones ambientales sobre los &rboles de cacao en relacion con su
distribucion, generando una respuesta diferencial del comportamiento fisioldgico de las plantas de cacao.
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ocoa (Theobroma cacao L.) is considered a

perennial tropical species of high commercial

value (Carr and Lockwood, 2011) because the

seeds of the Theobroma genus are destined
in the elaboration of chocolates and derived products
that have high demand in the global market (Jaimez et
al., 2008). The world cocoa production is 5.2 million t
(FAOSTAT, 2017), where Ivory Coast is the world’s
largest producer with total estimated production with
1.98 million t (38%) of total grain yield production,
followed by Ghana with 20%, and Cameroon with 6%.
Colombia occupies 10" place with 1% of the production
(ICCO, 2018).

Cocoa is cultivated in diverse environments, from humid
to dry climates (Garcia et al., 2005). It is considered a
shade-tolerant species; thus, the crop is traditionally
sown in multi-strata agroforestry systems, where cocoa
trees are planted with fruit, timber, and non-timber
species of high commercial value (Almeida and Valle,
2007; Niether et al., 2018). Wessel (1985) reported that
shade conditions benefit the crop physiology of cocoa
in these systems by decreasing irradiance, temperature,
and airspeed flow, factors that influence the fixation
of CO, and processes associated with the loss of
water (Klich, 2000). Thus, the agroforestry system
improves environmental conditions for cocoa cultivation,
considered beneficial for the cocoa plant survival,
because itis a plant profoundly affected by environmental
stress conditions (Almeida and Valle, 2007). In contrast,
Suarez Salazar et al. (2018) showed that cocoa plants
exhibit optimal acclimatization with relatively high solar
radiation by improving photosynthetic performance,
contradicting the assumption that cocoa plants grow
better under shade conditions.

In this sense, irradiance has great relevance because
it is the main factor to regulate the assimilation rate of
carbon dioxide in plants (Jaimez et al., 2018). Several
authors report photosynthesis rates (A) between 3
and 8 ymol CO, m? s and stomatal conductance (g,)
between 50 and 170 mmol H,O m? s' (Baligar et
al., 2008; Daymond et al., 2011; Araque et al., 2012;
Acheampong et al., 2013). However, these values are
considered relatively low compared with other species
of the Theobroma genus, including T. grandiflorum and
T. subincanum (Almeida et al., 2014). There is evidence

that the photosynthetic rate of cocoa may increase if the
photosynthetically active radiation (PAR) increases as
well (Do Costa et al., 2001; Suarez Salazar et al., 2018).
This increase is influenced not only by the type of tree
shade species associated but by the time of day and
year.

The shade tree is a significant factor to consider in
the design and planting of agroforestry systems with
cocoa (Galyuon et al, 1996). Cocoa is a crop with
shade plants characteristics and that it requires this
condition for better production because the cocoa plant
has a low light saturation, with 95% of the maximum
photosynthesis between 200 and 600 umol CO, m? s
(Almeida et al., 2014). According to Tezara et al.
(2016), cocoa’s A is saturated with 400 ymol m? s’
of photosynthetic photonic flux density (PPFD),
considering the relationship between them (A/PPFD).
Therefore, studies conducted by Acheampong et al.
(2013) reported an increase in stomatal conductance
in cocoa plants when they were subjected to a shade
level of 75% (0.15 mol CO, m? s7). In comparison
with plants exposed to higher irradiance (55 and 32%
of shade in the dry season), the conductance reached
values of 0.1 mol CO, m? s™ and 0.09 mol CO, m? s,
respectively, which was due to lower temperature
inside the system (3 °C). In terms of photosynthesis,
the highest values were observed in plants with 55% of
shade environment (0.82 pmol CO, m? s™), concerning
those planted with 32% in shade condition (0.52 pmol
CO, m? s7), where the highest photosynthetic rates
occurred in the morning. It was hypothesized that the
different mean levels of incident PAR on cocoa trees,
according to their position and orientation (east-west)
within an agroforestry system, affects the physiological
performance of the gas exchange in this species.
Therefore, this work aimed to evaluate the effect of
shade trees planted along with Theobroma cacao L. on
the gas exchange parameters regarding the reduction
of the light intensity over the cocoa-leaf canopy.

MATERIAL AND METHODS

In September 2018, a field experiment was conducted at
Centrode Investigacion EINus, Corporacion Colombiana
de Investigacion Agropecuaria - AGROSAVIA (06°
26'17,2" N, 74° 4932,1” W, 850 m.as.l) in the
municipality of San Roque, Antioquia, Colombia. Using
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a portable weather station system “Wachtdog™ 2000”,
the annual average temperature (24 °C), average
relative humidity (87%), and annual total rainfall (2500
mm), with two rainy seasons (from March to June and,
September to November), and a dry season of low
rainfall (December—February) were measured.

Randomized complete block design and six repetitions
with four treatments were performed. Irradiance levels
are given by the distance from the edge of the trees,
in a cocoa agroforestry system, where the cocoa and
shade trees, were five-years-old. Cocoa trees clone
CCN51 (Coleccién Castro Naranjal) were planted with a
distance of 3 mx3 m. The woody species associated with
cocoa trees were Spanish elm (Cordia alliodora (Ruiz
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& Pavon) Oken), which belongs to the Boraginaceae
family, established in double rows 16 m and, the trees,
being spaced at shorter distances (3 mx3 m). The four
treatments included distances measured from the first
row of Spanish elm trees interfacing with the cocoa
plantation (zero distance). The treatments evaluated
were the distances of 4 m (A), 7 m (B), 10 m (C), and
13 m (D) from the west to the east edge of the Spanish
elm trees (Figure 1). The position of cocoa trees within
agroforestry arrangements was considered relevant
since the availability of radiation is influenced by the
movement of the sun from east to west; that is, position
4 m receives more radiation in the morning, while
position 13 m, on the contrary, receives more radiation
in the afternoon.
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Figure 1. Cross-section of the experimental field showing the arrangement of Spanish elm (Nogal) trees and cocoa plants.

Light condition above cocoa plant canopies was
continuously measured by SS1 SunScan Canopy Analysis
System (Delta-T Devices Ltd), allowing estimating light
transmission and availability to cocoa plants. Incident
radiation (Ir) flux above the canopy and radiation flux
transmitted (Tr) below the shade tree canopy was recorded
every half hour, from 7:00 to 17:00 hours. The Spanish elm
tree regimes shade (S) on cocoa plants were calculated
by the equation S (%)=(1-(Tr/Ir)x100).

A portable photosynthesis-measuring system with infrared
gas analyzer incorporated (LCi - ADC Bioscience, UK)
was used to measure leaf gas exchange. Measurements
were made on the third fully expanded leaf of the last
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mature shoot from the apex for five consecutive days in six
cocoa plants (CCN51) for each of the positions within the
agroforestry system. Net photosynthetic rate (A, ymol CO,
m? ), transpiration rate (E, mmol H,0 m*s™), stomatal
conductance to water vapor (g, mol H,O m? s7), and
photosynthetically active radiation (PAR, umol photons
m2s) were estimated from 8:00 to 17:00 hours. The
instantaneous water use efficiency (WUE, mmol CO, mmol”
H,0) and radiation use efficiency (RUE, mmol CO, umol
photons) was calculated by A/E and A/PAR, respectively.

Vapor pressure deficit (VPD, measured in kPa) was
calculated from daily temperature and relative humidity
recordings according to equation 1 proposed for Rosenberg




9286

et al. (1983). The temperature (T) and humidity (RH)
values were taken with the thermo-hygrometer (Thermo
Hygro and Clock) at every half an hour interval during the
day (7:00 to 17:00).

VPD=0.61078[(17.269xT/T+237.3)x(1+(RH/100)] (1)

Statistical analysis

The area under the curve (AUC) was estimated to
determine the accumulated value throughout the day
of each physiological variable A, g, E and PAR. The
AUC was estimated by fractioning the total in trapezoidal
areas. These individual areas were calculated using
the trapezoid equation of a macro of the statistical
environment SAS® 9.4 developed by Cordoba-Gaona et
al. (2018), which was adapted from those of the routines
detailed by Huang and Xiao (2010) and Shiang (2004).
AUC data were subjected to an analysis of variance.
The differences among the means were determined with
Tukey’s test at 5% probability. The “agricolae” package
(De Mendiburu, 2013) included in the R project statistical
environment software was used (R Core Team, 2017).

RESULTS AND DISCUSSION

Diurnal gas exchange

Leaf temperature, environmental temperature, and the
diurnal variation of gas exchange parameters in cocoa
plant growth in several positions are presented in Figure
2. During the time of higher photosynthetic activity, the
maximum net photosynthetic rate (A, 4.73 pmol CO,
m?2 s) was observed at 13:00 hours in the cocoa tree
planted at 13 m from the west edge of Spanish elm. In
contrast, the minimum photosynthesis corresponded to
the cocoa plant at 4 m from the western edge of Spanish
elm (0.86 pmol CO, m*?s™) at 11:00 hours. From 13:00 to
17:00, the photosynthesis rate gradually decreases until
minus zero values, indicating a negative A (Figure 2A).
The lower photosynthetic activity in cocoa plants at 4 m
from the eastern side of Spanish-helm trees, between
8:00 and 11:00 hours, is associated with the radiation
incident on this position, reaching PAR values of 1,500
umol photons m2s™, radiation above the saturation point
for cocoa; contrary to the incident radiation at 13 m, which
receives maximum values of 406 ymol photons m2s’
between 8:00 and 10:00 hours (Figure 3A). Balasimha et
al. (1991) have been reported that cocoa plants saturate
at photonic flux densities between 400 and 600 pmol

photons m? s, which represents between 25 and 30%
of the maximum radiation on a clear day, the maximum
CO, assimilation rates do not exceed 6 to 7 umol photons
m2s™. It agrees with Niether et al. (2018), who indicated
that the reduction of radiation generated by forest trees
improves environmental conditions for cocoa cultivation
because cocoa has a low light saturation point, where
95% of maximum photosynthesis occurs with a PAR of
200 pmol m2s™ (Baligar et al., 2008).

Similar to the observation in net photosynthetic rate,
there was an influence on stomatal conductance and
transpiration rate according to cocoa plants at different
distances (Figures 2B and 2C). At 13 m, cocoa plant
registered the highest g_and E (0.152 mol H,0 m* s,
5.89 mmol H,0 m? s); in contrast, the lowest g_ and
E were observed in the cocoa tree at 4 m (0.033 mol
H,O0 m? s, 1.74 mmol H,0 m? s7). In all positions,
stomatal conductance and transpiration rate presented
a decrease starting from 14:00 to 17:00 hours. The
high values of VPD constitute one of the main limiting
factors for photosynthesis because of a reduction of A
and a photorespiration increase. This behavior could
probably be due to the effects of VPD on the closure
of the stomata, which leads to a reduction of internal
CO, (Almeida et al., 2014). Regarding the variation
of the water deficit pressure (VPD), the higher value
was reported between 11:30 and 12:30 hours, values
ranging from 0.645 to 0.643 kPa, respectively (Figure
2D).

The VPD is considered one of the main factors in
stomatal opening and closing (Dos Santos et al., 2017).
An increase in the VPD was observed after 10:00
hours, where a direct relationship for all distances (4
m, 7 m, 10 m, 13 m) was found with A, g, and E. The
maximum VPD (0.645 kPa) was recorded at 11:30
hours. This variation is due to the high temperatures of
the environment (29.7 °C) and the low relative humidity
(43%). This condition of VPD (Figure 2F), according to
Ribeiro et al. (2009), induces the stomatal closure and
generates a reduction in transpiration rate. Contrary to
the present work, where A, gs, and E are proportional
to VPD. As the VPD decreases, these gas exchange
variables decrease and vice versa, although according
to Kéhler et al. (2014), cocoa species is sensitive to high
values of pressure deficit. Therefore, a reduction in the
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assimilation of CO, can be observed. This variable must
increase above 2 kPa due to the VPD (Balasimha et
al., 1991), which was never reached in this experiment,
observing maximum values of 0.645 kPa. In general, the
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with higher VPD values in the afternoon.
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Figure 2. A. Diumnal variation of net photosynthetic rate (A); B. Stomatal conductance (g,); C. Transpiration rates (E); D. Vapor pressure deficit
(VPD) at the top of cocoa; E. Leaf temperature; F. Environmental temperature and relative humidity in cocoa plants at distances of 4, 7, 10,

13 m from Spanish elm trees.

According to Acheampong et al. (2013), high VPD is
directly related to the reduction of photosynthetic activity.

Between 10:00 and 13:00 hours, the leaf temperature
in all the cocoa plants exceeded 35 °C (Figure 2E).
A temperature that is considered above the optimal
(31-33 °C) according to Balasimha et al. (1991),
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who also indicated that the temperature affected the
photosynthesis, which is characteristic of tropical
species grown in warm, humid tropics. On the other
hand, the foliar temperature of plants at 4 m is higher
by 1-4 °C than the leaf temperature at 13 m. In contrast,
after 11:00 hours, the plants at 13 m exceeded on
average by 1 °C the cocoa plants at 4 m.
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The PAR increased from 9:00 to 11:00 hours but started
decreasing from noon to 17:00 hours, where the PAR
was between 32 to 44 ymol photons m?s™ (Figure 3A).
In the morning, cocoa plants at 13 m receiving the lowest
PAR, values ranging from 262 to 319 pmol photons m?
s, and the highest shade level (67.37 and 72.71 %). At
11:30, all the cocoa plants were submitted to the lowest
shade levels because the sun was above the zenith of
the cocoa canopy, and the shade trees had little effect
on the interception of the radiation. From 13:00 hours,
depending on the cocoa plant position, these received
different levels of shade, where the position 4 m was the
first to receive more shade, and successively the plants
to 7,10, and 13 m (Figure 3B).

According to Balasimha et al. (1991), the optimal
temperature for tropical species grown in warm, humid
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Figure 3. A. Diurnal variation of photosynthetically active radiation
distances of 4 m, 7 m, 10 m, 13 m from Spanish elm trees

Daily integral curve

There were positional variations in the daily integral of
A (P<0.05), g, (P<0.05), and E (P<0.05). The highest
values of these parameters were found in cocoa plants
at 13 m from the left edge of the Spanish elm trees,
while the lowest results at the opposite side (4 m).
Plants at 13 m presented 90,807 pmol CO, m?d",
corresponding to 77% more CO, fixed than plants at
4 m. Similar behavior of the g_and E parameters was
observed at 4 m and 13 m plant distance, with more
stomatal conductance and transpiration rate in the
latter, reaching values of 3,642 mol H,O m* d and
131,262 mmol H,0 m*? d", respectively. Plants from 7
and 10 m always presented intermediated values in all
the gas exchange parameters.

tropics is between 31 °C and 33 °C. For cocoa, the
optimum temperature range is 20-30 °C. These thermal
conditions allow the cocoa crop not only an adequate
vegetative development but also a better production,
derived from a higher flow of stomatal conductance
and greater assimilation of CO,. Although high
environmental temperatures (29.7 °C) were recorded
at noon, these did not affect the photosynthetic activity.
A and g presented a direct relationship, i.e., higher
stomatal conductance and higher values of carbon
fixation were achieved. The values obtained from the
gas exchange were higher in this study than those
reported by Almeida et al. (2014) in T. cacao plants
but lower than the gas exchange parameter raised
for other species of the Theobroma genus (A, 3.5-8.8
umol CO, m?s™; g, 0.23-0.108 mol H,O m? s, and E,
0.39-1.63 mmol H,0 m?s™).

1000 +
900 -
800 -
700
600 | /1
500 {8/
400 9 /.
300
200
100 4
00

Shade level (%)

NN NN RN I TN
B L LIS ES LSBT E S LSS

Time (h)

(PAR) and B. Shade level at the top of Theobroma cacao plants at

The WUE was not affected by various shade regimes,
whereas the radiation use efficiency was affected.
Results indicated that 13 m plant had signed (P<0.05)
higher RUE compared to 4 m plants distance,
250% higher variation in RUE (Table 1). Thus, the
photosynthetic apparatus of crop species reflects the
selection pressure for maximal light absorption under
different irradiance, while minimizing the respiratory
cost associated with high photosynthetic capacity
(Chazdon et al., 1996). In this sense, Suarez Salazar
et al. (2018) showed that cocoa plants can acclimatize
to different levels of radiation, by reducing chlorophyll
content and chlorophyll/carotenoid ratio, as well
as an increase in chlorophyll a/b ratio, and higher
nonphotochemical quenching values, which favors
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the dissipation of excess energy in the form of heat
and a higher electron transport rate. Depending on the

response, photosynthetic performance in the cocoa
canopy can be a positive, neutral, or negative way.

Table 1. Daily integral of the net photosynthetic rate (A), stomatal conductance (g,), transpiration rate (E), photosynthetically active radiation
(PAR), water use efficiency (WUE), and radiation use efficiency (RUE) measured in leaves of Theobroma cacao plants at distances of 4 m,

7 m, 10 m, 13 m from Spanish elm trees.

Parameter P 4m
A (pmol CO, m?d") 0.0140 ** 51,030 b
g, (mol H,0 m? d”) 0.0020 ** 2,076 b
E (mmol H,0 m2d") 0.0002 ** 84,471 b
PAR (umol photons m2d")  0.01719 ns 2.29x10" a
WUE (AIE) 0.6303 ns 0.60a
RUE (AIPAR) 0.0012 ** 0.0022 ¢

7m 10m 13m
81,963 ab 83,385 ab 90,807 a
3711 a 3,396 a 3,642 a
132,004 a 130,266 a 131,262 a
2.32x107 a 1.98x107 a 1.72x107 a
0.62a 0.64a 0.69a
0.0035 bc 0.0042 ab 0.0052 a

For each variable, means followed by the same letter are not significantly different using the Tukey’s procedure (P<0.05).

The highest levels of shade occurred during the
afternoon hours. An essential factor to bear in mind
when providing shade to the cocoa crop is that it is
possible to reach an optimum photochemical activity
depending on the shade level (%) to which the cocoa
trees are exposed. According to Jaimez et al. (2018),
cocoa plants can be cultivated with 50% shade since
a higher shade and a lower leaf area index affects the
ecophysiological response and the yield of cocoa in
different environmental conditions. In this study, the
plants located at 13 m, presented higher values of gas
exchange, confirming what was reported by Gongalves
et al. (2005), who indicated that cocoa plants under
shady conditions achieved between 33% and 50%
higher photosynthetic activity than those plants that had
more incidence of radiation. However, Chazdon et al.
(1996) showed an inverse behavior, where it mentions
that plants exposed to higher radiation increase their
carbon gain, and in turn, their photoprotection capacity.

CONCLUSIONS

The cocoa plants in the 13 m position presented more
favorable environmental conditions with a positive
effect over the net photosynthetic rate (A), stomatal
conductance (g,), and transpiration rate (E) during the
day and greater radiation use efficiency (RUE). Unlike,
the cocoa plants located 4 m away from the Spanish elm
trees, achieved the lowest values of the photosynthetic
activity. The spacing between shade trees should
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guarantee favorable conditions. This can be achieved
by extending the distance between rows of sowing, of
forest trees or by implementing simple rows of the forest
species.
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