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Abstract
This study aimed to analyze the struc-

ture and density of non-glandular trichomes
and the area of cocoa leaves, and the differ-
ences of xylem vessel structures on various
shade tree composition. The leaf area and
length, and trichomes were observed. The
xylem vessel structure was observed from
the root system. The result showed the area
of cocoa plots without shade tree has more
varied leaves size, in which upper canopy
was smaller than the bottom. The area with
various shade had a relatively equal size
between the upper and the lower of the
canopy. The three stellate-shaped non-glan-
dular trichomes were found on the leaf
venations only with the density in two plots
increased with time. The xylem width area
to the whole root width area ratio (k) in var-
ious shade trees was lower (k= 0.641) than
that of without shade trees (k= 0.718). The
higher k values indicated xylem structure
without the shade tree had more xylem
cells, and the pores was smaller compared
to the plot with various shade trees.

Introduction
Cocoa plants are usually cultivated with

other annual ones, causing some differences
in the microclimate, such as light or canopy.
Each plant has different canopy structures
and roots as an adaptation. Canopy struc-
ture, plant physiology, leaf area index, and
conductance of stomata affect the transpira-
tion.1 Unsaturated hydraulic conductivity is
a major component in the study of ground-
water motion and the transportation of dis-
solved substances. The presence of vegeta-
tion due to the different land use greatly
affects the unsaturated hydraulic conductiv-
ity. Vegetation is thought to increase the
unsaturated hydraulic conductivity caused
by soil porosity due to plant rooting.2-4

The correlation between the leaf struc-

ture and climate has been studied by
Rodriguez-Iturbe et al.,5 where the leaf
morphology is closely related to rainfall and
temperature. The aspects of functional vari-
ation in leaf structure, such as the shape and
surface or their combination, often occur
intentionally due to the selection of coordi-
nation functions or genetic traits associated
with their evolution.

Environmental variations affect the
structure of adult leaves because the leaves
structurally vary with the intensity and
quality of the light surrounding them during
the development. The specific leaf area is
one of the critical properties of plant growth
because it can describe the leaf area to light
and CO2 in leaf biomass. The leaf area
index is the most common measure of
canopy development. It is susceptible to
water shortages, resulting in a decrease in
leaf formation, leaf expansion and aging,
and leaf threshing. Leaf expansion is more
sensitive to water shortages than to stomatal
closure, photosynthesis and leaf aging.6

The aspects of the functional variation
of the leaf structure, such as the shape and
surface or their combination, often occur
due to the adaptive mechanisms to the
growing environment. One form of anatom-
ical and physiological changes can be
observed from the changes in the trichome
structure and leaf area. The trichomes of
leaves are classified as glandular and non-
glandular.7 Cocoa plants have stellate type
non-glandular trichomes.6 Non-glandular
trichome acts as physical protection of
plants against biotic and abiotic stresses,
forms a mechanical barrier to low humidity
and high light intensity and temperature,
prevents water loss, and protects plant
organs from insect damage.8,9

The density of the leaf trichome varies
and is determined by genetic and environ-
mental factors. The development of leaf tri-
chomes often begins in the early stages of
leaf development, sometimes also before
the leaf primordium can be distinguished. In
some plants, trichomes can be determined
during leaf differentiation or when new tri-
chomes are formed at all stages of leaf
development.9

The availability of water in plants is
determined through physiological process-
es, and the loss of water from the surface of
the plants is determined through evapora-
tion and transpiration.10 The root is a vital
plant organ that absorbs water and nutrients
from the soil. The developed rooting sys-
tems effectively absorb water and nutrients
and rapidly transport the material to the
canopy.11,12 The movement of the water
from the ground to the leaves through the
roots and stems is caused by the potential
difference of the water between the soil and

plants.10,13 The negative pressure causes the
water to rise through the xylem, which acts
as a very delicate capillary axis. Water
molecules attach to cellulose microfibrils
and other hydrophilic components of the
wall.13,14

Xylem provides a low-resistance path
for long-range water movement by mini-
mizing the pressure gradient required to
transport water from the soil to the leaf. The
simplest representation is that xylem is
often modeled as a collection of “pipe
units,” and the water flow is generally
approximated by the Hagen–Poiseuille
equation.12 The pipeline model has con-
tributed to the estimation of canopy-level
parameters by combining variations in
channel size and amounts at tissue and
organ levels and is also used to understand
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tree growth, resource allocation, and plant
biomechanics.15 In-plant physiology, the
theory of Cohesion–Tension Theory (CTT)
represents the same conceptual break-
through.12 The xylem structure may change
a form of plant adaptation to the changes in
the environmental conditions, for example,
increasing the thickness of xylem to
increase the absorption of water from the
soil.16 In dried on plants there may be
anatomic and physiological changes in the
root. The findings of Vasellati et al.17

revealed that the inundated state of
Australian grass plants (Paspalum dilala-
tum) would increase the formation of
aerenchyma in the cortex part of the roots.
In contrast, the drought condition would
decrease the diameter of the root
metaxylem. The thickening of the cortex
size in a drought state is an adaptation of the
plant to improve water-use efficiency.
Joseph et al.18 suggest that parenchymal tis-
sue in drought-dense plants will increase in
thickness and have enlarged cell size. Cell
size enlargement improves waterway and
water-use efficiency. This study aimed to
analyze the structure and density of non-
glandular trichomes and the area of cocoa
leaves and to analyze the differences
between the structures of the xylem vessel,
such as the ratio of the area and the diameter
of xylem root holes of cocoa plants on var-
ious shade tree compositions.

Materials and Methods

Plant materials and treatments
The cocoa trees used in this study were

around 7–8 years old and were of heteroge-
neous varieties (hybrid and local varieties).
From each tree, two leaves at the bottom
(shady leaves) and two leaves that were
exposed to the sun (sun leaves) were taken
to analyze trichome and leaf area.
Moreover, from each tree, three pieces of
root system with a diameter of 3–5 mm at a
depth of 20 cm were taken to observe the
xylem vessel structure. Cocoa root samples
were used for permanent preparations.

Experiment location and research plot
The research was conducted at a cocoa

plantation in Plana Village, District of
Somagede, Banyumas Regency, Central
Java Province, Indonesia, from December
2014 to August 2016 and included site sur-
veys, plot determination, sampling, and
variable measurements. The cocoa field
area that was used is owned by the farmers
who started planting cocoa trees in 2008.
The varieties used were heterogeneous

(hybrid and local varieties) and obtained
from Lampung Province, Indonesia. In the
research, two plots (2500m2 in wide) were
planted with cocoa. There were 12 cacaos in
each plot, in the plot I, cocoa was planted
without the presence of a shade tree, where-
as in plot II, cocoa was planted with the
presence of shade trees, such as albasia, gli-
ricidia, cocos, Bangladesh tree, and duku.
Based on the geographical area, the
research site was located 96m above sea
level, with the amount of rainfall being
200–300mm per year and the average air
humidity ranging from 47 to 80%. The aver-
age air temperature above the tree canopy
was 30.4 °C, whereas, under the tree
canopy, it was 29.7 °C. The occurrence of
rainfall from December 2014 to August
2016 indicates a spreading of rainfall (200–
300 per year).

Anatomical characteristic
The canopy areas were measured using

the leaf area index. The trichome density
was measured by counting the amount of
leaf trichome, whereas the xylem root diam-
eter was measured in micrometers using
photomicrographs.

Statistical analysis
The data were analyzed using t-test and

analysis of variance (ANOVA), followed
by Duncan’s multiple range test (DMRT)
show significant differences.

Results 
Leaf area of cocoa tress on the
upper and lower canopy

The leaf area of cocoa trees between
upper and lower canopy showed no signifi-

cant difference (p>0.05). Our study also
showed that the leaf area of cocoa tress in
the upper canopy with no shade tree was
smaller than that with various shade trees,
204.30 and 214.66 cm2, respectively. In
other hands, the leaf area of cocoa tress
under lower canopy with no shade tree was
bigger than that with various shade trees,
234.61 and 220.19 cm2, respectively.

The tricomes structure and density
of cocoa leaves cultivated with or
without a shade tree

The trichomes of cocoa leaves in all
planting plots were of stellate (star) shape
and showed found on the leaf venation. The
non-glandular trichomes of cacao showed
stellate shape and multicellular, have four
to eight branches, and sessile or stalked
(Figure 1). The shading condition showed
significantly effect (p<0.05) on the non-
glandular tricomes number of cocoa leaves.

                                                                                                                             Article

Table 1. Cocoa leaf area in plot I (no shade tree) and plot II (with various shade tree).

Plot                                           Upper canopy (cm2)                   Lower canopy(cm2)

Plot I (No shade tree)                                      204.30                                                         234.61
Plot II (With various shade trees)                 214.66                                                         220.19
Means followed by different letters in each column were significantly different at p-value ≤ 0.05 based on DMRT test.

Table 2. The density of trichomes of cocoa leaves under upper and low canopy in plot I
(no shade tree) and plot II (with various shade tree).

Plot                               Trichomes number/cm2
                                                                   December 2014                  August 2016

The upper canopy                                                                                                                             
     Plot I (No shade tree)                                                   52.75a                                           66.33a

     Plot II (With various shade trees)                              14.50b                                           44.66a

The lower canopy                                                                                                                             
     Plot I (No shade tree)                                                   32.50a                                           73.33a

     Plot II (With various shade trees)                              21.50b                                           21.00b

Means followed by different letters in each column were significantly different at p-value≤0.05 based on DMRT test.

Figure 1. Cocoa trichome on the lower leaf
surface (M=400×). Black arrow indicates
stellate trichome.
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Both in the upper canopy and lower canopy
conditions, the cocoa leaves in the no shade
tree area had higher number of non-glandu-
lar trichomes than those area with various
shade trees (Tables 1 and 2).

Root anatomical structure of cocoa
cultivated with or without shade
trees

The cocoa root in the area with no shade
tree showed higher k value than that in the
plot with various shade trees, 0.718 and
0.641, respectively (Table 3 and Figure 2).
The comparison of the xylem size with a
diameter of ≤35μm in the plot I (no shade
tree) show more number than the cocoa root
xylem in plot II (with various shade tree),
and the xylem of cocoa root in plot II  (with
various shade tree) has the high number on
the diameter ranged of 35-70µm and >70
µm than in plot I (no shade tree) (Table 4).
These root profiles indicated that cocoa
without shade tree had smaller xylem size
than with various shade trees (Table 4).

Discussion

Leaf area of cocoa trees on the
upper and lower canopy 

Shading conditions in cocoa tree planta-
tion showed different in leaf area profile as
presented in our study (Table 1). These pro-
files suggested due to the difference of light
exposure between upper and canopy areas.
Cocoa tree in the lower canopy got more
sunlight exposure than that of upper canopy.
Under the low-light condition, the leaf will
adapt by enlarging the leaf area to absorb
more light.19 Shaded Solanum melongena
plant had more leaf area compared to
unshaded plants, showing acclimation to
low light conditions.20

The area of the cocoa leaves grown in
the plot with various shade trees was larger
than that of cocoa leaves in the plot without
a shade tree (Table 1). Shade, in coffee plant
can trigger some differences in plant physi-
ology, such as an increase in photosynthesis
and leaf area index (LAI), resulting in better
performance of plants under shade trees
than those exposed to direct sunlight .21

The trichome structure and density
of cocoa leaves cultivated with or
without a shade tree

The trichome structure of cocoa leaves
in our study showed similar profile with
previous study (Table 2). The trichomes of
stellate and sessile are abundant on abaxial
surfaces in all three Theobroma species
native to the Brazilian Amazon, whereas

stellate trichomes are exclusively found on
the leaf venation.22 In no shading tree area,
cocoa leaves showed higher number of tri-
chomes that that of shading tree area (Table
2), this is also reported on Wigandia urens
exposed to sun (no shade) had the higher
number of trichome than those of plants in
shaded areas.23 Plants grown in different
ecological regions may have different
responses to the adaptation to the environ-
ment, such as the increase or decrease in tri-
chome formation.24 The plot with shade
trees of different species, such as albasia,
gliricidia, cocos, Bangladesh tree, and duku
had a lower temperature (29.5°C) than that
without a shade tree (31°C). The shade tree
can protect the plants from excessive sun-
light and high temperatures. In turn, the
deciduous leaves will protect the soil from
excessive temperatures and will maintain
soil moisture.25 Plants that tolerate well the
shade tree, when exposed under a canopy,
will experience reduced stomata and tri-
chomatic density.26

Root anatomy of cocoa cultivated
with or without shade trees

The anatomical structures as evidences of
the differences in cocoa aging patterns of 7–8

years in the area with no shade tree and area
with various shade trees as presented in our
study (Table 3-4; Figure 2), especially ratio of
xylem width area to root width area (k) (Table
3). A higher k value indicated that cocoa roots
had more xylem cells. Cocoa in area without
a shade tree had lower soil moisture (30-40%)
than cocoa in the area with various shade
trees. The air temperature below the poly-pat-
tern headline is lower. In more dry conditions,
cocoa plants have much smaller xylem, which
is considered a form of adaptation. Research
conducted by Ibrahim et al.27 stated that the
less-dry Acacia species exhibit an increased
tracheal diameter but have small numbers. In
contrast, tolerant Acacia species have smaller
tracheal diameters but more numbers.
Underwater shortage, the reduction in stele
diameter is caused by the decrease in trachea
numbers found in Anarthrophyllumchilense,
Lyciumrigidum.28 It can help the process of
absorption of water and nutrients from the
soil. Due to water shortage, the condition of
xylem diameter becomes smaller and more
efficient. Xylem structure with a smaller pore
size is more useful because it is more resistant
to drought. The anatomical structure is the
adaptation of plants to drought and to keep the
balance of the water content in the plant

                             Article

Table 3. Comparison of xylem width area to root width area ratio (k) of cocoa cultivated
in plot I (no shade tree) and plot II (with various shade tree).

Plot                                                                     k (xylem width area/root width area)

Plot I (No shade tree)                                                                                            0.718
Plot II (With various shade trees)                                                                       0.641
Means followed by different letters in each column were significantly different at p-value ≤ 0.05 based on DMRT test.

Table 4. Comparison of the number of cocoa root xylem in plot I (no shade tree) and plot
II (with various shade tree) based on xylem diameter.

Plot                                                                                 Number of xylem
                                              Diameter ≤ 35 µm    35 < Diameter ≤ 70 µm     Diameter >70 

Plot I (No shade tree)                                2451.5                                           21                                             4
Plot II (With various shade trees)            2312.7                                          25.2                                          6.6

Figure 2. Xylem tissue in the cocoa root stele on the plot without shade tree (A) and var-
ious shade trees (B). xa: xylem; ra: root area 
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body.29 The xylem structure with a small pore
size is only able to supply a small amount of
water. It seems that this was a cocoa plant
responses to adapt in the area with no shade
tree, whereas the soil surface has a higher tem-
perature than the cocoa root in a plot with var-
ious shade tree. The narrow xylem channel at
the roots forces the plant to utilize groundwa-
ter more slowly and increase the hydraulic
resistance.30,31

Research conducted by Carla et al.32 stat-
ed that under the water pressure, plants could
affect the xylem anatomy by increasing the
proportion of trachea that can play a role in
maintaining hydraulic conductivity. The
changes in xylem pore size are one form of
anatomical adaptation of plants experiencing
drought pressure. According to Fitria and
Maryani,29 the xylem structure with a small
pore size would be more useful because it is
more resistant to drought than the xylem with
large pore size.

Conclusions
The area of cocoa leaf in the plot with no

shade tree more varied in size. The leaves
under the upper canopy are smaller than those
at the bottom. In contrast, the extension of
cocoa leaves in the plot with various shade
trees has a relatively equal size between the
upper and the lower leaves of the canopy. The
non-glandular trichomes of cocoa leaves with
three stellate or star-shaped trichomes can
only be found on leaf venations. The density
of non-glandular trichomes in the two plots
increased in number with time, with a higher
increase in plots with relatively lower shade
trees ranging from 0.7% to 29.0%. The ratio
of xylem area to the whole root area (k) in the
root of the cocoa plant in the plot with various
shade trees is lower (k= 0.641) than the cocoa
root in a plot I (k= 0.718). Higher k values
indicate that the root xylem structure of cocoa
in the plot with no shade tree has more xylem
cells, and the xylem pore is smaller than the
root of a cocoa plant in the plot with various
shade trees.
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